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A PBKmodel for PFAS transfer from feed
to fillet in farmed Atlantic salmon
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Despite the establishment of maximum limits for per- and polyfluoroalkyl substances (PFAS) in
seafood, no equivalent limits exist for PFAS in fish feed—the primary contamination route in
aquaculture. We conducted controlled feeding experiments with Atlantic salmon (Salmo salar),
exposing fish to six PFAS congeners (PFOS, PFOA, PFNA, PFHxS, PFDA, and PFBS) for 70 days
followed by a 56-day depuration phase. Toxicokinetic data were collected across ten tissues,
including bile. These data were used to develop a physiologically based kinetic (PBK) model
incorporating a dynamic energy budget sub-model for salmon growth dynamics, using a Bayesian
inference framework. The model accurately reproduced PFAS kinetics across all tissues and was
externally validated against EFSA commercial surveillance data. Simulations indicate that current feed
contamination levels pose low dietary PFAS exposure risk and enable direct estimation of maximum
acceptable PFAS concentrations in feed relative to established food safety limits. Thismodel provides
the first species-specific tool for deriving PFAS feed guidance values for Atlantic salmon, directly
supporting regulatory decision-making.

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic organo-
fluorine compounds extensively employed in industrial and commercial
applications, including foams for fire suppression, surfactants, and fluori-
natedpolymers1.Due todecadesofwidespreaduse, PFASarenowubiquitous
in aquatic environments, and long-chain perfluoroalkyl carboxylic acids can
bioaccumulate in protein-rich tissues of marine organisms, including fish2,3.
Seafood is an important source of human PFAS exposure4,5, and parts of the
European population already exceed the tolerable weekly intake established
for selected PFAS6,7. PFAS exposure is associated with harmful effects such as
altered cholesterol levels4,8,9, liver damage4,10,11, developmental disorders4,12,
andmost critically, impaired immune function4,13. In response, the European
Food Safety Authority (EFSA) assessed the risks associated with human
exposure to four PFAS of major food safety concern—perfluorooctane sul-
fonic acid (PFOS), perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA), and perfluorohexane sulfonic acid (PFHxS), collectively referred to
as the 4-EFSA-PFAS—and maximum limits (ML) have been established for
these compounds in food products, including seafood4,6,7.

Assessing feed-to-food transfer is essential to link contaminant levels in
feed with levels in the edible parts of food-producing animals, and this
information is necessary to define feed ML compatible with those already
established for food. Despite ML now being in force for PFAS in seafood, no
equivalent limits have been set for PFAS in feed for any food-producing
animals—including fish. The European Commission (EC) has nonetheless
developedmonitoring recommendations covering feed and its ingredients, as

well as guidance on assessing and tracking contaminant transfer to edible
tissues14,15. Atlantic salmon (Salmo salar) farming is one of the most
important sources of seafood in the EU16, and salmon feed is a known vehicle
of PFAS contamination: wide-scope surveillance of Norwegian commercial
salmon feeds has identified PFOS as the predominant PFAS, followed by
PFNAand, toa lesser extent, PFOA17. PFAS transfer is congener- and species-
specific, depending on carbon chain length, functional group, and elimina-
tion half-life18–20. Long-chain perfluorosulfonates such as PFOS are pro-
gressively being replaced by shorter-chain alternatives, including PFBS21,
which is assumed to have lower bioaccumulation potential18, though its
kinetic behavior in farmed Atlantic salmon remains poorly characterized.

Physiologically based kinetic (PBK) models are key tools in regulatory
risk assessment, providing a quantitative mechanistic framework to predict
the time-courseof chemical concentrations inorgansandbodyfluidsbasedon
absorption, distribution, metabolism, and excretion (ADME) processes in
combination with the physiology and anatomy of the organism22–25. PBK
models are particularly valuable for predicting kinetics in farmed fish, where
steady-state tissue concentrations may never be achieved: abiotic and biotic
factors—including water temperature and growth dilution—can drastically
alter the feed-to-organ concentration ratio24,26,27. In open sea cage farming
specifically, physiological parameters such as feed intake, fat deposition, and
growth rate are strongly dependent on ambient seawater temperature andfish
life-stage28,29. These aquaculture physiological dynamics have a large impact
on feed-derived tissue contaminant levels in farmed Atlantic salmon30.
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Despite their clear utility, PBK models for PFAS in fish remain
exceptionally rare. Fewer than ten such models have been published glob-
ally, and those that exist are constrained in scope in ways that preclude
regulatory application to farmedAtlantic salmon. Recently developedPFAS
PBKmodels for chickens and swine have specifically addressed feed-to-food
transfer in a food safety context, integrating species-specific toxicokinetics,
physiology, and production characteristics31–34. To our knowledge, no such
feed-to-food transfer PBK model is yet available for farmed seawater fish
such as Atlantic salmon. A recently developed PBK model for PFOS in
rainbow trout described kinetics following dietary exposure and included
multiple elimination pathways35,36. This model accounts for physiological
and aquaculture conditions, including temperature, feeding regimen, and
growth dilution, and can be adapted to species-specific fish physiology24. In
this model, fish growth is represented by a dynamic energy budget (DEB)
sub-model driven by temperature and feeding level24. However, none of the
existing fish PFAS PBK models cover the 4-EFSA regulated PFAS simul-
taneously, none was designed for feed-to-fillet transfer, and none has been
validated against real-world commercial farming data—leaving a critical
gap in the regulatory framework.

The present study addresses this gap. We report novel, extensive tox-
icokinetic data froma controlled 156-day feeding anddepuration experiment
in Atlantic salmon exposed to six PFAS congeners, covering both functional
groups (three sulfonic acids and three carboxylic acids) and a range of carbon
chain lengths: the four PFAS regulated in food (PFOS, PFOA, PFNA,
PFHxS), PFDA—which is particularly prevalent in Norwegian Atlantic sal-
monfeeds17—and theemerging short-chainPFBS.Ouraimwas todevelopan
Atlantic salmon-specific PBKmodel for these six PFAS, focusing on feed-to-
fillet transfer, incorporating the species-specific physiology and growth
dynamics of farmed Atlantic salmon from smolt to market size, and
accounting for realistic aquaculture conditions. The model was calibrated
using Bayesian statistics and externally validated against independent sur-
veillance data, providing a robust tool for scenario-based risk assessment and
supporting the development of feed guidance values aligned with existing
foodML. Concretely, themodel was used to predict the PFAS levels in edible
fillet of market-sized farmed salmon when fed the highest observed PFAS
contamination in Norwegian commercial salmon feeds, and which levels in
feed would exceed the current ML established for food (Fig. 1).

Results
PFAS-specific organ accumulation
Tissue PFAS concentrationsmeasured in control fish, fedwith the unspiked
basal diet throughout the trial, confirmed that background contamination
from the basal feed was negligible and did not meaningfully contribute to
tissue concentrations measured in exposed fish. A distinct PFAS distribu-
tion was observed among tissues, with the highest dose-corrected PFAS
levels in plasma, followed by liver, red blood cells, and redmuscle; the lowest
levels were found in adipose tissue and fillet (Table 1). In addition to dif-
ferences in tissue distribution, the accumulation pattern differed among
PFAS congeners. Highest dose-corrected levels in salmon fillet were
observed for PFOS, followed by PFHxS, PFDA, PFBS, PFNA, and finally
PFOA (Table 1).

PFAS accumulation in Atlantic salmon increased with carbon chain
length, with higher accumulation for the eight-carbon PFOS compared to
the four-carbon PFBS (Table 1). Higher accumulationwas also observed for
sulfonic acids compared to carboxylic acids of equivalent chain length
(Table 1). Specifically, PFOS showed nearly threefold higher accumulation
than PFNA, and nearly sevenfold higher accumulation than PFOA across
Atlantic salmon tissues (Table 1), despite all three sharing an eight-carbon
backbone and differing only in their functional group. PFBS showed a
similar accumulation to the longer-chain PFOA.

PBKmodel development
During the feeding trial, fish weight increased nearly fourfold, from a start
weight of 138 ± 21 g to 504 ± 104 g. The DEB sub-model accurately
reproduced mean growth trajectories (R2 = 0.891, and RMSE = 38.1 g,

Fig. S3) throughout the trial (Fig. 2), enabling the model to account for
growth dilution during both exposure and depuration phases. Changes in
fat proportion in the fillet over the life cycle were best described by a log-
linear relationship between fat fraction and body weight, which avoided
overestimation of fat content in larger salmon (Fig. S4).

Sensitivity analysis (SA) of PFAS fillet concentrations revealed that the
most influential parameters differed between accumulation and depuration
phases (Fig. S5). During the exposure phase, fillet concentrations were
primarily driven by the red muscle:blood partition coefficient and by the
oral absorption constant Ku. During the depuration phase, the blood:water
partition coefficient PCblood:water, white muscle:blood partition coefficient,
and fecal elimination constant Ke,feces became most influential. The
blood:water partition coefficient, which governs branchial excretion, was an
important driver across both phases (Fig. S5).

Bayesian inference calibration produced convergent MCMC
chains and identifiable posterior distributions for nearly all parameters
(Tables 2, 3). The sole exception was the permeability coefficient of fat
in the fillet (PAfat), which was unidentifiable, consistent with the SA
results and the absence of separate fat and muscle fraction measure-
ments in fillet samples (Fig. S5). Overall, the experimental dataset
generated in this study provided sufficient information to estimate
most model parameters (Tables 2 and 3).

Across all ten tissues and six PFAS congeners, the calibrated model
accurately reproduced experimental data during both the bioaccumulation
and elimination phases (Figs. S6–S11), with 60.2% of measured data pre-
dicted within 1.3-fold, 89.7% within twofold, and 97.8% within fivefold
(Fig. 3). For each PFAS, model prediction accuracy within the 2–5-fold
range was: 95.2–98.4% for PFOA, 84.4–97.4% for PFNA, 90.1–98.6% for
PFDA, 92.1–98.7% for PFBS, 94.0–98.8% for PFHxS, and 83.5–95.3% for
PFOS (Fig. 4).

The absorption parameter Ku was consistent across the three car-
boxylic acids, with increasing carbon chain length (PFOA<PFNA<PFDA)
associated with decreasing Ku values (Table 2), indicating slower oral
absorption for longer, more lipophilic carboxylic acid analogs. Among
sulfonic acids, PFBS showed the highest Ku value, while PFHxS and PFOS
showed identical Ku values (Table 3). Fillet concentrations were predicted
within a twofold range for 90%ofPFNAmeasurements and 100%of PFOA,
PFDA, PFBS, PFHxS, and PFOS measurements (Fig. 3).

According to the model, total excretion of free PFAS occurred
approximately 98% via the gills, with 1.8% via feces and 0.2% via bile
(Fig. S12). Implementation of enterohepatic reabsorption did not sig-
nificantly improvemodel predictions in any tissue, and the no-reabsorption
scenario provided the best fit (Fig. S13).

Model evaluation and food safety
Norwegian commercial Atlantic salmon feeds displayed a large variation in
4-EFSA PFAS contamination, with sum 4-EFSA PFAS levels of 0.1–3.8 μg/
kg ww17. Predicted sum PFAS concentrations in farmed Atlantic salmon
fillet were approximately 0.01–0.5 μg/kg ww (Fig. 5), within the range of
previously surveyed levels in commercial farmed Atlantic salmon muscle
(~0.03–0.31 μg/kg ww; EFSA4, ref. 37). External validation against the
independent surveillance dataset confirmed the model’s predictive accu-
racy: for PFHxS, PFNA, and PFBS, both model predictions and measured
fillet concentrations were below the limit of quantification (LOQ),
demonstrating qualitative agreement. For PFOA, the predicted concentra-
tion was marginally above the LOQ, consistent with near-LOQ measured
levels. For PFOS, the only congener with a quantifiable fillet concentration
in the surveillance dataset, the model predicted a fillet concentration of
0.130 μg/kg ww at the mean commercial feed exposure (0.73 μg/kg ww). In
comparison to the observed maximum fillet concentration of 0.12 μg/kg
ww, it represents less than 10% deviation and provides quantitative external
validation of themodel’smost regulatory relevant prediction (Fig. 5; ref. 17).
Whenmodeled at the highest observed feedPFAS concentrations, predicted
levels for PFHxS and PFNA remained below their respective LOQ, while
only PFOA and PFOS were predicted above the LOQ (Fig. 5).
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Predictedfillet concentrations for all 4-EFSA regulatedPFAS remained
below current European ML (ML: PFOA 0.03, PFNA 0.1, PFHxS 0.01,
PFOS 2 μg/kg ww). When feed concentrations were simulated at five times
the highest observed 4-EFSA levels, predicted fillet concentrations
approached the ML for PFOS while remaining below the ML for the other
three regulated PFAS. Feed-to-fillet transfer followed a linear relationship
across all simulated exposure levels (R2 = 1; Fig. S15) enabling direct
determination of maximum acceptable PFAS concentrations in feed com-
patible with established European food safety limits. Based on the current
European ML in seafood for the 4-EFSA regulated PFAS6, the model-
derived maximum acceptable feed concentrations are: 1.43 μg PFOA kg−1,
2.50 μg PFNA kg−1, 0.103 μg PFHxS kg−1, and 11.24 μg PFOS kg−1 feed.

Discussion
The present study describes the PFAS-specific organ kinetics using new
experimental data obtained by feedingAtlantic salmonwith a diets enriched
with six PFAS congeners. APBKmodelwas developed to characterize PFAS
kinetics and the transfer of these compounds from fish feeds to the fillet of
farmed Atlantic salmon. The model allows prediction of acceptable salmon
feed PFAS levels based on established PFAS seafood safety limits under
different exposure and farming scenarios.

These results complement and extend existing knowledge on PFAS
toxicokinetics derived from other PFAS compounds and from studies
conducted in different species. In addition, this study highlight key areas
where the model could be further refined, and carries important implica-
tions for the interpretation and derivation of regulatory PFAS limit values in
animal feed.

The tissue distribution of PFAS observed in the present study is con-
sistent with the known proteinophilic behavior of PFAS, which contrasts
markedly with the lipophilic behavior of other persistent organic pollutants
such as polychlorinated biphenyls38. The preferential accumulation in blood
plasma reflects well-documented albumin-binding affinity18,39, resulting in
elevated plasma concentrations relative to adipose and muscle tissues. This
pattern is consistent with findings in terrestrial food-producing animals:
cattle exhibited lower PFAS concentrations in meat compared to blood34,
and in swine, PFOS concentrations in muscle were an order of magnitude
lower than in liver18,40.

The congener-specific differences in fillet accumulation (Fig. 4)—with
sulfonic acids accumulating more than carboxylic acids of equivalent chain
length—are in agreement with patterns previously reported in other fish
species22,23 and in farmed land animals18,19. The nearly threefold higher
accumulation of PFOS over PFNA, and sevenfold over PFOA, despite all
three sharing an eight-carbon backbone, underscores the independent role
of the functional group in governing tissue partitioning. By contrast, PFOA
and PFOS concentrations in pork muscle were reported at similar levels40,
suggesting species-specific differences in the relative influence of functional
group on accumulation. The similar accumulation of PFBS and PFOA,
despitePFBShaving a shorter carbonchain, further confirms that functional
group effects can counteract expected chain length-driven bioaccumulation
patterns, consistent with observations in cattle18,34. This has practical
implications for contaminant risk assessment: the assumption that short-
chain PFAS replacing long-chain compounds carry uniformly lower
bioaccumulation risk may not hold across species or functional groups.
Future research should assess the effects of isomeric structure—particularly

Table 1 | Dose-corrected concentrations (mean ± SD, μg/kg ww) at the end of exposure (day 70) for different organs and main
elimination routes in Atlantic salmon fed PFAS-enriched diets for 3 months, in triplicate tanks (n = 9)

PFOA PFNA PFDA PFBS PFHxS PFOS
C8HF15O2 C9HF17O2 C10HF19O2 C4HF9O3S C6HF13O3S C8HF17O3S
(μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg)

Plasma 127.3 ± 6.0a 269.7 ± 64.1b 306.1 ± 32.2b 145.6 ± 17.2ab 465.7 ± 56.6bc 637.2 ± 28.1c

Liver 32.7 ± 8.51a 70.0 ± 14.7b 77.1 ± 27.4b 84.7 ± 17.0b 177.9 ± 34.0bc 208.9 ± 26.5c

Red blood cells 18.6 ± 3.84a 35.8 ± 4.71b 46.1 ± 7.57b 30.7 ± 3.42b 75.3 ± 15.1bc 119.1 ± 17.4c

Red muscle 5.91 ± 1.98a 12.1 ± 3.40b 15.7 ± 3.59b 11.2 ± 2.99b 29.1 ± 6.99bc 47.1 ± 34.9c

Adipose 5.13 ± 0.92a 10.4 ± 0.86b 13.4 ± 0.87b 8.31 ± 0.43ab 24.5 ± 1.71bc 32.8 ± 1.05c

Fillet 2.96 ± 0.97a 5.60 ± 1.79ab 7.26 ± 1.99b 5.00 ± 0.84b 13.81 ± 2.64bc 19.5 ± 1.21c

Bile 12.0 ± 3.2a 17.0 ± 5.31ab 14.6 ± 3.57b 41.2 ± 8.12c 94.9 ± 31.9d 152.0 ± 111.8d

Feces* 283.5 ± 46.8a 370.8 ± 40.7a 328.8 ± 44.7a 248.8 ± 46.1a 303.4 ± 60.5a 334.3 ± 35.5a

Values in rows with the same superscripts are not significantly different (nested one-way ANOVA, Tukey’s t-test, p value).
*Data from trial day 56.

Fig. 1 | A PBK Model for PFAS Transfer from feed to fillet in farmed Atlantic salmon.
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the degree of carbon chain branching—on PFAS kinetics and their imple-
mentation in PBK models, as isomeric differences are known to influence
accumulation in rainbow trout41 but were beyond the scope of the
present study.

The accurate reproduction of Atlantic salmon growth trajectories by
the DEB sub-model was essential to the reliability of tissue concentration
predictions throughout the production cycle. In open sea cage farming, fish
body weight can increase several-fold, and growth dilution substantially
reduces organ PFAS concentrations compared to constant-physiology
models24. Correctly representing growth, feed intake, and fat deposition is

particularly critical in feed-to-food transfer models for farmed Atlantic
salmon, where physiological characteristics are strongly life-stage depen-
dent and fat deposition is highly dynamic29,30. The fat fraction in the fillet
varied from ~8 to 23% across the trial - a range that has a substantial direct
impact on PFAS distribution between lipid and protein compartments, and
which would be poorly captured by a static physiology model. This work
further highlights the importance of coupling PBKmodels with a DEB sub-
model to explicitly represent growth and changing body composition in
food safety assessments.

The shift in key sensitivity parameters between accumulation and
depurationphases reflects the changingdominance of kinetic processes over
time: oral absorption and tissue partitioning govern uptake, while branchial
excretion becomes rate-limiting during elimination. The finding that
PCblood:water—which controls the concentration gradient driving branchial
excretion—was among the most influential parameters yet remains
experimentally poorly constrained for fish, identifies gill exchange mea-
surements as a high-priority future experimental need for improvingmodel
reliability. The non-identifiability of PAfat during the calibration step was
expected, as nodistinctionwasmade betweenwhitemuscle and fat fractions
in fillet samples, and diffusion processes act on timescales shorter than the
156-day study duration. Identifiability of this parameter could be improved
by measuring PFAS separately in the fat and protein fractions of the fillet at
shorter sampling intervals, though this presents technical challenges. As
PBK models are increasingly parameterized using new approach methods
(NAM), the ability to predict tissue:plasma partition coefficients from
molecular properties will progressively reduce dependence on calibration-
based estimations.

The decreasing Ku values with increasing carbon chain length among
carboxylic acids indicate that intestinal absorption is slower for more
lipophilic, longer-chain analogs, rather than the converse. Critically, this
means that intestinal uptake is not the driving process behind the higher
fillet accumulation of longer-chain PFAS observed in this and previous

Fig. 2 |Mean growth trajectory prediction of smolt
Atlantic salmon by the DEB model. Each line
represents a DEB model prediction, while the sym-
bols (cross, triangle, circle, square) represent mea-
sured experimental data. The solid line with red
crosses shows themean bodyweight across the three
tanks; the dotted line with circles represents tank 1;
the long-dashed linewith triangles represents tank 2;
and the short-dashed line with squares repre-
sents tank 3.

Fig. 3 | Calibration assessment: comparison of measured concentrations and
model simulations for all six PFAS. The solid line corresponds to the identity line,
the dashed line to the twofold range, and the dotted line to the fivefold range.
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studies19,20. Instead, differences in organ partitioning, distribution, and
excretion appear to be the primary determinants of congener-specific
accumulation, consistent with the strong influence of tissue:blood partition
coefficients in the SA. Comparisonwith publishedKu estimates for PFAS in
fish35 supports cross-species consistency for sulfonic acids:Ku for PFOS and
PFHxS in rainbow trout were reported at 0.13 and 0.16 day−1, respectively,
compared to our estimates of 0.20 day−1 for both, suggesting similar
intestinal absorption dynamics across salmonid species. For PFNA, the
rainbow trout estimate of 0.08 day−135 is lower than our estimate of
0.21 day−1, a discrepancy likely reflecting differences inmodel structure and
assumptions between studies rather than a true biological difference. The
identical Ku values estimated for PFHxS and PFOS suggest that additional
mechanisms not captured in the current model may influence sulfonic acid
absorption kinetics, warranting further investigation.

The dominance of branchial elimination (~98% of total free PFAS
excretion) was unexpected, as dietary exposure was initially hypothesized to
result in predominantly fecal and biliary elimination consistent with earlier
rainbow trout studies35. Several methodological differences likely explain
this discrepancy. In the present study, feces were collected from the distal
intestine, whereas ref. 35 assessed a broader section of the gastrointestinal
lumen, likely capturing a larger unabsorbed PFAS fraction. Fish were also
fasted for 21.5 h prior to bile sampling to allow accumulation in the gall
bladder, whereas ref. 35 did not fast fish, potentially underestimating bile
concentrations due to recent emptying. Finally, the higher swimming
activity associated with open sea cage farming may have enhanced venti-
lation rate and branchial clearance relative to controlled laboratory condi-
tions. The negligible PFAS concentrations detected in tank water

throughout the experiment further support the conclusion that branchial
excretion drove the observed dynamics. Together, these results suggest that
under open seawater farming conditions, branchial clearance is the domi-
nant route of PFAS depuration, with fecal and biliary routes contributing
little to overall elimination. This finding has implications for model
applicability: in farming systems with elevated waterborne PFAS—includ-
ing recirculating aquaculture systems, stagnant pond systems, or farms near
contaminated sites—branchial exchange would act simultaneously as an
uptake and excretion route, and the model would require parameterization
of this bidirectional flux with dedicated experimental data.

Another controversial process concerning PFAS kinetics is enter-
ohepatic recirculation. In zebrafish (Danio rerio)42, Japanese puffer fish
(Takifugu rubripes)43, and juvenile rainbow trout44,45, enterohepatic recir-
culation has been suggested to be present and to have a strong impact on
PFAS accumulation. In mammals, enterohepatic circulation is also an
important mechanism for PFAS uptake and accumulation potential38,46,47.
The absence of a detectable enterohepatic recirculation effect in ourmodel is
consistent with findings for PFOS in rainbow trout35, and does not imply
that this process is absent inAtlantic salmon. At the timescale of the present
study, its kinetic signature is confounded with global absorption and
excretion processes and cannot be identified from tissue concentration data
alone. Disentangling this contribution will require more detailed mechan-
istic data, including in vitromeasurements of biliary secretion and intestinal
reabsorption rates.AsPBKmodels becomemoremechanistic and informed
by in vitro parameters, interspecies differences in enterohepatic recircula-
tion will need to be explored experimentally, as they likely affect the overall
accumulation potential of dietary PFAS.

Table 2 | Calibrated parameters for carboxylic acids

PFOA PFNA PFDA

Parameters MPV 95% CI MPV 95% CI MPV 95% CI

Partition coefficients organ i:plasma (PCi, no unit)

Plasma:water 234.0 [173.0; 266.4] 143.9 [114.7; 192.8] 230.6 [153.3; 255.8]

GIT 12.2 [10.3; 19.1] 11.8 [8.8; 17.0] 4.0 [3.41; 6.21]

Liver 1.2 [1.0; 1.8] 3.0 [2.4; 4.4] 2.8 [2.1; 3.8]

Adipose 0.11 [0.08; 0.34] 0.37 [0.18; 0.55] 0.22 [0.14; 0.46]

RPT 1.00 × 10−3 [4.2 × 10−4; 1.6 × 10−3] 1.20 × 10−3 [4.2 × 10−4; 1.6 × 10−3] 1.1 × 10−3 [4.1 × 10−4; 1.6 × 10−3]

Carcass 8.50 × 10−4 [3.9 × 10−4; 1.6 × 10−3] 1.10 × 10−3 [4.2 × 10−4; 1.6 × 10−3] 7.9 × 10−4 [3.9 × 10−4; 1.6 × 10−3]

Skin 0.33 [0.22; 0.45] 0.42 [0.30; 0.54] 0.38 [0.30; 0.54]

Gills 0.84 [0.50; 1.4] 1.3 [0.90; 3.3] 1.16 [0.99; 3.09]

RM 0.32 [0.26; 0.52] 0.76 [0.58; 0.99] 0.57 [0.56; 0.97]

WM 0.2 [0.14; 0.29] 0.38 [0.24; 0.54] 0.28 [0.24; 0.48]

Blood cells 1.5 [1.2; 2.2] 2.5 [1.9; 4.0] 2.20 [1.87; 3.61]

Brain 0.22* — 0.22 — 0.22* —

Kidney 0.7* — 0.7 — 0.7* —

Permeability coefficient (PAi, mL/d)

WM 16.6 [4.2; 7742.0] 12.2 [10.3; 8338.1] 52.0 [17.6; 8568.3]

Fat in fillet 2.70 × 10−12 [2.7 × 10−12; 3.4 × 10−1] 1.90 × 10−5 [3.5 × 10−3; 3.6 × 10−1] 1.3 × 10−6 [2.1 × 10−6; 3.6 × 10−1]

Free fraction (%)

Free 0.085 — 0.0542 — 0.0565 —

First-order kinetic constants (day−1)

Ke,bile 0.59 [0.44; 0.94] 0.69 [0.40; 0.94] 0.50 [0.39; 0.83]

Ke,feces 0.25 [0.21; 0.33] 0.67 [0.30; 2.7] 0.51 [0.37; 3.88]

KUtoL 5.80 × 10−3 [3.4 × 10−3; 4.3 × 10−2] 8.50 × 10−3 [2.1 × 10−3; 2.9 × 10−2] 2.8 × 10−3 [1.7 × 10−3; 2.5 × 10−2]

Ku 0.82 [0.48; 5.7] 0.21 [0.16; 0.24] 0.17 [0.13; 0.18]

Values marked with * represent data from PFNA used for PFOA and PFDA. Values in italic are from ref. 35. Values without 95% CI correspond to fixed parameters (not calibrated).
MPVmost probable value (mode of the posterior distribution), CI credibility interval.
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Acentral process in assessing PFAS organ kinetics inmammals46,48,49

and fish35,50 is the binding affinity of PFAS congeners to plasma albumin,
which affects organ partitioning. The plasma PFAS that is not bound to
protein is available for excretion or organ redistribution, while the bound
fraction in tissues and organs is related to increased organ PFAS
burdens51. The strong influence of the free plasma fraction in the SA,
particularly for blood concentrations across both phases, reflects the fact
that themodel tracks free PFASwhilemeasurements capture total (free+
albumin-bound) plasma PFAS. This result is consistent with previous
findings35,50, and is expected as the model tracks free PFAS whereas
plasma measurements reflect total PFAS. The actual free fraction in
Atlantic salmon is difficult to measure directly. Kinetics of the binding to
plasma albumin and subsequent release are not taken into account in the
present model; the actual value of the free fraction is therefore uni-
dentified from our data, and errors in this parameter could be com-
pensated for in the estimated tissue:plasma partition coefficients. It
should be noted that the tissue:plasma partition coefficients calibrated in
this study represent effective parameters that implicitly incorporate
plasma protein binding. Available data constrained us to set the free
fraction to a fixed value, therefore the mechanistic interpretability of the
estimated partition coefficients is limited due to the compromise between
predictive performance and biological accuracy. Rainbow trout show
near −99% plasma binding for PFOS52, yet with lower overall binding
affinity than bovine or human plasma due to higher plasma lipid levels
and the lower binding capacity of fish apolipoproteins compared to
serum albumin48,53. Consistent with these differences, the PFOS plasma
half-life estimated in the present study (17–25 days) is substantially
shorter than values reported in mice (31–43 days) and swine (up to 1.7
years)18, underscoring the marked interspecies variability in PFAS

kinetics that must be captured in species-specific models. Atlantic sal-
mon are adapted for high-fat diets (>16% lipid) and efficient fatty acid
transport, resulting in lipid-rich plasma that likely shifts PFAS binding
toward non-specific lipid interactions rather than the albumin-
dominated kinetics typical of mammals54. Future model refinement
would benefit from direct experimental characterization of the free
fraction in Atlantic salmon plasma. Equilibrium dialysis—in which
plasma is separated from a buffer by a semipermeable membrane until
equilibrium is reached—is the most established method for measuring
unbound plasma fractions of environmental contaminants and would be
directly applicable to PFAS in salmon plasma. However, as PFAS can
bind to multiple plasma proteins beyond albumin, including fatty acid
binding proteins and apolipoproteins, equilibrium dialysis captures total
binding rather than albumin-specific affinity. A more mechanistically
informative approach would be direct determination of the affinity
constant (KD) of individual PFAS congeners for Atlantic salmon albumin
using radiolabelled ligand binding experiments to determine substrate-
receptor affinity constants. This would allow explicit parameterization of
albumin-binding kinetics and substantially improve the mechanistic
interpretability of the partition coefficients in future iterations of
the model.

Liver-specific binding to fatty acid binding protein (FABP) can also be
incorporated in kinetic models and strongly influences liver and blood
concentrations55,56. This mechanism was not included in the present model
due to the absenceof congener-specificPFAS-FABPparameters forAtlantic
salmon; potential FABPbinding is therefore implicitly incorporated into the
calibrated liver:plasma partition coefficients. Explicit inclusion of these
binding mechanisms as species-specific data become available will improve
both the mechanistic interpretability and predictive accuracy of future

Table 3 | Calibrated parameters for sulfonic acids

PFBS PFHxS PFOS

Parameters MPV 95% CI MPV 95% CI MPV 95% CI

Partition coefficients organ i:plasma (PCi, no unit)

Plasma:water 373.1 [305.6; 516.9] 404.7 [313.0; 450.2] 310.1 [256.3; 378.3]

GIT 12.2 [10.4; 20.2] 10.2 [8.9; 15.4] 5.9 [5.1; 9.1]

Liver 2.1 [1.5; 2.9] 3.6 [2.8; 4.6] 4.2 [3.0; 5.3]

Adipose 0.20 [0.10; 0.41] 0.44 [0.24; 0.77] 0.36 [0.25; 0.74]

RPT 6.9 × 10−4 [4.1 × 10−4; 1.6 × 10−3] 1.1 × 10−3 [4.1 × 10−4; 1.6 × 10−3] 1.0 × 10−3 [4.2 × 10−4; 1.6 × 10−3]

Carcass 1.2 × 10−3 [4.2 × 10−4; 1.6 × 10−3] 9.4 × 10−4 [4.3 × 10−4; 1.6 × 10−3] 1.0 × 10−3 [4.2 × 10−4; 1.6 × 10−3]

Skin 0.38 [0.26; 0.51] 0.46 [0.35; 0.60] 0.47 [0.33; 0.57]

Gills 0.85 [0.41; 1.4] 1.6 [0.87; 2.4] 0.92 [0.61; 0.99]

RM 0.45 [0.25; 0.52] 0.71 [0.59; 0.97] 0.80 [0.65; 0.99]

WM 0.26 [0.14; 0.33] 0.32 [0.28; 0.51] 0.55 [0.35; 0.73]

Blood cells 1.7 [1.3; 2.6] 2.6 [2.1; 3.7] 3.0 [2.4; 4.5]

Brain 0.64* — 0.37 — 0.64 —

Kidney 0.60* — 0.55 — 0.60 —

Permeability coefficient (PAi, mL/d)

WM 6.6 [3.7; 7141.4] 26.4 [28.1; 8773.1] 39.5 [23.6; 8593.4]

Fat in fillet 0 [7.3 × 10−10; 4.9 × 10−5] 0 [1.8 × 10−11; 9.2 × 10−1] 1.9 × 10−6 [1.9 × 10−6; 5.0 × 10−1]

Free fraction (%)

Free 0.1125 — 0.0630 — 0.0518 —

First-order kinetic constants (day−1)

Ke,bile 0.82 [0.52; 1.2] 1.0 [0.89; 1.6] 1.0 [0.83; 1.7]

Ke,feces 0.23 [0.19; 0.25] 0.14 [0.12; 0.22] 0.15 [0.14; 0.27]

KUtoL 2.70 × 10−3 [2.6 × 10−3; 1.0 × 10−1] 1.4 × 10−3 [1.0 × 10−3; 2.8 × 10−3] 1.1 × 10−3 [1.1 × 10−3; 3.2 × 10−3]

Ku 0.68 [0.74; 25.4] 0.20 [0.16; 0.27] 0.20 [0.17; 0.25]

Values marked with * represent data from PFOS used for PFBS. Values in italic are from ref. 35. Values without 95% CI correspond to fixed parameters (not calibrated).
MPVmost probable value, CI credibility interval.
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models. The unique physiology of Atlantic salmon fillet—in which white
muscle is not directly perfused by the venous circulation57,58—required
explicit representation of diffusion-based transport into this compartment.
At the 156-day timescale of the present study, diffusion processes were fast
relative to overall kinetics, and PFAS distribution in fillet was adequately
described by perfusion-based kinetics for white muscle. Nonetheless, this
structural representation proved sufficient, with fillet concentrations pre-
dictedwithin a twofold range for 90% of PFNAmeasurements and 100% of

PFOA, PFDA, PFBS, PFHxS, and PFOS measurements—the critical end-
point for food safety assessment.

The food safety scenario simulations should be interpreted as con-
servative estimates, as they exclude the standard industrypractice of a14-day
starvation period prior to harvest59. Given that estimated fillet half-lives for
the 4-EFSAPFAS range from~5 to 10days, this pre-harvest periodwould be
expected to meaningfully reduce fillet concentrations in commercially
slaughtered salmon, further lowering the already low predicted exposure

Fig. 4 | Prediction of PFAS bioaccumulation and elimination in fish fillet. PFAS
concentrations (μg/kg) are shown on a log10 scale. Each point corresponds to one
replicate (tank), and crossmarks indicate themean concentration across replicates at
each sampling time. The shaded ribbon shows the 95% credible interval of themodel

predictions, computed from the posterior distributions, around the mean predicted
concentration. The solid line represents the most probable value (MPV) of the
prediction. Gray lines show the five best individual model predictions, and the red
dotted line indicates zero level.

Fig. 5 | Evaluation of the model-prediction of PFAS levels measured in salmon
fillet. LOQ limit of quantification. Themeasured point for PFOS corresponds to the
mean value as described in ref. 17. All exposure scenarios were retrieved from
measured concentrations in fish feed as described in ref. 17. Solid lines represent the

maximum levels observed. For PFOS, the dashed line represents the mean level
(0.73 μg/kg), the dotted line the minimum observed level (0.06 μg/kg), and the point
represents the mean measured level in fish fillet.
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risk. The somewhat higher 4-EFSA PFAS levels reported in the EFSA
population exposure assessment for “salmon and trout” (0.31 μg/kg ww
lower bound; EFSA4) likely reflect contributions from rainbow trout farmed
in closed freshwater systems60, where branchial uptake of waterborne
PFAS35,61 may be substantially greater than in open sea cage Atlantic salmon
farming. This interpretation is consistent with surveys showing lower PFAS
levels in farmed versus wild-caught fish37,62, and with the observation that
farmedAtlantic salmon contributes among the lowest PFASdietary burdens
across all seafood categories37. Indeed, among seafood categories, the highest
PFAS levels are consistently observed in wild-caught crustaceans and
bivalves37,62, while farmed Atlantic salmon ranks among the lowest con-
tributors to dietary PFAS intake. A notable limitation of the present model
concerns PFAS precursors, which have been detected at substantial con-
centrations in commercial salmon feeds, in some cases exceeding levels of
known regulated PFAS17. As precursors can biotransform into regulated
PFAS32, they represent a potentially significant hidden source of fillet PFAS
contamination not captured by the current model framework. Future work
should quantify precursor pools and biotransformation kinetics in Atlantic
salmon to allow their integration into feed-to-fillet transfer predictions and
provide a more complete picture of dietary PFAS exposure from farmed
salmon. Together, this PBKmodel provides amechanistic tool to link PFAS
concentrations in feed to fillet concentrations under realistic aquaculture
conditions and supports scenario-based evaluations relevant for developing
feed guidance values consistent with existing food ML. The linear feed-to-
fillet transfer relationship (R2 = 1) identified across all simulated exposure
scenarios confirms themodel’s suitability for regulatory extrapolation across
a wide range of feed contamination levels. At current commercial feed
contamination levels, farmed Atlantic salmon poses a low dietary PFAS
exposure risk—a conclusion that holds even under worst-case modeling
assumptions. As regulatory pressure to establish ML for PFAS in fish feed
intensifies, species-specific, mechanistically grounded tools of the kind
presented here will be indispensable for setting evidence-based thresholds
that protect both consumers and the aquaculture industry.

Methods
All original data generated in this study are available at the Zenodo repo-
sitory: https://doi.org/10.5281/zenodo.17868902.

Feed preparation
In total, six different PFASwere added to the feed. PFBS (≥99.0%; CAS 375-
73-5), PFOA (95%; CAS 335-6-1), PFNA (97%; CAS 375-95-1) and PFDA
(98%; CAS 335-76-2) were obtained from Merck (Oslo, Norway) and
PFHxS (potassium salt; CAS 355-46-4) and PFOS (technical isomer mix-
ture; 94.6%; CAS 1763-23-1) were purchased fromChironAS (Trondheim,
Norway). PFAS-spiked diets were prepared by dispersing PFAS (in crys-
talline form) in aquafeed-graded rapeseed oil by stirring overnight, followed
by rapid shaking for 2 h. The spiked oil was used to vacuum-coat basal diets
(3-mm pellets; soybean concentrate 33%, wheat gluten 14%, fish meal 15%,
wheat 6%, fava beans 4%, rapeseed oil 2%, fish oil 4%, vitamin and mineral
mix 3%) at 13% rapeseed oil and 6% fish oil inclusion level. The basal feed
composition and feed ingredients were chosen to minimize background
levels of PFAS. The feed for the acclimation and depuration periods was
prepared similarly with unspiked rapeseed oil. The final spiked con-
centrations in the feedweremeasuredwith averages of 410 ng g−1 for PFOA,
415 ng g−1 for PFNA, 420 ng g−1 for PFDA, 350 ng g−1 for PFBS, 340 ng g−1

for PFHxS, and 230 ng g−1 for PFOS. Background PFAS levels in the basal
feed were accounted for in the analysis by maintaining a control group of
fish fed the unspiked basal diet throughout the entire trial duration. Dose
correction was subsequently applied to all measured tissue concentrations
using the measured spiked concentrations in feed, with the highest PFAS
concentration measured (PFDA) defined as one and concentrations of the
other PFAS defined in relation to that. Dose correction factors and calcu-
lations are given in theExcelfile available at theZenodo repository. Thefinal
feed was stored at−20 °C until use.

Feeding trial and sampling
A feeding trial with locally bred seawater-adapted post-smolt Atlantic
salmon (Aquagen strain) was conducted at the aquaculture station of the
Institute of Marine Research in Matre (Western Norway) from 26 Feb-
ruary to 1 July 2024. The trial was conducted in accordance with EC
Directive 86/609/EEC and Norwegian regulation on animal experiments.
The experimental design was approved by the Norwegian Food Safety
Authorities prior to the experiment (FOTS ID 30521). Salmon with
average (±SD) initial weight and length of 138 ± 21 g and 22.1 ± 1.5 cm,
respectively, were kept in four 500-Lfiberglassflow-through tankswith 45
fish each and were acclimated for four weeks. During the acclimation
period, all fish were fed a PFAS-free control diet. Afterward, fish in three
tanks were fed with the PFAS-enriched diet for 70 days, followed by a
depuration phase of 56 days, while fish in the fourth tank were fed clean
feed throughout. Fish were fed twice a day under an ad libitum feeding
regime,with overfeeding, at ~2.4 and1.1%of bodyweight at the beginning
and endof the exposure period, respectively.Non-eaten feedwas collected
within 1 h after feeding to assess feed intake per tank.Water temperature,
salinity, and oxygen content (measured at outlet) were 10 ∘C, 2.5%, and
>80%, respectively, throughout the trial. Possible leakage of PFAS from
feed and feces to the water was minimized by a high-flow conical-shaped
tank design, ensuring rapid drainage of fine solids. Water samples were
taken after feeding, and no detectable PFAS levels were observed (LOQ of
0.1 μg L−1, data not shown).

On days 0, 7, 14, 30, 56, 70, 80, 85, 95, 112, and 126, nine fish (three per
tank) were terminally anesthetized with an overdose of Tricaine MS-222
(Pharmaq; ~40mg L−1). Tables S1 and S2 in the Supporting Information (SI)
give an overview of the physiological data of the fish and types of samples
collectedper timepoint, respectively.Tendifferent tissue typeswere collected:
blood, liver, gut, adipose tissue from the belly fat, gills, bile, feces corre-
sponding to the lumencontent of the lower intestine, andawholefillet onone
side and red muscle on the other side. Blood was collected in heparinized
syringes and centrifuged at 1300 rcf for 2.5min to separately collect plasma
and blood cell pellets. Samples were stored at−20 ∘Cuntil further processing.

Extraction and analysis
All analytical standard mixes, native, internal standard, and recovery
standard were obtained from Wellington Laboratories (Canada). PFAC-
MXC (>98%) was used as a native standard and MPFAC-C-ES and
MPFAC-C-IS as internal and recovery standards, respectively, both with
chemical purity >98% and isotopic purity >99%. A full list of compounds is
included in the SI (Table S3). Prior to extraction, the gutswere emptied of all
contents, and liver, muscle, adipose, and gut samples were homogenized.
For gill samples, the gill archwas removed. For eachbatchof samples,matrix
blanks containing tissuematerial from control tank fish and a solvent blank
were prepared alongside the samples. Matrix blanks were spiked with
internal standards, recovery standards, and 5 ng native PFAS standard to
assess matrix effects and extraction efficiency.

Muscle samples were extracted by ultrasonication. Approximately
1 g of muscle tissue was spiked with 5 ng internal standard, and 4 mL
methanol (≥99.9%; Riedel-deHaën)was added. Samples were shaken for
15 min and sonicated for 60 min, followed by centrifugation for 10 min
at 4000 rpm. The supernatant was filtered through a 0.45- μm Millex
syringe filter (nylon, 33-mm diameter; Merck Millipore), diluted with
32 mL of Milli-Q water, and split into two. Clean-up was performed on
an ASPEC GX-274 automated solid phase extraction (SPE) system
(Gilson, Middleton, WI, USA) equipped with an Oasis WAX cartridge
(60 mg sorbent, 3 mL; Waters, Milford, MA, USA). The column was
conditioned with 5 mL of 1% (v/v) ammonium hydroxide (25%; Merck
KGaA) in methanol, 5 mL methanol, and 5 mL Milli-Q water, then
washed with 5 mL of 2% (v/v) formic acid (≥98%; Supelco) in Milli-Q
water prior to sample loading. Elution was performed with 1 mL of 1%
(v/v) ammonium hydroxide in methanol. Recovery standards (5 ng)
were added before storage at −20 °C until analysis.
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Liver, adipose tissue, gut, plasma, blood, bile, feces, and gills were
extracted using a modified QuEChERS approach. Approximately 1 g of
tissue was transferred to a 50mL polypropylene centrifuge tube and spiked
with 5 ng internal standard. Samples were diluted with 5mLMilli-Q water,
followed by the addition of 10mL of 1% (v/v) formic acid (≥98%; Merck
KGaA) in acetonitrile (99.99% purity for liver and adipose, VWR Interna-
tional; 100% purity for all other tissues, Fisher Scientific). Tubes were vor-
texed and sonicated for 30min, after which the contents of a Supel QuE
non-buffered Tube 2 (Sigma-Aldrich) were added, followed by immediate
shaking and vortexing for at least 1min. Samples were centrifuged at
3000 rpm at −9 °C for 10min and stored frozen for 4 h or overnight.
Following a second centrifugation (3000 rpm, −9 °C, 3min), 5 mL of the
supernatant was transferred to a Supel QuE PSA/ENVI-Carb Tube 3
(Sigma-Aldrich), shaken, vortexed, and centrifuged (3000 rpm, room
temperature, 3min). For most tissues, 1mL of the final supernatant was
transferred toLC-MSvials and spikedwith 0.5 ng recovery standard. For gill
samples, which were low in mass (average 0.24 g), the entire supernatant
(~4mL) was evaporated to ~1mL before transfer and addition of recovery
standard. Samples were stored frozen until analysis.

All samples were analysed with a Vanquish Flex ultra-high-
performance liquid chromatography (UHPLC) system coupled to an
Orbitrap Exploris 120 high-resolution mass spectrometer (Thermo Fisher
Scientific, USA) equipped with a heated electrospray ionization (H-ESI)
source. Chromatographic separation was achieved using a 150 × 2.1 mm,
1.8-μmZorbaxEclipsePlusC18column(AgilentTechnologies, SantaClara,
CA,USA)with aHypersil GOLDC18 residue trap (50mm×3mm, 1.9 μm;
ThermoFisher Scientific). Themobile phase consisted of 2mMammonium
acetate (>99.99% purity) in Milli-Q water (aqueous phase) and 2 mM
ammonium acetate in methanol (organic phase), with a flow rate of
0.2mLmin−1. The columnandautosampler temperatureswere 60 and4 °C,
respectively. The injection volume and total runtime were 5 μL and 23min,
respectively. Detailed LC and MS parameters, including the gradient pro-
gram, are provided in Tables S4–S6.

PBKmodel structure
The PBK model was based on a generic PBK model previously applied for
PFOS in rainbow trout24,35. Several physiological parameters and processes

were adapted or added to account for the specific eco-physiology of farmed
Atlantic salmon, including increasing relative fat volume (and, to a lesser
extent, fillet volume)with fish size, and higher oxygen consumption in open
sea cages.

The PBK model for farmed Atlantic salmon (Fig. 6) consists of 15
compartments: arterial and venous blood, gills, brain, kidney, skin, gastro-
intestinal tract (GIT) separated into two subsections (upper and lower
intestine), liver, adipose tissue, richly perfused tissues (RPT: spleen, heart,
pancreas), poorly perfused tissues (PPT: bones, fins), segmental arteries
from fillet, and fillet separated into three sub-compartments: red muscle
(RM), whitemuscle (WM), and adipose tissue in fillet. The gonads were not
considered because the PBK model was developed on experimental data
from sexually immature smolt fish. As this model aims to study con-
tamination throughfish feed, only oral absorption of PFAS through theGIT
was considered (Fig. 7). Equation (1) describes the specific feeding quantity
and thus the quantity of PFAS arriving in the upper GIT lumen:

dðQadmin;GITÞ
dt

¼ DailyIntakeRate ×BW ×Cfeed

2 × FeedingPeriod
ð1Þ

where Qadmin;GIT is the quantity of each PFAS arriving in the upper GIT
lumen (μg),Daily intake rate is thepercentage of feed intakeper bodyweight
per day (%), BW is the body weight (g), Cfeed is the concentration of each
PFAS in the feed (μg g−1), and feeding period is the feeding window dura-
tion (d).

All compartmentswere assumedwell-mixedwith a blood flow-limited
distribution,with the exception of thewhitemuscle and adipose tissue in the
fillet (detailed below). This assumption is standard practice in PBK mod-
eling for ionogenic compounds in fish24 and holds when membrane per-
meability is high relative to blood flow, which is generally valid for well-
perfused tissues such as liver, kidney, gills, and GIT. Blood flow to tissues
was calculated considering the free fractionof eachPFAS inplasma (detailed
in the PFAS-specific parameters section) following Equation (2), as

Fig. 6 | Schema of the farmed Atlantic salmon PBKmodel. The model consists of
15 compartments connected by arterial and venous blood circulation. The fillet is
represented as three sub-compartments (red muscle, white muscle, and adipose

tissue in fillet). Oral absorption through the gastrointestinal tract (GIT) is the sole
exposure route modeled.
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proposed byVidal et al.35:

dðQiÞ
dt

¼ Fi × Free × Cart;plasmaðtÞ �
Cven;iðtÞ
PCi

� �
ð2Þ

whereQi is the quantity of chemical in compartment i (μg), Fi is the arterial
plasmatic blood flow to compartment i (mL day−1), Free is the free fraction
of PFAS in plasma (%), Cart,plasma is the plasmatic arterial PFAS con-
centration (μg mL−1), Cven,i is the plasmatic venous blood PFAS con-
centration leaving compartment i (μg mL−1), and t is time (day).

No hepatic metabolism was considered, as no PFAS metabolism has
been documented in fish. Bile was synthesized in the liver and either
accumulated in the gall bladder during fasting or was instantly released and
subsequently eliminated from the GIT lumen (Fig. 7). Elimination of PFAS
also occurs through branchial excretion. All model equations and source
codes are available under the ZenodoDOI provided in the Software section.

Growth sub-model of farmed Atlantic salmon
ThePBKmodel includes a growth sub-modelbasedonDEB theory63, driven
by temperature and feeding level, as proposed in ref. 24. DEB model
parameters are species-specific. The feeding level f was modeled with a
hyperbolic functional response (Equation (3)) as suggested by Kooijman63

for a given individual fish:

f ¼ x
1þ x

with x ¼ Afeed

K
; Afeed ¼ DailyIntakeRate × BW; K ¼ φ × L2

2
; φ ¼ P

�

Am

k
�

X

ð3Þ

where x is the scaled fooddensity (dimensionless),Afeed is the fooddensity (J
day−1), DailyIntakeRate is the percentage of feed intake per body weight
per day (%), BW is the bodyweight (g),K is the half-saturation coefficient (J
day−1), φ is the amount of food required for ad libitum feeding (J mm−2

day−1), L is the structural length (mm), k
�

X is the conversion efficiency of
food into assimilated energy, and P

�

Am is the maximum area-specific
assimilation rate (J mm−2 day−1). Growth in length was modeled using
Equation (4):

dðLÞ
dt

¼ v
�

3 × ðf þ gÞ × M × f � L
Lm

� �
ð4Þ

where v
�
is the energy conductance (mm day−1), f is the feeding level

(dimensionless), g is the energy investment ratio, L is the structural length
(mm), and Lm is themaximum structural length (mm). Growth trajectories
from the calibration datasets were reconstructed from reported specific

growth rate (SGR) and feed conversion ratio (FCR) values following:

SGR ¼ 100 ×
lnW2 � lnW1

t2 � t1
ð5Þ

FCR ¼ Afeed

W2 �W1
ð6Þ

whereW1 andW2 are body weights (g) at times t1 and t2 (days), andAfeed is
feed intake (g).

Physiological processes specific to Atlantic salmon
Cardiac output (Fcard,mLday−1), dependingonbothwater temperature and
fish mass, was implemented integrating an Arrhenius temperature correc-
tion and the free fraction of PFAS in plasma (Equations (7–8)), as proposed
by ref. 24:

Fcard;g ¼ Fcard;ref × e
TA
TR

�TA
TK

� �
×

BW
BWFcard;ref

 !�0:1

ð7Þ

Fcard ¼ Fcard;g ×BW × Free ð8Þ

whereFcard,g is themass-specific cardiac output (mLday−1 g−1),Fcard,ref is the
reference cardiac output (mL day−1 g−1), TA is the Arrhenius temperature
(°K), TR is the reference temperature (°K),TK is the water temperature (°K),
BW is the body weight (g), BWFcard;ref

is the reference body weight at which
Fcard,ref was recorded (g), and Free is the plasmatic free fraction of PFAS (%).
The initial Arrhenius temperature estimated for rainbow trout (TA =
6930 °K24) was refitted for Atlantic salmon using R’s nls function
(nlstools package, CRAN) based on experimental data fromPorter and
Gamperl64 (Table S7), yieldingTA = 2545 ± 1521

∘K (SE; p < 0.236) (Fig. S1).
Oxygen consumption rate (V

�

O2
, mg g−1 day−1) was implemented

following Equation (9), as proposed by ref. 65 for Atlantic salmon, which
includesbodyweight (BW,g), temperature (T, °C), and swimming speed (U,
day−1) set to 0.5, corresponding to rearing tank activity:

V
�
O2

¼ 61:6 ×BW�0:33 × 1:03T × 1:79U ð9Þ

As adipose tissue development in fillet from smolt to adult Atlantic
salmon is not linearly proportional to body weight growth, a log-linear
regression (R’slm function,lmerTestpackage,CRAN)wasperformed to
establish the equation of adipose tissue growth (Equation (10); R2 = 0.71),
using biometric data from this study and data from the literature66,67

(Table S8). The relationship between the fat fraction of the fillet (scfat fillet,
dimensionless) and body weight (BW, g), from 0.1 kg smolt to 5 kg adult
fish, is:

scfatfillet ¼ �0:0588þ 0:0187 × logðBWÞ ð10Þ

In the present study, the fat fraction in fillet represented 8.1 ± 1.6% (mean ±
SD) at the start of the trial. Based on total fillet weight, the volume of the fat
fraction in the fillet was estimated at each time point throughout the
production cycle.

Experimental studies in Atlantic salmon showed that white muscle
blood flow remains relatively constant between resting and active states,
suggesting that substance distribution is not blood flow-limited in this
compartment57. Thus, a diffusion-limited transport mechanism was mod-
eled through the fat and white muscle of the fillet, since both tissues can
hardly be separated experimentally, in contrast to the red muscle. As pro-
posed by ref. 68 for humans, the fat and white muscle in fillet were sub-
divided into a vascularised compartment and an intracellular space (Fig. 6).
The vascular space volumewas estimated by assuming that capillaries cover
5% of the fillet surface69,70 and applying this proportion to the combined
volume of whitemuscle and fat in the fillet. The exchanges between the two

Fig. 7 | PFAS absorption and elimination through the gastrointestinal
tract (GIT). The GIT lumen is divided into an upper intestine (stomach, pyloric
ceca, upper intestine) and a lower intestine. PFAS transfer between compartments is
regulated by the rate constants KUtoL, Ku, Ke,feces, and Ke,bile.
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sub-compartments are governed by a permeability coefficient (PA, mL
day−1). In the white muscle and fat compartment of the fillet (i ∈ {fat fillet,
WM fillet}), the quantities in the vascular (Qfillet blood, μg) and intracellular
spaces (Qi, μg) are respectively:

dðQfilletbloodÞ
dt

¼ Ffillet × Free × Cart;plasmaðtÞ � CfilletbloodðtÞ
� �

�
X
i

dðQiÞ
dt ð11Þ

dQi

dt
¼ PAi × CfilletbloodðtÞ �

CiðtÞ
PCi

� �
ð12Þ

Parameterization of the PBK model
The PBK model was parameterized using two categories of input: (i) phy-
siological parameters specific to Atlantic salmon, and (ii) PFAS-specific
biochemical parameters.

The physiological parameters for Atlantic salmon were obtained from
data generated in this experiment and from published literature. These
parameters include tissue volumes, cardiac output, oxygen consumption,
and blood flows, and are summarized in Table 4. Briefly, most tissue
volumes were obtained from experimental data collected in this study; the
remaining physiological parameters were retrieved from rainbow trout as
proposed by refs. 24,57.

PFAS-specific parameters describe the absorption, distribution, and
elimination of each congener and were derived as follows. Although bran-
chial absorption and excretion pathways were included in the model,
absorption and elimination processes were modeled with most precision in
the GIT, as only oral exposure via feed was studied, using four first-order
rate constants: Ke,bile, Ke,feces, KUtoL, and Ku (Fig. 7). The GIT lumen was
divided into two compartments: (i) an “upper intestine” comprising the
stomach, pyloric ceca, andupper intestine71, and (ii) a “lower intestine” from
which feces samples were collected, corresponding to the lumen content.
PFAS transfer from the upper to the lower intestine was regulated byKUtoL.
Throughout the upper intestine, PFAS absorption from the lumen to the
GIT wall occurred at a rateKu. Finally, elimination from the lower intestine
to the environment proceeded with a rate Ke,feces, as proposed by Nichols
et al.71 (Fig. 7).

In addition to kinetic rate constants, organ:blood partition coefficients
and the free fraction in blood (Free, i.e., the fraction of PFAS not bound to
albumin) were included as distribution parameters. The free fraction was
estimated based on the dissociation equilibrium constant (KD, mol L−1) of
each PFAS to Atlantic salmon albumin (Alb2-Q03156-Ssalar) using
SwissDock72,73, which estimates the Gibbs free energy (ΔG, kcal mol−1) of
binding using the attracting cavities option with three random initial con-
ditions (RIC). The most negative SwissParam score (ΔG), corresponding to
the strongest binding interaction, was selected for each PFAS congener
(Table S9). The free fraction was obtained using Equations (13) and (14),
derived from the following rationale. Total plasma PFAS is partitioned
between free and albumin-bound fractions: [PFAS]total = [PFAS]free +
[PFAS]bound. The association constantKA for albumin binding is defined as
KA ¼ ½PFAS�bound=ð½PFAS�free × ½Albumin�bloodÞ. Combining these rela-
tionships and resolving for the free fraction yields Equations (13) and (14):

KD ¼ e
ΔG
R×T ð13Þ

Free ¼ 1

1þ ½Albumin�blood
KD

ð14Þ

where R is the universal gas constant (R = 8.314 J K−1 mol−1), T is the
reaction temperature (°K), ½Albumin�blood is the blood concentration of
albumin (mol L−1), and KA = 1/KD.

Parameterization of the DEB sub-model
SixDEBparameters (Table 5)were calibratedusingBayesian inference from
two independent literature datasets67,74, both consisting exclusively of
Atlantic salmon reared in seawater on 3-mm diameter feeds. In the ref. 74
dataset, fish were transferred from small pens to larger grow-out pens at
approximately day 317, resulting in a transient reduction in growth rate
(SGR = 0.94%); data were therefore split into pre- and post-transfer subsets
for modeling purposes. Daily water temperatures were estimated by linear
interpolation between available measurements and used as model inputs.
Prior distributions of the energy investment ratio (g, dimensionless) and
somatic maintenance rate coefficient (k

�

M , day
−1) were set as truncated

Table 4 | Atlantic salmon physiological parameters used in the
PBK model

Definition Parameter Value References

Relative weight (dimensionless)

Blood sc_blood 0.059 —

Brain sc_brain 0.0045 24

Liver sc_liver 0.012 —

Adipose tissue sc_adipose 0.078 —

Skin sc_skin 0.1 24

GIT sc_GIT 0.063 —

Kidney sc_kidney 0.0076 24

Richly perfused sc_rp 0.021 —

Gills sc_gills 0.0049 —

Upper intestine sc_lumen_GIT_1 0.011 24,71

Lower intestine sc_lumen_GIT_2 0.0013 71

White muscle sc_WM_fillet 0.48 —

Red muscle sc_RM_fillet 0.027 —

Fat in fillet sc_fat_fillet Eq. (10) —

Poorly perfused sc_pp 1 − ∑sci —

Capillaries (fillet surface) BV_fillet 0.05 69,70

Relative blood flow (dimensionless)

Brain frac_brain 0.018 24

Liver frac_liver 0.016 24

Adipose tissue frac_adipose 0.0058 24

Skin frac_skin 0.057 24

GIT frac_GIT 0.49 24

Kidney frac_kidney 0.082 24

Richly perfused frac_rp 0.094 24

Gills frac_gills 0.0021 35,80

Fillet (vascular) frac_fillet 0.16 57

Red muscle frac_RM_fillet 0.001 57

Poorly perfused frac_pp 1 − ∑fraci —

Fillet blood flow to kidney aF_fillet 0.4 24

Skin blood flow to kidney aF_skin 0.1 24

Cardiac output and respiratory parameters

Arrhenius
temperature (∘K)

TA_Fcard 2545 —

Optimal temperature (∘K) TR_Fcard 281.15 64

Reference cardiac output
(mL day−1 g−1)

F_card_ref 56.84 64

Effective respiratory
volume (mL day−1) V

°

O2

Eq. (9) 24

Values in bold are specific to Atlantic salmon measured in this study. All remaining values are from
rainbow trout.
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normal distributions. Prior distributions of energy conductance (v
�
, mm

day−1), energy at the state of maturity at metamorphosis (EHm, J), and the
two parameters relating body weight to length (abw, g cm−1 and bbw,
dimensionless) were set to normal distributions with a 10% coefficient of
variation to account for uncertainty and interindividual variability. All prior
valueswere obtained from the add-my-pet database for rainbow trout24. The
predictionaccuracyof the calibratedDEBmodel forAtlantic salmongrowth
was assessed by comparing model predictions of body weight to the
empirical biometric data collected in this study (Table S1 and Fig. 2).

PBKmodel calibration and validation
Model calibration and validation were performed on raw organ con-
centrations (i.e., not dose-corrected) using the concentration levels mea-
sured in feed for each PFAS. Based on the results of the SA, 17 parameters
were calibrated using Bayesian inference for each of the six PFAS
(Tables 2 and 3). Most parameters—including tissue:plasma partition
coefficients, permeability coefficient (PA), and absorption and elimination
constants (Ke,bile, Ke,feces, KUtoL, Ku)—were assigned non-informative log-
uniform prior distributions covering several orders of magnitude. Prior
distributions of tissue:blood partition coefficients for the RPT and carcass
(representing the rest of thebody)were set to truncatednormaldistributions
with an assumed prior mean of 10−3 and a 30% coefficient of variation to
account for estimationuncertainty. Similarly, thepriormeanof thepartition
coefficient for skin was based on data from rainbow trout75 with a 30%
coefficient of variation. Detailed prior distributions for each PFAS are
provided in the SI (Table S11). Model calibration was evaluated using
measured PFAS concentrations in each tissue sample from this study. A
statistical model was used to handle censored data (i.e., values below
detection limits) to maximize the information used during calibration, by
allowing non-quantified levels to vary between zero and the limit of
quantification76. Validation of the calibratedmodel was based on an entirely
independent external dataset with no overlap with the calibration data:
measured PFAS concentrations in commercial Norwegian salmon feeds17

and corresponding fillet samples obtained through routine surveillance
monitoring by the Institute of Marine Research (Table S12). This external
validationdataset reflects realistic commercial aquaculture conditions and is
therefore directly relevant to the regulatory application of the model.

Calibrations were performed using Bayesian methods (Monte Carlo
Markov Chains, MCMC). Three independent MCMC chains were laun-
ched with 50,000 iterations each. Results were based on the last 10,000
iterations. Gelman’s index was used to assess convergence (bR < 1:1). Pos-
terior distributions were used to derive themost probable value (MPV) and
the corresponding 95% credible interval (95 CI) using the 2.5 and 97.5%
quantiles.

Sensitivity analysis
ASAwas performed using the variance-based Sobolmethod77,78. First-order
and total Sobol sensitivity indices were estimated for PFOA. SA were per-
formed at two timepoints representing the exposure (day 6) and depuration
(day 80)phases, for concentration levels in all tissue samples collected in this
study. Uniform distributions were used for 19 parameters, based on pre-
vious studies24 andnewparameters introduced in this study involved infillet
kinetics (PCWM_fillet, PAWM, PAfat) and all parameters related to oral

absorption and elimination (KUtoL,Ku, Free,Ke,bile,Ke,feces). Boundswere set
at ±20% of the prior mean values (Table S13).

Software
Calculations and linear regressions were performed using R Statistical
Software (v4.5.1; R Core Team 2025) and GNU MCSim v6.2.079. MCSim
model codes are provided under https://doi.org/10.5281/zenodo.17868902
with a Creative Commons Attribution 4.0 license.

Data availability
The datasets generated and analyzed during the current study are publicly
available on Zenodo under a Creative Commons Attribution 4.0 Interna-
tional (CC-BY 4.0) license at https://doi.org/10.5281/zenodo.17868902.

Code availability
The code used for data processing, material classification, and particle size
estimation is publicly available on Zenodo at https://doi.org/10.5281/
zenodo.17868902.
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