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Higher dietary EPA & DHA
levels improve commercial
salmon farming productivity,
predictability and sustainability
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Kaiseraugst, Switzerland

As aquaculture production has grown to meet rising demand for healthy seafood,
the demand for aquaculture feed has increased substantially, placing greater
pressure on finite marine ingredient resources. Periods of fish oil shortage, such as
during the 2023-2024 El Nifio, can reduce dietary levels of the essential omega-3
fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), nega-
tively affecting salmon farming performance. This large-scale observational study
analyzed more than 430 million Atlantic salmon (556 generations) to quantify the
relationship between dietary EPA+DHA levels and commercial production out-
comes. Using population tracing and Inverse Probability Weighted Regression
Adjustment, the study found positive responses for populations receiving higher
dietary EPA+DHA levels (>9%TFA, total fatty acids). The positive responses
included lower mortality (-8%), improved economic feed conversion ratio
(eFCR; —13%), and higher harvest quality (+2%) compared with populations
receiving lower levels (<7%TFA). Higher EPA+DHA levels were also associated
with greater production predictability. Variability in mortality, eFCR, and harvest
quality was reduced, with coefficients of variation declining by 50%, 27%, and 29%,
respectively. These improvements narrowed the uncertainty associated with
environmental stressors contributing to more consistent performance under
commercial conditions. Scenario modelling assessed the impact of increasing
dietary EPA+DHA from 6% to 10% using Veramaris® algal oil. The resulting
biological improvements reduced the carbon footprint and marine footprint of
harvested salmon by 17% and 15%, respectively. These gains generated a positive
return on investment through better survival, feed efficiency, and harvest quality.
Overall, the results indicate that higher dietary EPA+DHA levels can improve the
profitability, stability, and sustainability of commercial salmon aquaculture.
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1 Introduction

Global aquaculture is a cornerstone of food security, recently
reaching a historic milestone where its production surpassed
capture fisheries to provide 52.77% of the world’s aquatic animal
food (Albrektsen et al., 2022; FAO, 2026). Atlantic salmon (Salmo
salar) is a key species within this sector, recognized as a resource-
efficient source of high-quality protein and essential nutrients
(Santigosa et al., 2023b; FAO, 2026). In particular, farmed salmon
represents a major source of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) for human nutrition (Horn et al,,
2019), which are essential for cardiovascular health and cognitive
development (Calder, 2017; Horn et al., 2019; Martins et al., 2020;
Bernasconi et al., 2021; Zatti et al., 2023; Carr et al., 2024).

However, the sector is under increasing pressure to improve
both production efficiency and environmental sustainability, par-
ticularly related to resource use and carbon footprint. A major
constraint to achieving these goals lies in feed formulation.
Historically, fish oil (FO) derived from wild-caught forage fish
was the primary source of EPA and DHA in aquafeeds (Aas
et al., 2019) and has reached a global production plateau of
approximately one million tons annually, limiting its scalability
and becoming a significant bottleneck for industry growth (Zatti
et al., 2023).

To sustain production growth and control diet costs, vegetable
oils (VOs) have been increasingly incorporated into aquafeeds.
While this transition has supported scalability, it has also altered
the dietary fatty acid profile of feeds, as VOs are typically low in
long-chain omega-3 fatty acids, including EPA and DHA, and high
in omega-6 fatty acids. This shift has contributed to changes in
essential fatty acid profiles, which have been associated with altered
metabolic, immune, and physiological responses in fish (Albrektsen
et al,, 2022; Carr et al., 2024). The deposition of EPA and DHA in
salmon fillets is closely linked to levels delivered in the feed.
Consequently, EPA and DHA levels in farmed salmon have
declined substantially over recent decades, with reductions of
more than 50% reported in fillet composition, and dietary inclusion
often maintained near minimum biological requirements (~1% of
the diet or 3% to 5% of total fatty acids (TFA)) (Nichols et al., 2014;
Sprague et al., 2020; Aas et al., 2022; Albrektsen et al., 2022). Such
reductions also influence biological performance and production
efficiency, particularly under commercial farming conditions where
fish are exposed to multiple environmental and biological stressors.

At the production level, biological performance remains a
critical constraint to industry sustainability. Mortality-related
losses in Norway alone are estimated to exceed $1 billion annually,
illustrating the economic impact of suboptimal robustness (Moldal
et al., n.d). From a systems perspective, reduced performance
translates into lower resource-use efficiency, as higher feed inputs
and production losses increase the environmental footprint per unit
of harvested fish. In addition, the aquaculture sector faces broader
systemic challenges, including supply-chain disruptions, price vol-
atility, and increasing scrutiny of environmental impacts. These
factors further challenge the long-term sustainability and “license-
to-operate” of the sector (Albrektsen et al., 2022; Goglio et al., 2022;
Santigosa et al., 2023b).
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In this context, nutritional strategies are increasingly recognized
as a key lever to improve both productivity and sustainability of
salmon farming. Increasing dietary EPA+DHA levels has been
shown to support growth, survival, and product quality, particularly
under challenging conditions (Bou et al., 2017; Lovmo et al., 2021;
Ruyter et al., 2022; Carr et al, 2023; Lutfi et al,, 2022). The
development of alternative sources of EPA and DHA, including
microalgae-derived oils, provides scalable pathways to restore
omega-3 levels in aquafeeds while reducing reliance on finite
marine resources (Santigosa et al., 2023b). These alternative sources
allow for the implementation of higher dietary EPA+DHA levels,
which have been associated with biological improvements in
previous studies (Carr et al., 2024).

Despite these advances, a key limitation remains in translating
nutritional improvements into consistent outcomes under com-
mercial farming conditions. Laboratory and controlled studies are
limited by scale and scope and do not fully capture the complexity
of real-world aquaculture systems, where variability in environ-
mental conditions, management practices, disease pressure, and
biological characteristics introduce significant confounding effects.

Big data (BD) approaches offer a pathway to address these
limitations by integrating feed composition, production, and per-
formance data across multiple farms and production cycles
(Neethirajan, 2020; Tao et al,, 2021). Building on previous large-
scale observational analyses (Carr et al., 2024) this study introduces
methodological advancements designed to improve the robustness
and interpretability of commercial production data. Using an
expanded dataset of over 430 million Atlantic salmon, this study
applies: (i) population-level tracing to define cohorts with shared
production histories, (ii) Inverse Probability Weighted Regression
Adjustment (IPWRA) to account for confounding factors, and (iii)
variability-based metrics to assess the predictability of production
outcomes. The objective of this study was to evaluate the association
between dietary EPA+DHA levels and biological performance,
production efficiency, and environmental impact under commercial
Norwegian salmon farming conditions, while advancing analytical
approaches for the interpretation of large-scale aquacul-
ture datasets.

2 Methods

2.1 Dataset and dietary EPA+DHA
categorization

The present observational BD study utilized a large-scale
commercial dataset consisting of 556 generations of Atlantic
salmon, representing over 430 million salmon produced across
Norwegian production areas 2-10 between 2013 and 2023. Feed
characteristics, specifically EPA+DHA content (expressed as per-
centage of TFA), were integrated with production data, allowing
each production unit to be associated with the EPA+DHA content
of the feed used during the production cycle.

Dietary categorization was based exclusively on EPA+DHA
levels. Other nutritional characteristics (e.g., total lipid content,
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FIGURE 1
Illustration of tracing and grouping at the population level.
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protein levels, or energy density) were not available in a harmonized
format across the dataset and were therefore not included as
covariates. To analyze the relationship between dietary EPA
+DHA levels and production outcomes, the generations were
classified into three distinct categories based on the weighted
average percentage of EPA+DHA relative to TFA in the diet:
below average, <7%; average, 7% to 9%; and above average, >9%.
Processor-level records were also included to assess post-harvest
fillet quality attributes, specifically melanin spot and blood spot
prevalence. To analyze the relationship between dietary EPA+DHA
levels and fillet quality outcomes, the data was classified into three
categories based on the weighted average percentage of EPA+DHA
relative to TFA in the diet: below average, <7%; average, 7% to 8%;
and above average, >8%. Production level data and processor level
data were obtained from independent sources and the respective
thresholds were selected to reflect commonly observed ranges in
commercial feed formulations, and to ensure sufficient sample size
within each category for statistical comparison. As a result, adjusted
comparisons were restricted to the below-average and above-
average EPA+DHA categories, where overlap between treatment
groups was sufficient to support more reliable estimation of
adjusted effects.

2.2 Population tracing

A primary challenge in analyzing commercial “big data” in
aquaculture is the inherent variability in farming conditions. Even
within the same farm, individual fish experience different production
histories and life cycles. Failure to adequately account for this
heterogeneity may result in “Simpson’s paradox”, a statistical phe-
nomenon in which trends observed within separate groups change or
disappear when the groups are combined (Simpson, 1951).

To address this issue, fish were algorithmically traced through
production records from stocking to harvest and grouped into
populations based on shared production histories, including, but
not restricted to, treatment history, vaccination protocols, environ-
mental exposure, and smolt characteristics (Figure 1). Each popu-
lation represented a cohort of fish with relatively homogeneous
biological and production conditions over time. Multiple popula-
tions were identified within individual farm sites, reflecting the
differences in fish origin, stocking timing, movement history, or
management practices. All analyses and comparisons were
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conducted at the population level to reduce within-group hetero-
geneity and improve comparability between groups exposed to
similar production conditions.

2.3 IPWRA and predictability assessment

The population-structured datasets were analyzed using
IPWRA, a doubly robust causal inference approach commonly
used in observational studies where treatment assignment is non-
random. IPWRA models both the (i) probability of a population
receiving a specific dietary level, through the treatment-assignment
model, and (ii) resulting performance outcomes, through the
outcome-regression model. The treatment-assignment component
builds on the propensity score framework (Rosenbaum and Rubin,
1983) while the combined use of treatment and outcome models
follows the doubly robust estimation approach (Funk et al., 2011).
This approach was appropriate for the present field dataset because
dietary EPA+DHA levels were not randomly assigned but instead
reflected commercial feed-use patterns across production zones,
time periods, and population characteristics.

IPWRA therefore allowed comparisons between dietary groups
to be adjusted for observed differences in production context while
retaining the scale and heterogeneity of real-world salmon farming
data. In practical terms, this means the method can provide reliable
adjusted comparisons if either the model describing dietary group
assignment or the model describing production outcomes is ade-
quately specified, provided the main measured differences between
populations are included in the analysis. Covariates in the treat-
ment-assignment and outcome-regression models comprised oper-
ational and health-related production variables: smolt size, time in
sea, feeding rates, environmental exposure, sea lice treatment
history, vaccination protocols, disease incidence, parasite pressure,
and prior mortality patterns. Nutritional covariates were limited to
total dietary EPA+DHA (%TFA) as this was the only feed charac-
teristic available in a harmonized form across the dataset. Other diet
components (e.g. lipid level, energy density, other fatty acids,
micronutrients, etc.) were not incorporated and are addressed as
a study limitation in Section 4.

Model robustness was assessed via the composite profile-over-
lap check described in Section 2.1, which supported restricting
adjusted comparisons to the below-average and above-average
EPA+DHA categories. The analysis was conducted in two stages:
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FIGURE 2

Improvement in the % mortality, eFCR and % of fish classified as “superior harvest” grade and the predictability of these metrics.

first, develop a treatment model to estimate the probability of
assignment to each EPA+DHA category. Subsequently, incorporate
those estimated probabilities into an outcome model via inverse
probability weighting to produce adjusted efficacy comparisons
between dietary groups. The outcome models estimated adjusted
mean differences in mortality, eFCR, and harvest quality between
dietary EPA+DHA categories.

Predictability was assessed by quantifying within-group variabil-
ity for each outcome using variance and coefficient of variation (CV).
Relative improvements in predictability were calculated as percentage
reductions in CV between dietary EPA+DHA categories.

2.4 Biological modelling

Biological performance was assessed via survival (total mortality
percentage) and feed efficiency (economic Feed Conversion
Ratio, eFCR).

2.5 Harvest and fillet quality assessment

Harvest quality was assessed based on the percentage of
“Superior Harvest” graded salmon. Fillet quality was assessed
based on the prevalence of downgrading factors, namely melanin
spots and blood spots. The processor dataset provided for fillet
quality was analyzed using the previous analytics engine (Carr et al.,
2024). IPWRA was not applied to evaluate fillet quality because,
unlike the farmer data, processor data was not structured at the
population level.

2.6 Environmental impact modelling

A complementary component of this study was the quantifica-
tion of environmental impacts using the Sustell ™ platform. A
comparative Life Cycle Assessment (LCA) was conducted to eval-
uate the environmental implications of using Veramaris® algal oil
to increase dietary EPA+DHA levels from 6% to 10% TFA in the
grow-out phase under modelled scenarios. Environmental impacts
were quantified in terms of carbon footprint (kg CO,-equivalent/kg
of harvested salmon). In addition, marine footprint (calculated as
(% fish oil in feed from forage fisheries*FCR)/5.0), is expressed as
the Forage Fish Dependency Ratio for oil (FFDRoil).

Frontiers in Marine Science

2.7 Economic modelling

Economic performance was evaluated using a modelled return
on investment (ROI) framework. The economic model was based
on a commercial production scenario assuming an initial smolt
weight of 300g and a harvest weight of 5kg, with cumulative
mortality losses equivalent to 1.4kg of live weight. Feed cost was
set at $1,800/metric ton, while market price was assumed to be
$7.50/kg for superior quality fish, with a discount of $0.19/kg
applied to downgraded fish. ROI was calculated by comparing the
incremental cost of increasing dietary EPA+DHA levels with the
modelled economic benefits associated with observed changes in
mortality, eFCR, and harvest quality. The ROI analysis is a scenario-
based model dependent on input assumptions, including feed costs
and market prices, which may vary across regions, production
systems and years.

3 Results
3.1 Biological modelling

The IPWRA analysis indicated that higher dietary EPA+DHA
levels (>9%) were associated with improved performance outcomes
compared to lower levels (<7%), both in terms of mean values and
variability. Total mortality was 8% lower in populations receiving
EPA+DHA levels >9% (12.2%, interquartile range (IQR) 6.1-16.5%)
compared to those receiving <7% (13.3%, IQR 4.1-18.7%, Figure 2).
This reduction was accompanied by a 50% decrease in variability
(CV), indicating improved predictability of mortality outcomes
across populations. Similarly, eFCR was reduced by 13%, from
1.26 (IQR 1.00-1.55) to 1.10 (IQR 0.89-1.26), in salmon fed EPA
+DHA levels >9% compared to those fed EPA+DHA levels <7%
(Figure 2), and this improvement was associated with a 27%
reduction in variability.

3.2 Harvest quality modelling

In addition, harvest data showed a positive association between
EPA+DHA levels >9% and the commercial value of the final
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Improvement in the % of melanin spots and blood spots and the predictability of these metrics.

product. Populations receiving higher EPA+DHA levels produced
2% more fish classified as “Superior Harvest” grade, and the
predictability of this improvement was associated with a 29%
reduction in variability (Figure 2).

3.3 Fillet quality data

The prevalence of melanin spots and blood spots in fish fed EPA
+DHA levels >8% was reduced by 7% and 40%, respectively,
compared to those fed EPA+DHA levels <7% and these reductions
were accompanied by decreases in variability of 36% and 7%,
respectively (Figure 3).

3.4 Environmental impact modelling

Under the modelled scenario, using Veramaris algal oil to
increase dietary EPA+DHA levels from 6% to 10% TFA resulted
in a 2.2% increase in the carbon footprint of feed (from 2.27kg to
2.32kg CO,eq/kg feed). This led to a 1.2% increase in the carbon
footprint of salmon produced to a harvest weight of 5kg (from
4.87kg to 4.93kg CO,eq/kg harvested). However, when the reduc-
tions in mortality (-8%) and eFCR (-13%) achieved in the groups
fed EPA+DHA levels >9% were incorporated into the model, the

modelled carbon footprint of harvested salmon decreased by 17%
(from 4.93kg to 4.10kg CO,eq/kg harvested) and the FFDRoil by
15% (from 1.30 to 1.10; Figure 4).

Importantly, even a 1% improvement in both mortality and
eFCR reduced the carbon footprint and FFDRoil by 2%, while
greater improvements in either parameter resulted in progressively
larger reductions in carbon and marine footprint (Figure 4).
Scenario analysis indicated that feed efficiency was the primary
driver of reductions in FFDRoil under the modelled condi-
tions (Figure 4).

3.5 Economic modelling

ROI was modelled as a function of EPA+DHA unit cost
(8/%/mT), incorporating observed productivity-related benefits.
The ROI model was based on key production assumptions includ-
ing, 300g live weight equivalent (LWE) smolt, 5kg harvest LWE,
1.4kg mortality LWE, $1800/mT feed cost, $7.50/kg price for head-
on-gutted (HOG) superior quality fish and $0.29/kg discount for
downgraded HOG fish. ROI decreased as EPA+DHA unit cost
increased. At lower EPA+DHA costs, ROI values approached
ninefold, however, the ROI remains positive within the full range
of typical unit cost for EPA+DHA (Supplementary Image 1).

Improvement in mortality

Improvement

in eFCR

Carbon Footprint FFDRoil

1% 8% 1% 8%
- 4.84 452 1.28 1.28

-2% -8% -2% -2%

4.40 4.10 1.10 1.10
s -11% -17% -15% -15%

Baseline:  4.93 kgCO2e/kg FFDRoil 1.30
harvested

FIGURE 4

Improvement in the carbon footprint and FFDRoil of 5 kg salmon at harvest assuming improvements in eFCR and mortality.
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4 Discussion

The challenge of optimizing dietary EPA+DHA levels in
Atlantic salmon during the grow-out phase is closely linked to the
economic realities of modern aquaculture. Feed represents the
largest operational cost for salmon producers, making dietary
optimization a critical factor for biological performance and com-
mercial viability (Albrektsen et al., 2022). Historically, variability in
controlled experimental outcomes and the limited integration of
biological, environmental and economic metrics have contributed
to uncertainty regarding the adoption of higher dietary EPA+DHA
levels (Carr et al,, 2024). Consequently, optimal EPA+DHA inclu-
sion levels remain debated across the industry, and strategies differ
between salmon farms. Recent developments in alternative omega-3
sources, including microalgae-derived oils and genetically modified
seed oils, have enabled the exploration of higher EPA+DHA
inclusion strategies under commercial conditions (Zatti et al.,
2023; Samuelsen et al., 2024). Results of this large-scale observa-
tional study indicate that higher dietary EPA+DHA levels (>9%) are
associated with improved productivity and harvest quality under
commercial Atlantic salmon farming conditions.

The 8% reduction in total mortality observed in the “Above
Average” group (EPA+DHA>9%) aligns with the well-established
roles of long-chain omega-3 fatty acids in immune and metabolic
processes (Ortega-Gomez et al., 2013; Tocher, 2015; Saini and
Keum, 2018; Punia et al., 2019; Oliver et al., 2020). While histor-
ically defined dietary EPA+DHA levels (3-5% TFA) were estab-
lished to prevent deficiency, these levels may not fully support
optimum physiological robustness under commercial farming con-
ditions (Zatti et al., 2023; Glencross et al., 2024). In particular, such
levels may be insufficient to support performance under modern
production challenges, including thermal variability, handling
stress, and disease pressure (Albrektsen et al., 2022; Santigosa
et al., 2023b; Farris et al., 2024). Controlled experimental studies
have reported variable effects of EPA+DHA on mortality (Sissener
et al,, 2016; Bou et al., 2017; Ruyter et al., 2022; Selvam et al., 2022;
Lutfi et al., 2022), whereas large-scale observational analyses have
reported reductions in mortality at higher EPA+DHA levels (Carr
et al., 2024), which is consistent with the magnitude of reduction
observed in the present study (8%). These findings suggest that
higher dietary EPA+DHA levels may contribute to improved
survival under commercial conditions, although causality cannot
be fully established due to the observational nature of the dataset. In
addition, a 50% reduction in variability was observed in populations
receiving higher EPA+DHA levels. This indicates improved pre-
dictability of mortality outcomes across heterogeneous production
environments and suggesting that higher EPA+DHA levels might
support higher robustness under heterogeneous commercial farm-
ing conditions, consistent with the recognized role of these fatty
acids in salmon health (Lutfi et al., 2022).

Beyond their association with survival, these findings suggest that
high dietary EPA+DHA levels positively influence commercial
salmon farm productivity, specifically feed efficiency. The 13%
improvement in eFCR observed in the “Above Average” group
(EPA+DHA>9%) is consistent with more efficient feed utilization
associated with higher dietary EPA+DHA levels, in agreement with
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previous large-scale analyses reporting similar improvements (~11%)
under comparable conditions (Carr et al., 2024). From a physiological
perspective, EPA and DHA play important roles in membrane
structure and function, influencing nutrient transport, metabolic
efficiency, and energy partitioning (Santigosa et al., 2023b; Zatti
et al, 2023; Samuelsen et al., 2024). These mechanisms enhance
digestive efficiency and reduce metabolic costs associated with stress
and inflammation, thereby improving feed conversion into biomass
(Albrektsen et al., 2022; Farris et al., 2024). Consistent with these
effects, the 27% reduction in variability in eFCR observed in this study
indicates more stable feed utilization across populations exposed to
heterogeneous production conditions. Which suggests that higher
dietary EPA+DHA levels contribute to more consistent metabolic
performance under variable environmental and management condi-
tions. This increased predictability is particularly relevant in com-
mercial aquaculture systems, where environmental variability, health
challenges, and management practices differ across sites and produc-
tion cycles. Therefore, achieving and maintaining higher dietary EPA
+DHA levels in salmon feeds may support the implementation of
nutritional strategies aimed at improving both efficiency and predict-
ability in commercial salmon production.

Such improvements in metabolic efficiency may also have
downstream implications for product quality at harvest. In line
with this, dietary EPA+DHA levels were associated with differences
in harvest quality. The 2% increase in superior-grade fish and the
reduction in melanin spots (-7%) and blood spots (-40%) are
consistent with reductions in key quality defects affecting commer-
cial value in salmon production. These results are in agreement with
previous studies reporting improved fillet integrity and pigmenta-
tion at higher dietary EPA+DHA levels (including through new
omega-3 sources) (Mueller et al., 2023; Santigosa et al., 2023b). The
reduction in localized tissue defects may be linked to the well-
established role of EPA and DHA in modulating inflammatory
responses. Melanin spots in salmon fillets are often the clinical
manifestation of chronic inflammation (pleuritis or focal myositis),
where incomplete resolution of tissue damage leads to persistent
lesions (Santigosa et al., 2023b). Higher EPA+DHA levels may
therefore support the regulation and resolution of these inflamma-
tory processes through their role as precursors to specialized pro-
resolving mediators, thereby reducing the likelihood of permanent
tissue discoloration (Mueller et al., 2023). Similarly, the 40%
reduction in blood spots may reflect improved structural integrity
of vascular tissues and cellular membranes, which has been asso-
ciated with omega-3 fatty acid composition (Farris et al., 2024). The
present results also align with previous large-scale observations
(Carr et al., 2024), which reported improved color scores and fewer
downgrade-inducing defects in Chilean salmon fed higher EPA
+DHA diets compared to those fed on industry-standard “mini-
mum” diets. Indeed, EPA and DHA supplied through novel sources
such as algal oil may enable the restoration of muscle fatty acid
profiles to levels exceeding 10% TFA, which has been associated
with improved fillet quality and the maintenance of premium
market grades (Santigosa et al., 2023b). Collectively, these results
suggest that higher dietary EPA+DHA levels are linked not only to
improved production performance but also to enhanced product
quality and consistency at harvest.
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Taken together, the improvements in survival, feed efficiency,
and product quality observed in the present study when salmon are
fed higher EPA+DHA diets, have direct implications for both
economic performance and environmental sustainability. In com-
mercial salmon production, profitability is driven by the combined
effects of biological performance and input costs. Under the
modelled scenario, improvements in mortality, eFCR, and harvest
quality were associated with a positive ROI across the typical range
of nutrient unit costs. This suggests that, under the defined
assumptions, novel nutritional strategies targeting higher EPA
+DHA levels are economically viable.

In parallel, the increase in dietary EPA+DHA levels evaluated in
this study has important implications for environmental sustain-
ability. The shift from marine ingredients to plant-based ingredients
in salmon feed have been linked to worsening environmental
impacts, highlighting the need to secure nutritional quality of the
diets to ensure satisfactory biological performance to offset envi-
ronmental impact (Kok et al., 2026). In the present study, higher
inclusion levels were associated with a modest increase in feed-
related carbon footprint (2%). However, the improvements in
biological performance observed in fish fed higher EPA+DHA
levels were more than sufficient to offset these effects, resulting in
a substantial net reduction in the carbon footprint per unit of
harvested fish (up to 17%). A similar pattern was observed for
marine resource use, where improvements in feed efficiency were
associated with a reduction in FFDRoil of approximately 15%,
reflecting a reduced dependence on finite forage fish resources.
These results highlight that gains in production efficiency play a
central role in shaping the overall environmental performance of
salmon aquaculture systems. Therefore, achieving higher dietary
EPA+DHA levels may require the use of scalable and consistent
sources of these nutrients. As global fish oil production remains
limited (Zatti et al., 2023), alternative omega-3 sources may provide
a practical pathway to support higher inclusion levels while reduc-
ing reliance on marine resources and maintaining farmed salmons
nutritional value (Sprague et al., 2016; Farris et al., 2024).

Despite the large scale and robustness of the analytical approach
applied in the present study, several limitations should be acknowl-
edged. First, the observational nature of the dataset does not allow
full causal inference, and residual confounding may remain despite
the use of population tracing and IPWRA adjustment methods.
Although the modelling framework accounted for multiple produc-
tion- and stress-related covariates, unmeasured factors associated
with management practices, health status, environmental variabil-
ity, or feed formulation may also have contributed to the observed
outcomes. In addition, the analysis was limited to total dietary EPA
+DHA levels and did not account for potential changes in the EPA:
DHA ratio over time, nor for variation in other nutritional
components of the diets, including micronutrients and other fatty
acids, known also to influence biological performance and robust-
ness of Atlantic salmon (Santigosa et al.,, 2023a). Therefore, ex-
panding future datasets with additional nutritional, environmental,
and production-related variables may improve variable isolation
and strengthen the interpretation of commercial big data analyses
in commercial aquaculture settings. Finally, the study data was
derived exclusively from Norwegian sea-cage systems between 2013
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and 2023. Consequently, the applicability of these findings to other
regions and alternate production systems may be limited due to
differences in environmental, operational and regula-
tory conditions.

Overall, the results of the present study support the interpreta-
tion that higher dietary EPA+DHA levels are associated with
measurable improvements in biological performance, product qual-
ity, and production consistency under commercial conditions.
When integrated within a broader production framework, these
improvements may contribute to enhanced economic returns and
reduced environmental impact, supporting the development of
more efficient and resilient salmon aquaculture systems.
Therefore, the availability of consistent and scalable omega-3
sources, including algal oil, may represent an important enabling
factor for the practical implementation of better nutrition strategies
at commercial scale.

5 Conclusion

The results of the present large-scale observational study
indicate that higher dietary EPA+DHA levels (>9%) are associated
with improved productivity in Atlantic salmon farming in Norway,
including reductions in mortality and eFCR, as well as improve-
ments in harvest quality. These performance gains are accompanied
by reduced variability, suggesting enhanced predictability under
heterogeneous commercial production conditions. Modelled sce-
nario analyses further suggest that such improvements may trans-
late into reduced environmental impacts, including lower carbon
and marine footprints, and positive economic returns, although
these outcomes depend on underlying assumptions related to
production systems and market conditions. Therefore, scalable
and consistent sources of EPA and DHA, such as algal oil, provide
a practical pathway to achieve and sustain higher dietary inclusion
levels in aquafeeds. By enabling the implementation of enhanced
nutritional strategies, emerging omega-3 sources may support the
translation of nutritional improvements into measurable commer-
cial and environmental benefits. Overall, these findings highlight
the role of dietary EPA and DHA as an important factor in
improving the performance, predictability, sustainability and prof-
itability of modern salmon aquaculture systems.
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