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Global adoption of novel aquaculture feeds could
substantially reduce forage fish demand by 2030
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With the global supply of forage fish at a plateau, fed aquaculture must continue to reduce dependence on fishmeal and oil in
feeds to ensure sustainable sector growth. The use of novel aquaculture feed ingredients is growing, but their contributions
to scalable and sustainable aquafeed solutions are unclear. Here, we show that global adoption of novel aquafeeds could sub-
stantially reduce aquaculture's forage fish demand by 2030, maintaining feed efficiencies and omega-3 fatty acid profiles. We
combine production data, scenario modelling and a decade of experimental data on forage fish replacement using microalgae,
macroalgae, bacteria, yeast and insects to illustrate how reducing future fish oil demand, particularly in high-value species such
as salmonids, will be key for the sustainability of fed aquaculture. However, considerable uncertainties remain surrounding
novel feed efficacy across different life-cycle stages and taxa, and various social, environmental, economic and regulatory chal-
lenges will dictate their widespread use. Yet, we demonstrate how even limited adoption of novel feeds could aid sustainable
aquaculture growth, which will become increasingly important for food security.

quaculture is one of the fastest growing sources of animal

protein globally, with approximately half of total production

requiring external feed inputs'. Aquafeeds typically include
fishmeal and oil extracted from small pelagic forage fish, such as
herrings, sardines and anchovies, and to a lesser extent from fish
trimmings and discards’. Fishmeal and oil were originally used as
palatable and inexpensive feed ingredients efficient at supplying
the protein and fatty acid requirements of farmed aquatic species’.
However, with global forage fish catches stagnant since the 1980s,
the price of fishmeal and oil has increased alongside the demand
for aquaculture, pig and poultry feeds**. Furthermore, the use of
forage fish for feed has been criticized for its impact on marine
ecosystems™ and for diverting these nutritious, small fish away
from human consumption’. To secure sustainable growth in the fed
aquaculture industry, producers have found (and must continue to
find) feeds that reduce or exclude forage fish ingredients without
compromising the economic value, or fish consumption benefits for
human health, that aquaculture confers.

Numerous raw materials have been tested and adopted to reduce
fishmeal and oil inclusion in aquafeeds. Soy, corn, cassava, wheat
and canola have been used as protein and oil sources in aquafeed as
the price gap with forage fish widens®'°. However, high proportions
of fibre and anti-nutritional factors' in these crops can impair spe-
cies growth performance and health, and increase feed and nutri-
ent waste''"°. Livestock by-products, mesopelagic fish species (for
example, myctophids) and discards and trimmings from fishery and
aquaculture sectors can provide suitable protein and/or lipids for
aquafeeds, but may present sustainability issues or policy restric-
tions™'. Products from mixed mesopelagic fish hauls can contain
excessive heavy metal concentrations'>'. Fisheries trimmings and
by-products are expected to supply a growing proportion of fish-
meal and oil over the next decade’, but will probably be insufficient

to meet projected demands by 2050° and may also affect the nutri-
tional quality of farmed fish'. In response to these challenges, novel
aquafeed materials, such as macroalgae, single-cell proteins (micro-
algae, bacteria or yeasts), insects or genetically modified crops have
been developed'”'®.

It is unclear how new ingredients can scale on a global level or
support sustainable feeding practices. Studies on fishmeal or oil
replacement using novel aquafeed ingredients have yielded mixed
effects on species growth and nutritional content. To address this
uncertainty, we synthesize published information on farmed spe-
cies feed efficiencies, dietary composition and feeding practices
with national aquaculture production data. Using these data and
published aquaculture growth scenarios, we calculate the sector’s
global forage fish demand by 2030. We then identify, synthesize
and model 10years of experimental fishmeal and oil replacement
data focused on the integration of micro- and macroalgae, bacteria
and yeasts, or insect ingredients. Changes to feed conversion ratios
(feed intake/weight gain) and nutritional content (via the omega-3
index; see Methods) are assessed to identify thresholds of forage
fish replacement with equivalent performance to forage fish-based
diets. Finally, we evaluate how novel feeds could reduce forage fish
demand compared with soy (a major feed crop) and explore barriers
to their wider adoption.

Results

Projected future forage fish demands. Future demands for for-
age fish will depend on numerous socioeconomic and environmen-
tal factors influencing fed aquaculture growth. We build on recent
work examining limits to forage fish supply to 2050° by focusing on
three key shorter-term scenarios to 2030 to explore these uncertain-
ties. We use United Nations aquaculture growth projections’ as our
business-as-usual scenario (2030 BAU), and two alternative futures
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Table 1| Aquaculture growth scenarios used for future forage fish demand calculations

2030 Description Global change in
production production relative
scenario to 2015 (%)
BAU Based on projected production increases by 2030 from the FAQ'. Production is expected to increase by 28% in ~ +37

more economically developed countries, 46% in least developed countries and 36% everywhere else.
Rap.Gr Reflects the faster aquaculture growth scenario from the World Bank'®. Production is predicted to grow 50% +56

faster than BAU in all countries.
Cons.Shft Growth rates mirror the accelerated shifts in consumer preference in the China scenario from the World Bank'®. +98

Production of salmonids, shrimps, crustaceans and tunas triple the BAU tonnage, while all other groups are held

at BAU levels.
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Fig. 1| Historical supply, feed use and projected aquaculture demand for forage fish across 2030 growth scenarios. a, Historical supply of forage fish
(taken as landings of the top 20 forage fish species by biomass from ref. °°, making up >90% of reported global forage fish landings®) and aquaculture
use through time (estimated by interpolation and extrapolation of the proportion of forage fish feeds used by aquaculture in 1960, 1980 and 2010 (ref. 4)
and applied to FAOSTAT feed use data®®). b, Mean simulated forage fish demand from aquaculture in 2030 across different aquaculture growth scenarios
using diets with current forage fish inclusion rates. Error bars represent s.d. (=500 simulations). Anchoveta icon in a courtesy of T. Saxby, Integration
and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/imagelibrary/).

based on the World Bank’s IMPACT model projections”. The first
is a scenario of more rapid growth in aquaculture that may be seen
with greater shifts towards pescatarian diets'””° (2030 Rap.Gr). The
second is a scenario reflective of accelerating consumer preference for
high-value seafood in China, already being observed with increas-
ing affluence and demographic change" (2030 Cons.Shft) (Table 1).
For each scenario, both the change in total production quantity and
the species composition of production across different countries and
aquatic taxa (with differing diets and efficiencies) contribute to vary-
ing levels of demand in forage fish equivalents (Supplementary Fig. 1).
Global forage fish supplies have remained stagnant since 1980,
averaging ~29 million tonnes, with ~70% of these landings used for
animal feeds (Fig. 1a). Of the fraction used for feed, an increasing
proportion has been used by aquaculture (Fig. 1a), which we esti-
mate to be 16.9 million tonnes in forage fish equivalents in 2015
(s.d.: 364,215 tonnes based on 500 simulations), in close agreement
with recent estimates®. Under current diets (that is, typical fishmeal
and oil inclusion rates across taxa; see Supplementary Table 1), we
calculate that demand would increase to over 24 million tonnes by
2030 under a BAU scenario, to over 27 million tonnes under more
rapid industry growth and to approximately 38 million tonnes with
accelerated demand for high-value species from Chinese consum-
ers, far exceeding historical supply of forage fish (Fig. 1b). Supply-
demand mismatches may be exacerbated further if calls for greater
adoption of ecosystem-based fisheries management (EBFM) are
realized, which suggest there should be 20% reductions in catch to
improve ecosystem effects of forage fish extraction (Fig. 1b).
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New ingredients for forage fish sparing. Novel aquafeed ingredi-
ents can offer rich sources of both protein and lipids* that may help
reduce aquaculture’s demand for forage fish. Some microalgae spe-
cies naturally synthesize key omega-3 polyunsaturated fatty acids
(for example, eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA)), which are crucial for the energetic and growth needs
of naturally carnivorous farmed species’’. Macroalgae can provide
an important protein source with favourable concentrations of key
amino acids, such as methionine'. Bacterial-based feeds offer high
protein contents and the capacity to be grown on low-cost sub-
strates with minimal land or water footprints**. Yeasts possess
favourable amino acid compositions relative to fishmeal and can be
produced from lignocellulosic biomass, such as agricultural or for-
estry waste”. Insects could provide an important source of protein'’
and can convert organic side-stream products (manure, cellulosic
or human food waste) into protein-rich feed-stuffs’**’. However,
the quality of substrates influences the value of insects as feed, with
low-quality substrates yielding low-quality lipids, poor feed conver-
sion ratios or failure to reach harvestable size’*-’. While numerous
trade-offs associated with novel feed ingredients will be central to
their scalability and uptake, here we focus on their global potential
within the context of feed efficiency and nutritional content.

We identified 264 scientific articles relevant to our search cri-
teria (Supplementary Table 2) covering 12 farmed animal groups
across microalgae, bacteria and yeast, insects and soy ingredients,
replacing either fishmeal, fish oil or both (see Methods). For fish-
meal replacement studies, we aggregated bacteria and yeasts given
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Fig. 2 | Relative change to feed conversion ratios with fishmeal replacement for different animal groups across novel feed types. Solid coloured lines
and shading represent fitted mixed-effects model mean responses and 95% confidence intervals, respectively. Vertical dashed lines in red indicate
plausible fishmeal replacement levels before feed conversion rates increase beyond 5% (horizontal dashed lines) of reference diets. Percentages on each
plot represent thresholds to the nearest 5%. Plots with diagonal lines indicate no/insufficient data identified by a systematic search. Numbers in brackets
represent the study sample size for each taxa-feed combination. FW, freshwater.

their functional similarity'’, and to allow for larger sample sizes in
the feed—taxa combinations. We limited our analysis to aggregates
of carps, catfishes, tilapia, other freshwater fishes (for example,
snakeheads, striped bass and Nile perch), shrimps, salmonids and
marine fishes (for example, groupers, Atlantic cod and red drum) as
an insufficient number of studies for other groups prevented model
fitting. Nonetheless, these taxa provide good coverage of the fed sec-
tor, contributing >90% of aquaculture’s global forage fish demand
(Supplementary Fig. 1). In total, 46% of all studies addressed marine
species, largely due to the richness of species farmed. Of the novel
feeds, microalgae (18.7%) and insects (16.9%) represented the
greatest proportion of the studies, in contrast with 53% that focused
on soy, highlighting the uneven effort in experimental work across
feed ingredients.

Fishmeal replacement and feed efficiency. We found that fish-
meal replacement in feed generally increases species’ feed conver-
sion ratios. In other words, more feed is required for a given mass
gain, making the feed less efficient (Fig. 2). Insect-based diets had
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the least detrimental effect (median effective replacement=100%)
and macroalgae the most (median =50%) detrimental effect on feed
conversion ratios when replacing fishmeal on average across all ani-
mal groups (Fig. 2 and Supplementary Table 3). However, there is
considerable variability around replacement trends within feed and
animal groups and among studies (Fig. 2). For example, no clear
change to catfish feed conversion ratios occurred with 100% fish-
meal replacement using bacteria-/yeast- or insect-based feeds, yet
soy-based diets led to clear increases in feed conversion ratios after
50% fishmeal replacement (Fig. 2).

Fish oil replacement and omega-3 profiles. Fish oils provide key
nutritional benefits for the growth, health and maintenance in
farmed aquatic species®, and nutritional benefits for fish and seafood
consumers. Freshwater species such as carps, catfishes and tilapias
do not usually need fish oil within their diets. However, when fresh-
water fishes, salmonids and marine fishes were fed soy-based diets
to replace fishmeal, there was an increase of 1-1.5% inclusion of fish
oil at the fishmeal replacement threshold (Fig. 2 and Supplementary
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Fig. 3 | Relative change to the omega-3 index in species tissues following
fish oil replacement. Solid coloured lines and shading represent fitted
mixed-effects model mean responses and 95% confidence intervals,
respectively. Vertical dashed lines indicate the threshold where the
omega-3 index decreases beyond 5% of reference diets (horizontal dashed
lines). Percentages on each plot represent thresholds to the nearest 5%.
Numbers in brackets represent the sample size for each experimental
group. Only whole-body and fillet samples were used for the fatty acid
data. All values in the plots are summarized in Supplementary Table 2.

Fig. 2), which we account for in our forage fish demand calcula-
tions. In contrast, algae, bacteria/yeast and insect-based feeds used
for fishmeal replacement led to decreases in fish oil inclusion in
marine fishes (Supplementary Fig. 2). However, fish oil replace-
ment did not affect feed conversion ratios on average in the studies
identified (Supplementary Fig. 3). We instead focus on how fish oil
replacement influences the composition of fatty acid profiles in fish
tissues—specifically, the relative changes in the proportion of fatty
acids represented by EPA and DHA (herein, the omega-3 index),
which are highly unsaturated fatty acids known to confer important
human health benefits when consumed™*'.

Fish oil replacement experiments largely focused on shrimps,
salmonids and marine fishes as the main consumers of fish oil glob-
ally*’. Microalgae are the only new ingredients considered here that
are frequently used to replace fish oil (one study for fish oil replace-
ment by yeast was omitted due to insufficient data for modelling).
When compared with soy-oil blends as the baseline, which often
contain canola or linseed oil, microalgal diets showed greater prom-
ise in fish oil minimization on average, with 100% of fish oil able to
be replaced for salmonids, shrimps and marine fishes without clear
changes to the omega-3 index in animal tissues (Fig. 3). Using soy
oil or soy-oil blends allowed only 30, 10 or 25% fish oil replacement
in marine fishes, salmonids and shrimps, respectively, before there
were clear decreases in the omega-3 index in animal tissues (Fig.
3). Thus, microalgal meals appear to considerably outperform soy
counterparts in preserving the omega-3 profiles in high-value spe-
cies such as salmon, shrimp and marine species.

Global potential of novel aquafeeds. Quantifying the maximum
theoretical global reductions in forage fish demand from novel feeds
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requires applying the highest thresholds of plausible fishmeal and
oil replacement identified in the previous section across all feeds
for each taxon. Under these conditions, our simulations predict
that aquaculture’s global forage fish demand reduces dramatically
to between 8 and 10 million tonnes for all 2030 growth scenarios—
below historical or EBFM supply limits, or even historical feed
use (BAU=8.48+0.24million tonnes; Rap.Gr=9.65+0.28 mil-
lion tonnes; Cons.Shft=10.27 +0.32 million tonnes; Fig. 4a (opti-
mal global use)). While global adoption of novel feeds across all
taxa is probably unrealistic, feeds containing new ingredients are
increasingly available for high-value species such as salmon®*.
Applying maximum plausible replacement to salmonid and shrimp
diets only, fed aquaculture’s simulated forage fish demand still
reduces below historical supply and stricter EBFM supply limits
(BAU=8.48+0.24million tonnes; Rap.Gr=9.65=+0.28 million
tonnes; Cons.Shft=10.27 4+ 0.32 million tonnes; Fig. 4b (salmonids
and shrimps only)).

However, reducing fish oil inclusion in feeds is far more effi-
cient at reducing forage fish demand than lowering fishmeal inclu-
sion. Even when replacing fishmeal across all taxa to the maximum
threshold identified in Fig. 2, forage fish demand remains far higher
in 2030 than when only salmon and shrimp have both fishmeal
and oil replaced, or when just fish oil is replaced across salmo-
nids, shrimps and marine fishes (Fig. 4c (fishmeal only) and Fig.
4d (fish oil only)). This is particularly true under the 2030 Cons.
Shft scenario (33.74+ 8,67 million tonnes forage fish demand)
where the production of fish oil-dependent marine fish, salmonids,
tunas, shrimps and other crustaceans increases by a factor of three
between 2015 and 2030.

Discussion

Maintaining aquaculture’s demand for forage fish below historical
supply limits is already possible using novel feed ingredients that are
currently available, although with varying potential across species
and economies. Naturally non-piscivorous fish, such as carps and
tilapias, respond well to complete fishmeal elimination from feeds,
whereas high-value species such as salmonids appear more sensitive,
becoming less efficient in converting feed to biomass. However, total
fish oil elimination from salmonids, shrimps and marine fish diets
appears possible, with no clear change to the omega-3 index in the
tissues of the farmed species. Removing fish oil yields the greatest
reductions in global forage fish demand (Fig. 4) because consider-
ably more forage fish is needed to yield a tonne of fish oil than a
tonne of fishmeal*?. Thus, current innovations targeting reductions
in fish oil show great promise for sustainably fed aquaculture growth.

Notably, of all the novel protein sources, insects provided the
greatest capacity for fishmeal replacement across all taxa, and
microalgae holds far greater potential for fish oil replacement than
soy-oil-based feeds. However, we acknowledge that this analysis is
limited by the systematic search process that identified the experi-
mental data, and that other ingredients for fishmeal and oil replace-
ment exist. For instance, we did not investigate the effects of fish oil
replacement using lipids from insects, yeasts or genetically modi-
fied crops such as omega-3-enriched canola, due to a paucity of
experimental data.

The variation in the efficiency of different new ingredients across
taxa illustrates the continued challenge imposed by physiological
differences between non-obligate carnivores and species such as
salmon. Nonetheless, the variability in novel feed efficiency among
studies within taxa—feed groups highlights how influential feeding
or supplementation regimens, complementary ingredients, spe-
cies or production systems are for the utility of novel feeds. Further
innovation in feed manufacturing technologies and feed nutrition
will therefore be fundamental for producing more efficient feeds
with the desired physical characteristics that continue to reduce
fishmeal and oil inclusion across multiple taxa into the future’.
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Fig. 4 | Simulated global forage fish savings across animal groups with the incorporation of novel feed ingredients under different aquaculture growth
scenarios to 2030. a-d, Global forage fish demand is simulated with: uptake of novel feeds across all taxa (a); novel feed use constrained to global
salmonid and shrimp production (b); uptake of novel feed across all taxa limited to fishmeal sparing only (c); and uptake of novel feed across all taxa
limited to fish oil sparing only (d). Bars represent mean demand (n=500 simulations) for each scenario and error bars represent s.d.

Numerous technical and socioeconomic factors challenge the
widespread use of novel feeds. For example, relatively small produc-
tion volumes mean algal meals and other microbial biomass still
provide a limited market contribution compared with traditional
feed commodities'””. Extracting algae oil from biomass is also a
costly process relative to fish oil, and one that is complicated by
the need to protect long-chain polyunsaturated fatty acids against
oxidation®. However, while current prices and production scales
of algal meals limit their global implementation, our results show
that targeted interventions on fish-oil-dependent species could
still drive a substantial reduction in global forage fish demand.
Indeed, since 2017, both insect” and algal meal and oils™ have been
approved for commercial salmon feed use in the European Union.
For producers around the world, local-scale market access to novel
feeds, the value of the farmed species, production scales, culture
systems, financial resources at the farm level and novel feed costs
will contribute towards the rate of uptake***’. Social acceptance
of novel feed ingredients may also influence market success, par-
ticularly if genetic modification is used to improve desirable fatty
acid profiles™. However, consumer awareness of feed sustainability
is growing, along with acceptance to pay premiums for responsibly
produced food***’, which may support the growth of novel feeds.

Novel feed ingredients will be particularly important if, as we
assume here, future demand for fish oil is likely to determine abso-
lute demand for marine resources®. Future fishmeal and oil supply
from forage fish resources is highly uncertain as populations are
highly variable, are closely coupled to environmental conditions
and can be sensitive to fishing pressure*'. Consequently, the use of
whole trash fish and fishery discards will probably continue supply-
ing animal protein to farmed species in some countries instead of
proper and adequate compounds feeds*’. While we do not explicitly
model the use of these resources here, our range of dietary fishmeal
inclusions and feed conversion ratios are extremely conservative
across taxa®, and deliberately underestimate demand coming from
these systems to account for diverse sources of fishmeal and oil.
Furthermore, while the development of novel feeds may lower for-
age fish demand from the aquaculture sector, it is important to reit-
erate that only changes in fisheries management are likely to lead to
reduced biomass extracted from marine ecosystems®.

Numerous uncertainties regarding aquafeed composition and
sustainability have implications for our results. Published data
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have been highly skewed towards juvenile life stages (92% of stud-
ies within our analysis were conducted on juveniles), and uneven
research effort (and thus sample size) across taxa-feed combina-
tions influences the reliability of our results. Thus, it is not clear
whether these replacement thresholds are reasonable across the
entire life cycle of farmed species. Despite this, fish-free feeds for
sub-adult and adult fish are commercially available, so the replace-
ment thresholds we identify here can be used to inform replace-
ments targets that would achieve the decreases in demand we
simulate. We recognize that measuring changes to the proportional
contribution of DHA and EPA to total fatty acid content in animal
tissues as a metric of nutritional content has limitations. Changes
to absolute quantities of EPA, DHA and total fatty acid contents in
animal tissues are details hidden in this ratio. However, absolute
quantities are not consistently reported in experimental data, and
the omega-3 index we use provides us with a comparable measure
of the change in quality of fatty acids in animal tissues as fish oil is
replaced. Finally, the best standardized, multi-taxon data on fish-
meal and oil inclusion rates, feed conversion ratios or cross-sectoral
comparisons are still only available in older publications**>*, creat-
ing a challenge for the growing body of sustainability research try-
ing to keep pace with the rapidly evolving aquaculture sector.

Broader environmental consequences of using novel feeds over
traditional feeds are poorly understood*. Microalgal feeds can per-
form well in terms of cumulative environmental energy extraction
compared with reference fish feeds, but performance relies on feed
composition and fossil fuel use may still be higher”. Similarly, insect
feed conversion ratios and overall energy use can be as high as for
conventional livestock?**. Greater understanding of a standard-
ized and comparable suite of environmental impacts (beyond the
capacity to replace forage fish) across different feed types needs
to be addressed if meaningful decisions about the sustainability of
future aquafeeds are to be made.

Future work should aim to prioritize low-cost and complemen-
tary ingredients that may be more widely accessible to low-value
production systems that otherwise depend on aquatic resources
with poor economic, social and environmental efficiency. Further
investigations on novel aquafeeds across all dimensions of sustain-
ability are needed as shifting human dietary preferences and demo-
graphic change may drive rapid increases in demand for seafood in
the next decade.
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Methods

We synthesized a broad body of published datasets and scientific literature on
aquaculture growth, the potential of novel feeds to replace forage fish ingredients,
and current and future forage fish demand. By first combining national aquaculture
production data with published information on farmed species growth efficiencies,
dietary composition and industry growth scenarios, we calculated and compared
historical forage fish supply with projected demand by 2030 under different
growth scenarios. To understand how alternative novel feeds can help ameliorate
disparities between historical forage fish supply and projected demand, we then
assembled a broad body of published experimental data on fishmeal and oil
replacement by novel feed ingredients to model their influence on species growth
and nutritional content. While assuming reasonable tolerance thresholds for
producers, we applied these results to previous forage fish demand calculations to
assess whether novel feeds alone will be sufficient to keep the demands from fed
aquaculture below historical supply of forage fish. We performed all data analyses
in this study using R statistical software*’.

Aquaculture growth scenarios. For production biomass values for fed aquaculture
species until 2015, we used data from the Food and Agriculture Organization

(FAO) FishStat] database (1950-2015 global production dataset; www.fao.org/
fishery/topic/166235/en). We then used published growth scenarios to calculate

the plausible production potential by 2030, which enabled us to simulate future
forage fish demand. The first scenario from the FAO (2030 BAU) simulates a 37%
increase in aquaculture growth in developing countries, a 28% increase in developed
nations and a 46% increase in the least developed countries'. We drew the other

two scenarios from the World Bank's IMPACT model projections'’. Our second
scenario (2030 Rap.Gr) addresses the possibility of faster aquaculture growth with
technological progress, which enables the supply of a given unit of biomass at a
lower cost'’. This may be particularly relevant if demand for fish increases under
shifts towards more pescatarian human diets in the future®>”. Under this scenario,
we increased growth rates from BAU by 50%". The third scenario for production in
2030 (2030 Cons.Shtt) reflects a case where increasingly affluent Chinese consumers
increase demand threefold (mirrored by production change) for high-value products
such as salmon, shrimp and other crustaceans (Supplementary Fig. 1).

Calculating forage fish demand. To calculate current and future forage fish demand,
we employed the generalized modelling approach of Froehlich et al.’. Across the three
different production scenarios outlined above (2030 FAO, 2030 Rap.Gr, 2030 Cons.
Shft), we calculated forage fish demand for fish group i in country j as:

FFj; = Prod;;x Prop, x FCR; x FMFQ; x Cv (1)

where demand (FF) is the product of production biomass (Prod; 2015 or 2030), the
proportion of biomass that is fed (Prop), the feed conversion ratio (FCR; feed input
divided by biomass output) and the proportional dietary contribution of fishmeal
and oil (FMFO) converted into biomass equivalents of forage fish (Cv)*.

We took ranges of values for proportions of biomass that are fed, and predicted
2015 and 2020 dietary contributions from fishmeal and oil from Tacon and
Metian*>*, as well as feed conversion ratios from Froehlich et al.’. These dietary
forage fish inclusion rates, and feed efficiencies, were used for current diets as
well as the starting point for the 2030 simulations. From the range of values for
the proportion biomass that is fed, the highest value was assumed for all 2030
scenarios. For each animal group in each country, we sampled randomly from
the uniform range of values presented in Supplementary Table 1. For each animal
group-country combination, we sampled from feed conversion ratios, fishmeal and
oil inclusion, and fed proportions independently account for regional differences
in production efficiencies, technology and feed practices that influence forage fish
demand from a given production unit. We then repeated the above simulations 500
times to obtain mean demand while quantifying uncertainty from between- and
within-country differences.

Forage fish replacement data. To identify relevant data on the growth and
nutritional effects of fishmeal and oil replacement by novel feeds, we conducted
a systematic search of the experimental aquaculture literature. We focused on soy
as the major crop-based substitute for forage fish, along with new ingredients that
are not yet a substantial global source of human food (microalgae, macroalgae,
bacteria/yeasts and insects). In Google Scholar and Scopus databases, we applied
the predefined search terms outlined in Supplementary Table 4 for each feed
ingredient separately. Different search terms within each ingredient were defined
through a preliminary search of Google Scholar using (for example) “algae” or
“bacteria” with the rest of the search string to find common model organisms
to include. We defined animal group terms by the broad groups and key species
outlined in Tacon and Metian* and Pahlow et al.”® and subsequently adjusted them
through the same process as is outlined above for feed ingredients. In Scopus, all
searches looked for the search terms in document titles, abstracts and keyword
fields, and we reviewed all of the results returned for inclusion in our study. In
Google Scholar, we reviewed all items returned until five consecutive pages yielded
no further relevant studies, as is consistent with systematic search methods*.

For an experimental study to be included in our analysis, it needed to:

306

1. Be published between 2008 and 2018, to isolate recent trends in the growth
and nutritional effects of forage fish replacement;

2. Replace fishmeal and/or oil ingredients using soy, algae, bacteria, yeast or
insects (solely or in combination with other ingredients);

3. Explicitly illustrate forage fish sparing rather than supplementation with
novel feed ingredients;

4. Numerically (not just graphically) describe the influence of fishmeal or oil
replacement on animal growth through the feed conversion ratio (or the feed
efficiency ratio where we took the inverse);

5. Numerically (not just graphically) describe the influence of fish oil replace-
ment on the nutritional value of animal tissue through the changes in DHA
and EPA concentrations as a percentage of total fatty acids (or where at least
DHA, EPA and total fatty acids were calculable);

6.  Detail the complete dietary composition of reference (0% forage fish replace-
ment) and experimental diets so we could quantify trade-offs between fish-
meal replacement and dietary fish oil (and vice versa) and account for them
when calculating forage fish demand.

Metrics for growth efficiencies and nutritional content. There are a number of
indices that experimental studies and producers use to assess growth rates and
the nutritional value of farmed aquatic animals at the start of, during and after
feeding trials. Growth parameters can include a combination of the total weight
gain (percentage change between final and initial weight), specific growth rate
(difference in the natural logarithm of the final and initial weight normalized

by the duration of the feed trial), feed efficiency ratio (weight gain divided by
feed input), feed conversion ratio (feed input divided by weight gain) or protein
efficiency ratio (weight gain divided by protein input). Here, we adopted the feed
conversion ratio as our growth metric of interest because: (1) the results directly
reflect the forage fish demand calculations; and (2) feeds are one of the greatest
overheads for aquaculture producers (for example, 50% of total production costs
for salmon)™ and substantial increases to feed conversion ratios may equate to
lower profits per unit of biomass produced.

As a metric of nutritional value in farmed species tissues, we adopt a metric
similar to the omega-3 index used in the human health studies—the sum of DHA
and EPA as a proportion of total fatty acids within animal tissues following fish
oil replacement trials. We note that decisions on nutritional substitutability of a
given feed ingredient normally use several metrics of change to fatty acid content,
including total omega-3 polyunsaturated fatty acid content, the ratio of EPA to
DHA content, or a ratio of total omega-3 to total omega-6 fatty acid ratios among
others®’. Nonetheless, the relative change to both DHA and EPA as a proportion
of total fatty acid content provides a useful, unitless metric of the degree of fatty
acid composition change in animal tissues. While the omega-3 index we use here is
analogous to those used in human nutritional studies, it should be noted that they
are not the same. In humans, the omega-3 index is used to describe the sum of EPA
and DHA as a fraction of total fatty acids in the blood as an indication of human
health’"***. We do not claim that our use of this fraction describes anything about
fish health; it is merely a useful tracker of the change to fatty acid composition
within the same species as fish oil is replaced.

From each individual study, we extracted the mean effect of forage fish
replacement on either the feed conversion or fatty acid ratios to represent a single
point within our data. To judge plausible replacement levels of fishmeal and oil, we
assumed producers will only be willing to replace forage fish ingredients in feeds
if a reasonably similar feed conversion ratio or fatty acid profile is achieved. We
arbitrarily hold this similarity to within 5% of reference diets, given that there will
be a price or even belief system component to why a manufacturer or producer
may want to use a novel feed over fishmeal and oil. We standardize the detection of
any change beyond this threshold as the point at which 95% confidence intervals
of fitted statistical models (detailed below) increase or decrease >5% past reference
diet values for feed conversion ratios or omega-3 indices, respectively.

Modelling growth and nutritional effects of forage fish replacement. Given the
range of fed animal species, ingredient species or forms, amino acid or enzyme
supplementations, attractants, pellet sizes or production environments used, it is
not surprising that even studies replacing forage fish with the same ingredients
within animal groups yield different results for growth or fatty acid contents. To
calculate average responses to fishmeal and oil replacement while accounting for
these variables, we combined experimental data for each feed type, animal group
and model at what level of forage fish replacement feed conversion or omega-3
indices, respectively, increase or decrease beyond 5% of reference diets. To reflect
the nonlinear trends in growth or nutritional content with replacement across
different studies, we fitted smoother-spline mixed-effects (SME) models to the
data on feed conversion and the omega-3 index from 0-100% fishmeal or oil
replacement (or the maximum used in the feeding trial) using the sme R package™.
As we are interested only in relative rather than absolute changes to both of these
parameters, we modelled replacement effects on relative feed conversion or fatty
acid ratios for study i as a smooth function of forage fish replacement, y,(r):

yi(r) = p(r) +vi(r) + ei(r) )
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where yu(r) is the mean function across all studies, v,(r) is study i’s deviation from
the mean function, assumed to also be a smooth function of replacement, and
€,(r) is the error process™. Using the study ID as the random effect, we capture
combined information on the experimental species, specific forage fish substitute
and amino acid and enzyme supplementation regimens used, which would
otherwise be highly collinear.

SME models are ideally suited to our dataset due to the small sample sizes,

noisy observations, irregular measurements and missing data inherent from
pulling independently designed experimental research together. To avoid the
constraints small sample sizes impose on the number and locations of knots
between polynomials within smoother splines, SME models use every measured
replacement percentage point as a knot and introduce penalty parameters for lack
of smoothness to avoid overfitting. We estimate these penalty parameters during
model fit using the corrected Akaike information criterion, maximizing penalized
likelihood. However, knot number and location were occasionally manually fitted
if there were fewer observations than degrees of freedom when using the default
approach outlined above. Manual fitting was honed through diagnostic checks of
quantile-quantile plots and the spread of standardized residuals across forage fish
replacement values and fitted values for relative feed conversion or n-3:n-6 fatty
acid ratios. By plotting model outputs, we discern where (in terms of forage fish
replacement levels) clear increases in the feed conversion ratio occur when 95%
confidence intervals increase >5% above feed conversion ratios of reference diets.
We repeat this for where confidence intervals decrease >5% below the omega-3
index for reference diets under fish oil replacement.

Finally, we combine these thresholds as limits of plausible fishmeal or oil

replacement with apparent trade-offs in dietary change of the opposite ingredient
(that is, for species i under a fishmeal replacement regimen from feed k):

where FMFO, is the proportional dietary contribution of fishmeal and oil, AFM,

FMFO;x = »  (FMFO;x AFM(gpu);x) + (FMFO; % AFO gy ) (3)

is the optimal proportional replacement level of dietary fishmeal, and AFO,, is
the proportional change in fish oil associated with AFM,,, or vice versa. This can
then be reinserted into the forage fish calculation (equation (1)):

FF;j = Prod,; x Prop; x FCR; x FMFO; ; x Cv

Applying these combined results to dietary information within forage fish

demand calculations for 2030, we assess the potential for each novel feed type to
keep forage fish demands of fed aquaculture below historical supply.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Aquaculture production data are publicly available and were accessed through
FishStat]*. All data products used for analyses in this study are publicly available
through a GitHub repository (https://github.com/cottrellr/alternativefeeds). All

data that support this study are available from the corresponding author on request.

Code availability

All custom code produced during the analyses were generated using R statistical
software version 3.4.3 and are publicly available through a GitHub repository
(https://github.com/cottrellr/alternativefeeds).
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