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ABSTRACT
Fisheries and aquaculture collectively underpin global food security, provide livelihoods for hundreds of millions of people, and contribute substantially to the nutrition of coastal and inland communities worldwide. Yet escalating anthropogenic pressures—including overfishing, habitat destruction, climate change, and pollution—continue to challenge the long-term viability of these sectors. This review synthesises recent advances in sustainable fisheries management and aquaculture practices, drawing on peer-reviewed literature published primarily between 2005 and 2026. The global status of wild-capture fisheries and farmed production is examined alongside innovative management approaches such as ecosystem-based fisheries management and marine protected areas. Emerging aquaculture technologies—including integrated multi-trophic aquaculture, recirculating aquaculture systems, and alternative feed ingredients—are critically evaluated. The roles of remote sensing, biotechnology, and selective breeding in improving sustainability outcomes are also discussed. Socioeconomic dimensions of sustainability, including food security, small-scale fisheries, the blue economy, and the governance frameworks that underpin sustainable practice, are further addressed. The review identifies critical knowledge gaps and proposes a research agenda to advance the sustainable co-development of fisheries and aquaculture in a rapidly changing world. This review demonstrates that sustainable fisheries and aquaculture have become a scientific, technological, and governance priority of the first order. It is recommended that an integrated, evidence-informed, and equitable approach be possible to ensure that aquatic food systems continue to support human flourishing within planetary boundaries.
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1. INTRODUCTION
Aquaculture is one of the fastest-growing food sectors worldwide. During the last 20–30 years, the sector showed a constant and significant increase in the contribution of commercial and industrial aquaculture to global production (Verdegem et al., 2023). Aquaculture is considered to have great potential for supplementing the animal protein demand of an ever-growing population (Jiang et al., 2022). The world's oceans, rivers, and lakes sustain approximately 600 million livelihoods and supply more than 3.3 billion people with at least 20 per cent of their average per capita animal protein intake (Béné et al., 2015; Béné et al., 2016). Global fisheries and aquaculture production have grown markedly over the past six decades, driven by expanding consumer demand, dietary transitions in populous middle-income nations, and the increasing recognition of seafood as a source of high-quality, micronutrient-rich protein (Golden et al., 2016). According to FAO, aquaculture and fisheries combined accounted for 17% of total animal-source protein for human consumption (Boyd et al., 2022). Despite this trajectory of growth, the sector stands at a pivotal crossroads. Decades of intensive exploitation have depleted numerous commercially important fish stocks, degraded critical marine habitats, and diminished the broader ecological services upon which productive fisheries depend (Halpern et al., 2008; Pauly et al., 1998). In parallel, aquaculture—the farming of fish, shellfish, crustaceans, and aquatic plants—has emerged as one of the world's fastest-growing food production sectors, yet its rapid expansion has also generated environmental concerns related to water quality, escapement of farmed species, use of wild-caught feed fish, and disease transmission (Klinger & Naylor, 2012; Naylor et al., 2009).
The concept of sustainable fisheries and aquaculture has evolved considerably since its initial formulation in the Brundtland Report of 1987, which called for development that meets the needs of the present without compromising the ability of future generations to meet their own needs. Applied to the aquatic food sector, sustainability encompasses not only the biological and ecological dimensions of stock health and ecosystem integrity, but also the economic viability of fishing and farming enterprises, the social equity of access and benefit distribution, and the governance capacity to manage shared and transboundary resources effectively (Ostrom, 2009; Pitcher & Cheung, 2013; Roberts et al., 2024). Recent decades have seen a proliferation of management tools, technological innovations, certification schemes, and international policy frameworks aimed at operationalising these multifaceted sustainability goals.
The urgency of sustainable fisheries management has been heightened by the growing recognition that climate change is already reshaping ocean productivity, species distributions, and the timing of biological events critical to fisheries (Brander, 2007; Cheung et al., 2009; Free et al., 2019). Ocean warming and acidification are altering the physiological performance of marine organisms, whilst changing current patterns and upwelling dynamics are affecting the spatial structure of fish stocks in ways that cut across existing jurisdictional boundaries (Kroeker et al., 2013). Meanwhile, the global aquaculture sector is projected to supply an increasingly dominant share of the world's seafood as wild-capture production approaches or has already reached its sustainable ceiling (Merino et al., 2012; Kobayashi et al., 2015).
Against this backdrop, the present review provides a comprehensive and up-to-date synthesis of recent trends in sustainable fisheries and aquaculture. By integrating findings from peer-reviewed research across fisheries science, marine ecology, aquaculture engineering, food systems, and environmental governance, this review aims to identify the most promising pathways towards a more sustainable global blue food system and to highlight areas where further scientific and policy effort is most urgently required.
1.1 Scope and Objectives
This review focuses on the period from 2005 to 2026, with selected references to foundational and classic studies where these provide essential conceptual context. The primary objectives of this review are: (i) to describe the current global status and production trends of both wild-capture fisheries and aquaculture; (ii) to synthesise advances in sustainable fisheries management, including ecosystem-based approaches, spatial planning, and stock assessment; (iii) to evaluate emerging and established sustainable aquaculture technologies and practices; (iv) to assess the role of technological innovation—including remote sensing, genomics, and biotechnology—in advancing sustainability; (v) to examine the environmental challenges facing both sectors, with particular attention to climate change and pollution; (vi) to explore the socioeconomic dimensions of sustainability, encompassing food security, equity, and the blue economy; and (vii) to review current governance and policy frameworks and identify gaps requiring future research and action.
2. METHODS FOR LITERATURE SELECTION
The literature for this review was identified through systematic searches of the following academic databases: Web of Science, Scopus, Google Scholar, and PubMed. Primary searches were conducted using combinations of key terms including 'sustainable fisheries', 'sustainable aquaculture', 'ecosystem-based fisheries management', 'marine protected areas', 'integrated multi-trophic aquaculture', 'recirculating aquaculture systems', 'aquaculture feed sustainability', 'climate change fisheries', 'blue economy', and 'fisheries governance'. Additional searches employed terms targeting specific subsectors and technologies, including 'selective breeding aquaculture', 'insect meal fish feed', 'seaweed farming', 'global fishing watch', 'small-scale fisheries', 'fisheries subsidies', and 'seafood certification'.
The date range for literature retrieval was set from 2005 to 2026, although seminal and frequently cited works published before 2005 were also included where they provide indispensable conceptual or historical context. All retrieved literature was restricted exclusively to peer-reviewed journal articles published in recognised international academic journals. Books, grey literature, technical reports, working papers, practitioner guides, and governmental or intergovernmental publications were deliberately excluded to ensure the highest standards of scientific rigour and reproducibility. Titles and abstracts were screened for relevance to the thematic scope of the review, and full texts were retrieved for all candidate papers. Duplicate records were removed, and studies were evaluated for methodological robustness and relevance. The final reference list represents literature deemed most pertinent to the themes addressed in this review, with priority given to high-impact studies published in internationally indexed journals.
3. GLOBAL STATUS OF FISHERIES AND AQUACULTURE
3.1 Capture Fisheries: Production and Trends
Global wild-capture fisheries production has undergone a complex trajectory over the past several decades. Official reporting by international fisheries bodies has long pointed to a plateau in marine landings at roughly 80–85 million tonnes annually since the late 1980s. However, a landmark study by Pauly and Zeller (2016), employing systematic catch reconstruction methods, demonstrated that global catches were considerably higher than reported, peaking at approximately 130 million tonnes in the mid-1990s and declining substantially since then. This discrepancy arose largely from the systematic under-reporting of small-scale, subsistence, and discarded catches in official statistics, thereby obscuring the true magnitude of exploitation pressure on marine resources. The study's findings fundamentally altered the scientific community's understanding of the global fishing footprint and underscored the urgency of governance reform.
A troubling corollary of intensive exploitation has been the progressive fishing down of marine food webs—a phenomenon rigorously documented by Pauly et al. (1998), who demonstrated that the mean trophic level of global catches declined as fisheries sequentially depleted large, high-trophic-level predators and shifted targeting towards smaller, shorter-lived species at lower trophic levels. This reorganisation of fishing effort carries profound ecological consequences, destabilising community structure, reducing ecosystem resilience, and eroding the productive potential of marine systems. The proportion of fish stocks exploited at biologically unsustainable levels has increased substantially, and overexploitation is particularly acute in tropical and subtropical seas where governance capacity is often weakest and dependence on fisheries for food security is highest.
Despite these challenges, there is compelling evidence that recovery is achievable under reformed management. Costello et al. (2016) analysed a large global database of assessed fish stocks and demonstrated that, under improved management arrangements, global fisheries could increase long-term sustainable catches whilst simultaneously rebuilding depleted biomass. This optimistic scenario, however, depends on the implementation of science-based harvest controls and the political will to reduce fishing effort during recovery periods—conditions that remain difficult to satisfy in many jurisdictions.
3.2 Global Aquaculture: Growth and Diversification
Aquaculture has emerged as one of the most rapidly expanding sectors of global food production. From a position of relative insignificance in the mid-twentieth century, it now accounts for more than half of all aquatic food consumed by humans (Troell et al., 2014). Asia—particularly China—dominates production both in volume and diversity, accounting for the majority of global finfish, shellfish, crustacean, and seaweed output. Global aquaculture production has grown at an average annual rate exceeding five per cent over recent decades, driven by rising consumer demand, advances in hatchery technology, and the expanding geographical reach of farming operations (Kobayashi et al., 2015).
The diversity of cultured species has broadened considerably. Whilst salmonids, tilapia, catfish, and carps remain dominant in volume terms, significant investments have been made in the farming of marine finfish such as sea bass, sea bream, turbot, and grouper, as well as high-value crustaceans including shrimp and prawns. Bivalve molluscs—oysters, mussels, clams, and scallops—represent a particularly important segment of sustainable aquaculture on account of their filter-feeding ecology, which requires no external feed inputs, and their positive contributions to coastal water quality. Detailed spatial analysis by Gentry et al. (2017) and Froehlich et al. (2018a) revealed that vast areas of the global ocean possess suitable physical conditions for marine aquaculture, and that expansion potential is largely constrained by governance, social, and economic factors rather than biophysical limits alone.
The cultivation of aquatic macroalgae (seaweeds) has similarly expanded, with global seaweed farming now producing tens of millions of tonnes annually, primarily in Asian countries, for use in food, pharmaceuticals, fertilisers, and biofuel feedstocks (Duarte et al., 2017). A comprehensive comparative assessment by Gephart et al. (2021) evaluated the environmental performance of blue foods across multiple impact categories and found that molluscs and seaweeds consistently exhibited the lowest environmental footprints per unit of nutrition, whilst fed marine finfish and crustaceans showed higher greenhouse gas emissions and land-use intensities. These findings carry important implications for guiding the sustainable expansion of the sector. Despite the impressive growth trajectory of aquaculture, concerns persist over the ecological sustainability of intensive farming, encompassing water quality impacts, use of wild-caught fish for feed production, and antibiotic and chemical use (Cabello, 2006; Klinger & Naylor, 2012).
4. SUSTAINABLE FISHERIES MANAGEMENT
4.1 Ecosystem-Based Fisheries Management
Traditional single-species fisheries management, which focused primarily on maintaining the biomass of individual target stocks above levels required for maximum sustainable yield, has been progressively supplanted—at least in principle—by the more holistic paradigm of ecosystem-based fisheries management (EBFM). EBFM recognises that fish stocks are embedded within complex food webs, physical environments, and socio-institutional systems, and that management must account for ecological interactions, environmental drivers, and human dimensions simultaneously (Pikitch et al., 2004). The intellectual case for EBFM is compelling: single-species models that ignore predator–prey dynamics, habitat dependencies, and environmental variability consistently fail to anticipate the cascading effects of exploitation on the broader ecosystem, as illustrated by the sequential collapse of many predator populations following the depletion of their prey bases.
In practice, the implementation of EBFM has proved challenging. It demands multi-species stock assessments, integration of oceanographic and ecological data, explicit consideration of bycatch and habitat impacts, and coordination across jurisdictions and sectors. Progress has been made in several regions—including the Norwegian Sea, the California Current system, and the Benguela Current large marine ecosystem—where EBFM approaches have been operationalised to varying degrees. Hilborn and Ovando (2014) argued that many traditionally well-managed fisheries already embody key EBFM principles implicitly, and called for pragmatic integration of ecosystem considerations into existing management frameworks rather than wholesale replacement of established approaches. Nevertheless, the operationalisation of full EBFM—particularly in data-limited, multi-jurisdictional, and developing-country contexts—remains a central frontier of fisheries science and governance.
4.2 Marine Protected Areas and Spatial Planning
Marine protected areas (MPAs) have become a central pillar of marine conservation and fisheries management policy. By removing or limiting fishing pressure from defined spatial zones, MPAs permit depleted populations to recover, biomass to rebuild, and ecological processes to be restored. A comprehensive global synthesis by Lester et al. (2009) demonstrated that no-take MPAs consistently produce significant positive biological effects, including increased fish biomass, density, diversity, and body size within their boundaries. These ecological benefits are well-established; however, the extent to which they translate into broader fisheries benefits through spillover of adult fish and larvae into adjacent fished areas remains more variable and context-dependent.
The effectiveness of MPAs is strongly contingent on design and implementation quality. Edgar et al. (2014) identified five key features of high-performing MPAs: no-take status, well-enforced boundaries, old age, large size, and isolation from human pressures. Their global analysis demonstrated that MPAs possessing all five features contained fish communities with dramatically higher biomass than equivalent unprotected areas, whilst MPAs lacking these features offered minimal conservation benefit. These findings carry important implications for the design of the expanding global network of MPAs, particularly given international commitments under the Kunming-Montreal Global Biodiversity Framework to protect 30 per cent of the world's ocean by 2030. Integrated marine spatial planning—extending beyond discrete MPAs to encompass the zoning of entire marine regions for multiple uses—has gained traction as a more comprehensive approach to balancing biodiversity conservation with fisheries, energy, and recreation interests.
4.3 Stock Assessment, Monitoring, and Catch Reporting
Robust stock assessment is the cornerstone of evidence-based fisheries management. Conventional assessment methods rely on a combination of fisheries-dependent data (commercial and recreational catch statistics, observer records) and fisheries-independent surveys to estimate population biomass, age structure, and reproductive output. These data-intensive methods are well-developed for large, commercially important stocks in high-governance nations but remain poorly suited to the many data-limited fisheries that characterise tropical and developing-country contexts, where the majority of the world's fishers and fishing-dependent communities are located.
The systematic under-reporting of catches revealed by Pauly and Zeller (2016) has spurred innovation in catch reconstruction methods that incorporate diverse data sources, including ethnographic surveys, household consumption studies, and trade statistics. Complementing these approaches, advances in environmental DNA sampling, acoustic survey methods, and machine learning-based image recognition are offering new tools for non-invasive, high-resolution monitoring of fish populations. Satellite-based vessel monitoring systems and automatic identification system data cross-referenced with global fishing watch databases, as demonstrated by Kroodsma et al. (2018), have revolutionised the capacity to track fishing vessel activity at the global scale, revealing previously uncharted patterns of distant-water fleet behaviour and identifying zones of potential illegal, unreported, and unregulated (IUU) fishing. The integration of these diverse monitoring tools within adaptive management frameworks offers transformative potential for improving both the accuracy and timeliness of fisheries assessment.
5. SUSTAINABLE AQUACULTURE PRACTICES
5.1 Integrated Multi-Trophic Aquaculture
Integrated multi-trophic aquaculture (IMTA) represents one of the most ecologically inspired approaches to sustainable fish farming. In IMTA systems, the by-products—uneaten feed, faeces, and dissolved waste—from one species are used as inputs for other, complementary cultured organisms at different trophic levels, thereby increasing resource use efficiency and reducing environmental impact (Troell et al., 2009). A typical IMTA configuration might co-culture finfish such as Atlantic salmon alongside suspension-feeding bivalves such as mussels or oysters, which filter particulate organic matter from the water column, and extractive macroalgae such as kelp, which absorb dissolved inorganic nutrients. The result is a farm system that mimics aspects of natural ecosystem function, reducing the net release of nutrients and organic matter into the surrounding marine environment whilst diversifying production and potentially improving the economic resilience of the enterprise.
Research at IMTA pilot sites in Canada, Norway, Chile, China, and Israel has demonstrated reductions in nitrogen and phosphorus release per unit of finfish produced, improved water quality around farm sites, and commercial viability of co-cultured extractive species (Troell et al., 2009). Salmon aquaculture operations in coastal Chile, for instance, have been linked to significant nutrient loading and ecosystem-level impacts, and IMTA-style integration of bioremediation species has been explored as a mitigation strategy in that context (Buschmann et al., 2009). Scaling IMTA from pilot to commercial operation, however, remains technically and logistically challenging, and the optimal species combinations, spatial arrangements, and stocking ratios require careful site-specific experimentation and modelling. Regulatory frameworks in most jurisdictions have not yet fully adapted to accommodate the novel multi-species, multi-operator arrangements that advanced IMTA systems require.
5.2 Recirculating Aquaculture Systems
Recirculating aquaculture systems (RAS) represent a technologically intensive approach to sustainable aquaculture characterised by the recycling and treatment of water within enclosed facilities. In a RAS, water is continuously filtered, re-oxygenated, and purified through a combination of mechanical, biological, and UV treatment processes before being returned to the fish rearing tanks. This enables the production of fish at very high densities with minimal water exchange and effluent discharge—typically reducing water consumption by over 95 per cent compared with flow-through systems (Martins et al., 2010). The environmental advantages of RAS are considerable: the technology eliminates the risk of fish escapement into wild environments, prevents direct discharge of nutrient-laden effluents into adjacent water bodies, allows full control over feeding regimes and growth parameters, and can be located anywhere, effectively decoupling fish production from coastal and freshwater environments.
Land-based salmon RAS facilities have been developed in Europe, North America, and Asia, attracted by growing consumer demand for locally produced, traceable seafood. Martins et al. (2010) reviewed the development of RAS technology across European contexts and identified improving energy efficiency, effective biofilter management, and handling of solid wastes as the primary technological challenges requiring further innovation. However, RAS are highly energy-intensive, and their overall environmental impact depends critically on the carbon intensity of the energy sources used. Life cycle assessments have generally found higher energy and carbon footprints per unit of fish produced in RAS compared with net-pen aquaculture, unless renewable energy sources are employed. The economic cost structure of RAS operations is considerably higher than conventional systems, requiring sustained high market prices to remain commercially viable—a factor that currently limits adoption to premium market segments.
5.3 Alternative and Sustainable Feed Ingredients
The dependence of aquaculture—particularly carnivorous species such as salmon, trout, and marine finfish—on fishmeal and fish oil derived from wild-caught pelagic fish is one of the most significant sustainability challenges facing the sector. Global fishmeal production is concentrated in a handful of species and regions, notably anchovy in the Humboldt Current, sand eels in the North Sea, and capelin in the North Atlantic, whose exploitation for reduction to meal and oil contributes to ecological stress in these ecosystems and to competition between aquaculture and direct human consumption (Naylor et al., 2009; Olsen, 2011).
Over the past two decades, the aquafeed industry has made substantial progress in replacing fishmeal and fish oil with alternative protein and lipid sources. Plant-based proteins—including soybean meal, rapeseed meal, and wheat gluten—have been incorporated at high inclusion rates into feeds for many species, although challenges remain with respect to digestibility, amino acid profiles, and the presence of anti-nutritional factors. Terrestrial animal by-products, including poultry meal and feather meal, represent another source, subject to regulatory restrictions in several jurisdictions. More recently, insect meal—particularly from black soldier fly (Hermetia illucens) larvae—has emerged as a promising and environmentally advantageous protein source that can be produced on organic waste streams with minimal land and water requirements (Henry et al., 2015). Similarly, single-cell proteins derived from fermentation of bacteria, yeast, or microalgae, and algal oils produced by heterotrophic microalgae rich in long-chain omega-3 fatty acids, are increasingly incorporated into commercial aquafeeds, reducing dependency on wild fish-derived oils whilst maintaining the nutritional quality of farmed fish for human consumers (Naylor et al., 2009; Olsen, 2011). Froehlich et al. (2018b) conducted a comparative scenario analysis demonstrating that transitioning to a world in which aquaculture provides the majority of aquatic protein supply could, if managed carefully, be achieved with considerably less land and wild fish consumption than an equivalent reliance on terrestrial livestock production.
5.4 Selective Breeding and Genetic Improvement
Selective breeding programmes have delivered transformative productivity gains in terrestrial livestock agriculture over the past century, and aquaculture is increasingly following this path. Systematic selective breeding of Atlantic salmon initiated in Norway in the early 1970s has yielded cumulative genetic gains in growth rate of approximately 10–15 per cent per generation, now representing one of the most successful livestock improvement programmes in history (Gjedrem et al., 2012). Similar programmes have been developed for tilapia, common carp, catfish, shrimp, and a growing range of marine finfish, generating gains in growth rate, feed conversion efficiency, disease resistance, and stress tolerance with significant positive implications for the economic and environmental sustainability of production.
The integration of genomic tools—including genomic selection based on dense single-nucleotide polymorphism marker panels and, more recently, gene editing technologies such as CRISPR-Cas9—has accelerated the pace of genetic improvement whilst reducing costs and improving the precision of selection (Gjedrem et al., 2012). However, the application of gene editing in aquaculture raises complex regulatory and ethical questions, particularly regarding the potential ecological impacts of escapement of genetically modified fish into wild environments and the acceptability of such products to consumers in different markets. Robust regulatory oversight and comprehensive environmental risk assessment are essential prerequisites for the responsible deployment of advanced genetic technologies in commercial aquaculture.
6. TECHNOLOGICAL INNOVATIONS IN FISHERIES AND AQUACULTURE
6.1 Remote Sensing, Big Data, and Vessel Monitoring
Advances in satellite technology, electronic monitoring, and data analytics have transformed the capacity for real-time observation of fishing activity and ocean conditions at global scales. The Global Fishing Watch initiative, drawing on automatic identification system transponder data from commercial vessels, has enabled researchers and regulators to track the precise movements and inferred activities of tens of thousands of fishing vessels worldwide (Kroodsma et al., 2018). Analysis of this dataset revealed that global fishing effort is distributed across more than 55 per cent of the world's ocean area, and identified temporal patterns related to seasons, weather events, and regulatory closures. Crucially, it has also enabled the identification of vessels operating outside declared fishing zones or without legitimate registration, substantially strengthening efforts to combat IUU fishing at the global scale.
Remote sensing of ocean colour, sea surface temperature, chlorophyll-a concentrations, and current patterns from earth observation satellites provides fisheries managers and industry operators with real-time information on the location of productive fishing grounds, facilitating more efficient targeting and reducing fuel consumption. Machine learning and artificial intelligence are finding increasing application in fisheries science, including in the classification of fish species from underwater camera imagery, the prediction of stock dynamics from environmental covariates, and the optimisation of fishing gear designs to reduce bycatch. These emerging analytical tools hold considerable promise for improving the cost-effectiveness and accuracy of fisheries assessment and monitoring across diverse operational contexts.
6.2 Biotechnology and Genomics in Aquaculture
Beyond selective breeding, molecular biotechnology is opening new avenues for disease management, reproductive control, and nutritional enhancement in aquaculture. Genomic sequencing of commercially important aquaculture species has expanded rapidly, with high-quality reference genomes now available for Atlantic salmon, rainbow trout, tilapia, common carp, and several marine finfish and crustacean species. These genomic resources underpin marker-assisted and genomic selection programmes and enable the identification of quantitative trait loci associated with economically important traits such as disease resistance, flesh quality, and thermal tolerance.
Vaccine development has emerged as a critical tool for reducing antibiotic use in aquaculture. The salmon aquaculture industry in Norway successfully transitioned away from heavy reliance on antibiotics in the 1990s following the development and widespread adoption of multivalent oil-adjuvanted vaccines against furunculosis and vibriosis—a public health and environmental success story that stands as a model for other producing nations (Cabello, 2006). Antibiotic resistance nonetheless remains a significant concern in aquaculture contexts where vaccination coverage is low and antimicrobial use is poorly regulated, particularly in parts of South and Southeast Asia where shrimp and fish production is intensive and growing rapidly (Cabello, 2006). Addressing these challenges requires coordinated action spanning research, regulation, industry practice, and international trade standards.
6.3 Seaweed Cultivation and Blue Biotechnology
The cultivation of marine macroalgae has attracted growing interest not only as a food and feed source but as a potential mechanism for carbon sequestration, coastal bioremediation, and production of high-value bioactive compounds. Seaweed farming requires no freshwater, no fertiliser inputs, and no feed, deriving all nutrient requirements from the surrounding seawater, making it one of the least environmentally impactful forms of food production per unit area (Duarte et al., 2017). The potential of seaweed farms to mitigate coastal eutrophication by absorbing excess nutrients from agricultural runoff, aquaculture effluents, and urban discharge has been explored in several contexts. When integrated into IMTA systems, macroalgal culture can absorb dissolved inorganic nitrogen and phosphorus released by co-cultured finfish, performing an important ecosystem service whilst generating harvestable biomass (Troell et al., 2009).
The carbon sequestration potential of kelp and other large seaweeds has attracted particular scientific and policy interest. However, as Duarte et al. (2017) noted, the fate of carbon fixed in seaweed biomass—whether it is remineralised rapidly in coastal waters, exported to depth, or permanently sequestered—remains a subject of active and unresolved research. Blue biotechnology, which encompasses the discovery and development of bioactive compounds from marine organisms, represents a further frontier with commercial applications in pharmaceuticals, nutraceuticals, cosmetics, and speciality feeds. Algal oils rich in long-chain omega-3 fatty acids, derived from microalgae cultivated in heterotrophic fermentation systems, are already commercialised as a sustainable substitute for fish-derived oils in both aquafeeds and human nutritional supplements.
7. ENVIRONMENTAL CHALLENGES AND CLIMATE CHANGE IMPACTS
7.1 Ocean Warming, Acidification, and Distribution Shifts
The impacts of anthropogenic climate change on marine ecosystems and the fisheries they support represent one of the defining challenges for the sector in the twenty-first century. Ocean warming has already caused significant poleward shifts in the distributions of numerous commercially important fish species, altered the phenology of spawning and recruitment, and changed the seasonal timing of productivity in both temperate and high-latitude seas (Cheung et al., 2009; Brander, 2007). Free et al. (2019) conducted a comprehensive analysis of historical catch data and linked observed changes in production to sea surface temperature anomalies, finding that warming has already produced significant net decreases in maximum sustainable yield for many stocks, with impacts disproportionately affecting lower-latitude fisheries and the food-insecure populations that depend upon them.
Ocean acidification—the progressive decrease in seawater pH resulting from the absorption of atmospheric CO2—poses particular threats to calcifying organisms, including oysters, mussels, corals, and certain echinoderm and crustacean species (Kroeker et al., 2013). Kroeker et al. (2013) synthesised the results of hundreds of laboratory and mesocosm experiments and found consistent negative effects of acidification on calcification rates, survival, growth, and reproduction across a wide range of marine taxa. Combined effects of warming and acidification are generally more severe than either stressor alone, raising serious concern about the future viability of bivalve aquaculture in regions experiencing rapid ocean change. Projections of future fisheries production under climate change scenarios consistently indicate substantial redistribution of catches across latitudinal gradients, with tropical and subtropical nations facing the greatest losses in catch potential (Cheung et al., 2009), creating new tensions in international fisheries governance as stocks migrate across existing jurisdictional boundaries.
7.2 Pollution, Habitat Degradation, and Biodiversity Loss
The cumulative impact of human activities on marine ecosystems—documented comprehensively by Halpern et al. (2008) through an integrated global mapping exercise—reveals that virtually no area of the world's ocean is entirely free from anthropogenic influence. Nutrient loading from agriculture, sewage, and aquaculture drives widespread coastal eutrophication, producing hypoxic dead zones, harmful algal blooms, and deteriorating water quality in productive estuarine and nearshore environments. Plastic pollution has emerged as a pervasive contaminant across all ocean zones, with microplastics documented in the tissues of commercially important fish and shellfish, with potential implications for product safety and consumer acceptance.
Habitat degradation, particularly the loss of mangrove forests, seagrass beds, coral reefs, and estuarine wetlands, which serve as critical nursery and feeding habitats for many commercially exploited species, has profoundly undermined the productive potential of coastal fisheries. Much of this habitat loss has been attributed directly or indirectly to aquaculture expansion, coastal development, and land-use change in adjacent catchments. The conversion of mangrove ecosystems for shrimp pond construction in Southeast Asia and other tropical regions has been particularly destructive, eliminating habitats that simultaneously support fisheries, sequester carbon, and provide coastal protection against extreme weather events (Klinger & Naylor, 2012). The restoration of degraded coastal habitats is increasingly recognised as both an important co-benefit of sustainable aquaculture and fisheries management programmes, and a policy priority in its own right under international biodiversity and climate frameworks.
8. SOCIOECONOMIC DIMENSIONS OF SUSTAINABLE FISHERIES AND AQUACULTURE
8.1 Food Security, Nutrition, and Human Health
Fish and other aquatic foods are nutritionally distinctive in their concentration of long-chain omega-3 polyunsaturated fatty acids, high-quality protein, and micronutrients including iodine, zinc, calcium, iron, and vitamin D. For populations in coastal and riparian communities across sub-Saharan Africa, South and Southeast Asia, and the Pacific Islands, small-scale fisheries and aquaculture represent not only a dietary staple but frequently the most accessible and affordable source of animal-derived micronutrients (Golden et al., 2016; Béné et al., 2016). Golden et al. (2016) demonstrated that projected declines in fish catch under climate change and continued mismanagement would have measurable adverse effects on micronutrient intake for hundreds of millions of people in the most vulnerable nations, underscoring the critical intersection between fisheries sustainability and global nutritional health outcomes.
The capacity of fisheries and aquaculture to contribute to feeding a global population projected to exceed 9.7 billion by 2050 has been the subject of important analytical work. Béné et al. (2015) argued that fish—by virtue of its high protein density, efficient feed conversion relative to terrestrial livestock, and wide geographical production base—must be placed centrally in discussions of future food system sustainability. Merino et al. (2012) employed modelling approaches to examine whether marine fisheries and aquaculture could collectively satisfy projected future seafood demand under different climate and management scenarios, concluding that whilst the challenge is formidable, there are credible pathways to meeting demand if governance improves and the aquaculture sector expands responsibly. The environmental performance of aquatic food production relative to terrestrial alternatives was further contextualised by Gephart et al. (2021), who demonstrated that many blue food categories compare favourably with terrestrial animal proteins across multiple environmental impact dimensions, reinforcing the case for expanding sustainably produced aquatic foods in global dietary transitions.
8.2 Small-Scale Fisheries and the Blue Economy
Small-scale fisheries—defined broadly to encompass artisanal, subsistence, and small commercial operations—employ the vast majority of the world's fishers and provide the bulk of fish for direct human consumption in developing nations. Despite their importance, small-scale fisheries have historically received far less policy attention and scientific investment than industrial fisheries, and their catches are systematically undercounted in official statistics (Pauly & Zeller, 2016; Béné et al., 2016). The social dimensions of small-scale fisheries sustainability are complex, encompassing questions of tenure rights and access to fishing grounds, gender equity given the significant roles of women in fish processing and marketing, occupational safety, and the cultural identities of fishing communities.
The concept of the blue economy—which broadly refers to the sustainable use of ocean resources for economic growth, improved livelihoods, and jobs whilst preserving the health of ocean ecosystems—has gained prominence in international policy discourse (Bennett et al., 2019). However, as Bennett et al. (2019) cautioned, the blue economy concept harbours internal tensions between economic growth objectives and equity and conservation goals. Without careful governance, blue economy initiatives risk privileging large-scale commercial interests at the expense of small-scale fishers and coastal communities who depend most directly on ocean resources for their daily sustenance and livelihoods. The equitable distribution of benefits from ocean-based industries is therefore as critical a sustainability consideration as the ecological integrity of the resources themselves.
8.3 Subsidies, Certification, and Ecolabelling
Global fisheries subsidies—estimated at tens of billions of US dollars annually—represent a major driver of overfishing by allowing fishing fleets to remain profitable even when targeting overfished stocks at biomass levels that would otherwise render operations economically unviable. Subsidies that reduce the cost of fuel, vessel construction, insurance, and port infrastructure incentivise excess fishing capacity and effort. Reform of harmful fisheries subsidies has been a long-standing but elusive goal of international fisheries governance; negotiations within the World Trade Organisation have in recent years produced landmark agreements to prohibit the most egregious forms of capacity-enhancing and IUU-supporting subsidies, though implementation and enforcement remain critical challenges.
Seafood certification and ecolabelling programmes have emerged as market-based instruments for incentivising sustainable practices by rewarding certified producers with premium prices and access to environmentally conscious consumer markets. The extent to which certification programmes deliver genuine environmental improvements beyond merely selecting fisheries already meeting sustainability thresholds has been debated in the literature (Bush et al., 2013). It has been widely noted that participation in certification schemes remains disproportionately concentrated in developed-nation fisheries and large-scale aquaculture enterprises, leaving the majority of global production—including most small-scale tropical fisheries—outside the reach of market-based sustainability incentives (Bush et al., 2013). Addressing this imbalance requires both outreach and technical capacity building in developing-country fisheries and the development of alternative, lower-cost approaches to sustainability verification that are accessible to resource-poor producers.
9. GOVERNANCE, POLICY, AND INTERNATIONAL FRAMEWORKS
Effective governance is a necessary condition for sustainable fisheries and aquaculture, yet it remains among the most intractable challenges. Marine fisheries resources are, in the classic formulation of common pool resources, characterised by rivalry in consumption and difficulty of exclusion—properties that create incentives for individual actors to overexploit shared stocks in the absence of collective action. Ostrom's (2009) framework for analysing the sustainability of social-ecological systems provides a conceptual basis for understanding the conditions under which communities can successfully self-govern common-pool resources, and has influenced the design of participatory and co-management arrangements in numerous fisheries contexts worldwide.
International fisheries governance operates through a complex, overlapping architecture of multilateral agreements, regional fisheries management organisations (RFMOs), and bilateral arrangements. The United Nations Convention on the Law of the Sea (UNCLOS) provides the foundational framework of ocean jurisdiction, establishing the rights and responsibilities of coastal states over their exclusive economic zones and the high seas. Regional fisheries management bodies are responsible for managing shared and straddling stocks across national jurisdictions, with highly variable degrees of effectiveness and scientific rigour. Pitcher and Cheung (2013) critically examined the status of global fisheries management and found persistent divergence between aspirational policy frameworks and on-the-ground management performance, calling for strengthened accountability mechanisms and more rigorous application of the precautionary approach.
The governance of aquaculture is similarly fragmented, with regulatory responsibility distributed across multiple sectoral agencies—including those responsible for environment, agriculture, fisheries, public health, and spatial planning—often without effective inter-agency co-ordination. The proliferation of national aquaculture strategies in recent years reflects growing recognition of the sector's economic potential, but the translation of strategic ambitions into effective regulatory and monitoring capacity remains challenging, particularly in lower-income countries seeking to rapidly expand production. Certification schemes, though imperfect, interact with formal governance frameworks in important ways. By setting standards for fishing and farming practices, certification bodies create de facto governance mechanisms that can complement—and sometimes compensate for—weaknesses in state regulation (Bush et al., 2013). The recognition that neither state governance nor market mechanisms alone are sufficient has spurred interest in hybrid governance approaches that integrate public regulation, private standards, civil society oversight, and community management.
10. CONCLUSIONS
This review demonstrates that sustainable fisheries and aquaculture have become a scientific, technological, and governance priority of the first order. Wild-capture fisheries face persistent and, in many regions, worsening pressures from overfishing, habitat degradation, and climate change, yet there is compelling evidence that well-managed fisheries can recover and provide sustainable yields over the long term. Aquaculture, now producing more than half of all seafood consumed globally, offers critical opportunities to supplement declining wild catches, but must itself be governed and operated sustainably to avoid perpetuating environmental harms at scale. Across both sectors, the convergence of advances in genomics, remote sensing, ecological modelling, and social science is generating an unprecedented evidence base for more effective, adaptive, and equitable management.
The transition towards truly sustainable blue food systems will require the simultaneous pursuit of multiple objectives: rebuilding depleted wild stocks through science-based management and spatial protection; expanding sustainable aquaculture using technologies such as IMTA, RAS, and alternative feeds; harnessing technological innovation to improve monitoring, enforcement, and productivity; addressing the distributional justice concerns of small-scale fisheries and coastal communities; reforming perverse subsidy structures; and building adaptive governance capacity at national and international levels. The nutritional stakes are high: for hundreds of millions of people—particularly the most vulnerable and food-insecure—the future of fisheries and aquaculture is inseparable from the future of human health, well-being, and development. Only through an integrated, evidence-informed, and equitable approach will it be possible to ensure that aquatic food systems continue to support human flourishing within planetary boundaries.
11. LIMITATIONS
Several limitations of this review merit acknowledgement. The restriction of literature to peer-reviewed academic journal articles, whilst appropriate for scientific rigour, necessarily excludes a body of relevant practitioner experience, industry data, and policy analysis published in grey literature and governmental reports. The reliance on English-language publications may introduce linguistic bias, potentially under-representing important research conducted and published in other languages, particularly from major producing nations in Asia, Latin America, and Africa. Furthermore, the broad thematic scope of this review—spanning fisheries ecology, aquaculture technology, socioeconomics, and governance—necessarily limits the depth of treatment of any individual subtopic, and readers seeking more detailed analysis of specific areas are directed to specialist reviews in each domain. The rapidly evolving nature of the field means that some findings and statistics reported here may be superseded by research published after the literature search was completed. Finally, regional and species-specific variation in sustainability outcomes is substantial, and the synthesis of global-scale studies may obscure important context-specific dynamics that are critical to understanding and managing particular fisheries and aquaculture systems.
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