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Key messages

e Research to reduce global warming from aquaculture should be a priority.

e The aquaculture sector should continue to improve and promote sustainable and
environmentally sound practices.

e The ocean should be used more effectively, efficiently and intelligently to produce food
for a growing human population.

e In areas with a high potential for shellfish or seaweed production, aquaculture needs
to be stimulated by improving licensing procedures, educating the public, and
implementing smart technologies.

e Aquaculture development in Africa and Latin America should be actively stimulated,
with the aim of distributing aquaculture more evenly across countries on each
continent and between continents globally.

e The use of technologies to collect, treat, and re-use aquaculture wastes in a
responsible way should become the standard in any aquaculture operation throughout
the industry.

e The aquaculture industry should aim to integrate aquaculture in nutrition-sensitive
food systems, and actively advertise the contribution of aquaculture products to a
nutritious diet.

e The aquaculture industry should explore the use of smart technology to improve
farming efficiency and reduce production costs across the industry, especially for
shellfish and seaweed culture.

Aquaculture systems

Abstract

Since 2000, the aquaculture industry has become well integrated in the global food system. Aquaculture
production has tripled, reaching a production of 85 million metric tonnes (Mt) of aquatic animals and 35
Mt of aquatic plants in 2019. Aquaculture systems are highly diverse, producing globally equal live
weight amounts of fed species and extractive species. In Asia and Africa, inland aquaculture provides the
bulk of aquaculture production, while in the Americas, Europe and Oceania, marine aquaculture
dominates. The realized growth is mainly due to intensification, use of more and better feeds, improved
production management and increased attention to biosecurity.
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Challenges to the industry include reducing the impact from fed aquaculture on pollution and global
warming. Both fed and extractive aquaculture need to pay more attention to scaling, site selection and
the health of the wider production environment. In terms of land use, aquaculture is more efficient than
terrestrial animal production, but water use remains a challenge, and more attention should be given to
water recycling in land-based systems, reducing water consumption and facilitating nutrient recovery and
re-use.

Future development should focus on making the aquaculture industry climate neutral and reduce
environmental impacts, both inland and at sea. More attention must be given to making aquaculture an
important part of the food system on all continents, like is the case in Asia today. Increasing the global
production volume should not be a major goal by itself. Integration of aquaculture into local nutrition-
sensitive, circular and sustainable food systems should become the major driver for future aquaculture
system development.

1 Introduction

This paper summarizes the development of aquaculture between 2000 until today. Aquaculture systems
are highly diverse with presently ca. 425 species in production (Naylor et al., 2021). As each one of
these species can be cultured in different production systems ranging from extensive to super-intensive,
the number of possible systems is enormous. Therefore, we define an ‘aquaculture production system’ in
broad terms as a production environment in which interventions aim to enhance the value and/or the
amount of biomass produced, to the benefit of the people and communities organizing and executing
these actions. Actions range from stimulating recruitment of desired species, to stocking fast growing
strains, protecting against disease, fertilization, feeding and creating production environments like
ponds, rafts supporting hanging or floating ropes or long-lines, cages, pens, raceways and recirculating
aquaculture systems that allow control on resource use efficiency to a higher degree than in natural
systems.

Aquaculture can only optimize its contribution to society and nature through responsible use of resources
and strong integration within the global food system. Claims by aquaculture for freshwater and for space
on land and at sea should be coordinated with claims from agriculture, urbanization, industry and nature
at regional or water basin scales. These are complex questions that require multi-objective analysis
(Pelletier et al., 2018). Similar complex dilemmas exist for the selection of ingredients for fish feeds to
replace animal-based resources with plant-based ones, finding a right balance with impacts on the
environment, biodiversity, climate change, competition with human foods, fish health, fish welfare and
nutritional quality of aquaculture products.

FAO holds every 10 years a Global Conference on Aquaculture. The next meeting will be held September
2021, following up on meetings organized in Thailand in Phuket in 2010 (Subasinghe et al., 2013) and
Bangkok in 2000 (NACA/FAO, 2000). The goal of these meetings is to set priorities for aquaculture
development during the next decade. This paper summarizes the present state of aquaculture looking
from a systems perspective, and set priorities for the future. Because the Phuket declaration in 2010 was
an extension of the Bangkok declaration in 2000, providing a small extension to the recommendations
given 10 years earlier during the Bangkok conference, we analyze progress since 2000 with focus on the
last decade.
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The manuscript is organized in 3 major sections:

1 Aquaculture development since 2000
Addresses how well the sector developed during the last decades. Considering the large differences
that exist in system requirements for the production of fish, crustaceans, molluscs, and seaweed,
these are reviewed separately.

2 Current issues and challenges in aquaculture
Addresses what are the current issues and challenges facing the industry today? Harmful and
positive impacts of aquaculture production systems on the environment, society, and the ability to
produce within planetary boundaries are reviewed.

3 Key developments for the next decade

Discusses which key developments in the aquaculture sector need prioritization to deliver sustainable
growth during the next decade?

2 Aquaculture development since 2000

2.1 Development of aquaculture production (2000 - 2019)

Aquaculture is one of the fasted growing food sectors worldwide. During the last 20-30 years, the sector
showed a constant and significant increase in the contribution of commercial and industrial aquaculture to
global production. Also small-scale and medium-scale aquaculture enterprises benefited from this growth
of the aquaculture industry. By growing and commercializing, the sector increased its contribution to food
security, income, and trade. Growth has been mainly in Asia, with other continents lagging behind in
realizing the potential of aquaculture to contribute to food production and food security. There are,
however, signs of change. During the last decade, growth rates in production were higher in Africa and
Latin America than in Asia, showing a growing interest in food production through aquaculture outside
Asia. Naylor et al. (2021), looking at all-sub-sectors of the aquaculture sector, state that during the last
decades aquaculture became better integrated within the global food system, while realizing large
improvements in environmental performance. Responsible aquaculture today is considered a legitimate
user of resources that improves livelihoods and contributes to environmental enhancement.

Between 2000 and 2019, world aquaculture production increased from 43.0 to 120.1 million metric ton
(Mt), an increase close to 180% (Table 1). In 2019, animal production through aquaculture reached 85.4
Mt and the production of aquatic plants 34.7 Mt. Asia, with China as the main producer, has always been
the continent leading aquaculture production. Asia was responsible for 90% of global production in 2000
and increased its share to 92% in 2019. The other continents are lagging behind, with the Americas,
Europe, Africa and Oceania producing respectively 3.5, 2.7, 2.0 and 0.2 % of the global production in
2019. The large difference in production between Asia and the other continents indicates there is a vast
potential for aquaculture development outside Asia.

The contribution of Europe and Oceania to global aquaculture production is declining, is more or less steady
in the Americas, and has doubled in Africa between 2000 and 2019. In the Americas, the average annual
growth rate (AAGR) of aquaculture between 2000 and 2010 was 3%, but increased to 6% between 2010
and 2019, mainly due to growth in Central and South America. Over the same period, the AAGR in Africa
was also 6% (Table 1, Figure 1; (FAO/FishStat], 2021; Garlock et al., 2020). With higher growth rates in
Africa and the Americas than in Europe, these continents most likely will in the near future overtake Europe
as the second largest aquaculture producer.




110
111
112

116
117

118

119
120
121
122
123
124

125
126
127
128
129
130
131
132
133
134
135

136
137
138
139
140
141

142

143

Global Conference on Aquaculture 2020 — Thematic Review: Consultation draft

If interest in aquaculture spreads to more countries than is presently the case in Africa and Latin America
(Figure 1), and the annual growth rate remains above average as is presently the case, then these
continents will increase their contribution to global aquaculture production during the next decade.

Figure 1

Klaqro., Growth in aquaculture production quantity (%)

‘ between 2006 and 2016 for countries with

p & ‘ production greater than 100 000 MT. Reproduced
&- . - from Garlock et al., 2020.

—= I

S J.J.J\“
Table 1: Global aquaculture production in 2000, 2010, and 2019 by continent (FAO/FishStat], 2021).

AAGR: average annual growth rate calculated for the period indicated.
2000 2010 2019
production % global |production % global % ARGR production % global % ARGR
i .| 2000 - 2010 . |2010- 2019

Country (Name) (Mt) production (Mt) production (Mt) production
Asia 38.9 90 71.3 91.4 6.2 110.0 91.6 4.9
Americas 1.5 3.4 2.5 3.2 5.7 4.2 3.5 5.8
Europe 2.1 4.8 2.5 3.2 2.1 3.2 2.7 2.8
Africa 0.5 1.0 1.4 1.8 12.2 2.4 2.0 5.9
Oceania 0.1 0.3 0.2 0.3 3.9 0.2 0.2 1.1
World 43.0 100 78.0 100 6.1 120.1 100 4.9

Between 2000 and 2019, the contributions of finfish, crustaceans, and other aquatic animals to global
aquatic animal production through aquaculture increased 2, 7, and 0.5%, respectively. In contrast, the
share of molluscan culture to global aquatic animal production declined 9% during the same period.
Overall, the contribution of aquatic plants to the global aquaculture production increased by 4% between
2000 and 2019, concurring with a decline from 75 to 71% of the contribution of aquatic animals to global
aquaculture production (Table 2).

Most striking is the 5.2-fold increase in global production of crustaceans between 2000 and 2019. This is
mainly due to their high market value. In 2000, the average price on a global scale of finfish was 1.2
US$/kg compared to 4.8 US$/kg for crustaceans, a 4-fold price difference. By 2019, the price of finfish
and crustaceans increased to 2.6 and 7.3 US$/kg, respectively, representing nearly 3-fold price premium
for crustaceans compared to finfish (FAO/FishStat], 2021). In spite of the much higher price for crustaceans
compared to finfish, the production cost of crustaceans is substantially higher, with higher system
requirements and input costs. When all goes right, crustacean farmers earn on average more than finfish
farmers, but commercial risks are also higher given the increased potential for culture failure due to disease
or environmental disasters. Nevertheless, considering the present high demand for crustaceans in Asian
markets, further fast growth of crustacean production is expected during the next decade with minor
impact on the price premium for crustaceans.

In contrast to the global finfish production which nearly tripled between 2000 and 2019, global production
of molluscs only doubled. Also the average price for molluscs doubled from 0.9 US$/kg in 2000 to 1.8
US$/kg in 2019. On average, the price of molluscs is 2/3 the price of finfish, a ratio that remained similar
between 2000 and 2019 (FAO/FishStat], 2021). The low price, in combination with a low consumer
demand, might explain in part the slow development of molluscan aquaculture, although there is
considerable room for further development.
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The vast majority of finfish, except for ca. 8 Mt of carp species, and crustaceans are fed formulated pelleted
feed, while molluscs are not fed (FAO, 2020). Seaweeds are grown at sea, nearly always without fertilizer
addition, although in coastal waters or bays, there might be substantial nutrient runoff from land (Mahmood
et al., 2016b).

Therefore, we refer to finfish, except 8 Mt of carps, and crustaceans as fed species and to 8 Mt carps,
molluscs, and seaweed as extractive species. The main species group ‘other aquatic animals’ are also

considered fed species (Table 2).

Table 2:

2021) (Mt, million metric ton).

Global aquaculture production in 2000, 2010, and 2019 by main species group (FAOQ/FishStat],

Productioiooo% global Productiorz1010% global % AAGR Productiorz1019% global % AAGR
. . . - <" |2000- 2010 <" |2010- 2019

Main species grouping (Mt) production (Mt) production (Mt) production

Finfish® 20.8 64 37.7 65 6.1 56.3 66 4.5
Crustacea® 1.7 5 5.5 9 12.5 10.5 12 7.5
Molluscs® 9.8 30 13.8 24 3.5 17.6 21 2.7
Other aquatic animals™? 0.2 0 0.8 1 17.7 1.0 1 2.4
All aquatic animals® 32.4 75 57.8 74 6.0 85.4 71 4.4
All aquatic algae” 10.6 25 20.2 26 6.7 34.7 29 6.2
Fed species® 19.7 46 38.7 50 59.8 50

Extractive species5 23.3 54 39.3 50 60.3 50

All Species 43.0 100 78.0 100 6.1 120.1 100 4.9

! Percentage (%) global production calculated against ‘All aquatic animals’ production; 2 % global production
calculated against “All species ' production’; 3 Other aquatic animals include amphibians, reptilians, and aquatic
invertebrates; * Fed species include finfish minus non-fed carps, Crustacea, and Other aquatic animals; >
Extractive species include non-fed carps, Molluscs, and All aquatic algae.

2.1.1 Fed species

2.1.1.1 Production overview

Global finfish production through aquaculture increased from 20.8 million Mt in 2000 to 56.3 Mt in 2019,
an increase of 170%. Global crustacean production increased from 1.7 to 10.5 Mt during the same period,
an increase of 520%. Combined, the share of crustaceans and finfish to global animal production through
aquaculture grew from 69% in 2000 to 78% in 2019; however, including seaweed, the fed
species:extractive species ratio of aquaculture by volume is 50:50. Since 2000, when this ratio was 46:54
the importance of fed species gradually increased, a trend that will continue in the near future (Table 2).
When considering only animal production through aquaculture, then the fed species:extractive species
ratio of aquaculture was 70:30 in 2019, whereas this ratio was 61:39 in 2000.

In total, 56 Mt of finfish was produced in 2019, representing 66% of the global animal production through
aquaculture, of which 86% is produced inland and 14% in marine areas (Table 3). The importance of inland
aquaculture is mainly due the dominant position of Asia worldwide, who produces 91% of its aquatic animal
production inland. However, with the exception of Africa where 87% of aquaculture production is inland,
in other continents marine aquaculture is more important. The Americas, Europe and Oceania culture
respectively 50, 79 and 95% of their finfish in marine areas. Inland aquaculture consists mainly of finfish
culture representing on all continents 290% of global inland production of aquatic animals, reaching 100%
in Africa and Europe. Looking at marine aquaculture, the picture is much more diverse. Asia for instance
produces more crustaceans than finfish in marine aquaculture (20 vs. 17%). On other continents, the
contribution of finfish to marine aquaculture production varies between 39 and 96% (Table 3).
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Globally, 60% of crustaceans are produced in marine areas, with large variations between continents. In
total, 10.5 Mt was produced in 2019, representing 12% of the global production of aquatic animals through
aquaculture. Of the inland aquaculture production in the Americas, 8% are crustaceans, while for marine
aquaculture this is 36%. In Asia, the contribution of crustaceans to marine aquaculture is 20%, similar to
the global average. On the other continents, the productions of crustaceans are negligible to very small

(Table 3).

Shrimp production is mainly destined for export in many producing countries while with the exception of
high value finfish species (e.g. salmon, grouper), finfish are consumed domestically or in the region of
production. For crustaceans, the international trade volume and traffic varies between the regions of
production, depending on shifts in the balance between supply and demand.

Table 3:

Inland and marine finfish and crustacean production (thousand metric ton) through aquaculture

by continent compared to global aquaculture production in 2019 (FAO/FishStat], 2021).

Species group Finfish Crustacean

Continent Africa |Americas| Asia | Europe I Oceania I World | Africa |Americas| Asia I Europe | Oceania | World
Inland aquaculture production

Species group 1,966 1,151 | 44,713 536 5| 48,370 0 73 4,108 0 0 4,181

Total inland aquaculture 1,966 1,224 | 49,572 536 5| 53,303 1,966 1,224 | 49,572 536 5| 53,303

Species group % of total 100% 94% 90% 100% 98% 91% 0% 6% 8% 0% 2% 8%
Marine aquaculture production

Species group 299 1,152 4,369 2,052 84 7,957 5 1,075 5,213 0 6 6,301

Total marine aquaculture 311 2,956 | 25,889 2,700 204 | 32,060 311 2,956 | 25,889 2,700 204 | 32,060

Species group % of total 96% 39% 17% 76% 41% 25% 2% 36% 20% 0% 3% 20%
Global aquaculture prodction

Species group 2,265 2,303 | 49,082 2,588 89 | 56,327 5 1,148 9,321 1 7 | 10,481

Total aquaculture 2,277 4,179 | 75,461 3,236 209 | 85,363 2,277 4,179 | 75,461 3,236 209 | 85,363

Species group % of total 99% 55% 65% 80% 43% 66% 0% 27% 12% 0% 3% 12%

Inland and marine aquaculture as % of production by continent
% inland aquaculture 87% 50% 91% 21% 5% 86% 0% 6% 44% 36% 1% 40%
% marine aquaculture 13% 50% 9% 79% 95% 14% 100% 94% 56% 64% 99% 60%

Many factors are affecting crustacean production, including climate, technology, disease, natural disaster,
pandemic, economy, etc., but these events are occurring irregularly, and have a minor effect on global
production. Historically, disease outbreaks have been causing severe losses in crustacean production and
can be traced in production statistics of major shrimp producing countries, showing large drops in regional
production. For example, white spot syndrome virus (WSSV) and early mortality syndrome (EMS = AHPND)
outbreaks in major shrimp producing countries caused significant production declines and hence affected
the year-on-year growth rate globally and in Asia (Shinn et al., 2018). On the other hand, global crustacean
production increases, as shown by consistent positive AAGR values (Table 2), Nevertheless, AAGRs would
have been higher, provided disease related losses would have been lower (Stentiford et al., 2012).
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Figure 2

The percentage year-on-year change in the growth
of Asian and global shrimp production (Shinn et al.,
2018).

! Data from FAO FishStatJ (2017) and national feed
sale figures (where available) are used.

? AHPND = acute hepatopancreatic necrosis
disease, EHP = Enterocytozoon hepatopenaei,
ITHHNV = infectious hypodermal and
lhaematopoietic necrosis virus, TSV = Taura
syndrome virus, WSSV = white-spot syndrome
virus, YHV = yellow head virus.
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2.1.1.2 Main culture species

In 2019, there were 13 finfish species with a production above 1 Mt (Table 4), representing 71% of the
global finfish production. Of these 13 species seven were carps, with a combined production of 26 Mt in
2019. The share of these carp species to global finfish production declined from 60% in 2000 to 46% in
2019. This decline was to a large extend compensated by increased production of tilapias and catfishes,
whose contribution to global production increased with 5% and 6%, respectively, between 2000 and 2019.
The percentage contributions of Atlantic salmon and milkfish to global finfish production increased 1%
between 2000 and 2019, providing 5 and 3%, respectively, of global finfish production in 2019.

Table 4: Annual production of finfish species with a production above 1 million MT yr1
(FAQ/FishStatJ, 2021).

2000 2019
. roduction | % global roduction | % global
Species (> 1 million MT yr'™) & 4 o . P 1 %t .
(Mt yr~) | production | (Mtyr”) |production
Carps
Ct hi d
Grass carp ) enopharyngodon 3.0 5.7
idellus
Hypoththalmichth;
Silver carp ypfzt‘ thalmichthys 3.0 4.8
molitrix
Common carp Cyprinus carpio 2.4 4.4
Catla Catla catla 0.6 3.3
H) hthalmichth;
Bighead carp ypf)lp aimichthys 1.4 3.1
nobilis
Crucian carps Carassius spp. 1.2 2.8
Rohu Labeo rohita 0.7 2.0
Total 12.4 60% 26.1 46%
Tilapias
Nile tilapia Oreochromis niloticus 1.0 4.6
Tilapia nei Oreochromis spp. 0.1 1.1
Total 1.1 5% 5.7 10%
Catfishes
) . Pangasionodon
St d catfish 0.1 2.6
riped cattis hypophthalmus
Torpedo-shaped 0 e 0.0 13
catfishes nei pP- i i
Total 0.2 1% 3.9 7%
Salmonids
‘Atlantic salmon  Salmo salar | 0.9 | 4% | 2.6 | 5% ‘
Milkfish
‘Milkfish Chanos chanos | 0.5 | 2% | 15 | 3% ‘
Total | 150]  72% | 399 7%
Global finfish production | 20.8 | | 56.3|

In 1950, when aquaculture was still in its infancy, freshwater species provided 78% of total production,
diadromous species 21% and marine species 1%. By 2000, the share of freshwater species to total
production increased to 84%, diadromous species dropped to 11% and marine species increased to 5%.
After 2000, the contributions of marine fishes increased 1%, mainly compensating a decline in diadromous
fishes (Table 5;(FAQ/FishStat], 2021).

Table 5: Percentage contribution of freshwater, diadromous and marine finfish species to
global aquaculture production (FAO/FishStat], 2021).

1950 2000 2019
Freshwater fishes 78 84 84
Diadromous fishes 21 11 10
Marine fishes 1 5 6
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In 2019 there were 4 crustacean species with a production above 0.75 Mt, together providing 87% of the
global crustacean aquaculture production (Table 6). This share most likely will continue to increase slowly
during the next decade. Whiteleg shrimp (Penaeus vannamei) alone, with a production of 5.4 Mt provides
more than half of the global crustacean production through aquaculture. Red swamp crayfish (Procambarus
clarkii), the majority of which is produced in rice-crayfish farming systems in China (China National
Statistics 2020 provided by Jie Huang, NACA), comes in second with a production of 2.2 Mt in 2019
(FAQO/FishStat], 2021). Within less than 20 year, culture of this species exploded, from 0.5% of the global
crustacean production in 2000 to 21% in 2019, due to market promotion followed by consumer preference
(Wang et al., 2018). Chinese mitten crab (Eriocheir sinensis) comes third with a production of 0.78 Mt,
followed by giant tiger prawn (Penaeus monodon) with 0.77 Mt, each contributing 7% to the global
crustacean production in 2019. Mitten crab culture is practiced mainly in China. For juveniles the principal
culture system is rice-crab polyculture, while grow-out is mainly done in ponds, all or not in polyculture
with other species (Cheng et al., 2018). Between 2000 and 2019, whiteleg shrimp and giant tiger prawn
swapped leading positions as most important crustacean aquaculture species. However, large
improvements were made through selection in growth and disease resistance of giant tiger prawn. Its high
price and the possibility to stock the new strains at high density in ponds triggers speculation about a
possible comeback during the next decade (The Shrimp Blog | Shrimp Insights, may 2021).

Table 6: Crustacean species with a production above 0.75 million metric tonne (Mt) in 2019
(FAQO/FishStat], 2021), and their contribution to global crustacean production.

2000 2019
. L production % global production % global
English name Scientific name 4 . a .
('000 MT yr ™) production (‘000 MT yr™) production
Whiteleg shrimp Penaeus vannamei 155 9 5,446 52
Red swamp crayfish Procambarus clarkii 8 0.5 2,162 20.6
Chinese mitten crab Eriocheir sinensis 203 12 779 7
Giant tigerprawn | Penaeus monodon | 631 37 774 7 o
Total 996 59 9,162 87
Global production 1,691 10,481

2.1.2 Extractive species
2.1.2.1 Production overview

The share of molluscs to the global animal production through aquaculture dropped from 30% in 2000 to
21% in 2019. The AAGR of molluscs is with 3.5 and 2.7% for the periods 2000-2010 and 2010-2019,
respectively, much lower than the global aquaculture AAGRs of 6.1 and 4.9% over the same periods (Table
2). Of the global mollusc production in 2019, only 1% was produced in inland waters. In marine areas,
molluscs provide 54% of the aquaculture production in marine areas. In Africa molluscs production is
negligible small. In Oceania, molluscs production is also small, but responsible for 56% of the total
aquaculture production on the continent. In the Americas, Europe and Asia, molluscs aquaculture is
important, providing 17, 20 and 21% of the total aquaculture production on the respective continents
(Table 7).

Similar to molluscs, 99% of aquatic algae are produced in marine areas. The vast majority of aquatic plants
are produced in Asia, with only 0.5% of the global production produced outside Asia. Nevertheless, all
other continents are experimenting with algae culture and report productions (Table 7). Interest in seaweed
(= macroalgae) for improved nutrition, industrial use, and ecosystem services, grew globally during the
last decades, beyond the main producing countries China, Japan, Korea, and parts of South America
(Buschmann et al., 2017). Overall, seaweed aquaculture has not been analyzed in depth (Chopin and
Tacon, 2020).
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FAO statistics related to the production of aquatic plants and algae shows production tripled from 10 Mt of
wet biomass in 2000 to 35 Mt in 2019. Table 9 summarizes production, culture system and use of the main
species of seaweed. Seaweeds are special, considering ca. 31 - 38% of the global seaweed production is
consumed directly as food (Naylor et al., 2021). Today, the brown seaweed Saccharina japonica (wakame)
consumed for food and alginate production, and the red algae Euchema spp. for the carrageenan industry,
are the 1st and 2nd most productive aquaculture species worldwide (Buschmann et al., 2017). The majority
of seaweed biomass is used by the industry sector as polysaccharide additives and functional
food ingredients, and by the non-food sector as hydrocolloid products in nutraceuticals,
pharmaceuticals and cosmetics, and to a lesser extent as fertilizers, feed ingredients, biofuels, bioplastics,
and other industrial outputs (Naylor et al., 2021).

Table 7: Molluscs and aquatic plants production (thousand metric ton) through aquaculture by continent
in 2019. Mollusc production is compared to global animal production through aquaculture.
Aquatic algae production is compared to the global aquaculture production, including algae
(FAQ/FishStat], 2021). When cells are empty no values have been reported.

Species group Molluscs Aquatic algae

Continent Africa Americas |Asia Europe |Oceania |World Africa Americas |Asia Europe |Oceania |World
Inland aquaculture production

Species group 201 201 0.4 1 55 0.4 56

Total inland aquaculture 1,966 1,224 | 49,572 536 5| 53,303 1,966 1,225 49,627 536 5 53,359

Species group % of total 0.4% 0.4% 0.0% 0.1% 0.1% 0.1% 0.1%
Marine aquaculture production

Species group 7 728 15,885 643 113 17,376 118 23 34,513 11 14| 34,679

Total marine aquaculture 311 2,956 25,889 2,700 204 32,060 429 2,979 60,402 2,711 218 66,739

Species group % of total 2% 25% 61% 24% 56% 54% 27% 1% 57% 0% 6% 52%
Global aquaculture production

Species group 7 728 16,086 643 113 17,577 118 24 34,568 11 14 34,736

Total aquaculture 2,277 4,179 75,461 3,236 209 | 85,363 2,395 4,203 | 110,029 3,248 223 | 120,098

Species group % of total 0% 17% 21% 20% 54% 21% 5% 1% 31% 0% 6% 29%

Inland and marine aquaculture as % of production by continent
% inland aquaculture 1% 1% 0.3% 4% 0.2% 3% 0.2%
% marine aquaculture 100% 100% 99% 100% 100% 99% 99.7% 96% 99.8% 97% 100% 99.8%

2.1.2.2 Main culture species

Cupped oysters and Japanese carpet shell dominate molluscs production, followed by scallops and sea
mussels. Together these 4 culture groups provide 70% of the global mollusc production (Table 8). The
highest production is for cupped oysters, responsible for 30% of the global mollusc production. The highest
production increase was for Japanese carpet shell, raising production 170% between 2000 and 2019, to
provide 23% of the global molluscs production in 2019.

Table 8: Mollusc species with an production above 1 Mt in 2019 (FAO/FishStatl, 2021), and their
contribution to global crustacean production.
2000 2019
English name Scientific name productlorl % glob_al product|orl % glob.al
('000 MT yr™)  production | (‘000 MT yr~) production

Cupped oysters nei Crassostrea spp. 2,923 27 5,265 30
Japanese carpet shell Ruditapes philippinarus 1,504 14 4,028 23
Scallops nei Pectinidae 811 7 1,828 10
Sea mussels nei Mitylidae 720 7 1,116 6

Total 5,958 55 12,237 70

Global production 10,866 17,577
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Three brown algae and 4 red algae species have an annual production above 1 Mt (Table 9). Together they
represented 96% of the aquatic plants production in 2019. The most important culture species are the
brown algae Japanese kelp (Laminaria japonica) providing 39% of global production, and the red algae
Euchema spp. and Gracilaria spp. providing 28 and 10%, respectively, of global production.

It has been postulated that seaweeds could substitute some terrestrial crops and animal production in
protein, fat (omega 3) and energy intake, alleviating pressure on freshwater and land use and impact on
biodiversity, but there is little evidence to date that seaweeds will contribute substantially to human
macronutrient intake in the future (Wells et al., 2017). On the other hand, seaweed farming is widely
recognized for its ecosystem services beyond the provision of food and feed, yet producers have not been
able to capture this value in financial returns (Chopin and Tacon, 2020). Bioremediation is one of the main
services propagated and studies at large scale seaweed farming areas indicate these organisms are
effective in reducing nitrogen levels, controlling phytoplankton blooms, and limiting the frequency of toxic
algal blooms (Xiao et al., 2017; Yang et al., 2015). In addition, large-scale aquaculture of seaweed
positively regulates and improves environmental conditions in coastal ecosystems (Xiao et al., 2021).
However, the effectiveness of impact of ecosystem services provided by seaweed farming, still requires
attention across cultured systems, seasons, and scales.

Table 9: The production, culture system and use of the major seaweeds cultured in 2019, their
production system, and use for food and non-food purposes. Species listed represent 99% of
the global seaweed production. Species with a production above 1 Mt are shaded grey
(FAO/FishStat], 2021).
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Culture System Production Use
Cultured Seaweed Primary Secondary Ton (fresh) % used as food Other uses
Brown Algae
Alaria esculenta Suspended long-lines 105 100
Laminaria japonica Suspended long-lines 12,273,519 50 Alginate industry
Macrocystis pyrifera Suspended long-lines 2 0
Nemacystus decipiens ? 20 100
Saccharina latissima Suspended long-lines 229 20 Alginate industry
Sargassum fusiforme Suspended long-lines 303,797 100
Undaria pinnatifida Suspended long-lines 2,563,477 100
Other Phaeophyceae ? 1,252,264 unknown
TOTAL 16,393,413 55
Red Algae
) . Lines attached to the
Eucheuma denticulatum  Suspended long-lines 179,360 0
bottom
Lines attached to the
Eucheuma spp. Suspended long-lines  bottom in shallow 9,817,689 0
waters
Gracilaria spp. Suspended long-lines 3,638,554 1 Agar industry
Gracilaria gracilis Wild harvesting 273 0 Agar industry
Gracilaria verrucosa Bottom culture 1006 0 Agar Industry
Kappaphyccus alvarezii  Suspended long-lines 1,625,164 0 Carrageenan industry
Porphyra spp. Suspended nets Intertidal based nets 2,123,040 100
Porphyra tenera 861,083 100
TOTAL 18,246,169 17
Green Algae
Capsosiphon fulvescens ? 3,386 100
Caulerpa spp. ponds 1090 100
Chlorella vulgaris Bioreactors 5 0 Health Food
Codium fragile ponds 3,258 100
Dunaliella salina Bioreactors 0 0 Carotene production
Enteromorpha prolifera  Suspended Long-lines 0 100
Haematococcus pluvialis Biorectors 242 0 Carotene Production
Monostroma nitidum Suspended long-lines 6,321 100
TOTAL 14,302 98
GRAND TOTAL 34,653,884 35
FAO Reported production in 2019 (FishStatJ) 34,735,590

2.2 Aquaculture systems

2.2.1 Fed systems for finfish

Forty years ago it was still common practice to use locally available crop wastes, manure, waste water, or
grains as nutrient sources to stimulate fish production in aquaculture ponds (Hickling, 1962; Huet, 1986).
Today, the role of locally available ingredients in many integrated agriculture-aquaculture farming systems
has been replaced by pelleted feed (Tacon, 2020). Because pelleted feeds are produced off-farm, farmers
were no longer dependent on a limited supply of on-farm or locally nutrients, allowing them to intensify.
With this feed-driven intensification, the contribution of these mixed farming systems to total finfish
production declined (Edwards, 2015). Nevertheless, still numerous small-scale farmers depend upon
integrated pond farming systems, not only for fish, but also for water, and to improve food security (Ahmed

et al., 2014).

Until recently, in developing countries, a distinction was made between small-scale and industrial fish
farming. Small-scale aquaculture provided a source of animal protein for home consumption and/or surplus
income from fish sold locally to poor and food insecure households (Ahmed and Lorica, 2002). This notion
required governments and donors to propagate small-scale aquaculture to reduce hunger and improve
food security, and to support education in aquaculture. The knowledge level of farmers improved,
facilitating the development of a largely overlooked ‘missing middle’ of commercially oriented fish farmers.
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These middle farmers were reacting to increased demand for fish and buying power within their
communities. Mainly low value species, including carps, tilapias, and catfishes are raised by these ‘middle’
farmers (Belton et al., 2018). As such, aquaculture contributed to rural development and poverty
alleviation, making aquaculture an integral part of the rural economy.

The mix of small-, middle-, and large-scale commercial farmers has made finfish production in ponds highly
diverse. Until early 2000, production ranged between 50 and 100 000 kg/ha (Table 10). In stocked ponds
receiving no fertilizers and feed, production levels of 50-500 kg/ha were reached. With a combination of
fertilizers and supplemental feeds, production increased to 1 000 - 4 000 kg/ha, which could be further
increased to 10 000 kg/ha using well-formulated feeds and aeration. Without water exchange, production
up to 10 000 kg/ha was possible, with dissolved oxygen availability being the principal factor limiting
production.

Table 10: Aquaculture production at increasing levels of input for pond-raised channel
catfish and tilapia in 1985 until early 2000. (Modified from Boyd (1990) and
Verdegem et al. (2006) in(Tucker and Hargreaves, 2012).

Annual production (kg/ha)

Management input Channel catfish Tilapia Limiting factor
Stocking only 50-100 200-500 primary productivity
Stocking, fertilization 200-300 1,000-3,000 primary productivity
Stocking, fertilization, 500-1,000 3,000-4,000 dissolved oxygen
supplemental feeding

Stocking, feeding 1,000-2,000 3,000-4,000 dissolved oxygen
Stocking, feeding, emergency 4,000-6,000 4,000-6,000 dissolved oxygen
aeration

Stocking, feeding, continuous 6,000-10,000 6,000-10,000 dissolved oxygen,
aeration metabolites
Stocking, feeding, continuous 10,000-20,000 15,000-35,000 metabolites
aeration, water exchange

Stocking, feeding, continuous 20,000-100,000 metabolites,
aeration, intensive mixing suspended solids

Production levels 20 000 - 35 000 up to 100 000 kg/ha become possible, when removing metabolites
(e.g. NH4, CO2) and suspended solids (Table 4). The latter can be done through water exchange or by
stimulating in-pond water purification processes, as done in partitioned ponds, in-pond raceways, or split
ponds. In these systems, fish are raised in high density in 5 - 25% of the pond area. The remaining pond
area mainly acts as an algal reactor, where algae remove metabolites and provide oxygen. The higher the
primary productivity, the higher the capacity of the pond to hold fish. If the primary production is raised
by a factor 2 to 4, the production capacity of the pond raises with the same factor. These systems work
well, provided the algal density is controlled to avoid dissolved oxygen depletion due to algal die-off
(Cremer and Chappell, 2014; Tucker and Hargreaves, 2012). A technique used in the past, but with little
follow up today, is confinement of fed fish in in-pond cages, with free roaming fish feeding on natural food
between cages fed pelleted feed. The increase in primary production was small, raising total production by
ca. 25%. Another in-pond water purification technique is the creation of biofloc through intensive aeration
and water agitation. Bioflocs are a mix of autotrophic and heterotrophic bacteria that purify the water and
can be eaten by filter feeders (e.g. tilapia) improving the feed utilization efficiency (Avnimelech, 2007;
Dauda, 2020).

Since the first use of fish feeds, the quality of pelleted feed continually improved (Edwards, 2015), due to
better processing (extrusion, floating or sinking pellets, higher water stability), formulation (novel
ingredients, better balance of macro- and micro-nutrients) and use of additives (prebiotics, probiotics,
enzymes). Better feed quality improves the feed utilization efficiency and reduces waste accumulation,
leading to 15 - 40% higher production levels today than indicated in Table 4 under similar management
conditions (Boyd et al., 2020).
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With the development of feeds that directly address the nutrient requirements of culture species and
availability of efficient electric powered aerators (Boyd et al., 2020), the self-purifying capacity of ponds
improved (Boyd and Chainark, 2009) allowing increase of feed inputs. This concurred with improvements
in nutrient utilization efficiency, and less waste accumulation and discharge per kg fish produced.
Nevertheless, due to the high culture intensity, more nutrients are produced than the pond can handle. An
important constraint is that fish waste resulting from pelleted feed is nutrient rich (e.g. nitrogen,
phosphorous) and energy poor (e.g. carbon), causing microorganisms in the pond lacking energy to
mineralize the waste. Raising the C:N ratio of the nutrient input to aquatic systems above 12 by providing
more carbohydrates, fish performance (e.g. growth, survival, FCR) and water quality improves, in systems
ranging from extensive to intensive, the latter including biofloc systems (Asaduzzaman et al., 2009; Kabir
et al., 2019). A constraint is that by raising the carbon input, the carbon emission from the pond increases
(Tinh et al., 2021). Therefore, Kabir et al. (2020) replaced in pelleted feed easily digestible starch with
fibers which are difficult to digest by the fish. A large fraction of these fibres will enter the pond through
the faeces, where microorganisms can break them down to get energy. As a result, more nutrients are
assimilated in the food web, providing natural food. Using this concept, up to 74% of the nitrogen supplied
with the feed was harvested in fish biomass, without a need to add extra carbon to the system. In
consequence, CO2 emissions also declined. This nutritious pond concept (Joffre and Verdegem, 2019) can
be applied with herbivorous and omnivorous species in fed and/or aerated ponds with a biomass up to 15
000 kg/ha at harvest.

To intensify further, wastes should be either discharged, recycled, or purified. Discharging nutrients without
treatment causes environmental damage (e.g. eutrophication, biodiversity loss) (Boyd et al., 2007), and
this practice should be abandoned. Options are to collect wastes and turn them into fertilizers or biogas.
Wastes can also be (partially) recuperated through integrated multi-trophic aquaculture, or treated in
recirculation systems (sections below). As an industry, the combination of all these technologies made
aquaculture more environmentally sustainable and resource efficient. In addition, these mature
technologies can be adjusted to other geographies, facilitating the development of sustainable aquaculture
outside Asia.

It should be noted that ponds are integrated in the landscape, playing a key role in trapping nutrients from
run-off, and the apparent nutrient use efficiency can be higher than for other animal production systems.
A broader analysis of the reactive nitrogen (Nr) flow in Chinese inland aquaculture ecosystems suggests
72% of the feed nitrogen is retained in aquatic products (Luo et al., 2018). This is a very high efficiency,
and, in doing so, more focus on aquaculture can make food production systems more resilient to climate
change.

2.2.2 Crustacean aquaculture systems

Limiting factors that influence finfish culture (Table 4) also affect crustacean production. One important
difference is that most crustaceans live on the bottom. Therefore it is important to maintain the bottom
clean and with sufficient oxygen. When wastes accumulating at the bottom are not regularly removed, this
restricts the culture capacity for crustaceans, resulting on average in a lower production output than with
finfish for similarly designed and managed finfish ponds, and thus higher operational costs. In addition,
crustaceans are vulnerable to predation and reduced feed intake when molting.

Shrimp aquaculture started with stocking post larvae (PL) that were caught in the coastal zone in ponds
with tidal water exchange. The latter helped to maintain water quality and provided nutrients to the system.
The farming system gradually improved. Hatchery-reared PL replaced wild caught PL and commercial feed
was applied during the last month of culture. Systems were extensive, stocking 2 - 15 PL/m?2. Semi-
intensive culture systems use emergency aeration, pelleted feed, and exchange water daily, especially
during the last months of culture, stocking 25-30 PL/m? and producing 3 - 6 tonne/ha. Intensive cultures
start with stocking densities of 30-50 PL/m? aiming to produce 10 tonne/ha. This goes up to 300 - 800
PL/m? in super-intensive systems to produce 35 - 110 tonne/ha.
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The more intensive, the more aeration, water exchange, probiotics, and feed additives are used to maintain
a healthy culture environment. Production is further enhanced by intermediate partial harvests, allowing
to produce more while staying within the carrying capacity of the farming system, providing more frequent
income.

Losses due to disease in shrimp farming are high (Shinn et al., 2018; Stentiford et al., 2012). Various
approaches to minimize the impact of disease on production are possible. In Latin America, the aim is to
develop farming systems resilient to disease and to cope with pathogens present in the production
environment (Alday-Sanz, 2018). Large semi-intensively operated ponds are used for grow-out, focusing
on maintaining a healthy culture environment.

Another approach to keep the pathogen pressure low is polyculture of shrimp and finfish, either in crop
rotation or in co-culture (Paclibare et al., 1998). This practice makes shrimp farming more sustainable (Yi
and Fitzsimmons, 2004) by reducing the environmental impact, and reducing the incidence of shrimp
disease (Halim and Juanri, 2016; Martinez-Porchas et al., 2010). One method is to stock fish (e.g. tilapia)
in a reservoir pond and to circulate water between the reservoir and adjacent shrimp ponds. Antimicrobial
peptides in the fish skin kill shrimp pathogens, keeping pathogen pressure of bacteria (Masso-Silva and
Diamond, 2014) and viruses low. The latter approach was applied in a tilapia-shrimp intensive polyculture
systems in Indonesia (Figure 3).

Tilapia-shrimp Intensive Polyculture System in

. Figure 3
Indonesia g
Example of an integrated intensive tilapia-shrimp
Source Water polyculture system.
) The approach is flexible, as the water exchange
Shrimp: 65-90 pes/m2 between the fish pond and polyculture pond can
Monosex tilapia: 4 - 6pcs monosex tilapia: 0.5pcs/m2 vary, as well as the stocking density of tilapia in
: pia: & -op (20g size, stock at shrimp the polyculture pond.
(50g size)/m2 DOC 25)
In case disease occurs, it is important to make sure
Fish Pond Polyculture Pond pathogens are eliminated from waste leaving the
farm.
Supply water to unpublished data, PT. AWS, Indonesia, 2011

polyculture pond Effluent treated

after 1 month Li{) when disease

V433

The use of specific pathogen free (SPF) or specific pathogen resistant (SPR) shrimp stocks allowed
hatcheries and broodstock multiplication centers to upgrade biosecurity, benefiting the downstream grow-
out farming sector. In addition, large corporate producers incorporated this aspect into the quality
assurance system linked to their biosecurity and operation’s management. Every input into the hatchery
or farm requires quality control approval as part of the quality assurance system. This results in higher
profits and sustainability, and could be applied more widely, to raise the efficiency across the shrimp
industry. The ‘vannamei PL efficiency index’ calculates the amount (tonne) of shrimp produced per million
PL stocked by country. The index gives a broad indication of disease related losses. Whereas strong-
producing countries have an index of 9 — 11 tonne/million PL, the index can be close to 1 in poor-performing
countries, indicating that large improvements across the shrimp industry are still possible (Merican, 2021).

Technological solutions are also proposed. One approach is to apply a combination of using (i) small, easy
to operate, grow-out ponds, (ii) high on-farm aeration and energy capacity, (iii) a shrimp ‘toilet” at the
center of each pond, and (iv) a large reservoir area for water exchange, taking 60% of the farm area and
leaving maximum 40% for grow-out (Kawahigashi, 2018).
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The goal is to maintain a clean bottom environment, while minimizing off-farm water exchange during
culture for biosecurity and operating small, easy to manage, super-intensive grow-out ponds. Different
mixes of physical and chemical treatment methods are today commonly applied in shrimp hatcheries and
grow-out operations using partial or complete combinations of sedimentation, filtration, foam fractionation,
ozonation, and UV irradiation.

Another important technological improvement is the development of precision hardware and software
allowing hatcheries and farms to collect reliable data (e.g. PL or larval counting with >95% accuracy) and
get feedback through artificial intelligence and Internet of Things. A similar development is ongoing in
feeding technology. Commercial feeds represent 60% of the operating cost of shrimp farming. The use of
automatic feeders, reacting to noise made by foraging shrimp, are effective in reducing feeding costs and
improving efficient and profitable nutrient use. This technology is presently spreading quickly through the
industry. Joint efforts between feed manufacturers and companies making automated feeders to adjust
the physical properties of manufactured aquafeeds to automatic feeder design and operation are ongoing,
and will lead to further improvements in feeding efficiency (Molina and Espinoza, 2018).

2.2.3 Extractive systems
2.2.3.1 Molluscs

While there are common and general methods and gear for shellfish grow-out, there is some regional
specificity with regard to methodologies. Many innovations are shared between growers and incorporated
into local practices. Bottom culture employs direct planting, mesh bottom culture bags, rack and bag
systems (oysters and clams), and off-bottom culture systems using primarily long-line and raft systems
with hanging lines (mussels, scallops). Offshore aquaculture requires specialized gear that is technically
and economically viable, can withstand the challenges of the offshore environment, and meet government
regulations. There are successful offshore aquaculture systems in operation currently, but they are few.
Many are still experimental or struggling to obtain the necessary permits to allow commercial expansion.

Reliance on wild seed/spat for culture of bivalve molluscs is still very high for many regions and species
globally. Hatchery design and technology have made major advances during the last few decades in
conditioning, spawning, larval care, and setting, with higher survival of the animals seen as this occurred.
As noted by Sarkis et al. (2021), they vary with site characteristics, target species, production level, culture
methodologies, and available funds, and range from small family operations to large corporate multi-
species facilities with automated systems. Phytoplankton production in hatcheries has similarly advanced
with computer-aided monitoring and metering of feed to larval shellfish, again enhancing survival and
growth. Development of improved setting procedures and equipment have allowed growers to produce
seed aimed at their specific needs, and advances in large-scale setting and planting, especially of oysters,
was a direct result of more effective handling of materials.

Most molluscan shellfish in aquaculture such as oysters, clams, scallops and mussels are filter-feeders
that do not require artificial input of feed. Farming of these species has little impact on the environment
and is expected to expand significantly in the future (Shumway, 2011). Molluscan shellfish are cultured in
open waters and are subjected to wild fluctuations in environmental parameters. Molluscs have high
fecundity and a Type III survivorship and, even in the adult stage, they are prone to mass mortality
triggered by environmental stress and diseases. Climate change, e.g. warming and acidification of the
ocean, pose a great challenge to molluscan aquaculture. Most molluscan shellfish in aquaculture have little
or no history of domestication. Selective breeding and advanced genetic improvements are therefore
needed to enhance production efficiency and resilience of molluscan shellfish.

Selective breeding has contributed to shellfish aquaculture through the development of disease-resistant
and fast-growing strains, and varieties with unique shell colors (Guo, 2021). Sterile triploids that grow
faster and maintain meat quality during their spawning season have become an important of oyster
farming. Hybridization has also proven to be useful in genetic improvement of molluscs. In China and
elsewhere, over 30 molluscan species have been subjected to some genetic improvement, although the
level of breeding is far inadequate for what the shellfish aquaculture industry needs.
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Long-term and well-maintained shellfish breeding programs are few, and genetic improvements are mostly
moderate. While traditional selective breeding has yet to reach adequate levels in most molluscs, new
breeding technologies are posed to make a great impact on aquaculture (Stokstad, 2020). Genomic
selection that has demonstrated its power in agriculture crops and livestock, promises to accelerate genetic
improvement of molluscan shellfish. Genomic selection is more effective and can eliminate the need for
expensive phenotyping. Genomes have been sequenced for many cultured molluscs, and high-throughput
genotyping platforms such as single-nucleotide polymorphism (SNP) chip are being developed in several
species for genomic selection. Gene-editing through CRISPR/cas9 offers the opportunity of modifying
target genes in a way that mimics natural mutation, an approach that is fundamentally different from the
introduction of foreign genes in genetic engineering. While these new technologies are exciting, they have
to be rigorously evaluated for shellfish aquaculture following proper regulations and with the support of
the shellfish industry.

2.2.3.2 Seaweed

During the past 300 years, and particularly since the second half of the 20 century, mariculture of seaweed
became common, starting with culturing wild seaweed (Buschmann et al., 2017). The discovery that the
commonly grown Pyropia life-history included heteromorphic life stages identified previously as two
different species allowed the development of a whole farming industry that now provides nori globally.
Around the same time, the introduction of the kelp Saccharina japonica (formerly Laminaria japonica,
kombu) in China, allowed the change from simply harvesting the wild seaweed stands to culture of
selectedg strains, reproduced under controlled conditions. From this point, other countries such as Korea
also started culturing seaweed. Soon, seaweed mariculture bypassed the amounts of seaweed collected in
the wild. In contrast to other aquaculture commodities, the amount of seaweed collected in the wild is
today negligible compared to the amount of seaweed cultured (Chopin and Tacon, 2020; Naylor et al.,
2021). Nevertheless, considering the large number of seaweed species, and with 7 species to provide 97%
of the global production of aquatic plants, there remain many species today to be tested for culture. In
consequence, the full potential of seaweed mariculture remains largely unknown, and requires further
research (Hafting et al., 2015).

Algal productivity depends primarily on light and nutrient availability, with nitrogen being the limiting
nutrient in the marine environment. Important modulating factors include temperature, salinity, pH, and
other environmental factors affecting seaweed metabolism (Santelices, 1999). As light decreases rapidly
with depth, the development of floating near-surface cultivation technologies gave a major boost to the
expansion of seaweed culture, allowing to culture in regions further offshore. The majority of seaweeds
today use near-surface cultivation techniques (Table 9). The growth in production of Pyropia and
Eucheuma/Kappaphyccus illustrates this point (Lopez-Vivas et al., 2015). In addition , the industry seeks
to raise value by developing highly productive strains and through novel processing technologies both for
food and phycocolloid extraction (Hwang and Park, 2020). Nevertheless, domestication of seaweeds
demands better insight into the ecological and genetic diversity of wild populations and the impact of
cultivars on the production environment (Valero et al., 2017). Experience with seaweed farming, including
how to make optimal use of the prevailing environmental conditions at the production sites, is largely
missing in occidental countries, making capacity building a prerequisite to successful development of
seaweed farming (Santelices, 1999).

2.2.4 Inland and marine cage aquaculture

With the exception of extensive cage culture of filter feeding species (e.g. silver and bighead carp, milkfish)
in eutrophic lakes (Delmendo and Gedney, 1976; Husen et al., 2012), cage aquaculture is intensive, relying
on pelleted feed. Fish can be maintained in high density, as feed wastes are flushed out from the pond
with exchange water. If the waste loading is higher than the lake can absorb fish kills might occur due to
oxygen depletion. Therefore, limits must be set to the total biomass produced in public waterbodies.
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Models exist to indicate safe limits to production (David et al., 2015). Pollution in marine areas from cage
aquaculture is also a concern, especially in shallow, partially enclosed areas.

In 2019, 16% of the global finfish production was produced in marine or coastal environments, of which
nearly 1/3™ was Atlantic salmon (Table 2 and 3). High value and high profit margins give Atlantic salmon,
which is the third most valuable aquaculture finfish species produced today, room to innovate, including
making larger and stronger cages which can be deployed offshore, away from heavily used coastal zones
(Chu et al., 2020). A downside is the high capital and production costs involved (Jansen et al., 2016),
which also holds for other species cultured at sea. This partially explains the slow growth of marine cage
aquaculture, in spite of the fact that from an environmental point of view there is ample of room for
development of marine cage aquaculture (Gentry et al., 2017). Another reason is that herbivorous or
omnivorous species produced inland are cheaper than marine species which are mostly carnivores and
more expensive to produce. For now, cheaper herbivorous and omnivorous fish species are more widely
accessible and contribute significantly to food security and reduced poverty reduction. This trend will not
change within the near future (Belton et al., 2018; Belton et al., 2020), but might change over the long
term. Considering the projected increase in global income, Costello et al. (2020) predicts a 36-74%
increase in production of marine aquaculture by 2050, when the majority of people will be middle class.

Coastal areas for shrimp pond development are limited while the sector aims to expand further. One option
is cage farming. Crustaceans especially shrimps are difficult to culture in marine cages, mainly due to
cannibalism during molting. Shrimp culture in cages, either as shrimp - seaweed polyculture (Lombardi et
al., 2006) or monoculture at varying stocking densities (Cuvin-Aralar et al., 2009) looked economically
feasible, also at high stocking density. Biosecurity is, however, a problem in marine shrimp culture at sea,
as is pollution control. The latter might be partially controlled by the implementation of integrated
multitrophic aquaculture (section 2.4.6).

2.2.5 Recirculation aquaculture systems (RAS)

The term Recirculating Aquaculture Systems (RAS) is not well defined. The key element is that RAS use
significantly less water than traditional systems by fully or partially purifying and reusing culture water.
They range from semi-intensive open systems to fully recirculating indoor systems and are used for
producing a broad range of freshwater and saline species. While mainly finfish are produced in RAS, also
crustaceans, molluscs, and aquatic plants can be produced, the latter mainly for hatchery and nursery
purposes. The simplest RAS remove suspended solids (faeces and uneaten feed) from the recirculation
loop by sedimentation or mechanical filtration and aeration (e.g. airlifts), while higher intensity RAS apply
biofiltration and more advanced treatment technologies such as e.g. UV treatment, ozonation, and foam
fractionation to maintain a good water quality.

Compared to traditional aquaculture systems, it is possible to exert a higher degree of control on rearing
conditions in RAS and to collect and treat waste/effluents, reducing the impact on external environments.
Risk of escapees are reduced (and eliminated in fully closed systems), treatment of intake- and outlet
water improves disease control and reduces the need for medicine, it is possible to produce year-round,
and the most advanced RAS can be situated almost anywhere, including close to markets saving
transportation costs and ensuring full product traceability.

Recirculation technology has been used since 1980 to produce fry and fingerlings of different species, for
instance for African catfish rearing in the Netherlands. Partial RAS technology has been applied in Chile
since the 1990s as a means to comply with environmental regulations and save pumping energy for land-
based production of exotic abalone (Haliotis rufescens and Haliotis discuss hannai) in seawater (Flores-
Aguilar et al., 2007), and later for cultivation of endogenous species such as Chilean scallops (Argopecten
purpuratus).
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To produce fish for consumption, RAS are mainly used for finfish production, both indoor or outdoor. Semi-
intensive, commercial RAS termed “Model-Trout-Farms” have been used in Denmark since 2004 as a
means to increase land-based production of rainbow trout (Oncorhynchus mykiss) while reducing the
impact on adjacent aquatic environments and complying to the EU Water Framework Directive (Dalsgaard
et al., 2013; EU-Water-Frame-Directive, 2000; Jokumsen and Svendsen, 2010). This concept, or parts of
it, has spread to other European countries although not as part of regulatory setups.

During the last decade, investments in RAS have intensified. These RAS are increasingly used in northern
Europe and Chile for producing Atlantic salmon smolt before transfer to sea cages (EUMOFA, 2020).
Growing smolt in RAS improves their growth and reduces subsequent sea-lice infestation problems in net
cages (Clarke and Bostock, 2017). Environmental concerns such as lack of freshwater and limited in-fjord
permits have further contributed to this development. An increasing number of intensive RAS have - or
are currently - being constructed globally aimed at producing primarily Atlantic salmon, but other species
are also targeted such as African catfish, barramundi, grouper, rainbow trout, seabass, seabream,
sturgeon, tilapia, pike perch, yellow tail kingfish (EUMOFA, 2020).

In Thailand, vertically integrated shrimp farming corporations developed RAS technology. These systems
are challenging when culturing crustaceans in water re-use systems as the molting cycles require extra
mineral inputs to compensate minerals lost with each shed exoskeleton. This requires the development of
special feeds to compensate for mineral deficiencies. In addition, cannibalism during molting leads to lower
survival, and sale prices cannot cover the high production costs in RAS. The price of shrimp broodstock is
very high, and broodstock do not molt frequently. Combined with high biosecurity and product quality, this
makes raising broodstock in RAS commercially feasible. To produce consumption size shrimp, however,
the production cost is too high. Some RAS farms to raise whiteleg shrimp or lobster have also been
constructed in Europe and elsewhere. These farms can be successful if producing for special markets that
fetch high prices.

Simple RAS technology has been applied in China since the 2000s for producing a range of species in both
freshwater and seawater (shrimp, sturgeon, grouper, trout, turbot, sole, crab, salmon, seabass, pufferfish,
sea cucumber, tilapia, a.0.). In the 2010s, RAS in China gained more governmental attention and advanced
so-called “precision RAS” have been developed focusing on improving the engineering design, water
treatment technology, and automation control (Huang, 2019).

On the downside, RAS are expensive to build and operate and they are challenging to manage requiring
skilled workforce to ensure successful operation. They have a high carbon footprint in terms of compound
feed (as applies to all compound fed aquaculture systems) and on-site energy requirements (especially for
pumping) if electricity comes from fossil fuels (Badiola et al., 2018; Martins et al., 2010; Midilli et al.,
2012; Samuel-Fitwi et al., 2013; Song et al., 2019; Van Rijn, 2013; Wilfart et al., 2013). In addition,
saltwater RAS require equipment that can withstand corrosion and risks of gas accumulation such as toxic
H2S and CO: are higher than in freshwater RAS (EUMOFA, 2020).

2.2.6 Culture-based fisheries, integrated multi-trophic aquaculture and aquaponic
systems

Culture-based fisheries

Numerous seasonal water bodies are scattered throughout the world. Through culture-based fisheries, the
fish production from these water bodies can be enhanced, contributing to food security and enhancing rural
livelihoods (Subasinghe et al., 2013).Conversely, wetlands and deltas worldwide have been transformed
into agricultural or urban land, and sustaining the natural productivity and species diversity can be
challenging. Due to construction of dams and diversion of the natural water flow, fisheries production
declined, although traditionally, fisheries significantly contributed to income and food security in wetland
areas. In rice field areas in Cambodia, different forms of culture based fisheries, ranging from pure fisheries
to nearly fully controlled aquaculture are practiced side by side. Through proper management, these
systems contribute to food and nutrition security, rural livelihood diversification and income improvement,
and biodiversity conservation (Freed et al., 2020a; Freed et al., 2020b).
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Considering the large number of existing water bodies suitable for culture-based fisheries, the potential
contribution to global fish production is large. De Silva (2016) calculated that if 20% of the small water
bodies in Asia would be used for culture-based fisheries, aiming for a production of 900 kg/ha, in Asia
alone 10.7 Mt could be produced annually. When developing culture-based fisheries, care should be taken
to produce within the capacity of the water bodies to neutralize the wastes resulting from feeding.

Integrated multi-trophic aquaculture

One concern of marine fed aquaculture is the release of organic and inorganic wastes (Schneider et al.,
2005; Wang et al., 2012). In integrated multi-trophic aquaculture systems (Chopin et al., 2001; Neori et
al., 2007; Troell et al., 2009) fed species are linked to extractive species so that feed waste becomes food
for extractive species (Chopin, 2010; Chopin et al., 2001; Neori et al., 2007; Troell et al., 2003). The idea
behind the IMTA approach is that re-cycling of waste nutrients results in a reduced nutrient release into
the environment, while the overall productivity of the production system improves (Chopin et al., 2012).
Schneider et al. (2005) and Troell et al. (2003) reported variations in nutrient retention efficiency in IMTA
ranging between 2 to 100% depending on species, waste type, culture technique, and culture intensity.
Most IMTA systems are deployed at sea, with land-based IMTA reaching higher nutrient retention
efficiencies than open-water IMTA (Reid et al., 2017). Combining different species is not always easy, due
to differences in growth rate and seasonality and the large areas needed (Broch et al., 2013). Also the
retention efficiency of fish wastes by bivalves in IMTA is limited, because they need a minimum of 15-30%
organic matter from fish waste in their diet to contribute to bioremediation (Cranford et al., 2013).
Consequently, IMTA at sea for bioremediation is still in its pilot phase, with the exception of China. Hughes,
Black (2016) suggested that extractive species can also obtain nutrients not originating from fed species.
This agrees with practices in China, where nitrogen inflow from land and phosphorous influx from open sea
are the major sources of nutrients in IMTA, with fed cage culture contributing a minor fraction of the
nutrient flow through the IMTA (Li et al., 2016; Mahmood et al., 2016a). Successful IMTA requires
significant architecture. Variations on this system have become routine in China including combinations of
seaweed, bivalves, finfish, sea cucumbers, and others (Liu Hui, Pers. Comm.). IMTA is theoretically
appealing in terms of sustainability, but from a management perspective, it is often not possible to optimize
production and marketing of multiple crops that are linked in these systems.

Aguaponics

In aquaponics, effluents from recirculating aquaculture systems (RAS) supply bioavailable nutrients for
plants (Paudel, 2020; Wongkiew et al., 2017). These are expensive systems (Palm et al., 2018) because
both a RAS and a hydroponic system need to be installed. Plants that do well in hydroponics also do well
in an aquaponic system. If nutrients for plants are lacking in the RAS effluent, extra fertilizers can be
applied to the plants (Eck et al., 2019; Maucieri et al., 2019). Whereas in coupled aquaponic systems, the
same water flow passes through all components of the aquaponic system, in a decoupled system water
flows through fish tanks, filters and hydroponics can be adjusted (Goddek et al., 2016; Monsees et al.,
2017). Aquaponic systems are promising, because nutrient losses from aquaculture are reduced. A recent
development are flocponic systems in which instead of a RAS a biofloc system is linked to a hydroponic
system (Pinho et al., 2017). Major constraints to profitability of aquaponic or flocponic systems include the
need to have access to high-value markets for vegetables and for fish, the broad range of know-how
involved, and the leading role of vegetables in securing financial success (Bosma et al., 2017). This in part
explains slow uptake by the industry.
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3 Currentissues and challenges in aquaculture

3.1 Environmental impact from aquaculture

3.1.1 Fed species

Concerns about the environmental impact of finfish aquaculture were flagged decades ago (Klinger and
Naylor, 2012; Naylor et al., 2000). Although considerable improvements were achieved in technologies to
reduce pollution through water treatment processes and better feeding methods (Xiao et al., 2019; Zhou
et al., 2018), the environmental impacts of fed aquaculture remains high. Globally, the demand for animal
products, including aquaculture species, will continue to grow due to population growth and rising incomes
during the next decades (Hilborn et al., 2018). With fed aquaculture, impacts are mainly due to nutrients
provided in the feed that are not retained by the cultured species (Hilborn et al., 2018), and increased
energy inputs per unit surface area in relation to intensification (Ghamkhar et al., 2021). In a life cycle
assessment of aquaculture systems with different levels of culture intensity in Bangladesh, Henriksson et
al. (2018) found that across systems, fish yield is positively correlated with eutrophication and negatively
correlated with water use, while no significant correlation was found with land use and climate change (CO:
emission). The feed conversion ratio (FCR) is an easy to measure indicator of nutrient use efficiency (NUE)
(Boyd et al., 2007), and is a better indicator of the environmental impact from fed aquaculture than the
type of farming system, the latter being either low- or high-intensity ponds, marine or freshwater cages,
or recirculating aquaculture systems (RAS) (Ghamkhar et al., 2021). Henriksson et al. (2018) identified
improving the NUE in aquaculture as the most effective way to reduce the environmental impacts from
aquaculture. This notion concurs with the concept of ecological intensification which, in addition to
improving the NUE of aquaculture, also aims to maintain or restore ecosystem functioning and diversity
(Aubin et al., 2017). Nevertheless, further improvements are necessary. For instance, in China, the total
nitrogen and phosphorous discharge through surface waters was similar for livestock and aquaculture,
although the livestock sector is four times larger than the aquaculture sector (Zhang et al., 2015). Priority
should be given to recycling of nutrients as fertilizer, energy sources, or nutrient input for other organisms
(Chopin et al., 2012; Drézdz et al., 2020; Nhut et al., 2019; Wang et al., 2012).

Aquaculture in ponds has been intensified several times above the natural carrying capacity of a
conventional pond by providing intensive aeration (Itano et al., 2019; Jayanthi et al., 2021; Kumar et al.,
2013) and removing waste from the system (Nhut et al., 2019). This helps to raise the production, but the
cost on the environment remains critical. Area-based waste water treatment in combination with renewable
energy generation and use can transform pollution mitigation from ponds into a productive and green
practice. Aquatic plants and sediments can trap waste nutrients while photovoltaic cells or wind energy
can reduce fossil fuel use. The economic feasibility of such interventions is location dependent. Integrating
this approach for a cluster of farmers might be more feasible than for individual farmers.

3.1.2 Extractive systems

There is clearly a consensus that extractive species (filter-feeders; algae) exhibit orders of magnitude
lower ecological footprints than cultured fed species (e.g. tuna, salmon, shrimp). It is important, however,
to realize that if the aquaculture production does not properly consider aspects such as scale, site selection
and the effect of culture species on their environment, extractive species can also trigger environmental
issues. In the case of seaweed, the competition for space with seagrass meadows, addition of fertilizers,
and use of chemicals for controlling grazers, are potential risks that should be avoided. For example, in
South Korea and Japan, fertilization of seaweed farms has been banned (Hurd et al., 2014). Hence, careful
consideration of possible negative impacts on the coastal or offshore marine environment is needed.
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Coastal pollution remains a significant challenge to shellfish aquaculture. The input of sediment, soils, and
nutrients from numerous point and non-point sources affects growth and survival of the animals as well as
their ability to be sold for human consumption. In addition to point sources, runoff from increasing amounts
of impervious surfaces in many coastal areas can lead to waters being banned for use in shellfish
cultivation.

Harmful algal blooms (HAB) have increased in frequency and range, and increased their seasonal growth
windows (Hallegraeff, 2010). These HAB occur regularly in areas occupied by shellfish aquaculture and
can have significant impacts on shellfish culture through mortalities or delayed harvests until toxins are
depurated (Basti et al., 2018; Matsuyama and Shumway, 2009; Shumway, 1990; Trainer et al., 2020).
Shellfish culturists are already addressing many climate-related issues and identifying new species for
culture, as well as implementing IMTA practices and HAB mitigation strategies. Climate change and HAB
interactions will be on-going and become increasingly important considerations for shellfish culturists.
Mitigation and remediation measures, coupled with the ability of bivalve molluscs to adapt to environmental
perturbations, will allow for the continued success of aquaculture systems.

Seaweed aquaculture systems are lagging behind in relation to other food sectors in breeding, pathogen
management, and adaptation of production systems to local nutrient, light and temperature conditions
(Buschmann et al., 2017; Naylor et al., 2021). Here too, disease interferes with farming efficiency.
Bacterial and viral outbreaks are especially high in intensively farmed seaweed systems, where disease
management can account for up to 50% of farm-variable costs (Barbier et al., 2019). New seaweed
cultivars with higher yield potential, disease resistance, nutritional qualities, and consumer attributes are
needed to ensure production, growth, and increased value for the industry, but an understanding of factors
that impact breeding programs and how they can affect wild seaweed populations is needed (Valero et al.,
2017). In addition, the use of thalli fragmentation propagation techniques seems to have reduced the
genetic diversity of species like Eucheuma/Kappaphyccus and Agarophyton chilense (Eggertsen and
Halling, 2021; Guillemin et al., 2008) by unforeseen selection that appears to influence productivity and
resistance to pathogens and epiphytes (Hurtado et al., 2019). Nevertheless, other selected genotypes did
not show evidence of decreased productivity or loss of resistance to epiphytes. (Usandizaga et al., 2020).
Clearly these aspects require further in-depth studies to avoid the loss of genetic diversity or the
introduction genetically distinct individuals of a species in a region, thus introducing new genes that might
modify the adaptation capacity of the species under cultivation (Valero et al., 2017).

3.2 Land area

With fed aquaculture, ca. 0.1 - 0.4 ha of land area is needed to provide dietary plant ingredients to produce
1 MT of carnivorous and herbivorous/omnivorous animals, respectively (Aas et al., 2019; Boyd et al.,
2007). An advantage of fish culture is that, in contrast to terrestrial animals, it is possible to move
production to aquatic environments (Boyd et al., 2020), reducing space and freshwater constraints. With
intensification, more fish are produced per unit area, but, because feed is the main nutrient input,
intensification has a minor impact on land area requirements per ton of fish produced. Compared to
terrestrial animal production, aquaculture requires less land than terrestrial animals, using only ca. 4% of
the total land area for crops dedicated to animal feed production (Hua et al., 2019; Troell et al., 2014b).
If the production volume of terrestrial animals from today onwards did not increase, with aquaculture
fulfilling the increased demand for animal protein until 2050, then only 10% extra cropland for feed
production would be needed for aquaculture feeds. Such a shift toward a human diet richer in aquaculture
products would save 70 to 76 million ha of cropland, an area close to the land mass of Turkey, compared
to a scenario with no shift in the balance between terrestrial and aquatic meat consumption (Froehlich et
al., 2018).

In shrimp farming, farmers and investors might abandon shrimp production sites after a few consecutive
crop failures due to disease. The area of these derelict ponds is large, covering an estimated few 100 000
ha globally, although exact data are missing. Reuse of these areas is possible, mainly by focusing on soil
and water quality in the wider production area.
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Once corrective measures have been taken, shrimp production can recover, raising production and creating
direct and indirect employment (Source: http://kominfo.jatimprov.go.id/read/umum/38094).

3.3 Water use

Compared to plant and terrestrial animal production, water use in aquaculture is relatively small and not
well accounted for in food-water budgets (Gephart et al., 2016). Feed (ingredients, transport, processing),
on-farm water use and fish processing are major categories of water use in aquaculture (Gephart et al.,
2016; Henriksson et al., 2017; Verdegem and Bosma, 2009). Intensification reduces the water use per
unit production (Henriksson et al., 2018; Verdegem et al., 2006), making aquaculture more water efficient
than meat production. With the expected growth in marine aquaculture (Costello et al., 2020; Naylor et
al., 2009), the overall freshwater use efficiency by aquaculture will improve further.

3.4 Climate change and greenhouse gas emissions

The high diversity in species, culture systems, feeds, and salinity tolerance contributes to the resilience of
aquaculture to climate change, but does not make aquaculture disaster proof (Troell et al., 2014a).
Extreme weather events and sea level rise might cause flooding, water shortage, and changes in salinity,
temperature, and dissolved oxygen availability. Diseases might become more frequent, resulting in higher
losses and reduced animal welfare, and affecting the supply of external feed inputs to aquaculture (Reid
et al., 2019). Conversely, aquaculture contributes to global warming, due to increased energy and feed
inputs linked to intensification (Bostock et al., 2010) and greenhouse gas (GHG) emissions. Although GHG
emissions from aquaculture are modest compared to beef production (MacLeod et al., 2020), in semi-
intensive coastal shrimp ponds or rice-fish systems methane emission is a concern, while there is nitrous
oxide (N20) volatilization in more intensive systems (Henriksson et al., 2018; Yang et al., 2020). Estimates
are that by 2030, aquaculture will release 5.7% of the anthropogenic N2O emission. Culture systems that
trap nitrogen waste in biomass (microalgae, biofloc, seaweed, vegetables) are realistic options to reduce
N20 emission from aquaculture (Hu et al., 2012).

Climate change will provide challenges for shellfish and seaweed production (Allison et al., 2011; FAQ,
2016). As sea level rises, erosion of coastal areas increases, and the soils are washed into estuaries where
they increase turbidity and can affect the growth of submerged aquatic vegetation as well as disrupt
shellfish feeding. Increased temperatures, changes in sea level, precipitation, salinity, water circulation
patterns, storm frequency and severity, and other factors will challenge shellfish farmers in different ways
in different geographic regions. It will be important to consider actual technological innovations in
aquaculture practices in response to climate change including material, procedural and informational
dimensions of practice (Lebel et al., 2020). It will be crucial to understand impacts of climate change at
the local level to promote sustainable shellfish culture. Global analyses for finfish species indicate regions
where culture condition improve and other regions where conditions will decline (Klinger et al., 2017;
Oyinlola et al., 2018). Insights in local impacts are needed to inform policy and management officials.

Due to seawater level rise in some estuaries In South Sumatra, Indonesia, dikes of shrimp ponds had to
be raised 10 to 15 centimeters to protect against flooding. One mitigation measure to reduce economic
loss from extreme events due to climate change could be insurance. Although aquaculture insurance would
redeem the costs due to production loss or infrastructure damage, it will not bring back the lost production,
and still will reduce food security. However, the majority of producers across the aquaculture industry do
not have a ‘crop’ insurance. Large scale companies sometimes opt to not insure their crop (product),
assuming that the biosecurity and management systems employed are robust enough to guarantee
production, but insure their production infrastructure.

In the future, for small and medium sized farms, crop insurance may become more important. The technical
and physical infrastructure and management demanded by insurance companies may not be easy for
farmers to adopt Either way, the technical and management conditions could be assured by a specialized
technical service body, to the benefit of both parties.
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3.5 Feed additives

High feed loads in highly and super-intensive culture systems quickly reduce water quality, stressing the
immune system and the health of farm animals. A range of ingredients are used to enhance the
immunocompetence and growth of the culture stock and/or improve water quality, including prebiotics,
probiotics, enzymes, nucleotides, bacterial peptidoglycans, and carotenoids (Boyd et al., 2020). Most
additives are mixed with, or coated on, the pelleted feed, but probiotics are often applied directly to the
pond.

There are numerous manufacturers of probiotics, the effectiveness of which is not well defined. In addition,
the action of a probiotic differs between fish species. More studies that test in depth the response of one
fish species to one probiotic are needed, to get a better understanding of the effectiveness of the probiotic
(Ninawe and Selvin, 2009). The numerous genome-sequencing and metabolomic tools can further help to
elucidate how the immune system, nutrition, and growth affect nutrition (Kumar et al., 2016). Little is
known of the long-term effects of probiotic use on the culture environment and needs further investigation.

3.6 Food security and poverty alleviation

Off the 20.5 million people employed full-time or part-time in aquaculture, most are small-scale workers,
of which a large fraction is engaged in other agricultural activities or off-farm employment. Others are
commercial producers, some of them employing workers during busy periods (Belton et al., 2018). With
future increasing incomes, the contribution of farmers engaged part-time in aquaculture to global
production will continue to decline (Edwards, 2015), while the contribution of commercial family-owned
producers will increase. The shift towards more intensive commercial production coincides with stocking
fewer species, favoring those species with a high market demand (Edwards, 2015). This might result in
less diversified and nutritious diets (Castine et al., 2017), but also improves food security of the poor
(Belton et al., 2020). To help small-scale aquaculture farmers to integrate into the value chain, education,
reliable property rights, credit, institutional support, and active engagement in decision making are highly
important (Salazar et al., 2018).

3.7 Technological innovation

3.7.1 Fed systems

Technological innovation should allow the aquaculture sector to upgrade productivity, lower costs, and
reduce environmental impacts. From a system perspective, key areas for innovation include water quality
maintenance, water purification (Xiao et al., 2019), feeding systems (Zhou et al., 2018), on-line
monitoring, and early warning systems (FAO, 2020; Hassan et al., 2016), and to share information bi-
directionally through internet (Boyd et al., 2020; Gui et al., 2018; Hassan et al., 2016; Zhou et al., 2018).
The latter is only meaningful if supported with local education and capacity building (Lebel et al., 2020;
Weitzman, 2019), and guidance through best management practices (BMP). New technologies must be
communicated with farmers and integrated in sound BMP, in which attention to the use of chemicals and
antibiotics, habitat destruction, fish escapees, and waste management is integrated (Boyd et al., 2007;
Diana et al., 2013). Measures can also be taken to reduce the effect of salt water intrusion in coastal zones
due to climate change through land use planning and shifts in the selection of species adapted to the locally
prevailing salinity (Nhung et al., 2019).
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Water purification technology and waste treatment in aquaculture got a boost with the increased interest
in RAS technology during the last decade, and the technology is available for any aquaculture operation to
treat wastes. Numerous farmers already apply aeration, concentrate and remove wastes from the culture
unit, or partially control toxic nitrogen levels. These are simple technologies, that if planned will raise farm
production in a cost effective way. A prerequisite is to have electricity next to the production facility, which
is more and more the case in rural areas around the world, and making intensification possible as described
in Chapter 2.3.2. These technological innovations are a necessity for farmers who wish to intensify, while
maintaining good water quality conducive to a healthy culture environment and production. In addition, it
creates options to collect and treat waste on farm (Chapter 4.3.2).

Installing a full RAS is different. At present, there are financial, operational, social, and marketing risks
associated with the development of intensive RAS (Figure 4). Investment and operational costs are
generally high when it comes to establishing a RAS. Most development is therefore seen in large-scale
systems assuming that “bigger is better” in terms of reducing capital expenditures/kg. Capital expenditures
are required upfront, time between initial investments and (potential) revenue is typically long, and many
things can go wrong before a system generates profit. Operating costs can also be higher than in more
traditional farming due to expenditures on commodities such as  oxygen, CO: stripping, and
electricity(https://www.undercurrentnews.com/2020/03/06/agquamaof-says-large-scale-salmon-ras-
projects-will-produce-at-costs-of-around-3-kg/).

In addition, there are many legislative and marked related risks and challenges associated with RAS, and
risk of failure should not be overlooked (https://www.intrafish.com/finance/analysis-heres-a-list-of-high-
profile-land-based-aquaculture-failures/2-1-712748, https://thefishsite.com/articles/rabobank-why-the-
tide-is-turning-in-favour-of-ras-production, EUMOFA, 2020) including in smaller-scale systems (Clarke and
Bostock, 2017).
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While freshwater RAS has proven successful for producing fry and juveniles of several species including
salmon smolts, and for rearing portion-sized trout, saltwater RAS is still a challenge. Gear that can
withstand corrosion is required, biofilter performance may be hampered at higher salinity (Kinyage et al.,
2019), and even a minor accumulation of sludge can result in sudden formation of H2S with devastating
consequences. Currently no sensors for reliable detection and early warning of Hz2S are in use, and sensor
technology in general is a ubiquitous issue in both fresh and saltwater RAS.

System management and qualified staff are key to successful RAS operations (Bregnballe, 2015; EUMOFA,
2020), in addition to good knowledge of cultured species biology. Staff need to be skilled in water quality
monitoring and assessment, in operating different treatment technologies (including end-of-pipe
solutions), and in managing surveillance and backup systems.
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Market value of the cultivated species must justify higher production costs. Product value may change over
time due, e.g., to competition and changes in consumer preferences and willingness to pay extra for
seafood cultivated in RAS. In line with this, it is essential that product quality be optimized and that, for
example, an ubiquitous issue with off-flavour is reduced and preferably avoided (EUMOFA, 2020).

Site selection, permits, and licenses for establishing a RAS facility can be difficult, time consuming, and
costly, and may involve a high degree of stakeholder involvement. Getting a permit in the USA may, for
example, add up to 5% of the total budget (Ramboll Webinar on “"Water management in RAS systems,
Maine & Denmark”. November 19, 2020), and in Europe, processes of obtaining a permit are challenged
by interactions between local, regional, national, and EU legislation (EUMOFA, 2020).

3.7.2 Extractive systems

Improved mitigation strategies for the control of biofouling of shellfish grow-out equipment are still needed.
While there are numerous physical methods for removal of biofouling (Watson et al., 2009), they are labour
intensive and can result in damaged crops. Promising new research and development of environmentally
friendly coatings have shown good results (Shumway, in press) and will lead to reduced labour and increase
yield per area, which in turn will lead to increased production of crops.

Improved methods to assess biomass during production in bottom culture will continue to be a challenge.
Bottom culture methods are still quite primitive and utilize harvest equipment that has changed little during
the past century. They lack the ability to assess biomass quickly and effectively, and improved techniques
will increase production and expand markets.

There is a need for advanced technology in production to increase output and lower labor input to make
businesses more profitable and competitive. Some of this technology can be adapted from agricultural
industries. Two recent examples include planting and harvest using technology adapted from the bulb
industry and sorting and grading technology that evolved from that developed for apples. A long-elusive
component of oyster processing has been automated shucking machinery that could remove meats from
the shells quickly without manual labor. Current advances in sensing and computer-aided machinery should
make this possible. The economic and managerial feasibility of production systems will ultimately drive
their development and acceptance. Inclusion of increased automation will ultimately depend upon the
increased additional costs as compared to the additional economic benefits.

The majority of marine plants are grown on suspended long-lines or suspended nets. Some red algae are
harvested from the wild or grown in bottom culture in shallow water, but they represent a minor percentage
of the global production. Harvesting of seaweeds is labour intensive, and, here too, the industry will benefit
from wider use of existing or improved semi-automated harvesting techniques. Improving existing
technology to seed and deploy long-lines effectively, with minimum labour input is presently getting a lot
of attention, and will help to reduce labour inputs.

4 Priorities for future aquaculture development

4.1 Climate change

The relation between aquaculture and climate change has been recognized and studied for some time
(Cochrane et al., 2009). During the last 20 years, the aquaculture industry improved from a technological,
governance, management and siting perspective. This made aquaculture better able to cope with harmful
algal blooms (Chapter 3.4), disease (Chapters 2.3.3 and 3.1.1) and extreme weather events (Chapter
3.4). However, generalization is difficult. There is a need to better monitor the effects of environmental
changes on on-farm production to be able to validate concepts developed in laboratory simulations across
production environments and culture species (Naylor et al., 2021).
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Similarly, little information is available on GHG from aquaculture facilities (Chapter 3.4), because emissions
are influenced by the culture environment and system management. There is insufficient evidence that
study outcomes can be generalized, nor about which management practices minimize GHG emission from
specific culture systems. Important parameters include the type of ingredients used in feed formulation,
NUE of carbon and nitrogen, and the dissolved oxygen dynamics.

More research is needed to find ways to improve the energy use efficiency in fed aquaculture. One approach
is the nutritious food concept (Chapter 2.2.1), but much more research is needed. In addition, contributing
to circularity by making use of crop residues in aquaculture feeds contributes to reducing the energy
expenditure of food systems (Chapter 4.3.1).

4.2 Sustainable aquaculture

4.2.1 Improved pelleted diets and fish meal and fish oil use

A major public concern is the use of wild small pelagic species as forage fish to culture high value finfish
species (Diana et al., 2013; Little et al., 2016; Naylor et al., 2000). During the last decade, substantial
improvements have been achieved in reducing the percentage of fishmeal and fish oil in pelleted feeds
(Naylor et al., 2021). Improved insights in the requirements for some 40+ essential nutrients as opposed
to ingredients (e.g. fishmeal and fish oil) allow the industry to include a broader range of plant and animal
ingredients in fish feed. This includes re-using products like crop residues otherwise not used, making
aquaculture part of the circular economy (Van Zanten et al., 2019). Specific limiting essential nutrients,
such as amino acids, fatty acids, vitamins, minerals, and trace elements, can be added in the diet to fulfil
the nutrient requirements of the target species (Boyd et al., 2020). In addition, by enzyme or probiotic
inclusion in the diet, the utilization efficiency by the fish of low quality ingredients can be upgraded,
enlarging further the range of ingredients that can be used in fish diets (Maas et al., 2018; Maas et al.,
2020; Maas et al., 2021). This combined approach gives the industry many options to reduce the use of
fishmeal and fish oil in fish diets and to test a broad range of alternative ingredients to fishmeal or fish oil.
Promising ingredients tested include fishery and aquaculture by-products, food waste, insects, microbial
biomass (e.g. microalgae, bacteria, yeasts), and macroalgae (Ghamkhar et al., 2021; Hua et al., 2019;
Matassa et al., 2016). Some ingredients are already better optimized for use in aquaculture than others.
For example, Maiolo et al. (2020) tested the effect of insect meal, poultry by-product meal, and microalgal
biomass as partial substitutes for fish meal, assessing the environmental effects through life cycle analysis
(LCA). Poultry by-product meal has the smallest environmental impact, showing optimal environmental
performance, while the environmental impact of insect meal and microalgal biomass could be further
reduced by improving the NUE and reducing energy use. For food wastes and microbial biomass products,
considering the economics of commercial production, supply and supply consistency, are still large hurdles
that must be overcome to be able to meet demand (Hua et al., 2019). This makes insects and microalgae
currently the most promising candidates for fishmeal and fish oil replacement, respectively, in fish diets
(Cottrell et al., 2020). Nevertheless, a wide range of factors need to be considered in concert (e.g.
substitutability, nutritional profiles, scalability, environmental impacts) when aiming for sustainable growth
in production. Doing so often leads to opposing conclusions, highlighting the need to integrate multi-
objective analyses in the decision process (Pelletier et al., 2018).

A result of shifting from ingredient availability to essential nutrient requirements to guide diet formulation
is that the differences in the trophic level of diets between herbivores, omnivore and carnivores reduce
and converge (Cottrell et al., 2021), while resources that previously could not be used can now be recycled
through fish diets. Once replacements for fishmeal and fish oil become available at a competitive price and
in sufficient quantity, then large-scale production of carnivorous marine fish species in response to
consumer demands might develop quickly (Gephart et al., 2020).
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One development is that strains developed for fast growth require a protein and nutrient-rich high quality
diet to be able to maintain fast growth. This makes the feed expensive while feed companies aim to
formulate diets at a cost that allow the farmer to make a profit. Farmers and consumers should have
insight into the quality of the diet and the selection of ingredients used. This is politically and
environmentally sensitive information, requiring full attention from the feed companies. (source: personal
communication during interview discussion with feed manufacturing sector specialists from Australia, India,
Indonesia, and Thailand. 2020-21). Conversely, not all farmers have to stock fast growing strains in
intensive systems. For them there is a need to have access to strains that grow well on less expensive
feeds containing recycled agricultural wastes.

4.2.2 Waste treatment technology and RAS development

Today, numerous aquaculture farms use technologies first applied in RAS (Chapter 3.7.2). Having the
option of temporarily recirculating the water e.g., by simple airlifts, may help a farmer circumvent
upstream disease outbreaks or water shortages. This also reduces the use of antibiotics and therapeutants.

Continuous removal of solids (fish faeces and uneaten feed) prior to discharge, e.g., via sludge cones,
drum filters, swirl separators, or fix-bed biofilters, may reduce the discharge of particulate organic matter
and phosphorus considerably, benefitting the recipient and improving internal water quality. As stocking
density or recirculation intensity increases, biofiltration will be necessary to convert ammonia to nitrate.
Here, use of locally available filter material such as coconut shells rather than commercially manufactured
plastic bio-elements might be both cheaper and more sustainable. Generally, use of locally manufactured
equipment adapted to resist local conditions, as well as aquafeed developed using local ingredients, might
ensure a higher rate of success.

To reduce eutrophication further, nitrate may be removed from farm effluent by treating it in simple, low-
cost denitrifying bioreactors. These are water-logged beds filled with locally available, slow-releasing
carbon sources such as woodchips or coconut husks (Rambags et al., 2019; von Ahnen et al., 2018). In
addition to removing nitrate, denitrifying bioreactors are known to be effective in reducing microbial
contaminants, providing complimentary disinfection (Rambags et al., 2019). Water treated in denitrifying
bioreactors may potentially be recycled back to ponds following e.g., sand filter filtration, to remove
harmful or toxic substances potentially released from the filter material (Lepine et al., 2021; Lindholm-
Lehto et al., 2020).

Finally, education and training are imperative if these technologies first developed for RAS are to contribute
massively to sustainable production of healthy aquatic foods in the future.

4.2.3 Disease prevention and biosecurity

Increasing demand for aquaculture products and the expansion of seafood stimulate intensification, and
with intensification reliance on high density monocultures which are vulnerable to disease. Predictions are
that in tropical shrimp production alone, 40% of the production will be lost annually to disease-related
mortality (Stentiford et al., 2012). Current understanding of how antibiotics in the farming environment
influence disease occurrence is still limited. For instance, temperature has major impacts on disease
susceptibility of shrimp, but insights into how to manipulate temperature or any other abiotic factor to
control disease are still lacking (Millard et al., 2020). Knowledge on balances/imbalances in the microbiome
of aquaculture systems is still in its infancy, although quickly developing (Infante-Villamil et al., 2020).
More research on creating a healthy environment for culture organisms is needed, requiring more meta-
analyses and cross-sectoral studies in addition to disciplinary research (Reverter et al., 2021). The latter
is important in view of global warming and ocean acidification (Green et al., 2014; Rowley et al., 2014).
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Although the root of many disease problems in aquaculture lies to a high degree with the culture system
applied, the main goal of the industry and the research community is to find effective disease treatments,
which can be a time-consuming and long-term effort. For instance, in shrimp farming there are currently
no effective treatments for most viral, but also for some bacterial diseases, even after decades of research
(Flegel, 2019). Through development and application of best management practices (BMP), including
biosecurity measures, the industry tries to minimize the impact of disease. The principal key to success is
how well recommended practices of the BMP help to maintain or restore a healthy production environment
for the farmed animals.

In relation to biosecurity there is a high level of misunderstanding among stakeholders regarding “the
fundamental principles and practices of aquaculture pond management”. When aiming for disease control,
the main objectives are (1) to prevent a pathogen enters the farm, and (2) to prevent any pathogens
present from spreading around the farm. These objectives must be part of a quality assurance (QA)
programme. Aquaculture farms are often clustered, therefore requiring coordination and cooperation
among stakeholders in applying biosecurity. If all actors involved apply the biosecurity measures correctly,
then disease incidences can be drastically reduced. Large industrial farms are more successful in applying
biosecurity, as they are able to implement and cover the costs of strict quality assurance/quality control
(QA/QC) protocols. Small-scale farmers need to work collectively to implement the biosecurity measures
to be able to bear the QA/QC costs. Latt (2019) suggested protocols for a QC laboratory to inform the right
QA actions for clusters of shrimp hatcheries, that can be collectively implemented by a cluster of 4-5 small
or medium-sized hatcheries. Hence, effective biosecurity, including good QA/QC protocols can be
implemented. Successful biosecurity application will require adequate training of farmers in aquaculture
pond management and enforcement of government regulations, conductive to creating and maintaining a
healthy production environment. Existing loopholes breaching biosecurity enforcement should be
prevented, requiring strong political will and multi-stakeholder cooperation, involving government,
education and the aquaculture and food industry stakeholders.

In shrimp farming, biosecurity is further enhanced by the provision of specific pathogen free (SPF), specific
pathogen tolerant (SPT) or specific pathogen resistant (SPR) post larvae (PL), which today is common
practice across the industry. This development concurs with efforts to reduce pond size, in combination
with better control on the application of biosecurity protocols. Similar developments are observed in China,
Vietnam, Thailand and Indonesia, all major players in the shrimp industry.

4.3 Monitoring and early warning systems

Automation in any system, if applied judiciously, can improve production and profits. For example, the
introduction and implementation of ‘smart technology’ and robotics to enhance shellfish farm production
is currently being explored. Technologies such as artificial intelligence, Big Data, Internet-of-Things, and
robotics are used routinely in modern agriculture and result in increased efficiency and lowered costs.
These technologies are not yet readily applicable throughout the aquaculture industry, although they are
applied in automated feeding technology or remote monitoring of weather and water quality developments
around cage culture operations at sea. For shellfish culture, it is proposed that use of these technologies
could improve bottom culture of oysters by aiding planting oysters accurately in the right densities. Site
selection of finfish, shellfish, or seaweed operations at sea can be guided by means of GIS and farm-scale
models (Ferreira et al., 2009; Silva et al., 2011). Advanced sensing gear will allow growers to determine
growth and mortality of their crops for management decision, and the technology used to develop
advanced sensing and imaging that will allow the ability to monitor crops in situ, reduce mortality, and
lead to advanced and selective harvest methods (D. Webster, Personal Communication). More specifically,
in shellfish farming, technological developments in precision aquaculture can be used to promote
autonomous and continuous monitoring using underwater sensors that observe, analyze, interpret, and
assist decision-making support for farm operations (Donncha and Grant, 2019).
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While there are still issues to be addressed including long-term maintenance of the sensors, limited battery
capacity of the sensors, high energy consumption during signal transmission, environmental impacts on
the sensors, and cost (Parra et al., 2018), these are promising technologies that will provide further means
to improve the efficiency of shellfish aquaculture.

Monitoring systems in source waters as well as disease surveys in the near environment have been part
of planning and management of production in some vertically integrated aquaculture industries since early
2000. Such programmes and practices require significant resources, both financial and human, to produce
beneficial outcomes. Small and medium-sized enterprises should organize in clusters or farmer group, and
closely cooperate and collaborate with government and academic sectors to develop and implement better
planning and management of productions. Weather predictions and climate change impact scenario, have
also been incorporated into production, marketing, and strategy formulation of certain medium- and large-
scale shrimp farming enterprises since late 2000. If properly implemented and acted upon immediately,
mitigation of climate change-related impact on production is possible allowing the farmers, the principal
actors, to react swiftly.

4.4 Enabling environment

4.4.1 Institutions and regulation

Shellfish aquaculture has a bright future. It is a sustainable source of protein and can give a major boost
to local economies and food security globally. Several species will likely continue to dominate the
international shellfish aquaculture community, most notably clams, oysters, scallops, and mussels. In
addition, other less recognized species will be successfully cultured and provide jobs on more local levels,
e.g. cockles. Not all species, systems, and technologies will be commercially feasible, but without continued
research, positive attitudes, and a willingness to explore and accept new possibilities, there can be no
growth.

The same holds for seaweed aquaculture. It is sustainable, contributes directly and indirectly to food
systems, can mitigate environmental impacts, and generates income. The main species presently cultured
will remain so in the near future.

To continue on a positive growth trajectory of extractive species, however, there will need to be improved
acceptance by the public and modification of rules, laws, and regulations that currently hamper
establishment of new farms and expansion of existing ones. For example, for shellfish farming,
government regulations have been a significant factor in limiting or preventing the establishment and
expansion of shellfish aquaculture in many regions globally. Development of nearshore shellfish
aquaculture is increasingly constrained by space, economics, human health, societal concerns, and
environmental issues (Cheney et al., 2010). The same holds, to a lesser extent, for cage culture at sea
(Chapter 2.7.1).

4.4.2 Education and training

To raise public awareness and acceptance by the public, expanded educational efforts are needed.
Proactive programs on aquaculture should be created to educate communities about the benefits to the
economy, employment, and food security. For extractive species, benefits to the environment should be
stressed.

The development of offshore aquaculture has raised a new level of concern. Offshore aquaculture will
happen in countries and waters where the regulatory systems allow it to proceed. Federal and
international agencies are involved in the permitting processes and often do not work collaboratively or
even proactively. Significant legislation will be required to enable development of those productive and
lucrative offshore waters.



1140
1141
1142
1143
1144
1145
1146
1147
1148
1149

1150
1151
1152
1153
1154
1155
1156
1157
1158

1159

1160

1161

1162
1163
1164

1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188

Global Conference on Aquaculture 2020 — Thematic Review: Consultation draft

As with most change, there will be a period of adjustment and acceptance by both industry and consumers,
and focused education and communication programs can be a great asset. For aquaculture to continue
expansion, a range of support programmes are needed. There needs to be strong and effective
communication regarding delivering food security to local communities in the short term, while
simultaneously educating them and encouraging partnerships working toward resource sustainability and
community development in the longer term. These programs and their implementation will vary according
to local needs, but should focus on school programs, youth programs, and public education. These
programs should include general education regarding the benefits of extractive aquaculture to the
environment and the community, but also should include programs to teach production skills to train future
aquaculture leaders.

Education related to disease prevention and best management practices is important to enhance production
stability in aquaculture. The education programme should be developed as simple as possible, addressing
a wide audience with varying educational background. Reasoning should be realistic, logical, technically
sound, and acceptable. Culture system, standard operational procedure, biosecurity, management regime,
and sustainability principles should be included and enhance critical thinking through WH-questioning
(what, when, where, who, whom, which, whose, why, and how) for better understanding. Preferentially,
each programme should be designed with outcome-based implementation in mind. Delivery of the program
could be monitored and continuously improved with the program developer and trainer sharing
accountability on the targeted outcome.

4.5 Aquaculture development priorities

4.5.1 Contribution of aquaculture to the 2000 & 2010 development priorities

Some of the strategies and recommendations given during the Global Conferences on Aquaculture held in
2000 in Bangkok and in 2010 in Phuket in Thailand relate to aquaculture systems. These
recommendations are copied below, and advances made since 2000 are briefly outlined.

e Agquaculture should adopt farming practices that ensure environmental sustainability, based on
environmentally sound technologies and resource efficient farming systems.

Progress: In response to public pressure, the environmental sustainability of aquaculture farming
practices improved, benefiting from technological advances and improved biological insights
(Chapters 3.1 and 4.2.2). Public pressure will not decline and the sector will continue to improve
its environmental performance during the next decade.

e Agquaculture should aim to increase its impact on rural development and poverty alleviation, making
aquaculture an integral part of rural development programs.

Progress: Aquaculture contributed significantly to livelihoods of small-scale farmers, poverty
alleviation, and food security. Overall, the sector has intensified, including small-scale farmers
who benefitted from advances in rural infrastructure (accessibility, electricity), technology (feed
technology, more and better farm equipment), and for some species improved breeds (Chapters
2.2.1 and 2.2.2). There is a need to provide training, so farmers can take full benefit from these
technological advancements (Chapter 4.4.2).

e Develop a well-documented set of varied and adaptable technologies and systems allowing producers
to make the best use of their local environment, and to make well informed decisions on the
production system and species they will use. This also includes making aquaculture systems more
resilient to successfully face the uncertainties and risks wrought by climate change.

Progress: Aquaculture systems management has improved, resulting in less frequent production
failures. Farm management procedures have been developed to make farming systems less
vulnerable to disease-related production losses when implemented correctly. This is an ongoing
effort, requiring more focus on training during the next decade (Chapter 3.1.1).

e Pay attention to culture-based fisheries, sustainable stock enhancement, and ranching programs
aiming to make efficient use of under-utilized, new or degraded resources.
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Progress: Culture-based fisheries can make a significant contribution to global aquaculture
production, and can be integrated in agricultural areas (Chapter 2.2.6). Culture-based fisheries
practices are location-dependent and guidelines are missing as to how to develop sustainable
culture-based fisheries practices adaptable to local contexts. This is a priority for future
development.

e Put emphasis on integrated aquaculture systems to improve environmental performance of

aquaculture.
Progress: Numerous studies have investigated integrated aquaculture systems and documented
improved nutrient use efficiency and environmental performance. The high knowledge
requirements, however, and difficulties to make these systems economically viable hamper
adoption. Only in various coastal bays in China are integrated aquaculture systems successful
(Chapter 2.2.6). Integrated culture of fish and shrimp helps to reduce disease occurrence in
shrimp farming (Chapter 2.2.2), and should be promoted.

e Further develop new technologies including recirculating aquaculture, offshore cage culture, artificial

upwelling and ecosystem-based food web management.
Progress: Recirculating aquaculture systems have strongly developed since 2000 (Chapter 2.2.5)
and technologies are spreading to outdoor systems, both for finfish and crustaceans (Chapters
3.7.1 and 4.2.2). Both high-intensity RAS and offshore aquaculture are costly, and, at present
only feasible for expensive species. Ecosystem based management should receive more
attention: managing the food web through feed formulation raises the nutrient use efficiency in
pond systems and reduces the environmental impact (Chapter 2.2.1), but more research is
needed.

e Make aquaculture resilient to successfully face the uncertainties and risks wrought by climate change
Progress: Aquaculture systems have become more resilient, but more research is needed to gain
better insight as to how different species, production environments, and management practices
affect resilience to climate change (Chapter 4.1).

e Accelerate the untapped potential for aquaculture development outside Asia.

Progress: High growth of aquaculture development in Africa and Latin America is recognized and
is driven by fast growth in a limited number of countries (Chapter 2.1). Stimulating aquaculture
development in more countries on each continent will help to accelerate aquaculture
development outside Asia (Chapter 4.5.2).

4.5.2 Priorities until 2030

Aquaculture production, which is presently growing (Chapter 2), will continue to do so in the nearby future
(Garlock et al., 2020; Little et al., 2016). This will predictably lead to ~18% higher world aquatic food
consumption (including capture fisheries) in 2030 compared to 2018 (FAO, 2020). The successful
integration of aquaculture into the global food system since 1997 (Naylor et al., 2021) has contributed to
the provision of sufficient calories from aquatic foods. Healthy food is, however, not only about cheap
calories, but also about foods that contribute to a nutritious diet, the latter providing a balanced mix of
bioaccessible nutrients to sustain a healthy and active lifestyle. Aquatic foods play an important role in
providing such a healthy nutritious diet (Thilsted et al., 2016). The latter requires a ‘nutrition-sensitive’
food system which provides a diverse and nutritional complete set of foods, is embedded in society and
contributes to sustainable livelihoods (Uccello et al., 2017). Aquaculture can contribute to nutrition-
sensitive food systems that alleviate health inequities under various scenarios ranging between endless
growth versus staying within planetary boundaries and between regionalized versus globalized food
systems (Figure 5) (Gephart et al., 2020).
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1236 Today the world produces enough food to meet the human nutritional needs of nearly 10 billion people in
1237 2050, provided all people get assured access to food and human feeding habits change. The latter includes
1238 reducing consumption of animal foods and replacing them with plant-based alternatives. This includes
1239 direct human consumption of crops such as maize, now fed to animals (Berners-Lee et al., 2018) (Figure
1240 6).
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1242 Most people prefer not to forsake animal food as suggested by Berners-Lee et al. (2018) considering fed
1243 aquaculture a legitimate and sustainable way of producing healthy food, and seeing room for further growth
1244 of aquaculture during the next decade. Important questions are (1) how much should aquaculture
1245 production expand during the next decade, and which products should be best produced, where, and how?
1246 Answers should consider the urgent challenges to the global food system, including aquaculture, to address
1247 global warming and to produce food within planetary boundaries. One possible solution is to develop a
1248 doughnut economy (Raworth, 2017) producing products so that nobody in society is left behind (inner ring
1249 of the doughnut) and leaving a healthy planet behind for generations to come (outer ring of the doughnut).

1250 Sustainable, nutrition-sensitive food systems, when the resource base permits, are possible under each of
1251 the scenarios presented in Figure 5, but within a doughnut economy, only the scenarios of ‘food
1252 sovereignty’ or ‘blue internationalism’ apply. The first scenario focuses on local production by smallholders,
1253 the second on international trade. Both scenarios focus on sustainable production within the local context.
1254 Considering aquaculture, sustainable production within the local context would be easier if aquaculture was
1255 spread more evenly across the world. Especially in Africa and Latin America, there is room for aquaculture
1256 development with opportunities to make aquaculture an integral component of nutrition-sensitive food
1257 systems (Chapter 2.2.).

1258
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Considering the above, criteria to judge aquaculture development during the next decade should not focus
primarily on global growth, except for extractive species. The industry found ways to improve its
environmental performance during the last decades, and as societal pressure to improve upon
environmental performance will increase further, the aquaculture sector will continue to improve its
environmental performance. Therefore, the main focus should be:

(1)

(2)

(3)

(4)

(5)

(6)
(7)

to develop sustainable aquaculture systems imbedded within local food systems, with focus on
a. minimizing nutrient losses from aquaculture systems. This relates to solid, dissolved, and
gaseous (including GHGs) waste. Special attention should be given to development of
innovative low-cost effective ways to reduce, collect, or process wastes from aquaculture
systems,
b. maximizing nutrient utilization efficiency of harvested products, with special attention to
polycultures and multi-trophic systems,
c. recycling nutrients across agriculture - aquaculture farming systems contributing to
circularity,
d. water re-use, minimizing water use in freshwater and brackish water aquaculture.
to embed aquaculture within nutrition-sensitive food systems. This requires monitoring the
nutritional value from aquaculture products harvested from different aquaculture systems.
to provide equitable income for stakeholders, including farming households, along the aquaculture
value chain. This requires multi-objective analysis, including tradeoffs between production,
income, nutrient use efficiency, environment, and nature.
to increase the contribution from molluscan culture to global aquaculture, with focus on
a. developing simple and logical procedures, laws and regulations guiding the development
of molluscan farming.
b. education campaigns to inform the public and farmers on the benefits and advantages of
molluscan farming in areas suited for molluscan culture.
c. stimulating the development and implementation of ‘smart technology’ and robotics to
enhance especially shellfish production at sea.
to stimulate further growth of seaweed aquaculture not only in Asia, but also on other continents.
Special attention should be given to:
a. Selecting culture species adapted to the local climate and environment,
b. qualifying and quantifying ecosystem services provided by aquatic plants,
c. implementing smart technology and robotics to enhance seaweed culture.
to stimulate aquaculture development outside Asia, especially in Africa and Latin America.
to address climate change, including
a. documentation of the effects of physical and chemical changes in the production
environment on production, animal health and resilience for a wide array of culture
systems and species;
b. develop early warning systems, adapted to local contexts, to insulate
farmers/communities against catastrophic effects.
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