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A B S T R A C T

Aquatic food systems support global food and nutrition security, livelihoods, and economies, but put significant 
environmental pressure on the planet. The United States (U.S.) is the world’s fourth largest consumer and the 
largest importer of aquatic food, which makes it a good case for studying aquatic food systems. Here, we estimate 
the energy use, greenhouse gas emissions (GHGe) and blue water use by species, production method, product 
form, and stage of the U.S. supply chain, while accounting for trade and food loss and waste. We identified wide 
variation across species for energy use (40.2 to 259.1 MJ/kg), GHGe (3.7 to 22.2 kg CO2 eq/kg), and blue water 
use (15.8 to 1,851 l/kg). Capture fisheries and aquaculture on average used similar amounts of energy per unit of 
edible aquatic food; however, aquaculture emitted 54 % more GHGe and consumed 784 % more blue water than 
capture fisheries, due to the high GHGe and blue water intensity of aquaculture feed. Products with the lowest 
energy use were canned, fresh, and frozen sockeye salmon, frozen pollock, and frozen catfish. Products with the 
lowest GHGe were canned, fresh, and frozen sockeye salmon, frozen pollock, canned and frozen tuna, and frozen 
Atlantic salmon, All wild caught species had significantly lower blue water use impacts than farmed products. 
The production stage had the largest environmental impacts, but measuring production alone would miss 64 % of 
the energy, 36 % of the GHGe, and 21 % of the blue water used in the remainder of the supply chain. The 
processing stage was an important contributor to resource use for species with energy and water efficient pro-
duction practices. Aquatic food in the U.S. supply is lost and wasted at an overall rate of 23 %; lost and wasted 
seafood contains 22 % to 24 % of the embodied energy, GHGe, and blue water in aquatic food systems. Compared 
to findings identified in the literature, aquatic foods in this study were lower in GHGe than beef, had a range of 
GHGe that extended above and below pork and poultry, and had higher GHGe than most legumes, and nuts. 
Estimating the environmental impacts and food loss and waste in the U.S. aquatic food system can help identify 
opportunities to enhance sustainability and resilience and support science communication about lower-impact 
foods and dietary patterns.

* Corresponding author.
E-mail address: dlove8@jhu.edu (D.C. Love). 

Contents lists available at ScienceDirect

Global Environmental Change

journal homepage: www.elsevier.com/locate/gloenvcha

https://doi.org/10.1016/j.gloenvcha.2025.102964
Received 10 May 2023; Received in revised form 26 September 2024; Accepted 6 January 2025  

Global Environmental Change 90 (2025) 102964 

Available online 19 January 2025 
0959-3780/© 2025 Published by Elsevier Ltd. 

https://orcid.org/0000-0002-2606-8623
https://orcid.org/0000-0002-2606-8623
https://orcid.org/0000-0001-8931-170X
https://orcid.org/0000-0001-8931-170X
https://orcid.org/0000-0002-4994-119X
https://orcid.org/0000-0002-4994-119X
https://orcid.org/0000-0002-1540-9728
https://orcid.org/0000-0002-1540-9728
https://orcid.org/0000-0002-5836-9076
https://orcid.org/0000-0002-5836-9076
https://orcid.org/0000-0003-3534-7816
https://orcid.org/0000-0003-3534-7816
https://orcid.org/0000-0002-2375-2032
https://orcid.org/0000-0002-2375-2032
https://orcid.org/0000-0003-2942-8345
https://orcid.org/0000-0003-2942-8345
mailto:dlove8@jhu.edu
www.sciencedirect.com/science/journal/09593780
https://www.elsevier.com/locate/gloenvcha
https://doi.org/10.1016/j.gloenvcha.2025.102964
https://doi.org/10.1016/j.gloenvcha.2025.102964


1. Introduction

Aquatic and terrestrial food systems put significant, cumulative 
environmental pressure on the planet (Halpern et al., 2022) emitting 34 
% of anthropogenic greenhouse gasses (GHG) (Crippa et al., 2021) and 
using 70 % of global freshwater (Rosegrant et al., 2009). Food systems 
are also undermined by conflicts (Kuemmerle and Baumann, 2021), 
climate change (Wheeler and von Braun, 2013), food loss and waste 
(Gustavsson et al., 2011; Xue et al., 2021) and inequity (Hicks et al., 
2022). Aquatic foods play a key role in food systems by providing 17 % 
of global animal protein and 7 % of total protein (FAO, 2022a) as well as 
critical micronutrients and omega-3 polyunsaturated fatty acids (Golden 
et al., 2021). Aquatic foods come in equal parts from wild-capture 
fisheries and aquaculture (farmed aquatic products), but future 
growth in the sector will mainly come from aquaculture (FAO, 2022a; 
Garlock et al., 2022). Calls to transition food systems (and aquatic foods) 
to become more efficient, resilient, inclusive and sustainable (FAO, 
2022b) have focused on technology and innovation solutions (Herrero 
et al., 2020), policy (Candel, 2022; Gaupp et al., 2021), and social/ 
behavioral approaches (Reisch, 2021; Willett et al., 2019). Under-
standing where the leverage points exist within food systems to achieve 
maximal returns is critical for targeting interventions.

Here, we use life cycle analysis and concepts from the food-energy- 
water nexus (D’Odorico et al., 2018) to identify leverage points within 
aquatic food systems to increase resource use efficiency and reduce food 
loss and waste. This study uses the U.S. as an example system, as it is the 
world’s fourth largest consumer and largest importer of aquatic foods 
(FAO, 2022a) and a significant share of the U.S. aquatic food supply 
comes from imports making the sourcing highly diverse (Gephart et al., 
2019; Shamshak et al., 2019). Diversity of aquatic species, production 
methods, supply chains, and product forms is notable (Naylor et al., 
2021). This diversity creates large knowledge gaps with respect to the 
environmental impacts of aquatic foods (Halpern et al., 2019) and 
linkages between aquatic food, energy, and water systems (Gephart 
et al., 2017). Most previous studies focus on the production stage 
(Gephart et al., 2021; Hilborn et al., 2018) and do not assess down-
stream stages (i.e., processing, transportation, wholesale, retail, con-
sumption), this are missing a full accounting of impacts. For example, 
transportation contributes nearly a fifth of GHG emissions in global food 
systems (Li et al., 2022). It is important for aquatic foods as they are 
among the most highly traded commodities (Anderson et al., 2018), and 
the impacts vary significantly with transportation mode (Ziegler et al., 
2022). Consumers have some of the highest rates of food loss and waste 
(Xue et al., 2021; Love et al., 2023) and products that make it to the 
consumer stage have the highest embodied resources when wasted, 
highlighting the importance of studying the intersection of waste and 
resource use across the supply chain.

The aim of this study is to estimate energy, GHGe, and blue water use 
in the U.S. aquatic food system based on the top ten most consumed 
species groups while accounting for the large share of imports and food 
loss and waste. The analysis was done by species, production method, 
and product form along the supply chain. We also look at interdepen-
dence, synergies and tradeoffs between resource use and food loss and 
waste, and identify priority opportunities for improving resource use 
efficiency.

2. Materials and methods

2.1. System description

The boundaries of this analysis are the U.S. aquatic food supply chain 
from production to consumption, including imports, in the years 2016 to 
2018 (Fig. S1). Production was divided into aquaculture (i.e., aquatic 
animal farming) and capture fisheries. Consistent with other aquacul-
ture life cycle analyses, we included the energy, GHGe, and blue water 
embodied in aquaculture feed, operating feed mills, and transporting 

feed to farms. Processing (i.e., animal slaughter) included the energy, 
GHGe, and blue water to create different product forms and the pack-
aging used to hold products. As roughly 70 % of U.S. aquatic foods are 
imported (Gephart et al., 2019) we also included the energy and GHGe 
associated with international transport of these products. Imported and 
domestically processed aquatic foods are sold to wholesale businesses 
that transport products to either retail or food service facilities. At the 
retail and food service stages we consider resource use in aquatic food 
storage (i.e., cooling), and at the food service stage we also consider 
resource use in food preparation (i.e., cooking). At the consumer stage 
we consider home storage and preparation of aquatic foods purchased 
from retail. At all stages we considered product forms (i.e., fresh, frozen, 
canned) and incorporated food loss rates into estimates of energy, 
GHGe, and blue water use.

2.2. Life cycle approach

We assessed the energy, GHGe, and blue water that is embodied in 1 
kg of wet weight edible aquatic food in the U.S. aquatic food supply. To 
do this, we evaluated direct and indirect inputs of energy, GHGe, and 
water along the entire supply chain from production to the consumer 
plate for the top ten species consumed in the U.S. (Table S1). We ignored 
environmental contributions (e.g., sunlight, environmental support) and 
evaluated only the energy, GHGe, and blue water used in processes 
under human control. For direct inputs we relied on primary data 
collected from businesses and secondary data from the literature. For 
indirect inputs (i.e., energy, GHGe, and water embodied in infrastruc-
ture, equipment, vehicles etc.) we relied on SimaPro software version 
9.0.0.30 (Amsterdam, The Netherland), the Ecoinvent database version 
3.6 (Wernet et al., 2016), and the ReCiPe Midpoint v.1.13 method 
(Goedkoop et al., 2009) for fossil depletion, global warming, and water 
depletion potential,which yielded kg of oil equivalent (or MJ), kg CO2 
eqivalent, and m3 of water, respectively.

Different forms of energy were transformed to MJ based on standard 
engineering conversion coefficients. For water consumption, we 
adhered to the definition of “blue water” (Hoekstra and Chapagain, 
2011), defined as water that has been sourced from surface or ground-
water resources and has either evaporated or been incorporated into a 
product or taken from one body of water and returned to another. We 
did not account for grey water use in aquaculture since there was limited 
data on water quality of discharges from farm operations or processing 
facilities.

Energy, GHGe, and blue water impact potentials (impacts per kg 
edible food) are reported for each species group, production method, 
product form and supply chain stage (Dataset S1). Estimates were 
adjusted using food loss rates (Dataset S2) and weighted by various 
weighting factors (Dataset S3) to estimate the share of each species 
group, production method, or product form contributed to overall im-
pacts potentials. The analysis accounted for species with multiple pro-
duction methods (i.e., farmed vs wild caught), product forms (i.e., fresh, 
frozen, canned), product flows through supply chains, and food loss. 
Data collection methods, secondary data, and weighting factors for each 
species group and supply chain stage are described below and in the 
Supporting Information section Tables S1-6 and Datasets S1-3.

2.3. Data collection and inventory

Primary and secondary data collection was performed for each stage 
of the U.S. aquatic food supply chain from 2019 to 2021. Quantitative 
surveys were distributed to participants and collected in person or by 
Follow-up interviews were used to discuss survey responses. Multiple 
note-takers were used during in-person meetings, phone calls or online 
video calls, when available, and notes were compared for accuracy after 
the meetings. Semi-structured qualitative interviews were performed as 
described previously (Fry et al. 2024). Excel spreadsheets (Redmond, 
WA) were constructed for data storage, processing, and analysis of 
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primary and secondary data. The project was approved by the Institu-
tional Review Boards at Johns Hopkins School of Public Health (IRB # 
8345) and University of Florida (IRB # 201901559).

2.3.1. Production and processing
At the production and processing stage, energy, GHGe, and water use 

data were collected using surveys, semi-structured qualitative in-
terviews, and literature for the top ten species groups, which account for 
79 % of the U.S. aquatic food supply. The top ten species groups (ranked 
in order of supply) are: shrimp, salmon, tuna, tilapia, catfish & pan-
gasius, Alaska pollock, cod, crab, flatfish and scallops (Table S1). Catfish 
and pangasius were combined because they are both a type of catfish 
and U.S. food service and consumers often do not distinguish these 
products in the marketplace. The remaining 21 % of U.S. aquatic food 
supply was assigned a global average of the top ten species groups.

Seven species groups were selected for in-depth analysis (listed as 
“primary data” in Table S1), which represented 61 % of the U.S. aquatic 
food supply. Within these seven species groups, we selected sectors and 
sampling locations that were representative of the types of products that 
are supplied to the U.S. market. Primary data (life cycle inventories) 
were collected from the following sectors: 

● Vietnam farmed shrimp (Penaeus monodon, Litopenaeus vannamei)
● Vietnam farmed pangasius (Pangasius hypophthalmus)
● Southern U.S. farmed channel and hybrid catfish (Ictalurus punctatus; 

I. punctatus x I. furcatus) (Viglia et al. 2022a)
● Norway farmed Atlantic salmon (Salmo salar)
● U.S. Alaska wild capture sockeye salmon (Oncorhynchus nerka) 

(Viglia et al. 2022b)
● U.S. Alaska wild capture Alaska pollock (Gadus chalcogrammus)
● Pacific tuna (Thunnus spp.)

In total, 24 producers and 20 processors participated in primary data 
collection, which represented over 24 % of total systemwide harvesting 
and processing for the seven sectors listed above. These data were 
collected in-person during site visits in 2019 except for the Alaska 
pollock and tuna fisheries which were collected remotely. The energy, 
GHGe, and water embodied in boats, buildings, equipment, and infra-
structure materials, were obtained from the Ecoinvent® v3.6 database 
and depreciated using accepted depreciation rates. Analyses were based 
on averages of a 3-year period (2016–2018).

For species groups in which we did not do in-depth analysis, listed as 
“secondary data” in Table S1, we relied on data from the literature. A 
literature search spanning 2003 to 2021 was performed in Google, 
Google Scholar, Science Direct, and Web of Science using a targeted list 
of keywords for specific species groups. We identified a total of 913 
journal articles that were relevant to our study. The majority (98 %) 
reported data for fishing/aquaculture production only and 2 % had data 
on processing. Most data were reported in units of CO2 equivalents. 
Some earlier studies (early 2000 s) provided data in energy units. Of the 
total papers reviewed, 28 papers contained energy data on the species 
groups for which we did not do in-depth analysis: farmed tilapia (n = 4), 
wild caught cod (n = 10), wild caught crab (n = 5), wild caught flatfish 
(n = 3), wild caught scallops (n = 2), and wild caught shrimp (n = 6). 
(Some papers cover multiple species).

Food loss in production and processing included physical and quality 
loss, such as discards, mortalities, oversized or undersized harvests, 
temperature abuse, damaged or decomposing products and other forms 
of loss. For aquaculture, estimates were made of the biomass lost when 
harvestable-size animals died before harvest, as previously described 
(Love et al. 2023).

Greenhouse gas emissions (GHGe, kg CO2 eq) associated with 
aquaculture feed for each species per edible kg were computed based on 
the following: share of feed ingredients by species, feed ingredient en-
ergy, GHGe, water intensity, feed conversion ratio, and edible yield. 
Standard GHGe intensities for fuels and energy were used to compute 

global warming potential for energy and electricity (see Table S6). 
Where possible regionalized GHGe intensities for electricity were used 
(Table S6) to compute global warming potential from electricity use.

2.3.2. International transport
Imports of the top ten aquatic food species groups were compiled 

using trade data (United States Census Bureau, 2022) from six exporting 
regions: Africa, Asia, Australia & Oceania, Europe, North America, and 
South/Central America. We computed energy embodied in international 
transport for aquatic foods shipped by air (fresh forms) and by sea 
(frozen and canned forms). We did not compute imports by truck as this 
travel mode is not tracked by USA Trade, although this is important for 
some fresh fish from Canada and Mexico. Quantities of aquatic food by 
species and product form imported from each of the 6 global regions 
were summarized from U.S. trade data for the years 2017–2019.

We used the following energy intensities for air transport (8.23E-03 
MJ/kg-km) (Peeters et al., 2005; Ziegler et al., 2013) and sea transport 
(4.0 E-04 MJ/kg-km) (Ziegler et al., 2013). To evaluate air distances, we 
selected a single large metropolitan area with an international airport in 
each of the 6 regions as the departure location and a single centroid 
location in the U.S. (Kansas City, MO) as the destination, and air dis-
tances and energy (MJ/kg) were computed for aquatic food transported 
by air (Table S2). To evaluate sea distances, we used the same metro-
politan areas as departure ports and three different coastal U.S. ports 
(NewYork, NY; San Francisco, CA; or Savannah, GA) in the U.S. 
depending on shortest transport distance to port city (Table S2). Sea 
miles were computed using standard shipping lanes. Total energy 
embodied in imported aquatic food from international transport for each 
species group was the sum of the energy expended in sea and air 
transport.

2.3.3. Wholesale
Aquatic food that is imported or produced in the U.S. is sold through 

wholesale businesses destined to either retail or food service establish-
ments. At the wholesale stage, water and energy use data and food loss 
were obtained from detailed surveys of wholesale aquatic food com-
panies (n = 5) representing a total of 32,000 tonnes/yr of aquatic food 
(max: 14,500 tonnes/yr; min: 1,200 tonnes/yr).

2.3.4. Domestic transport
In our model, we place domestic transport after the wholesale stage, 

however, transport is needed to deliver goods from ports to wholesalers 
and from wholesalers to retailers. To model the average energy per ki-
logram of product, we first divided the continental U.S. into four census 
regions (United States Census Bureau, 2010), geo-referenced the popu-
lation centroid for each of the four regions, and computed straight line 
distances between each centroid. We then summarized aquatic food 
consumption by region using data from Love and colleagues (Love et al., 
2020) and U.S. trade data by region (United States Census Bureau, 2022) 
and developed a “shift-share” analysis by species where each region 
either imported or exported aquatic food from/to other regions to meet 
their consumption. Regions with more imports than consumption were 
presumed to exported to surrounding regions. Quantity exported from a 
region to other regions was computed using a gravity model where 
closer regions received more proportionally than distant regions. The 
energy intensity of truck transport was calculated as 0.002 MJ/kg-km 
(Kannan et al., 2016; Wakeland et al., 2012).

2.3.5. Retail, food Service, and home preparation
In our model, wholesale aquatic food is transported to either retail or 

food service establishments. The share of each species group sold by 
retail and food service, by volume, was based on findings from a na-
tionally representative dietary intake survey (Love et al., 2020). We 
assumed that retail aquatic food is sold for in-home food preparation and 
consumption, and food service meals were consumed in the food service 
establishment. The energy, GHGe, and blue water required at these 
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stages were modeled using data that included energy required to 
refrigerate and cook 1 kg of fresh and frozen aquatic food in both food 
service and residential settings (Bell, 2022). Tables S3 and S4 summarize 
the cooking and cooling energy requirements in retail and food service 
establishments and home preparation. Water use in retail, food service 
and home preparation was not available specifically for aquatic foods 
and these stages were assumed to be zero. Food loss at retail was based 
on using a national survey of US grocery store chains conducted by the 
Food Marketing Institute in 2014, 2016, and 2018 (n = 90 total re-
sponses). Loss at food service was estimated using published values in 
the literature as previously described (Love et al. 2023). At home con-
sumer waste was derived using a food diary survey of US aquatic food 
consumers (n = 70) as previously described (Love et al. 2023).

2.3.6. Calculation of energy, GHGe, and water used in each stage of the US 
aquatic food system

Primary and secondary data were collated in inventory tables. Each 
of the inventory items (foreground inputs) to each species and stage was 
multiplied by an energy, GHGe, and blue water characterization factor 
(Supporting Information Table S5) derived from EcoInvent database. 
The equations are as follows: 

FossilFuelDepletionPotential(kgoilequivalent) = CFE*InputItem (1) 

Energy(MJ) = FDP(kgoilequivalent)*42MJ/kgoilequivalent (2) 

where: 

CFE = energycharacterizationfactor 

FreshwaterDepletionPotential(m3) = CFW*InputItem (3) 

Water(l) = Water(M3)*1000l/m3 (4) 

where: 

CFW = watercharacterizationfactor 

GlobalWarmingPotential(kgCO2eq) = CFc*InputItem (5) 

Water(l) = Water(M3)*1000l/m3 (6) 

where: 

CFc = CO2eqcharacterizationfactor 

A weighted average for each stage and for each species was 
computed as the weighted average of the data collected from business as 
follows:

Weighted Average =

∑n
i=1(wi*xi)
∑n

i=1wi 

where:wi = weight of data point ixi = data pointn = total number of data 
points

2.3.7. Calculation of the energy, GHGe, and water each species contributes 
to the U.S. Aquatic food supply

The contribution of each species to the overall energy, GHGe, and 
water embodied in the U.S. aquatic food supply was computed using a 
weighted average of each species where the weighting factor is the 
species percent of the U.S. supply by weight. 

Weighted Average Energy Contribution =

∑n
i=1(Pi*Ei)
∑n

i=1Pi 

where:
Pi represents the percent of species i in the US diet by weight,
Ei represents the energy embodied in species i,
n is the total number of species 

Weighted Average Water Contribution =

∑n
i=1(Pi*Wi)
∑n

i=1Pi 

where:
Pi represents the percent of species i in the US diet by weight,
Wi represents the water embodied in species i,
n is the total number of species 

Weighted Average GHGe Contribution =

∑n
i=1(Pi*GHGi)
∑n

i=1Pi 

where:
Pi represents the percent of species i in the US diet by weight,
GHGi represents the CO2 eq embodied in species i,
n is the total number of species.

3. Results and Discussion

3.1. Resource use and GHGe in U.S. Aquatic food system

An increasing number of life cycle analyses have been performed for 
aquatic foods (Halpern et al. 2019), however, few studies assess the 
entire supply chain. This is the first study to assess energy use, GHGe, 
and blue water use for the U.S. aquatic food supply. We found a wide 
range of impacts across species and impact categories (Fig. 1). Charac-
terizing the environmental impacts by species, production methods, 
product forms, and supply chains is key to identifying actions that can be 
taken to reduce those impacts and transitioning to a more sustainable 
food system.

3.1.1. Capture fisheries
Capture fisheries use on average of 127.0 MJ of energy and emit 10.8 

kg CO2 eq to produce 1 kg of edible aquatic food (Fig. 1). Diesel fuel is 
the main input for capture fisheries production and the largest 
contributor to GHGe. The lowest GHGe products was canned sockeye 
salmon (3.7 kg CO2 eq/kg) and the highest GHGe product was fresh 
scallops (22.4 CO2 eq/kg). It takes less energy per unit of production to 
catch fish that return en masse to spawning grounds (e.g., salmon) or 
schooling fish (e.g., Alaska pollock) and more energy to catch crusta-
ceans, scallops and flatfish that use fuel-intensive methods such as traps, 
pots, bottom trawls, and dredges (Parker and Tyedmers, 2015; Parker 
et al., 2018). Adoption of fuel-efficient gears, fisher behaviors, and low- 
emission technologies are opportunities for improving harvesting effi-
ciency. Improved fishery management can also facilitate reductions in 
energy use given that fuel use intensity is often linked to stock levels 
(Byrne et al., 2021). Energy use is not only an indicator of environmental 
sustainability but also an indicator of vulnerability (e.g., to rising energy 
prices).

3.1.2. Aquaculture
Aquaculture uses on average 122.6 MJ/kg energy and emits on 

average 16.6 kg CO2 eq/kg to produce 1 kg of edible aquatic food 
(Fig. 1). The lowest energy use was frozen catfish (65.5 MJ/kg) and the 
highest energy use was fresh Atlantic salmon (157.1 MJ/kg). These 
differences are mainly due to varying amounts of energy used in pro-
duction, but also other differences in processing, product forms, and 
supply chains. The lowest GHGe was frozen Atlantic salmon (7.0 kg CO2 
eq/kg) and the highest was for fresh catfish (22.4 kg CO2 eq/kg).

Compared to capture fisheries, aquaculture uses 54 % less energy 
overall but emits 54 % more GHGe. This finding is primarily due to the 
higher GHGe intensity of the main inputs into aquaculture production 
(e.g. animal feed, electricity) compared to the main inputs for capture 
fisheries (e.g. diesel fuel). Fig. S2 compares GHGe and energy use for 
species in the study showing that energy use is a good predictor of GHGe 
for capture fisheries but not for aquaculture, which agrees with our re- 
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analysis of a published dataset (Heller et al. 2018).
We found that aquaculture feed is a significant contributor to energy 

use (66 % of total) and GHGe (67 % of total) for the production stage, 
which agrees with previous findings for GHGe (Gephart et al., 2021). 
From farm to plate, feed accounts for 35 % of total energy and 45 % of 
total GHGe in aquaculture products. Fig. S3 helps explain differences in 
feed-related GHGe among species. Fig. S3a presents the feed-related 
GHGe at the production stage for species in the study, which is the 
product of the species-specific feed conversion ratio (Fig. S3b), the in-
verse of the edible yield (Fig. S3c), and the GHGe intensity of the feed 
ingredients (Fig. S3d) weighted by the share of the feed ingredients in an 
animal’s diet (Fig. S3e). For example, Atlantic salmon has a lower GHGe 
for feed (3.4 kg CO2 eq/ton edible fish) compared to other aquaculture 
species, because Atlantic salmon has a lower feed conversion ratio, 
higher edible yield, and a feed mix using lower intensity feed in-
gredients. All species in this study were fed commercial diets and pro-
duced in industrial-style operations. As a relatively young industry, 
there are many promising opportunities to reduce GHGe in aquaculture 
such as through development of novel feeds, increased utilization of 
byproducts (Love et al., 2024), as well as improving feed conversion 
ratios through selective breeding and genetic improvements, and 
selecting feeds with lower GHGe intensities (Asche et al., 2022a). Such 
improvements are critical for realizing future growth in sustainable 
aquaculture.

3.2. Comparing environmental impacts between aquatic and terrestrial 
protein foods

We compared our findings to two studies (Gephart et al. 2021; Heller 
et al. 2018), which were selected based on their robustness. (Gephart et 
al 2021 reviewed and extracted data from studies representing 1,690 
farms and 1,000 fishery records around the world. Heller et al. 2018
reviewed and extracted data from over 400 studies including over 40 
studies of aquatic foods.) Based on these studies and our own, capture 
fisheries and aquaculture are among the most energy intensive protein 
foods to produce. In our study, the median energy in capture fisheries 
production was similar to beef, and higher than pork, chicken, and le-
gumes and nuts (Fig. S4a,b), while the median energy in aquaculture 
production was less than beef, but higher than pork, chicken, and le-
gumes and nuts (Fig. S4a,b). Heller and colleagues’ median values are 
lower for capture fisheries and higher for aquaculture than ours. The 
disagreement could be due to the wide range of species and production 
practices in the literature versus those species and practices that are 
representative of the U.S. supply.

Considering GHGe, all studies agreed that capture fisheries and 
aquaculture have lower GHGe than beef (Gephart et al. 2021, Heller 
et al. 2018) (Fig. S4c,d,e). In our study and Gephart et al. 2021, the 
median GHGe for capture fisheries and aquaculture was higher than 
pork, chicken, and legumes and nuts (Fig. S4c,d). In Heller et al., the 
median for aquaculture was similar to pork, and higher than chicken and 
legumes and nuts, while the median for capture fisheries was similar to 
pork and chicken and higher than legumes and nuts (Fig. 4e). The wide 
range of GHGe and energy estimates for aquatic foods is notable. 
However, it is not too surprising given the high diversity of species in 
aquatic production (Garlock et al., 2023) and in U.S. consumption (Love 
et al., 2022b). We did not assess farmed seaweed or farmed molluscan 
bivalves (i.e., oysters, clams, mussels), however, other studies have 
shown that these products have lower GHGe than most capture fisheries 
and fed aquaculture species (Gephart 2021). When GHGe impacts of 
foods are combined with dietary patterns, we see that pescatarian diets 

are lower in GHGe than omnivore diets (due to high GHGe content of 
beef) but are higher in GHGe than plant-based diets (Kim 2019; Heller 
et al., 2018; O’Malley et al., 2023).

Capture fisheries are remarkably water efficient; our analyses found 
they used only 31.8 l/kg blue water in the entire supply chain (Fig. 1), 
with most of that usage in the processing stage (Fig. S5c). Aquaculture 
used significantly more blue water (281.0 l/kg) than capture fisheries 
and had a much wider range of use (171.8 to 1,851 l/kg) (Fig. 1), 
depending upon the species, farming methods, and water requirements 
for the feed. Both freshwater and marine aquaculture use blue water in 
hatcheries and to grow crops as feed ingredients, however, only fresh-
water aquaculture (i.e., catfish, tilapia) used blue water in the grow-out 
phase. Catfish aquaculture was the largest water user in our study, 
which includes production systems in Vietnam on the Mekong River and 
the Southeast U.S. Our median estimates for blue water use in aqua-
culture in the U.S. supply were greater than estimates from aquaculture 
in China (Pahlow et al. 2015), within the range of estimates for aqua-
culture in Indonesia (Henriksson et al. 2019) and are in the same range 
but slightly lower than global estimates (Gephart et al. 2021) (Fig. S6). 
Compared to other foods, aquaculture uses less blue water than terres-
trial animal production, while capture fisheries use the least blue water 
of any plant or animal food group (Kim et al., 2020; Mekonnen and 
Hoekstra, 2012).

3.3. By stage of the supply chain

Most life cycle studies of aquatic foods only focus on the production 
stage (Gephart et al., 2021; Hilborn et al., 2018, Parker et al. 2018), and 
some continue through the transport stage (Ziegler and Hilborn, 2022), 
but few studies cover the entire supply chain. Our study measured im-
pacts across the entire supply chain and found that the production stage 
(e.g., capture fisheries and aquaculture production) is the largest user of 
energy, GHGe, and water (56 %, 64 %, and 79 %, respectively), how-
ever, studies that stop at the production stage will miss the remaining 64 
% of the energy, 36 % of the GHGe and 21 % of the blue water used in 
downstream stages (Fig. 2). For fisheries such as Alaska sockeye salmon 
that expend little energy capturing fish, stopping at the production stage 
misses the largest share of the overall energy, GHGe, and blue water use, 
which exists at the processing stage (Fig. 3). In other fisheries, such as 
Alaska pollock, fish can be processed and frozen aboard fishing vessels 
(called catcher-processors) and it is not easy to separate out resources 
used in production versus processing.

Overall, for the U.S. seafood supply, the processing stage was 
responsible for 13 % of energy, 13 % of GHGe, and 19 % of blue water 
(Fig. 2). Transport was responsible for 20 %, 13 %, and 2 % of total 
energy, GHGe, and blue water (Fig. 2), which is similar to previous 
GHGe estimates for transport-related GHG emissions in the global food 
system (Li et al., 2022). The wholesale stage was responsible for 2 %, 2 
%, and 1 % of the total energy, GHGe, and blue water to store and cool 
products (Fig. 2). Retail and food service was responsible for 6 %, 5 %, 
and < 1 % of total energy, GHGe and blue water, which included energy 
to cool and cook aquatic foods. Consumers were responsible for 3 % of 
the total energy and GHGe and < 1 % of the blue water to cool and cook 
aquatic foods at home. For the wholesale, retail, and food service stages, 
cooling made up a larger share of energy and GHGe, while at the con-
sumer stage, cooking was the largest share of energy and GHGe.

3.4. Transport of aquatic foods

The U.S. imports about 70 % of its aquatic food from other countries 

Fig. 1. Environmental impacts of the top-10 aquatic food species in the United States by production method and product form. a) energy (MJ/kg), b) greenhouse gas 
emissions (kg CO2 eq/kg), and c) blue water (l/kg). The dashed lines are the weighted averages for capture fisheries and aquaculture, weighted by the share of 
consumption. Catfish includes pangasius. Estimates include food loss and waste. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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(Gehpart 2019) making trade and transport a key component in aquatic 
food life cycle analyses. After accounting for regional trade patterns, we 
estimated that international transport was responsible for 94 % of 
overall transport energy and 89 % of overall transport GHGe while do-
mestic transport is responsible for the remaining 6 % of transport energy 
and 11 % of transport GHGe (Fig. 2). Transport was an insignificant user 
of blue water. On a weight basis, 17 % of international transport came by 
air freight and 83 % by cargo vessel (Fig. S7). Air freight uses 21 times 
more energy than cargo vessels to travel the same distance and thus even 
though it is used less, it contributes a disproportionately high amount of 
energy (56 %) and GHGe (52 %) within international transport (Fig. S7).

Asia exports the largest volumes of aquatic food to the U.S. and 
overwhelmingly (99 %) uses cargo vessels (Fig. S7). Fresh and frozen 

shrimp are the largest volume exports from Asia to the U.S. Fresh shrimp 
is shipped frozen and thawed or “refreshed” at retail), and therefore 
international transport of shrimp contributes a somewhat smaller 
amount of energy (7 % to 14 %) and GHGe (5 % to 7 %) compared to 
products shipped by air. Europe and South America export a large vol-
ume by air freight to the U.S., with 53 % and 42 % of their total exports 
to the U.S., by weight, coming by air (Fig. S7). This is explained by their 
proximity to the U.S. market and the higher unit prices for fresh forms 
(Asche and Smith, 2018; Love et al., 2022b), but it also contributes a 
large share to the overall GHGe of these products.

We explore the impact of air shipping using salmon as an example 
(Fig. 3). Farmed Atlantic salmon makes up 59 % of global air-freighted 
aquatic food exports to the U.S., including 74 % and 62 % of air exports 

Fig. 2. Energy (MJ/kg), greenhouse gas emissions (kg CO2 eq/kg), and blue water (l/kg) by stage in the United States aquatic food supply chain. Estimates for a) 
total and b) share of total energy, greenhouse gas emissions, and blue water. b) for ease of reading only values > 10 % are labeled. Estimates include food loss and 
waste. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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from Europe and South America (Fig. S7), making fresh farmed Atlantic 
salmon the largest contributor to air-related emissions in the U.S. 
aquatic food supply. Air transport contributes over half of overall energy 
(53 %) and GHGe (53 %) of farmed Atlantic salmon (Fig. 3), which 
agrees with previous findings (Ziegler and Hilborn, 2022). Switching 
from fresh air freighted Atlantic salmon to frozen Atlantic salmon would 
reduce U.S. consumers’ GHGe by 38 % (fresh farmed Atlantic salmon: 
11.3 kg CO2 eq/kg, frozen farmed Atlantic salmon: 7.0 kg CO2 eq/kg) 
(Fig. 3). Fresh salmon from Canada and domestic producers are shipped 
by truck, and will also have a transportation footprint more aligned with 
frozen seafood (Ziegler et al., 2022). The lowest GHGe of any salmon 
product was wild caught canned Sockeye salmon (3.7 kg CO2 eq/kg). 
although fresh and frozen wild caught Sockeye salmon were only 
slightly higher with 4.7–4.8 kg CO2 eq/kg (Fig. 3). From a supply 
perspective, wild caught salmon stocks are fully exploited and account 
for 7 % of the salmon consumed in the U.S. with the remaining 93 % 
being farmed Atlantic salmon.

3.5. Food loss and waste

Approximately 23 % of aquatic food in the U.S. supply chain is 
estimated to be lost or wasted, including during the supply chain and by 
consumers (Love et al., 2023). When aquatic foods are lo st or wasted 
they lead to secondary losses of embodied energy and blue water, as well 
as increased GHGe. We estimated environmental impacts with and 
without food loss and waste and found that accounting for loss and 
waste increased overall estimates of energy use by 22 %, GHGe by 24 %, 
and blue water use by 24 % (Fig. 4a). For example, the average GHGe for 
all aquatic food was 11.4 kg CO2 eq/kg without accounting for loss and 
waste and increased by 24 % to 14.0 kg CO2 eq/kg when loss and waste 
was included in the model. Food loss was largest at the production stage 
(Love et al. 2023). The production stage had the largest percent increase 
in environmental impacts when loss and waste was included in the es-
timate (Fig. 4b). By species, accounting for loss and waste increased 
environmental impacts by 12 % to 41 % (Fig. 4c). These findings suggest 
that life cycle analyses of aquatic foods that do not include food loss and 

Fig. 3. Comparison of farmed and wild caught salmon. Estimates for a) total and b) share of total energy (MJ/kg), greenhouse gas (GHG) emissions (kg CO2 eq/kg), 
and blue water (l/kg) by species, production method, product form, and stage of the supply chain. Estimates include food loss and waste. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparison of methods to estimate energy (MJ/kg), greenhouse gas emissions (kg CO2 eq/kg), and blue water (l/kg). a) overall estimates for the U.S. seafood 
supply with and without adjusting for food loss and waste. Percent increase in estimates after adjusting for food loss and waste reported by b) stage of the supply 
chain and c) species. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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waste may significantly underestimate environmental impacts.

3.6. Consumption patterns and preferences influence resource use

Aquatic foods come in a variety of product forms with different 
environmental impacts. We found that canned forms were significantly 
lower in energy (65.5 MJ/kg), GHGe (5.6 kg CO2 eq/kg), and blue water 
(22.8 l/kg) than fresh or frozen forms (Fig. 5a). This is largely due to 
canned tuna being the primary canned seafood product consumed in the 
U.S. and the fact that canned tuna has relatively low energy, GHGe, and 
blue water use as well as low rates of food loss because it is stable at 
room temperature. Fresh forms, on average, used more energy than 
frozen, but counterintuitively, frozen produced more GHGe and used 
more blue water than fresh forms. This is partly due to inherent differ-
ences in how these products are shipped and stored (i.e., fresh products 

have more energy intensive shipping methods, while frozen forms are 
maintained for longer periods of time in cold chains), and additionally 
the species mix differs among fresh and frozen forms (Fig. 5b). These 
findings suggest that choosing products based solely on their form is not 
a comprehensive solution for reducing consumer environmental im-
pacts, except in the case of canned products. Instead, species-specific 
factors must be taken into account.

Fillets are responsible for the use of considerably more resources 
than whole fish, kilogram for kilogram, because we assign all the im-
pacts from the full weight of the fish to the edible portion typical for U.S. 
consumers. Edible yield also varies by species, as some fish are easier to 
debone or have a higher muscle content than others. Consumer prefer-
ences for specific species and product forms (and the assumptions re-
searchers make about consumer choices) can significantly impact 
resource use efficiency.

Fig. 5. Energy (MJ/kg), greenhouse gas emissions (kg CO2 eq/kg), and blue water (l/kg) by product form. Estimates for a) total and b) share of total energy, 
greenhouse gas emissions, and blue water. b) broken out by species group; values > 10 % are labeled. Estimates include food loss and waste. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

D.C. Love et al.                                                                                                                                                                                                                                  Global Environmental Change 90 (2025) 102964 

10 



3.7. Summary

This study provides a comprehensive assessment of resource use and 
food loss and waste in the U.S. aquatic food system, showing how 
resource use varies by supply chain stage, species, production methods, 
form, and mode of transportation. The findings suggest priority leverage 
points for intervention. For aquatic food production, which was the 
stage with the highest energy footprint, priorities for intervention 
include, for aquaculture, improving sustainability of aquaculture fish 
feeds and technology adoption (Boyd et al., 2020; Kumar et al., 2018); 
and for capture fisheries, adopting fuel efficient gears, behaviors, and 
fishery management for capture fisheries (Byrne et al., 2021; Parker 
et al., 2018). In transporting aquatic food, the study draws attention to 
the disproportionate energy use for air freighting of fresh aquatic food, 
indicating need for continued efforts to market high quality frozen and 
shelf-stable aquatic food to consumers, and increasing growth in 
regional and domestic aquaculture production to meet demand for fresh 
fish in the U.S. (Asche et al., 2022b; Love et al., 2022a). It also suggest 
that regulations that limit domestic aquaculture production due to 
environmental concerns in the production process (Rubino, 2023) may 
increase the total environmental cost if this leads to the products being 
imported and transported by air. Key opportunities for reducing aqua-
culture water footprints include improving feed conversion ratios, using 
land-based aquaculture systems that recirculate water, and reducing 
pond seepage and evaporation. Where feasible, shifts to renewable en-
ergy are warranted throughout the aquatic food supply chain (Scroggins 
et al., 2022).

This study found that 21 % to 23 % of the resources embodied in 
aquatic foods are discarded via loss and waste, with the greatest 
embodied resources at the end of the supply chain. Thus, the findings 
underline calls for prioritizing consumer behavior research, aquatic food 
management guidance, and upstream strategies to help consumers and 
retailers, such as portioned packaging and improved preservation. 
Seafood losses need to be accounted for in life cycle research. Lastly, 
reflecting the complexity at the heart of the seafood-energy-water nexus, 
the modeling identifies tradeoffs in resource impacts between in-
terventions, such as those we describe between forms (i.e., fresh vs 
frozen vs canned). Further data are needed to assist industry stake-
holders, policy-makers and advocates in optimizing across systems to 
address these resource use tradeoffs. The research also informs future 
life cycle assessment work. While most life cycle studies stop at pro-
duction, the results underline the need for better accounting of energy 
and GHGe in post-production stages of the supply chains in life cycle 
assessment research. We suggest that ‘production through wholesale 
distribution’ provides a reasonable approximation for energy use in 
aquatic food supply chains, although complete analyses of the supply 
chain and consumption are preferred.

Key strengths of the study are its reliance on substantial primary 
data, both quantitative and qualitative, collected in sectors and enter-
prises across the supply chains serving the U.S., a rigorously-developed 
model supported in prior publications, estimation to reflect the entire U. 
S. aquatic food supply, and incorporation of trade patterns and food loss 
and waste. This research also has several limitations. Modeling requires 
many assumptions, and the limited number of data points means results 
may not appropriately represent practices across enterprises and pro-
duction systems. Fugitive emissions from refrigerants were not consid-
ered in GHGe estimates, although Ziegler found that at the production 
stage refrigerant leakage accounts for 13 % to 37 % of GHGe in fisheries 
production (Ziegler et al. 2013) and more refrigerants are also lost in 
cold chains. Transportation analyses are based on selected locations and 
may not reflect true distances. Further, we could not account for every 
source of resource usage. The analysis is based on mainstream U.S. 
conceptions of edible aquatic food, however, these norms could be 
expanded to include more whole fish. This study provides the most 
comprehensive and robust assessment to date of the environmental 
footprint of the US seafood supply. The findings highlight considerable 

variation in resource use and GHGe between capture fisheries and 
aquaculture, and based on production location, product type, and form. 
The nuances revealed in the analysis point to multiple opportunities to 
reduce the sector’s footprint. Further, our estimates provide a baseline 
against which to track the impacts of future efforts to improve envi-
ronmental outcomes.
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