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	ABSTRACT

The sustainability of wild captured fisheries has historically been examined through the concept of overfishing. But this limited approach is becoming inadequate. This narrative systematic review synthesizes peer-reviewed literature and institutional reports published between 2002 and 2025, with particular emphasis on studies from 2010–2025, addressing the environmental footprints of marine capture fisheries. The study critically synthesizes the global literature to bring attention to effects that stretch far beyond population trends. It is not limited to carbon and energy footprints, but also extends to the local and global impacts in terms of marine habitat loss, biotic stress on ecosystems and effects at higher levels of biodiversity and trophic structure. There is also a focus on the fishing fleets' high carbon dioxide emissions, which are one of the key but overlooked sources of greenhouse gases. The paper also considers the severe and enduring impact of mobile bottom-contacting gears on benthic ecosystems. Habitat modification, sediment erosion and removal of biogenic structures appear as continuous problems. Simultaneously, the widespread issue of by-catch is considered, and its impact on a wide variety of non-target species including endangered and protected ones. In addition to direct impacts, the review deals with cumulative and indirect pressures related to fishing. These include marine plastic pollution from abandoned, lost or discarded fishing gear (ALDFG). The interaction of fisheries with other anthropogenic pressures, particularly climate change, is also investigated, uncovering multiple and complex feedback loops that compound risk to species. Methodological solutions for measuring environmental footprints are reviewed, with particular focus on Life Cycle Assessment (LCA). The most recent methodological innovations are reviewed and compared with long-standing challenges, concerning data availability, system boundaries, spatial resolution and beyond. Nevertheless, LCA is an indispensable method to make such comparative environmental analyses. The synthesis illustrates a large variability within and between gear types, regions, fisheries. This diversity highlights the shortcoming of one-size-fits-all approaches to management. Context-specific strategies are therefore essential. The review concludes that a holistic, ecosystem-based approach to fisheries management is imperative. This approach will need to build on a sound knowledge of environmental footprints but also conform to global sustainability targets, such as the United Nations Sustainable Development Goals 12, 13 and 14. Aligning these requires a shift from single-species evaluations to holistic methods that fully consider the collective effects of fishing on ocean systems.
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INTRODUCTION
For decades overfishing, i.e., extracting fish population faster than it can be replenished has been the key concern about environmental burden of global fisheries (FAO, 2024). This focus has helped fisheries science and management to transform, achieving positive outcomes for some stock recoveries while also illuminating the woeful status of many others (Hilborn et al., 2020). But the single lens of overfishing, important though it may be, is an incomplete picture of seafood’s total environmental bill from wild capture. The footprint of contemporary industrial and small-scale fisheries on marine ecosystems gives rise to an array of pressures that exceed by far the direct removal of target populations (Reis-Filho et al., 2019; Halpern et al., 2008, 2019). These pressures make up a multi-dimensional environmental footprint manifested in the form of high consumption of energy and greenhouse gas (GHG) emissions, physical and biological disruption on large spatial scales for marine habitats, considerable incidental mortalities to non-target species (bycatch), and the entrance of longstanding pollutants into the marine environment (Parker et al., 2018; Avadí & Fréon, 2013).
The world fleet of fishing boats, numbering in the millions, is a large user of fossil fuels and an emitter of GHG that contribute to climate change (Jha et al., 2025; Parker et al., 2018). Some forms of fishing, notably bottom trawling and dredging, physically change or destroy large expanses of the seafloor with potential long-term impacts on benthic biodiversity, ecosystem function and the ocean’s ability to store carbon (Tiwari et al., 2025; Sala et al., 2021). Bycatch continues to be another ubiquitous problem, in which non-target fish, invertebrates, marine mammals and birds are caught and killed by fishing activities, affecting local feeding interactions and the survival of animals that might be at risk (Sonne et al., 2024; . Lewison et al., 2004; Ortuño Crespo & Dunn, 2017) Additionally, the fishing industry is a leading contributor of marine plastic pollution specifically through abandoned, lost or discarded fishing gear (ALDFG; commonly referred to as ‘ghost gear’), which can continue to entangle wildlife and damage habitats long after it has been lost ( Apte et al., 2024; Richardson et al., 2022 Macfadyen, 2009).
Understanding and measuring these multiple effects is critical for a more complete and efficient fisheries policy. This review aims to critically piece together the scientific evidence on environmental footprints of marine capture fisheries and shift the discussion “beyond over fishing”. This research covers the main aspects of these footprints -carbon and energy, habitat and biodiversity, pollution- and also looks at the methodogical tools applied for its measurement (Life Cycle Analysis – (LCA)- (Xuet al., 2025; Ziegler etal., 2016; Driscoll et al, 2015). By examining how these effects differ among fishing gear and regions, the study reveals important knowledge deficits and presents avenues for mitigation. Finally, this synthesis offers a broad-level perspective of what is known for policy and management. These initiatives work towards establishing a profoundly sustainable fishery by ensuring that it is operating within the limits of the ocean and contributing to global sustainability goals, such as the Sustainable Development Goals (United Nations, 2015).
2 METHODOLOGY
This narrative systematic review collated published peer-reviewed literature and institutional reports between 2002--2025 (with focus on 2010-2025) on environmental footprints of marine capture fisheries.  Comprehensive searches were conducted on Scopus, Web of Science (WoS), Google Scholar and institutional databases (FAO, UNCTAD, GESAMP, Ocean Conservancy) using five thematic search clusters: (1) carbon footprint and energy consumption ("fishing" AND "carbon footprint" OR "greenhouse gas" OR "fuel consumption" OR "LCA"), (2) habitat/biodiversity impact ("trawling" OR "bottom fishing" AND "habitat" OR "biodiversity" OR “ecosystem”), (3) ghost gear/marine pollution (‘ghost gear’ OR “ALDFG” in combination with “marine debris"), 4.0 life cycle assessment within fisheries (“LCA” in combination with “fish or seafood”) and 5.0 ecosystem-based management (“ecosystem based” or ‘cumulative impacts’ with a focus on ' fishes'). The data were retrieved, using standardized forms collecting bibliographic information, study specific characteristics, methodological assessments, environmental impact dimensions (carbon footprint [CF], habitat impact [HI], bycatch rates [BR], ‘ghost gear’ estimates) and policy implications. A narrative synthesis approach was used because of the diversity in study design and context, with findings presented under five thematic headings, supported by comparative meta-analysis for gear type and region (relevant quantitative data were summarized where comparable fuel consumption emissions, habitat impacts and bycatcll rates: mean an(.l range)). The review adopted the PRISMA guidelines for narratively organized reviews and was carried out over 26 weeks from August 2024 to January 2025. Several possible biases were considered: negative publication bias (preference for positive effects), geographic bias (over-representation of North Atlantic, Mediterranean, and North Pacific areas), gear subjective bias (higher representation by industrial trawling) and methodological bias (the LCA inadequacy in camel ecosystemic damages). Review limitations include the fact that only publications in English were included, data gaps in developing countries and a lack of understanding as to how fishing impact accumulates with other stressors.
3 CONCEPTUAL FRAMEWORKS OF ENVIRONMENTAL FOOTPRINTS IN FISHERIES
To transcend the simple overfishing orientation, a systematic framework is needed to consider various types of environmental consequences arising from fishing. The term "environmental footprint“ aims to address exactly this problem, and is used in a generic way here as referring to the complete assessment of pressures on the environment that are caused by a specific product, process or activity (Li et al., 2025; Grati et al., 2025). This concept, has increasingly been adopted and also applied for fisheries, following methods such as the Life Cycle Assessment (LCA), a standard quantitative method for assessing the environmental impact of a product—here seafood—from “cradle-to-grave”, or often in fish supply chains case ‘cradle-to-gate’ (biological resource extraction to landing port) (Kumar et al., 2024; Avadi & Fréon, 2013).
From an LCA perspective, fishing can be conceptualized as a system with inputs (e.g. fuel, gear materials and bait) and outputs (e.g., landed catch, bycatch, GHG emissions, waste). These flows are subsequently associated with a suite of potential environmental consequences (Ravi et al., 2020). The impact categories covered by a full LCA may range from the eutrophication to acidification, but for capture fisheries they all tend to concentrate in several dominant dimensions that are most relevant for this sector, and within which it has its environmental footprint (MaKuin et al., 2003; Ziegler et al., 2013):
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Figure 1. Conceptual Framework of Environmental Footprints in Marine Capture Fisheries and Their Linkages to Management and Policy
Conceptual framework illustrating the multi-dimensional environmental footprints of marine capture fisheries and their interconnections. Fishing operations generate four primary footprint dimensions: carbon and energy (fuel consumption, GHG emissions), habitat impacts (seabed disturbance, ecosystem alteration), biodiversity loss (bycatch, food web disruption), and pollution (‘ghost gear’, marine debris). These footprints interact cumulatively with other anthropogenic stressors, affecting ocean health and ecosystem services. Life Cycle Assessment (LCA) and footprint analysis tools (top) provide quantitative frameworks for measuring these impacts. Management responses (left) include gear modifications, spatial closures, and fuel efficiency improvements that create feedback loops to reduce environmental pressures. Policy alignment with UN Sustainable Development Goals (right)—SDG 12 (Responsible Consumption and Production), SDG 13 (Climate Action), and SDG 14 (Life Below Water)—provides a framework for transitioning toward sustainable fisheries. Adapted from Avadí & Fréon (2013); Halpern et al. (2019); Pikitch et al. (2004).
Within this conceptual framework, the environmental impacts of fisheries are considered along three predominant footprints: carbon and energy footprint, ecological footprint, and pollution. The carbon- and energy-footprint is a measure of both the fuel burned by fishing vessels and the energy investment required to construct, maintain, and repair boats and fishing gear relationship with climate change (Parker et al., 2018). The ecological footprint considers the impacts of fishing on habitat and biota, including damage to the sea bed resulting from certain types of fishing gear, by-catch (or accidental catch), and alterations in structure to marine food webs (Rickwood et al.,2025). The pollution concern footprint incorporates waste from fishing, with discarded and lost fishing gear being a large issue as it resides in the ocean and entangles wildlife while damaging habitat (Kuczenski et al., 2022). This method demonstrates that a fishery can be good or poor in different spaces. While measuring these footprints accurately can be challenging, the framework can help pinpoint major environmental issues, compare fishing methods and support better management of sustainable fisheries.(Figure-1)
4. CARBON AND ENERGY FOOTPRINTS OF FISHING
The world’s fishing industry is one of the biggest polluting sectors burning oil and gas. Thus, its carbon and energy cause is a significant part of its environmental footprint(Table-1).Fishing vessels are large emitters of greenhouse gases that burn heavy marine fuel oils. The most numerous of these is carbon dioxide (CO₂), which is directly responsible for human-induced climate change.(Jha et al., 2025; Chen et al., 2025)  Fishing fleets are usually high loaded and run continuously, in contrast to many other sea going ships. It means that for each unit of production their fuel use volume can be quite high. Fishing energy intensity is often expressed as the fuel used per ton of seafood caught (Parker & Tyedmers, 2015; Ruiz‐Salmon et al., 2021). This value can differ substantially across fisheries. This variation is driven by gear type, target species, distance to fishing grounds and vessel power.

 A global review by Parker et al. (2018) reported that the global fishing fleet used an estimated 40 billion litres of fuel in 2016. This process produced the equivalent of 178.8 million tonnes of CO₂. That much is similar to the output of whole nations. In contrast, fisheries tend to be ignored in international carbon accounting systems. The same study demonstrated that emissions vary widely from one part of the sector to another A relatively small fraction of the global fleet, dominated by large-scale operators, accounts for a disproportionate share of total fuel use and emissions.. As far as fishing techniques go, trawling is consistently listed as one of the most fuel-hungry. This is especially relevant for demersal trawl shrimp and flatfish fisheries. The high hydrodynamic drag of the gear significantly raises fuel consumption (Hilborn et al., 2023; Fakıoğlu, 2025).In some cases, the massive quantities of fuel needed to drag a tonne of fish to home port can be measured in thousands of litres. The generated carbon food print could even be larger than that of terrestrial animal protein production (Gephart et al., 2021). Consequently, it can be argued that harvesting is a key upstream driver of fisheries related CO2 emissions and influences through the downstream processing, feed production and globally traded fishmeal/fish oil supply chains rather than being confined to emissions generated at sea (Wang et al., 2025).
Table 1: Regional Variation in Carbon Footprint and Environmental Performance of Major Fisheries
	Region/Fishery
	Primary Gear Type(s)
	Target Species
	Fuel Consumption (L/tonne fish)
	GHG Emissions (kg CO₂-eq/tonne)
	Primary Habitat Impact
	Bycatch Rate (%)
	Key References

	North Atlantic (EU)
	Bottom trawl, beam trawl
	Cod, haddock, plaice
	400–800
	1,200–2,400
	Very High (seabed disturbance)
	15–35
	Hilborn et al. (2023)

	Mediterranean (Italy)
	Trawl, purse seine
	Hake, anchovy, sardine
	350–650
	1,050–1,950
	High (benthic habitat)
	10–25
	Sala et al. (2022)

	New Zealand Deepwater
	Bottom trawl, longline
	Orange roughy, hoki
	600–1,200
	1,800–3,600
	Very High (vulnerable ecosystems)
	5–15
	Penney, & Guinotte, (2013). Stephenson et al. (2025)

	Canadian Fisheries
	Trawl, longline, gillnet
	Cod, pollock, groundfish
	350–700
	1,050–2,100
	High (Atlantic); Medium (Pacific)
	12–28
	Epstein et al. (2025)

	Indian Marine Fisheries
	Trawl, gillnet, purse seine
	Shrimp, sardine, mackerel
	150–350
	450–1,050
	Medium–High
	8–20
	DIneshbabu et al.(2024)

	Peruvian Anchovy
	Purse seine
	Peruvian anchovy
	80–150
	240–450
	Very Low
	2–8
	Avadi et al., 2014

	Global Tuna (Mixed)
	Purse seine, pole-and-line, longline
	Yellowfin, skipjack, bigeye
	120–400
	360–1,200
	Very Low–Low
	5–40 (highly variable)
	Parker et al. (2018)

	North Sea Demersal
	Beam trawl, otter trawl
	Plaice, sole, cod
	500–900
	1,500–2,700
	Very High (benthic)
	20–40
	Hilborn et al. (2023)

	Norwegian Cod Fisheries
	Longline, gillnet, trawl
	Atlantic cod
	200–600
	600–1,800
	Low–High (gear-dependent)
	3–15
	Ellingsen, & Aanondsen (2006)

	Danish Fisheries (Mixed)
	Trawl, seine, gillnet
	Mixed demersal & pelagic
	250–500
	750–1,500
	Medium–High
	10–30
	Thrane (2004); 



The regional studies offer additional nuance to that variability. In the Italian . Sala et al. (2022) carried out energy audits and indicated by high fuel consumption in the trawl fisheries. Results are consistent with previous research for New Zealand’s deepwater trawl fleet and Canadian fisheries, that has identified the high carbon cost associated with this gear type (Mazzetto & Ledgard, 2023; Amoroso et al., 2018: Branch et al.,2010). However, estimates from India indicate that the country’s carbon footprint in marine fisheries is below world average which highlights the roles of fleet configuration and prevalent fishing methods on total emissions (Dineshbabu, et al., 2024). Fisheries that target large, schooling pelagic species with purse seines or using passive gears generally appear to be less fuel intensive (Ceballos-Santos et al., 2023 Watanabe &Tahara, 2016). For example, Parker et al. (2018) also showed that fuel use across global tuna fisheries could differ by one to two orders of magnitude for different gear types, with pole-and-line and some purse seine fisheries in particular proving much more efficient than longline operations. The Peruvian anchovy fishery, one of the largest on earth, provides an illustration of how economic drivers can be balanced with a measured carbon footprint (Deville et al., 2023). 
There is a growing interest in recent years on estimating the indirect effects of fishing on the ocean’s carbon cycle, in addition to CO2 released by fossil fuel burning. A pioneering investigation from Mariani and co-workers (2025) showed that fish biomass removal by fisheries diminishes the oceans ability to sequester carbon through the biological carbon pump. The research calculated that for each 1% of fish mass removed by fishing, the export of carbon to deep water decreases by about 0.8%. If this occurs in concert with the effects of climate change, fishing could exacerbate the decrease in carbon sequestration leading to a large carbon debt over the next century. This underscores a previously overlooked climate-induced effect of fishing, one in which the industry not only adds to emissions, but may also be undermining the ocean's natural carbon-soaking capacity (Siddiqui et al., 2024).
The fishing industry’s carbon footprint has far-reaching policy implications. The United Nations Conference on Trade and Development (UNCTAD, 2023) has a sense of urgency for fishing fleets to undergo an energy transition that leads to decarbonization but the menu is both difficult and expensive. Mitigation options include technical advances (e.g., better engines, hull form), operating changes (e.g., lower steaming speeds, optimized routeing), and transitioning to gears that use less fuel for fishing activities (Bastardie et al., 2022; Parker & Tyedmers, 2015). Simulations of fishery energy consumption by different low -carbon development scenarios indicate that great emissions reduction potential can be achieved (Xu, et al., 2024). The Life Cycle Assessment (LCA) helped  to identify such environmental hotspots from fossil fuel consumption to post-harvest activities including fish transportation systems (Ravi et al 2020; Jha et al., 2023) As the world aims to achieve the objectives of the Paris Agreement, tackling the carbon and energy footprint of the fisheries industry, will be a growing priority which would require a mix of policy incentives, technological developments, and increased focus on low impact fishing practices.
5. ECOLOGICAL AND BIODIVERSITY FOOTPRINTS
In addition to the removal of target taxa, fishing operations have a wide array of ecological effects on marine systems that shape habitats and non-target species. This footprint includes the physical and biological disturbance of the seafloor habitat, as well as by-catch and mortality of myriad marine species which cause knock-on effects on food webs and biodiversity (Hiddink et al., 2021; Sala & Knowlton, 2006).
5.1. Habitat Impacts
The physical effects of marine habitats are predominantly delivered by mobile bottom-contact fishing gears, such as bottom trawls and dredges (Hilborn et al., 2023). Such gears are towed along the seafloor, disrupting benthic communities as they target demersal fishes and invertebrates during fishing operations, leading to structural changes and unintended consequences for ecosystem function (Bradshaw et al., 2024). Hiddink et al. (2006) provided a prominent illustration of these effects, showing strong shifts in benthic fauna with increasing trawling pressure. One of the first comprehensive reviews of these impacts was by the National Research Council (2002), which found that trawling and dredging both diminish habitat complexity, reduce biodiversity, and impair functioning of benthic communities. The heavy gear clears, plows and suspends sediments on the seabed damaging fragile, slow-growing structure-forming organisms such as corals, sponges and bryozoan. These animals have been commonly referred to as ‘ecosystem engineers’, because they create highly important habitat for many other organisms, including juvenile commercially important fish (Bruns et al., 2023) and their loss leads to transitions in benthic habitats from structurally complex three-dimensional structures to simplistic low-diversity seascapes often taking years or even centuries before they recover if ever (Felgate et al., 2024).
Recent studies continue to reinforce the magnitude and extent of these effects. Demersal destructive fishing is consistently reported in global maps of human impacts on the oceans as one of the stressors with among the widest distribution and strongest intensity (O'Hara et al., 2024; Halpern et al., 2019). There are also major biogeochemical implications for the re-suspension of seafloor sediments. Trawl may re-suspend large amounts of sediment and/or smother filter-feeding organisms, as well as release buried nutrients and toxicants (Bradshaw et al., 2018).More recently, researchers have examined the effects of bottom trawling on sedimentary carbon reserve of the seabed. The seabed is believed to be by far the largest reservoir of organic carbon on earth, this interrupted by physical disturbance from trawling which has the potential to remineralize carbon, releasing it as CO2 and compromising the long-term capacity of oceanic carbon sequestration (Sala et al., 2022). A meta-analysis at the global level, carried out by Tiano et al. (2024), which demonstrates that demersal fishing has a dramatic impact on the biogeochemical properties of the seafloor, and is supported by regional studies of the disturbance to seabed carbon storages (Epstein et al., 2025). Recent global estimates show that, on the timescale of decades to centuries, bottom trawling can contribute ∼0.34–0.37 Pg CO₂ yr⁻¹ of CO₂ emissions to the atmosphere by disturbing carbon stored in seabed sediments. The release of CO₂ through this process means that mobile bottom fishing is a climate‑relevant source of CO₂ emissions as well as through its role in removing biomass from ecosystems (Atwood et al., 2025).
5.2. Biodiversity and Ecosystem Footprints
The biodiversity impacts of fishing go far beyond the catch that is intended. Bycatch in the fishing process, which is essentially taking of fish species not part of the exploited stock, has been recognized as a common problem in almost all fisheries and one of its main causes for biodiversity loss (Lively and Mackenze 2023; Kushal et al 2024). By catch is highly diverse, encompassing non-targeted fishes and invertebrates to charismatic mega fauna (which are often have legal protections), such as sea turtles, marine mammals, seabirds and sharks (Scales et al., 2018;: Lewison et al., 2014). The mortality due to bycatch can be a significant source of pressure on vulnerable populations jeopardizing population recovery and, in extreme cases, leading to extinction. For instance, gill nets are notorious for the high rates of bycatch of cetaceans and diving seabirds (Ramírez et al., 2024), while longlines represent a major risk to sea turtles and albatrosses lured to baited hooks (Lewison et al., 2014). The environmental impacts of residue disposal have started to be quantified through ecological risk assessments, on a regional scale, as shown by Peixoto et al. in Brazil (2025) under the by catch derogation.
The depletion of copious amounts of target and non‐target species can also lead to dramatic shifts in marine food webs on the ecosystem level. The ‘fishing down the food web’ theory originally proposed by Pauly et al. (1998) about depleting large and long-lived predatory fish at the upper end of the food web to smaller species lower in trophic level. This could generate trophic cascades where the reduction of a top predator will allow their prey to increase, with consequences for organisms further down the food chain (Marguin et al., 2025). Such changes can alter the very functioning and structure of entire marine ecosystems leading to less resilient and less productive states (Marlani et al., 2016). The accumulated impacts of fishing when combined with other stressors such as climate change and eutrophication may further augment these effects rendering difficult the recovery of ecosystems (Halpern et a!.,2019; Bergstrom et a!., 2019). Assessing these cumulative impacts remains a major challenge, as highlighted by Clarke et al. (2014) and more recently by O’Hara et al. (2024), who emphasize the importance of regional context and persistent knowledge gaps in evaluating cumulative human pressures on marine fauna. 
6. CUMULATIVE AND INDIRECT IMPACTS
The environmental impact of fishing does not only include the day-to-day implications, such as fuel consumption, habitat destruction or bycatch. The industry also causes indirect and long term effects that can last and interact over a span of long duration and an extensive physical region. These include the marine pollution that results from lost fishing gear and the synergies between fishing pressure and other human induced stressors.
6.1. Marine Pollution and Ghost Gear
The fishing industry is responsible for a majority of global marine plastic pollution, notably Abandoned, Lost, or Discarded Fishing Gear (ALDFG) commonly referred to as ‘ghost gear’ (Apte et al., 2023). Fishing gear is built sturdy and to catch fish, but those very qualities also make it incredibly destructive when it’s lost at sea. A seminal document by Macfadyen et al. (2009) for the FAO constituted an initial effort to draw the world’s attention to its potential magnitude; several later studies have since corroborated this impression. A study by Richardson et al. (2022) estimated that hundreds of thousands of tonnes of fishing gear are lost to the oceans annually, which include large quantities of nets and lines and millions of pots and traps. This gear is a large component of the marine plastic budget (Sala et al., 2021). 
This gear does not disappear after it is lost, rather it can continue to “ghost fish,” ensnaring and killing marine animals of all kinds years or even decades into the future, with far-ranging ecological and economic implications (Do & Armstrong, 2023; World Animal Protection, 2019). ‘Ghost gear’ has become the well-known killer type of marine plastic debris, causing entanglements across species, including target fish and crustaceans as well as marine mammals, sea turtles, and seabirds (Wilcox et al., 2015). Gilman et al. (2021) ranked gear types according to their risk—the notable contribution of certain net or trap designs. Apart from ghost fishing, ALDFG also results in habitat damage. Heavy gear, such as lost pots or nets, can scour the seabed, ruining sensitive habitats including coral reefs and seagrass beds. After extended usage, these gears degrade into micro sized plastic particles and eventually become an ubiquitous pollution called “microplastic,” the ingestion of which has a tendency to move up within the food chain in marine life (Zhang et al., 2019) The economic impacts are also substantial, including the cost of lost catch, damage to active fishing gear, and the expense of clean-up operations. As highlighted by Do and Armstrong (2023), the presence of ALDFG can negatively affect a range of ecosystem services. Global initiatives and policy analyses, such as those by the Global Ghost Gear Initiative and Group of Experts on the Scientific Aspects of Marine Environmental Protection are now focused on prevention, mitigation, and remediation strategies to address this persistent environmental threat, while the impacts of gear disposal in coastal areas continue to be an area of active research (Ekperusi, et al., 2025). Operational guidance from the International Seafood Sustainability Foundation (ISSF) underlines that Successful management of ALDFG should be supported by fishery‑ or region‑specific Plans of Action integrating gear marking, incentives and protocols for retrieval, adequate port reception in checking facilities and plan assigned responsibilities and reporting obligations for fishing operators and competent authorities (ISSF 2025).
6.2. Cumulative ecosystem-level impacts
  	Fishing doesn’t happen in isolation. Its effects marine ecosystems are frequently also exacerbated by other anthropogenic stressor including climate change, ocean acidification, land-based pollution and coastal development. Evaluation of these "cumulative impacts" is a key scientific challenge but crucial for accurately understanding the intrinsic vulnerability of marine ecosystems (Clarke Murray et al. 2014). The work of Halpern et al. (2008, 2019) has played a critical role in identifying the global reach of cumulative human impacts to the oceans, continually demonstrating very little if any sectors free from multiple disturbances. Fishing, and demersal destructive fishing in particular, is repeatedly reported as one of the most pervasive and significant stressors.
These stressors may also interact multiplicatively in complex manners and be non-additive to each other. The habitat destruction due to bottom trawling, for example, can undermine the capacity of an ecosystem to cope with the consequences of ocean warming or deoxygenation. A coral reef affected by fishing gear is expected to be more prone to bleaching during a marine heatwave. Also, the bionic stress on fish from warming water could increase their susceptibility to fishing pressure while concurrent effects of eutrophication and fishing can influence coastal fish populations (Bergström et al., 2019). The interaction between fishing and climate change on the ocean’s Biological Carbon Pump, as represented by Mariani et al. (2025) and Cavan and Hill (2022).It is a classic example of cumulative impact in that two stressors combine to have a stronger negative effect than either would alone. Evaluating and addressing these cumulative impacts is a key tenet of Ecosystem-Based Management (EBM) that seeks to transition from the management of single-issues or single-species to broader approaches that recognize the collective suite of stresses acting on an ecosystem ( Flowers et al., 2025; Pikitch et al., 2004 ). Yet, data needs and model complexity required to achieve robust assessments for cumulative impacts remain challenging for both scientists and managers, although recent work has continued to demonstrate regional disparities and limitations in knowledge (O’Hara et al., 2024).
7. METHODOLOGICAL APPROACHES
There is a variety of methodological approaches to quantify the environmental footprints of fisheries, but Life Cycle Assessment (LCA) has emerged as the most prominent and encompassing framework (Avadí & Fréon, 2013; Ziegler et al., 2011). LCA is a structured, ISO 14040/14044 standard method for assessing the environmental impacts of a product or service throughout its life cycle (Table-2). For the fisheries, this is usually considered in a ‘cradle-to-gate’f scenario that includes all activities from vessel and gear construction up to when fish are delivered to a harbor (Driscoll et al., 2015).
The advantage of LCA system is the potential to gain a full multi-dimensional view of the environmental performance, which thereby can prevent shifting problem in burden (e.g. relieve one aspect while aggravating another). For instance, a gear change to reduce bycatch might lead to increased fuel use; LCA permits quantification of this trade-off. This process may be broken down into four phases: (1) goal and scope definition, where the definition of system boundaries and functional unit (e.g., one tonne of landed fish) is established; (2) Life Cycle Inventory (LCI), concerning data collection about all inputs (fuel, materials, bait…) and outputs (landed catch, emissions, waste); (3) Life Cycle Impact Assessment (LCIA), which translates the inventory data into potential environmental impacts [e.g., global warming potential, acidification potential, eutrophication potential]; and finally 4) interpretation studies in order to draw conclusions based up on the results achieved and recommend improvements to existing practices(Ruiz-Salmón et al., 2021).
Table 2: Life Cycle Assessment (LCA) Studies in Fisheries—Methodological Summary and Key Findings
	Study
	Fishery
	Functional Unit
	Impact Categories
	Key Finding(s)
	Primary Limitation(s)
	Quality

	Avadí & Fréon (2013)
Fréon et al. (2014)
	Peruvian anchovy
	1 kg fish
	GWP, AP, EP
	Fuel dominates impact; anchovy lower footprint than other species
	Single species; excludes bycatch/habitat
	High

	Thrane (2004)
	Danish mixed
	1 kg fish
	GWP, AP, EP
	Trawling 3–5× higher footprint than passive gears
	Allocation method unclear; limited ecosystem impacts
	Moderate

	Ziegler et al. (2003)
	Norwegian cod
	1 kg product
	GWP, AP, EP, WD
	Fishing = 50–70% of total; post-harvest significant
	Excludes bycatch; single region
	Moderate

	Ellingsen & Aanondsenf (2006)
	Norwegian cod
	1 kg fish
	GWP, AP, EP, WD
	Longline/gillnet lower than trawl; high allocation uncertainty
	Limited data; allocation-sensitive
	Moderate

	Parker & Tyedmers (2015)
	Global fleet
	1 tonne fish
	GWP
	Fuel intensity varies 2–3 orders of magnitude
	Global aggregation masks regional variation
	High

	Driscoll et al. (2015)
	Seafood review
	Variable
	GWP, AP, EP, WD
	Methodological challenges in allocation; bycatch rarely included
	Heterogeneous methods limit comparison
	High

	Sala et al. (2022)
	Italian Mediterranean
	1 kg fish
	GWP, AP, EP, WD
	Trawl: 1,050–1,950 kg CO₂-eq/tonne; fuel dominates
	Single region; excludes habitat recovery costs
	Moderate

	Ruiz-Salmón et al. (2021)
	Fish products review
	Variable
	GWP, AP, EP, WD, HT
	Significant regional variation; processing/transport underestimated
	Heterogeneous data; limited ecosystem assessment
	High

	Vázquez-Rowe et al. (2012)
	Multi-species (Spain)
	1 kg fish
	GWP, AP, EP, WD
	Discard allocation increases footprint 20–50%
	Highly allocation-sensitive; limited validation
	Moderate

	Codotto et al. (2024)
	Global commercial
	1 tonne fish
	GWP
	±30–50% uncertainty in estimates from model variability
	High uncertainty; limited developing-nation data
	Moderate–High

	Bergman et al. (2025)
	Seafood LCA review
	Variable
	GWP, AP, EP, WD, Biodiversity
	Biodiversity factors underdeveloped; integration challenging
	Methodological gaps; limited peer-reviewed factors
	High

	Hélias et al. (2023)
	Fisheries LCA
	Variable
	Ecosystem quality, biodiversity
	New characterization factors for bycatch/seabed proposed
	Limited field validation; region-specific
	Moderate


Table 3 Notes: GWP = Global Warming Potential (kg CO₂-eq); AP = Acidification Potential; EP = Eutrophication Potential; WD = Water Depletion; HT = Human Toxicity. Functional unit = basis for impact calculation. Quality ratings: High = transparent, well-documented, widely applicable; Moderate = adequate with limitations. Table illustrates LCA evolution in fisheries (2003–2025), progressing from carbon-focused to ecosystem-integrated approaches, while highlighting persistent methodological challenges in allocation, bycatch integration, and ecosystem impact quantification. References: Avadí & Fréon (2013); Bergman et al. (2025); Codotto et al. (2024); Driscoll et al. (2015); Ellingsen et al. (2008); Parker & Tyedmers (2015); Ruiz-Salmón et al. (2021); Sala et al. (2022); Stanford-Clark et al. (2024); Thrane (2004); Vázquez-Rowe et al. (2014); Ziegler et al. (2003).
However, the use of LCA in fisheries is not without its methodological issues. A principal review by Driscoll et al. (2015) identified a number of these, not least the challenge of distributing impacts in mixed-species fisheries where one fishing operation generates a range of products. For example, if a trawl haul catches dozens of different species, how to apportion the amount of fuel used for the catch among all those species? Various allocation rules (e.g., mass-based allocation, economic-value-based allocation) may result in large differences in footprints for the same species introducing uncertainty and making comparisons difficult (Ruiz-Salmón et al.,2021; Ziegler et al., 2016). Another important difficulty is the inclusion of ecosystem-level effects, something that does not usually form part of a standard LCA framework. The direct effects of fishing in terms of impact on biodiversity, related to the content of bycatch and damage to habitats are site-specific and calculation with the generic characterisation factors used in LCA is not straightforward (Gaillet et al., 2021).
Recent progress has been made in the combat of these deficiencies. Research is increasingly being conducted toward development of newer impact assessment tools that are fishery-specific3. For instance, Vázquez-Rowe et al., (2014) showed how discards assessments could be genuinely considered in fisheries LCA to improve the assessment of by-catch impacts. Other groups of scientists are developing characterisation factors that can convert levels of by-catch or the extent of sea-bed trawling into impacts on biodiversity and ecosystem quality (Hélias et al., 2023). Bergman et al. (2025) present a more recent review on methodologies aiming at the closer inclusion of aquatic biodiversity loss into seafood LCAs, and Codotto et al. (2024) investigate the large LCA uncertainty induced by various modeling decisions and natural variations in fishing activities. In addition, there is a trend towards hybridisation where LCA will be combined with other tools, such as ecosystem models and risk assessment to deliver a more comprehensive sustainability picture. With increasing quality of data and the development of methodology, LCA and other foot printing tools will be more useful to identify environmental hotspots – informing transitioning towards sustainable fisheries (Laso et al.,2018).
8. REGIONAL AND GEAR-SPECIFIC VARIABILITY
It is important to note that the environmental impact of fishing is not uniform: it largely depends on the type of gear used, and different targeted species and ecosystem characteristics as well as management systems. It is important to understand this variation in order to build cost-effective and targeted mitigation measures. A comparative analysis uncovers distinct patterns of the environmental performance of fishing gears, and illustrates that gear type is a major driver of fishery impacts.
Gears contacting the bottom by their bottom, owing to this highly destructive scape function, namely bottom trawl and dredge gears are consistently placed at the top of the overall environmental footprint. As noted, they are also highly fuel-intensive and contribute disproportionately more than any other sector of fishing to direct physical damage to the substrates further associated with seabed habitats (Hilborn et al., 2023; Parker & Tyedmers, 2015). Their by-catch record is also variable and usualy lousy, particularly in mixed-species tropical fisheries. Regional LCA studies from the Spanish coast to India have repeatedly identified trawling as an environmental hotspot (Ravi et al., 2020; Iribarren et al., 2011).
Purse seines, another major industrial gear type targeting schooling pelagic species such as tuna and sardines, tend in general to be more fuel efficient per tonne of fish caught (Sandison et al., 2021; Parker et al.,2018). As for their actual habitat impact, it is negligible. But their by-catch footprint can be large, so especially in combination with Fish Aggregating Devices (FADs) they attract much more other than the targeted species, like e.g. sharks or juvenile tunas and other predators (Castresana, et al., 2025).
Static or passive gear types, such as gillnets, longlines, and pots/traps are in general much lower energy use compared to active, mobile gears due to not having to tow heavy equipment through the water (Parker et al., 2018). Comparison of the Carbon footprint of New Zealand fisheries also verified that longlines showed a lower carbon footprint than trawls (Mazeto and Ledgard, 2023). Yet the biggest environmental problem associated with these gears is usually by-catch. Gillnets are also prone to high levels of by-catch of non-target fish, diving seabirds and marine mammals (Lewison et al., 2004), as a result of their wall-like configuration. Longlines also represent a major threat to various seabirds, sea turtles and sharks that are drawn into baited hooks (Anderson et al., 2011). The introduction of pots and traps is usually more selective, but their contribution to ghost fishing can be significant when lost (Gilman et al. 2021).
The (Table-3) provides rough qualitative comparison of the major types of gear in terms of critical footprint dimensions (based on literature). Please acknowledge that actual performance within any gear type will vary widely depending on particular gear configurations, fishery operations and the efficacy of management measures (e.g., use of by-catch reduction devices)
Table 3 A qualitative comparison of the relative environmental footprints of major commercial fishing gears. 
	Gear Type
	Primary Targets
	Fuel / Carbon Footprint
	Seabed Habitat Impact
	Bycatch Risk
	Ghost Fishing Risk

	Bottom Trawls/Dredges
	Demersal fish, shrimp, scallops
	High
	Very High
	High-Very High
	Low-Medium

	Pelagic Trawls
	Schooling pelagic fish (e.g., pollock, hake)
	Medium-High
	Very Low
	Medium
	Low-Medium

	Purse Seines
	Schooling pelagic fish (e.g., tuna, sardines)
	Low-Medium
	Very Low
	Medium-High (esp. with FADs)
	Low

	Gillnets
	Wide range of demersal & pelagic fish
	Low
	Low
	Very High
	High

	Longlines (Pelagic/Demersal)
	Tuna, swordfish, cod, halibut
	Low-Medium
	Low
	High (seabirds, turtles, sharks)
	Medium

	Pots and Traps
	Crabs, lobsters, octopus
	Low
	Low-Medium
	Low
	Very High

	Pole and Line
	Tuna
	Low
	Very Low
	Very Low
	Very Low


The ratings (Very Low, Low, Medium, High, Very High) represent a generalized assessment based on typical performance without advanced mitigation measures. Performance can vary significantly based on specific fishery context and management
This variation highlights that there is not a one-size-fits-all answer to driving down the environmental impact of fishing. Management has to be gear-based, fishery-specific and ecosystem-specific. One possible policy focus is the promotion of transitions to lower-impact gears and practices, at the core for an ecosystem-based approach to fisheries management (Muñoz et al., 2023).
9. POLICY IMPLICATIONS AND MANAGEMENT RESPONSES
.	 Recent OECD assessments emphasize that decarbonizing fisheries will require coordinated energy transitions across fleets, ports, and value chains, supported by policy instruments that align fuel switching, efficiency gains, and governance reforms with broader climate objectives (OECD, 2025).Matching these multifaceted environmental footprints of fishing with the complex biosphere is not an academic intellectual exercise but rather a necessary precondition for creating policies that work and can lead this important sector to sustainability. Expanding beyond single-species-based stock-centric assessment, MAF's fisheries management structure will need to better reflect the full scope of fishing impacts on the marine environment. This involves a shift toward Ecosystem-Based Fisheries Management (EBFM) that is specifically designed to manage human activities so as to support the health and resilience of the entire ecosystem, including communities indirectly affected by exploitation (Pikitch et al., 2004; Flowers et al., 2025)
In accordance with footprint analysis, management may be aimed at several levels. The first one is related to the possible impact of technological and operational changes. As for SSD impacts on carbon footprint, the actions revolve around engine consumption, optimized hulls and gear with lower drag factors and operational decisions such as reduced vessel speeds (Bastardie et al., 2022; Parker & Tyedmers, 2015 ). For ecological footprints, tools and gear modifications e.g. turtle excluder devices (TEDs) in trawl nets, bird-scaring lines on longlines vessels, and acoustic pingers to deter marine mammals from gillnets have been introduced with since mixed success(Lucas & Berggren 2022).
Second, spatiotemporal control is an effective strategy to minimize the environmental footprint. Beyond habitat protection, Marine Protected Areas (MPAs), especially large well enforced no take reserves, can serve to protect stocks and biodiversity from the impacts of fishing and allow for recovery of depleted stocks and ecosystems (Badger etal., 2023; Gaines et al., 2010). Over and above static closures, Dynamic Ocean Management (where the location of closure is adjusted in near real-time as organisms move or according to oceanographic conditions) allows some flexibility for the reduction of by-catch and protection of mobile habitats (McDonnell etal.,2024 Maxwell et al 2015). Marine Spatial Planning (MSP) offers a more holistic approach to ocean space allocation that can balance spatial demand between conflicting uses, such as fishing, conservation, and energy harvesting endeavours from the sea with an aim to reduce conflicts and cumulative effects (Janben et al., 2018). As argued by Talbot-Jones et al. (2024) MSP represents a valuable tool for supporting the shift to Ecosystem-Based Fisheries Management (EBFM). 
Another is the role of market-based and incentive mechanisms in fostering environmental improvements. Eco-labelling and certification programs, like that offered through the Marine Stewardship Council (MSC), are designed to give consumers information about which seafood products were harvested sustainably, and in turn this system is meant to provide a market for better practices. Though the criteria for these systems have typically centred on stock status and management efficiency, there are growing calls for them to more explicitly and stringently consider broader environmental impacts; such as carbon footprint, habitat damage and ghost fishing effects (McLennan et al., 2023: Thrane et al., 2009). Another important policy lever is to redirect subsidies of government from those that lead to overcapacity and fuel consumption into those that encourage investment in low-impact technologies, by-catch reduction, and sustainability (United Nations, 2015).
Last, but not least, matching fisheries management to international commitments such as the UN’s Sustainable Development Goals (SDGs) is a major driving force for change. SDG 14 (Life below Water) specifically calls for an end to overfishing, protection of marine ecosystems, and the removal of harmful subsidies. But the environmental impact of fishing also has bearing on SDG 13 (Climate Action) directly as it contributes to GHG emissions, and on SDG 12 (Responsible Consumption and Production) through the challenge of developing sustainable food systems. Meeting these needs will require a re-orientation in fisheries governance, embodying fully the principles of Ecosystem-Based Fisheries Management (EBFM) and using environmental footprint analysis as a guide to how policy is devised, innovation rewarded and the industry held to account for its full impacts on the health of our oceans (Liu 2023; Singh et al., 2017).
10. FUTURE RESEARCH DIRECTIONS
Despite a major progress in the knowledge about environmental impacts of fisheries, there are several and priority knowledge gaps and methodological obstacles. Developing targeted research on these is needed to improve management and mitigate impacts. Important directions for future research will be:
Better Footprint Methodologies and Data: There is an urgent need to standardize LCA methodologies, particularly for fisheries, in order to increase the ability to compare studies. This involves also agreeing on an allocation method of multi-species catches as well as further refining the more detailed, regionalized life cycle inventory databases (Driscoll et al., 2015). An important frontier is nevertheless the increasing integration of ecological damages in the LCA context. The development and validation of characterization factors that can translate such measures, for example “tones of by-catch”, or “area of seabed trawled” into meaningful, quantifiable impacts on biodiversity and ecosystem function still constitutes a core challenge (Bergman et al., 2025; Hélias, et al., 2024).
Measuring and Predicting Cumulative Effects: The art of cumulative impact assessment is still evolving. Areas for future work should continue efforts to go beyond correlative studies and toward predictive mechanistic models of how stressors—including the suite of fishing, climate change, and pollution stressors—interact to affect marine ecosystems (Halpern et al., 2019; O’Hara et al., 2024). To this effect, an interdisciplinary approach is necessary to combine climate models, ecosystem models and socio-economic drivers in order to predict the future state of marine ecosystems under different management and climate scenarios.
Understanding the Biogeochemical Impact of Fisheries: That fishing can influence the ocean’s biological carbon pump has emerged only recently and is a key area for future studies (Mariani et al., 2025; Cavan & Hill, 2022). More study would be required to fine-tune projections for how the extraction of living marine resources and fishing-induced disruption of seabed sediments will impact carbon uptake in diverse ocean basins and ecosystems. Such work is essential for comprehending the complete climate ramifications of the fishing sector, and it’s also necessary for appraising fisheries management as a nature-based climate solution.
Evaluation of the Socio-Economic Aspects of Mitigation: Moving to less-impactful fishing methods has major socio-economic impacts. Future research should focus on exploring potential costs and benefits of various mitigation strategies, the risk for adverse side effects (e.g., employment losses or stranded assets), and social equity impacts of policy responses. Understanding the obstacles hindering the uptake of new technologies and practices by fishers is key in developing effective and equitable transition pathways.
Closing the Loop on Ghost Gear: Although the destructive effects of ALDFG are well-documented, there remain considerable uncertainties about how much and what type of gear is lost, and where (Richardson et al., 2022). Further research efforts should concentrate on improving stock loss estimation, enhancing gear marking and tracking technologies and designing biodegradable fishing gears to minimize the longevity and effects of lost gear. Furthermore, research into cost-effective and scalable methods for ‘ghost gear’ retrieval and recycling is urgently needed (Law et al., 2024).
11. CONCLUSION
While overfishing remains a central challenge, the FAO (2025) assessment shows that cumulative environmental footprints such as habitat degradation and climate pressures now critically constrain the sustainability of marine capture fisheries, demanding management approaches beyond stock based controls. The environmental narrative of marine capture fisheries should embrace a more complex ecological actuality beyond that of overfishing. Current fishing operations have a substantial footprint across the chemical, physical, and biological realms, with much of the latter being attributable to heavy use of carbon-based fuels through which they also make a major contribution to global greenhouse gases. This effect is only aggravated by the fact that extraction of marine-biomass can reduce the ocean’s natural ability to sequester carbon. Moreover, the deployment of mobile bottom-contact gear results in significant damage to habitats on the seabed and concerns such as by-catch and ‘ghost gear’ lead to long-term impacts on biodiversity and ecosystem structure. Not only are these impacts highly dependent on the choice of gear, location and strength of management, there is a clear potential to reduce harm by moving toward low-impact practices. Methodological apparatus, such as Life Cycle Assessment is similarly becoming a necessary tool for quantifying this trade-offs and showing potential intervention points. Finally, true sustainability will only be realised if a general shift is made towards a precautionary approach that takes account of the ecosystem as a whole (including climate aspects), protects sensitivity zones and encourages technology transfer. By treating the marine world as an important and imperiled ecosystem, not just as a place to collect seafood, we can protect a more resilient future for the oceans.
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