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Abstract

Nature-based solutions (NbS) are increasingly recognized as important strategies for ad-
vancing agricultural sustainability and supporting the United Nations Sustainable Devel-
opment Goals (SDGs). Much research has highlighted the biophysical potential of NbS;
however, the literature remains fragmented regarding their socio-economic and governance
implications. This study synthesizes existing research, identifies major knowledge struc-
tures, and develops a forward-looking research agenda. We analyzed 1198 academic articles
using Structural Topic Modeling (STM) to identify ten latent topics. These topics were
subsequently mapped onto the adapted Agro-Ecotopia model based on two dimensions:
Ecosystem State & Control and Governance Logic & Goal Alignment. This approach estab-
lished an Agro-NbS analytical framework and identified four exploratory scenarios: Green
Regulation, Engineered Ecotopia, Vulnerable Wilderness, and Grassroots Resilience. These
scenarios characterize diverse pathways of agricultural NbS development, highlighting
potential spatial trade-offs and emerging system vulnerabilities associated with social eq-
uity. Furthermore, this study extends traditional biophysical assessments by emphasizing
the importance of polycentric governance and Traditional Ecological Knowledge (TEK) in
addressing complex climate challenges. The findings contribute to the understanding of
agricultural Socio-Ecological Systems (SESs) and provide insights for policymakers seeking
to promote a more equitable transition toward sustainable agriculture.

Keywords: nature-based solutions; sustainable agriculture; structural topic modeling;
socio-ecological systems; scenario foresight; just transition

1. Introduction
Nature-based solutions (NbS) represent an emerging strategy for ecological interven-

tion, standing as a strategic priority for global climate governance and the achievement
of the UN Sustainable Development Goals (SDGs) [1,2]. NbS will help reduce global
greenhouse gas emissions and protect food security (SDG 2) by 2030 [3,4]. Worsening
environmental degradation and the vulnerability of resource-intensive traditional farming
are forcing governments and practitioners to adopt ecosystem-based alternatives [5,6].
Conceptually, NbS include actions to protect, manage, and restore ecosystems, solving
social problems while improving human well-being and protecting biodiversity [7]. This
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approach improves system resilience and ecological functions, driving innovations in agri-
culture such as agroforestry and soil carbon storage [8,9]. Additionally, applying NbS in
river basins helps control floods and reduce agricultural pollution [10,11]. While substan-
tial research highlights the physical potential of NbS, we need to review these studies to
identify emerging social and ecological trends for sustainable transitions [12,13].

Recent studies have investigated various dimensions of NbS. For example, many schol-
ars highlight the ecological benefits of large-scale afforestation and wetland restoration [4,14].
Others focus on technical challenges, such as measuring ecosystem services accurately [15].
However, current studies mostly focus on local physical data and ecological engineering [16].
Therefore, researchers have not fully studied how NbS affect rural societies, leaving a com-
prehensive understanding of their future trajectories within complex Socio-Ecological
Systems (SESs) under extreme climate change unexplored [17].

Considerable research examines the role of NbS across agricultural areas, including
soil remediation [18], urban farming [19], biodiversity conservation [15], and disaster risk
reduction [12]. NbS improve resource use efficiency, adaptability, and overall agricultural
sustainability [2,20]. However, large-scale NbS projects can create land-use conflicts, harm
traditional livelihoods, and lead to unfair policies. Such unintended consequences directly
challenge the principles of a Just Transition. [21,22]. Furthermore, we must answer critical
questions regarding the future scalability of NbS and their acceptance among local commu-
nities. Thus, it is vital to integrate this fragmented literature, emphasize the socio-ecological
characteristics of NbS, and map future research directions. Accordingly, this study answers
the following research questions based on a comprehensive text-mining approach:

RQ1:What are the core focus areas and latent topics related to NbS in sustainable agricul-
ture research?

RQ2:What new socio-ecological research questions can shape future scenarios for agricul-
tural NbS?

We examined the progress of NbS by analyzing 1198 articles from the Scopus database,
using Structural Topic Modeling (STM) to uncover latent themes in academic discourse.
Inspired by the knowledge discovery framework [23], we mapped the topics derived from
STM and hierarchical clustering onto an adapted Agro-Ecotopia model [24]. The Agro-
Ecotopia model is structured along two complementary dimensions: (1) Ecosystem State &
Control, representing the degree to which agricultural ecosystems are regulated or affected
by external disturbances (Control vs. Amok), and (2) Governance Logic & Goal Alignment,
representing the degree of social coordination and institutional coherence (Conflicted vs.
Connected). The interaction between these two dimensions generates four exploratory
scenarios that characterize different socio-ecological pathways for agricultural NbS. By
integrating these outputs, this study develops the Agro-NbS framework. This framework
provides a comprehensive understanding of plausible future scenarios, outlining emerging
NbS themes and research questions within complex SESs. Based on this framework, we
analyzed three layers of knowledge in each quadrant: existing knowledge (“What do we
know?”), implementation features (“Characteristics”), and new research questions (“What
do we need to know?”). Ultimately, our findings provide crucial theoretical foresight
for policymakers and set new research agendas, including evaluating spatial trade-offs,
designing fair payment systems, and testing ecological limits under extreme weather to
ensure an equitable transition.

2. Theoretical Framework
Nature-based solutions (NbS) have gained global popularity as key strategies for

climate mitigation and agricultural resilience [13]. Since its inception, the NbS con-
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cept has demonstrated the potential to significantly transform traditional environmen-
tal governance.

NbS have the potential to fundamentally disrupt resource-intensive farming practices.
The mechanism of NbS operates across three levels: field, landscape, and macro-policy [12].
Field-level NbS focus on localized physical improvements to help farmers increase soil
carbon storage and crop yield [25]. Landscape-level NbS work across ecological borders to
reduce risks like floods and pollution, requiring multi-stakeholder collaboration to manage
complex ecological flows [26]. The macro-policy level includes national frameworks guid-
ing large-scale afforestation and Payment for Ecosystem Services (PES). While macro-level
NbS can achieve large carbon reductions, they are frequently challenged by top-down rules
and land-use conflicts [27].

NbS are being rapidly integrated into agricultural domains, transforming traditional
frameworks (Table 1). For instance, they promote agricultural diversity to enhance biodi-
versity [20] and utilize urban green infrastructure to regulate microclimates [28]. However,
large-scale NbS can threaten vulnerable rural communities, as unfair spatial planning may
lead to “green-grabbing” [29]. Thus, top-down ecological engineering may grow faster
than local socio-economic capacities. In contrast, polycentric governance models based on
Traditional Ecological Knowledge (TEK) can effectively resolve these equity challenges [30].

Table 1. Application of NbS across various agricultural domains.

S. No. Field Application References

1 Soil Carbon Management Facilitating carbon sequestration through regenerative
practices like no-till and biochar. [18,27]

2 Agro-biodiversity Promoting agricultural diversification to support multiple
ecosystem services without compromising crop yield. [15,20]

3 Catchment & Eco-DRR Utilizing constructed wetlands and riparian buffers for
hydro-meteorological risk reduction and flood management. [10,12]

4 Urban Agroecosystems Integrating nature-based infrastructure to address urban
challenges, including heat-island mitigation and food supply. [19,28]

5 Climate Policy & Governance
Guiding land-based measures and macro-engineering to
mitigate global climate change while evaluating
spatial feasibility.

[21,27]

Integrating NbS into agricultural governance improves sustainability by paying for
ecosystem services (PES), yet it introduces new system complexities lacking in traditional
gray infrastructure [31]. Additionally, prioritizing global carbon removal over local land
rights raises profound ethical issues concerning spatial justice [32]. Therefore, integrating
NbS with existing structures requires a broad approach where ecologists, policymakers,
and local farmers cooperate to ensure fair and effective rules [21].

Because agricultural NbS operate at the profound interdisciplinary nexus of ecologi-
cal engineering (technology) and socio-economic governance (management), predicting
their future trajectories requires a robust heuristic tool. Traditional predictive typologies
in the climate literature, such as the IPCC’s Shared Socioeconomic Pathways (SSPs) or
Representative Concentration Pathways (RCPs), are highly effective at forecasting macro-
economic, demographic, and emissions trends. However, their utility for sub-national or
sector-specific analyses remains constrained, as SSPs and RCPs are generally constructed
at the global scale with limited spatial resolution and simplified assumptions that may
not adequately capture local social, cultural, and institutional heterogeneities [33,34]. This
standardized scenario framework has been criticized for its shortcomings in representing
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local transitions, uncertainty relevant to adaptation, and context-specific barriers such as
stakeholder conflicts and community-level acceptance [2,35].

To address this gap, we adapted the scenario-building logic from Gartner [24] to create
the Agro-Ecotopia model (Table 2). Although this framework was originally conceptu-
alized for technological foresight, its underlying logic can be extended to agroecological
research. From a Socio-Ecological Systems (SESs) perspective, human and natural systems
are intricately linked and co-evolve through long-term adaptive dynamics [36–38]. The
implementation of NbS is governed by this duality, as it is driven by the continuous inter-
play between non-human biophysical drivers and human institutional responses [39]. To
capture these converging forces, our SESs-based model introduces two specific dimensions.
The first is Governance Logic & Goal Alignment (Society: Conflicted vs. Connected), repre-
senting the social dimension. The second is Ecosystem State & Control (Technology/Nature:
In Control vs. Amok), representing the technological and biophysical dimension.

Table 2. The Agro-Ecotopia model: Four plausible scenarios for NbS in sustainable agriculture.

Governance Logic & Goal Alignment (Society)

Conflicted Connected

(Ecological mandates
clash with local

livelihoods)

(Aligned conservation
goals and

multi-stakeholder
collaboration)

Ecosystem
State &
Control

(Technology/
Nature)

Control
(Interventions are highly

engineered and
top-down)

Scenario 1:
Green Regulation

“Macro-engineering”

Scenario 2:
Engineered Ecotopia

“Agro-harmony”

Amok
(Extreme climate shocks

overwhelm systems)

Scenario 3:
Vulnerable Wilderness

“Climate Cascades”

Scenario 4:
Grassroots Resilience

“Community Survival”

This matrix yields four exploratory scenarios that are designed to be heuristic rather
than strictly predictive, consistent with methodological approaches widely applied in place-
based SESs research [40]. In this framework, the four scenarios represent interpretative
pathways derived from the intersection of the two dimensions rather than deterministic
predictions of future states.

Scenario 1, termed “Green Regulation” (Control–Conflicted), represents a pathway
where ecosystem conditions are highly controlled through technological and ecological
interventions, while governance objectives remain contested due to potential tensions
between large-scale environmental goals and local livelihood priorities.

Scenario 2, termed “Engineered Ecotopia” (Control–Connected), describes a pathway
where intensive ecological management and technological integration are aligned with
broader social objectives, enabling coordinated relationships between human activities and
ecosystem functions.

Scenario 3, termed “Vulnerable Wilderness” (Amok–Conflicted), represents a path-
way characterized by increasing ecological uncertainty and climate-related disturbances,
where environmental pressures exceed governance capacities and generate conflicts over
resource allocation.

Scenario 4, termed “Grassroots Resilience” (Amok–Connected), describes a path-
way in which communities respond to ecological uncertainty through local knowledge,
social networks, and collaborative governance, reflecting the adaptive principles of
nature-based solutions that integrate ecosystem protection, sustainable management, and
human well-being [41].
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Together, these four scenarios provide a heuristic framework for interpreting alter-
native socio-ecological configurations, where resilience is understood as the capacity of a
system to absorb disturbance and reorganize while undergoing change [36,42].

3. Methodology and Data Analysis
3.1. Data Collection and Filtering

We utilized the Scopus database to retrieve studies regarding nature-based solutions
(NbS) in sustainable agriculture, as this database comprehensively covers environmental
and agricultural sciences [43] and offers strong data extraction tools [44]. We employed a
single-database approach to prevent duplicate records and human errors [45].

We searched titles, abstracts, and keywords by combining core NbS terms (“nature-
based solution*”) with farming keywords (e.g., agricultur*, farm*, agroforest*), yielding
1523 potential documents. To ensure high-quality and valid text analysis, we excluded
non-English papers and limited the results to full “Articles” and “Reviews”. Following this
filtration, we established a final dataset of 1198 articles (Figure 1).

Figure 1. Data retrieval and filtration process for NbS literature.

We analyzed the textual data of these articles in two phases. First, we applied Struc-
tural Topic Modeling (STM) to uncover latent topics across all 1198 articles. Second, we
conducted an in-depth literature review to identify NbS implementation characteristics
and formulate new research questions. The articles included in our final review had to
(1) be published in peer-reviewed journals, (2) focus clearly on applying NbS in farming
systems, and (3) discuss ecological benefits or socio-economic challenges.

3.2. Descriptive Analysis

Our analysis demonstrates robust growth in NbS agricultural research (Figure 2). The
publication volume grew from 39 papers in 2020 to 343 in 2025, indicating a strong scientific
consensus on the importance of ecosystem-based farming.

3.3. Structural Topic Modeling

We utilized STM to mine the text of agricultural NbS papers and discover latent
topics [46]. Unlike traditional Latent Dirichlet Allocation (LDA), STM provides a flexible
framework that allows document-level metadata to be incorporated as covariates for topic
prevalence or content estimation [47]. In this study, STM was applied to textual information
extracted from article titles, keywords, and abstracts, without incorporating additional

https://doi.org/10.3390/earth7040123

https://doi.org/10.3390/earth7040123


Earth 2026, 7, 123 6 of 22

document-level metadata as covariates. The analysis therefore focused on identifying latent
thematic patterns emerging from the textual corpus of NbS research.

Figure 2. Annual number of publications on nature-based solutions in sustainable agriculture from
2015 to 2026. Note: The 2026 data are partial and include only publications available up to the date of
data retrieval.

We cleaned and preprocessed the textual corpus in RStudio prior to model execution.
The STM corpus was constructed from article titles, author keywords, and abstracts. The
collected text fields were standardized by converting all words to lowercase, removing
punctuation and redundant spaces, and filtering standard stop words as well as common
terms lacking substantive meaning. These preprocessing steps were applied consistently
across all documents before STM estimation.

To identify the optimal number of topics (K), we tested several values using the searchK
function [48]. The curves for held-out likelihood and semantic coherence balanced best
at K = 10 (Figure 3); thus, we selected 10 topics. We also evaluated model quality using
semantic coherence and exclusivity [49]. Semantic coherence measures how often core
words co-occur within a topic, while exclusivity checks their uniqueness compared to
other topics. The average exclusivity scores ranged from 8.883 to 9.321, and the semantic
coherence scores ranged from −54.569 to −34.549 (Table 3). These metrics confirm that the
topics possess distinct features without excessive overlap.

We extracted the top 10 core words for each topic to understand their meanings. We
used Highest Probability and FREX scores to find these words. As Kuhn [50] observes,
the FREX (Frequency and Exclusivity) algorithm identifies distinctive topic words by
computing the harmonic mean of a term’s corpus-wide frequency and its exclusivity to a
given topic. We utilized these core words to assign each topic a broad academic label.

For example, Topic 1 words focus on agronomy and soil. They include “technosol,”
“amend,” “soil,” “salin,” and “biochar.” Based on these words, we labeled it “Technosol
Remediation.” Similarly, Topic 4 words focus on carbon. They include “greenhous,” “ghg,”
“emiss,” and “account.” This describes agricultural carbon tracking. So, we labeled it
“Agricultural GHG Accounting.” We used this logical method to name all 10 NbS topics.
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Figure 3. Extracted topic labels and proportions.

Table 3. Extracted latent topics and evaluation metrics from STM.

S. No. Topic Labels Highest Prob (n = 10) FREX (n = 10) Coherence Exclusivity

1 Technosol Remediation
soil, organ, crop, carbon, fertil,
plant, salin, amend,
biochar, nutrient

technosol, amend, soil, salin,
earthworm, soc, tillag, fertil,
straw, biochar

−47.013 9.059

2 Urban Agroecology
urban, green, citi, sustain, food,
climat, heat, space,
peri, infrastructur

ua, citi, urban, green, peri,
infrastruct, heat, air,
space, food

−34.549 8.883

3 Silviculture & Afforestation
forest, carbon, tree, land,
agroforest, restor, climat, plant,
stand, divers

forest, plantat, oak, tree, stand,
silvicultur, biomass, divers,
conifer, carbon

−39.488 9.321

4 Agricultural GHG Accounting
carbon, climat, emiss, sequestr,
soil, forest, footprint, mitig,
account, eq

greenhous, ghg, emiss,
sequestr, climat, carbon,
footprint, mitig, account, eq

−36.580 9.176

5 Land Degradation & Erosion
land, use, change, climat, risk,
adapt, water, plant,
food, sustain

lulc, ld, eros, land, use, change,
soil, climat, risk, adapt −37.950 9.125

6 Agro-biodiversity plant, crop, climat, pollin, food,
risk, adapt, water, soil, land

insect, pollin, plant, crop,
weed, pest, divers, resili,
climat, food

−49.512 9.103

7 Catchment Flood Mitigation
water, flood, risk, river,
catchment, reservoir, adapt,
climat, plant, food

catchment, flood, river, risk,
reservoir, water, base, model,
adapt, climat

−39.734 9.000

8 Smallholder Adaptation
farmer, climat, agroforestri,
livelihood, household, land,
adapt, risk, water, plant

farmer, household, livelihood,
adapt, agroforestri, indigenous,
local, knowledg, climat, land

−45.563 8.905

9 Multi-stakeholder Governance
ecosystem, restor, servic,
conserv, coastal, habitat,
stakehold, adapt, risk, climat

stakehold, habitat, coastal,
ecosystem, servic, restor,
conserv, adapt, risk, climat

−37.318 9.114

10 Wetland Eco-purification
water, treatment, wetland,
wastewat, remov, pollut, plant,
adapt, risk, climat

sludg, cw, wastewat, treatment,
wetland, remov, pollut, water,
plant, adapt

−54.569 9.106

Note: Semantic coherence measures the semantic consistency of words within a single topic; values closer to zero
represent better, more interpretable topics. Exclusivity quantifies how distinctive a topic’s vocabulary is relative
to all other topics; higher numerical values indicate stronger topic separation. Highest Probability (Highest Prob)
and FREX are standard term ranking metrics without fixed optimal thresholds.
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We calculated a Pearson correlation matrix to test whether our topic results were
independent (Figure 4). Statistical rules state that a score above 0.7 means a strong correla-
tion [49]. In our study, all correlation scores were very low, between −0.18 and −0.03. This
weak link proves that the topics are distinct. They do not overlap [51]. This shows that our
topic model is accurate and reliable.

Figure 4. Pearson correlation matrix of the extracted latent topics. The correlation coefficients range
from −0.18 to −0.03, indicating weak negative associations among topics and suggesting that the
identified topics capture relatively distinct thematic dimensions.

We plotted a histogram of Maximum A Posteriori (MAP) estimates. This shows how
topics are spread across all papers (Figure 5). The graph illustrates that the document
proportions for all 10 topics are heavily right-skewed, clustering densely around the 0.0
threshold. This distribution pattern signifies that the vast majority of articles exhibit strong
thematic concentration, typically loading heavily onto merely one or two latent topics.
From a methodological perspective, such a highly polarized distribution robustly confirms
that STM effectively mitigates the risks of semantic overlap and multicollinearity among
topics. Consequently, it guarantees that the corpus is parsed into mutually independent
and highly distinguishable conceptual categories. Also, we created a hierarchical clustering
dendrogram based on semantic distance (Figure 6). This groups the 10 topics into clusters.
It reveals the deep structure of sustainable agriculture research [52].
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Figure 5. Histogram of Maximum A Posteriori (MAP) estimates for topic proportions. The x-axis
represents the proportion of documents associated with each topic, and the y-axis represents the
frequency of MAP estimates. The concentration near zero indicates that most topics have relatively
low prevalence across the document corpus.

Figure 6. Hierarchical clustering dendrogram of the 10 latent topics.

Finally, we mapped these four data-driven clusters onto the Agro-Ecotopia quadrants
(Table 4). To ensure transparency and objectivity, we followed a systematic analytical
procedure for this mapping process. The topic distance matrix was calculated based on
topic–level semantic similarity, and hierarchical clustering was conducted using Ward’s
minimum variance method. The resulting dendrogram was then cut into four clusters
corresponding to the four analytical scenarios of the Agro-NbS framework.

The mapping process was based on three complementary criteria: (1) the semantic
focus of the core keywords; (2) the semantic distances derived from hierarchical clustering;
and (3) theoretical triangulation using Socio-Ecological Systems (SESs) theory.
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Table 4. Mapping of STM-derived topic clusters onto the Agro-Ecotopia quadrants and
corresponding scenarios.

Governance Logic & Goal Alignment

Conflicted Connected

Ecosystem
State & Control

Control

Scenario 1: Green Regulation
Topic 1: Technosol
Remediation;
Topic 3: Silviculture &
Afforestation;
Topic 4: Agricultural GHG
Accounting;
Topic 6: Agro-biodiversity;
Topic 10: Wetland
Eco-purification.

Scenario 2: Engineered
Ecotopia
Topic 2: Urban Agroecology.

Amok

Scenario 3: Vulnerable
Wilderness
Topic 5: Land Degradation &
Erosion;
Topic 7: Catchment Flood
Mitigation.

Scenario 4: Grassroots
Resilience
Topic 8: Smallholder
Adaptation;
Topic 9: Multi-stakeholder
Governance.

Applying these criteria explains the quadrant assignments. For example, the algorithm
grouped Topics 1, 3, 4, 6, and 10 into the largest cluster. Their core keywords highlight
technological interventions, ecological restoration, and standardized environmental man-
agement approaches (e.g., “GHG” and “technosol”). Therefore, this cluster was mapped to
the “Control–Conflicted” quadrant, corresponding to Scenario 1: Green Regulation.

Notably, Topic 2 (Urban Agroecology) formed a distinct semantic cluster due to its
unique thematic focus compared with the other topics. This clustering reflects differences
in research emphasis, particularly regarding urban environments, artificial infrastructures,
and localized ecosystem management, rather than indicating that urban agroecosystems are
disconnected from broader agricultural systems. Urban agroecosystems remain embedded
within wider socio-ecological networks through food systems, resource flows, knowledge
exchange, and climate adaptation processes. Consequently, Topic 2 was mapped to the
“Control–Connected” quadrant, corresponding to Scenario 2: Engineered Ecotopia.

The mapping results were independently reviewed by two researchers, and any
differences were resolved through discussion to minimize subjective interpretation. The
final mapping achieved an inter-rater agreement exceeding 90%.

Structural Topic Modeling (STM) was applied to the corpus of 1198 articles, and
10 latent topics were identified using the searchK function. To further explore the structural
relationships among these topics, hierarchical clustering was conducted based on topic–
level semantic distances. A topic distance matrix was calculated, and Ward’s minimum
variance method was applied to generate a dendrogram (Figure 6). The dendrogram was
subsequently split into four clusters, representing four data-driven thematic groups.

The first cluster represents the largest group, including Topics 1, 3, 4, 6, and 10. These
topics share a strong emphasis on macro-scale ecological interventions, technological
solutions, and standardized environmental management. The second cluster consists of
Topics 8 and 9, which focus on social resilience, stakeholder participation, and grassroots
governance. The third cluster includes Topics 5 and 7, representing ecological vulnerability,
land degradation, and disaster-related responses. In contrast, Topic 2 (Urban Agroecology)
forms an independent cluster due to its distinct thematic profile, characterized by urban
environments, artificial infrastructures, and localized ecosystem management.
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Importantly, the independent clustering of Topic 2 does not indicate that urban agroe-
cosystems operate separately from rural agricultural systems. Rather, it reflects a distinctive
research focus within the nature-based solutions (NbS) literature. Urban agroecosystems
remain embedded within broader socio-ecological networks through food systems, re-
source flows, regional climate interactions, and sustainability transitions. Based on these
four data-driven clusters, we subsequently mapped the topic groups onto the adapted
Agro-Ecotopia framework to conceptualize four potential socio-ecological scenarios for
agricultural NbS (Table 4).

To ensure transparency and objectivity, the scenario mapping followed three com-
plementary criteria: (1) the semantic focus of core keywords; (2) semantic distances
derived from hierarchical clustering; and (3) theoretical triangulation using Socio-
Ecological Systems (SESs) theory. Therefore, the quadrant assignments represent an in-
tegration of quantitative topic relationships and theoretical interpretation rather than
subjective categorization.

3.4. Scenario 1: Green Regulation (Control–Conflicted)

In this scenario, ecological systems remain highly regulated, while governance objec-
tives experience potential conflicts between large-scale environmental targets and local
livelihood priorities. This quadrant corresponds to the largest topic cluster, including Tech-
nosol Construction (T1), Silviculture and Afforestation (T3), Agricultural GHG Accounting
(T4), Agro-biodiversity Conservation (T6), and Wetland Eco-purification (T10).

NbS function primarily as a standardized ecological management and mitigation ap-
proach, enabling large-scale interventions in agricultural landscapes. For example, agricul-
tural carbon accounting systems support emission reduction strategies, while constructed
wetlands improve pollution interception and ecosystem purification capacity [53,54]. How-
ever, the implementation of large-scale ecological engineering may introduce governance
tensions. Strict land-use regulations and standardized management practices can constrain
local decision-making and reduce flexibility for smallholder farmers, challenging principles
of social equity and a Just Transition [55].

3.5. Scenario 2: Engineered Ecotopia (Control–Connected)

This scenario represents a highly regulated but socially coordinated pathway, where
governance objectives and ecological management strategies are relatively aligned. It is
represented by Topic 2 (Urban Agroecology), which emerged as an independent semantic
cluster due to its distinctive research emphasis on urban ecological integration, artificial
infrastructures, and controlled production environments. This clustering reflects a dif-
ference in research focus rather than a separation of urban agroecosystems from broader
agricultural systems.

Urban agroecosystems demonstrate how NbS can be incorporated into densely pop-
ulated areas through green infrastructure, urban farming systems, and ecological design.
Rather than representing an isolated urban pathway, urban NbS are embedded within
broader rural–urban food systems through material flows, knowledge exchange, resource
circulation, and regional sustainability transitions. Through intensive management and
technological integration, this pathway enhances urban food resilience, mitigates environ-
mental pressures such as heat-island effects, and improves local ecosystem services [56].

Therefore, Scenario 2 reflects a form of “engineered ecotopia” in which human-
designed ecological systems achieve strong coordination between technological control,
urban development, and sustainability objectives.
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3.6. Scenario 3: Vulnerable Wilderness (Amok–Conflicted)

This scenario represents a high-risk pathway in which ecological uncertainty increases
while governance responses remain fragmented. It is characterized by two hazard-oriented
topics: Land Degradation and Erosion (T5) and Catchment Flood Mitigation (T7).

Under increasing climate pressures and ecological degradation, agricultural systems
face risks that exceed existing management capacities. In this context, NbS primarily
function as an adaptive buffering mechanism by restoring ecological functions, improving
water retention, and reducing disaster vulnerability. For example, flood-retention land-
scapes contribute to Ecosystem-based Disaster Risk Reduction (Eco-DRR) by enhancing
hydrological regulation and landscape resilience [57].

However, the expansion of ecological buffering measures may create competing
demands for limited agricultural land resources. Balancing ecosystem protection and
agricultural production therefore remains a major governance challenge under this scenario.

3.7. Scenario 4: Grassroots Resilience (Amok–Connected)

This scenario describes conditions where ecological uncertainty remains high, but
governance responses are strengthened through local participation and social connectivity.
It includes two topics: Smallholder Livelihood Resilience (T8) and Multi-stakeholder
Collaborative Governance (T9).

Unlike large-scale technological interventions, this pathway emphasizes the adaptive
capacity of communities and the importance of social capital. Under climate uncertainty, lo-
cal actors develop livelihood buffering strategies through Traditional Ecological Knowledge
(TEK), collective action, and informal governance networks. These locally embedded prac-
tices enhance agricultural resilience by mobilizing contextual knowledge and strengthening
adaptive capacity [58].

Overall, this scenario highlights the importance of combining ecological adaptation
with participatory governance mechanisms to achieve resilient agricultural NbS pathways.

4. Discussion
The comprehensive analysis of 1198 articles elucidates the evolving trajectories of

nature-based solutions (NbS) in sustainable agriculture. The Structural Topic Modeling
(STM) analysis successfully extracted 10 distinct macroscopic topics, ranging from Tech-
nosol Remediation to Agro-biodiversity Conservation and GHG Accounting. To construct
a forward-looking roadmap, these 10 topics were mapped onto four futuristic scenarios by
synthesizing the Agro-Ecotopia model [24] with a knowledge discovery framework [23],
culminating in the development of the Agro-NbS framework (Figure 7). Furthermore, the
STM-derived topics were interpreted as knowledge structures rather than direct evaluations
of system performance. By combining topic patterns with a qualitative literature synthesis,
we identified major knowledge gaps and translated them into potential methodological
directions, including quantitative assessment, participatory governance analysis, and inte-
grated socio-ecological modeling. Drawing upon the knowledge discovery framework, we
systematically dissected the epistemic landscape of NbS across each quadrant into three
logical layers. First, the existing literature was evaluated and synthesized under “What do
we know?” Second, the intrinsic implementation features of NbS under each scenario were
distilled as “Characteristics of NbS.” Third, the identified research gaps were translated into
targeted future inquiries under “What do we need to know?”, offering a holistic blueprint
of the emerging socio-ecological scenarios.
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Figure 7. The Agro-NbS framework for sustainable agriculture. C denotes characteristics, T denotes
topics, and RQ denotes research questions.

4.1. Quadrant 1: Control–Conflicted

What do we know?
This quadrant explicitly reveals the dominant role of “Techno-ecological Manageri-

alism” in the current global sustainable agricultural transition. Academic research and
practices are highly focused on systematically optimizing and precisely quantifying nat-
ural processes through engineering strategies [59]. Within this framework, NbS are effi-
ciently positioned as strategic tools to achieve macro-level goals, such as national carbon
neutrality [60]. This macro-ecological engineering exhibits immense scaling potential in
restoring degraded habitats and enhancing carbon sink capacities, providing a solid practi-
cal foundation for fulfilling global climate commitments [61].

Characteristics of NbS
In this scenario, NbS implementation is characterized by highly Techno-ecological

Hybridization (C1) and a Carbon-centric Orientation (C2). It heavily relies on hierarchi-
cal, Top-down Implementation (C3) as its primary enforcement mechanism. These three
elements constitute the structural dependency for scaling NbS under this scenario.

What do we need to know?
The advancement of large-scale NbS projects and their pursuit of singular quantitative

targets (e.g., carbon sinks) easily create tension with the complexity of local agroecosystems
and smallholder livelihoods [55]. This structural contradiction between “top-down control
logic” and “bottom-up adaptive demands” highlights the following macro-issues for a
Just Transition:

RQ1: How can multi-dimensional evaluation models be systematically constructed to scien-
tifically weigh the long-term ecological benefits against regional socio-economic costs
in large-scale agricultural NbS implementation, avoiding excessive policy focus on
singular emission reduction metrics? [59,62]
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RQ2: How can an ecological governance framework with both institutional flexibility and
social inclusivity (e.g., diversified Payment for Ecosystem Services mechanisms) be
designed to synergize macro-environmental goals with the endogenous development
rights of local communities? [63]

RQ1 focuses on cross-scalar eco–economic trade-offs. Given that the identified lit-
erature emphasizes carbon accounting and large-scale ecological interventions, future
research could combine System Dynamics and Life Cycle Assessment (LCA) to quantify
the broader ecological and socio-economic consequences of NbS implementation, including
potential impacts on regional food systems. RQ2 focuses on institutional inclusivity in
environmental governance. Future research can explore how property rights security and
model innovation can transform grassroots farmers from passive recipients of ecological
regulations into tangible beneficiaries of the green transition.

4.2. Quadrant 2: Control–Connected

What do we know?
This quadrant reveals a synergistic socio-ecological paradigm achieved in highly

controlled, de-naturalized environments. Urban agroecosystems represent a differentiated
form of agricultural development embedded within broader food systems. Rather than
replacing rural agriculture, urban NbS interact with regional production networks, resource
flows, and sustainability transitions. They have become “urban experimental spaces” for
exploring the systemic fusion of intensive human intervention and natural processes [64].
In closed or semi-closed urban green infrastructure, by circumventing non-linear climate
disturbances, NbS can precisely regulate and directionally output ecosystem services,
demonstrating a highly coupled system morphology in human-dominated habitats [60].

Characteristics of NbS
In this scenario, NbS shed the extensiveness of traditional agriculture, embodying

ultimate Spatial Multifunctionality (C4) and Intensive Artificial Integration (C5).
What do we need to know?
Beneath the facade of the “engineered ecotopia,” dense urban environments pose

severe challenges to resource circulation and system integration:

RQ3: In severely space-constrained urban architectural environments, how can the mul-
tiple ecosystem service outputs of urban agricultural infrastructure (e.g., vertical
farms) be maximized through spatial morphological optimization and technology
integration? [65,66]

RQ4: How can the Water–Energy–Food (WEF) nexus within closed/semi-closed urban NbS
be optimized to drive resource loops and emission reduction synergies across the
entire life cycle of artificial ecosystems? [67]

RQ3 focuses on the physical integration efficiency of NbS within highly intensified
spaces. Future research can combine urban morphology and building physics to quantify
the comprehensive efficacy of different vegetation canopy and building envelope combina-
tions. RQ4 focuses on the material circulation limits of artificial ecosystems. Future research
can conduct detailed Material Flow Analysis based on LCA to explore the integration
pathways of urban graywater recovery and organic waste composting technologies.

4.3. Quadrant 3: Amok–Conflicted

What do we know?
When the impacts of climate change breach ecosystem tipping points, the narrative

shifts drastically from “proactive ecological construction” to “passive disaster response.”
Studies have systematically revealed the destructive cascading effects between extreme
hydrological events and soil degradation [68]. Under extreme constraints, NbS extensively
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utilize the physical space and hydrological retention functions of ecosystems (e.g., flood-
retention wetlands, riparian buffers) to exert the flexible defensive role of Ecosystem-based
Disaster Risk Reduction (Eco-DRR) [69,70].

Characteristics of NbS
Against escalating climate risks, NbS profoundly reflect the Land-use Trade-offs (C6)

between disaster-prevention ecological spaces and agricultural production lands; their
implementation orientation shifts toward Reactive Ecological Buffering (C7).

What do we need to know?
Faced with cascading disaster challenges and spatial competition in NbS implemen-

tation, clarifying the adaptive boundaries of natural interventions is a prerequisite for
enhancing agricultural resilience:

RQ5: Under the exacerbating risks of soil and water cascading disasters, how can the
comprehensive ecological resilience and disaster buffering thresholds of agricul-
tural NbS (e.g., riparian buffers) during extreme climate events be systematically
assessed? [71,72]

RQ6: Under hard constraints of land resources, how can “Gray–Green Infrastructure” collab-
orative planning at the watershed scale optimize the spatial configuration of disaster
reduction functions and agricultural production lands? [73]

RQ5 focuses on defining the ecological effectiveness boundaries of Eco-DRR mea-
sures. Based on the identified emphasis on disaster mitigation and ecological buffering
in the literature, future research could utilize macro-climate and hydrological coupled
models from a dynamic stress-testing perspective to explore the response mechanisms of
various NbS under multiple meteorological stresses. RQ6 focuses on spatial optimization
at the macro-landscape scale. Future research could explore organically combining the
reliability of modern hydraulic engineering with the flexibility of natural ecosystems to
find the optimal spatial equilibrium among disaster prevention, ecological protection, and
agricultural production.

4.4. Quadrant 4: Amok–Connected

What do we know?
Unlike macro-engineering perspectives, this quadrant highlights the foundational

supporting role of human social capital in maintaining agricultural operations against
high-uncertainty risks. The academic focus is shifting toward bottom-up social collabo-
rative networks [74,75]. The literature indicates that by adapting Traditional Ecological
Knowledge (TEK) and building informal mutual-aid networks, vulnerable communities
can establish resilient livelihood buffering mechanisms. This spontaneous adaptation prac-
tice effectively compensates for the limitations of standardized engineering under localized
climate perturbations [76,77].

Characteristics of NbS
Here, NbS implementation transcends traditional hardware engineering, showcasing

deep sociological attributes. Its operation heavily relies on decentralized Polycentric
Governance (C8), driven by endogenous TEK (C9) as its core methodology.

What do we need to know?
The emphasis on TEK and polycentric governance identified in this thematic cluster

suggests the need for participatory and community-based approaches. These perspectives
prompt a re-evaluation of technology-dominated climate adaptation frameworks and
highlight the importance of integrating local knowledge and stakeholder participation into
future NbS research:
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RQ7: How can the adaptive mechanisms of TEK be systematically excavated and verified
within scientific cognitive systems, effectively mainstreaming them into modern
agricultural climate adaptation policy frameworks? [78,79]

RQ8: In marginalized agricultural regions with weak macro-resource allocation, how can
institutional and resource barriers to NbS promotion be overcome by building col-
laborative evolutionary networks across polycentric stakeholders (including local
communities, NGOs, and public sectors)? [80]

RQ7 focuses on the co-production of knowledge systems. Future interdisciplinary
research can qualitatively and quantitatively assess the stress-resistance performance of
traditional agroecological practices (e.g., endemic agroforestry). RQ8 focuses on resource
network reconstruction under decentralized conditions. Future research can employ Social
Network Analysis (SNA) to dissect the micro-flow pathways of knowledge and technology,
exploring innovative inclusive cooperation mechanisms for bottom-up NbS practices [81].

5. Implications
5.1. Theoretical Implication

NbS represent a transformative ecological intervention strategy with vast applica-
tion potential. By integrating the outputs of Structural Topic Modeling (STM) with the
adapted Agro-Ecotopia scenario model [24] and a knowledge discovery framework [23],
this study develops the Agro-NbS framework. This framework provides a comprehensive
understanding of plausible future scenarios, outlining emerging NbS themes and research
questions within complex Socio-Ecological Systems (SESs).

This study is an attempt to synthesize fragmented academic developments and concep-
tualize future trajectories using scenario-building logic. It advances the academic literature
in three primary ways. First, it systematically broadens the epistemic boundaries of NbS
by objectively revealing the structural bifurcation between top-down “techno-ecological
managerialism” and bottom-up “grassroots collaborative governance.” Second, the study
identifies critical research gaps that must be addressed under dynamic climate pressures.
For instance, in an extreme scenario where climate runs amok and resource conflicts in-
tensify, rigid technological optimism often fails; instead, social capital and polycentric
governance—driven by Traditional Ecological Knowledge (TEK)—become fundamental
for system survival [82]. This comprehensive integration of ecological and socio-economic
dimensions aligns seamlessly with the UN Sustainable Development Goals (SDGs) [83].
Third, addressing the identified shortcomings regarding spatial trade-offs and epistemic
barriers in current NbS implementation, this study pinpoints a promising frontier for
methodological evolution: the shift from singular biophysical measurements toward the
deep integration of System Dynamics Modeling, Life Cycle Assessment (LCA), and En-
vironmental Sociology [84,85]. This interdisciplinary theoretical extension is poised to
not only quantitatively evaluate the hidden costs of macro-ecological engineering on re-
gional food security but also provide the foundational theoretical framework to bridge the
epistemic divide between TEK and modern hierarchical governance.

5.2. Practical and Policy Implications

The identified research themes and emerging scenarios offer valuable foresight for pol-
icymakers, watershed managers, and agricultural practitioners aiming to achieve the SDGs.
To effectively combat climate change, macroscopic policy design must eschew “one-size-fits-
all” ecological mandates. When implementing large-scale NbS projects (e.g., afforestation
or constructed wetlands), governments must design inclusive Payment for Ecosystem
Services (PES) mechanisms to reconcile national carbon neutrality targets with the micro-
livelihoods of smallholder farmers [86,87]. Secondly, in agricultural catchments prone to
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hydrological disasters, authorities should pivot from singular gray infrastructure towards
“gray–green” hybrid solutions, leveraging NbS to enhance Ecosystem-based Disaster Risk
Reduction (Eco-DRR) [88]. For urban planners, actively incorporating urban agroecosys-
tems (e.g., vertical farms) as green infrastructure can optimize the local Water–Energy–Food
(WEF) nexus while mitigating urban heat islands [89]. Furthermore, international organiza-
tions and NGOs should increase investments in “soft infrastructure” within marginalized
farming communities, fostering endogenous climate resilience by mainstreaming TEK and
cultivating polycentric collaboration networks [90].

5.3. Limitations and Future Research

This study acknowledges certain limitations. First, the STM analysis was performed
exclusively on article titles, keywords, and abstracts rather than full texts. While abstracts
are highly condensed and widely used for topic modeling, they may not fully capture
nuanced socio-economic arguments, methodological details, or governance challenges
typically discussed in the body of the paper. This limitation might inadvertently bias
the topic distribution toward biophysical or ecological engineering themes. To address
this, future research is recommended to employ full-text topic modeling or to conduct a
comparative analysis of topic proportions between abstracts and a representative subset
of full texts, thereby assessing the consistency of the thematic distribution and cross-
validating these findings. Second, the corpus was extracted exclusively from the Scopus
database and limited to English-language publications [91]. Although Scopus provides
broad interdisciplinary coverage and extensive indexing of environmental and agricul-
tural research, reliance on a single database may inevitably introduce potential coverage
bias. Relevant studies indexed in other databases, such as Web of Science, or published
in regional languages may not be fully represented in our corpus. Future research could
integrate multiple bibliographic databases and multilingual sources to provide a more
geographically inclusive understanding of agricultural NbS research. Additionally, the
exploratory 2 × 2 quadrant projection of the Agro-Ecotopia model simplifies the intricate,
non-linear dynamic feedback loops characteristic of real-world Socio-Ecological Systems
(SESs). Consequently, without empirical grounding, the proposed scenario framework
currently remains heuristic and exploratory. Future research could employ ethnographic
approaches and participatory action research, working directly with farming communities
to assess the applicability of these macro-scenarios in localized contexts [83]. Finally, explor-
ing the integration of macro-ecological–hydrological coupled models and dynamic stress
testing into NbS efficacy evaluations—aimed at quantitatively simulating system collapse
thresholds and ecological tipping points under cascading extreme disasters—remains a
crucial and compelling endeavor for future research [92].

6. Conclusions
This study presents a quantitative review and exploratory scenario analysis of aca-

demic research on nature-based solutions (NbS) in sustainable agriculture. By applying
Structural Topic Modeling (STM) to 1198 articles retrieved from Scopus, we identified
10 major research topics and organized them into four thematic clusters through hier-
archical clustering. These clusters were further interpreted through the Agro-Ecotopia
framework to explore plausible socio-ecological pathways for agricultural NbS.

The findings suggest that agricultural NbS research has increasingly expanded beyond
purely biophysical assessments by incorporating technological, ecological, socio-economic,
and governance dimensions. The four scenarios identified in this study should not be
interpreted as deterministic future states; rather, they represent alternative configurations
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of ecological conditions, governance approaches, and knowledge structures within inter-
connected Socio-Ecological Systems.

The first scenario (Control–Conflicted) highlights a pathway dominated by large-
scale technological and ecological interventions, including carbon accounting, technosol
applications, afforestation, biodiversity conservation, and constructed wetland systems.
While these approaches provide opportunities for ecological restoration and climate miti-
gation, they may also generate tensions associated with land-use trade-offs, institutional
coordination, and stakeholder inclusion.

The second scenario (Control–Connected) represents an urban-integrated pathway
centered on Urban Agroecology. The independent semantic clustering of Topic 2 reflects
its distinctive research emphasis on artificial environments, urban infrastructures, and
localized ecosystem management rather than its separation from broader agricultural
systems. This pathway illustrates how intensive ecological design and technological
integration may contribute to urban food resilience while remaining connected with wider
socio-ecological networks.

The third scenario (Amok–Conflicted) represents a vulnerable pathway characterized
by increasing ecological uncertainty, land degradation, and climate-related disturbances.
In this context, NbS function primarily as an adaptive buffering mechanism to reduce
disaster risks and restore ecosystem functions. However, balancing ecological protection
with agricultural production remains an important governance challenge.

The fourth scenario (Amok–Connected) emphasizes grassroots resilience under condi-
tions of ecological uncertainty. It highlights the importance of social capital, Traditional
Ecological Knowledge (TEK), and multi-stakeholder governance in strengthening adaptive
capacity and supporting locally embedded NbS implementation.

Overall, this study contributes an integrated analytical framework linking STM-based
evidence synthesis with socio-ecological scenario development. Although STM identifies
patterns within scientific knowledge rather than directly predicting ecological outcomes,
combining topic structures with SESs theory provides a systematic approach for interpret-
ing emerging research trajectories and identifying future research priorities. The Agro-NbS
framework offers a conceptual basis for examining inclusive governance, adaptive man-
agement, and context-sensitive approaches that may support future studies on sustainable
agricultural transitions under increasing environmental complexity.

Author Contributions: Conceptualization, X.L. and A.Z.; methodology, X.L.; software, X.L.; formal
analysis, J.Z.; data curation, J.Z. and Q.W.; validation, J.L.; investigation, J.L.; resources, Q.W.;
writing—original draft preparation, X.L.; writing—review and editing, A.Z.; visualization, J.Z.;
supervision, project administration, and funding acquisition, A.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the Key Technologies Research and Development Program
of China (Grant No. 2023YFE0105000).

Data Availability Statement: The data that support the findings of this study are available from
the Scopus database. The processed data and R code for STM are available from the corresponding
author upon reasonable request.

Acknowledgments: The authors would like to thank the anonymous reviewers and the editor for their
constructive comments and suggestions that significantly improved the quality of this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/earth7040123

https://doi.org/10.3390/earth7040123


Earth 2026, 7, 123 19 of 22

References
1. Seddon, N.; Chausson, A.; Berry, P.; Girardin, C.A.J.; Smith, A.; Turner, B. Understanding the value and limits of nature-based

solutions to climate change and other global challenges. Philos. Trans. R. Soc. B Biol. Sci. 2020, 375, 20190120. [CrossRef] [PubMed]
2. IPCC. Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report;

Cambridge University Press: Cambridge, UK; New York, NY, USA, 2022. [CrossRef]
3. Griscom, B.W.; Adams, J.; Ellis, P.W.; Houghton, R.A.; Lomax, G.; Miteva, D.A.; Schlesinger, W.H.; Shoch, D.; Siikamäki, J.V.;

Smith, P.; et al. Natural climate solutions. Proc. Natl. Acad. Sci. USA 2017, 114, 11645–11650. [CrossRef] [PubMed]
4. Roe, S.; Streck, C.; Beach, R.; Busch, J.; Chapman, M.; Daioglou, V.; Deppermann, A.; Doelman, J.; Emmet-Booth, J.; Engelmann, J.;

et al. Land-based measures to mitigate climate change: Potential and feasibility by country. Glob. Change Biol. 2021, 27, 6025–6058.
[CrossRef] [PubMed]

5. Food and Agriculture Organization of the United Nations. The State of the World’s Land and Water Resources for Food and
Agriculture—Systems at Breaking Point (SOLAW 2021); FAO: Rome, Italy, 2021. [CrossRef]

6. IPBES. Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services. Technical Report, Zenodo. 2019. Available online: https://zenodo.org/records/6417333
(accessed on 12 July 2026).

7. Cohen-Shacham, E.; Walters, G.; Janzen, C.; Maginnis, S. (Eds.) Nature-Based Solutions to Address Global Societal Challenges; IUCN
International Union for Conservation of Nature: Gland, Switzerland, 2016. [CrossRef]

8. Fu, H. A comprehensive review of nature-based solutions: Current status and future research. AIMS Environ. Sci. 2023,
10, 677–690. [CrossRef]

9. Bossio, D.A.; Cook-Patton, S.C.; Ellis, P.W.; Fargione, J.; Sanderman, J.; Smith, P.; Wood, S.; Zomer, R.J.; Von Unger, M.; Emmer,
I.M.; et al. The role of soil carbon in natural climate solutions. Nat. Sustain. 2020, 3, 391–398. [CrossRef]

10. Ruangpan, L.; Vojinovic, Z.; Di Sabatino, S.; Leo, L.S.; Capobianco, V.; Oen, A.M.P.; McClain, M.E.; Lopez-Gunn, E. Nature-based
solutions for hydro-meteorological risk reduction: A state-of-the-art review of the research area. Nat. Hazards Earth Syst. Sci. 2020,
20, 243–270. [CrossRef]

11. Kumar, P.; Debele, S.E.; Sahani, J.; Rawat, N.; Marti-Cardona, B.; Alfieri, S.M.; Basu, B.; Basu, A.S.; Bowyer, P.; Charizopoulos, N.;
et al. Nature-based solutions efficiency evaluation against natural hazards: Modelling methods, advantages and limitations. Sci.
Total. Environ. 2021, 784, 147058. [CrossRef] [PubMed]

12. Chausson, A.; Turner, B.; Seddon, D.; Chabaneix, N.; Girardin, C.A.J.; Kapos, V.; Key, I.; Roe, D.; Smith, A.; Woroniecki, S.; et al.
Mapping the effectiveness of nature-based solutions for climate change adaptation. Glob. Change Biol. 2020, 26, 6134–6155.
[CrossRef] [PubMed]

13. Seddon, N.; Smith, A.; Smith, P.; Key, I.; Chausson, A.; Girardin, C.; House, J.; Srivastava, S.; Turner, B. Getting the message right
on nature-based solutions to climate change. Glob. Change Biol. 2021, 27, 1518–1546. [CrossRef] [PubMed]

14. Girardin, C.A.J.; Jenkins, S.; Seddon, N.; Allen, M.; Lewis, S.L.; Wheeler, C.E.; Griscom, B.W.; Malhi, Y. Nature-based solutions
can help cool the planet—If we act now. Nature 2021, 593, 191–194. [CrossRef] [PubMed]

15. Pascual, U.; Adams, W.M.; Díaz, S.; Lele, S.; Mace, G.M.; Turnhout, E. Biodiversity and the challenge of pluralism. Nat. Sustain.
2021, 4, 567–572. [CrossRef]

16. Turnhout, E.; Metze, T.; Wyborn, C.; Klenk, N.; Louder, E. The politics of co-production: Participation, power, and transformation.
Curr. Opin. Environ. Sustain. 2020, 42, 15–21. [CrossRef]

17. Eriksen, S.; Schipper, E.L.F.; Scoville-Simonds, M.; Vincent, K.; Adam, H.N.; Brooks, N.; Harding, B.; Khatri, D.; Lenaerts, L.;
Liverman, D.; et al. Adaptation interventions and their effect on vulnerability in developing countries: Help, hindrance or
irrelevance? World Dev. 2021, 141, 105383. [CrossRef]

18. Lal, R.; Follett, R.F.; Stewart, B.A.; Kimble, J.M. Soil carbon sequestration to mitigate climate change and advance food security.
Soil Sci. 2007, 172, 943–956. [CrossRef]

19. Babí Almenar, J.; Elliot, T.; Rugani, B.; Philippe, B.; Navarrete Gutierrez, T.; Sonnemann, G.; Geneletti, D. Nexus between
nature-based solutions, ecosystem services and urban challenges. Land Use Policy 2021, 100, 104898. [CrossRef]

20. Tamburini, G.; Bommarco, R.; Wanger, T.C.; Kremen, C.; Van Der Heijden, M.G.A.; Liebman, M.; Hallin, S. Agricultural
diversification promotes multiple ecosystem services without compromising yield. Sci. Adv. 2020, 6, eaba1715. [CrossRef]
[PubMed]

21. Cousins, J.J. Justice in nature-based solutions: Research and pathways. Ecol. Econ. 2021, 180, 106874. [CrossRef]
22. Tozer, L.; Hörschelmann, K.; Anguelovski, I.; Bulkeley, H.; Lazova, Y. Whose city? Whose nature? Towards inclusive nature-based

solution governance. Cities 2020, 107, 102892. [CrossRef]
23. King, R.A.; Racherla, P.; Bush, V.D. What We Know and Don’t Know about Online Word-of-Mouth: A Review and Synthesis of

the Literature. J. Interact. Mark. 2014, 28, 167–183. [CrossRef]
24. Gartner. Last Call for Datatopia. . . Boarding Now! Four Future Scenarios on the role of Information and Technology in Society, Business,

and Personal Life, 2030; Technical Report; Gartner: Stamford, CT, USA, 2014.

https://doi.org/10.3390/earth7040123

http://dx.doi.org/10.1098/rstb.2019.0120
http://www.ncbi.nlm.nih.gov/pubmed/31983344
http://dx.doi.org/10.1017/9781009325844
http://dx.doi.org/10.1073/pnas.1710465114
http://www.ncbi.nlm.nih.gov/pubmed/29078344
http://dx.doi.org/10.1111/gcb.15873
http://www.ncbi.nlm.nih.gov/pubmed/34636101
http://dx.doi.org/10.4060/cb7654en
https://zenodo.org/records/6417333
http://dx.doi.org/10.2305/IUCN.CH.2016.13.en
http://dx.doi.org/10.3934/environsci.2023037
http://dx.doi.org/10.1038/s41893-020-0491-z
http://dx.doi.org/10.5194/nhess-20-243-2020
http://dx.doi.org/10.1016/j.scitotenv.2021.147058
http://www.ncbi.nlm.nih.gov/pubmed/34088074
http://dx.doi.org/10.1111/gcb.15310
http://www.ncbi.nlm.nih.gov/pubmed/32906226
http://dx.doi.org/10.1111/gcb.15513
http://www.ncbi.nlm.nih.gov/pubmed/33522071
http://dx.doi.org/10.1038/d41586-021-01241-2
http://www.ncbi.nlm.nih.gov/pubmed/33981055
http://dx.doi.org/10.1038/s41893-021-00694-7
http://dx.doi.org/10.1016/j.cosust.2019.11.009
http://dx.doi.org/10.1016/j.worlddev.2020.105383
http://dx.doi.org/10.1097/ss.0b013e31815cc498
http://dx.doi.org/10.1016/j.landusepol.2020.104898
http://dx.doi.org/10.1126/sciadv.aba1715
http://www.ncbi.nlm.nih.gov/pubmed/33148637
http://dx.doi.org/10.1016/j.ecolecon.2020.106874
http://dx.doi.org/10.1016/j.cities.2020.102892
http://dx.doi.org/10.1016/j.intmar.2014.02.001
https://doi.org/10.3390/earth7040123


Earth 2026, 7, 123 20 of 22

25. Gokul, S.; Manivannan, V.; Thirukumaran, K.; Boominathan, P.; Nagarajan, K.; Asritha, M. Carbon farming: A pathway to
mitigate climate change for sustainable agriculture. Plant Sci. Today 2025, 12, 10265. [CrossRef]

26. Tortosa, A.; Giffard, B.; Sirami, C.; Larrieu, L.; Ladet, S.; Vialatte, A. Increasing landscape heterogeneity as a win-win solution to
manage trade-offs in biological control of crop and woodland pests. Sci. Rep. 2023, 13, 13573. [CrossRef] [PubMed]

27. Kim, J.; Kim, D. The Optimal Capacity Estimation of Nature-Based Facilities Considering Land Cover Characteristics. Water 2025,
17, 1323. [CrossRef]

28. Segura-Barrero, R.; Langemeyer, J.; Badia, A.; Ventura, S.; Vila-Traver, J.; Villalba, G. The food-water-climate nexus of green
infrastructure: Examining ecosystem services trade-offs of peri-urban agriculture. Sci. Total. Environ. 2024, 951, 175799. [CrossRef]
[PubMed]

29. Lotero-Velasquez, E.; Casas, A.; Martinez-Balleste, A. Rural Strategies, Appropriation, and Commercialization of Nature in a
Specific Socioeconomic Context. Hum. Ecol. 2025, 53, 489–500. [CrossRef]

30. Zingraff-Hamed, A.; Huesker, F.; Lupp, G.; Begg, C.; Huang, J.; Oen, A.; Vojinovic, Z.; Kuhlicke, C.; Pauleit, S. Stakeholder
Mapping to Co-Create Nature-Based Solutions: Who Is on Board? Sustainability 2020, 12, 8625. [CrossRef]

31. Tarolli, P.; Luo, J.; Park, E.; Barcaccia, G.; Masin, R. Soil salinization in agriculture: Mitigation and adaptation strategies combining
nature-based solutions and bioengineering. iScience 2024, 27, 108830. [CrossRef] [PubMed]

32. Batres, M.; Wang, F.M.; Buck, H.; Kapila, R.; Kosar, U.; Licker, R.; Nagabhushan, D.; Rekhelman, E.; Suarez, V. Environmental and
climate justice and technological carbon removal. Electr. J. 2021, 34, 107002. [CrossRef]

33. O’Neill, B.C.; Carter, T.R.; Ebi, K.; Harrison, P.A.; Kemp-Benedict, E.; Kok, K.; Kriegler, E.; Preston, B.L.; Riahi, K.;
Sillmann, J.; et al. Achievements and needs for the climate change scenario framework. Nat. Clim. Change 2020, 10, 1074–1084.
[CrossRef] [PubMed]

34. Wang, Y.; Chen, X.; Ballesteros, M.; Li, Y.; Liu, Y. Building Regional Sustainable Development Scenarios with the SSP Framework.
Sustainability 2019, 11, 5712. [CrossRef]

35. Haasnoot, M.; Brown, S.; Scussolini, P.; Jimenez, J.A.; Vafeidis, A.T.; Nicholls, R.J. Sea level rise risks and societal adaptation
benefits in low-lying coastal areas. Earth’s Future 2021, 9, e2020EF001654.

36. Folke, C. Resilience: The emergence of a perspective for social–ecological systems analyses. Glob. Environ. Change 2006,
16, 253–267. [CrossRef]

37. Folke, C.; Hahn, T.; Olsson, P.; Norberg, J. Adaptive governance of social-ecological systems. Annu. Rev. Environ. Resour. 2005,
30, 441–473. [CrossRef]

38. Berkes, F.; Colding, J.; Folke, C. Navigating Social-Ecological Systems: Building Resilience for Complexity and Change; Cambridge
University Press: Cambridge, UK, 2003.

39. Nesshöver, C.; Assmuth, T.; Irvine, K.N.; Rusch, G.M.; Waylen, K.A.; Delbaere, B.; Haase, D.; Jones-Walters, L.; Keune, H.; Kovac,
E.; et al. The science, policy and practice of nature-based solutions: An interdisciplinary perspective. Sci. Total. Environ. 2017,
579, 1215–1227. [CrossRef] [PubMed]

40. Oteros-Rozas, E.; Martín-López, B.; Daw, T.M.; Bohensky, E.L.; Butler, J.R.A.; Hill, R.; Martin-Ortega, J.; Quinlan, A.; Ravera, F.;
Ruiz-Mallén, I.; et al. Participatory scenario planning in place-based social-ecological research: Insights and experiences from
23 case studies. Ecol. Soc. 2015, 20, 32. [CrossRef]

41. IUCN. Global Standard for Nature-Based Solutions; Technical Report; International Union for Conservation of Nature: Gland,
Switzerland, 2020.

42. Walker, B.; Gunderson, L.; Kinzig, A.; Folke, C.; Carpenter, S.; Schultz, L. A handful of heuristics and some propositions for
understanding resilience in social-ecological systems. Ecol. Soc. 2006, 11, 13. [CrossRef]

43. Martín-Martín, A.; Orduna-Malea, E.; Thelwall, M.; Delgado López-Cózar, E. Google Scholar, Web of Science, and Scopus:
A systematic comparison of citations in 252 subject categories. J. Inf. 2018, 12, 1160–1177. [CrossRef]

44. Verma, S.; Sharma, R.; Deb, S.; Maitra, D. Artificial intelligence in marketing: Systematic review and future research direction. Int.
J. Inf. Manag. Data Insights 2021, 1, 100002. [CrossRef]

45. Donthu, N.; Kumar, S.; Mukherjee, D.; Pandey, N.; Lim, W.M. How to conduct a bibliometric analysis: An overview and
guidelines. J. Bus. Res. 2021, 133, 285–296. [CrossRef]

46. Roberts, M.E.; Stewart, B.M.; Tingley, D. stm: An R Package for Structural Topic Models. J. Stat. Softw. 2019, 91, 1–40. [CrossRef]
47. DiMaggio, P. Adapting computational text analysis to social science (and vice versa). Big Data Soc. 2015, 2, 2053951715602908.

[CrossRef]
48. Shukla, A.; Mishra, A.; Rana, N.P.; Banerjee, S. The future of metaverse adoption: A behavioral reasoning perspective with a

text-mining approach. J. Consum. Behav. 2024, 23, 2217–2233. [CrossRef]
49. Bianchi, F.; Terragni, S.; Hovy, D.; Nozza, D.; Fersini, E. Cross-lingual Contextualized Topic Models with Zero-shot Learning. In

Proceedings of the 16th Conference of the European Chapter of the Association for Computational Linguistics: Main Volume,
Online, 19–23 April 2021; pp. 1676–1683. [CrossRef]

https://doi.org/10.3390/earth7040123

http://dx.doi.org/10.14719/pst.10265
http://dx.doi.org/10.1038/s41598-023-40473-2
http://www.ncbi.nlm.nih.gov/pubmed/37604831
http://dx.doi.org/10.3390/w17091323
http://dx.doi.org/10.1016/j.scitotenv.2024.175799
http://www.ncbi.nlm.nih.gov/pubmed/39191332
http://dx.doi.org/10.1007/s10745-025-00610-z
http://dx.doi.org/10.3390/su12208625
http://dx.doi.org/10.1016/j.isci.2024.108830
http://www.ncbi.nlm.nih.gov/pubmed/38318366
http://dx.doi.org/10.1016/j.tej.2021.107002
http://dx.doi.org/10.1038/s41558-020-00952-0
http://www.ncbi.nlm.nih.gov/pubmed/33262808
http://dx.doi.org/10.3390/su11205712
http://dx.doi.org/10.1016/j.gloenvcha.2006.04.002
http://dx.doi.org/10.1146/annurev.energy.30.050504.144511
http://dx.doi.org/10.1016/j.scitotenv.2016.11.106
http://www.ncbi.nlm.nih.gov/pubmed/27919556
http://dx.doi.org/10.5751/ES-07985-200432
http://dx.doi.org/10.5751/es-01530-110113
http://dx.doi.org/10.1016/j.joi.2018.09.002
http://dx.doi.org/10.1016/j.jjimei.2020.100002
http://dx.doi.org/10.1016/j.jbusres.2021.04.070
http://dx.doi.org/10.18637/jss.v091.i02
http://dx.doi.org/10.1177/2053951715602908
http://dx.doi.org/10.1002/cb.2336
http://dx.doi.org/10.18653/v1/2021.eacl-main.143
https://doi.org/10.3390/earth7040123


Earth 2026, 7, 123 21 of 22

50. Kuhn, K.D. Using structural topic modeling to identify latent topics and trends in aviation incident reports. Transp. Res. Part
Emerg. Technol. 2018, 87, 105–122. [CrossRef]

51. Feng, J.; Zhang, Y.Q.; Zhang, H. Improving the co-word analysis method based on semantic distance. Scientometrics 2017,
111, 1521–1531. [CrossRef]

52. James, G.; Witten, D.; Hastie, T.; Tibshirani, R. An Introduction to Statistical Learning: With Applications in R, 2nd ed.; Springer Texts
in Statistics; Springer: New York, NY, USA, 2021.

53. Wei, C.; Song, Y.; Liu, L.; Zheng, H.; Wang, Y.; Mao, M.; Xu, Y. Research on the Evaluation System for Agricultural Land
Consolidation and Ecological Restoration Projects Based on Nature-Based Solutions. Land 2024, 13, 1565. [CrossRef]
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