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Understanding the relative contributions of the environment to commercial fisheries and aquaculture systems is
an area of intense importance as it quantifies the dependence these human dominated systems have on healthy
and productive ecosystems. Measures of sustainability are required that include environmental support, use of
nonrenewable resources, and labor & services. This work draws on primary and secondary data used in an
emergy analysis approach to assess environmental support and sustainability of a wild catch sockeye salmon
fishery in Bristol Bay, Alaska and Atlantic salmon aquaculture in Norway. The analyses ended at the processing
gate for both production systems. Environmental support of the sockeye fishery amounted to 69% of total inputs
for landed fish and 37% for processed fish, while the environmental support for farm raised Atlantic salmon was
60% and 42% for landed and processed fish respectively. Labor and services contributed 53% of total inputs for
processed sockeye and 44% for Atlantic salmon. The emergy indices for the wild caught sockeye and farmed
Atlantic salmon systems were relatively high having emergy yield ratios for landed fish of 3.2 (wild caught
sockeye) and 2.3 (farmed Atlantic salmon). After processing emergy yields of both systems were 1.6 (sockeye)
and 1.7 (Atlantic salmon). Environmental loading ratios for the sockeye fishery were 0.45 and 1.69 for landed
salmon and processed fish respectively, while for Atlantic salmon they were 0.76 and 1.40 for harvested and
processed fish respectively. Emergy sustainability indexes (ESI) for both production systems were much higher
than other aquaculture systems. Landed sockeye salmon had an ESI of 7.2, while that of farmed raised Atlantic
salmon was 3.0, somewhat lower, but still a relatively sustainable source of high-quality protein.

1. Introduction

We perform a comparative emergy evaluation of the Alaskan sockeye
salmon fishery and farmed Norway Atlantic salmon. These studies were
part of a larger study investigating energy and water consumption in the
USA seafood supply chain funded by the United States Department of
Agriculture under the National Science Foundation’s Innovations at the
Nexus of Food, Energy and Water Systems (INFEWS) program. The
overall study is designed to identify strategies for increasing efficiencies
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and reducing wastes. We evaluate the energy, material, information
(labor) and services inputs required to produce wild catch and farmed
salmon using a combined Life Cycle Assessment (LCA) and emergy
approach and include the environmental support' necessary for rearing
and maturing both the wild sockeye and the farmed Atlantic salmon.

1.1. Study motivation

Global wild catch fisheries depend on the productivity of the world’s

1 We define environmental support as the ability to provide a basis for the existence or subsistence of a process, without which the process would be much reduced

or nonexistent. Sometimes referred to as ecosystem services.
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oceans for their continued success (Chassot et al., 2010; Friedland et al.,
2012; Kildow and Mcllgorm, 2010; Pauly & Christensen, 1995; Ryther,
1969; Stock et al., 2017; Watson et al., 2014). Estimates of primary
productivity required (PPR) to support fisheries compared to estimates
of actual net primary productivity (NPP) suggest that many global
fisheries are being harvested at unsustainable rates (Coll et al., 2008;
Ryther, 1969; Link and Marshak, 2019). Recently Marshak and Link
(2021) quantified the links between primary production and fisheries
economic performance showing that landings, revenue, and employ-
ment, among other indicators, were dependent on the underlying pri-
mary production of fisheries.

Less well known, is the dependance of aquaculture on support from
the environment. In a series of papers beginning in 1988, Carl Folke and
others (Folke, 1988; Folke, 1989; Folke and Kautsky, 1989; Folke and
Kautsky, 1992; Folke et al., 1998) investigated the environmental sup-
port requirements of Atlantic salmon farming and wild caught salmon as
well as other species using energy analysis (EA), ecological footprint
analysis (EFA), and energy return of investment (EROI). They concluded
that similar quantities of living biomass were required to produce
equivalent amounts of salmon biomass whether the salmon were feeding
in the sea or were cage farmed. The caged fish were fed pelletized feed,
of which, important components were “nature’s subsidies” primarily
from fish meal and fish oil ingredients (Naylor et al., 1998) as well as
land, water, and other natural resources (Salin and Arome Atagub,
2018).

Other than the studies by Folke and colleagues, there is a dearth of
quantitative information regarding environmental support of fisheries
and aquaculture. While there are numerous studies quantifying envi-
ronmental (ecological) footprint of wild catch fisheries (Ding et al.,
2020; Kaiser, 2019; Kroodsma et al., 2018; Parker et al., 2018; Solarin
et al., 2021; Willer et al., 2022) there are fewer for aquaculture (Chang,
2017; Zhao et al., 2013).

We are aware of the large number of studies using LCA to quantify
the environmental impacts of aquaculture (Bohnes et al., 2019 provide a
comprehensive review of studies to date) and to a lesser degree, wild
catch fisheries (Avadi et al., 2020). The vast majority of LCA environ-
mental impact studies focus on Green House Gas (GHG) emissions, fuel
use efficiencies, and fossil fuel depletion. A few studies have focused on
water depletion (Ahmed and Thompson, 2019). However, LCA does not
explicitly include environmental support, but rather, implies environ-
mental impact.

To the best of our knowledge, there are few methodologies that
explicitly and quantitatively include the environmental support and
human labor inputs to production processes. Using emergy, it is possible
to compare the inputs of labor alongside of environmental support and
inputs of non-renewable resources on an equivalent basis for comparison
and to judge relative importance.

While there have been a few emergy studies of aquacultural systems,
to our knowledge there have been no emergy evaluations of wild catch
fisheries. David et al. (2021) conducted a critical review of emergy
evaluations of aquaculture, finding 16 published studies between 2000
and 2020. Of these studies one was an evaluation of farmed salmon in
Oregon, USA (Odum, 2000), where estuarine support was computed
based on the volume of water necessary to reduce nutrient concentra-
tions resulting from feed inputs. Vassallo et al., (2007) evaluated an
inshore marine fish farm near the Ligurian Gulf in Italy growing Gilthead
seabream (Sparus aurata), and later (Vassallo et al., 2009) developed a
dynamic emergy analysis of the same system. Wilfart et al. (2013) used
emergy and LCA to evaluate a recirculating water system near Veys Bay
(Normandy, France) growing Atlantic salmon among several other
aquacultural systems. Studying wetland fish farming systems in the
Nansi Lake area of China, Zhang et al. (2011) computed emergy indices
and transformities for carp species. David et al. (2018) used emergy
evaluation to study cage farming of tilapia in Brazil. Most of these
studies computed emergy sustainability indices, providing some in-
dicators of percent renewable, which can be assumed to be a close
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approximation of environmental support. The reviewed papers showed
that intensive aquaculture production systems had high productivity but
relatively low sustainability, while the reverse was true of traditional
low intensity systems, which had low productivity but high
sustainability.

Labor inputs to most production processes are important contribu-
tions often accounting for 50% of economic costs (Kamp et al., 2016)
and as much as 30% of emergy inputs (Brown and Ulgiati, 2014). LCA
studies do not explicitly include labor inputs; although recently Di Maria
et al. (2019) evaluated the contribution of human labor to emissions
from waste collection in central Italy. A relatively new branch of LCA
called Social Life Cycle Assessment (SLCA), assess the social and socio-
logical impacts along the life cycle of products and services. Huarachi
et al. (2020) provide an excellent review of the extensive literature on
the development of SLCA. Similar to traditional LCA, SLCA does not
explicitly include the importance of labor to production processes,
instead, it estimates impacts of processes on social and sociological
systems.

In all, these factors have precipitated the following questions that
have motivated this study:

1. What is the emergy of environmental support required to produce
wild caught Alaska sockeye salmon compared to farmed Norwegian
Atlantic salmon?

2. What proportion of total emergy in wild caught compared to farmed
salmon is contributed by the environment and by labor and services?

3. What is the relative emergy sustainability of farmed Atlantic salmon
compared to wild caught sockeye salmon?

1.2. Background

1.2.1. Sockeye salmon life history

Sockeye salmon (Oncorhynchus nerka) are anadromous fish; starting
life in freshwater streams and lakes as fertilized eggs in the fall of the
year, they emerge as fry from spawning sites the next spring and spend 1
or 2 years in lakes before exiting to the ocean as smolts during spring
(Quinn et al., 2009). The majority of smolts from any brood year spend
two winters in the ocean before returning to freshwater as mature adults
in late June and early July to spawn, while a small proportion may spend
one or three winters at sea (Martin & Loyd, 1996). At sea, sockeye
salmon feed on invertebrates, small fish, and squid (Burgner, 1991) and
are estimated to average a trophic level of 3.0 (Qin and Kaeriyama,
2016). After spawning the adult salmon die, providing a valuable source
of energy and nutrients to the river and lake ecosystems (Gende et al.,
2002).

1.2.2. The Bristol Bay, Alaska sockeye salmon fishery

Bristol Bay, Alaska (Fig. 1) is located between 57° and 59° north
157°-162° west in southwest Alaska and is the eastern extension of the
Bering Sea. The Bay and its watershed are the most productive salmon
ecosystem in North America, supporting all five species of Pacific
salmon - sockeye, Chinook, coho, chum, and pink; with sockeye being
the most abundant species in the ecosystem (Salomone et al., 2011). The
Bristol Bay fishery is one of the only remaining “wild fisheries” sup-
porting all five salmon species with no hatcheries (McKinley Research,
2021).

Shown in Fig. 2 is the cyclic migration of sockeye salmon, the fishing
stage, and processing and packaging stage. Starting in late June or early
July, and lasting from 4 to 6 weeks, sockeye salmon return to spawn in
the rivers that flow into Bristol Bay (ADFG, 2020a). In 2021, the Bristol
Bay sockeye run was the largest on record; 63.2 million fish returned to
spawn (Alaska Public Media, 2022). Normally, the average run size is 39
million fish (ADFG, 2020a). Sockeye are harvested in the bay by about
1500 driftnet vessels and about 900 “setnetters” (using gill nets) from
shore-based riverside locations (Wang, 2018). The sockeye fishery is one
of the most highly managed fisheries in the world with the Alaska
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Fig. 1. Map of the Bristol Bay watershed showing the many lakes and streams that support the sockeye salmon fishery. The inset shows the Bering Sea and the
estimated location of the ocean area supporting the maturing sockeye while at sea. Watershed redrawn from United States Environmental Protection Agency (2014)

Services

Geo- @ @
thermal

Biomass
@ X ¢

Biomass | Salmon

Ocean

Labor

Gov't
— Oversight

Boats, Assets .
Nets,
etc.

Processed Salmon

eiing Pmc?slng Fac?mg

Wild Caught Alaska Sockeye Salmon

M.T. Brown 2022

Fig. 2. System diagram of the sockeye salmon cyclic migration. Mature salmon migrate from ocean to land for spawning and after 1-3 years young smolts return to
the ocean to mature for 1-3 years. During the landward migration the salmon are caught, processed, and packaged.

Department of Fish and Game (ADFG) using sophisticated methods of
estimating daily runs sizes and communicating to fishers who are
heavily monitored and penalized if they break regulations. The size of
fishing vessels and gear, time fishing and area fished are controlled by
ADFG (Boenish et al., 2020; Cunningham et al., 2019).

Because of the remoteness of Bristol Bay, (there are no roads con-
necting the Bay with other parts of Alaska), all material, energy and
labor required by the fishery are transported in by either ocean-going
barges or air transport. Harvested sockeye are processed locally in
both floating and shore based processing facilities. During the period
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2015-2019, an average of 71 million kg of sockeye were processed into
four products: fresh & frozen headed and gutted (H & G) (67%), fresh
and frozen fillets (16%), canned (13%), and salmon roe (4%). In this
analysis we have concentrated on H & G as it represents the majority of
the products produced and allows for direct comparison with the farmed
Atlantic salmon.

1.2.3. Atlantic Salmon

Like the sockeye, the Atlantic salmon (Salmo salar) are anadromous,
but distinct in that most do not die after spawning but return to the sea to
spawn again (Fleming, 1996). Atlantic salmon are native to watersheds
of Europe and Northeastern North America that drain to the temperate
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and subarctic regions of the North Atlantic Ocean (Webb et al., 2007).
Wild populations have been in decline due, in part, to overfishing and
habitat destruction and is a “listed species” in most countries (Horreo
etal., 2011). In the U.S. the only Atlantic salmon sold in seafood markets
are farm-raised since commercial fishing for Atlantic salmon in the U.S.
has been prohibited since 1948 (NOAA, 2022).

1.2.4. Farmed Atlantic salmon

Global production of farmed Atlantic salmon in 2021 was 2.74
million metric tons representing about 3.2% of global aquaculture
production. Norway, the largest producer, produces about 55% of global
Atlantic salmon, followed by Chile (33%) (Statista, 2022). Fig. 3 is a map
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Fig. 3. Map of locations of active Norwegian Atlantic salmon sites. Redrawn from Lyngstad et al. (2016).
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of Norway showing the location of active salmon sites. In 2019 there
were about 1000 active grow-out licenses for Atlantic salmon in Norway
(Mowi and Mowi, 2020).

While the production process for farmed salmon on the surface is
relatively simple, in actual practice it has become complex, expensive,
and increasingly energy intensive. Fig. 4 is a system diagram of the
stages in farmed Atlantic salmon. Production begins at a hatchery,
where salmon eggs are hatched and raised in freshwater tanks on land
for the first 16-22 months of life (this phase is called freshwater rearing)
(Sandvold, 2016). During the next phase, called saltwater grow out, the
juvenile salmon, or smolts, are transferred to net pens anchored in
coastal salt water and fed pelleted feed until they are harvested 12-24
months later at a harvest weight of 4-6 kg (Asche et al., 2013). Because
of the length of time spent in uncontrolled coastal waters, the maturing
fish are subjected to not only environmental impacts (storms, algae
blooms) but also contagious viral diseases and parasitic infestation,
primarily salmon lice (Lepeophtheirus salmonis) that result in high mor-
tality rates; an industry average in Norway of 15% in 2020 (EY - Ernst &
Young Global Limited, 2022).

The Norwegian aquaculture industry continues to evolve under both
stricter governmental controls and increased environmental uncer-
tainty. Government sets limits on the number of licenses issued, density
of farms within coastal waters, and the number of observed salmon lice
(Mowi and Mowi, 2020). Pen technology and materials have changed
over time as has the size of pens, from about 5 m in diameter to over 50
m (Asche et al., 2013). As the number of salmon farms has risen, density
dependent disease and particularly salmon lice have prompted biolog-
ical and technology improvements. There has been a significant evolu-
tion in salmon lice control technologies shifting away from chemical
controls to physical removal and the introduction of cleaner fish
(Overton et al., 2019). The newest trend to decrease environmental
uncertainty involves production of larger smolts (250-500g), referred to
as post-smolts, prior to release in ocean pens reducing the time in the sea
and minimizing their exposure to uncontrollable risk factors such as sea
lice, diseases, and storms (EY - Ernst & Young Global Limited, 2022).

2. Materials & methods

The system boundaries for the two production systems are given in

Precip-
itation

Feed
Production

Freshwater Rearing
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Figs. 2 and 4. The sockeye salmon system (Fig. 2) includes terrestrial
environmental support for the rearing of smolts, marine environmental
support for grow out to mature fish, catching, and processing and
packaging. While the system boundary for farmed Atlantic salmon
(Fig. 4) includes feed production, egg production and hatching, fresh-
water rearing, saltwater grow out, and processing & packaging.

The emergy analysis uses a Geobiosphere Emergy Baseline (GEB) of
12.0 E24 sej yr . Primary and secondary transformities and unit
emergy values (UEVs) used in this study are taken from the Emergy
Characterization database (EmCFdb) (De Vilbiss and Brown, 2015). All
other transformities and UEVs were computed from life cycle inventory
data obtained from Ecolnvent database version 3.6 (Wernet et al.,
2016).

2.1. Emergy life cycle approach

This analysis uses an emergy approach to assess the environmental,
material, energy, information (labor), and service inputs to wild catch
and farmed salmon production systems, starting with environmental
support and raw material acquisition and ending at the gate of the
processing facility with headed and gutted (H & G) salmon product.
Along the production chains we have considered several functional units
according to the stages of each production system as follows:

Wild caught sockeye salmon.

1) 1 kg (live weight) of returning sockeye salmon
2) 1 kg (live weight) of landed sockeye salmon,
3) 1 kg of processed & packaged H & G sockeye salmon,

Farmed Atlantic salmon.

1) 1 salmon egg,

2) 1 kg (live weight) of Atlantic salmon smolt,

3) 1 kg (live weight) Atlantic salmon after grow out.

4) 1 kg of processed & packaged H & G Atlantic salmon.

The focus of this study was to quantify the environmental support of
the two production chains. We considered as renewable environmental
support (Fig. 2) the terrestrial emergy required to produce sockeye

Processed Salmon

Packaging

Processing

Fig. 4. Systems diagram of Norwegian farmed Atlantic salmon. Production of salmon feed from ingredients is included. The output from freshwater rearing is salmon
smolts which enter the saltwater grow out phase. The time frame from egg hatching to processed salmon products is about 24 months.
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salmon smolts and the oceanic productivity to grow out returning
salmon as well as the water used in processing phase. Renewable envi-
ronmental support of the farmed Atlantic Salmon (Fig. 4) included fresh
water used in all phases of the production chain and the ocean currents
necessary to flush salmon net pens during the grow out phase. A sec-
ondary focus was to quantify the labor and service inputs to both pro-
duction chains.

2.2. Data collection and inventory

All primary data for the sockeye salmon fishery are based on aver-
ages of a 3-year period (2016-2018) obtained from 3 seafood companies
(which represented over 24% of total systemwide harvesting and pro-
cessing) and the Alaska Departments of Fish and Game and Public
Safety. The breakdown of data sources by phase of the production chain
was as follows:

Environmental support — extensive literature review of sockeye life
history and the Environmental Impact document prepared by the
USEPA (2014),

Fishing - the fishing fleets of three companies representing almost
600 contract driftnet vessels and 84 tender vessels,

Processing and Packaging - four shore based and 2 floating pro-
cessing facilities representing about 24% of total sockeye salmon
production.

Primary data for the farmed Atlantic salmon production chain were
from various companies within each phase as follows:

Salmon feed — three companies with a combined total production of
over 57 thousand MT of feed,

Egg production - one company with total production of over 100
million eggs per year,

Freshwater rearing — five companies with combine total production
of 30 million smolts

Saltwater grow out — three grow out facilities with a combined
production of 36 thousand MT wet weight Atlantic Salmon,
Processing & Packaging — three companies with a combined total
production 95 thousand MT of H & G Atlantic salmon.

It should be noted that data collected from firms in the Atlantic
salmon production chain represent industry averages, as each of the
companies and production facilities used different production technol-
ogies, especially the freshwater rearing facilities, where some were using
water recirculating systems while others were using flow though
systems.

2.2.1. Infrastructure — quantities and UEVs

Infrastructure includes fishing vessels, equipment, buildings, and
machinery. Inventory data were collected as primary data from com-
panies and facilities interviewed. UEVs were computed using SimaPro
software version 9.0.0.30 (https://simapro.com/), the Ecoinvent data-
base version 3.6 (Wernet et al., 2016), and the ReCiPe Midpoint (H)
v.1.13 method (Goedkoop et al., 2013) for area of buildings and type of
construction and weight of equipment and machinery. We computed
UEVs based on Fossil Depletion Potential (FDP) and Water Depletion
Potential (WDP) impact categories, calculated in kg of oil equivalent (or
MJ) and m® of water using the ReCiPe Midpoint (H) v.1.13 method
(Goedkoop et al., 2013). Energy and water quantities were then multi-
plied by appropriate UEVs from De Vilbiss and Brown (2015).

2.2.2. Energy — quantities and UEVs

There were two main sources of energy, electricity and diesel fuel.
Data on quantities consumed in each phase of the production processes
were obtained from companies and facilities interviewed. UEVs for
electricity were computed based on the mix of source energy in Bristol
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Bay Alaska (100% distillate fuel oil and diesel fuel) and Norway (92%
hydro, 6.4% wind). UEV for distillate fuel oil and diesel fuel were from
De Vilbiss and Brown (2015).

2.2.3. Packaging — quantities and UEVs

Quantities of packaging materials were obtained from processing
companies and facilities interviewed. UEVs of packaging materials were
computed using SimaPro software and Ecoinvet database as outlined
above.

2.2.4. Labor - quantities and UEVs

Data on the labor hours in each phase were obtained from companies
and facilities as total labor hours per year. We computed UEVs for labor
in Alaska and Norway using emergy per capita (NEAD, 2022) for each
country, average number people per household, number of full-time
workers per household and number of hours worked per year (2000
h/yr) as follows:

household

« Prouseno _
Emy, :Emm,,,‘,a"“u / 2000hr yr !

Where:
Emy, = emergy per worker hour.
Emeapita = COUNtry emergy per capita.
Phousehold = average people per household.
Whousehold = average number of workers per household.

2.2.5. Services — quantities and UEVs

We defined services as the human input of information and labor that
is required in the background to supply all materials, energy and in-
formation purchased for the production of salmon (Brown and Ulgiati,
2014). Services were computed as the economic price of products at the
processing gate minus the economic costs of labor, and then multiplied
by the emergy money ratio for each country’s economy (NEAD, 2022).

2.2.6. Environmental support

We computed environmental support for sockeye salmon based on
the area required to support the salmon smolts during their freshwater
life stage in rivers and lakes and the area required for the maturing
salmon in the ocean. Area required was computed using estimates of
NPP for freshwaters and ocean systems from the literature. The UEV of
support areas were computed from the driving emergy of the freshwater
and ocean systems. We added to this support the water used in pro-
cessing, since as surface water, we treated it as renewable. Environ-
mental support for Atlantic salmon was computed using the ocean
currents driving the quantity of sea water flushing salmon pens during
the grow out phase. The UEV of ocean currents was taken from De
Vilbiss and Brown (2015). We added to this support the water used in all
phases since the water used was from rivers that discharge to the ocean.

2.2.7. Emergy sustainability indices

Several indices and ratios were computed for assessment of the
performance and the sustainability of both production systems (Brown
and Ulgiati, 1997; Ulgiati and Brown, 1998; Brown and Ulgiati, 2004) as
follows:

Fraction renewable (% R) — percent of total required emergy that is
from renewable emergy sources,

Emergy yield ratio (EYR) - the ratio of total emergy required to the
purchased emergy required,

Environmental loading ratio (ELR) - the ratio of the purchased
emergy required to the renewable emergy sources,

Emergy sustainability index (ESI) — the ratio of the EYR to the ELR;
essentially the ESI is an index of the yield of a process per “load” on
the environment.


https://simapro.com/

M.T. Brown et al.

3. Results
3.1. Alaskan wild caught salmon

Emergy analysis of Alaskan wild caught sockeye salmon is given in
Table 1. The analysis is divided into three phases, environmental sup-
port, fishing, and processing & packaging. The phases are sequential, so
that the output of each phase is the input to the next phase. The column
labeled quantity is the primary data we collected during interviews with
managers of companies and facilities that agreed to participate in this
study.

The environmental support (Phase 1) in Table 1 represents the
renewable energies driving the terrestrial and ocean environments that
are embodied in the sockeye salmon upon their return to the rivers of the
Bristol Bay watershed to spawn. Combined, the freshwater and ocean
environmental support was 31% of the total emergy required to produce
the finished salmon product. The time spent in the ocean was the largest
input totaling over 85% the environmental support. The specific emergy
and transformity of returning salmon were 2.11 E13 sej kg ™! and 5.0 E6
sej J7! respectively.

The fishing phase added 14% to the emergy required to produce final
product, of which labor represent over 80% of the emergy inputs and
fuel represents about 13%. At this point in the production chain the
specific emergy and transformity of the landed salmon increased 45% to
3.1 E13 sej kg ! and 7.3 E6 sej J~! respectively.

Since it requires 1.35 kg of landed salmon to produce 1 kg of final H
& G product, the salmon input to the processing and packaging phase is
shown as 1.35 kg of landed salmon. The processing and packaging phase
added another 55% to the emergy required to produce the final product,
of which labor represented about 22%, services represented about 38%,
and energy represented about 6%. The final specific emergy and trans-
formity for H & G Alaskan Salmon increased 120% from the landed
salmon to 6.8 E13 sej kg ! and 1.6 E7 sej J~! respectively. Overall the
specific emergy and transformity of the salmon H&G product increased
84% from the wild salmon that was caught as it returned to spawn.

Fig. 5 shows the percent of total emergy for categories of inputs for
the entire production chain of wild caught Alaskan sockeye salmon.
Fig. 5a shows the percentages each input is of the total emergy when
labor and services are included, while Fig. 5b shows the percentages
without labor and services. Environmental support was the largest
emergy input equaling 37% of inputs when labor and services are
included, and 79% when labor and services are excluded. Labor and
services combined equaled 53% of total emergy inputs (Fig. 5a). Energy
(sum of electricity and diesel fuel) was 6% and 8% of total inputs when
labor and services are included or not included. Infrastructure repre-
sented only 3% or 7% of total inputs.

3.2. Farmed Atlantic salmon

The emergy analysis of farmed Atlantic salmon is given in Table 2.
While the table lists the phases of the production sequentially, they are
not directly additive. For instance, the first phase is the production of
salmon feed, and the result is 1 kg of feed. Egg production required only
a minor amount of feed for broodstock (feed is not included in the table
because it represents less than 1% of total inputs). Freshwater rearing
required 1.35 kg feed to produce 1 kg of smolts and saltwater grow out
required 1.43 kg feed to produce 1 kg of mature salmon.

The result of egg production was one salmon egg and the emergy
required to produce one egg was 1.33 E11 sej. It required an input of
21.6 eggs to the freshwater rearing phase to produce 1 kg of smolts, and
it required 0.652 kg smolts to produce 1 kg of mature salmon. And
finally, it required 1.27 kg of mature salmon to produce 1 kg of H&G
salmon product.
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The freshwater rearing phase contributed 8.9% of emergy inputs to
the final product, resulting in a specific emergy and transformity of
salmon smolts of 7.26 E13 sej kg ™! and 1.73 E7 sej J ! respectively. The
emergy inputs to saltwater grow out were 40.2% of total inputs and
resulted in a specific emergy and transformity of mature salmon of 2.62
E13 sej kg~ ! and 6.25 E6 sej J~! respectively. The processing phase was
responsible for 50.9% of total emergy inputs, of which the mature
salmon were 62% of the inputs to processing and packaging. Reflecting
the level of automation in Norwegian salmon processing, labor
amounted to less than 25% of the inputs in the processing phase. The
final specific emergy and transformity of the H&G Atlantic salmon were
5.32 E13 sej kg ! and 1.27 E7 sej J ! respectively.

Shown in Fig. 6 is the percent of total emergy for categories of inputs
to the farmed Atlantic Salmon system with labor and services (Fig. 6a)
and without labor and services (Fig. 6b). Depending on inclusion of
labor and services, environmental support contributed between 42%
and 74% of total emergy inputs. Services contributed 39% of total inputs
while labor contributed 5%. The emergy in feed contributed between
8% and 15% depending on inclusion of labor and services.

3.3. Comparing wild caught sockeye and farmed Atlantic salmon

Table 3 summarizes the UEVs of wild caught and farmed salmon
along stages of the production chains when labor and services are
included. Sockeye salmon smolts had a transformity of 5.1 E7 sej J~!
computed using the emergy of freshwater environmental support and
average weight of smolts. Overall the transformity of wild caught
sockeye salmon decreased 70% from smolts (5.1 E7 sej J 1) to processed
and packages H&G salmon product (1.6 E7 sej J~1). Transformities of
farmed Atlantic salmon did not follow the same pattern. Farmed salmon
smolts (1.7 E7 sej J_l) decreased 27% from smolts to processed and
packages H&G product (1.3 E7 sej J™1). The transformity of harvested
farmed salmon (6.2 E6 sej J’l) was about 15% lower than the trans-
formity of harvested wild caught sockeye (7.3 E6 sej J~!) and the final
Atlantic salmon H & G product was about 19% lower than the wild
caught salmon (1.3 E7 sej J™'vs 1.6 E7 sej J ™).

The differences in transformities for salmon products without labor
and services followed the same basic patterns as described above. While
labor added about 6% to the transformities of salmon products, services
added nearly 50% to the final H&G products.

3.4. Measures of salmon sustainability

Table 4 lists several measures of sustainability of the wild caught and
farmed salmon with labor and services included. The indices were
computed for landed salmon (the first set of numbers) and processed
salmon (the second set). The first set of numbers (landed salmon) show
EYRs for sockeye and Atlantic salmon of 3.2 and 2.3 and ELRs of 0.45
and 0.76 respectively. The ESI for sockeye was 7.2 while that of Atlantic
salmon was 3.0. ESIs greater than 5.0 are generally found for processes
that provide a boost to the economy, providing net yields without sig-
nificant environmental impact. The percent renewable at this stage of
the process chain was 69% for sockeye and 57% for Atlantic salmon.

After processing, EYRs were reduced since processing requires rela-
tively large amounts of nonrenewable resources and labor and services.
The yield ratio for Sockeye (1.6) was lower than that of Atlantic Salmon
(1.7) and the ELR of sockeye (1.69) was higher than that of Atlantic
salmon (1.40) yielding ESIs that were reversed from the landed salmon.
The ESI of sockeye (0.9) was lower than that of Atlantic salmon (1.23)
and the percent renewable of sockeye (37%) was somewhat lower than
Atlantic (42%).
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Table 1
Emergy of inputs to produce 1 kg of H & G sockeye salmon at each phase.
Item Units Quantity UEV (sej/unit) Emergy (E12 sej) Percent of Total
Environmental Support
1 Freshwater lakes & streams m2 5.7E+00 5.38E+11 3.05
2 Ocean m2 6.67E+4-02 2.71E+10 18.06
Returning salmon kg 1.0 2.11E+413 21.11 31.3%
Transformity J 1.00E400 5.04E4+06
Fishing
3 Monitoring activities (diesel) kg 4.69E-03 7.26E+12 0.03
4 Drift net & tender vessels kg 1.68E-02 2.40E+13 0.40
5 Diesel fuel kg 1.66E-01 7.26E+12 1.21
6 Labor (air transport-jet fuel) kg 1.78E-03 7.40E+12 0.01
7 Labor (p*hrs) 6.36E-02 1.23E+14 7.82
8 Output salmon, (live weight) kg 1.0 3.06E+13 30.60 14.0%
Transformity J 1.0 7.31E+06
Processing & Packaging
9 Landed sockeye salmon kg 1.35 3.06E+13 41.30
10 Building (steel & concrete) m2 9.61E-05 1.4E+16 1.35
11 Machinery kg 1.25E-03 2.39E+13 0.03
12 Water m3 3.32E-02 6.81E+11 0.02
13 Diesel kg 1.73E-01 7.26E+12 1.26
14  Electricity (USA) kWh 3.51E-01 2.36E+12 0.83
15 Plastic kg 1.12E-02 9.66E+12 0.11
16  Cardboard kg 2.43E-02 7.00E+12 0.17
17  Pallets (wood) kg 2.94E-02 2.89E+11 0.01
18  Labor (air transport-jet fuel) J 1.83E-02 7.40E+12 0.14
19 Labor p*hrs 6.69E-02 1.23E+14 8.23
20  Services (minus labor costs) $ 7.57E+00 1.86E+12 14.08 54.7%
21 Output processed product kg 1 6.75E+13 67.52 100.0%
Transformity J 1.0 1.61E4+07
Notes to Table 1
1 Environmental support (freshwater)
Precipitation = 800 mm USEPA (2014)
Evaporation = 400 mm USEPA (2014)
Watershed area = 1.16E+11 m? USEPA (2014)
Stream and lake area = 9.16E+09 m? USEPA (2014)
Density water = 1000 kg m~3
Gibbs energy of rain = 4.72E+03 J/kg
Transformity Precipitation = 2.25E+04 sej/J (De Vilbiss and Brown, 2015)
Energy of water in lakes & streams = (0.8 m - 0.4m) * 1.16 E11 m? * 1000 kg m~2 * 4.72 E3 J kg™
= 2.19E+17 Jyr?
Emergy freshwater — (2.19 E17 J yr~! * 22.5E3 sej J1)/9.16 E9 m?
= 5.38E+11 sejm 2 yr!
NPP lakes and streams = 25 gC m? yr’1 (Goldman, 1960; Gough et al., 2016)
trophic efficiency = 1.0% Estimate average 2 trophic levels
Weight of exiting smolts = 14.20 g wet weight ~ (Martin and Lloyd, 2006)
Carbon in smolts = 1.42 g C/smolt 20% dry weight and 50% C (Czamanski et al., 2011)
NPP required to support 1 smolt = 1.42 gC fish/1.0% efficiency
= 1.42E+02 gCyr !
Area required to support 1 smolt = 1.42E2gCyr /25 gCm 2yr!
= 5.68E+00  m?
Emergy to support 1 smolt = 5.68 m? * 5.38 E11 sej m 2 yr
= 3.05E+12 sej/smolt
Specific Emergy smolt = 1.08E+15 sej/kg
Transformity smolt = 3.05E12 sej/smolt/(14.2 g/smolt *0.2% dry weight * 5 Cal g~* * 4186 J Cal™!)
= 5.14E+07 sej/J
2 Environmental Support (ocean) Quantity of NPP to support 1 kg live weight sockeye salmon
Energy input to ocean
Sunlight = 7.42E+13 J/ha Lee and Brown (2021)
Geothermal = 2.057E+10 J/ha Lee and Brown (2021)
Tidal = 3.104E+09 J/ha Lee and Brown (2021)
Solar transformities ocean inputs
Sunlight = 1 seJ/J Brown et al.,2016
Geothermal = 4900 seJ/J Brown et al.,2016
Tidal = 30,900 seJ/J Brown et al.,2016
Emergy input to ocean = Sunlight * solar Tr + Geothermal energy * geothermal Tr + Tidal energy * tidal Tr
= (7.42E13Jha "' *1.0seJ J™! +2.06 E10 Jha™' * 4900 seJ J™'+ 3.1 E09 J ha™" * 30,900 seJ J-')/10,000 m* ha ™"
= 2.71E+10  seJm 2
Shelf NPP = 150 gCm2yr!  Link & Marshak (2019)
Salmon mass = 1.00 kg landed mass
Carbon in 1 kg Salmon = 100.00 gC 20% dry weight and 50% C (Czamanski et al., 2011)
Trophic efficiency 0.10% Estimate based on 10% trophic efficiency and average ocean trophic level of 3.0 (Qin and
Kaeriyama, 2016)
NPP required to support 1 kg fish = 100gC fish/0.1% efficiency
= 1.00E+05 gCyr!
Ocean area required = NPP required/Artic ocean NPP

(continued on next page)
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Item

Units Quantity UEV (sej/unit) Emergy (E12 sej)

Percent of Total

10

11

12

13

14

15

16

17

18

19

20

24

Specific emergy (salmon) =
Transformity (salmon) =
Monitoring Activities (Diesel)
Diesel fuel =

Specific Emergy =

Drift Net & Tender Vessels
Quantity of boats & gear =
Specific Emergy =

Diesel Fuel

Specific Emergy =

Labor (Air transport-jet fuel)
passenger * km =

Fuel use =

density jet fuel =

energy intensity jet fuel =

Unit emergy value =

Labor

Unit Emergy Value (UEV) =

Output (Sockeye salmon, live weight)
Specific Emergy =

Transformity =

Landed sockeye salmon
Specific Emergy =
Building (Steel & Concrete)
Unit emergy value =
Machinery

Specific Emergy =

Water

Unit emergy value =

Diesel

Specific Emergy =
Electricity (USA)
Unit emergy value =
Plastic

Specific emergy =
Cardboard

Specific emergy =
Pallets (Wood)
Specific emergy =
Labor (Air transport-jet fuel)
passenger * km =
Fuel use =

density jet fuel =
energy =

Specific Emergy =

Labor

Unit Emergy Value (UEV) =
Services

Labor costs =

services (minus labor) =
UEV =

total emergy services =

H & G Salmon Product (kg)
Specific emergy =
Transformity =

1.35 E5 gC yr 1/150.0 g€ m 2 yr~!

6.67E+02 m?

2.11E+13 sej kg~ ! sum of environmental emergy

2.11 E13 sej kg~'/1000 g kg ~! * 0.2 * 5 Cal g~! * 4186 J Cal™!
5.04E+06 sej/J

4.69E-03 kg Primary data, this study.

7.26E+12 sej kg ! (De Vilbiss and Brown, 2015)

1.68E-02 kg Primary data, this study.

2.40E+13 sej kg See supplemental material
1.66E-01 kg Primary data, this study.
7.26E+12 sej kg ! (De Vilbiss and Brown, 2015)
6.36E-02 p *km Primary data, this study.
0.035 1 p*knfl (Ecolnvent, 2022)

0.8 kgl™!

4.82E+07 Jkg?

4.48e-01 p km™' * 0.035] p km* 0.8 kg1 !
1.78E-03 kg

7.40E+12 sej kg 1 (De Vilbiss and Brown, 2015)
6.36E-02 p*hrs Primary data, this study.
1.23E+14 sej p*hr! See supplemental material
1.0 kg

3.06E+13 sej kg~ ! sum of emergy inputs to fishing phase

3.06 E13 sej kg~/(1000 g kg ~* * 20% *5.0 Cal g-1 * 4186 J Cal-1)
7.31E+06  sej/J

1.35 kg 1 kg of finished H&G product requires 1.35 kg of landed salmon
3.06E+13 sej kg™ Item 8

9.61E-05 m? Primary data, this study.
1.4E+16 sej m 2 See supplemental material
1.25E-03 kg Primary data, this study.
2.39E+13 sej kg™ See supplemental material
1.82E-02 m® Primary data, this study.
6.81E+05 sejg ! (De Vilbiss and Brown, 2015)
6.81E+11 sejm >

1.73E-01 kg Primary data, this study.
7.26E+12 sej kg 1 (De Vilbiss and Brown, 2015)
3.51E-01 kWh Primary data, this study.
1.80E+12 sej kWh™? See supplemental material
1.12E-02 kg Primary data, this study.
9.66E+12 sej kg ! See supplemental material
2.43E-02 kg Primary data, this study.
7.00E+12 sej kg™ See supplemental material
2.94E-02 kg Primary data, this study.
2.89E+11 sej kg™ See supplemental material
6.54E-01 p*km Primary data, this study.
0.035 1 p*knfl (Ecolnvent, 2022)

0.8 kgl™!

6.54 E-02 p*km * 0.035 1 p*km ~'* 0.8 kg 1 *
1.83E-02 kg

7.40E+12 sej kg ™! (De Vilbiss and Brown, 2015)
6.69E-02 p*hrs Primary data, this study.
1.23E+14 sej p*hr! See supplemental material
4.63E+00 $1b! Avg. wholesale price (ADFG, 2020b)
1.02E+01 $kg!

4.86E+12 sej kg !

2.61E+00 $ kg’1 (McKinley Research, 2021)
7.57E+00 $kg!

1.86E+12  sej $! USA-EMR (NEAD v 2.0, 2022)
1.41E+13 sej

1.00 kg

6.75E+13 sej kg ™! sum of emergy inputs to packaging phase

6.75 E13 sej kg™1/1000 g kg ~! * 20% *5.0 Cal g~! * 4186 J Cal™!
1.61E+07 sej/J
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Fig. 5. Percent of final total emergy required to produce wild caught Alaskan sockeye salmon H & G product with labor and services included (a) and without labor

and services (b).
4. Discussion
4.1. Environmental support

Both wild caught and farmed salmon had significant environmental
support. Wild caught salmon benefitted from 37% (with L&S) and 79%
(without L&S) of total emergy inputs from environmental support
(Fig. 5). Nearly 100% of the support was the result of the years spent in
freshwater as growing smolts and the years spent in the ocean as
maturing salmon before their return to spawn. A very small portion
(<1%) of environmental support was obtained in the form of freshwater
used in processing and packaging. Since we considered the freshwater
that was obtained from surface water sources as a renewable source, we
included used water as environmental support. While it made very little
difference in the total environmental support of wild caught sockeye
salmon, Norwegian farmed salmon used larger quantities of fresh sur-
face water.

In the case of Norwegian farmed salmon (Fig. 6), environmental
support was 42% (with L&S) and 74% (without L&S) of total emergy
inputs. Of the total environmental support, 79% was from ocean cur-
rents during the saltwater grow out phase. These currents are an

10

important input as they maintain high water quality within ocean net
pens. The remaining 21% of environmental support resulted from use of
fresh water in egg production (6%) and freshwater rearing (15%)
phases.

Overall both wild caught sockeye and Atlantic farmed salmon
benefited from significant quantities of environmental support. The
implications of both salmon products having such high environmental
support will become more apparent when we discuss the sustainability
indices below.

4.2. Labor and services

Labor and services, combined, provided about 44% of total emergy
inputs to farmed Atlantic salmon (Fig. 6) and about 53% of total inputs
for wild caught sockeye salmon (Fig. 5). In emergy terms, the quantity of
labor and services in farmed Atlantic salmon was 24.4 E12 sej kg~},
while the labor and services input to wild caught sockeye salmon was
30.1 E12 sej kg™, Overall, the higher labor and service inputs to the
sockeye salmon system translated directly into higher transformities for
sockeye over farmed Atlantic salmon (1.6 E7 sej kg™ compared to 1.3
E7 sej kg™1).
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Table 2
Emergy inputs required to produce 1 kg H&G Norwegian Atlantic Salmon.
Activity Name Units Quantity UEV (sej/unit) Emergy (E12 sej) Percent of Total
Feed Production
1 Feedmill unit 8.63E-07 1.40E+16 0.01
2 Soy kg 2.78E-01 7.34E+11 0.20
3 Fava bean kg 3.72E-02 5.33E+11 0.02
4 Wheat Gluten kg 1.94E-01 9.73E+11 0.19
5 Sunflower seed kg 3.88E-02 1.29E+12 0.05
6 Fish meal kg 1.19E-01 4.23E+12 0.50
7 Fish oil kg 1.20E-01 4.23E+12 0.51
8 Vegetable oil kg 1.91E-01 4.00E+12 0.76
9 Packaging (plastic) kg 1.86E-03 9.66E+12 0.02
10 Transport packaging (ship) ton*km 6.10E+00 1.20E+10 0.07
11 Electricity kwWh 9.17E-02 8.00E+11 0.07
12 Natural gas m3 1.12E-02 5.40E+12 0.06
13 LPG kg 3.52E-05 8.77E+14 0.03
14 Labor p*hr 6.52E-04 2.10E+14 0.14
Product (Salmon Feed) kg 1.00 2.50E+12 2.50
Egg Production
15 Fiberglass kg 2.53E-04 2.40E+13 0.01
16 Salmon kg 7.14E-04 2.80E+13 0.02
17 Water m? 2.48E-02 2.24E+12 0.06
18 Electricity kWh 9.52E-03 3.57E+11 0.00
19 Labor p*hr 2.29E-04 2.10E+14 0.05
Product (Salmon Eggs) n. 1.00 1.33E+11 0.13
Freshwater Rearing
20 Eggs n 2.16E+01 1.33E+11 2.87
21 Feed kg 1.30E+00 2.50E+12 3.26
22 Water m3 2.04E+01 2.24E+12 45.75
23 Electricity kWh 4.80E+01 3.57E+11 17.13
24 Labor p*hr 1.70E-02 2.10E+14 3.57
Product (Salmon Smolts) kg 1.00 7.26E+13 72.57 8.9%
J 1.00 1.73E4+07
Saltwater Grow Out
25 Environmental support J 2.05E+08 76,200 15.60
26 Building (steel) m2 4.26E-06 1.40E+16 0.06
27 Building (wood) m2 9.24E-07 1.20E+16 0.01
28 Steel kg 5.05E-04 1.07E+13 0.01
29 Concrete m3 1.22E-04 3.76E+15 0.46
30 Fiberglass kg 5.36E-03 2.40E+13 0.13
31 Nylon kg 1.03E-02 9.66E+12 0.10
32 Salmon smolts kg 6.52E-02 7.26E+13 4.73
33 Feed kg 1.43E4-00 2.50E+12 3.58
34 Transport (ship) t*km 4.77E+00 1.20E+10 0.06
35 Electricity kwWh 5.13E-02 3.57E+11 0.02
36 Diesel kg 2.11E-02 7.26E+12 0.15
37 Labor p*hr 5.95E-03 2.10E+14 1.25
Product (Salmon) kg 1.00 2.62E+13 26.15 40.2%
J 1.00 6.25E406
Processing & Packaging
38 Salmon from grow out kg 1.27E+00 2.62E+13 33.13
39 Building (steel) m? 3.30E-06 1.40E+16 0.05
40 Styrofoam boxes kg 3.58E-02 1.00E+13 0.36
41 Cardboard kg 9.37E-04 7.00E+12 0.01
42 Transport packaging (ship) t*km 1.34E+00 1.20E+10 0.02
43 Electricity kWh 1.22E-01 3.57E+11 0.04
44 Labor p*hr 4.20E-03 2.10E+14 0.88
45 Services kr 5.78E+01 3.24E+11 18.75 50.9%
Product (Processed Salmon) kg 1.00 5.32E+13 53.23 100%

J 1.00 1.27E4-07

Notes to Table 2
Feed Production (ingrediants required to produce 1 kg feed)

1 Feedmill

Quantity of feedmill = 8.63E-07 unit (Ecoinvent, 2022)

UEV = 1.40E+16 sej unit ! See Suplimental material
2-8 Ingrediants

Quantity of ingrediants = 9.70E-01 kg Primary data, this study

Specific emergy = varies sej kg ! See Suplimental material
9 Packaging

Plastic = 1.86E-03 kg Primary data, this study

Specific emergy = 9.66E+12 sej kg ! See Suplimental material
10 Transport (ship)

Quantity feed & packaging/km = 6.10E+00 ton km™! Primary data, this study

UEV = 1.20E+10 sej t*km ™! See Suplimental material
11 Electricity 9.17E-02 kWh Primary data, this study

UEV = 1.80E+12 sej kwh! (De Vilbiss and Brown, 2015)

(continued on next page)
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Table 2 (continued)

Activity Name Units Quantity UEV (sej/unit) Emergy (E12 sej) Percent of Total
12 Natural gas 1.12E-02 m3 Primary data, this study
UEV = 5.40E+12 sej m~> See Suplimental material
13 LPG 3.52E-05 kg Primary data, this study
UEV = 8.77E+14 sej kg™t (De Vilbiss and Brown, 2015)
14 Labor 6.52E-04 p*hr Primary data, this study
UEV = 1.00E+14 sej p*hr! See Suplimental material
Egg Production (inputs required to produce 1 egg)
15 Fiberglass (tanks) 2.53E-04 kg Primary data, this study
UEV = 2.40E+13 sej kg ! See Suplimental material
16 Brood salmon 7.14E-04 kg Primary data, this study
UEV = 2.80E+13 sej kg ! See Suplimental material
17 Water 2.48E-02 kg Primary data, this study
UEV = 2.24E+06 sej g71 (De Vilbiss and Brown, 2015)
= 2.24E+12 sej m~>
18 Electricity 9.52E-03 kWh Primary data, this study
UEV = 1.80E+12 sej kwh™! See Suplimental material
19 Labor 1.70E-02 p*hr Primary data, this study
UEV = 1.00E+14 sej p*hr! See Suplimental material
Freshwater Rearing (inputs required to produce 1 kg smolts)
20 Eggs 2.16E+01 n. Primary data, this study
UEV = 8.34E+10 sej egg-1 Computed this study
21 Feed 1.30E+00 kg Primary data, this study
UEV = 2.60E+12 sej kg ! Computed this study
22 Water 2.04E+01 m? Primary data, this study
UEV = 2.24E+06 sej g ! (De Vilbiss and Brown, 2015)
2.24E+12 sej m >
23 Electricity 4.80E+01 kWh Primary data, this study
UEV = 1.80E+12 sej kWh™! See Suplimental material
24 Labor 1.70E-02 p*hr Primary data, this study
UEV = 1.00E+14 sej p*hr! See Suplimental material
Saltwater Grow Out (inputs required to produce 1 kg salmon)
25 Environmental support
current velocity = 0.1 m/s (Asplin et al., 2020)
density of water = 1000 kg/m3
volume water = 1.3 m3/kg fish
time = 3.15E+07 sec/yr
energy = 1/2 m*V2* time
= 1/2 * 1.3 m® * 1000 kg/m® * 0.03 2 m?/s *3.5 E7 sec/yr
= 2.05E+08 J/yr
Transformity = 76,200 sej/J (De Vilbiss and Brown, 2015)
26 Building (steel) 4.26E-06 m2 Primary data, this study
1.40E+16 sej m~2 See Suplimental material
27 Building (wood) 9.24E-07 m2 Primary data, this study
1.20E+16 sej m~2 See Suplimental material
28 Steel 5.05E-04 kg Primary data, this study
UEV = 1.07E+13 sej kg ! See Suplimental material
29 Concrete 1.22E-04 m® Primary data, this study
UEV = 3.76E+15 sej kg~! See Suplimental material
30 Fiberglass 5.36E-03 kg Primary data, this study
UEV = 2.40E+13 sej kg ! See Suplimental material
31 Nylon 1.03E-02 kg Primary data, this study
UEV = 9.66E+12 sej kg ! See Suplimental material
32 Salmon smolts 6.52E-02 kg Primary data, this study
UEV = 7.26E+13 sej kg ! Computed this study
33 Feed 1.43E+00 kg Primary data, this study
UEV = 0.00E+00 sej kg ! See Suplimental material
34 Transport (ship)
Quantity feed & packaging/km = 4.77E+00 ton km™! Primary data, this study
UEV = 1.20E+10 sej t*km ™! See Suplimental material
35 Electricity 5.13E-02 kWh Primary data, this study
UEV = 1.80E+12 sej kWh! See Suplimental material
36 Diesel 2.11E-02 kg Primary data, this study
UEV = 7.26E+12 sej kg71 (De Vilbiss and Brown, 2015)
37 Labor 5.95E-03 p*hr Primary data, this study
UEV = 1.00E+14 sej p*hr~! See Suplimental material
Processing & Packaging
38 Salmon from grow out 1.27E+00 kg Primary data, this study
UEV = 2.62E+13 sej kg ! Computed this study
39 Building (steel) 3.30E-06 m? Primary data, this study
UEV = 1.40E+16 sej m~2 See Suplimental material
40 Styrofoam boxes 3.58E-02 kg Primary data, this study
UEV = sej kg~! See Suplimental material
41 Cardboard 9.37E-04 kg Primary data, this study
UEV = sej kg ! See Suplimental material
42 Transport packaging (ship) 1.34E+00 t*km Primary data, this study
UEV = 1.20E+10 sej t*km ™! See Suplimental material

(continued on next page)
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Activity Name Units Quantity UEV (sej/unit) Emergy (E12 sej) Percent of Total
43 Electricity 1.22E-01 kWh Primary data, this study

UEV = 1.80E+12 sej kwh™! See Suplimental material
44 Labor 4.20E-03 p*hr Primary data, this study

UEV = 1.00E+14 sej p*hr! See Suplimental material
45 Services 5.78E+01 kr Primary data, this study

UEV = 3.24E+11 sej kr-1

a. Production Chain
w/ Labor & Services
Feed
8%
Services 7
39% __Infrastructure
2%
Labor
—_
5% /
Packaging
1% Energy
3%

Infrastructure
4%

15%
Packaging
1%

EIectricityJ
6%

.

Production Chain
w/out Labor & Services

Fig. 6. Percent of final total emergy required to produce farmed Norwegian Atlantic salmon H & G product with labor and services included (a) and without labor

and services (b).

The quantities of labor and services reflect the importance of auto-
mation to the farmed salmon system which resulted in lower labor in-
puts per unit of output than wild caught salmon system, but higher
service inputs. Labor accounted for 28% of emergy inputs for sockeye
salmon (16.1 E12 sej kg™ 1), while labor was only 5% of inputs to farmed
Atlantic salmon (2.3 E12 sej kg ™1). Reflecting the higher costs associated
with automation, services were 39% of inputs for Atlantic salmon (18.5
sej kg™1), and about 24% for sockeye salmon system (14.1 E12 sej kg™ 1).
Further reinforcing the effect of automation is the fact that emergy of
energy inputs was 6% of total sockeye inputs (2.4 E12 sej J~ ') while only
3% of Atlantic salmon inputs (1.65 E12 sej J™1).

4.3. Transformities of salmon and salmon products

We were able to compute transformities of salmon throughout the
stages of growth and processing which provide some interesting insights
and comparative differences between the two production systems
(Table 3). The transformity of sockeye smolts (5.1 E7 sej J~!) was
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Table 3
Specific emergy and transformity of sockeye salmon at each phase, including
labor and services.

Phase Specific Emergy (sej

kg™
Alaskan Wild Caught Sockeye Salmon

Transformity (sej
Jh

Salmon smolts 1.1E+15 5.1E+07
Returning salmon 2.1E+13 5.0E+06
Harvested salmon 3.1E+13 7.3E+06
Processed & packaged 6.8E+13 1.6E407
salmon
Norwegian Farmed Atlantic Salmon

Salmon smolts 7.3E+13 1.7E407
Mature salmon” 2.5E+13 6.0E+06
Harvested salmon 2.6E+13 6.2E+06
Processed & packaged 5.3E+13 1.3E407

salmon

2 Estimate assuming that harvesting requires1.0 E12 sej kg *.

Table 4
Emergy indices of landed and processed wild caught Alaska sockeye and farmed
Norwegian Atlantic salmon, including labor and services.

Index Alaskan Wild Caught Norwegian Farmed
Salmon Atlantic Salmon
Landed Salmon
Energy Yield Ratio (EYR) 3.23 2.31
Environmental Loading 0.45 0.76
Ratio (ELR)
Emergy Sustainability Index  7.19 3.03
(ESD)
Percent Renewable 69% 57%
Processed Salmon
Energy Yield Ratio (EYR) 1.59 1.71
Environmental Loading 1.69 1.40
Ratio (ELR)
Emergy Sustainability Index  0.94 1.23

(ESD

Percent Renewable 37% 42%

greater than Atlantic salmon smolts (1.7 E7 sej J 1.2 For two compa-
rable products, a higher transformity means that the product requires
more emergy to produce. Odum (2000) hypothesized, as a general
principle, that comparable products produced by natural processes and
human dominated processes would be such that the product produced
by nature would have a lower transformity than the human dominated
product. Counter to that general principle, the transformity of wild
sockeye salmon smolts in this study was 3 times that of the farmed
Atlantic salmon.

We think there are two factors that help explain the apparent di-
chotomy in transformities between farmed and wild salmon smolts. The
first is a theory of why salmon are anadromous, which relates to the
differences in productivity between freshwater and marine ecosystems
(Gross et al., 1988). Anadromy is found in northern latitudes where
marine productivity significantly exceeds that of freshwater. Produc-
tivity of the marine waters of the eastern Bering Sea is about 6 times that
of the freshwater lakes in the Bristol Bay watershed (notes to Table 1).
This is directly related to the second factor, the differences in size and
growth rates between farmed and wild smolts. The average size of
sockeye smolts as they migrate to the ocean was 14.9 g and required an
average of 2 years of growth in the freshwater lakes and streams of the

2 As an interesting aside, Odum (2000) in an unpublished manuscript,
computed a transformity of smolts in the Umpqua watershed of Oregon, USA of
1.0 E7 sej J~! and returning salmon equal to 1.5 E7 sej J~'. While he did not
mention the species by name, the watershed supports both coho and chinook
salmon. Odum assumed one trophic level for smolts, while we assume an
average of 2 trophic levels.
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watershed to produce them. On the other hand, the average size of
farmed Atlantic smolts in this study when released to ocean pens was
over 100 g and that size was obtained in less than 2 years. Thus, the
faster growth rates of the farmed smolts more than made up for the
increase emergy inputs required.

This is also an example of a phenomena we discovered while
computing transformities for global biomes (Lee and Brown, 2021). The
lowest productivity biomes (i.e. deserts, rock & ice, tundra, and montane
grasslands) had highest transformities for NPP, the result of relatively
high driving emergy, and low productivity. So, while the freshwater
lakes in the Bristol bay watershed have comparatively low pro-
ductivities, the emergy driving the landscape is relatively high. The low
productivity of the freshwater systems translates directly into slow
growth rates. Thus, it requires 1.1 E15 sej of emergy to produce 1 kg of
wild sockeye smolts while it only requires 2.1 E13 sej kg~! to mature
sockeye salmon at sea for their return (Table 3).

Considering the transformity as a measure of efficiency (Brown and
Ulgiati, 1997), on a per kilogram basis, the transformities of sockeye
salmon smolts were higher than the Atlantic salmon smolt, suggesting
that the technologically enhanced Atlantic salmon system of growing
smolts is more efficient. With the technology of recirculating water
systems, ocean pen culture, computer driven feed allocation, and disease
and parasite treatment, all driven by electricity and diesel fuel and
including labor, it is a relative surprise that the transformity of sockeye
smolts is so much higher than that of farmed Atlantic salmon smolts, but
testament to the concept of economies of scale and its conflict with
ecology of scale (Gwehenberger et al., 2007).

Returning sockeye salmon had a transformity of 5.0 E6 sej J™! a
significant reduction from that of smolts which was the result of the
accumulation of biomass while at sea and the NPP of the eastern Bering
Sea. At this same level of maturity, farmed Atlantic salmon had a
transformity of about 6.0 E6 sej J™, a difference of about 20%. The
difference results from the technology, energy, and labor and services
required in the saltwater growout phase compared to the absence of
such inputs to mature sockeye salmon in the Bering Sea.

The transformity of harvested sockeye salmon (7.3 E6 sej J71) is
about 18% higher than harvested Atlantic farmed salmon (6.2 E6 sej
J1). The reversal from the mature salmon transformities results from
the quantities of labor and energy necessary to catch the returning
sockeye. Compared to other aquaculture products that have been eval-
uated using emergy (David et al., 2018; Vassallo et al., 2007; Wilfart
et al.,, 2013; Zhang et al., 2011), the transformity of harvested Atlantic
salmon (6.2 E6 sej J ~1) is similar to the more intense processes studied.
The transformities in the studies just mentioned ranged between 1.53 E5
sej J7! to 8.9 E6 sej J~! with the lowest transformities characteristic of
what we would call artisanal aquaculture using bamboo cages, small
ponds, etc. and the higher transformities characteristic of more intensive
aquaculture systems. Odum (2000) computed a transformity of estua-
rine pen raised salmon in British Columbia of 9.5 E6 sej J™1), compa-
rable to that of the harvested salmon in this study.

Processed and packaged H&G sockeye salmon transformity (1.6 E7
sej J1) was about 120% greater than the transformity for the harvested
sockeye and that of Atlantic salmon was 110% greater due primarily to
the input of services at this point of the production chain. We computed
services based on wholesale price at the processing gate and therefore
assigned all services to the final phase of the production chain. The
result, of course, is that instead of adding services at each stage, they are
all added in this last stage which unfolds as a noticeable increase in
transformity.

4.4. Emergy indices of sustainability

When compared to farmed Atlantic salmon, landed sockeye salmon
had a higher EYR (3.2 compared to 2.3) and a lower ELR (0.45 compared
to 0.76). Considering the energy intensive nature of wild catch fisheries,
in general (Viglia et al., 2022, this issue), it is somewhat surprising that
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the yield ratio is relatively high (3.2/1), but demonstrates the produc-
tivity of the fishery and the fact that it is so concentrated in time and
space. Compared to other wild catch fisheries, the fishing effort per unit
of catch is relatively low. In our recent paper evaluating the energy,
water nexus of sockeye salmon (Viglia et al., 2022, this issue), energy use
in the sockeye fishery was in the lower quartile of other studies we were
able to compare with.

In all, the sustainability of wild caught sockeye salmon fishery prior
to processing was higher than farmed Atlantic salmon (Table 4) when
labor and services were included (7.2 compared to 3.0), the direct result
of the higher EYR and lower ELR of sockeye compared to Atlantic
salmon.

At the processing gate the sustainability indicators were switched
with higher EYR (1.7 compared to 1.6) and lower ELR (1.4 compared to
1.7) exhibited by processed Atlantic salmon compared to sockeye. High
labor and services associated with sockeye compared to farmed Atlantic
salmon were the main reasons for lower EYR and higher ELR. The higher
labor and services were due primarily to two factors, the age of equip-
ment in the Bristol Bay facilities and the relatively large distances
required to transport materials compared to the Norweigen facilities.
While these differences in EYR and ELR are minor and should be taken to
mean that the processed products are essentially equal in their contri-
butions to the economy and their impacts on the environment, they
translate into a slightly larger ESI for Atlantic salmon (1.23) compared
to wild catch sockeye (0.94).

Compared to previous emergy based studies of aquacultural systems,
both the farmed Atlantic salmon and wild caught sockeye salmon had
higher ESIs. Previous studies of aquaculture (David et al., 2018; Vassallo
et al., 2007; Wilfart et al., 2013; Zhang et al., 2011) computed ESIs
between 0.13 and 0.85, with one exception. In the study by Zhang et al.
(2011), a carp farm within Nansi Lake in Shandong Province, consisting
of 5000 m? of bamboo cages and yielding 25,000 kg of fish had an ESI of
4.6. This high ESI resulted from the fact that caged fish subsisted on lake
plankton with no additional feed supplied and very little energy, labor,
or services. In the study of British Columbia farmed salmon (Odum,
2000) the ESI computed from a given EYR (1.23) and ELR (4.2) was 0.3,
about 13% of the ESI of the farmed Atlantic salmon (landed). It should
be pointed out that none of these previous studies included processing
and packaging. Even including processing and packaging, both sockeye
and Atlantic salmon had higher ESIs than these previous studies.

In summary, the sustainability indices including labor and services
for both sockeye and Atlantic salmon at the first step in the supply chain
(landed salmon) are typical of products that provide long term sus-
tainable production and provide good opportunity for downstream
“value added” which translates into many prospects for matching of
labor and services (Brown and Ulgiati, 1997). Sustainability of the
farmed Norwegian Atlantic salmon system was better than most aqua-
culture systems evaluated to date, and while this may be due, in part, to
the differing methods of computing environmental support, none the
less, the large differences suggest that farmed Atlantic salmon is a
relatively efficient production system.

4.5. Sensitivity of indices and transformities

The majority of data needed for this study was collected from indi-
vidual companies and facilities as primary data and we have a high
degree of confidence that they represent industry averages. On the other
hand, data necessary to compute environmental support were obtained
from the literature. The difficulty of obtaining data for computing
environmental support, especially when that support is over large areas
and relatively long time frames becomes paramount for interpretation of
results. The ecological productivity of the freshwater and ocean eco-
systems expressed as Net Primary Production (NPP) is the fundamental
property required to compute environmental support of sockeye salmon
and ocean currents necessary to flush salmon net pens during the grow
out phase of Norwegian Atlantic salmon production cannot be measured
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in a study such as this. Instead, data from the literature must be relied
upon, the more data the better. We have combed the literature to extract
what we believe are the best data obtainable for these fundamental
properties of environmental support.

Changes in the values selected for NPP of the freshwater and oceanic
ecosystems or ocean currents can shift the results of the analysis. Higher
NPP increases sustainability of wild caught sockeye as does higher ocean
currents for farmed salmon. After a great deal of review of literature
values, we have selected the values used in this study, yet we provide a
word of caution that the results of this analysis are so close that to
suggest one system of producing the finished salmon product is unde-
niably better than the other would be an inaccuracy.

5. Concluding remarks

We have provided a detailed model for the evaluation of environ-
mental support of wild catch fisheries and marine based aquaculture and
have shown that environmental support is a significant input that must
be carefully considered. Our results are particularly sensitive to the level
of environmental support, shifting sustainability indices and trans-
formities with changes in the productivity values chosen for the fresh-
water and ocean ecosystems. All other data are relatively straight
forward, and we have a high degree of confidence in them since they
were primary data representing industry averages, collected from
fishers, growers, and processors who participated in our study.

Numerous studies have hinted at the unsustainable nature of aqua-
culture, but mostly from the perspective of feed formulations that
require protein, often sourced from ocean fisheries, or released waste,
antibiotics and pesticides, or escaped fish affecting genetic resources.
This study has not taken into account any of these “indicators of
unsustainability”, but rather focused on environmental support to
emphasize the links between human food systems and the support from
the environment necessary to sustain them. Still, our analysis showed
that Norwegian farmed Atlantic salmon, because of the environmental
support provided to the saltwater grow out phase had an ESI of about 3.0
as landed fish and 1.7 as processed fish. The high level of technology
used in the production process required a relatively large amount of
services but reduced the quantity of labor necessary and thereby
increased the EYR, lowering the ERL, and increasing the ESI.

The Bristol Bay sockeye fishery appears not to be overfished and in
fact, has been described as biologically sustainable (Hilborn, 2006) due
in large part to management practices. We believe that this study of
Alaskan sockeye salmon is the first wild catch fishery that has been
evaluated using emergy. Our analysis reveals a production system that is
relatively labor intensive, requires a great deal of environmental sup-
port, and provides a relatively high net yield. It’s sustainability, based on
the ESI is good having and ESI of landed fish of 7.2 even while depending
on relatively large quantities of energy and labor inputs to fishing effort.
It should be noted however, that other factors, especially climate change
which has been suggested as a major driver of change in all the Alaskan
fisheries could easily change its biological sustainability. Sockeye’s ESI,
after processing, drops significantly to 0.9, in keeping with that of other
refined products, and is the result of large inputs of labor and services.
The quantity of labor supported by the fishery is quite large, partially the
result of fisheries management that limits the size of fishing vessels, thus
requiring more labor and also because many of the processing plants are
quite old (1950s) and are more labor intensive than more modern
facilities.

Finally, it is an open question, which of the two species and methods
of production yields the better fish. Atlantic salmon have more fat, with
thick flakey flesh and a pale orange color, while sockeye, on the other
hand, are smaller with deep orange coloring and less fat. Sockeye have
about 23 g protein per serving while Atlantic has about 19 g. Fresh
sockeye are only available following their short season in late June early
July, while fresh Atlantic salmon are generally available year round. As
for taste, the better of the two fish depends on taste. Bon Appetite!



M.T. Brown et al.
CRediT authorship contribution statement

Mark T. Brown: Conceptualization, Writing — original draft, Meth-
odology, Formal analysis, Validation. Silvio Viglia: Formal analysis.
Dave Love: Investigation, Writing — review & editing. Frank Asche:
Investigation, Writing — review & editing. Elizabeth Nussbaumer:
Investigation, Writing — review & editing. Jillian Fry: Investigation,
Writing — review & editing. Ray Hilborn: Writing — review & editing.
Roni Neff: Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We thank the companies, stakeholders, the Alaska Department of
Fish and Game, and individuals in both Alaska and Norway who
participated in this study.

This work was supported by the U.S. Department of Agriculture
under an INFEWS grant [#2018-67003-27408]. RH was supported by a
grant from the Bristol Bay Regional Seafood Development Agency.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jclepro.2022.133379.

References

ADFG, 2020a. Commercial Salmon Fisheries, Bristol Bay Management Area the Alaskan
Department of Fish and Game. https://www.adfg.alaska.gov/index.cfm?
adfg=commercialbyareabristolbay.salmon#harvest. (Accessed 21 July 2020).

ADFG, 2020b. Bristol Bay Commercial Salmon, Herring, Subsistence and Personal Use
Fishing Regulations , the Alaskan Department of Fish and Game. https://www.adfg.
alaska.gov/static/regulations/fishregulations/pdfs/commercial /2019_2021 _bristo
Ibay.pdf. (Accessed 22 July 2020).

Ahmed, N., Thompson, S., 2019. The blue dimensions of aquaculture: a global synthesis.
Sci. Total Environ. 652, 851-861.

Alaska Public Media (APM), 2022. Bristol Bay records its largest sockeye run on record,
03/24/2022 at https://www.alaskapublic.org/2021/07/21/bristol-bay-records-its-1
argest-sockeye-run-on-record. .

Asche, F., Roll, K.H., Sandvold, H.N., Sgrvig, A., Zhang, D., 2013. Salmon aquaculture:
larger companies and increased production. Aquacult. Econ. Manag. 17 (3),
322-339.

Asplin, L., Albretsen, J., Johnsen, L.A., Sandvik, A.D., 2020. The hydrodynamic
foundation for salmon lice dispersion modeling along the Norwegian coast. Ocean
Dynam. 70, 1151-1167.

Avadi, A., Vazquez-Rowe, 1., Symeonidis, A., Moreno-Ruiz, E., 2020. First series of
seafood datasets in ecoinvent: setting the pace for future development. Int. J. Life
Cycle Assess. 25 (7), 1333-1342.

Boenish, R., Willard, D., Kritzer, J.P., Reardon, K., 2020. Fisheries monitoring:
perspectives from the United States. Aquac. Fish. 5, 131-138.

Bohnes, F.A., Hauschild, M.Z., Schlundt, J., Laurent, A., 2019. Life cycle assessments of
aquaculture systems: a critical review of reported findings with recommendations for
policy and system development. Rev. Aquacult. 11 (4), 1061-1079.

Brown, M.T., Ulgiati, S., 1997. Emergy Based Indices and Ratios to Evaluate
Sustainability: Monitoring technology and economies toward environmentally sound
innovation. Ecol. Eng. 9, 51-69.

Brown, M.T., Ulgiati, S., 2004. Emergy analysis and environmental accounting. In:
Cleveland, C. (Ed.), Encyclopedia of Energy. Academic Press, Elsevier, Oxford, UK,
p. 329e354.

Brown, M.T., Ulgiati, S., 2014. Labor and services as information carriers in emergy-LCA
accounting. J. Environ. Account. Manag. 2 (2), 163-170.

Burgner, R.L., 1991. Life history of sockeye salmon. In: Groot, G. (Ed.), Pacific Salmon
Life Histories. UBC press, Vancouver, Canada, pp. 3-117.

Chang, C.C., Chang, K.C., Lin, W.C., Wu, M.H., 2017. Carbon footprint analysis in the
aquaculture industry: assessment of an ecological shrimp farm. J. Clean. Prod. 168,
1101-1107.

16

Journal of Cleaner Production 369 (2022) 133379

Chassot, E., Bonhommeau, S., Dulvy, N.K., Mélin, F., Watson, R., Gascuel, D., Le Pape, O.,
2010. Global marine primary production constrains fisheries catches. Ecol. Lett. 13
(4), 495-505.

Coll, M., Libralato, S., Tudela, S., Palomera, 1., Pranovi, F., 2008. Ecosystem overfishing
in the ocean. PLoS One 3 (12), e3881.

Cunningham, C.J., Anderson, C.M., Wang, J.Y.L., Link, M., Hilborn, R., 2019.

A management strategy evaluation of the commercial sockeye salmon fishery in
Bristol Bay, Alaska. Can. J. Fish. Aquat. Sci. 76 (9), 1669-1683.

Czamanski, M., Nugraha, A., Pondaven, P., Lasbleiz, M., Masson, A., Caroff, N.,

Bellail, R., Tréguer, P., 2011. Carbon, nitrogen and phosphorus elemental
stoichiometry in aquacultured and wild-caught fish and consequences for pelagic
nutrient dynamics. Mar. Biol. 158 (12), 2847-2862.

David, L.H.C., Pinho, S.M., Garcia, F., 2018. Improving the sustainability of tilapia cage
farming in Brazil: an emergy approach. J. Clean. Prod. 201, 1012-1018.

David, L.H., Pinho, S.M., Agostinho, F., Kimpara, J.M., Keesman, K.J., Garcia, F., 2021.
Emergy synthesis for aquaculture: a review on its constraints and potentials. Rev.
Aquacult. 13 (2), 1119-1138.

De Vilbiss, C., Brown, M.T., 2015. Emergy Research Support for Supply Chains. Final
Technical Report to the USEPA under Contract EP-11-C-000197. The Center for
Environmental Policy, University of Florida, Gainesville Fl.

Di Maria, F., Sisani, F., Contini, S., 2019. Contribution of human labor to emissions from
waste collection. J. Clean. Prod. 231, 509-519.

Ding, Q., Shan, X., Jin, X., 2020. Ecological footprint and vulnerability of marine capture
fisheries in China. Acta Oceanol. Sin. 39 (4), 100-109.

EY - Ernst & Young Global Limited, 2022. Norwegian aquaculture analysis 2021, 04/02/
2022 at. https://assets.ey.com/content/dam/ey-sites/ey-com/en_no/noindex/ey-r
eport-the-norwegian-aquaculture-analysis-2021.pdf.

Fleming, I.A., 1996. Reproductive strategies of Atlantic salmon: ecology and evolution.
Rev. Fish Biol. Fish. 6 (4), 379-416.

Folke, C., 1988. Energy economy of salmon aquaculture in the Baltic Sea. Environ.
Manag. 12, 525-537.

Folke, C., 1989. The role of ecosystems for a sustainable development of aquaculture.
Ambio 18, 234-243.

Folke, C., Kautsky, N., 1989. The role of ecosystems for a sustainable development of
aquaculture. Ambio 18, 234-243.

Folke, C., Kautsky, N., 1992. Aquaculture with its environment: prospects for
sustainability. Ocean Coast Manag. 17 (1), 5-24.

Folke, C., Kautsky, N., Berg, H., Jansson, A., Troell, M., 1998. The ecological footprint
concept for sustainable seafood production: a review. Ecol. Appl. 8 (sp1), S63-S71.

Friedland, K.D., Stock, C., Drinkwater, K.F., Link, J.S., Leaf, R.T., Shank, B.V., Rose, J.M.,
Pilskaln, C.H., Fogarty, M.J., 2012. Pathways between primary production and
fisheries yields of large marine ecosystems. PLoS One 7 (1), e28945.

Gende, M., Edwards, R.T., Willson, M.F., Wipfli, M.S., 2002. Pacific Salmon in Aquatic
and Terrestrial Ecosystems: Pacific salmon subsidize freshwater and terrestrial
ecosystems through several pathways, which generates unique management and
conservation issues but also provides valuable research opportunities. Bioscience 52
(10), 917-928.

Goedkoop, M., Heijungs, R., De Schryver, A., Struijs, J., Van Zelm, R., 2013. ReCiPe 2008
A Life Cycle Impact Assessment Method Which Comprises Harmonised Category
Indicators at the Midpoint and the Endpoint Level First Edition (Version 1.08) Report
I: Characterisation Mark Huijbregts 3).

Goldman, C.R., 1960. Primary Productivity and Limiting Factors in Three Lakes of the
Alaska Peninsula. Ecol. Monogr. 30 (2), 207-230.

Gough, L., Bettez, N.D., Slavic, K.A., Bowden, W.B., Giblin, A.E., Kling, G.W., Laundry, J.
A., Shaver, G.R., 2016. Effects of long-term nutrient additions on Arctic tundra,
stream, and lake ecosystems: beyond NPP. Oecologia 182, 653-665.

Gross, M.R., Coleman, R.M., McDowall, R.M., 1988. Aquatic productivity and the
evolution of diadromous fish migration. Science 239 (4845), 1291-1293.

Gwehenberger, G., Narodoslawsky, M., Liebmann, B., Friedl, A., 2007. Ecology of scale
versus economy of scale for bioethanol production. Biofuel. Bioprod. Biorefin.:
Innov. Sustain. Econ. 1 (4), 264-269.

Hilborn, R., 2006. Fisheries success and failure: the case of the Bristol Bay salmon
fishery. Bull. Mar. Sci. 78 (3), 487-498.

Horreo, J.L., Machado-Schiaffino, G., Griffiths, A.M., Bright, D., Stevens, J.R., Garcia-
Vazquez, E., 2011. Atlantic salmon at risk: apparent rapid declines in effective
population size in southern European populations. Trans. Am. Fish. Soc. 140 (3),
605-610.

Huarachi, D.A.R., Piekarski, C.M., Puglieri, F.N., de Francisco, A.C., 2020. Past and
future of social life cycle assessment: historical evolution and research trends.

J. Clean. Prod. 264, 121506.

Kaiser, M.J., 2019. Recent advances in understanding the environmental footprint of
trawling on the seabed. Can. J. Zool. 97 (9), 755-762.

Kamp, A., Morandi, F., @stergérd, H., 2016. Development of concepts for human labour
accounting in Emergy Assessment and other Environmental Sustainability
Assessment methods. Ecol. Indicat. 60, 884-892.

Kildow, J.T., Mcllgorm, A., 2010. The importance of estimating the contribution of the
oceans to national economies. Mar. Pol. 34, 367-374.

Kroodsma, D.A., Mayorga, J., Hochberg, T., Miller, N.A., Boerder, K., Ferretti, F.,
Wilson, A., Bergman, B., White, T.D., Block, B.A., Woods, P., 2018. Tracking the
global footprint of fisheries. Science 359 (6378), 904-908.

Lyngstad, T.M., Hellberg, H., Viljugrein, H., Jensen, B.B., Brun, E., Sergeant, E.,
Tavornpanich, S., 2016. Routine clinical inspections in Norwegian marine salmonid
sites: a key role in surveillance for freedom from pathogenic viral haemorrhagic
septicaemia (VHS). Prev. Vet. Med. 124, 85-95.


https://doi.org/10.1016/j.jclepro.2022.133379
https://doi.org/10.1016/j.jclepro.2022.133379
https://www.adfg.alaska.gov/index.cfm?adfg=commercialbyareabristolbay.salmon#harvest
https://www.adfg.alaska.gov/index.cfm?adfg=commercialbyareabristolbay.salmon#harvest
https://www.adfg.alaska.gov/static/regulations/fishregulations/pdfs/commercial/2019_2021_bristolbay.pdf
https://www.adfg.alaska.gov/static/regulations/fishregulations/pdfs/commercial/2019_2021_bristolbay.pdf
https://www.adfg.alaska.gov/static/regulations/fishregulations/pdfs/commercial/2019_2021_bristolbay.pdf
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref3
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref3
https://www.alaskapublic.org/2021/07/21/bristol-bay-records-its-largest-sockeye-run-on-record
https://www.alaskapublic.org/2021/07/21/bristol-bay-records-its-largest-sockeye-run-on-record
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref5
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref5
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref5
http://refhub.elsevier.com/S0959-6526(22)02963-8/optGBXS8CxpyH
http://refhub.elsevier.com/S0959-6526(22)02963-8/optGBXS8CxpyH
http://refhub.elsevier.com/S0959-6526(22)02963-8/optGBXS8CxpyH
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref6
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref6
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref6
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref7
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref7
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref8
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref8
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref8
http://refhub.elsevier.com/S0959-6526(22)02963-8/optJ8XmfrTZD2
http://refhub.elsevier.com/S0959-6526(22)02963-8/optJ8XmfrTZD2
http://refhub.elsevier.com/S0959-6526(22)02963-8/optJ8XmfrTZD2
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref9
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref9
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref9
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref10
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref10
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref12
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref12
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref13
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref13
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref13
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref14
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref14
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref14
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref15
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref15
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref18
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref18
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref18
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref19
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref19
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref19
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref19
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref20
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref20
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref21
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref21
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref21
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref23
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref23
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref23
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref24
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref24
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref25
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref25
https://assets.ey.com/content/dam/ey-sites/ey-com/en_no/noindex/ey-report-the-norwegian-aquaculture-analysis-2021.pdf
https://assets.ey.com/content/dam/ey-sites/ey-com/en_no/noindex/ey-report-the-norwegian-aquaculture-analysis-2021.pdf
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref28
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref28
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref29
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref29
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref30
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref30
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref31
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref31
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref32
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref32
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref33
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref33
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref34
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref34
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref34
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref35
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref35
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref35
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref35
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref35
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref36
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref36
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref36
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref36
http://refhub.elsevier.com/S0959-6526(22)02963-8/optqHqKhXPVcU
http://refhub.elsevier.com/S0959-6526(22)02963-8/optqHqKhXPVcU
http://refhub.elsevier.com/S0959-6526(22)02963-8/optRLBlvpUGbb
http://refhub.elsevier.com/S0959-6526(22)02963-8/optRLBlvpUGbb
http://refhub.elsevier.com/S0959-6526(22)02963-8/optRLBlvpUGbb
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref37
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref37
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref38
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref38
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref38
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref39
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref39
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref40
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref40
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref40
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref40
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref41
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref41
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref41
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref42
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref42
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref43
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref43
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref43
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref44
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref44
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref45
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref45
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref45
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref46
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref46
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref46
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref46

M.T. Brown et al.

Lee, D.J., Brown, M.T., 2021. Estimating the value of global ecosystem structure and
productivity: a geographic information system and emergy based approach. Ecol.
Model. 439, 109307.

Link, J.S., Marshak, A.R., 2019. Characterizing and comparing marine fisheries
ecosystems in the United States: determinants of success in moving toward
ecosystem-based fisheries management. Rev. Fish Biol. Fish. 29 (1), 23-70.

Marshak, A.R., Link, J.S., 2021. Primary production ultimately limits fisheries economic
performance. Sci. Rep. 11 (1), 1-10.

Martin, P.C., Lloyd, D.S., 2006. Aspects of sockeye salmon smolt production in the Egegik
River system of Bristol Bay, Alaska. Alaska Fish. Res. Bull. 3, 59-63.

McKinley Research, 2021. The Economic Benefits of Bristol Bay Salmon (02/05/2021).
Report Prepared for Bristol Bay Defense Fund. October 2021 at. https://stoppebble
minenow.org/wp-content/uploads/2021/03/Summary-Document-Economic-Benefi
ts-of-Bristol-Bay-Salmon-3_17_2021.pdf.

Mowi, A.S.A., Mowi, 2020. Salmon Farming. Industry Handbook. October 2021 at. http
s://mowi.com/it/wp-content/uploads/sites/16,/2020/06/Mowi-Salmon-Farming-
Industry-Handbook-2020.pdf.

Naylor, R.L., Goldburg, R.J., Mooney, H., Beveridge, M., Clay, J., Folke, C., Kautsky, N.,
Lubchenco, J., Primavera, J., Williams, M., 1998. Nature’s subsidies to shrimp and
salmon farming. Science 282 (5390), 883-884.

NEAD, 2022. The National Environmental Accounting Database v2.0, 01/21/2022 at. htt
p://www.emergy-nead.com/home.

NOAA, 2022. Species directory: atlantic salmon (protected), 03/24/2022 at. https
://www.fisheries.noaa.gov/species/atlantic-salmon-protected.

Odum, H.T., 2000. Emergy evaluation of salmon pen culture. In: Proceedings of the
Tenth Biennial Conference of the International Institute of Fisheries Economics and
Trade (IIFET), July 10-14, 2000, Corvallis, Oregon, USA. October 15, 2021at.
https://ir.library.oregonstate.edu/concern/conference_proceedings_or_journals/
9g54xj53b.

Overton, K., Dempster, T., Oppedal, F., Kristiansen, T.S., Gismervik, K., Stien, L.H., 2019.
Salmon lice treatments and salmon mortality in Norwegian aquaculture: a review.
Rev. Aquacult. 11 (4), 1398-1417.

Parker, R.W., Blanchard, J.L., Gardner, C., Green, B.S., Hartmann, K., Tyedmers, P.H.,
Watson, R.A., 2018. Fuel use and greenhouse gas emissions of world fisheries. Nat.
Clim. Change 8 (4), 333-337.

Pauly, D., Christensen, V., 1995. Primary production required to sustain global fisheries.
Nature 374, 255-257.

Qin, Y., Kaeriyama, M., 2016. Feeding habits and trophic levels of Pacific salmon
(Oncorhynchus spp.) in the North Pacific Ocean. North Pac. Anadromous Fish.
Comm. Bull. 6, 469-481. https://doi.org/10.23849/npafcb6,/469.481.

Quinn, T.P., Doctor, K., Kendall, N., Rich Jr., H.B., 2009. Diadromy and the life history of
sockeye salmon: nature, nurture, and the hand of man. Am. Fish. Soc. Symp. 69 (No.
1), 23-42.

Ryther, J.H., 1969. Photosynthesis and fish production in the sea. Science 166, 72-76.

Salin, K.R., Arome Ataguba, G., 2018. Aquaculture and the environment: towards
sustainability. In: Sustainable Aquaculture. Springer, Cham, pp. 1-62.

Salomone, P., Morstad, S., Sands, T., Jones, M., Baker, T., Buck, G., West, F., Kreig, T.,
2011. 2010 Bristol Bay Area Annual Management Report. Anchorage: Alaska
Department of Fish and Game, Fishery Management Report 11-23, 02/23/2022 at.
https://www.adfg.alaska.gov/fedaidpdfs/Fmr07-22.pdf.

17

Journal of Cleaner Production 369 (2022) 133379

Sandvold, H.N., 2016. Technical inefficiency, cost frontiers and learning-by-doing in
Norwegian farming of juvenile salmonids. Aquacult. Econ. Manag. 20 (4), 382-398.

Solarin, S.A., Gil-Alana, L.A., Lafuente, C., 2021. Persistence and sustainability of fishing
grounds footprint: evidence from 89 countries. Sci. Total Environ. 751, 141594.

Statista, 2022. Salmon Industry — Stastics & Facts, 04/02/2022 at. https://www.statista.
com/topics/7411/salmon-industry/#topicHeader_wrapper.

Stock, C.A., John, J.G., Rykaczewski, R.R., Asch, R.G., Cheung, W.W., Dunne, J.P.,
Friedland, K.D., Lam, V.W., Sarmiento, J.L., Watson, R.A., 2017. Reconciling
fisheries catch and ocean productivity. Proc. Natl. Acad. Sci. USA 114 (8),
E1441-E1449.

Ulgiati, S., Brown, M.T., 1998. Monitoring patterns of sustainability in natural and man-
made ecosystems. Ecol. Model. 108, 23e36.

United States Environmental Protection Agency USEPA, 2014. An Assessment of
Potential Mining Impacts on Salmon Ecosystems of Bristol Bay, Alaska. Technical
report # EPA 910-R-14-001ES. Region 10, Seattle Wa.

Vassallo, P., Bastianoni, S., Beiso, L., Ridolfi, R., Fabiano, M., 2007. Emergy analysis for
the environmental sustainability of an inshore fish farming system. Ecol. Indicat. 7,
290-298.

Vassallo, P., Beiso, 1., Bastianoni, S., Fabiano, M., 2009. Dynamic emergy evaluation of a
fish farm rearing process. J. Environ. Manag. 90, 2699-2708.

Viglia, S., Brown, M.T., Love, D.C., Fry, J., Neff, R.A., Hilborn, R., 2022. Wild caught
Alaska sockeye salmon: a case study of the food energy water nexus for a sustainable
wild catch fishery. J. Clean. Prod. (this issue).

Wang, Y.L.J., 2018. Essays on Bristol Bay Sockeye Salmon Commercial
Fishery-Management Policies and Pricing Mechanism Doctoral Dissertation.
University of Washington at. https://digital.lib.washington.edu/researchworks/bitst
ream/handle/1773/41767/Wang_washington_0250E_18297.pdf?sequence=1&is
Allowed=y. (Accessed 2 May 2022).

Watson, R., Zeller, D., Pauly, D., 2014. Primary productivity demands of global fishing
fleets. Fish Fish. 15 (2), 231-241.

Webb, J.E., Verspoor, E., Aubin-Horth, N., Romakkaniemi, A., Amiro, P., 2007. The
Atlantic salmon. In: Verspoor, E., Stradmeyer, 1., Nielsen, J.L. (Eds.), The Atlantic
Salmon: Genetics, Conservation and Management. Blackwell Publishing, Oxford, UK,
pp. 17-56.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016.
The ecoinvent database version 3 (part I): overview and methodology. Int. J. Life
Cycle Assess. 21, 1218-1230. https://doi.org/10.1007/s11367-016-1087-8.

Willer, D.F., Robinson, J.P., Patterson, G.T., Luyckx, K., 2022. Maximising sustainable
nutrient production from coupled fisheries-aquaculture systems. PLOS Sustain.
Transform. 1 (3), e0000005.

Wilfart, A., Prudhomme, J., Blancheton, J.P., Aubin, J., 2013. LCA and emergy
accounting of aquaculture systems: towards ecological intensification. J. Environ.
Manag. 121, 96-109.

Zhang, L.X., Ulgiati, S., Yang, Z.F., Chen, B., 2011. Emergy evaluation and economic
analysis of three wetland fish farming systems in Nansi Lake area, China. J. Environ.
Manag. 92 (3), 683-694.

Zhao, S., Song, K., Gui, F., Cai, H., Jin, W., Wu, C., 2013. The emergy ecological footprint
for small fish farm in China. Ecol. Indicat. 29, 62-67.


http://refhub.elsevier.com/S0959-6526(22)02963-8/sref47
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref47
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref47
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref49
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref49
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref49
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref50
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref50
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref51
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref51
https://stoppebbleminenow.org/wp-content/uploads/2021/03/Summary-Document-Economic-Benefits-of-Bristol-Bay-Salmon-3_17_2021.pdf
https://stoppebbleminenow.org/wp-content/uploads/2021/03/Summary-Document-Economic-Benefits-of-Bristol-Bay-Salmon-3_17_2021.pdf
https://stoppebbleminenow.org/wp-content/uploads/2021/03/Summary-Document-Economic-Benefits-of-Bristol-Bay-Salmon-3_17_2021.pdf
https://mowi.com/it/wp-content/uploads/sites/16/2020/06/Mowi-Salmon-Farming-Industry-Handbook-2020.pdf
https://mowi.com/it/wp-content/uploads/sites/16/2020/06/Mowi-Salmon-Farming-Industry-Handbook-2020.pdf
https://mowi.com/it/wp-content/uploads/sites/16/2020/06/Mowi-Salmon-Farming-Industry-Handbook-2020.pdf
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref54
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref54
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref54
http://www.emergy-nead.com/home
http://www.emergy-nead.com/home
https://www.fisheries.noaa.gov/species/atlantic-salmon-protected
https://www.fisheries.noaa.gov/species/atlantic-salmon-protected
https://ir.library.oregonstate.edu/concern/conference_proceedings_or_journals/9g54xj53b
https://ir.library.oregonstate.edu/concern/conference_proceedings_or_journals/9g54xj53b
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref58
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref58
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref58
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref59
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref59
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref59
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref60
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref60
https://doi.org/10.23849/npafcb6/469.481
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref62
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref62
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref62
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref63
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref65
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref65
https://www.adfg.alaska.gov/fedaidpdfs/Fmr07-22.pdf
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref67
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref67
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref68
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref68
https://www.statista.com/topics/7411/salmon-industry/#topicHeader__wrapper
https://www.statista.com/topics/7411/salmon-industry/#topicHeader__wrapper
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref70
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref70
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref70
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref70
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref72
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref72
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref73
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref73
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref73
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref74
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref74
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref74
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref75
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref75
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref76
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref76
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref76
https://digital.lib.washington.edu/researchworks/bitstream/handle/1773/41767/Wang_washington_0250E_18297.pdf?sequence=1&amp;isAllowed=y
https://digital.lib.washington.edu/researchworks/bitstream/handle/1773/41767/Wang_washington_0250E_18297.pdf?sequence=1&amp;isAllowed=y
https://digital.lib.washington.edu/researchworks/bitstream/handle/1773/41767/Wang_washington_0250E_18297.pdf?sequence=1&amp;isAllowed=y
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref78
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref78
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref79
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref79
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref79
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref79
https://doi.org/10.1007/s11367-016-1087-8
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref81
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref81
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref81
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref82
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref82
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref82
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref83
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref83
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref83
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref84
http://refhub.elsevier.com/S0959-6526(22)02963-8/sref84

	Quantifying the environmental support to wild catch Alaskan sockeye salmon and farmed Norwegian Atlantic Salmon: An emergy  ...
	1 Introduction
	1.1 Study motivation
	1.2 Background
	1.2.1 Sockeye salmon life history
	1.2.2 The Bristol Bay, Alaska sockeye salmon fishery
	1.2.3 Atlantic Salmon
	1.2.4 Farmed Atlantic salmon


	2 Materials & methods
	2.1 Emergy life cycle approach
	2.2 Data collection and inventory
	2.2.1 Infrastructure – quantities and UEVs
	2.2.2 Energy – quantities and UEVs
	2.2.3 Packaging – quantities and UEVs
	2.2.4 Labor – quantities and UEVs
	2.2.5 Services – quantities and UEVs
	2.2.6 Environmental support
	2.2.7 Emergy sustainability indices


	3 Results
	3.1 Alaskan wild caught salmon
	3.2 Farmed Atlantic salmon
	3.3 Comparing wild caught sockeye and farmed Atlantic salmon
	3.4 Measures of salmon sustainability

	4 Discussion
	4.1 Environmental support
	4.2 Labor and services
	4.3 Transformities of salmon and salmon products
	4.4 Emergy indices of sustainability
	4.5 Sensitivity of indices and transformities

	5 Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


