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Abstract 16 

Wetlands are vital ecosystems that provide critical provisioning, regulating, cultural, and 17 

supporting services that underpin biodiversity conservation and local livelihoods. De- 18 

spite their importance, ecosystem service valuation is often overlooked in coastal wetland 19 

restoration, limiting recognition of their contributions to the United Nations Sustainable 20 

Development Goals (SDGs). To address this gap and overcome methodological fragmen- 21 

tation in wetland assessments, this study develops the Integrated Ecosystem Valuation 22 

and Management of Wetlands (IEVMW) framework, which integrates the Millennium 23 

Ecosystem Assessment (MEA), Drivers–Pressures–State–Impact–Response (DPSIR) 24 

framework, IPCC climate risk assessment, and Total Economic Value (TEV) approaches 25 

into a unified methodology. The framework was applied to the Kol Wetlands in India to 26 

identify ecosystem services, assess climate-related risks, estimate economic values, and 27 

develop management recommendations. Results indicate that provisioning services con- 28 

tribute the highest economic value, followed by regulating and cultural services. Climate 29 

change was estimated to place approximately 11.7% and 13.0% of ecosystem service value 30 

at risk in North Kol and South Kol, respectively, corresponding to a combined economic 31 

value at risk of ₹42.9 crore, with provisioning services being the most vulnerable. The 32 

IEVMW framework provides a practical and scalable approach for linking ecosystem ser- 33 

vice valuation, climate risk assessment, and governance, thereby supporting climate-re- 34 

silient wetland management and biodiversity conservation across diverse socio-environ- 35 

mental contexts. 36 

Keywords: DPSIR; ecosystem services; Kol Wetlands; Millennium Ecosystem Assessment; 37 

risk assessment; Total Economic Valuation; Wetland management 38 

1. Introduction 39 

Wetlands are natural transition zones between terrestrial and aquatic systems, cov- 40 

ering approximately 6% of tropical land areas [1]. Despite their limited spatial extent, 41 
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wetlands provide a disproportionate range of ecosystem services critical to environmental 42 

functioning and human well-being. Ecosystem services are broadly defined as the benefits 43 

that ecosystems provide to society, encompassing both material goods and non-material 44 

functions [2]. These services include flood regulation, water quality improvement, sup- 45 

port for food chains, carbon sequestration, and the preservation of cultural values [3, 4]. 46 

At the same time, wetlands serve as biodiversity hotspots, supporting high levels of plant 47 

and animal diversity [5]. In recent years, the health of wetlands has been compromised by 48 

land-use change, pollution, overexploitation, invasive species, and climate change [6]. 49 

These pressures pose significant risks to the integrity of wetlands and the ecosystem ser- 50 

vices essential to human societies. The Ramsar Convention, signed in Ramsar, Iran, in 51 

1971, aims to promote the conservation and sustainable use of wetland ecosystems [7, 8]. 52 

India officially adopted the Ramsar Convention on February 1, 1982, to protect its desig- 53 

nated Ramsar Sites. As of June 2026, there are 100 recognized Ramsar Sites in India [9]. 54 

To effectively conserve wetlands, it is essential to understand their susceptibility to 55 

disturbances [10]. Assessing ecosystem vulnerability helps to identify the magnitude and 56 

extent of risk. In its Sixth Assessment Report (AR6), the Intergovernmental Panel on Cli- 57 

mate Change (IPCC) redefined climate change adaptation to emphasize risk, focusing on 58 

the interactions among hazards, exposure, and vulnerability [11]. Accordingly, vulnera- 59 

bility was redefined as a function of sensitivity and adaptive capacity, separating it from 60 

exposure.  61 

Over the past decade, a range of conceptual frameworks has been developed to assess 62 

wetland ecosystem services and to assist scientists and policymakers in quantifying their 63 

ecological and socio-economic benefits. Among the most influential is the Common Inter- 64 

national Classification of Ecosystem Services (CICES), developed by the European Envi- 65 

ronment Agency. This widely adopted and flexible framework organizes ecosystem ser- 66 

vices into three principal categories: provisioning, regulating, and maintenance, as well 67 

as cultural services. Despite its comprehensive and hierarchical structure, CICES is some- 68 

times regarded as relatively complex to operationalize in applied assessments [12]. 69 

Another landmark initiative is the Millennium Ecosystem Assessment (MEA), 70 

launched in 2001 and published in 2005, which evaluates the consequences of ecosystem 71 

change for human well-being. Compared with CICES, the MEA framework is often con- 72 

sidered more holistic and conceptually accessible. It identifies four major categories of 73 

ecosystem services: provisioning, regulating, cultural, and supporting services [13]. The 74 

overarching goal of the MEA is to strengthen ecosystem conservation and promote sus- 75 

tainable use to enhance the quality of life. 76 

In India, the MEA framework has been applied to assess ecosystem services provided 77 

by mangroves in the Sundarbans, demonstrating their critical contributions to coastal pro- 78 

tection, fisheries, and local livelihoods. Such assessments have played an important role 79 

in informing regional conservation and management priorities [14]. 80 

Understanding and conserving ecosystem services is also essential for sustaining 81 

both social and economic systems and for ensuring broader environmental protection and 82 

resilience. Valuing these services highlights the critical importance of preserving biodi- 83 

versity and maintaining ecosystem functions [15]. The Drivers–Pressures–State–Impact– 84 

Response (DPSIR) framework is a widely used approach for organizing environmental, 85 

social, and economic indicators, providing a comprehensive framework for analyzing 86 

how human activities influence ecosystem health and societal well-being [16].  87 

For instance, a DPSIR-based assessment in Uganda's Lake Kyoga basin highlighted 88 

significant degradation of land and water systems due to uncoordinated land-use prac- 89 

tices and climate variability. These pressures have contributed to resource depletion and 90 

heightened livelihood vulnerability, highlighting the need for integrated natural resource 91 

management and adaptive policy interventions to reduce socio-environmental risks [17]. 92 
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Similarly, Chilika Lake in India was successfully removed from the Ramsar Convention’s 93 

Montreux Record following targeted restoration efforts led by the Chilika Development 94 

Authority (CDA), demonstrating the effectiveness of coordinated conservation and resto- 95 

ration strategies in reversing ecosystem decline [18]. 96 

To effectively evaluate ecosystem services and inform policymaking, it is essential to 97 

integrate economic and ecological methods [19]. Economic valuation is a crucial tool for 98 

informing evidence-based conservation and resource management decisions [20]. Within 99 

this context, the Total Economic Value (TEV) framework has gained prominence as a com- 100 

prehensive approach to assessing ecosystem services, integrating monetary and non-mon- 101 

etary dimensions to reflect their full societal value and support informed policy develop- 102 

ment [21]. The TEV framework is widely recognized for identifying and quantifying the 103 

contributions of ecosystem services to human well-being. 104 

Governance plays a pivotal role in promoting sustainable resource management, re- 105 

storing wetlands, and supporting local livelihoods [19, 22]. Despite multiple management 106 

policies, wetland governance remains largely ineffective due to the absence of an inte- 107 

grated framework that accounts for ecological, climatic, and socio-economic dimensions. 108 

As a result, policy decisions often prioritize short-term economic gains while overlooking 109 

the broader value of wetland ecosystem services. Integrating both economic benefits and 110 

ecosystem service values into governance and decision-making processes is therefore es- 111 

sential. Existing frameworks, including the MEA, DPSIR, TEV, and IPCC risk assessment, 112 

provide important conceptual and analytical insights. Yet they address these challenges 113 

in isolation, failing to capture the interconnected nature of wetland systems. Conse- 114 

quently, there is a pressing need for a consolidated, operational approach that links wet- 115 

land research outcomes to practical management and policy actions to support effective 116 

and sustainable wetland governance. 117 

This study addresses a critical research gap by developing an integrated analytical 118 

framework that combines the MEA, DPSIR, and TEV frameworks, along with elements of 119 

the IPCC's risk assessment model. By integrating ecological classification, causal analysis, 120 

climate risk assessment, and economic valuation, the study establishes a comprehensive 121 

structure for evaluating ecosystem degradation under changing climatic conditions. 122 

The research focuses on the Kol Wetlands and pursues three main objectives: (1) to 123 

analyse its ecosystem services and prevailing environmental challenges using the MEA 124 

and DPSIR approaches; (2) to assess the Total Economic Value (TEV) of identified ecosys- 125 

tem services to capture both market and non-market benefits; and (3) to identify and eval- 126 

uate potential climate-related risks through the IPCC risk framework, culminating in pol- 127 

icy recommendations and a practical action plan to support sustainable management. 128 

In doing so, the study contributes to the objectives of the Ramsar Convention on Wet- 129 

lands by advancing the conservation and sustainable use of tropical coastal wetlands. 130 

2. Materials and Methods 131 

The Integrated Ecosystem Valuation and Management of Wetlands (IEVMW) 132 

framework was developed by combining the MEA, DPSIR, TEV, and IPCC frameworks. 133 

It consists of four phases (Fig. 1). Phase 1 establishes the system context and defines the 134 

problems to be addressed. In this phase, we conducted a comprehensive exploration of 135 

the characteristics of the Kol Wetlands and systematically identified their ecosystem ser- 136 

vices. We also analyzed the drivers and pressures affecting the system using the DPSIR 137 

framework. Phase 2 involves indicator-based IPCC risk assessment. Indicators were se- 138 

lected after careful examination of the system's drivers and pressures. Indicators of hazard, 139 

exposure, and vulnerability were normalized and used to assess the ecosystem's risk to 140 

climate change. Additionally, the state and the system's impact were determined. Phase 3 141 
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integrates the derived risk with the economic valuation of each ecosystem service to quan- 142 

tify the system's losses. In Phase 4, policy implications were identified, and adaptation 143 

management strategies are recommended. 144 

 145 

Figure 1. The four phases of the IEVMW framework 146 

The IEVMW framework was conceptualized to overcome the methodological limi- 147 

tations of existing frameworks, which lack a systematic approach for quantifying the eco- 148 

nomic risks to wetland ecosystem services under climate change. First, the MEA frame- 149 

work was used to identify the ecosystem services provided by the wetland. Subsequently, 150 

the DPSIR framework was used to identify the major drivers and pressures affecting the 151 

ecosystem and to specify changes in the state and associated impacts driven by climatic 152 

risks. Climatic risks to the ecosystem were evaluated using the IPCC index-based risk as- 153 

sessment, employing indicators of hazard, exposure, and vulnerability derived from it. 154 

The TEV approach was then used to estimate the economic value at risk from climate 155 

change. Finally, in response to the findings, targeted climate adaptation strategies and 156 

management action plans were formulated for the wetland ecosystem. 157 

The components of the risk index were selected based on the IPCC risk assessment 158 

framework, which defines risk as a function of hazard, exposure, and vulnerability. For 159 

each risk component, multiple indicators were selected based on their relevance to eco- 160 

system functioning. Since this study focuses on a coastal agricultural wetland ecosystem, 161 

hazard indicators were selected to represent the climatic stressors relevant to this ecosys- 162 

tem, e.g., rainfall, flooding, and sea-level rise. Exposure indicators were selected to reflect 163 

the extent to which ecosystem services and ecological components are affected by climate 164 

change, e.g., agricultural area, human and cattle populations. Vulnerability indicators 165 

were structured to capture the system’s sensitivity (e.g., salinity intrusion) and adaptive 166 

capacity (e.g., literacy rate), i.e., the system’s ability to recover. Sections 2.2 and 2.3 provide 167 

a detailed explanation of the risk index's conceptualization, including its indicators and 168 

measures. 169 

2.1. Study Area 170 

The Kol Wetlands are among the largest and most productive humid tropical wet- 171 

land systems in the region and were designated a Ramsar site on 19 August 2002. Located 172 

in the Thrissur and Malappuram districts of Kerala, they are locally known as the 173 
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Thrissur-Ponnani Kol and extend from the southern banks of the Bharathapuzha River to 174 

the northern banks of the Chalakudy River [23]. Situated at an elevation of approximately 175 

0.5-1.0 m below mean sea level (MSL), the wetlands lie along the Central Asian Flyway, 176 

an important migratory corridor for numerous bird species [24].  177 

Owing to their low topography, the Kol Wetlands remain inundated for more than 178 

half the year during the monsoon season [25]. Despite these challenging hydrological con- 179 

ditions, the system is highly fertile and supports exceptionally high rice productivity, with 180 

yields reaching up to 8 tons per hectare, significantly above the Kerala state average [26]. 181 

Rice cultivation typically begins after the monsoon, following the dewatering of flooded 182 

fields by pumping, with the extracted water retained in canal networks for irrigation [27]. 183 

During the summer months, additional irrigation water is supplied from the Chimoni and 184 

Peechi irrigation reservoirs to supplement agricultural demand [28].  185 

The region receives an average annual rainfall of about 2685 mm and experiences 186 

temperatures ranging from 26° to 33.5°C. [29, 30]. The soils of the Kol Wetlands are highly 187 

acidic and are classified under agro-ecological unit 6 (AEU 6) by the National Bureau of 188 

Soil Survey and Land Use Planning (NBSS&LUP) [31]. This study focuses on the portion 189 

of the Kol Wetlands in Kerala’s Thrissur district, covering 119.96 km² and divided into the 190 

North Kol and South Kol regions (Fig. 2). 191 

 192 

Figure 2. Study area 193 

2.2. Selection of indicators for the IPCC risk assessment 194 

This study employs an indicator-based risk assessment approach, given its estab- 195 

lished use in regional-scale studies and its effectiveness in enabling systematic prioritiza- 196 

tion [32]. Because the Thrissur Kol Wetland is an agricultural ecosystem, the indicators 197 

selected to evaluate each risk parameter were carefully chosen to reflect this context. The 198 

Thrissur Kol Wetland is divided into North and South regions, so this risk assessment has 199 

been conducted separately for each region to determine which is more vulnerable to cli- 200 

mate change. The assessment systematically quantified hazard, exposure, and vulnerabil- 201 

ity using 21 indicators: 11 to characterize hazard, five socioeconomic indicators, and five 202 

physical indicators. 203 

Socio-economic indicators include population density, crossbred cattle population, 204 

literacy rate, livestock density, and electricity availability. Physical indicators include 205 
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changes in plantation, cropland, and settlement areas, as well as the study area's elevation 206 

and groundwater salinity. To ensure consistent quantification across livestock categories, 207 

cattle populations and livestock densities were standardized to adult cattle units (ACU) 208 

using the recommended animal unit values for the southern region of India [33]. This ap- 209 

proach enables systematic comparison of livestock pressure across areas and supports in- 210 

tegration with other socio-economic and environmental indicators in the assessment. 211 

ACU = livestock population in each category × standard animal unit (1) 

2.2.1. Hazard indicators 212 

The 11 selected climatic indicators relevant to agriculture are consecutive dry days 213 

(CDD), consecutive wet days (CWD), diurnal temperature range (DTR), total precipitation 214 

(PRCPtot), maximum 1-day precipitation (R×1 day), maximum consecutive 5-day precip- 215 

itation (R×5 day), summer days (SU25), mean maximum temperature (TMAXmean), and 216 

mean minimum temperature (TMINmean) [34], inundation due to pluvial flooding and 217 

sea-level rise. Because the areal extent of the Thrissur Kol Wetland is very small, climatic 218 

data are available only from a single weather station. The analysis focused on historical 219 

data and future climate-change projections. Additionally, the impact of sea-level rise was 220 

examined for synthetic scenarios of 0.5 m and 1 m increases in sea level. Rainfall, mini- 221 

mum temperature, and maximum temperature data were collected for the baseline period 222 

from 1984 to 2023, and for the future SSP2-4.5 and SSP5-8.5 emission scenarios from 2031 223 

to 2090. Historical climate data were obtained from the NASA POWER Data Access 224 

Viewer. Future climate change projections were derived from 13 bias-corrected, 225 

downscaled CMIP6 models compiled by Mishra et al. [35]. 226 

We utilized the ensemble mean of 13 climate models. Pluvial flood modeling and 227 

analysis in the Kol Wetlands were conducted using HEC-RAS (Hydrologic Engineering 228 

Centre’s River Analysis Software). The study incorporated historical and projected rain- 229 

fall data along with a high-resolution digital elevation model (DEM). A 1-arc-second 230 

SRTM (Shuttle Radar Topography Mission) DEM was used to represent the topography 231 

in flood simulations. These datasets were integrated into the Rain-on-Grid (RoG) hydro- 232 

logical model, with rainfall inputs constrained to the wetland boundary to ensure spa- 233 

tially explicit flood predictions. 234 

2.2.2. Exposure indicators 235 

Exposure refers to the elements of the human and natural systems that are at risk of 236 

being adversely affected by climate-related hazards. High population density indicates 237 

more people are exposed to climate change. Crossbred cattle are more sensitive to climate 238 

change and require greater management investment than indigenous cattle. Hence, the 239 

more crossbred cattle there are, the greater the exposure. We have collected population 240 

density data from the 2011 census and crossbred cattle data from the 2011 panchayat-level 241 

statistics report for Thrissur, published by the Department of Economics and Statistics, for 242 

the 18 villages where the Kol Wetlands are located. A 4 km buffer around the Kol Wet- 243 

lands was used to analyze changes in cropland, settlement, and plantation areas between 244 

2010, 2015, and 2020, using Landsat 5, Landsat 8, and Sentinel-2 imagery, respectively, all 245 

resampled to 30 m resolution. 246 

2.2.3. Vulnerability indicators 247 

Vulnerability is a system's likelihood of being adversely affected by climate change. 248 

It includes the system characteristics that affect its sensitivity and its ability to cope or 249 

adapt. Vulnerability consists of two main components: sensitivity, the extent to which 250 
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climate-related factors influence a system, and adaptive capacity, the system's ability to 251 

adjust to actual or anticipated climate changes and their effects. 252 

In assessing vulnerability, we selected factors such as elevation and groundwater sa- 253 

linity to analyze system sensitivity, literacy rate, livestock density, and electricity availa- 254 

bility to assess system adaptive capacity. Data on literacy rate, livestock density, and elec- 255 

tricity availability were collected from the District Census Handbook [36]. The higher the 256 

literacy, the greater the ability to adapt; thus, literacy enhances people's ability to diversify 257 

and improve their livelihoods. Livestock density is an indicator of livelihood and agricul- 258 

tural diversification, which tends to increase the ability to cope with changes in livelihood. 259 

For this analysis, the indigenous crossbred breed and exotic cattle and buffalo were con- 260 

sidered. Electricity denotes a positive overall development that enhances adaptability. 261 

Since low-lying regions are highly susceptible to waterlogging, DEM is used to assess 262 

the study area's elevation. Kol Wetlands are also vulnerable to saline intrusion due to their 263 

proximity to the sea. Saltwater intrusion occurs when saline water infiltrates freshwater 264 

sources, degrading water quality. This process threatens food security and economic sta- 265 

bility, particularly in agricultural areas where crop yields are adversely affected. We used 266 

the GALDIT index to evaluate groundwater salinity in the system using the six parame- 267 

ters: groundwater occurrence (G), aquifer hydraulic conductivity (A), groundwater level 268 

above sea level (L), distance from the shoreline (D), existing seawater intrusion impact (I), 269 

and aquifer thickness (T). 270 

2.3. Conceptualizing Risk  271 

The IPCC defines risk (R) as a function of hazard (H), exposure (E), and vulnerability 272 

(V):  273 

                               R = f (H, E, V)                                (2) 

The risk index ranges from 0 to 1. It is categorized into five levels, from 'very low' to 'very 274 

high,' ensuring consistent interpretation, with higher values reflecting greater risk. Since 275 

the indicators varied in range and scale, to simplify arithmetic operations and compari- 276 

sons, all indicators were normalized to a dimensionless scale from 0 to 1. This normaliza- 277 

tion ensures consistency across indicators, enabling their integration into risk indices. 278 

Based on the indicator’s direct or inverse relationship, two standardization approaches 279 

were applied for the index categories of hazard, exposure, and vulnerability [37]. The cal- 280 

culation of dimensionless hazard, exposure, and vulnerability index for each of the indi- 281 

cators is shown below:  282 

                     𝑍𝑖
𝑋𝑖−𝑀𝑖𝑛𝑋𝑖

𝑀𝑎𝑥𝑋𝑖−𝑀𝑖𝑛𝑋𝑖
                                    (3) 

where Zi is the normalized value of indicator ‘i’, MaxXi denotes the maximum value, and 283 

MinXi the minimum value, of the indicator i. In case an indicator has an inverse relation- 284 

ship with hazard, exposure, or vulnerability, the index is calculated using the following 285 

alternative formula: 286 

                   𝑍𝑖 = 
𝑀𝑎𝑥𝑋𝑖−𝑋𝑖

𝑀𝑎𝑥𝑋𝑖−𝑀𝑖𝑛𝑋𝑖
 (4) 

Hazard, exposure, and vulnerability indices were calculated by aggregating the in- 287 

dicators (Fig. 3). We used the equal weighting method, as principal component analysis 288 

(PCA) may underestimate the risk, and expert judgment can be biased [38]: 289 

         Index = 
∑ 𝐼𝑖
𝑛
𝑖=1

𝑛
 (5) 

where I represent the index indicators; n represents the number of indicators. 290 

 291 
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                          Figure 3. Development of Risk Index 293 

2.4. Total Economic Value 294 

The TEV framework employs a standardized unit of account, most commonly mon- 295 

etary terms, to quantify the benefits derived from ecosystem goods and services, including 296 

both use and non-use values. The concept of “use value” is classified into direct and indi- 297 

rect components. Direct use values include rice cultivation, fish farming, lotus cultivation, 298 

duck rearing, and tourism, while indirect use values encompass ecosystem functions such 299 

as floodwater storage, carbon sequestration, and groundwater recharge. In addition, non- 300 

use values include existence value, defined as the value derived from the mere existence 301 

of the ecosystem, independent of any direct use. The formula for TEV from Dushin & 302 

Yurak [39] is as follows: 303 

                                           TEV = (use value) + (non-use value) (6) 

To quantify potential losses in the Kol ecosystem attributable to climate risk, we 304 

adopted the TEV of the Kol Wetlands as estimated by Tamhankar and Nameer [40]. This 305 

aggregate value was subsequently disaggregated for the North and South regions of the 306 

Thrissur Kol Wetland, based on their respective spatial extents. The estimated economic 307 

value of ecosystem services encompasses the use values associated with provisioning, reg- 308 

ulating, cultural, and supporting services. The economic value-at-risk was then calculated 309 

by multiplying the estimated ecosystem service values by the corresponding regional risk 310 

index. 311 

3. Results: Application of the framework 312 

3.1. Phase 1: System context and problem definition 313 

3.1.1. System characteristics 314 

The wetland remains submerged for more than six months of the year because it lies 315 

below sea level and has historically served as a floodplain. It plays a vital role in the re- 316 

gional rural economy by providing fertile agricultural land and supporting the local pop- 317 

ulation. This ecosystem offers valuable resources, including fish, food, fodder, timber, and 318 

medicinal plants. Furthermore, it serves as an essential habitat for wildlife, particularly 319 

migratory birds [41]. 320 
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Although there are many farming societies to facilitate cooperative farming opera- 321 

tions within the Thrissur Kol Wetland, human activities and climate change are causing 322 

declines in diversity, agricultural output, access to drinking water, flood patterns, and 323 

aesthetic appeal [42]. 324 

3.1.2. Ecosystem services of the system 325 

The ecosystem services of the Kol Wetlands, as identified by the MEA, are as follows:  326 

• Provisioning services: rice cultivation, fish farming, lotus farming, and duck rearing 327 

• Regulating services: flood storage, carbon sequestration, and groundwater recharge 328 

• Cultural services: tourism 329 

• Supporting services: the provision of habitats that sustain a wide range of biodiver- 330 

sity 331 

3.1.3. Drivers in the ecosystem 332 

Several factors affect ecosystem services and contribute to increased vulnerability. 333 

This study focuses on those that degrade the ecological character of wetlands, leading to 334 

declines in habitat quality, biodiversity, and ecosystem services. Within a DPSIR frame- 335 

work, natural drivers of environmental change include variations in solar radiation and 336 

climate, pest and disease outbreaks, and inherent ecological processes such as flooding 337 

and ecosystem succession. Human-induced drivers, including urbanization, land recla- 338 

mation, intensive agriculture, and population growth, also significantly affect this ecosys- 339 

tem. 340 

3.1.4. Pressures on the ecosystem 341 

In recent days, shifts in temperature and rainfall patterns in the Kol Wetlands have 342 

adversely affected farmers and fishermen, as both flooding and drought, exacerbated by 343 

climate change, disrupt livelihoods and ecosystem services. According to Ajithkumar & 344 

Riya [43], the maximum temperature in Kerala has risen by 0.03°C per year from 1980 to 345 

2020. Urbanization has increased municipal solid waste and industrial and domestic 346 

wastewater, which flow through the Kokkala canal to the Kol Wetlands. This contamina- 347 

tion negatively impacts agricultural lands and water bodies with oil, grease, and sus- 348 

pended solids [44, 45]. 349 

3.2. Phase 2: IPCC Risk Assessment 350 

3.2.1. Assessment of hazard 351 

(a) Extreme climatic indices  352 

Figure 4 presents box plots of the annual averages of nine extreme rainfall indices for 353 

both historical and future periods. The projections indicate an increase in CWD and a cor- 354 

responding decrease in CDD, suggesting a shift toward persistently wetter conditions. 355 

Notably, the historical maximum CWD of 104 days is projected to exceed 200 days under 356 

future climate scenarios. Total annual rainfall is also expected to increase by 2071–2090, 357 

rising from a historical average of 2913.8 mm to 3457.5 mm under SSP2-4.5 and 3794.4 mm 358 

under SSP5-8.5. Although DTR values are higher in future periods than in the historical 359 

baseline, the overall trend indicates a gradual decline. Both annual mean daily maximum 360 

and minimum temperatures increase consistently under higher emission scenarios. In 361 

contrast, maximum rainfall intensity indices (Rx1day and Rx5day) are projected to decline 362 

in future scenarios. The SU25 index further indicates that daily temperatures exceed 25 °C 363 

for most of the year, highlighting sustained warming conditions across the study area. 364 
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 366 

Figure 4. Extreme climate indices 367 

(b) Inundation due to pluvial flood 368 

A radar plot was generated to visually compare the percentage of submergence in 369 

both North and South Kol during a recent flood event (2018) and for future emission sce- 370 

narios (SSP2-4.5 and SSP5-8.5) for 2031-2050, 2051-2070, and 2071-2090. For future scenar- 371 

ios, the 20-year average rainfall during the south-west monsoon season (June-September) 372 

was used, while for the 2018 flood, the actual rainfall data during June–September 2018 373 

was used. 374 

The results, depicted in Figure 5, indicate that the South Kol region is more prone to 375 

flooding compared to the North Kol region. In South Kol, the percentage of submergence 376 

exceeded 90% during the study period, and in North Kol, more than 60% of the area was 377 

submerged during the southwest monsoon season. The submergence percentage in the 378 

North Kol reached 74.5% in 2018. We also observed that the North Kol may experience 379 

severe future flooding, with 65% of the area submerged in both scenarios. In the case of 380 

South Kol, the area of submergence will increase up to 94.69% during 2071-2090. 381 

 382 

 383 

Figure 5. Inundation due to rainfall for various greenhouse gas emission scenarios in the Kol wet- 384 

land 385 
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(c) Inundation due to sea level rise  386 

The rise in sea level impacts the salinity in the Kol wetland. This analysis aims to 387 

determine the submerged areas of the North and South Kol regions at 0.5 and 1 m of sea- 388 

level rise. Figure 6 shows the percentage of areas submerged for sea level rises of 0.5 m 389 

and 1 m. The results indicate that the North Kol region is more susceptible to sea level rise 390 

than the South Kol region. For a 0.5 m sea level rise, 85.15% of North Kol and 71.33% of 391 

South Kol will be submerged. For a 1 m sea-level rise, the submerged area increased to 392 

92.72% and 80.29% in North and South Kol, respectively. 393 

 394 

 395 

Figure 6. Inundated areas when the sea level rises to 0.5 and 1m. 396 

3.2.2. Assessment of exposure 397 

(a) Population density 398 

The North Kol and South Kol regions of the Kol Wetlands encompass several villages. 399 

The North Kol region comprises 12 villages, with Avinissery having the highest popula- 400 

tion density at 2,981 persons/km2. In contrast, Adat has a lower population density of 828 401 

persons/km2. In the South Kol region, comprising seven villages, Irinjalakuda has a high 402 

population density of 2,557 persons/km2. In contrast, Parapukkara has a lower density of 403 

802 persons/km2. 404 

(b) Cross-bred Cattle 405 

The number of cross-bred cattle is higher in Parapukkara village (2008.32 ACU) and 406 

lower in Manalur village (161.86 ACU). Overall, the average ACU of cross-bred cattle for 407 

the North Kol region is lower (809 ACU) than the South Kol region (880 ACU).  408 

(c) Land use change 409 

Changes in the surrounding area of the Thrissur Kol wetland are affecting the eco- 410 

system's health; therefore, a 4 km buffer was included in the LULC analysis. This analysis 411 

assessed exposure indicators, focusing on three main parameters: settlement area, 412 

cropland, and plantation. Plantation covers the largest area, followed by cropland and 413 

settlement in both the North and South Kol regions (Fig. 7).  414 

 415 
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Figure 7. LULC analysis during 2010, 2015, and 2020 417 

3.2.3. Assessment of vulnerability 418 

(a) Literacy rate  419 

Avinissery village in the North Kol region has a high literacy rate of 97.38%, whereas 420 

Cherpu village has a lower rate of 93.9%, compared with other villages. Villages in both 421 

North and South Kol have average literacy rates above 96%, with South Kol slightly higher 422 

than North Kol. 423 

(b) Livestock density 424 

Avinissery village is estimated to have a higher livestock density (203.25 ACU), while 425 

Manalur village is estimated to have a lower livestock density (34.54 ACU). The average 426 

livestock density was higher in the South Kol region (110.26 ACU) than in the North Kol 427 

region (100.58 ACU). 428 

(c) Availability of Electricity 429 

Four villages in North and South Kol have more than two electrical connections; 430 

therefore, we assumed 100% electrical connectivity in these four villages, thereby increas- 431 

ing their adaptability. Among all villages, Paralam village has the fewest electricity con- 432 

nections per household (84.38%). Overall, 93.94% of North Kol villages and 96.7% South 433 

Kol villages had domestic household electricity connections. 434 

(d) DEM and Groundwater Salinity 435 

DEMs of both North and South Kol were analyzed. Since the Kol Wetlands are lo- 436 

cated below mean sea level, they are vulnerable to waterlogging. In the case of Thrissur 437 

Kol Wetland, the North Kol elevation ranges from -109 m to 1 m, and the South Kol ele- 438 

vation ranges from -108 m to 1 m. Regarding elevation, both the North Kol and South Kol 439 

regions are vulnerable to waterlogging. 440 

Figure 8 illustrates the vulnerability to salinity intrusion in groundwater across var- 441 

ious blocks within the Kol Wetlands for 2019 and 2021. The analysis indicates that a sig- 442 

nificant area of the Thrissur Kol wetland is at considerable risk of saltwater intrusion be- 443 

cause it lies below MSL. It was observed that salinity has advanced landward towards the 444 

east from the coast, with many regions classified as ‘less vulnerable’ in 2019 shifting to 445 
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‘highly vulnerable’ and ‘extremely vulnerable’ by 2021. In the North Kol region, the area 446 

of lower vulnerability decreased in 2021 compared to 2019. At the same time, the areas 447 

classified as extremely vulnerable and highly vulnerable have increased in 2021.  448 

 449 

 450 

Figure 8. GALDIT index for the Kol wetland during 2019 and 2021 451 

 452 

Table 1 presents the development of the risk index for the North and South Kol re- 453 

gions. These results show that South Kol is at a higher risk than North Kol. 454 

 455 

Table 1. Risk index development using normalized indicator values. 456 

Component Indicator (I) Indicator 

relation-

ship with 

the com-

ponent 

(Zi) 

Time pe-

riod (His-

torical/ 

Present) 

Time 

period 

(Future 

-

SSP245

& 

SSP585) 

Normalized aver-

aged indicator 

value 

Index 

Value (
∑ 𝐼𝑖
𝑛
𝑖=1

𝑛
) 

Risk index 

R=(H*E*V) 

North 

Kol 

South 

Kol 

North 

Kol 

South 

Kol 

North 

Kol 

South 

Kol 

Hazard 

Extreme rain-

fall indices 

(TMAXmean, 

TMINmean, 

SU25, DTR, 

RX1day, 

RX5day, 

PRCPtot, CDD 

and CWD) 

Direct 

(DTR – 

Inverse) 

1984-2023 
2031-

2090 
0.379 0.379 

0.44 0.52 

0.117 0.130 

Flood Direct 2018 2031-

2090 

0.09 0.95 

Sea level rise 

(0.5 m and 1 m 

rise) 

Direct - - 0.86 0.23 

Exposure 
Population 

density 

Direct Census 

2011 

- 0.38 0.31 
0.49 0.48 
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Cross-bred 

cattle 

Direct Census 

2011 

- 0.35 0.39 

Area of 

cropland 

Direct 2010, 

2015, 2020 

- 0.66 0.65 

Area of settle-

ment 

Direct 2010, 

2015,2020 

- 0.96 0.37 

Area of plan-

tation 

Direct 2010, 

2015,2020 

- 0.09 0.77 

Vulnerability 

DEM Direct - - 0.77 0.76 

0.54 0.52 

Literacy rate Inverse Census 

2011 

- 0.45 0.41 

Electricity Inverse Census 

2011 

- 0.39 0.21 

Groundwater 

salinity 

Direct 2019 and 

2021 

- 0.49 0.66 

Livestock den-

sity 

Direct Census 

2011 

- 0.61 0.55 

 457 

3.2.4. State of the ecosystem 458 

Regulators at the major estuarine mouths prevent salinity intrusion in the Kol Wet- 459 

lands from the Chettuva and Enamakkal backwaters. The effectiveness of the regulators 460 

is uncertain due to their need for updates and improvements. 461 

The Kol Wetlands are increasingly lying fallow due to several factors, including high 462 

wage rates, labor shortages, low rice prices, and challenges associated with mechanized 463 

farming on certain lands. As a result, rice cultivation has become uneconomical. In recent 464 

years, climate change has caused successive droughts and floods, as well as saline incur- 465 

sion due to rising sea levels. The Enamakkal barrage, built 50 years ago, prevents salinity 466 

intrusion, and the minor regulator at Kottenkottuvalavu acts as a spillway for floodwaters. 467 

Results of the study show a 90% increase in inundation in the Kol Wetlands, with 468 

water levels rising to an average of 5 m during the 2018 floods in Kerala [46]. Due to the 469 

lack of Sewage Treatment Plants (STPs), untreated sewage, along with the indiscriminate 470 

use of pesticides, contributes to pollution in the Kol wetland ecosystem [47, 48]. 471 

Cabomba furcata, often called "Pink Bloom" for its color, is an invasive aquatic plant 472 

native to South America that has become a significant ecological threat in the Kol Wet- 473 

lands. Together with Salvinia molesta and water hyacinth (Eichhornia crassipes), Cabomba 474 

furcata has been proliferating in specific zones of the wetland, disrupting water flow and 475 

creating ecological and economic issues (Fig. 9). Its swift growth and ability to propagate 476 

vegetatively through stem fragments allow it to create dense mats, hindering light pene- 477 

tration and affecting native aquatic plant life. 478 

 479 
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Figure 9. Proliferation of invasive plants in the Kol Wetlands 481 

3.2.5. Impacts on the ecosystem 482 

Over the past four decades, rice cultivation in the Kol Wetlands has declined mark- 483 

edly. This trend has been largely attributed to climate change, particularly reductions in 484 

rainfall and rising temperatures, which have adversely affected rice productivity [49]. In 485 

addition, fluctuations in salinity levels have altered the ecological dynamics of the back- 486 

waters, influencing fish growth and species composition. A study conducted in the 487 

Chettuva backwater reveals that salinity declined sharply during the southwest monsoon, 488 

from 35.7 ppt in May to 23.6 ppt in June and 23.2 ppt in July, resulting in an increased 489 

freshwater influence and a corresponding decline in estuarine fish species [50, 51].  490 

The Enamakkal regulator is the primary outlet for floodwater in the southern Kol 491 

Wetlands, and it also controls saltwater intrusion into rice polders. However, local farmers 492 

report that leaks in the regulator allow saline water to seep into agricultural fields, leading 493 

to soil salinization and reduced rice yields.  494 

The Kol Wetlands are experiencing a decline in beneficial microorganisms, birds, and 495 

reptiles. Traditional subsistence fishing has shifted to commercial methods, affecting local 496 

fishing communities. Many species are threatened: Kooral is ‘Endangered’ [52] while Gün- 497 

ther’s Catfish and giant sheatfish are ‘Vulnerable’ [53, 54]. Among birds, the Spot-billed 498 

Pelican is ‘Near Threatened’ [55]; the Steppe Eagle and Black-billed Tern are ‘Endan- 499 

gered’[56, 57]; and the River Tern and Greater Spotted Eagle are ‘Vulnerable’ [58, 59]. Re- 500 

ports of bird poaching and mangrove loss near the Chettuva estuary have also been doc- 501 

umented. 502 

From September onwards, the brackish-water habitat gradually re-emerges, and ma- 503 

rine fish tolerant of salinity reappear in the lower reaches of the estuary. The loss of bio- 504 

diversity can weaken the ecological integrity and resilience of ecosystems. This loss is a 505 

common consequence of intensified agricultural practices [60]. In the Kol Wetlands, de- 506 

clines in farmer-friendly microorganisms and in populations of various bird and reptile 507 

species have been reported. 508 

3.3. Phase 3: Integrated risk and economic valuation 509 

3.3.1. TEV of the provisioning services (Direct use value) 510 
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Rice cultivation, fish farming, lotus cultivation, and duck rearing are the primary 511 

provisioning services provided by the Kol Wetland ecosystem; however, these services 512 

are increasingly at risk due to environmental and human-induced pressures, as discussed 513 

earlier. Additionally, this study estimates the economic values of the provisioning services 514 

of North Kol and South Kol at ₹1,13,48,81,849 and ₹27,02,99,660, respectively. The eco- 515 

nomic value-at-risk was calculated by multiplying the ecosystem service's use value by 516 

the corresponding regional risk index (Table 1). The percentage value-at-risk was then 517 

derived by dividing the estimated economic value-at-risk of the ecosystem service by the 518 

total use value, i.e., ₹2,89,97,57,688 for North Kol and ₹69,06,47,682 for South Kol. 519 

(a) Rice Cultivation 520 

There are four main cropping seasons in the Kol Wetlands: Virippu (April – August), 521 

Mundakkan (September – January), Kadum Krishi (October – February), and Puncha (De- 522 

cember/January – April/May). When the risk index is integrated with the economic value 523 

of rice cultivation, 4.21% (₹12,21,47,587) of the total use value in North Kol and 4.68% 524 

(₹3,23,24,903) of the total use value in South Kol were estimated to be at risk due to climate 525 

change. 526 

(b) Fish Farming  527 

Fishing is a crucial livelihood in the wetland, especially during the monsoon months. 528 

When water is pumped from the rice polders into the canals, large fish can be caught as 529 

the water level drops. Based on risk assessment value conducted on fish farming, 0.34% 530 

(₹98,98,402) of the total use value in North Kol and 0.38% (₹26,19,494) in South Kol are 531 

estimated to be at risk. 532 

(c) Lotus Farming and Duck Rearing  533 

Owing to strong cultural and religious demand, more than 6 ha of the Kol Wetlands 534 

are currently dedicated to Lotus (Nelumbo nucifera) cultivation, with an average annual 535 

yield of 1 lakh flowers per ha [40]. Kol Wetlands also play an important role in duck rear- 536 

ing. For lotus farming and duck rearing, 0.004% (₹1,23,312) and 0.021% (₹6,11,876) of the 537 

total use value in North Kol and 0.005% (₹32,633) and 0.023% (₹1,61,926) in South Kol are 538 

at risk, respectively. 539 

3.3.2. TEV of the Cultural services (Direct use value)  540 

(a) Tourism 541 

The Kol Wetlands are a popular tourist destination with lush foliage and an abun- 542 

dance of bird and fish species. In the case of tourism, the risk assessment indicates that 543 

0.27% (₹78,57,595) of the total use value in North Kol and 0.30% (₹20,79,419) in South Kol 544 

are at risk, respectively. 545 

3.3.3. TEV of the Regulating services (Indirect use value)  546 

Flood storage, carbon sequestration, and groundwater recharge fall under the cate- 547 

gory of regulating services and are also considered indirect use value of the Kol Wetlands. 548 

The estimated economic values of the regulating services for North Kol and South Kol 549 

were ₹1,69,77,16,910 and ₹40,43,52,492, respectively.  550 

(a) Flood Storage  551 

One of the most essential functions of the Kol Wetlands is flood storage. It is a natural 552 

buffer between the Western Ghats and the Lakshadweep Sea. The wetland can store 305.61 553 

Mm3 of water with an average depth of 3 m under completely submerged conditions. Kol 554 
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Wetlands provide natural storage, like an artificially constructed reservoir. The risk esti- 555 

mation indicates that 5.36% (₹15,53,26,197) of the total use value of flood storage in North 556 

Kol and 5.95% (₹4,11,05,227) in South Kol are at risk due to climate change. 557 

 (b) Carbon Sequestration  558 

Carbon sequestration plays a vital role in wetland function. Studies show that man- 559 

groves can store more carbon than tropical forests, helping combat climate change by se- 560 

questering it. Varghese et al. [61] estimated carbon stocks in the Chettuva mangroves at 561 

569.3 t C/ha. These carbon stocks were equivalent to 2,089.33t CO2 per ha. The risk esti- 562 

mation indicates that 1.21% (₹ 3,51,12,729) of the total use value of flood storage in North 563 

Kol and 1.35% (₹ 92,92,165) in South Kol are at risk due to climate change. 564 

(c) Groundwater Recharge 565 

The presence of water in the wetland helps to retain the groundwater level. The risk 566 

estimation indicates that 0.28% (₹ 81,93,952) of the total use value of flood storage in North 567 

Kol and 0.30% (₹ 21,68,432) in South Kol are at risk due to climate change. 568 

3.3.4. TEV of the Supporting Services   569 

(a) Habitats for a wide range of biodiversity 570 

The Kol Wetland is rich in biodiversity and supports numerous indigenous fish spe- 571 

cies. However, due to human activities and the presence of invasive species, populations 572 

of many native fish are declining. According to a 2019 study conducted in Pullazhi Kol, 573 

the number of native fish species declined significantly after a flood. This decline is at- 574 

tributed to the presence of an invasive fish species, Pygocentrus nattereri [62]. 575 

4. Discussion   576 

The Discussion follows the four-phase structure of the IEVMW framework, enabling a 577 

structured interpretation of drivers, risks, and economic implications within the Kol 578 

Wetlands system. 579 

4.1. Phase 1 580 

Population growth increases food demand, which drives land conversion and the 581 

intensification of agricultural practices, placing increasing pressure on wetland ecosys- 582 

tems. Intensive agriculture exerts considerable pressure on the Kol Wetlands, prompting 583 

engineering interventions to enhance drainage and water management for double crop- 584 

ping.  585 

The construction of farm roads has facilitated the movement of tillers and tractors, 586 

thereby reducing the cost of transporting seeds and fertilizers. However, these develop- 587 

ments have also contributed to land-use conversion for non-agricultural purposes and to 588 

associated activities such as mining, thereby altering natural habitats and accelerating eco- 589 

system degradation [63].  590 

 Overuse of agrochemicals, such as pesticides and fertilizers, leads to water pollution 591 

and disrupts ecosystems. Rapid population growth and urbanization have driven unsci- 592 

entific land reclamation in parts of the Thrissur Kol Wetland, reducing its area from 41% 593 

to 28% between 1969 and 2008, thereby accelerating ecosystem degradation [63]. Increas- 594 

ing temperature and pollution associated with climate change may lead to habitat loss for 595 

birds in the Kol Wetlands [64].  596 
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These findings demonstrate that anthropogenic drivers, particularly agricultural in- 597 

tensification and land-use change, are the primary forces shaping ecosystem degradation 598 

in the Kol Wetlands, reinforcing the need for integrated governance responses. 599 

4.2. Phase 2 600 

Excessive flood duration negatively affects rice crop harvests, particularly during the 601 

Virippu season (April–May to September–October), illustrating how climatic hazards di- 602 

rectly affect provisioning services. It also delays cultivation in subsequent seasons, such 603 

as Mundakkan (September–October to December–January) and Puncha (September–Octo- 604 

ber to December–January), since dewatering will take longer, resulting in significant pro- 605 

duction losses. 606 

Furthermore, higher DTR during critical growth stages, particularly flowering, can 607 

adversely affect crop development and lead to yield reductions. A study conducted in the 608 

Thrissur-Ponnani Kol Wetlands by Sunil et al. found that every 1°C increase in maximum 609 

temperature during the flowering season was associated with a significant reduction in 610 

rice yield [65]. Similar studies report yield declines of 10%–20% under high temperature 611 

stress during the flowering stage [66,67]. 612 

Flooding strongly influences the economy, human health, water resource manage- 613 

ment, and ecosystem services, underscoring its role as a key hazard that links climatic 614 

variability to socio-economic impacts [68]. Flood depth assessment and analysis of flood 615 

events across climate change projections are essential for coastal wetlands. The flood anal- 616 

ysis further emphasizes how increasing rainfall variability and intensity influence flood 617 

dynamics in the Kol Wetlands.  618 

Inundation due to sea-level rise is another cause of coastal wetland degradation re- 619 

sulting from climate change. 620 

Given that the Kol Wetlands are located below mean sea level, even moderate sea- 621 

level rise scenarios (e.g., 0.5 m) can result in extensive submergence, highlighting their 622 

inherent physical vulnerability. 623 

Also, salinity modeling identified salinity intrusion as an additional critical stressor, 624 

driving rapid shifts in vulnerability between 2019 and 2021. This underscores the need to 625 

incorporate climate forecasts into flood management and wetland conservation planning. 626 

Many studies indicate that under high-emission scenarios, 20% to 90% of existing coastal 627 

wetlands may be lost by 2100, depending on the extent of sea-level rise and the wetland's 628 

capacity for inland migration [69,70]. 629 

Groundwater salinity results show that, even though the areal extent of South Kol is 630 

lower than that of North Kol, it is still vulnerable to salinity intrusion. Out of the six blocks 631 

that cover Kol Wetland in Thrissur district, most parts of the Irinjalakuda block (South 632 

Kol) and the Anthikkad block (North Kol) have shifted from ‘less vulnerable’ to ‘highly 633 

vulnerable’ and ‘extremely vulnerable’ during 2019–2021. It can be inferred that the area 634 

under the vulnerable category decreased, while the areas in the extremely vulnerable and 635 

highly vulnerable categories increased across most blocks. 636 

LULC analysis shows an increase in settlement areas, reflecting rising exposure of 637 

socio-economic systems to climate risks. In contrast, the decline in cropland and planta- 638 

tion areas indicates both climatic stress and ongoing land-use transformation [71]. 639 

Reduction in cropland area in 2015 may be linked to rainfall deficits. Overall, the 640 

interaction between hazard, exposure, and vulnerability highlights the systemic nature of 641 

climate risk in the Kol Wetlands, emphasizing the need for integrated adaptation strate- 642 

gies. 643 

A reduction in cropland area was observed in 2015 across both regions, possibly due 644 

to temporary fallowing induced by monsoon rainfall deficits. Thrissur experienced a 24% 645 
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deficit in southwest monsoon rainfall and a 15% deficit in annual rainfall that year, which 646 

may have affected cultivation. 647 

According to the IPCC risk assessment, the higher hazard index was observed in 648 

South Kol, indicating that this region is more prone to hazards, one reason being high 649 

flood submergence. Although the exposure index showed only minor differences between 650 

the two regions, North Kol has a slightly higher value, suggesting more elements are at 651 

risk than in South Kol. Furthermore, the higher vulnerability index in North Kol high- 652 

lights the region's lower capacity to cope with hazard events. Although North Kol has a 653 

higher exposure and vulnerability index, the overall value indicates that South Kol is more 654 

prone to climate risk than North Kol. Therefore, risk reduction strategies should focus 655 

more on South Kol and on enhancing adaptive capacity and resilience in both North and 656 

South Kol to minimize overall risk across the Kol ecosystem. 657 

Parvathy & John [72] indicated that anthropogenic activities, such as the discharge of 658 

domestic sewage, the runoff of fertilizers and pesticides from rice polders, and the use of 659 

ichthyotoxic substances for fish capture, critically harm water quality, leading to a decline 660 

in fish diversity.  661 

The 2018 flood significantly affected the Kol Wetlands, resulting in income losses for 662 

many individuals due to declines in fish diversity. 663 

The Enamakkal regulator is a vital part of the Kol Wetlands and was built to prevent 664 

the mixing of freshwater and saltwater. Leakage in this regulator leads to salinity intru- 665 

sion, which destroys crop cultivation [73]. This is being temporarily prevented by con- 666 

structing an earth bank in front of the regulator each year. Though these earth banks may 667 

provide short-term protection against salinity, the restoration and maintenance of the 668 

Enamakkal and the Idiyanchira regulators are essential for improving the resilience of the 669 

Kol Wetlands ecosystem and supporting sustainable agricultural activities. 670 

Invasive aquatic plants like Cabomba furcuta massively affect freshwater fish popula- 671 

tions, resulting in economic hardship for local communities dependent on fisheries. A 672 

similar case can be observed in Australia, where another species of Cabomba 673 

(Cabomba caroliniana) has invaded water bodies, affecting aquatic life by displacing native 674 

vegetation [74].  675 

Within the IEVMW framework, these findings collectively demonstrate the interac- 676 

tion between hazard (flooding and sea-level rise), exposure (land-use change and popu- 677 

lation), and vulnerability (salinity intrusion and adaptive capacity), which together deter- 678 

mine overall climate risk. 679 

4.3. Phase 3 680 

Climate variability has increasingly affected the Kol Wetlands through frequent 681 

floods and droughts, with significant implications for ecosystem services and livelihoods 682 

[75]. Saseendran et al. [76] estimated a 6% reduction in rice yield in the Kol Wetlands 683 

due to climate change. Future climate scenarios indicate that extreme rainfall is projected 684 

to increase, leading to higher-intensity and longer-duration floods in the Kol Wetlands.  685 

The dewatering process begins in August, as the wetlands appear as a large body of 686 

water following the monsoon season. This is when migratory birds start visiting Kol. After 687 

the rice harvest in the Kol Wetlands, duck farmers bring their ducks to the rice polders, 688 

where they wade for about a month. Once the rice has been cultivated, the ducks are al- 689 

lowed to wade for an additional 2 to 3 months. In return, the landowners receive a small 690 

income from the duck farmers as compensation 691 

The Kol Wetlands provide important cultural ecosystem services. Its outstanding sce- 692 

nic value attracts many visitors. Boating is another popular pastime in the Kol from July 693 

to February. Pullu and Vilangan Hills are two main tourist destinations. The tourists visit 694 
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Pullu to see the sunset. The Thrissur district administration considered the Pullu-Manak- 695 

kody Kol Wetlands for an ecotourism project in 2017. This plan includes bait fishing, boat- 696 

ing, a treehouse for birdwatchers, an eco-museum, and educational agricultural tours [77].  697 

As stated by Mitsch et al. [78], the average sequestration rate for tropical wetlands is 698 

1.29 tons of carbon per hectare (ha) per year (t-C ha⁻¹ year⁻¹). Additionally, a study by 699 

Ricke et al. [79] found that India's social cost of carbon emissions is the highest globally, 700 

at $86 per ton of CO2. One ton of carbon equals 3.67 tons of CO2 [80]. A study conducted 701 

across the entire Kol Wetlands estimated that the maximum organic soil carbon (SOC) 702 

was stored in the 90-120 cm soil range and that the 150 cm topsoil layer can sequester 703 

around 229.63 Tg of organic carbon [81]. Mangrove forest or kandal kaadukal is available in 704 

the Chettuva mouth of the Kol Wetlands, spreading over an area of 2.025 ha. 705 

According to reports, groundwater levels have remained relatively stable over time 706 

despite rising water demand driven by population growth and urban expansion [82]. This 707 

stability can be attributed to the wetland’s capacity to recharge groundwater, highlighting 708 

the importance of regulating ecosystem services. 709 

One of the most essential values of the Kol Wetlands is its diverse avifauna. Like 710 

many other tropical wetlands, Kol provides birds with food and shelter. However, accord- 711 

ing to Asian Waterbird Censuses, there has been a significant decline in bird populations, 712 

indicating biodiversity loss, likely due to pesticide use and waste dumping [83]. 713 

These findings indicate that climate change poses a substantial economic threat to 714 

ecosystem services in the Kol Wetlands, with provisioning services being particularly vul- 715 

nerable due to their direct dependence on climatic conditions. This demonstrates that the 716 

impacts of climate change are not evenly distributed across ecosystem services; rather, 717 

livelihood-dependent services such as agriculture and fisheries are disproportionately af- 718 

fected. By linking ecosystem service valuation with climate risk indices, the study pro- 719 

vides a clearer understanding of how environmental change translates into economic loss, 720 

thereby strengthening the relevance of integrated assessment frameworks for climate ad- 721 

aptation planning. 722 

 723 

4.4. Phase 4 724 

The findings highlight the need to develop targeted management strategies and pol- 725 

icy recommendations, informed by assessments and outcomes across all phases of the IE- 726 

VMW framework, to address the key issues facing the wetland system. These strategies 727 

directly respond to the drivers and pressures identified in Phase 1, the climate risks quan- 728 

tified in Phase 2, and the economic vulnerabilities highlighted in Phase 3.  729 

Table 2 outlines the issues facing the Kol Wetlands along with their corresponding 730 

causes. 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 
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Table 2. Underlying causes of observed phenomena in the Kol Wetlands 741 

Issues Causes 

Agricultural Modernization State policies promoted the modernization of rice cultivation through irrigation 

infrastructure and subsidies from 1960 onwards [84]. 

Water Supply Infrastructure Peechi and Chimmoni reservoirs were commissioned to meet crop irrigation 

requirements [85]. 

Mining Activities Mining during the construction boom has impacted wetlands. Regulations exist 

but are poorly implemented [85] 

Urban & Industrial Reclamation Land reclamation driven by population growth for food production, housing, 

and aquaculture intensifies pressure on wetlands [24]. 

Fish Farming Although fish farming can be conducted without altering wetlands, it increases 

pollution and land-preparation costs [86, 87]. 

Ecological Changes Changes in biophysical processes affecting the wetland’s ecological character 

and natural resource baseline have been observed [64]. 

Urban Sewage & Solid Waste Untreated sewage and solid waste from the urban periphery are dumped into 

wetlands. Puzhakkal thodu shows the highest BOD (0.1131 tons/day) [88]. 

Soil & Water Quality Decline Overuse of fertilizers and pesticides, along with poor bund and canal design and 

maintenance, has degraded soil and caused waterlogging [89, 90]. 

Sedimentation Issues High sediment yield (26 t/ha/yr) is observed in the catchment area of the wet-

lands; the estimated total sediment yield in the Kol Wetlands is 4 million tons 

[91]. 

Fallow Land Increase Factors such as high wages, labor shortages, low rice prices, and difficulty with 

mechanization have left more land uncultivated, increasing the proportion of 

fallow land [65, 92]. 

Post-Mining Degradation Lands affected by mining remain unsuitable for agriculture, resulting in more 

fallow land [24]. 

Biodiversity Loss Agricultural intensification has reduced biodiversity, thereby affecting the eco-

system’s resilience [93]. 

4.5   Management action plan  742 

Decentralized water governance, involving cooperation between Kol farmers and 743 

government agencies, is crucial for managing both agricultural productivity and drain- 744 

age in the region and forms a key component of integrated wetland management. 745 

 To prevent salinity intrusion from the Enamakkal and Chettuva backwaters, sig- 746 

nificant estuarine regulators, including the Enamakkal and Idiyanchira structures, have 747 

been built. Suggested measures for enhanced wetland management include establishing 748 

sewage treatment plants (STPs), maintaining and improving salinity-control systems, 749 
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encouraging farmers to use fertilizer effectively, improving market access, and imple- 750 

menting targeted climate action strategies.  751 

These measures directly address the drivers, pressures, and risks identified across 752 

Phases 1–3 of the IEVMW framework and aim to enhance system resilience. 753 

A network of monitoring stations must be in place to assess salinity levels and water 754 

quality for the scientific operation of upstream reservoirs and salinity structures. A data 755 

management system can be established to facilitate monitoring, investigations, and re- 756 

search on this vital ecosystem. 757 

Based on the framework, this study recommends implementing the following 758 

measures to enhance sustainable development and ecosystem services in the Kol Wet- 759 

lands. 760 

a) Given the salinity conditions in the wetland and the need for freshwater for rice 761 

cultivation and other ecosystem services, it is essential to implement effective reser- 762 

voir operation policies for both the Chimoni and Peechi irrigation projects. These 763 

policies should also account for water availability and requirements beyond wet- 764 

land areas. 765 

b) The regulators that connect the wetland to the Canolly Canal should utilize data 766 

from the monitoring stations. Some of these regulators need repair and proper 767 

maintenance. 768 

c) Effective operation and maintenance of salinity control structures are essential for 769 

regulating salinity levels while ensuring the sustainable use of wetlands. 770 

d) The main structures that need renovation are the Enamakkal, Idiyanchira, Koothu- 771 

makal Regulators, and the Karanchira Lock. Key tasks include replacing shutters, 772 

reinforcing concrete, preventing salinity intrusion, and automating shutter opera- 773 

tion with sensors and IoT technology. 774 

e) There is a need to revisit and redesign the canal network, considering the require- 775 

ments of irrigation and drainage and inland navigation, wherever applicable. 776 

f) The unchecked discharge of sewage into the wetlands from densely populated ar- 777 

eas, particularly the townships, must be stopped. It is essential to implement the 778 

necessary measures to treat sewage to acceptable standards before discharging it 779 

into the wetlands. Compliance with the standards set by the Central Pollution Con- 780 

trol Board (CPCB) and the Bureau of Indian Standards (BIS) is mandatory. 781 

g) The application of agrochemicals for rice cultivation in the wetlands is often not 782 

done scientifically but based on manufacturers' advice, whose commercial interest 783 

cannot be overlooked. Therefore, given the significance of the wetland's flora and 784 

fauna, agrochemicals should be reduced; natural manures should be used wherever 785 

possible; and organic farming should be encouraged. Organic farming is already 786 

practiced in a few localized pockets. Where feasible, multiple cropping systems may 787 

be adopted, with at least one crop other than rice, such as vegetables or pulses. 788 

h) Fishery activities are ideal during the monsoon season, and these should be encour- 789 

aged wherever possible; this will bring more income to the farmers and meet the 790 

protein deficiency among the population in and around the Kol Wetlands. The rice- 791 

cultivating farmers should also consider the needs of the local fishing community. 792 
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Exotic fish farming must be avoided, and the use of chemicals and fish feed should 793 

be minimized. Native fish species must be encouraged. 794 

i) Speedy actions must be undertaken to weed out invasive species of plants and avoid 795 

activities leading to the introduction and growth of invasive species. 796 

j) Plastic use within this Ramsar site's boundaries must be strictly controlled. 797 

k) The reclamation or use of wetlands for purposes other than those for which they are 798 

presently used must be avoided. The Enactment of the Government of Kerala, 799 

namely, the Kerala Conservation of Paddy Land and Wetland Act 2008, must be 800 

strictly implemented.  801 

l) Developing the Canolly Canal within the wetland, from Chethuva to Kottapuram, 802 

is possible for ecotourism purposes. The revenue could support biodiversity conser- 803 

vation in the wetlands, which are famous for their bird populations. 804 

m) The mouths of the channels connecting the wetlands to the sea had rich mangrove 805 

forests from the point of view of species and area covered. In recent years, human 806 

activities have led to declines in species numbers and mangrove thickness. It is rec- 807 

ommended that a detailed study be conducted to restore mangrove forests to their 808 

former state. The investigations have shown that mangrove areas contribute signif- 809 

icantly to carbon sequestration. 810 

n) Construction of Sewage Treatment Plants (STP) is required to control pollution. 811 

Proper solid waste management is also necessary to maintain the wetland's aesthetic 812 

value and further reduce ecosystem degradation. 813 

o) The Kerala Land Development Corporation (KLDC) and the Kol Development Au- 814 

thority (KDA) should be strengthened and empowered with broader representation 815 

of stakeholders to support integrated management of this wetland system. India's 816 

Chilika Development Authority (CDA) may serve as a model. CDA serves as a gov- 817 

erning body for multiple stakeholders, including various government departments, 818 

national agencies, research institutions, and local fishing communities, and is 819 

chaired by the state's chief minister. By bringing together diverse stakeholders, CDA 820 

effectively facilitates integrated resource management for the sustainable govern- 821 

ance of Chilika Lake [94]. KLDC plays a crucial role in maintaining infrastructure, 822 

including canal networks, regulators, bunds, sluices, locks, and bridges, to support 823 

the farming and fishing communities in Kerala. They have constructed most of the 824 

irrigation canals [27]. Operation and maintenance, in collaboration with the farming 825 

community, are handled by KLDC. The State Irrigation Department maintains and 826 

operates the water sources (Peechi and Chimoni reservoirs) for the system. The State 827 

Wetland Authority, Kerala (SWAK), plays a major role in formulating policies and 828 

regulatory frameworks, and in implementing integrated wetland management. 829 

Also, SWAK tends to regulate the wetlands by managing plastic use, invasive spe- 830 

cies, agrochemicals, salinity, fisheries, and sewage treatment plants (STPs). 831 

 832 

 833 

 834 
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5. Conclusion 835 

This study presents the development and application of the IEVMW framework to 836 

the Kol Wetlands, combining the MEA, DPSIR, IPCC risk assessment, and TEV ap- 837 

proaches to analyze ecosystem services, associated risks, and their economic value. 838 

In relation to objective 1, the application of the MEA and DPSIR frameworks enabled 839 

a systematic identification of ecosystem services and the key drivers and pressures affect- 840 

ing the wetland system. The findings highlight the combined influence of climate change 841 

and anthropogenic activities in degrading ecosystem health, with implications for biodi- 842 

versity, agricultural productivity, and water resources. 843 

Addressing objective 2, the TEV approach was used to quantify both market and 844 

non-market ecosystem services, demonstrating the substantial economic importance of 845 

the Kol Wetlands. Provisioning services were found to contribute the highest share of eco- 846 

nomic value, underscoring the dependence of local livelihoods on wetland resources. 847 

For objective 3, integrating the IPCC risk framework enabled quantification of cli- 848 

mate-related risks. The results indicate that approximately 11.7% and 13.0% of ecosystem 849 

service value in North Kol and South Kol, respectively, are at risk under changing climatic 850 

conditions, with provisioning services being the most vulnerable. This combined risk val- 851 

uation approach provides a clearer understanding of the economic implications of climate 852 

change. 853 

Building on these findings, the study proposes targeted adaptation and management 854 

strategies, including improved salinity control, wastewater treatment, sustainable agri- 855 

cultural practices, and enhanced monitoring systems. These measures are essential to 856 

strengthen ecosystem resilience and support sustainable livelihoods. 857 

Overall, this study demonstrates that integrating ecological, climatic, and economic 858 

dimensions within a single analytical framework enhances the relevance of ecosystem ser- 859 

vice assessments for policy and decision-making. The IEVMW framework offers a trans- 860 

ferable and scalable tool for wetland management, with the potential to support climate- 861 

resilient governance and contribute to multiple SDGs, including those related to water, 862 

climate action, and biodiversity conservation. 863 

 864 

                           865 

Author Contributions: Conceptualization, S.S. and B.J.; Methodology, S.S. and B.J.; Software, S.S.; 866 

Validation, B.J. and J.E.J.; Formal Analysis, S.S.; Investigation, S.S. and B.J.; Resources, S.S., B.J. and 867 

V.S.J.; Data Curation, S.S. and B.J.; Writing – Original Draft Preparation, S.S.; Writing – Review & 868 

Editing, S.S., B.J. and A.S.G.; Visualization, S.S., B.J. and A.S.G.; Supervision, B.J., A.S.G. and J.E.J.; 869 

Project Administration, B.J., J.E.J. and V.S.J; Funding Acquisition, B.J. 870 

Funding: This work was funded by the RRC-EA—Ramsar Regional Center—East Asia [WF-2023- 871 

T1-1] 872 

Data Availability Statement: All data underlying the results are available in the article, and no 873 

additional source data is required. 874 

Acknowledgments: The authors thank and acknowledge the Ramsar Regional Center—East Asia 875 

(RRC-EA) for providing funding for this research. 876 

Conflicts of Interest: The authors have declared that they have no known competing financial in- 877 

terests or personal relationships that could have influenced the work reported in this paper. 878 

 879 

References 880 



Resources 2025, 14, x FOR PEER REVIEW 25 of 30 
 

 

[1] Junk, W. J.; An, S.; Finlayson, C. M.; Gopal, B.; Květ, J.; Mitchell, S. A.; Mitsch, W. J.; Robarts, R. D. Current 881 

State of Knowledge Regarding the World’s Wetlands and Their Future under Global Climate Change: A 882 

Synthesis. Aquatic Sciences. January 2013, pp 151–167. https://doi.org/10.1007/s00027-012-0278-z. 883 

[2] Chen, H.; Sloggy, M. R.; Dhiaulhaq, A.; Escobedo, F. J.; Rasheed, A. R.; Sánchez, J. J.; Yang, W.; Yu, F.; Meng, 884 

Z. Boundary of Ecosystem Services: Guiding Future Development and Application of the Ecosystem Service 885 

Concepts. J. Environ. Manage., 2023, 344, 118752. https://doi.org/10.1016/j.jenvman.2023.118752. 886 

[3] Hu, X.; Hou, Y.; Li, D.; Hua, T.; Marchi, M.; Paola Forero Urrego, J.; Huang, B.; Zhao, W.; Cherubini, F. 887 

Changes in Multiple Ecosystem Services and Their Influencing Factors in Nordic Countries. Ecol. Indic., 2023, 888 

146, 109847. https://doi.org/10.1016/j.ecolind.2022.109847. 889 

[4] Zhao, J.; Zhang, N.; Liu, Z.; Zhang, Q.; Shang, C. SWAT Model Applications: From Hydrological Processes 890 

to Ecosystem Services. Science of The Total Environment, 2024, 931, 172605. https://doi.org/10.1016/j.sci- 891 

totenv.2024.172605. 892 

[5] Qiu, J.; Zhang, Y.; Ma, J. Wetland Habitats Supporting Waterbird Diversity: Conservation Perspective on 893 

Biodiversity-Ecosystem Functioning Relationship. J. Environ. Manage., 2024, 357, 120663. 894 

https://doi.org/10.1016/j.jenvman.2024.120663. 895 

[6] Kundu, S.; Kundu, B.; Rana, N. K.; Mahato, S. Wetland Degradation and Its Impacts on Livelihoods and 896 

Sustainable Development Goals: An Overview. Sustain. Prod. Consum., 2024, 48, 419–434. 897 

https://doi.org/10.1016/j.spc.2024.05.024. 898 

[7] Baker, J.; Dupont, D.; Vasseur, L. Exploring Canadian Ramsar Sites Ecosystem Governance and Sustainabil- 899 

ity. Wetlands, 2021, 41 (1), 6. https://doi.org/10.1007/s13157-021-01417-6. 900 

[8] Royal C. Gardner; Max Finlayson, C. Global Wetland Outlook: State of the World’s Wetlands and Their Services to 901 

People; 2018. 902 

[9] Ministry of Environment, F. and C. C. of I. Wetlands of India Portal https://indianwetlands.in/wetlands- 903 

overview/indias-wetlands-of-international-importance/ (accessed Jun 12, 2026). 904 

[10] Weißhuhn, P.; Müller, F.; Wiggering, H. Ecosystem Vulnerability Review: Proposal of an Interdisciplinary 905 

Ecosystem Assessment Approach. Environ. Manage., 2018, 61 (6), 904–915. https://doi.org/10.1007/s00267-018- 906 

1023-8. 907 

[11] Reisinger, A.; Howden, M.; Vera, C.; Garschagen, M.; Hurlbert, M.; Kreibiehl, S.; Mach, K. J.; Mintenbeck, K.; 908 

O’neill, B.; Pathak, M.; et al. The Concept of Risk in the IPCC Sixth Assessment Report: A Summary of Cross- 909 

Working Group Discussions; 2020. 910 

[12] Roy Haines-Young, by; Potschin, M. Common International Classification of Ecosystem Services (CICES) V5.1 911 

Guidance on the Application of the Revised Structure; 2017. 912 

[13] Uchampalli, D.; Girish Kumar, E.; Vikrant, S. Ecosystem Services-an Overview. Indian J. Econ. Dev., 2017, 5 913 

(7). 914 

[14] Kanan, A. H.; Masiero, M.; Pirotti, F. Estimating Economic and Livelihood Values of the World’s Largest 915 

Mangrove Forest (Sundarbans): A Meta-Analysis. Forests. Multidisciplinary Digital Publishing Institute 916 

(MDPI) May 1, 2024. https://doi.org/10.3390/f15050837. 917 

[15] Engel, S.; Pagiola, S.; Wunder, S. Designing Payments for Environmental Services in Theory and Practice: An 918 

Overview of the Issues. Ecological Economics, 2008, 65 (4), 663–674. 919 

https://doi.org/10.1016/j.ecolecon.2008.03.011. 920 

[16] Marcos Mateus; Francisco Javier Campuzano. The DPSIR Framework Applied to the Integrated Manage- 921 

ment of Coastal Areas. 2008. https://doi.org/10.13140/2.1.3841.6960. 922 

[17] Obubu, J. P.; Odong, R.; Alamerew, T.; Fetahi, T.; Mengistou, S. Application of DPSIR Model to Identify the 923 

Drivers and Impacts of Land Use and Land Cover Changes and Climate Change on Land, Water, and 924 



Resources 2025, 14, x FOR PEER REVIEW 26 of 30 
 

 

Livelihoods in the L. Kyoga Basin: Implications for Sustainable Management. Environmental Systems Research, 925 

2022, 11 (1). https://doi.org/10.1186/s40068-022-00254-8. 926 

[18] Pattnaik, A. K. Chilika Development Authority Annual Report 2010-2011; 2012. 927 

[19] Sharma, S.; Hussain, S.; Singh, A. N. Integrated Approaches of Ecology and Economy for Sustainable Devel- 928 

opment with Special Emphasis on Ecosystem Services: A Review. Journal of Scientific Research, 2021, 65 (03), 929 

89–110. https://doi.org/10.37398/jsr.2021.650312. 930 

[20] Barbier, E. B. Valuing Environmental Functions: Tropical Wetlands. Land economics, 1994, 155-173. 931 

[21] Ledoux, L.; Turner, R. K. Valuing Ocean and Coastal Resources: A Review of Practical Examples and Issues for 932 

Further Action; 2002; Vol. 45. 933 

[22] Behroozeh, S.; Bijani, M.; Sharifi, O. Determining and Validating Criteria for Effective Governance of Jazmu- 934 

rian Wetland towards Regional Deprivation Alleviation. Environmental and Sustainability Indicators, 2026, 31, 935 

101335. https://doi.org/10.1016/j.indic.2026.101335. 936 

[23] Sivaperuman, C.; Jayson, E. A. Birds of Kole Wetlands, Thrissur, Kerala. ZOOS’PRINT JOURNAL, 2000, 15 937 

(10), 344–349. 938 

[24] Srinivasan, J. T. Understanding the Kole Lands in Kerala as a Multiple Use Wetland Ecosystem; Hyderabad, 2010. 939 

[25] Sunilkumar, M.; Simon, T. D. Green Infrastructure and Ecosystem Services of the Kole Wetlands, Kerala: 940 

Implications for Disaster Risk Reduction. International Journal of Environment and Climate Change, 2026, 16 (1), 941 

591–601. https://doi.org/10.9734/ijecc/2026/v16i15257. 942 

[26] Krishnankutty, V.; Vijayan, K.; Valsalan, R.; Francis, M. C.; Johnson, S. M.; Mathew, D. Metagenomic Anal- 943 

ysis of Rice Rhizosphere in a Uniquely Fertile Kole Wetland Reveals the Microbiome Contributing to En- 944 

hanced Nutrient Availability. Ecol. Genet. Genom., 2025, 35, 100353. https://doi.org/10.1016/j.egg.2025.100353. 945 

[27] Chethan, B. J.; Shyla, J.; Sathian, K. K.; Joseph, A.; Rema, K. P.; Varghese, A. Hydrological Challenges in Kole 946 

Lands: Investigating Canal Water Loss Dynamics. Plant Arch., 2025, 25 (1), 225–233. 947 

https://doi.org/10.51470/PLANTARCHIVES.2025.v25.no.1.034. 948 

[28] Johnson, D. Rice Cultivation in Kole Wetlands of Kerala https://fas.org.in/rice-cultivation-in-kole-wetlands- 949 

of-kerala/ (accessed Jun 12, 2026). 950 

[29] Chethan, B. J.; Joseph, S.; Chandrashekar; Vikal, L. Digitization of Wetlands Using Geographical Information 951 

(GIS): A Case Study of Thrissur North Kole. In Grenze International Journal of Engineering and Technology; 952 

Tumkur, 2024; pp 6517–6531. 953 

[30] Babu S., S.; Thomas K., R. Study on the Physico-Chemical Properties of Water in the Pokkali Wetlands of 954 

Ernakulam, Kerala, India. Water Pract. Technol., 2023, 18 (11), 2536–2542. https://doi.org/10.2166/wpt.2023.164. 955 

[31] P. Safnathmol; K. Rajalekshmi; A. Latha. Soil Quality Assessment and GIS-Based Mapping in Post-Flood 956 

Soils of Kole Wetlands of Kerala. J. Trop. Agric., 2022, 60 (2), 264–272. 957 

[32] Rao, R. C. A.; Raju, B. M. K.; Islam, A.; Subba Rao, A.; Rao, K. V. M.; Ravindra Chary, G.; Nagarjuna Kumar, 958 

R.; Prabhakar, M.; Sammi Reddy, K.; Bhaskar, S.; et al. Risk and Vulnerability  Assessment of Indian Agriculture 959 

to Climate Change; ICAR-Central Research Institute for Dryland Agriculture, 2019. 960 

[33] Sirohi, S.; Chand, P.; Sharma, D.; Saxena, R. Estimation of Bovine Equalizing Units in India: A Regional Per- 961 

spective. Indian J. Anim. Sci., 2019, 89 (9). https://doi.org/10.56093/ijans.v89i9.93784. 962 

[34] Karim, F.; Yu, Y.; Kamruzzaman, M.; Mandal, U. K.; Zahan, T.; Paul, P. L. C.; Mainuddin, M. Assessing 963 

Changes in Climate Extremes Using CMIP6 and Its Implications for Agriculture in the Ganges Delta. Journal 964 

of the Indian Society of Coastal Agricultural Research, 2024, 42 (1). https://doi.org/10.54894/JIS- 965 

CAR.42.1.2024.147069. 966 

[35] Mishra, V.; Bhatia, U.; Tiwari, A. D. Bias-Corrected Climate Projections for South Asia from Coupled Model 967 

Intercomparison Project-6. Sci. Data, 2020, 7 (1), 338. https://doi.org/10.1038/s41597-020-00681-1. 968 



Resources 2025, 14, x FOR PEER REVIEW 27 of 30 
 

 

[36] Census of India. Kerala District Census Handbook Thrissur Village and Town Directory; Directorate of Census 969 

Operations, Kerala, 2011. 970 

[37] Krishnan, P.; Ananthan, P. S.; Purvaja, R.; Joyson Joe Jeevamani, J.; Amali Infantina, J.; Srinivasa Rao, C.; 971 

Anand, A.; Mahendra, R. S.; Sekar, I.; Kareemulla, K.; et al. Framework for Mapping the Drivers of Coastal 972 

Vulnerability and Spatial Decision Making for Climate-Change Adaptation: A Case Study from Maharashtra, 973 

India. Ambio, 2019, 48 (2), 192–212. https://doi.org/10.1007/s13280-018-1061-8. 974 

[38] Mandal, U. K.; Karim, F.; Yu, Y.; Ghosh, A.; Zahan, T.; Mallick, S.; Kamruzzaman, M.; Paul, P. L. C.; Mainud- 975 

din, M. Assessing Vulnerability and Climate Risk to Agriculture for Developing Resilient Farming Strategies 976 

in the Ganges Delta. Clim. Risk Manag., 2025, 47. https://doi.org/10.1016/j.crm.2025.100690. 977 

[39] Dushin, A. V.; Yurak, V. V. Authors’ Approach to the Total Economic Value: Essentials, Structure, Evolution. 978 

Eurasian Mining, 2018, 1, 11–15. 979 

[40] Tamhankar, N. V.; Nameer, P. O. Economic Valuation of Ecosystem Services in the Kole Wetlands, A Ramsar 980 

Site in Kerala, India. Journal of Wildlife Science, 2026. https://doi.org/10.63033/JWLS.UKPG3522. 981 

[41] Maltby, E.; Acreman, M.; Blackwell, A.; Everard, M.; Morris, J. The Challenges and Implications of Linking 982 

Wetland Science to Policy in Agricultural Landscapes-Experience from the UK National Ecosystem Assess- 983 

ment. Ecol. Eng., 2013, 56, 121–133. 984 

[42] Jyothi, P. V; Sureshkumar, S. Preliminary Documentation of Aquatic Macrophytes of Kole Wetlands of 985 

Northern Kerala, India. Int. J. Environ. Sci., 2014, 5 (1), 117–122. 986 

[43] Ajithkumar, B.; Riya, K. R. Temperature Variation in Kerala: Present and Future. International Journal of En- 987 

vironment and Climate Change, 2022, 1185–1195. https://doi.org/10.9734/ijecc/2022/v12i121558. 988 

[44] Jenin Rajasingh, J.; Bhaskaran, K. Study on Kokkala Canal Water in Kole Lands near Thrissur Corporation and Its 989 

Effects on Paddy Fields; 2017; Vol. 6. 990 

[45] Zainulabdeen, Y. P.; Nagaraj, H. Anthropogenic Impacts on Wetlands of Kerala, India: A Review of Litera- 991 

ture. Journal of Geography, Environment and Earth Science International, 2022, 28–38. 992 

https://doi.org/10.9734/jgeesi/2022/v26i630355. 993 

[46] Vishnu, C. L.; Sajinkumar, K. S.; Oommen, T.; Coffman, R. A.; Thrivikramji, K. P.; Rani, V. R.; Keerthy, S. 994 

Satellite-Based Assessment of the August 2018 Flood in Parts of Kerala, India. Geomatics, Natural Hazards and 995 

Risk, 2019, 10 (1), 758–767. https://doi.org/10.1080/19475705.2018.1543212. 996 

[47] Jayson, E. A. Foraging Ecology of Birds in Kole-Wetlands of Thrissur, Kerala; Thrissur, 2018. 997 

[48] Sujana, K. A.; Sivaperuman, C. Preliminary Studies on Flora of Kole Wetlands, Thrissur, Kerala. 2008. 998 

[49] Varghese, S. J.; Surendran, S.; Ajithkumar, B.; Rajendran, K.; Kitoh, A. Future Changes in Rice Yield over 999 

Kerala Using Climate Change Scenario from High Resolution Global Climate Model Projection. Journal of 1000 

Earth System Science, 2020, 129 (1). https://doi.org/10.1007/s12040-020-01459-0. 1001 

[50] Ms, S.; Vk, R.; Primna P. A Study of Zooplankton Abundance and Hydrology of Chettuva Mangrove. ~ 166 1002 

~ International Journal of Fisheries and Aquatic Studies, 2019, 7 (1), 166–171. 1003 

[51] Padmakumar, V.; Shanthakumar, M. The Effects of Climate Change on the Hydrology, Salinity, and Biota of 1004 

Kerala’s Estuaries. Acta Entomology and Zoology, 2024, 5 (1), 41–43. 1005 

https://doi.org/10.33545/27080013.2024.v5.i1a.123. 1006 

[52] Abraham, R. Hypselobarbus curmuca. The IUCN Red List of Threatened Species 2011: e.T172475A6899671. 1007 

https://doi.org/10.2305/IUCN.UK.2011-1.RLTS.T172475A6899671.en.Accessedon28May2026. 1008 

[53] Raghavan, R.; Ali, A. Horabagrus brachysoma (errata version published in 2020). The IUCN Red List of 1009 

Threatened Species 2011: e.T172387A174791841. https://doi.org/10.2305/IUCN.UK.2011- 1010 

1.RLTS.T172387A174791841.en.Accessedon28May2026. 1011 



Resources 2025, 14, x FOR PEER REVIEW 28 of 30 
 

 

[54] Ng, H. H.; de Alwis Goonatilake, S.; Fernado, M.; Kotagama, O. Wallago attu (errata version published in 1012 

2020). The IUCN Red List of Threatened Species 2019: e.T166468A174784999. 1013 

https://doi.org/10.2305/IUCN.UK.2019-3.RLTS.T166468A174784999.en.Accessedon28May2026. 1014 

[55] BirdLife International. Pelecanus philippensis. The IUCN Red List of Threatened Species 2017: 1015 

e.T22697604A117970266. https://doi.org/10.2305/IUCN.UK.2017-3.RLTS.T22697604A117970266.en.Ac- 1016 

cessedon28May2026. 1017 

[56] BirdLife International. Aquila nipalensis. The IUCN Red List of Threatened Species 2021: 1018 

e.T22696038A205452572. . https://doi.org/10.2305/IUCN.UK.2021-3.RLTS.T22696038A205452572.en.Ac- 1019 

cessedon28May2026. 1020 

[57] BirdLife International. Sterna acuticauda. The IUCN Red List of Threatened Species 2022: 1021 

e.T22694711A207933556. https://doi.org/10.2305/IUCN.UK.2022-2.RLTS.T22694711A207933556.en.Ac- 1022 

cessedon28May2026. 1023 

[58] BirdLife International. Sterna aurantia. The IUCN Red List of Threatened Species 2020: 1024 

e.T22694537A180171504. https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22694537A180171504.en.Ac- 1025 

cessedon28May2026. 1026 

[59] BirdLife International. Clanga clanga (Europe assessment). The IUCN Red List of Threatened Species 2021: 1027 

e.T22696027A166302380. https://doi.org/10.2305/IUCN.UK.2021-3.RLTS.T22696027A166302380.en.Ac- 1028 

cessedon28May2026. 1029 

[60] Johny, S.; Inasu, N.; Dalie Dominic, A. Variations in Fish Assemblage with Reference to Fluctuations in Phys- 1030 

iochemical Parameters in Chettuva Estuary, Thrissur, Kerala. International Journal of Fauna and Biological Stud- 1031 

ies, 2016, 3 (6), 4–10. 1032 

[61] Molly Varghese; K. Vinod; K. R. Aju; K. M. Sreekumar; P. A. Thobias; C.P. Ansar; Gokul  Vijayan; M. K. 1033 

Nikhiljith; K. K. Joshi. Biomass and Carbon Stocks in Two  Mangrove Patches of Chettuva  Estuary, South- 1034 

West Coast of India. Journal of the Marine Biological Association of India, 2021, 63 (1), 122–127. 1035 

[62] Kumar, S. P.; Sneha, A. A Study on Fish Diversity in Pullazhi Kole Wetlands of Thrissur, India, after the 1036 

Deluge of 2019. International Research Journal of Biological Sciences, 2021, 10 (4), 12–17. 1037 

[63] Sinta K, B.; Jose, D. T. Land Degradation and Water Quality Assessment of a Part of Thrissur Kole Wetland, 1038 

Kerala, India-Ramsar Site. International Journal of Interdisciplinary Research and Innovations, 2019, 7, 250–257. 1039 

[64] Prakash, P.; Yamuna, R. Conservation Challenges and Population Decline of Migratory Birds in the Kole Wetlands, 1040 

Kerala; 2024; Vol. 12. 1041 

[65] Sunil, V. G.; Asish Benny; V.S. Chinchu; M.K. Jaliya; Suma Nair; Amaljith V J. Multi-Dimensional Yield De- 1042 

cline in Kerala’s Kole Wetlands: Climate, Agronomy, and Governance Challenges. Indian Journal of Ecology, 1043 

2026, 1 (53). https://doi.org/10.55362/IJE/2026/4754. 1044 

[66] Wang, Y.; Wang, L.; Zhou, J.; Hu, S.; Chen, H.; Xiang, J.; Zhang, Y.; Zeng, Y.; Shi, Q.; Zhu, D.; et al. Research 1045 

Progress on Heat Stress of Rice at Flowering Stage. Rice Sci., 2019, 26 (1), 1–10. 1046 

https://doi.org/10.1016/j.rsci.2018.06.009. 1047 

[67] Wang, H. Y. Investigation and Prevention and Control Countermeasures for Rice High Temperature Damage: 1048 

A Case of Ma’anshan City in 2013. Journal of Anhui Agriculture Science, 2016, 44 (8), 50–52. 1049 

[68] Sathian, S.; Jayanarayanan, Brema.; James, E. J.; Anandhi, A. Decision − Support Framework for Translating 1050 

Strategic Vulnerability Assessment of Freshwater Wetlands: From Theoretical Concept to Operational Ap- 1051 

plication. Ecol. Indic., 2025, 179, 114274. https://doi.org/10.1016/j.ecolind.2025.114274. 1052 

[69] Kaden, U. S.; Schmid, S.; Vieweg, M.; Scholz, M.; Dufour, S. European Riverine and Coastal Wetlands under 1053 

Pressure: Biodiversity and Climate Change. Nat. Conserv., 2026, 62, 13–45. https://doi.org/10.3897/naturecon- 1054 

servation.62.163636. 1055 



Resources 2025, 14, x FOR PEER REVIEW 29 of 30 
 

 

[70] Schuerch, M.; Spencer, T.; Temmerman, S.; Kirwan, M. L.; Wolff, C.; Lincke, D.; McOwen, C. J.; Pickering, M. 1056 

D.; Reef, R.; Vafeidis, A. T.; et al. Future Response of Global Coastal Wetlands to Sea-Level Rise. Nature, 2018, 1057 

561 (7722), 231–234. https://doi.org/10.1038/s41586-018-0476-5. 1058 

[71] Zainulabdeen, Yomna. P. Nagaraj, H. Geospatial Analysis of Impact of Changing Land Use Pattern on Paddy 1059 

Wetlands: A Case Study of Thrissur District, Kerala, India. Sustainability, Agri, Food and Environmental Re- 1060 

search-DISCONTINUED, 2023, 11. https://doi.org/10.7770/safer-V11N1-art619. 1061 

[72] Parvathy, C. A.; K. John, V. Inland Ornamental Fish Diversity of Thrissur Kole - Part of Vembanad Kole 1062 

Wetland, Kerala, India. International Journal of Zoological Investigations, 2021, 7 (2), 1028–1040. 1063 

https://doi.org/10.33745/ijzi.2021.v07i02.094. 1064 

[73] Irrigation Department. Enamakkal Regulator https://irrigation.kerala.gov.in/enamakkal-regulator (accessed 1065 

Jun 14, 2026). 1066 

[74] Tobias O Bickel. Ecology of the Submersed Aquatic Weed Cabomba Caroliniana in Australia. In 18th Aus- 1067 

tralasian Weeds Conference; Melbourne, Australia, 2012; pp 21–24. 1068 

[75] Panikkaveettil, A.; Vijayakumar, A.; Harikumar, S. Stakeholder Perspectives on Climate Change in the Thris- 1069 

sur Kole Wetlands, India. 2020, 20 (2), 2888–2893. 1070 

[76] Saseendran, S. A.; Singh, K. K.; Ra Thore, L. S.; Singh, S. V; Sinha, S. K. Effects of Climate Change on Rice Pro- 1071 

duction in the Tropical Humid Climate of Kerala, India; 2000. 1072 

[77] Mathrubhumi. 20,000 acres of natural beauty: Authorities ignore tourism potential of Kole wetlands. Read 1073 

more at: https://english.mathrubhumi.com/features/travel-archives/kole-wetlands-of-thrissur-eco-tourism- 1074 

project-70a0b85d. 1075 

[78] Mitsch, W. J.; Bernal, B.; Nahlik, A. M.; Mander, Ü.; Zhang, L.; Anderson, C. J.; Jørgensen, S. E.; Brix, H. 1076 

Wetlands, Carbon, and Climate Change. Landsc. Ecol., 2013, 28 (4), 583–597. https://doi.org/10.1007/s10980- 1077 

012-9758-8. 1078 

[79] Ricke, K.; Laurent Drouet; Ken Caldeira; Massimo Tavoni. Country-Level Social Cost of Carbon. Nature Cli- 1079 

mate Change, 2018, 8 (10), 895–900. 1080 

[80] Baral, S.; Basnyat, B.; Khanal, R.; Gauli, K. A Total Economic Valuation of Wetland Ecosystem Services: An 1081 

Evidence from Jagadishpur Ramsar Site, Nepal. Scientific World Journal, 2016, 2016. 1082 

https://doi.org/10.1155/2016/2605609. 1083 

[81] Nideesh, P.; Sreelatha, A. K.; Anilkumar, K. S. Sub-Soil Organic Carbon Sequestration and USDA Soil Tax- 1084 

onomy of Coastal Acid Sulphate Soils; Constraints and Their Solution Learned from a Pedon Study in the 1085 

Kole Land Ecosystem of Kerala, India. Commun. Soil Sci. Plant Anal., 2021, 52 (10), 1089–1099. 1086 

https://doi.org/10.1080/00103624.2021.1872604. 1087 

[82] Binilkumar, A. S.; Ramanathan, A. Valuing Stakeholder Preferences on Improved Conservation and Man- 1088 

agement of Kol Wetland: A Contingent Valuation Study. In Proceedings of the 11th BIOECON conference; 2009; 1089 

pp 21–22. 1090 

[83] Mini Muringatheri. Falling Bird Count at Kole Fields Rings in Alarm. The Hindu. Thrissur, January 20, 2023. 1091 

[84] Viswanathan, P. K. The Rationalization of Agriculture in Kerala: Implications for the Natural Environment, 1092 

Agro-Ecosystems and Livelihoods. Agrarian South: Journal of Political Economy: A triannual Journal of Agrarian 1093 

South Network and CARES, 2014, 3 (1), 63–107. https://doi.org/10.1177/2277976014530232. 1094 

[85] V G, S.; Nandan, A.; Benny, A.; Krishna, A. Atlas of Kole Lands of Kerala: Volume I; 2024. 1095 

[86] Ayyappan, S.; Jena, J. K. Environmental Issues in Indian Freshwater Aquaculture. 1999, 13–31. 1096 

[87] Liu, X.; Wang, Y.; Liu, H.; Zhang, Y.; Zhou, Q.; Wen, X.; Guo, W.; Zhang, Z. A Systematic Review on Aqua- 1097 

culture Wastewater: Pollutants, Impacts, and Treatment Technology. Environ. Res., 2024, 262, 119793. 1098 

https://doi.org/10.1016/j.envres.2024.119793. 1099 



Resources 2025, 14, x FOR PEER REVIEW 30 of 30 
 

 

[88] Kerala State Pollution Control Board. Action Plan for River Puzhakkal, Thrissur-Kerala (Priority-V) (OA 1100 

No.673/2018); 2019. 1101 

[89] P V, V.; S, R.; Kumar C S, R.; K S, S. Fractionation of Sediment-Bound Nitrogen: Bioavailability and Contam- 1102 

ination Status of the Nutrient in Thrissur Kole Wetlands, Southwest India. Soil and Sediment Contamination: 1103 

An International Journal, 2025, 34 (5), 938–962. https://doi.org/10.1080/15320383.2024.2394658. 1104 

[90] Johnkutty, I.; Venugopal, V. K. Kole Lands of Kerala; 1993. 1105 

[91] WISA. Vembanad - Kol Wetlands - An Integrated Management Planning Framework for Conservation and Wise - Use; 1106 

New Delhi, India, 2013. 1107 

[92] Vivek, S.; Bonny, B. P. Constraints Affecting Innovations of Rice Farmers in the Kole Wetland System. Inter- 1108 

national Journal of Agriculture Extension and Social Development, 2024, 7 (3), 117–122. 1109 

https://doi.org/10.33545/26180723.2024.v7.i3b.417. 1110 

[93] Menon, M.; Mohanraj, R.; VB, J.; Prasath RV, A. Bioaccumulation of Heavy Metals in a Gastropod Species at 1111 

the Kole Wetland Agroecosystem, a Ramsar Site. J. Environ. Manage, 2023, 329, 117027. 1112 

https://doi.org/10.1016/j.jenvman.2022.117027. 1113 

[94] Pattnaik, A. K. Hydrological Intervention for Restoration of a Coastal Ecosystem; Lesson Learnt from Chilika 1114 

Lake, India. Wetland Research, 2014, 4, 27–32. 1115 

  1116 

  1117 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual 1118 

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 1119 

to people or property resulting from any ideas, methods, instructions, or products referred to in the content. 1120 

 1121 


