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ABSTRACT: The OECD guidelines 308 and 309 deﬁne
simulation tests aimed at assessing biotransformation of
chemicals in water-sediment systems. They should serve the
estimation of persistence indicators for hazard assessment and
half-lives for exposure modeling. Although dissipation half-lives
of the parent compound are directly extractable from OECD
308 data, they are system-speciﬁc and mix up phase transfer
with biotransformation. In contrast, aerobic biotransformation
half-lives should be easier to extract from OECD 309
experiments with suspended sediments. Therefore, there is
scope for OECD 309 tests with suspended sediment to serve
as a proxy for degradation in the aerobic phase of the more
complicated OECD 308 test, but that correspondence has
remained untested so far. Our aim was to ﬁnd a way to extract
biotransformation rate constants that are universally valid across variants of water-sediment systems and, hence, provide a more
general description of the compound’s behavior in the environment. We developed a uniﬁed model that was able to simulate four
experimental types (two variants of OECD 308 and two variants of OECD 309) for three compounds by using a biomasscorrected, generalized aerobic biotransformation parameter (k′bio). We used Bayesian calibration and uncertainty assessment to
calibrate the models for individual experimental types separately and for combinations of experimental types. The results
suggested that k′bio was a generally valid parameter for quantifying biotransformation across systems. However, its uncertainty
remained signiﬁcant when calibrated on individual systems alone. Using at least two diﬀerent experimental types for the
calibration of k′bio increased its robustness by clearly separating degradation from the phase-transfer processes taking place in the
individual systems. Overall, k′bio has the potential to serve as a system-independent descriptor of aerobic biotransformation at the
water−sediment interface that is equally and consistently applicable for both persistence and exposure assessment purposes.

■

INTRODUCTION
Simulation tests are used at higher tiers of chemical risk
assessment in diﬀerent chemical legislations to obtain transformation half-lives of chemical substances in diﬀerent
environmental compartments. Because many classes of
chemicals, particularly biologically active substances such as
pesticides, biocides, and pharmaceuticals, are likely to partially
enter surface waters after usage, assessing the extent of
transformation of those substances in both surface waters and
their sediments is essential.1,2
The OECD guideline 308 deﬁnes a test aimed at simulating
aerobic and anaerobic transformation in aquatic sediment
systems.3 Its outcomes should support both the direct
estimation of persistence indicators for hazard assessment and
the estimation of half-lives to be used in exposure modeling.
However, as discussed earlier, the fact that transformation in
© XXXX American Chemical Society

the OECD 308 test is proceeding in a stagnant, layered aerobic
and anaerobic water−sediment system hampers the interpretation of its results in terms of transformation half-lives.4
DegT50,system, which is the time until 50% of the parent chemical
has been transformed in the system, can be readily derived from
such experiments, but it is system-speciﬁc, i.e., it depends on
system geometry and mixes aerobic and anaerobic transformation. Hence, DegT50,system cannot be generalized to
characterize persistence under diﬀerent environmental conditions. In contrast, compartment-speciﬁc transformation rate
constants, which, according to the FOCUS guidance on
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Table 1. Physical Reactor Types Distinguished on the Basis of the Amount of Sedimenta

a

DOC and POC: dissolved and particulate organic carbon concentration, respectively.

estimating persistence and degradation kinetics,5−7 can be
extracted by inverse modeling of the results of such studies,
should theoretically be transferable and are hence better suited
for both persistence assessment and exposure modeling.
Models, however, suﬀer from structural and parameter
identiﬁability problems, and therefore, extracted transformation
rate constants are highly uncertain and remain at least partly
system- and model-speciﬁc.4
More recently, the OECD guideline 309 has been introduced
in the regulatory context (e.g. for pesticides) as a test aimed at
assessing aerobic biotransformation in surface water.8 It can be
run as a purely pelagic test with surface water only or as a
suspended sediment test to simulate a water body with
resuspended sediment. Because this test provides a fully
aerobic and mixed environment, biotransformation rate
constants from OECD 309 data should be easier to extract
and less uncertain due to the absence of an anaerobic
compartment and the fast establishment of sorption equilibrium in the sediment suspension.
In current chemical legislation, the two test guidelines are
mostly described as alternative means to assess persistence at
the higher tiers of persistence assessment, whereby the choice
of which test to perform mostly depends on the expected
sorption behavior of the substance. Guidances for both REACH
(Registration, Evaluation, Authorization, and Restriction of
Chemicals)9 and the BPR (Biocidal Products Regulation),10 for
instance, state that a water−sediment simulation study
according to OECD 308 is considered more appropriate if
Kd(sed) > 2000 L kg−1, whereas for compounds with lower Kd
values, a water simulation study according to OECD 309
should be carried out (and is actually required for all
compounds with manufacture or import volume exceeding
100 t per year that are not readily biodegradable and suﬃciently
water-soluble under REACH). However, in our opinion, the
exclusive choice between OECD 308 and OECD 309 in current
testing schemes seems unsatisfactory from a theoretical
perspective. It could be argued that the persistence outcomes
from both studies depend to some degree on the extent of
aerobic biotransformation of the substance by sediment-born
biomass and should thus be related to each other.
At low substrate concentrations and under the assumption
that sediment biomass is equally accessible to a given substance
both in the stagnant, layered OECD 308 system and in the
suspended OECD 309 system, the intrinsic potential of a
substance for biotransformation in contact with aerobic
sediment depends on the number of active degrader organisms
or enzymes that can carry out the primary biotransformation

reactions, and the bioavailability of the substance, which is a
function of its sorption to sediment solids and the sediment-towater ratio.11−14 Under the additional assumption that the
fraction of active degraders within the total biomass is the same
in the aerobic layers of the stagnant, layered systems as it is in
the suspended sediment systems, we can thus formulate the
following hypothesis: for a given substance and sediment
combination, a common bioavailability-corrected and sediment
mass-normalized second-order biotransformation rate constant,
k′bio, can be found that is valid across both 308 and 309 test
outcomes and that can hence be considered a robust and
generally valid indicator of biotransformation at the aerobic
water−sediment interface. However, up until now, it remains
untested whether there is any correspondence between aerobic
biotransformation in OECD 308 and 309 systems.
The aim of our study therefore was to test the above
hypothesis on the existence of a generally valid biotransformation rate constant across diﬀerent experimental systems. Given
a positive outcome for this test, the relationship between k′bio
and compartment-speciﬁc half-lives used in persistence assessment and exposure modeling can be demonstrated. Taken
together, these considerations should aﬀord deriving recommendations for a combined testing strategy and data-evaluation
procedure that yields a robust, accurate, and generally
applicable indicator of aerobic biotransformation at the
water−sediment interface. To achieve these aims, we developed
an inverse modeling framework to estimate k′bio from both
OECD 308 and 309 type data and applied this framework to
transformation data for three distinctly diﬀerent substances that
had been experimentally tested in four diﬀerent test systems,
including both the standard OECD 308 and 309 systems and
two modiﬁed versions thereof (Shrestha et al.,15 companion
paper).

■

MATERIALS AND METHODS
Experimental Data. In our study, we analyzed data from
four diﬀerent types of experimental systems for three
substances, covering a broad range of water-to-sediment ratios
in both stagnant and layered and fully stirred systems, including
standard OECD 309 and 308 systems, a modiﬁed version for
OECD 308 with a thinner and predominantly aerobic sediment
layer and a slowly stirred water layer, and a modiﬁed version of
OECD 309 with higher sediment content. The three
compounds were pyriproxyfen, voriconazole, and celecoxib.
These compounds were selected on the basis of an a priori
assessment of biotransformation and sorption behavior, using
publicly available data for pyriproxyfen16 and conﬁdential
B
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Figure 1. Scheme of a mixed reactor layer containing water and sediment (left), the chemical species distinguished in this study (middle), and an
example of their measured dynamics in an OECD 309 system (right; celecoxib at Wingeshausen). Notation: D: diﬀusion, P̂ w: parent compound in
aqueous phase, M̂ w: lumped metabolite pool in aqueous phase, P̂ s: parent compound sorbed to TOC, M̂ s: lumped metabolite pool sorbed to TOC,
NER: nonextractable residues, and aR: applied radioactivity. Processes: 1, biotransformation from parent to metabolites; 2, hydrolysis to metabolites
(if applicable); 3, mineralization of metabolites to CO2; 4, (de)sorption; 5−6, NER formation from the sorbed parent and metabolite pools.

Table 2. Calculation of Total (TOC, [kg OC L−1]) and Particulate Organic Carbon (POC, [kg OC L−1]) and the Aqueous
Volume Ratio (Vaq/Vtot [−]) in the Diﬀerent Reactor Typesa
reactor type

TOCb

POC

Vaq/Vtot

I
II
III

DOC + POC
DOC + POC
POC

foc,sed TSS (very low value)
foc,sed TSS
foc,sed ρsolid (1− θ)

≈1
(ρsolid − TSS)/ρsolid ≈ 1c
θ

ρsolid is the nonporous density of sediments (approximately 2.5 kg L−1), θ is the porosity [−], foc,sed is the mass ratio of organic carbon in the
sediment [kg OC (kg dry sediment)−1], and TSS is the total suspended sediment concentration [kg L−1]. bFor type III reactors, we neglect the DOC
concentration of the porewater because it is usually unknown and negligible relative to the amount of organic matter in the solid phase, i.e., TOC ≈
POC. cThe approximation is valid because of the low sediment-to-water ratios in the original and modiﬁed OECD 309 systems (1:1000, and 1:100,
respectively).
a

second-order aerobic biotransformation rate constant, k′bio. The
four experimental systems are then represented as combinations of mixed reactor layers with varying amounts of total
organic carbon (TOC) (Table 1). In each of these mixed
reactor layers, parent compounds and metabolites move toward
sorption equilibrium between water and TOC (eq 1) and are
transformed chemically (hydrolysis) or biologically (Figure 1).
This implicitly assumes that compounds predominantly sorb to
organic carbon, which is not always fully correct, especially for
small polar or charged compounds that might also sorb to
minerals.17 However, because all three test substances can be
expected to be mostly neutral in the pH range of the
experiments, sorption to minerals was not considered
important for model development. The aqueous and particlebound fractions are denoted as P̂ w and P̂s for the parent
compound and as M̂ w and M̂ s for the metabolite pool,
respectively. It should be noted that these fractions are deﬁned
diﬀerently (see Table 1) from the Pw, Ps, Mw, and Ms fractions
in the model representing the OECD 308 system presented in
Honti and Fenner.4 The new deﬁnition was needed to describe
diﬀerent water−sediment systems with the same generic model
structure. The model presented in Honti and Fenner4 was
tailored to the OECD 308 system (water compartment without
sediment, settled sediment compartment including porewater),
and as such, it was not appropriate to describe all other watersediment systems analyzed in this study. In the new deﬁnition,

information for the other two and several more compounds.
Pyriproxyfen was selected as a highly degradable and highly
sorbing compound16 (organic carbon−water partition coefﬁcient (Koc) = 21 175 L/kg; total system half-life (DegT50,system)
= 6.6 days in a water−sediment system), voriconazole as slowly
degrading and weakly sorbing, and celecoxib as having average
properties compared to the other two. Experiments were
carried out for two types of sediments, yielding a data set of
altogether 3 × 4 × 2 = 24 test outcomes. Each experiment was
carried out in duplicates and all at 20 °C. For a brief description
of experimental methods please refer to section S1 in the
Supporting Information. For details on experiments and
corresponding results, see Shrestha et al.,15 companion paper.
Aniline, which was a fourth compound included in the study of
Shrestha et al., was subject to instantaneous degradation and
excessive formation of nonextractable residues (NER) in all test
systems, to the extent that even a few hours after spiking,
parent concentrations were not quantiﬁable anymore. It was
therefore not considered suitable for our analysis of kinetics of
parent compound degradation.
Model Development. We developed a uniﬁed model that
was able to simulate all four experimental types by deﬁning
several substance-speciﬁc parameters that were assumed to be
constant across the experimental types. These included the
substances’ Koc values, their diﬀusion coeﬃcient in water (D),
and a bioavailability-corrected and sediment mass-normalized
C
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1
1 + Koc TOC
1
= k′bio,P POC
1 + Koc(DOC + POC)

the aqueous and particle-bound fractions both apply to each
reactor. The actual interpretation of fractions diﬀers by reactor
type (Table 1).
In equilibrium, the aqueous fraction is deﬁned as follows
(shown here for parent):
̂ = Ptotal
̂
Pw,eq

kdeg,I = k′bio,P POC

1

kdeg,II = k′bio,P (foc,sed TSS)

V

1 + Koc·TOC Vtot

(1)

aq

kdeg,III = k′bio,P foc,sed (1 − θ )ρsolid

Table 3. Transformation Fluxes
ﬂux

index in Figure 1

k′bio,P POC P̂w
khydr P̂ w
kbio,M
′
POC M̂ w
kpn P̂ s for parent compound
kmn M̂ s for metabolites

[1]
[2]
[3]
[5]
[6]

Derivation of Compartment-Speciﬁc Degradation
Half-Lives. On the basis of k′bio, apparent, reactor-speciﬁc,
ﬁrst-order aerobic degradation rate constants (kdeg,I−III applying
to P̂ total) can be estimated by multiplication with POC and the
freely dissolved substance fraction, faq (eq 3).
kdeg,I − III = k′bio POCfaq = k′bio POC

(1 − θ )
θ

■

Pŵ
Pŵ + Pŝ

1 + Kocfoc,sed ρsolid

kdeg,I−kdeg,III can then be used to derive compartment-speciﬁc
half-lives by further considering khydr (= 0 in our case), an
anaerobic scaling factor, ∂, in the case of the OECD 308
system, and the general relationship DegT50 = ln(2)/kdeg. As
can be learned from eqs 4a−4c, estimation of half-lives from
k′bio requires not only information on the partitioning of the
substance between organic matter and water but also
knowledge of sediment parameters (ρsolid, θ, foc,sed, and TSS)
and DOC.
Parameter Estimation. We used a Bayesian calibration and
uncertainty assessment framework to calibrate the models for
individual experimental types separately and across all four
experimental types at once. Fitting for all at once is performed
to verify whether the proposed model structure can ﬁt all data
with a single parameter set (including certain universally valid
parameters and some others that were kept partly or strictly
experiment-speciﬁc; see Table S2) and to compare the
estimated values and uncertainties of the cross-calibrated
parameters with those of the individual ﬁts. We also estimated
model parameters from pairs of test systems only and
compared them to the values obtained when calibrating across
all four systems. This was performed to check whether subsets
of pooled experimental data are suﬃcient to derive reasonable
estimates of universally valid parameters.
Models were ﬁtted to the averaged data of the two duplicates
for each experiment. Parameter priors for most observed
quantities were set to equal the mean of the experimentally
determined value and a small standard deviation, and rather
vague priors were applied for unobserved quantities (Table S3).
The posterior parameter distribution was sampled by Markov
chain Monte Carlo sampling based on the classical Metropolis
algorithm.18 A total of three parallel chains were run with
100 000 iterations each, out of which 25 000 were dedicated for
burn-in.
Ground-Truthing. The new model formulation was used to
derive ﬁrst-order transformation rate constants for the OECD
308 data set used by Honti and Fenner.4 The new model was
ﬁtted to each experimental data set using the original priors of
Honti and Fenner,4 and then k′bio was converted to ﬁrst-order
compartment-speciﬁc transformation rate constants (kwpm for
the water phase and kspm for the sediment) using eqs 4a and 4c.
The posterior distributions of kwpm and kspm derived in this way
were compared to the direct estimations from Honti and
Fenner.4

where ksorp [d−1] is the general sorption rate applying to both
parent and metabolites.
Regarding transformation, we consider only the aqueous
fraction (types I and II: dissolved in water; type III: dissolved in
porewater), i.e., the fraction not sorbed to TOC, to be available
for hydrolysis and biotransformation.11 Biotransformation
includes transformation from the parent to the metabolite
pool and from the metabolite to the CO2 pool. NER formation
is exempted from this rule: it is assumed to proceed from the
sorbed parent and metabolite pool (Figure 1). The rate of
biotransformation is described by parent- and metabolitespeciﬁc k′bio parameters, which are second-order aerobic rate
constants normalized by the particulate organic carbon (POC).
We use POC as a proxy for the available biomass, assuming that
the fraction of active degraders within the particulate organic
matter is the same in all three reactor types. Resulting
transformation ﬂuxes included in the model are speciﬁed in
Table 3. A detailed description of model equations is presented
in the Supporting Information.

process

1
(4c)

(2)

biotransformation
hydrolysis
mineralization
NER formation

1
1 + Koc(DOC + foc,sed TSS)
(4b)

where P̂total [radioactivity] is the total amount of the parent
compound in the reactor (P̂ w + P̂s), TOC [kg OC L−1] is the
concentration of total organic carbon in the system, and Vaq/
Vtot is the aqueous to total volume ratio (Table 2).
After the initial spiking of the parent compound into the
water phase, the establishment of sorption equilibrium is
assumed to follow ﬁrst-order kinetics (eq 2).
dPŵ
̂ − Pŵ )
= ksorp(Pw,eq
dt

(4a)

RESULTS AND DISCUSSION
Parameter Values from Individual Experiments. The
model framework could be ﬁtted to data from individual
experiments with good to reasonable quality. Rate constants

(3)

This, together with eq 1, then results in the following ﬁrstorder rate constants for the three reactor types (for parent):
D
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eshausen) of the least uncertain individual ﬁt (which was not
the same experimental type everywhere; all four types were
“least uncertain” in at least one case). The reduced uncertainty
was even more obvious when compared to the ﬁt from standard
308 only, which typically yields the most uncertain parameter
estimate. Compared to the 308 experiments, the posterior CV
of k′bio,P in the joint ﬁt varied between 13% (celecoxib at
Wenne) to 68% (voriconazole at Wenne) of the 308 solution.
For pyriproxyfen, it was also possible to study k′bio,M (Figure 2).
It was found that ﬁndings about k′bio,P also hold for the
metabolite pool, suggesting that cross-calibration across
experimental systems also makes estimation of transformation
rate constants for metabolites more tangible.
At the same time, posterior distributions for substance- and
system-speciﬁc parameters other than transformation rate
constants are mostly similar for the joint ﬁt as they were for
the individual ﬁts and are centered around the priors. This
means that the joint ﬁt was not inconsistent with these
parameters, but it did not improve their identiﬁability, either.
One exception was noted for dKoc, i.e., the dimensionless
ratio of the Koc values of the metabolite pool and the parent
compound, which was actually more strongly conditioned by
the joint ﬁt (about ±25% relative uncertainty around the
median with 90% conﬁdence) than by the individual ﬁts (about
±70% relative uncertainty around median with 90% conﬁdence). Besides having less uncertainty, dKoc values were
signiﬁcantly smaller than 1 for pyriproxyfen (medians: 0.04−
0.10) and voriconazole (0.27−0.63), and they were around 1
for celecoxib (0.89−1.10). For pyriproxyfen, these results point
toward very polar metabolites, which is consistent with the fact
that a major part of the radioactivity in the water phase at later
time points of the pyriproxyfen experiments was not extractable
and hence must belong to a pool of very polar metabolites. This
did not mean, however, that metabolites of pyriproxyfen were
the most polar among the three compounds. In terms of
absolute Koc,M, voriconazole remained the lowest (similar to
having the lowest Koc,P) and was followed by pyriproxyfen and
celecoxib.
Estimation of the Universal Transformation Rate
Constants from Pairs of Experiments. Pairwise calibration
could already reduce the uncertainty of k′bio down to almost the
level of uncertainty belonging to the joint ﬁt (Figures S13−
S14). This suggests that one does not have to perform all four
experiments to learn the values of k′bio. Rather, any two
experiments may be suﬃcient to derive a posterior distribution
that has very similar averages and uncertainty ranges as the one
derived from all four experiments. However, there is no single
experimental type that consistently provides a good estimate for
the posterior distribution of the joint ﬁt (as all experimental
types were “least uncertain” estimators of k′bio,P occasionally).
Hence, our results suggest that a minimum of two experiments
is needed to fully separate degradation from other processes in
the individual systems (e.g., phase transfer, equilibration etc.).
In the case of pyriproxyfen, even k′bio,M was estimated from
pairs of systems in good accordance with the ﬁt involving all
available data except for the pair of the 308 variants in
Wingeshausen.
Comparison of First-Order Transformation Rate
Constants. First-order compartment-speciﬁc transformation
rate constants could be calculated from the calibrated model
parameters following eqs 4a−4c for the individually ﬁtted
OECD 308 experiments. We compared these indirectly derived
rate constants to those directly obtained with model version D

and their standard deviations for individual experiments are
reported in Table S4, and best ﬁts to individual experiments are
shown with dashed lines in Figures S2−S7. Calibrated standard
errors varied between 1.17% (voriconazole at Wingeshausen,
OECD 309) and 10.6% (pyriproxyfen at Wenne, OECD 308)
of total radioactivity. The experimental types for which the best
individual ﬁts could be achieved were the modiﬁed OECD 308
and standard OECD 309 in all cases. The experimental type
with the worst ﬁt varied between compounds and sediments,
but it was never the standard OECD 309. Calibrated k′bio,P
values reﬂected that voriconazole and celecoxib did not
undergo biotransformation in substantial quantities, and
pyriproxyfen degraded within a few days. Posterior k′bio,M was
therefore meaningless for voriconazole and celecoxib. For
pyriproxyfen, the posterior distribution of k′bio,M properly
reﬂected that metabolites were quite stable in all experimental
types except the modiﬁed OECD 308.
Universal Parameter Values. For all three substances, it
was possible to derive a substance-speciﬁc biotransformation
rate constant (k′bio) valid across all four experimental types, as
demonstrated by the similarly good ﬁt to the data when ﬁtting
each experiment individually or ﬁtting all experiments together
(Figures S2−S7). Compared to the combination of individual
solutions, the joint solution was statistically preferable for all
experiments with celecoxib and pyriproxyfen data, yet it was
sometimes statistically weaker for both sediments for
voriconazole according to certain metrics (corrected Akaike
Information Criterion19 and Bayesian Information Criterion;20
Table S5). Nevertheless, the joint solution for voriconazole was
still paired with a very good model ﬁt. The ambiguous outcome
for voriconazole is considered less relevant for the ﬁnal
assessment of universal parameter estimation because negligibly
low values of k′bio belonged to it. Posterior distributions of the
jointly calibrated k′bio,P were similar for each compound
between the two sediments, despite the potentially substantial
diﬀerences in the biotransforming microbial fauna in the two
sediments and even in individual experimental systems.15
The k′bio derived from the joint ﬁt was often considerably less
uncertain than values derived from individual ﬁts (see Figure 2
for the example of pyriproxyfen with the Wingeshausen
sediment and Figures S8−S12 for the other cases). The
posterior CV of k′bio,P in the joint ﬁt varied between 35%
(pyriproxyfen at Wenne) and 105% (voriconazole at Wing-

Figure 2. Calibrated values of k′bio for the parent (pyriproxyfen) and
the transformation products pool (TPs) when ﬁtted for each
experimental type separately and jointly for all (Wingeshausen).
Violin plot contours: posterior density, white dot: median, thick lines:
IQR (25−75% quantiles), whiskers: 95% conﬁdence range.
E
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of Honti and Fenner.4 The values based on k′bio,P agreed well
but showed a reduced uncertainty compared to directly
calibrated ﬁrst-order transformation rate constants in sediment
(Figure S15. The reduction of uncertainty must be caused by
the linkage between water and sediment degradation rates
through k′bio,P. Degradation data in water and sediment phases
are both used for the estimation of k′bio,P. Contrary to this, ﬁrstorder transformation rate constants in sediment (kspm) are
inferred from data from the sediment only. Transformation rate
constants in water derived from k′bio,P were typically lower
compared to the directly calibrated values, which suggests that
the direct calibration of compartment-speciﬁc degradation rate
constants may have slightly overestimated degradation in water
compared to the k′bio approach.

is above the cutoﬀ value for water (40 d) unless other processes
such as chemical hydrolysis or photolysis come into play. For
compounds experiencing slower or absolutely no transformation in the anaerobic layers of the OECD 308 experiment,
DegT50,sed may still be longer than DegT50,w.
On the basis of the above, we propose that OECD 308 and
309 data could be used, among other things, to extract k′bio as a
system-independent descriptor of aerobic biotransformation at
the water−sediment interface that is equally and consistently
applicable for both persistence and exposure assessment
purposes. Afterward, k′bio could be converted into ﬁrst-order
transformation rate constants and then to compartment-speciﬁc
half-lives (water and aerobic sediment) for diﬀerent environmental conditions ( foc,sed, DOC, TSS, and θ) via eqs 4a−4c. As
discussed previously, the advantage of this approach, which is
slightly more complicated compared to the direct estimation of
ﬁrst-order rate constants, is that k′bio can be estimated more
robustly. It should be kept in mind, however, that k′bio does not
reﬂect migration into and persistence in deeper, anoxic
sediment layers, which is partially represented in DegT50,system
from OECD 308 data. Thus, although the usefulness of k′bio for
exposure modeling is readily conceivable, the use of k′bioderived half-lives for persistence assessment would certainly
require further deliberation among stakeholders. A major
problem in this context is that the origin and intention of the
120 days sediment half-life trigger value21 is not fully clear. If
the trigger value was meant to reﬂect a half-life in the entire
sediment (both aerobic and anaerobic layers), an additional
“safety factor” would probably have to be introduced to the
aerobic sediment half-life derived from k′bio (e.g., multiplication
by a factor of 10 on the basis of typical anaerobic-to-aerobic
depth ratios and no degradation under anaerobic conditions, as
suggested in REACH Guidance R.1622 for exposure modeling
and in the SimpleBox23 model). Such a safety factor could of
course also be a gross overestimation when the compound is
degraded faster via anaerobic biotransformation pathways
compared to degradation via aerobic ones.
The general availability of OECD 308 data and the recent
prescription of OECD 309 experiments for certain substance
classes (e.g., pesticides) oﬀers the possibility to calibrate across
the two systems to derive k′bio and hence obtain a robust
assessment of persistence due to biotransformation in the
presence of sediment and under aerobic conditions. Alternatively, for substances without OECD 308 data yet, it would
probably be easier and cheaper to produce two sets of OECD
309 data with slightly diﬀerent systems, such as the pair of the
original 309 and the modiﬁed 309 analyzed in this study and
presented in Shrestha et al.15 It should be noted that k′bio
remained uncertain in all setups, so persistence classiﬁcation
would remain uncertain, albeit to a lesser degree, even when
k′bio would be used instead of directly derived ﬁrst-order
transformation rate constants. According to our results, there
was no predeﬁned experimental type that guaranteed to provide
a good estimate for the posterior distribution of the joint ﬁt.
The standard OECD 308 was often the most uncertain in terms
of k′bio and, hence, the least suitable to get precise estimates for
persistence. However, its raison d’être, the combined assessment of aerobic transformation at the water−sediment interface
and anaerobic transformation in deeper sediment layers, may
keep it among the recommended experimental types.
The proposed approach based on k′bio could be readily used
for exposure modeling for compounds that predominantly sorb
to organic carbon because it transparently accounts for the

■

IMPLICATIONS OF k′bio FOR PERSISTENCE
ASSESSMENT AND EXPOSURE MODELING
The results of model ﬁtting suggest that k′bio may be a generally
valid, less uncertain, and robust parameter for quantifying
aerobic biotransformation across diﬀerent water−sediment
systems (such as OECD 308 and OECD 309). Although this
does not prove that our model and assumptions are fully
correct, it suggests that there are no features in the joint model
that are starkly inconsistent with the data. Therefore, k′bio
seems to be a suitable candidate for a generally valid indicator
of aerobic biotransformation at the water−sediment interface.
However, because it is a second-order rate constant that is not
suﬃcient alone to determine half-lives, its use in practice for
persistence assessment and exposure modeling would require
setting standardized boundary conditions (POC, TOC, foc,sed, θ,
temperature) under which the persistence of diﬀerent
compounds could be compared to each other.
For persistence assessment, one important implication of
adopting the k′bio approach is that there is a theoretical
relationship between a substance’s half-life in the water column
and its half-life in the sediment. Due to the linear relationship
between k′bio and kdeg,I−III, the ratio between transformation
half-lives in water and sediment is independent of k′bio itself:
DegT50,I
DegT50,III

=

kdeg,III
kdeg,I

=

Pw,III

POC III P

w,III + Ps,III

POC I P

Pw,I

w,I + Ps,I

=

POC III 1 + Koc TOC I
POC I 1 + Koc TOCIII
θ

(5)

This ratio may vary between θ·TOCI/POCI (for Koc = ∞)
and POCIII/POCI (for Koc = 0). For a given set of sediment
properties and POC concentration in the water phase, the ratio
between DegT50,I and DegT50,III depends on the Koc of the
compound only.
Assuming a hypothetical case with TOCI = 3·10−6 and POCI
= 1.5·10−6 [kg OC L−1], θ = 0.7 [−], ρsolid = 2.5 [kg L−1], and
foc,sed = 0.05 [−], the bulk density of the sediment becomes ρb =
0.75 [kg L−1] and TOCIII = 0.0375 [kg OC L−1]. This would
mean that for any compound, the ratio between transformation
half-lives in water and sediment would be between 1.4 and 25
000 (Figure S16). We would thus expect the transformation
half-life in the aerobic sediment to always be lower than in the
dark water column. This is conﬁrmed by our study of literature
data,4 in which we found that DegT50,w was generally 1−2
orders of magnitude longer than DegT50,sed except for very long
half-lives and compounds that were known to hydrolyze
quickly. On the basis of this reasoning, it would seem highly
unlikely for a substance having a moderate Koc to meet the
criterion for being nonpersistent in water if its sediment half-life
F
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parameters of the environmental system. For ionic compounds,
sorption equations would need to be extended to account for
pH dependence unless the pH between the diﬀerent
experimental systems was similar. Although the proposed
approach is a step forward in a theoretical sense compared to
taking the half-lives from 308 or 309 experiments, it comes at
the price of increasing complexity. The burden of assessing
factors that interfere with biotransformation in these experimental systems but were previously prepackaged into the
standard half-lives derived from the experiments (such as
diﬀusion rates, oxic conditions in the sediment, exact organic
carbon content, and others), would be passed to the exposure
modelers. This would increase the complexity and uncertainty
of exposure models, yet also opens the possibility to represent
the true environmental conditions in these models in a more
transparent way.

■

■
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