Environmental Toxicology and Chemistry, 2025, 44(10), 3051-3066

https://doi.org/10.1093/etojnl/vgaf180
Advance access publication: July 16, 2025

Original Article

SETAC@
OXEORD @

Hazard/Risk Assessment

Dietary kinetics of a PFAS mixture in the American toad
(Anaxyrus americanus): laboratory insights into trophic
transfer of PFAS

Andrew G. East®** © Mike Simini®, Emily E. Stricklin®, Guilherme R. Lotufo*"?, Jennifer L. Guelfo®”, Zhao Yang® ¥, Travis Gallo?*®,
Michael J. Quinn*®, and Roman G. Kuperman®

Toxicology Directorate, Defense Health Agency—Public Health, Aberdeen Proving Ground, MD, United States

?Environmental Science and Technology Department, University of Maryland College Park, College Park, MD, United States

*Research and Operations Directorate, DEVCOM Chemical Biological Center, U.S. Army Combat Capabilities Development Command, Aberdeen Proving Ground,
MD, United States

4Engineer Research and Development Center, U.S. Army Corps of Engineers, Vicksburg, MS, United States

°Civil, Environmental, and Construction Engineering Department, Texas Tech University, Lubbock, TX, United States

*Corresponding author: Andrew G. East. Email: aeast@umd.edu; andrew.g.east.civ@health.mil

Abstract

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous in environmental media and are a concern for food web-driven exposure
to ecological receptors. Terrestrial life stage amphibians concurrently represent taxa that have high potential for exposure but are
generally data-poor in comparison to their aquatic life stages. Adult American toads (Anaxyrus americanus) likely have high dermal
exposure to soil and eat terrestrial organisms that are likely to accumulate chemicals from soil. To better understand the relationship
between dietary PFAS and toads in a trophic transfer context, toads were fed earthworms (Eisenia andrei) exposed to PFAS-spiked soil
for 28 days and then were fed clean earthworms for 28 days—a 28-day uptake phase and 28-day elimination phase. Toad blood, liver,
and remaining tissues were sampled weekly. Concentrations of PFAS were quantified in soil, earthworm diet, and toad tissues.
Toxicokinetics of PFAS in toad livers, remainder, and estimated whole animal were evaluated using the methods of Organisation for
Economic Co-operation and Development Test Guideline #305, a nonlinear regression approach, and a physiologically-based method.
Definitive models were selected via a leave-one-out cross validation method and model parameters were used to determine kinetic
trophic transfer coefficients (TTCs). Our TTC approach indicates perfluorooctane sulfonate, perfluoroundecanoic acid, and perfluoro-
decanoate are likely to magnify and 8:2 fluorotelomer sulfonate and perfluoroheptane sulfonic acid are likely to transfer or dilute in
the worm-toad transition. Most PFAS have similar uptake rates, but elimination rates are clustered, suggesting that kinetics are
driven by elimination mechanisms. These laboratory data use field-representative exposure approaches and provide inference about
internal kinetics of individual PFAS as well as the potential for trophic transfer from soil invertebrates to terrestrial life stage amphib-
ian predators.
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work has identified a number of field and laboratory observations
of accumulative properties across a broadening range of PFAS
(see review of Evich et al. [2022]).

Amphibians, as a group of organisms, are generally consid-
ered to be understudied in ecotoxicology. Regarding PFAS and
amphibians, there is a substantial amount of data and informa-
tion about a few PFAS in larval amphibians. Ankley et al. (2004)
performed the first exposures of tadpoles to PFOS and observed
toxicological effects and quantified accumulation of PFOS from
water into tadpole tissues. Since that study, the combined works
of Strategic Environmental Research and Development Program
study ER-2626, “Development of amphibian PRAS TRVs for use in
ecological risk assessment at AFFF sites” have resulted in four

Introduction

Per- and polyfluoroalkyl substances (PFAS) are synthetic mole-
cules defined by durable carbon-fluorine polar covalent bonds
generally considered ubiquitous in environmental media. One of
the foundational works in PFAS observations in wildlife is based
on samples collected globally, with indications that higher tro-
phic level organisms’ tissue concentrations were likely the func-
tion of trophic magnification and bioaccumulative processes
(Giesy & Kannan, 2001). Early observations in aquatic systems in
the field (i.e., Giesy & Kannan, 2001) were supported with labora-
tory work on dietary accumulation and aquatic bioconcentration
of PFAS (perfluorooctane sulfonate [PFOS]) in fish and amphib-
ians (Ankley et al, 2004; Martin et al, 2003a, 2003b).

Observations of PFAS in terrestrial organisms in the field (i.e,,
Giesy & Kannan, 2001) were supported by laboratory observa-
tions of dietary accumulation (Newsted et al., 2006). More recent

PFAS (PFOS, perfluorooctanoic acid [PFOA], perfluorohexane sul-
fonate [PFHxS], and 6:2 fluorotelomer sulfonate [6:2 FTS]) in nine
amphibian test species in two experimental settings and four
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exposure routes. Larval amphibian toxicity and accumulation
data from these studies is largely used to inform aquatic toxicity.
However, as described by Flynn et al. (2021), some amphibian
taxa spend substantial portions of their life in terrestrial life
stages. To address this concern, Flynn et al. (2021) exposed post-
metamorphic (terrestrial life stage) salamanders (Ambystoma
tigrinum) to PFOS, PFOA, PFHxS, and 6:2 FTS via diet (crickets fed
spiked food and water) for 30 days. Evidence for biomagnification
is reported as “limited,” but PFOS biomagnification factors (BMFs)
are reported to be between 1.01 to 3.04 negatively correlated with
diet concentration (Flynn et al., 2021). Biomagnification factor
values for PFOA, PFHxS, and 6:2 FTS are all less than 1 (range =
<0.001-0.072) suggesting that there is little accumulation of
these PFAS in terrestrial life stage amphibians exposed via diet
(Flynn et al., 2021).

In the interest of expanding available exposure data in terres-
trial life stage amphibians in a time-efficient manner while
retaining some ties to potentially mechanistic factors, a balance
of complexity and resolution is needed. For instance, utilizing a
relatively large range of PFAS that are observed at field sites (East
et al.,, 2025) and exposure in a food web context (via diet). Data
collected in such a manner could inform screening data (Zodrow
et al.,, 2021), of which terrestrial life stage amphibians remain a
data gap. Further, given the dominance of terrestrial life stages in
the lifespan of some amphibians, internal kinetics are likely
highly informative. Toads may not reach sexual maturity until
several years of age (Willson et al.,, 2012; Willson & Hopkins,
2013); this implies that any site with a stable population likely
has toads that may experience years of exposure. Most studies
on PFAS kinetics are focused on high resolution, so based on lo-
gistical constraints, they require direct dosing of single PFAS (e.g.,
intravenous). In contrast, fully field observational studies of food
web transfer (e.g., Huang et al., 2022; Muller et al., 2011) do not
generally consider internal kinetics, taxa life-history traits, or
other spatiotemporally relevant factors. Therefore, whereas a
field study may be highly physicochemically mechanistic and de-
tailed (Fremlin et al., 2023), their applicability in a spatiotempo-
rally explicit, individual-based scenario remains untested; that
is, we cannot confidently include or exclude characteristics such
as animal age or length of exposure as influential factors in
PFAS exposure.

Accordingly, there is a need for manipulative studies of mod-
erate complexity. Causal inference requires an experimental ap-
proach (i.e., laboratory study; Anderson, 2008), but some ties to
information to support ecological risk assessment (complexity of
PFAS mixture, exposure via diet) are needed. To attempt to ad-
dress these issues, a series of studies have been performed where
a large number of PFAS were spiked at a uniform nominal con-
centration in soil. Then plants and worms were independently
grown in spiked soil and the plants were then fed to rabbits and
worms fed to toads (Kuperman et al., 2025) This work addresses
the dietary exposure of toads to PFAS in their diet, where, criti-
cally, the dietary concentrations emerge from the processes that
lead to PFAS accumulation into worms (described in Lotufo et al.,
2025). Accordingly, the approach in this study controls for diverse
media concentrations seen in field sites and is specifically fo-
cused on the actual relationship in question—the toad and the
PFAS—in isolation from other ecological/behavioral factors that
may introduce variability observed at field sites.

To utilize these insights in an ecological risk assessment expo-
sure estimate/characterization, we need to ensure that we can
speak to common food web/exposure factor models (U. S.
Environmental Protection Agency [USEPA], 1993; Zodrow et al.,

2021). These approaches are largely based on multiplicative fac-
tors: soil concentration times bioaccumulation factor equals
worm concentration; worm concentration times biomagnifica-
tion factor equals toad concentration, and so on. Because PFAS
have highly variable kinetics, it is challenging to assert that
steady state/dynamic equilibrium tissue concentrations have
been reached in a laboratory setting with a PFAS mixture. To ad-
dress this issue, we provide kinetic parameter-based trophic
transfer coefficients (TTCs) that are intended to be analogous to
trophic magnification factors. The premise is that inclusion of ki-
netics captures time-dependent processes that may be influen-
tial on field observations.

More specifically, the objectives of this study were to (1) quan-
tify the internal concentrations of PFAS in terrestrial amphibians
exposed via diet to a mixture of thirteen PFAS and (2) use model
parameters to inform the sense of trophic transfer in a soil-
invertebrate-predator food chain. Few field data exist in these
taxa, none account for internal kinetics, and laboratory control
on external factors allows for evaluation of the actual relation-
ship of interest in ecological risk assessment—the PFAS to animal
relationship. This study was part of a larger effort (Kuperman
et al,, 2025) to understand individually, and as a class, the move-
ment of PFAS from soil into worms, PFAS elimination from
worms (Lotufo et al., 2025), and, here, the movement of PFAS
from worms to toads and toads’ elimination of PFAS. The closing
insight around trophic transfer is intended to support food web-
based exposure estimates where data from the field may be lack-
ing or highly variable or unclearly associated with explana-
tory factors.

Methods
PFAS selection

The PFAS selection is described in detail in Kuperman et al.
(2025). In brief, the PFAS selected for this study included those
listed in the USEPA’s third Unregulated Contaminant Monitoring
Rule: perfluoroheptanoate, PFOA, perfluorononanoate (PFNA),
perfluorobutanesulfonic acid, PFHxS, and PFOS. To explore the
effects of chain length, we included perfluorobutanoate, per-
fluoropentanoate (PFPeA), perfluorohexanoate (PFHxA), and per-
fluorodecanoate (PFDA). Precursors 8:2 FTS and perfluorooctane
sulfonamide were also included. The selected list captures chain
length trends and the terminal transformation products of PFAS
precursors and PFAS that are a primary focus of federal adviso-
ries and state regulations found on United States Department of
Defense (DoD) installations. Analytical-grade PFAS were obtained
from the USEPA PFAS Chemical Library or Sigma-Aldrich (St
Louis, MO).

Test soil

The test soil conditions are described in detail in Kuperman et al.
(2025). In brief, test soil was Organisation for Economic Co-opera-
tion and Development (OECD; Paris, France) standard artificial
soil (SAS) modified by lowering the peat content from 10 to 5%
(75% fine sand, 20% kaolin clay, 5% finely ground sphagnum peat
moss, and 1% pulverized lime) to increase bioavailability of the
test compounds (OECD, 2010, 2012, 2016). The measured concen-
trations of background PFAS in SAS were low (0.07ng/g and
0.09ng/g for PFHxA and PFPeA), with no other PFAS compounds
found above detection limits. Prior to the addition of earthworms,
SAS (PFAS-spiked and control) were put through an aging process
for 14 days that included wetting, drying, and mixing the soil one
time each week.
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Diet preparation

Thirteen PFAS (see online supplementary material Table S1) with
earthworm bioaccumulation factor (BAF) > 2 observed in prelimi-
nary studies of the PFAS described above (Kuperman et al., 2025)
were spiked into the soil used to generate the toad diet earth-
worms. Solutions of selected PFAS in ASTM Type I water (18 MQ
deionized water) were individually added to one batch of soil to
produce 0.1 mg/kg of each PFAS in soil as a uniform nominal mix-
ture (approximately 1.3 mg/kg PFAS). This PFAS mixture spiked
soil was then used to expose the earthworms, which were subse-
quently used to feed the toads. Control soil was developed by
wetting SAS with comparable volumes of ASTM Type I water. See
Kuperman et al. (2025) for more details.

After aging spiked and unamended SAS, earthworms (Eisenia
andrei) were exposed in each soil for 28 days. On collection, earth-
worms were rinsed with ASTM Type I water, counted, weighed en
masse, placed in 800-ml glass jars, and kept at 4°C in the dark.
Less than 24hr after collection, earthworms were blended in
batches, homogenized by mixing and blending batches, dis-
pensed into aliquots in 50-ml polypropylene conical vials, and
frozen at -80°C. A subsample of thawed earthworm diet
(blended, homogenized earthworm tissue) was retained for de-
velopment of dosing standard curve (below).

American toads (Anaxyrus americanus) care,
dosing, and sample collection

This animal use was reviewed and approved by the Defense
Centers for Public Health-Aberdeen (DCPH-A) Institutional
Animal Care and Use Committee (DCPH-A IACUC Protocol #: 06-
22-02-02). The animal facility at DCPH-A is fully accredited by
AALAC International, and all animal care and use was performed
according to the Guide for the Care and Use of Laboratory
Animals (National Research Council [U.S.] 2011) and all applica-
ble federal and DoD regulations.

Toads (n=64) were purchased from Carolina Biological Supply
Company (Burlington, NC, USA), and are wild-caught animals
from the eastern United States from unknown locations. Toads
were quarantined and observed for 7 days prior to dosing to en-
sure all animals were eating and maintaining/gaining weight.
Prior to dosing, toads were fed live crickets (Fluker Farms, Port
Allen, LA, USA) every other day. Crickets from this supplier have
been measured as nondetect for PFOS and PFHxS (unpublished
data) but published cricket TPFAS concentrations (Choi et al,,
2023) are >100-fold lower than toad diet, so are unlikely to be in-
fluential on toad background PFAS. Toads were housed in acrylic
cages 25.4cm x 47 cm x 15.25cm, with 5cm wetted coco coir, a
1-L paper cup hide, a polypropylene petri dish with water, and
approximately 500 ml wetted sphagnum moss. All wetted materi-
als were misted as needed (generally daily) using moderately
hard synthetic freshwater (USEPA, 2002) and the Petri dish water
was replaced daily. Hide, bedding, and Petri dishes were replaced
as needed on soiling or saturation. A cage was reserved with tem-
perature and humidity monitors to ensure cage-level parameters
were within target. Room and cage level temperature (target
15.6-24.4°C) and humidity (50%-70%) were monitored and
recorded daily. Light cycle was 12:12hr on-off. Toads were
weighed weekly (Tuesdays) and on their day of collec-
tion (Wednesdays).

Dosing was performed via a pseudo-gavage where a measured
amount of worm homogenate from a press-fit syringe was dis-
pensed into the back of the toads’ mouths. Their mouths were
held open by a blunt spatula and on release of the dose and spat-
ula, the toads swallowed the dose. This method is motivated by

the pseudo-gavage methods for liquid dosing used in lizards
(Weir et al., 2023). The dose in mass of worm per mass of toad
(mg/kg) was determined by a standard curve generated by weigh-
ing a range of volumes where reasonable accuracy could be
expected from a 3-ml disposable press-fit syringe (see online sup-
plementary material Figures S1 and S2 for mass per worm and
mass per volume of worm homogenate). Toads were dosed in a
manner that was intended to mimic natural foraging where
toads would eat “a worm.” Accordingly, doses were delivered at
volumes accurate for the syringe but approximating one worm
per day in a time weighted average manner (two worms Monday
and Wednesday, three worms on Friday).

Samples were collected from toads after anesthetizing the
toad in neutral-buffered MS-222 (tricaine methanesulfonate,
brand name Tricaine-S) at 3g/L and then decapitating the toad
and pithing the brain. The heart was exposed and a 1-ml insulin
syringe was used to exsanguinate. Whole blood was gently ex-
pelled into prelabeled 1.8 ml cryovials. The liver was then excised
and placed in an uncoated prelabeled aluminum foil packet. The
remainder of the organism was placed in a prelabeled 118 ml
Nasco brand “Whirl-Pak” and sealed. All tissues were frozen on
collection and stored in -80°C.

Study design

The study design was based on the OECD Technical Guide # 305,
Bioaccumulation in fish: Aqueous and dietary exposure (OECD, 2012;
Figure 1). Exposure was strictly through the dosed diet. Toads
were randomly selected for sampling dates from Days 0, 7, 14, 21,
28, 35, 42, 49, or 56. Sixteen toads (n=16) were sampled on study
Day 0 and then six (n=6) at each timepoint thereafter. Study Day
0 represents background concentrations, samples collected on
study Days 7, 14, 21, and 28 represent the uptake period. Study
Day 28 concurrently represents the start of elimination as the
diet provided on Day 28 is the control diet. The elimination period
samples were from study Days 28, 35, 42, 49, and 56.

Analytical determination of PFAS in diet and toads

Extended details of analytical determination of PFAS concentra-
tions in earthworm homogenate and toad tissues (liver and re-
mainder) are available in Kuperman et al. (2025). In short, PFAS
were extracted from earthworms using a method that is based
on extraction from fish tissue and earthworms (Malinsky et al.,
2011; Rich et al,, 2015). A small mass of dried earthworm homog-
enate was spiked with an extracted internal standard, acetoni-
trile was added, and the tube was vortexed and shaken. Tubes
were then frozen (-20°C) to precipitate lipid and protein. Extracts
were separated by centrifugation and transferred to glass

PFAS spiked soil

@ Homogenize %
@ Homogenize %

Day 28

Anaxyrus PFAS spiked diet&% E Control die‘:%
americanus S )
—EEERXEEEX:

Day0 Day 28 Day 56

Eisena andrei

Control soil

Figure 1. Description of exposure study design. Earthworms (Eisena
andrei) were grown in one of per- and polyfluoroalkyl substance

(PFAS) spiked soil or control soil for 28 days. Earthworm homogenate
was prepared to dose to American toads (Anaxyrus americanus). Toads
were dosed with spiked diet until Day 28, at which point remaining toads
were fed control diet. Toad starting sample size was 64 with 16 toads
sampled on Days 0 and 6 for all weekly timepoints thereafter.
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scintillation vial with dilute formic acid. The extracts were then
evaporated to dryness under nitrogen. Samples were reconsti-
tuted in liquid chromatography-mass spectroscopy-grade meth-
anol and transferred to tube with ENVI-Carb. Autosampler vials
were prepared for analysis with a volume of extract and volume
of method and water to reach a 70:30 water-methanol solution at
200ng/L internal standard.

The PFAS were extracted from toad liver and remainder using
methods previously developed for animal tissues (Houde et al,,
2008; Tomy et al., 2005; Zhao et al., 2013). A small mass of wet
tissues was placed in a polypropylene tube and dried at 70°C. An
internal standard was added to each tube, methanol was added
to each tube, and tubes were sonicated at room temperature.
Samples were centrifuged and evaporated to dryness under ni-
trogen. Extracts were reconstituted in liquid chromatography-
mass spectroscopy-grade methanol, transferred to a tube with
ENVI-Carb, vortexed, and centrifuged. An aliquot of the extract
was transferred to an autosampler vial and amended with 70:30
water-methanol to achieve a final internal standard concentra-
tion of 200 ng/L.

Chromotographic separation was performed on a Gemini C18
analytical column coupled with a Gemini C18 guard column with
a Sciex Exion high-pressure liquid chromatography system. A
Luna C18 delay column was installed between the mobile phase
mixer and the sample injector to minimize background contami-
nation. Columns were maintained at 40°C throughout the run.
The aqueous phase was ammonium acetate solution and the or-
ganic phase was 100% methanol. See Kuperman et al. (2025) for
details on ramp schedule.

Quadrupole time-of-flight mass spectrometry (QTOF MS) for
targeted analyses were performed on a Sciex X500R QTOF MS
system. Turbo ion spray was used as the ion source. Multiple re-
action monitoring high-resolution acquisition mode was used
with two transitions (quantifier and qualifier) for each PFAS,
where possible. Data were acquired and processed using versions
1.5 and 2.2 Sciex OS software. The PFAS were quantified using
isotope dilution over a calibration range of 0.5-5,000 ng/L with co-
efficient of determination > 0.99.

Toxicokinetic modeling

Tissue concentrations (liver, remainder, and estimated whole
body) were fit with several types of models, models were com-
pared by predictive power, and the best performing model was
selected to generate TTCs.

Data handling

Liver and remainder data for each toad at each timepoint across
16 PFAS were used for toxicokinetic modeling in contrast to uti-
lizing timepoint-specific summary statistics. Nondetects ob-
served in toads on the first timepoint (study Day 0) were set to
the PFAS-specific minimum observed across the study period.
This increases the stability of background parameter estimates
but may lead to overestimates of background means. All other
nondetect observations across toads (study Day > 7) were set to
NaN (not a number). Data from timepoints > study Day 28 were
also labeled with an elimination day, which is study Day—28.

Worm diet aliquot (n=5) PFAS-specific analytical estimates
were summarized to a mean and used as the “dose” parameter
for the entirety of the uptake period or the whole study period
per model requirements. Control diet aliquots were all nondetect
and set to zero to maintain mathematical continuity during elim-
ination period per model requirements.

Liver and remainder concentrations were used to generate an
estimated whole-body concentration. The liver of a toad

represents approximately 5% bodyweight (Finkler et al., 2014)
and lacking the serum data, the remainder was assumed to rep-
resent 90% of the bodyweight. Accordingly, the estimated whole
animal concentration is 0.05 (liver) + 0.90 (remainder). Estimated
whole body concentrations are per animal and per PFAS and
were only calculated for those toads with concentrations above
reporting limits for both tissues; those toads with only one quan-
tified concentration for either liver or remainder would have an
NaN for estimated whole body. Reporting limits are different for
these tissues and exclusion is critical to avoid highly bi-
ased estimates.

Nonlinear regression approach
Nonlinear model

The nonlinear regression approach is defined by utilizing the
model of highest performance for predicting tissue (serum) con-
centrations of PFOS in rabbits and chickens exposed via diet
(Tarazona et al., 2015, 2016). Starting parameters were deter-
mined by using linear regression techniques of OECD test guide-
line #305 for the elimination period and uptake period. Some
modifications to the OCED test guideline #305 techniques were
made during the uptake period estimation given that the “linear
phase” of uptake was highly variable and the volume of distribu-
tion (Vd) was incorporated into the nonlinear models and likely
captures the needed variability without forcing unrealistically
high uptake rates based on Day 0 to Day 7 data alone.

The one compartment nonlinear model was used here to eval-
uate PFAS-specific toxicokinetics:

(D xKor)

I S i T —Kippxt _ ,—Kpy xt
(Vd x (Ko1 — K10)) Xl et (Ba )

Ct = background +

where concentration at study day (Cy) is a function of the mean
PFAS-specific concentration at study Day O (background); the PFAS
concentration in the diet times the time-weighted average dosing
fraction ((3/7)[diet] =D); the volume of distribution (Vd); the up-
take rate (Ko); the elimination rate (K;o); and time (study day, t).

Nonlinear model parameter estimation

All parameters were estimated using R (R Core Team, 2024) and
are estimated by PFAS and tissue (liver, remainder, and esti-
mated whole body). The first parameter estimation step was to
estimate the elimination rate (K;o) using linear regression (least
squares) of the natural log of the concentration through 28 days
of elimination period (study Day 28-56 as elimination Day 0-28).
The slope of that linear regression is the estimated elimination
rate. The second step was to fit Equation 1 using nonlinear least
squares and Port algorithm with the nls() function in R (R Core
Team, 2024) with the elimination rate set to the slope of elimina-
tion linear regression. The unknown parameters that were esti-
mated were the uptake rate (Ko;) and volume of distribution (Vd).
Both Kp; and Vd were bounded between 0-1 and 0-10, respec-
tively. For PFAS where tissue concentrations were difficult to dis-
tinguish from background, a Levenberg-Marquart algorithm was
used (Elzhov et al., 2023). Bounds for Ko; and Vd were also ex-
panded to 0-2 and 0-100 in these cases. Note that the Levenberg-
Marquart algorithm is robust in difficult to estimate parameter
situations, similar to the cases we identified where peak concen-
trations were difficult to differentiate from background.
Parameter estimate variability was quantified using bootstrap
methods (Baty et al,, 2015). Residuals are resampled 999 times
and least-square estimates of parameters are used to provide
confidence intervals of definitive parameters estimates.
Bootstrapping incorporates some of the nonparametric
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characteristics of the observed data and does not assume para-
metric/Gaussian distributions, so is a more robust route to repre-
senting variability in parameter estimates.

The third stage of parameter estimation was to explore elimina-
tion rates in the nonlinear approach. Accordingly, a second round
of fitting Equation 1 was performed with the uptake rate set at the
value identified in the first round of fitting Equation 1. The elimina-
tion rate (Kjo) and Vd were estimated using the nls() or nlsLM ()
function as needed to reach stable parameter estimates. The
parameter estimate variability is represented by the same
bootstrap procedure as above to provide confidence intervals
around estimates.

Ordinary differential equation system

We differentiate this model from physiologically based models as
whole blood concentration nor tissue volumes were determined;
subsequently, explicit transport cannot be sufficiently tracked.
However, a two-compartment model is physiologically relevant
as the remainder concentration is “upstream” and “downstream”
of the liver concentration. The system of liver and remainder
were described as two state variables and several flows. There
was a dietary contribution (on a schedule, [D;]) adjusted by an ab-
sorption factor (a) into the remainder, then fluxes into (k;,) and
out (kp;) of the liver, and finally, elimination (k). These fluxes
(see online supplementary material Figure S11) and their differ-
ential equation system

dRemainder

it = aD; + kp1Liver — kipyRemainder — k, Remainder,

D, i=0, 2,5,7,9,12,14,16,19,21,23, 26,28
0, 1=1,3,4,6,8,10,11,13,15,17,18,20,22,24,25,27,29...56
(Eq. 2)

with D; = {

dLiver

T ki,Remainder — koqLiver (Eq. 3)

where on the actual dates of dosing (Monday, Wednesday, and
Friday during the uptake period), i added to the remainder concen-
tration is the diet concentration (D) multiplied by an absorption
factor (a), and on all other timepoints, remainder concentration is
a function of input from liver (ky;Liver) and flux to liver
(k1oRemainder) and elimination to waste (kgRemainder), and the liver
is the balance of rates in (k1,Remainder) and out (ky;Liver).

Ordinary differential equation model parameter estimation

Parameter estimates were obtained for the system of Equations 2
and 3 by a model cost reduction algorithm, the modcost () func-
tion in the FME package (Soetaert & Petzoldt, 2010) in R. Residual
error was the quantification of model cost. Model predictions
were solved via the deSolve package in R (Soetaert et al., 2010).
Starting parameters were based on nonlinear model uptake and
elimination rates (elimination used for both liver and remainder).

Model selection via cross-validation

As these two model types (nonlinear vs. ordinary differential
equation [ODE]) have vastly differing mathematical structures, it
is inappropriate to utilize common model comparison strategies
such as information criterion (Akaike’s information criteria) that
rely on measures of model complexity and error from nested
model structures. Leave-one-out cross-validation (LOOCV) is a
maximal k-fold cross-validation technique where instead of a
training and test dataset partitioning the dataset, each ith data-
point is used as a test dataset against a model developed from n-i
data. Although many statistical descriptors of the resultant

distribution of errors (ith prediction from n-i model—ith ob-
served) are possible, here, the mean absolute error (MAE)
was used.

The definitive model was selected based on lower relative
MAE across liver concentrations of PFOS and 8:2 FTS. These
PFAS, in these tissues, capture two extremes of concentration
trajectories observed—very slow and very fast elimination. These
were selected for computing efficiency and avoiding confounding
interpretations from PFAS or tissues with concentrations indis-
tinguishable from background. In summary, LOOCV provides a
quantitative basis to compare models’ predictive power and se-
lect the model with the best predictive power across models with
no mathematical relation.

TTCs

Utilizing laboratory data to speak to trophic transfer (considering
the spectrum of trophic magnification to trophic dilution
[Newman, 2020]) requires ensuring careful handling of time or
clear understanding of dynamic equilibrium/steady state of con-
centrations and fluxes. Presumably, field data are representative
of dynamic equilibrium/steady state. Laboratory data are gener-
ally known to either be in a steady state or not. In these data, as
PFAS were observed in both of these states at Day 28, static repre-
sentations of biomagnification (Cipaa/Caier) per-PFAS from these
data would be inaccurate representations of field trophic transfer
observations.

A kinetic approach was utilized to account for both time and
internal kinetics (i.e., Vd) using the uptake and elimination rates.
In short, TTC=Uptake/Elimination, where Uptake and Elimination
represent parameters from the definitive model selected from
the LOOCV procedure. To ensure sufficient capture of observed
variability (as a measure of uncertainty), bootstrap parameter es-
timate distributions were resampled (with replacement) 10,000
times to generate probabilistic estimates of TTCs.

Results

Smoothed trajectories of PFAS concentrations in liver, remainder,
and estimated whole animal (Figures 2 and 3) show that several
toxicokinetic trajectories can be expected. Whereas diet concen-
trations (see online supplementary material Figure S3) vary, it is
clear that few of the PFAS have little uptake. Several of the PFAS
have what appear to be fast elimination rates (e.g., 8:2 FTS) and
several have slow elimination rates (e.g., PFOS). Importantly, the
patterns across liver or remainder appear similar, but in general,
liver concentrations are higher than remainder. Due to the esti-
mation of whole body concentration approach, remainder drives
the bulk of estimated whole body concentration but given
“parallel” trajectories between liver and remainder, kinetics are
similar across tissues.

An opening hypothesis is that internal kinetics and ultimately
trophic transfer of PFAS in this diet to organism step are driven
by elimination rate. There are no negative PFAS-to-PFAS correla-
tions in the toad tissues (see online supplementary material
Figure S4), so it is unlikely that kinetics are a function of transfor-
mation or degradation processes. Relationships between Day 28
toad tissue concentrations and diet are highly variable (see on-
line supplementary material Table S2), so there is further evi-
dence that observed concentrations are a function of kinetics.

Definitive model selection

Leave-one-out cross validation was used to differentiate model
techniques based on their MAE as a measure of predictive power.
Ultimately, TTCs should be determined based on the model type
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Figure 2. Liver and remainder per- and polyfluoroalkyl substance (PFAS) concentrations (ug/kg wet wt) with tissue- and PFAS-wise cubic spline
smoothers. Points are individuals; lack of points indicates no data above reporting limit, dashed vertical line indicates Day 28 transition from uptake to
elimination. ww = wet weight; PFHxS = perfluorohexane sulfonic acid; PFBS = perfluorobutane sulfonic acid; PFHpS = perfluoroheptane sulfonic acid,;
8:2 FTS = 8:2 fluorotelomer sulfonic acid; PFOSA = perfluorooctane sulfonamide; PFOS = perfluorooctane sulfonic acid; PFDA = perfluorodecanoic acid;
PFNA = perfluoononanoic acid; PFOA = perfluoroocanic acid; PFUdA = perfluoroundecanoic acid; PFBA = perfluorobutanoic acid; PFHpA =
perfluoroheptanoic acid; PFTeDA = perfluorotetradecanoic acid; PFTrDA = perfluorotridecanoic acid; PFHXA = perfluorohexanoic acid.

with the highest performing predictive capacity. The PFOS and
8:2 FTS concentrations in liver were selected for this analysis.
The ODE model type led to twofold increases in MAE over the
nonlinear model type in both PFOS and 8:2 FTS liver concentra-
tion trajectories (Table 1). This suggests that the nonlinear model
should be selected for definitive parameter estimation and sub-
sequent TTC determination. Of note, regardless of the model
type or chemical, there was little influence of removing individ-
ual data on MAE compared with full models (Table 1). The impli-
cations of this are that “the data fit the model” and predicting
liver concentrations as single compartment flux is likely accurate
to biological processes. Accordingly, TTC estimates from either
model are likely equivalently accurate, but the reduced amount
of error in the nonlinear model increases the precision of the
TTC estimate.

Toxicokinetic parameters and analysis

Toxicokinetic parameters were estimated in a stepwise fashion
using guidance from OECD test guideline # 305 and Tarazona
et al. (2015, 2016). The linear regression of log.(concentration)
through elimination period (study Day 28 through 56) provides a

definitive elimination rate for all PFAS (Table 2). Importantly,
these regression parameter estimates are of highly varying qual-
ity (see SE in Table 2 and online supplementary material Figures
S5-510). As the data may not be parametric and Vd may be influ-
ential, the bootstrapped nonlinear model elimination parameter
estimates are likely the most appropriate representation of
elimination rate. Estimates of half-life (days) are provided using
these parameter estimates and their 95% confidence inter-
vals (Table 2).

TTC estimates

The ratio of uptake and elimination here is intended to speak to
the potential for trophic magnification/transfer/dilution in the
diet to consumer (worm to toad) trophic step while considering
internal kinetics. Less than the complete suite of PFAS were suc-
cessfully modeled in the definitive nonlinear methods, so some
TTCs (not definitive) from linear models (i.e., the OECD test
guideline #305) were generated. Importantly, although the actual
values may be inaccurate, the overarching patterns of potential
for trophic magnification-transfer-dilution across PFAS appear
consistent (Figure 4). Specifically, PFOS is consistently observed
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Figure 3. Estimated whole body per- and polyfluoroalkyl substance (PFAS) concentrations (ug/kg wet wt) with PFAS-wise cubic spline smoothers. Points
are individuals with both liver and remainder values above the limit of quantitation, lack of points indicates incomplete data above reporting limit, and
dashed vertical line indicates Day 28 transition from uptake to elimination. ww = wet weight; PFHxS = perfluorohexane sulfonic acid; PFBS =
perfluorobutane sulfonic acid; PFHpS = perfluoroheptane sulfonic acid; 8:2 FTS = 8:2 fluorotelomer sulfonic acid; PFOSA = perfluorooctane
sulfonamide; PFOS = perfluorooctane sulfonic acid; PFDA = perfluorodecanoic acid; PFNA = perfluoononanoic acid; PFOA = perfluoroocanic acid;
PFUdA = perfluoroundecanoic acid; PFBA = perfluorobutanoic acid; PFHpA = perfluoroheptanoic acid; PFTeDA = perfluorotetradecanoic acid; PETTDA

= perfluorotridecanoic acid; PFHXA = perfluorohexanoic acid.

Table 1. Predicting liver concentrations of perfluorooctane
sulfonate and 8:2 fluorotelomer sulfonate via the ordinary
differential equation model increased mean absolute error by
more than twofold® over the nonlinear model. Additionally, there
is little influence of individual data® on predictive power
regardless of the model choice.

Full LOOCV Fold-
model models change®
8:2FTS Nonlinear model MAE  15.9 16.5 1.04
ODE model MAE 35.6 36 1.01
Fold-change?® 2.24 2.18
PFOS Nonlinear model MAE ~ 277.2 293.5 1.06
ODE model MAE 780.5 803.5 1.03
Fold-change® 2.82 2.74

Note. MAE = mean absolute error; LOOCV = leave-one-out cross-validation;
ODE = ordinary differential equation; PFOS = perfluorooctanesulfonic acid; 8:2
FTS = 8:2 fluorotelomer sulfonic acid.
Fold-change

# is ODE model MAE divided by nonlinear model MAE and fold-change

® is LOOCV MAE divided by full model MAE.

to have TTCs that are greater than two and would be con-
sidered a likely trophic magnifier. Additionally, PFDA and

perfluoroundecanoic acid (PFUdA) also have TTCs above two
(Figure 4). In contrast, 8:2 FTS and PFHpS are likely to be trophic
diluters or simply transfer PFAS (Figure 4). To further evaluate in-
fluence of uptake and elimination rates, the rates are presented
individually in Figures 5 and 6.

Discussion

Toads were fed homogenized worms grown in a PFAS mixture-
spiked soil for 28 days and then worms grown in control soil for
another 28 days. Toad livers and remaining bulk tissues were col-
lected weekly and PFAS levels quantified. Two different toxicoki-
netic models were fit to liver, remainder, and estimated whole
body concentration data through time. A model selection proce-
dure was used to identify a modeling approach with relatively
higher predictive power. The definitive model uptake and elimi-
nation parameters were used to generate TTCs. The TTCs are
intended to inform potential for trophic transfer or trophic mag-
nification, lacking field data. The premise of single-step food web
transfers informing full food web transfers is based on methods
common to food web models used in ecological risk assessment
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PFOSA = perfluorooctane sulfonamide; PFOS = perfluorooctane sulfonic acid; PFDA = perfluorodecanoic acid; PFNA = perfluoononanoic acid; PFUdA =
perfluoroundecanoic acid; PFBA = perfluorobutanoic acid.
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Figure 5. Uptake rates via definitive nonlinear models (right) and pilot linear models (left) in relation to diet concentration (ug/kg dry wt). Note that
accounting for volume of distribution (Vd) lowers the uptake rate and indicates that uptake rates across per- and polyfluoroalkyl substances are
similar, but other parameters vary. Points are means, error bars are 95% confidence intervals. Horizontal errors bars based on sample size of five,
vertical error bars based on resampled bootstrap parameter estimates of uptake rate. dw = dry weight; CI = confidence interval; PFHxS =
perfluorohexane sulfonic acid; PFBS = perfluorobutane sulfonic acid; PFHpS = perfluoroheptane sulfonic acid; 8:2 FTS = 8:2 fluorotelomer sulfonic acid,;
PFOSA = perfluorooctane sulfonamide; PFOS = perfluorooctane sulfonic acid; PFDA = perfluorodecanoic acid; PFNA = perfluoononanoic acid; PFUdA =
perfluoroundecanoic acid; PFBA = perfluorobutanoic acid.
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perfluorobutanoic acid.

(e.g., Larson et al., 2018) and the definitions of bioaccumulation
and biomagnification factors (Burkhard et al, 2012; Gobas
etal., 2016).

The TTCs for PFOS, PFUdA, and PFDA are all above two and in-
dicate that trophic magnification is possible in this kinetics-
based screening approach. Note that lower confidence levels in
all three of these PFAS fall below two, but for PFOS and PFUdA,
the upper confidence limits are infinity. This is due to elimina-
tion rates for PFOS and PFUdA including O (see Table 2 rates and
half-lives). In contrast, the PFAS that are expected to be trophic
diluters (8:2 FTS and PFHpS) have nearly equivalent elimination
and uptake rates. They also have widely varying TTCs, which can
likely be attributed to generating ratios from lower variability
numerators and denominators; a 5%-10% multiplicative uptake
or elimination rate variation is less alarming than a many-fold
TTC variation. Although there are highly variable patterns in
TTCs, we note the potential for dilution is less strong than mag-
nification; TTC central estimates for 8:2 FTS and PFHpS are be-
tween 1-0.3, whereas PFOS and PFUdA are between 3-10. Across
PFAS, uptake rates are somewhat clustered between 0.05 and 0.1
(Figure 5) and elimination rates are more variable, ranging from
0.01-0.1 (Figure 6). Further, elimination rates are somewhat clus-
tered with PFOS, PFUdA, and PFDA below 0.05 and PFHpS and 8:2
FTS between 0.05-0.1. Accordingly, a plausible broad hypothesis
is that TTC values are a function of elimination rate. Our ap-
proach and interpretation of these individual-level rates as infor-
mative of larger system processes (trophic transfer) is essentially
a simplification of the individual toxicokinetic models used in
aquatic organismal models used to predict bioconcentration, bio-
accumulation, biomagnification, and trophic transfer (Kelly
etal., 2024; Mackay et al., 2016, 2018; Sun et al., 2022).

The relationship between diet concentration and TTC, uptake,
or elimination rates are unclear (Figure 4). Because the linear

model for elimination rates is less problematic than linear uptake
rates, the elimination rates are reasonably comparable to the
nonlinear parameter estimates. Figure 6 demonstrates a poten-
tial relationship between elimination rate and diet; as concentra-
tions rise, elimination tends to increase. Given that uptake is
expected to be consistent across PFAS, it is plausible to hypothe-
size that TTCs are driven by elimination, and elimination may be
driven by a concentration dependent process. Although elimina-
tion rates are not provided in Burkhard and Votava (2022), if
earthworm biota-sediment accumulation factors (BSAF) values
decrease with increasing concentrations, and we assume that
BSAF is a function of underlying uptake and elimination pro-
cesses, an increase in elimination rates could be explanatory in
the earthworm observations. Lin et al. (2023) identified that or-
ganic anion transport mechanisms are saturable and likely ex-
plain the variable PFOA half-life lengths observed in humans.
However, their observation would suggest that at high concentra-
tions, elimination is decreased. Resolution of concentration de-
pendent mechanisms remains unclear, but the importance of
elimination is clear.

Half-lives appear to be in several clusters with some central
estimates at less than 28days (e.g., 8:2 FTS), some very near
28days (e.g., PFDA), and several much longer than 28days (e.g.,
PFOS). These estimates (and their related parameter estimates)
are unclearly related to diet concentration. Similarly, although
there does appear to be a pattern of the increasing half-life with
fluorinated carbon chain length, there is clearly a relationship
with functional group, because PFNA, PFOS, and 8:2 FTS have
similar fluorinated carbon chain lengths but capture the lowest,
average, and highest half-lives (see Table 2). It should also be
noted that these half-lives are based on the elimination rates de-
termined in the nonlinear model effort and accordingly account
for kinetics. Our expectation is that this representation of half-
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life is more inclusive of the multiple processes (uptake, volume
of distribution, and elimination) that influence PFAS internal
dose. See discussions of individual studies below, but few data
exist that could inform our PFAS-specific observations.

Another critical observation of this study is that PFAS that
tend to accumulate in worms may not necessarily accumulate in
toads. Perfluorohexane sulfonate, as the highest concentration
PFAS observed in worms, had such large elimination rates in
toads that model parameter estimates were challenging (95%
confidence intervals span 0-1; see also Lotufo et al., 2025).
Although there is concern about concentration-dependent elimi-
nation rate, PFAS, such as PFOS, may have a medium categorized
BAF (ratio of worm tissue concentration to soil concentration is a
central observation; Lotufo et al., 2025) but a high categorized
TTC (the highest TTC; in this study, at the toad trophic level).
Contrasting, 8:2 FTS has a medium categorized BAF but a low cat-
egorized TTC. So, although concentration-dependent elimination
may be observed, these data indicate that the PFAS and its kinet-
ics are the drivers of trophic transfer (Kelly et al., 2024). This is in
alignment with the actual scientific question in mind—how do
we better describe the PFAS-organism relationship in the labora-
tory such that we can better understand field observations?

Notable field observations from terrestrial systems generally
do not include herptile taxa. Those studies that do include herp-
tile taxa are often in single trophic steps and do not meet defini-
tions of food web studies where trophic transfer would be
quantified. However, for comparison of the PFAS-to-PFAS pat-
terns, we discuss some studies. In Miuller et al. (2011), the food
chain described was lichen to reindeer to wolves, in Huang et al.
(2022), grass, pika, and eagle were sampled, and in Fremlin et al.
(2023), invertebrates, songbirds, and hawk eggs were sampled.
Heimstad et al. (2024) sampled invertebrates, songbird eggs, and
hawk eggs (with other mammalian tissues in a nonlinear food
web) Thus, although these studies do not provide a direct com-
parison of an invertebrate to toad, PFAS-specific comparisons
may be useful. Perfluorooctane sulfonate, in particular, shows
the most potential for trophic magnification in these field data.
This is in alignment with the PFOS data from this study. This is
also in alignment with short food web studies that tracked PFOS
alone from soil through worms and plants to mice and identified
BMFs greater than 1 for PFOS (D'Hollander et al., 2014) or multi-
ple PFAS from soil through worms to voles and identified BMFs
greater than 1 for PFOS alone (all other PFAS were < 1;
Grgnnestad et al., 2019). Also note that long chain perfluoroalkyl
carboxylates PFDA and PFUdA are high potential magnifiers in
this study, but that principle may not be consistently observed in
the field sites. In Miller et al. (2011), the larger PFAS have a re-
duction in trophic magnification factors, but in Huang et al.
(2022) and Fremlin et al. (2023), these PFAS may show trophic
magnification levels that are near to PFOS. In Heimstad et al.
(2024), the long chain perfluorocarboxylates show an increase
and then decreasing pattern with a peak at perfluorododecanoic
acid. Note that perfluorohexadecanoic acid was indistinguishable
from zero (Heimstad et al., 2024). Cui et al. (2018) evaluated adult
Ranid frogs (Pelophylax nigromaculatus) living in wet agricultural
habitats. Their bioconcentration factor values (frog tissue con-
centration/water concentration; unclearly described as BAFs, im-
plying dietary exposure) increase with carbon chain length for
perfluoroalkyl carboxylates and sulfonates and their chlorinated
replacements (Cui et al., 2018). It remains untested how our indi-
vidual trophic transition (diet to toad) could speak to larger food
chains with multiple trophic transfers, but some alignment sug-
gests that overall trophic transfer of PFAS may be a function of

internal toxicokinetic rates; if bioaccumulation is informative of
biomagnification, we should observe alignment of individual tox-
icokinetic rates and system level trophic magnification rates.

Herptile laboratory data largely exist for their aquatic, larval
stages. The data are lower resolution across time but do allow for
a comparative basis. For instance, Ankley et al. (2004) provide
bioconcentration information in larval ranids (Lithobates pipiens,
formerly Rana pipiens) that were observed during a toxicity test.
Values indicate bioconcentration factors based on ratios of esti-
mated tissue concentrations and water concentrations to be
lower than those bioconcentration factors based on ratio of ki-
netic parameters (uptake vs. elimination). Importantly, given the
range of concentrations in water and tissues, bioconcentration
values ranged from 17.5-175 (Ankley et al., 2004). Assuming that
our dietary TTCs represent one exposure route and magnitude at
a terrestrial life stage and the bioconcentration another exposure
route and magnitude in an aquatic life stage, across the full life
of any given amphibian, the bioconcentration factor may be
higher than dietary accumulation. The implication is that PFAS
burdens from aquatic systems are, at the least, equivalently im-
portant as dietary exposure during adulthood. However, the con-
tinuity of body burdens across life stages assumes continuous
uptake and/or low elimination. Disregarding the difference be-
tween Lithobates (Ranid frog) and Ambystoma (Ambystomatid sal-
amander), the data from Flynn et al. (2021) would concur that for
PFOS, a biomagnification factor based on diet to salamander tis-
sue between 1-3 would be lower than bioaccumulation in larval
Lithobates. Interestingly, as dermal exposure is highly relevant for
taxa that have generally permeable skin (amphibians), data on
dermal transfer indicates that PFAS may or may not have influ-
ential BSAFs. Abercrombie et al. (2021) indicate that in
Ambystoma PFOA, PFOS, PFHxS, and 6:2 FTS have BSAF values
that are at or below 0.10, indicating that dermal routes are not
routes of high accumulation. Note, however, that these values
are similar to the dietary accumulation factors of Flynn et al.
(2021) for PFOA, PFHxS, and 6:2 FTS. Accordingly, the more in-
sightful observation is that dietary accumulation is only higher
for PFOS. Further, Abercrombie et al. (2021) include Anaxyrus
americanus data, so a comparison can be directly made to our
data. The BSAF values for dermal exposure to PFOA, PFHxS, and
6:2 FTS are all below 0.1 and for PFOS range between 0.1-0.25
(Abercrombie et al., 2021). This indicates that the dietary expo-
sure route is more accumulative than dermal for PFOS, but low
TTCs for PFOA, PFHxS indicate that dermal accumulation may be
comparable to dietary accumulation. The relationship between
8:2 FTS and 6:2 FTS remains untested in these taxa. Our data, in
conjunction with some other amphibian data (Abercrombie
etal, 2021; Flynn et al., 2021), suggest that PFOS is one PFAS that
has high dietary accumulation during terrestrial life stages and
low enough elimination in aquatic and terrestrial life stages to
persist in an individual through an aquatic to terres-
trial transition.

Data related to toxicity of PFOS, PFOA, PFHxS, chlorinated pol-
yfluorinated ether sulfonic acid (6:2 Cl-PFESA), and hexafluoro-
propylene oxide trimer acid (HFPO-TA) in terrestrial life stage
amphibians is only available in dermal exposure routes
(Abercrombie et al., 2021; Lin et al., 2022) and via diet in salaman-
ders (Flynn et al., 2021). Other PFAS studied here do not have
data available. However, exposure via dermal routes to PFOS,
PFOA, and PFHxS did not reveal detectable dose-response data
effects up to 8,000ppb dry weight basis (Abercrombie et al,,
2021). Yet, comparison back to control data suggests that poten-
tially a no-effect concentration was unobserved, and actually, all
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treatments were indicative of toxic effects. Although there is lim-
ited amphibian data, at the least, PFOS and PFHxS appear to be
more toxic than PFOA (6:2 FTS may be the most impactful;
Abercrombie et al,, 2021). Flynn et al. (2021) indicate that PFOS
significantly reduces growth using a marginal approach to con-
trol for mismatched starting weights. As summarized in
Pandelides et al. (2023), this effect measure may not be one risk
assessors are comfortable with. Regardless, the rejection of the
relevance of these impacts (by Pandelides et al. [2023]) is not
compatible with modern statistical thinking nor is “weight at end
of study” compatible with population-relevant models that
would rely on growth rate (i.e., a marginal measure). Lin et al.
(2022) identified increased hepatosomatic index and mechanistic
signals of lipid dysregulation in adult ranid frogs (Pelophylax nigro-
maculatus) exposed to 1-10ug/L PFOA, PFOS, 6:2 Cl-PFESA, and
HFPO-TA. Importantly, the interpretation was that replacement
PFAS were equally toxic as legacy PFAS (Lin et al., 2022).
Uncertainty about comparability of strictly aquatic exposure ver-
sus dietary should be noted here as well as the general lack of
utility for suborganismal data in risk assessments (Pandelides
etal., 2023).

Exposure through contaminated bedding is not addressed
here but is addressed by Abercrombie et al. (2021). However, it is
likely important in real field settings, as toads absorb moisture
through their stomach skin/ventral surfaces. The toads in this
study were observed resting in their Petri dish water supplies reg-
ularly. The water provided is based on source water that is PEAS-
free (Narizzano et al., 2024), but it is not determined whether
elimination and or uptake could be occurring through this der-
mal route in these organisms. Abercrombie et al. (2021) would
likely suggest dermal exposure to any contamination is low, but
this cannot be addressed, as this study was not designed to an-
swer these questions. In contrast, Cui et al. (2018) indicate that
substantial portions of the PFAS burden in frogs may be in the
skin tissue itself. Although one could hypothesize that smaller
and/or more water soluble PFAS would tend to move through the
porous skin of amphibians, potentially the relatively lower flux
observed by Abercrombie et al. (2021) can be explained by deposi-
tion into the skin. Elimination through feces or molting skin may
increase variability in observed concentrations as fecal deposi-
tion is periodic (daily to several days between events) and molt-
ing of skin may occur sporadically and requires high quality
laboratory care to occur in the laboratory.

Uncertainties in this dataset and analysis are largely related
to corroboration with field data with multiple trophic levels with
amphibians. There are also few laboratory data with terrestrial
life stage amphibians, but further, there are limited PFAS trophic
transfer studies in the laboratory. McDermett et al. (2022) and
Judy et al. (2022) describe the movement of PFAS from plants to
invertebrates, so there is not a direct relation to this study, as the
invertebrates in our study were exposed directly to the soil, not
via diet alone. Importantly, the McDermett et al. (2022) and judy
et al. (2022) studies suggest (1) trophic dilution through this food
chain and (2) PFOS is the highest trophic “magnification” factor.
The worm, soil, PFAS combination described here (Kuperman
et al.,, 2025) suggests that some PFAS are diluters in the soil-
worm step (shorter chain PFAS), but others are accumulative
(longer chain PFAS) and would suggest trophic magnification.
The resultant hypothesis that could be explored to address this
uncertainty is that water-plant transfer is where dilution
emerges whereas soil+water-invert-predator is a magnifying
pathway. Although there are features of PFAS congeners that are
influential, the features of the organism or food chain of interest

and the abiotic media source are likely equally influential. As an
example, Scearce et al. (2023) indicate that characteristics of the
PFAS, soil, ground/surface water, and the plants are all interact-
ing in a manner that has left predicting uptake into sessile organ-
isms (plants) a challenge.

Another uncertainty that cannot be resolved in this study de-
sign is the nonlinear trophic magnification factors~CF-chain
length patterns observed in the field (Fremlin et al., 2023; Huang
et al., 2022; Miller et al, 2011) against the relatively linear
BAF~CF-chain length patterns observed in single step transfers
(Burkhard & Votava, 2022). Importantly, however, it can easily be
hypothesized that in the field, higher level organisms’ diets, even
with a relatively well defined/constrained food chain, are an inte-
gration of a variety of physicochemical and biological processes.
So, although a linear pattern may exist in a basal food chain step
(soil to worm), at higher trophic levels, the CF-chain length may
not be entirely explanatory; see the mismatch in adult ranid frog
(Pelophylax nigromaculatus) field versus laboratory frog tissue con-
centration/water concentration in Lin et al. (2022), where field
bioconcentration is substantially higher than observations in
the laboratory.

In conclusion, we utilized internal toxicokinetics of dietary ex-
posure to a PFAS mixture in a terrestrial life stage amphibian to
identify PFAS trophic transfer coefficients. The PFAS with rela-
tively high TTCs are suggested to likely be trophic magnifiers
(PFOS, PFUdA, and PFDA), 8:2 FTS is likely to equivalently trans-
fer, and PFHpS a trophic diluter. These data are somewhat as
expected from some field data (Fremlin et al., 2023; Huang et al.,
2022; Muller et al., 2011) where PFOS is expected to by a trophic
magnifier. The novel addition from this study is that in higher or-
der organisms, this observation may be a function of very low
elimination at the individual level. At the primary consumers,
the trophic magnification of PFOS may be considered medium, in
that our BAFs were in the middle of the span of BAFs observed
(Kuperman et al., 2025). In concert, the field observations may be
a function of uncaptured processes, specifically for PFOS.
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