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Abstract

Purpose Mortality and suboptimal biological performance are a widespread problem in finfish farming. The associated losses
constitute an environmental opportunity cost that needs to be thoroughly assessed to prioritize actions aiming at reducing
the environmental impacts of finfish aquaculture. We here propose and demonstrate the use of a new parameterized and
consequential LCA model of sea-trout production designed to assess the environmental opportunity costs of suboptimal bio-
logical performances, considering distinct mortalities and biological feed conversion ratios (FCRs) along the rearing process.
Methods Primary data was collected in Danish and Italian farms to reconstitute the whole production process for sea-reared
trouts. The level of detail allowed us to divide this production into seven different growth stages for which mortality and
biological FCR can be assessed and modified. Excretion and valorization of fish sludge were modeled with a calibrated
mass-balance model. Together with fish sludge, dead fish was modeled as valorized by anaerobic digestion. The foreground
system was linked to the consequential version of ecoinvent 3.8 for which the embedded uncertainty was considered in
Monte Carlo simulations. The model was used to assess the current environmental opportunity costs and evaluate the effect
of losses happening at different timings along the rearing process.

Results and discussion Results showed a low environmental opportunity cost for the current mortality rate of 5% as suppress-
ing this mortality decreased impacts by 3.5 to 5% across impact categories. Decreasing the biological FCR decreased the
environmental impacts proportionally. The timing of the losses was shown to greatly influence the environmental opportu-
nity cost, and the same mortality rate happening in the late stages had substantially more impact than in the first stages. The
valorization of the dead fish showed a negligible contribution to the reduction of impacts in the current system but showed
a substantial contribution in the case of higher mortalities, such as observed for other farms and foreseen in the future.
Conclusion The model demonstrated that assessing an opportunity cost by multiplying the lost biomass by a unique impact
factor constitutes an oversimplification neglecting the losses timing and the fact that fish biomass is not a marketable prod-
uct. Even though the current environmental opportunity cost for losses appeared neglectable, suboptimal biological FCR
should be tackled. The model and approach can be used to project trout farming within future disease regimes and assess
the trade-offs regarding fish health issues and new treatments and practices.
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1 Introduction

Over the last decade, worldwide fish farming has caught up
with fisheries and is now responsible for half of the global
fish production and expected to play a predominant role
in fulfilling the increasing population nutritional demand
(FAO 2020). Farmed fish is indeed a valuable source of
proteins and omega-3 that can be incorporated in diets
with generally lower environmental impacts compared to
other types of animal products (Tilman and Clark 2014;
Poore and Nemecek 2018; Philis et al. 2019). Regardless
of the species and production technologies, the key asset
of fish farming over land animals production is a low feed
conversion ratio (FCR, calculated as feed input needed per
fish output) as finfish are ectotherm animals that do not
require as much energy to regulate their body temperature
and do not require energy to fight gravity thanks to water
support (Tlusty et al. 2018; Bohnes et al. 2019). Never-
theless, finfish farming is one of the fastest growing food
sectors in the world (FAO 2020) and remains associated
with environmental impacts. Three recent reviews (Bohnes
and Laurent 2019; Bohnes et al. 2019; Philis et al. 2019) of
the LCA literature cover more than 65 studies and offer a
consistent overview of the efforts made to systematically
assess the environmental impacts of the diversity of finfish
farming systems. These critical reviews list better waste
management, FCR improvement, and new farming prac-
tices as directions to decrease the environmental impacts.
Overall, there is a consensus about the problematic lack of
assessment of the fish health and biological performance-
related aspects in LCA such as diseases, medicines, disin-
fectants, escaped and dead fish, and management of sludge
among others. This gap is mainly due to difficulties to get
detailed life cycle inventories (LCI) at the fish farm level
which imply aggregated inventories for “monolithic” and
black-box fish farms models that are hardly parameteriz-
able. The gap also stems from the scarcity of LCI for the
productions of interests such as chemicals and drugs, for
which knowledge on emission and characterization fac-
tors also remain limited (Nyberg et al. 2021). Filling these
gaps is even more relevant considering the general call
for a “new paradigm to help solve the global aquaculture
disease crisis” (Stentiford et al. 2017). Finfish aquaculture
diseases are indeed plaguing the sector which is experienc-
ing huge losses each year at a global scale. The estimates
for the associated global economic losses amount to at
least US$ 10 billion (Shinn et al. 2015; Just Economics
2021) per year, and China is for instance losing 15% of its
production each year (Leung and Bates 2013) with similar
figures for Norwegian salmon aquaculture (Bang-Jensen
et al. 2019) or European finfish aquaculture in general
(Shinn et al. 2015). The losses due to fish health issues can

be associated either to routine mortality, disease outbreaks
that can kill up to 100% of the fish, and FCR increase via
stress and affections which weaken the fish without killing
it (Murray and Peeler 2005; Monir et al. 2015; European
Union 2018). Due to the rise of antimicrobial resistance,
climate change, and the intensification of production asso-
ciated with a growing demand, the health issues are con-
sidered as a major threat to the development of the finfish
farming sector (Bang-Jensen et al. 2019; Peck et al. 2020).

The environmental impact and societal cost that can be
associated with health issues in finfish farming have rarely
been looked at. These impacts and costs are due to the losses
associated to a waste of resources, the additional treatment
of biological waste, the cost of treatments and biosecurity
measures, and the contamination of wild stocks (Skilbrei
2012; Monir et al. 2015; Abolofia et al. 2017; Just Econom-
ics 2021). Studies and reports have recently started to address
the issue using a LCA approach. Philis et al. (2021) study and
compare the environmental impacts of different biological
delousing treatments for salmon production and show that
such treatments constitute an insignificant contribution to
the overall production’s environmental impact for the consid-
ered categories (< 1%). However, the study cannot assess the
treatments' efficiencies and their impacts on salmon mortality,
which hinders the comparison’s equity between production
with and without treatment. Cristiano et al. (2022) assess dif-
ferent options to valorize sludge and dead fish in a modern
Norwegian smolt farm from a life cycle perspective. Besson
et al. (2014, 2016) study the life cycle environmental perfor-
mance gain associated with genetic improvement of the FCR
and growth rate in an African catfish farm.

A recent report (Just Economics 2021) assesses the overall
environmental, social, and economic cost of salmon farms in
the main producing countries. In particular, the cost of lice
treatment and the environmental impact of the wild stock
depletion due to lice spreading from fish farms are assessed.
Furthermore, the economic opportunity cost of mortality
is assessed by multiplying the lost biomass by the salmon
price. Following this logic, the environmental opportunity
cost could be defined and calculated as the lost biomass
multiplied by a single emission factor for commercial-
size fish. This approach would however be oversimplified
because a fish dying at the beginning of its growth period
will not be fed anymore while losing the fish just before
slaughtering will constitute a complete waste of the invest-
ments and the associated impacts. These discrepancies
could become particularly influent on the assessment
for finfish species grown in systems where the FCR and
inputs/outputs vary over the different growth stages, such
as for anadromous finfishes (e.g., salmonids). Furthermore,
multiplying the total lost biomass by the average impact to
produce 1 kg of fish boils down to considering an indistinct
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“fish biomass” as a marketable product. Instead, a LCA
must consider the demand for fish of a commercial size,
and not for “fish biomass” in general which does not fulfill
the obligatory properties on the market (Weidema 2003).
This difference of perspective could considerably change
the estimated opportunity cost. Modeling the distinct con-
sequences of events happening at different growth stages
and the responses of the production program has already
been done for environmental or economic assessment (Bala
and Satter 1989; Chateau and Chang 2010; Abolofia et al.
2017; Ferreira et al. 2021), but never adapted to LCA to our
knowledge. Assessing the environmental opportunity cost of
losses and being able to predict the environmental impacts
of a farming system under different biological performances
thus require a new disaggregated and detailed LCA allowing
modification of this performance at different stages in the
production cycle. In particular, the model should be able to
modulate separately the two main components of biological
performance, namely the mortality rate and the biological
FCR, i.e., the ratio of feed input over the sum of dead and
live fish productions, which differs from the economic FCR
(feed/live fish).

To move further away from an opportunity cost estimate
which does not consider market mechanisms and attribute an
impact to losses in the past, consequential LCA constitutes
arelevant approach to assess consequences of poor biologi-
cal performances and take decisions accordingly. Only one
consequential LCA of trout production has been published
so far (Samuel-Fitwi et al. 2013), and the finfish aquaculture
LCAs remain dominated by attributional approaches.

To address these needs, we present a parameterized and
consequential LCA model for sea-trout production, with new
primary data, which allows modeling of biological FCR and
mortality rate changes at six different points along the rear-
ing process. We use the model to assess the environmental
opportunity cost of the current biological performance, i.e.,
of the mortality and of the suboptimal biological FCR. We
also test the influence of different mortality timings on the
environmental consequences of an increase in demand for
Danish sea trout by assessing the sensitivity of the model to
these timings. In addition to varying the biological perfor-
mance in the foreground, we considered the uncertainty in
the background and regarding our modeling of the valori-
zation of losses and sludge via anaerobic digestion, which
could influence the estimated costs and the sensitivity to the
timings of the losses. Our study also presents the impacts
and the contribution analysis of the system under its current
biological performance.

In challenging times of change for the fish farming sector,
this work aims at refining our understanding of the health-
related issues in fish farming by increasing the detail and
accuracy of LCA modeling and discussing the notion of
environmental opportunity cost in LCA.

@ Springer

2 Methods

2.1 Fish farms under study and division
of cultivation stages

The functional unit is defined as an increase in demand
for 1-kg live weight of sea-reared rainbow trout (Onco-
rhynchus mykiss) at commercial weight which is 2.4 kg
on average (noted as 2.4 lw. trout for simplicity). To get
a satisfying level of division between the life stages, we
reconstituted the whole production process by combin-
ing primary data from Italy from indoor hatchery to 0.08
lw. trout (“hatchery,” “fry/fingerling,” “On-growing 1, 2,
3” in Fig. 1) and from Denmark for life stages from 0.08
lw. trout to the final sea-reared trout (“On-growing DK,”
“Seafarm 1,” “Seafarm 2” in Fig. 1). Overall, this means
that the very beginning of the fish growth is covered by
the Italian data, and the produced young fish is an input to
the first Danish stage for the rest of the fish growth. The
Italian farm is in the north of Tuscany in the west Apen-
nine drainage and, with the exception of the hatchery, does
not use electricity as the water flows and is oxygenated by
gravity. The primary data provided for this farm represent
average production figures over 2018, 2019, and 2020, for
a total production of 100 tons per year.

The Danish on-growing stage (“On-growing DK”
in Fig. 1) from 0.08 to 1 lw. trout is an outdoor semi-
recirculating farm for which the business model imposes
the overlap and commercialization of three sizes of trout
during the same year. It produces 1 lw. trout as the main
product that are sent to sea cages where they keep growing
to the commercial weight (2.4 lw. trout) that are then sold
for consumption, and smaller 0.3 1w. trout that are sold to
other fish farms. It also co-produces larger trouts directly
sold for consumption which are therefore functionally
equivalent to the sea-reared 2.4 1w. trout. The primary data
for this cultivation stage cover two years of production (2019,
2020) in a farm which produces 400 tons total live weight
per year. Finally, the 1 lw. trout are reared in Danish sea
cages for 7-8 months up to reaching their commerciali-
zation weight (FU). Roe constitutes 11% of the produced
biomass but was included as part of the FU (1 kg of 2.4
lw. trout with 11% of roe mass). Data on sea cages were
collected for seven Danish farms over 2019 and 2020 for
a total production of 2500 tons per year. According to the
production type clusters proposed by Philis et al. (2019),
the reconstituted production process can classify as “land-
based intensive flow-through” until the weight of 1 kg is
reached and as “open sea-based rearing” until the com-
mercialization weight is reached. The overall mortality
rate calculated as the ratio of dead biomass over the total
biomass bioproduction of sea-reared trout amounted to 5%
(cf. Table 2), which is in the same order of magnitude as
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Fig. 1 Foreground product system. A colored number under a growth
stage division (upper panel) indicates an input of the associated pro-
cess in the lower panel. Growth stages with the same name and differ-

the average value reported for the whole Danish sector
(6.4% for 2021 across all types of trout farming systems
according to Danmarks Statistik (2021)). The sludge is
filtered out and collected in all land-based stages and the
dead fish in all stages.

To improve the granularity of the parametrization and
model the current mortality as close as possible to reality,
we further subdivided these “physical” cultivation stages
in eight “virtual” fish growth stages based on direct infor-
mation from the producers about mortality rates along
the rearing process (cf. Fig. 1). These subdivisions are
implemented such as the losses are happening at the very
end of each virtual stage. The biological FCR of each
physical cultivation stage was used to interpolate the feed
inputs of the virtual growth stages. The other inputs and
outputs to the virtual growth stages (electricity, oxygen,
fuel, chemicals) were calculated proportionally to the feed
inputs (cf. OR II.2). This implies that for each growth
stage, we assumed that fish deaths occur after consum-
ing all the feed and excreting all the residues. Thus, the
mass balances between inputs and outputs are respected.

ent numbers (e.g., On-growing 1, 2, 3) constitute virtual divisions of
a same physical cultivation stage. lw., live weight; DK, Denmark

Virtual growth stages are henceforth simply referred to as
“growth stages.”

2.2 LCA framework and product system

2.2.1 System boundaries, consequential modeling,
and stochastic LCA

We performed a consequential LCA using ecoinvent 3.8
consequential as the background database. We therefore
studied the consequences of an increase in demand for 1 kg
of 2.4 lw. sea-reared trout and considered marginal mixes
and technologies as responding to this increase in demand.
The marginal Danish electricity mix was modeled at the
fish farm level.

The LCA is stochastic, and we performed Monte Carlo
simulations considering the background uncertainty of
ecoinvent and the uncertainty of the anaerobic digestion
process in the foreground (cf. Sect. 2.5).

The scope of the system excludes slaughtering, consid-
ered neglectable in terms of environmental impacts, and
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starts with the eggs hatching without considering any burden
for the egg production. The sludge and losses are valorized
via anaerobic digestion, and the substitution of natural gas
on the Danish market is modeled.

We modeled the substitutions of corresponding growth
stages for the co-produced 0.3 Iw. and 2.4 Iw. trout in the
growth stage “On-growing DK” (cf. Fig. 1). Thus, the model
accounts for the business model of this farm, and the mass
balances are respected. Conceptually, the substituted 0.3 Iw.
trout production comes from another farm which shares the
same first growth stage division as the main production line,
but the division from 80 to 300 g (“On-growing 2”) was
modeled with the Italian data only. For further reference, we
name this substituted production “parallel production line”
(cf. Fig. 1). The 2.4 lw. trouts substitute the functionally
equivalent sea-reared trouts.

2.2.2 Life cycle inventory and product system

The complete life cycle inventories of the different growth
stages and of the overall production are presented in
Online Resource II.1. The collected data for the produc-
tion’s economic inputs covers feed, oxygen, fuel for boats
and on-site trucks and machineries, chemotherapeutants,
electricity, and treatments of dead fish sludge. No trans-
port of the fish to consumer was modeled, neither between
the land-based stages, because they were assumed close
to each other. Table 1 shows the feed and fish inputs and

Table 1 Fish and feed inputs and outputs across all growth stage divi-
sions. The full life cycle inventories are displayed in Online Resource
II.1 under xIsx format. The inventories are presented under the form
of a technosphere matrix: a negative amount indicates an input. All
amounts are scaled to a production of 1000 kg. For the total produc-

outputs of the different growth stages, and Table 2 dis-
plays the associated FCRs and mortality rates. The product
system is shown in Fig. 1.

Even though chemical and medicine inputs were pro-
vided, no inventories for the medicines exist in ecoinvent
3.8, and the few therapeutic inventories available in the lit-
erature (Jiménez-Gonzélez et al. 2004; De Soete et al. 2017,
Emara et al. 2019; Parvatker et al. 2019) do not cover the
ones used in the trout production. This literature instead
highlights that the use of other medicines as proxies can
constitute a major source of error as chemically similar
molecules can be associated with very different production
routes (Parvatker et al. 2019). On the grounds of this, the
inputs are not included in the inventory and impact calcula-
tions, but the input amounts are presented in the life cycle
inventory table in Online Resource II.1 for completeness.

The peracetic acid production was modeled based on
the inventory provided by Echeverria et al. (2021). As no
inventory was available for the quaternary ammonium salt
(biocide) production, we used benzyl chloride, one of its
chemical precursors (Rossberg et al. 2006). Similarly, copper
pyrithione was modeled as pyridine production and chlo-
ramine inventory was not considered. No direct emissions
were modeled for the chemotherapeutants used in the farm
due to the absence of the characterization factor for the sub-
stance and/or uncertainty regarding the fate of the substance
through the farm and its biological processes such as biofil-
ters, solid filters, and lagoons (Emara et al. 2019).

tion of the FU (2.4 lw. trout, right column), the feed and dead fish
amounts were calculated by considering the co-produced 0.3 Iw.
trout by “On-growing DK” as an output of 2.4 lw. trout for this stage.
The disaggregated inputs and outputs for this stage are presented in
Online Resource II.1

Hatchery Fry/fingerling On-growing2 On-growing3 On-growingl On-growing Seafarm 1 Seafarm 2 Total for FU
DK

rearing
0.005 1w. 1000 -200 0 0
trout (kg)
0.03 Iw. trout 0 1000 —187.5 0
(kg)
0.08 Iw. trout 0 0 0 0
(kg)
0.2 Iw. trout 0 0 1000 —666.67
(kg)
0.3 Iw. trout 0 0 0 1000
(kg)
1 Iw. trout 0 0 0 0
(kg)
1.7 Iw. trout 0 0 0 0
(kg)
2.4 1w. trout 0 0 0 0
(kg)
Feed (kg) —-1125 —1033.33 —1487.5 —466.67
Dead fish (kg) 166.67 0 250 0

0 0 0 0 0

=375 0 0 0 0

1000 -216.33 0 0 0

0 0 0 0 0

0 0 0 0 0

0 1000 —48.36 0 0

0 0 1000 62229 0

0 686 0 1000 1000
-875 -1513.79 —727.8 -521.04 —1288.3
0 41.4 75.94 0 50.49
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Table 2 Mortality rates and FCRs across all growth stage divisions
calculated using inputs and outputs in Table 1. For the total production
of the FU (2.4 lw. trout, right column), the rates and FCRs were cal-

culated by considering the co-produced 0.3 lw. trout by “On-growing
DK as an output of 2.4 Iw. trout for this stage

Hatchery Fry/fin-
gerling
rearing

On-growing 2 On-growing 3 On-growing1 On-

Seafarm 1 Seafarm 2 Total for FU
growing
DK

Mortality 0.14 0 0.2 0
rate: dead/
(dead +live
biomass)

Dead/live bio- 0.17 0 0.25 0
mass

Biological FCR  1.13 1.29 14 1.4
(feed input/
(produced
live + dead fish
biomass))

Economic FCR  1.13 1.29 1.83 14
(feed input/pro-
duced live fish
biomass)

0 0.02 0.14 0 0.05

0 0.02 0.17 0 0.05

1.4 1 1.38 1.38 1.23

1.4 1.03 1.61 1.38 1.29

The feed composition was provided by the producers and
is given in Table 3. The feed contains 50% of plant-based
ingredients, which is similar to the composition recently
used by Sanchez-Matos et al. (2022) and significantly more
than in the organic composition used by Samuel-Fitwi et al.
(2013) (77% fish-based). The same heat and electricity
inputs to the feed production as the ones used by Samuel-
Fitwi et al. (2013) were considered. To model consequences
of an increase in demand, we connected the poultry meal
and hemoglobin meals to the marginal markets for feed and
energy as modeled by Schmidt and De Rosa (2020) because
these inputs are dependent coproducts. Indeed, following the
logic of consequential modeling, no increase in hemoglobin
meal production will be induced by an increase in production
for it, and the eventual consequence will be an additional
demand for their equivalent in megajoules from the marginal

Table 3 Feed composition. The N and P calculations are based on the
contents of each ingredient and documented in Online Resource 1.6

Ingredient kg kg feed™’
Fishmeal 0.3
Rapeseed oil 0.15
Wheat 0.14
Fish oil 0.08
Soybean meal 0.13
Poultry meal 0.08
Hemoglobin meal 0.04
Wheat gluten 0.08
N 0.0716
P 0.0098

producer of energy feed (maize and wheat) and in kilograms
of protein on the protein feed market (soybean meal). The
corresponding amounts of energy and protein are calculated
in Table S1 in Online Resource 1.6. Note that in the ecoinvent
consequential database, fish oil and rapeseed oil which are
part of the modeled fish feed are also eventually connected
to these marginal feed markets in their product systems. The
ecoinvent processes connected to the foreground system are
shown in Online Resource I1.3. Only direct land use changes
are considered in the ecoinvent processes.

2.2.3 Impact assessment

We assessed 10 impact categories with 9 impact assessment
methods from ReCiPe (H) (Huijbregts et al. 2017), namely
global warming with 100-year time horizon (GW100), ter-
restrial acidification (TA100), terrestrial, human, freshwa-
ter ecotoxicity (TETinf, HTinf, FETinf), particulate matter
emissions (PM), ozone depletion (ODinf), and eutrophica-
tion, both for freshwater and marine ecosystems (FE, ME).
For the latter category, which is particularly relevant for
aquaculture systems, ReCiPe proposes a freshwater eutroph-
ication method (FE), which only considers phosphorus emis-
sions, and marine eutrophication (ME) method which only
accounts for nitrogen emissions. This distinction is based on
the hypothesis that only one element is limiting in each eco-
system type (Elser et al. 2007; Cosme and Hauschild 2016,
2017). As these distinctions are not commonly made in other
LCAs of fish farms, we also used the generic eutrophication
(Eutro.) potential from CML-IA to allow a comparison to
other LCAS’ results.
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2.3 Joint modeling of mortality, biological feed
conversion ratio, and excretion

Parameterized mortality, biological FCR, and excretion are
modeled conjointly to ensure input and output mass bal-
ances. It is important to note that mortality and biological
FCR can be modified independently as the biological FCR
measures the overall conversion of feed into biomass, dead
or live. The economic FCR instead, usually reported as
“FCR” in other studies, is defined as the ratio of feed/live
fish and is affected by different mortality rates. To ensure
consistent modeling of the nutrient and mass balance while
using the model from Papatryphon et al. (2005), we consid-
ered a fixed phosphorus (P) and nitrogen (N) content in the
fish of 0.00415 kg P and 0.022 kg N per kg live weight fish
(wet), as they represented average reported values in the
literature (Shearer 1984; Skonberg et al. 1997; Bureau and
Cho 1999; Biicker et al. 2020). Based on the same studies,
magnesium (Mg) and potassium (K) fish composition were
respectively fixed at 0.38 and 4.6 g kg live weight fish™!
and used to estimate the substitutions associated with the
valorization of dead fish (cf. Sect. 2.5). The feed P and N
contents were calculated based on the content of each ingre-
dient (cf. Table 3). Details about fish and feed composition
are presented in Online Resource 1.6.

Modulating the biological FCR necessarily implies a
modification of the N and P excretion to close the mass bal-
ances because the N and P contents in feed and fish and the
feed digestibility are modeled as constant. The theoretical
minimum biological FCR for each growth stage can there-
fore be calculated as the one which sets the liquid P excretion
to zero, as we found P to be the limiting nutrient before N in
the mass balances. The P excreted in the feces remains the
same as its digestibility in the feed remains constant. Thus,
for this minimal theoretical biological FCR, all digested P
is assumed as perfectly metabolized and incorporated in
the fish biomass. Note that this minimal biological FCR
constitutes a necessary mathematical limit and theoretical
performance optimum for the modeling purposes but is bio-
logically unachievable. Finding this theoretical limit allows
using the model within the theoretical boundaries. The ana-
lyst can thus modify the FCR by choosing the value of an
improvement parameter which fixes the biological FCR to
its minimum value when set to 1 and keeps the current FCR
when set to 0 (cf. Online Resource I.1). Once the biological
FCR is changed for a growth stage, the new fish biomass
outputs are calculated accordingly, and the new excretion is
calculated by closing mass balances as previously explained.

The production of solid feces is calculated as the non-
digestible part of proteins, carbohydrates, and lipids in
feed, shown in Online Resource 1.6 and based on Aubin
et al. (2011). Together with the non-ingested fraction of
feed (0-0.05), a constant proportion of the solid feces is
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captured by solid filters and exported as sludge. In addition,
a plant lagoon removes part of the N and P emissions before
the water is returned to the river. The constant fraction of
feces captured by the filter and the lagoon removal rate were
calibrated by comparing the mass-balance model’s output
and the monitored outlet concentration in the “On-growing
DK” stage (cf. Fig. 1).

Changes in mortality are modeled via two distinct param-
eters: loss level and loss reduction. Loss level (values from
0 to 1) is the fraction of the live production which dies in
addition to the current mortality, while loss reduction is the
fraction of losses that is avoided. In the model, any loss
level combined with a loss reduction of 1 would lead to
zero losses for the growth stage. The loss level parameter
allows modeling a mortality due for example to a disease
affecting the fish farm, while the loss reduction parameter
allows simulating the effect of a new treatment or practice
that increases the survival of the fish.

All losses were considered as dead fish that can be col-
lected (cf. Sect. 2.5), and no escapees, cannibalism, or bird
predation was considered. For the growth stage division
“On-growing DK” which produces three different sizes of
trout, the losses and FCR modification are applied propor-
tionally to the mass ratios of the three different flows.

As observed and modeled by Besson et al. (2016), the
effect of FCR reduction on the life cycle inventory of a fish
farm differs depending on what the current limiting factor is.
If the limiting factor is the fish density in the tanks, improv-
ing the FCR allows only to reduce the amount of feed needed
per kilogram of fish but does not reduce the needed amount
of other production inputs. However, if the limiting factor is
the nutrient discharge in the environment, a FCR improve-
ment allows to obtain the same production while reducing all
other inputs. Based on the Danish regulation limiting nutri-
ent discharge for fish farms (Jokumsen and Svendsen 2010),
the model assumes no current limit on the fish density, and
all inputs per kilogram of fish proportionally decrease when
the FCR is improved.

The equations and parameters used to modify FCR, mortal-
ity, and excretion in the different growth stages are presented
in detail in Online Resource I.1 and I.2. The whole model and
associated code are available on GitHub (Jouannais 2023).

2.4 Valorization of losses and sludge

Modeling the environmental effects of different fish farm
biological performances required to consider the “valori-
zation” of losses and sludge. The dead fish in the Danish
farms considered in this study are currently collected and
used as substrate for anaerobic digestion, and thus gener-
ating biogas and recycling nutrients for field fertilization.
This method can be expected to keep developing further as
it constitutes an efficient valorization of nutrient and energy
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«Fig.2 Boxplots for the environmental impacts associated with an
increase in demand for 1 kg of 2.4 lw. trout. The box limits represent
the Ist and the 3rd quartile of the scores from the stochastic simula-
tions. The edges of the vertical lines correspond to the minimums and
maximums. Current, unmodified primary data

while neutralizing biohazard due to infected fish (Estevez
et al. 2022). We modeled anaerobic digestion of fish sludge
and dead fish by considering a fixed input of electricity
and heat per kilogram of dry substrate calculated from
the techno-economic assessment by Kratky and Zamazal
(2020). This inventory covers the pretreatment of the sub-
strate (hygienization and crushing), homogenization, and
fermentation at 28 °C. Biotechnological research is still car-
ried on to improve and stabilize the process and yields, and
operating conditions of fish waste anaerobic digestion vary
substantially across studies (Chen et al. 2010; Ivanovs et al.
2018; Biicker et al. 2020). Based on seven yields reported
in these studies and displayed in OR 1.3.1, we modeled the
uncertainty and variability of the methane yields obtained
from this fermentation of dead fish with a triangular dis-
tribution ranging from 380 to 920, with a mode of 550 ml
CH, . g dry dead fish~!. While dead fish was modeled as a
mono-substrate, the anaerobic digestion of fish sludge usu-
ally requires mixing it with another substrate to lower the N
and P concentrations, avoiding NH; accumulation during the
process and suiting the microbial communities. A volume
ratio sludge/cow manure varying between 0.30 and 0.40 was
modeled (Brod et al. 2017), and the associated CH, yield
varying between 300 and 400 ml CH, . g dry substrate™! was
assumed (Estevez et al. 2022). CO, is also produced by the
fermentation, and we assumed a fixed volume ratio CO,/CH,
of 0.465 (Biicker et al. 2020) for both fish and sludge. This
CO,, together with other gases present in minor fractions,
is degassed during the upgrade of this biogas to biomethane
that we modeled with amino washing. The resulting biom-
ethane substitutes heat based on its lower heating value.
The solid and liquid fractions of the fermentation’s diges-
tate contain the amounts of N, P, K, and Mg calculated with
the mass-balance model (cf. Sect. 2.4). Both fractions can
be used for fertilization but the liquid; mineralized fraction
presents the highest bioavailability for plants. Based on labo-
ratory and field experiments on the mineralization rates and
comparing agronomic efficiencies of different digestates,
substrates, and industrial fertilizer reported by Brod et al.
(2017) and Goddek et al. (2018), we modeled uncertain sub-
stitution coefficients with industrial fertilizers with uniform
distributions for N ranging 0.8 to 1, and from 0.2 to 0.8 for
P, K, and Mg. By definition, an agronomic efficiency of 1
implies a substitution coefficient of 1. As fish sludge diges-
tion requires an input of manure that would have been oth-
erwise spread over fields without digestion, we modeled the
overall fertilizer substitution resulting from the combination
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of manure with the fish sludge according to the differences
in agronomic efficiencies between non-digested and digested
manure reported by Brod et al. (2017). We refer the reader to
Online Resource 1.3 for the parameters and equation describ-
ing these substitutions.

2.5 Simulations and evaluation
of the environmental opportunity costs

To demonstrate the use of the model and study the effects
of different biological performances along the production
cycle, we first estimated the current environmental opportu-
nity cost of mortality and suboptimal FCR by calculating the
impacts for the current system with the reported biological
performance and when the system is pushed to its theoreti-
cal limits. We first estimate the environmental opportunity
cost of mortality alone by simulating no mortality at all and
calculating the difference of impact between this configura-
tion and the current system. We then set the biological FCRs
in all stages to their theoretical minimum values to estimate
the environmental opportunity cost of the biological FCR.
Finally, we assume no mortality and minimum theoretical
FCRs to estimate the opportunity cost of the overall bio-
logical performance. All configurations share the same 1000
Monte Carlo iterations regarding the background and the
anaerobic digestion parameters (paired sampling).

To study the distinct effect of losses occurring at different
timings along the production cycle, we performed a series of
six local sensitivity analysis by increasing the loss level by
15% in each of the growth stages separately. For example,
the first sensitivity analysis considers 15% loss level in the
hatchery while the rest remains unchanged. We assess the
change of the impacts for the functional unit in each of these
six configurations.

For all configurations used to estimate the opportunity
costs or in the sensitivity analysis, the modifications regard
only the main production line while the substituted parallel
line remains unchanged (cf. Fig. 1).

3 Results
3.1 Current environmental impacts

The boxplot on the left part of Fig. 2 shows the results
of the stochastic LCA for the current system’s biological
performance. The global warming impact (GW100) of the
current system had a median score of 4 kg CO,-eq. per kg
live trout with a first and third quartile at 3.5 and 4.5 kg
CO,-eq. The median terrestrial acidification (TA) obtained a
median score of 0.014 kg SO,-eq. As expected, the eutrophi-
cation impacts vary considerably depending on the choice
of the LCIA method because different methods consider
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fundamentally different impact pathways. The generic
eutrophication freshwater and marine water eutrophication
impacts had median scores of respectively 0.055 kg PO,-eq.,
0.008 kg P-eq., and 0.07 kg N-eq. ODinf and PM respec-
tively showed median scores of 1.5E-7 kg CFC-11-eq. and
0.006 kg PM10-eq. Regarding toxicity, HTinf and TETinf
respectively scored at 0.9 and 0.025 kg 1.4-DC-eq. while
FETinf showed a median score of 0.8 kg 1.4-DC-eq. with
a substantially lower dispersion of the results than for the
other toxicity categories. The contribution analysis is availa-
ble in OR 1.4 and shows that the feed production was respon-
sible for most of the impact for GW100 (95%), PMF (85%),
TA100 (75%), TETinf (99%), FD (88%), ODinf (80%), and
PMF (77%), while the direct emissions of N and P were
the main contributors for FETinf and the three eutrophica-
tion categories. For HTinf, the electricity consumption was
mainly responsible for the impact (120%) while the substi-
tutions occurring in the product system of the feed reduced
the impact by 20%.

3.2 Current environmental opportunity cost

The suppression of mortality (II in Fig. 2), currently distrib-
uted along the different growth stages (cf. Fig. 2), brings
the economic FCR from 1.3 to 1.24. For the considered
impact categories, the existing 5% mortality rate seems to
be associated with a moderate environmental opportunity
cost. When assuming no mortality (Il in Fig. 2), the median
impact scores are reduced for all impact categories, although
to a different degree: from a minimum of 3.2% (ME, OD)
to a maximum of 5.2% (HTinf) (cf. Fig. 2). This observa-
tion on the median scores remains valid for all paired sto-
chastic iterations across scenarios as shown in Fig. S5 of
Online Resource 1.5. The losses have thus little weight on
the environmental impact because they are generally low
and because they are distributed along the growth stages
and do not all concentrate at the very end of the life cycle
(cf. Sect. 3.2). The valorization of the dead fish has a small
contribution to the total impact (cf. Online Resource 1.4), but
additional simulations with higher mortality rates show that
it can reduce impacts when assuming very low biological
performances. For example, a reduction of 5% in GW impact
was calculated when assuming a 95% loss level in fry/finger-
ling rearing to demonstrate the behavior of the model under
extreme assumptions (cf. Online Resource 1.4.1).

On the other hand, the opportunity cost of a suboptimal
biological FCR in every growth stage is substantial (II, IV
in Fig. 2). Simulating the same mortality rate with a theo-
retical minimum biological FCR for all growth stages (III
in Fig. 2) reduced all median impact scores by at least 30%
with a maximum 42% reduction for FETinf (cf. Fig. 2 and
Online Resource I1.4). These reduction percentages show an
absolute theoretical limit of what can be expected in terms

of impact reduction for any attempt to improve the biologi-
cal performance. When simulating the theoretical minimum
FCR (II1, IV in Fig. 2), the economic and biological FCRs
decrease by 30% to reach the value of 0.9, which thus con-
stitute the minimum theoretical FCRs for the whole pro-
duction. Similar FCR values can be measured in very per-
formant closed systems for salmonids (Samuel-Fitwi et al.
2013; Philis et al. 2019). As also reported by Papatryphon
et al. (2004) and d’Orbcastel et al. (2009), all environmen-
tal impacts decrease in similar proportions together with
the economic FCR. This observation holds for simulated
changes of the FCR within the same production system and
does not hold anymore across systems as Philis et al. (2019)
report no correlation between FCR and impacts within the
diversity of farming systems.

3.3 Sensitivity of losses in different growth stages

Figure 3 shows for three impact categories that the effects
of 15% loss level (in addition to the current mortality rates)
are hardly noticeable if losses happen before the trout’s
weight reaches 80 g (end of “On-growing 17). The trends
are similar for the other impact categories shown in OR L.5
and I1.4. As expected, the later are deaths occurring in the
production cycle, the higher is their negative influence on
the environmental impact of the farm. Losses occurring in
the last growth stage increase the environmental impact by
15-16% for all impact categories except for global warming,
ozone depletion, and human toxicity for which the impact
increased by less than 13%. It is worth noting that a 15%
loss level in the last stage constitutes a 85% production effi-
ciency compared to the baseline for the activity delivering
the functional unit. The expected impact increase would
therefore theoretically be 17.6% (1/0.85). The fact that the
impact increase is lower than this expected value is due to
the valorization of losses which compensates for the effi-
ciency loss (cf. Online Resource 1.4.1). The magnitude of
this compensation varies across impact categories. These
results illustrate how the environmental impact due to the
mortality rate depends on the growth stage that is affected by
losses—and confirm that the model functions as intended.

4 Discussion

4.1 Comparison of the current system’s impacts
to the literature

Overall, the results show impacts similar to those reported
in the review of 24 salmonid farm LCAs by Philis et al.
(2019), even though a relevant comparison must consider
the modeling choices, mainly attributional versus conse-
quential modeling. In particular, the found median impact
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Fig.3 Boxplots for the environ- — o.10
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an increase in demand for 1 kg
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ings of 15% loss level. The left
panel shows the impact score
expressed in the corresponding
impact category unit. The box
limits represent the 1st and the
3rd quartiles of the scores from
the stochastic simulations. The
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score of 4 kg CO,-eq. kg trout™! for global warming (GW)
is higher than the average value of 3 kg CO,-eq. kg trout™!
reported for open sea-based system of salmonids in the
review. The median terrestrial acidification (TA) score
of 0.014 kg SO,-eq. kg trout™" is also the average value
reported by the same authors for similar systems. Simi-
larly, the median generic eutrophication impact (Eutro)
of 0.055 kg PO,-eq. kg trout™! corresponds to the average
value across the studies reviewed by Philis et al. (2019)
for open sea-based salmonid farms. The recent LCA of
land-based rainbow trout production in Spain by Sanchez-
Matos et al. (2022) reports a ReCiPe freshwater (FE)
impact of 0.007 kg P-eq. kg trout™!, which is very close
to the median value of 0.008 kg P-eq. kg trout™! that we
obtained for the same impact assessment method.

@ Springer

o] ——t
- ¥ - « > O - ¥ ~ o
I ?,, E E g £ 2 % E E
= £ & £ £ 5 = £ & &
% 2 o o c £ £ 2 g 3
> 2 »u o s L 2 o o
§ 2 £ <€ s £ § 2 ¢ ¢
S & o = . © 5 5 &
. @) © 5 @)
= = = 5 ¢ = =
= 5 = = 5
= =
4.2 Feed contribution and influence

of modeling choices

The feed major contribution to the impact is also docu-
mented in LCA studies of trout open sea-based systems, in
opposition to fully recirculating aquaculture system RAS
where electricity consumption usually dominates the contri-
bution analysis (Samuel-Fitwi et al. 2013; Philis et al. 2019).
It is worth noting that the fish feed modeling could benefit
from more specific databases for agricultural products such
as Agribalyse or Agrifoot-print, as used by Sanchez-Matos
et al. (2022) for a similar trout production system, although
consequential modeling should be kept consistent. However,
our conclusions on the environmental opportunity costs
and the importance of the timing of the losses would likely
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remain the same with these different modeling choices as
Sanchez-Matos et al. (2022) also found a very important
contribution of the feed to most impact categories (from 50
to 90% of the selected impact categories, besides eutrophica-
tion occurring on site).

The high contribution of the feed to the impacts also
suggests that the demonstrated model behavior can be gen-
eralized to a good extent to a model in which the produc-
tion limiting factor would be fish density instead of nutri-
ent discharge. As explained in Sect. 2.4, this would mean
that an improved FCR would only reduce the feed input per
fish output, while the inputs which are not proportional to
the feed consumption would remain the same. This would
therefore not change the results substantially for the impact
categories where feed dominates. However, our assessment
did not account for infrastructures that could constitute a
non-neglectable (>5%) contribution to some impact cat-
egories, as found in the rare studies which consider capital
goods (Bohnes et al. 2019). In this case, and assuming fish
density as the limiting factor, the influence of an improved
biological FCR would decrease while the influence of mor-
tality, which increases all the necessary amounts of inputs
per functional unit, would remain the same.

Overall, estimating direct N and P emissions using a mass
balance model is very sensitive to the assumptions made
regarding the N and P compositions of the feed and the
trout. Values ranging from 0.03 (Asmala and Saikku 2010)
to 0.07 (Darzi 2021) kg P per kg fish produced are reported
in the literature, for different fish species and conditions.
As most LCAs rely on mass-balance models to estimate N
and P emissions, a systematic reporting of the fish N and P
contents considered the model would facilitate comparisons
and potentially reduce the range of eutrophication results
observed in the literature (Philis et al. 2019). Additionally,
there is uncertainty and variability regarding the response
of the filters when the biological FCR is modified. Instead
of modeling a constant proportion of the excretion being fil-
tered out, a fixed filtering capacity could be modeled which
would possibly change the influence of FCR modification on
the eutrophication impacts for the land-based parts.

4.3 Average opportunity cost versus opportunity
costin LCA

The results illustrate that changes in mortality rates are not
directly proportional to changes in environmental impact.
There are fundamental differences between assessing an envi-
ronmental opportunity cost by multiplying losses by the impact
associated to 1 kg of fish or by using a consequential LCA
model. Indeed, when neglecting the FCR variation across the
growth stages divisions (cf. Table 2), that is both due to inher-
ent fish metabolic differences (Wurts 2016) and to different
rearing systems (Philis et al. 2019), and when assuming that

all growth stages need the same inputs, then 1 kg of fish bio-
mass virtually represents the same investment of feed regard-
less of the size and weight of the dead individuals. However,
these assumptions constitute serious oversimplifications and
describe fish production as a monolithic process instead of a
succession of different stages with unique characteristics (e.g.,
land-based or sea-based, using or not a specific chemical).

Furthermore, calculating the opportunity cost with such
a simplified model would return a virtual cost for the losses
that happened, while estimating it with consequential LCA
means estimating first the impact of an increase in demand
for a farm subjected to a certain biological performance and
the impact of the same production from a farm with the
better performance. The opportunity cost will then be the
difference between the two impacts. The two approaches are
fundamentally different in their framing as the simplified
one does not aim at embracing consequences considering
market mechanisms as it attributes a cost to an undifferen-
tiated biomass, which is not a product in the LCA frame-
work. In the present study, the market demand does not exist
for fish biomass but only for 2.4 1w. sea-reared trout. This
demand triggers chained demands for the different growth
stages functioning as distinct processes with specific prod-
ucts, i.e., trouts of different sizes.

Due to these differences, the model should not be used to
estimate the opportunity cost of a catastrophic viral outbreak
(e.g., 80% of fish lost in the sea stage) as this would instead
estimate the difference of impacts between a baseline and a
farm that consistently produces trout with 80% mortality as
a response to an increase in demand. The model is thus built
to simulate the production under durable disease regimes
as the ones associated with climate and ecosystem changes
(Leung and Bates 2013; Reverter et al. 2020).

4.4 Towards full appraisal of the impacts of fish
health issues

Despite the relatively low existing opportunity cost for the
fish farms considered in this study, we believe that address-
ing mortality should not be considered a secondary effort,
and this cost could be higher in other fish production sys-
tems. Indeed, the reported value of 5% of losses used in this
study is substantially lower than the value of 15% losses
reported for Norwegian salmonid production (Bang-Jensen
et al. 2019). Differences in the estimate methodology may be
involved in the discrepancies, but overall 5% seems to cor-
respond to a lower boundary for current losses in European
finfish aquaculture (Just Economics 2021). Fifteen percent
of losses are also reported for Brazilian fish farms (Tavares-
Dias and Martins 2017). Parasitic diseases and the resulting
higher biological FCR were found responsible for 80% of
the economic loss associated to health issues in Bangladesh
carp farms (Monir et al. 2015). The same modeling approach
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could be used to estimate the environmental opportunity
costs for these other cases.

It could be legitimately argued that fish welfare and suf-
fering of animals under human’s responsibility should be
reduced at all costs and regardless of the associated environ-
mental impact (Huntingford et al. 2006), which would make
a thorough LCA on this topic pointless. This argument is not
compelling, firstly because LCA does not necessarily aim at
optimizing a process but can be used instead to help forecast-
ing the environmental impacts of finfish aquaculture in the
future and planning accordingly, and secondly, because fish
welfare is also part of broader trade-offs. Reducing losses
with new practices may lead to new impacts, and the sys-
temic approach of LCA aims at embracing this complexity,
which is acknowledged by fish health experts themselves.
The “Environmental impact of treatments in fish aquacul-
ture” was ranked first among several topics regarding new
treatments in a survey by Katharios et al. (2019) in which
124 fish health experts and stakeholders were asked to rank
different potential research directions by order of importance.

The model here presented is designed to capture the
opportunity cost of poor biological performances. It must
be noted that this cost is only one part of the environmental
trade-offs associated with health management in fish farms,
and improving biological performance will likely involve
the environmental impacts of new treatments and practices.
These impacts remain scarcely included in LCA studies,
but the recent use of ecotoxicity and antibioresistance char-
acterization factors for different antibiotics (Nyberg et al.
2021) in a trout production LCA by Sanchez-Matos et al.
(2022) is promising. They also use proxies for the produc-
tion life cycle inventories of antibiotics despite the asso-
ciated risk of error (cf. Sect. 2.3) which hinders a precise
assessment of the trade-offs. Overall, the efforts made to
better embrace the direct emissions and details of health
management at the fish farm level could be overshadowed
by the uncertainty in the inventory. We therefore join Bohnes
and Laurent (2019) and Philis et al. (2019) in advocating for
a systematic assessment of uncertainties in the next LCAs
for finfish aquaculture.

5 Conclusion

This study has shown that the current losses and their timing
along the studied trout production constitute a minor envi-
ronmental opportunity cost, while bringing the biological
FCR closer to its minimal value would substantially decrease
the environmental impact. The model is ready to be com-
bined with inventories regarding the solutions undertaken to
improve the biological performance.

Concluding, this work sheds light on one aspect of the
trade-offs that exist in health management in fish farming
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and can be used to estimate the environmental consequences
of new treatments and farming practices, or project aquacul-
ture into futures with different disease regimes, i.e., disease
frequency and severity. These trade-offs are unavoidable
when adopting a “One-Health” perspective (Stentiford et al.
2020), which embraces human, non-human, and ecosystemic
health as a whole and therefore requires a systemic environ-
mental assessment for the management of biological per-
formances in finfish aquaculture. Future research efforts to
assess these trade-offs should focus on refining inventories
and characterization factors for chemotherapeutants.

The availability of detailed primary data allowed us to
estimate the environmental impacts associated with distinct
timings for biological performance changes, but a complete
understanding of the environmental consequences of disease
regimes will require the combination of LCA with other
modeling approaches such as epidemiology and agent-based
modeling. Indeed, disease regimes do not tackle individual
farms, and thus reducing the biological performance of sin-
gle production lines all other things being equal. A poor
biological performance due to diseases in a farm is likely to
propagate to other farms, eventually multiplying the envi-
ronmental costs by spreading it to a whole sector (Jonkers
et al. 2010; Peeler and Taylor 2011; Oidtmann et al. 2014;
Ferreira et al. 2021), or even to humans (Ziarati et al. 2022).
Sudden viral outbreaks such as infectious hematopoietic
necrosis (IHN) on salmonids require the destruction of all
the fish and temporary shutdowns of the farms (Bang-Jensen
et al. 2019), which hinder the capacity for a production to
answer to increases in demand. This is a problem for the
economic performance of finfish farms and their capacity
to ensure food supply first of all, and secondarily also for
those working with modeling the impact of finfish farming,
particularly when this requires the identification of marginal
productions (Weidema et al. 1999) able to respond to such
increases in demands. To fully appraise the consequences of
poor biological performances in finfish farming, the scope
of LCA studies should therefore be extended to consider
the production of whole sectors, such as in our case, the
entire European trout production, considering a network of
distinct growth stages connected by epidemiology and mar-
ket relationships (cf. Fig. 1 and “parallel production line”).
While increasing the models’ complexity, this would allow
a better systemic understanding of the finfish health issues’
environmental consequences to facilitate the prioritization of
efforts to tackle them and secure a sustainable food supply.
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