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Abstract

As a key pathway to address climate change and biodiversity loss, and to promote sus-
tainable development, Nature-based Solutions (NbS) have increasingly emerged as a vital
theoretical framework and practical tool in global environmental governance. This study
provides a comprehensive overview of the primary categories of NbS, including ecological
restoration approaches, issue-specific ecosystem-related approaches, infrastructure-related
approaches, ecosystem protection approaches, and ecosystem-based management ap-
proaches. It also reviews the many ecological, social, and economic benefits generated by
NbS practices globally and in China, such as enhanced carbon sequestration, disaster risk
reduction, water purification, livelihood improvement, and increased tourism revenue.
The findings highlight that the effectiveness of NbS is influenced by a variety of factors,
including climatic conditions, spatial patterns, socio-economic contexts, and governance
capacity. In addition, the delayed ecological responses and potential trade-offs among
ecosystem services present challenges for the long-term implementation and upscaling
of NbS. To improve the scientific rigor and applicability of NbS, future efforts should
focus on long-term ecological monitoring and dynamic evaluation, developing integrated
performance assessment frameworks, and strengthening the integration of local knowledge
with supportive policy mechanisms. This review offers theoretical insights and practi-
cal guidance for enhancing the implementation of NbS in ecosystem management and
policy-making.

Keywords: nature-based solutions; ecosystem services; climate change; benefit assessment;
promotion potential

1. Introduction
Currently, global ecosystems are confronted with multiple severe challenges, including

climate change, biodiversity loss, land degradation, food security crises, and ecosystem de-
cline [1,2]. These challenges significantly undermine the structural integrity and functional
stability of ecosystems, posing persistent threats to biodiversity and human well-being [3].
With the growing prominence of climate and environmental issues, societies have increas-
ingly recognized the crucial role of natural ecosystems in maintaining Earth system stability
and supporting socio-economic development. This awareness has further promoted the
implementation of various ecological restoration measures [4–6].

To address these global challenges, early restoration efforts primarily relied on tradi-
tional gray infrastructure—such as levee construction and hard engineering—to restore
or maintain certain ecosystem functions [7]. Although such engineering approaches can
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effectively achieve short-term objectives like flood control and water storage, they tend to
overlook the complexity, dynamism, and long-term sustainability of ecosystems. Studies
have shown that these structures may disrupt hydrological processes, weaken habitat
connectivity, and even pollute soil and water resources, thereby exacerbating ecological
degradation and environmental risks over longer timescales [8,9]. Consequently, the inter-
national community has increasingly sought more integrated, coordinated, and ecologically
friendly solutions that balance safety, cost-effectiveness, and long-term performance. In
this context, Nature-based Solutions (NbS) have emerged as an innovative and holistic
framework designed to complement the limitations of traditional engineering measures by
harnessing natural processes to address climate, ecological, and socio-economic challenges
simultaneously [10,11].

Since its introduction, NbS has been widely implemented across diverse ecosys-
tem types worldwide, demonstrating substantial ecological, economic, and social bene-
fits [10–12]. In recent years, the scope of NbS applications has expanded from habitat and
wetland restoration to urban green infrastructure construction and agricultural landscape
enhancement [10,13,14]. For example, the African Great Green Wall Program has enhanced
vegetation cover in arid regions, improved ecological conditions, effectively curbed de-
sertification, and yielded positive ecological and economic outcomes [15,16]. In Europe,
the implementation of NbS in urban planning—such as expanding green spaces, opti-
mizing landscape configuration, and increasing ecological connectivity—has significantly
improved urban environmental quality and mitigated heat island effects [17]. In China,
the restoration efforts in the Mu Us Desert, including shelterbelt construction, sand stabi-
lization, and improved grassland management, have markedly reduced the frequency of
sandstorms and contributed to better air quality and regional environmental conditions [18].
A substantial body of research further demonstrates that these nature-based conservation
measures enhance the supply of ecosystem services, such as carbon sequestration, water
regulation, and habitat quality, thereby strengthening ecosystem stability and adaptive ca-
pacity [19–21]. Moreover, the multiple co-benefits of NbS—improved ecological conditions,
enhanced human health and well-being, increased climate resilience, and expanded green
employment opportunities—have received growing attention [10,22].

In the context of global environmental change, NbS has increasingly become a key
pathway for integrating ecosystem restoration with sustainable development. Exploring
the potential of NbS to enhance ecosystem services holds significant ecological value [23]
as well as substantial socio-economic relevance [21,24]. However, the performance of NbS
is constrained by various factors, including climatic conditions, spatial configuration, and
socio-cultural settings. Although global research on NbS continues to grow, uncertainties
remain regarding its long-term effectiveness, potential trade-offs, and implementation
limitations [25].

Although several recent reviews have summarized the development and applica-
tions of NbS in China, including Luo et al. [12], these studies mainly provide a general
overview of NbS concepts, implementation pathways, and policy development. In con-
trast, this review discusses the ecological, social, and economic benefits of different NbS
strategies, with particular emphasis on the ecological benefits of forest-based NbS and
future research priorities under climate change. This manuscript is a narrative review and
synthesis. Representative studies were identified through literature searches using key-
words including “Nature-based Solutions”, “Ecosystem services”, “Climate change” and
“Forest-based Solutions”. Accordingly, this paper aims to provide a comprehensive review
of the core concepts and major types of NbS, with particular attention to their multiple ben-
efits. Specifically, we (1) summarize the development of NbS and highlight representative
cases from China; (2) examine the mechanisms through which NbS enhance ecosystem
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services; (3) compare the multiple benefits of NbS across ecological, social, and economic
dimensions; and (4) identify implementation limitations and future development pathways
of NbS in China, with the goal of offering theoretical references and practical guidance for
ecological restoration, sustainable forest management, and green development.

2. Evolution of the NbS Concept and Its Typology Framework
2.1. Development of the NbS Concept

NbS refer to a suite of actions that protect, sustainably manage, and restore natural
or modified ecosystems to effectively and adaptively address environmental and societal
challenges while simultaneously providing benefits to human well-being and maintaining
biodiversity [10]. NbS aim to restore ecosystem functioning and enhance the supply of
multiple ecosystem services. At their core, NbS advocate the use of ecosystem-based
management approaches to strengthen overall ecosystem functioning [26,27]. Compared
with traditional engineering measures, NbS exhibit greater ecological adaptability, lower
economic costs, and broader multifunctional co-benefits, making them a key direction for
future green development and ecological restoration [10]. In essence, NbS can be viewed as
an important pathway for optimizing ecosystem service provision, as they seek to improve
ecosystem structure and functional processes to enhance resilience, stability, and climate
mitigation. From a long-term perspective, their ultimate objective is to support sustainable
development and promote harmony between humans and nature [10,13,14] (Figure 1).

The initial development of the NbS concept was intended to guide humans in learning
from nature, during which numerous nature-inspired practices emerged [28]. Its theoretical
roots can be traced back to ecological restoration and ecological engineering theories
in the 1970s, and the concept was formally introduced by the World Bank in the early
2000s [29]. The formal articulation of NbS marked a deeper understanding of the human–
nature relationship, emphasizing that humans are not only beneficiaries of nature but also
stewards responsible for protecting natural ecosystems [10,30,31].

Early research on NbS primarily focused on conceptual clarification and theoreti-
cal framework development. As international organizations continuously refined the
definition, research gradually shifted toward practical applications and methodological
development—including policy frameworks, cost–benefit assessment, and risk manage-
ment strategies [31,32]. With the intensification of climate change and biodiversity loss,
scholars and global institutions increasingly emphasized the relationship between NbS and
ecosystem services, particularly the optimization of multiple objectives and enhancement
of synergistic benefits [33,34].

As the concept evolved, NbS practices expanded considerably and now include
approximately 20 specific pathways—such as reforestation, natural forest management,
improved plantations, and conservation agriculture. These pathways aim to enhance
ecosystem resilience while achieving multiple co-benefits, including climate mitigation,
disaster risk reduction, and human well-being enhancement [10,14,33]. Today, NbS are
recognized not only as an effective tool for environmental governance but also as a critical
strategy for achieving the Sustainable Development Goals (SDGs) and fostering harmonious
coexistence between humans and nature.

2.2. Major Types of NbS and Representative Studies

At present, the boundaries between NbS and related concepts remain somewhat
ambiguous, and these terms are often used interchangeably—for example, Natural Climate
Solutions (NCS) and Green Infrastructure (GI) [30]. As a key pathway for climate mitigation
and adaptation, NbS encompasses a wide range of intervention types [30]: (1) Minimal or no
human intervention in existing ecosystems, allowing natural processes to function largely
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undisturbed (ecosystem conservation approach); (2) integrated management practices
aimed at enhancing ecosystem service provision while maintaining long-term ecosystem
sustainability (integrated ecosystem management approach); and (3) intensive human
intervention or complete ecosystem transformation, potentially resulting in the creation of
novel ecosystem types (ecosystem restoration or construction approach).

 
Figure 1. Objectives and global standards for the implementation of NbS. Note: Ultimate goals are
based on [10,13,14], the category of NbS approaches is based on [10], and global standards are based
on [35].

Building on these foundations, Cohen-Shacham et al. [10] proposed a more system-
atic and operational classification system comprising five major categories: ecological
restoration approaches, issue-specific ecosystem-related approaches, infrastructure-related
approaches, ecosystem protection approaches, and ecosystem-based management ap-
proaches (Table 1). This classification is based primarily on the mode and degree of human
intervention, while also incorporating urban strategies and GI-related practices [36]. Com-
pared with earlier frameworks, the Cohen-Shacham et al. [10] typology provides a more
comprehensive and policy-relevant operational basis for NbS implementation.

In practice, NbS has been widely applied across diverse ecological management con-
texts worldwide [37]. The Nature Conservancy (TNC) has identified 20 NbS pathways at
the global scale, including typical measures such as reforestation, avoided deforestation,
and wetland restoration [38]. Although NbS offers multiple implementation options, the
design of specific interventions must fully consider regional climate conditions, environ-
mental characteristics, and landscape configurations to maximize primary benefits while
balancing potential co-benefits [39,40].
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Table 1. Common classifications of NbS and relevant case studies.

NbS Types Examples Main Features Application Example Ecosystem Pathways Reference

Ecological
restoration

approaches.

Ecological
restoration,
ecological

engineering,
forest landscape

restoration.

By restoring the structure,
functions, and ecological
processes of degraded or
damaged ecosystems, the

capacity for ecosystem
service provision is

enhanced.

The Three-North
Shelterbelt Program, the
Natural Forest Protection
Program, and the Yangtze

River Basin Wetland
Restoration Project.

Afforestation, returning
cropland to forest or

grassland, preventing
wetland degradation, and

preventing vegetation
degradation.

[10,41]

Issue-specific
ecosystem-related

approaches.

Ecosystem-based
adaptation,

ecosystem-based
mitigation,

ecosystem-based
disaster risk
reduction.

Strategies aimed at
addressing specific social or

environmental issues by
utilizing ecosystem

functions or services to
provide solutions. These

strategies typically focus on
a particular issue, such as
climate change or disaster

risk.

The Sanjiangyuan
Ecological Protection

Project.

Grazing exclusion,
artificial grass planting,

and fencing for the
restoration of degraded

alpine grasslands.

[42]

Infrastructure-
related approaches.

Natural
infrastructure,

green
infrastructure.

Protecting, enhancing, or
mimicking ecosystems or
natural processes as forms

of ‘infrastructure’ to deliver
functions comparable to
those of traditional ‘gray’

infrastructure.

Infrastructure such as
green roofs, vertical

greening, sponge cities,
reservoirs, and canals.

Implementing vertical
greening, tree planting,
and grass cultivation.

[43,44]

Ecosystem
protection

approaches.

Area-based
conservation
approaches

including protected
area management.

Maintaining the integrity of
native ecosystem structures

and ecological processes
through the establishment
of protected areas or the

implementation of regional
conservation strategies.

Conservation of the
Amazon Tropical

Rainforest.

Establishing protected
areas, preventing forest

degradation, and
managing natural forests.

[45]

Ecosystem-based
management
approaches.

Integrated coastal
zone management,
integrated water

resources
management.

Taking a holistic
ecosystem-based approach

by integrating multiple
sectors and stakeholders to

achieve coordinated
resource management and
sustainable development.

Ecological restoration
and management of the
Wuliangsuhai Basin in

Inner Mongolia.

Afforestation, preventing
wetland degradation, and

promoting sustainable
agriculture.

[46]

3. Mechanisms Through Which NbS Enhance Ecosystem Services
NbS emphasize not only the reduction in ecological risks but also the enhancement

of ecosystem resistance and resilience [47]. By restoring ecosystem structure, strengthen-
ing key ecological functions, and mitigating climate-related risks, NbS comprehensively
improve the supply capacity of ecosystem services and enhance overall ecosystem sta-
bility [10]. Specifically, NbS achieve their objectives through two complementary mecha-
nisms: mitigation and adaptation. Mitigation refers to enhancing carbon sequestration and
avoiding carbon emissions from ecosystems through NbS interventions, thereby lowering
climate-related risks; adaptation involves improving ecosystem structure and enhancing
ecological functions to increase ecosystem stability and resistance to external disturbances
(Figure 2) [10,38,48]. First, the implementation of NbS measures—such as afforestation, wet-
land restoration, and natural forest management—helps restore spatial structure, strengthen
resistance and resilience, and provide a foundation for the stable supply of ecosystem pro-
cesses and services [27,49]. These measures increase vegetation cover, improve canopy
complexity, and promote the development of belowground root systems, thereby restor-
ing ecosystem structure and enhancing habitat heterogeneity. Increased vegetation cover
also improves microclimatic conditions and strengthens ecological resilience by buffering
ecosystems against environmental disturbances. Second, NbS enhance provisioning and
regulating services by improving key ecological functions, including hydrological regu-
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lation, nutrient cycling, and carbon cycling [33]. For example, forest canopies intercept
precipitation and litter layers enhance surface water storage. Meanwhile, extensive root
systems improve soil porosity and infiltration capacity, thereby reducing surface runoff and
soil erosion while increasing groundwater recharge and water regulation. NbS further en-
hance carbon sequestration by increasing aboveground biomass, promoting belowground
carbon storage through root development, and improving soil organic carbon accumula-
tion. At the same time, forest conservation and peatland protection avoid greenhouse gas
emissions associated with vegetation degradation and land-use change [38]. These pro-
cesses collectively strengthen ecosystem functioning and enhance the long-term provision
of services.

Figure 2. Mechanisms by which NbS enhance ecosystem services.

For example, the ecological restoration project in the upper Minjiang River in Sichuan,
China, implemented a series of NbS measures, including the management of degraded
alpine grasslands, natural forest conservation, and afforestation. As the restoration project
progressed, the region’s forest cover significantly increased, and regulating functions such
as water conservation and soil retention were notably enhanced. The integrity of ecosystem
structure and its regulatory capacity were significantly improved, yielding substantial
ecological benefits. However, the total carbon storage in the river basin has decreased by
5.563 × 106 tons. The reason for this phenomenon is that this area is located in a topographic
transition zone and is extremely sensitive to climate change [50–52].

Meanwhile, this project has contributed to local climate regulation and biodiversity
recovery, providing essential ecological security support for the downstream Chengdu
Plain and promoting regional sustainable development. This case clearly demonstrates the
significant potential of NbS to enhance multiple ecosystem services, strengthen ecological
resilience, and improve human well-being. Similarly, China’s Natural Forest Protection
Program represents another major NbS practice. The program has substantially increased
forest carbon stocks, reduced carbon emissions from forest ecosystems, mitigated regional
climate change, and significantly improved ecological quality within project areas [53,54].
However, the implementation of NbS also faces challenges in funding and management;
ecological outcomes of NbS are not universally positive and largely depend on regional
environmental conditions. For example, in arid and semi-arid regions, large-scale afforesta-
tion can increase evapotranspiration and soil water consumption, resulting in soil moisture
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deficits and potential trade-offs between carbon sequestration and water regulation [55].
Therefore, the design and implementation of NbS should consider local climatic conditions,
species selection, and water resource availability to maximize ecological benefits while
minimizing unintended consequences.

4. Multiple Benefits of NbS
4.1. Classification of the Multiple Benefits of NbS

NbS not only play a critical role in ecosystem restoration and conservation but also
generate significant co-benefits across social and economic dimensions (Table 2) [11,56].
Ecologically, NbS enhance ecosystem stability and resilience by strengthening carbon se-
questration, improving hydrological processes, and restoring biodiversity [33]. Socially,
NbS improve living environments, enhance public health and well-being, increase commu-
nity resilience to extreme climate events, create green job opportunities, and help reduce
social inequities [14]. Economically, NbS are often cost-effective, easy to maintain, and ca-
pable of generating long-term returns, such as promoting ecotourism, stimulating regional
development, and increasing the value of agricultural and sideline products [7,24].

Overall, NbS commonly lead to synergistic improvements in ecological, social, and
economic benefits during implementation. However, due to managerial trade-offs and
regional constraints, the magnitude of these benefits may vary, often maximizing certain tar-
geted outcomes while weakening others. For example, in China’s Kubuqi Desert restoration
project, the initial goal was to curb desertification, control sandstorms, and safeguard local
infrastructure and residents’ daily lives. Following implementation, the areas of forests,
grasslands, and shrublands increased by 100.65%, 6.05%, and 2.24%, respectively, while
the area of deserts decreased by 10.62%. Meanwhile, the GEP of Kubuqi was 55.48 billion
yuan, among which the value of sandstorm prevention accounted for 39.39% [57].

Table 2. Social, economic, and ecological benefits of NbS.

Benefit Type Category Cases-Benefit Reference

Social benefit

Promoting social cohesion,
improving physical and

mental health, enhancing
well-being, and providing

green jobs.

Kubuqi Desert Management—Improving the
local ecological environment, reducing the

occurrence of sandstorms, promoting
ecotourism, creating employment opportunities,
utilizing solar power generation, and advancing

the development of green renewable energy.
Loess Plateau Grain-to-Green

Project—Improving habitat quality, increasing
agricultural productivity, and enhancing the

living conditions of farmers.

[57–59]

Economic benefit

Providing cost-effectiveness,
increasing the yield of

agricultural by-products, and
enhancing the economic value

of ecosystems.

Loess Plateau Grain-to-Green
Project—Increasing income from forest-based

economies and enhancing ecological
compensation for farmers.

Xixi National Wetland Park Conservation Project
in Hangzhou—Promoting ecotourism, driving

local GDP growth, expanding sales channels for
agricultural by-products in surrounding cities,

and contributing to real estate value
appreciation.

[60–62]
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Table 2. Cont.

Benefit Type Category Cases-Benefit Reference

Ecological benefits

Protecting and restoring
ecosystem functions,

enhancing the connectivity of
natural areas, increasing

biodiversity, and reducing
pollution.

Dianchi Lake Ecosystem
Restoration—Enhancing biodiversity, improving
water quality, and restoring aquatic vegetation.

Three-North Shelter Forest
Program—Expanding vegetation cover,
preventing wind erosion and sandstorm
formation, and maintaining biodiversity.

Sanjiangyuan National Park—Enhancing water
conservation functions, restoring degraded
grasslands, and increasing species diversity.

[63–65]

4.2. Benefits of Forest-Based NbS

Forests constitute one of the largest terrestrial carbon reservoirs and provide a wide
range of ecosystem services, including biodiversity conservation, water regulation, and soil
retention [66]. Owing to their high biomass accumulation and complex canopy structures,
forest ecosystems play a pivotal role in maintaining ecological functions and enhancing
ecosystem resilience. Consequently, forest-based NbS are widely recognized as among
the most promising approaches for addressing climate change and promoting sustainable
ecosystem management [38]. Major forest-related NbS strategies include reforestation,
natural forest management, avoided forest conversion, and improved plantation manage-
ment. These interventions not only contribute to carbon sequestration but also support the
simultaneous enhancement of multiple ecosystem services, generating ecological, social,
and economic co-benefits.

One of the most important ecological benefits of forest-based NbS is their contribu-
tion to biodiversity conservation. Forest ecosystems provide critical habitats for a vast
proportion of terrestrial species, and their vertically stratified vegetation structure creates
diverse ecological niches that support species survival, reproduction, and community
development [67]. Measures such as reforestation and natural forest conservation can im-
prove habitat quality, enhance landscape connectivity, and alleviate habitat fragmentation,
thereby facilitating biodiversity recovery and strengthening ecosystem functioning. Com-
pared with monoculture plantations, natural forests and mixed-species forests generally
support higher levels of biodiversity and exhibit greater ecological stability. As a result,
forest restoration and conservation initiatives have received increasing attention within
NbS research and practice [68].

Forest-based NbS also play a vital role in regulating hydrological processes and
mitigating soil erosion. Forest vegetation can intercept precipitation, promote infiltration,
and improve watershed hydrological conditions, thereby enhancing water conservation
capacity and contributing to regional water security [69]. In addition, extensive root
systems help stabilize soils, reduce surface runoff, and minimize soil loss. These functions
are particularly important in mountainous and sloping landscapes, where soil erosion and
land degradation are often severe. For example, the implementation of China’s Natural
Forest Protection Program and the Three-North Shelterbelt Program has significantly
reduced soil erosion and improved regional ecological conditions [64,70].

A notable characteristic of forest-based NbS is their ability to enhance multiple ecosys-
tem services simultaneously, resulting in strong synergistic effects. Compared with some
NbS strategies that primarily target specific objectives, forest restoration and conservation
measures can concurrently increase carbon storage, improve biodiversity, strengthen wa-
ter regulation, and enhance soil retention. Therefore, forest-based NbS are increasingly

https://doi.org/10.3390/f17070804

https://doi.org/10.3390/f17070804


Forests 2026, 17, 804 9 of 17

regarded as an effective pathway for simultaneously advancing climate change mitigation,
biodiversity conservation, and sustainable development goals [38].

Nevertheless, the effectiveness of forest-based NbS is influenced by climatic conditions,
species composition, and management practices. For instance, large-scale afforestation in
arid and semi-arid regions may increase ecosystem water consumption and potentially
reduce water availability [55]. Similarly, although monoculture plantations can contribute
substantially to carbon accumulation, they often provide fewer biodiversity benefits than
natural forests and mixed-species stands [71].

4.3. Comparison of the Multiple Benefits of NbS

NbS demonstrate broad applicability and significant multiple benefits in enhancing
ecosystem services, encompassing climate regulation, water resource management, biodi-
versity conservation, soil retention, and improvements in human well-being. Compared
with traditional engineering measures or single-objective management approaches, NbS
enhance ecosystem structure and function, enabling self-repair and sustained ecological
succession, thereby creating synergistic effects among various ecosystem services [10].

However, different NbS implementation strategies exhibit certain heterogeneity in
their effectiveness across ecosystem service types. First, ecosystem restoration and conserva-
tion projects—such as afforestation, forest protection, and wetland conservation—increase
vegetation cover and thereby enhance carbon storage in terrestrial ecosystems, reduce
atmospheric CO2 concentrations, and mitigate global warming, resulting in substantial
ecological value [38,72]. Second, issue-specific ecosystem-related approaches (e.g., sustain-
able agriculture, conservation tillage) effectively reduce soil carbon emissions, improve
soil structure and organic matter content, and decrease topsoil erosion [73–77]. Third,
infrastructure-related approaches (e.g., sponge cities, hydraulic engineering, and flood
control) enhance hydrological regulation and water-cycle functionality in urban or regional
contexts, thereby strengthening the capacity of urban ecosystems to withstand water-related
hazards [78]. Furthermore, as climate change accelerates biodiversity loss, NbS can help
slow species decline by expanding habitat areas, improving habitat quality, and increasing
connectivity between habitat patches.

Overall, NbS implementation can enhance multiple ecosystem services, though the
degree of improvement varies across service types [38,75,79,80]. Following Griscom’s
comparative framework for evaluating NbS benefits, we compared the enhancement effects
of various NbS strategies (Figure 3). Many NbS strategies exhibit strong potential to
improve ecosystem services, yet some strategies demonstrate particularly high effectiveness
for specific services. For example, reforestation, avoided forest conversion, natural forest
management, peatland restoration, and avoided peatland impacts are widely recognized
as NbS pathways with substantial climate change mitigation potential [38]. Meanwhile,
the “Avoided forest conversion” strategy provides substantial ecological benefits in terms
of biodiversity conservation, climate stability, soil health, water quality, reduced risks
of extreme events, food provision, cultural services, and health security, while offering
comparatively lower social and economic benefits. In contrast, the “Improved plantations”
strategy shows relatively limited potential for enhancing all three categories of benefits. This
may be attributed to the relatively simple structure and species composition of plantations,
their low biodiversity, and their weaker ecosystem functions. Compared with natural
forests, wetland ecosystems, or mixed-species forests, plantations typically exhibit lower
resistance and resilience, which leads to reduced overall benefits (Figure 3).
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Figure 3. Comparison of the ecological, social, and economic benefits of NbS. Note: This Figure
was adapted and modified from [10], and the qualitative scores (+++, ++, +, and −) were adapted
from Griscom’s standards [10]. The original assessment was based on expert synthesis of published
evidence regarding the relative potential of each NCS pathway to provide ecological, social, and
economic co-benefits. In the present review, these scores were retained and reorganized to facilitate
comparison among different NbS strategies. “+” represents low benefit, “++” represents moderate
benefit, and “+++” represents high benefit, with “−” indicating no data available. The ecological
benefits include biodiversity conservation, climate stability, soil health, water quality, reduced risks
of extreme events, food provision, cultural services, and health security. The social benefits include
social cohesion, public health, disaster risk reduction, job opportunities, and quality of life. The
economic benefits include agricultural revenue, ecotourism, cost–benefit ratio, and long-term return
on investment.

5. Challenges and Limitations in the Implementation of NbS
Despite the advantages of NbS, such as cost-effectiveness and high ecological value

relative to conventional industrial approaches, its role has been insufficiently emphasized
in historical climate policies and governance frameworks. Moreover, the practical imple-
mentation of NbS still faces numerous challenges and limitations that may hinder their
effectiveness and scalability [33,81].

5.1. Implementation Challenges

The effective implementation of NbS requires substantial financial investment, tech-
nical expertise, and robust policy support. However, these foundational prerequisites
are often difficult to meet in practice. Large-scale ecological restoration projects (such as
afforestation, wetland rehabilitation, and watershed management) typically require long-
term national-level planning and coordination, demanding considerable human, financial,
and material resources [82,83]. Furthermore, NbS often exhibits delayed ecological effects;
while their long-term benefits may be substantial, their short-term economic and social re-
turns are limited, which can dampen public interest and policy-maker commitment [25,33].
In addition, the lack of interdisciplinary technical expertise poses a significant barrier. The
design and implementation of NbS rely on integrated knowledge across ecology, environ-
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mental science, hydrology, and engineering. In under-resourced or developing regions,
insufficient technical capacity can result in poorly executed interventions, potentially lead-
ing to suboptimal restoration outcomes or even secondary ecological damage [33]. Policy
and institutional supports are also critical to the long-term success of NbS, especially in
areas such as land-use planning, funding allocation, and environmental regulation. Never-
theless, in many regions, relevant policies and institutional mechanisms are either lacking
or inadequately enforced, making it difficult to ensure the continuity and effectiveness
of NbS initiatives [84]. Collectively, these constraints limit the widespread adoption and
integration of NbS into mainstream climate governance frameworks.

5.2. The Response of Ecosystems Exhibits Uncertainty

NbS relies on natural ecological processes, which are inherently variable and sensi-
tive to environmental drivers, resulting in significant uncertainty in ecosystem responses.
Natural ecosystems exhibit divergent reactions to climate change and anthropogenic dis-
turbances, depending on regional conditions and species composition [85]. The capacity
for ecological recovery and service provision can vary substantially across geographic loca-
tions and habitat types, leading to heterogeneous outcomes when implementing identical
NbS strategies in different contexts [86]. Moreover, ecological processes often exhibit time
lags. Some NbS measures may produce minimal or even adverse ecological outcomes
in the short term, with their full benefits only becoming evident after several years or
decades [83,87]. For example, during the early phases of forest restoration, young trees
have limited carbon sequestration capacity, and forest stands may initially act as net carbon
sources. Only over the medium-to-long term do these forests transition into net carbon
sinks, as biomass accumulates and ecosystem processes stabilize [88].

5.3. The Trade-Offs Between Ecosystem Services

A fundamental challenge in implementing NbS lies in managing the trade-offs between
multiple ecosystem services. Although natural ecosystems are inherently multifunctional,
NbS interventions often enhance one service at the expense of others [89,90]. For instance,
vegetation restoration can significantly improve carbon sequestration, but increased plant
transpiration may lead to elevated water consumption [91]. In arid and semi-arid regions,
this can deplete groundwater resources, adversely affecting agricultural irrigation and
drinking water availability [55,92]. Similarly, efforts to restore biodiversity through for-
est expansion can reduce land available for agriculture, potentially compromising food
production and food security [93,94]. These examples underscore the importance of adopt-
ing a systems-thinking approach in NbS planning, one that carefully evaluates potential
trade-offs and strives to balance competing ecosystem service objectives through adaptive
management and participatory governance.

6. Future Research Directions and Recommendations
With the intensification of climate change and increasing anthropogenic pressures,

effectively mitigating global warming and curbing ecosystem degradation have become
urgent international priorities [95]. As a promising approach for both climate mitigation
and adaptation, NbS has already demonstrated considerable potential through a growing
body of research and practical case studies, particularly those involving forest-based
strategies such as reforestation, natural forest management, and forest landscape restoration.
However, in light of the dynamic and uncertain nature of future climate scenarios, further
investigation is needed to clarify the mechanisms underlying ecosystem responses to NbS.
Equally important is the establishment of a robust monitoring and assessment framework
to support the scientific advancement and systematic implementation of NbS.
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6.1. Establishing a Monitoring and Evaluation System for NbS Benefits

Given the complexity of ecosystem service trade-offs, the uncertainty of ecological
responses, the time-lag in benefit realization, and the variability of outcomes across regions,
long-term monitoring and quantitative evaluation of NbS is essential [96]. Particular
attention should be paid to the long-term monitoring of forest-based NbS, including
natural forest protection and forest restoration, to better understand their impacts on carbon
sequestration, biodiversity conservation, water regulation, and other ecosystem services.
Continuous, dynamic assessment enables early identification of implementation challenges,
helps avoid negative trade-offs, and supports the timely optimization of management
strategies to promote synergistic ecological gains. To this end, three key actions are required.
First, a comprehensive monitoring indicator system should be established to represent
various ecosystem service functions, along with standardized protocols for data collection
and monitoring techniques. Second, long-term tracking mechanisms must be developed
to assess temporal trends and spatial variability in ecosystem service outcomes, thereby
facilitating more precise evaluations of ecological benefits. Third, based on accumulated
monitoring data, evaluation methodologies should be continuously refined to improve the
accuracy and reliability of NbS performance assessments.

6.2. Conducting Interdisciplinary Collaborative Research

Climate change is a multifaceted environmental and social issue, and the effective
research and deployment of NbS demands interdisciplinary collaboration across fields such
as ecology, geography, environmental engineering, and socio-economics [14,21]. Future ef-
forts should aim to deepen such collaboration from several perspectives. First, to maximize
the potential of NbS, it is essential to strengthen cost–benefit analyses and identify priority
areas, thereby clarifying context-specific pathways for implementation under varying cli-
mate and socio-economic conditions [97]. Second, interdisciplinary teams should be formed
to develop integrated models and decision-support tools that combine climate forecasting,
ecosystem service modeling, and socio-economic assessments. These tools can provide
multidimensional data and evidence for policy formulation and NbS implementation.
Third, greater efforts are needed to conduct cross-regional and cross-scale comparisons of
NbS outcomes, with particular emphasis on developing integrated assessment frameworks
that link forest carbon sequestration, biodiversity conservation, and water regulation. Such
studies would help identify both general patterns and context-specific responses of NbS
to climate change across different regions and spatial scales, thereby providing a stronger
scientific basis for ecological restoration planning and decision-making.

6.3. Strengthening Policy Support and Public Participation Mechanisms

The successful implementation of NbS as a climate and ecosystem strategy hinges
on the presence of comprehensive policy frameworks and inclusive public participation
mechanisms. Strong policy support not only ensures the provision of financial and tech-
nical resources but also promotes the scientific rigor and institutional standardization of
NbS through legal and regulatory instruments. Simultaneously, governments and public
institutions can play a central role in establishing social financing mechanisms for NbS,
incentivizing private sector involvement in environmental governance. Such collaboration
fosters synergistic interactions among natural capital, financial capital, and social capital.
Moreover, widespread public participation enhances local relevance, improves environ-
mental awareness, and fosters alignment between ecological conservation and community
development. Therefore, future efforts should focus on improving incentive mechanisms,
fostering participatory governance, and enhancing public environmental awareness to
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establish long-term policy support mechanisms for the effective implementation and sus-
tainability of forest-based NbS initiatives.
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