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ARTICLE INFO ABSTRACT

Keywords: Omega-3 EPA and DHA fatty acids are vital for human health, but current human nutritional requirements are
Omega-3 greater than supply. This nutrient gap is poised to increase as demand increases and the abundance of aquatic
MFA foods and the amount of omega-3 they contain may dwindle due to climate change and overfishing. Identifying
EDZI[?\ and mitigating loss and inefficiencies across the global aquatic supply chain has great potential for narrowing this
Eicosapentaenoic nutrient gap. Here, using an optimization model, we show that omega-3 supply to humans could potentially
Docosahexaenoic increase by as much as 50% (reaching 630 kt y~!) compared to present baseline by shifting feed inputs to
Optimization produce species that have the highest omega-3 content per feed input (i.e. carp and crustaceans), diverting other
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production flows towards direct wild fish consumption, improving byproduct utilization, and reducing waste at
the retail and consumer level. We then discuss the implications of our findings by prioritizing policies and
identifying demand- and supply-side interventions to realize these ambitious changes. This work emphasizes the
urgency needed in managing aquatic resources towards greater utilization of resources and highlights the extent
to which even partial adaptation of the measures we propose can have on narrowing the present and future

Aquaculture

nutrient gap as novel alternative sources of omega-3 become available on a larger scale.

1. Introduction

Polyunsaturated fatty acids are essential to human health, but
humans are incapable of fully synthesizing omega-3 themselves and
therefore must source this essential nutrient through food (Anderson
and Ma, 2009; FAO, 2008; Gerster, 1998; Tocher et al., 2019). In
particular, the long chain polyunsaturated fatty acids eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids — also known as long chain
omega-3 fatty acids — have a positive effect on early neurodevelopment
(Jiao et al., 2014), and are associated with reduced risk of premature
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death (Jayedi and Shab-Bidar, 2020; Wang et al., 2016), cognitive and
behavioral disorders (Kirby and Derbyshire, 2018), and cardiovascular
disease (Jayedi and Shab-Bidar, 2020; Rimm et al., 2018). The health
benefits of the “shorter chain” omega-3 alpha-linolenic acid (ALA), a
precursor to EPA and DHA but with low conversion efficiency in
mammals, are less clear (Anderson and Ma, 2009). Omega ALA is
derived from terrestrial food sources. However, EPA and DHA omega-3
(referred to hereafter as ‘omega-3’ for short throughout the manuscript
unless explicitly stated differently) originate primarily at the base of
aquatic ecosystems (e.g., in phytoplankton or heterotrophic unicellular
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organisms) and flow through food webs, bioaccumulating at higher
trophic levels (Gladyshev et al., 2009; Hamilton et al., 2020). As a result,
aquatic foods typically have high concentrations of omega-3 and serve
as the primary source of omega-3 for humans, but concentrations vary
among species and between farmed versus wild caught fish. Though
critical for supplying omega-3 from direct human consumption, fish —
and consequently omega-3 — can be used as feed to aquaculture or
terrestrial animal production, either whole or as fishmeal and fish oil
(FM&O) (Cao et al., 2015; Hamilton et al., 2020; Kwasek et al., 2020;
Tacon and Metian, 2009; Tocher, 2015), often creating indirect and
potentially inefficient pathways to human consumption.

While human intake of omega-3 varies by region, consumption falls
short of health recommendations in many parts of the world (Micha
et al., 2014). Globally, an estimated 1.5 million deaths are attributed to
low intake of omega-3 each year, and omega-3 deficiency accounts for
almost 10% of all diet-related health burdens (=30 million Disability
Adjusted Life Years, DALYs) (Afshin et al., 2019). Most work to date
points to a gap between ecological supply and human requirements of
omega-3 (hereafter nutrient gap for short) with mounting consequences
to human health (Colombo et al., 2019; Hamilton et al., 2020; Salem and
Eggersdorfer, 2015; Tocher, 2015). With few exceptions (e.g Hamilton
et al. (2020)), most estimates do not account for omega-3 losses across
the supply chain and specifically at the retail and household levels, and
thus likely underestimate the full scope of the nutrient gap.

The nutrient gap is poised to further widen in the future as demand
increases while supply potentially decreases due to compounded climate
change impacts (Cheung et al., 2016; Colombo et al., 2019; Lotze et al.,
2019) and overfishing.

As the majority of wild caught stocks are already fished at maximal
sustainable or unsustainable levels (FAO, 2020), there are limited op-
portunities to expand omega-3 supply from wild fisheries. Several novel
solutions to alleviate the omega-3 nutrient gap have been proposed.
These include increasing supply by utilizing additional marine sources
such as krill or copepods, farmed micro and macro algae (Cottrell et al.,
2020), and de novo synthesis of omega-3 via oilseed crops (Tocher,
2015). Novel production sources are, however, currently limited by
costs, technological innovations (Tocher, 2015), competition for land
resources, or public acceptance (in the case of genetically modified
crops). Such barriers make sustainable management of aquatic resources
of critical importance. Given its importance to human health, a critical
question is whether improvements in the existing omega-3 supply chain
can potentially supply enough omega-3 to meet present and future re-
quirements. More specifically, to what extent are current omega-3
supply chain efficiently providing omega-3 for human consumption
and how much additional omega-3 can be sourced without placing
further pressure on wild fish stocks?

To identify opportunities to improve human health without
expanding wild aquatic food harvest, we quantitatively assess the po-
tential to increase omega-3 for human consumption (‘final supply’ in
short) from aquatic environments by reducing losses and inefficiencies
in the existing omega-3 supply chain. Building on Hamilton et al. (2020)
we developed an optimization model for final supply of omega-3 using
flux balance analysis (Orth et al., 2010). Flux balance analysis is
particularly well suited for modeling nutrient flows through complex
networks and examining how their production can be maximized under
various predefined constraints because it identifies inefficiencies and
amplifies efficient pathways. Our model explores the potential to in-
crease final supply by shifting aquaculture production to species that
have the highest omega-3 content per feed input, reducing food loss
across the supply chain and recycling byproducts. We then examine the
potential steps and policies required to narrow the global omega-3
nutrient gap and discuss the implications of our results to future sup-
ply and demand.
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2. Material and methods
2.1. Omega-3 supply chain

Building on a recent material flow analysis (Hamilton et al., 2020),
we first constructed a model of omega-3 supply chain (EPA and DHA)
including all major flows and the circulation of omega-3 from natural
and anthropogenic aquatic food webs (e.g. aquaculture) all the way to
retail and actual human consumption (including supplements), which
we refer to as final supply (Fig. 1). To facilitate comparisons between our
work and the ‘business-as-usual’ baseline presented in Hamilton et al.
(2020) we used the same compartments, names, and acronyms as well as
the detailed breakdown into aquaculture stocks and flows by major
species groups. We also used those flows to derive omega-out-omega-in
conversion ratios (#CR) for all aquaculture compartments of the model
by comparing their feed and food omega-3 values (see below for further
details).

As our goal was to explore options to maximize supply of omega-3
without further compromising natural systems, we held the amount of
omega-3 sourced from the environment (wild catch; left side of Fig. 1)
constant in our model. Thus, the system boundaries (see dashed gray
line in Fig. 1) include all anthropogenic-controlled omega-3 flows, as
well as internal recycling of by-products, systems losses (e.g., food
waste), and exogenous losses to non-food uses.

2.2. The optimization model

We used flux balance analysis to optimize final supply under various
constraints. Flux balance analysis is a mathematical method for
analyzing cellular metabolic topology and design optimal processes
within interactive networks (Orth et al., 2010). Originating in the field
of biology, flux balance analysis has been used extensively in metabolic
network analysis to explain and interpret experimental data, understand
the topology of the system (e.g., interactions, redundancies, and
competing pathways and dependencies), offer insight into optimizing
processes, and devise novel pathways for meeting desired targets under
specified constraints. Recently, the method was adapted from genome
scale models to the study of industrial and biological processes at the
ecosystem level (McCloskey et al., 2013).

Flux balance analysis assumes that systems (i.e. networks) are in a
steady state and that material mass is preserved across flows meaning
that the sum of inputs into a stock (i.e. node) is equal to the sum of its
outputs (Orth et al., 2010). Although natural reservoirs and processes
are typically dynamic, we assumed a steady state in our model for
several reasons. First, the omega-3 stocks in the ocean are large, and
therefore unlikely to change over short time periods (Gregg and Rous-
seaux, 2019). Since our model describes average flows over the course of
a single year (Hamilton et al., 2020) and does not include future fore-
casting, it is reasonable to assume that omega-3 stocks are constant.
Second, aquaculture’s omega-3 stocks (nodes) are quite small compared
to their flows (edges), and therefore changes in aquaculture stocks are
unlikely to affect their omega-3 flows in significant ways.

2.3. Model constraints and specifications

Each flow in our model is constrained by a uniquely defined set of
upper and lower mass bounds which collectively define the possible
solution space (Edwards et al., 2002). As with any optimization scheme,
the model is then set up to optimize a specific predefined objective
function and derive a single “best” solution which accounts for all flows
and their respective constraints. In the current analysis, we set the
objective function to maximize final supply of omega-3 (r4;). Conse-
quently, the model selected optimal values for each of the flows (r;; —
r40) such that final supply is maximized. Table 1 lists major flows, their
present estimated values (Hamilton et al., 2020) and the permissible
values the model can assign to them. Supplementary information
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Fig. 1. Global aquatic omega-3 supply chain. Edges and nodes of the model, their names and acronyms are taken from Hamilton et al. (2020). ZP stands for
zooplankton, NPP for net primary production, DOM for dissolved organic matter, FM&O for fishmeal and oil, FO for fish oil, and PP for phytoplankton. All Flows are
enumerated from ry till r4;. Major flows include direct consumption of wild fish (r;5), omega-3 fed for aquaculture (ro6 — r32), aquaculture supply (rzs5,733 — 739),
losses (17,22, 23, 24), recycling (ri9,749) and final supply (r4). System boundaries of our model are indicated in a gray dashed line. Flows outside our model
boundaries (r; —rjo) are constant. In aquaculture, 'others’ refers to milkfish, perch, and other freshwater species. ‘Carp/cat/cyp’ stands for carps, catfish and
cyprinids nei. Unfed aquaculture encompasses mollusks, algae and carps that require no inputs of omega-3 and are net producers of omega-3.

Table 1

Information on major flows in our model in kilo tonnes per year (kt y1). Each
flow (row) includes a description, the flow’s current estimated value (taken from
Hamilton et al. (2020) and detailed in Fig. 3a) and its permissible bounds in the
model. Flows r; — o are held constant and serve as exogenous inputs to our
model.

Flow Description Value (kt Permissible values in
# yh the model (kt y 1)
T4 Primary production 1400,000 1400,000
rs Wild catch 645 645
o Harvested krill 6 6
o Freshwater catch 20 20
ris By-products to FM&O 31 0-31
a0 FO for human consumption 44 0-44
Tas Unfed aquaculture (mollusks, 80 0-80
algae and carps)
33 Crustaceans (aquaculture) 36 0-36
34 Salmon and trout (aquaculture) 40 0-40
I35 Eel (aquaculture) 0.2 0-0.2
g Marine finfish (aquaculture) 5 0-5
r3y Freshwater tilapia (aquaculture) 2.2 0-2.2
Trsg Others (milkfish, perch, and other 0.5 0-0.5
freshwater species) in aquaculture
3o Carp/cat/cyp (carps, catfish and 140 0-140

cyprinids nei) in freshwater
aquaculture

includes a more detailed description of the model and the sensitivity
analysis we performed to examine our results.

Mass conservation dictates that omega-3 mass must always be
conserved. However, since some specific aquaculture species are net
producers of omega-3, they can add to overall supply such that their
total output in the model will surpass total inputs in the form of feed.
Similarly, other species are net consumers of omega-3 and therefore
their net output of omega-3 will be lower than their total feed inputs.
Carps, for example, receive omega-3 from feed but also source it from
their environment and/or efficiently elongate short fatty acids

molecules (ALA) into omega EPA and DHA long chains. Ultimately, their
omega-3 content is higher by a factor of roughly 52 than the omega-3 in
the feed they were given (Hamilton et al., 2020). In contrast, fish like
salmon require larger amounts of omega-3 feed but produce lower
amounts of omega-3 as food and are thus net consumers of omega-3.

To derive omega-3 conversion efficiencies (wCR) we compared the
EPA+DHA content of each species’ feed input with its food output. Such
an approach assumes an average global aggregate-level value that is a
snapshot of current management practices, feeding rations, biophysical
parameters, and species-specific capabilities to synthesize or retain
omega-3 (Hamilton et al., 2020). Sector wide changes — for example in
feeding practices or changes in environmental conditions — can reduce
or increase these conversion efficiencies, but we assume these are con-
stants in our model. As such, ®CR act as multipliers in the model: when a
certain amount of feed is fed into an aquaculture compartment the
resulting output (food) is that feed value multiplied by its group-specific
»CR.

Our model explores inefficiencies and loss by focusing on the supply-
side structural changes in production (aquaculture), byproduct utiliza-
tion (Ciriminna et al., 2019; Soldo et al., 2019), repurposing unavoid-
able food waste as FM&O (recycling), and reducing consumer avoidable
food waste (Fig. 2 and Fig. 3c). As an intermediate step to understand the
results of our fully-optimized model, we created an intermediate sce-
nario, where we only enabled changes in aquaculture production port-
folio to occur (Fig. 3b). Such an approach enabled comparing the
relative contribution of changes in aquaculture production volumes with
the other strategies to the overall omega-3 final supply gains.

To ensure that the optimization scheme would search for optimal yet
realistic production volumes in both optimization scenarios all aqua-
culture species flows (carps, catfish and cyprinids nei, tilapia, eels,
milkfish, salmon/trout, crustaceans, and marine finfish) had a lower
bound of zero and an upper bound defined according to their current
production volumes (Table 1). Additionally, in the fully-optimized sce-
nario (Fig. 2 and Fig. 3c) the utilization of byproducts (r17, and r33) and
unavoidable and avoidable food waste (ry3 and ry4, respectively) were
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increased by 50% of their current estimates. Our 50% increase in
byproduct utilization is based on an estimate of a potential for a 50%
increase in byproduct utilization as predicted by Jackson and Newton
(2016). In terms of food loss, we estimated a 50% decrease in avoidable
food waste at the retail/consumer level in line with the Sustainable
Development goal target (SDG 12.3) which aims to cut per capita food
waste at the consumer and retailer level by half. For unavoidable food
waste (r3), we also assumed a 50% increase in utilization, through an
assumed central processing system, similar to those in Europe, which
could hypothetically reach byproduct utilization efficiencies up towards
90%. To avoid re-utilizing these fish byproducts as food (which the
model would ideally lean towards given its objective function of opti-
mizing final supply), we added further constraints to this scenario. For
example, gains in reducing unavoidable waste were redirected to FM&O
(rs0) and the gains of fisheries byproducts (r;7) were directed as
by-products to FM&O (r;5) rather than whole and processed wild fish for
consumption (ryg). Unavoidable waste to FM&O (r49) is the only flow
that is not present in the original omega-3 supply chain as detailed by
Hamilton et al. (2020) (Fig. 3a) and was added only to our
fully-optimized model (Fig. 3c).

2.4. Limitations of the model

Limitations and caveats of the model are worth noting. First, our
model provides a global average outlook, masking regional differences
between supply and requirement of omega-3 that result from specific
local fish availability, trade, and consumption patterns. Our model
optimized omega-3 regardless of its origin, and therefore did not take
into account important issues such as fish grade, palatability, market
dynamics, or other behavioral or cultural considerations which will be
instrumental in order to facilitate policies tailored to local contexts. For
example, to utilize omega-3 efficiently, our model directed byproducts
to the production of FM&O for aquaculture . FM&O from byproducts are
generally of lower quality compared to whole fish and are therefore
mainly used for species such as tilapia, catfish, and carp, while premium
FM&O from whole fish is used for salmon and shrimp. Such differences
in FM&O qualities are not captured in our model. Second, focusing on a
single essential nutrient can mask potential tradeoffs in the amount and
composition of other nutrients, including amino acids, lipids, and other
macro- and micronutrients. This can also mask other salient features of
aquaculture, including its environmental impacts, toxins, or micro-
plastics. Finally, our model treats EPA and DHA as a single element
although we acknowledge that some species might shift the EPA/DHA
ratio, which might have implications to human health (AbuMweis et al.,
2021).

2.5. Omega-3 requirements for human health

A minimal level of omega-3 is a critical component of a healthy
human diet. To estimate the overall amount of omega-3 required to
support healthy diets for the global human population (referred to her
after as omega-3 requirement in short), we multiplied per capita age-sex
health recommendations for omega-3 consumption by the global me-
dian variant of annual human population as predicted by the UN for six
global regions (Africa, Asia, North America, Oceania, Europe, and South
America) between 2020 and 2100 (UN Department of Economic and
Social Affairs, 2019).

For adults, we used 250 mg d~* per capita as a minimal requirement
for omega-3 intake for cardiovascular benefits (Rimm et al., 2018). For
children, we built on FAO recommendations (FAO, 2008) suggesting per
capita intakes of 100150 mg d ™ for children aged 2-4 yr, 150-200 mg
d! for ages 4-6 yr, and 200-250 mg d ! for ages 6-10. Because UN
population predictions are given in categorical age groups (i.e., 0-4 and
5-9 years), we adjusted FAO recommendations to make them compat-
ible with the UN age cohorts. Specifically, for ages 0-4 we assumed
omega-3 nutrient requirement was 100 mg d~* per child to account for
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infants’ (<2 yr) lower intake; for ages 5-9 we took the average value of
the FAO’s recommendations for children aged 4-6 and 6-10 years (i.e.,
200 mg d~1). Global nutrient requirement for omega-3 was then esti-
mated for each year between 2020 and 2100 (Fig. 4) by multiplying
daily per capita requirements by the predicted human population in
each geography and age group over a year. See supplementary data for
further information.

3. Results
3.1. Final supply of omega-3 under different scenarios

Our optimization model reconfigures the flows of omega-3 in order
to maximize final supply for human consumption, circumventing inef-
ficient pathways and avoiding allocating omega-3 to non-food purposes.
Our results for the fully-optimized scenario suggest that final supply of
omega-3 can increase by as much as 50% over the current baseline
production rate of 420 to 627 kt y~! (Fig. 2), without increasing overall
aquaculture production quotas, or wild seafood and freshwater catches.
The increase in final supply is enabled by structural changes in aqua-
culture (i.e., how feed is allocated between fed aquaculture species), by
utilization of byproducts and reductions in food waste. Non-food uses (e.
g. ‘FM&O for other purposes’) are avoided, which enables diverting
these baseline flows (Hamilton et al., 2020) into food purposes,
contributing to the increase in final supply.

Omega-3 is used as feed input in aquaculture in various carnivorous
or omnivorous species, which result in either less omega-3 in the final
output or more depending on its unique omega-out-omega-in conversion
ratio (wCR)(see Section 2), which determines whether the species is a net
consumer or producer of omega-3. While these conversion ratios are
assumed constant, the model has the option to allocate the existing
omega-3 feed to each species as it sees fit without exceeding their pro-
duction volume.

By diverting omega-3 FM&O only to aquaculture species with high
®CR (e.g., carps, catfish and cyprinids nei), more wild fish can be
channeled towards direct consumption (instead of FM&O), increasing
overall final supply of omega-3. With a final supply of 627 kt y 1, our
model predicts that optimal omega-3 supply will be achieved when
~40% of omega-3 is sourced from aquaculture (including FM&O for
direct consumption) and 60% by directly consuming wild caught fish.

Because nCR per speciem effectively act as multipliers, when their
value is above 1, diverting more omega-3 feed to these high ®CR can
improve aquaculture’s average ®CR and would boost overall efficiency.
For example, carps, catfish, and cyprinids nei have the highest conver-
sion ratio (=~52), while salmon has a low ®wCR of 0.4. When feed is
diverted from salmon to catfish, carps, and other cyprinids, less FM&O is
required to reach current omega-3 outputs and consequently more
omega-3 can be diverted to direct consumption as wild fish. However,
despite the above logic, the model allocated omega-3 also to salmon
production, effectively losing omega-3.

To get a clearer understanding of how the model optimizes the flows
of omega-3 across the supply chain compared to present baseline quotes
and why it assigned omega-3 feed to salmon, we created an intermediate
scenario where only the supply-side of production (aquaculture and wild
fish mixtures) was allowed to change with no changes in byproduct
utilization or food waste mitigation, and compared it to current baseline
omega-3 supply chain (Hamilton et al., 2020) and our fully-optimized
scenario (Fig. 3). Key values discussed below are shaded in yellow in
Fig. 3 for each of the three scenarios.

Excluding unfed aquaculture, in the ‘business-as-usual’ baseline
scenario (Hamilton et al., 2020) (Fig. 3a) 243 kty’1 of omega-3 flows of
fishmeal and fish oil feed (FM&O) produce 224 kt y ! of total omega-3
flows from aquaculture. Consequently, aquaculture’s net average oCR is
224/243 or 0.9. Final supply for that scenario, including the contribu-
tion of wild-caught fish, is 420 kt y~! (Fig. 3a).

In the intermediate scenario (Fig. 3b), the optimization model first
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and mitigation of food waste. Non-food purposes (e.g. ‘FM&O’ for other purposes) are not assigned any flows by the optimization but are left as references to the
original network (Hamilton et al., 2020). In aquaculture, ’others’ refers to milkfish, perch, and other freshwater species. ‘Carp/cat/cyp’ stands for carps, catfish and
cyprinids nei. Unfed aquaculture encompasses mollusks, algae, and carps that require no inputs of omega-3 and are net producers of omega-3. See Table 1 and
Supplementary data for further details. The system boundaries of our model are indicated in a dashed gray rectangle.

unutilized byproducts avoidable food waste

:] 105.0 kt
T 114.0 kt
unavoidable

5.0kt

unutilized byproducts

135.0 kt
147.0 kt
unavoidable

avoidable food waste unutilized byproducts avoidable food waste

78.0 kt
85kt

M
krill for human consumption 6.0 kt
10K P retail and

household

9.0kt food waste food waste 3.0kt
whole & proc. wild fish whole & proc. wild fish whole & proc. wild fish
aquacultu aquaculture 515.0 kt aquaculture
160kt 97.0 kt 528.0 kt
1 \ 9.0kt /150K N
\ Kt X A A
310kt 350K jg.g :: T o0k 50K 360K, 540.0 kt 350kt 360K, 627.0kt
N \ )
)
09.0 kj~—eels 02kt ) eels els | 400K
1 52.0 K\ marinefish | 5.0kt ) WCR =09 mermeiel) WCR = 4.6 6okt |manefish| 44 WCR =14
~_—__tilapia 2.2kt ) tilapia tilapia )
FM&O 18,0 ki|others 05Kt N FM&O 30kt [Ohers | 4410kt FM&O 30kt [OMeS | 1410k,
produc- produc- Y produc-
) 3.0k T410ktY Tod Foned |
tion unfed 00Kt tion unfe W tion unfed ’WE
FO to consumption  44.0 kt FO to consumption 440 kt | FO to consumption 44 0 kt

krill for human consumption

krill for human
retail and 6Okt

household

retail and
household

Fig. 3. Present and optimized omega-3 scenarios. Comparison between current omega-3 supply chain as detailed by Hamilton et al. (2020) (panel a), the optimized
intermediate scenario (panel b), and the fully-optimized scenario (panel c and Fig. 2) are presented focusing on the system boundaries of the model, a subset of the
entire global omega-3 network. Omega-3 values are presented in kt mass per year. Important values including final supply and aquaculture’s average owCR are
highlighted with yellow backgrounds for each of the scenario. In aquaculture, ‘others’ refers to milkfish, perch, and other freshwater species. ‘Carp/cat/cyp’ stands
for carps, catfish, and cyprinids nei. FM&O refers to fishmeal and oil and FO for fish oil. Unfed aquaculture encompasses mollusks, algae, and carps that require no
inputs of omega-3 and are net producers of omega-3. See Table 1 and Supplementary data for further details.

diverted as much omega-3 feed as possible to the highest ®CR flow
(carps, catfish and cyprinids nei). When this flow reached its defined
upper bounds, the model then moved to allocate feed to the second
highest ®CR flow (in this case crustaceans, ®CR =1.02) until its limit is
reached. This allocation continues as long as the oCR of the fed aqua-
culture species is higher than the average conversion ratio of wild cap-
ture fish (i.e. ®CR = 0.8) at which point, it becomes more efficient to
directly consume the wild caught instead of using it as aquaculture feed.
Because the other major seafood groups that were modelled had ®CR

values of <0.4, the optimization scheme did not assign any production
volumes to them. Ultimately, aquaculture used 38 kt y ! of omega-3 of
FM&O as feed to eventually yield 177 kt y ! of omega-3 from aqua-
culture, resulting in an overall average ®CR of 177/38 or 4.6 (Fig. 3b).
Adding wild caught omega-3, total supply resulted at 540 kt y~*, 30%
more than baseline final supply as indicated in Fig. 3a.

In our fully-optimized scenario (Fig. 3c which is a subset of Fig. 2),
we added to the intermediate scenario above the ability to increase
byproducts utilization and reduce food waste (see Section 2 for further
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details). Aquaculture’s average ®CR is 218/153=1.4. Final supply of
omega-3 increased to 627 kt y!, 16% more than the intermediate sce-
nario (Fig. 3b) and 50% more than baseline final supply (Fig. 3a).
Although aquaculture’s average oCR was reduced to 1.4 — more than
three times less than the intermediate scenario (Fig. 3b) — the fully-
optimized scenario produced more final supply of omega-3 than the
intermediate scenario.

Because byproducts are not used for direct human consumption (due
to model specifications) and are rather utilized and repurposed as
aquaculture feed in the optimization scenario (Fig. 3c), aquaculture’s
volume of production increased (218 kt y~! compared to 177 kt y ! in
the intermediate scenario, Fig. 3b). Because the constraints we imposed
ensured that aquaculture production did not exceed current production
volumes per speciem, as more feed was made available through recy-
cling byproducts the model diverted omega-3 production to species with
decreasing ®CR (e.g., salmon and tilapia), which were otherwise not
chosen in the intermediate scenario. This explains why salmon was
assigned with an omega-3 feed flow despite having a lower CR than
wild fish (Fig. 2). While average aquaculture oCR decreased in this
scenario, overall production of aquaculture increased and consequently
final supply increased relative to the baseline (Fig. 3a) and intermediate
scenario (Fig. 3b).

Interestingly, when we changed the percentage of byproduct utili-
zation at retail and household level and food waste repurposing across a
large range from its chosen value of 50% (see Section 2), final supply
(627 kt y~1) hardly changed, effectively forming a homeostasis. To
clarify, diverting byproducts to aquaculture acts as a negative feedback
loop, because as more byproducts are repurposed as feed more are
diverted to increasingly less efficient species (such as salmon), and final
aquaculture output converges to a fixed value, aquaculture production
volume at the baseline scenario (224 kt y1), which is an upper limit in
our model.

3.2. Present versus future omega-3 nutrient gap

The increases in final supply of omega-3 suggested by our model
could potentially reduce the current (i.e. 2020) omega-3 nutrient gap,
nearly closing the gap entirely (Fig. 4). Juxtaposed against the predicted
future requirement of a growing human population, even at optimized
levels, supply of omega-3 will not be enough to meet future global
omega-3 requirement, especially when considering the expected
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reductions in fish abundances and omega-3 concentrations due to
climate change that are likely to reduce the supply.

Disaggregating global population by regions and population groups
reveals that the largest increase in omega-3 nutrient requirement will be
driven by large demographic shifts in Africa across an 80-year period
(dark blue patch in Fig. 4). During this time, the human population in
Africa is expected to triple while the composition of age groups will
change substantially (from a 150% increase for ages 0-4 to 16,425% for
ages +100 compared to current population). As such, the continent’s
overall omega-3 requirement is expected to increase by 3.5-fold. In
contrast, the highest current requirement for omega-3, Asia’s popula-
tion, is not expected to change much and its omega-3 requirement in
year 2100 will only see a modest 4% rise compared with today.

4. Discussion

Our aim was to quantitatively examine to what extent the final
supply of omega-3 can be increased from present baseline using the
current wild harvest base and without aquaculture expansion. We used
an optimization approach to integrate previously-proposed strategies for
improving efficiency and reduction of waste (Hamilton et al., 2020) into
a system-level understanding of global omega-3 supply chain. Our re-
sults suggest that the omega-3 supply chain can be optimized through
structural changes in aquaculture, utilization of byproducts, and
reduction in losses such that the overall final supply of omega-3 will
grow by up to 50%, nearly closing the present nutrient gap.

Alternatively, if final supply of omega-3 is kept constant at current
capacity, the resource-use efficiency gains achieved via the model mean
that this supply can be obtained with less wild caught seafood (marine
seafood, krill, and freshwater catch). Reducing the overall pressure on
global fisheries is crucial for reviving fish stocks, avoiding catastrophic
collapses, and restoring marine ecosystems’ functionality. While our
analysis is focused on a single nutrient, our recommendations are
aligned with other analyses, which suggest that pressures on aquatic
environments could potentially be alleviated if aquaculture farming
were to focus on improving the feed efficiency of species and reducing
the dependence on FM&O (Klinger and Naylor, 2012; Naylor et al.,
2021; Troell et al., 2014). Overall, our results underscore the need for
greater efficiency and sustainable intensification of food systems as
means to meet human nutrient requirements more environmentally
(Clark et al., 2019; Garnett et al., 2013; Gephart et al., 2021; Rockstrom
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Fig. 4. Global requirement of omega-3 from year 2020 to 2100. Omega-3 requirements are disaggregated by continents based on prediction of population growth
and changes in sex-age groups. As a benchmark, fully-optimized final supply of omega-3 based on our model and current final supply (Hamilton et al., 2020)

are indicated.
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et al., 2017; Tilman et al., 2011; Willett et al., 2019).

Many societies around the globe are currently experiencing inade-
quate omega-3 intakes that could be addressed through an increased
supply of aquatic foods (Golden et al., 2021). Our results point to op-
portunities for future fisheries development to provide enough omega-3
to meet global nutrient requirement if distributed equitably. We find
that feed (FM&O) should be directed to the most efficient farmed spe-
cies, repurposing more wild catch towards direct consumption, and
eventually increasing overall omega-3 final supply. Consequently, wild
caught seafood provided the bulk of omega-3 for consumption in our
model, whereas at present aquaculture and wild-caught fish contribute
equally. Increasing resource use efficiency to produce more omega-3 for
final supply (for the same amount of resource input) is in line with calls
for sustainable management and efficient use of resources (UN’s Sus-
tainable Development Goal, SDG 12.2). Furthermore, our results illus-
trate that the contribution of recycling byproducts and reducing waste to
final supply is on par with changes in aquaculture production portfolio
(Shepon et al.,, 2018). Initiatives and policies that work towards
achieving such goals — as indicated in SDGs 12.3 and 12.5 (reduce waste
and increase its reuse and recycling and reduce losses across the supply
chain) - should be prioritized.

Generally, while feed conversion ratios have been declining due to
improved fish strains, feed quality, and improved husbandry, total feed
requirement has been increasing rapidly due to the expansion of the
aquaculture sector (Tacon, 2019). Variability of feed amounts and
composition among different farmed food groups are noticeable, with
groups naturally lower on the aquatic food chain (e.g., carps, catfish,
tilapia, and freshwater species) more flexible in terms of type of feed use
(including FM&O) and naturally carnivorous fish (salmonids, shrimp
and marine species) generally more dependent on feed from animal
sources. Global FM&O is allocated predominately to aquaculture, but
supply has been steady over the last few decades (albeit at an increase in
price) (Tacon and Metian, 2015), reflecting a decline in usage per pro-
duced fish for all species. In fact, rising FM&O prices (on account of
constrained supply) has driven a transition to alternate feed sources rich
in essential amino acids and fatty acids, such as soy, cassava, maize, and
novel replacements, such as algae and insect meal, are being introduced
(Cottrell et al., 2020). Further, an estimated 8 million tonnes of fishmeal
could be made available by better utilizing seafood byproducts (Roberts
et al., 2015). However, it is important to recognize that fishmeal qual-
ities govern their use for different species. For example, salmon and
shrimp require higher quality fishmeal, most of which originate from
whole fish reduction, while cyprinids, tilapia, and catfish are less
demanding both in terms of quality and quantity.

In our calculations we did not consider other novel sources of omega-
3 that can increase supply (Tocher, 2015) or replace FM&O as feed
(Cottrell et al., 2020). Even if already supplying the salmon industry
with important omega-3, large scale production of micro- and macro-
algae is currently still constrained by high costs, technological, and/or
consumer barriers (Cottrell et al., 2020; Tocher, 2015), but future in-
novations will potentially increase their share in global supply.
Upscaling the production of existing genetically modified terrestrial
crops that produce omega-3 is possible, but in some locations public
opinion and regulations related to transgenic products would hinder
wide commercialization (Tocher, 2015). Ultimately, such replacements
for FM&O can reduce pressures on forage fish in the long run but can
introduce other environmental costs instead. Other untapped marine
sources can also potentially serve as inputs to aquaculture or be
consumed directly instead. Contrary to the majority of fisheries that are
at or near their maximal capacity, increasing marine sources such as krill
or copepods above current harvest quotas could also potentially increase
overall omega-3 human supply (Rust et al., 2011; Tocher, 2015; Tou
et al.,, 2007). However, given the large uncertainties in overall envi-
ronmental impacts of krill harvest (Hewitt and Linen Low, 2000; Hill
et al., 2006; Parker and Tyedmers, 2012) we did not consider increasing
its provision in our model. Further, such an increase in wild harvest
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would have not fallen within our attempt here to show that more
omega-3 can be produced from the same environmental resource base
(‘sustainable intensification’).

Shifting consumption patterns towards specific fish groups (e.g.
carps, catfish and cyprinids) and marine wild caught seafood as a means
to improve resource use efficiency as we demonstrate here is on par with
a growing body of work which emphasizes dietary shifts as an envi-
ronmental strategy (Poore and Nemecek, 2018; Shepon et al., 2018;
Springmann et al., 2016; Tilman and Clark, 2014; Willett et al., 2019).
Contrary to marine species that depend on their diet to obtain their
omega-3, freshwater fish have the genetic potential and enzymatic
biosynthesis capabilities to elongate omega-3 EPA+DHA from ALA and
n-6 fatty acids (Rodrigues et al., 2017). Therefore, while carps have
medium densities of omega-3 compared to other aquatic species
(Golden et al., 2021), their innate traits make them particularly efficient
from a resource usage standpoint. Because pelagic fish, freshwater fish,
and non-fed species (e.g. filter feeders and bivalves) have relatively
lower environmental pressures (Gephart et al., 2021) consuming these
species instead of others are likely to yield improved environmental
performance in addition to omega-3 related efficiency gains. Yet, such
population level dietary shifts present formidable challenges (Shepherd,
2005). In the context of this study, increasing the direct consumption of
omega-3-rich small pelagic wild fish will require changing perceptions
of both producers and consumers (Tacon and Metian, 2009). From the
consumer side, this will necessitate innovations to increase palatability
and transport from distant fisheries (Kontominas et al., 2021). Notable
examples of changing consumer perception are projects to introduce
small nutrient-rich fish into local food systems (e.g., Castine et al.,
2017). From the producer side, decision-makers may consider policies
which incentivize redirecting omega-3 away from inefficient yet highly
profitable fish species, prioritize the production of diverse nutrient-rich
aquatic systems, and ensure access and affordability of seafood to the
poor (Thilsted et al., 2016). Further, with a net flow of traded seafood to
wealthier countries with low malnutrition rates (Smith et al., 2010), and
ongoing inequities in wild-capture fisheries and the source and desti-
nation of their products (McCauley et al., 2018), distribution consider-
ations are critical. The nutritional value of seafood must therefore be
evaluated alongside economic considerations within trade policy.

Africa and Asia are two hotspots plagued by malnutrition and food
insecurity (Development Initiatives, 2018). At the same time, many
countries in these regions depend on fish supplies to meet their nutri-
tional requirements (Golden et al., 2016). In the context of omega-3,
these two continents set the highest requirement globally for this
nutrient now and increasingly more in the future. These are also loca-
tions where caught fish can provide many of the nutritional shortfalls
(Hicks et al., 2019) and where the potential of aquaculture to meet
growing demands varies. Many countries within those regions lack
aquaculture or export a large portion of production, rendering aqua-
culture’s contribution to domestic nutritional needs as low (Golden
etal., 2017). Limited growth of aquaculture in most parts of Africa is due
to many factors (Troell et al., 2011) but is tied to stagnating fish avail-
ability, although fish constitutes a high proportion of animal-source
foods (Beveridge et al., 2013). Future aquaculture development,
particularly in Africa, should strive to maximize nutrient supply by
redirecting wild caught fish to domestic supply, focusing on efficient
aquaculture species, and cutting losses as we outline here.

Climate change and poor fisheries management are poised to further
compromise fish-related nutrition security (Golden et al., 2016; Hilborn
et al., 2020). This includes the supply of omega-3 that will likely fall due
to the synergetic effects of fish stock declines (Hilborn et al., 2020),
lower body size (Cheung et al., 2013), less krill (Flores et al., 2012),
redistribution (Cheung et al., 2016) of catch and reduced densities
(Colombo et al., 2019) as sea temperatures rise. At the same time, a
growing population will have a higher overall requirement, resulting in
a widening of the omega-3 gap into the future. While optimized omega-3
supply from aquatic environments as presented here is unlikely to bridge
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future omega-3 requirements, this future outlook emphasizes the ur-
gency needed in sustainably managing aquatic resources now through
implementing the conclusions of our analysis in order to stave off
growing omega-3 deficiencies until other sources of omega-3 (e.g. novel
sources) are gradually made available on a large scale.

5. Conclusions

Omega-3 is an essential micronutrient with beneficial health im-
pacts. Yet, globally, nutrient requirement outpaces final supply. Finding
novel strategies to increase the supply of omega-3, especially towards
vulnerable populations and in high demand regions, is paramount. Here
we examine inefficiencies in global aquatic omega-3 production and
illuminate potential pathways to produce more with the same environ-
mental resources. Restructuring the global fisheries food system by
reducing loss across the supply chains and concentrating on efficient
species as well as unfed aquaculture can increase the supply of omega-3
by as much as 50%. To achieve this, overarching policies at the pro-
duction, postharvest, retailer, and household levels would have to work
in unison to realize the full potential of providing nutritional security
with reduced environmental impacts.
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