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Abstract

The fishing industry plays a vital role in global food security and livelihoods; however, its heavy dependence on synthetic, non-biodegradable fishing gear has intensified marine pollution, ghost fishing, and biodiversity loss. Abandoned, lost, or discarded fishing gear (ALDFG) continues to trap marine organisms for decades, contributing significantly to ecosystem degradation and microplastic contamination. This review critically examines recent advancements in eco-friendly fishing gear and sustainable materials, with a focus on biodegradable polymers, natural fibers, recyclable materials, and innovative gear designs aimed at reducing environmental impacts. Case studies from regions including the European Union, Japan, India, the United States, and Norway are analyzed to evaluate the environmental performance, economic feasibility, and regulatory support for sustainable fishing technologies. Innovative approaches such as biodegradable escape panels, LED-illuminated nets, non-entangling designs, GPS-enabled retrieval systems, and modular recyclable gear structures are assessed for their effectiveness in reducing bycatch and ghost fishing. The key findings reveal a global shift toward biodegradable materials, smart fishing technologies, and circular economy models, highlighting a major trend toward integrating environmental sustainability with fishing efficiency.Despite these advancements, challenges related to cost, durability, fisher awareness, and large-scale implementation remain significant barriers to adoption. The review concludes that eco-friendly fishing gear represents a viable pathway toward sustainable fisheries management, but its success depends on continued technological innovation, policy support, economic incentives, and collaborative engagement among governments, researchers, and the fishing industry to ensure long-term marine ecosystem resilience and sustainability.
Keywords: Ghost fishing, Sustainable fisheries, Bycatch, Marine plastic
1. Introduction
The fishing industry has faced intense scrutiny due to its environmental impacts, especially from marine pollution and ghost fishing—a phenomenon where lost or abandoned fishing gear continues to catch and kill marine life long after it has been abandoned (Wataniyakun et al., 2025). It takes centuries to degrade traditional fishing gear, which is typically made from synthetic materials such as nylon and polypropylene (Mathew Adewale et al., 2017). It contributes significantly to the accumulation of plastic waste in the oceans (Chaliluddin et al., 2021). This issue has led to a movement towards enduring fishing practices, including the development of eco-friendly fishing gear that uses biodegradable materials and durable designs. The aim is to lessen the industry's impact on the environment while maintaining efficiency in fish capture. This paper reviews modern innovations in eco-friendly fishing materials, innovations in gear design, tailoring strategies to specific regions, and the challenges facing widespread adoption of sustainable fishing gear (FAO,2020).According to Kawade et al.2025 Extensive research on oil spill contamination has established that chronic and acute marine pollution significantly alters ecosystem structure, impairs fisheries resources, and generates long-term ecological stress through habitat degradation and bioaccumulation of toxic compounds. Such pollution-related disturbances often lead to the displacement of fishing activities and increased loss of fishing gear, thereby exacerbating issues such as ghost fishing and persistent marine debris. In this context, the present review extends pollution-focused studies by emphasizing eco-friendly fishing gear and sustainable material innovations as proactive mitigation measures. The adoption of biodegradable and low-impact fishing technologies offers a complementary approach to reducing secondary pollution and enhancing the resilience of marine ecosystems already affected by oil-derived contaminants.
Although extensive research exists on marine pollution, ghost fishing, and the environmental impacts of abandoned, lost, or discarded fishing gear (ALDFG), the literature shows a fragmented approach toward solutions. Most existing studies focus either on environmental damage (e.g., ghost fishing, microplastics, oil spill impacts) or on individual technological fixes such as biodegradable nets or bycatch reduction devices. There is a clear lack of an integrated, comparative synthesis that evaluates eco-friendly fishing materials and innovative gear designs together, across different geo Consent ic regions, while simultaneously considering environmental effectiveness, durability, cost feasibility, and policy frameworks. Additionally, limited attention has been given to how sustainable fishing gear can act as a proactive mitigation strategy in marine ecosystems already stressed by pollution (including oil spill contamination), rather than merely as a reactive waste-management measure.
This review addresses the identified gap by providing a comprehensive and multidisciplinary synthesis of eco-friendly fishing gear innovations and sustainable materials. The paper systematically evaluates biodegradable polymers (PBS, PHA), natural fibers (cotton, jute, coir), recyclable gear systems, and smart technologies such as LED-illuminated nets, escape panels, non-entangling designs, and GPS-enabled retrieval systems. Through comparative case studies from the EU, Japan, India, the USA, and Norway, the study integrates technical performance, environmental benefits, economic viability, and regulatory support into a single framework. By linking sustainable fishing gear adoption with broader marine pollution mitigation and ecosystem resilience, the paper offers actionable recommendations for policy, industry adoption, and future research, thereby advancing sustainable fisheries. The primary aim of the review is to critically examine recent advancements in eco-friendly fishing gear and sustainable materials as practical solutions to marine pollution, ghost fishing, and bycatch. The review seeks to bridge a gap in the existing literature by offering an integrated and comparative synthesis of biodegradable materials, innovative gear designs, and smart fishing technologies across multiple geographic regions. In doing so, it evaluates not only environmental effectiveness, but also durability, economic feasibility, and policy support, positioning sustainable fishing gear as a proactive mitigation strategy for already stressed marine ecosystems rather than a purely reactive waste-management measure
2.Materials and Methods
2.1.Literature Review Approach
	This review paper includes a comprehensive survey of government reports, peer-reviewed journal articles, and relevant case studies addressing sustainable fishing gear materials and eco-friendly fishing practices. Literature was collected from different academic databases such as Springer, Google Scholar, and ScienceDirect using search keywords including biodegradable fishing gear, sustainable materials in fisheries, and eco-friendly fishing innovations. Importance was given to studies published between 2019 and 2024 to highlight recent developments in materials and technologies, while earlier works were also considered to provide essential background and foundational concepts.
2.2.Case Study Selection and Analysis
[bookmark: _Hlk207370249]Case studies from main fishing regions were selected i.e. The United States, the European Union, India and Japan, to give a multidimensional view of regional approaches to sustainable fishing. Each case study was selected based on the availability of data and documented results from initiatives to embrace eco-friendly materials and practices. Here the focus of analysis is on both the Operational feasibility and environmental impact of biodegradable nets, non-entangling designs and GPS-enabled retrieval systems with deeper understanding from research supported by organizations like FAO, NOAA and CIFT (kripa et al.,2022; NOAA,2020; Richardson et al.2022)
2.3.Synthesis of Findings
To identify the most frequently occurring challenges and the areas where eco-friendly fishing gear has demonstrated significant potential, findings from the reviewed literature and case studies were synthesized. The information was organized into subsections covering innovative gear designs, types of sustainable materials, and regional implementation strategies. This structured analysis provided the foundation for the recommendations and future directions outlined in the concluding sections of the review (FAO, 2020; Richardson et al., 2022).
3. Current Materials Used in Traditional Fishing Gear and Their Impact
Due to high durability, resistance to marine environments and low cost, fishing gear is mainly made from non-biodegradable synthetic polymers. Nylon, polyethylene and polypropylene are most popular and commonly used materials which are highly resistant to degradation and contribute significantly to marine pollution as Ghost fishing. Each year, an estimated 6,40,000 tons of abandoned or lost fishing gear enter the ocean, creating persistent pollution. This ghost fishing gear can continue trapping marine life for decades as they are not biodegradable, which affects not only target fish species but also unwanted bycatch, which comprises marine mammals, seabirds, and sea turtles. Furthermore, as synthetic materials degrade over time, they get broken down into microplastics, which can accumulate in the food chain and cause health risks to both marine life and humans (Richardson et al.,2022;FAO,2020). 
These environmental effects underline the need for alternative materials that can reduce the long-term effects of fishing gear on marine ecosystems. But still, challenges are there such as finding materials that balances the durability with environmental safety and economic affordability remains. Regardless of these challenges, the push for sustainable gear materials has led to a growing body of research into eco-friendly alternatives that could help solve these issues. Table 1 provides information on source of marine litter
Table 1. Source of marine litter (Pandey et al.,2025)
	Sea-based
	Land-based

	Merchant shipping, ferries and cruise ships
	Waste from municipal landfills

	Fishing vessels and fish farming
	A wider context of waste management

	Naval vessels, research ships & pleasure craft
	Discharge of untreated municipal sewerage & storm water

	Offshore oil and gas platforms
	River transport

	
	Tourism and beach users’ debris

	
	Industrial facilities

	
	Deforestation




4. Advancements in Eco-Friendly Materials for Fishing Gear
Remarkable progress has been made in the development of biodegradable and durable materials for fishing gear. The use of biodegradable polymers such as polybutylene succinate (PBS) and polyhydroxyalkanoates (PHA) is one of the beneficial methods (Do & Armstrong, 2025). These materials not only offer the durability needed for effective fishing but also break down naturally in marine environments, that reduces the risk of long term pollution if lost or discarded. 
Additionally, there are some sustainable alternatives that can be used along with synthetic biodegradable materials such as hemp, jute and cotton etc (Forse et al., 2025). Natural fibres. If lost in the ocean ,they would have minimal environmental effect as these fibres are naturally biodegradable.    Even so, natural fibres have some limitations in durability and can not cope with certain types of fishing, particularly those requiring strong tensile strength and resistance to waterlogging. New ideas are in progress to enhance these material's durability through chemical treatments or hybrid designs that combine natural and synthetic components (Hridayadasan et al., 2025).
Other remarkable approach is the use of recyclable and reusable materials. For example, certain types of fishing nets are being designed to be fully recyclable, allowing fishers to return damaged or old nets to manufacturers for recycling. These initiatives intend to create a circular economy within the fishing industry, further reducing waste and resource use. Modular gear designs are explored by companies that allow individual components to be replaced as needed, extending the lifespan of fishing gear and reducing waste (Richardson et al., 2022).
5. Innovative Designs to Reduce Environmental Impact
Environmental impact of fishing can be reduced by doing some modifications in gear designs, besides material innovations. To prevent the capture of non-target species like seabirds, Dolphins, turtles, non-entangling designs, for example, are crafted. Stiffer nets are used that are less prone to forming loops, which reduces the chances entangling marine life unintentionally. Escape panels'-Another design features is becoming more popular. These biodegradable panels break down over time, which allows trapped animals to escape if the gear is lost. These escape panels are already in use in some fisheries and have proven effective at reducing ghost fishing impacts (FAO, 2020).
Incorporation of light emitting diodes (LEDs) on fishing nets is another inventive design element (Yu et al., 2022). Studies have shown that, Bycatch is reduced as LEDs can deter certain species. For example, placing LEDs on gillnets has been found to reduce the capture of sea turtles, while still allowing the target fish species to be captured effectively. This species-specific fishing technique helps minimize ecological impact without reducing catch efficiency. The use of biodegradable materials along with these design modifications represents a hopeful direction for sustainable fishing practices.
5.1.Innovative Designs to Reduce Environmental Impact
For sustainable fishing, the development of new ideas in fishing gear designs that reduce environmental impact is critical. The goal of these designs is to minimize bycatch, reduce ghost fishing and improve the recovery of lost or abandoned gear. Many key improvements have been made in recent years, including biodegradable materials, escape mechanisms, and electronic tracking technology to solve the environmental challenges associated with traditional fishing gear.
5.2.Biodegradable and Bio-based Fishing Gear
The incorporation of biodegradable materials, which decompose naturally over time and thus reduce long-term environmental effects, is one of the most important innovations in fishing gear.Natural fibers like jute, cotton, and coir are used as sustainable alternatives along with synthetic biodegradable polymers, especially in traditional fisheries, where the cost and availability of synthetic biodegradable materials may be prohibitive. Kripa et al. (2022) from the Central Institute of Fisheries Technologies (CIFT) in India examined these natural fibres for coastal and small-scale fisheries, showing that while they degrade faster than synthetic nets, they still retain adequate durability for seasonal fishing activities.    
5.3.Escape Panels and Bycatch Reduction Device
In commercial large-scale industrial fishing, the capture of bycatch that is non-target species along with the target group is a major environmental concern. To tackle this, escape panels and bycatch reduction devices (BRDs) have been developed for gear, namely crab pots, trawls, and gillnets. These panels are designed to allow non-target species, like marine mammals and juveniles, to escape while retaining the target catch. NOAA's research on biodegradable escape panels for crab pots, which reduce bycatch of non-target species while also decreasing the risk of ghost fishing if the gear is lost (NOAA, 2020). Escape panels and BRDs are mostly constructed from biodegradable materials, which allows them to break down over time if the gear is dumped or lost. In the United States and Australia, these designs have proven especially effective in reducing turtle Bycatch in shrimp trawling operations. 
5.4.LED Lights to Prevent Bycatch

LED lights to fishing nets can significantly reduce bycatch by increasing net visibility to non-target species such as sea turtles and seabirds (Wang et al., 2013; Ortiz et al., 2016). Green and blue LEDs were particularly effective in gillnet fisheries, reducing turtle bycatch without lowering target catch rates (Wang et al., 2013). Illuminated nets altered the visual cues perceived by marine megafauna, allowing avoidance behavior before entanglement (Ortiz et al., 2016). Field experiments demonstrated reductions of up to 60–70% in turtle bycatch when LEDs were used (Wang et al., 2013). Similar approaches also reduced seabird interactions in coastal fisheries (Jiménez et al., 2020). Overall, LED illumination represents a low-cost, scalable mitigation strategy compatible with existing fishing practices (Ortiz et al., 2016). Table 2 shows studies assessing the use of LED illumination in fishing nets for bycatch reduction, showing LED type, protected species, fishing gear, study location
Table2: Studies assessing the use of LED illumination in fishing nets for bycatch reduction, showing LED type, protected species, fishing gear, study location
	Type of LED Used
	Species Protected
	Type of Net Used
	Country of Research
	Reference

	Green LED
	Sea turtles (Chelonia mydas, Lepidochelys olivacea)
	Gillnets
	Peru
	Wang et al., (2013)

	Blue LED
	Sea turtles
	Gillnets
	Mexico
	Ortiz et al., (2016)

	Green LED
	Seabirds
	Gillnets
	Chile
	Jiménez et al., (2020)



5.5. Electronic Tracking and Retrieval Systems
GPS and radio frequency identification (RFID) tags like electronic tracking devices, have been incorporated into modern fishing gear, to magnify the trackability and repossession of lost or dumped gear. In Norway, Gjosund and Brona(2021) documented successful trials of GPS enabled buoys and remotely triggered release mechanisms, that allows fishers to locate and retrieve lost fishing gear, that notably reduces the incidence of ghost fishing. In large scale fishing industry, these technologies are especially beneficial, where there is frequent loss of gear and cause a remarkable threat to marine life. Some large-scale fisheries have also started to adopt ‘smart buoys’ equipped with satellite-based technology, which facilitate gear retrieval. They can also provide real-time data on gear location, environmental conditions, and fishing depth. The integration of such technology not only helps fishermen to optimize their operations and improve efficiency but also allows regulatory authorities to monitor fishing activities more effectively. By preventing ghost fishing, smart buoys contribute to the conservation of fish populations through enhancing traceability, and support the broader goals of sustainable fisheries management.
5.6.Non-entangling Designs
For reducing the risk to marine animals, especially cetaceans and sea turtles, which are often entangled in traditional longlines and gillnets, non-entangling designs are another vital innovation. Redesigned fish aggregating devices (FADs) and rope-less traps etc. Non-entangling gear, are being examined in both the Atlantic and Pacific fisheries. Richardson et al.(2022) found that, rope-less traps ,which use inflatable buoys activated from boats to retrieve the traps, efficiently reduce entanglements of marine mammals while maintaining optimal harvesting. This method is especially beneficial in whale migration areas ,where entanglements in lobster and crab traps are a known threat to endangered species.
5.7.Innovations in Net Structure and Shape
Recent innovations in net structure and shape have focused on improving species selectivity while maintaining high catch efficiency, particularly in small-mesh trawl fisheries. A notable example is the development of the flexible, all-net Excluder device, which replaces rigid sorting grids with an elongated, cone-shaped inner selection tube constructed from square-mesh netting and supported by PVC kites to maintain net geometry during towing (Eigaard et al., 2024). This structural innovation increases the effective sorting area within the trawl, allowing smaller, elongated target species such as lesser sandeel to pass through the meshes while guiding larger bycatch species toward an escape opening, thereby exploiting size- and morphology-based separation mechanisms (Eigaard et al., 2024).
6. Case Studies and Regional Approaches
Eco-friendly fishing practices are adopted by different regions,all around the world,mostly supported by local governments ,NGOs and industry collaborations.The  European Union has introduced the use of eco-friendly fishing gear,with  policies that inspire or mandate biodegradable materials in specific fisheries to reduce plastic pollution.
There is also striking progress that is made by Japan in executing biodegradable fishing gear,especially in response  to the high occurance of lost gear in it's coastal waters. 
In the United States, projects that are financed by the National Oceanic and Atmospheric Administration (NOAA) have focused on substitute materials and designs for fishing gear. NOAA Fisheries (2020) conducted a wide-ranging study on biodegradable escape panels in crab pots, which allow crabs to escape after a certain period, minimizing ghost fishing risks. Results showed a depletion in unintended captures of marine life without a loss in catch efficiency, leading to increased acceptance of such designs along the Pacific coast.
In India, Central Institute of Fisheries Technology (CIFT) has also taken vital steps in advancing sustainable fishing gear suited to the country’s diverse fisheries.Biodegradable nets has designed through Research and Developement by CIFT,that uses locally available natural fibers like cotton and coir,customized for small-scale fishers in Kerala and Tamil Nadu.These eco-friendly nets have helped reduce marine pollution while maintaining output,particularly in small-scale traditional fisheries,according to Kripa et al.(2022).Furthermore, India's government has motivated eco-friendly fishing  through subsidies  and training programs ,whose aim is to support the transformation to sustainable practices across the country's vast seaside. 
In Norway, successful trials of the "smart" fishing gear,provided with sensors to prevent loss and enable  Retrieval  if abondoned ,that is documented by Gjosund and Brona(2021).By using GPS-enabled and remotely triggered release mechanisms,Norway has managed to remarkably reduce ghost gear and set an example for high-tech solutions to decrease environmental impact. 
These examples represent the global effort toward embracing eco-friendly fishing gear. By applying policies, technological developements, and public participation, these regions highlight a collective shift toward sustainable practices. Such case studies emphasize the effectiveness of eco-friendly gear as well as serve as a model for other nations looking for balance ecological protections with industry needs.



7.Rules and Regulations for Bycatch 

Bycatch reduction is regulated globally through a combination of international agreements and national fisheries management frameworks aimed at minimizing incidental capture of non-target species (FAO, 2009; Lewison et al., 2014). The Food and Agriculture Organization promotes ecosystem-based fisheries management, requiring member states to adopt mitigation technologies such as net illumination where effective (FAO, 2009). Regional fisheries management organizations have incorporated bycatch limits and mandatory reporting into operational guidelines (Lewison et al., 2014). The Convention on Migratory Species encourages the use of proven deterrent technologies, including LED lights, to protect marine megafauna (Wang et al., 2013). Additionally, national regulations in small-scale fisheries increasingly support low-cost bycatch reduction devices to balance conservation and livelihoods (Ortiz et al., 2016). Compliance is enforced through gear modification standards and observer programs. Together, these regulations emphasize prevention, monitoring, and adaptive management to reduce bycatch impacts.

8. Challenges and Future Directions
The shift to eco-friendly fishing gear faces many challenges, topmost  among them being Durability and Cost effectiveness. In most of the case,  biodegradable materials are more costly than traditional synthetic options, which can discourage small-scale fishers from accepting them. Moreover, on the other hand many biodegradable polymers have shown encouraging results in terms of environmental impacts, but they may lack the durability required for certain types of fishing, particularly in deep sea or high-tension operations. Developing economic feasibility and durable substitute is necessary for increased acceptance in the industry. 
Another major challenge is the lack of awareness and education about eco-friendly fishing gear options, especially in small-scale and developing fishing industry and without enough information and motivations, many fishers may be don’t want to switch from traditional gear. Thus more research and investment in educational initiatives are needed to close this gap. Moreover, global and national policy support will play an important role in encouraging and acceptance of sustainable fishing practices. The future of eco-friendly fishing gear lies in continued innovation, policy support, and industry collaboration, with a focus on balancing economic and environmental objectives (FAO, 2020).

9. Conclusion
The review identifies a clear global shift toward sustainability in fishing practices, driven by three major trends. First, there is increasing adoption of biodegradable polymers and natural fibers (such as PBS, PHA, cotton, jute, and coir), which significantly reduce long-term pollution and ghost fishing impacts compared to conventional synthetic gear. Second, innovative gear designs—including biodegradable escape panels, LED-illuminated nets, non-entangling structures, and species-selective net geometries are shown to effectively reduce bycatch and unintended mortality while maintaining catch efficiency. Third, the integration of smart technologies such as GPS-enabled retrieval systems and RFID tagging reflects a growing move toward circular economy models and improved gear traceability.Despite these positive developments, the review concludes that cost, durability limitations, limited fisher awareness, and scalability challenges remain key barriers to widespread adoption, particularly in small-scale and developing fisheries. Overall, the review determines that eco-friendly fishing gear represents a viable and necessary pathway toward sustainable fisheries management, but its long-term success depends on continued technological innovation, supportive policies, economic incentives, and collaborative engagement among governments, researchers, and the fishing industry.
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