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a b s t r a c t
Inﬂuence of sediment particle size on the desorption, bioavailability, and bioaccumulation potential of
cypermethrin was investigated in the present study using two biomimetic techniques (Tenax extraction and
solid-phase microextraction (SPME)) and bioaccumulation testing with Lumbriculus variegatus. A ﬁeldcollected sediment was wet sieved to obtain ﬁve particle-size fractions (b20, 20–63, 63–180, 180–500, and
N500 μm) and used for cypermethrin spiking. The ﬁnest sediment (b20 μm) had the highest rapid desorption
fraction (Fr) and rate (kr) when compared to coarser sediments. Elimination rate constants of cypermethrin determined by SPME (ke-SPME) and L. variegatus (ke-L.v.) for various fractions of sediments followed the same trend,
suggesting SPME ﬁber acts as a good surrogate for benthic organisms considering passive partitioning. Finally,
biota-sediment accumulation factors (BSAFs) of cypermethrin in worms were almost the same among the sediments with different particle sizes (0.425 ± 0.07–0.445 ± 0.07 g OC g−1 lipid), suggesting that the differences in
desorption and freely dissolved concentrations of cypermethrin did not signiﬁcantly inﬂuence its bioaccumulation potential in worms. Selective ingestion of ﬁne sediment particles may be one of the contributing reasons
for no differences in BSAFs observed in the treatments as would have been expected. The different desorption
and freely dissolved concentrations of cypermethrin in sediments with different particle sizes observed in this
study highlights the need for further work to better understand the inﬂuence of particle size on the toxicity of
highly toxic insecticides, such as cypermethrin, to sensitive benthic species.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
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Increasing water insecticide contamination and associated decreasing regional aquatic biodiversity are evident worldwide (Stehle and
Schulz, 2015a). Newer-generation insecticides (e.g., pyrethroids) had
higher exceedances of regulatory thresholds than legacy ones
(e.g., organochlorine pesticides) (Stehle and Schulz, 2015a; Stehle and
Schulz, 2015b). Thus, it is of great importance to assess and control potential risk caused by newer-generation insecticides in aquatic systems.
As hydrophobic insecticides tend to be bound to suspended particles
and accumulated in sediment (Katagi, 2006), they pose great risk to
benthic organisms (Stehle and Schulz, 2015b).
Sediments are heterogeneous at various aggregate and particle
scales (Luthy et al., 1997). The transport behavior of insecticidebinding particles in ﬂowing water system is particle-size selective,
i.e., coarse particles tend to be transported by bottom currents and settle
faster than ﬁne particles. In addition, ﬁne particles are potentially more
to be resuspended to the upper water column and transported to distant areas than coarse particles (Eisma, 1993; Gan et al., 2005). The different transport mechanisms of these particles can result in locationdependent distribution of size fractionated sediments as well as differing insecticide residues, especially as ﬁne particles normally contain
larger amounts of organic matter than coarse particles (Ghosh et al.,
2000; Kukkonen and Landrum, 1996; Richards et al., 2016).
Particle size takes into account of the impacts of not only organic carbon (OC) content, but also OC type, composition, surface and micropore
adsorption capacity, as all of these characteristics are particle-size dependent (Jia and Gan, 2014; Wang and Keller, 2008; Zhang et al.,
2016). Fine sediment particles have been reported to exhibit stronger
sorption capacity for hydrophobic compounds than coarse particles,
likely because surface area and organic carbon content increase with decreasing particle size (Qi et al., 2014). Enrichment of chemicals in ﬁne
sediment particles and selective ingestion of ﬁne particles by benthic organisms are critical factors that potentially inﬂuence the bioavailability
and toxicity of chemicals in sediment (Xia et al., 2016). Therefore, it is of
great importance to study the inﬂuence of particle size on the desorption and bioavailability of sediment-associated hydrophobic organic
compounds (HOCs), particularly those with high toxicity to benthic organisms, such as pyrethroids.
Sediment contamination of pyrethroids has been widely reported in
urban and agricultural areas, and their major contribution to the high lethality of sediments to benthic invertebrates has gained public attention
(Kuivila et al., 2012; Li et al., 2017; Mehler et al., 2011; Weston et al.,
2004). High intrinsic toxicity of pyrethroids to non-target organisms is
an important reason for their major contribution to sediment toxicity.
For example, the median lethal concentrations (LC50) of cypermethrin
to Hyalella azteca and Chironomus dilutus were reported at 0.38 and
1.34 μg g−1 OC, respectively, in 10–d sediment bioassays (Maund
et al., 2002). Due to high intrinsic toxicity of pyrethroids, subtle uncertainty in sediment concentration quantiﬁcation caused by particle-size
distribution may lead to over- or under-estimation of toxicity (You
et al., 2008).
The main objective of the present study was to evaluate the
inﬂuence of particle size on the desorption, bioavailability, and
bioaccumulation potential of cypermethrin in benthic invertebrates,
which were quantiﬁed by consecutive Tenax extraction, solid-phase
microextraction (SPME), and bioaccumulation testing using
Lumbriculus variegatus, respectively.
2. Materials and methods
2.1. Sediment collection, sieving, and spiking
A sediment sample collected from a drinking water reservoir in
Conghua, Guangdong Province, China was chosen as the original sediment to prepare different size-fractionated sediments by wet sieving.
Previous toxicity testing showed that the sediment exhibited no chronic
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toxicity to benthic invertebrates, including L. variegatus, H. azteca, and
C. dilutus (Du et al., 2013; Zhang et al., 2013). Additionally,
cypermethrin was not detected in the sediment. Surface sediment
(the top 5 cm) was collected using a stainless steel grab sampler and
sieved through a 2–mm sieve to remove large debris and rocks onsite,
transported back to the laboratory, and stored at 4 °C prior to use. The
ﬁeld-collected sediment (referred to the “original sediment” thereafter)
was wet sieved to obtain ﬁve particle-size fractions, i.e., b20, 20–63,
63–180, 180–500, and N500 μm, with moisture contents ranging from
46% to 65%. The total organic carbon (TOC) content of each sediment
fraction was measured with an Elementar (Vario EL III, Hanau,
Germany) after removal of inorganic carbon with 1 mol L−1 HCl. The
composition and texture of each sediment fraction were also characterized using a scanning electron microscope (SEM SU8010, Hitachi, Japan)
with an accelerating voltage of 1.5 kV. Meanwhile, the surface area, pore
volume, and adsorption capacity of the sediments were determined
with a surface area and porosity analyzer (ASAP 2460, Micromeritics,
USA) upon exposure to liquid nitrogen at −196 °C for 12 h.
Cypermethrin was spiked individually into the six sediments (original and ﬁve fractions of sediment) at nominal concentrations ranging
from 31.1 to 34.8 ng g−1 dry wt. (Table S1), using acetone as the carrier
(33 μL acetone kg−1 sediment maximum). Preliminary testing showed
no adverse effects to L. variegatus when exposed to sediment containing
cypermethrin at this concentration. Spiked sediments were thoroughly
mixed using a stainless paddle driven by an overhead motor for 2 h, and
aged at 4 °C in dark for 30 d. All sediments were re-homogenized before
testing.
2.2. Biomimetic extraction
Consecutive Tenax extraction technique was used to measure the
desorption rates of cypermethrin in the various sediment size fractions.
Tenax extraction was performed in triplicate with six sampling time
points (3, 6, 24, 72, 168, and 336 h). Five grams of each wet sediment,
50 μL of 0.1 g L−1 NaN3, 45 mL of reconstituted water, 2 pieces of copper
sheets, and 0.5 g Tenax beads (60–80 mesh, Scientiﬁc instrument services, NJ, USA) were added to a 50-mL screw-cap glass tube. The tube
was rotated at 20 rpm on a tube rotator (QB-228, Kylin-Bell, China) at
23 °C. At each time point, Tenax beads were removed from sediment
slurry, and fresh Tenax beads were added to continue the testing.
Disposable SPME ﬁbers with a diameter core of 1000 μm and 30-μm
coating of polydimethylsiloxane (Fiberguide industries, NJ, USA), were
used to measure the freely dissolved concentrations of cypermethrin
in sediment porewater. A stainless envelope with 10 pieces of 1-cm
SPME ﬁbers, 10 g of wet sediment, 10 mL of reconstituted water, 50 μL
of 0.1 g L−1 of NaN3, and 2 pieces of copper sheets were added to a
20-mL glass vial. The vial was horizontally shaken on a shaker (HY-4A,
Aohua Company, China) at 120 rpm. The testing was conducted in triplicate. At each time point (24, 48, 96, 168, 336, and 672 h), an envelope
with SPME ﬁbers was withdrawn from sediment. The detailed pretreatment, extraction and cleanup processes of Tenax beads and SPME ﬁbers
are described in the Supplementary Data.
2.3. Bioaccumulation testing
Bioaccumulation testing was conducted using the oligochaete,
L. variegatus, in accordance with the United States Environmental Protection Agency protocols (USEPA, 2000). Due to the limited amount of
20–63 and N500 μm sediments, bioaccumulation testing was only conducted with the original sediment and three size sediment fractions
(b20, 63–180, and 180–500 μm). The bioaccumulation testing was performed in triplicate using 400-mL beakers containing 80 g of wet sediment, 200 mL of reconstituted water, and 20 worms. Sediment and
reconstituted water were added to each beaker and allowed to settle
overnight before adding test organisms. The bioassay was conducted
under a light:dark photoperiod of 16:8 h, and overlying water was
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renewed twice a day using an automated water-delivery system
(Mehler et al., 2018). Water parameters, including dissolved oxygen,
temperature, conductivity, and pH, were monitored daily, while ammonia was measured at the beginning and the end of the bioaccumulation
testing. No feeding was performed during the tests. At each time point
(24, 48, 96, 168, and 336 h), worms were sieved from the sediment
with a 500-μm sieve and transferred to clean reconstituted water for
gut purging for 6 h. The worms were then blotted dry with tissue
paper and weighed using a microbalance (Sartorius Ag Pro 11,
Gottingen, Germany). One worm from each replicate was used for
lipid analysis and the remaining worms were used for body residue
analysis. All collected organisms were stored at −20 °C prior to analysis.
2.4. Sample extraction and instrumental analysis

bioaccessible concentration, was calculated by Eq. (3):
C s‐rap ¼ F r  C 0

where C0 is sediment concentration at time zero (μg g−1 OC).
The elimination rate constants (ke, h−1) and concentrations of
cypermethrin on SPME ﬁbers at equilibrium and L. variegatus at steady
state were modeled with a ﬁrst-order one-compartment model
(Eq. (4)). The concentration of cypermethrin in sediment porewater
(Cpw) was calculated using Eq. (5):


C t ¼ C 1−e−ke t
C pw ¼

Cypermethrin in sediment was extracted using accelerated solvent
extraction (ASE), Soxhlet extraction, and ultrasound-assisted
microextraction (UAME) for conﬁrmation purpose. The extracts were
then puriﬁed using a solid phase extraction cartridge containing
600 mg of primary secondary amine, 300 mg of graphite carbon black,
and 50 mg of anhydrous Na2SO4. Cypermethrin in worms was extracted
by acetone using a tissue homogenizer (TissuePrep TP-24, Bio-xplorer
Company, China). The supernatant was decanted and 1 mL of fresh acetone was added to initiate the extraction for additional two cycles. The
extracts were combined and centrifuged, and the supernatant was
decanted, concentrated, and solvent exchanged to hexane. The extracts
were puriﬁed using 50% H2SO4 for three circles and ﬁnally ﬁltered using
an anhydrous Na2SO4 cartridge to remove residual water. Cypermethrin
and the surrogate decachlorobiphenyl in Tenax, SPME, sediment, and
worms were measured with a Shimadzu QP 2010 Plus series GC–MS
(Shimadzu, Kyoto, Japan) in negative chemical ionization (NCI) mode
after adding internal standards. Detailed descriptions of the extraction,
cleanup, and instrumental analysis are presented in the Supplementary
Data.
2.5. Quality assurance and quality control (QA/QC)
A batch of QA/QC samples, including a laboratory solvent blank, matrix blank, matrix spike, and matrix spike duplicate, were analyzed
every 20 samples. In addition, a calibration standard was analyzed for
every 20 samples to ensure the variation of calibration for each analyte
was within 20%. The recoveries of cypermethrin in matrix spikes for
Tenax beads, sediment samples determined by ASE, Soxhlet extraction,
and UAME, and worms were 98 ± 7%, 112 ± 10%, and 98 ± 11%, respectively. The recovery of the surrogate decachlorobiphenyl in all samples
was 95 ± 15%.
2.6. Data analysis
Statistical comparison was performed using a student's t-test (α =
0.05). The kinetic rates and cypermethrin concentrations in L. variegatus
at steady state and on SPME ﬁber at equilibrium were modeled using
Scientist 2.01 (MicroMath Scientiﬁc, St. Louis, MO, USA). The desorption
rates of cypermethrin measured by consecutive Tenax extractions were
simulated with a biphasic desorption model (Eqs. (1) and (2)):




St
¼ F r e−kr t þ F s e−ks t
S0

ð1Þ

Fr þ Fs ¼ 1

ð2Þ

where St and S0 are the amounts of cypermethrin in sediment (ng) at
time t (h) and zero, respectively; Fr and Fs are the rapid and slow desorption fractions, respectively, and kr and ks are their respective rapid
and slow desorption rates (h−1). The rapid desorption concentration
of cypermethrin in sediment (Cs-rap), which was considered as

ð3Þ

Cf
K fw

ð4Þ
ð5Þ

where Ct and C represent the concentrations of cypermethrin on the
ﬁber or worm at time t (h) and at equilibrium (for SPME ﬁbers) or at
steady state (for worms), respectively. The Cf is the equilibrium concentrations on ﬁber. The log Kfw is PDMS-water partitioning coefﬁcient and
a value of 5.99 ± 0.12 is used for calculation (Lao et al., 2012).
Bioaccumulation potential of sediment-bound cypermethrin in L.
variegatus was described using biota-sediment accumulation factor
(BSAF), which is calculated by dividing lipid-normalized biota concentration (Cb) by OC-normalized sediment concentration (Cs).
BSAF ¼

Cb
Cs

ð6Þ

3. Results and discussion
3.1. Sediment characterization
The ﬁeld-collected sediment was wet sieved resulting in ﬁve size
fractions, i.e., b20, 20–63, 63–180, 180–500, and N500 μm, and these
size fractions accounted for 81.3%, 0.93%, 14.6%, 2.86%, and 0.31% of
the original sediment, respectively. The SEM images conﬁrmed the
size of each sediment fraction and provided additional information regarding the composition and texture of the sediments (Fig. 1A). As expected, adsorption/desorption surface area, pore volume, and sorption
capacity of the sediments increased with decreasing particle size
(Fig. 1B). The results supported the notion that ﬁne sediment particles
had higher likelihood to reduce bioavailability of bound chemicals due
to higher binding capability than coarse sediment particles (Ghosh
et al., 2000). Based on SEM images and sediment property analysis,
these ﬁve fractions were grouped into four different sediment textures
or compositions, i.e., clay (b20 μm), silt (20–63 and 63–180 μm), sand
(180–500 μm), and biological material (N500 μm) (Peng et al., 2014).
The TOC contents of the original and ﬁve fractionated sediments
(b20, 20–63, 63–180, 180–500, and N500 μm) were 1.83 ± 0.14%, 1.78
± 0.02%, 0.82 ± 0.12%, 1.04 ± 0.12%, 1.66 ± 0.15%, and 7.99 ± 1.80%,
respectively (Table 1). The TOC content of b20 μm sediment was significantly higher than those of 20–63 and 63–180 μm sediments, which
was consistent with previous observation that organic carbon enriches
in ﬁne sediments (Gan et al., 2005). Surprisingly, the sediment with
the largest particle size (N500 μm) contained four times higher TOC
than the other size fractions. Previous studies have shown that different
TOC contents occurred in sediment particles with various composition
and adsorption capacity (Di Toro et al., 1991; Ghosh et al., 2003). The
N500 μm sediment has been reported to consist of a large proportion
of biological materials which has high OC (Turner et al., 2017), thus it
was reasonable that the TOC in this size fraction was much higher
than the other size fractions. The TOC content in the 180–500 μm sediment was comparable to that in sediments at smaller sizes (i.e., b20
μm), probably due to existence of some biological materials in this
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Fig. 1. (A) Visual images of the original and ﬁve fractionated sediments taken with a scanning electron microscope (SEM). (B) The adsorption surface area (m2 g−1), desorption surface area
(m2 g−1), pore volume (10−2 cm3 g−1), and quantity adsorbed (cm3 g−1 STP) of the original and ﬁve fractionated sediments.

sediment, although this size fraction as a whole was observed to be
dominated by sand particles. As such, both particle size and texture inﬂuenced TOC contents in sediment, which further inﬂuenced

bioaccessibility/bioavailability of organic contaminants in sediment
(Ghosh et al., 2003).
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Table 1
The modeled parameters of cypermethrin in the original and fractionated sediments (b20, 20–63, 63–180, 180–500, and N500 μm).
Parameters

Original

b20 μm

20–63 μm

63–180 μm

180–500 μm

N500 μm

TOC (%)
Fr
Fs
kr
ks (10−2)
Cpw
ke-SPME (10−2)
ke-L.v. (10−2)
BSAF

1.83 ± 0.14a
0.391 ± 0.10acde
0.607 ± 0.10ace
0.269 ± 0.091a
3.37 ± 0.64a
12.3 ± 0.079a
4.98 ± 0.13a
4.80 ± 0.62a
0.608 ± 0.04a

1.78 ± 0.02a
0.689 ± 0.031b
0.300 ± 0.024b
0.187 ± 0.018a
0.367 ± 0.071b
9.48 ± 0.95b
1.80 ± 0.51b
2.33 ± 0.68b
0.445 ± 0.07b

0.817 ± 0.12b
0.470 ± 0.035c
0.526 ± 0.035c
0.122 ± 0.016b
1.05 ± 0.10c
31.7 ± 0.91c
4.34 ± 0.49ac
-

1.04 ± 0.12b
0.552 ± 0.030d
0.432 ± 0.028d
0.110 ± 0.014b
0.381 ± 0.051b
18.8 ± 2.3d
1.14 ± 0.41b
5.93 ± 2.4abc
0.425 ± 0.07b

1.66 ± 0.15a
0.393 ± 0.023e
0.601 ± 0.021e
0.175 ± 0.019a
0.909 ± 0.054c
12.3 ± 0.55a
3.14 ± 0.60c
6.25 ± 1.5c
0.426 ± 0.05b

7.99 ± 1.8c
0.259 ± 0.043a
0.728 ± 0.035a
0.133 ± 0.053ab
0.230 ± 0.032d
7.25 ± 0.38e
4.24 ± 0.93ac
-

The modeled parameters include: the rapid and slow desorption fractions (Fr and Fs) and their corresponding rapid and slow desorption rate constants (kr and ks, h−1) determined using
Tenax extraction (n = 3); the freely dissolved concentration in porewater (Cpw, pg L−1) and the elimination rate constant (ke-SPME, h−1) determined using solid phase microextraction
(SPME, n = 3); the elimination rate constant (ke-L.v., h−1) via sediment bioaccumulation bioassays with Lumbriculus variegatus (n = 3) and biota-sediment accumulation factor (BSAF,
g OC g−1 lipid); Data are presented as the mean ± standard deviation; Different superscript letters indicate signiﬁcant differences among the size fraction treatments; The hypen (-) indicates that this treatment was not evaluated for this given parameter.

3.2. Desorption and bioavailability of sediment-associated cypermethrin
Biomimetic parameters, including rapid and slow fractions (Fr and
Fs) and their respective kinetic rates (kr and ks) determined by consecutive Tenax extraction as well as elimination rate constants (ke-SPME) and
freely dissolved concentration in porewater (Cpw) determined by SPME,
for each size fraction of sediment are shown in Table 1. Furthermore, desorption and uptake curves of cypermethrin in various sediment size
fractions determined by consecutive Tenax extractions and SPME are
presented in Fig. 2 and Fig. S1, respectively. The calculations were all
based on sediment concentrations measured with ASE.
The desorption curve of the original sediment unexpectedly fell
below zero (Fig. 2), suggesting that Tenax extractable concentration
was higher than the supposed exhaustive concentration of
cypermethrin in sediment measured by ASE. A similar phenomenon
was observed in a previous study which showed that 45% of the evaluated desorption curves for pyrethroids were negative (Nutile et al.,
2017). To evaluate the effectiveness of the extraction method, two additional exhaustive extraction methods, namely Soxhlet extraction and
UAME, were used to determine the exhaustive concentrations of
cypermethrin in the sediments. Sediment concentrations of
cypermethrin determined by ASE, Soxhlet extraction, and UAME
accounted for 65 ± 6.4%, 54 ± 14%, and 41 ± 8.5%, respectively, of the
nominal concentrations after 30-d aging (Table S1), suggesting ASE
was the most effective among the three methods. Desorption parameters modeled using sediment concentrations determined by ASE were

Fig. 2. The desorption curves of cypermethrin in the original and ﬁve fractionated
sediments determined by consecutive Tenax extraction. Data are shown as the mean ±
standard deviation (n = 3).

all positive (Table 1). Therefore, sediment concentrations determined
by ASE were applied in further analysis.
In general, the ﬁne sediment (b20 μm) had higher Fr and kr values
than the coarse sediment (Table 1), indicating larger bioaccessibility
and faster desorption of cypermethrin in ﬁne sediments. The ke-SPME of
cypermethrin determined by SPME (or the uptake rate constant of
cypermethrin from sediment porewater to SPME ﬁbers) in ﬁne sediments (b180 μm except for 20–63 μm) was slower than that in coarse
sediments (N180 μm). Freely dissolved concentration of cypermethrin
in sediment porewater determined by SPME (Cpw) was generally
regarded as bioavailable concentration in sediment. As shown in
Table 1, Cpw in porewater of ﬁne sediment (b20 μm) was signiﬁcantly
lower than that in other fractions of sediments, suggesting lower bioavailability in ﬁne sediment, which was expected.
The role of sediment particle size in inﬂuencing bioaccessibility and
chemical activity of cypermethrin was further evaluated by correlating
sediment characters (pore volume and TOC) with biomimetic parameters (Figs. S2 and S3, respectively). The Fr increased with increasing
pore volume (i.e., decreasing particle size) of the fractionated sediments
(Table 1), and the linear regression became signiﬁcant by excluding the
sediment at b20 μm (Fig. S2). The kr increased with increasing TOC contents by excluding the sediment at N500 μm (r2 = 0.90, p = 0.052) due
to the much higher TOC content in this sediment (Fig. S3). No signiﬁcant
correlations were observed for the other biomimetic parameters although signiﬁcant differences of the parameters were noted among
the various size fractions (Table 1). Similarly, no signiﬁcant trends between surface area or quantity adsorbed and the biomimetic parameters were observed. Multiple factors inﬂuence sequestration and
release of HOCs in sediment (Cornelissen et al., 1999; Kukkonen et al.,
2003; Luthy et al., 1997). The surface area, pore volume, and quantity
adsorbed are based on physical property, i.e. surface area and porosity
of sediments, while the inﬂuence of other factors (e.g., the amounts of
OC and the quality of organic matter) on the overall adsorption capacity
were not included. On the other hand, sediments containing higher TOC
contents are expected to exhibit stronger sorption capacity to HOCs.
This expected trend was observed for most chemicals in two sediments
with different TOC contents, but some exceptions were observed and
showed the opposite trend (You et al., 2007), indicating other factors
rather than TOC content inﬂuenced desorption behavior of HOCs in sediment (Huang et al., 2017). Therefore, it is beneﬁcial to apply a multiple
regression to investigate the impact of sediment properties on the adsorption and release of HOCs in sediment, which deserves further study.
As mentioned above, some of the results in the current study were
not consistent with previous study, suggesting that other issues rather
than particle size were at play. One anomaly encountered was that the
original sediment and the smallest size fraction sediment (b20 μm)
had higher kr values than 20–63 and 63–180 μm sediments, however,
it was assumed that kr values would show the opposite trend. During
extraction, the extracts of Tenax beads retrieved from the original and
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b20 μm sediments showed visual turbidity, indicating ﬁne sediment
particles may have been eluted off the beads, while this visual turbidity
was not observed in the extracts of beads retrieved from other fractions
of sediment. Fine particles are likely to adhere to Tenax beads and/or
sorbed by the intraparticle pores of the Tenax beads. Previous studies
have shown that Tenax beads have an average intraparticle pore size
of about 200 nm and a pore area within each microsphere of approximately 20 nm2 (Alfeeli et al., 2010; Zhao and Pignatello, 2004). Although
the pore size is much smaller than the upper limit of the b20 μm sediment, it is possible that this sediment consisted of particles that were
possibly able to ﬁt into this pore size of Tenax beads. The adherence
and/or sorption of ﬁne particles by Tenax beads would signiﬁcantly
overestimate the Tenax extractable concentrations, further resulting in
overestimation of Fr and kr (Table 1) in ﬁne sediments and also contribute to the negative desorption curve of the original sediment (Fig. 2). Interestingly, the correlations between sediment pore volume and
biomimetic parameters improved for most of the parameters when removing the data of the ﬁnest sediment from the analysis (especially for
Fr and Fs which had p b 0.05) (Fig. S2).
3.3. Bioaccumulation potential of sediment-associated cypermethrin
All water parameters during bioaccumulation test were within acceptable ranges (USEPA, 2000), with dissolved oxygen, temperature,
conductivity, pH, and ammonia being 3.4 ± 0.3 mg L−1, 22.6 ± 1.0 °C,
350 ± 7.2 μs cm−1, 7.8 ± 0.2, and 0.3 ± 0.1 mg L−1, respectively. Neither lethal nor sublethal (reproduction and growth) effects were observed for L. variegatus during the testing. Lipid contents of the worms
exposed to the various fractions of sediment were not signiﬁcantly different among treatments, as such the mean lipid content (1.12 ± 0.14%)
was used for calculation.
The bioaccumulation proﬁle of sediment-associated cypermethrin in
L. variegatus is shown in Fig. 3. The body residues of cypermethrin
reached the highest level at 96 h and started to drop during the remaining exposure period, except for the 63–180 μm sediment which reached
its highest concentration at 48 h. Pyrethroids have been reported to be
biotransformed in L. variegatus, e.g., 37–52% and 57–61% of bifenthrin
and permethrin, respectively, were biotransformed in the worms (You
et al., 2009). Permethrin was also found to reach the highest concentration in the worms at 96 h and drop during the remaining period in a
water-only exposure (You et al., 2009). Induction of enzymes possibly
occurred at this time, which signiﬁcantly increased biotransformation
of pyrethroids in the worms and resulted in the drop of body residues
of the parent compounds. Due to drop of cypermethrin in the worms
after 96 h, the uptake of sediment-associated cypermethrin in the

Fig. 3. The time series of cypermethrin concentration in Lumbriculus variegatus (Cb)
exposed to the original and three different size-distribution sediments.
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worms were modeled using the ﬁrst four time points (0, 24, 48, and
96 h). The elimination rate constant of cypermethrin from the worms
(ke-L.v.) for the ﬁne sediment (b20 μm) was signiﬁcantly lower than
that for the coarse sediment (180–500 μm) (Table 1). This trend was
consistent with the elimination rate constant of cypermethrin from
the SPME ﬁber (ke-SPME), suggesting that SPME ﬁber acted as an effective
surrogate for biota when considering passive partitioning. The large variation of ke-L.v. for the 63–180 μm sediment (0.059 ± 0.024 h−1) made it
difﬁcult to evaluate any trends when including this size.
The BSAF values of cypermethrin in the fractionated sediments
ranged from 0.42 ± 0.07 to 0.61 ± 0.04 g OC g−1 lipid, which were in
the range that was reported in the previous study (You et al., 2009).
The BSAF values were lower than 1, supporting the fact that
cypermethrin was signiﬁcantly biotransformed in the worms. The
BSAFs of cypermethrin for the three size fractions of sediment (b20,
63–180, and 180–500 μm) were almost the same, suggesting sediment
particle size exhibited no signiﬁcant inﬂuence on the bioaccumulation
potential of sediment-associated cypermethrin in L. variegatus. As
discussed above, the elimination (or uptake) rate constant was slower
and porewater concentration of cypermethrin was lower in ﬁne sediment than coarse sediment. These two factors (i.e., elimination rate constant and freely dissolved concentration in porewater) are typically
used to quantify the uptake of sediment-associated cypermethrin via
passive partitioning (Mayer et al., 2014). The difference in these two
factors among different size fractions of sediment did not cause the difference in bioaccumulation potential of cypermethrin in L. variegatus
(expressed as BSAF), suggesting that other exposure routes,
e.g., sediment ingestion, may play a role in accumulating cypermethrin
by worms from sediments. The contribution of sediment ingestion to
accumulating sediment-associated HOCs by benthic invertebrates has
been widely recognized, although the quantiﬁcation through this
route requires more investigations (Beckingham and Ghosh, 2017;
Sun and Ghosh, 2007; Zhai et al., 2016; Zhai et al., 2018). It has been reported that L. variegatus mainly ingest particles smaller than 100 μm,
which would signiﬁcantly impact the actual available pool of
sediment-associated HOCs to the organisms (Lawrence et al., 2000;
Leppänen and Kukkonen, 2006). Thus, ingesting ﬁne particles would increase the uptake of cypermethrin from the b20 μm sediment by
worms, and subsequently increase its body residue which would not
be observed in coarse sediment. The results supported the assumption
that both desorption and animal behaviors (e.g., feeding behavior)
would affect the bioaccumulation potential of sediment-associated
HOCs in benthic organisms, although the contribution of particle ingestion to the accumulation of cypermethrin in worms requires further
quantiﬁcation (Wang et al., 2011). The BSAF of cypermethrin in the
original sediment was signiﬁcantly higher than that in the three fractionated sediments (Table 1). As mentioned above, the original sediment consisted mostly of ﬁne particles at b20 μm (81%), implying
similar sediment ingestion behavior of worms exposed in these two
sediments. Sediment characteristics, including the adsorption capacity
and TOC content were similar between these two sediments (Fig. 1).
However, the elimination (or uptake) rate constant of cypermethrin
by worms in the original sediment was signiﬁcantly faster than that in
the b20 μm sediment, which may result in higher BSAF of cypermethrin
in the original sediment.
The rapid desorption concentration (Cs-rap) and concentration on
SPME ﬁber at equilibrium (Cf), which were generally regarded as the
bioaccessibility and chemical activity, respectively, of cypermethrin in
sediment (You et al., 2007), were correlated to the body residues in L.
variegatus (Cb) at steady state (Fig. S4). The correlations were used to
evaluate the effectiveness of Tenax extraction and SPME in predicting
the bioaccumulation potential of cypermethrin in different sizedistribution sediments. Due to the limited dataset (four sizedistribution sediments), the rapid desorption concentrations, concentrations on SPME ﬁber at equilibrium and concentrations in worms at
steady state of HOCs from previous studies were included in the
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regression analysis. Signiﬁcant correlation between Cb and Cs-rap were
observed and the datasets of cypermethrin in the different sizedistribution sediments (squares in Fig. S4A) were close to the y = x
line, suggesting that the rapid desorption concentration determined
by Tenax extraction successfully predict the bioaccumulation potential
of sediment-associated cypermethrin. In comparison, the regression of
the Cb and Cf was under the y = x line, especially for the dataset of
cypermethrin in the different size-distribution sediments (squares in
Fig. S4B). The Cf was reported to be about 20 times lower than Cb,
most likely due to a bias in the equilibrium/steady state in the organisms and SPME ﬁbers (You et al., 2006). In addition, sediment ingestion
and biotransformation occur in organisms, but not in the ﬁbers, which
may also cause variations between organisms and SPME ﬁbers. However, the consistent trend of elimination (or uptake) rates of
cypermethrin from the worms and SPME ﬁbers exposed in differentsize sediments (Table 1) suggested that SPME ﬁbers were able to predict
the bioavailability of cypermethrin in sediments with different particle
sizes.
4. Conclusions
Desorption kinetics, bioavailability, and bioaccumulation potential
of cypermethrin in sediments with different particle size distributions
were compared in this study. Rapid desorption fractions and rate constants determined by consecutive Tenax extraction signiﬁcantly decreased with increasing particle size, which were unexpected.
Adsorption of ﬁne particles by Tenax beads was one possible reason.
Freely dissolved concentration of cypermethrin in porewater of ﬁne
sediment determined by SPME was signiﬁcantly lower than that of
coarse sediments, indicating lower bioavailability in ﬁne sediment.
The differences in desorption and freely dissolved concentrations of
cypermethrin in the size-distribution sediments did not inﬂuence the
bioaccumulation potential of cypermethrin in the benthic invertebrate
L. variegatus. Selective ingestion of ﬁne sediment particles by worms
may be one reason for the lack of differences. Pyrethroids have been reported to enrich in ﬁne particles in runoff sediments (Gan et al., 2005)
and cypermethrin has been identiﬁed as a main toxicity contributor to
benthic invertebrates in agricultural and urban waterway sediments
(Li et al., 2017). Therefore, the differences in kinetics and chemical activity of cypermethrin in sediments with different size distributions observed in the current study may inﬂuence their toxicity to sensitive
benthic organisms, which deserves further study.
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