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Role of Green Infrastructure in Kole Wetlands of Kerala as an Ecosystem Services to Disaster Risk Reduction 

ABSTRACT
The Kole paddy wetlands of central Kerala are among the most ecologically and economically important wetland systems in India. These wetlands act as natural buffers that regulate water flows, support biodiversity, and ensure local food security. However, recurrent flooding, canal degradation, and climate change have increased disaster risk in this landscape. This paper examines the role of green infrastructure, particularly water management and canal systems, as a sustainable approach to disaster risk reduction (DRR). Using secondary data from the Kerala State Disaster Management Authority (KSDMA), and the Kerala Water Resources Department (KWRD), this study assesses the role of restored canals and hybrid infrastructure in mitigating floods, improving agricultural resilience, and reducing economic losses. The study analysis demonstrates that wetland restoration is a cost-effective solution, reducing flood peaks by up to 30 percent, at a cost of one-fifth of the cost of traditional flood control structures. The findings highlight the need for adaptive water management and hybrid eco-engineering approaches to protect fragile wetland ecosystems in Kerala.	Comment by Dinanath: You have not discussed it in the paper. For example, there is no information about: 
How are canal degraded? Did green infrastructure improve canal health/strength? How has climate change affected the wetland etc. etc.	Comment by Dinanath: Water management and canal management is software measures – policy, regulation – I guess. Not ‘infrastructure’. 
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1.INTRODUCTION
Ecosystem Based (?) Disaster Risk Reduction (Eco-DRR) is the sustainable management, conservation and restoration of ecosystems to reduce disaster risk, with the aim of achieving sustainable and resilient development (UNDRR, 2015). It is a cost-effective and sustainable approach to reducing vulnerability (IPCC, 2012).  The ecosystem services offer protection against vagaries of nature (Burby, 1998; Daily, 1997) which potentially contribute to hazard mitigation, livelihood security and resilience to disasters (FAO, 2011). The Global Platforms for Disaster Risk Reduction (2011) have highlighted the importance of integrating ecosystem management as a key component in DRR strategies. Moreover, outcomes from “Rio+20 – The Future We Want” now clearly recognize Disaster Risk Reduction (DRR) as a critical component of sustainable development. Ecological imbalances and poor land use practices are contributing to localized disasters. A nature-led solution is needed to manage the risks of frequent rainfall, earthquakes, landslides and floods.	Comment by Dinanath: Where is this in Sendai Framework? Or is it another publication of UNDRR?	Comment by Dinanath: Not in reference.
Climate variability, intensifying monsoon extremely, flood risk in many low land and coastal regions in Asia has emerged as a challenge to livelihood security and resilience to disasters. Grey infrastructure, including levees, concrete drainage, large dams, etc., which are often preferred over traditional methods of risk reduction, are more expensive, energy intensive, and provide only limited co-benefits (ref?). The frequency and large volume of rainfall at a time tend to make traditional grey infrastructure insufficient to reduce the risk of disasters. Therefore, in recent years, attention has been turned to nature-based solutions and ecological services, commonly referred to as ‘Green Infrastructure’, which stand out as sustainable solutions for disaster risk reduction. Green infrastructure, which includes networks of wetlands, canals, bunds, paddy fields, regulators, and other water-management structures, serves as an alternative or complement to grey infrastructure. There are growing interest among policy makers to use ecosystem-based solutions particularly regulating services to manage risk. According to the Millennium Ecosystem Assessment (MEA, 2005), regulating services are the benefits obtained from the regulation of ecosystem processes, including: Hydrological regulation (e.g., flood control); Climate regulation; Erosion and sediment control; Water purification. Wetlands particularly paddy wetland ecosystems are the epic centres of such regulating ecosystem services. Wetland paddy fields are hydrologically active systems that influence water flow, sedimentation, and microclimate. When these paddy fields designed and maintained properly, serve as green infrastructure—natural or semi-natural systems that provide infrastructure-like services. Wetlands are dynamic ecological systems that provide essential ecosystem services, including flood mitigation, groundwater recharge, and nutrient regulation (Barbier, 2019). Wetlands play a vital role in ecosystem-based disaster risk reduction (Eco-DRR). According to the Sendai Framework (UNDRR, 2015), preserving natural buffers can significantly reduce disaster impacts. Empirical studies reveal that rehabilitated wetlands can reduce flood peak discharges by 10–30 percent depending on basin size and rainfall intensity (World Bank, 2019). 	Comment by Dinanath: Word order?	Comment by Dinanath: Specify. What are ‘other management structures’?	Comment by Dinanath: Use only abbreviation here. It has come earlier.
The Kole Wetlands of Kerala traditionally consist of complex canal systems, bunds and sluices, used for water level control (Velayudhan & Nair, 2017). Therefore, Kole Wetlands can be seen as a green infrastructure landscape for disaster risk reduction solutions. Wetland paddy farming performs several disaster risk reduction functions including flood mitigation, erosion and sediment control, drought buffering, climate regulation and carbon storage. This land scape supports production of paddy, fisheries, biodiversity and above all flood control through earthen bunds, drainage canals, sluice gates, paddy-field polders (padasekharams) (Safnathmol et al., 2025). The August 2018 flood in Kerala underscored the role of low-lying areas and wetlands, such as the Kole Wetlands, which absorb a large portion of floodwater, reducing flooding in low-lying areas and protecting populated areas (ref?). This suggests that paddy wetland ecosystem particularly regulating ecosystem services can function as an Eco-DRR which mitigate flood hazards, support water management, and sustain livelihoods and ecological values simultaneously. 	Comment by Dinanath: Put a map of the wetlands showing canals, bunds and sluices, settlements, vegetation to syour your study area.
Most of the existing studies about Kole wetlands highlights only their ecological significance in terms of their capacity to provide food and ecological services. Only few studies focus on the water management and flood mitigation capacity of the wetlands. But the present paper investigates the role of paddy wetland ecosystem as a natural as well as semi natural remedy for disaster risk reduction. This article aims to examine the role of hydro ecological infrastructures like canal system, sluice gate modernization, regulators, vegetated embankments, and bunds for irrigation in each piece of land for cultivation are used as natural way to regulate water flows, restore ecosystem functions, and provide resilience benefits.
2. METHODS USED	Comment by Dinanath: Methodology is not explained well.
The Thrissur–Ponnani Kole Wetlands in central Kerala spread over approximately 13,632 ha across the Thrissur and Malappuram districts, which lie at or below mean sea level and remain inundated for several months each year. This study employed a mixed-method of research design combining hydrological assessment, field-based ecological observations, and stakeholder oriented qualitative inquiry to examine the role of green infrastructure in enhancing ecosystem-based disaster risk reduction (Eco-DRR) within the Kole Wetlands of central Kerala. To assess community level perspectives on green infrastructure and risk reduction structured interviews were conducted with farmers, wetland committees, irrigation engineers, paddy land owners, and water management personnel. Focus Group Discussions were held in Ponnani, Chazhur, Manalur, and Thommana Kole area. Interview and FGD guides were developed based on socio-ecological resilience frameworks (Folke, 2006).	Comment by Dinanath: What did you do in hydrological assessment? Not clear. 	Comment by Dinanath: What did you observe?	Comment by Dinanath: Submit the questions you used in inquiry.	Comment by Dinanath: Interview - ow many farmers? Wetland committees? Engineers? Land owners? Are land owners and paddy farmers different?	Comment by Dinanath: Submit interview questions.
The primary objective of the paper is to show the role of Kole wetland paddy fields as a green infrastructure to disaster risk reduction. 	Comment by Dinanath: You’d better rearrange your writing with specific headings. What is the Objective of your study, what questions you wanted to answer and so forth. You are writing objective at the end of Methodology section. 
3. GREEN INFRASTRUCTURE COMPONENTS IN KOLE WETLANDS
Green infrastructure is a network of natural and semi-natural systems, which include parks, wetlands, forests, green roofs, and urban tree canopies, that help the regions to address environmental challenges (Ribbe et al., 2024). It is relied on ecological processes rather than engineered solutions to risk associated natural disaster. The Kole wetland ecosystem is a classic example of such a green infrastructure which is located in the coastal plain of central Kerala, between the Chalakudy River in the south and the Bharathapuzha River in the north, extending westwards towards the Arabian Sea. Geographically, Kole lands lie below 0.5 to 1.5 m below mean sea level which functioned as back waters as part of the unique Vembanad- Kole wet land ecosystem in Kerala. The surface soil in Kole lands is typically silty clay to clay texture, while deeper layers can range from sandy clay loam to sandy clay due to fluvial accumulation of sediments (Johnkutty & Venugopal, 1993). These soils are rich in organic matter, which is preserved in an anaerobically decomposed state in the waterlogged conditions. To make these lands as cultivable and productive for paddy production, generations of farmers constructed a dense network of canals, bunds (earthen embankments), shallow bunded fields (padasekharams), sluice gates (regulators), and pumps which are collectively comprise the green infrastructure of Kole lands (DoI, 2022).
4. RESULTS AND DISCUSSION
During the monsoon season, the entire Kole fields are submerged in water for about six months. Being low-lying areas, the area is prone to flooding even in a single day of rain. However, the regulators, canals, and bund systems in the Kole fields reduce the risk of flooding and manage it effectively. 
4.1 CANAL SYSTEM AND WATER REGULATION
The source of irrigation water for the Kole land area is Peechi irrigation project, Vazhani Irrigation Project and Chimoni Irrigation Project.  Water released from Chimoni is stored and diverted to Kole lands with regulators constructed at Illikkal and Kottenkottuvalavu. The water headed up is directed to north zone through link canal, Herbert canal, Chirakkal thodu, Perumpuzha chal, Chettupuzha chal etc.  Irrigation supply to south zone is through Neeroli thodu, Nandi thodu etc.  Total length of these canals is approximately 170 Kms. The total canal length in the Thrissur North Kole lands was determined to be 77.02 km (DoI, 2025). Decadal storage capacity estimations for 2022 revealed a range of 29.0 to 53.86 Mm³, with an average storage capacity of 42.40 Mm³ (Chethan et al., 2025).   Canals in Kole land act as drainage channels during flood season channelizing flood water to outlets at Enamakkal, Idiyanchira, Koothumakkal.
4.2 BUND SYSTEM
The bund system in Kole lands is a community-managed network of temporary earthen bunds (padavu) and canals that allow seasonal paddy cultivation in these wetlands. Farmers build earth bunds around sections of the shallow lake bed to create plots (padasekharams). Water is pumped out from the padavu into the interconnected canal network for irrigation or drainage. The process of watering and dewatering managed properly with these earthen bunds. This system requires collective effort and water management (often involving pumps and sluices) to balance agriculture and preventing floods during the monsoon. 
In South Kole, water from Nedumthode and Thuppanthode flows into the Karuvannur River through Neeroli Canal and Thamaravalayam Chira, then moves to Kottemkottu regulator and exits through Munayam regulator. Water from Thuppanthode and Nedumthode flows through MM Canal, reaches Koothumakal regulator and finally flows into the sea through Canoli Canal.
In the North Kole, flood water from the Kecheri river flows through the Urakam and Elavathur areas and enters through the Chemmeen Channel. It then passes through the Mullassery and Kottachal canals and reaches the Enamakal and Idiyanchira regulators before finally flowing into the sea.
The Puzhakkal and Thanikudam rivers enter the central part of the Kole area. The water flows to the western and partly southern areas of Thrissur town through the Kokkala Thodu. This connects with the Puthan Thodu near the Aranattukkara. The Chiyaram Thodu drains the Kanimangalam and Chiyaram areas and joins the Puthan Thodu river about one kilometer south of the Kokkala Thodu. The Chettupuzha Canal connects the Puthan Thodu with the Kottachal Canal and acts as an irrigation drainage canal, directing water to the Enamakal regulator.
4.3 REGULATORS AND WATER MANAGEMENT
Green infrastructures including regulators (or sluice gates) built around the Kole wetlands in Kerala, managed the inflow and outflow of water between rivers and canals during inundation period. There are eight regulators are constructed in and around the Thrissur-Ponnani Kole land area for controlling water inflow and outflow during the farming and flood period. Among these regulators, seven are located in Thrissur Kole area while one is situated in Ponnani Kole area (Table 1). These regulators help to prevent salt water intrusion into the farm areas and act as an outlet for draining excess flood water into sea. Regulators have large quantity of water holding capacity which helps to discharge water into the wells nearby houses and manage the scarcity of drinking water in many panchayath during summer season.
Table 1. Regulators in Thrissur – Ponnani Kole land area
	
	Regulator
	Location
	Purpose
	Shutter Height
	Water Storage Capacity

	1
	Enamakkal
Regulator
	Vengidangu Panchayath
	prevent the sea water entry into the paddy fields of Vengidangu and Mullassery panchayaths, ensures water availability in high-lying areas of Kole fields during farming and also act as an outlet to expel excess flood water
	1.65 meters
	1.15 meters

	2
	Idiyanchira Regulator
	Vengidangu panchayath
	prevent saltwater intrusion to the Kole lands spread in the Elavally and Mullassery panchayats, acts as an outlet for the discharge of flood water from the Mullassery Canal in to the Canoli Canal and from there to the Arabian Sea through the Chettuva Estuary. 
	1.65 meters
	1.15 meters

	3
	Munayam Regulator cum bridge
	connects the Kattoor and
Thannyam Panchayath.
	prevent saltwater intrusion from the Canoli Canal into the Karuvannur River and then to the cropped fields of Katoor and Anthikkad   panchayaths.
	5.5 m height and 12 meters length
	5.5 meters

	4
	Koothumakkal Regulator
	Padiyoor panchayath
	prevent saltwater intrusion from the Canoli Canal to the Kole lands of Padiyoor, Kattoor and Karlam panchayaths.
	2.0 meters
	1.5 meters

	5
	Illikkal Regulator
	Paralam
panchayath
	divert water from the Chimoni dam to the Link canal at Ettumana and then reach Herbert Canal, which drains the Northern part of Kole lands.
	2.0 meters
	1.5 meters

	6
	Kottemkkottu Regulator
	Katoor
panchayath
	to raise the water level in the Karuvanoor River which will increase the water flow in the Chirakkal Thodu and Herbert Canal.
	2.0 meters
	1.5 meters

	7
	Manjamkuzhi Regulator
	Nenmanikkara panchayath
	to divert water flowing from the Chimoni Dam through the Kurumali River to the Neeroli Thodu.
	n/a
	n/a

	8
	Beeyam Regulator
	Maranchery panchayath of Ponnani Kole
	to control the water level in the Nooradithodu for irrigation and flood control and prevents saltwater
intrusion into the Kole lands of Ponnani.
	n/a
	n/a


Source: Kole land Atlas, 2024
4.4 COST EFFECTIVENESS OF GREEN INFRASTRUCTURE 
The wetland rehabilitation system including canals, bunds, regulators and paddy fields offers long-term cost-effective solution in comparison with conventional grey infrastructures. The comparative cost and performance of two type of infrastructures collected from different sources of literature are presented in Table 2. 

Table 2. Comparative Cost and Performance of Wetland vs. Embankment Flood Control Measures in Kerala
	Parameter
	Wetland Rehabilitation (Canal + Vegetative Bunds)
	Conventional Embankments (Concrete or Earthen)
	Source

	Average construction cost (₹ million/km)
	6–8
	35–50
	MoWR (2020)

	Average maintenance cost (₹ million/year/km)
	0.3–0.5
	1.5–2.0
	CWRDM (2022)

	Design lifespan (years)
	20–25
	20–25
	MoWR (2020)

	Flood peak reduction (%)
	10–30
	15–20
	World Bank (2019); KSDMA (2021)

	Biodiversity benefits
	High (supports fish & bird habitats)
	Negligible
	Ramsar Secretariat (2018)

	Benefit–Cost Ratio (BCR)
	3.1
	1.6
	World Bank (2020); CWRDM (2022)

	Average avoided flood loss (₹/ha/year)
	18,000–25,000
	8,000–10,000
	KSDMA (2021); CWRDM (2022)

	Greenhouse gas emissions (kg CO₂ eq/km/year)
	~2,000
	~10,000
	MoWR (2020)


Source: various sources
The study confirms the cost-effectiveness of wetlands rehabilitation programmes after flood occurred in Kerala. Flood records show that the 2018 flood caused inundation up to 3 meters in several Kole fields, severely damaging crops and canal bunds, and embankments. However, the post rehabilitation by canal desilting and sluice repair results 22 per cent reduction in flood water retention time (WRD, 2021).  The World Bank (2020) reports that every 1,000 hectares of restored wetland can retain 9–14 million cubic meters of floodwater, reducing flood peaks in low-lying areas by 10–30 percent. Data from the Thrissur Kole Wetlands (KSDMA, 2021) corroborate these findings, showing a 22 per cent reduction in water retention time during floods and a 40 per cent improvement in drainage efficiency after canal rehabilitation. The cost effectiveness of rehabilitation showed that the average cost of construction of wetland rehabilitation methods is 75 per cent lower than the conventional concrete embankments while offering multiple ecosystem benefits. Moreover, these wetlands have the potential to reduce the severity of floods by about 30 percent. The benefit-cost ratio (BCR) for ecological rehabilitation averages 3.1, while it is only 1.6 for traditional flood barriers (CWRDM, 2022). Meanwhile wetlands are the largest storehouse of biodiversity spot in the world which supports large quantity of fish and other aquatic species and birds. At the state level, the assessment revealed that the average cost of annual flood damage could be reduced by ₹20,000 per hectare of restored wetland. When calculated over a total area of ​​13,600 hectares, the total avoided loss would be ₹272 crore per year. This demonstrates that investing in green infrastructure makes economic and environmental benefits and leads to measurable reductions in disaster risk of losses, and improves long-term hydrological resilience.	Comment by Dinanath: Too low readability. Improve text. And, break paragraph where necessary.
What did you do with the following, which you mentioned in the methodology?
· hydrological assessment, field-based ecological observations, and stakeholder oriented qualitative inquiry
· structured interviews were conducted with farmers, wetland committees, irrigation engineers, paddy land owners, and water management personnel
· Focus Group Discussions were held in Ponnani, Chazhur, Manalur, and Thommana Kole area.
5. CONCLUSION
The Kole wetlands exemplify the complex relationship between ecology, agriculture, and water management in a climate-vulnerable region. Evidence from hydrological data, economic assessments, and case studies demonstrates that green infrastructure offers a sustainable and cost-effective solution to disaster risk reduction. Wetland restoration reduces flood peaks, increases drought resilience, and provides significant economic benefits. Future research should focus on integrating GIS-based hydrological modelling and community-centred monitoring to ensure adaptive and participatory management of these important ecosystems.	Comment by Dinanath: What is the basis of this recommendation? 	Comment by Dinanath: It is not clear what you did in ‘hydrological assessment’ as you mentioned in the methodology section.
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