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Abstract

Rapid urbanization and climate change have intensified environmental pressures and social
inequalities, making the integration of urban resilience and sustainable development a
critical global challenge, with Nature-based Solutions (NbS) emerging as a promising path-
way; however, the knowledge structure, collaboration patterns, and evolutionary trends
of NbS research remain fragmented and insufficiently understood. This study conducts
a comprehensive bibliometric analysis of 1261 publications from the Web of Science Core
Collection (2005–2025), employing tools including VOSviewer 1.6.20, CiteSpace 6.4.R1, and
Bibliometrix 4.1.3 to map publication trends, collaboration networks, knowledge bases,
and thematic evolution. The results reveal a rapid expansion of NbS research since 2013,
characterized by strong interdisciplinarity and a multicentric yet uneven geographical
distribution dominated by China, the United States, and Europe. Four major research clus-
ters are identified, encompassing policy governance, environmental benefits, ecosystem
services, and social equity, reflecting a shift from ecological performance to integrated socio-
ecological frameworks. Additionally, thematic evolution indicates growing emphasis on
governance mechanisms, public health, and environmental justice. Overall, NbS research
is transitioning toward a multi-scale, multi-objective, and governance-oriented paradigm.
These findings highlight the need for strengthened international collaboration, standard-
ized evaluation frameworks, and inclusive policy design to enhance the effectiveness and
global applicability of NbS in advancing urban sustainable development.

Keywords: nature-based solutions; urban resilience; bibliometrics; research trends

1. Introduction
Rapid urbanization has exacerbated ecological degradation, biodiversity loss, and

climate-related risks, posing unprecedented challenges to the sustainable development
of cities worldwide [1,2]. Against this backdrop, Nature-based Solutions (NbS) have
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increasingly been recognized as a comprehensive framework that leverages ecosystem
processes to address urban environmental and social challenges while promoting urban
resilience and human well-being [3]. The International Union for Conservation of Nature
(IUCN) defines NbS as “actions designed to effectively and adaptively address societal
challenges through the conservation, sustainable management, and restoration of natural or
modified ecosystems [4].” Green infrastructure (GI) denotes interconnected urban ecological
networks that supply diverse regulating, cultural and supporting ecosystem services.
GI refers to tangible physical urban ecological carriers, while NbS represents operable
planning and governance instruments constructed based on such spatial systems to mitigate
multi-faceted urban sustainability challenges [5]. As the global sustainable development
agenda advances, NbS is increasingly recognized as a transformative pathway to achieving
sustainable urban development [6–8]; International initiatives such as the EU Green Deal,
the Horizon 2020 program, and the United Nations Sustainable Development Goals (SDGs)
have placed NbS at the core of climate adaptation and urban resilience strategies, thereby
fostering interdisciplinary collaboration and knowledge production [9,10].

In recent years, research on NbS has rapidly expanded across multiple dimensions,
including its ecological efficacy [11], social and governance mechanisms [12], and pathways
for integration into spatial planning and policy frameworks [13]. These studies indicate
that NbS not only mitigates environmental impacts but also delivers multiple co-benefits,
such as improved public health, enhanced social equity, and strengthened community
engagement [14]. However, the rapid growth of NbS research has also led to fragmen-
tation within the knowledge base, manifested in inconsistent research methods, diverse
conceptual understandings, and uneven geographical distribution [15].

Although academic and policy attention toward NbS continues to grow, several critical
gaps remain in understanding the research architecture and evolution of NbS within the
context of urban sustainable development. First, existing research largely focuses on
conceptual or case-based analyses, lacking a systematic assessment of the global research
landscape, knowledge architecture, and collaborative networks [16,17]. Second, while
Europe dominates NbS research and practice, research participation from the Global South
remains relatively low, limiting the transferability and inclusivity of NbS knowledge [18].
Third, the interdisciplinary nature of NbS requires comprehensive assessments across
environmental, social, and governance dimensions, yet such holistic research frameworks
remain rare [19].

Compared to 2023–2025 NbS bibliometric reviews, this study makes two core con-
tributions. First, it develops a GIS spatial bibliometric framework based on a complete
2005–July 2025 dataset covering post-2023 environmental justice literature overlooked
by earlier studies. Second, integrated CiteSpace timeline, VOSviewer and Bibliometrix
analyses reveal the socio-ecological evolution of NbS research; an integrated framework
further identifies North–South research gaps and proposes differentiated policy insights
rarely discussed in prior reviews. These dual advances highlight the novelty of this work.

To address these shortcomings, this study conducts a comprehensive bibliometric
analysis of NbS research related to urban sustainability using the Web of Science Core Col-
lection database. By employing tools such as VOSviewer, CiteSpace, and the Bibliometrix
4.1.3 package, this study aims to (1) map publication and collaboration trends in global
NbS research [20]; (2) identify influential authors, institutions, and knowledge cluster
structures [21]; (3) reveal the evolutionary trajectory and cutting-edge research directions of
the NbS field [22]. The findings are expected to provide a systematic understanding of how
NbS drives sustainable urban development and serves as a reference for future research
and policy-making.
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2. Materials and Methods
2.1. Data Sources and Search Strategy

To ensure the authority, comprehensiveness, and comparability of the research data,
this study selected the Web of Science (WoS) Core Collection database as the primary
retrieval platform. Compared to other databases such as Scopus or Dimensions, the WoS
Core Collection extensively covers high-quality academic journals in the natural sciences,
engineering, and related interdisciplinary fields. The WoS database boasts distinct strengths
in cross-disciplinary literature coverage, citation tracing, and duplicate record elimination.
Such merits make WoS an independent data source that can fully support bibliomet-
ric research within a specific domain, eliminating the need to integrate supplementary
databases [23].

In terms of search strategy design, this study constructed a search query covering
multidimensional keywords based on the characteristics of the research topic to maximize
the coverage of the relevant literature. The search employed the Topic Search (TS) mode,
with the following query: TS = ((“nature-based solution” OR “nature-based solution” OR
“green infrastructure”) AND (“urban” OR “cities” OR “urban area” OR “urban environ-
ment” OR “city” OR “urbanization” OR “urban system”) AND (“sustainable development”
OR “urban sustainability” OR “sustainable urban development” OR “sustainable city” OR
“sustainability”)).

The search time frame was set from 1 January 2005, to 31 July 2025, covering the
critical period of rapid growth for NbS in the context of urban sustainable development.
January 2005 is set as the retrieval starting cutoff on theoretical grounds. The landmark 2005
Millennium Ecosystem Assessment (MEA) built a unified ecosystem service framework
laying the foundation for modern NbS research. Pre-2005 papers only covered fragmented
urban greening without formal NbS frameworks, introducing irrelevant thematic noise.
The initial search yielded a total of 2017 records. To ensure the academic quality and
comparability of the analysis, the language of the literature was further restricted to English
(1983 articles), and the document types were filtered to include formally published “Arti-
cles,” “Review Articles,” and “Proceedings Papers.” Additionally, Early Access articles (37),
Editorial Material (25), Book Chapters (1), Book Reviews (1), Corrections (1), Letters (1),
Retracted Publications (1), and Retractions (1) were excluded, leaving 1954 documents for
preliminary analysis. Subsequently, the research team manually reviewed the above litera-
ture based on titles, abstracts, and keywords, removing documents with weak relevance to
the research topic or those showing significant deviation. Ultimately, 1261 highly relevant
core documents were identified as the dataset for subsequent analysis. This process strictly
adhered to the PRISMA 2020 guidelines, ensuring the authority of the data sources and the
scientific rigor of the analysis sample. The screening process is illustrated in Figure 1.

The literature selection followed PRISMA 2020 guidelines in this study. Starting
from 1954 WoS records with zero duplicates identified, we first excluded 53 non-academic
document types, then discarded another 640 irrelevant articles via title–abstract and full-
text evaluation. All retained papers satisfied the five predefined inclusion criteria, leaving
1261 eligible documents for subsequent bibliometric analysis. The complete screening
process is illustrated in Figure 2.
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Figure 1. Research flowchart.

Figure 2. PRISMA 2020 flow diagram illustrating the screening, eligibility assessment and
inclusion process of the literature for bibliometric analysis on urban sustainability-oriented
Nature-based Solutions.
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2.2. Data Processing and Analysis Methods

The present study employed bibliometric analysis, using the Web of Science Core Col-
lection as the data source, to systematically organize and quantitatively analyze the relevant
literature. Through statistical and visualization techniques, bibliometric analysis effectively
reveals the development trends, knowledge structures, collaborative relationships, and
thematic evolution within the research field, providing a solid quantitative foundation for
academic research in the area of urban sustainable development.

During data processing and analysis, VOSviewer 1.6.20 was first used to conduct
collaboration network and keyword clustering analyses on the sample literature. The
time range covered 2005–2025 with a 1-year time slice. Documents were screened via
the g-index (k = 25) with LRF = 3.0, L/N = 10, LBY = 5, e = 1.0 and set the minimum
keyword occurrence threshold fixed at 20. VOSviewer possesses the capability to efficiently
process large-scale literature data and can intuitively display collaboration relationships
and aggregation characteristics across different levels—such as authors, institutions, and
countries—through network visualization. The present study used VOSviewer 1.6.20
to construct collaboration network diagrams of publishing countries, core authors, and
high-output institutions, and utilized keyword co-occurrence networks to reveal research
hotspots, thematic clusters, and their underlying connections in the field of NbS-driven
urban sustainable development.

Tools such as CiteSpace 6.4.R1 and Bibliometrix 4.1.3 were employed to conduct co-
citation analysis and explore thematic evolution trends. CiteSpace can uncover latent
connections among publications, identify the knowledge base and research frontiers of
the field, and prune co-citation networks using the Pathfinder algorithm to ensure the
clarity and validity of the network structure. The present study utilized CiteSpace to
identify high-impact references and their academic standing in the field of NbS and urban
sustainable development. Concurrently, Bibliometrix 4.1.3 was employed for the time-
series analysis of keywords and thematic visualization, revealing the phased evolution
and multidimensional expansion trends of research hotspots in the NbS field. Through
the coordinated application of multiple software tools, this study achieved a systematic
bibliometric analysis and knowledge mapping of the collaborative networks, knowledge
base, and thematic evolution in the field of NbS-driven urban sustainable development.

Additionally, GIS spatial visualization serves as a methodological extension of biblio-
metrics. This technique geocodes literature metadata to introduce a geographic dimension,
which validates and supplements quantitative bibliometric results.

3. Results
3.1. Trends in Publication and Disciplinary Distribution

An analysis of annual publication trends helps reveal the developmental trajectory of
research themes, the evolution of disciplinary focus, and potential future research directions.
Figure 3 illustrates the changes in annual publication volume in this research field from
2005 to 2025. It can be observed that from 2005 to 2012, the number of publications grew
slowly, with an average of fewer than five papers per year and a cumulative total of only
17 papers, indicating that the research was still in its nascent stage. Literature from this
period primarily focused on conceptual discussions and preliminary case studies, and NbS
had not yet become a mainstream strategy for urban sustainable development. Starting in
2013, the annual number of publications began to increase significantly, reaching 18 by 2015,
indicating that the application of NbS in urban sustainable development was gradually
being recognized and adopted. From 2016 to 2020, the annual number of publications
continued to rise, increasing from 29 to 101, with an average annual growth rate exceeding
35%. During this phase, NbS research gradually focused on practical application issues

https://doi.org/10.3390/ijgi15070322

https://doi.org/10.3390/ijgi15070322 


ISPRS Int. J. Geo-Inf. 2026, 15, 322 6 of 21

such as ecological infrastructure, green spaces, and climate adaptation, marking the entry
of the research into a period of rapid development.

Figure 3. Annual and cumulative publication volume trends of studies on NbS for urban sus-
tainable development, 2005–2025. Bars represent annual publications, and the line represents
cumulative publications.

From 2021 to 2024, the number of publications experienced explosive growth. In 2021,
there were 169 articles; this figure further increased to 186 in 2022. Although there was a
slight decline to 167 in 2023, the number rose again to 210 in 2024, setting a new annual
record. During this phase, NbS research has developed a mature theoretical framework
and diversified practical pathways. The relevant literature covers a wide range of topics,
spanning multiple interdisciplinary fields such as climate resilience, social equity, and
urban health, reflecting the highly comprehensive and cutting-edge nature of this subject.

Overall, over the past 20 years, research on NbS and urban sustainable development
has undergone a phased evolution characterized by a slow start, steady growth, and rapid
expansion. This trajectory aligns closely with global sustainable development agendas
(such as the United Nations 2030 Agenda for Sustainable Development), climate change pol-
icy frameworks, and the NS strategy promoted by the European Union. This trend not only
reveals the growing importance of this topic within the academic community but also indi-
cates its broad prospects for development in policy practice and interdisciplinary research.

Journal contribution analysis helps identify the primary channels for knowledge dis-
semination and the landscape of academic influence within this research field, thereby
revealing the distribution characteristics of research outputs across different disciplinary
platforms. Table 1 lists the top ten core journals. Statistical results show that the top ten
core journals collectively published 485 relevant articles, accounting for 38.4% of the total,
indicating that these journals have played a central leading role in knowledge dissem-
ination and disciplinary development. Among them, “Sustainability” ranks first with
156 publications, demonstrating its sustained focus on NbS research and strong inclusivity.
However, the journal’s impact factor (IF = 3.3) is relatively low, suggesting that its contri-
bution is primarily reflected in its quantitative advantage and broad coverage of research
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topics, while its academic influence remains somewhat limited. Close behind are “Land”
(76 articles) and “Urban Forestry and Urban Greening” (58 articles). Although “Urban
Forestry and Urban Greening” has a relatively small number of publications, its citation
count (NC = 2719) is high, and its impact factor reaches 6.7, demonstrating its outstanding
academic influence in green infrastructure and urban ecology topics, characterized by
“quality over quantity.” Sustainable Cities and Society” ranks sixth with 29 publications
and 1410 citations, yet its impact factor is as high as 12, making it one of the most influential
journals in the field. This indicates that while the journal does not hold a quantitative
advantage, it leads in the publication and dissemination of high-quality research.

Table 1. Top 10 core journals by publication volume.

Rank Journals NP a NC b IF c (2024)

1 Sustainability 156 2750 3.3
2 Land 76 1119 3.2
3 Urban Forestry and Urban Greening 58 2719 6.7
4 Ecological Indicators 32 919 7.4
5 Landscape and Urban Planning 32 1835 9.2
6 Sustainable Cities and Society 29 1410 12
7 Land Use Policy 28 1931 5.9
8 Science of the Total Environment 27 1045 8.0
9 Journal of Environmental Management 24 787 8.4

10 Environmental Science and Policy 23 1245 5.2
a NP = Number of publications. b NC = Number of citations. c IF (2024) = 2024 impact factor.

Overall, NbS-related research findings are primarily distributed across mainstream
international journals at the intersection of multiple fields, including environmental science,
urban studies, and sustainable development. This reflects both the breadth of research
topics and highlights their policy-oriented nature and practical value. As issues such
as urban climate resilience and green infrastructure continue to gain prominence, NbS
research in high-impact journals like “Sustainable Cities and Society” is likely to increase
further, propelling the field into a phase of deeper development.

Statistical analysis of the Web of Science classifications reveals that this research
exhibits significant interdisciplinary characteristics, spanning multiple fields including
environmental science, urban planning, ecology, and engineering. Table 2 lists the top
20 research fields. Among all research fields, Environmental Sciences ranked first with
601 publications, accounting for nearly 50% of the total, indicating that this topic holds a
central position within the field of environmental science. Environmental Studies follows
closely behind (487 papers), reflecting that NbS not only focuses on natural ecosystems
themselves but also emphasizes the coupling relationships among environmental policies,
governance mechanisms, and social systems. Green Sustainable Science and Technology
ranks third (305 papers), indicating that sustainable technologies and green innovation
have become key directions in NbS research. Fields closely related to urban development,
such as Urban Studies (213 papers) and Regional Urban Planning (135 papers), also occupy
prominent positions, indicating that NbS possesses a broad theoretical and applied foun-
dation in urban spatial planning, enhancing urban resilience and promoting coordinated
regional development. The continued contributions from traditional ecological fields, such
as Ecology (100 papers) and Forestry (82 papers), ensure the ecological foundation for the
theoretical development of NbS.
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Table 2. The top 20 dominant WoS subject categories sorted by the number of publications (NPs).

Rank WoS Categories NP Rank WoS Categories NP

1 Environmental Sciences 601 11 Plant Sciences 72
2 Environmental Studies 487 12 Civil Engineering 68

3 Green and Sustainable
Science and Technology 305 13 Water Resources 56

4 Urban Studies 213 14 Biodiversity
Conservation 50

5 Regional Urban Planning 103 15 Physical Geography 49
6 Ecology 100 16 Energy Fuels 48

7 Geography 91 17 Public, Environmental,
and Occupational Health 31

8 Forestry 82 18 Meteorology and
Atmospheric Sciences 29

9 Engineering and
Environmental Sciences 75 19 Geosciences

(Multidisciplinary) 27

10 Construction and
Building Technology 74 20 Remote Sensing 26

In summary, the role of NbS in promoting urban sustainable development is a highly
interdisciplinary research topic. Its research foundation is rooted in environmental sci-
ence and urban planning, with ecology and engineering integrated into its develop-
ment. In the future, it may further expand into fields such as climate science, public
health, and digital remote sensing, demonstrating a trend of multidimensional, synergistic
disciplinary convergence.

3.2. Geographic Distribution of Publications

Analyzing the global publication landscape of Nature-based Solutions (NbS) and
urban sustainable development research at the national level helps reveal the level of
participation and dominant forces within the international academic community in this
field. Figure 4 illustrates the number of publications by country and their geographical
distribution. As shown in the figure, China ranks first globally with 292 publications,
accounting for 23.2% of the total, reflecting the strong research momentum and sustained
focus of Chinese scholars in the field of NbS for promoting urban sustainable development.
The United States follows with 195 publications (15.5%), closely trailed by Italy (142,
11.3%), the United Kingdom (112, 8.9%), and Germany (107, 8.5%). Countries such as
Australia, Spain, the Netherlands, Sweden, and Canada are also active contributors, each
publishing over 50 papers, demonstrating their significant academic influence in the field
of NbS research.

In terms of geographical distribution, high-output countries are primarily concentrated
in developed nations in Europe and the United States, as well as major economies in the
Asia-Pacific region, reflecting a combination of research resources, policy support, and
academic traditions. At the same time, NbS research in many developing countries and
nations of the Global South remains in its early stages, with publication volumes generally
low in Africa, Latin America, and Central Asia, highlighting the geographical imbalance in
global NbS research.

In summary, research on NbS and urban sustainable development has formed a
multi-polar structure centered on China, the United States, and Europe, demonstrating
strong potential for transnational collaboration. In the future, North–South cooperation
and interregional exchange of experiences should be further strengthened to enhance the
applicability and replicability of research findings across different urban contexts.
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Figure 4. National publication volume and geographical distribution of NbS-related studies. The
world map shows publication density by country, while the bar chart presents the top 20 countries by
publication count.

To further reveal the pattern of academic cooperation among countries in the field of
global NbS for urban sustainable development, this study utilized the VOSviewer 1.6.20
software to conduct a visual analysis of national collaborative relationships. As shown in
Figure 5, countries such as China, the United States, the United Kingdom, Germany, Italy,
Australia, and Spain feature prominent nodes concentrated in the central region; this visual
pattern, alongside their relatively high publication counts, may suggest frequent cross-
border co-authorship ties across these nations, though formal network centrality metrics
are not quantified in this visualization. In particular, China and the United States display
broad co-authorship linkages with numerous partners across Asia, Europe, and Oceania,
which may create channels for cross-border academic communication within the global
NbS research community. European scholars maintain tight collaboration, with the UK,
Germany, Italy, Spain and the Netherlands forming closely connected research clusters with
frequent knowledge exchange. Such active cooperation stems from EU policy and financial
backing for urban sustainability and ecological innovation, alongside Europe’s long-term
investment in NbS research and open academic traditions. Globally, NbS research features
multi-polar networked collaboration led by Europe, the US and China. Future work should
boost cross-regional knowledge exchange and strengthen developing countries’ capacity
for international cooperation to advance NbS implementation.
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Figure 5. National cooperation network diagram.

3.3. Influential Authors and Institutions

This study uses VOSviewer to map author and institutional collaboration networks
for NbS urban sustainability research (Figure 6), reflecting scholars’ academic output.

Figure 6. Author and institutional collaboration networks and distribution of high-output au-
thors/institutions. (a) Author collaboration network. (b) Top 10 authors by publications. (c) Institu-
tional collaboration network. (d) Top 10 institutions by publications.

Figure 6b lists top productive researchers: Frantzeskaki, Niki leads with 12 papers on
urban sustainability transition and NbS policy integration. Haase, Dagmar and Geneletti,
Davide each have 10 works, focusing on urban ecosystem services and spatial planning
evaluation, respectively. Van der Jagt (nine papers) and Wamsler (eight papers) follow,
researching NbS social governance and climate resilience pathways.

The author collaboration network (Figure 6a) shows typical core–periphery patterns.
The network centered on Van der Jagt, Alexander shows a high degree of cohesion, connect-
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ing multiple sub-clusters. He has established stable transnational collaborative relationships
with scholars such as Runhaar, Hens and Toxopeus, Helen, creating a connected European
research group focused on urban NbS policy in the field of urban NbS policy research in
Europe. Another tight cluster led by Haase, Dagmar, Kabisch, Nadja and Pauleit, Stephan
concentrates on urban green space and ecological equity research.

At the institutional level (Figure 6d), the Chinese Academy of Sciences ranks first with
32 papers. Utrecht University (22) takes second, while Arizona State University, Humboldt
University of Berlin and Lund University tie for third (21 each). These institutions advance
both theoretical NbS research and international knowledge sharing.

The institutional collaboration map (Figure 6c) presents obvious clustered cooperation
groups. Copenhagen, Stockholm and Lund University hold central network positions with
high betweenness centrality. Such topological features may imply that these institutions
could act as potential linkages across separate collaborative clusters, which might facilitate
cross-group knowledge exchange and transnational research cooperation. An active East
Asian alliance consisting of the Chinese Academy of Sciences, Tsinghua University and
Shanghai Jiao Tong University focuses on NbS technology and urban ecosystem modeling,
maintaining intercontinental cooperation with North American universities.

In summary, core authors and high-output institutions form a mature collaborative
network, with cross-disciplinary and international cooperation expanding research depth.
Future work should strengthen the North–South academic exchange and link policy re-
search with practical NbS governance worldwide.

3.4. Research Knowledge Base

Co-citation refers to the phenomenon that two documents are cited together in a
subsequent document, revealing potential connections in their knowledge content and
identifying the knowledge base, research hotspots, and development trajectories within
a specific field. The present study employed CiteSpace to conduct co-citation analysis
on the relevant literature from 2005 to 2025. Figure 7 illustrates the co-citation network
structure, where nodes represent publications, node size reflects citation frequency, and
color indicates the temporal attributes of the publications. The network was pruned using
the Pathfinder algorithm to ensure the clarity and validity of the network structure.

Figure 7. Co-citation network of references for NbS research, generated using CiteSpace. Nodes
represent cited publications, with size proportional to co-citation frequency.

Among the highly cited publications, the 2017 European Commission report Nature-
Based Solutions in the EU: Innovating with nature to address social, economic and environ-
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mental challenges stands as a landmark node within the co-citation network, accumulating
433 citations to reflect its foundational academic and policy influence. This official docu-
ment constructs a top-tier holistic framework that systematically unpacks the multi-faceted
social, economic and environmental co-benefits delivered by urban NbS, identifies promi-
nent practical barriers to on-the-ground deployment, and advocates standardized assess-
ment systems and integrated multi-stakeholder governance to scale up urban blue–green
infrastructure development. It lays core theoretical and policy foundations for subsequent
global research on NbS planning, impact evaluation and institutional arrangement.

Additionally, the 2020 work authored by Liberalesso T., published in Land Use Policy,
constitutes another influential node with a total citation count of 187. Drawing on world-
wide urban empirical data, this paper conducts targeted analysis of incentive mechanisms
for vertical green infrastructure such as green roofs and green walls. It classifies mainstream
policy instruments adopted by global cities and pinpoints key implementation constraints,
including unequal financial support for urban greening and inadequate long-term main-
tenance incentives. This research provides actionable empirical references for optimizing
targeted NbS policy design and advancing the equitable provision of urban green space
across diverse urban contexts.

3.5. Knowledge Structure and Clustering Characteristics

To comprehensively reveal the knowledge structure and research hotspots of NbS in
the field of urban sustainable development, we utilized the VOSviewer software to screen
4731 keywords and identify 112 high-frequency terms appearing at least 20 times. Subse-
quently, through manual consolidation of synonyms and phrases with similar meanings,
the keywords underwent standardization, ultimately retaining 104 keywords, which were
used to construct a keyword co-occurrence network diagram (see Figure 8). In this network
diagram, node size represents keyword frequency, line thickness reflects co-occurrence
strength, and different node colors denote distinct thematic clusters. Through cluster-
ing algorithms, related research themes were automatically grouped into several clusters,
thereby further clarifying the primary directions and hotspots of NbS research in urban
sustainable development.

Four thematic clusters were identified in the keyword co-occurrence network.
Cluster 1 centers on water management, urban resilience, sustainable city and climate

adaptation, which explores NbS applications in climate and urban risk control. Within this
cluster, urban resilience primarily describes cities’ hydrological recovery capacity against
flash floods and stormwater hazards enabled by blue–green NbS; this research branch
highlights policy and institutional instruments to lift urban adaptive capacity and frames
NbS as a core strategy for water regulation and resilience development.

Cluster 2 focuses on environmental benefits and technical pathways, with core key-
words including urban heat islands, green infrastructure and air quality. Relevant research
relies on simulation and modeling to quantify the ecological functions of NbS such as heat
alleviation and climate regulation.

Cluster 3 revolves around ecosystem services and Sustainable Development Goals,
covering biodiversity and human well-being. The existing literature confirms that NbS act
as a feasible pathway to facilitate the achievement of UN SDGs together with other gover-
nance tools, and research perspectives have expanded from isolated ecological assessment
to integrated socio-ecological analysis that underscores the multi-functional characteristics
of NbS.

Cluster 4 features a social equity and public health orientation, linking the spatial
allocation of urban green spaces to environmental justice and residents’ public health, which
reveals a social-focused research transition beyond pure ecological benefit evaluation.
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Figure 8. Keyword co-occurrence network diagram.

Clusters differ in research scales: sustainability covers watershed-city macro scales,
green infrastructure applies to all spatial tiers, city studies target neighborhoods, and heat
island research fills district-level gaps. Based on PRISMA 2020, this study uses CiteSpace
and VOSviewer for keyword clustering, only summarizing existing model results without
independent simulation. In impact dimensions: sustainability pursues flood and climate
governance gains, green infrastructure delivers diverse ecological benefits, and urban
research prioritizes public health and environmental equity. This triple framework identifies
distinct cluster research focuses.

The four interconnected clusters form a progressive socio-ecological framework. Clus-
ter 1 provides institutional support; research on ecological technologies within Cluster
2 supports the ecosystem service themes of Cluster 3, which further advances the social
equity objectives of Cluster 4.

3.6. Evolution of Themes and Trend Analysis

To uncover thematic shifts in urban NbS research, this study uses Bibliometrix 4.1.3
to visualize keyword temporal trends. Figure 9a (2006–2025 heatmap) tracks changing
research priorities, and the bubble chart in Figure 9b outlines research evolution and
emerging hotspots.

The heatmap (Figure 9a) shows NbS research developed from scattered early attempts
to systematic integrated analysis. Early studies (2006–2012) addressed urban heat islands,
ecosystem services and stormwater risk control. Spurred by SDGs and the Paris Agreement
post-2015, green infrastructure and climate adaptation became mainstream, launching
multidimensional research.
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Figure 9. (a) Heatmap of keyword temporal distribution; (b) visualization of thematic trend evolution.

In the keyword temporal evolution section, urban resilience highlights thermal adap-
tive capacity to extreme heat and urban heat island effects, coupled with social equity
recovery for vulnerable groups. Recent studies (2020–2025) focus on urban resilience, sus-
tainable cities and environmental justice, expanding research from pure ecological benefits
to social equity and governance.

Yearly keywords can be grouped into environmental, social and urban governance
dimensions matching SDGs. The 2021 keywords cover climate, urban agriculture and
planning (SDG 6,10,11,13,15). Environmental themes dominated 2024, while 2025 focused
on heat adaptation, equitable green space and urban resilience. Such keywords support
SDG implementation.

The bubble chart (Figure 9b) presents three developmental phases with interdisci-
plinary trends. Ecosystem services and green infrastructure were core topics (2012–2016).
From 2017 to 2020, scholars shifted to urban health, governance and disaster reduction.
Since 2021, climate resilience, environmental gentrification and ecological connectivity have
become new focuses, integrating NbS with socio-ecology and environmental justice. This
trend pushes the field toward interdisciplinary, practice-oriented research.

In summary, NbS research has shifted from single ecological assessment to integrated
socio-ecological analysis. Future research needs to balance climate mitigation, social equity
and urban sustainable transformation as the core agenda.
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3.7. Quantitative Analysis for National Collaboration Networks

Figure 10 illustrates global urban NbS publication distribution, with labels marking
national paper quantities. Outputs cluster in East Asia, Western Europe and Oceania. China
leads with 292 papers, followed by Australia (98) and Canada (50). Brazil, South Africa
and India have slowly growing research outputs, while Eastern Europe, Central Asia and
most of Africa remain understudied.

Figure 10. Global geographical distribution of publications on Nature-based Solutions and
urban sustainability.

The above spatial statistics are objective bibliometric results. The following cross-
regional thematic analysis is a qualitative interpretation, not direct mapping output.

China’s dominant publications feature localized research orientations distinct from
European and North American work. Stemming from the 2014 Sponge City program,
domestic studies focus on blue–green–gray infrastructure and flood control instead of
institutional governance [24]. Chinese scholarship integrates NbS into territorial spatial
planning for ecological security and watershed management, and links flood regulation
with carbon sequestration under dual-carbon goals, a rarely explored topic abroad.

Europe prioritizes environmental justice and cross-border cooperation, whereas the
U.S. and Australia concentrate on ecosystem service assessment and public health. These
thematic gaps may result from divergent national policies and urban challenges [25].

Table 3 lists the top 10 countries with the largest publication volume on Nature-based
Solutions and urban sustainability, covering total articles, independent publications (SCPs),
international collaborative publications (MCPs), collaboration percentage and average
citations per paper. China leads the ranking with 284 papers (22.5%), followed by Italy and
England. All listed countries maintain a high international collaboration level with MCP
percentages over 80%. Western European countries such as Sweden and the Netherlands
show superior average citation performance, while China’s large publication output is
accompanied by relatively lower average citations, indicating gaps in the overall influence
of its research outputs.
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Table 3. Top 10 countries in terms of publications in Nature-based Solutions and urban sustainability research.

Rank Country Articles Proportion SCP a MCP b MCP % Avg. Art. Cites. c

1 China 284 22.5 21 263 92.6 23.12
2 Italy 142 11.3 10 132 90.2 24.27
3 England 112 8.9 11 101 90.2 43.21
4 Germany 107 8.5 3 104 97.2 45.85
5 Australia 98 7.8 12 86 87.8 43.08
6 Spain 92 7.3 5 87 94.6 33.65
7 Netherlands 71 5.6 3 68 95.8 50.76
8 Sweden 68 5.4 3 65 95.6 59.06
9 Canada 50 4.0 2 48 96.0 45.38

10 Poland 47 3.7 9 38 80.9 25.38
a SCP: Single-country publications. b MCP: Multiple-country publications. c Avg. Art. Cites.: Average article
citations.

4. Discussion
4.1. Key Findings

Based on a systematic bibliometric analysis of 1261 articles from the Web of Science
Core Collection (2005–2025), this study reveals several key characteristics of the Nature-
based Solutions (NbS) and urban sustainable development fields.

First, the field exhibits a significant growth trend, transitioning from a conceptual
exploration phase to a rapid expansion phase since 2013. In particular, empirical and
policy-oriented research has notably increased since 2020 [26–28].

Second, the disciplinary composition exhibits a highly interdisciplinary nature, span-
ning fields such as environmental science, ecological engineering, sustainable technology,
and urban studies and planning [29,30]. This indicates that NbS research has expanded from
a singular focus on ecological performance assessment to multidimensional perspectives
encompassing governance, planning, and the social sciences [31–33].

Third, the geographical distribution of research exhibits a “multicentric yet uneven”
pattern, with China, the United States, the United Kingdom, Italy, and Germany leading in
output, while Africa, Latin America, and Central Asia lag significantly, reflecting regional
disparities in global knowledge production and practice dissemination [34,35].

Furthermore, an analysis of the knowledge structure identified four core research
themes: (1) policy governance and adaptive management [36]; (2) environmental effects
and technical pathways [37]; (3) ecosystem services and the Sustainable Development
Goals [38]; (4) social equity and public health [39].

4.2. Research Hotspots and Trends

Keyword evolution and cluster analysis reveal five core hotspots and trends in NbS
and urban sustainable development research.

First, research priorities have shifted from single ecological effects toward multi-
faceted co-benefits: studies published between 2006 and 2016 mainly addressed ecological
functions including heat mitigation and stormwater regulation, while recent work further
highlights NbS-associated public health, social and economic gains [40,41].

Second, institutional and governance topics have grown markedly in importance.
Scholarly attention has transferred from isolated case demonstrations to stakeholder partic-
ipation and policy embedding, exploring how NbS can be systematically integrated into
urban planning and fiscal frameworks [42,43].

Third, social equity and accessibility have attracted rising academic attention after
2020, with abundant discussions on environmental justice, green space access and green
gentrification to unpack the uneven social distribution impacts of NbS [44,45].
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Fourth, research methodologies have diversified and integrated. Beyond conventional
field monitoring and numerical simulation, scholars widely adopt remote sensing, big data
statistics, questionnaires and participatory evaluation; bibliometric and network analytical
tools are also popularly applied [46,47].

Fifth, cross-scale and cross-sector collaboration has become a mainstream orientation.
NbS research has extended from individual green infrastructure to watershed connec-
tivity and multi-level urban-regional planning, emphasizing systematic solutions and
interdepartmental joint governance [48–50].

Overall, NbS research is transitioning toward a comprehensive research paradigm
characterized by “multi-objective, multi-scale, interdisciplinary, and governance-oriented”
approaches, with the research focus shifting from exploring “whether it is effective” to
“how to implement and scale it effectively and equitably [51].”

4.3. Issues, Challenges and Study Limitations
4.3.1. Practical Issues and Field Challenges

Despite booming NbS research, prominent theoretical, methodological and practical
challenges remain.

First, inconsistent NbS definitions across disciplines and policy contexts reduce cross-
study comparability, while the absence of an integrated evaluation framework covering
ecological, social and governance indicators restricts the systematic assessment of NbS
benefits [52,53].

Second, NbS ecological gains may trigger green gentrification, including land value
hikes and vulnerable group displacement; insufficient inclusive governance will erode the
social legitimacy and sustainability of such solutions [54,55].

Third, sustained financing channels such as dedicated maintenance funds, cross-
departmental budgets and private capital participation mechanisms are lacking, alongside
performance-oriented incentives, which prevent NbS from developing into permanent
urban public infrastructure [56–58].

4.3.2. Limitations of the Present Analysis

Despite rigorous design, this study has multiple limitations for result interpretation
and future research.

First, only English WoS Core Collection papers were analyzed, excluding Scopus,
regional databases and non-English gray literature, which underrepresents NbS achieve-
ments from the Global South and non-English regions; future bibliometric analyses should
combine multilingual databases to reduce such bias.

Second, NbS inherently links urban sustainability and urban resilience as inseparable
research themes [59]. Studies focusing on NbS-driven urban resilience frequently adopt
sustainability-related keywords such as urban environment, urban system and sustainable
urban development rather than relying solely on the standalone term “urban resilience”.
Such conceptual overlap ensures our search string captures the majority of resilience-
relevant publications. Nevertheless, the absence of explicit resilience-specific keywords in
our query still creates minor omissions; future bibliometric work can supplement dedicated
resilience terms to expand the dataset coverage.

Third, citation counts merely reflect publication exposure instead of intrinsic academic
value, disturbed by publication age, self-citation and regional communication gaps, so
citation-derived findings need careful interpretation.
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5. Conclusions
Based on 1261 eligible WoS articles published from 2005 to July 2025, this study

adopts VOSviewer, CiteSpace and Bibliometrix to systematically map the global research
landscape of urban NbS for sustainability. The field has boomed since 2013 with strong
interdisciplinary features and a multicentric yet uneven global distribution, and four
core thematic clusters are identified. We further summarize theoretical contributions and
targeted policy proposals below.

5.1. Research Contributions

This study constructs a long-term 2005–2025 GIS-aided bibliometric framework to
systematically map publication trends, global collaboration networks and the thematic
evolution of urban NbS research; unlike recent reviews, it incorporates overlooked post-
2023 environmental justice literature and addresses flaws of prior single-case or thematic
reviews to produce a replicable field knowledge map. Keyword clustering further identifies
four core research clusters and reveals the field’s shift from ecological assessment to social
governance, equity and human health, establishing a structured framework for future
theoretical integration. Rather than merely presenting descriptive bibliometric statistics as
most previous reviews do, this paper further dissects the four causal drivers behind the
thematic transition of NbS research, and such causal evolutionary analysis strengthens the
theoretical novelty of this work. By quantifying cross-regional publication gaps and inter-
national collaboration patterns, this work pinpoints barriers to large-scale NbS deployment
and delivers differentiated North–South policy suggestions, offering empirical evidence
for urban resource allocation, governance and financing design. Additionally, this paper
demonstrates a replicable multi-tool analytical pipeline combining CiteSpace, VOSviewer
and Bibliometrix for tracking academic hotspots, providing methodological references for
interdisciplinary review studies.

5.2. Policy and Research Recommendations

The following policy and governance recommendations are interpretive insights
derived from bibliometric results and literature synthesis, not direct statistical outputs of
this analysis:

Future reviews should integrate Scopus, regional databases and non-English gray liter-
ature to better compare Global South experiences. Scholars and practitioners need to jointly
build unified ecological–social–governance NbS indicators and long-term monitoring sys-
tems for cross-case research and policy-making. More controlled, quasi-experimental and
long-term panel studies are required to verify NbS long-term effects and causal mecha-
nisms. NbS planning and assessment must address environmental justice, green access
and gentrification risks to protect vulnerable groups. Pilot performance-based finance,
public–private partnerships and community co-management are needed to resolve funding
and interdepartmental coordination obstacles.

Overall, this study systematically maps the evolutionary trajectory, knowledge struc-
ture, and collaborative landscape of NbS in urban sustainable development research via bib-
liometric statistics, which suggests a trend toward multidimensional integration—shifting
from studies of ecological efficacy to governance, social justice, and health. Despite lim-
itations arising from database and language selection, this paper offers a reference for
understanding the NbS research landscape, identifying research gaps, and outlining po-
tential future research directions. The outlook for practical NbS implementation below
is an extended interpretation rather than a direct statistical result; future research may
strengthen long-term causal evidence to support sustainable, inclusive, and replicable NbS
practices across diverse urban contexts.
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