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bioaccumulation of hydrophobic organic
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In standardized sediment toxicity tests, the applied water exchange methods range from static to flow-

through conditions and vary between protocols and laboratories even for the same test species. This

variation potentially results in variable chemical exposure, hampering the interpretation of toxicity and

bioaccumulation. To address these issues, we performed sediment toxicity tests with a mixture of three

polycyclic aromatic hydrocarbons (PAHs) and the freshwater epibenthic amphipod Hyalella azteca as

model chemicals and organism, respectively. Five standardized water exchange methods were applied:

static, semi-static, or flow-through conditions. By measuring total (Cdiss) and freely dissolved

concentrations (Cfree) of PAHs with water sampling and direct immersion solid-phase microextraction

methods, respectively, we found that Cdiss in overlying water differed by a factor of up to 107 among

water exchange conditions, whereas both Cdiss and Cfree in pore water did not differ by more than

a factor of 2.6. Similar survival rates, growth rates, and bioaccumulation of PAHs between water

exchange methods suggest that H. azteca was predominantly exposed to pore water rather than

overlying water. By applying mechanistic kinetic modeling to simulate spatiotemporal concentration

profiles in sediment toxicity tests, we discuss the importance of the water exchange rates and resulting

temporal and spatial exposure variability for the extrapolation of laboratory sediment toxicity to field

conditions, particularly for chemicals with relatively low hydrophobicity and sediments with low organic

carbon content.
Environmental signicance

Sediment toxicity tests are required by risk regulations for hydrophobic organic chemicals (HOCs), but there are still unknowns regarding sediment toxicity
tests, such as the distribution of a test chemical and its relationship to bioaccumulation and toxicity. In this study, to clarify some of these unknowns, we
examined the distribution of polycyclic aromatic hydrocarbons, as model HOCs, in sediment toxicity tests and the bioaccumulation in H. azteca under various
water exchange conditions. The ndings in this study would be useful in interpreting the results of sediment toxicity tests and in extrapolation from laboratory
to eld.
1. Introduction

Sediment toxicity tests are widely used tools to assess the
toxicity of contaminated sediment and sediment-associated
chemicals. In sediment toxicity tests, benthic organisms are
exposed to eld-collected contaminated sediment or to clean
sediment spiked with a chemical of interest. The chemical
distribution in the sediment toxicity tests can be affected by
various mechanisms: for example, sorption/desorption to/from
tional Institute for Environmental Studies,

Japan. E-mail: hiki.kyoshiro@nies.go.jp;

tion (ESI) available. See DOI:

f Chemistry 2023
sediment particles,1–4 molecular diffusion and colloid- and
dissolved organic carbon (DOC)-mediated transport in sedi-
ment pores,1,3 advection in overlying water, and resuspension of
particles.5 These interplaying and competing kinetic processes
can lead to variable and uncertain exposure in time and space,6,7

ultimately hampering the interpretation of observed toxicity
and bioaccumulation and their translation into sediment
quality guidelines.

Exchange of overlying water is commonly performed in
sediment toxicity tests to supply oxygen and remove toxic
excretes (e.g., ammonia); however, exchange methods vary
depending on protocols and laboratories even for the same test
species. Common methods include no exchange (i.e., static),8,9

exchange with clean water at a certain time interval (i.e., semi-
static), and continuous or intermittent ow-through
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View Article Online
exchange10,11 (Table 1). Recently, we observed decreasing
concentrations of hydrophobic organic chemicals (HOCs) in
overlying water with time under semi-ow-through condi-
tions.6,7 Others reported that, as a result of decreasing concen-
trations in overlying water, ow-through exposure decreased
the observed toxicity of eld-collected and cadmium-spiked
sediments to an estuarine amphipod Melita plumulosa and
a freshwater amphipod Hyalella azteca, respectively, as
compared to semi-static and static exposure.12,13 These obser-
vations indicate the need to evaluate the effects of water
exchange on the chemical distribution and the test results in
a systematic, quantitative, and mechanistic manner; however,
previous studies did not attempt to provide mechanistic
insights and were limited to metals and ammonia.8,14

The impact of water exchange is expected to be more
pronounced for epibenthic organisms residing on the sediment
surface (e.g., amphipods and ostracods)15–17 than endobenthic
organisms burrowing in the sediment (e.g., oligochaetes and
midge larvae),14 as the water exchange dilutes the chemical
concentrations in the overlying water, whereas HOCs are ex-
pected to be retained in the sediment.6,7 In fact, epibenthic
species were used in the above two studies demonstrating the
decrease in the observed toxicity by ow-through exposure.12,13

However, epibenthic organisms occasionally burrow in sedi-
ment, and other studies have indicated the importance of pore
water rather than overlying water for the toxicity of HOCs to the
epibenthic freshwater amphipod H. azteca.6,18 Also, dilution of
overlying water triggers the desorption of chemicals for the top
layer of sediment and can substantially decrease the local
concentration at the sediment–water interface. Thus, the
inuence of water exchange on toxicity is determined by
a complicated interplay between organism's behavior, chem-
ical's sorption properties, and sediment characteristics and
should thus be investigated mechanistically.

In addition to the temporal and spatial variability in water
concentrations, test chemicals are present in the freely dis-
solved and particle- and DOC-bound states in both overlying
and pore water, depending on their hydrophobicity.6,7 The freely
dissolved concentration (Cfree) of organic contaminants is
generally considered a suitable metric for the interpretation of
toxicity to and bioaccumulation in benthic organisms.19–21

However, the contribution of the dietary route to the overall
chemical uptake has been reported to be signicant for HOCs
that strongly sorb to organic carbon.22,23 The uptake of organic
carbon-bound chemicals can increase the observed toxicity to
aquatic organisms beyond what would be expected from the
freely dissolved fraction alone.24–26 Therefore, to establish
a robust link between exposure, bioaccumulation, and toxicity,
various types of concentrations such as Cfree and total dissolved
concentration (Cdiss = Cfree + concentration bound to DOC)
should be monitored in time and space.6

In this study, we performed sediment toxicity tests with
a mixture of three polycyclic aromatic hydrocarbons (PAHs;
phenanthrene [Phe], pyrene [Pyr], and benzo[a]pyrene [BaP]),
covering a wide range of hydrophobicity, and the freshwater
epibenthic amphipod H. azteca as a model epibenthic organism
under ve different water exchange conditions, including static,
This journal is © The Royal Society of Chemistry 2023
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semi-static, and ow-through conditions. We measured Cdiss

(over time) and Cfree (at the end of exposure) in overlying and
pore water. Experimental concentrations of PAHs were
compared to numerical modeling that simulates spatiotem-
poral concentration proles under given exchange conditions.
To analyze the relevance of exposure concentration proles to
observed toxicity and bioaccumulation, wemeasured amphipod
lethality, growth, and internal PAH concentrations (Corg) under
the respective water exchange conditions. Finally, to assess the
exposure gap between laboratory sediment toxicity tests and the
sediment–water environment, we simulated spatiotemporal
concentration proles under high water ow conditions
common for eld streams and compared the results to our
experimental data and model simulations in sediment tests.

2. Materials and methods
2.1. Materials and chemicals

BaP (>97.0% purity; CAS: 50-32-8), Phe (>99.0% purity, CAS: 85-
01-8), Pyr (>98.0% purity; CAS:129-00-0), acetone (>99.5%
purity), acetonitrile (>99.8% purity), and kaolin (practical grade)
were purchased from Fujilm Wako Pure Chemicals Co. Ltd.
Quartz sand (0.2–0.8 mm particle: $40%, loss on ignition at
900 °C: #0.05%) was purchased from Merck & Co. Peat moss
originating from Hokkaido, Japan was purchased from Midori
Co. The elemental composition of the peat moss was N 1.5%
w/w, C 37.6% w/w, and H 4.4% w/w, as determined using an
elemental analyzer (Flash EA1112, Thermo Fisher Scientic).

2.2. Test organisms

H. azteca is an epibenthic detrivore that does not burrow into
sediment deeply and ingests algae, bacteria, epiphytes, and
detritus.27 It was obtained from a brood stock which has been
maintained for more than 10 years at the National Institute for
Environmental Studies, Japan. The details of culture conditions
were reported elsewhere.6 Briey, the stock culture was main-
tained in aquaria containing dechlorinated tap water and nylon
mesh sheets (mesh size: 500 mm) at 22 °C under a photoperiod
of 16 hours of light and 8 hours of darkness, supplied with
continuous aeration, and fed with synthesized food Halios
(Feed One Co.) twice a week. To evaluate the sensitivity of test
organisms, a 96-h water-only test was performed with cadmium
chloride as a reference toxicant according to Environment and
Climate Change Canada (2017).28 The median lethal concen-
tration (LC50) was 4.1 mg Cd per L (95% condence interval: 2.7–
5.5, based on nominal concentrations), which fell within two
standard deviations (SD) of the laboratory's historical LC50 of
4.2 ± 1.4 mg Cd per L (geometric mean ± SD), thus indicating
acceptable sensitivity of the population used in this study.

2.3. Exposure test with different water exchange schemes

The tests were performed according to the standardized
protocols28,29 with slight modications. Formulated sediment
containing quartz sand (75% dry w/w), peat moss (5% dry w/w),
and kaolinite (20% dry w/w) was prepared according to the
OECD test guideline 218 (ref. 9) and our previous study.6 Each
This journal is © The Royal Society of Chemistry 2023
PAH (i.e., Pyr, Phe, and BaP) was mixed with quartz sand to
achieve the nominal concentration of 30 mg kg−1-dry. Dech-
lorinated tap water was added to the spiked sediment to give
a water content of 30% wet w/w. The spiked sediment in
a brown glass bottle was shaken with both rolling and recip-
rocating movements on a roller shaker (BR-12, Thermal
Chemical Industry Co. Ltd, Tokyo, Japan) at 6–8 °C at about
10 rpm for 10 days.

Ninety wet grams of the prepared sediment (equivalent to 55
mL), two pieces of 4-cm polydimethylsiloxane (PDMS)-coated
glass bers (see below for the details), and 220 mL of dech-
lorinated tap water were transferred to a 300 mL glass tall
beaker. Five replicate beakers were prepared under each water
exchange condition, of which three beakers were used for the
toxicity tests and two were prepared to collect pore water by
centrifugation and were sacriced 11 days aer the beaker
preparation, which corresponds to Day 10 of the sediment
toxicity tests. Four additional beakers, common to all condi-
tions, were prepared to collect pore water on Day 0.

In all the water exchange conditions, the overlying water was
exchanged with four beaker volumes of dechlorinated tap water
within 24 hours aer sediment transfer using the ow-through
water exchange system to remove easily suspended particles.
Aer this 24-h pre-equilibration (i.e., on Day 0), 10 juvenile
amphipods (6–8 days old) were added to the beakers. Overlying
water was exchanged over 10 days using four exchange condi-
tions, which were adopted from the standardized proto-
cols,10,28,30 with different exchange frequencies and rates (Table
1). Under Condition 1, overlying water was not exchanged (i.e.,
static), but continuously aerated with an air pump and a Pasteur
pipette placed about 1 cm below the water surface. Under
Conditions 2 and 3, water exchange was carried out by dropping
220 mL water into the beaker within 2 min (ESI, Video†) in the
morning and evening, resulting in a total of 440 mL per day.
This renewal was repeated three times per week and daily under
Conditions 2 and 3, respectively. Under Conditions 4 and 5,
overlying water was continuously exchanged at rates of 220 mL
day−1 and 440 mL day−1 (i.e., one and two beaker volumes per
day), respectively, using the water exchange system with needles
(27 G for Condition 4 and 25 G for Condition 5; Nipro Corp.,
Osaka, Japan). The water delivery rate under Conditions 4 and 5
wasmonitored every other day for all the beakers and conrmed
to be within ±30% of the nominal values. The overlying water
was not aerated under Conditions 2–5.

Amphipods were fed with 1.75 mL of yeast–cerophyll–trout
chow (YCT, Recenttec K.K., Tokyo, Japan) and 3.15 mg of
grounded Halios three times per week.28 Exposure beakers were
kept at 23 °C under a photoperiod of 16 hours of light and 8
hours of darkness. Over the test duration, water quality
parameters in overlying water (i.e., dissolved oxygen, pH,
conductivity, temperature, and ammonia) were checked to be
within the acceptable ranges for the survival and growth of H.
azteca (Table S1†). At the end of exposure (i.e., Day 10), the pH
and ammonia concentration in pore water were also measured
(Table S2†). On Day 10, surviving amphipods were retrieved
using a 250 mm nylon mesh and counted. Missing amphipods
were considered dead. Surviving amphipods were transferred to
Environ. Sci.: Processes Impacts, 2023, 25, 609–620 | 611
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a beaker containing dechlorinated tap water for 1 h to remove
gut contents, xed with liquid nitrogen, and stored at −20 °C
until growth and bioaccumulation measurements.
2.4. Concentration measurement

Cfree measurement using PDMS ber. Cfree in the pore and
overlying water (i.e., Cfree,pore and Cfree,over) was measured using
a passive sampling method with PDMS-coated glass bers. In
this method, the concentrations in the PDMS coating phase
(CPDMS) were measured and converted to the corresponding
freely dissolved concentrations via the equation, Cfree,pore (or
Cfree,over) = CPDMS/KPDMS/w, where KPDMS/w is the PDMS/water
partition coefficient. PDMS bers (10 mm coating thickness,
Polymicro Technologies) were cut into lengths of 4 and 7 cm
(PDMS volume of 0.53 and 0.92 mL, respectively). The bers were
rinsed twice for 15 min with ethyl acetate and methanol, dried
under the fume hood, and stored in Milli-Q water. Log KPDMS/w

for Phe, Pyr, and BaP were measured to be 3.65 ± 0.02, 4.29 ±

0.01, and 5.13 ± 0.01 at 25 °C by the method described in the
ESI.† These values were close to the log KPDMS/w reported in
a previous study for PDMS bers (3.73, 4.28, and 5.22, respec-
tively, at 22.2 °C).37

On Day −1, two pieces per beaker of 4 cm PDMS bers for
Cfree,pore measurement were buried into the sediment. On Day 0,
one piece of 7 cm PDMS ber for Cfree,over measurement was
placed in the overlying water, standing on the sediment and
leaning against the wall diagonally to the sediment. Since this
7 cm ber for Cfree,over was partially exposed to the sediment–
water interface where Cfree was higher than that in the bulk
overlying water, the measured Cfree,over would be somewhat
higher than the actual bulk Cfree,over.38 On Day 10, the PDMS
bers were retrieved from the overlying water and sediment,
wiped with moist lint-free tissues (Kimwipes, Kimberly-Clark),
transferred to a 1.5 mL vial and extracted with 1 mL of aceto-
nitrile. In our previous study, we conrmed that 10 days are
enough to achieve equilibrium for the three PAHs between
PDMS bers and water.6 The concentrations of Phe, Pyr, and
BaP in the extracts were measured with a high-performance
liquid chromatography (HPLC) system, as described in the ESI.†

Cdiss measurement. Cdiss was dened as the concentration in
water samples ltered with a glass ber lter (GB-140, pore size:
0.4 mm, Advantec). Over the 10-day sediment toxicity tests, up to
6 mL of overlying water were repeatedly taken from 1 to 2 cm
above the sediment surface with a 10 mL glass syringe (Tsubasa
Industry) and was ltered with the glass ber lter. The exact
timing of water sampling was shown in the Excel sheet in the
ESI.† Under Conditions 2 and 3, overlying water was collected
from just below the water surface in addition. On Days 0 and 10,
pore water was collected by centrifugation of wet sediment at
1900×g for 15 min (S700T, Kubota) and subsequent 10 000×g
for 30 min (CR21, Hitachi), followed by ltration with the glass
ber lter. The ltered overlying and pore water samples were
diluted with the same volume of acetonitrile for the concen-
tration determination by HPLC. The same ltered water
samples were used for the determination of DOC (Days 0, 1, 2, 7,
and 10) and ammonia concentrations (Days 0 and 10).
612 | Environ. Sci.: Processes Impacts, 2023, 25, 609–620
Growth and Corg measurements. For the measurement of
PAH concentrations in surviving amphipods (Corg), xed
amphipods were dried in a desiccator at room temperature for
24 h. The dry weights of the amphipods were measured, and
they were homogenized in 1 mL of acetonitrile with glass beads
and a homogenizer (mT-12, Taitec) at 3200 rpm for 3 min. The
homogenates were ltered with a PTFE membrane (pore size:
0.45 mm) and analyzed with HPLC. At the start of exposure (Day
0), 40 additional juvenile amphipods (6–8 days old) were
collected from the same population as used for the exposure
tests, and their dry weight was determined as 0.02 mg per
amphipod.

Csed measurement. For the measurement of dry-weight-
based PAH concentrations in spiked sediment (Csed), up to 10
g-wet of sediment samples were collected on Day−1 and Day 10.
The sediment was freeze dried using a freeze dryer (FDU-1200,
Eyela), and 0.2 g of the dried sediment was extracted twice
with 5 mL of a 1 : 1 mixture of acetone and n-hexane in an
ultrasonic bath for 15 min. The extracts were separated from
sediment by centrifugation at 1900×g for 15 min, diluted with
acetonitrile by a factor of 1000, and analyzed with HPLC. The
recovery ratios, dened as the ratio of measured Csed on Day −1
to the nominal value, were 57 ± 4%, 70 ± 6%, and 84 ± 7% for
Phe, Pyr, and BaP, respectively. Although a surrogate standard
was not used for quantication, we conrmed that the recovery
ratios for three PAHs were comparable with that of our previous
study using deuterated PAHs as surrogate standards.39 The
coefficients of variation (CV) of measured Csed on Day −1 were
6.4% (Phe), 8.8% (Pyr), and 8.3% (BaP) (n = 3), indicating that
the spiked sediment was homogeneous.
2.5. Kinetic model simulation

The mechanistic chemical transport model was adapted from
our previous study7 and modied to calculate the transport and
distribution of HOCs in the spiked-sediment toxicity test with
different water exchange conditions. Briey, the model simu-
lates the desorption of chemicals from spiked sediment parti-
cles into pore water, diffusion through pores and through the
sediment–water interface, and sorption/desorption of chem-
icals from DOC. The model divides the test system into three
zones: (i) the sediment including sediment particles and pore
water, (ii) an unstirred water layer (UWL) of 1 mm thickness at
the sediment–water interface, and (iii) the overlying water in
which water renewal or aeration applies. The overlying water
phase is assumed to be well mixed, which was veried in our
previous study with a ow-through system equivalent to
Condition 5 (ref. 6) and in semi-static conditions (i.e., Condi-
tions 2 and 3) in this study (Fig. S1†). Since this assumption was
not veried under static Condition 1, additional model simu-
lation was performed by changing the thickness of UWL
(Fig. S2†). The model parameters Csed, the sediment–water
partition coefficient (Kd; Lw/kgsed), the sediment organic
carbon–water partition coefficient (KOC; Lw/kgOC), and the DOC–
water partition coefficient (KDOC/W; Lw/kgDOC) were measured or
estimated from experimental data in this study and imple-
mented into the model (Table S8†). The estimated log KOC
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2em00462c


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 8
/1

1/
20

25
 8

:5
5:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
values were 4.2 ± 0.1 (Phe), 5.1 ± 0.1 (Pyr), 6.6 ± 0.1 (BaP),
which were comparable with the literature values (4.5 for Phe,
4.8 for Pyr, and 6.0 for BaP).40 The nominal values of water
exchange rates were used as model parameters. Under Condi-
tions 2 and 3, overlying water was assumed to be replaced
completely at the timing of water exchange (i.e., overlying water
concentrations became zero) based on the model analysis with
different clearance ratios of overlying water (Fig. S3 and Tables
S9–S11†). In addition, to establish a link between laboratory and
eld exposures, the model was run under a ow-through
condition with various water exchange rates ranging from 1 to
2000 volumes per day.

2.6. Data analysis

The bioconcentration factor (BCF) was calculated based on
measured Corg (mg per kg-dry) and aqueous concentrations (Caq

= Cdiss or Cfree, mg L−1) according to the following equation:

BCF = (0.25Corg)/Caq

where 0.25 is the ratio of the dry to wet weight of H. azteca.41

The root-mean-square error (RMSE) was calculated using
experimental and simulated values and was divided by the
mean of experimental values to derive the normalized RMSE
ðNRMSE : RMSE=expÞ.

3. Results and discussion
3.1. Experimental concentrations in overlying and pore
water

Among the measured exposure metrics, concentrations in
overlying water were most dependent on the applied water
exchange conditions (Fig. 1). Cdiss,over of PAHs increased grad-
ually over time under Condition 1 (i.e., static), whereas those in
semi-static exposure systems (i.e., Conditions 2 and 3) increased
with time but decreased at the time of exchange, and those in
ow-through exposure systems (i.e., Conditions 4 and 5)
increased during the initial 1–2 days and then decreased or
remained stable. Cdiss,over under Conditions 2–5 were lower than
under Condition 1 over the entire test period. The largest
difference in Cdiss,over on Day 10 was observed between Condi-
tions 1 and 5, with 5.8 times (Phe), 17 times (Pyr), and >107
times (BaP). Note that no clear time trend was observed for BaP
likely due to the difficulty in accurate measurement of Cdiss for
highly hydrophobic compounds, except under Condition 1. The
DOC concentration in overlying water ranged from 2.6 to 50 mg
C L−1 and showed similar time trends to Cdiss,over of Phe and Pyr
(Fig. S4†): increasing under Condition 1 and decreasing in semi-
static and ow-through systems. The largest difference in DOC
on Day 10 was observed between Conditions 1 and 5 with 20
times.

In contrast to the large differences in Cdiss,over among water
exchange conditions, the differences in measured Cdiss,pore were
a factor of 1.2, 1.6, and 2.6 at most for Phe, Pyr, and BaP,
respectively (Fig. 2). In addition, Cdiss,pore did not change over 10
days under any tested condition (Table S5†). Small inuence by
water exchange and high stability was also observed for DOC in
This journal is © The Royal Society of Chemistry 2023
pore water, with a difference of up to 1.3 times among condi-
tions (Table S3†). These results were consistent with the fact
that more than 47% of introduced PAHs and organic carbon
remained in sediment phases even in conditions with frequent
exchange of overlying water (Table S4†). Note that even when
about a half of the added PAH was lost from the sediment
phase, the loss predominantly occurred in the upper layer of
sediment,4,7 resulting in a stable bulk pore water concentration.

Differences in Cfree among conditions were absent or small
both in overlying and pore water, within a factor of 2.7 and 1.4,
respectively (Fig. 2). No difference in Cfree,pore was reasonable,
because Csed did not change as described above and because
Cfree,pore is controlled by equilibrium partitioning between
sediment OC and pore water. Small observed difference in
Cfree,over may appear to be inconsistent with the large difference
in Cdiss,over between the conditions, but can be explained as
follows: for a highly hydrophobic chemical such as BaP (log KOC:
6.6), Cfree is controlled by desorption equilibrium from DOC-
bound fraction. Cdiss,over is inuenced by the DOC concentra-
tion, which varied, depending on the water exchange condi-
tions, by a factor of up to 20 (Fig. S4†). In contrast, Cfree,over is
determined by KDOC/w and the DOC-bound chemical concen-
tration on the DOC-weight basis (i.e., [Cdiss − Cfree]/DOC
concentration), which are largely independent of the condi-
tions. For a relatively hydrophilic chemical such as Phe (log KOC:
4.2), the DOC-bound fraction is negligible at low DOC concen-
tration in overlying water (i.e., <7 mg C L−1, Table S3†) and then
Cfree,over should be virtually the same as Cdiss,over, as the model
showed (e.g., within a difference of 5% of Cdiss,over for Phe)
(Fig. 2 and S5†). Themeasured Cfree,over of Phe and Pyr, however,
was somewhat higher than both time-averaged Cdiss,over and
Cdiss,over measured on Day 10 in some cases. The measured
Cfree,over might include freely dissolved chemicals in the UWL
and pore water phases and might not represent the actual
Cfree,over in the bulk overlying water, since the 7 cm PDMS bers
were placed on the sediment surface. Because Cfree in pore water
did not differ much among conditions and was higher than
Cfree,over, the measured Cfree,over may not reect the difference in
actual bulk Cfree,over. To measure the actual bulk Cfree,over more
accurately, it is recommended to place the bers away from the
sediment surface, as suggested in our recent study.38
3.2. Mechanistic analysis using spatiotemporal modeling

Experimental concentration proles were compared with the
concentrations simulated by the model (Fig. 2). The good
agreement of Cdiss,pore and Cfree,pore (within a factor of 2 between
simulated and experimental values) was not surprising, because
Kd and KDOC/w values used in the model were derived from the
experimental data in this study. The simulated Cfree,over differed
from experimental ones by up to 5 times, but this difference
might partially be explained by the inaccurate Cfree,over

measurement method as discussed above.
Temporal proles of Cdiss,over were compared between

experimental and simulated values (Fig. 1). In our previous
study, temporal trends of Cdiss,over under ow-through condi-
tions (equivalent to Condition 5) were reproduced well by the
Environ. Sci.: Processes Impacts, 2023, 25, 609–620 | 613
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Fig. 1 Time-course changes of total dissolved concentrations of phenanthrene (Phe), pyrene (Pyr), and benzo[a]pyrene (BaP) in overlying water
under five different water exchange conditions. Closed and open symbols represent experimental values larger and smaller than the limit of
quantification (LOQ), respectively. Dotted lines indicate the LOQ of BaP. Solid lines represent simulated values by the mechanistic model. Error
bars represent standard deviations (n = 3 beakers).
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model.7 In the current study, experimental Cdiss,over increased
from Day 0 to 2 due to the change in the water exchange rate
from 880 to 220 mL day−1 (Condition 4) and to 440 mL day−1
614 | Environ. Sci.: Processes Impacts, 2023, 25, 609–620
(Condition 5) on Day 0 and decreased aer Day 2. The
decreasing trend of Cdiss,over was not clear under Condition 4
compared, which was due to the smaller volume of water
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Experimental concentrations (open symbols) of PAHs under five different water exchange conditions and concentrations simulated by the
model (bars). Both experimental and simulated values represent the concentrations at the end of exposure (i.e., Day 10). Different symbols
represent different concentration types. Note that simulated total dissolved concentrations of phenanthrene (Phe) in overlying water (Cdiss,over)
overlap with simulated freely dissolved concentrations in overlying water (Cfree,over).

Table 2 Variation of total dissolved concentrations of phenanthrene
(Phe), pyrene (Pyr), and benzo[a]pyrene (BaP) in overlying water in five
different water exchange conditions over 10 days

System

Coefficient of variationa (%)

Phe Pyr BaP

Condition 1 Static 39 (28) 57 (27) 108 (36)
Condition 2 Semi-static 39 (63) 44 (62) NA (70)
Condition 3 Semi-static 34 (71) 39 (69) NA (72)
Condition 4 Flow-through 27 (14) 26 (11) NA (15)
Condition 5 Flow-through 23 (20) 24 (14) NA (18)

a The coefficient of variation was calculated by dividing the standard
deviation by the mean of overlying water concentrations over 10 days.
Values in parentheses were calculated using the simulated
concentrations. NA: not available due to measured concentrations
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exchange under Condition 4. These trends were again repro-
duced by the model, indicating the applicability of the model to
ow-through sediment toxicity tests with different water
exchange rates.

Under the static condition (Condition 1), experimental
Cdiss,over of Pyr matched well with the simulated values. In
contrast, although Cdiss,over of Phe was predicted by the model
well within a factor of 4, the experimental data showed
a decreasing trend from Day 3, which was not reproduced by the
model. The reduction in the Phe concentration could be caused
by processes that were not incorporated by the model, such as
volatilization and degradation.42 The simulated Cdiss,over was
reduced and became closer to the experimental Cdiss,over by
increasing the thickness of UWL from 1 mm (NRMSE: 88% for
Phe, 31% for Pyr, and 281% for BaP) to 2 mm (NRMSE: 76% for
Phe, 20% for Pyr, and 193% for BaP) (Fig. S2†), indicating that
the UWL thickness might be larger under the static condition
with aeration than the ow-through conditions.

Experimental Cdiss,over values under semi-static Condition 2
were predicted relatively well by the model (NRMSE: 42% for
Phe and 50% for Pyr, Tables S9 and S10†), whereas those under
Condition 3 with daily water exchange were predicted less well
(NRMSE: 70% for Phe and 54% for Pyr). Cdiss,over under
Condition 3 decreased at each water exchange, but the
concentration just before exchange increased gradually over
periods, thereby resulting in larger Cdiss,over under Condition 3
than under Condition 2. This increasing trend was not repro-
duced by the model and is possibly due to the disturbance of
sediment surface by frequent water exchange. Considering the
excellent agreement of experimental and simulated DOC in
overlying water (Fig. S4†), the poor model reproducibility of
Cdiss,over under Condition 3 might be attributed to the presence
of re-suspended colloidal particles that were passed through
a ber (0.4 mm pore size), not to DOC.

Through the experimental and simulated results, we can
conclude that water exchange rates do not affect pore water
concentrations because spiked HOCs are retained in the
This journal is © The Royal Society of Chemistry 2023
sediment due to slow diffusion. The overlying water concen-
tration varies depending on the water exchange conditions, and
their prediction at different conditions may need to consider
the resuspension as well as diffusive transfer.
3.3. Stability of overlying water concentration

Since some epibenthic species such as Corophium volutator have
been reported to be more inuenced by overlying water than
pore water, in particular when exposed to contaminated sedi-
ment,15,16 the observed toxicity of spiked-sediment to such
species may be affected by water exchange rates. For such
species, overlying water concentrations should preferably be
stable during exposure for a better interpretation of the test
results. The coefficient of variation (CV) of Cdiss,over over 10 days
was calculated using the experimental and simulated values
under ve conditions in this study (Table 2) and was the lowest
under ow-through conditions for all three chemicals. The
static condition showed the second lowest CV or was compa-
rable with the semi-static conditions because the static condi-
tion requires a longer time to reach a steady state. Additional
below the LOQ.
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Fig. 3 (A) Survival rate, dry weight, and (B) internal body concentrations (Corg) of three PAHs (phenanthrene [Phe], pyrene [Pyr], and benzo[a]
pyrene [BaP]) in five different water exchange conditions. Bars represent arithmetic mean values. (A) Open and closed symbols represent survival
rates and dry weight of a surviving amphipod, respectively.
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model analyses indicated that the stability of Cdiss,over would
increase under static and ow-through conditions, if exposure
tests were initiated aer a stabilization period of several days
(e.g., CV: 6–12% under Condition 1 with 5 days of stabilization,
Fig. S6†), as recommended in the chironomid standardized
sediment test.9 These results recommend the static condition
aer stabilization periods and ow-through condition as the
stable exposure environments to epibenthic organisms.
3.4. Amphipod survival and bioaccumulation

The averaged survival rates of amphipods ranged from 70% to
100% (Fig. 3 and Table S6†) and were not different among water
exchange conditions (p > 0.05, one-way ANOVA). Neither the dry
weight of a surviving amphipod nor Corg differed statistically
signicantly among conditions (p > 0.05, one-way ANOVA, Fig. 3
and Tables S6, S7†), with a maximum difference of a factor of
1.5 (dry weight) and 2.1 (Corg). The survival rates observed at
Csed tested (i.e., nominally 1.5 × 103 mg per kg-OC for each PAH)
were reasonable even considering the additive toxicity of PAHs,
Fig. 4 Comparison of bioconcentration factors (BCF) for BaP
measured in spiked-sediment (data points; this study) and water-only
tests (dotted line; Schlechtriem et al. 2019).44 Different symbols
represent different water exchange conditions. BCF in spiked-sedi-
ment tests was calculated based on time-averaged total dissolved
concentrations (Cdiss) and based on freely dissolved concentrations
(Cfree). BCF values were not normalized to the lipid content.

616 | Environ. Sci.: Processes Impacts, 2023, 25, 609–620
because the LC50 values of Phe, Pyr, and BaP for H. azteca were
reported to be 1.8 × 104 mg per kg-OC,43 1.1 × 104 mg per kg-OC
(our laboratory result of the 14-day test, not published), and 1.0
× 104 mg per kg-OC,6 respectively, by studies using formulated
sediment containing peat moss.

The absence of signicant differences in survival, growth,
and bioaccumulation among water exchange conditions indi-
cates that the variation in Cdiss,over (and possibly Cfree,over)
resulting from overlying water exchange might not affect the
toxicity and bioaccumulation of the tested chemicals to H.
azteca. Together with the visual observation that amphipod did
not show obvious avoidance behavior under any conditions,
this result suggests thatH. azteca was exposed predominantly to
pore water as compared to overlying water. To conrm which
concentration metric best represented H. azteca bio-
accumulation of BaP, we compared BCF values in this study
with Cfree-based BCF in water-only tests44 (Fig. 4). The compar-
ison showed that the BCF value in water-only tests (i.e., 3.5± 0.1
log units) was lower than BCF values based on Cfree,over (4.3 ±

0.1) and close to those based on Cfree,pore (3.9 ± 0.1). This
indicates that the pore water concentration is a more repre-
sentative indicator for the bioaccumulation of BaP to the epi-
benthic amphipod H. azteca than the overlying water
concentration. These ndings are consistent with our previous
study on the semi ow-through spiked-sediment toxicity tests of
BaP, uoranthene, and chlorpyrifos with H. azteca.6,38 Note that
these results do not negate the role of sediment and DOC
ingestion in the uptake of BaP by the amphipod, as Cfree,pore-
based BCF did not exactly match that in water-only tests. As
shown recently, DOC ingestion can lead to higher bio-
accumulation of BaP in H. azteca.45
3.5. Model simulation for ow-through conditions at high
exchange rates

In contrast to this study, previous studies demonstrated that
ow-through conditions reduced the observed toxicity to epi-
benthic amphipods compared with a static condition.12,13 This
apparent inconsistency would be explained by (i) high water
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2em00462c


Fig. 5 Relationship between the water exchange rate and simulated freely dissolved concentration (Cfree) in overlying water, the unstirred water
layer (UWL), and pore water at the end of 10-day sediment toxicity tests. The simulated concentration was depth-averaged in each phase.
Different symbols represent different log KOC values. KDOC/W was set to 0.2 KOC for the model simulation. Initial Csed and UWL thickness were set
to 15 mg kg−1 and 1 mm in all simulations, respectively.
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exchange rates of 580–720 volumes per day (ref. 12) and of 144
volumes per day (ref. 13) in their studies, which are >70 times
higher than those in the present study and the standardized
protocols, and (ii) the use of metals and eld-collected sedi-
ments in their studies. To account for this apparent inconsis-
tency, we performed additional model analysis with ow-
through conditions and 2% of fOC. Our simulation indicated
that higher exchange rates, at least 2000 volumes per day, could
wash out more than 99% of an added hydrophilic chemical (i.e.,
log KOC < 2.5) from the beaker during 10 days test (Fig. S8†),
thereby considerably reducing uptake and toxicity of the
chemical. In contrast, hydrophobic chemicals (i.e., log KOC > 4)
were retained in the beaker, even at higher water exchange rates
(i.e., >2000 volumes per day). The model also showed that, for
chemicals with log KOC > 2.5, average pore water concentrations
in whole sediment (i.e., depth-averaged concentration) were
almost unchanged even at higher water exchange rates, whereas
overlying water concentrations were inversely proportional to
water exchange rates (Fig. 5). UWL concentrations decreased
with increasing exchange rates, in particular for hydrophilic
chemicals, but they changed little at exchange rates above 10
volumes per day. These results indicate that higher water
exchange rates could reduce the sediment toxicity to benthic
organisms by decreasing chemical concentrations at the sedi-
ment–water interface, even though depth-averaged pore water
concentrations change little.

The additional model analysis highlights the caution in
assessing the toxicity of eld-collected sediments by laboratory
sediment toxicity tests, which are oen performed at limited
water exchange rates.18,46 Given the limited volume of overlying
water in laboratory sediment toxicity tests (this study: 220 mL of
volume), the exchange rate of 2000 volumes per day is not high
for natural rivers under dry weather conditions. For example, let
us consider the case where sediment contamination occurs
within a short term (e.g., oil spill, pesticide application) and
overlying water becomes clean quickly aer the event. In this
case, toxicity of less hydrophobic chemicals (i.e., log Kd < 3) may
not be observed in the eld because of concentration depletion
in the upper layer of sediment, even if laboratory tests with
limited water exchange indicate signicant toxicity. In contrast,
hydrophobic chemicals and organic rich sediment would
This journal is © The Royal Society of Chemistry 2023
provide consistent results between laboratory and eld studies
because of less inuence of water ow rates on the chemical
exposure.

The model simulations in this study help our quantitative
and mechanistic understanding of the inuence of water ow
rate on chemical persistence in sediment environments.
However, the observed loss of a chemical from the test system
for 10 days was generally larger than the simulated results. For
example, the decrease in Csed of BaP (log Kd: 4.9) was 36–40% of
the initial concentration for 10 days in ow-through conditions,
which was much higher than predicted by the model simulation
(Fig. S8† and 5). In the future, the model can be rened by
accounting for processes such as bioturbation, volatilization,
bioaccumulation, and biotransformation. Microbial degrada-
tion in the surface sediment might explain the observed devi-
ations for the PAHs tested.47
3.6. Suggestions for sediment toxicity tests and sediment
risk assessments

This is the rst study to demonstrate, both experimentally and
through modeling, that the inow of clean water to a spiked-
sediment test system signicantly reduced the concentrations
of HOCs in overlying water but had no effect on concentrations
in pore water, survival rates, and bioaccumulation in the epi-
benthic amphipod H. azteca. The absence of inuence of water
exchange on bioaccumulation was corroborated by the fact that
the pore water concentration was a better indicator for the
bioaccumulation of BaP than the overlying water concentra-
tions. These ndings would allow the use of the results obtained
with different water exchange rates,28,30 in sediment risk
assessments, provided that pore water determines the toxicity
for a given species. That is, these ndings indicate that a water
exchange system can be used in spiked-sediment toxicity tests
to supply oxygen and remove ammonia despite the decrease in
chemical concentration in overlying water.
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