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Aquatic foods are a critical source of nutrition in many developing countries. As a result,
declines in wild capture fish landings threaten nutritionally vulnerable populations.
Farming aquatic foods presents an opportunity to meet local demand, but it also places
pressure on natural resource inputs and causes a range of environmental impacts. Here, we
examine whether current aquaculture systems in Bangladesh can be reoriented to address
prevailing nutritional deficiencies while minimizing environmental impacts. An optimized
configuration for current farmed fish production cannot fully supply the same essential
micronutrients (zinc, iron, and calcium) densities as wild capture fish. However, when the
proportion of highly nutrient dense small indigenous species (SIS) was increased to at least
30% of total output in any of the 14 aquaculture production systems analyzed the
integrated production systems were able to meet or surpass the nutrient densities of
average wild capture fish. Extensive aquaculture systems that co-produce fish and rice had
the lowest environmental burdens in six out of seven metrics examined when the
composition of all aquaculture systems was modified to include 50% SIS. Nutrition-
sensitive fish production that provides greater human health benefits and minimizes
environmental impacts is a key societal challenge requiring targeted interventions and

supportive policies.



35

36
37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64

Introduction

Aquatic foods (encompassing finfish, molluscs, crustaceans, and other aquatic animals) are a
critical source of nutrition, providing nearly 20% of global animal protein, and also essential
fatty acids and micronutrients®. Global per capita consumption of aquatic foods has increased on
average by 3.2 percent annually since 19612 and demand is increasing with population growth
and rising incomes. Despite the stagnation of global capture fishery due to overexploitation?,
environmental degradation of habitats, and shrinkage and pollution of natural water bodies, the
increased global aquatic food production has occurred due to the rapid expansion of
aquaculture®. In the future, continued aquaculture expansion will play a central role in meeting

global aquatic food demand.

Nutrition-sensitive aquaculture is a food-based approach to aquaculture development that
emphasizes the production of nutritionally high-quality foods to support positive nutritional
outcomes and environmental sustainability®. This contrasts with approaches that focus solely on
productivity and profitability, and parallels similar concerns in the wider agricultural sector®.
Directing aquaculture towards increased health benefits and minimized environmental impacts is
in line with the UN sustainable development goals (SDGs) for zero hunger (SDG 2), increased
health and well-being (SDG 3), responsible production and consumption (SDG 12), and climate
action (SDG 13).

Across inland and marine systems (cages, pens, nets, earthen ponds, paddy fields, reservoirs, and
tanks), aquaculture production consists of a wide range of cultured species (approximately 600
‘item species’)* and final product forms via extensive value chains’. As a result, both the nutrient
composition and environmental impacts of aquaculture vary widely®®. Differences in
environmental impacts vary with the specific environmental conditions of the aquaculture site
(e.g. hydrology, evaporation, biological sensitivity), production methods (e.g. type of enclosure,
level of intensity), and the needs of the species (e.g. feed requirements). Identifying nutrition-
sensitive aquaculture systems requires a systematic comparison of the human nutritional and

environmental tradeoffs across species and production systems with a consistent methodology.

Food security in Bangladesh has been improving overall in the last decades, but continues to be a

major public health concern (see Supplementary note)'%1!, Its status is governed by food



65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85

86

87

88

89
90
91
92
93

availability fluctuations (e.g. location, seasonality and climate change)'212, poverty (high prices),
and other socioeconomic factors*4. The Bangladeshi population also faces multiple micronutrient
deficiencies of iron, zinc, vitamin A, B12, and iodine!’. In the average Bangladeshi diet, fish are
consumed more frequently than any other type of animal-source foods®, thereby supplying
critical micronutrients (for brevity, we use the term fish to refer to aquatic foods which in
Bangladesh mostly consist of finfish and some crustaceans). However, Bangladeshi fish
consumption has shifted from wild capture to farmed over the past several decades, with noted
deterioration in key micronutrient intake!31%, Bangladesh is now the fifth largest farmed fish
producer in the world? and domestic aquaculture is expected to continue growing in the future.
Understanding if this growth in the sector can be reoriented to improve domestic nutrition and
food security and environmental sustainability is critical. A recent life cycle assessment (LCA)
study of aquaculture systems in Bangladesh®® and extensive research on the nutritional benefits
of fisheries>1"-1° provide rich datasets to build upon and explore an optimal nutritional-

environmental solution space.

Here, we demonstrate an approach to quantitatively combine these nutrition and environmental
dimensions and to identify Bangladeshi aquaculture systems that optimally meet nation-specific
nutritional needs while minimizing environmental costs. Specifically, we evaluate the current
relative nutrient contribution of farmed and wild capture fish, estimate the combination of
aquaculture systems that best deliver a nutrient profile closest to wild capture fish, and identify
the mix of aquaculture production that minimizes environmental impacts with improved

micronutrient supply.

Results
Nutritional contribution of farmed and wild capture fish

The contribution of fish to overall diets and human nutritional requirements varied among the
nutrients we explored (see Methods for further details). Total consumption of five nutrients
compared to their estimated average requirements (EAR) and the contribution of fish intake in
different age-sex groups are presented in Fig. 1. Distinct values for age-sex groups are noted

because of different intakes levels or requirements (e.g. women or children). Total protein intake
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is above minimal required levels, but intakes of zinc, vitamin A, and calcium are considerably
lower than requirements; iron is closer to required amounts. These results suggest suboptimal

intakes in four micronutrients: zinc, iron, calcium, and vitamin A.

Farmed and wild capture fish contributions to the intake of these nutrients varied. On average,
farmed fish contribute about 7% of protein, 7% of absorbed zinc, 3% of iron, 22% of calcium,
and 13% for vitamin A in all age-sex groups. Wild capture fish account for a similar contribution
to protein, but larger contributions of absorbed zinc, iron, calcium, and vitamin A at 13%, 8%,
65%, and 23% of total intake, respectively. Despite these differences, farmed and wild capture
fish are consumed in equal quantities. These results emphasize the large differences in nutrient
densities of ingested wild capture fish compared to farmed fish, specifically for zinc, iron,
calcium, and vitamin A. If aquaculture can be redesigned to produce similar nutrient densities as

wild capture fish, key micronutrient deficiencies may be reduced.
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Fig. 1 | The nutritional contribution of fish to overall diets in comparison to requirements
for all age-sex groups. In each panel the leftmost column depicts complete diet median intakes
in Bangladesh; the second column from the left presents estimated average requirement values
(EAR). The second column on the right for each panel details the nutrient contribution from
farmed fish and the rightmost column — from wild capture fish. Farmed and wild capture fish are
eaten in equal quantities enabling a comparison of their overall nutrient densities (nutrients per
mass). Zinc values are converted from intake to absorbed using the Miller equation (see Method
section). Estimated average requirement for iron assumes a 5% bioavailability. Vitamin Bi12’s per
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capita nutrient intakes from complete diets are unavailable. The box plots bracket 25-75%
percentiles with the line in the middle indicating the median. The dots present outliers, depicting
groups with either lower or higher intakes or requirements (e.g. children).

Aquaculture systems that deliver a nutritional profile closest to wild capture fish

We tested whether combinations of production volumes from all existing aquaculture systems
examined can improve nutrient supply per mass to be closer to wild capture fish’s nutrient
profile. These 14 aquaculture systems ranged in fish species produced, culture system, and
intensity (see Methods and Supplementary Table 1). The best combination of production from
the 14 aquaculture systems in Bangladesh was able to improve the total fish-derived nutrient
supply compared to recorded national intake (for 2010) by 18%, 25%, and 27% for zinc, iron and
calcium, respectively (see Methods). Protein, vitamin A, and vitamin Bi12 showed an increase of
6%, 222%, and 46% over recorded consumption of fish-derived nutrients, respectively.
However, the best combination of fish produced via aquaculture was not nutritionally
interchangeable with wild capture fish. Thus, although farmed fish comprised about 50% of
consumed fish mass in 2010 this combination was unable to supply an equivalent amount of
nutrients. It delivered 16%, 36% and around 30% less zinc, iron, and calcium per equal edible
mass compared to wild capture fish, respectively. Because of the similarity in protein and
vitamin Bi2 densities of wild capture fish and farmed fish, the best combination of production by
the aquaculture systems can supply 22% and 27% more protein and vitamin B12 than wild
capture fish, respectively. While neither protein or vitamin B12 represent a nutrient constraint, the
same is true for vitamin A. The best combination of aquaculture systems was able to supply
about 300% more vitamin A from farmed fish compared to wild capture fish. The possibility of
increasing supply of vitamin A per mass from farmed fish above the contribution of wild capture
fish is in contrast to current consumption of fish in which higher contribution of vitamin A (per

equal mass) is observed for wild capture fish (Fig. 1).

Comparing the 14 aquaculture systems’ iron, calcium, and zinc content provides insight into the
relative nutrient densities of these systems based on the fish group types they are composed of
(Fig. 2; see Supplementary Data file). None of the 14 aquaculture systems (open black circles)
delivers the same amount of calcium, iron, or zinc per mass unit as average wild capture fish
(Fig. 2; black circle marked as ‘wild’). Generally, the commercial systems that mostly rely on a

single fish type (Koi (pond), Pangas (beel, pond), and Tilapia (pond); see Supplementary Table
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1) exhibit lower nutrient values than the other systems. Polyculture systems with various fish
types can in certain conditions complement this nutrient shortfall when one fish provides higher
values of a certain nutrient that is absent in another fish. For example, the combination of ‘Indian
major carp’ and ‘Exotic carps’, which appear in many of the systems follows this pattern. ‘Exotic
carps’ have relatively higher values of iron and zinc, while ‘Indian major carp’ have higher

values of calcium, vitamin Bi12, and vitamin A.

Species

® Small indigenous species
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Indian major carp
9 Indian minor carp
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Fig. 2 | Nutrient densities of fish types and aquaculture systems. Calcium, iron, and zinc
densities produced by each of the 12 fish group types (filled colored circles) and each of the 14
aquaculture systems examined (black circles). Units are in mg per edible g for calcium and iron.
Zinc values are represented by the relative size of the circles (for comparison ‘Small indigenous
species’ zinc density is 0.04 mg/g). Each of the 14 aquaculture systems produces a varying
combination of fish group types, and therefore are a vector addition of all of its fish group types.
Estimated average nutrient densities of wild capture fish are presented as a comparison (black
circle marked as ‘wild’). For brevity, the aquaculture systems are only listed by their
abbreviations (see Supplementary Table 1 for unabbreviated names).

A single group of the 12 fish types in the observed aquaculture systems — ‘Small indigenous fish’
(S1S) holds nutritional qualities above the other fish groups produced in aquaculture and wild
capture fish. It contains 0.065 iron mg g and 9.8 calcium mg g%, and has double the zinc
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density of tiger shrimp, the fish group type with the second highest zinc density in these systems
(Fig. 2). Surprisingly, this group’s relative contribution to the overall mass produced in the
systems is low (<2% with the exception of the ‘Fish and SIS in homestead ponds’ of ~13%)).
Altering the composition of any of the other fish groups will not bring any of the 14 systems as a
whole to produce fish with the same nutrient densities as wild capture fish (Fig. 2). This is
because all the other fish group types supply relatively low nutrient densities (in particular,
calcium, and iron). Thus, akin to vector addition, any changes in the relative contribution of the
fish groups in each system will not be able to bring the system to the level of wild capture fish (at
the center of Fig. 2).

Minimizing environmental impacts of aquaculture production

With both consumed in equal quantities on a national level, we investigated if national farmed
fish production (reflecting local consumption in year 2010) can supply a similar nutrient profile
as national consumed wild capture fish by gradually modifying the composition of the
aquaculture systems to include a greater proportion of the SIS group type (at the expense of the
others). This was done to preserve the relative nutritional advantage of systems that already had
some SIS produced (e.g. ‘Fish and SIS in homestead ponds’) and to reflect incremental steps of
changes in production mix. We found that increasing the proportion of inclusion of SIS from
total mass output by at least 30% can produce fish with a similar nutritional profile as wild
capture fish. At this level of change only the ‘Fish and SIS homestead ponds’ system was able to
produce fish to meet the nutrient supply level of wild capture fish because of its already superior
nutrient densities (on account of higher proportion of SIS) compared to the other systems (Fig.
2). As the proportion of SIS inclusion from total mass produced increased, more and more
systems were able to produce fish to meet the nutrient supply of wild capture fish. We then used
linear optimization to identify the systems that provide high levels of nutrition with the least

environmental burdens (Fig. 3).

Because the 14 aquaculture systems produce more than one fish group type with some systems
more diverse than others (see Methods and Supplementary Table 1), changing the proportion of
inclusion of SIS to 50% in all the systems still maintains this heterogeneity (Fig. 3a). We use
linear programming to minimize each of the seven environmental metrics (including a composite

indicator) individually (Fig. 3b). Our results for a SIS inclusion proportion of 50% indicate that
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for all environmental metrics minimizing the environmental burden of a specific impact category
results in a single system that has the lowest impact per mass of fish (see Supplementary Data
file). Freshwater consumption is an exception, because the ‘Pangas (beel)’ system is the second-
best performing system. ‘Pangas (ponds)’, the best performing system, did not fulfill the nutrient
supply threshold defined above (see Supplementary Methods for more details). From an
environmental perspective the ‘Rice and Fish’ is the preferred system minimizing four of seven
environmental metrics (i.e. All, global warming, land use, and eutrophication). For freshwater
consumption, the ‘Pangas (beel)’ system should be favored. To minimize freshwater ecotoxicity
and acidification more production should be shifted to the ‘Shrimp and Rice (gher)’ system.
Increasing the proportion of SIS beyond 50% slightly changes the results for freshwater usage
(Fig. 3b). Thus, the inclusion of 30-60% of SIS from total produced mass brackets an optimal
space to meet dual objectives of nutritional security and environmental sustainability with the

least changes in the composition of existing fish types.

, . b
Species composition by Optimized production at
production system environmental impact minimum
Tilapia (pond) { I
Shrimp (gher) 1 INEGEEE All
S+R (gher) { I o
§+P+R (gher) | I Eutrophication Rice
Rice and Fish { I and fish
Pangas (pond) 1 I Land
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P4R (gher) - IR e
Koi (pond) -| I PR
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0.00 0.25 0.50 0.75 1.00 0.0 0.5 1.0 1.5 20 25
Proportion of production Production (Mt/yr)
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- Indian major carp . Pangas Other Other shrimp

Fig. 3 | Aquaculture production volumes that minimize environmental impacts. Fish type
mixture characterization (panel a), in proportions and total produced annually by each of the 14
aquaculture systems (panel b, in Mt y'!) optimizing various environmental targets to supply
adequate macro- and micro-nutrients nationally. The results presented here depict the scenario of
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at least 50% proportion of SIS (marked in dark purple) with total production highlighting total
aquaculture production to meet Bangladeshi farmed fish consumption patterns in 2010° while
fulfilling a nutritional threshold introduced by average wild capture fish. For the environmental
metrics, GW stands for global warming, Land for land occupation, Ecotoxicity for freshwater
ecotoxicity, and FWC for freshwater consumption. Differences in production volumes between
the preferred systems in panel b are a result of differences in edible yield among the species.

Discussion

Micronutrient deficiency in Bangladesh remains a large public health concern. Recent
aquaculture expansion has increased fish consumption for all subpopulation groups, including
low-income social groups?, potentially offsetting some of these deficiencies. However,
increased consumption of farmed fish has failed to deliver some essential micronutrients and
poses large environmental challenges. We presented a novel approach that explores future

sustainable aquaculture, addressing human and natural needs.

We found that the major aquaculture systems in Bangladesh are not interchangeable with wild
capture fish with respect to the supply of zinc, iron, and calcium unless the farmed fish species
composition is altered to include higher proportions of SIS. However, optimizing current
aquaculture production can increase protein, vitamin Biz, and vitamin A of farmed fish,
especially the latter, producing equal and more per mass compared to wild capture. Without any
change in fish type configuration, the homestead fish and SIS systems provide the highest
nutrient output, and as already documented?'?2 serve as an important avenue to address food
security at the household level. In this respect, our results reaffirm the important role of SIS in
providing high nutrient values, as was noted in previous studies!®23-25, Incorporating nutritional
considerations in choosing different aquatic food types that offer high nutrient densities and

complement one another should be prioritized.

When nutrient supply thresholds were met, the ‘Rice and Fish’ system emerged as the
environmentally optimal system in four out of the seven environmental metrics examined
including a combination of all of them. However, the ‘Shrimp and Rice’ system met the nutrient
requirements with the lowest freshwater ecotoxicity and acidification impacts. Overall, except
for freshwater consumption, systems that co-produce fish with rice were favored. Compared to

the other systems, these systems are extensive, exhibiting a relatively lower fish yield per area.
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These findings stem from the fact that sustainable intensification of aquaculture in Bangladesh
(higher output per farmed land) is not correlated with reduced environmental burdens per unit of
production®®. While shrimp is mostly exported and not consumed directly by the rural poor, its
sale can augment household income. In addition, the ‘Shrimp and Rice’ systems include many
additional species that are directly consumed or are available in local markets. Therefore,
promoting the production of all rice-fish systems, mostly in rural settings, with additions of SIS
through technology will directly contribute to rural household food security with reduced

environmental impacts.

Rice production and consumption in Bangladesh is widespread. As a result, integrating fish
production into existing rice systems can be readily explored with little interventions and
investments. Already, integrating aquaculture with agriculture avoids expanding food production
into pristine habitats, and offers increased profit margins for farming systems?6. A next step for
implementing these findings is to identify the necessary configuration and management practices

of traditional rice and fish systems to reach optimum environmental and nutritional performance.

Intensive production (and revenues) and easier management make monoculture production more
favorable than polyculture systems, yet polyculture is the most widely practiced technology
among farmers in Bangladesh. Promoting polyculture production systems over monoculture
systems, as our results suggests, should be advocated for several reasons. First, systems culturing
multiple food (and fish) types can provide greater nutrition over a range of nutrients, reducing
the risk of suffering from nutritional inadequacy. Moreover, compared to monocultures,
polyculture systems are usually more resilient, reduce the risk of economic loss due to price

fluctuations and disease outbreaks, and in many cases improve environmental performance?’2°,

Because feed production is a major contributor to most impact categories*®, producing more fish
with less feed (decreased feed-to-food ratio) is an important strategy to reduce the environmental
burdens of these aquaculture systems. One major path to achieve this is via species type and their
edible share'®. In this respect the inclusion of larger portions of SIS production plays a key role,
because it requires no external feed under current production methods?*2° and is occasionally
eaten whole - including the head and bones?* (high edible share). Consequently, increasing the
proportions of SIS in total output stands to reduce the environmental burdens of all the systems

examined here per edible nutrient. However, we did not modify the environmental performance
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of the systems when changing their fish composition (especially increasing SIS). Thus, the
environmental performance measured for all systems in our optimized scenario (Fig. 3) is likely
an overestimate of the true environmental performance of the 14 aquaculture systems when
including SIS at higher rates. In addition there is already existing evidence that incorporating
Amblypharyngodon mola (a SIS species) in ponds stands to increase productivity?*. The
increased productivity stands to reduce the environmental burdens of the system even further

because the environmental burdens are usually measured per produced biomass.

In this study, we focused on environmental impacts associated with global warming, land use,
freshwater consumption, eutrophication, acidification, and freshwater ecotoxicity, but
acknowledge that these are not comprehensive of all environmental considerations. For example,
saltwater intrusion presents a formidable challenge in Bangladesh as to other coastal countries,
affecting agricultural production and consequently food security and diets in these regions
disporportionatly3'32, Increased salinity hampers rice yields®3, and alters fish composition and
aquaculture practices®*, adding other considerations beyond the scope of this analysis. Another
example relates to sourcing SIS. SIS are natural finfish and thus are sourced from wild habitants,
representing an ecological challenge when considering upscaling SIS aquaculture in Bangladesh.
Larger inclusions of SIS will require supplementary fertilization to enhance primary production
in ponds® with additional environmental impacts, but are ultimately limited by seed availability.
Much of the prawn and shrimp larvae are also collected from the wild, providing livelihoods, but
also pose severe damage to wild populations with bycatch rates of up to 1,000 discarded fry per
prawn postlarvae®®. As a consequence, some SIS, prawn, shrimp, and other species caught as
bycatch are critically endangered or threatened by overfishing®"8. Thus, collection of wild seed
for aquaculture is a major ecological concern in Bangladesh that is not captured by LCA impacts
3639 Hatchery-produced fry therefore need to be promoted for those species where the lifecycle
has been closed, but challenges such as availability to high quality seed, cost, and farmer
perceptions need to be overcome®. Consequently, availability of juveniles indicates a significant
challenge for some of the systems evaluated. More investments in technologies, especially in

improving SIS seed production, are needed.

Hatchery production and grow-out of farmed fish, unlike wild capture fish, are also faced by the
challenges of excessive therapeutant use. Ali et al.*%, for example, reported the use of seven

different antibiotics being used in Bangladeshi aquaculture (oxytetracycline, chlortetracycline,
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amoxicillin trihydrate, sulfadiazine, sulfamethoxazole, trimethoprim, and doxycycline). These
and other therapeutants can in turn have negative health effects on Bangladeshis, especially since

pond water is often used interchangeably with bathwater.

Intensification of farming practices and increased use of pelleted feeds also have knock-on
effects on the nutritional content of individual species*!. The shift from extensive to improved
extensive or semi-intensive aquaculture involves external feed inputs. In Bangladesh, these feed
inputs have mainly been agricultural byproducts, fish bycatch, or farm-made feeds. Recent
increases in the use of formulated feeds have, in turn, enabled intensive farming while also
improving feed conversion rates due to better formulated nutritional profiles for fish.
Unfortunately, little attention has been directed towards understanding different feeds' influence
on the nutrient composition of fish*2. Improving feed quality and fortifying feeds, could

consequently hold great potential for improving human nutrition.

From the demand side, different species have varying availability to domestic consumers and
different social classes. The majority of shrimp and prawn tails are, for example, aimed for
export, while heads are sold for local consumption. While these cash crops enable procurement
of alternative food items, the inequity of these monetary flows differs from those of locally
consumed fish species. Fish consumption patterns differ among different socioeconomic groups
with a more pronounced increase in farmed fish consumption amongst poorer households noted
over the last few decades!®. This inequality, which is not captured in our nationally averaged
analysis, suggests that the decline in micronutrient intake from fish is greater among the poorer,
and that corrective interventions as inferred from our analysis stand to benefit these groups even
more. Overall, the Bangladeshi aquaculture sector is undergoing a major transformation, with an
increasing volume of fish now entering urban markets*3. Shifting market demand is also shaping
the composition of fish farmed and does not necessarily favor nutritionally superior species. In
this respect, increasing the production volumes of SIS will likely decrease the production of
other valued surface feeders (e.g. silver carp and catla) in the same ponds due to competition.
The high demand for these species among both rural and urban consumers will likely impose
greater obstacles on growers to include SIS in greater proportions. Therefore, widespread
dissemination of SIS is challenging not only from the supply but also from the demand side,

requiring investments in improving its acceptance among consumers.
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More nutritional and environmental data of fish are needed to refine the results presented here
and provide a more accurate picture. Nutrient compositions of fish are based on small sample
sizes or single measurements. Because the nutrient values of fish vary based on species type,
location, feed type, farm management, and seasonality, higher spatial and temporal resolution
data are required to derive more representative conclusions across these scales*>#4. In addition,
inferring individual level consumption patterns from household surveys or macro level datasets
(e.g. GENuS*) are based on assumptions that do not necessarily reflect the true average intakes
of differing age-sex groups. However, a recent study“® found that with the exception of infants,
predicting individual level nutrient intakes from energy requirements (as we do here; see
Methods) is fairly accurate for Bangladesh. Moreover, a comparison of granular household level
data of fish consumption with subpopulation nutrient supply derived from macro level data
(GENuS) can be skewed due to differing methodologies and assumptions. Also, more data on
household and individual consumption patterns and specific intakes of food items, especially fish
types, are crucially needed to better capture the true role of farmed and wild capture fish in local
diets and offset some of the inaccuracies we note above. LCA environmental impact estimates
are also strongly influenced by modeling choices, geographical regions, fish type, and specific
farming practices. Therefore, inferring the environmental performance of producing specific fish
from studies of the same fish in other locations is difficult. Aquaculture production occurs
primarily in developing countries, yet most LCAs of aquaculture document fish production in
developed countries. As a result, it is difficult to generalize the specific estimates of this study to
other aquaculture producing countries. In any case, more aquaculture LCA studies are crucially
needed in developing countries in order to tailor sustainable and nutrition-sensitive aquaculture

investments to local contexts.

Our work contributes to the evolving discourse pertaining to the role of aquatic foods in
sustainable diets*’. In Bangladesh and other developing countries, aquatic foods are at times the
only accessible source of essential micronutrients. Nonetheless, even when competing with other
food groups, and acknowledging that they too can contribute to alleviating micronutrient
deficiencies, aquatic foods can efficiently provide micronutrients at low environmental
footprints*®, considerably better than terrestrial livestock®. Moreover, while fortification of
staples and condiments has been successful in ameliorating some of the burden of

malnutrition“>*0, increasing essential micronutrients supply through fish can be seen as another
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type of “supplementation” strategy, complementing other existing fortification programs of
familiar and regularly eaten food types, such as rice or oil. Because fish is culturally acceptable
across all socioeconomic groups in Bangladesh aligning food choices with best nutritional and
environmental practices does not require drastic changes in consumption patterns, rendering our

results here easily acceptable from policy and consumer standpoints®:.
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Methods

We compiled a dataset (see Supplementary Data file and details below) from several sources that
includes both nutrition and environmental data. The former included data of average nutrient
intake of diets and fish of subpopulation groups in Bangladesh and nutrient supply of existing
aquaculture systems while the latter was compiled from LCAs of aquaculture production in
Bangladesh. With this combined dataset we run two optimization scenarios (as outlined below)
to test whether nutrient supply of current aquaculture systems is comparable with wild capture
and to identify the mix of aquaculture production volumes that minimizes environmental impacts

upon improving their nutrient densities (through the inclusion of nutrient-dense SIS).
Nutrition data

For total nutrient consumption values of different age-sex groups in Bangladesh (for year 2011)
we used values from the GENuS nutrient supply database*®, which is based on FAO’s food
balance sheets and various regional food composition tables (see Supplementary Data file). We
focused on nutrients that are related to nutrient deficiencies in Bangladesh and are associated
with fish supply, namely zinc, iron, calcium, vitamins A, and B12'%%2. To assess possible
micronutrient inadequacies on a population level, we compared these calculated nutrient
consumption values to estimated average requirement (EAR) values for each micronutrient®3-56
(see Supplementary Data file). Zinc consumption values were adjusted to account for
bioavailability and absorption, using the Miller equation®” and updated coefficients®®. The Miller

equation models the amount of zinc absorbed in the diet by controlling for the total dietary
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phytate, a known inhibitor of zinc absorption. We estimated daily phytate consumption from the
GENuUS database (see Supplementary Data file). Total consumption of vitamin B12 values of all

age-sex groups were unavailable and thus B12 was excluded from Fig. 1.

For fish consumption from wild capture and farmed fish, we used data from Bogard et al. that
reconstructed household expenditure surveys of fish consumption in 1990 to 2010 per essential
micronutrients, distinguishing between farmed fish and wild capture fish (non-farmed)®. To
transition from the micro (individual) to the macro (national) level for the minimization and
optimization schemes described below, we used adult male equivalents (AMESs) described in
Bogard et al.'®; each age-sex group consumption pattern is determined as a fraction of an adult’s
energy requirement. Multiplying the number of people in each age-sex group by its AME, we
then derived total national AMEs. Using AME instead of the number of individuals is more
accurate because it reflects the differences in consumption volumes and nutrient requirements
among the various age-sex groups. Multiplying nutrient values per AME® by each age-sex
group’s specific AME enabled us to determine the consumption of a specific nutrient from fish at
a certain age-sex group. We then multiplied each age-sex group’s population with its average
individual consumption to derive national level fish-derived consumption per group. Finally, we
summed all age-sex groups to estimate the contribution of national farmed and wild capture fish

consumption to each nutrient.

Determining farm and wild capture fish’s nutrient contribution (Fig. 1 and 2) is based on the
same dataset'®, which details only the difference in mass contribution from farmed and wild
capture fish and total fish nutrient consumption per AME in 2010. To overcome this, we
calculated the average nutrient densities of wild capture fish in 1990 (which constituted almost
100% of all fish consumed) and multiplied it by wild capture fish mass consumption in 2010.
The residual between total fish nutrient consumption in 2010 and the former calculation is
farmed fish’s nutritional contribution in 2010 (Fig. 1). These nutrient differences between farmed

and wild capture fish occur in spite of an equal mass contribution to overall fish consumption.

We extracted nutrient composition values of fish in Bangladesh from existing literature*57,
When data were lacking, we estimated nutrient composition of species from other food
composition tables (see Supplementary Data file and references therein for more details). We

then used the relative fraction of all fish groups within each system6:2¢ to derive a weighted
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average of all nutrient densities and edible portions of each aquaculture system (see

Supplementary Data file).

Aquaculture systems in Bangladesh

Given the diversity of aquaculture systems in Bangladesh, we used the classification provided by
Jahan et al.?® In this classification, systems are defined according to their purpose (commercial or
homestead), intensity of production and production method (Supplementary Table 1). Systems
are classified as either commercial or non-commercial based on their share of export to markets
or local consumption?. Commercial systems, which include the majority of systems analyzed
(12 out of 14), exhibit high production volumes and financial turnovers and non-commercial
production systems are often termed homestead ponds and are maintained by families. All
systems are subsequently categorized based on production method (whether in commercial
ponds, beel, or gher) and the level of intensity (extensive, semi-intensive, or intensive). Beels are
natural large ponds that hold water throughout the year due to sustained floods or rains, and
ghers are rice ponds (in southern Bangladesh) that have been deepened to hold finfish or
crustaceans and production is occasionally integrated with rice production. Unlike the
conventional model of industrialized intensive agricultural systems that promote specialization
(usually of a single crop), commercial aquaculture systems in Bangladesh can be both extensive

and polyculture in nature.

We used LCA data from Henriksson et al.® that quantified the environmental impacts of these
different aquaculture systems in Bangladesh?® across six metrics: global warming, freshwater
consumption, land occupation, freshwater ecotoxicity, acidification, and eutrophication. LCA is
an ISO-certified (1SO 14044) framework to assess the environmental impacts and resource usage
of a product or service across several life stages (e.g. from cradle to farm-gate). We used impacts
calculated based upon mass allocation, with a detailed scope of other methodological choices

available in Henriksson et al.1®.

Data limitations
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This study leverages among the most detailed aquaculture LCA datasets, particularly for a
developing country, and the most comprehensive fish nutrition data available. Nevertheless, the
study's findings at the national scale are limited by the resolution of this data and additional data
would increase estimate uncertainties. Despite this study leveraging a data rich case, there were
some notable data gaps: four vitamin A and Bi2 values were absent for three fish groups and
ecotoxicity values were not available for three systems?® (see Supplementary Data file). To

overcome these data gaps, we estimated their values as the mean of the other systems.

The GENuS dataset* and the household fish consumption data®® convert aggregated data into
subpopulation intakes, the former to average intakes of different age-sex groups and the latter to
nutrient intakes per AME. These conversions are based on assumptions that might render
average subpopulation intakes as inaccurate. We also note that the comparison of macro level
data (GENuS) with household survey data of fish consumption (Fig. 1) can be inaccurate due to

differing methodologies and assumptions.

To maintain consistency across the estimated environmental impact categories, our system
boundaries do not include food waste losses from production to consumption. Thus, upscaling
from individual consumption to national level aquaculture production to meet this demand (Fig.
3b) does not take into account possible losses across the supply chain. As a result, the production
volumes presented in the figure are an underestimate of the true national aquaculture volumes

required to supply average Bangladeshi farmed fish consumption patterns in 2010.

Nutrition and Environmental Optimization

To identify the solution space for improving human nutrition outcomes from aquaculture with
the lowest environmental impacts, we ran two sets of optimizations. In the first, we tested
whether the nutrient supply of current aquaculture systems can be on par with wild capture fish.
To accomplish this, we solved for the combinations of production volumes of the 14 aquaculture
systems that deliver a national nutrient profile that deviates least from current national wild

capture fish contribution to consumption patterns using least squares minimization (Eq. 1):

min,||WAx — Wb||3 (1)
where the solution vector x € R**1 holds the masses of each of the 14 aquaculture systems

with which the total nutrient supply is nearest, in a Euclidean least squares sense, to that
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provided by wild capture fish b € R3*1. This is true because in 2010 farmed and wild capture
fish contributed equally in terms of mass to national consumption®®. The elements of b are the
national level nutrient intake wild capture fish provided in 2010, converted from individual to
national scales using the AME calculation described above!®. The matrix A € R3*1* holds the
nutrient attributes per g mass of each of the systems. The matrix dimension of 3 corresponds to
three optimized nutrients, zinc, iron, and calcium. The algorithm guarantees that the sum of the
solution vector X, the reproduced total farmed fish mass, equals total consumed farmed fish (and
wild capture fish) provided in 2010. To prioritize and highlight a certain nutrient over the other
two, we multiplied the nutrient difference equation by the diagonal square W, which is the
identity matrix except the one diagonal value, corresponding to the highlighted nutrient replaced
by a high value (1,000). The three resulting combinations mutually differed only slightly.
Because of the relative similarities in the nutrient densities of protein, vitamin A and B12 of wild
capture and farmed fish, these nutrients were not the limiting nutrients and thus were excluded
from the least square minimization scheme. Their values compared to wild capture fish are the
median values obtained when optimizing the other three nutrients. Finally, to assess the
robustness of our results, we used a Monte Carlo approach in which the nutrient profile
constraints were randomly perturbed 10° times. Specifically, the elements of b were randomly
perturbed 103 times, in each model run replacing them with random draws from a normal
distribution whose means are the elements of b with a coefficient of variation of 20%. Using this
procedure three distinct times, in each focusing on one nutrient (iron, zinc, and calcium) and
adjusting the weight matrix W accordingly, we derived the following 90% confidence ranges of
ratios of nutrient supply by farmed fish compared to wild capture fish: zinc (-28% to -16%); iron
(-36% to -36%); and calcium (-30.8% to -29.6%). For improvements (increase) in total fish-
derived nutrient intakes compared to those recorded in 2010%° per mass, we obtained the
following 90% confidence intervals: zinc (10.7% to 18.2%); iron: (25.0% to 25.0%); and
calcium (26.4% to 27.2%). The values for vitamin A, B12 and protein increases compared to
recorded fish-derived nutrient values presented in the text are the median obtained from all the

three mentioned cases. Regardless, their values for the three different runs are similar.

For the environmental optimization (Fig. 3), we used linear programming to meet a nutritional
threshold (interchangeable with wild capture fish) while minimizing environmental costs. We

solved the equation A x > b subject to minimizing the objective function cTx, a single
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environmental metric at a time. These nutrient sufficiency constraints (corresponding to rows of
b) include protein, zinc, iron, calcium, vitamin A, and Bi2, and fixed mass. Because of an equal
contribution of mass of farmed and wild capture fish to total fish ingested for year 2010, these
constraints equal the nutrients supplied by wild capture fish consumed in year 2010. Given
farmed fish lower nutrient density, per equal mass, no solutions exist until the composition of the
aquaculture systems are gradually augmented with highly nutritional SIS. As in the least squares,
the linear programming ensures the solution vector x’s sum equals a fixed mass constraint,
representing total national farmed fish consumption (production) in 2010, which is equal to wild
capture fish’s.

We minimized the use of six environmental outcomes: global warming, land use, freshwater
consumption, eutrophication, acidification and freshwater ecotoxicity, the six elements of c. A
seventh composite environmental metric is the sum of all non-dimensionalized, normalized

environmental metrics,* termed ‘All’, and is presented in Eq. 2:

cft-¢
CAn = Xi=1~ S; L )

The parameter ¢ is the ith environmental burden per mass of aquaculture system n; ¢, and s; are
the average and standard deviation of environmental metric i over all 14 aquaculture systems.
The seventh element of the environmental cost vector is thus cyy;, the non-dimensional unit
variance over all environmental impacts of each system. Finally, we also conducted a thorough
sensitivity analysis to explore the robustness of our results (see Supplementary Methods for more
details).
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