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Highlights

e Chironomids were exposed to sediment contaminated by fluoro-alkyl substances.
e For all compounds, nearly complete elimination from tissues was achieved in 42 h.
e Modeling shows that PEFTrDA uptake is concentration-dependent.

Abstract

The aims of this study were to determine depuration rates for a range of per- and
polyfluoroalkyl substances (PFASs) using Chironomus riparius, and to test a concentration-
dependency hypothesis for the long-chain perfluorotridecanoic acid (PFTrDA) for this
species. Midge larvae were exposed to field sediments collected downstream of a
fluorotelomer plant, and to the same sediment spiked with PFTrDA. Elimination kinetics
results indicated complete elimination of all PFASs by chironomids after 42 h. These data
were used to develop two PFTrDA bioaccumulation models accounting for chironomid
growth and for compound concentration dependency or not. There was much better agreement
between observed and simulated data under the concentration-dependency hypothesis than
under the alternative one (passive diffusion). The PFTrDA uptake rate derived from the
concentration-dependency model equaled 0.013 + 0.008g,c.gww.h™', and the depuration rate
0.032 +0.009h™". .

Keywords

Per- and polyfluoroalkyl substances; perfluorotridecanoic acid; Chironomus riparius;

bioaccumulation; uptake rate; concentration-dependency
1. Introduction
Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are compounds of emerging interest;

their numerous uses and specific properties induce their global distribution in the environment

(Houde et al., 2011; Houde et al., 2006; Prevedouros et al., 2006). The physicochemical
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properties of PFASs differ substantially from those of other persistent organic pollutants
(POPs). While the perfluoroalkyl moiety is hydrophobic and lipophobic (Bhhatarai and
Gramatica, 2011), the functional group increases the solubility in water, and per- and
polyfluoroalkyl acids are thus amphiphilic. These complex properties make it difficult to
predict their bioaccumulation, even though it seems that the bioaccumulation of longer-chain
PFASs is partly driven by their increasing lipophilic character (Greaves et al., 2013). Several
studies have shown the presence of PFASs in sediment (Ahrens et al., 2009; Bao et al., 2009;
Bao et al., 2010; Higgins et al., 2005; Labadie and Chevreuil, 2011; Myers et al., 2012; Zushi
et al., 2010), whereas other studies have suggested the importance of sediment as a PFAS
source for biota (e.g., Martin et al., 2004). However, PFAS transfer from sediment to biota is
poorly understood. Only a few experimental studies have provided evidence of
bioaccumulation from sediment by benthic invertebrates, namely in the oligochaete worm,
Lumbriculus variegatus (Higgins et al., 2007; Lasier et al., 2011; Prosser et al., 2016), in
insect Chironomus riparius (Bertin et al., 2014) and Hexagenia spp. larvae (Prosser et al.,
2016), and in an amphipod, Gammarus spp. (Bertin et al., 2016). Two contamination routes
were identified for C. riparius: food was the main route of exposure for perfluorinated
carboxylic acids (PFCAs) with a fluorinated chain from C,;; to Cj4, and perfluorooctane
sulfonamide (FOSA). For perfluoroundecanoic acid (PFUnDA), perfluorooctane sulfonate
(PFOS), and 6:2 fluorotelomer sulfonic acid (6:2 FTSA), which are present in pore water
(PW) and sediment, both uptake from water (i.e. respiration) and from food were involved.
Accumulated concentrations in this species fit an exponential curve which could be supported
by two models: (i) a classical partition model (Higgins et al., 2007), which assumes that the
PFASs concentrations in organisms and sediment at steady state are proportional; and (i1) a
concentration-dependency model (Liu et al., 2011), which hypothesizes that the uptake

kinetics involves active transport through binding to specific sorption sites, such that these
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sites may become saturated at high exposure concentrations. To gain a more accurate
understanding of the processes underpinning the PFAS uptake mechanisms for chironomids,
and to refine the uptake and depuration constants, the models proposed must be tested to

determine which is the most suitable.

The aims of the present study were therefore (i) to describe PFAS elimination kinetics for
chironomids, and (ii) to test the concentration dependency of the PFAS bioaccumulation for a
model compound, the perfluorotridecanoic acid (PFTrDA). A combined accumulation and
depuration experiment involving field sediment was implemented to address the first
objective. For the second one, we conducted combined accumulation and depuration
experiments at different concentrations and applied a bioaccumulation model adapted to these
compounds and species that could account for realistic kinetics constants.

2. Bioaccumulation modeling: theoretical background

Assuming that PFAS uptake and elimination depend on the organisms’ surface, the dynamics

of the PFAS load in the organism are defined as follows:

d(Qorg)
Tg = Sorg- ku -Csed—oc - Sorg- ke -Corg Eq- (1)

where O, corresponds to the quantity of PFASs in and/or on the organism, S,., the
chironomids surface, £, (g.gww.mm'z.d'l) and k., (mm>.d") the uptake and elimination
constants, respectively. Ciegoc (ng.goc'ldw) and C,rg (ng.g'lww) indicate the PFAS
concentrations in sediment adjusted to the f,., and in the organisms, respectively. As a
consequence of growth during the test (Péry et al., 2002), the tissue concentration dynamics is

described by Eq. 2 (details in SI):

d(Corg) 1 1 aw) 1
Tg = (Z-ku-csed—oc _Z'ke'COTg) - COTQ XFX; Eq' (2)

Where C,. is the internal concentration, L is the chironomids length (cm), and V is the
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chironomid volume (cm3). Note that &, and k. in Eq. (2) are expressed in different units than

in Eq. (1), namely goc.gww.h'1 for k, and h™! for k..

PFAS uptake may or may not be concentration-dependent, i.e. this uptake could follow either
first order kinetics or kinetics with saturation. In case of concentration-dependency, the
accumulation can be viewed as an adsorption-like process, in which the chemical adsorb at
binding sites, i.e. specific components of the organs where PFASs accumulate (Liu et al.,
2011). The binding site saturation process progressively slows down the uptake, and the
steady state is reached at a lower concentration than in the case of a first order kinetics. Both
the concentration in the exposure media and the number of sites remaining free control the

uptake rate. The S term was introduced in order to model these two cases:

S = I Eq. (3)

with Csy representing the half-saturation concentration, i.e. the internal concentration at which
the uptake is one-half of its maximum rate. When C,., is low, S is close to 1, and the
dynamics follow Eq. 2; conversely, when C,,., increases and site binding occurs, S decreases

and tends to 0, meaning that the uptake is lower or stopped. The final equation is:

A(Corg ) _
dt

1 1 aw 1
(z-ku- Csed-oc-S- L ke. Corg) - Corg X % X v Eq. (4)

A half-life (7,,,) can be derived from the model as the time necessary for a 50% decrease in

the accumulated concentration.

3. Materials and Methods

3.1. Chemicals

Standard PFAS solutions (PFC-MXA and PFS-MXA) were obtained from Wellington

Laboratories (via BCP Instruments, Irigny, France): PFC-MXA contained perfluoro-n-
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butanoic acid (PFBA), perfluoro-n-pentanoic acid (PFPA), perfluoro-n-hexanoic acid
(PFHxA), perfluoro-n-heptanoic acid (PFHpA), perfluoro-n-octanoic acid (PFOA), perfluoro-
n-nonanoic acid (PFNA), perfluoro-n-decanoic acid (PFDA), perfluoro-n-undecanoic acid
(PFUnDA), perfluoro-n-dodecanoic acid (PFDoDA), perfluoro-n-tridecanoic acid (PFTrDA),
and perfluoro-n-tetradecanoic acid (PFTeDA), each at 2 ng.uL™ in methanol (MeOH). PFS-
MXA contained perfluoro-1-butanesulfonate (PFBS) potassium salt, perfluoro-1-
hexanesulfonate PFHxS) sodium salt, perfluoro-1-heptanesulfonate (PFHpS) sodium salt, n-
perfluoro-1-octanesulfonate (PFOS) sodium salt and perfluoro-1-decanesulfonate (PFDS)
sodium salt, N-Ethyl perfluorooctane sulfonamide (EtFOSA), N-Methyl perfluorooctane
sulfonamide (MeFOSA), perflurooctane sulfonamide (FOSA), N-Ethyl perfluorooctane
sulfonamidoacetic acid (EtFOSAA), N-Methyl perfluorooctane sulfonamidoacetic acid
(MeFOSAA), and 6:2 Fluorotelomer sulfonic acid (6:2 FTSA), each at 2 ng.uL-1 in MeOH.
A working solution containing all analytes, each at approximately 0.05 ng.uL", was prepared
in MeOH and stored at -18°C. "C-labelled perfluorodecanoic acid (PFDA), PFOS, and
perfluorooctane sulfonamide (FOSA), each at 50 ng.uL” in MeOH, were supplied by
Wellington Laboratories and used as internal standards (ISs). A working solution was
prepared in MeOH, each containing IS at 0.1 ng.uL’' (Table S1 in supplementary

information).

LC/MS-grade MeOH and acetonitrile (ACN) were purchased from J.T. Baker via Interchim
(Montlugon, France). Sodium acetate buffer (99%, ACS Reagent), ammonium hydroxide (28—
30% in water), 0.2-um nylon centrifuge tube filters, and ENVI-Carb cartridges (6 cc, 250 mg)
were obtained from Sigma-Aldrich (St Quentin Fallavier, France), whereas Strata XAW (6
ml, 200 mg) were purchased from Phenomenex (Le Pecq, France). Nitrogen (99%) was
supplied by Air Liquide (Paris, France). Ultra-pure water was obtained using an Elix 10

purification system fitted with an EDS pack (Millipore, Guyancourt, France).
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3.2. Testing strategy

Two experiments were conducted with C. riparius: an accumulation test with field and field-
spiked sediment, and an elimination test with field and field-spiked sediment (Figure S1 in
SI). The decision to spike field sediment was made for testing the concentration-dependency
hypothesis; spiking involved PFTrDA, the main PFAS among those detected in the field
sediment used in the present study (Munoz et al., 2015). The elimination experiment was
implemented in order to improve the accumulation kinetics modelling when concentration-

dependency occurs (Bertin et al., 2014).

3.2.1. Field sediment

The study was conducted using sediment collected at Beurre Island (characteristics in SI).
This site is a fluvial annex of the Rhone River (eastern central France,
N45°28'17.0"E4°46'43.4") located downstream of a fluoropolymer manufacturing plant.
Since 1902, this industrial site has been used to produce hydrofluoric acid and a wide array of
fluorine-based organics. Three PFAS production periods can be defined at this site: (i)
polytetrafluoroethylene (PTFE) production from 1960 to 1987, (ii) fluorinated copolymers
synthesis from 1981 to 1996,and (iii) polyvinylfluoridene (PVDF) production from = 1981
onwards (Dauchy et al., 2012). Two campaigns were conducted in 2013 (March and
November): 50 L of surface sediments (= 5 cm deep) were collected from the river bed with a
Van-Veen grab, kept on ice, and brought to the laboratory, where they were sieved at 2 mm,

pooled in a polypropylene (PP) jar, and stored at 4°C.

3.2.2. Sediment spiking

In order to test the concentration-dependency hypothesis, field sediments were spiked with
PFTrDA, on the basis of the field sediment contamination pattern (Munoz et al., 2015), and

on the chironomids accumulation capacity (Bertin et al., 2014). The loss of ignition (LOI)
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values of these sediments laid between 5.2 % and 5.4 %, corresponding to organic carbon
fractions (f,.) of 0.02 (conversion factor of 2.4 based on Craft et al.,1991). The spiking
solution was prepared with a stock solution purchased from Wellington Laboratories (via
BCP Instruments, Irigny, France). For each concentration, a PFTrDA solution (0.1 g.L™' in
MeOH) was added to 1.2 L of sediment and 0.4 L of clean water. The bottles were gently
shaken for 6 h; the sediment was then allowed to settle for 48 h and the overlying water (OW)
cautiously siphoned off. The sediment was then homogenised and subsequently reintroduced
in aquaria for chironomid exposure. In the first experiment, PFTrDA was added at twice (C1)
its initial concentration in the field sediment (1.64 + 0.03 ng.g'1 dw). The accumulation phase
was reduced to 2 days, in order to increase the duration of the depuration period and get more
samples for this phase. For a second experiment PFTrDA was added at approximately five
times (C2) the initial field sediment concentration (1.67 + 0.48 ng.g” dw) and ten times (C3)
the field sediment concentration (1.67 + 0.48 ng.g” dw). Note that two different batches of
field sediments were used for these experiments, displaying similar PFTrDA concentrations at
1.64 £ 0.03 ng.g” dw and 1.67 + 0.48 ng.g”' dw (Table S2). Sediment depth after transfer in
the aquaria was approximately 5 cm.

3.2.3. Chironomus riparius accumulation and depuration tests

Chironomids were obtained from our laboratory cultures maintained according to standard
methods (OECD, 2004; AFNOR, 2010). Experiments were conducted in the same laboratory
conditions as previously described by Bertin et al. (2014). Briefly, C. riparius fourth instar
(L4) larvae (7-day-old larvae post-hatching) were exposed to field sediment covered with
OW, i.e., a mixture of groundwater and water purified by reverse osmosis, to reach a
conductivity of 300 pS.cm™. Each experiment was conducted at 21°C under a 16:8-h light-
dark photoperiod. The OW was renewed four times per day to maintain adequate water

quality and oxygenation. Ancillary parameters such as pH, dissolved oxygen concentration,
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conductivity, NO,", and NH;" were monitored.
3.2.4. Accumulation test at several exposure concentrations

Three aquaria (38 x 20 x 24.5 cm in polystyrene) were prepared with 4 L of homogenized
sediment and 15 L of OW: one with field sediment, one with C2-spiked sediment and the last
one with C3-spiked sediment. Three control aquaria were prepared in parallel with silica sand
(particle size distribution: 90% 50-200 pm, 10% <50 um). A total of 2400 L4 larvae were
added to sediment and control aquaria (400 in each aquarium). After 4 days of exposure (Fig.
S1- part A), chironomids from both test and control aquaria were collected and

cryopreserved, as explained below in section 3.2.6.
3.2.5. Elimination test

Four more aquaria were prepared, each with 4 L of homogenized sediment spiked with
PFTrDA (i.e. C1) with 15 L of OW. One control aquarium was prepared with silica sand
having the same characteristics and origin as in the accumulation test. A total of ca. 4.000 L4
larvae were added to the spiked-sediment aquaria (1000 in each aquarium), and 400 L4 larvae
were added to the control aquarium. After 2 days of exposure, up to 400 larvae were collected
in the sediment; the larvae remaining in the spiked-sediment aquarium were directly (without
gut clearance phase) transferred to three aquaria (400 larvae in each aquarium) containing
silicate sand and clean water for the depuration phase. Similarly, 1.200 remaining larvae from
the field sediment aquaria were directly (without gut clearance phase) transferred to three
aquaria prepared with silica and clean water. The organisms were collected and sacrificed
after 6 h, 18 h, and 42 h of depuration (one aquarium stopped at each time); finally, 42 h after

the transfer the control organisms were also sacrificed (Fig. S1 — part B).
The same design was applied to field (un-spiked) sediment.

3.2.6. Sample collection and organism measurements

10
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The OW was sampled in 1-L polyethylene (PE) bottles and the pore water (PW) was sampled
with a porous polymer micro-sampler (Rhizon® system, SDEC, Reignac-sur-Indre, France;
description in SI). At the end of exposure, subsamples from sediment were deposited in PE
tubes. Chironomids were collected by sieving sediment or silica at 500 pm; about 200 larvae
(ca 800 mg ww or 200 mg dw) were pooled and cryopreserved in liquid nitrogen and then
stored at —21°C before PFAS analysis. As C. riparius gut contents represent about 6 % of the
total body weight (Ferrari et al., 2014), and gut clearance was not feasible in the elimination
test, organisms were directly sacrificed. Water and sediment samples were frozen and kept at
—21°C. Additionally, initial body residue was determined by pooling and cryopreserving

about 200 individuals at the start of each experiment.

Chironomid survival, length and (wet) weight were determined for each time point, including
the start of each experiment. To determine the total length, four groups of ten larvae were

photographed and the mean sizes determined using digital image analysis software

(Jmicrovision, available free at http://www.jmicrovision.com/). The same groups were then

weighed (weighing scales: Sartorius CPA225D, France) to obtain mean individual masses.

3.3. PFAS analysis

3.3.1. PFAS extraction

The PFAS extraction methods for OW, PW and sediment samples were similar to those
described in Bertin et al. (2014). Briefly, PFASs were extracted from water samples using
Phenomenex Strata-XAW cartridges while sonication in methanol was used for sediment
samples, followed by graphitized carbon black clean-up. For the chironomid samples, the
method was adapted with minor modifications: both neutral and acid analytes were eluted in a
single fraction using MeOH containing 0.2% NH4OH (30% in water). “C-labeled PFAS
internal standards (ISs) were added before the extraction. PFASs were analyzed on freeze-

dried tissues based on 800 mg wet weight (ww) for C. riparius and 120 mg dry weight for the

11
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SRM 1947 fish reference matrix(Reiner et al., 2012).
3.3.2. LC-MS/MS analysis

PFASs were analysed using an Agilent 1200 LC system (Agilent Technologies, Massy,
France) interfaced with an Agilent 6460 triple quadrupole mass spectrometer (details in Table

S3).
3.3.3. Quality control and methods

Analyte recovery was determined using spiked samples (n=3) for each matrix (surface and

pore water, sediment, and chironomids) within the range 50-123% (Table S4).

Replicate procedural blanks were analysed for each series of samples. PFAS concentrations
were blank-corrected when applicable. For compounds present in blanks, the limits of
detection (LDs) were defined as three times the standard deviation of the blank, and the limits
of quantification (LQs) were set at ten times the standard deviation of the blank. For analytes
not detected in the blanks, LDs (0.001-0.103 ng.g™' or ng.L™") and LQs (0.003-0.310 ng.g™' or
ng.L") were determined as the concentration with a signal-to-noise ratio of 3 and 9,
respectively. This was calculated on matrices spiked at 0.3—-1.1 ng.g” (sediment and C.
riparius) and 0.7-1.4 ng.L'1 (Vittel® mineral water samples) (Table S5). The PFASs
measured in SRM 1947 Lake Michigan Fish Tissue and compared with the NIST value are

presented in SI (Table S6).
3.4. Data analyses and modelling

Data were checked for normality using the Shapiro-Wilk test and were analysed using the
Student #-test. Experimental biota-to-sediment accumulation factors (BSAF..,) were
determined by dividing tissue concentrations (Coyg, ng.g' ww) at steady state by
concentrations in sediment normalized by f,c (Csedoc = Csed/foc ng.goc'1 dw) (Ankley, 1992;

Burkhard et al., 2012). As lipids do not influence PFAS accumulation in tissues, it is not

12
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appropriate to adjust C,,, to chironomid lipid content (Higgins et al., 2007).

Concerning the bioaccumulation modelling, two different hypotheses were tested: (HI)
concentration dependency (Eq. 4), and (H2) no concentration-dependency (Eq. 2). The model
parameter values (depending on the hypothesis) were adjusted simultaneously in order to
obtain the best fit to experimental data. The uptake and elimination coefficient (k, and &.), the
half-saturation concentration (Csp) and the growth rate () were adjusted simultaneously by
minimizing the weighted least squares between the simulated and observed data. For each

hypothesis, the distance and the adjusted coefficient of determination (R?) were calculated.

Model calculations and data analyses were performed with R software (R-Core-team, 2012)
within the RStudio environment (Version 0.97.336).
4. Results

4.1. Sediment contamination

Long chain perfluoro-alkyl carboxylates were predominant in field sediments: PFUnDA (0.85
+0.11 ng.g dw" and 0.91 + 0.26 ng.g" dw) and PFTrDA (1.64 + 0.03 ng.g dw™ and 1.67 +
0.48 ng.g”' dw) in March and November respectively. PFOS (0.58 + 0.05 ng.g dw™ and 0.36 +
0.13 ng.g" dw) and FOSA (0.03 + 0.01 ng.g dw™' and 0.045 % 0.02 ng.g dw™") were observed
at much lower concentrations. PFTrDA strongly sorbed onto sediment particles and its
concentration increased with the increasing spiking level: after spiking the measured PFTrDA
were 3.66 + 0.48 ng.g” dw (C1); 5.83 + 0.72 ng.g”' dw (C2); 10.78 + 0.64 ng.g”' dw (C3)
(Fig.S2; Table S7). PFTrDA concentrations apparently decreased during the tests by 43 % in
one instance (C2); they might have decreased slightly in the other instances, by about 10%

(field, C3), to 25 % (field) (Table S6 in SI), so within the range of the analytical uncertainty.

4.2. Chironomids : survival and PFAS depuration kinetics
In the accumulation experiment, chironomid survival at each condition was 97.0%, 92.8% and
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96.0% for the test samples (field sediment, C2, and C3, respectively) and 97.1 + 2.9% for the
control sample. In the elimination experiment, chironomid survival was 96.4 £+ 2.6% and 62.8
+ 17.7% for the test and 81.9% and 91.1 + 4.0% for the control samples, respectively. The

larva length data fit a linear growth model well (R*= 0.798).

Concentrations in control treatments were systematically below LDs. The chironomids
accumulated two PFCAs (PFUnDA and PFTrDA) as well as PFOS and its precursor FOSA

(Figure 1). For all compounds, PFAS elimination was nearly complete in 42 h.

Figure 1: Elimination kinetics of PFASs in chironomids exposed to field sediment (unspiked:

black; spiked: open symbols) for each PFAS. Error bars correspond to the analytical

uncertainty.
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In all these experiments, the PFTrDA concentration increase in spiked sediments was more

important than in chironomids (Figure 2): while the raw sediment concentration increased by
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a factor =2-3 in (C2) and =6 (C3), the respective increase rates in chironomids were ~1.5
(Cl), 3.4 (C2) and 5.6 (C3). This pattern was more evident when PFTrDA concentrations in

sediment were adjusted to organic carbon content (Table 1).

Figure 2: Biplot of PFTrDA concentrations in sediment (X-axis) and C. riparius (Y-axis);
error bars account for the analytical uncertainty; open squares: November field sediment and
related spiked sediment (C1); gray dots: March field sediment and related spiked sediments

(C2, C3).

N
T L T
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i ’-EH @01

0 5 10 15
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1
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Nevertheless, the BSAFs,,, resulting from the different exposure conditions (Table 1) did not
differ much, unlike what should have occurred in case of concentration dependency, where
the BSAF should decrease while the f,. adjusted PFTrDA sediment concentrations increase.
Nevertheless the BSAF,,, resulting from the C1 experiment was obtained after a reduced

exposure time, and might thus be underestimated.

. Sediment organic Chironomids
Experiments Type matter (Ngoe.g 'dw) (ng.g™ ww) BSAF.,
Accumulation phase of the | Field 65.92 £ 1.79 0.460 + 0.141 0.007 = 0.0039
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elimination test C1 168.61 + 4.04 0.686 £ 0.211 0.004 £ 0.0023
Field 57.67+7.44 0.678 £ 0.106 0.012 £ 0.0007
Accumulation test C2 153.95 + 20.47 2.276 £0.355 0.015 = 0.0007
C3 457.67 + 59.53 3.812 £ 0.594 0.008 £ 0.0004

Table 1 — PFTrDA concentrations in sediment organic matter and chironomids at Ty, and

resulting BSAF ..,

BSAF,, calculated for PFUnDA, PFOS and FOSA are recorded in SI, Table S8&; they are in
the same range as for PFTrDA, between 0.006 — 0.007 for PFUnDA and 0.013 — 0.022 for

FOSA.

4.3. Model outcomes

The model parameters (k,, k., » and Csy for PFTrDA in the case of Hl; k,, k. and r for
PFTrDA in the case of H2) were adjusted simultaneously on the basis of all results in order to
obtain the best fit to the data by minimizing the weighed least squares between simulated and

observed data.

The final uptake and elimination rates for PFTrDA are presented in Table 2. There was much
better agreement between observed and simulated data for H1 (adjusted R* 0.978, distance

1.279; Figure 3-A) than for H2 (adjusted R? 0.655, distance 13.919; Figure 3-B).

Hypotheses | k&, (Qoc.Ouwn-n™) Ke (N

H1 0.013 £ 0.008 0.032 £ 0.009

H2 0.00077 + 7.5*10° | 0.0098 + 0.0042

Table 2 - Optimized uptake and depuration constants for PFTrDA.

Growth curves displayed in Figure 3-A and B (right-hand panels, fitted simultaneously with
accumulation data) are essentially identical, as they rely on the same data. Slopes (growth

rates) did not differ between the experiments, and between field and spiked sediments.
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309

310 Figure 3 - Observed (symbols) and simulated (lines) PFTrDA concentrations (left hand
311  panels, ng.g-1 ww) and chironomid growth (right hand panels, mm) for H1 (A) or H2 (B)
312  models (square/solid line: field; open dots/dotted line: C2; diamonds/sash-dot line: C3;

313  triangle/dash line: depuration phase).
314 PFTrDA half-life (T,,;) on the basis of model H1 was 0.65 day. .

315 5. Discussion

316 5.1. Sediment spiking

317 The sediment contamination profile at the sampling site is rather unusual, with PFTrDA
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contributing up to 36 % to the sum of PFAS concentrations (Munoz et al., 2015), and
reaching concentrations as high as 1.67 + 0.48 ng.g”' dw, which is comparable to Zushi et al.
(2010). These authors measured this compound at 1.2 ng.g”'(dw) in Tokyo Bay sediment.
Only a few other studies looked for this chemical (e.g. Zhao et al., 2015), and generally found
lower concentrations than in this study. While it is therefore very difficult to confirm whether
or not the spiking schedule was realistic, we considered that this was not a significant
concern, given that the motivation for spiking was to determine whether or not concentration

dependency occurs.
5.2. Uptake and elimination kinetics

The comparison of model performances for the two hypotheses shows a much better fit to
experimental data for HI. The discussion about uptake and elimination kinetics is accordingly
focused on H1 model outcomes. PFTrDA elimination by chironomids is quick even when
adjusting for growth; indeed, the elimination constant equaled 0.032 (+ 0.009) h™ when
calculated under the H1 hypothesis, with simultaneous optimization of both %, and k. (Table
2). This k, value is very similar to the k, value determined in our previous study (Bertin et al.,
2014) using a partition model with a correction for growth, i.e. 0.03 + 0.01 h™'. Conversely,
the k, value derived under the H1 hypothesis is about one order of magnitude greater than the
k, derived previously (0.0015 gu.gww.h'; Bertin et al., 2014), emphasizing the impact of
model choice. However, in the present study, the proposed model takes into account the
growth dilution for both uptake and elimination phases, with the length of the organisms
introduced in each term of the model equation (Eq. 4). In addition, k, and %, were estimated
from the same experimental data set, and estimated together. The &, and k., obtained in the
present study under the concentration-dependency hypothesis are therefore more reliable than
those calculated under a passive diffusion hypothesis on the basis of the accumulation phase

only, or separately for two phases. Meanwhile, the BSAF values of (BSAF,,,, Table 1) did not
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support the concentration-dependency hypothesis. The steady state might not be reached after
2 days of exposure, and the growth dilution is not taken into account for the BSAF..,

calculation, which may explain why BSAFs did not follow the expected pattern.

Our experimental results did not allow for testing the concentration-dependency hypothesis
for other PPFASs, such as PFUnDA or PFOS, nor to derive kinetic BSAFs by solving
analytically Eq. 2, due to the growth dilution term. Overall, these BSAFs were low,
confirming some field evidence (Babut et al., 2017) that chironomids would not be a

significant source of PFTrDA and other PFCAs to their predators, e.g. fish.
6. Conclusion

The models tested herein are advantageous in that they simultaneously optimize the uptake
and elimination rates while accounting for chironomid growth rate, in contrast to other studies
that calculated the uptake and elimination rates from two different models (Higgins et al.,

2007; Higgins et al., 2009; Van Geest et al., 2011).

Reliable experimental elimination constants (k,) were obtained for chironomids exposed to a
field sediment contaminated by a PFAS mixture (PFTrDA, PFUnDA, and to a lesser extent
PFOS, FOSA). Measured PFTrDA concentrations accumulated in chironomid tissues did not
increase proportionally to their increase in sediment, but the resulting experimental BSAFs
did not vary much. Nevertheless, bioaccumulation modeling with a simultaneous optimization
of uptake and elimination rates consistently supported the hypothesis of concentration-
dependency for this compound and yielded reliable uptake and elimination rates. Similar
findings were reported by for shorter chain PFCAs (PFOA, PFNA, PFDA) in the green
mussel (Perna viridis) (Liu et al., 2011), suggesting that concentration dependency could be a

rather general uptake mechanism for long chain PFCAs or PFSAs.
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