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EDITOR'S NOTE:
This article is part of the special series “Ecological Risk Assessment for Per‐ and Polyfluorinated Alkyl Substances.” The

series documents and advances the current state of the practice, with respect to ecotoxicological research, environmental
exposure monitoring and modeling, ecologically based screening benchmarks, and risk assessment frameworks.

Abstract
Risk assessment for per‐ and polyfluoroalkyl substances (PFAS) is complicated by the fact that PFAS include several

thousand compounds. Although new analytical methods have increased the number that can be identified in environmental
samples, a significant fraction of them remain uncharacterized. Perfluorooctane sulfonate (PFOS) is the PFAS compound of
primary interest when evaluating risks to humans and wildlife owing to the consumption of aquatic organisms. The exposure
assessment for PFOS is complicated by the presence of PFOS precursors and their transformation, which can occur both in
the environment and within organisms. Thus, the PFOS to which wildlife or people are exposed may consist of PFOS that was
discharged directly into the environment and/or other PFOS precursors that were transformed into PFOS. This means that
exposure assessment and the development of remedial strategies may depend on the relative concentrations and properties
not only of PFOS but also of other PFAS that are transformed into PFOS. A bioaccumulation model was developed to
explore these issues. The model embeds toxicokinetic and bioenergetic components within a larger food web calculation
that accounts for uptake from both food and water, as well as predator–prey interactions. Multiple chemicals are modeled,
including parent–daughter reactions. A series of illustrative simulations explores how chemical properties can influence
exposure assessment and remedial decision making. Integr Environ Assess Manag 2021;17:705–715. © 2021 The Authors.
Integrated Environmental Assessment and Management published by Wiley Periodicals LLC on behalf of Society of
Environmental Toxicology & Chemistry (SETAC).
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INTRODUCTION
Per‐ and polyfluoroalkyl substances (PFAS) are environ-

mental contaminants of increasing regulatory interest owing
to concerns over potential adverse impacts on human health
and the environment. Drinking water criteria have been
established in various jurisdictions for a subset of PFAS,

in particular perfluoroalkyl acids (PFAAs) such as per-
fluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA; ITRC, 2020a). Levels to protect human health have
also been established for PFOS in fish, including fish con-
sumption advisories (e.g., Minnesota [MDH, 2018]) and
Environmental Quality Standards in the European Union
(EU, 2013).
PFAS include thousands of chemicals (OECD, 2018), some

of which (termed PFAA precursors) transform in the envi-
ronment and in vivo to PFAAs, such as PFOS, which is not
known to transform further (ITRC, 2020b). PFOS has
been shown to bioaccumulate in fish (e.g., Martin
et al., 2003a, 2003b), wildlife (Boisvert et al., 2019), and
humans (ITRC, 2020b). It exists mostly as an anion in the
environment and exhibits a low partition coefficient, with
values for the log sediment partition coefficient ranging
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from 2.4 to 3.7 L/kg of organic carbon (ITRC, 2020b). For
such chemicals, depuration from the sediment bed is rapid,
and as a result, sediment remediation is unlikely to mean-
ingfully reduce risks. However, some PFOS precursors
(PreFOS; Martin et al., 2010) exhibit stronger partitioning.
This complicates our understanding of the sources of PFOS
in fish tissue and the pathways by which sediment‐ and
water‐column‐borne precursors may contribute to tissue
contamination.
Bioaccumulation modeling is often employed to inves-

tigate contaminant exposure sources and inform remedial
action to reduce exposure. Early models addressed hydro-
phobic organic compounds (e.g., Arnot & Gobas, 2004;
Connolly, 1991; Gobas et al., 1993; Thomann, 1989).
Bioaccumulation models of ionic compounds have recently
been developed (Armitage et al., 2013; Gobas et al., 2020;
McDougall, 2016; Mittal & Ng, 2018; Ng & Hunger-
bühler, 2013; Vidal et al., 2019; see also Conder et al.,
2021). Models have generally focused on single chemicals.

A notable exception is the physiologically based pharma-
cokinetic (PBPK) model developed by Mittal and Ng
(2018) that incorporates precursor biotransformation
into PFOA.

This paper presents a bioaccumulation model of PFOS
and selected precursors developed to evaluate the potential
importance of contaminated food and water as sources of
PFOS in aquatic organisms. The objective of this model is to
help bridge the gap between risk assessment, PFOS bio-
accumulation, and decision‐making for contaminated sites.
It simulates PFOS as well as multiple PreFOS in a cascade of
biotransformations that terminate in PFOS in a prey fish and
a predator fish, and includes exposure to both con-
taminated food and water and bioenergetics to quantita-
tively link growth, respiration, and consumption.

Specifically, this model represents an initial tool designed
to explore the role of perfluorooctane sulfonamidoethanol‐
based phosphate diester (SAmPAP diester, hereafter re-
ferred to as SAmPAP) and its biotransformation products as
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FIGURE 1 SAmPAP biotransformation processes in fish tissue, based on Peng et al. (2014) and Gaillard et al. (2017)
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sources of PFOS to aquatic organisms (Figure 1). SAmPAP
was a major component in paper coatings produced in the
United States until it was phased out in 2002, although it is
likely still produced in other countries (Benskin et al., 2012).
It has been detected in marine sediment both at concen-
trations similar to that of PFOS (Benskin et al., 2012) and
higher than PFOS (Langberg et al., 2020). SAmPAP is hy-
drophobic, with a LogKOW (neutral form) value of 16
(Table S2‐1), and its highly sorptive nature is indicated by
measurements of sediment concentrations coincident with
undetectable concentrations in porewater or surface water
(Benskin et al., 2012; Langberg et al., 2020).
The transformation of SAmPAP leads to the production of

PFOS as well as several intermediate compounds. Field
samples have provided evidence of transformation of
SAmPAP in freshwater and marine sediments (Benskin
et al., 2012; Schaanning et al., 2020; Zhang et al., 2018).
SAmPAP transformation products have been found in sedi-
ments, surface water, and aquatic organisms (Asher
et al., 2012; Benskin et al., 2012; Franklin, 2016; Gebbink
et al., 2016; Langberg et al., 2020; Martin et al., 2004, 2010;
Schaanning et al., 2020; Sedlak et al., 2017; Simmonet‐
Laprade et al., 2019; Tomy et al., 2009). Some of the in-
termediates formed in the transformation of SAmPAP to
PFOS were also commercially manufactured products and
thus may have been discharged directly into the environ-
ment (Boulanger et al., 2005; Gilljam et al., 2016a, 2016b;
Nascimento et al., 2018).

MODEL DEVELOPMENT
The model represents chemical uptake and loss across the

gill, uptake from food and loss across the gut wall, growth
dilution, and biotransformation. The model computes
whole‐body chemical concentrations. In general, the non‐
PFAS aspects of the model follow established modeling
frameworks from the literature, for example articles by
Arnot and Gobas (2004) and Connolly (1991), and are only
briefly described herein. The PFAS aspects of the model are
based on recent studies (e.g., Armitage et al., 2013;
McDougall, 2016) or were developed for this effort and are
described in more detail.
Equation (1) presents the overall mass balance. All other

equations are presented in Table S1‐1, and the parameters
are defined in Table S1‐2 (see Section S1 of the Supporting
Information).
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where:
M=Mass of chemical in whole body (subscripted when

referring to a chemical other than the one being computed;
nanogram; ng)

CW=Concentration of chemical in water (nanograms per
liter; ng/L)
CD=Concentration of chemical in diet (nanograms per

gram in food; ng/g food)
W= Body weight (g wet weight)
k1=Chemical uptake rate from water (L/g wet weight‐day)
kD=Chemical uptake rate from food (g food/g wet

weight‐day)
k2= Rate constant for chemical loss across gills (1/day)
kE= Fecal elimination rate constant (1/day)
kM,i= Rate constant of metabolic biotransformation from

or to chemical I (1/day)
nT1, nT2=Number of metabolic biotransformations,
The first two terms represent uptake from water and food.

Uptake from water is calculated as a gill ventilation rate
multiplied by an efficiency of uptake (Equation S2). Ven-
tilation rate is calculated from the respiration rate, dissolved
oxygen concentration, and efficiency of oxygen uptake
(Equation S3). Respiration rate is calculated as a function of
body weight, temperature, and an activity coefficient
(Equation S4).
Uptake from food is represented as a food consumption

rate multiplied by an assimilation efficiency (Equation S5).
Food consumption rate is calculated by summing the pri-
mary energetic costs incurred by the organism, respiration,
and growth, and dividing by the food assimilation efficiency
(Equation S6). The model calculates respiration, growth, and
consumption on an energy basis, so the estimation of food
consumption rate (grams [g] of food/g body weight‐day)
incorporates energy contents of the body, of oxygen, and of
the food (Equation S6; Connolly, 1991). Growth dilution is
incorporated into the chemical concentration‐based version
of Equation (1) and is calculated from the change in weight
(parameter kG; Equation S7).
Branchial uptake and elimination are modeled as a

diffusive exchange process that depends on the gradient
between the dissolved concentrations in ambient water and
in blood. Branchial elimination was modeled using the ap-
proach of McDougall (2016), modified from Armitage et al.
(2013) and Arnot and Gobas (2004), in which the gill uptake
term is divided by a distribution coefficient that represents
the ratio between whole‐body concentration and concen-
tration dissolved in water (DBW; Equation S8). The gradient is
thus calculated as the difference between the uptake term
multiplied by ambient concentration and the elimination
term multiplied by the whole‐body concentration.
Fecal elimination is modeled as the product of feces

production rate and a coefficient (KGB) representing the
relative concentration of each chemical in feces and whole
body (Equation S9). The feces production rate is set equal
to the food consumption rate multiplied by (1−AD), where
AD= food assimilation efficiency.
The hypothesized in vivo biotransformation series

for SAmPAP includes N‐ethyl perfluorooctane sulfonami-
doethanol (NEtFOSE), N‐ethyl perfluorooctane sulfonami-
doacetic acid (NEtFOSAA), perfluorooctane sulfonami-
doethanol (FOSE), perfluorooctane sulfonamidoacetic acid
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(FOSAA), N‐ethyl perfluorooctane sulfonamide (NEtFOSA),
perfluorooctanesulfonamide (PFOSA), and PFOS (Figure 1;
after Peng et al., 2014 and Gaillard et al., 2017). Each bio-
transformation represented in Figure 1 is included in the
model. Biotransformation rates are first order (Equations S1
and S10). The rates were determined by calibration to the
Gaillard et al. (2017) and Peng et al. (2014) experiments.
Following the allometric approach described by Arnot et al.
(2009) and Nichols et al. (2013), biotransformation rates
were scaled by body weight. Equation S10 presents this
scaling using the rates calibrated to the Gaillard et al. (2017)
experiment as the base rates (kM0,i), for which fish weighing
60 g were used. The exponent γM was determined by cali-
bration to the Peng et al. (2014) results.
Values for model parameters were estimated based on

published information on PFAS toxicokinetics and bio-
energetics, building on the results of previous modeling
studies. Parameter values were then adjusted based on the
results of three laboratory experiments in which fish were
exposed to PFAS in food or water. All three experiments
involved exposure and depuration periods. Martin et al.
(2003a) exposed juvenile rainbow trout to PFOS in water.
This experiment permitted refinement of parameters spe-
cifically related to PFOS toxicokinetics. Gaillard et al. (2017)
exposed juvenile Eurasian perch to SAmPAP in food. The
experiment included two groups of fish: “Test” fish were
exposed to SAmPAP in food, and “control” fish were not fed
contaminated food but were exposed to the same water as
the test fish. This permitted evaluation of the role of bio-
transformation, elimination, and subsequent uptake from
the water—a route that the experimental results indicated

was significant and was included in the model. Peng et al.
(2014) exposed juvenile Japanese medaka to SAmPAP in
water. These latter two experiments permitted estimation of
rates of uptake of SAmPAP from food and water and rates of
biotransformation through a cascade of reactions ending
in PFOS.

Details concerning the estimation of parameter values are
presented in Section S1 of the Supporting Information.
Conditions specific to the Gaillard et al. (2017) and Peng
et al. (2014) experiments are described in Sections S3
and S4, respectively.

CALIBRATION
The model was calibrated in two steps. First, PFOS EW,

and DBW values were adjusted to match the results of the
experiments of Martin et al. (2003a). Next, a subset of
other parameters (subject to the constraints discussed in
the Model Development section) were modified to fit the
model results to the data in both the Gaillard et al. (2017)
and Peng et al. (2014) experiments. Model fit was judged
qualitatively, prioritizing fit to PFOS, and then fit to the
more abundant precursors. Additional discussion of model
calibration is provided in Section S2 of the Supporting In-
formation.

The overall fit of model results to the Gaillard et al. (2017)
and Peng et al. (2014) experiments is represented in
Figure 2 as model‐data crossplots that include both ex-
periments (including the Gaillard et al. [2017] test and
control organisms) and all measured compounds, with dif-
ferent symbols for each chemical and different colors in-
dicating model and data at the end of the exposure period

Integr Environ Assess Manag 2021:705–715 © 2021 The Authorswileyonlinelibrary.com/journal/ieam

(A) (B)

FIGURE 2 Modeled and laboratory‐measured PreFOS and PFOS concentrations in fish exposed to SAmPAP. Concentrations at the end of the exposure and
elimination periods. Values are provided in Table 1
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and at the end of the depuration period (see Table 1 for the
values presented in Figure 2). For both experiments, mod-
eled and measured concentrations are positively correlated
and distributed around a line with log slope of one. Most
modeled concentrations (and all PFOS concentrations) at
the ends of the exposure periods and depuration periods lie
within a factor of two of the data. Tissue concentrations for
the Peng et al. (2014) experiment are two orders of mag-
nitude higher than for the Gaillard et al. (2017) experiment
because of differences in exposure (25 µg/L vs. 1631 ng/g)
and differences in dietary vs. branchial uptake of SAmPAP.
For the Peng et al. (2014) experiment, the compounds that
are more than a factor of two off the 1:1 line are generally
compounds present in smaller concentrations; thus, the
model captures (within approximately a factor of 2) the
compounds that are most abundant. Two values are not
presented in this figure for SAmPAP in the Gaillard et al.
(2017) experiment in the control fish on Days 45 and 80:
Both model and data were very low on these days. Im-
precision in estimating data values from figures in Gaillard
et al. (2017) and uncertainties associated with the possible
presence of small amounts of dissolved SAmPAP in the
experimental tanks contributed to differences between the
model and data at these very low concentrations.
The modeled PFOS time courses qualitatively capture the

patterns in the data. In both experiments, including the
Gaillard et al. (2017) test and control fish, modeled and
measured PFOS (Figure 3) increases throughout both the
exposure and the depuration periods. In the Gaillard et al.
(2017) experiment, the test fish time course is well repre-
sented; a small increase in initial background concentration
(initial concentrations in the model reported by the authors)
would improve the fit early in the simulation. The control fish

rise within approximately 10% of the single measured value.
The model does not capture all of the short‐term dynamics;
in the Peng et al. (2014) experiment, the data indicate a
more rapid increase early in the experiment than is com-
puted by the model.
Additional calibration discussion is provided in Section S7

of the Supporting Information.

MODEL EVALUATION

Bioconcentration factors

Fish whole‐body and carcass PFOS bioconcentration fac-
tors (BCFs) were measured in the laboratory by Inoue et al.
(2012) and Sakurai et al. (2013); see Section S5 of the Sup-
porting Information. When the conditions of these experi-
ments were matched based on the information provided in
the publications, the model yielded BCFs of 950 for both
studies, which lies within 10% of the measured values: 1000
(Inoue et al., 2012) and 910 (Sakurai et al., 2013). These
values were also similar to the BCF measured by Martin
et al. (2003a): 1100 L/kg whole‐body wet weight. For two
other studies (see Section S5), the model underpredicted
the BCF: Fangfang (2014) measured 2400, and the model
calculated 810; and Wildlife International (2002) measured
2800, and the model calculated 950. However, compared
with the other three studies, less information was provided
regarding the experimental conditions for these two studies,
so these comparisons are less certain.

Biomagnification factors

Modeled whole‐body PFOS biomagnification factors
(BMFs) based on water and food exposure were greater
than for food‐only. Values ranging from 1 to 2 were

Integr Environ Assess Manag 2021:705–715 © 2021 The AuthorsDOI: 10.1002/ieam.4414

TABLE 1 Modeled and laboratory‐measured PreFOS and PFOS concentrations in fish exposed to SAmPAP

Study Data/Model Test/Control Day SAmPAP NEtFOSE NEtFOSAA NEtFOSA PFOSA PFOS

Peng et al. (2014) Data – 10 2160.17 134.27 1220.20 6.26 104.40 112.06

Model – 20 2992.13 51.97 436.30 42.56 149.65 84.44

Data – 10 132.14 9.34 487.34 0.49 54.90 208.15

Model – 20 184.91 3.28 301.03 42.29 226.84 246.20

Gaillard et al. (2017) Data Test 45 1.00 1.73 1.09 1.66

Model Test 45 0.95 2.42 1.24 2.24

Data Control 45 0.06 1.60 0.82 1.63

Model Control 45 0.00 2.12 1.10 2.04

Gaillard et al. (2017) Data Test 80 0.57 1.08 1.80 4.06

Model Test 80 0.02 1.43 1.11 4.66

Data Control 80 0.00 1.39 1.41 5.03

Model Control 80 0.00 1.21 0.95 4.13

Abbreviations: NEtFOSA, N‐ethyl perfluorooctane sulfonamide; NEtFOSAA, N‐ethyl perfluorooctane sulfonamidoacetic acid; NEtFOSE, N‐ethyl per-
fluorooctane sulfonamidoethanol; PFOS, perfluorooctane sulfonate; PFOSA, perfluorooctanesulfonamide; SAmPAP, perfluorooctane sulfonamidoethanol‐
based phosphate diester.
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computed for predator fish exposed to PFOS only in their
prey (body weight 100–1000 g, respiration coefficient beta
0.1–0.2 kJ/g wet weight‐day). Values ranging from 2 to 3
were computed for prey and predator fish exposed to PFOS
in water and in both food and water.
Modeled whole‐body PFOS BMF values for predator fish

exposed to SAmPAP in food or to NEtFOSE in water ranged
from 2 to 8. These two scenarios were selected to provide
example results for two different PreFOS in two media. The
BMFs were higher than in the PFOS‐only exposures because
some of the original SAmPAP or NEtFOSE to which the prey
were exposed remained in the tissues of the prey and was
biotransformed by the predator into PFOS.

The BMF values computed by the model, both with and
without PreFOS, lie within the range of measured BMFs
(Section S6). Field‐measured PFOS BMF values range from
0.4 to 31 (g whole‐body wet weight/g whole‐body wet
weight; only including studies in which the compared spe-
cies are reasonably temporally and spatially matched and
are considered to be within the same food web [e.g.,
benthic vs. pelagic]; values provided in Table S6‐1 of the
Supporting Information; the Langberg et al. [2020] study
was not included because of the clear evidence of a strong
influence of PreFOS). The median of the 62 compiled values
is 2.0; the arithmetic average is 4.0 ± 5.4 (SD). Approx-
imately 80% of the values lie between 1 and 10. BMFs are

Integr Environ Assess Manag 2021:705–715 © 2021 The Authorswileyonlinelibrary.com/journal/ieam
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(C)

FIGURE 3 Time courses of modeled and laboratory‐measured PFOS concentrations in fish exposed to SAmPAP. (A) Gaillard et al. (2017), exposure to SAmPAP
in diet. (B) Gaillard et al. (2017), exposure to PreFOS in water only. (C) Peng et al. (2014), exposure to SAmPAP in water only
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uncertain because they condense complex diets to a simple
pairing of a predator with a single prey item, often with a
variable difference in trophic levels. Therefore, modeled
BMFs were also compared with trophic magnification factors
(TMFs) reported by the same authors. TMFs have the ad-
vantage of incorporating multiple species in a range of
trophic levels as well as potentially more refined estimates
of trophic position using del15N. The distribution of data-
based TMFs is similar to the measured BMFs (Table S6‐2):
The median of 11 values is 2.5 and the average 3.1, with
values ranging from 0.94 to 6.3.
Model testing could be refined further by accounting for

the fact that the field‐measured PFOS BMF and TMF values
may be inflated owing to the presence of PreFOS. Langberg
et al. (2020) measured TMFs and BAFs in a food web strongly
impacted by high concentrations of SAmPAP in sediments.
PFOS TMFs ranged from 4 to 9 in perch muscle, similar to the
range of values computed by the model for SAmPAP ex-
posure. This similarity supports the realism of the model, al-
though only semi‐quantitatively, acknowledging that the
details of the diets and bioenergetics of the modeled and
sampled fish may be different. PreFOS were measured in four
of the remaining studies (and not reported in the fifth, al-
though they likely were present; see Table S6‐2 of the Sup-
porting Information). Such refinements at this point would be
partial because the PreFOS measured in the available field
studies represent only a subset of all potential PreFOS.

Uncertainty

Using parameter values that honor the available ex-
perimental studies, the model presented here yields results
that compare favorably with concentrations of several
chemicals measured in two separate experiments with dif-
fering exposure sources. However, consistency with the
experimental measurements does not tightly constrain
some model parameters. For most PreFOS, the results are
not very sensitive to the parameters that control uptake and
loss of the intermediate PreFOS (ED, EW, DBW, and KGB), and
thus calibration does not yield highly certain values for these
parameters. This is because intentional exposure was lim-
ited to SAmPAP and loss rates are controlled by the rates of
biotransformation. Uncertainty in uptake parameters po-
tentially limits the applicability of the model in situations in
which intermediate PreFOS are significant exposure
sources. In addition, uncertainty in parameters affecting loss
rates would be potentially important for organisms with low
rates of biotransformation. Additional laboratory measure-
ments of these rates would further constrain these
model parameters, improve model reliability, and widen its
applicability.

MODEL APPLICATIONS

Impact of PreFOS on PFOS concentrations in biota and
bioaccumulation metrics

The variability in field‐measured PFOS BMFs and TMFs is
caused by multiple factors, including variation in growth

rates, age, and bioenergetics; uncertainties in diet; non‐
steady‐state conditions; and the presence of PreFOS (e.g.,
Franklin, 2016). A comparison of the range of BMFs com-
puted by the model (2–8), across several scenarios involving
two PreFOS, against the range of field‐measured BAFs
(0.4–31) suggests that the presence of PreFOS may account
for a portion of the observed variability in field‐measured
PFOS BMFs but not all. This conclusion is preliminary,
however, because all possible PFOS precursors have not
been identified or modeled.
To further explore the impacts of individual PreFOS on

the measured PFOS BMF, a series of model simulations
was performed including exposure to PFOS in the water at
1 ng/L along with one PreFOS. SAmPAP was added to the
food in one set of simulations, NEtFOSAA was added to
water in a second set, and PFOSA was added to water in a
third. The computed whole‐body PFOS predator–prey
BMFs are presented in Figure 4 as a function of the con-
centration of each PreFOS in food or water. The apparent
PFOS BMF (i.e., the predator–prey PFOS concentration
ratio) rises to a maximum level at elevated PreFOS con-
centrations and does not increase beyond this value as
PreFOS concentrations continue to increase. The impact of
PreFOS on the PFOS BMF depends on the particular
PreFOS. With NEtFOSAA exposure, the PFOS BMF rises
from 2.6 (PFOS in water‐only) to a maximum of approx-
imately 5. This represents a realistic environmental con-
dition: Benskin et al. (2012) measured a NEtFOSAA
concentration in water of approximately 60 ng/L, which
produces a BMF of approximately 5. SAmPAP exposure in
food produces somewhat less of an impact on the PFOS
BMF, ranging up to approximately 4. BMF values as high as
4 are realistic for such a scenario, based on the PFOS and
SAmPAP concentrations measured by Langberg et al. (2020;
maximum sediment SAmPAP concentration of 1900 ng/g,
PFOS concentration in water approximately 0.3 ng/L,

Integr Environ Assess Manag 2021:705–715 © 2021 The AuthorsDOI: 10.1002/ieam.4414

FIGURE 4 Impact of exposure to individual PreFOS on the apparent PFOS
BMF. Model simulations performed including 1 ng/L PFOS plus individual
PreFOS at a range of concentrations
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producing a BMF of approximately 4). Finally, PFOSA in
water has a smaller effect, increasing the PFOS BMF to
approximately 3 at higher PFOSA concentrations, which is
an increase of a few percent. This is because most of the
PFOSA is transformed in the prey tissues, so the exposure of
the predator is primarily to PFOS in prey and little additional
biotransformation occurs in the predator. Thus, the meas-
ured PFOS BMF varies with the particular combination of
PreFOS present in the environment.
PreFOS exposure is likely to affect BAFs to a much greater

degree than BMFs or TMFs. The PFOS BAF values meas-
ured by Langberg et al. (2020) ranged up to 250 000 in
muscle—one to two orders of magnitude higher than pub-
lished studies (e.g., Asher et al., 2012; Gebbink et al., 2016;
Houde et al., 2008; Khairy et al., 2019)—whereas the BMFs
measured by Langberg et al. (2020) and computed by the
model (with PreFOS exposure) were within the range of
values measured at various sites and only two to three times
higher than the median of the observed BMFs and the
modeled PFOS‐only BMFs. These patterns are under-
standable given the exposure conditions in the Langberg
et al. (2020) study and the process of biotransformation:
With predominant exposure to PreFOS in the environment,
the measured PFOS BAF is high because the denominator in
the equation (i.e., the PFOS aqueous concentration) is low,
whereas the numerator (PFOS in tissues) is elevated owing
to biotransformation of the PreFOS that are taken up. The
impact of PreFOS on PFOS BMFs is more limited: Because
prey organisms likely transform a portion of PreFOS in their
diet to PFOS within their tissues, predators are exposed to a
significant amount of PFOS in their diet (although the ulti-
mate exposure of the prey is only to PreFOS). Thus, the
measured PFOS BMFs do not vary as much as measured
BAFs in the presence of significant exposure to PreFOS.

Impact of PreFOS on response time

Tissue concentrations respond within weeks to changes in
exposure to PFOS and PreFOS (e.g., Martin et al., 2003a;
Gaillard et al., 2017; Peng et al., 2014). Response times are
more rapid than other organic compounds such as higher
chlorinated polychlorinated biphenyls (PCBs), in part be-
cause PFOS is eliminated rapidly and in part because many
of the calibrated rates of PreFOS biotransformation are
faster than gill and fecal elimination and growth dilution. To
explore this further, model simulations were performed with
prey and predator experiencing short‐term exposure to
PFAS in their food or water. After exposure to PFOS in water
for 10 days, prey and predator concentrations rise and then
fall, declining to 5% of the maximum concentration achieved
during the exposure period within 190 and 430 days of
achieving that maximum concentration, respectively. The
predator response time is longer because its exposure
continues after the concentrations in sediments and water
have returned to low values, owing to residual con-
tamination in the prey.
Exposure to PreFOS lengthens the response time. For

example, after exposure for 10 days to NEtFOSAA in water,

concentrations rise and then decline to 5% of their max-
imum concentration within 280 and 500 days of achieving
the maximum concentration. After exposure for 10 days to
SAmPAP in food, concentrations rise and then decline to 5%
of their maximum concentration within 330 and 590 days of
achieving the maximum concentration. Based on these ex-
amples, it is expected that, in the field, concentrations in fish
tissue generally will respond to changes in exposure within
1–2 years, and the presence of PreFOS will delay the re-
sponse. It is noted that concentrations in air‐breathing or-
ganisms may respond more slowly, depending on their
biotransformation rates as well as the fact that depuration
associated with air exchange is slower than for gill‐breathing
organisms.

Role of SAmPAP as a source of PFOS in tissue

Setting concentrations in the food of the prey fish equal to
concentrations of SAmPAP that have been measured in the
environment (approximately 0.2 ng/g; Benskin et al., 2012;
Zhang et al., 2018), computed PFOS concentrations are
much lower than tissue concentrations that are of concern in
fish consumption advisories. For example, the relatively re-
strictive draft fish consumption advisory from New Jersey
includes 0.56 ng/g in fillets as the target PFOS concentration
for unlimited consumption. The ratio of muscle to whole‐
body PFOS concentrations ranges from approximately
0.5 to 1.0 (Goeritz et al., 2013; Shi et al., 2015). The pre-
dicted whole‐body concentrations for a SAmPAP exposure
concentration of 0.2 ng/g in the food of the prey fish
(0.00088 and 0.0037, respectively) are two to three orders of
magnitude lower than the fish advisory level (values are
similarly low for a range of respiration rates and body
weights). A source of uncertainty with this conclusion is the
amount of bioaccumulation that occurs at the base of the
food web. Unless concentrations in the invertebrate food of
the prey fish are orders of magnitude greater than con-
centrations in sediments on which they may feed, this result
can be extrapolated qualitatively to SAmPAP in sediments:
At these concentrations, ingested SAmPAP is unlikely to
account for PFOS concentrations in tissue that approach
advisory limits.

In contrast, if the exposure concentrations in the food of
the prey are set equal to the concentrations of SAmPAP
measured in sediments by Langberg et al. (2020), approx-
imately 500 ng/g, then the computed whole‐body tissue
concentrations in prey and predator, 2 and 9 ng/g, re-
spectively (for 100 g prey and 1000 g predator), are within
the range of state advisory levels (e.g., the New Jersey
weekly consumption trigger= 3.9 ng/g). Under such con-
ditions, existing PreFOS concentrations in sediments are
sufficient to lead to PFOS concentrations in fish tissue that
are potentially of regulatory concern.

Because SAmPAP partitions strongly to sediments, it is
expected to be persistent in the environment. Trans-
formation of SAmPAP in the environment, to the extent that
it occurs, would reduce its persistence. The evidence of
transformation in the environment is mixed: In the
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laboratory, Benskin et al. (2013) found negligible loss over
the course of 120 days in marine sediments, whereas Zhang
et al. (2018) found a half‐life of 88 days in freshwater sedi-
ments. Transformation in the environment into more bio-
available PreFOS, to the extent it occurs, would likely
increase the accumulation of PFOS in aquatic organisms
because SAmPAP appears to be taken up from water and
sediment with lower efficiency than other PreFOS. But
SAmPAP transformation would also reduce its persistence.
Characterization of SAmPAP transformation in sediments
and water and of the impacts of environmental trans-
formation on persistence and bioaccumulation are critical to
effectively managing PFOS levels in aquatic organisms.
There is thus a need for more information regarding rates of
transformation in the environment.

NEXT STEPS
The model presented here highlights areas of uncertainty

that would benefit from additional research. Because the
model focuses on the biotransformation cascade originating
in SAmPAP, its calibration to the laboratory experiments was
not sensitive to the uptake kinetics of the other PreFOS.
Several of the PreFOS in the SAmPAP cascade have likely
been discharged themselves and have been found in the
environment. Therefore, experimental and modeling work
to understand their uptake kinetics is needed. Similarly,
study of the biotransformation and toxicokinetics of other
PreFOS in the environment (e.g., compounds found in
AFFF) is a logical next step.
Biotransformation rates generally exceed PreFOS bran-

chial and fecal loss rates and thus likely control PreFOS
concentrations and the PFOS production rate to a large
degree. This means that estimating all fecal and branchial
elimination rates for all PreFOS in fish is probably not critical
to developing an understanding of PFOS sources. However,
there is room for refinement of biotransformation pathways
and rates, because the model does not match the time
courses of all individual chemicals in the two experiments
(e.g., PFOSA). Refinement of the biotransformation rates
may affect the relative abundance of PreFOS in fish tissue,
which may be useful in evaluating PFAS sources.
Models such as the one presented here can support the

evaluation of the sources of PFOS in aquatic organisms and
thus support remedial decision‐making, combining realistic
PFOS and PreFOS toxicokinetics and bioenergetics in a
framework that includes both food and water exposure, as
well as predator–prey relationships. At its current stage of
development, the model can provide useful insights re-
garding source evaluation and the potential impacts of
alternative remedial plans at specific sites, thus providing
one line of evidence in support of decision‐making. As new
field and laboratory data become available, supporting
greater understanding of the identity of all potential
PreFOS (as well as their uptake, loss, and bio-
transformation), the model's usefulness as a decision‐
support tool will increase.

One metric of potential use in evaluating remedial options
is the ratio of PreFOS–PFOS concentrations throughout the
food web. More detailed studies of the relative concen-
trations of the various PreFOS compounds in tissue will also
be informative. Sampling organisms at lower trophic levels is
likely to be more useful than organisms at upper trophic
levels because the PreFOS compounds are likely to be in
larger proportion. Models such as the one presented here
will aid in interpreting field measurements and in identifying
PFOS sources to aquatic food webs, thus supporting
decision making regarding the reduction in ecological and
human health risks associated with PFAS.
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