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Abstract

The diverse aquaculture sector makes important contribu-

tions toward achieving the Sustainable Development Goals

(SDGs)/Agenda 2030, and can increasingly do so in the

future. Its important role for food security, nutrition, liveli-

hoods, economies, and cultures is not clearly visible in the

Agenda 21 declaration. This may partly reflect the state of

development of policies for aquaculture compared with its

terrestrial counterpart, agriculture, and possibly also

because aquaculture production has historically originated

from a few key hotspot regions/countries. This review high-

lights the need for better integration of aquaculture in

global food system dialogues. Unpacking aquaculture's

diverse functions and generation of values at multiple spa-

tiotemporal scales enables better understanding of aquacul-

ture's present and future potential contribution to the

SDGs. Aquaculture is a unique sector that encompasses all

aquatic ecosystems (freshwater, brackish/estuarine, and

marine) and is also tightly interconnected with terrestrial

ecosystems through, for example, feed resources and other

dependencies. Understanding environmental, social, and

economic characteristics of the multifaceted nature of aqua-

culture provides for more context-specific solutions for

addressing both opportunities and challenges for its future

development. This review includes a rapid literature survey

based on how aquaculture links to the specific SDG indica-

tors. A conceptual framework is developed for communicat-

ing the importance of context specificity related to SDG

outcomes from different types of aquaculture. The unique-

ness of aquaculture's contributions compared with other

food production systems are discussed, including under-

standing of species/systems diversity, the role of emerging

aquaculture, and its interconnectedness with supporting

systems. A selection of case studies is presented to illus-

trate: (1) the diversity of the aquaculture sector and what

role this diversity can play for contributions to the SDGs,

(2) examples of methodologies for identification of
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aquaculture's contribution to the SDGs, and (3) trade-offs

between farming systems’ contribution to meeting the

SDGs. It becomes clear that decision-making around

resource allocation and trade-offs between aquaculture and

other aquatic resource users needs review of a wide range

of established and emergent systems. The review ends by

highlighting knowledge gaps and pathways for transforma-

tion that will allow further strengthening of aquaculture's

role for contributing to the SDGs. This includes identifica-

tion and building on already existing monitoring that can

enable capturing SDG-relevant aquaculture statistics at a

national level and discussion of how a cohesive and compre-

hensive aquaculture strategy, framed to meet the SDGs,

may help countries to prioritize actions for improving well-

being.

K E YWORD S

human health, poverty, sustainable development

1 | INTRODUCTION AND RATIONALE

The 2030 Agenda with its 17 Sustainable Development Goals (SDGs) (UN General Assembly, 2015) presents human-

ity with a pathway to a more prosperous, equitable, and sustainable future. It aims not only to eradicate poverty and

hunger and improve health and nutrition, but also to reduce inequalities and build peaceful, just, and inclusive socie-

ties while remaining within planetary boundaries. The world's population is projected to reach 9.7 billion by 2050

(United Nations, World Population Prospect 2019) and global demand for animal proteins may rise by as much as

88% (Cottrell et al., 2018; Searchinger et al., 2018), much of which will be consumed at levels exceeding guidelines

for healthy eating. How to feed a growing population a healthy (nutritious) and sustainable diet is one of the greatest

challenges facing humanity today (Willet et al., 2019) and the food system connects to the SDGs in multiple ways

through resources, environments, economics, and people's well-being.

Global expansion of diverse food systems has provided for nutrition, livelihoods, and sources of income but has

also come with environmental and social costs, including water scarcity, soil degradation, periodic droughts, biodiver-

sity loss, pollution, overfishing, and greenhouse gas emissions (Gordon et al., 2017; Willet et al., 2019). The global

food system is responsible for the yearly release of 25% of all greenhouse gases, occupies 50% of all ice-free land,

and is responsible for 75% of global consumptive water use and is an important contributor to eutrophication

(FAO, 2011; Poore & Nemecek, 2018). Such impacts not only reduce the potential and capacity of the Earth's life-

support systems to provide food and to realize SDGs, but also jeopardizes overall human well-being (Steffen

et al., 2015). Increased terrestrial meat consumption accelerates climate change, deforestation, and pollution of both

terrestrial and aquatic ecosystems (Machovina et al., 2015; Poore & Nemecek, 2018; Springmann et al., 2018). Agri-

culture and livestock husbandry dominate decisions about global food system development, but aquatic foods, which

are highly nutritious and can have a smaller environmental footprint than other animal source foods, are slowly mak-

ing their way into high-level food-related decision-making (Bennett et al., 2021; Costello et al., 2020; Gentry

et al., 2017).
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The seafood sector's importance for nutrient and food security is increasingly being stressed for many countries

with coasts and freshwater systems (Béné et al., 2016; Bennett et al., 2018; Bennett et al., 2021; HLPE, 2014).

Recent reviews have drawn attention to the need to derive more proteins from aquatic sources by restoring fish

stocks and increasing sustainable aquaculture development (Costello et al., 2019; Hicks et al., 2019; Willett

et al., 2019). The summary statement given during the launch of the 2021 UN Nutrition report1 clearly emphasizes

this importance—“There can be no food system transformation without aquatic foods” (G. Johnstone, Worldfish2).

Captured or cultured, from freshwater or marine ecosystems, aquatic foods play an important role in food secu-

rity and nutrition for billions of people and support livelihoods, economies, and cultures all around the world

(FAO, 2022). Aquatic foods, and in particular the expansion of aquaculture, may become more important as the

world seeks to create just food systems that support the health of people and the planet (Bennett et al., 2018, 2019;

FAO, 2022). Global per capita seafood consumption has increased from 9.0 kg (live weight equivalent) in 1961 to

20.2 kg in 2020 (FAO, 2022) and provides about 17% of the world's intake of animal proteins consumed (7% of all

proteins) (FAO, 2022). Fish and other seafood provide about 3.3 billion people with almost 20% of their intake of

animal protein (FAO, 2022).

Seafood is the most traded food commodity in theworld (by value), where a relatively small number of seafood species

and countries dominate global trade. Salmon, shrimp, catfish, and tilapia collectively represent approximately one third of

internationally traded seafood by value (8% by volume), of which 80%–90% of the fish are farmed (FAO, 2020a, 2020b).

However, almost 90%of all aquaculture output enters domestic markets in Asia—wheremost of global production and con-

sumption takes place (Belton et al., 2018). Production (volumes and types) and values of the aquaculture sector differ signifi-

cantly between different regions within Asia (Naylor, Hardy, et al., 2021; Naylor, Kishore, et al., 2021). Stagnating and

dwindling catches create uncertainties regarding to what extent global capture fisheries can expand, as roughly one third of

the world's fisheries are currently fished beyond sustainable limits (FAO, 2020a, 2020b). Recent work suggests that the

expansion potential could be substantial if fisheries governance improves (Costello et al. 2020), something that may prove

challenging considering the extent of overfishing and enforcement challenges. Regardless of capture fisheries potential, the

expectation that aquaculture will be responsible for the bulk of future seafood supply is very high. At the global level,

already more than 80 million tonnes (Mt) of fish and shellfish and 30 Mt of seaweeds originate from around 400 farmed

species, reared in highly diverse systems under diverse conditions (FAO, 2020a, 2020b; Metian et al., 2019; Naylor, Hardy,

et al., 2021; Naylor, Kishore, et al., 2021). Fisheries and aquaculture related activities also support the livelihoods of more

than 120million peopleworldwide, themajority of whom live in economically developing countries.

Meeting the 2030 global agenda for sustainable development will be challenging and will require partnership, inno-

vation, and holistic and harmonized approaches and strategies at multiple scales. Aquaculture can be well-positioned to

be part of the solutions but progress toward its contribution to achieving the SDGs is dependent on good governance

at all levels (local, national, regional and international) of decision-making (Farmery, Allison, et al., 2021; Farmery et al.,

2020; Farmery, White, et al., 2021; Hambrey, 2017; Stead, 2019). While aquaculture brings opportunities to contribute

to most of the SDGs, there are many factors influencing what the outcomes for SDGs will be from different types of

aquaculture systems in different situations. Some aquaculture systems (e.g., of naturally low trophic species, including

extractive species) have relatively low environmental footprints compared with many terrestrial animal production sys-

tems and can even provide environmental restorative functions, but as with all food systems different trade-offs will

result, for example, environmental performance versus societal benefits.

Countries may be uncertain about where to focus efforts and resources when deciding on what type of aquacul-

ture to invest in, whether new or an expansion of existing industries, large or small scale, and where it can make the

greatest contribution. However, the importance of underlining financial viability should be considered as a point of

departure. Similarly, policies that integrate social perceptions that influence peoples’ attitudes toward aquaculture

thus eliciting positive behaviors determine acceptability and success of the sector in an area. Understanding the

1FAO, IFAD, UNICEF, WFP and WHO. 2020. The State of Food Security and Nutrition in the World 2020. Transforming food systems for affordable

healthy diets. Rome, FAO. https://doi.org/10.4060/ca9692en.
2Plenary speech at the launch of the UN Nutrition paper on “The role of aquatic foods in sustainable diets.” Webinar, May 7, 2021.
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extraordinary diversity of aquaculture, both species and systems, becomes crucial for development of the sector's

present and future contributions to the different SDGs.

Having a broader value-chain perspective will be imperative for gaining deeper insights about its overall contri-

bution and for outcomes from investments and transformation efforts (Phillips et al., 2016). In addition, an under-

standing of “framing conditions” (Krause et al., 2015) and the role of “contexts” in which aquaculture development

will be embedded are needed in order to realize how aquaculture can deliver on the SDGs, that is, “the rules of the

game” (Figure 1). Framing conditions encompass political (including governance), economic, and environmental fac-

tors acting on decisions (governments, companies, NGOs, donors, and individuals) about aquaculture's possibility and

suitability versus other viable options (i.e., for terrestrial food production or other desired outcomes) as well as selec-

tion of specific types (species/systems) of aquaculture, resulting in different potential outcomes. Contexts involve

how the production and aquaculture value chains will generate benefits (and impacts), framed by both local charac-

teristics and global connections of a society and the environment, that is, its relationship to distant resource systems

(e.g., feed ingredients) and markets (export benefiting consumers elsewhere, etc.). Figure 1 is a conceptual represen-

tation of an “iterative process” where the outcomes from aquaculture development are benchmarked against some

targets—like the SDGs and their indicators—and are then circulated back and influence decisions and potentially also

the framing conditions enabling certain aspirational developments.

While developing aquaculture production is gaining increased interest, less attention has been paid to under-

standing how the sector can be better coordinated and governed, especially in a cohesive strategy to fully harness

its potential to help meet many of the SDG targets (Stead, 2019). The formulation and content of the SDGs have also

not captured the potential contributions that the diverse and complex aquaculture sector can offer. This gap partly

reflects the infancy around the development of policies for aquaculture compared with its terrestrial counterpart,

agriculture. Important for policy development and implementation is that an overemphasis on aquaculture produc-

tion growth, rather than equitable distribution of benefits (Brugere et al., 2021), may reduce its positive contribution

to the SDGs, especially to food security, nutrition, sustainable production and consumption, and human well-being.

F IGURE 1 Conceptual figure illustrating what is “shaping” aquaculture's contribution to the Sustainable
Development Goals (“rule of the game”) and also the feedback enabling adjustments for reaching desired targets/

outcomes.
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Thus, production/export orientation of some forms of aquaculture may risk limiting overall potential positive contri-

butions to the SDGs, for example, if competing with food resources and benefits from production are not being

shared (Belton et al., 2020; Farmery, Allison, et al., 2021; Farmery, White, et al., 2021).

Greater SDG contributions are usually achieved when aquaculture production is linked with distribution and

contribution to food and nutrition, either from consumption, or increased income that is spent on healthy food. This

outcome, however, may not happen “naturally”: considerations of equity and benefit sharing need to be built into

the governance of the aquaculture sector if the benefits of aquaculture production are to result in more than tons

and dollar values—that is, contributing more broadly to the SDGs (Brugere et al., 2021; Eriksson et al., 2018). As illus-

trated in Figure 1, aquaculture's contribution to improved nutrition and health outcomes is conditioned by the social,

economic, and institutional context within which it occurs: forms of aquaculture taking place in a context of harmo-

nized international trade and economic policies, with equity concerns at the heart, are more likely to achieve

improved health outcomes (Gephart et al., 2020). Aquaculture represents an ideal candidate—as a diverse and young

sector—to demonstrate the positive outcomes that can be generated by integrating common benefits of a farming

system to contribute to multiple policies relevant to achieving the SDGs.

This review attempts to unpack and increase the understanding about aquaculture's present and future potential

contribution to the SDGs. Aquaculture is presented as a unique sector that transcends all aquatic ecosystems (freshwa-

ter, brackish/estuarine, and marine) and is also tightly interconnected with terrestrial systems. This is not a comprehen-

sive review but aims at identifying key questions and knowledge gaps related to understanding the sector's contribution

to the SDGs to inform science policy priorities. The review consists of a literature survey based on the SDGs indicators

and how they link to aquaculture. A selection of case studies is presented to illustrate: (1) the diversity of the aquacul-

ture sector and what role this diversity can play for contributions to the SDGs, (2) mapping of methodologies and identi-

fication of delivery of the SDGs to aid decisions about trade-offs between farming systems’ contribution to the SDGs.

The uniqueness of aquaculture's contributions to the SDGs is discussed to capture a richer context for debates on the

future direction of relevant policies. The discussion includes species/systems diversity, the role of emerging aquaculture

species/systems, interconnectedness between supporting systems, and resilience properties. This review explains how

some of the lesser known types of sustainable aquaculture and their wider benefits can assist countries when making

trade-offs between aquaculture and other aquatic resource users competing for access to the same aquatic environment

or resources. The review ends by identifying pathways for transformation that will allow further strengthening of aqua-

culture's role for contributing to the SDGs, including how a cohesive and comprehensive aquaculture strategy framed to

meet the SDGs may help countries to prioritize for improving health and well-being.

2 | UNDERSTANDING THE SDGs, THEIR USE, AND ROLE FOR HUMAN
AND PLANETARY HEALTH

The 2030 Agenda for Sustainable Development provides a high-level policy and monitoring framework, designed to

stimulate and coordinate the activities of national governments, the UN, and other intergovernmental organizations,

civil society organizations, and other institutions. The 2030 Agenda comprises 17 goals and 169 targets (UN General

Assembly, 2015). It advocates sustainable development in all of its three dimensions (economic, social, and environ-

mental), for all countries (developing and developed), based on the fundamental recognition and protection of human

rights, dignity, and equity, today and into the future (UN General Assembly, 2015). Its focus is on the elimination of

hunger and reduction of poverty and inequality (opportunity, resource access, by gender, age, and ethnic diversity),

innovation and business development, and also social protection. It promotes energy efficiency and clean energy and

seeks to increase resilience to climate change, market volatility, and political instability. Reduction of the pressure of

human economic activities on the natural environment emphasizes sustainable production and consumption,

improved resource use efficiency, and circular economy practices. Overall aspirations, that indeed are ambitious, can

be summarized under five “Ps”: people, planet, prosperity, peace, and partnership (Box 1). The 2030 Agenda also
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emphasizes that goals and targets must be implemented together, thus accounting for potential interlinkages, trade-

offs, and synergies. The SDGs are referred to as indivisible, which emphasizes the interdependence of social (incl.

economic) and ecological concerns, something that poses great challenges for research implementation and monitor-

ing of the SDGs (Biermann et al., 2017).

The global development planning for sustainable development, that is, shifting the world onto a sustainable path,

advanced from a fragmented approach to a more integrated and aligned strategy initiated through the Millennium Devel-

opment Goals (MDGs) (2000–2015) and further advanced by the SDGs (2015–2030) (UN General Assembly, 2016). The

MDGs were seen as “halfway” goals, whereas the SDGs are considered more ambitious but with realistic targets set

against “zero” goals. The MDGs were criticized for being expert-led and hindered by a top-down approach. SDGs were

instead designed to empower collaborative working between nations to assist working together for the greater good—

that is, originating from a co-creative process that embraced a more participatory governance approach, enabling a wide-

spread feeling of ownership. The SDGs are also considered more universal than the MDGs, that is, applicable to both eco-

nomically developed and developing countries. SDGs have engendered a wider commitment to certain global challenges

(e.g., climate change, poverty, water, and peace), and the overarching nature of the SDGs enables addressing wider values

of multiple groups and actors. They are therefore considered to have gained more traction in governments around the

world than the MDGs, and in consequence, gather greater support for the 2030 Agenda. However, the impacts of the

COVID-19 pandemic have further driven inequality among and within wealthier and developing countries, with sustain-

ability goals considered by some nations more a luxury in the short-term recovery process. One might question whether

the SDGs are appropriate to achieve the rate of progress required in a post-pandemic world. Even if countries do not fully

reach the expected rate of progress, it is important that they try and that they have a structure in place for monitoring

progress.

Year 2020 marked the start of the “Decade of Action” to deliver on the Sustainable Development Goals by

2030. To monitor progress toward achieving the 2030 Agenda for Sustainable Development, a global indicator

framework for the SDGs was adopted by the UN General Assembly in 2017 (Resolution A/RES/71/313, UN, 2021).

Under each goal there are a number of targets, and for each target, one or more indicators. The global indicator

framework includes 231 unique indicators. Country level is the starting point for reporting on progress toward the

BOX 1 The five “Ps” representing the aspirations of the 2030 Agenda.

People: We are determined to end poverty and hunger, in all their forms and dimensions, and to ensure that

all human beings can fulfill their potential in dignity and equality and in a healthy environment.

Planet: We are determined to protect the planet from degradation, including through sustainable con-

sumption and production, sustainably managing its natural resources, and taking urgent action on climate

change, so that it can support the needs of the present and future generations.

Prosperity: We are determined to ensure that all human beings can enjoy prosperous and fulfilling lives

and that economic, social and technological progress occurs in harmony with nature.

Peace: We are determined to foster peaceful, just and inclusive societies which are free from fear and

violence. There can be no sustainable development without peace and no peace without sustainable

development.

Partnership: We are determined to mobilize the means required to implement this Agenda through a

revitalized Global Partnership for Sustainable Development, based on a spirit of strengthened global soli-

darity, focused in particular on the needs of the poorest and most vulnerable and with the participation of

all countries, all stakeholders, and all people.

Source: Hambrey (2017); Preamble to The 2030 Agenda: UN General Assembly (2015).
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SDGs. Forty-nine custodian agencies, which are mainly UN bodies but also include international organizations, con-

ventions, and a small number of member countries, request data from countries or retrieve data from national statis-

tics and publicly available data sources (UNECE, 2018). Once national data are obtained, custodian agencies validate

the data in consultation with the countries, compile it in regional and global aggregates, and send it to the UN Statis-

tics Division. There, it is aggregated for all indicators and disseminated in an annual SDG progress report. Some of

the data used by custodian agencies to report on the SDGs may come from their own thematic reporting. An addi-

tional responsibility of custodian agencies is to strengthen national reporting capacity, harmonize data collection

methods, and identify data gaps that need to be filled. FAO is one of the custodian UN agencies for 21 indicators,

for SDGs 2, 5, 6, 12, 14, and 15, and a contributing agency for a further five.

3 | AQUACULTURE'S PRESENT AND FUTURE ROLE IN MEETING
THE SDGs

Aquaculture is an important sector contributing to human well-being and plays an increasingly important role in

efforts to meet the SDGs (Hambrey, 2017). Aquaculture may contribute to all 17 SDGs but the most obvious are

those related to (A) eliminating hunger and improving health (SDGs 2, 3); (B) increasing environmental sustainability

of oceans, water, climate, and land through responsible production/consumption (SDGs 6, 12, 13, 14, and 15), and

(C) reducing poverty, achieving gender equality, improving livelihoods, and reducing inequalities (SDGs 1, 5, 8, and

10) (Figure 2). Not so obvious but also relevant relates to aquaculture's potential for energy production (e.g., algal

biomass), adding food production in cities (e.g., vertical farming, aquaponics, community farming), contribution to

technology development and development of various partnership (local to global) (SDGs 7, 9, 11, and 17).

Considering the present importance of aquaculture, it is surprising to find that aquaculture is almost invisible in the

declaration. Only in SDG Goal 14—“Conserve and Sustainably use the oceans, seas and marine resources for sustainable

development” under indicator 14.7 is aquaculture specifically mentioned. Agriculture constitutes the core of Goal 2—

“End hunger, achieve food security and improved nutrition and promote sustainable agriculture.” Agriculture (and fisher-

ies) is explicitly mentioned in the declaration related to poverty, food security, production, employment, and economic

growth, but aquaculture is not mentioned despite world aquaculture production overtaking fisheries production in 2012

and being the fastest growing food sector globally. The nutritional importance of aquatic foods in general is also absent

from SDG 14 that is dominated by Ocean Health indicators rather than acknowledgment of its strong link with human

nutritional security (Little et al., 2018; Tlusty et al., 2019). The association of aquaculture only with aquatic environments

(in particular marine), despite clear evidence that it is fundamentally interlinked to land ecosystems and people embed-

ded within these (Cottrell et al., 2018; Johnson et al., 2019; Naylor, Hardy, et al., 2021; Naylor, Kishore, et al., 2021;

Troell et al., 2014), tends to perpetuate the erroneous perception that aquaculture falls solely under SDG 14. Most aqua-

culture, however, takes place in inland freshwater systems (FAO, 2020a, 2020b) and therefore the key factors that

affect its development and impacts, both socioeconomic and geographical, on development are different from those

affecting marine systems (Naylor, Hardy, et al., 2021, Naylor, Kishore, et al., 2021). Moreover, its absence from SDG

6, Clean water and sanitation, also suggest that the roles of aquaculture in water use and consumption remain “off the
radar” for policymakers and practitioners with regard to water supply and health.

3.1 | Mapping aquaculture's linkages to the SDG indicators—Rapid survey of the
scientific literature

A literature review was conducted onWeb of Science to get a first indication that aquaculture does connect to the differ-

ent SDGs. This resulted in 178,549 hits that were analyzed using each of the SDG indicators as keywords. The number of

hits for each of 244 indicators was recorded, which were then transformed to the 169 targets of the SDGs by calculating
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mean results for each target (total no. of indicator hits/[divided by] no. of indicators). Mean “hits” for each SDG were cal-

culated by dividing the total of indicator hits by number of indicators enabling ranking of the data. The results are pres-

ented in Figure 3 and in Figure A1 (Appendix A). The analysis did not reveal directional contributions to the SDG targets

(i.e., ± or “what kind”) which reduces the understanding about the specific contribution from aquaculture. These aspects

are however further investigated by a selection of case studies later in the text. A key finding from the survey is that it

shows that aquaculture is connected to and has a potential or realized role, for all SDGs. SDG 6 “Clean water and Sanita-

tion” was ranked the highest—something that probably arising from the dominance of freshwater aquaculture, as well as

its connection to agriculture through feed. While acknowledging that the analysis is somewhat superficial and would need

further in-depth analysis, as well as considering a possible bias towards developed countries, it fulfills its purpose here to

illustrate the numerous links between aquaculture and the SDG indicators.

3.2 | Aquaculture's centrality in the global food system—Food security and nutritional
health (SDGs 2, 3)

Aquaculture plays a central role in food security and nutrition for billions of people and constitutes a cornerstone of many

people's livelihoods, economies, and cultural practices. The rising per capita consumption of farmed seafood has been

fuelled by the expansion in global trade, declines in the availability of wild fish, competitive product pricing, rising incomes,

F IGURE 2 Simplified overview of aquaculture's main contributions to the Sustainable Development Goals.
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and urbanization, with incomes and markets in the global South expanding more rapidly than the global north in recent

decades (Bush et al., 2019; Pieterse, 2017). Global aquaculture production more than tripled in live-weight volume from

34 M in 1997 to 112 Mt in 2017 (Naylor, Hardy, et al., 2021; Naylor, Kishore, et al., 2021). The increase has mainly taken

place in Asia, and with the exception of Asia and countries such as Norway, Egypt, Chile, and a few others, aquaculture

must be considered underdeveloped in many parts of the world. Thus, Asia, and especially China, account for more than

90% of the live-weight volume of both aquatic animals and aquatic plants. China's aquaculture is very dynamic, having

evolved over more than a thousand years, and is entering its next phase with the nation's rapid economic rise and massive

urbanization of its coastal zone (Crona et al., 2020; Newton et al., 2021). There are two distinct aquaculture production

worlds: the “aquaculture-developed countries” (most of Asia), and “aquaculture-under-developed countries” (most of

Africa, Europe, the Americas, and Oceania—the rest of the World). The latter comprises most of Earth and Oceans, where

there is only a proportionally tiny contribution to global aquaculture production (Figure 4).

Seaweeds, carps, bivalves, tilapia, shrimp, and catfish contribute most to overall global aquaculture volumes

(FAO, 2020a, 2020b). Farming of marine and diadromous fish and crustacean species has increased significantly but

volumes are small compared with farmed freshwater fish that accounts for 75% of global edible aquaculture volumes

(Naylor, Hardy, et al., 2021, Naylor, Kishore, et al., 2021). The aquaculture sector is highly diverse with over

500 farmed species across finfish, invertebrate, macro and microalgae, and aquatic plant taxa that are cultivated

using highly diverse methods, technologies, and inputs, in freshwater, brackish water, marine waters, or in artificial

environments to produce a range of products with diverse end uses (depending on e.g., cultures and diets) and con-

sequences for people and the environment (FAO, 2019; FAO, 2020a, 2020b; Metian et al., 2019; Naylor, Hardy,

et al., 2021; Naylor, Kishore, et al., 2021). Despite this diversity, production remains concentrated with just 22 spe-

cies accounting for 75% of global live-weight production in 2017 (Naylor, Hardy, et al., 2021, Naylor, Kishore,

et al., 2021). However, within these species groups there is considerable diversity, for example, for a given species, a

number of strains, varieties, and hybrids (farmed types) may be bred and produced (FAO, 2019; Troell et al., 2014),

and farmed seafood are compared with terrestrial crop and animal farming more close to their wild counterparts.

That same species may also be produced in different systems—freshwater ponds or lakes in one place but using rec-

irculation tank technologies in others—as part of small-scale/family “backyard farming,” or through large enterprises

mainly serving globalized markets, etc. Likewise, in similar production units (e.g., freshwater ponds), one or many spe-

cies may be cultivated with differing intensification levels including stocking densities, or dependence on fertilizers,

external feeds, and wild seed. Such diversity again illustrates how the affective mechanisms with which aquaculture

may influence the SDGs will be highly system and context dependent.

F IGURE 3 Aquaculture's multiple connections to the Sustainable Development Goals (SDGs) based on an
extensive search of the SDG indicators through Web of Science.
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Aquatic foods including farmed animals and plants provide unique sources of essential fatty acids (in particular

omega 3 fatty acids [EPA + DHA]), protein that easily can be digested and taken up by humans, and essential micro-

nutrients (including vitamins A, B [B12], and D and minerals such as calcium, phosphorus, iodine, zinc, iron, and sele-

nium) (Bennett et al., 2021; Beveridge et al., 2013; Golden et al., 2021; Hicks et al., 2019). Deficiencies of these vital

nutrients affect the growth, development, and well-being of hundreds of millions of people (Golden et al., 2021).

Aquatic foods are particularly important in many developing countries for providing nutrient densities important for

critical life stages, especially the first 1000 days of child development. Small fish are of specific importance but these

species are not targeted in farming, although there have been earlier attempts to introduce small-scale farming of

species that can be consumed whole (Byrd et al., 2021; FAO/NACA, 2012; Thilsted et al., 2016). Nutritional qualities

in feed-farmed organisms reflect in large part the feed composition, something that can result in the same farmed

species having different nutritional qualities because of different feed qualities (Kwasek et al., 2020).

3.3 | Environmental sustainability and resilience (SDGs 6, 12, 13, 14, and 15)

Aquaculture provides options for improving environmental performance of food production systems, including

reducing nutrient and carbon emissions, compared with many terrestrial animal-sourced foods (Gephart et al., 2021;

Hallström et al., 2019; Hilborn et al., 2018; Poore & Nemecek, 2018). Much of aquaculture production is a key part

F IGURE 4 Global animal aquaculture production by regions and the leading producers (numbers in million metric
tons [MMT]) (FAO, 2020a, 2020b).
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of freshwater use, reuse, and recycling, with the strongest link to freshwater use through crop-based feeds (Gephart

et al., 2017). Freshwater aquaculture ponds can be a key strategy in ensuring water use efficiency and avoiding scar-

city on farms and there are historical and contemporary models for aquaculture being a cost-effective part of waste-

water treatment that appears to be totally ignored (Edwards, 2015). Fulfilling aquaculture's future potential and its

positive contribution to Agenda 2030 will require accounting for the environmental performance of different types

of aquatic foods, and foods in general, and their different nutritional qualities (Béné et al., 2019; Golden et al., 2021;

Poore & Nemecek, 2018). This includes considering potential negative impacts from wastes, dependencies of land

and aquatic sourced feed ingredients, implication for biodiversity from appropriation of land and sea areas, and

potential for being regenerative or contributing to environmental restoration (Gephart et al., 2021; Troell

et al., 2014). Thus, depending on the farming system and management/planning, aquaculture also risks resulting in

different negative environmental impacts (Gephart et al., 2021; Troell et al., 2014) that need to be considered from a

broader social–ecological systems perspective to allow for understanding about SDG outcomes.

If not explicitly mentioned aquaculture may not be prioritized in relation to other food systems/activities, and

consequently the full potential of aquaculture to support sustainable development by replacing less sustainable food

production systems may not be realized. Its omission may also reflect a lack of understanding about the potential

contribution that aquaculture can make to many of the SDGs and partly explain the general lack of inclusion of sea-

food in global dialogues on food systems (Stetkiewicz et al., 2022). The diversity of species and habitats for farming

makes aquaculture an ideal candidate for better integration of policies to meet all the SDGs, that is, where water is

fundamental to life more broadly—indicating the need for comprehensive and cohesive strategies built on planning

systems that transcend land and aquatic ecosystems while integrating natural resource use.

The great richness of species and systems obscures the fact that few of them are close to optimization

(Henriksson et al., 2021) or that the development of farming of extractive species for food remains under-resourced.

Development of novel feeds, partly driven by growth in demand and economic incentives to reduce dependency on

marine ingredients, has gained pace in the last decade but the potential for expansion both in oceans and on land

remains unfulfilled (Cottrell et al., 2020). Published research has drawn attention to the specific role of how aquacul-

ture may add resilience to the global food portfolios (Troell et al., 2014). However, as a result of the huge diversity of

species and farming methods employed, and the aquaculture sector's interlinkages and reliance on a wide range of

ecosystem services and resource systems (land/space, water, seed, feed), it is widely directly and indirectly affected

by climate change (Barange et al., 2018; Tigchelaar et al., 2021) and other environmental stressors and challenges

(e.g., pollution, diseases) (Cao et al., in review), as well as stressors related to globalization (i.e., market dynamics, pan-

demics, etc.). Stressors operate both cumulatively and synergistically at varying spatial (species and farm level to

land- and seascape, country and global), and temporal scales, impacts being inequitably experienced throughout the

value chain by different value chain actors (Dabbadie et al., 2018). Climate change is already affecting aquaculture,

with effects unevenly distributed across the world (Barange et al., 2018; De Silva & Soto, 2009). Future climate

changes are most likely to negatively affect or challenge aquaculture production in low latitude countries, through a

combination of impacts and limited adaptive capacity (Dabbadie et al., 2018, Soto et al., 2018; Tigchelaar et al.,

2021). If unaddressed (e.g., no proactive planning for climate smart aquaculture) climate change and other environ-

mental stressors are likely to undermine the ability of the sector to maximize its potential contribution towards meet-

ing SDGs targets.

Aquaculture technology development, where a broader resource efficiency perspective is prioritized, includes

farming of extractive species and integrated farming systems (Chopin & Tacon, 2021). These systems have the

potential for strengthening the circular economy and can be essential for the recapture of finite nutrients

(i.e., nitrogen and phosphorus) from sea-based systems or land (i.e., agriculture) and used for restorative purposes.

However significant changes are needed to impact market and consumer demand and preferences to facilitate

increased production of this type of aquaculture, especially outside Asia. Aquaculture depends on ecosystem ser-

vices to support production in a variety of ways. Although aquaculture can result in negative ecosystem impacts, it

can also provide various ecosystem services and also contribute to restoration of aquatic ecosystems (Costa-
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Pierce, 2002; Hoegh-Guldberg et al., 2019). Based on modern hatchery and nursery technologies, aquaculture can

support endangered species (e.g., Canadian Atlantic salmon) and ecosystem rehabilitation, for example, kelp forests,

seagrass, and coral reefs. Marine aquaculture of lower trophic level aquatic species (mostly aquatic invertebrates),

such as bivalves, urchins, sea cucumbers, and seaweed aquaculture have the ability to improve water quality, serve

as buffers to coastal erosion, ameliorate nutrient pollution, provide essential habitats for other species, and transform

carbon, nitrogen, and phosphorus cycles (Alleway et al., 2019; Gentry et al., 2020; Theuerkauf et al., 2021; zu

Ermgassen et al., 2020) (see later in the text examples of oyster cultures links to SDGs). Such production systems

mirror agroecosystems, aiming at broad preservation of ecosystem functionality, and have been termed “restoration
aquaculture.” There exist clear definition, principles, and practices of restoration aquaculture and a working defini-

tion proposes “…commercial or subsistence aquaculture provides direct ecological benefits to the environment, lead-

ing to improved sustainability and the potential to generate an overall or net environmental outcome, in addition to

the supply of seafood or other commercial products and opportunities for livelihoods” (Jones, 2017).

3.4 | Poverty, livelihoods, and reducing inequalities (SDGs 1, 5, 8, and 10)

Aquaculture provides opportunities to improve food security and livelihoods through strengthening local production

and trade to supply fresh products to communities where supply chains/trade is limited. Aquaculture's specific con-

tribution to employment remains unknown but was estimated in 2016 to be somewhere between 27.7 and 56.7 mil-

lion full- and part-time jobs (Phillips et al., 2016). Aquaculture's contribution to economic, social (e.g., food security),

and environmental issues varies across countries/regions, diversity of species, production systems, and contexts

(Hambrey, 2017; Harvey et al., 2017; Troell et al., 2014). Support for local and regional value-chain development and

an emphasis on nutritional value (i.e., nutrient-sensitive production, Gephart et al., 2020) will be key to aquaculture's

positive contribution to the SDGs. The large increase in world aquaculture production since 1990 and the expansion

of trade in these products have allowed seafood prices to remain stable globally, regardless of where the production

originates, and despite the enormous growth in demand that has occurred as a result of population and income

growth (Asche et al., 2022; Troell et al., 2014). This has made it possible to maintain a supply of nutritious and

healthy seafood products at an affordable cost for a growing world population. This impact has been especially

important in many lower income countries (Belton et al., 2014). Aquaculture offers livelihood opportunities for

women, youth, and indigenous communities in seafood processing and trade, although it may not be the first choice

for young women and men (Arulingam et al., 2019). In the supply of inputs such as locally produced feed and seed

for aquaculture, the aquaculture sector creates many jobs and has positive multiplier effects on local, regional, and

national economies (Filipski & Belton, 2018; Hernandez et al., 2017). It supports the marketing and distribution of

nutritious seafood (mainly fish-based products) for maternal and child health (Bennett et al., 2018; Golden

et al., 2021).

There are many opportunities for aquaculture to continue to expand and contribute to the SDGs. Foremost

among these are demand-side opportunities where recent models predict rapid growth in demand in areas where

aquaculture is well-established and in areas where it has begun to develop (Naylor, Hardy, et al., 2021, Naylor,

Kishore, et al., 2021) and based on the current status that globally aquaculture products still remain absent from

most peoples' diets. Aquaculture's “new geographies,” for example, almost everywhere outside of Asia where aqua-

culture is new or not traditional, needs greater attention by food systems policy makers and planners at all levels of

GOs and NGOs. In contrast to Asia, where current dominant forms of aquaculture can be viewed in a historical per-

spective and are highly integrated into socio-ecological and political/governance contexts, this new aquaculture

milieu is characterized by limited experiences of aquaculture in public, social, and political spaces in society, or by the

decimation of traditional systems following colonization and removal of access to land and water by indigenous peo-

ples. For all the benefits we see aquaculture generate, aquaculture in its new geographies outside of Asia in general

still constitutes only a minor part of agriculture and natural resource economies, even within the ocean/aquatic
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economy. This can perhaps to some extent explain its status in the SDG declaration and indicates the opportunities

that can be realized as more experience is gained in new geographies, including through engagement with traditional

custodians and systems.

4 | AQUACULTURE DIVERSITY AND ITS IMPLICATION FOR SDGS

Aquaculture is highly diverse in terms of intensities, farmed types (species, strains, and hybrids), seed supply

(hatcheries, nurseries, or wild supply) and grow-out systems (cages, pens, ponds, rafts, recirculating aquaculture

systems, ropes, intertidal on-bottom, silos, stakes and tanks, and multicomponent systems), integration with agri-

culture and monoculture or integrated/ multi-trophic aquaculture (FAO, 2020a, 2020b; Troell et al., 2014). While

global production is dominated by a few major species (e.g., common carp, Nile tilapia, Atlantic salmon, Japanese

carpet shell, cupped oysters, Japanese kelp, and a few key galactan seaweeds), the range of cultivation contexts,

value-chain complexities, and end uses drive large differences in the social–ecological outcomes among, and cru-

cially within, aquaculture forms. Harvey et al. (2017) recognized that aquaculture can and may diversify further in

terms of species, technologies, geography and the environment, markets, and governance, and identified the main

drivers and mechanisms of such diversification (Table 1). Emphasis in that review was on development of a profit-

able aquaculture sector at multiple scales able to meet future seafood demands in environmentally sustainable

ways. Some of the identified drivers can, however, have the opposite effect and drive development of monocul-

tures. This is at least the case in countries where aquaculture is new (e.g., Chile, Ecuador, Brazil, Norway, Egypt).

This kind of development risks resulting in “blind spots” with respect to equity (Farmery, Allison, et al., 2021;

Farmery, White, et al., 2021). This is not to say that monocultures do not fit within a sustainable diversified aqua-

culture portfolio, but that a broad system perspective is needed for a fuller understanding of the sustainability

challenges. Diversification is ongoing and examples include sustainable intensification of existing systems, inte-

grated systems both on land and in seas, and different offshore solutions for both fish and shellfish (Naylor, Hardy,

et al., 2021; Naylor, Kishore, et al., 2021). Large-scale aquaculture has also evolved substantially in the past

20 years (Naylor, Hardy, et al., 2021, Naylor, Kishore, et al., 2021) and production innovations are reported glob-

ally almost every week. In addition, new ecological aquaculture production systems have arisen with new monikers

that have attracted new communities of practice that identify themselves with these innovations, not necessarily

with “aquaculture” (see Beveridge & Dabbadie, 2019).

TABLE 1 Main drivers for aquaculture diversification (from Costa-Pierce, 2002).

Driver Mechanism

Market demand As the world becomes more populated, urbanized, and rich, more people will want, and be
able to afford more fish and fish products

Climate change Changing environments will necessitate new species/strains, or the movement of established
species into new areas

Desire for increased
resilience

Aquaculture will need to supply consistent products in spite of external impacts

Consumer demand Consumers want to continue to eat fish that they are accustomed to eating and at affordable
prices; tastes may change in response to new trends or the introduction of new species

Environmental
concerns

Governments and consumers will want to promote and eat fish that are efficiently grown in
an environmentally friendly manner

Profit Aquaculturists will strive for species, breeds, and systems that are efficient and meet market/
consumer demands

Competitive
advantage

Developing new species, breeds or farming systems often gives the innovator an initial
competitive advantage
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The diversity of species (including strains, breed, and varieties) and systems will have implications for how aqua-

culture may deliver on the—especially so in the long term. Promoting further diversification of species and produc-

tion systems will be important for long-term performance in a changing world but selection and focus on improving

only a limited number of species (e.g., genetics, feed efficiency, etc.) may lead to more rapid improvements in terms

of producing the most environmentally performing species from the most sustainable systems (Henriksson

et al., 2021); a pattern commonly seen in sociotechnical transition pathways (Elzen et al., 2004; Geels &

Schot, 2007). Interventions that allow for rapid upscaling of such farming to support sustainable diets, that is, in

responsible ways, will be key.

4.1 | Aquaculture archetypes and the SDGs

Categorization of aquaculture into “archetypes” is a useful step towards enabling a simplified representation of how

species and systems are connected to, and to some extent may deliver on, the SDGs. The archetypes would prefera-

bly capture aspects related to; degree of technology/technology reliance, labor inputs/dependency, ownership struc-

tures, reliance on input resources, linkages to specific access rights (land for ponds, marine concessions for cages,

open access lagoons for seaweed plots), extent of investments needed and capital costs, profitability, target markets

(international/ national), dependency on R&D, nutritional values of products, need for and existence of knowledge,

required training, etc. Degree of intensification is a valuable indicator as it brings in biology and husbandry of the cul-

tured organism, physical characteristics of the systems, and key social and economic contexts. Costa-Pierce (2003)

suggested a simplified classification that allows capturing characteristics of farm systems (Table 2), allowing for

deeper understanding about the diversity and how this will influence various inputs and outputs.

Integrated aquaculture or aquaculture based on the principles of ecology and circular economy may contribute

to better attain the environmental dimension targets by improving the efficiency in using natural resources, and pos-

sibly reducing the extraction of natural resources and liberations of pollution and wastes (Boyd et al., 2020; Soto

TABLE 2 Archetypes/classifications of aquaculture systems.

Types Kinds and levels

Stocking, management,

and economic intensity levels

Intensive; semi-intensive, extensive

Water salinities Freshwater; brackish water; seawater

Water flow characteristics Running water; standing water with flushing; standing water

Amount of on-site water

treatment and recirculation

Open, no recirculation; semi-closed,

partial recirculation; closed, full recirculation

Environmental location Indoor; outdoor—natural; outdoor—artificial

Feed qualities Complete; supplemental; natural

Feeding strategies Continuous; scheduled; natural

Species stocking strategies Monoculture; janitorial polyculture; polyculture

Species temperature tolerance Eurythermal; stenothermal, coldwater; warmwater

Species natural food habits Carnivorous; omnivorous; herbivorous; opportunistic

Fry/larvae sources Hatcheries; wild capture of broodstock; natural

Level of system integration Stand-alone; integrated

Unit types Raceways; tanks and cages (floating, fixed; net pens (fixed);

rafts (roles, nets); ponds

Marketing channels Human food (local, export); sport, recreation, tourism
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et al., 2008). However, its performance still needs to be supported by evidence reflecting commercial situations.

Intensification means different things for fed species and extractive species (e.g., mussels and seaweeds) where the

main focus within fed aquaculture has been on increasing densities and at the same time reducing resource use per

production inputs. The ways by which aquaculture contributes to efficient use of financial resources, generating and

distributing wealth to local people, creating jobs positions and self-employment can contribute to the economic and

social targets of the SDGs, but how this plays out for different systems and conditions is very much dependent on

the contexts (see Sections 1 and 2). Development of participatory governance for aquaculture can contribute to

aligning effort and matching resource needs to specific aquaculture contexts thus helping to realize institutional tar-

gets of the SDGs efficiently.

5 | FRAMEWORKS AND INDICATORS FOR CAPTURING BROADER
SUSTAINABILITY PERFORMANCE OF AQUACULTURE

No single framework that could be applied to assess or guide the contribution of aquaculture to “sustainability” cur-
rently captures all its dimensions and at multiple spatiotemporal scales. A number of frameworks, however, enable

assessing the contribution of aquaculture to some of the dimensions of sustainability, or of all its dimensions at some

specific scale. For example, the sustainable livelihoods framework (Scoones, 1998) can be applied to understand the

contribution of aquaculture activities at household/farming system or local scale, and especially so because it con-

siders influences outside aquaculture (e.g., governance/institutions, access, assets, capabilities, etc.) that makes it

contribute (or not) to livelihoods and household well-being. The diagnostic framework for equitable mariculture, with

application to all aquaculture systems more generally (Eriksson et al., 2018), focuses on assessing ex-ante whether

aquaculture development initiatives (private or public) contribute to the fair appropriation and maintenance of space,

habitats, and ecosystem integrity, and provide fair access to opportunities, benefits and shared growth. Zooming out

from the farm level, Krause et al. (2015)'s framework to account for social, economic and ecological issues in aqua-

culture management and governance—or framework to fill the “people-policy gap”—considers equity dimensions at

a larger scale (sectoral, national, and global), focusing on how aquaculture should be governed to be more inclusive.

The ecosystem approach to aquaculture (EAA) (FAO, 2010) enables effective capture of the environmental and pro-

ductive aspects of aquaculture at a sectoral level, but its social and economic dimensions less so, despite its ambition

to guide the development of the sector in a holistic manner and also enable building resilience (Brugere et al., 2019).

The insights gained from the applications of these frameworks to the SDGs are only partial, and there is still a

step to cross to relate these to the five “essences” of the SDGs 5 P's (Hambrey, 2017; Box 1) to enable co-

development of cohesive aquaculture strategies. Nevertheless, applying a framework, chosen on the basis of circum-

stances and pragmatism, or extended with complementary concepts (Stephenson et al., 2021), in order to initiate

proper stakeholder dialogue and help mitigate against unwanted negative externalities of aquaculture development,

is recommended, with the caveat that the framework alone cannot ensure all “essences” of the SDGs will be com-

prehensively addressed.

5.1 | Impact pathways—A framework for mapping and understanding the
consequences of oyster farming for the SDGs

Herrero et al. (2020) investigated impact profiles of a few emerging new food technologies and social solutions and

could through mapping of “impact pathways” identify consequences for SDGs. The analysis allowed for identifying

positive contributions to specific SDGs but also unintended adverse side-effects for other SDGs. Thus, their method-

ology enabled capturing effects on multiple sustainability dimensions and gaining understanding about systemic

changes through emergence of SDG trade-offs. Identification of desired and undesirable spatiotemporal
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consequences provided the basis for development of planned transition pathways and careful monitoring of key indi-

cators. The authors concluded that developing the suggested framework would call for the integration of economics

and natural sciences—with a rich array of social sciences that study different facets of transformation in multiple

sectors.

Delago (2021) applied Herrero and colleagues' framework for a case study of larval spillover from oyster aqua-

culture establishing a new oyster fishery (Figure 5). Oyster farming is a highly relevant cultivation system as shellfish

aquaculture (including mussels and clams) has gained increased attention worldwide, contributing 7% of all aquacul-

ture production globally (live weight, FAO, 2020a, 2020b). Even though growth of the sector has slowed over the

last few years, shellfish farming may become increasingly important for our future food portfolio (Costello

et al., 2020; Troell et al., 2017) and provide a suite of social–ecological benefits linked to many of the SDGs, includ-

ing food/nutrition, income generation in remote/rural communities, provisioning and supporting ecosystem services

F IGURE 5 Case study of larval spillover from oyster aquaculture and linkages to Sustainable Development Goals
(based on Delago, 2021).
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that include nutrient removal, water clarification, coastal protection, and habitat creation (Dame, 2011; Gentry

et al., 2020; Grizzle et al., 2008; Kellogg et al., 2014; van der Schatte Olivier et al., 2020). However, uncertainties

with respect to climate change driven acidification of coastal waters and also increased occurrence of HABs exist

(Barange et al., 2019).

As marine resource managers strive to find innovative solutions to halt fisheries decline, shellfish aquaculture

has also gained increasing social acceptance in some regions as a sustainable solution for ecosystem restoration and

enhancement (Beck et al., 2011; Jones, 2017; Theuerkauf et al., 2021). Delgado and colleagues' case study was in

the Damariscotta River estuary in Maine, USA, and while the social acceptance of bivalve aquaculture has increased

in this area, the high market value of oysters in Maine make oysters a luxury protein and has marginalized parts of

the rural fishing communities and consumers. The study demonstrates not only the positive interactions of multiple

SDGs with oyster aquaculture but also the trade-offs resulting from an expanding aquaculture industry—including

the creation of a new wild oyster fishery and interactions with marine conservation initiatives (Figure 5). There are

also trade-offs with low and higher cost strategies with fisheries and restoration interests within a reciprocal conser-

vation paradigm. Despite the far-reaching value of shellfish aquaculture from ecosystem and fisheries enhancement

perspectives, contributions of larvae from aquaculture sites have not been identified previously as an ecosystem ser-

vice (van der Schatte Olivier et al., 2020). Larval spillover from expanding mussel aquaculture has assisted restoration

of the native green lipped mussel, Perna canaliculus, in New Zealand (Norrie et al., 2020).

5.2 | Wheel of sustainability framework—Aquaculture case studies

In an attempt to map how different aquaculture certification schemes address and relate to sustainability,

Osmundsen et al. (2020) investigated the most widely used aquaculture certification schemes (including ASC [Aqua-

culture Stewardship Council], Global G.A.P [Global Good Agriculture Practices], GAA [Global Aquaculture Alliance],

FOS [Friend of the seas], etc.). They developed a “Wheel of Sustainability” that effectively communicated the differ-

ence in how sustainability is addressed by certification schemes. For this study, this approach provides a comprehen-

sive overview of the main sustainability issues within aquaculture and presents key indicators within four key

sustainability subdomains. The subdomains have been modified slightly and instead of governance, economic, envi-

ronment, and culture, governance was replaced with institutional and culture with social (Table A1 in Appendix A).

Then this framework was applied for linking key SDG targets to the sustainability indices that the model provided.

The indicators used by Osmundsen et al. (2020) were complemented by addition of a selection of recent indicators

developed by FAO for mapping agriculture's contribution to the SDGs (FAO FSN, 2021). The indicators were then

also mapped to relevant SDG targets that were relevant for aquaculture, even if some targets had been defined more

narrowly, for example, towards only agriculture.

Using this modified framework, a few key aquaculture archetypes were identified and explored from how they

might influence the SDGs—viewed from the perspective of, for example, their resource demands (fed/filter/extrac-

tive), the markets they predominantly serve (local/global), the various requirements for mechanization versus labor

(high-tech/labor-intensive), and the accessibility of the final product (high value/low value/non-food uses), etc. Each

of these variables influences various aspects of sustainability across its multiple domains, including food security and

nutrition, livelihood opportunities and employment, equity and gender equality, and environmental impacts. Looking

across various permutations of these factors, case studies of different aquaculture archetypes were explored to illus-

trate the diversity of aquaculture's contribution to the SDGs (Figure 6). The case studies were selected to represent

systems of significance for global aquaculture as well as to some extent representing the differences outlined above.

They include two seemingly similar seaweed cases selected to highlight how different contexts may play a role in

sustainability outcomes and the SDGs. The five case studies included are listed below and extended information of

each case is found in Box 2:

268 TROELL ET AL.

 17497345, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jw

as.12946, W
iley O

nline L
ibrary on [12/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F IGURE 6 Results from case studies where Sustainable Development Goal (SDG) targets mapped onto
sustainability indices adapted from Osmundsen et al. (2020) and FAO core agricultural indicators of SDG
contribution. Bars represent the proportion of relevant SDG targets within each sustainability indicator of a given
polarity where each concentric ring represents a proportion of 0.25. All negative contributions within each
sustainability indicator are plotted inward, all mixed and positive contributions are plotted outward. The overarching
SDGs relevant to each indicator are displayed in the legend. See Table A1 in Appendix A for comprehensive detail of
contributions towards each SDG target.
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BOX 2 Description of case studies.

Seaweed farming—shallow bottom rope culture

A. In Indonesia, carrageenan seaweed farming has been a major driver of rural development and increased

living standards for coastal communities. As a labor-intensive industry, farming of seaweeds supports a

wide network of small-scale farming cooperatives, collectors, and agents throughout the domestic value

chain (SDG 2.3, Valderrama et al., 2013). Carrageenan seaweed farming is also lucrative in Indonesia,

raising many well above the poverty line (SDG 1.2), creating more equitable access to natural and finan-

cial resources for women (SDG 1.4, 2.3, 4.3, 5.a, 10.2), and leading to indirect benefits such as increased

education opportunities (SDG 4.3–4.5, 8.6, 10.3) and communication infrastructure (SDG 2.a, 9.1)

(Larson et al., 2021; Valderrama et al., 2013). In some regions, for example, Sulawesi, increasing depen-

dence on seaweed farming as a sole source of livelihood has left some communities more vulnerable to

shocks (SDG 1.5) as other less lucrative security activities such as copra production are abandoned

(Steenbergen et al., 2017). Nonetheless, for many, seaweed farming has improved household productiv-

ity and production efficiency (SDG 8.4) as the major income stream that occupies half or less of a

farmers' time (Larson et al., 2021, Valderrama et al., 2013).

Seaweeds do not depend on feed, can improve local water quality (SDG 6.3), and do not contribute

substantially to marine pollution (SDG 14.1), yet there remain considerable uncertainties and trade-offs

for localized environmental impacts. Off-bottom lines may denude coral or seagrass habitat, poles to

support suspended lines are often harvested from mangrove forests (SDG 2.4, 15.2, 15.5, Malik

et al., 2017), and while they may provide habitat/refuge for marine species (Thauerkauff et al., 2021) it

is uncertain whether this comes as displacement costs for surrounding habitats or whether species are

being lured into “ecological traps” (Hale & Swearer, 2016). Decentralized governance of seaweed aqua-

culture systems means that decisions about siting and management are made at more local levels where

impacts are felt (Valderrama et al., 2013). But to what extent decision-making promotes inclusivity and

empowerment of all involved (SDG 2.3, 10.2, 16.5–16.6), is unclear; it is hard discerning the role of

forced labor in family oriented business models but public pressure for greater transparency in fair

trade and product standards is growing (Valderrama et al., 2013). At an industry level, improved

resource efficiency (SDG 8.4) and development opportunities could emerge if the value chain can evo-

lve toward exporting more value-added products (e.g., refined carrageenan) rather than the raw sea-

weed biomass, which currently leads to added costs and losses (SDG 12.2–12.5) through transport to

major domestic hubs and offshore processing in China (Valderrama et al., 2013). Thus, despite the many

social benefits of the sector's growth, there remain considerable uncertainties among the environmen-

tal and institutional sustainability domains.

B. The two types of seaweed species grown in Zanzibar are Eucheuma and Kappaphycus, commercially

known as Spinosum and Cottonii respectively. The dominant technology to grow them is the traditional

off-bottom method, using wooden stakes (pegs) planted in the sand and ropes to which seaweed

bunches are attached. This method is, however, suboptimal because it is used in shallow waters where,

with the onset of climate change, environmental conditions change rapidly and affect productivity

(SDG 13), and it is very labor-intensive. The lack of depth increases seaweed exposure to variations in

sea surface temperature and salinity, especially during the rainy season, resulting in disease outbreaks

such as “ice–ice,” a discoloration of the seaweed thali which affects the quality of seaweed, and epi-

phyte infestation which suppresses growth (SDGs 14, 15) (Largo et al., 2020). The nature of the tech-

nology makes it particularly vulnerable to currents and storms, often resulting in tangled ropes, broken,

and lost seaweed. As a consequence, maintenance of the seaweed plots is physically demanding and
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hazardous work (SDG 8), requiring daily attention and placing a heavy burden on women's lives (SDG

5), far from commensurate with the economic returns the activity generates (SDGs 1, 8).

Although Cottonii fetches a slightly higher market price because of its higher carrageenan content

(US$ 0.4/kg of dried Cottonii compared with US$ 0.2/kg of dried Spinosum), it does not grow well in

shallow waters because it requires optimal environmental conditions, such as cooler water and constant

salinity in order to overcome die-offs. As a consequence, women producers have reverted to the cul-

ture of Spinosum despite the very low income they make. Furthermore, the marketing potential and

consumption benefits of seaweed products are under-exploited in Zanzibar and in the WIO region. Sea-

weed can be transformed into many products with health and nutrition benefits such as cosmetics

(soap, shampoo, and lotions) and food (juice, jam, seaweed sticks, salads, cakes, and noodles) (SDGs

2, 3), but over 90% of Zanzibar seaweed production is exported untransformed, missing out on oppor-

tunities for local value addition and benefits (SDG 8), including income generation for the women

involved in the industry (SDGs 1, 5).

Carp farming—earthen pond farming, Bangladesh

C. Inland pond culture in Bangladesh remains dominated by polyculture of low trophic species based on a

range of indigenous and exotics carps, together with tilapia and pangasius, which ensures efficient use

of natural resources (SDG 12.2). Widespread adoption of commercially oriented production has

increased the comparative affordability of freshwater fish, improving nutritional security (SDG 2), and,

because of its labor intensity, increased employment throughout the value chain (SDG 4.4). This in turn

has contributed to reduced poverty (SDG 1.2) in areas where aquaculture production has become geo-

graphically concentrated but also generated spillover economic and social impacts further afield (SDG

1.2, Filipski & Belton, 2018). Apart from the culture of giant freshwater prawn that are generally

exported after processing, most inland cultured fish is sold to local markets. Coined the “silent revolu-
tion” (Hernandez et al., 2017), commercialization of pond-based aquaculture has driven employment

and growth of micro, small and medium enterprises in value chains (SDG 8.3). Although production in

general remains dominated by the better off, increasingly flexible norms around leasing ponds have

enabled poorer actors to become producers in some contexts, especially around juvenile production,

improving inclusion (SDG 10.2). Strong demand for farmed fish is linked to urbanization and has incen-

tivized intensification and higher productivity (SDG 2.3), particularly in the face of a steady decline in

wild supply. Pond aquaculture has led to loss of wetlands (SDG 6.6, SDG 14 and 15) and elite capture

of resources (e.g., Toufique & Gregory, 2008; SDG 10.2) in some contexts but also acted as foci for

building resilience in the food supply of poorer groups (SDG 1.5) and improving water use efficiency

through integrated water use in associated horticulture (SDG 6.4; e.g., Karim & Little, 2018). The devel-

opment and dissemination of improved strains of farmed fish, notably tilapias, an outcome of interna-

tional cooperation (SDG 17.16) that is evident throughout the sector, have been a component in their

relative rise to importance. Such investments in genetic improvements have yet to significantly impact

on other commonly farmed species suggesting significant potential productivity gains are possible given

future investments in research and innovation (SDG 9.5). Increased use of feeds and improved feed

technology, both highly dependent on imports, have been the major driver of intensification but with-

out complementary improvements to system development, such trends cannot be sustained without

exceeding environmental limits within the pond and off farm (SDG 2.4, SDG 6.3). Enhanced access to

green energy at the pond side through investments in appropriate technology will be essential for sus-

tainable intensification (Little et al., 2018; SDG 7a). There is also interest and enthusiasm for reducing

degradation of threatened species (SDG 15.5), particularly small indigenous species known to be partic-

ularly rich in micronutrients and critical to nutritional security (SDG 2.1). The widespread adoption of
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simple technologies around freshwater pond aquaculture while stimulated by short-term development

projects often supported through international partnerships (SDG 17.16), has largely been a conse-

quence of market response to growing demand rather than an outcome of effective, centrally driven

governance (SDG 16.6; Belton & Little, 2011).

Salmon farming—coastal cages, Chile

D. Chile is the second largest producer and exporter of farmed salmon, after Norway. Production of salmon

reached 1Mt with a value of US$ 4.6 billion in 2020 (SERNAPESCA, 2020). The sector provides about 7%

of the country's total exports, contributing more than 14% to the “non-mineral” exports; thus, the activity

is a relevant economic sector contributing significantly to reduce poverty in some remote areas (SDGs 1),

especially in remote places and fishery-dependent coastal communitieswhere there are often no other per-

manent sources of income (Ceballos et al., 2018; Cardenas-Retamal et al., 2021; Soto et al., 2019; Soto

et al., 2021). The sector also contributes to improved technical skills (SDG 4) and increased economic pro-

ductivity at local level (SDG 8) as well as fostering local innovation and services (SDG 8). Yet this industry

has relevant environmental impacts tomarine ecosystems (SDG 14) (Quiñones et al., 2019), generates con-

flicts about the use of common spaces (SDG11), is vulnerable to shocks (SDG13), among other governance

and social issues (Chavez et al., 2019). Despite the high levels of production, national seafood consumption

is below the global average, at 13.3 kg per capita in 2013, which was down by 1.3% from 1993

(Mancini, 2020). The government has listed a target to increase the consumption of seafood by 1 kg per

capita by 2022 within the Chilean Action Plan for Sustainable Production and Consumption 2017–2022

(Farmery, Allison, et al., 2021; Farmery,White, et al., 2021). The above sector description is well reflected in

the Figure showing important advances in economic indicators, while institutional, social, and environmen-

tal indicators show advances but also relevant drawbacks. Special attention is needed to address biotic and

abiotic impacts on ecosystems, better social integration, andmore equitable income distribution.

Oyster farming—temperate coasts, Scandinavia/USA

E. Oyster farming in Scandinavia and in the Northeast USA is based mainly on native species and is often

operated as small-scale family and part-time farms integrating different age groups and educational

levels and is combined with other activities such as oyster fisheries, tourism, or other part-time employ-

ment (SDGs 8 and 9). The practices are characterized by strong legal institutions and governance hence

several of the institutional and social associations to the SDG targets are not applicable; however, over-

regulation of the sector reduces overall institutional sustainability. Despite the small scale of activities

and heavy regulatory burden connected to licensing and strict food safety standards, oyster farming is

profitable as the product is aimed for the luxury, high-end, high-value market (SDG 8). The products are

mainly aimed at local markets, hence increasing access to healthy, low-carbon foods (SDGs 2 and 13).

The small-scale activities are very beneficial from a socioeconomic perspective and promote numerous,

positive social feedback loops and activities maintaining cultural identities along with preserving and

advancing the added values of working waterfronts in terms of spin-off values achieved (SDGs 8 and

9). Similarly, because of the scale of operations, negative environmental impacts such as bottom effects

and interactions with wildlife are limited while positive effects are high on ecosystems goods and ser-

vices at a local scale, such as biodiversity enhancement, enhancement of wild populations through larval

spillover and nutrient recapture potentials (SDG 14). The sector is also characterized by significant inno-

vations and collaborations between industry and academic institutions, as well as international collabo-

ration (SDGs 9 and 17).
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A. Carrageenan seaweed production (Eucheuma spp., Kappaphycus spp., and Graciliaria spp.), Indonesia (Selection

criteria: extractive, global markets, labor-intensive, and non-food industries)

B. Carrageenan seaweed production in East Africa, that is, Tanzania (selection criteria: extractive, global markets,

labor-intensive, and non-food industries)

C. Carp pond production, freshwater (inc. polyculture), Bangladesh (selection criteria: filter, local markets, labor-

intensive, and low-valued)

D. Salmon production (Atlantic, Coho, Rainbow trout), marine cages, Chile (selection criteria: fed, global markets,

high-tech, and high-valued)

E. Oyster, rope/basket culture, Nordic Countries and United States (selection criteria: extractive and global markets)

These case studies highlight the complexity of sustainability (SDG) outcomes from aquaculture development. For

any given archetype there are clear trade-offs across and within environmental, social, institutional, and economic

domains. For instance, salmon farming in Chile has resulted in widespread economic benefits, increasing coastal liveli-

hood opportunities and reducing poverty in many remote regions. Yet concerns remain over the quality of work, envi-

ronmental impacts, and equitable distribution of benefits from industry growth, particularly in its contribution to fish

consumption, resulting in mixed contributions to social and environmental sustainability. Differences in framing condi-

tions and local contexts also mean sustainability outcomes can differ markedly from the growth of very similar systems

in different regions. For example, Carrageenan seaweed farmers in Indonesia and Tanzania both employ off-bottom

production strategies that are environmentally sub-optimal and lack onshore processing facilities, which limits domestic

value addition and the benefits these industries could provide. Nonetheless, across Indonesia, seaweed farming has

substantially raised living standards for many coastal communities through step changes in income, increasing women's

access to financial resources, and supporting infrastructure development. These benefits have struggled to be realized

in Tanzania where production in shallow waters has led to vulnerability to disease outbreaks and storm damage, com-

pounding labor demands on a typically female-dominated industry with disproportionately low economic return. Diver-

sified production systems which integrate and optimize resource use through co-culture or as part of a suite of

livelihood activities aimed at maximizing contextualized local benefit (as in the case of Bangladeshi carp farming or US

and Scandinavian oyster farming) seemingly minimize trade-offs across sustainability domains. By mapping specific

SDG targets onto well-resolved sustainability indicators, the chosen methodology provides a measure of uncertainty in

how any one or multiple aquaculture systems can inform the SDGs in different locations.

5.3 | Reporting progress on the SDGs—Indicators

The great diversity of aquaculture and its global extent are not only signs of its potential to contribute positively to the

Agenda 2030, but also of a complexity that may challenge the capturing and reporting on its contribution to the differ-

ent SDGs. The latter all the more so as indicators for specific goals are themselves spread across several custodian agen-

cies. As aquaculture supports and connects to all the 17 SDGs, its evolution should be able to be measured, using most

of the indicators developed by the UN General Assembly (2016). However, specific indicators to measure economic,

social, and environmental sustainability of aquaculture systems have already to some extent been developed and are

readily available (Boyd et al., 2007; Sustainability criteria for the blue economy, 2021; Valenti et al., 2018), and they

would be useful for supporting the assessment of the evolution of the aquaculture sector towards the SDGs targets.

Within countries, the government, private sector, academia and research institutions, and civil society all have a

responsibility to report on their activities for national statistics. The quality of the data is essential to obtain reliable

progress from the indicators. However, statistics and government data are weak in developing countries because the

institutions have low budgets, few technical specialists in analytics and limited access to governance infrastructure.

As much of global aquaculture takes place in developing countries, these and other constraints make it challenging

for obtaining good data on SDGs indicators, particularly evaluation of progress. As reported by the FAO
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(FAO, 2020a, 2020b), “A lack of reporting by 35%–40% of the producing countries, coupled with insufficient quality

and completeness in reported data, hinders FAO's efforts to present an accurate and more detailed picture of world

aquaculture development status and trends. Thus, the data validation process is important, and the results of indica-

tors should be analysed with caution.” The lack of genderized data, as in other food sectors, will also hamper aqua-

culture's contribution to attaining SDG objectives.

Efforts are currently underway to capture the extent to which enterprises in the agricultural sector—including

aquaculture, as well as those engaged in food processing, wholesale and retail, contribute to the environmental, eco-

nomic, social and institutional dimensions of the SDGs (FAO FSN, 2021). SDG Indicator 12.6.1 (the number of com-

panies publishing sustainability reports) itself provides national governments with the possibility to collect relevant

data on the private sector's contributions towards the SDGs. The data compiled by enterprises can then be used as

an important source of data for the SDG monitoring framework, but also to design targeted approaches to promote

change in corporate behavior regarding sustainability issues in the food sector. This is already happening and many

seafood companies (including feed producers) now include performance reporting against the SDGs. This is a posi-

tive development but the format for reporting needs to be strengthened to fit better with the SDG indicators. One

challenge with respect to reporting from the aquaculture sector remains, similarly within agriculture and capture fish-

eries, and this relates to the sector being dominated by the myriad of small-scale farmers with limited possibilities to

collect data and absence of proficient reporting structures, i.e. owner operated small shrimp farms in Thailand. Les-

sons can be learned from the inshore fisheries sector where simple mechanisms are employed to enable individuals

to record and share their catch data (Korda et al., 2021).

6 | UNDERSTANDING OF HOW AQUACULTURE CAN CONTRIBUTE TO
ACHIEVING THE SDGs—CONTEXT SPECIFICITY AND TRADE-OFFS

Aquaculture's contribution to achieving the SDGs depends to a large extent on species/systems and the context,

that is, being related to value chains, product markets (export/domestic), national economy, socioeconomic struc-

tures/fabric and governance at different spatiotemporal scales. Especially the importance of smaller scale actors in

value chains is missing and given their importance and their comparative impacts on broader poverty alleviation this

will be important to capture (Filipski & Belton, 2018; Kassam & Dorward, 2017). Thus, harnessing the diversity of

small-scale actors is key to the future of aquatic food systems (Short et al., 2021). Without this understanding it will

be difficult to make predictions of how any specific aquaculture development will play out and add value to particular

policies, for example, circular economy, biodiversity conservation, climate emergency, transition to net zero and food

security to mention a few relevant for the SDGs. To understand, project, and manage the different impact pathways

through which different developments or innovations might operate and their potential effects on multiple SDGs

(and possible trade-offs) has been subject of considerable research in sustainability transitions in multiple sectors

(Dorninger et al., 2020; Gaitán-Cremaschi et al., 2019; Geels et al., 2016). Trade-offs related to aquaculture's contri-

bution to (and negative impact on) the SDGs takes place at multiple scales (environment, social, geographical) and

between different types of developments (e.g., type of food production systems), as well as between different types

of aquaculture systems. Singh et al. (2018) investigated co-benefits and trade-offs across the goals of SDG 14 and

the other SDGs, using an approach assessing compatibility requirement for fulfillment and context dependence of

SDG targets. They suggested also that the framework could be used to explore relationships between other SDG tar-

gets (or similar multi-goal policies e.g., the Convention on Biological Diversity's Aichi Targets, etc.), and that it could

be modified to increase its relevance in specific contexts (e.g., national/regional scales). Although they identified that

the realization of all SDG 14 targets was, to various degrees, co-benefiting the realization of other SDG targets, the

analyses missed aquaculture (e.g., in this case marine), because of the lack of aquaculture specificity in SDG 14 targets

and indicators, and the fact that it is (implicitly) encompassed in so many other SDGs. It is important for aquaculture

development to further develop its relationships with other production sectors, that is, agriculture and capture
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fisheries, especially related to resource utilization, environmental, economic, and social impacts. Thus, trade-offs

related to how a particular production system contributes to the SDG is a reality for aquaculture development as

well as for all other types of developments. Trade-offs occur in multiple dimensions so to help characterize those

most relevant to aquaculture, a two-tier system is proposed. The contribution of how aquaculture relates to trade-

offs can be characterized using the below two different “Tiers”:

6.1 | Trade-offs “Tier1”: Selecting and prioritizing a specific type of aquaculture

At the local level, consequential trade-offs may involve licensing or prioritization to access and use aquatic resources

for aquaculture; at national level, decision-making about investments in aquaculture or fisheries or other aquatic sec-

tors. At an international level, decisions about trade-agreements, for example, tariffs, are used in the Common Fish-

eries Policy (CFP) levels. Economic drivers, particularly when underpinning jobs and food security often prevail in

negotiations over sector deals and are prioritized by governments. Thus, countries make trade-offs all the time and

economic prosperity is often prioritized over social and environmental considerations. A general negative image of

aquaculture has in many places (especially in the western world) resulted in weak political will to support develop-

ment or expansion of the sector but this is now changing. The diversity within the sector offers potential as well as

challenges and the potential for negative impacts need to be evaluated from a broader social–ecological system per-

spective. Figure 7 illustrates fed aquaculture's potential negative interaction with the environment and resources. In

geographical regions where aquaculture is not part of the tradition or essential for local residents’ food security or

livelihoods, environmental concerns and recreational activities may override establishment of aquaculture. Even in

situations where aquaculture has a long tradition and part of the culture it may be selected against when new alter-

natives develop—for example tourism (although under some contexts tourism and aquaculture have become posi-

tively linked). Social and cultural benefits of aquaculture such as the educational and networking opportunities that

arise from capacity building of the sector are frequently overlooked or are invisible to policy advisers.

Constraints that can lead to prioritization unfavorably for aquaculture development and the opportunities for it

to facilitate progress towards the SDGs include:

1. Equitable access to land and water—aquaculture is often underdeveloped in many countries' planning systems as

commonly categorized under fisheries or agriculture. Thus, a need to improve aquaculture governance in planning

and national strategic plans where they exist.

2. Market governance is weak—coordinated sector responses need to be developed that enhance rather than com-

pete with other food-producing sectors such as fisheries.

3. Perceptions and attitudes impact behavioral responses and often when negative may account for the unwilling-

ness of decision makers to support aquaculture.

6.2 | Trade-offs “Tier2”: Selecting among different aquaculture systems

Understanding trade-offs across SDGs for different types of aquaculture, as well as ensuring an enabling or facilitat-

ing environment, are needed to deliver on the SDGs. No doubt any approach will be highly context specific (geo-

graphic and temporal) and must be assessed from likely short, medium- and long-term consequences

(Hambrey, 2017). Identification of possible trade-offs between the different SDGs associated with different aquacul-

ture development trajectories—that is, type of systems—pose a large challenge even if using an existing framework

specifically targeting co-benefits and trade-offs across goals (e.g., Singh et al., 2018). This is not only because the

need for detailed information about a systems general performance will be high, but because the additional need for

local knowledge, experience, and perspectives is required for tailoring action likely to deliver positive impacts in the

TROELL ET AL. 275

 17497345, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jw

as.12946, W
iley O

nline L
ibrary on [12/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



specific context targeted (Hambrey, 2017). When developing aquaculture policies and deciding about investments

and development in aquaculture it is important to have analyzed consequences from possible trade-offs and consider

these separately from a broader system understanding (e.g., Brugere et al., 2021). Identification of key trade-offs

enable understanding of how these may constitute barriers to upscaling or expansion. For aquaculture, this becomes

even more challenging because of its absence in the SDG targets and indicators—which makes applying a method

like that of Singh et al. (2018) very difficult in practice. Categorizing different types of aquaculture (archetypes,

Table 2) to better align with various policies should enable the relationship between governance efficacy and man-

agement effectiveness to improve progress toward meeting the targets of the SDGs.

6.3 | Examples of trade-offs

• Salmon production in Chile has increased massively at a human cost because of infringements on human rights and

health and safety standards on fish farms (Díaz, 2009; Riedemann Fuentes et al., 2020) and erosion of traditional

F IGURE 7 Overview of aquaculture's potential interaction with the environmental and resource systems for
consideration in assessing Sustainable Development Goal outcomes. The small blue circle illustrates aquaculture
feed linkages to capture fisheries. Rebuilt from Gephart et al. (2021).
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culture (Barton & Román, 2016). However, perhaps the most important trade-off, from the local perspective,

relates to the positive contribution of salmon farming to local employment, including more opportunities for

women and reduction of local poverty (Cardenas-Retamal et al., 2021; Ceballos et al., 2018), versus environ-

mental impacts (e.g., escapees, diseases, chemical use). Naylor et al (in review) identified how seafood consump-

tion in Chile has been declining despite rising incomes and increased aquaculture production. Thus, produced

salmon and mussels are to a large extent being exported and people are increasingly eating more terrestrial

meat products. Thus, some of the benefits (health benefits) may occur far away (e.g., consumers in seafood

importing countries) instead of locally. Rebalancing this would imply that there are mechanisms in place so that

the revenues from exports fall back on the people and communities where production is generated in the first

place, that is, through taxes (Soto et al., 2021).

• Aquaculture can impact negatively on capture fisheries potential to deliver on many of the SDGs (Clavelle

et al., 2019; Farmery, Allison, et al., 2021; Farmery, White, et al., 2021; Naylor et al., 2000) as a result of impacts

on aquatic habitats and competition for fishery resources. However, again, the overall benefits from aquaculture

need to be evaluated.

• In addition, fisheries and aquaculture interact through market competition indicating the need for integrated plan-

ning and management of the two sectors for understanding different SDG outcomes.

• Nutritional trade-offs can arise where increased consumption of farmed fish replaces more nutritious wild fish

(Belton et al., 2014; Bogard et al., 2017) and also where nutrient profiles of fish are altered in response to differ-

ent feed ingredients selected based on economic or environmental considerations. However, farmed fish still pro-

vides nutritional benefits and it is difficult to know to what extent increased availability may offset any changes in

nutritional quality for people's health and well-being.

• Aquaculture companies often align themselves with SDG 14 (Life in Water) to highlight the role of farming large

(medium to high value) fish in reducing depletion of wild fish stocks. A complication of this is that the use of

fishmeal and oil in aquaculture feeds for some species limits the potential for smaller highly nutritious fish to be

directly consumed, by humans and other predators alike. However, drastically reduced reliance on fishmeal and

oil in farmed finfish such as salmon has shifted this link towards land (Tacon et al., 2021; Troell et al., 2014). This

shift is an example of how new links bring different benefits and costs that need to be carefully considered. By

connecting a greater fraction of feed nutrient supply to industrialized crops, we may end up sparing fish from the

sea but inadvertently contribute to risks associated with agriculture-derived land-conversion, nutrients and pollut-

ants entering aquatic waterways, and their potential effects on coastal ecosystems and fisheries.

• An example of trade-offs within SDGs resulting from aquaculture is remediation of regional eutrophication by

mussel farming that potentially may cause local eutrophication that works against nature preservation objectives

(Cranford et al., 2009). However, such trade-offs can largely be resolved through spatial planning (Aguilar-

Manjarrez et al., 2017; Lacoste et al., 2020).

These examples of trade-offs serve to highlight the multi-faceted nature of aquaculture practices and emphasize

the importance of identifying challenges and opportunities to enable the sector to better contribute towards pro-

gress in achieving the SDGs.

7 | INCREASING AQUACULTURE'S POSITIVE CONTRIBUTION TO THE
SDGs—CHALLENGES AND OPPORTUNITIES FOR GOVERNANCE

Key challenges and opportunities, and also actions, for the aquaculture sector to continue contributing positively to

Agenda 2030 are summarized in Table A2 (Appendix A) (Box 3). Below are some extended discussions of key

selections.
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7.1 | Improvements for capturing/monitoring aquaculture's contribution to the SDGs:
A gender perspective

Census data needs to better disaggregate household level and individual dependency on aquaculture so that socio-

economic components can be better understood, particularly in relation to gender. This could involve:

• Collection of gender-disaggregated data in aquaculture which has long been called for and remains problem-

atic. Gender data is often not detailed, especially regarding casual work, which is common in aquaculture

and fisheries production/processing. It remains a challenge to show the visibility of women's participation in

aquaculture (as a starting point to progressing towards gender equality in the sector) (Brugere &

Williams, 2017).

• The biannual questionnaire sent by FAO to its member countries to monitor the implementation of the 1995

Code of Conduct for Responsible Fisheries (within which Article 9 is on aquaculture) does not include any ques-

tions on gender—which is not surprising given the Code itself is gender-blind (Williams, 2016).

• It is well known and documented that more women are present in the post-harvest sector (FAO, 2020a, 2020b),

and although sex-disaggregated data is becoming more available, the products are not clearly disaggregated

according to their source (farmed vs. caught), so tracking the contribution and benefits of women in aquaculture

BOX 3 Private aquaculture sector engagement—incorporation and guidance by the SDGs.

More and more large seafood companies are engaging with the SDGs and presenting this engagement

through their annual sustainability reporting. This also includes aquaculture feed companies that now

map their current strategy and activities against the SDGs and align their established measurement

criteria and focus areas with the SDGs identified as most relevant for their business. While industry

engagement with SDGs is positive, the way in which companies measure progress towards contributing

to the SDGs is not comprehensive, focusing on a limited range of SDGs. Environmental stewardship

remains a key focus of aquaculture certification schemes (Osmundsen et al., 2020) and of companies

seeking social license. Addressing a broader range of issues is not a priority for many companies or may

not be feasible for medium and small-scale enterprises. Food security (SDG 2) remains one of the least

commonly prioritized SDGs by large companies—but may be true also for small-scale producers. Large

seafood companies based in the global north (not exclusively) also develop business partnerships (SDG

17) with smaller companies in the south—involving, for example, technology transfer and sometimes co-

ownership.

Market-based tools such as eco-certification have been one of the main sustainability mechanisms

used in the sustainable seafood movement and these relate to many of the SDGs. Environmental sustain-

ability has been in focus but social performance is increasingly being considered. Today the volumes of cer-

tified farmed fish and shellfish constitute about 8% of global aquaculture production (76.7 million tons,

2015) (Jonell et al., 2019). Alongside the spread of private, global eco-certification schemes (e.g. ASC,

Global GAP), state-initiated national certification programs for aquaculture have developed (e.g., GAP,

CoC, GAP-7401, VietGAP, and IndoGAP, see Tlusty et al., 2016). Creating a metrics and evaluation frame-

work that will encourage elucidation of the environmental and social gains made through certification will

be important and here the effects on the SDGs may be useful as this provides for broader systemic insights

(Jonell et al., 2019).
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post-harvest value chains specifically is difficult—unless one looks at the products individual companies are trans-

forming and their staff.

• Reporting against SDG 5 offers the sector an opportunity to do better at increasing the visibility of, and opportu-

nities for, women in the sector, especially in relation to the reporting responsibilities of the private sector/

companies (cf. point above, ex. Indicator 5.5.2 Proportion of women in managerial positions).

• Reporting also needs to enable capture of casual employment within the seafood sector, that is, especially within

post-harvest activities where women play an important role.

7.2 | Climate change and emerging global stressors

Climate change has implications for aquatic systems, for example, increasing water temperature, sea level rise, acidifi-

cation, changed precipitation patterns and freshwater availability (Dabbadie et al., 2018; Tigchelaar et al., 2021).

Eutrophication is exacerbated, resulting in increasing incidences of algal blooms and hypoxia and pollution of bacteria

and toxic compounds (Liu et al., 2017). The frequency of severe weather events is increasing and there are geograph-

ical species distribution shifts, including invasive species, pathogens and the incidence of diseases (Barange

et al., 2018; De Silva & Soto, 2009). All of these changes may challenge the potential for aquaculture's future contri-

bution to the SDGs. However, change is already happening with unevenly distributed effects across the world

(De Silva & Soto, 2009; Soto et al., 2018).

Aquaculture production in low latitude countries will likely be most negatively affected from direct climate

changes (Barange et al., 2018), while effects in northern latitudes may be both positive and/or negative. This

creates challenges for existing farming to deliver on the SDGs but at the same time also creates opportunities

for farms to be established in regions where farming conditions improve. Climate smart aquaculture may offer

a proactive way for countries to build resilience in food security through, for example, selective breeding for

traits able to evolve and withstand future predicted changes (Hoegh-Guldberg et al., 2019). In addition to

direct impacts on farms environmental stressors also act on supporting systems providing the aquaculture

industry with raw materials for feed. Climate projections indicate decline in production of some key crops and

fish species (e.g., AgMIP, FishMIP, see Blanchard et al., 2017). General degradation of both terrestrial and

aquatic ecosystems may also lead to more volatile crop and fish production, increasing risk of environmental

shocks for raw material supplies (Cottrell et al., 2019; Froehlich et al., 2018; Gephart et al., 2017; Klinger

et al., 2017).

Demands for space (land and sea) and freshwater will increase as well as competition with other users (Jouffray

et al., 2020). Agriculture accounts for about 70% of the freshwater withdrawals in the world and is the main factor

behind the increasing global scarcity of freshwater (Alexandratos, 2005; Bruinsma, 2009). A projected 55% increase

in water demands for agriculture is expected by 2050 (Leflaive, 2012). Expansion of freshwater aquaculture on land

may compete with agriculture for access to the same land and direct use of freshwater, but this competition may be

reduced as intensification can occur within existing practices and efficient water management implemented

(Beveridge et al., 2018, Belton et al., 2020; Zhang et al., 2022). For expansion in the sea both coastal areas and off-

shore areas offer opportunities for growth, although in some heavily populated coastal regions the competition for

space may be intense and water qualities deteriorating (Liu et al., 2017; Troell et al., 2017). Expansion of ocean

energy production from renewable sources may offer the potential for aquaculture to co-locate, integrating its pro-

duction system with the logistics, power sources and human capacities of a larger industry as it moves offshore

(Buck et al., 2018; Buck & Langan, 2017; Troell et al., 2009).

The impacts of aquaculture on climate through release of GHGs are largely determined by species, system,

production methods, location and management (Barange et al., 2018; Gephart et al., 2021; Troell et al., 2014;

Waite et al., 2014). Many studies have shown that aquaculture can have lower carbon footprint emission com-

pared with terrestrial livestock—that is, in particular cattle (Gephart et al., 2021; Hallström et al., 2019; Hilborn
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et al., 2018; Poore & Nemecek, 2018). Henriksson et al. (2021) identified overlooked potential for implementing

interventions to improve productivity and environmental performance of aquaculture species—in particular related

to low-value, high-volume species that currently account for the majority share of aquatic food production.

Feed is the single largest contributor to GHGs from global aquaculture (MacLeod et al., 2020). Use of aquacul-

ture feeds is increasing and much effort is going into production and utilization of feed resources that do not com-

pete with demand for direct human consumption, such as fish processing by-products and other processing side

streams, crops (soy, canola, maize, etc.), insect meals and single-cell organisms (Cottrell et al., 2020). There is a need

for critical reflections about the various trade-offs with other SDGs in the use of these “noble feeds.” Even though

there is interest in ecological intensification of pond aquaculture, where underutilized and inexpensive agricultural

products are used as feed ingredients and stimulate the production of natural food in the pond (Joffre & Verdegem,

2019) the trend is greater use of formulated diets. Technological innovations, combined with massive increases in

production of solar and other renewable energy, enable aquaculture to decarbonize and have lowered prices to the

point that in most parts of the world they offer the cheapest sources of energy, facilitating the transition. Efforts for

reducing environmental impacts may come at high economic costs and risks (e.g., high tech. recirculation systems or

offshore installations) and potential consequences related to different trade-offs need to be considered in future sce-

nario planning.

Technological improvements, including genetic selection can also increase aquaculture contribution to SDGs.

Reduction of feed conversion ratios in salmon farming is a good example, resulting in lower environmental foot-

prints (including carbon footprint) through improved farming efficiency (Henriksson et al., 2021). If similar reduc-

tions could be achieved in other fed species, such as carps, tilapia, catfish it would further improve the

sustainability of the sector (Hasan & Soto, 2017). Research to develop vaccines for major diseases and use of other

environmentally friendly disease prevention and mitigation approaches such as probiotics, biofloc systems, etc.,

may also be important for improving growth performance (Box 4).

BOX 4 “Blue economic growth”—consideration of aquaculture's contribution to the SDGs.

The risks for inequalities resulting from aquaculture development and the overall seafood sector needs to

be considered as this may threaten achieving sustainable aquaculture and meeting the SDGs more broadly.

Applying an SDGs lens to aquaculture development enables a deeper understanding of social–ecological

equity and food justice outcomes. For example, mariculture is considered to be a vital component of the

“blue economy”—a concept in which ecosystem degradation is minimized and social benefits enhanced at

the same time as revenues from the sustainable use of marine resources are optimized (FAO, 2015). The

concept is interpreted differently by stakeholders and the scope and boundaries of the blue economy in

line with the SDGs are vague (Lee et al., 2020). Costello et al. (2020) showed through modeling that mari-

culture (fish and shellfish) could increase significantly—although this has been challenged (Belton

et al., 2020). This aquaculture sub-sector does, however, not currently produce as much food as freshwater

aquaculture (73% of all farmed seafood—edible weight) originate from freshwater aquaculture (Edwards

et al., 2019; Naylor, Hardy, et al., 2021; Naylor, Kishore, et al., 2021), and the products farmed are often

destined for export markets. While generally having a lower environmental footprint than other animal

proteins (Poore & Nemecek, 2018; Tilman & Clark, 2014), mariculture's contribution (fed systems) to local

food security and livelihoods has been questioned (Belton et al., 2020; Farmery, Allison, et al., 2021;

Farmery, White, et al., 2021). Better alignment of mariculture, and the blue economy more broadly, with

the SDGs will help ensure the potential for growth and development, as well as protection of ocean

resources, are realized.
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8 | CONCLUSIONS

Aquaculture holds huge potential to contribute positively to human and planetary well-being when outcomes are

aligned with the Sustainable Development Goals. However, the evidence base remains variable but rather weak, fur-

ther undermining policy change (Béné et al., 2016). The potential for the sector to further contribute to these aligned

goals using frameworks such as that developed for the UN SDGs seems large. Aquaculture already contributes sub-

stantially to the many SDGs but the diversity of species/systems, in combination with different contexts, can result

in different SDG outcomes not being fully realized or visible. This needs to be carefully evaluated. Our review con-

cludes the UN SDG framework is a useful and needed lens for supporting sustainable transformation of aquaculture

into the future on a global scale (Hambrey, 2017; Stead, 2019). But unless action can transform the political will to

recognize the potential value of aquaculture across all the SDGs then this sector will remain uncoordinated and invis-

ible to many national (food) policies. From a policy perspective aquaculture is governed differently depending on the

country, for example, in some it comes under agriculture policy, in others it comes under fisheries or natural

resources among others. This also only constitutes a partial part of governance, that is, that also is an outcome of pri-

vate sector interactions, local cultural rights and norms, etc. The full potential of aquaculture to achieve targets of

the SDGs may also only be realized if brought into broader food and natural resource systems decision-making. With

the fundamental dependencies among aquatic and terrestrial food (and also other) sectors, there need to be clearer

linkages among planning systems. One way to break down sector/policy silos is to use overarching themes like net

zero or the triple challenge of people, planet, and climate. This requires integrated governance and systematic inclu-

sion of aquaculture in policy development. A basic change in the way many think about aquaculture could be

improved through narratives that better link the wider benefits using the SDG framing.

In addition, a deeper understanding of how aquaculture (systems and species) relates more broadly to the differ-

ent SDGs, and also how existing indicators enable (or not) us to monitor change, are also needed to increase visibility

of its potential to policy makers. The application of two assessment methodologies (i.e., impact pathway and Wheel

of Sustainability) indicates ways to enable mapping of aquaculture linkages and contributions to the SDGs to be bet-

ter understood and visualized by non-specialists. However, as pointed out in the paper, also indicated by the case

studies, understanding about the specificity related to how contexts will shape aquaculture's contribution to the

SDGs is imperative. Testing the methodologies described herein on other aquaculture systems and finding ways for

simplifying the analysis should be a next step. Existing indicators that already to different degrees are reported

should be evaluated and built upon (and the need for new ones be suggested). This would need careful review of the

statistics that different nations collect and their efficacy evaluated to understand how they capture contribution to

the SDGs (Box 5).

BOX 5 Summary of key messages.

1. Aquaculture contributes to all 17 SDGs but where data exists to evidence its impact are those related

to (A) eliminating hunger and improving health (SDGs 2, 3); (B) increasing environmental sustainability

of oceans, water, climate, and land through responsible production/consumption (SDGs 6, 12, 13, 14,

and 15), and (C) reducing poverty, achieving gender equality, improving livelihoods, and reducing

inequalities (SDGs 1, 5, 8, and 10).

2. Aquaculture is an important sector that contributes to human well-being, but better linkages between

aquaculture, health, the broader food system, and natural resource management policy and practice

need to be established for the sector to play a greater role in efforts to achieve the SDGs in this

generation.
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This paper highlights why a new narrative on the complexity of the diverse aquaculture sectors' direct and indi-

rect benefits is needed to align with different contexts and policies aimed at achieving the SDGs in this generation.

Such a narrative could facilitate expansion of the sector and improve governance on the best type of aquaculture

3. Acknowledgement—and better identification—of aquaculture's present and future potential role in the

global food system, for example, for rural and urban development (and redevelopment), for healthy

and sustainable diets, for human health and wellness, will improve our understanding of its potential

for positive contributions to many of the SDGs and influence effectiveness of policies and impact.

4. Integration of land and ocean-based aquaculture with emerging renewable energy systems, existing

agricultural systems and other sectors of the economy (e.g., tourism) to accelerate aquaculture's contri-

butions to the SDGs should be further explored to build cohesive strategies with common goals.

5. Key institutions at the global to local levels need to monitor aquaculture's contribution to the different

SDG indicators through existing structures, while also continuing to build on these and to develop

new tools that capture the wider benefits of aquaculture. Such monitoring is also essential to compare

and demonstrate aquaculture impacts and trade-offs with respect to other food systems and

livelihoods.

6. Having a broader value-chain perspective will be imperative for gaining deeper insights about aquacul-

ture's overall contribution to the SDGs, for understanding outcomes from investments and transfor-

mation efforts especially in diversifying supply chains and livelihoods.

7. Understanding the specific contexts in which aquaculture development will be embedded is needed to

realize how aquaculture can deliver on the SDGs (locally and globally). Different contexts determine

how aquaculture production and value chains will generate benefits (and impacts) for society and the

environment, framed by both local characteristics and global connections, that is, relationship to dis-

tant resource systems (e.g., feed ingredients) and markets (export benefiting consumers elsewhere,

etc.). Identifying and considering trade-offs at local and global scale—that is, local negative impacts and

more distant benefits—will be important for enhancing supportive governance processes.

8. Inequalities resulting from some aquaculture developments threaten achieving sustainable aquaculture

and meeting the SDGs. Applying SDGs lens to aquaculture development enables a deeper understand-

ing of social–ecological equity and food justice outcomes, thus enhancing self-regulatory operations.

9. Data representing values/benefits from the aquaculture sector need to be more detailed regarding

gender. The specific role of aquaculture for the SDGs is generally not obvious because of lack of disag-

gregation of gendered data for livelihoods in the capture fishery and aquaculture sectors. Better disag-

gregation at various scales, including household level, enables quantification of specific aquaculture

benefits and dependency. This information is commonly unavailable.

10. Improved ability to gain a social license to operate for ocean/aquatic food systems, especially aquacul-

ture, will require accelerated education on wider benefits for local decision makers and the public to

make informed choices. Consumers' understanding of aquaculture's role for achieving the SDGs is

essential. New narratives that are evidence-based are needed to help combat the negative image of

the sector which impacts political will.

11. Learning how global risks and emerging climate challenges relate to performance of various aquacul-

ture systems is urgently needed to build resilient strategies able to combat faster recovery from the

impacts of COVID-19 and other external global events such as the financial crisis in 2008. A nuanced

understanding will be key in national and international development agendas (food, livelihoods, con-

servation and restoration aquaculture, etc.). Aquaculture strategies where past and future global

shocks are built upon will be important, together with improved resilience for sustained businesses.
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that can meet the vast array of indicators and targets. Thus, this would enable delivering context-specific advice that

improves the comprehensive and cohesive planning of aquaculture at a range of spatiotemporal scales. It is impor-

tant to recognize that aquaculture is no panacea for global food security or for reaching the SDGs, but it can make

important contributions if planned and executed well.
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APPENDIX A

F IGURE A1 Higher resolution of results from literature search for each Sustainable Development Goal and its
indicators.
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F IGURE A1 (Continued)
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