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Abstract
Nature-Based Solutions (NbS) are increasingly promoted as effective approaches for climate change adaptation, yet empirical evidence from highly dynamic riverine landscapes remains limited. This study applies an NbS analytical framework to evaluate ecosystem-based adaptation strategies for enhancing climate resilience in char landscapes of the Teesta River Basin, Bangladesh. Primary data were collected from 128 farming households using multi-stage sampling and semi-structured questionnaires. Exposure to climate stressors was assessed using an Occurrence of Extreme Climate Events Score (OECES), while adaptation options were evaluated using a Feasibility–Effectiveness–Sustainability Index (FESI). Results show that floods (OECES = 380; SOECEI = 99), riverbank erosion (376; 98), and drought (367; 96) are the most severe climatic hazards affecting char communities. Among ten adaptation strategies assessed, ecosystem-based adaptation—operationalized as a Nature-Based Solution through agroforestry and afforestation—achieved the highest combined FESI score (3584), outperforming community-based disaster risk reduction (3200) and integrated water resource management (2816). Logistic regression analysis indicates that education (p < 0.01), agricultural occupation (p < 0.10), and landholding size (p < 0.05) significantly increase the likelihood of adopting NbS practices. By quantitatively demonstrating the performance and adoption dynamics of NbS in sedimentary riverine systems, this study provides transferable insights for NbS design, evaluation, and implementation in floodplain and deltaic landscapes facing high climate vulnerability.
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Introduction
The Teesta River Basin, characterized by its dynamic char landscapes, faces significant challenges due to climate change (Parvin et. al., 2024). Chars are low-lying riverine islands that were formed by sedimentation (Haque et. al., 2023). They are especially susceptible to the effects of climate change, which include an increase in the frequency and intensity of floods, changes in the patterns of precipitation, and rising temperatures (Haque et. al., 2020; Azam et. al., 2021). These alterations pose a threat to the traditional ways of life, the biodiversity, and the ecological integrity of the region as a whole (Kuri et. al., 2014). Over the course of the past few years, the Teesta River Basin has undergone significant changes in its hydrological regime (Rahman et. al., 2024; Khan et. al., 2018. These changes have exacerbated the vulnerabilities that were already there, making it imperative that immediate action be taken to improve climate resilience. Understanding the effects of climate change on char landscapes within the Teesta River Basin and taking action to mitigate such effects is of the utmost importance for a number of reasons. In the first place, chars are essential habitats for a wide variety of flora and animals, including a number of species that are in risk of extinction (siles et. al., 2019), which is why it is an absolute necessity to preserve them in order to preserve ecological equilibrium (Ivanova et. al., 2017). It is also important to note that chars are home to underprivileged populations whose means of subsistence are strongly reliant on the natural resources that are offered by these environments (Okello et. al., 2009). Disruptions brought on by climate change pose a threat to the socioeconomic well-being of these communities, making poverty and food insecurity even more severe (Kasperson et. al., 2012). Thirdly, the Teesta River Basin plays an important part in the management of water resources in the region, which makes its resilience an essential component in guaranteeing water security and reducing the likelihood of conflicts that are related to water and water resources (Abhyankar et. al., 2021). Due to the interwoven nature of these concerns, it is imperative that sustainable solutions be developed in order to improve climate resilience in char landscapes. This is necessary in order to protect both the natural integrity and the well-being of the people living in the region.  
Nature-Based Solutions (NbS) have emerged as a robust and integrative approach to climate change adaptation, emphasizing the protection, restoration, and sustainable management of ecosystems to reduce climate-related risks while delivering co-benefits for biodiversity and human well-being. NbS for climate adaptation leverage ecosystem functions—such as flood regulation, soil stabilization, water retention, and microclimate moderation—to enhance the adaptive capacity of socio-ecological systems exposed to climate variability and extremes (Cohen-Shacham et al., 2016; Seddon et al., 2020). Unlike conventional engineered interventions, NbS operate in synergy with natural processes, offering flexible and cost-effective responses that are particularly suitable for dynamic and hazard-prone environments. Ecosystem-based adaptation (EbA), a core subset of NbS, has demonstrated effectiveness in reducing vulnerability to floods, droughts, erosion, and heat stress, while simultaneously supporting livelihoods, food security, and ecosystem integrity (Munang et al., 2013; Scarano, 2017). Importantly, NbS are increasingly recognized for their potential to deliver long-term resilience by integrating ecological sustainability with social inclusion and adaptive governance, making them a central pillar of global climate adaptation strategies (IPBES, 2019; Seddon et al., 2021).
 The purpose of this research is to evaluate how climate resilience can be improved in char landscapes located within the Teesta River Basin through the use of sustainable solutions. Our goal is to discover effective methods and best practices that may be used to alleviate the impacts of climate change and improve adaptive capacity in char communities. To accomplish this, we will be undertaking a detailed case study. Our goal is to develop actionable insights that can be used to inform policy formulation, Nature-Based Solutions (NBS) interventions, and long-term planning initiatives through the use of interdisciplinary research that incorporates ecological, socio-economic, and governance perspectives. In the end, the purpose of this research is to make a contribution to the creation of comprehensive and context-specific strategies for constructing climate resilience in char landscapes. This will help to promote the aims of sustainable development and foster resilience in the face of climate change that can be globally applied to address similar challenges in riverine ecosystems worldwide.
Methodologies
Study area
The focus of this study is the Dimla Upazila located in the Nilphamari District of Bangladesh. This area is known for its varied weather conditions and distinctive character. The geographical coordinates of the location are 25.9069° N, 88.9516° E. The geographical region under consideration has a subtropical monsoon climate, characterized by warm and humid summers and temperate and arid winters. The climate in this region is favorable for agricultural activities, as the fertile terrain can sustain a diverse range of crops such as rice, jute, sugarcane, and vegetables. The existence of charlands, which are low-lying riverine islands susceptible to floods, poses a unique situation of the area, although exhibiting fertility and agricultural productivity in periods of low precipitation, are susceptible to flooding during monsoons, hence presenting hazards to both agricultural practices and human settlements. Top of Form
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Fig.1: Study Area Map
[bookmark: _Toc141913244]Sample size and Sampling procedure 
The present study employed a multi-stage sampling strategy to purposefully pick survey locations and households. The selection of Dimla Upazila in Nilphamari district as the research region was deliberate due to its alignment with the research goals. In order to enhance the selection process, a single union was meticulously chosen, taking into account its proximity to riverbank regions. Significantly, the Tepakhoribari union originating from Dimla Upazila was specifically acknowledged. The ultimate phase encompassed the process of choosing homes from each union. The sample size in this investigation was determined using Cochran's (1977) formula, which was employed to ensure statistical rigor and representativeness in the findings. The formula as below:         ……………………. (1)
Household Data collection 
A semi-structured questionnaire was utilized to collect data from April to May 2023. The questionnaire covered a wide range of questions, including socio-demographic characteristics of households, sources of income, details about the housing, ownership of land, and strategies for dealing with challenges. Although the initial intention was to conduct interviews with the heads of households, logistical difficulties arose in locating them, especially during weekends or holidays. Within each union, two focus group discussions (FGDs) were also conducted. The interviews were carried out in Bengali, the indigenous language of the region. Before the interview, participants were informed about the objective of the study and provided with the option to take part. The interviews were initiated after obtaining verbal agreement from the participants. Relevant books, journals, documents, research reports, and research papers were used to collect secondary data. 

Data Analysis
We applied various standard techniques to analyze the collected data. Firstly we applied descriptive statistics for different household data. We also measured the occurrence of extreme climate events (OECE) using a Likert scale. The respondents were asked to evaluate their opinion on the occurrence of 13 climatic events. An occurrence of extreme climate events (OECE) Score was calculated to satisfy the purpose using the following equation (Eq. (2)).
Occurrence of extreme climate events Score (OECES)
 OECES = OECEn∗l + + OECE m ∗2 + OECE h ∗3……………………..	(2)

Where OECEl is the number of respondents having an opinion of low occurrence, OECEm is the number of respondents having an opinion of medium occurrence, and OECEh is the number of respondents having an opinion of high occurrence. Since we have a total of 128 respondents, the occurrence of extreme climate events (OECE) for any given climatic event could range from 0 to 384, meaning the lower boundary would be a minimum of 0 and the higher boundary would be a maximum of 384, where 0 indicates a minimum level of occurrence, and 384 indicates a maximum level of occurrence. After that we converted the OECES to a standardized index for further interpretation of the results. To standardize the OECES, we have used the following equation (Eq. (3)).
Standardized Occurrence of Extreme Climate Events Index (SOECEI) 
SOECEI = (Total OECES Value)/ (Respective Highest OECES Value) ∗ 100 ……………  (3)

The study employed multiple linear regression to uncover socio-economic characteristics that affected climate change adaptation in that location. To evaluate the relationship between one or more independent factors and the dichotomous outcome, it computes changes in the log odds of the dependent variable rather than the dependent variable (Ahmad et al., 2024). Log odds ratio compares two odds to summarize two variables' relationship (Olayemi et al., 1995). Our paper employs a logit model to investigate issue variable associations because they are binary variables, following Gujarati (2009). Function is as 

Z = α + β1X1 + β2X2 + ……….+ + β6X6 + e ……………… (4)
Where z = Pi/(1 í Pi) is the ratio of the chance that a person can be engaged in agroforestry practice to the probability that a person will no longer interact in agroforestry activity.
The adaptation strategy sustainability index is also examined. Higher scores on a 10-point Likert scale indicate more feasibility, effectiveness, and sustainability of the techniques. To determine an adaptation's relevance, these ratings are added to determine its weight. The study implies farmers adapt to climate change by making more practical, effective, and sustainable changes. To quantify the overall adaptation index, the combined Feasibility-Effectiveness-Sustainability index (FESI) is calculated following the methodology established by Khanal and Wilson (2019).
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	………………………..(5)


The Feasibility-Effectiveness-Sustainability index of adaptation of household j is FESIj, the weighting factor of adaptation practice 1 is WF1, and the jth household value for practice 1 is P1j. To account for weight differences, feasibility, effectiveness, and sustainability indices are calculated.

Results

Demographic profile of the selected household
The study found a comprehensive demographic, social, and agricultural characterization of 128 surveyed farmers. The predominant gender among farmers is male, with a mean age of 49.25 years and a broad age distribution ranging from 22 to 90 years (mean = 1.0156). The number of years of formal education completed varies significantly, with an average of 4.9141 years and a standard deviation of 5.0354. The numbers of family members vary from 2 to 5, with an average of 4.1953, indicating a wide range of household compositions. The sizes of farms also display considerable variation, with an average of 0.5948 acres of land owned or controlled by farmers. The majority of farmers predominantly participate in agricultural pursuits, as evidenced by an average occupation score of 0.7778. The income levels within the farming community exhibit significant variation, as seen by a mean income of 166,598 Bangladeshi Taka and a considerable standard deviation of 112,112. This highlights the presence of socioeconomic variety within the community (Tab.1)

Table 1: Demographic profile of the selected household
	A. Qualitative (Categorical) Variables
	
	

	Characteristic
	Category
	Frequency
	Percentage (%)
	

	Sex
	Male
	126
	98.4
	
	

	Sex
	Female
	2
	1.6
	
	

	Occupation
	Farming only
	98
	77.8
	
	

	Occupation
	Farming + others
	28
	22.2
	
	

	
	
	
	
	
	

	B. Quantitative (Continuous) Variables
	
	

	Characteristic
	Observations (n)
	Minimum
	Maximum
	Mean
	SD

	Age (years)
	128
	22
	90
	49.25
	14.14

	Education (years)
	128
	0
	17
	7.91
	5.04

	Family size
	128
	2
	5
	4.2
	2.98

	Farm size (ha)
	128
	0.07
	5.67
	0.59
	0.75

	Annual income (BDT)
	128
	60000
	604000
	166598
	112112



Occurrence of Extreme Climatic events in the char land
Thirteen climatic phenomena are examined in detail in the table, together with information on their standardized indices, perceived severity, and frequency. Floods are particularly common, with a high recurrence rate of 380, indicating their considerable impact. Then, at 376 and 367, respectively, significant incidences of river bank erosion and drought are shown, presenting serious threats to ecosystems and communities. On the other hand, occurrences of events such as animal disease outbreaks and groundwater depletion are lower at 274 and 242, indicating possible dangers that require attention. With scores of 330 for each, the Occurrence of Extreme Climate Event Scores (OECES) emphasize the negative impacts of crop diseases and severe agricultural pest outbreaks on agricultural productivity. The results are further supported by the Standardized Occurrence of Extreme Climate Event Indices (SOECEI), which highlight the enhanced risk levels associated with river bank erosion and floods (98 and 99, respectively). On the other hand, situations with moderate SOECEI values of 85 and 71, such as outbreaks of animal diseases and extremely cold temperatures, indicate a less pressing need for intervention. 

Table 2: Occurrence of Extreme Climatic events in the char land
	Sl. No.
	Climatic events
	High occurrence
	Medium occurrence
	Low occurrence
	OECES
	SOECEI

	1
	Drought
	111.36
	16.64
	0
	367
	96

	2
	Riverbank erosion
	120.32
	7.68
	0
	376
	98

	3
	Flood
	124.16
	3.84
	0
	380
	99

	4
	Intense agricultural pest
	90.88
	20.48
	16.64
	330
	86

	5
	Crop disease outbreak
	79.36
	43.52
	5.12
	330
	86

	6
	Presence of dense fog
	81.92
	29.44
	16.64
	321
	84

	7
	Extreme hot Temperature
	83.2
	37.12
	7.68
	332
	86

	8
	Extreme cold temperature 
	81.92
	34.56
	11.52
	326
	85

	9
	Animal disease outbreak
	52.48
	40.96
	34.56
	274
	71

	10
	Hailstorm
	74.24
	12.8
	40.96
	289
	75

	11
	Soil erosion
	42.24
	67.84
	17.92
	280
	73

	12
	Heavy rainfall 
	56.32
	33.28
	38.4
	274
	71

	13
	Groundwater depletion
	42.24
	29.44
	56.32
	242
	63



Strategies for Climate Resilience in Char Landscapes
There is a wide variety of methods to deal with the problems caused by climate change, and the table shows 10 important ways for adapting to the environment and creating resilience in the char lands. Community involvement, water resource management, climate-resilient agriculture, livelihood diversification, infrastructure resilience, social protection measures, knowledge sharing, policy advocacy, and cross-sectoral collaboration are all part of these efforts. For example, afforestation serves as an example of a community-based early warning system that can reduce catastrophe risk, crop insurance provides social protection, and ecosystem-based adaptation exemplifies practical implementation approaches. Stakeholders can strive towards climate-resilience, risk-mitigation, and sustainable development by incorporating these methods into policy frameworks and joint endeavors.

Table 3: Strategies for Climate Resilience in Char Landscapes

	Sl. No.
	Strategy
	NbS Classification
	Description

	1
	Ecosystem-based Adaptation (EbA)
	NbS (Core focus)
	Increase afforestation activities, Examples: Agroforestry Practices

	2
	Community-Based Disaster Risk Reduction (CBDRR)
	Enabling (NbS governance)
	Engages local communities in participatory risk assessments and planning processes to identify and address climate-related hazards. Examples: community-based early warning systems

	3
	Integrated Water Resource Management (IWRM)
	integrated (NbS + engineered)
	Develops and implements comprehensive water management strategies considering surface water and groundwater. Examples: rainwater harvesting, Sprinkler irrigation

	4
	Climate-Resilient Agriculture
	NbS-related
	Promotes climate-smart agricultural practices such as flood-tolerant crops, agroforestry, and soil conservation. , Examples: Improve cropping pattern,drought-resistant crop, flood-tolerant crop

	5
	Livelihood Diversification
	Non-NbS
	Encourages alternative income sources beyond agriculture, such as eco-tourism, fisheries, and non-farm enterprises. , Examples: IGA

	6
	Infrastructure Resilience
	Non-NbS
	Designs and constructs resilient infrastructure to withstand climate-related hazards such as floods and erosion. , Examples: Constructing a river embankment

	7
	Social Protection and Safety Nets
	Non-NbS
	Strengthens social protection mechanisms to support vulnerable communities during climate-related crises. Examples: crop insurance

	8
	Knowledge Sharing and Capacity Building
	Non-NbS
	Facilitates knowledge sharing, capacity building, and technology transfer to empower local communities and stakeholders. , Examples: Training

	9
	Policy Support and Governance
	Non-NbS
	Advocates for policies, regulations, and institutional frameworks that integrate climate resilience into governance processes. Examples: prioritize climate adaptation in the government. polices

	10
	Cross-Sectoral Collaboration
	Non-NbS
	Fosters collaboration among government, NGOs, academia, and communities to address climate change challenges holistically. Examples: Establishing a multi-stakeholder platform



Comparative Sustainability of NbS and Non-NbS strategies for climate Resilience in Char Landscapes
The following results assess the feasibility, effectiveness, and sustainability of ten climate adaptation options by awarding Feasibility, Effectiveness, Sustainability, and Implementation (FESI) and combined FESI scores. Ecosystem-based Adaptation (EbA) appears as the most beneficial option, with high scores across all parameters and a cumulative FESI score of 3584, indicating a high potential for climate resilience. Community-Based Disaster Risk Reduction (CBDRR) also performs well, with a total FESI score of 3200, demonstrating its ability to engage local populations. Integrated Water Resource Management (IWRM) indicates high efficacy and sustainability, although feasibility difficulties exist, resulting in a total FESI score of 2816. Livelihood Diversification has moderate ratings across all parameters, with a total FESI score of 1920, indicating that it may require extra support for long-term sustainability. 

Table 4: Comparative Sustainability of NbS and Non-NbS strategies for climate Resilience in Char Landscapes
	Strategies adopted 
	NbS Classification
	Feasibility 
	Effectiveness 
	Sustainability 
	FESI score
	combined FESI

	Ecosystem-based Adaptation (EbA)
	NbS (Core focus)
	8
	10
	10
	28
	3584

	Community-Based Disaster Risk Reduction (CBDRR)
	Enabling (NbS governance)
	7
	9
	9
	25
	3200

	Integrated Water Resource Management (IWRM)
	integrated (NbS + engineered)
	4
	9
	9
	22
	2816

	Climate-Resilient Agriculture
	NbS-related
	6
	7
	7
	20
	2560

	Livelihood Diversification
	Non-NbS
	3
	8
	4
	15
	1920

	Infrastructure Resilience
	Non-NbS
	3
	9
	9
	21
	2688

	Social Protection and Safety Nets
	Non-NbS
	5
	6
	8
	19
	2432

	Knowledge Sharing and Capacity Building
	Non-NbS
	2
	7
	6
	15
	1920

	Policy Support and Governance
	Non-NbS
	4
	7
	5
	16
	2048

	Cross-Sectoral Collaboration
	Non-NbS
	5
	6
	4
	15
	1920



Factors affecting NBS adoption strategies of the farmers for climate Resilience 
Table 4 shows the results of the logit model and the marginal effect of explanatory variables on the dependent variable. The log likelihood ratio (-24.87) with the accuracy of chi square (28.90), which is significant at 1 % level of significance, it simply implies that the explanatory variables predicting the dependent variable are significant for estimating the dependent variable in the model. Due to being a logit model, Pseudo R-squared is established instead of the traditional R-squared of OLS. Here, the Pseudo R-squared is 0.367, indicating that 36% variation of the model is captured by the explanatory variables, which generally implies the goodness of fit for the model interpreted.

Table 5: Factors affecting adoption strategies of the farmers for climate Resilience 
	Adoption Strategies
	Coef.
	St.Err.
	t-value
	p-value

	Age
	-0.028
	0.037
	-0.76
	0.448

	Education
	0.03***
	0.011
	2.68
	0.007

	Occupation
	0.163*
	0.089
	1.84
	0.066

	Farming experience
	-0.002
	0.009
	-0.25
	0.806

	Income level
	1.608
	1.572
	1.02
	0.306

	Land holdings
	2.055**
	0.827
	2.49
	0.013

	Constant
	2.897
	2.676
	1.08
	0.279

	

	Log likelihood
	                -24.87

	Pseudo r-squared 
	0.367
	Number of obs  
	150

	Chi-square  
	28.902
	Prob > chi2 
	0.000

	Akaike crit. (AIC)
	63.751
	Bayesian crit. (BIC)
	84.826

	*** p<.01, ** p<.05, * p<.1

	



This result of this study reflects that the education level of respondents has positive significant (p<0.01) influence on the agroforestry adoption implying that a 1 year increase in the education level results in a 0.03 or 3% increase in the adoption of agroforestry. This may be due to the existence of knowledge and information access of educated people. Similarly, the occupational status of respondents has a positive and significant (p<0.10) influence on the agroforestry adoption, implying that people involved in the agriculture practice are more likely to adopt agroforestry than those who are not involved in agriculture.  Land holding level of respondents has a positive and significant (p<0.05) effect on the agroforestry adoption, implying that a 1 ha. An increase in the land areas results in a 2.05 or 20% increase in the adoption of agroforestry. This may be due to the existence of greater and better facilities for agroforestry practice. All the rest of the variables are noted as statistically insignificant. 
Discussion
The demographic analysis of the farmers in the Teesta River Basin sheds light on key characteristics influencing vulnerability and resilience in the char land (Ferdous et al., 2019). The study predominance of male farmers underscores the gender dynamics in agricultural activities within char landscapes (Chowdhury et al., 2024). The average age of 49.25 years with a wide age distribution from 22 to 90 years indicates the presence of both experienced and younger farmers. Moreover, the average education level of 4.9141 years highlights the diversity in educational backgrounds, suggesting varying levels of access to information and decision-making capacities  Uddin et al. (2014), Acquah (2011), Sorhang and Kristiansen (2011), and Quayum and Ali (2012) all found similar results in their concern investigations The average family size of 4.1953 underscores the importance of considering household dynamics in implementing climate resilience strategies (Keshavarz et al., 2021). Additionally, the average farm size of 0.5948 acres reflects the small-scale nature of agricultural operations in char areas, implying limited resource bases for adaptation efforts (Atube et al., 2021).Overall, understanding the demographic profile provides a nuanced understanding of the social context within which climate resilience interventions must operate. The high frequency and severity of extreme climatic events pose significant challenges to agricultural productivity and livelihoods in char landscapes (Gitz et al., 2016; Lavell et al., 2012).Floods, river bank erosion, and droughts emerge as primary concerns, with flood occurrences scoring the highest. This underscores the acute vulnerability of char communities to inundation and water-related disasters, which can devastate crops, livestock, and infrastructure (Shahriar, 2020; Faisal et al., 2021and Bhuiyan et al., 2017). Similarly, the considerable occurrences of river bank erosion and droughts highlight the erosive forces of water and the erratic nature of precipitation patterns in the region (Islam et al., 2011; Billah et al., 2023). Other events such as agricultural pest outbreaks and crop diseases, while occurring less frequently, still pose threats to food security and agricultural sustainability (Chakraborty et al., 2011). Understanding the frequency and severity of these events is crucial for prioritizing adaptation measures and allocating resources effectively. 
The Nature-Based Solutions (NbS)—particularly ecosystem-based adaptation (EbA)—outperform non-NbS strategies in highly dynamic riverine char landscapes. Floods, riverbank erosion, and drought were identified as the most severe climate hazards, with standardized occurrence indices exceeding 96%, highlighting the limitations of rigid, single-hazard adaptation approaches in such environments (Gitz et al., 2016; Lavell et al., 2012). In response to this extreme hydrological variability, EbA—operationalized through agroforestry and afforestation—achieved the highest combined FESI score (3584), reflecting superior feasibility, effectiveness, and long-term sustainability compared to engineered and policy-based alternatives. The superior performance of NbS can be explained by their process compatibility with river dynamics. Vegetation-based interventions stabilize soil through root networks, attenuate flood energy, and enhance soil moisture retention, allowing systems to recover and continue functioning after disturbance. In contrast, non-NbS strategies such as infrastructure resilience, while often effective in the short term, remain rigid and threshold-dependent, making them vulnerable to failure under shifting river channels and extreme flood events (Shahriar, 2020; Faisal et al., 2021; Bhuiyan et al., 2017). This fundamental distinction is reflected in the consistently higher sustainability scores associated with NbS strategies.
The comparative assessment demonstrates that NbS outperform non-NbS strategies across multiple performance dimensions. While infrastructure resilience and integrated water resource management exhibit high effectiveness scores, their feasibility is constrained by high capital costs, technical complexity, and site specificity. NbS, by contrast, rely on locally available resources and incremental implementation, making them more suitable for the shifting geomorphology and resource constraints of char environments. Importantly, NbS address multiple hazards simultaneously, enhancing resilience to floods, erosion, and drought through a single intervention, whereas non-NbS strategies tend to be hazard-specific and less flexible. Community-based disaster risk reduction (CBDRR) also performed strongly (combined FESI = 3200), underscoring the importance of participatory governance and collective action in strengthening resilience outcomes (Klein et al., 2019). However, CBDRR functions primarily as an enabling mechanism rather than a direct ecosystem-based intervention, reinforcing EbA as the core NbS pathway for climate adaptation in char landscapes. Livelihood diversification strategies, although important for income security, exhibited lower sustainability scores, indicating the need for stronger institutional support, market access, and policy integration to ensure durable outcomes.
The adoption analysis confirms that education, agricultural livelihood dependence, and landholding size are key determinants of NbS uptake, reflecting differential access to knowledge, assets, and risk-bearing capacity (Farid et al., 2015). Higher education levels enhance awareness and openness to innovation, while households primarily dependent on agriculture show stronger incentives to adopt ecosystem-based practices. Larger landholdings provide the spatial flexibility required to integrate trees and diversified cropping systems. These findings are consistent with previous studies across diverse agro-ecological contexts (Anyoha et al., 2013; Podineh et al., 2017; González-Hernández et al., 2019; Marie et al., 2020; Jimoh et al., 2021; Okunola et al., 2022), emphasizing the importance of addressing socio-economic inequalities in NbS implementation. Although grounded in the Teesta River Basin, the findings offer transferable insights for NbS implementation in floodplain and deltaic systems globally. Char landscapes represent extreme test cases where environmental uncertainty and geomorphic instability limit the effectiveness of rigid engineering solutions. The demonstrated superiority of NbS in such settings underscores their value as adaptive, multi-benefit solutions capable of functioning under high climatic and hydrological variability. By quantitatively linking hazard exposure, NbS performance, and adoption dynamics, this study advances NbS evaluation beyond descriptive case studies and contributes empirical evidence to support the design, prioritization, and scaling of ecosystem-based adaptation in climate-vulnerable riverine environments. Overall, the results highlight that effective climate resilience in char landscapes requires context-specific, integrated approaches that combine ecological processes, social capacity, and economic viability. Prioritizing Nature-Based Solutions—supported by education, participatory governance, and enabling institutional frameworks—offers a robust and sustainable pathway for reducing vulnerability and enhancing adaptive capacity under climate change. 
Conclusion
This study contributes to Nature-Based Solutions (NbS) research by demonstrating the effectiveness of ecosystem-based adaptation (EbA) in highly dynamic char landscapes of the Teesta River Basin, Bangladesh. By explicitly framing EbA as the core NbS pathway, the findings show that ecosystem-based approaches outperform non-NbS strategies in terms of feasibility, effectiveness, and long-term sustainability under extreme hydrological variability. The results highlight NbS compatibility with riverine processes and their capacity to address multiple hazards—floods, erosion, and drought—simultaneously. Importantly, the study identifies education, livelihood dependence, and land access as key enablers of NbS adoption, emphasizing the role of social capacity and governance. Overall, char landscapes emerge as critical NbS testbeds, offering transferable insights for scaling ecosystem-based climate adaptation in flood-prone and climate-vulnerable river systems globally.
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