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Abstract: Climate change and the rapid development of cities have brought considerable challenges
to the sustainable development of urban and rural areas, and using nature-based solutions to strengthen
ecosystems' resilience and response capacity has become a consensus strategy. Natural solutions are
the collective name for all solutions that increase the city's resilience while benefiting the environment
and humanity. To deepen the theoretical research and practical development of NBS, | reviewed 87
papers on NBS through the Web of Science database. The study found that NBS-related research
mostly focuses on five aspects: Concept of ideas, applied technology, implementation guidelines,
performance evaluation and platform building. Currently, the emphasis is predominantly on ideas and
platform development in developed countries. While the other three domains were also explored, they
primarily adhere to conventional methodologies and content within the NBS context. While NBS
research covered many areas and boasts an integrative, collaborative approach, it remained fragmented
and lacked a cohesive system. On this basis, | proposed a systematic framework to strengthen the
systematicity of the NBS system, give full play to the unique advantages of NBS as a comprehensive
concept and promote the specific implementation and development of NBS. | examined NBS's
progression and benefits, providing a thorough insight into its significance in sustainable urban
development. The research introduced a cohesive framework by elucidating NBS's foundational
concepts guiding subsequent inquiries. Such findings are pivotal for facilitating informed strategies
and enhancing resilience to climate adversities, underscoring a comprehensive approach to
sustainability.
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1. Introduction

The combined effects of rapid socio-economic development and climate change, among other
factors, pose significant threats to the sustainable development of human societies. Overconsumption
of resources, severe environmental pollution and accelerated degradation of ecosystems have all
contributed to recognizing urban and rural sustainability as global wicked problems [1]. Due to a lack
of effective countermeasures, many scholars advocate for adopting nature and ecosystem-based
approaches to transform urban and rural areas, enhancing these systems' resilience and adaptive
capacities [2,3]. Scholars have researched and applied numerous ecosystem-based methods to
transform urban regions to boost ecological resilience [1]. In the 1980s, the United Nations Brundtland
Commission defined "sustainable development”[2], which took a comprehensive approach to
environmental conservation and human societal progress. Subsequently, fields of applied ecology and
ecological economics introduced the concepts of "natural capital” and "ecosystem services"[3],
reinforcing the understanding that humans can benefit from ecosystems. In 2000, the Convention on
Biological Diversity presented the ecosystem approach [4]. This concept, together with ecosystem
services, underscores that human welfare depends on the multifunctionality and resilience of natural
ecosystems [3,4]. Building on this research, the concept of "Nature-Based Solutions™ (NBS) emerged,
promoting nature as a means to mitigate and adapt to climate challenges [5]. This idea encapsulates
developments in related concepts but emphasizes balancing environmental, economic and social
benefits in urban development [6].

NBS, which promotes nature as a means to address and adapt to climate challenges [5], is not a
novel concept but represents a synthesis and evolution of previous ideas. It primarily focuses on
balancing and considering multiple benefits in urban and rural development, including environmental,
economic and social factors [3]. NBS has its roots in past concepts like green infrastructure [3,6],
natural capital and ecosystem services [7-9], ecological design and design ecology [10,11] and the
ecosystem approach [12] while also holding its unique positioning and advantages. NBS's potential to
tackle environmental issues and socio-economic challenges is internationally recognized. However,
current research on NBS is in its infancy, and a unified concept has not been established. The lack of
a cohesive framework has limited the development of NBS [13].

Thus, we reviewed NBS research, outlining the current state of NBS concept perspectives,
practical applications and benefit assessments. Based on this, a valuable framework for NBS is
constructed, providing references for deepening theoretical research and practical development of NBS.
| aim to address the following research questions: 1) How does the research currently define the
concept of NBS? 2) On which aspects of NBS do current studies primarily focus? 3) How can the
umbrella benefits of NBS be maximized? | delve into the evolution and benefits of NBS, offering a
comprehensive understanding of its role in sustainable urban development. Highlighting NBS's
historical roots, | present a structured framework that encapsulates its diverse research facets and steers
future studies. The insights are crucial for urban and rural development stakeholders, enabling
informed decisions and bolstering resilience against climate challenges while championing holistic
sustainability.
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2. Materials and methods

2.1. Data source
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Figure 1. Flow diagram of the review process

The data for this study was sourced from the Web of Science database as of December 2021.
Developed by the Institute for Scientific Information, the Web of Science is among the most
comprehensive citation databases, featuring wide disciplinary coverage and significant impact [14].
Bibliometrics, utilized in this study, is a standard method in scientific research. An additional search
using "nature-based solutions" as the theme and other keywords such as environment, economy, social,
landscape and ecology retrieved 953 articles (Figure 1). A total of 168 papers were found with "nature-
based solutions” according to the titles. After meticulous screening based on titles, abstracts and
conclusions, we eliminated articles related to microbiology, polymer physics, hotel management and
those misusing the terms "nature,” "based" and "solutions.” Ultimately, 87 articles formed the core
repository for this study.

Each publication in our database was allocated a distinct identification number. | initially
cataloged vital details for each paper, including the publication year, paper title, DOI, research context,
focal country and research theme. To holistically understand NBS, this study discerned various aspects:
Conceptual Viewpoints, Application Techniques, Implementation Guidelines, Performance Evaluation
and Platform Construction. Building on this, | delineated the traits, merits and limitations of current
NBS and proposed potential enhancements. In conclusion, the study offers a structured framework,
emphasizing the foundational principles of NBS to guide further research.
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2.2. Methodology

Bibliometrics offer insights into the dynamism of academic disciplines and is extensively applied
to urban studies. CiteSpace is a visualization tool developed by Professor Chaomei Chen of Drexel
University, capable of computing research frontier terminologies, identifying co-citation clusters and
pinpointing research hotspots. Initially, | employed CiteSpace for visual analytics of critical terms and
major participating countries in nature-based solutions research. While domestic scholars have
previously delineated NBS trends [15], related concepts, implementation instances and proposed
developmental recommendations for NBS [16,17], there remains a lacuna in systematic analyses of
the current NBS. Consequently, further in-depth categorization and studies were conducted to discern
the conceptual essence, practical applications and current status of NBS.

3. Results
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Figure 2. Analysis of the countries of NBS studies.

Based on the analysis presented in Figure 2, which depicts the geographical distribution of NBS-
related publications, it is evident that the bulk of NBS research is predominantly carried out in
developed nations, with Europe, particularly countries like the UK and lItaly, at the forefront of this
academic pursuit. However, it is worth noting that developing countries also contribute to this field,
though to a lesser extent, showcasing a global interest in NBS topics.

3.1. Conceptual analyses of natural-based solutions

Scholars have evident differences in the content and terminology of the NBS concept and
definition. The International Union for Conservation of Nature (IUCN) initially defined NBS as
"actions taken to protect, manage and restore natural or modified ecosystems that can effectively and

adaptively address societal challenges while benefiting human well-being and biodiversity"[18]. In
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2015, a multi-disciplinary expert team centered on the European Commission (EC) defined NBS as
"solutions originating from and relying on nature, addressing various challenges adaptively and
efficiently, ensuring simultaneous economic, social and environmental benefits"[3]. Besides natural
protection and restoration, this definition emphasizes active nature management to obtain
comprehensive benefits. Subsequently, other scholars also explored the concept of NBS. For instance,
Van der Jagt defined NBS as multi-functional green interventions that achieve sustainable social,
economic and environmental development [19]. Kronenberg believed that NBS is "deliberately using
nature to help urban residents solve various problems and address environmental, social and economic
challenges [20]." Among the many definitions, the ones proposed by IUCN and EC are frequently cited,
with each emphasizing a different aspect. IUCN's definition stresses the importance of natural
conservation and restoration, while the EC's definition considers the three pillars of sustainability,
highlighting that economic development and ecological protection are not contradictory. The
ambiguity in NBS concepts has made it challenging to establish standards and guidelines, hindering
global implementation and assessment. In the future, there is an urgent need to integrate different
perspectives to form a unified definition and connotation.

Table 1. Comparison of various definitions.

IUCN EC Van der Jagt Kronenberg  Maes
Rely on and utilize nature \ \ \ \ \
Proactive management intervention \ \
Advocate human primacy \ \
Achieve comprehensive benefits \ \ \ \

Even though scholars currently do not have a unified definition for NBS, the core content is
consistent, showcasing the advancement of the NBS concept (Table 1). This is mainly reflected in the
following four aspects:

(1) Relying on and utilizing nature, natural-based solutions can supplement or replace human or
industrial solutions. By sustainably investing in natural capital, climate change can be mitigated,
human welfare improved and this approach is more efficient and sustainable than previous ones.

(2) Proactive management intervention. Unlike the previous concepts of natural restoration and
protection, NBS emphasizes proactive management, making cities more resilient to climate change
and disasters while realizing human well-being.

(3) Advocate for human primacy. Unlike the full coverage of previous planning and management,
NBS is a concept centered on pursuing human interests and well-being, focusing on urban and rural
areas where human activity is concentrated, with more targeted intervention and nature manipulation
to seek human welfare.

(4) Achieve comprehensive benefits. NBS aims to introduce natural ecosystem service functions
to repair, restore or even enhance urban ecological infrastructure, addressing the sustainable
development challenges faced by cities, bringing beneficial results for urban economic development,
environmental improvement and human health and realizing comprehensive benefits in society,
economy and ecology.

AIMS Environmental Science Volume 10, Issue 5, 677-690.



682

growth

lemperatung

_ ' fclimate change
adaptation  \ Gy e (
. ! tree ﬂ\a!‘ure-based solution

Tl
(Eecosystem service
gresilience
nb g vulnerabiiity

grean space “@!ty
£ management -

g governance

@reen infrastructure

service

nature based solulion

§ nature-basedsolution

lasson

Figure 3. Keyword clustering analysis of NBS.

NBS encompasses existing conceptual frameworks and methods, demonstrating comprehensive
and integrative advantages. NBS has evolved from existing concepts such as "blue-green
infrastructure,” "natural capital” and "ecosystem services," establishing a more extensive platform on
the foundations of various concepts. The keyword clustering analysis of NBS (Figure 3) indicates that
many scholars approach it from pre-existing concepts, comparatively analyzing the strengths and
weaknesses of NBS. Principles and methods from existing concepts, such as sustainable development
and blue-green infrastructure, serve as significant references for NBS. Moreover, there are
opportunities for further application after integration based on principles and methodologies embedded
within ecological adaptation, water catchment engineering and ecological engineering. Ecosystem
services and ecosystem methods have unique emphases, with their principles and methods still needing
further practical testing and evaluation. Essentially, principles and methods from various existing
concepts are consolidated into one system. Integrating these methods can facilitate interdisciplinary
collaborations, addressing societal issues holistically and proposing systematic solutions. However,
the lack of integration among different methodologies leads to a complex and chaotic theoretical
landscape, challenging its cohesive application and practice, thereby limiting NBS's genuine
implementation in real-world scenarios.

Regarding potential implementation, NBS spans various sectors, involves diverse stakeholders
and offers holistic benefits. Still, its practicality needs further validation and assessment. Many
scholars have begun to explore the potential of NBS's subsequent implementation from its domains,
stakeholders and benefits. NBS addresses ecological and societal challenges in various fields, aiming
for human well-being. Its system touches upon food security, climate change mitigation and adaptation,
urban sustainability, disaster risk management and enhancing ecosystem resilience. Some scholars
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have preliminarily discussed the potential applications of NBS in coastal city development, water
pollution, infrastructure and built environment needs and residents’ mental health. Concerning
stakeholders, it is emphasized that NBS should consider various factors from different stakeholders,
promote interdisciplinary cooperation, and ensure its inclusivity. In terms of benefits, the academic
community widely acknowledges the social, economic and ecological advantages of NBS, recognizing
its potential to optimize synergies between nature, society and the economy. This approach creates
more sustainable, economically competitive and inclusive solutions. Nonetheless, existing issues in
NBS concepts and methods have limited its practicality. New research is urgently needed to understand
its pros and cons better, improve its practicality and encourage its timely introduction to the field for
in-depth evaluations.

3.2. Technical application of natural-based solutions

NBS, integrating previous technical methods, has shown potential in green infrastructure planning,
urban renewal and ecological restoration. First, in refining green infrastructure planning with NBS,
research continues from existing green infrastructure methodologies, incorporating biological and
hydrological factors. For example, McFarland et al. used SWMM runoff simulations for Detroit,
Michigan and Addis Ababa, Ethiopia, emphasizing the need to consider site biophysical characteristics,
watershed positions and connectivity of existing urban water systems [21]. Second, using NBS to guide
urban renewal, a study utilized the Data Envelopment Analysis model to assess the vulnerability of
natural disasters in Chongqing's districts [22]. However, applying NBS as a technical method is only
evident in its implementation. Furthermore, in adopting NBS as a pathway for ecological restoration,
some scholars stress that ecological restoration should cater to benefits like flood protection and
welfare improvement. For instance, based on NBS theories, Marie Luise Blau proposed that the
Albufeira River restoration must satisfy such socio-economic advantages. However, while certain
projects have showcased the viability of harnessing NBS, there's an observable stagnation in many
technical applications [23]. Rather than breaking new ground, these applications often mirror
methodologies from earlier studies that did not incorporate NBS. This stagnation is further exacerbated
by the absence of robust, actionable technical guidelines, a palpable knowledge gap among those
orchestrating projects, a lack of standardized evaluative metrics and an overarching inertia in the
broad-scale adoption of NBS.

3.3. Implementation guidelines of nature-based solutions

Guidelines represent a critical aspect of NBS implementation. Many scholars have focused on
developing guidelines for the application of NBS. These generally fall into two categories: Those that
emphasize holistic benefits and those specific to implementation levels. Guidelines grounded in
holistic benefits aim to amplify the composite effects across different stages, facets and actors involved
in NBS implementation. Some scholars, for instance, underline the need to structure the NBS
implementation process across various stages, as exemplified by Raymond's proposal of a seven-stage
operational guideline for urban-scale NBS implementation and evaluation [24]. Frantzeskaki analyzed
the implementation of 15 types of NBS across 11 European cities, suggesting guidelines for the
different stages of urban NBS realization, which effectively promote NBS implementation [25].
Additionally, other studies emphasized the content of the NBS implementation guidelines, highlighting
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various vital segments, such as van der Jagt's collation of successful factors from EU case studies,
leading to a set of guidelines that range from goals and regulations, municipal support, fiscal resources
and social capital to local community-building promoters [26]. Lastly, the participation and decision-
making of funders, researchers, policymakers and practitioners in the NBS implementation process
represent significant research directions. Nesshover, after summarizing the essence and features of
NBS, proposed an operational guideline from the perspectives of these stakeholders [27]. Some studies
present specific guidelines at the NBS implementation level, guiding NBS applications in subsystems,
such as water resource management for sub-sectors like cities, food production, hydropower and flood
control [28], guidelines pushing biodiversity and ecosystem service-driven NBS implementation [ 29]
and those for architectural environment design and retrofitting [30]. In summary, although existing
research on NBS implementation guidelines offers insights into holistic benefit enhancement and
localized performance optimization, there is a lack of synergy and integration among these guidelines.
Consequently, the comprehensive and collaborative principles of NBS are not fully realized, hindering
the implementation and evaluation of NBS's practicality and innovation.

3.4. Performance evaluation of nature-based solutions

The superiority and efficacy of NBS need to be verified through extensive practice. Post-
implementation performance assessment based on standardized metrics is crucial for enhancing the
acceptance of NBS. Simultaneously, feedback from these evaluations can guide the development of
NBS more effectively. Articles on NBS evaluation have various focuses, categorizing them into
potential application assessments and implementation outcome evaluations. On the one hand, some
scholars theoretically assess the performance and application potential of NBS. This generally falls
into two major areas: Assessment of benefits from different thematic angles, such as green
infrastructure, ecosystem services and climate change adaptation and mitigation strategies [31-33],
and evaluations of engineering techniques that can be employed in NBS implementations, focusing on
the impact of man-made interventions on ecosystems [34,35]. On the other hand, utility evaluations
based on specific NBS implementations are also essential. Scholars have employed traditional
evaluation methods like field studies and the Analytic Hierarchy Process- to assess NBS outcomes,
providing feedback to refine NBS applications, as seen in studies by Schaubroeck and Liquete [36,37].
Given the trans-scalar and cross-departmental characteristics of NBS interventions, traditional
evaluation methods may fall short in holistically assessing NBS's performance and impact. Thus, some
researchers have revamped these traditional methods. Wendling, for instance, combined NBS
evaluation frameworks with Sustainable Development Goals (SDGs), enhancing synergy between
assessment schemes and maximizing operational efficiency [38]. Similarly, Calliari integrated
traditional methods like water resource capacity evaluations with NBS, introducing the new Water
Resource-Water Environment Carrying Capacity evaluation system [39]. Current evaluation articles in
both research and practice are diverse in their scopes and methods, reflecting the comprehensive
benefits of NBS across ecological, social and economic dimensions. However, due to the varied
evaluation standards employed across different disciplines and fields, challenges arise in quantifying
and standardizing the synergistic benefits of NBS. This disparity hinders the lateral comparison of
benefits from different research projects or specific initiatives. Nonetheless, a universally standardized
evaluation system might also have limitations, being less flexible and lacking criteria specific to
particular phases.
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3.5. Stakeholder collaboration and platform development for nature-based solutions

NBS focuses on interdisciplinary and cross-domain communication and cooperation. Perfecting
platforms for stakeholder communication can provide better support for further development and
implementation. Since 2019, various stakeholders and academic experts have increasingly recognized
the importance of collaborative platforms. Current research primarily falls into two categories:

On the one hand, some scholars put more emphasis on balancing the perceptions of multiple
stakeholders. Platform construction is a complex process. Initially, it involves different interpretations
by stakeholders about the project, with inevitable divergent expectations of outcomes, risk assessment
and implementation challenges. Therefore, researchers have begun collecting information and data
from the public, stakeholders and experts [40] to effectively enhance communication among all parties,
resolve differences, establish information exchange platforms and promote collaborative decision-
making [41].

On the other hand, efforts are also being made to integrate traditional methods with the NBS
approach to update and establish new communication platforms. Using past conventional governance
methods, some scholars combine them with the NBS philosophy to make decisions and collaborate.
For instance, Santoro shifted the focus of Melbourne's Urban Forest Strategy from technical strategies
to socio-ecological principles under the NBS framework [42] and, based on this, revised management
systems to promote joint decisions and cooperation. Some studies, considering the specific
characteristics of projects, have begun innovatively constructing communication platforms. For
example, Gulsrud, N, considering Mexico's specifics, established a government-led, public
participation multi-center governance model platform to negotiate with stakeholders and propose
feasible decisions [43]. Furthermore, the water management project in the southern Cotswolds, UK,
encompasses ecologists, farmers, forest landowners and local community residents within a single
framework. Through multi-party cooperation meetings, knowledge-sharing groups and other forms,
they regularly communicate and provide feedback, aligning their objectives in practice. These
platforms each have unique features, opening new paths for NBS communication, collaboration and
feedback sharing, and have demonstrated positive results during implementation.

Overall, research on NBS platform construction remains nascent. While each platform has unique
characteristics, making horizontal evaluations and comparisons is challenging, and there is no unified
methodology yet. The experiences and advantages are difficult to exploit in more practical applications.
Moreover, the role of platforms should span theoretical research, practical application and benefit
evaluation, ensuring timely information sharing and feedback. However, most platform constructions
are concentrated on the practical part, with other aspects remaining relatively weak.

4. Conclusions

In summary, preliminary studies and explorations have been conducted on NBS in various areas,
such as conceptual viewpoints, application techniques, implementation guidelines, performance
evaluations and platform construction. This research demonstrates the comprehensive, collaborative
and integrative nature of the NBS field. However, there are gaps in the development of NBS across
these areas. This study provides a comparative summary of each area's content, strengths and
weaknesses (Table 2).
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Table 2. Advantages and disadvantages of different NBS research types.

Content Conceptual Application Techniques  Implementation Performance Evaluation Platform Construction
Viewpoints Guidelines
Content Nature-based Technologies supporting  Guidelines Comprehensive Balancing interests of
management; green infrastructure, urban emphasizing holistic benefits; complex multiple stakeholders in
human-centric renewal techniques, benefits and specific evaluation frameworks platform construction
approach; achieving ecological restoration implementation
holistic benefits techniques directives
Strengths ~ Comprehensive and Demonstrated operability Enhances NBS's Variety of evaluation ~ Unique platform
integrative; diverse in various directions overall and specific methods; broad constructions facilitate
stakeholders outcomes application fields; collaboration, feedback
emphasizes sharing and joint
comprehensive benefits decision-making.
Limitations Lack of a precise Disjointed Lack of integration Absence of cooperative Difficulty in cross-
and unified concept; recommendations; lack of and coordination yet flexible evaluation ~ comparison; lack of a
lack of integrated  systematic guidelines and between different  standards standardized
methods experienced personnel guidelines methodology

Table 2 shows that current NBS research is fragmented and lacks a systematic approach. The
research-practice-evaluation sequence has not yet formed a cohesive system, which might be a major
reason for the underutilization of NBS's unique strengths. Based on this, it is imperative to establish a
refined guiding framework to bolster the advancement of NBS. By enhancing the systematic nature of
NBS and maximizing its unique advantages, a robust NBS framework can be realized.

The proposed NBS guiding framework encompasses five pillars: Conceptual viewpoints,
application techniques, implementation guidelines, performance evaluations and platform construction.
The conceptual foundation of NBS ensures its successful implementation. Hence, clarifying definitions,
content and advantages is paramount for guiding practices. Building on this, collating various NBS-
related techniques and corresponding guidelines will ensure comprehensive and efficient applications.
Performance evaluation is essential for feedback and refinement. The framework must continuously
evolve through iterative learning, adaptation and enhancement loops. This system's creation and
operation depend on multi-disciplinary and multi-stakeholder platforms, fostering collective
communication and collaborative decision-making.

In light of this NBS research overview, the study recommends the following for implementing
nature-based solutions and deepening the theoretical and practical advancements of NBS:
Conceptually, a unified and precise NBS definition should be adopted domestically to guide its
application. Concurrent theoretical advancements and practical applications are necessary for refining
the NBS system. Technically, NBS studies should prioritize using technological guidelines, personnel
training and technology verification standards, thereby constructing an organized, actionable technical
guide. For implementation guidelines, emphasis should be on optimizing connections between
different levels, ensuring a clear hierarchy. Performance evaluation should integrate various discipline-
specific standards, establishing a unified macro-assessment system. Specialized evaluation systems
should also be created to assess NBS's benefits comprehensively. Platform construction requires the
collaboration of various departments, disciplines and stakeholders. Under government leadership, the
essential idea of platform construction should be realized and multi-level platform systems should be
established. The platform's role should be extended throughout the NBS process.

By focusing on the evolution, applicability and benefits of NBS, this research contributes to a
deeper understanding of how such solutions can holistically promote the environmental, economic and
social aspects of urban development. It also extends the knowledge of NBS's roots in past concepts,
shedding light on its unique positioning in sustainable urban and rural development. By constructing
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a functional framework based on the insights from the review, the study not only organizes and presents
the multifaceted nature of NBS research but also offers a structured method to guide future studies in
this area. On the practical front, the insights derived from this study are invaluable for urban planners,
policymakers, environmentalists and stakeholders involved in urban and rural development. By
emphasizing the multiple benefits of NBS and proposing a structured implementation guide, this
research paves the way for more strategic and informed decisions in urban development practices. It
serves as a beacon for cities and regions seeking to fortify their resilience against climate challenges
while aiming for holistic, sustainable development. This research also has limitations, as it did not fully
apply the proposed framework, which presents an avenue for future studies to explore and enhance.
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