


Carbon Footprints of Aquaculture Systems: Advances in Life Cycle Assessment and Emission Reduction Strategies

Abstract
Global aquaculture has expanded considerably over recent decades, now supplying more than half of the world's seafood for direct human consumption. Despite its recognised contribution to food security and nutrition, the sector generates greenhouse gas (GHG) emissions through diverse pathways that include feed production, energy consumption, land-use change, and direct gaseous emissions from production systems. Life cycle assessment (LCA) has become the principal methodological framework for quantifying the carbon footprints of farmed seafood, yet its application across different species, production systems, and geographic contexts remains highly heterogeneous, complicating cross-study comparisons and the formulation of targeted policy responses. This review critically examines the state of knowledge on carbon footprints in aquaculture, with particular attention to methodological advances in LCA, comparative emissions across production systems, and promising strategies for emission reduction. The evidence indicates that carbon footprints vary enormously across species and systems — from less than 1 kg CO₂-equivalent per kilogram of live-weight product for filter-feeding bivalves and certain seaweed species, to well over 20 kg CO₂-eq kg⁻¹ for intensively produced carnivorous species. Feed production, particularly the harvesting and processing of wild fish for fishmeal and fish oil, consistently emerges as the dominant emission hotspot in fed aquaculture. Advances in LCA methodology, including the adoption of consequential approaches, enhanced allocation procedures, and integration with biodiversity and water-use impact categories, are improving the analytical rigour and policy relevance of carbon accounting in the sector. Mitigation strategies such as alternative protein feeds, renewable energy uptake, recirculating aquaculture systems, and integrated multi-trophic aquaculture offer credible pathways toward decarbonisation, though their effective deployment requires supportive governance frameworks and sustained investment in infrastructure and monitoring capacity.
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1. Introduction
1.1 Global Aquaculture Growth and the Environmental Context
Aquaculture has undergone a profound transformation over the past four decades, evolving from a largely subsistence and small-scale activity concentrated in parts of Asia into a genuinely global industry. Global production of aquatic animals through aquaculture now exceeds 90 million tonnes annually, and the sector accounts for approximately 57% of fish and seafood consumed directly by humans worldwide (FAO, 2024). This growth has been driven by stagnating wild capture fisheries, rising per capita demand for seafood protein, and a series of technological and husbandry advances that have made intensive production commercially viable across a widening range of species. The sector now spans an exceptionally diverse array of organisms and production configurations — from open-water net-pen salmon farming in Norwegian fjords and intensive shrimp ponds in Southeast Asia, to freshwater tilapia cage culture in sub-Saharan Africa, bivalve longlines along temperate coastlines, and emerging offshore finfish farms in exposed marine environments. As Troell et al. (2014) observed, this diversity is one of the sector's fundamental strengths from a food security perspective, but it also makes aquaculture inherently difficult to characterise in terms of aggregate environmental performance.
The continued growth of aquaculture has proceeded against a backdrop of mounting concern about its environmental externalities. Early scientific critiques focused on nutrient and chemical pollution, antibiotic resistance, disease transmission to wild stocks, and large-scale destruction of mangrove ecosystems for pond construction (Naylor et al., 1998; Primavera, 2006). More recently, attention has shifted progressively towards the sector's contribution to global climate change, and its reciprocal exposure to rising sea surface temperatures, ocean acidification, increased storm frequency, and altered precipitation regimes. Global food systems are estimated to account for between 21% and 37% of total anthropogenic GHG emissions (IPCC, 2019b), and as wild capture fisheries increasingly approach or exceed maximum sustainable yields, the dietary protein needs of a growing and more affluent global population will need to be met in substantial measure through expanded aquaculture production (FAO, 2020; Naylor et al., 2021). Ensuring that this expansion occurs without a proportionate rise in GHG emissions is therefore a central challenge for the sector and for food systems policy more broadly.
The relationship between aquaculture and climate change runs in both directions: the sector contributes to GHG emissions while also being threatened by changing climatic conditions. From a mitigation standpoint, there is growing scientific recognition that some forms of aquaculture — particularly shellfish and seaweed cultivation — carry comparatively low carbon footprints relative to terrestrial livestock production (Poore & Nemecek, 2018), and may even provide carbon sequestration co-benefits under appropriate management. Realising these advantages, however, requires a systematic and rigorous understanding of where and how emissions arise across the sector's full diversity of production systems. Recent synthesis of mariculture pathways indicates that emissions-reduction opportunities differ among fed finfish, bivalve, and seaweed systems and depend on both farm operations and supply-chain management (Jones et al., 2022). System-level evidence for bivalve cultivation also demonstrates that assessments of climate benefit are sensitive to life cycle boundaries and to the treatment of shell formation, operational emissions, and post-harvest shell fate (Tamburini et al., 2022).
1.2 Life Cycle Assessment and Carbon Accounting in Aquaculture
Life cycle assessment is a standardised analytical framework for quantifying the environmental burdens associated with a product or service across its entire life cycle, from raw material extraction through production, use, and end-of-life management. Its application to aquaculture has grown steadily since the early 2000s, generating a body of literature that, while increasingly sophisticated, is characterised by considerable methodological heterogeneity in system boundary definitions, functional units, allocation procedures, and background inventory datasets (Bohnes et al., 2019; Finnveden et al., 2009). These differences can produce seemingly contradictory findings about the relative environmental performance of different species and production systems, and have prompted calls for greater standardisation in reporting practice.
Despite these challenges, published LCA studies have generated important insights. Pelletier et al. (2009) showed that the carbon footprints of Atlantic salmon produced by six major exporting nations varied markedly, driven primarily by feed formulation and by the energy sources underpinning feed manufacture and farm operations. At a global scale, MacLeod et al. (2020) estimated that aquaculture contributes approximately 0.49% of global anthropogenic GHG emissions, though this aggregate figure conceals substantial variation across subsectors and production systems. Pelletier and Tyedmers (2010), comparing aquatic and terrestrial livestock systems more broadly, showed that the carbon intensity of aquatic food production is highly system-dependent and resists simple generalisation. The scientific community has since widened the set of environmental concerns addressed in aquaculture LCA to encompass eutrophication, land use, water use, and biodiversity impacts (Henriksson et al., 2015; Newton & Little, 2018), although climate change impact remains the dominant metric in policy debates and commercial sustainability assessments. Recent case-study evidence further confirms that feed can dominate multiple environmental impact categories in seabass and seabream production, while resource-use context and the selected functional basis influence interpretation of system performance (Briones-Hidrovo et al., 2023). A recent review of integrated multi-trophic aquaculture LCAs likewise identifies continuing inconsistencies in functional units, data collection, impact-category selection, and methodological implementation, supporting the development of aquaculture-specific inventories and more standardised assessment practice (Hala et al., 2024). Despite this expanding evidence base, aquaculture carbon-footprint research remains fragmented across species, production technologies, geographical settings, functional units, system boundaries, and allocation procedures. Consequently, an integrated synthesis is needed to distinguish robust cross-system patterns from context-dependent findings and to connect methodological advances with emission hotspots and feasible mitigation strategies.
1.3 Scope and Objectives of This Review
This review critically examines the current state of knowledge on carbon footprints in aquaculture, with particular focus on life cycle assessment methodology, comparative emissions across major production systems, and strategies for emission reduction. The paper draws primarily on peer-reviewed literature published between 2000 and 2024, with emphasis on studies from the past decade that reflect methodological advances and the evolving structure of global aquaculture production. The specific objectives are: first, to review and critically evaluate LCA methodologies as applied to aquaculture carbon accounting; second, to synthesise comparative carbon footprint data across species and production systems; third, to identify the primary emission hotspots and their underlying drivers; fourth, to assess recent advances in LCA methodology applicable to the sector; and fifth, to evaluate the evidence base for proposed emission reduction strategies. By providing a structured and critical synthesis of existing knowledge, this review aims to support researchers, practitioners, and policymakers in identifying the most effective pathways toward a lower-carbon aquaculture sector.

2. Methods for Literature Selection
2.1 Databases and Search Strategy
This narrative review was conducted through stratified searching of multiple bibliographic databases spanning natural sciences, environmental engineering, food technology, and fisheries. The literature search covered publications from January 2000 to 2 April 2026, with earlier foundational sources included selectively where they represented seminal methodological or conceptual contributions The primary databases searched were Web of Science, Scopus, Google Scholar, and PubMed. In addition, field-specific databases and information resources were consulted, including Aquatic Sciences and Fisheries Abstracts (ASFA), CAB Abstracts, the Food and Agriculture Organization eLibrary (FAO eLibrary), the Global Aquaculture Alliance Digital Library, FAOSTAT, and the Aquaculture Compendium (CABI). The literature search covered publications from January 2000 to December 2024. While this range captures the full development of the aquaculture LCA literature, particular emphasis was placed on studies published after 2012, reflecting both methodological advances and the emergence of more recently developed production systems. Seminal studies published before 2012 were retained where they represented foundational contributions to LCA methodology or established key benchmarks in carbon footprint accounting.
The following core search strings were used, adapted as necessary to the controlled vocabulary conventions of individual databases: ("aquaculture" OR "fish farming" OR "mariculture" OR "shrimp farming" OR "salmon farming") AND ("life cycle assessment" OR "LCA" OR "carbon footprint" OR "greenhouse gas" OR "GHG emissions" OR "CO2 equivalent" OR "climate change impact"); ("salmon" OR "shrimp" OR "tilapia" OR "shellfish" OR "seaweed" OR "bivalve" OR "mussel") AND ("life cycle assessment" OR "environmental impact assessment" OR "emission factor"); ("emission reduction" OR "decarbonisation" OR "mitigation" OR "low-carbon") AND ("aquaculture" OR "fish production" OR "farmed seafood"). Boolean operators were applied consistently throughout, and the reference lists of highly cited review articles were manually screened to identify studies not returned by the primary database searches.
2.2 Inclusion and Exclusion Criteria
Studies were included if they were published in peer-reviewed academic journals, or constituted authoritative institutional reports from bodies such as the Food and Agriculture Organization of the United Nations, the Intergovernmental Panel on Climate Change, or equivalent national and intergovernmental organisations. Conference papers, trade publications, grey literature, book chapters, preprints, and patents were excluded. Included studies were required to be published in English, to address quantitative or semi-quantitative assessment of environmental burdens in aquaculture contexts, and to employ recognised methodological frameworks such as LCA, carbon footprint analysis, or equivalent environmental impact assessment approaches. Publications addressing solely economic or social sustainability dimensions without quantitative environmental indicators, and those focused on wild-capture fisheries rather than aquaculture, were excluded unless they offered directly relevant comparative data. Influential studies were selected with particular attention to citation count, methodological rigour, geographic and species coverage, and contribution to advancing either empirical understanding or methodological practice.
2.3 Screening Workflow and Justification for Narrative Review
Titles and abstracts of all retrieved records were screened against the inclusion and exclusion criteria described above. Full texts were retrieved for all potentially eligible studies and subjected to a second round of assessment. Duplicate records identified across multiple databases were removed at the screening stage, and language restriction to English was applied throughout. A narrative rather than systematic review approach was adopted for this article. This decision reflects the inherent methodological heterogeneity of published aquaculture LCA studies in terms of system boundaries, functional units, allocation procedures, and background datasets — heterogeneity that would preclude meaningful meta-analytical aggregation of quantitative carbon footprint estimates. As Snyder (2019) argues, narrative reviews are particularly well suited to synthesising literatures characterised by methodological diversity, and to generating conceptual insights and critical evaluations that go beyond what systematic quantitative synthesis would allow. The narrative approach also makes it possible to treat methodological limitations, context-specific findings, and emerging research directions with the kind of nuance that is central to this review's purpose.

3. Life Cycle Assessment as an Environmental Accounting Tool
3.1 Principles and Methodological Framework
Life cycle assessment is a well-established environmental systems analysis methodology that quantifies the material and energy inputs, waste and emissions outputs, and potential environmental impacts associated with a product system throughout its complete life cycle. The methodology proceeds through four interdependent phases under the ISO 14040 and ISO 14044 standards: goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and interpretation. Decisions made at each phase can materially affect the outcome of an assessment, and the transparency with which these decisions are reported largely determines how comparable and reproducible results are across studies (Finnveden et al., 2009).
In aquaculture contexts, the goal and scope definition phase involves specifying the production system under assessment, the functional unit serving as the basis for comparison, and the system boundary delineating which upstream and downstream processes are included. The life cycle inventory analysis phase compiles data on all material and energy flows throughout the system — feed ingredient cultivation, fishing operations for wild-caught ingredients, transport, feed manufacture, on-farm energy use, waste treatment, and, where relevant, product processing, packaging, and distribution. The impact assessment phase then translates these inventory flows into environmental impact category scores, of which climate change, expressed as CO₂-equivalent on a 100-year global warming potential (GWP100) basis, is the most frequently assessed in aquaculture studies.
The reliability of aquaculture LCA results depends fundamentally on the quality of primary data collected at farm level, supplemented by secondary data from life cycle inventory databases. Differences in background datasets across studies represent a significant source of inter-study variability, and have prompted calls for harmonised, regularly updated inventory datasets developed specifically for aquaculture supply chains (Bohnes et al., 2019; Newton & Little, 2018). Papatryphon et al. (2004), in one of the earliest comprehensive LCA studies of aquafeeds, noted that the quality and provenance of background data for feed ingredients were critical determinants of result reliability — a concern that retains its full relevance as ingredient compositions continue to evolve.
3.2 Allocation Approaches in Aquaculture LCA
One of the most consequential methodological choices in aquaculture LCA is the procedure used to allocate environmental burdens among the multiple co-products generated by an aquaculture operation, including whole fish, fillets, trimmings, and sludge. The allocation method chosen can substantially alter the apparent environmental performance of the primary product of interest. Three principal approaches appear in the literature: mass allocation, which distributes burdens in proportion to the physical mass of co-products; economic allocation, which uses relative market prices; and system expansion, which avoids allocation altogether by enlarging the system boundary to include the avoided burdens of co-products that substitute for functionally equivalent goods elsewhere in the economy.
Aubin et al. (2009) and Ayer and Tyedmers (2009), in early comparative studies, demonstrated that the choice of allocation method can produce marked differences in reported carbon footprints for salmonid systems, sometimes altering conclusions about the relative performance of production alternatives entirely. The ISO standards express a preference for system expansion as the primary approach, with allocation by physical causality as the secondary option. In practice, economic allocation is widely used in aquaculture LCA because it reflects the commercial logic underlying production decisions, even though introducing price variability adds a further layer of uncertainty to the results. The choice of allocation approach should therefore be treated as a sensitivity parameter requiring explicit justification and testing in all published studies, rather than as a routine methodological default.
3.3 Functional Units and System Boundaries
The functional unit in aquaculture LCA determines the basis on which environmental performance is expressed and comparisons are drawn. The most common functional units in published studies are one tonne of live-weight product and one tonne of edible-weight product after accounting for processing losses. The edible-weight basis is increasingly favoured because it more accurately reflects the nutritional value delivered to the consumer and enables more meaningful cross-species comparisons (Henriksson et al., 2015). More recent studies have explored protein-based or nutrient-density-based functional units to facilitate comparisons with terrestrial protein sources — an approach particularly relevant to policy discussions centred on dietary transition and food system decarbonisation.
System boundaries in aquaculture LCA typically extend from the production of feed ingredients through to the farm gate, although more comprehensive studies extend further, to retail or to the point of consumption. The inclusion or exclusion of post-harvest stages — processing, packaging, refrigerated transport, and consumer food waste — can substantially affect the relative carbon intensity attributed to different species. Ziegler et al. (2013) showed, for Norwegian seafood products, that processing and cold-chain logistics contribute meaningfully to total carbon footprint for products exported to distant markets, underlining the importance of clearly specifying and justifying system boundary choices in primary publications.
Table 1 sets out the principal methodological choices in aquaculture LCA and their likely implications for reported carbon footprint outcomes. The diversity of approaches captured in this table is one reason why reported values vary so widely across published studies, and why the development of sector-specific reporting guidelines — comparable to those that exist for some terrestrial livestock systems — represents an important priority for the aquaculture LCA research community.

Table 1: Key Methodological Choices in Aquaculture LCA and Their Implications for Carbon Footprint Assessment
	Methodological Choice
	Common Approaches in Literature
	Implications for Carbon Footprint Outcomes

	Functional unit
	Live weight; edible weight; protein content
	Edible weight and protein-based units enable fairer cross-species and food group comparisons

	System boundary
	Farm gate; processor gate; consumer
	Extension beyond farm gate adds transport and cold chain emissions; boundary choice strongly affects comparative conclusions

	Allocation method
	Mass allocation; economic allocation; system expansion
	Method choice can alter absolute and relative carbon footprints substantially; system expansion is preferred under ISO standards

	Background datasets
	Regional and global life cycle inventory databases; primary data
	Regional variation in energy mixes and agricultural practices creates large inter-study variability

	Land-use change treatment
	Included or excluded
	Inclusion can dramatically increase footprints for systems linked to mangrove or forest conversion

	Direct pond emissions
	Measured empirically or estimated from default emission factors
	Empirical measurement is scarce; default emission factors introduce significant uncertainty


Sources: Aubin et al. (2009); Ayer & Tyedmers (2009); Bohnes et al. (2019); Finnveden et al. (2009); Henriksson et al. (2015); Newton & Little (2018); Ziegler et al. (2013)

4. Carbon Footprints of Major Aquaculture Systems
4.1 Salmonid Aquaculture
Salmonid farming, principally of Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss), has attracted more LCA studies than any other aquaculture subsector, reflecting both the commercial importance of Norwegian and Chilean production and the relative accessibility of industry data for research purposes. In a landmark comparative analysis, Pelletier et al. (2009) assessed the carbon footprints of salmon produced by six major exporting nations and found significant variation across systems, with global warming potential estimates ranging from approximately 2.9 kg CO₂-eq kg⁻¹ live weight for Norwegian net-pen systems to substantially higher values for certain land-based and indoor facilities. The principal driver of this variability was feed formulation — specifically the proportion of marine ingredients derived from wild-caught fish — combined with the energy mix underpinning feed manufacture and farm operations.
Norwegian Atlantic salmon has been the subject of particularly thorough analysis. Ziegler et al. (2013) found that the carbon footprint of Norwegian salmon at the point of export to European markets was strongly influenced by the production of marine ingredients in fishmeal and fish oil, as well as by the energy used in processing and refrigerated transport. The progressive substitution of marine ingredients with soy protein concentrates and other plant-based ingredients in Norwegian and Chilean salmon feeds has generally yielded modest reductions in the carbon intensity of feed production, though these gains have been partially offset in some analyses by land-use-related emissions associated with soy cultivation in South America (Froehlich et al., 2018).
Trout farming, studied in European contexts by Roque d'Orbcastel et al. (2009) and Aubin et al. (2009), typically exhibits lower carbon footprints per kilogram of product than salmon — partly because trout are more often produced in flow-through freshwater systems with lower energy demands, and partly because trout feeds generally contain a smaller proportion of marine ingredients. The shift towards recirculating aquaculture systems in premium trout production adds energy-related emissions but can reduce environmental burdens in other categories, particularly those linked to water use and effluent discharge (Ahmed & Turchini, 2021). Ayer and Tyedmers (2009), comparing conventional and land-based salmonid systems in Canada, found that while RAS offered important advantages in waste management and site flexibility, its substantially higher energy consumption was a significant environmental liability under the Canadian grid conditions prevailing at the time of their study.
4.2 Shrimp and Prawn Farming
Shrimp aquaculture, concentrated primarily in South and Southeast Asia and Latin America, has attracted considerable environmental scrutiny owing to its historical association with mangrove deforestation, substantial feed and chemical inputs, and high energy consumption relative to product yield. Carbon footprint estimates for farmed shrimp vary very widely in the literature, ranging from approximately 4 to more than 18 kg CO₂-eq kg⁻¹ live weight, with the higher end of this range largely attributable to systems that account for the carbon debt accumulated through mangrove destruction (Jonell & Henriksson, 2015; Primavera, 2006).
Henriksson et al. (2018) applied LCA to shrimp and other aquaculture systems in Bangladesh and showed that intensifying traditional extensive and semi-intensive pond systems — while improving production efficiency per unit area — does not necessarily reduce the carbon footprint per kilogram of output if it is accompanied by increased energy and feed inputs without corresponding gains in feed conversion efficiency. Mungkung et al. (2013) compared conventional and integrated aquaculture systems for carp and tilapia in Indonesia and highlighted the potential for integrated cultivation approaches to achieve lower environmental impacts than mono-species intensive systems. Jonell and Henriksson (2015) further showed that certified organic shrimp farming in mangrove-integrated systems in Vietnam carried markedly different carbon profiles depending on whether changes in mangrove carbon stocks were included within the system boundary — underscoring how critical land-use change accounting is for coastal aquaculture assessments.
The relationship between mangrove loss and carbon emissions is particularly consequential for shrimp farming. Hamilton and Casey (2016) documented the scale of global mangrove loss during the early twenty-first century and noted the exceptionally high densities of organic carbon stored in mangrove soils, the disturbance of which releases long-sequestered carbon over timescales spanning decades. When mangrove carbon stock changes are incorporated into LCA inventories, the resulting carbon footprints for shrimp produced on converted land can rise dramatically relative to estimates that use narrower system boundaries. Bush et al. (2013) argued on this basis that certification schemes must build in robust mangrove protection and carbon accounting requirements if they are to be credible as sustainability instruments.
4.3 Tilapia and Freshwater Species
Tilapia (Oreochromis spp.) are among the most widely produced freshwater fish globally and are cultivated across a broad spectrum of production intensities, from subsistence pond culture to highly intensive cage and RAS systems. Published LCA studies report carbon footprints for tilapia broadly in the range of 1.5 to 7 kg CO₂-eq kg⁻¹ live weight — a range that reflects considerable variation in feed composition, energy source, and production intensity (Henriksson et al., 2015; MacLeod et al., 2020). In extensive and semi-intensive pond systems, where naturally occurring algae and detritus supplement formulated feeds, carbon footprints tend towards the lower end of this range, but direct pond emissions of methane (CH₄) and nitrous oxide (N₂O) from organic matter decomposition and nitrification–denitrification cycles can be significant contributors to the overall climate burden (Hu et al., 2012).
Bosma et al. (2011) examined intensive striped catfish pond farming in the Mekong Delta and highlighted the influence of feed production and local energy conditions on the environmental profile of pangasius (Pangasianodon hypophthalmus) production — a species that has grown rapidly in importance as an exported commodity. Their findings pointed to considerable scope for improving environmental performance through better feed quality and management practice, an argument later echoed by Henriksson et al. (2018) in relation to the potential for sustainable intensification across South and Southeast Asian aquaculture more broadly.
4.4 Bivalves and Shellfish
Bivalve molluscs — principally mussels, oysters, clams, and scallops — occupy a distinctive position in the environmental performance landscape of aquaculture. Because bivalves are filter feeders that extract particulate matter directly from the water column and require no formulated feeds, the emissions associated with feed ingredient production — the dominant category in fed aquaculture — are essentially absent from their carbon footprint. LCA studies consistently report climate change impacts for bivalves among the lowest of any animal protein food, typically in the range of 0.4 to 2.0 kg CO₂-eq kg⁻¹ live weight (MacLeod et al., 2020; Poore & Nemecek, 2018). Wilfart et al. (2013), examining a range of aquaculture configurations including bivalve systems using both LCA and emergy accounting, found that the ecological intensification potential of filter-feeders aligns particularly well with the sector's sustainability objectives.
The possibility that bivalves may also provide a modest carbon sequestration function — through the incorporation of dissolved inorganic carbon into calcium carbonate shells — has attracted scientific and policy interest. Filgueira et al. (2015) explored the potential for cultivated bivalve shells to be integrated into carbon trading frameworks and concluded that, while the carbon immobilised in shells could in principle be credited, robust accounting protocols and long-term verification of shell fate would be prerequisites for any credible crediting mechanism.
4.5 Seaweed and Algae Cultivation
Seaweed aquaculture constitutes a rapidly growing segment of global production and has attracted increasing scientific and policy interest as a potential contributor to climate change mitigation through carbon sequestration, nutrient bioextraction, and the replacement of energy-intensive terrestrial agricultural ingredients in food and feed systems. Duarte et al. (2017) provided a comprehensive assessment of the potential roles of seaweed farming in climate mitigation and adaptation, identifying both the genuine promise of kelp and other macroalgae systems and the significant uncertainties that still surround carbon flux dynamics in cultivation environments. Krause-Jensen and Duarte (2016) estimated that natural macroalgal ecosystems play a substantial role in global marine carbon cycling, providing part of the scientific basis for assessing whether cultivated seaweed could replicate or enhance this function.
The carbon footprint of seaweed cultivation itself is very low — often near zero or marginally negative per kilogram of biomass once a credit is applied for the removal of dissolved inorganic nitrogen and phosphorus from the water column — although the net climate benefit depends on what the seaweed displaces elsewhere in the value chain (Chopin et al., 2001). As an ingredient in aquafeeds, seaweed-derived meal or algal oil can substitute for marine-derived or terrestrial crop-derived ingredients with potentially significant reductions in carbon intensity per tonne of feed (Becker, 2007). Integrated multi-trophic aquaculture systems that combine finfish, shellfish, and seaweed cultivation within a single production framework represent perhaps the most systematic attempt to capture the carbon and nutrient cycling benefits of macroalgae within a commercial setting (Troell et al., 2009).
Table 2 brings together carbon footprint estimates from peer-reviewed LCA studies for the major aquaculture species and production system types discussed in this section. The figures illustrate the enormous variation both between and within species groups, reinforcing the case for system-specific analysis rather than broad generalisation.

Table 2: Approximate Carbon Footprint Estimates (kg CO₂-eq per kg Live-weight Product) for Major Aquaculture Systems
	Species / System
	Production System Type
	Carbon Footprint Range (kg CO₂-eq kg⁻¹ LW)
	Key Drivers of Variation

	Atlantic salmon
	Marine net-pen (Norway / Chile)
	2.9 – 6.0
	Feed marine ingredient content; energy mix; feed conversion ratio

	Rainbow trout
	Flow-through freshwater; RAS
	1.5 – 5.0
	Energy source; feed ingredient mix; system intensity

	Whiteleg shrimp
	Semi-intensive / intensive pond
	4.0 – 18.0+
	Mangrove land-use change; feed composition; energy intensity

	Tilapia
	Pond (extensive to intensive)
	1.5 – 7.0
	Feed quality; direct pond emissions; energy source

	Pangasius
	Pond / cage (intensive)
	2.0 – 6.0
	Feed formulation; local energy mix

	Mussels / oysters
	Longline / raft
	0.4 – 2.0
	No feed inputs; energy for harvest and processing

	Seaweed
	Longline cultivation
	Near zero to negative
	Nutrient bioextraction credit; minimal energy inputs


Sources: Aubin et al. (2009); Ayer & Tyedmers (2009); Bosma et al. (2011); Roque d'Orbcastel et al. (2009); Duarte et al. (2017); Henriksson et al. (2015); Jonell & Henriksson (2015); MacLeod et al. (2020); Pelletier et al. (2009); Poore & Nemecek (2018); Wilfart et al. (2013)

5. Primary Emission Sources in Aquaculture
5.1 Feed Production and the Fishmeal Dependency
Feed production is the single most important contributor to the carbon footprint of fed aquaculture, typically accounting for 50% to more than 80% of total cradle-to-farm-gate GHG emissions in intensive systems (Papatryphon et al., 2004; Pelletier et al., 2009). Within the feed fraction, the production of fishmeal and fish oil from industrial reduction fisheries — primarily the harvesting of small pelagic species such as Peruvian anchovies (Engraulis ringens), Atlantic herring, and sand eels — is consistently identified as the dominant emission hotspot. The diesel-powered fishing vessels used in these fisheries consume substantial fuel per tonne of raw material landed, and the thermal drying and pressing operations at reduction plants add a further layer of energy-related emissions. Tacon and Metian (2008) documented global trends in fishmeal and fish oil use in aquafeeds and concluded that a disproportionately large share of global fishmeal production is consumed by the aquaculture sector, particularly by salmon and shrimp producers. The fish-in, fish-out dynamics of the sector remain a subject of active analysis: Kok et al. (2020) quantified this ratio using economic allocation and found substantial variation across species and production contexts.
The drive to reduce marine ingredient content in aquafeeds — motivated by both sustainability concerns and rising raw material costs — has led to the progressive substitution of fishmeal with terrestrial plant proteins, principally soy protein concentrate, pea protein, rapeseed meal, and wheat gluten (Froehlich et al., 2018; Olsen & Hasan, 2012). While this substitution generally reduces the direct emission burden associated with marine ingredient production, it introduces new burdens linked to the cultivation and processing of plant-based ingredients, including potentially very large indirect land-use change emissions from soy production in tropical regions. Hamilton and Casey (2016) and Naylor et al. (2021) both highlighted the significance of such indirect land-use change emissions, noting that they can substantially erode the apparent carbon benefits of marine ingredient substitution depending on the origin and certification status of the plant protein ingredients used.
5.2 Energy Consumption
Energy consumption at the farm level — for water pumping, aeration, heating, refrigeration, lighting, and feed delivery — constitutes the second most important source of GHG emissions for most aquaculture systems, and becomes the dominant contributor in high-energy configurations such as recirculating aquaculture systems and heated indoor facilities (Badiola et al., 2018; Roque d'Orbcastel et al., 2009). The carbon intensity of farm energy use depends critically on the electricity generation mix of the country or region in which the farm is located. Facilities operating in countries with a high share of hydroelectric or other renewable electricity — Norway and Iceland being obvious examples — carry a substantially lower energy-related GHG burden than equivalent operations in economies where coal or natural gas dominate power generation.
This sensitivity to the national energy mix has important implications both for the cross-country comparability of LCA results and for identifying emission reduction opportunities. MacLeod et al. (2020) estimated that shifting aquaculture production towards regions with lower-carbon electricity, or transitioning on-farm energy supply towards renewables, could yield significant sector-wide emissions reductions independently of any change in production technology or feed formulation. Badiola et al. (2018), reviewing the specific energy consumption profile of RAS facilities, identified water treatment processes — particularly aeration, biofiltration, and UV disinfection — as the principal energy consumers, providing a clear basis for technology-focused efficiency programmes in next-generation system designs.
5.3 Land-use Change and Ecosystem Conversion
Land-use change is a frequently underappreciated but potentially very significant emission source in aquaculture, operating through two main pathways. The first, noted already in Section 5.1, is the cultivation of terrestrial feed ingredients — particularly soy — in regions where agricultural expansion encroaches on forests, cerrado, or other carbon-rich ecosystems. The second is the direct conversion of coastal habitats, most notably mangrove forests, for the construction of shrimp and fish ponds (Hamilton & Casey, 2016; Primavera, 2006).
Mangrove soils store exceptionally large quantities of organic carbon — so-called blue carbon — and their conversion releases this material into the atmosphere over timescales spanning decades (Krause-Jensen & Duarte, 2016). As discussed in Section 4.2, Jonell and Henriksson (2015) showed that incorporating mangrove carbon stock changes into LCA inventories can increase the estimated carbon footprint of farmed shrimp by an order of magnitude relative to assessments that exclude land-use change emissions. Bush et al. (2013) noted that certification schemes for sustainable aquaculture have incorporated mangrove protection requirements with increasing rigour, although independent verification and enforcement remain challenging in many producing countries. Whether blue carbon fluxes are included or excluded from national GHG inventories and LCA studies is therefore both a scientific and a governance question, with far-reaching policy implications.
5.4 Direct Greenhouse Gas Emissions from Water Bodies
Aquaculture ponds, coastal embayments, and recirculating systems generate direct emissions of CO₂, CH₄, and N₂O through microbial processes linked to the decomposition of organic matter and the microbial nitrogen cycle. Among these direct emission pathways, N₂O is of particular concern, given its global warming potential of approximately 265 times that of CO₂ over a 100-year horizon (IPCC, 2019a). Hu et al. (2012) conducted a systematic review of N₂O emissions from aquaculture and found considerable variability in flux rates across production systems, with high-density intensive ponds showing the greatest emission intensities per unit area and, in some cases, per unit of product. Methane emissions from the anaerobic decomposition of organic sediments in semi-intensive and extensive ponds represent a further GHG flux of significance that is not consistently captured in farm-gate LCA inventories, partly because empirical flux measurements remain scarce across diverse production environments.
Quantifying direct pond emissions remains one of the most significant sources of uncertainty in aquaculture carbon accounting, and developing standardised measurement protocols adapted to different production systems and climatic contexts is widely recognised as a research priority (IPCC, 2019a; MacLeod et al., 2020). The IPCC's 2019 Refinement to the 2006 Guidelines for National Greenhouse Gas Inventories (IPCC, 2019a) provides updated emission factors for aquaculture ponds that partially address earlier data gaps, although coverage remains incomplete and regional representativeness variable.
Table 3 offers an indicative synthesis of the primary GHG emission sources across the principal aquaculture system types reviewed in this section. The relative contributions shown reflect general patterns drawn from multiple LCA studies rather than universal values, which vary considerably across individual farms and geographic contexts.

Table 3: Primary GHG Emission Sources by Aquaculture System Type and Indicative Relative Contribution to Total Carbon Footprint
	Aquaculture System Type
	Dominant Emission Source
	Secondary Emission Source
	Notable Considerations

	Intensive salmon / trout (net-pen)
	Feed production (fishmeal/fish oil; ~50–80%)
	Energy at farm level
	Marine ingredient share is critical; Norwegian grid is near-zero carbon

	Intensive shrimp (pond)
	Feed production; land-use change (if mangrove)
	Energy for pumping and aeration
	LUC can dominate if mangrove conversion is included in scope

	Tilapia / pangasius (intensive pond)
	Feed production (~40–60%)
	Direct pond N₂O / CH₄ emissions
	Emission factors for pond gases are highly uncertain

	Bivalves (longline)
	Energy for harvest and transport
	Processing and refrigeration
	Feed production absent; consistently lowest climate impact category

	Seaweed (longline)
	Vessel fuel for maintenance and harvest
	Processing energy
	Can be net carbon-negative with bioextraction credit

	RAS (land-based)
	Electricity for water treatment
	Feed production
	Carbon intensity depends almost entirely on the energy grid


Sources: Aubin et al. (2009); Badiola et al. (2018); Roque d'Orbcastel et al. (2009); Hamilton & Casey (2016); Hu et al. (2012); IPCC (2019a); MacLeod et al. (2020); Papatryphon et al. (2004); Pelletier et al. (2009)

6. Advances in Life Cycle Assessment for Aquaculture
6.1 Methodological Innovations and Expanded Impact Coverage
The past decade has brought important methodological advances to aquaculture LCA, driven both by broader developments in the LCA field and by the specific challenges posed by the complexity and diversity of seafood production systems. Among the most significant developments is the progressive integration of multi-regional input-output analysis with process-based LCA, which allows global supply chain emissions to be attributed to specific production systems with greater geographic resolution than conventional process-based approaches achieve alone (Henriksson et al., 2015). This matters particularly for aquaculture, because the ingredient supply chains of major producing nations frequently span several continents, and the emission intensities of background processes — soy cultivation in Brazil or fishmeal production in Peru, for instance — vary enormously by region and production context.
Cashion et al. (2016) advanced the treatment of marine biotic resources in seafood LCA by developing and applying improved metrics for wild-caught marine ingredient use, better reflecting the ecological significance of removing small pelagic fish from marine food webs than simple mass-based accounting allows. This work highlights the multi-dimensional nature of aquaculture's environmental footprint and the limits of relying solely on climate impact metrics in sustainability assessments. Newton and Little (2018) subsequently applied LCA to Scottish Atlantic salmon production, mapping the geographic origins of environmental impacts across the full supply chain and demonstrating that a product commonly marketed as "local" generates the substantial majority of its environmental burdens — and its carbon footprint — in distant countries where feed ingredients are produced, thereby generating a more nuanced and policy-relevant picture of environmental trade-offs.
6.2 Consequential and Dynamic Life Cycle Assessment
Conventional attributional LCA, which accounts for the environmental burdens associated with the existing supply system serving a given functional unit, has been increasingly supplemented by consequential LCA approaches, which model the systemic changes expected to follow from a marginal decision to alter production scale or technology. In aquaculture contexts, consequential LCA is particularly relevant for evaluating the emissions implications of scaling up production of a given species, substituting one feed ingredient for another at market scale, or transitioning from conventional to novel production systems (Finnveden et al., 2009). Bohnes et al. (2019) applied a consequential perspective to aquaculture LCA in Denmark and demonstrated that marginal supply responses modelled under a consequential framework can yield substantially different conclusions about the environmental desirability of production changes compared with attributional analysis. Expanding production of a comparatively low-impact species, for instance, may displace production of higher-impact alternatives, generating system-level benefits that remain invisible in a static attributional assessment.
Dynamic LCA, which incorporates time-dependent emission profiles rather than assuming steady-state production conditions, is also gaining traction in aquaculture contexts — particularly for assessing long-lived carbon pools such as mangrove soil carbon following land clearing (Hamilton & Casey, 2016). Standard GWP100 metrics aggregate all emissions over a 100-year timeframe and do not distinguish between emissions occurring at the time of land clearing and those arising many decades later, potentially underweighting the significance of near-term emission pulses from the conversion of carbon-rich ecosystems.
6.3 Integration with Other Environmental Impact Frameworks
Recognising that carbon footprint is only one dimension of aquaculture's environmental burden, researchers have increasingly integrated LCA with complementary impact assessment methodologies. Work on water footprint methodologies has demonstrated their applicability to aquaculture systems, particularly for freshwater species farmed in regions experiencing water stress (Ahmed et al., 2019). Wilfart et al. (2013) demonstrated the complementarity of emergy accounting — which expresses all inputs in terms of their solar energy equivalent — with LCA for characterising the ecological intensity of aquaculture systems and identifying pathways towards ecological intensification. The integration of biodiversity impact assessment into aquaculture LCA remains at a relatively early stage of development, but is increasingly recognised as important given the documented impacts of aquaculture on benthic communities, wild fish populations, and coastal habitats. Ahmed et al. (2019) argued that climate mitigation strategies for aquaculture must be evaluated holistically, to avoid generating trade-offs with other sustainability dimensions, including water use, biodiversity, and social equity — a view consistent with the broader move within the LCA community towards multi-category impact characterisation.
Table 4 summarises recent advances in LCA methodology as applied to the aquaculture sector, setting out the principal development, the context of application, and the key implications for carbon footprint assessment.

Table 4: Recent Advances in LCA Methodology Applied to Aquaculture
	Methodological Advance
	Principal Development
	Application Context
	Key Implication for Carbon Assessment

	Multi-regional input-output integration
	Geographic attribution of supply chain emissions
	Asian aquaculture systems
	Captures region-specific emission intensities of globally sourced ingredients

	Marine biotic resource metric
	Ecological weighting of wild marine ingredient use
	Norwegian salmon LCA
	Complements GHG metric with ecosystem impact indicator

	Consequential LCA
	Marginal supply system modelling
	Danish aquaculture expansion scenarios
	Captures system-level displacement effects missed by attributional analysis

	Dynamic LCA
	Time-dependent emission profiles
	Mangrove conversion for shrimp
	Accounts for near-term emission pulses from land clearing

	Supply chain impact mapping
	Geographic tracing of environmental burdens across value chain
	Scottish salmon LCA
	Demonstrates that locally marketed products generate most carbon impact abroad

	Water footprint integration
	Water scarcity weighting
	Freshwater aquaculture systems
	Quantifies water stress risk alongside climate impact


Sources: Ahmed et al. (2019); Bohnes et al. (2019); Cashion et al. (2016); Finnveden et al. (2009); Hamilton & Casey (2016); Henriksson et al. (2015); Newton & Little (2018); Wilfart et al. (2013)

7. Emission Reduction Strategies
7.1 Feed Reformulation and Alternative Protein Sources
Given that feed production represents the dominant GHG emission source in fed aquaculture, reformulating aquafeeds to reduce the carbon intensity of the ingredient mix is the highest-leverage single strategy available for decarbonising the sector. Three categories of alternative protein have attracted the most research attention and commercial investment: terrestrial plant proteins, insect meals, and single-cell and microbial proteins.
Plant proteins — including soy protein concentrate, canola meal, and pea protein — have been the primary substitutes for fishmeal in commercial aquafeeds over the past two decades. Replacing marine ingredients with plant proteins generally reduces the GHG burden attributable to fishing operations, but introduces land-use-related emissions from crop cultivation, which can be substantial where soy or other ingredients are sourced from regions subject to ongoing deforestation (Froehlich et al., 2018; Olsen & Hasan, 2012). Tacon and Metian (2008), charting the trajectory of fishmeal substitution in global aquafeeds, emphasised that the net environmental impact of ingredient replacement depends critically on feed conversion ratios and nutritional performance: substitutes that reduce feed intake efficiency can partially or wholly offset the benefit of using a lower-carbon ingredient.
Insect meals, particularly those derived from black soldier fly (Hermetia illucens) larvae, have emerged as promising partial replacements for fishmeal owing to their high-quality amino acid profiles and the possibility of rearing insects on certified organic waste streams, which could turn a waste management challenge into a low-carbon feed resource (Henry et al., 2015; Halloran et al., 2016). LCA studies comparing insect-meal-based diets with conventional aquafeeds suggest that the potential for carbon footprint reduction is substantial when insects are reared on organic by-product substrates, though the magnitude of benefit is highly sensitive to the energy mix of the rearing facility and to the carbon accounting approach adopted for the waste substrate input (Halloran et al., 2016). Henry et al. (2015) identified public acceptance and regulatory harmonisation across national markets as key barriers to the large-scale adoption of insect meal ingredients in commercial aquafeeds.
Single-cell proteins derived from the fermentation of methane-oxidising bacteria, from microalgal cultivation, or from hydrogen-oxidising bacterial platforms powered by renewable electricity represent a further frontier in low-carbon aquafeed ingredient development. Becker (2007) reviewed microalgae as a protein source, highlighting both the very high protein density of algal biomass and the significant challenges of achieving cost-competitive production at commercial scale. More recently, gas-fermentation platforms producing single-cell protein from CO₂ and renewable hydrogen have attracted research interest as potentially very low-carbon alternatives to both marine and terrestrial plant-derived ingredients, although large-scale commercial deployment remains at an early stage.
7.2 Energy Efficiency and Renewable Energy Transition
Improving energy efficiency and transitioning to renewable electricity are critical decarbonisation strategies for all aquaculture systems, but they matter most for energy-intensive configurations such as RAS and heated indoor facilities. MacLeod et al. (2020) identified energy transition as one of the largest single mitigation opportunities for global aquaculture, estimating that shifting farm energy supply from fossil fuel-based to renewable electricity would yield substantial reductions in total sector GHG emissions, particularly in countries where the grid is dominated by coal or natural gas.
At the farm level, energy efficiency can be improved through optimisation of aeration systems, adoption of variable-speed drives for pumps and blowers, installation of heat-recovery systems on effluent streams, and deployment of energy management platforms to identify and reduce demand peaks (Badiola et al., 2018). The decarbonisation calculus for RAS is strongly context-dependent: facilities powered by renewable electricity can offer genuinely low carbon footprints across multiple impact categories, while those drawing on high-carbon grids may carry a heavier GHG burden per kilogram of product than conventional open-water systems (Ahmed & Turchini, 2021). This asymmetry is a powerful argument for placing energy transition at the centre of national aquaculture development strategies, particularly in regions combining high aquaculture production with high grid carbon intensity.
7.3 Recirculating Aquaculture Systems
Recirculating aquaculture systems replace the continuous throughput of large water volumes typical of conventional flow-through and open-water production with closed-loop water treatment, enabling intensive production with minimal water consumption, precise environmental control, and elimination of untreated effluent discharge. From a carbon footprint perspective, RAS presents both genuine advantages and significant challenges relative to conventional systems. On the negative side, RAS consumes substantially more electrical energy per unit of production, which can translate into a much higher GHG burden where fossil fuel-derived electricity is used (Badiola et al., 2012; Badiola et al., 2018). On the positive side, RAS eliminates or greatly reduces the direct CH₄ and N₂O emissions associated with open-water systems, concentrates waste streams in ways amenable to biogas generation or nutrient recovery, and enables siting close to consumer markets, reducing cold-chain transport emissions (Ahmed & Turchini, 2021).
Roque d'Orbcastel et al. (2009) conducted one of the earliest comparative LCA studies of flow-through and recirculating trout systems, finding that RAS offered a lower land-use footprint and greater potential for nutrient recovery, but that its energy consumption was a significant environmental concern under the French grid conditions of the time. Ayer and Tyedmers (2009) reached similar conclusions for Canadian salmonid systems. The environmental case for RAS is therefore neither universally positive nor negative but deeply context-dependent, requiring site-by-site evaluation that weighs the local energy mix and regulatory environment against the specific environmental pressures that conventional production would otherwise impose on the receiving watershed or marine area.
7.4 Integrated Multi-trophic Aquaculture
Integrated multi-trophic aquaculture is a production concept that co-cultures organisms from different trophic levels — typically finfish, bivalve shellfish, and seaweed or other extractive species — within or adjacent to a single production system, such that the dissolved and particulate waste outputs of higher-trophic-level organisms become inputs for extractive and lower-trophic-level species. The ecological and environmental rationale is compelling: by cycling nutrients and organic matter within the system, IMTA can simultaneously reduce effluent loads, improve nutrient use efficiency, lower per-unit environmental impacts, and generate additional marketable products (Chopin et al., 2001; Troell et al., 2009).
From a carbon footprint perspective, IMTA systems offer several potential benefits. The photosynthetic uptake of inorganic carbon by seaweed components provides a CO₂ absorption function, while the nutrient bioextraction capacity of both seaweeds and filter-feeding bivalves reduces the eutrophication potential and N₂O emission risk associated with dissolved nitrogen release. Wilfart et al. (2013) found that multi-trophic aquaculture configurations showed meaningful improvements in climate impact alongside improvements in other environmental categories, relative to mono-species intensive systems. Troell et al. (2009), reviewing the ecological engineering foundations of IMTA, concluded that the concept is scientifically well supported but that commercial upscaling requires resolving technical challenges around the spatial management of co-cultured species, economic viability at production scale, and regulatory frameworks that can accommodate mixed-species operations.
7.5 Improved Pond Management and Integrated Farming Systems
For the substantial proportion of global aquaculture production conducted in ponds — particularly extensive and semi-intensive systems across South and Southeast Asia — improved management of organic loading, water quality, and production intensity offers a practical and cost-effective route to reducing direct GHG emissions. Useful strategies include optimising feed formulation and feeding rates to minimise unconsumed feed accumulating in pond sediments, periodically drying and tilling ponds between production cycles to oxidise accumulated organic matter and disrupt methanogenic conditions, and using probiotics and other biological management approaches to shift microbial communities away from methanogenesis.
Hu et al. (2012) showed that N₂O and CH₄ emission rates from aquaculture ponds are sensitive to dissolved oxygen concentration, organic loading, stocking density, and feeding rate — all variables under farmer control. IPCC (2019a) refinements to default emission factors for aquaculture ponds have improved national GHG inventory estimates, although the high variability of emission rates across production systems and climatic zones means that farm-level monitoring remains important for accurate carbon accounting. Beyond ponds, integrated farming systems such as rice–fish co-cultivation also offer potential for managing emissions while improving resource use efficiency (Hu et al., 2016), and represent an important area for further investigation, particularly in Asian contexts where both rice cultivation and freshwater aquaculture are major components of rural food production. Henriksson et al. (2018) emphasised that sustainable intensification of Asian aquaculture — improving productivity per unit area through better management rather than simply expanding production area — could simultaneously improve food security outcomes and reduce total GHG emissions relative to simple area-based expansion.
7.6 Policy and Governance Frameworks
Adopting emission reduction strategies at scale in aquaculture requires enabling policy environments and governance frameworks that create incentives for producers, supply chain actors, and investors to internalise environmental costs and commit resources to cleaner technologies and practices. Bush et al. (2013) assessed the role of voluntary certification schemes in driving environmental improvements in aquaculture and concluded that, while existing standards have had measurable effects on certain practices in some production systems, their effectiveness in reducing carbon footprints specifically is difficult to verify in the absence of explicit carbon accounting requirements within most standards. Naylor et al. (2021), in a comprehensive two-decade retrospective on global aquaculture development, argued for stronger integration of environmental accountability — including GHG emission monitoring and reduction requirements — into the governance frameworks shaping national aquaculture industries.
National and international climate policy frameworks provide important enabling conditions for sector-level decarbonisation. The Paris Agreement and its associated nationally determined contributions have been identified as frameworks within which aquaculture sector GHG reductions could increasingly be captured, particularly through the accounting of blue carbon sequestration associated with well-managed coastal aquaculture ecosystems (Filgueira et al., 2015; IPCC, 2019a). IPCC (2022) explicitly acknowledged the mitigation potential of the food and agriculture sector in the context of its sixth assessment cycle. Developing credible monitoring, reporting, and verification protocols specifically designed for aquaculture operations, however, remains an unresolved challenge — and represents a prerequisite for integrating the sector meaningfully into carbon market mechanisms.
Table 5 sets out the principal emission reduction strategies discussed in this section, indicating the primary emission category targeted, the evidence-supported mitigation potential, and the key barriers currently limiting wider adoption.

Table 5: Principal Emission Reduction Strategies for Aquaculture and Evidence of Mitigation Potential
	Strategy
	Primary Emission Category Targeted
	Mitigation Potential
	Key Barriers to Adoption

	Insect meal / single-cell protein in feeds
	Feed production (fishmeal substitution)
	High, conditional on substrate and energy mix
	Cost competitiveness; regulatory harmonisation; production scale-up

	Certified plant protein substitution
	Feed production; marine ingredient use
	Moderate; risk of LUC burden transfer
	Deforestation linkage in soy supply chains; nutritional constraints

	Renewable electricity at farm
	Energy-related emissions
	High for grid-connected intensive systems
	Capital costs; grid access in developing countries

	RAS with low-carbon energy
	Energy; direct water body emissions
	High with renewable electricity
	Very high energy demand and capital investment requirements

	Integrated multi-trophic aquaculture
	Feed-linked and direct emissions across system
	Moderate to high; species-specific
	Technical complexity; spatial management; regulatory uncertainty

	Mangrove protection / blue carbon
	Land-use change emissions
	Very high if area-level conversion is prevented
	Governance capacity; verification and permanence protocols

	Improved pond management
	Direct N₂O and CH₄ emissions
	Moderate; context-specific
	Monitoring costs; farmer adoption incentives and training

	Carbon pricing / mandatory reporting
	Cross-cutting, all categories
	Potentially large if well designed
	Data infrastructure; compliance costs; enforcement capacity


Sources: Ahmed & Turchini (2021); Badiola et al. (2018); Bohnes et al. (2019); Bush et al. (2013); Chopin et al. (2001); Duarte et al. (2017); Filgueira et al. (2015); Froehlich et al. (2018); Halloran et al. (2016); Henry et al. (2015); Hu et al. (2012); IPCC (2019a); Jonell & Henriksson (2015); MacLeod et al. (2020); Naylor et al. (2021); Troell et al. (2009); Wilfart et al. (2013)

8. Synthesis and Critical Discussion
The literature synthesised in this review reveals several robust patterns alongside persistent methodological challenges and important data gaps. The most important substantive finding is the sheer heterogeneity in carbon intensity across species and production systems. The range from sub-1 kg CO₂-eq kg⁻¹ for filter-feeding bivalves and seaweed to values exceeding 20 kg CO₂-eq kg⁻¹ for some shrimp systems incorporating mangrove conversion is substantially wider than the variation found within most other major protein source categories, and reflects the genuine ecological and technological diversity packed into the single term "aquaculture" (MacLeod et al., 2020; Poore & Nemecek, 2018). Blanket characterisations of aquaculture as inherently low- or high-carbon are therefore empirically indefensible, and policy instruments that treat the sector as a homogeneous entity risk misallocating effort and resources.
Feed production remains the most powerful lever for reducing carbon footprints in fed aquaculture. The trajectory of fishmeal substitution over the past two decades has already driven measurable reductions in feed carbon intensity for salmon and trout (Naylor et al., 2021), though these gains have been partially eroded by land-use change emissions from expanded soy cultivation (Froehlich et al., 2018). The emerging generation of insect-based and microbial protein ingredients holds out the prospect of further significant reductions, and several of the LCA studies reviewed here suggest that systems adopting novel ingredients could achieve substantially lower carbon footprints than those dependent on conventional marine or terrestrial plant proteins (Halloran et al., 2016; Henry et al., 2015). Whether these technologies can scale cost-competitively to the volumes required by global aquaculture remains an open question, and early LCA results for novel ingredients are subject to the same methodological heterogeneity that continues to challenge the broader aquaculture LCA literature.
Energy's role in aquaculture's GHG emissions is both a significant challenge and a genuinely tractable opportunity. For intensive land-based systems, the most direct route to low-carbon production is moving away from fossil fuel-derived electricity — a matter partly of national energy policy and partly of farm-level investment decisions (Badiola et al., 2018; MacLeod et al., 2020). For extensive and semi-intensive systems in lower-income countries, where energy use is relatively low but direct pond emissions and feed-related impacts may be significant, different intervention pathways are needed, centred on improved management practice, access to better-quality feeds, and farmer training. The sheer diversity of aquaculture contexts means that emission reduction policy must be tailored to specific production systems and geographies rather than pursuing a single uniform approach.
The methodological advances reviewed in Section 6 are gradually addressing some of the most significant limitations in the aquaculture LCA field. Consequential and dynamic approaches yield more policy-relevant assessments of sector-level emission implications, while improved marine resource use metrics, water footprint integration, and early work on biodiversity impact characterisation are building a progressively more complete picture of aquaculture's total environmental burden. Even so, data quality and primary measurement remain fundamental constraints — particularly for direct pond GHG fluxes across diverse geographic and climatic contexts, and for the rapidly evolving ingredient compositions of commercial aquafeeds. Both Hu et al. (2012) and IPCC (2019a) emphasised the need for expanded empirical measurement programmes for CH₄ and N₂O from aquaculture systems as a prerequisite for reducing uncertainty in global emission estimates.
Comparisons of aquaculture with terrestrial livestock in climate impact terms have become increasingly prominent in food policy discussions and dietary guidelines. Poore and Nemecek (2018) demonstrated, in a comprehensive global analysis, that aquaculture systems generally produce lower GHG emissions per unit of protein than ruminant livestock, though results are more variable when compared with monogastric pigs and poultry. Golden et al. (2016) highlighted the nutritional co-benefits of aquatic food consumption, particularly for micronutrients and long-chain omega-3 fatty acids, while Springmann et al. (2020) found that dietary guidelines incorporating moderate amounts of fish and seafood were associated with better combined nutritional and environmental outcomes than diets reliant primarily on terrestrial livestock. These comparative findings reinforce the case for including aquaculture — particularly lower-impact species and systems — in food system transition strategies aimed at improving diet quality and reducing dietary GHG footprints simultaneously.
Governance and certification remain essential enabling mechanisms. Bush et al. (2013) noted that voluntary standards have produced measurable improvements in specific practices in some contexts, but that the absence of robust carbon accounting requirements within most existing schemes limits their effectiveness as climate mitigation tools. Ahmed et al. (2019) and Naylor et al. (2021) both called for stronger integration of environmental accountability into national aquaculture development frameworks, arguing that the sector's long-term viability depends on its ability to demonstrate genuine improvement across multiple environmental dimensions, not GHG emissions alone.

9. Conclusions
This review has synthesised a broad and growing body of evidence on the carbon footprints of aquaculture systems, with particular focus on life cycle assessment methodology, comparative emission profiles, primary emission sources, and strategies for mitigation. Several principal conclusions emerge from this synthesis.
Aquaculture as a sector encompasses an extraordinarily wide range of carbon footprints, from near-zero or marginally negative values for some seaweed and bivalve systems to values comparable with, or exceeding, those of intensive terrestrial livestock for certain carnivorous finfish and some shrimp production configurations. This diversity means the sector cannot be characterised meaningfully in simple aggregate terms, and that differentiated, system-specific approaches to carbon accounting and reduction are essential for both scientific progress and effective policy.
Feed production is the dominant emission source in fed aquaculture and the primary lever for mitigation. The progressive replacement of marine ingredients with lower-carbon alternatives — including certified plant proteins, insect meal, and single-cell proteins — represents the highest-impact intervention available to the sector. Substitution strategies that shift environmental burdens from one production stage or geography to another must, however, be assessed through rigorous full life cycle accounting, and developing verification systems for novel feed ingredients is an important parallel requirement.
Energy consumption is the second most important emission source and is amenable to significant reduction through renewable energy transition and improved efficiency, particularly in recirculating aquaculture systems. The carbon intensity of farm energy is strongly mediated by the national electricity mix, meaning that policies accelerating grid decarbonisation will generate important co-benefits for aquaculture producers without requiring any change to production methods themselves.
Advanced LCA methodologies, including consequential and dynamic approaches, multi-regional input-output analysis, and multi-impact assessment frameworks, are improving the analytical rigour and policy relevance of aquaculture carbon accounting. Despite this progress, methodological heterogeneity across published studies remains an obstacle to cross-system comparison, and sector-specific reporting guidelines for aquaculture LCA represent an important priority for the research community.
Integrated multi-trophic aquaculture and recirculating systems with low-carbon energy supply represent the most technically promising pathways toward substantially lower-carbon production, but their wider adoption depends on resolving questions of economic viability, energy access, and regulatory complexity. Improved pond management practices, meanwhile, offer cost-effective and farmer-accessible mitigation opportunities for the large share of global production that occurs in semi-intensive systems.
Governance frameworks — certification standards, national aquaculture strategies, and international climate agreements among them — have a central role in incentivising, measuring, and verifying progress toward lower-carbon aquaculture. Mandatory carbon reporting requirements, credible offset protocols for blue carbon, and public investment in monitoring and data infrastructure are all components of the enabling environment the sector will need if it is to make a meaningful contribution to global climate mitigation objectives.

10. Limitations
This review carries several limitations that should be acknowledged openly. First, the adoption of a narrative rather than systematic review methodology, while appropriate for a heterogeneous and rapidly evolving literature, introduces an element of subjectivity into the selection, weighting, and interpretation of individual studies. The findings presented here should therefore be understood as a critical synthesis rather than a statistically representative sample of all available evidence.
Second, the published LCA literature for aquaculture is heavily concentrated on a small number of commercially prominent species and production systems — Norwegian Atlantic salmon, Asian shrimp, and European trout, in particular — and significant evidence gaps remain for many species and systems of growing commercial importance, including carp (by far the most produced aquaculture taxon globally), seabass, seabream, and numerous tropical freshwater and brackish-water species.
Third, the great majority of published LCA studies have been conducted in developed-country contexts or for export-oriented production systems in producing countries. The carbon footprints of subsistence and small-scale aquaculture systems, which provide food security and livelihoods for hundreds of millions of people across South and Southeast Asia and sub-Saharan Africa, remain very poorly characterised in the peer-reviewed literature.
Fourth, the static nature of LCA methodology means that the dynamic and interactive effects of climate change itself on aquaculture production systems — including the influence of rising water temperatures on feed conversion efficiency, disease prevalence, and species range — are not systematically captured in existing assessments. The long-term climate compatibility of any given aquaculture system cannot, therefore, be fully evaluated through current LCA frameworks alone.
Fifth, this review focuses primarily on cradle-to-farm-gate or cradle-to-consumer system boundaries and does not comprehensively address post-consumer food waste, which can significantly alter the effective carbon footprint per unit of nutrition actually consumed by the end user.
Finally, the pace of technological change in aquaculture — including advances in precision nutrition, novel RAS designs, offshore production systems, and emerging feed technologies — means that specific quantitative claims drawn from published studies may have a comparatively short period of direct relevance, even where the methodological and strategic conclusions of this review retain their validity over a longer horizon.
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