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Aquatic food loss and waste rate in the United 
States is half of earlier estimates

David C. Love    1,2  , Frank Asche    3,4, Jillian Fry    5, Ly Nguyen6, 
Jessica Gephart    7, Taryn M. Garlock    3,8, Lekelia D. Jenkins    9, 
James L. Anderson    10, Mark Brown10, Silvio Viglia10,11, 
Elizabeth M. Nussbaumer    1,2 & Roni Neff    1,2

Food loss and waste (FLW) is a major challenge to food system sustainability, 
including aquatic foods. We investigated aquatic FLW in the food supply 
of the United States, the largest importer of aquatic food globally, using 
primary and secondary data and life cycle methodology. We show that 
there are significant differences in FLW among species, production 
technology, origin and stage of supply chain. We estimate total aquatic 
FLW was 22.7%, which is 43–55% lower than earlier estimates reported in 
the literature, illustrating the importance of applying a disaggregated 
approach. Production losses associated with imported food contribute over 
a quarter of total FLW, and addressing these losses requires multinational 
efforts to implement interventions along the supply chain. These findings 
inform prioritization of solutions—including areas of need for innovations, 
government incentives, policy change, infrastructure and equity.

Aquatic foods play an important role in diets around the world1–4. There 
is significant literature on the losses in capture fisheries, but it is largely 
driven by case studies, and there are important omissions. There is a 
limited focus on loss among aquaculture species, despite aquaculture 
now making up about 50% of global edible production5, and many stud-
ies focus on the ends of the supply chains (that is, the production or 
consumer side), while food loss in the middle of supply chains is not 
studied. Here we investigate food loss in the aquatic food supply of 
the United States, the largest importer of aquatic food globally, as 
an example of how to conduct waste and loss estimates in complex 
multi-country supply chains.

Forty-four percent of aquatic foods (70 million tonnes) globally 
are sold live or fresh5 and are highly perishable if not subsequently 
preserved6. The large reliance on live and fresh product forms is partly 

due to their higher retail value than frozen or shelf-stable forms7, but 
this requires dependable cold chain management. In addition, most 
aquatic food has a characteristic smell when unrefrigerated8, which can 
cause perceived food safety concerns and potentially result in greater 
losses compared with other foods.

Reducing food loss is an important factor in improving global food 
security and planetary health9–12. The United Nations (UN) Sustainable 
Development Goal 12.3 includes halving food loss at retail and con-
sumer levels by 2030 and reducing food loss in production and supply5. 
We use the UN Food and Agriculture Organization (FAO) definition of 
‘food loss’ as a decrease in the quantity or quality of food in production 
and distribution, and ‘food waste’ as the removal of edible food from 
the food supply by choice, spoilage or food expiration13. Food waste is 
often considered a subset of loss and typically arises at the consumer 
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is 43–55% less than older estimates for aquatic FLW in North America 
(50% FLW) or the United States (40–47% FLW)2,30. Older estimates were 
based on an incomplete model of the supply chain and sparse data 
with many simplifying assumptions (Supplementary Table 1). Simi-
larly, recent FLW estimates for aquatic food in China (20%)31 are 43% 
lower than earlier FAO estimates2, which suggests that more detailed 
approaches tend to shrink loss estimates.

FLW by stage of the supply chain
At all supply chain stages we estimated physical loss, which is prod-
ucts physically removed from the human food supply. In production, 
processing and distribution stages we also assessed quality loss, which 
corresponds to products sold at an economic loss that may remain in 
the human food supply or have other uses (for example, animal feed). 
Quality loss can occur when products are damaged during harvest 
or transport, not properly processed or packaged, contaminated by 
insects, or have time and temperature abuse22. Byproducts and inedible 
waste (that is, heads, frames, tails) that were not sold as human food 
were excluded from this analysis.

Overview. For physical loss, the production and consumption stages 
of the supply chain had the highest amounts of physical loss, each 
contributing one-third of total loss (Fig. 2a). Processors and distrib-
utors contributed 7.9% and 5.0% of total physical loss, respectively  
(Fig. 2a). Consumer-facing businesses contributed over one-fifth 
(20.9%) of overall food loss (7.5% retail + 13.4% food service; Fig. 2a). 
For quality loss, the production, processing and distribution stages 
were 41%, 37% and 23% of overall quality loss measured in the system, 
respectively (Fig. 2b); however, quality loss data were not available for 
the retail, food service or consumer stages.

Production. At the capture fishery and aquaculture production stage, 
we collected primary and secondary data on the top ten species 
groups consumed in the United States and extrapolated these find-
ings to the total aquatic food supply (Fig. 1a). The total physical loss 
of edible aquatic food was 0.21 MMT yr−1, based on a physical loss rate 
of 7.5% (Fig. 1b). Quality loss was 0.09 MMT yr−1 based on a quality 
loss rate of 3.4% (Fig. 1c). The physical and quality loss rates suggest 
that while producers can find markets for some of their lower-quality 
products, by discounting instead of discarding, a notably large share 
of products is still removed from the human food supply, meriting 
further exploration. The species groups with the greatest contribu-
tion to production losses were shrimp, catfish, salmon, canned tuna 
and tilapia (Fig. 2a,b), which are the top-five most consumed species 
in the United States32.

Capture fisheries and aquaculture had physical loss rates of 
5.9% and 8.2%, respectively, and their respective quality loss rates 
were 2.6% and 3.8% (Supplementary Table 5). Differences between 
loss rates of fisheries and aquaculture can be attributed to different 
assumptions we used for calculating harvest-stage mortalities. As 
aquaculture has more control over the production process33 and ide-
ally all harvestable-sized individuals would go to market, we counted 
all mortalities of harvestable-sized animals as food loss. For capture 
fisheries, we did not assume that mortalities of theoretically harvest-
able individuals represent food loss because these mortalities occur 
in nature and are not easily tracked or managed. Therefore, in the 
capture fishery production stage we only include animals harvested 
and discarded as food loss. Given this definition difference, one cannot 
conclude that aquaculture is more wasteful, but rather that there are 
different levers for how loss can be better controlled.

Processing. Processing losses were calculated in a similar manner as 
production losses for the top ten species consumed in the United States 
and extrapolated to the US supply (Fig. 1a). Losses include mishan-
dling, damage, disease, floor drops, quality loss and import refusals. 

stage, and we refer collectively to these losses as food loss and waste 
(FLW). Accurate and reliable data on FLW are urgently needed in many 
countries, sectors and supply chains to track progress towards policy 
goals and refine interventions14,15.

In 2011, the FAO estimated 35% of aquatic foods are lost and wasted 
globally, which was higher than cereals (30%), oilseeds (20%), and meat 
and dairy (20%), but lower than root crops, and fruits and vegetables 
(40–50%)1,2. The FAO estimate showed that 50% of aquatic foods in 
North America were lost and wasted, which was among the highest rates 
of FLW for any food group in the world2. Although these estimates are 
more than a decade old, they continue to be used by research, policy 
and advocacy communities, and we will show that updated estimates 
reduce the estimates by 43–55%.

To inform strategies for meeting FLW targets, the 2011 FAO esti-
mates for aquatic foods must be updated and improved to address 
four assumptions used in earlier modelling2,16. The first assumption 
used in the FAO estimate was that aquatic FLW only comes from wild 
capture fisheries. Today, half of global aquatic food supply comes from 
aquaculture (that is, farm raised)5, making aquaculture an important 
component of diets and probably also an important source of FLW. The 
second assumption is that loss only arises from regional production 
and did not consider trade; however, aquatic foods are the most traded 
major food group5,17. The third assumption is that all aquatic foods were 
only sold at retail outlets. Recent work has shown that food service 
represents a significant share (39% in the United States) of aquatic 
food sales by volume18. Last, consumer waste estimates were based 
on indirect methods (that is, national retail sales compared to national 
consumption)19, which is not as accurate as direct measurements of 
household-level FLW. In 2019, the FAO replaced their 2011 study, citing 
many of the same limitations listed above20; however, the replacement 
report combines aquatic foods with meat and animal products, and the 
underlying database only has a single entry for aquatic foods (snails)21.

Literature on aquatic FLW is largely driven by case studies in the 
small-scale capture fisheries sector and their supply chains in low- and 
middle-income countries (LMICs)22. This leaves large gaps in under-
standing of losses among large-scale capture fisheries, large- and 
small-scale aquaculture species, and supply chains for high-income 
countries. FLW can vary by species and origin; uses and yields vary 
significantly as aquatic foods are produced and even re-processed in 
various supply chains23. Additionally, most US food waste research 
lumps aquatic foods with meat and poultry in reporting24–27, although 
separate data are sometimes collected28. While important similarities 
exist between aquatic foods and terrestrial meats, such as perishability 
and position on consumer plates, aquatic food is distinguished by fac-
tors including its variety of production methods and species, import 
patterns, distance of fishing sites from land, reliance on water quality, 
fragility, consumer familiarity and odours. Each of these factors shapes 
FLW patterns and opportunities for responses.

Here we aim to improve on the FAO estimate for aquatic FLW in 
the United States using an extensive primary data collection effort 
across the top ten fishery and aquaculture supply chains serving the 
United States, and supplemented by secondary data and literature to 
enable generation of national estimates. The study boundary begins 
at production (that is, farm or fishery), including production outside 
the United States, and ends when aquatic foods were consumed in the 
United States or removed from the supply chain. Overall loss and waste 
estimates are provided for the US supply, one of the world’s largest 
fishing nations and importers of aquatic foods29, for all stages of the 
supply chain from farm or fishery to plate from 2014 to 2018 (Fig. 1a).

Results
Overall aquatic FLW
The US edible aquatic food supply was 2.73 million metric tonnes (MMT) 
per year during the study period. We estimated that 0.62 MMT yr−1 or 
22.7% of that total supply was physically lost or wasted (Fig. 1b), which 
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Total processing losses were 0.05 MMT yr−1 for physical loss based on a 
physical loss rate of 1.8% (Fig. 1b). Quality loss was 0.09 MMT yr−1 based 
on a quality loss rate of 3.1% (Fig. 1c). Processors’ quality loss rate was 
much higher than physical loss rate, which suggests that processors 

have been effective at minimizing loss of human-edible food and are 
able to find markets for lower-quality products instead of discarding 
them. The species groups with the largest share of loss in processing 
were shrimp, tilapia, canned tuna and catfish (Fig. 2a,b).
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Fig. 1 | 2014–2018 average human-edible aquatic FLW in the United States. 
a, Study flowchart and data sources. FDA, US Food and Drug Administration; 
FMI, Food Marketing Institute; USDA, US Department of Agriculture. b,c, Sankey 
diagram showing loss (MMT, %) within each stage for physical loss (b) and quality 

loss (c). Quality loss was not available for the food service, retail and consumer 
stages. Width of the Sankey bands are proportional to the amount of product 
consumed or lost. Values are reported in Supplementary Data 1.
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Distribution. Distributors wasted the least amount of aquatic foods, a 
finding that agrees with previous work34. Distributors move large vol-
umes of product on a daily basis, and fresh/live products spoil quickly; 
they have a strong incentive to minimize waste because aquatic foods 
are relatively expensive. Physical loss was 0.03 MMT yr−1 based on a 
physical loss rate of 1.2% (Fig. 1b). Physical losses were split among 
returns (60%), unsold inventory (35%) and food safety recalls (5%). 
Food safety recalls are important to control foodborne disease and 
allergen exposures but play a small role in food loss. Quality loss was 
0.05 MMT yr−1 based on a quality loss rate of 2.0% (Fig. 1c). Quality 
losses came from either product returns (69%) or unsold inventory 
(31%). Communicating roles, preferences and expectations between 
supply chain members is critical for food safety35 and could also reduce 
product returns.

Retail and food service. Aquatic FLW in the US retail sector (that is, gro-
cery stores) is well studied in the industry, while the food service sector 
(that is, restaurants and other commercial kitchens) has significant 
knowledge gaps that we filled using values from the literature (n = 13 
studies). To estimate aquatic food losses across the US retail sector, 
we combined existing national retail surveys36–38 and a national retail 
sales database7. We estimated total physical losses of 0.05 MMT yr−1 
based on a physical loss rate of 2.9% (Fig. 1b). The largest share of loss 
at retail was from discards of fresh products (81%) followed by frozen 

products (11%) and shelf-stable products (8%). Physical losses in food 
service kitchens were 0.08 MMT yr−1 based on a physical loss rate of 
9.9% (Fig. 1b). FLW at the retail and food services stages is probably 
influenced by what species are offered, which depends on the type of 
outlet39 and consumer demographics40.

Consumption. Consumers contribute one of the largest shares of over-
all FLW, second only to production (Fig. 2a). This finding agrees with 
other studies suggesting consumers in high-income countries have high 
waste rates31. Nearly two-thirds (65%, 0.13 MMT yr−1) of consumer-level 
waste came from at home meals, with the remaining waste (35%,  
0.07 MMT yr−1) attributed to away-from-home meals (Figs. 1b and 2a).

FLW by species group
Losses at the production and processing stages were analysed by spe-
cies group and compared to literature values (Fig. 3). Capture fisheries 
have a wide range of losses (Fig. 3a,c) due to the diversity in species 
and gear types, as well as different levels of infrastructure, technology, 
capacity and governance in fishing regions22,41. The highest rates of 
physical loss were spiny lobster in Indonesia (27% loss); dagaa in Kenya, 
Tanzania and Uganda (23%); global shrimp (22%); and Sardinella spp. 
in Ghana (18%; Fig. 3a and Supplementary Fig. 2). The highest rates of 
quality loss in the literature were for small pelagics in Indonesia (32%); 
Sardinella spp. in Ghana (31%); ‘fish’ in Burkina Faso, Ghana and Togo 
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(18%); and marine fish (hilsa, pomfret, lakkah and so on) in Bangladesh 
(18%; Fig. 3c and Supplementary Fig. 1). The Alaska pollock fishery 
in the United States, a purse seine fishery with industrial processing 
methods and low rates of discards, had among the lowest rates of loss 
(0.35% physical loss, 1.8% quality loss).

In aquaculture, the highest rates of physical loss were found in 
Pangasius in Vietnam (18%), shrimp in Vietnam (12%) and tilapia in China 
(11%; Fig. 3b and Supplementary Fig. 1). The highest rates of quality loss 
came from the literature: tilapia in China and Bangladesh (14% and 11% 
loss, respectively), shrimp in Bangladesh (9%), and freshwater species 
(carps, rui, catla) in Bangladesh (9%; Fig. 3d). Median quality loss rates 
were fairly similar between fisheries and aquaculture (Fig. 3c,d). This 
makes sense, given that processing methods are relatively similar 
across fisheries and aquaculture sectors.

More work is needed to characterize losses in aquaculture species 
that contribute half of the aquatic food supply5. Large knowledge gaps 
remain for losses in many regions of the world outside Africa and Asia 
(Supplementary Fig. 2). Additionally, more work is needed on gender 
and food loss. Women account for approximately half of the workforce 
in aquatic food value chains5, and it has been recognized that gender 
and gender equity affect loss42–44.

Reasons for FLW and interventions
Capture fisheries. Losses in capture fisheries were mainly fish caught and 
discarded at sea rather than being landed. Discards are typically driven 
by market pressures or regulatory constraints. Catch may be discarded 
because it is inedible, has low or no economic value due to species, size 
or damage, or is prohibited by law due to catch quota or restrictions45. 
While discards have declined dramatically over the past four decades, 
certain gear types such as bottom trawl still have large impacts on natural 
resources and ecosystems46, and also on food loss. Fisheries managers 
should encourage selective fishing gear and the use of low-waste gears47,48, 
and can use food loss as an additional reason for their use (Table 1).

Aquaculture. Losses in aquaculture were primarily from mortality of 
harvestable-sized animals, which was modelled for farmed channel 
catfish, Pangasius, tilapia, Atlantic salmon and shrimp (Supplementary 
Fig. 3), and extrapolated to the remainder of the US aquaculture supply. 
Mortalities are not typically considered a source of food loss in aquatic 
food production; however, they should be seen as such, particularly 
within aquaculture, because significant resources, including feed, are 
expended on the fish before it dies. Disease is a major cause of mortal-
ity on fish farms and a constraint for growth in the aquaculture sector, 
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and the ongoing efforts to improve aquatic animal health could reduce 
these losses49–51 (Table 1).

Aquaculture producers we interviewed, including catfish farmers 
in the United States, Pangasius and shrimp farmers in Vietnam, and 
Atlantic salmon farmers in Norway, described concerns about diseases 
and water quality, and many explained that a disease outbreak can 
result in losing an entire pond, tank or pen of animals. A catfish farmer 
stated that monitoring and controlling aeration and water quality is 
critical for catfish producers. Pangasius farmers reported lower sur-
vival compared with a decade earlier and the reasons they identified 
were poor water quality, disease outbreaks and low quality of finger-
lings. Pangasius farmers use Mekong River water in their ponds, and 
many expressed concern about pesticide contamination from nearby 
rice farms; they see improved regional planning and cooperation, led 
by government officials, as an important strategy to improve water 
quality. Some Atlantic salmon farmers in Norway explained that nearby 
salmon farms can negatively impact water quality and fish health, and 
they would also like to see improved coordination in the region to 
improve water quality and prevent disease outbreaks.

Origin and trade are additional factors to consider regarding FLW 
and are of particular importance for aquatic food. Aquatic foods as a 
category have the highest share of production traded17, and the major-
ity of aquatic food in the US supply is imported from many countries29. 
The high share of imports differentiates it from most foods in the 
US supply (Supplementary Fig. 4). We disaggregated the US supply 
by production methods (capture fisheries, aquaculture) and origin 
(imported, domestic) and generated loss estimates for each group. At 
the production stage, imports made up 78–81% of production losses 
(Supplementary Fig. 5a), and more than a quarter (26%) of all FLW for 
the entire supply chain, which indicates that multinational efforts are 
needed to address FLW in the US food system. The share of losses from 
imports was higher than the share of imports in the US food supply 
(72% imported; Supplementary Fig. 5a), in part because imports are 
dominated by aquaculture, which has a higher rate of loss than capture 
fisheries (Supplementary Fig. 5b,c). LMICs also have higher rates of FLW 
compared with high-income countries in upstream stages of supply 
chains, which we also observed, which can be addressed with improve-
ments in technology, infrastructure, and capacity building22,31,41 and 
trade incentives such as the US Seafood Import Monitoring Program, 
by targeting unsustainable fishing practices52.

Processing. Processors work closely with producers and other supply 
chain partners to increase the quality of their product. For example, in 
the Alaska sockeye salmon fishery, processors have incentivized fish-
ers to deliver higher-quality fish by paying extra for chilled and bled 
fish and for using methods that reduce bruising of fish tissue. These 
practices result in higher-quality fish, which has allowed processors to 
shift away from selling canned salmon and instead sell fresh or frozen 
fillets at a higher price point. These shifts also have an unintended 
consequence that FLW is shifted towards the consumer, because fresh 
products have higher rates of FLW than canned products at the retail 
and consumer levels. One strategy to focus on quality while maintain-
ing lower rates of FLW is to sell frozen fish (Table 1).

A major challenge and opportunity in the processing sectors is 
for businesses to create value from quality losses and byproducts  
(Table 1), which fits within the goal of a ‘circular economy’53,54. Proces-
sors’ own quality standards contribute to quality loss; but how those 
losses are handled differs widely across species, providing useful les-
sons on ways to reduce FLW. For example, farmed Pangasius processors 
in Vietnam and farmed salmon processors in Norway used trimmings 
for value-added products (that is, salmon burgers, human-grade fish 
oil). Processors in Vietnam had lower labour costs and turnover, which 
allowed for specialized processing (that is, removing fish swim bladders 
by hand), so that less-valuable co-products were kept in the human food 
supply. Interviewees in the sockeye salmon supply chain in Bristol Bay, 
Alaska, noted that utilization of byproducts was a challenge, mostly due 
to the short, intense fishing season and isolated geographic location. 
Sockeye salmon are caught during a few weeks in July, and processors 
explained that all of their resources, including labour and cold storage, 
are dedicated to the most valuable parts of the fish. Some sockeye 
salmon processors convert byproducts into fishmeal and oil, but many 
others grind and dump byproducts into the sea. Interviewees stated 
that if the fishery operated more months of the year, plants that would 
use all of the byproducts would have been built in the area; however, 
high shipping costs for remote regions such as Alaska remain a chal-
lenge. Farmed Atlantic salmon and other aquacultured species can be 
harvested and processed throughout the year.

US catfish processors shared that they have invested in automa-
tion, in part due to difficulties hiring and retaining staff. Cutting fish 
properly for optimal yield is a top priority for processors and can be 
a challenge when labour is in short supply and there is high turnover. 

Table 1 | Causes of aquatic FLW and key interventions

Supply chain stage Causes of FLW Relative contribution Key interventions

Production Fisheries: discards and bycatch
Aquaculture: mortality of harvestable-sized 
animals
Both: quality loss associated with damage/injury 
during harvest and post-harvest handling

High Fisheries: adoption of selective fishing gears, improved cold 
chain and handling
Aquaculture: improvements in aquatic animal health, farm 
management and hatchery genetics

Processing Mishandling, damage, disease, floor drops, 
import refusals, quality loss, quality standards

Medium Increased utilization of byproducts and sourcing of markets 
for lower-quality and niche products, utilization of frozen 
aquatic foods

Distribution Returns (self and customer returns), unsold 
inventory, food safety recalls, quality loss

Low Improved logistics and communication between supply chain 
actors, discounting strategies, improved cold chain

Retail Unsold inventory, quality loss Medium Inventory management and discounting strategies, improved 
staff training and proper storage

Food service Kitchen waste, unsold inventory Medium Inventory management, proper storage, promotional 
strategies, pre-portioned food, shelf-stable or frozen food

Consumption At home: plate and household waste, aspirational 
shopping, discards due to spoilage or odour
Away from home: plate waste, over-ordering, 
food sent back to the kitchen

High Industry: innovations in processing and packaging that 
extend shelf life, shorter supply chains, shift to shelf-stable or 
frozen aquatic food, smaller portions in restaurants
Consumers: educate consumers on improved purchase, 
handling, storage and preparation of aquatic food; promote 
purchasing of shelf-stable or frozen aquatic food

Identified through quantitative and qualitative data collection methods and literature.
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Harvested catfish vary in size, though, and this results in off-sized 
fish being diverted to rendering plants to be turned into animal feed 
because automated processing equipment cannot accommodate 
them. Importantly, interviews with catfish processors took place 
before the COVID-19 pandemic, which demonstrates existing labour 
challenges in some aquatic food supply chains even before the disrup-
tions resulting from the pandemic. In Vietnam, processing is done by 
hand and workers can process fish of various sizes. We also observed 
differences in quality standards that affected food loss. Low-quality 
and undersized farmed shrimp and Pangasius in Vietnam were sold at 
a discount to local markets, which kept these products in the human 
food supply, while in the United States, high quality standards for live 
products for certain species meant these products were discarded at 
a higher rate.

Distribution. Strategies to prevent FLW that interviewees described 
included constant communication between different teams in the 
company (for example, buyers, logistics, sales), discounting products 
that are not selling in a timely manner (including potentially taking a 
loss to avoid no sale) and requiring pre-orders for highly perishable 
and/or valuable products so they have a customer before they order 
the product.

Retail. A variety of strategies are used to reduce losses in retail  
settings as described by representatives of retail chains. Grocery chain 
interviewees described the importance of staff training, proper storage 
and ordering protocols to minimize losses in the seafood department 
(Table 1). Their focus was on reducing losses of fresh aquatic food, 
which is more valuable and lost at higher rates than frozen and canned 
aquatic food, which agrees with previous studies7,55. Some retail chains 
allow seafood managers to order products, others rely on historical 
sales data, but seafood department managers sometimes override the 
system because they do not want to run out of aquatic food products. 
‘Blind ordering’ or ordering new products before previous orders 
have been delivered was detrimental to accurate ordering and waste 
prevention.

The two retail chains interviewed differ regarding discounting 
aquatic food. One chain uses markdowns to sell aquatic food that 
was not selling quickly. The other company does not use markdowns 
because they do not want to give customers the impression that they 
are selling low-quality aquatic food. Instead, they initially put the 
product in a larger package and if it does not sell they cut it and put 
it out the next day in smaller packages. The interviewee from this 
company also shared that having a well-stocked seafood department 
was a priority for the grocery store chain, even at the expense of FLW, 
because running out of a particular product would negatively impact 
the customer shopping experience.

Food service. Aquatic food products have higher price points in food 
service, so preventing FLW was seen as important by interviewees in the 
restaurant industry. They identified frequent ordering and deliveries, 
proper storage, inventory management, a waste log and cross utiliza-
tion of aquatic food products as important for reducing FLW (Table 1). 
More specifically, staff are instructed to inspect aquatic food when it 
is delivered to make sure there are no quality issues, store some highly 
perishable items in ice, use a store inventory to encourage use of older 
foods first, record waste of high-value items (including aquatic foods) 
on a log with the reason so recurring issues can be addressed and plan 
to use trimmings in another dish on the menu (for example, seafood 
salad, stew). Interviewees explained that ensuring staff consistently 
maintain efforts in these areas was difficult in busy commercial kitch-
ens and has become more difficult due to staffing shortages and high 
turnover resulting from the COVID-19 pandemic. Additional strategies 
mentioned less frequently included regular maintenance of walk-in 
refrigerators and freezers to avoid breakdowns, educating servers 

so they can market aquatic food to customers, and creating a ‘chef’s 
special’ to sell certain products more quickly. Some food service com-
panies create value with larger portion sizes56; however, this can lead to 
overeating or plate waste (for example, uneaten food) by consumers57.

Retailers and food service businesses described the tension 
between optimizing freshness and labour efficiency. The timing and 
extent of fish processing is critical for fresh aquatic food. Cutting fish 
into fillets and other products at processing plants before it arrives at 
stores/restaurants is more efficient from a labour standpoint, because 
processing plants have specialized machinery and workers to process 
a large quantity of fish. Staff at stores and restaurants have many other 
duties, and training is needed to build cutting skills, especially due 
to the variety of fresh aquatic food at some stores and restaurants. 
However, shipping minimally processed fish as far along in the supply 
chain as possible is an important strategy for maintaining freshness 
and extending shelf life for downstream consumers. Shipping whole 
fish also has the unintended consequence of decentralizing the waste 
stream, which makes rendering byproducts less feasible from a logis-
tics standpoint.

Consumption. The majority of aquatic foods in the United States are 
purchased at retail and consumed at home18, which explains the larger 
amount of FLW attributed to food at home. We used household food 
diaries to estimate a physical loss rate of 8.5% at home. Others have 
used bin digs or scales in high-income country households to identify 
physical loss rates of 7% for fish, meat and eggs; 9.6% for fish; and 13.2% 
for fish and meat58–60. By contrast, indirect methods have estimated 
much higher physical loss rates of 17% for most types of canned fish 
and shellfish, and 40% for fresh and frozen fish and shellfish, which was 
calculated by comparing national estimates of retail sales to national 
estimates of dietary intake19. Household-level studies using scales to 
measure food waste are preferred for quantitative estimates; however, 
there is no definitive study of household-level FLW in the United States 
and accurately accounting for household waste remains challenging.

Our survey research found that the most common reported rea-
sons for throwing out aquatic foods were ‘did not want as leftovers’ 
(18%) and ‘bought too much’ (16%). Slimy appearance and odours each 
accounted for over 6% of wasted aquatic food. The top motivation 
for reducing discards of aquatic food was saving money (64%). Prior 
research with aquatic food consumers suggested that many considered 
themselves less likely to waste aquatic food than other foods due to its 
relatively high price and their taste preferences for it55.

The large contribution of consumers to overall FLW indicates 
opportunity to reduce FLW through targeted interventions at the con-
sumer level. The relatively low proficiency of consumers in handling, 
storing and preparing aquatic food may lead to consumers prematurely 
throwing aquatic food away due to concerns with safety or quality, and 
is an opportunity to educate them. In addition, shorter supply chains 
and innovations in processing, packaging and preservation techniques 
can extend the shelf life of aquatic food products and reduce at-home 
aquatic food waste (Table 1).

Discussion
As food security, economic and sustainability challenges grow3,29,61,62, 
strategies to reduce losses and waste of economically valuable61,62 
and healthy aquatic food products3 become ever-more essential. 
This mixed methods analysis provides a comprehensive assessment 
of US aquatic FLW, estimating that 22.7% of the national aquatic food 
supply is lost or wasted. The highest loss and waste occurred at pro-
duction and consumption stages, with considerable variation by 
species, geography and production method. The findings align with 
prior estimates of FLW more broadly31,63; by contrast, prior model-
ling of FLW in aquatic food had estimated far higher losses based on 
limited data and flawed assumptions regarding the importance of 
aquaculture, trade, food service and consumer patterns2,30. While the 
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findings reflect the US supply, the sourcing is largely from imports 
and thus has global implications. These estimates take a US supply 
chain perspective and what is considered ‘edible’ by US consumers. 
We did not consider losses from parts of the fish that US consumers 
consider ‘inedible’, or fish that could be consumed by humans but 
are used as animal feed64,65.

Estimates of aquatic FLW serve multiple functions. Businesses 
throughout the supply chain may draw insights relevant to improving 
their own operations and tracking their discards and quality losses 
more thoroughly. Third-party auditors could add FLW targets to cer-
tification schemes. The data can be shared to improve aquatic food 
estimates within existing databases such as through ReFED (https://
refed.org/food-waste/the-challenge/), the US Department of Agri-
culture’s Loss-Adjusted Food Availability data series and the FAO. The 
findings also provide a benchmark to track progress within the fisheries 
and aquaculture sectors, and the methodology can be applied to other 
regions or food sectors.

The findings highlight several important dilemmas and tradeoffs 
in addressing aquatic food FLW. For example, there are different views 
on when in the value chain is best for secondary processing (that is, 
processing a head-on/off gutted fish into a fillet) and how that affects 
quality, shelf life, waste and labour efficiency. We highlight the reality 
of conflicting objectives whereby preventing quality loss early in the 
supply chain (that is, producing higher-quality fish) led some compa-
nies to shift from selling lower-quality canned fish to higher-quality 
fresh or frozen forms, which shifts losses to later in the supply chain 
after additional resources are invested in distribution and storage. 
The research also distinguishes physical and quality losses; however, 
there is fluidity between these categories depending on local markets 
and preferences. For example, in Vietnam, catfish processing losses 
are discounted and sold as human food (that is, quality loss), but in 
the US, catfish processing losses are rendered into animal feed (that is, 
physical loss). Last, we note a methodological dilemma in comparing 
losses from aquaculture and capture fishery production. The higher 
estimate for aquaculture results from inclusion of mortalities; however, 
we did not treat mortalities of unharvested wild fish as loss, being both 
uncounted and outside the control of producers.

Finally, the findings and qualitative insights inform prioritiza-
tion of solutions, including identifying areas of need for innovation, 
government incentives, policy support, infrastructure and equity. 
Based on this analysis, we highlight the following opportunities and 
needs. First, aquatic food production, particularly aquaculture, and 
home consumption have the largest waste footprint and should be 
prioritized for solutions. Water quality, disease prevention strategies, 
improved hatchery genetics and governance can reduce mortality in 
aquaculture. For capture fisheries, priorities include harvesting meth-
ods to reduce unwanted catch and improved cold chain and handling 
of fish. We previously described solutions relevant to consumer dis-
cards, which include proficiency with preparing fish, perceptions and 
knowledge about aquatic food, perishability, and planning55. The food 
processing sector performs well in waste reduction and in upcycling 
trimmings; methods should be further disseminated and analogous 
practices explored in other sectors. LMICs need further investment 
in capacity, infrastructure and technology to enable improved waste 
reduction. Gender-sensitive and -transformative approaches may 
be necessary in some contexts to reduce FLW. In addition, improved 
and ongoing data collection regarding aquatic food waste within 
and across sectors and supply chains will improve action efforts. 
FLW research and surveillance should segment aquatic food from 
meats when feasible. Broader incentives to reduce aquatic FLW may 
be derived both from the lost value and potentially, incorporation 
of waste metrics into sustainability monitoring and consumer label-
ling. Multiple other approaches to reducing aquatic FLW are being 
applied in real-world settings globally21 and further study is needed 
to assess impacts.

Methods
Scope, boundary conditions and terms
This study estimated loss and waste in the US aquatic food supply chain 
from 2014 to 2018, beginning at the production stage and ending when 
aquatic foods were consumed in the United States or removed from 
the supply chain. The boundary conditions follow recommendations 
made by the FAO framework13. At the production and processing stages, 
we selected the top ten species groups in the US supply for analysis  
(Fig. 1a), which represents 89% of US aquatic food supply32, includ-
ing both capture fisheries and aquaculture production methods. In 
subsequent stages (distribution, retail, food service and consumption 
stages), we collapsed all aquatic foods together into a single category 
for ease of tracking product flows (Fig. 1a). After the distribution stage 
we split the aquatic food supply into (1) products sold at retail (that is, 
supermarkets) and consumed at home, and (2) products sold at food 
service (that is, restaurants and institutions) and consumed away from 
home (Fig. 1a).

Data on physical losses, which are food products physically 
removed from the human food supply, were collected from all stages 
of the supply chain. Quality losses were also collected in the production, 
processing and distribution stages. Quality losses are edible products 
sold at a discount or donated (for example, imperfections, not meet-
ing quality standards and so on), but not necessarily removed from 
the human food supply. We excluded byproducts and inedible waste 
(that is, heads, frames, tails) that are sold for animal feed or pet food.

FLW quantitative data collection
Production and processing. Production and processing loss data 
were collected using surveys, semi-structured qualitative interviews 
and literature for the top ten species groups consumed in the United 
States (shrimp, canned tuna, salmon, Alaska pollock, tilapia, catfish, 
Pangasius, crab, cod, clams) and all other species combined in an ‘other’ 
category (Supplementary Table 1).

To fill key data gaps we collected primary data in seven sectors 
that are important for the US aquatic food supply, but currently lack 
FLW estimates. These sectors were Vietnam farmed shrimp (Penaeus 
monodon, Litopenaeus vannamei); Vietnam farmed Pangasius (Pan-
gasius hypophthalmus); southern US farmed channel catfish (Ictalurus 
punctatus) and hybrid catfish (I. punctatus × I. furcatus); Norway farmed 
Atlantic salmon (Salmo salar); US Alaska wild capture sockeye salmon 
(Oncorhynchus nerka); US wild capture Alaska pollock (Gadus chalco-
grammus); and canned tuna from the Pacific tuna fisheries (Thunnus 
spp.). Businesses within these seven sectors were recruited through 
trusted intermediaries and industry contacts. Overall, n = 24 produc-
ers and n = 20 processors completed surveys on rates of physical and 
quality loss, such as discards, mortalities, oversized or undersized 
harvests, temperature abuse, damaged or decomposing products and 
other forms of loss (Supplementary Tables 5 and 6). Most of the primary 
quantitative data at these stages were collected in person in 2019.

To supplement the primary data collection and fill data gaps we 
conducted a non-systematic literature review. The literature search was 
performed in Google Scholar using a list of keywords. Relevant records 
were compiled, along with their reference lists, until an exhaustive list 
was collected. Records were screened and rates of physical and qual-
ity FLW were extracted from n = 33 studies, with n = 19 studies having 
usable data (Supplementary Data 2).

For aquaculture species, we estimated the biomass lost when 
harvestable-size animals died before harvest, and then calculated the 
edible fraction remaining as producer-level food loss (Supplementary 
Information). For imported species, we used import inspection data to 
calculate an import refusal rate as previously described66, which was 
added to processor losses.

After collecting loss data for each species group and production 
method in the study, we then applied two types of weighting factor to 
generate (1) species group loss estimates and (2) national loss estimates. 
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First, to create species group loss estimates (that is, overall shrimp 
loss), we had to account for losses coming from multiple production 
methods (that is, aquaculture shrimp loss + wild-caught shrimp loss) 
and weight these losses by the share of supply coming from each pro-
duction method. Developing weighting factors for production method 
(aquaculture versus wild capture) and origin (domestic versus imports) 
was performed using previously described methods40 (Supplementary 
Table 1 and Supplementary Information). For example, shrimp in the 
US supply comes 15% from capture fisheries and 85% from aquaculture, 
therefore aquaculture losses will have a greater contribution to overall 
shrimp loss. Second, to create a weighted national average we weighted 
the overall species group loss rates by the share each species group 
contributes to the US aquatic food supply. For example, shrimp makes 
up 26% of the US supply and was given that corresponding weight in the 
overall model. The species group and national weighted averages were 
performed for both the production and processing stages.

Distribution. We calculated a loss rate for all aquatic food distributed 
in the United States, which included losses at wholesale and transporta-
tion based on our survey and secondary data on national food safety 
recalls (Supplementary Table 7). The survey asked about wholesale and 
customer returns, and any unsold inventory that was removed from the 
human food supply (that is, sent to landfill or rendered), and foods that 
were donated or discounted for resale to humans. We assumed that 
distributors sold processed forms of aquatic food and did not adjust 
losses for edible yield. Four US and one Canadian business responded 
to the quantitative survey. These groups had total aquatic food sales of 
33,000 tonnes per year. Loss estimates were calculated from a national 
food recall database provided by the US Food and Drug Administration, 
as previously described66. We summed all reported aquatic food recalls 
in the United States (1,400 tonnes per year) during the study period and 
divided them by the aquatic food supply to develop a rate of recalls. We 
assumed that food recalls were removed from the human food supply.

Retail. A national retail loss rate was developed using survey data 
about losses of fresh, frozen and canned aquatic food (Supplemen-
tary Table 7), and weighted by share of aquatic food sold as fresh, 
frozen or shelf-stable using nationally representative retail sales data7  
(Supplementary Table 9). The loss estimates came from a survey of US 
grocery store chains conducted by the Food Marketing Institute, a trade 
association for the retail sector, and was conducted in 2014, 2016 and 
2018, with a total of 90 responses. We assumed that retail businesses 
sold processed forms of aquatic food and did not adjust losses for 
edible yield. Loss rates for frozen and canned aquatic foods were not 
available, so all frozen and all shelf-stable foods were used as proxies, 
which we validated with individual chain retailers.

Food service. Estimates of food service losses for aquatic foods are 
limited to the literature as our recruitment of national seafood chain 
restaurants was unsuccessful. Following a non-systematic literature 
search, we extracted data from 13 peer-reviewed articles from eight 
countries (Canada, Finland, Malaysia, Portugal, Sweden, Switzerland, 
UK and United States). These studies were based on seven restaurants, 
five schools or universities, three food service businesses, one work-
place, one daycare, one home food delivery service and one experi-
mental feeding trial (some studies had multiple sites; Supplementary 
Tables 7 and 8). Of the 13 records, six had information on kitchen waste 
and 13 had information on consumer plate waste. We assumed that 
food service businesses used processed forms of aquatic food and did 
not adjust losses for edible yield. Few studies focused specifically on 
aquatic food, therefore entree, meat and all kitchen waste was used as 
a proxy. Quality loss was not available for food service or retail.

Consumer. At-home waste estimates were developed using our food 
diary survey of US aquatic food consumers (n = 70) conducted from 

14 June to 15 July 2019 (Supplementary Table 7) and based on raw 
edible portions. Survey responses were weighted by income level to 
match those of aquatic food consumers, which skews higher than the 
national average, using nationally representative dietary intake data. 
Away-from-home waste was calculated using secondary data on con-
sumer plate waste from food service meals as described above. To make 
the at-home and away-from-home waste rates nationally generalizable, 
we weighted these loss rates by the share of aquatic food consumed at 
home versus away from home using nationally representative dietary 
intake data18 (Supplementary Table 9).

Overall loss rate calculations. To estimate the quantity of food lost 
at each stage of the supply chain, we multiplied the rate of loss at that 
stage by the quantity of aquatic food available at that stage. Across the 
study, quantities at each stage were converted to raw edible weight. The 
total US supply was calculated by multiplying the average per capita 
aquatic food availability from 2014 to 2018, provided by the US National 
Marine Fisheries Service67, by the US population plus any pre-harvest 
losses. The overall loss rate for the US supply was calculated as the sum 
of all losses at each stage divided by the total US supply.

Sources of bias and error. There are several notable sources of bias 
and error to this modelling approach. First, bias was introduced in 
converting aquatic foods to different product forms. These conver-
sions were needed to compare products within and across stages of 
the supply chain and required making assumptions about the types 
of product form at each stage. The approach also required assump-
tions about what is considered ‘edible’ in the US supply, which may 
not be true for all groups in the US or other countries. We assumed that 
products in the distribution, retail and food service, and consumer 
stages, were already processed into raw edible forms; however, some 
businesses and consumers purchase whole fish. To help counteract this 
potential source of bias, we asked respondents to report only losses 
of edible products and included a definition of edible and inedible 
products in the survey tool.

Second, error was introduced in estimating the share of prod-
ucts from aquaculture versus capture fisheries and imported versus 
domestic origin, because trade codes have broad product categories 
with a mixture of product forms. For example, the bivalve category 
includes a mixture of shell-on and shell-off products, which can affect 
the product weights dramatically and in ways that were not controlled.

Third, we assumed that the sectors in which we collected primary 
and secondary data were generalizable to all regions that produced 
aquatic foods for the US market. We attempted to control this source of 
bias by selecting sectors and regions for study that are large contribu-
tors to the US supply.

Fourth, we introduced bias in the distribution stage by oversam-
pling specialty seafood wholesalers that sell live and fresh aquatic 
foods, and undersampled broadline distributors that sell canned and 
frozen aquatic foods. We were not able to weight the sample because 
there are no estimates for the share of US sales from broadline versus 
specialty seafood wholesale. This may skew distributor losses higher 
than normal because food loss is usually higher for fresh products; 
however, we do not anticipate this bias has a meaningful impact on 
the overall findings because the distributor stage had a small (5%) 
contribution to overall FLW.

Last, we were unable to collect primary data for the food service 
stage including consumers’ away-from-home waste, and instead relied 
on literature values. This introduced potential error and uncertainty 
because the literature was not specific to aquatic foods, and to increase 
our sample size we included estimates from outside the United States.

Application to other settings. The quantitative methods developed 
in this study can be applied to other settings with some modifications. 
The loss estimates are based on species groups commonly consumed 
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in the United States. Weighting factors for production methods are 
also specific to the US supply, as are the weighting factors for the share 
of products distributed to retail versus food service and consumed at 
home versus away from home among US consumers. We also made 
assumptions about what is ‘edible’ by US consumers, which manifest 
in choices of edible yield values that may be different for other coun-
tries. Consumer waste is a large share of overall FLW in the model and 
we recommend using local consumer waste estimates where possible.

FLW qualitative data collection
We conducted semi-structured qualitative interviews with business 
owners and operators in every stage of the supply chain to complement 
the quantitative data and provide a better understanding of percep-
tions, causes and trends in FLW, and current and potential strategies 
to reduce FLW. Interviews were conducted in person, over the phone, 
or via Zoom (Zoom Video Communications). A notetaker participated 
in each interview to accurately capture interviewee responses, and the 
data were analysed using MAXQDA (VERBI Software). Qualitative inter-
views for producers (n = 19) and processors (n = 14) were performed for 
wild-caught US sockeye salmon, farmed US catfish, farmed Norway 
Atlantic salmon, farmed Vietnam Pangasius and shrimp from 2019 
to 2021. Additionally, we interviewed wholesale businesses (n = 4), 
retail chains (n = 2) and food service businesses (n = 5) in the United 
States in 2021.

Ethics statement
The project was approved by the Institutional Review Boards at Johns 
Hopkins School of Public Health (IRB no. 8345) and University of Florida 
(IRB no. 201901559).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data to produce Figs. 1–3 are available in the Supplementary 
Information.

Code availability
Code to produce figures and tables is available upon request.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code
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Data collection Microsoft Excel  was used for data collection

Data analysis Microsoft Excel , R v 4.2.3, and R Studio v 2023.06.1+524 were used for data analysis
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Reporting on sex and gender Sex and gender were not considered in study design.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Race and ethnicity were not considered in study design.

Population characteristics Population characteristics of human subjects were not collected.

Recruitment Participants were recruited through snowball sampling and by identifying key experts through trusted networks, which may 
be a source of bias.  To overcome this potential bias, multiple respondents per sector were interviewed to improve 
generalizability.

Ethics oversight The project was approved by the Institutional Review Boards at Johns Hopkins School of Public Health (IRB# 8345) and 
University of Florida (IRB# 201901559). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study estimated aquatic food loss and waste from 2014 to 2018 for all stages of the US aquatic food supply chain.

Research sample The sample was the US seafood supply chain, including production, processing, distribution, retail, food service and consumer stages.  
At the production and processing stages, we selected the top-10 species groups in the US supply for analysis and all other species 
groups were combined in an "other" category.  In subsequent stages (distribution, retail, food service and consumption stages) we 
collapsed all aquatic foods together into a single category for ease of tracking product flows.

Sampling strategy In the production and processing stages, 7 sectors were selected for primary data collection and field work. Sample sizes were 
intended to cover a representative number of businesses in each sector with a minimum sample size of 3 producers and 3 processors 
per sector. Sample sizes for primary data collection in the wholesale, retail and food service sector were  limited by the number of 
respondents who agreed to participate. The consumer survey used a panel of U.S. participants maintained by Qualtrics. 

Data collection Data were collected from primary and secondary sources. Primary data collection was collected using interviews and surveys. 
Secondary data was collected from non-systematic literature reviews.

Timing and spatial scale Data collection began in March 2019 and concluded in December 2021 . There was a break in data collection in 2020 during the 
pandemic. 

Data exclusions No data were excluded from the analysis.

Reproducibility Some experimental findings were confirmed using secondary data sources or through consultation with industry experts. 

Randomization Participants were allocated into groups based on their stage of the supply chain and sector.

Blinding Blinding was not performed for this study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions n/a
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Location Sampling was conducted in fisheries and aquaculture production regions of Alaska, Mississippi, Alabama, Norway and Vietnam.

Access & import/export n/a

Disturbance n/a
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study
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Dual use research of concern
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Methods
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