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Abstract Whole life-cycle bioassays with Chironomus
dilutus were performed to evaluate sediment toxicity in Tai
Lake, a typical freshwater lake in China. Meanwhile, con-
taminants of concern were analyzed in sediment. The sedi-
ments in Tai Lake showed no acute mortality in 10-day
testing to C. dilutus. After chronic exposure to the sedi-
ments, however, adverse effects—including decreased sur-
vival and sublethal impairments of growth, emergence, and
fecundity—were observed at most sites in Tai Lake. A va-
riety of contaminants were detected in sediment with the
total concentrations in the range of 504—-889 ng/g dry weight
(dw) for polycyclic aromatic hydrocarbons, 0.56—-1.81 ng/g
dw for polychlorinated biphenyls, 38.6-87.8 ng/g dw for
polybrominated diphenyl ethers, 8.34-14.2 ng/g dw for
organochlorine  pesticides, 1.27-2.95 ng/g dw for
organophosphate pesticides, 0.11-0.21 ng/g dw for pyre-
throid pesticides, and 332-609 pg/g dw for metals. Finally,
a canonical correlation analysis was applied to link chronic
sediment toxicity to the toxic units of individual con-
taminants. Results suggested that two pesticides (hex-
achlorocyclohexane and chlorpyrifos) and two metals
(chromium and nickel) in sediments from Tai Lake were the
potential contributors to the noted toxicity in C. dilutus in
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the life-cycle toxicity testing. In conclusion, acute bioassays
with the benthos were not sensitive enough to assess sedi-
ment toxicity in freshwater lakes in China, and it is desirable
to integrate chronic toxicity testing with chemical analysis to
better understand sediment risk.

Water quality in freshwater lakes in China has experienced
severe deterioration in recent decades. In addition to eu-
trophication (Duan et al. 2009), high concentrations of
organic contaminants (Wang et al. 2012a) and metals (Ma
et al. 2013) in the lakes are of great concern. Tai Lake is a
shallow freshwater lake with a mean depth of 1.9 m and an
area of 2428 km?; it ranks as the third largest freshwater
lake in China; and it is situated on the southern part of the
Yangtze River Delta. This lake provides drinking-water
resources to surrounding cities and receives waters from
nearby urban and agricultural areas. With economic de-
velopment and urbanization in its watershed, increased
concentrations of legacy contaminants, such as polycyclic
aromatic hydrocarbons (PAHs) (Lei et al. 2014),
organochlorine pesticides (OCPs) (Wang et al. 2012a), and
metals (Fu et al. 2013), were frequently found in the lake.
Furthermore, emerging contaminants, e.g., organophos-
phate (OPs) and pyrethroid pesticides (PYRs), were also
detected in lake sediment (Wang et al. 2012b).

Sediment serves as a sink and a source for hydrophobic
contaminants, and water quality is directly related to sedi-
ment quality (Forstner 2004). Integrating chemical analysis
and toxicity testing with benthic organisms has been pro-
posed to assess sediment quality (USEPA 2000). Although
the lake sediments in China have been analyzed for various
contaminants of concern (Wang et al. 2012a; Fu et al. 2013;
Lei et al. 2014), the link between contaminants with sedi-
ment toxicity to benthic organisms is still unclear. Previous
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studies performed in urban waterways in South China re-
ported extremely high mortality of Chironomus dilutus after
10-day sediment exposures (Mehler et al. 2011; Li et al.
2013; Sun et al. 2015). Nevertheless, our preliminary study
showed that none of the sediment samples collected from
freshwater lakes in China caused acute mortality to C. di-
lutus. Therefore, a hypothesis was made that the acute
toxicity testing was not suitable for sediments in freshwater
lakes. It is desirable to apply more sensitive bioassays to
evaluate sediment toxicity in this situation, for instance, for
assessing sublethal effects of benthic organisms after whole
life-cycle toxicity testing (Benoit et al. 1997).

The objectives of the present study were to evaluate the
chronic effects on survival, growth, emergence, and re-
production of C. dilutus after exposing them to the sedi-
ments from Tai Lake to analyze contaminants of concern in
sediment, to integrate toxicity testing with chemical ana-
lysis using a screening toxic unit (TU) approach, and fi-
nally to identify potential contaminants that were
responsible for the chronic toxicity in midges.

Materials and Methods
Sediment Collection and Acute-Toxicity Testing

As shown in Fig. S1 and Table S1 in the Supplementary
Material (“s” represents figures and tables in the Supple-
mentary Material thereafter), five sediment samples were
collected from the north end of Tai Lake where water quality is
significantly degraded (Wang et al. 2011; Lu et al. 2013).
Among them, two were sampled from Meiliang Bay (T1 and
T2), and the remaining three samples were from Zhushan Bay
(T3), Gong Bay (T4), and the outlet to Wangyu River (T5),
which is adjacent to Yangtze River and serves as a conveying
water district. Meanwhile, a control sediment was collected
from a drinking-water reservoir in Conghua, China. This
sediment exhibited no chronic toxicity to the midges and
contained no target contaminants at concentrations greater
than the reporting limits (RLs) (Du et al. 2013, 2014).
Surface sediments were sampled using a stainless steel
grab, immediately transported back to the laboratory, pas-
sed through a 0.5-mm sieve, and homogenized. The sedi-
ments used for toxicity testing and chemical analysis were
stored at 4 and —20 °C, respectively. Acute toxicity was
tested using C. dilutus for the sediments, and the test
method is presented in the Supplementary Material.

Chronic-Toxicity Tests
Life-cycle toxicity tests using C. dilutus were performed in

triplicate for each group according to a previously pub-
lished method (Du et al. 2013). In brief, the test was
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initiated from newly hatched midge larvae (<24 h old) and
terminated on the hatch of the second generation. Twenty
midges were randomly distributed into a beaker that con-
tained 60 g of wet sediment and 250 mL of overlying re-
constituted water. Considering their physiological
difference at different life stages, midge larvae were fed
once daily with 1 mL of fish food at varying concentrations
as follows: no food on day 1; 0.6 g/L on days 2 through 7,
3 g/L on days 8 through 12; and 6 g/L on day 13 to the end
of the testing.

Lethality was enumerated at day 20 (before pupation) by
sieving the midges from the sediment. Sublethal endpoints
included the impairments of growth, emergence, and re-
production. Decrease in growth was quantified by com-
paring ash-free dry weight (AFDW) of the midges in site
sediments with that in the control. After 20-day exposure,
surviving C. dilutus were sieved from the sediment,
cleaned, and dried at 60 °C for 3 days to obtain a constant
weight (W1); then the organisms were reweighed after
burning at 550 °C for 3 h (W2), and AFDW was the dif-
ference between W1 and W2.

To evaluate the impairment of emergence, cumulative
emergence and emergence time were calculated by record-
ing the number of midges that emerged daily from the time of
the first emergence to the termination of the tests (47 days).
Once the midges emerged, the adults were transferred from
exposure beakers to collection chambers, and adverse effects
of sediment exposure on the reproduction were assessed by
the number of eggs per female; eggs were then counted under
a microscope by the ring count method suggested by Benoit
etal. (1997). In addition, egg hatchability was counted after a
7-day hatching period.

Chemical Analysis

Sediment samples were analyzed for a variety of chemical
of concern including six classes of organic contaminants
[16 PAHs, 27 polychlorinated biphenyls (PCBs), 8 poly-
brominated diphenyl ethers (PBDEs), 20 OCPs, 8 OPs, and
8 PYRs] (Table S2) as well as 7 metals [arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni),
lead (Pb), and zinc (Zn)]. The details on chemicals and
reagents and the procedures for chemical analysis and
quality assurance and quality control are shown in the
Supplementary Material. The contents of total organic
carbon (OC) in sediment samples were quantified using an
elemental analyzer (Elementar Vario EL III; Hanau, Ger-
many) after removing inorganic carbon with 1 mol/LL HCI.

Data Analysis

To assess the contribution of contaminants to sediment
toxicity, TUs of individual compounds were calculated. As



Arch Environ Contam Toxicol (2015) 69:461-469

463

shown in Eq. (1), TU is the ratio of OC-normalized sedi-
ment concentration of a contaminant (Cy ) and its chronic
median effective concentration (ECsg). The sum of TUs of
a group of contaminants was used to describe mixture
toxicity assuming that the joint toxicity was concentration
addition (Belden et al. 2007).

Csoc
TU = ECw (1)

Statistical comparisons of sediment toxicity between the
control and test sediments were performed by a one-way
analysis of variance (ANOVA),and significant differences
(p < 0.05) indicated that test sediments were toxic to the
midges.

The relationships between the observed chronic toxicity
and the TUs of contaminants were evaluated by a canonical
correlation analysis (Liu et al. 2009). This procedure de-
scribed the linear relationship between two sets of vari-
ables, which were denoted as X, X5, ..., X,, and Y1, Y>, ...,
Y,.. The respective coefficients (a;;, a;, ... a;, and b;;, b,

. b;,) were modeled to achieve the correlation between
the variables U; and V; (Egs. 2, 3).

Ui= apXi + apXs + - + aimXp (2)
Vi= byY1+ bpYr +---+ by Y, (3)

The highest correlation between the pair of variables U;
and V; was named as the first pair of canonical correla-
tion—Corr (U;, Vi)—and p, is their correlation coefficient.
The second pair of maximally correlated variables was
selected in turn, and tests of significance for canonical
correlation coefficients were performed using a likelihood
ratio test (p < 0.05). In the current study, adverse effects of
survival, emergence, growth, fecundity, and hatchability
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Fig. 1 Percent survival at day 20 (a) and AFDW (b) of C. dilutus
exposed to sediments collected from Tai Lake (T1 through TS5).
Significant differences between test sediments and the control were

were set as the X variables and the TUs of contaminants as
Y variables. Before analysis, 15 toxicity parameters of the
observed adverse effects were converted to the arcsine of
their square roots to improve the homogeneity of variances
and the normality of distributions, and the TUs of con-
taminants were logarithmically transformed. The compar-
isons and regressions were performed using SAS 9.1.3
software.

Results and Discussion
Chronic Sediment Toxicity

The five sediment samples from Tai Lake showed no acute
mortality to C. dilutus (Fig. S2), and thus all of the samples
were evaluated for chronic toxicity. The life-cycle toxicity
testing was initiated with the newly hatched C. dilutus
larvae and terminated at 47 days when the last midge
emerged for 1 week. Water-quality parameters were
monitored daily, and dissolved oxygen, pH, temperature,
and conductivity were 5.6 £ 0.3 mg/L, 7.21 % 0.04,
23 £ 1 °C, and 336 £ 18 pS/cm, respectively. Further-
more, the concentration of ammonia was measured at 0, 20,
and 47 days and was approximately 0.2 mg/L. Results
showed that water quality throughout the bioassays was in
an acceptable range (USEPA 2000).

As shown in Fig. la, mean survival of the midges in
control sediment was 78 £+ 8 % at day 20, and this rate
fulfilled the minimum criterion of 70 % of survival in
sediment toxicity testing (USEPA 2000), thus indicating
the effectiveness of the tests. Conversely, the survivorship
of the midges in field sediments from Tai Lake was
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determined by one-way ANOVA and are indicated by asterisks
(p < 0.05). Error bars denote SD (n = 3)
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Fig. 2 Cumulative emergence
of C. dilutus exposed to
sediments collected from Tai
Lake (T1 through T5).
Significant differences of total
emergence between test
sediments and the control are
presented in the bar chart. They
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ANOVA and are indicated by
asterisks (p < 0.05). Error bars
denote SD (n = 3)
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significantly decreased compared with the control
(p < 0.05) with the exception of T5. The growth of an
organism involves numerous biochemical, physiological,
and behavioral processes, and the impairment of growth
would lead to decreased fitness of the organisms and sub-
sequently decreased population abundance (Sibley et al.
1997). As shown in Fig. 1b, The AFDWs of the midges in
sediments T1 and T2 were less than one half of those of the
control (p < 0.05), whereas AFDWs in the remaining three
sediments were not significantly different from those of the
control organisms.

Exposure to contaminated sediment also hindered the
emergence of midges. As shown in Fig. 2, cumulative
emergence of C. dilutus decreased from 73 = 5 % in the
control to 36 + 3 % at site T1. Except for the midges in
sediment T5, cumulative emergences in lake sediments
were all significantly lower than that of the control
(p < 0.05). In contrast, emergence time for the midges,
which is the time required to achieve a predetermined
percentage of emergence, were nearly the same among all
treatments. It takes 40-50 days for C. dilutus to complete a
life cycle under normal conditions (Gower and Buckland
1978), but this time might extend to >60 days for midges
in contaminated sediments (Benoit et al. 1997). Neverthe-
less, the impact of chemical stressors on emergence time of
the midges was not obvious in the sediments from Tai Lake
with the longest time for midge emergence recorded at day
40 (Fig. 2). Therefore, the sediment samples from the north
end of Tai Lake did not affect emergence time of C. di-
lutus, although cumulative emergences decreased.

Reproduction was chosen as another end point because
it is not only sensitive to natural or anthropogenic stressors,
it is also related to deterioration of the midges at the
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Fig. 3 Fecundity and hatchability of C. dilutus exposed to sediments
collected from Tai Lake (T1 through TS5). Significant differences
between test sediments and the control were determined by ANOVA
and are indicated by asterisks (p < 0.05). Error bars denote SD
(n=3)

population level (Benoit et al. 1997). As shown in Fig. 3,
fecundity of the midges decreased at site T1 (621 £ 191
eggs/female) relative to the control (872 £ 161 eggs/fe-
male) (p < 0.05), but no significant difference in fecundity
was noted for others sites. Similar to previous studies (Du
et al. 2013, 2014), egg hatchability was not sensitive to
sediment-bound contaminants, and >91 % of eggs were
hatched after midges were exposed to all sediments. In
summary, except for site TS5, field sediments from Tai Lake
were chronically toxic—such as attenuated survivorship,
decreased growth, impaired emergence, and low fecundi-
ty—to C. dilutus.
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Sediment Chemistry
POPs

In addition to the bioassays, contaminants of concern—
including a series of POPs (PAHs, PCBs, and PBDEs),
pesticides (OCPs, OPs, and PYRs), and metals—were also
analyzed in the sediments from Tai Lake. The 16 PAHs in
the priority list were all detected in sediment samples, and
their total concentrations ranged from 504 to 889 ng/g dw
(Table S3). Three- and four-ring PAHs dominated PAH
compositions, accounting for 15-24 % and 35-42 % of
total PAHs, respectively. These results were in accordant
with recent studies in which concentrations of PAHs in Tai
Lake sediments were from 179 to 1670 ng/g dw (Lei et al.
2014) and 209 to 1060 ng/g dw (Zhang et al. 2012a).

Compared with PAHs, concentrations of PCBs were ex-
tremely low. As shown in Table S4, the total concentrations
of 27 PCBs in the five sediments were in a range of
0.56-1.81 ng/g dw, which is similar to a study in the same
area [0.76-3.27 ng/g dw (Wang et al. 2011)]. Low con-
centrations of PCBs in China compared with those in North
America (Krummel et al. 2005) were reasonable because
historical use of PCBs was limited in China. Geographically,
sediment TS5 from the outlet of Wangyu River had the
highest PCB concentration among the samples. It has been
reported that PCB concentrations in Yangtze River were
generally greater than those in Tai Lake, and relatively high
PCB levels at site TS5 might be a result of water diversion
from Yangtze River to Tai Lake (Xu et al. 2000).

The total concentrations of eight PBDEs ranged from
38.6 to 87.8 ng/g dw, and BDE-209, the most abundant
congener, ranged from 28.8 to 45.7 ng/g dw across sites
(Table S5). This was in the same range of sediment con-
centrations of BDE-209 in Tai Lake reported in a previous
study [9.68-144 ng/g dw (Zhou et al. 2012)].

Although POPs were detected in sediments from Tai
Lake, their concentrations were far lower than the bench-
mark values for their risk, i.e., the equilibrium-partitioning
sediment benchmarks for PAHs (12,403 ng/g OC) (USEPA
2003), the probable effect concentration (PEC) for PCBs
(676 ng/g dw) (MacDonald et al. 2000), and the ecological
screening values for penta-BDE (310 ng/g dw) and deca-
BDE (>38,4000 ng/g dw) (Environment Canada 2006), thus
suggesting that the risk from sediment-bound POPs to
benthic organisms was negligible. Nevertheless, the poten-
tial of POPs to be bioaccumulated and biomagnified through
the food web should not be overlooked (Yu et al. 2012).

Pesticides

Legacy OCPs and current-use OPs and PYRs were quan-
tified as well. As shown in Table S6, p,p'-

dichlorodiphenyltrichloroethane (p,p’-DDT) and endosul-
fan, and their metabolites, as well as hexachlorocyclohex-
anes (HCH) isomers were detectable in all lake sediments.
Aldrin, dieldrin, endrin, and heptachlor were also occa-
sionally found. The HCHs were the predominant OCPs,
and $-HCH was the most abundant isomer of HCHs with
concentrations of 1.00-6.07 ng/g dw. The concentrations
of the most toxic isomer, y-HCH, were from 0.04 ng/g dw
in sediment T5 to 0.41 ng/g dw in sediment T1. The ratios
of o-HCH to y-HCH were <1 in all sites, whereas ratios of
p-HCH/(o + y)-HCH were >0.5 (11.2-37.1). The compo-
sition of HCH isomers implied that HCH residues in Tai
Lake were primarily from the historical use of lindane,
which had experienced long-time degradation in sediment
(Willett et al. 1998). Instead, compositional patterns of
DDT and its metabolites indicated recent possible input of
DDT to Tai Lake. Although the ratios of (p,p’-DDE + p,p'-
DDD)/p,p’-DDT were >0.5 in sediments T1 and T2, the
values were <0.5 at the other three sites suggesting the
presence of fresh DDT input (Rapaport et al. 1985). This
result was consistent with that of a previous study, which
explained that the fresh input of DDT in Tai Lake was due
to the surface runoff from a typical alluvial plain of the
Yangtze River Delta region, China (Hu et al. 2014).

Of the OCPs detected, f-HCH was the only one having
concentrations greater than the USEPA freshwater sedi-
ment screening benchmark value of 5 ng/g dw (USEPA
2006) at sites T1, T2, and T4 (5.51, 6.07, and 5.56 ng/g dw,
respectively). Although DDT concentrations in the sedi-
ments from Tai Lake were less than the benchmark value
of 4.16 ng/g dw (USEPA 2006), attention should be paid to
its ecological risk due to the possible fresh input and
bioaccumulation potential.

Current-use pesticides (CUPs), e.g., OPs and PYRs, have
become great threats to aquatic organisms because of their
increasing use after legacy OCPs were banned (Li et al.
2014a). As shown in Table S7, chlorpyrifos and parathion-
methyl were detectable in all sediments with mean con-
centrations of 1.52 and 0.72 ng/g dw, respectively. In ad-
dition, diazinon was found at greater than the RL in
sediment T1. The input of OPs to the freshwater lakes in
China was associated with their agricultural use in the wa-
tersheds (Wang et al. 2012b). Although detectable, the
concentrations of chlorpyrifos were lower than its sediment-
quality benchmarks (5.19 ng/g dw) (USEPA 2002).

Compared with the OPs, concentrations of sediment-
bound PYRs were much lower in Tai Lake (Table S8). The
total concentrations of PYRs were from 0.11 to 0.21 ng/g
dw in the sediments, which is in accordance with a recent
study in which 0.02-2.91 ng/g dw of PYRs were detected
in Tai Lake (Fang et al. 2012). Permethrin and lambda-
cyhalothrin were found in all sediments, whereas cyper-
methrin and esfenvalerate were detected in one sample at
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concentrations greater than the RL. The level and compo-
sition of PYRs in Tai Lake were distinct from those in
urban areas in South China where 18-468 ng/g dw of
PYRs were detected and where cypermethrin was the
dominant PYR (Li et al. 2013). The concentrations of in-
dividual PYRs were lower than the PEC for permethrin,
lambda-cyhalothrin, and cypermethrin (1960, 87, and
76 ng/g OC, respectively) (Moran et al. 2011), and this
elucidated that ecological risk from sediment-bound CUPs
in Tai Lake was limited.

Metals

As shown in Table S9, the total concentrations of seven
metals ranged from 332 to 609 pg/g dw in the five sedi-
ments. The lowest concentration of metals was found in
Gong Bay (sediment T4), whereas the highest was the
outlet of Wangyu River to Yangze River (sediment T5);
these results were similar to metal distributions in Tai Lake
reported by Zhang et al. (2012b). In addition, Fu et al.
(2013) also showed that the concentrations of sediment-
bound metals in Yangtze River were much greater than
those in Tai Lake. The highest metal concentration at site
T5 in the current study might be related to water diversion
from Yangtze River to Tai Lake as in the case of PCBs.

A comparison of metal concentrations in Tai Lake with
the consensus-based PEC and TEC values (Table S9)
(MacDonald et al. 2000) indicated that Ni and As were
possibly risky with their concentrations greater than the
PEC values at some sites. For instance, the concentration of
Ni at sites T1 (58.6 pg/g dw) and T2 (50.2 pg/g dw) were
greater than the PEC and between the PEC and the TEC,
respectively, and the concentration of As at site T3
(34.5 pg/g dw) was slightly greater than its PEC.

Overall, POPs, pesticides, and metals were all frequently
detected in the sediments collected from Tai Lake, but their
concentrations were generally smaller than the values of
sediment-quality guidelines with the exceptions of f-HCH,
Ni, and As.

Identification of Potential Toxicity Contributors

To identify the possible contaminants causing chronic
toxicity of Tai Lake sediments to the midges, TUs of in-
dividual contaminants were computed from their respective
sediment concentrations and chronic ECsy, values
(Table 1). When chronic-toxicity data were not available,
the chronic ECsy of a contaminant was estimated by di-
viding its median lethal concentration (LCsq) in acute
toxicity testing by the acute-to-chronic ratio (ACR). As-
suming concentration addition, the sum of the TUs of in-
dividual chemicals in the same class—including POPs
(PAHs and PCBs), pesticides (OCPs, OPs and PYRs), and
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Table 1 TUs of individual pesticides OC, OP, and PYR pesticides,
and sum TUs of PAHs, PCBs, PBDEs, pesticides, metals, and all
contaminants in sediments collected from Tai Lake (T1 through T5)

Contaminant TU?
T1 T2 T3 T4 TS5

p,p’-DDD 0.01 0.01 0.01 <0.01 <0.01
p.p'-DDE <0.01 <0.01 <0.01 <0.01 <0.01
p.p’-DDT <0.01 <0.01 0.01 0.01 0.01
Dieldrin 0.01 BRL 0.01 BRL 0.01
Endosulfan I 141 1.85 1.86 1.18 0.99
Endosulfan II 0.20 0.21 0.27 0.20 0.08
Endosulfan sulfate 0.10 0.22 0.42 0.50 0.60
Endrin 0.14 0.50 0.46 0.03 0.19
y-HCH 1.44 0.44 0.90 0.75 0.06
Methoxychlor BRL 0.01 BRL 0.01 0.01
2TU-OCP 3.30 322 3.92 2.67 1.93
Chlorpyrifos 0.65 0.70 0.67 0.34 0.14
Diazinon 0.01 BRL BRL BRL BRL
Parathion-methyl 0.01 0.01 <0.01 <0.01 <0.01
TU-OP 0.66 0.71 0.67 0.35 0.14
Cypermethrin BRL BRL BRL BRL 0.03
Esfenvalerate 0.01 BRL BRL 0.01 BRL
lambda-Cyhalothrin ~ 0.04 0.05 0.04 0.03 0.02
Permethrin 0.02 0.02 0.01 0.01 <0.01
ZTU-PYR 0.08 0.07 0.05 0.06 0.07
ZTU-pesticide 4.04 4.00 4.64 3.08 2.14
2TU-PAH 0.31 0.45 0.45 0.17 0.12
XTU-PCB 0.01 0.02 0.01 0.01 0.01
>TU-PBDE 0.04 0.02 0.02 0.01 0.02
2XTU-Metal 1.59 1.46 1.49 1.21 1.62
XTU-all 5.98 5.94 6.60 4.47 3.90

BRL below reporting limit. The reporting limits for individual con-
taminants are presented in the supplementary material

Only the contaminants with at least one TU >0.01 are presented

? The TU was calculated from the concentration of contaminant in
sediment and its ECsq value. Sediment concentrations of individual
contaminants and ECso values of PAHs, pesticides, and metals are
presented in Tables S3 and S6 through S9 in the supplementary
material. Due to the lack of ECsq value, the PEC of 67.6 pg/g OC
(MacDonald et al. 2000) was used to calculate TU of PCBs, and the
ecological screening values for penta-BDE (310 ng/g dw) and deca-
BDE (>38,4000 ng/g dw) were used to calculate TU of PBDEs
(Environment Canada 2006)

metals (As, Cd, Cr, Cu, Ni, Pb, and Zn)—was calculated.
A TU of 0.5 was set as the threshold for substantial con-
tribution to the toxicity (Weston et al. 2004).

TU of POPs

To estimate XTU of PAHs, the toxicity data of PAHs were
first converted to benzo[a]pyrene (BaP) equivalents using
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the USEPA toxic equivalency factors (TEFs) (USEPA
1993). Then the ECsqy of BaP for the emergence of C.
dilutus in life-cycle toxicity testing (26.9 pg/g OC) was
used to calculate the TU of PAHs (Du et al. 2014). As
shown in Table 1, the XTU of PAHs ranged from 0.12 in
sediment T5 to 0.45 in sediments T2 and T3, thus sug-
gesting that PAHs may partially contribute to the observed
toxicity but that the contribution was relatively low.

Because no toxicity data were available, TU values of
PCBs and PBDEs were estimated by dividing sediment
concentrations by the PEC value (MacDonald et al. 2000)
and the ecological screening values (Environment Canada
2006), respectively. As a result, XTUs of PCBs and PBDEs
were all <0.02 and <0.04 for all sediments, respectively.
The negligible contribution of sediment-associated PCBs
and PBDEs to the toxicity to the midges was also supported
by the observations in a previous study. In this study,
sediment samples from an electronic waste recycling site
had PCB and PBDE concentrations hundreds times greater
than those in Tai Lake, but they were not toxic to midges
that were exposed to these sediments for 10 days (Mehler
et al. 2011). Thus, it is reasonable to infer that PCBs and
PBDEs in Tai Lake contributed little to sediment toxicity
to the midges.

TU of Pesticides

As the most prevailing OCP, HCH was one of the main
contributors to sediment toxicity (Table 1). y-HCH was the
only isomer that had attainable toxicity data for C. dilutus
(Table S6). In addition, toxicity data for primary cultures of
cerebellar granule cells suggested that y-HCH was the most
toxic isomer at 15-30 times greater potency than o- and o-
HCH, whereas f-isomer was relatively inactive (Pomés
et al. 1993). Therefore, only y-HCH was considered when
calculating TU of HCH, thus implying a slight underesti-
mation in the possible occurrence of HCH-TUs. Although
most OCPs were banned in the 1980s, the use of endosulfan
is still allowable in China resulting in its accumulation in
the environment (Li et al. 2014b). Endosulfan and its
metabolite contributed to the toxicity with TU values of
1.67-2.55. Endosulfan I is highly toxic to the midges and
thus dominated the TU of endosulfans (0.99—-1.86). Except
for HCHs and endosulfans, other OCPs had TUs <0.5 at all
sites implying their minimal contributions to the observed
toxicity.

The TU of OPs ranged from 0.14 to 0.71 at all sites, and
chlorpyrifos accounted for >95 % of OP TUs. The TUs of
permethrin were calculated from its chronic ECs( value for
the emergence of C. dilutus (0.84 pg/g OC) (Du et al.
2014). Because no chronic toxicity data are available for
other PYRs, their chronic ECs, values were deducted by
dividing their acute LCs, values by an ACR of 29.2, which

was estimated from the toxicity data of permethrin. Sedi-
ment-bound PYRs were identified as being one of the
principal contributors to toxicity to the midges in urban
waterways of South China (Mehler et al. 2011). Con-
versely, PYRs were unlikely the contributors to the toxicity
to C. dilutus in Tai Lake with the total TUs being between
0.05 and 0.08. Instead, chlorpyrifos was likely the CUP of
a great concern due to its much greater TUs than those of
other measured CUPs.

TU of Metals

The TUs of metals were calculated from the ECsq values of
individual metals. As shown in Table 1, total-metal TUs
ranged from 1.21 to 1.62 suggesting that metals also played
a role in the chronic sediment toxicity to the midges in Tai
Lake. In particular, As, Cr, and Ni contributed to the most
of metal TUs.

Overall, the sum of TUs for all target contaminants at the
five sites ranged from 3.9 to 6.6. The lowest TU value was
found in sediment T5, and this was consistent with the results
of the bioassay results, i.e., sediment T5 exhibited the least
toxicity. Several chemicals, including PAHs, y-HCH, en-
dosulfans, chlorpyrifos, As, Cr, and Ni, were the plausible
stressors to C. dilutus. To confirm whether chronic toxicity
could be explained by these contaminants, the relationship
between biological effects and chemical residues in sedi-
ment were evaluated by canonical correlation analysis.

Relationship Between Chronic Toxicity and TUs

Canonical correlation analysis was performed to attain a
significant association between chronic toxicity and TUs of
selected contaminants in the sediments. One set of vari-
ables (X;—Xs) represented chronic effects including sur-
vival, emergence, growth, fecundity, and hatchability; the
other set of variables (Y;—Y;) were the TUs of PAHSs, en-
dosulfans, y-HCH, chlorpyrifos, As, Cr, and Ni, respec-
tively. Five pairs of canonical correlations were obtained in
this analysis, but only the first pair of canonical correla-
tions (Corr [U;, V;]) was significant with a canonical co-
efficient (p;) being 0.91 (p < 0.01). The original variables
(X; and Y;) bearing canonical loading values >0.35 were
selected because they provided a meaningful interpretation
between U, and V; (Liu et al. 2009). As shown in Table 2,
the canonical variables of biological effects mainly repre-
sented survival (0.79), emergence (0.90), and fecundity
(0.41) because their canonical loading (in parentheses) are
>0.35, whereas variables of TUs mainly represented 7-
HCH (—0.81), chlorpyrifos (—0.75), Cr (—0.63), and Ni
(—0.61). This showed that the long-term exposures to these
four contaminants were probably associated with the ad-
verse effects on survival, emergence, and fecundity in C.
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Table 2 Canonical correlation
between the two sets variables

Corr (Uy, V), p1 = 091 (p < 0.01)

[chronic effects (X, through Xs)
and log values of TU from

sediment concentrations of
contaminants (Y; through Y5)]

Variable (X) Loading® Variable (Y) bb Loading
Survival at 20 days (%) 0.79 PAHs —4.5 —0.23
Emergence (%) 0.90 Endosulfans 1.21 —0.12
Growth (mg/replicate) 0.074 0.31 y-HCH —2.27 —0.81
Fecundity (eggs/female) 0.41 Chlorpyrifos 4.67 —0.75
Hatchability (%) 0.01 As 0.08 —0.31
Cr 0.42 —0.63
Ni 0.47 —0.61

? Corr (Uy, Vy) is the first pair of canonical correlation (U; = aX; + a1, 2Xo + ... + a;5Xs, V; -
=b 1Yy + b1oY> + ... + by 7Y7), and p, is the coefficient of the first pair of canonical correlation

® a4, and b, are standardized canonical coefficients

¢ Loading is canonical loadings: Loadings >0.35 are highlighted in bold. These were used to select
variables believed to give a meaningful interpretation between the new pair of variables (Liu et al. 2009)

dilutus. In contrast, the contributions from PAHSs, endo-
sulfans and As were relatively minimal because their
canonical loading are <0.35.

Conclusions

Although sediment samples from Tai Lake in China were
not acutely lethal to C. dilutus, adverse effects after chronic
exposure were observed for most sediments. To better
understand sediment risk in freshwater lakes, therefore, it is
desirable to evaluate chronic toxicity to benthic organisms,
which are more sensitive and environmentally relevant.
Contaminants that were potentially responsible for sedi-
ment toxicity were screened by a TU approach and further
identified by assessing the relationship between chronic
toxicity and the occurrence of contaminants using canoni-
cal correlation analysis. Two pesticides (HCH and chlor-
pyrifos) and two metals (Cr and Ni) in sediments from Tai
Lake were identified as being potential contributors to the
impairments of survival, emergence, and fecundity of C.
dilutus.
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