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A B S T R A C T :   

Sediments play a pivotal role in maintaining the aquatic ecological status of rivers. However, the determination 
of the key toxicants that consider the combined effects of all sediment-related contaminants are still challenging 
and necessary for an appropriate sediment risk assessment. The effects of sediments on aquatic organisms have 
been reported in Liaohe River, but their key toxicity factors are not well known. To determine the key toxicity 
factors, twenty-six surface sediment samples from Liaohe River tributaries in Northeast China were collected. 
Acute toxicity test of midge larvae results showed that 6 of 26 tributaries had obvious toxic effects, with survival 
rates of 37%–57% (p < 0.05). The masking test showed that the main pollutants in the surface sediments of T7 
and T16 were metals, that of T8 was an organic pollutant, those of T19 and T26 were organic pollutants and 
ammonia, and those of T17 were heavy metal and ammonia. Chemical analysis showed that the relatively high 
concentrations of ammonia were only presented in surface sediments of T17, T19, and T26, with PTU of 1.5, 1.2 
and 1.1, respectively, whereas heavy metals were markedly high in surface sediments from T7 and T16, with PTU 
of 0.92 and 0.61, respectively. Interestingly, the observed toxicity in surface sediments agreed with the toxicity 
predicted by chemical analysis Moreover, the significant correlation between the survival and volume ratio of the 
sediment and overlying water confirmed ammonia nitrogen was key toxicity factor in T17, T19, and T26, 
whereas Cu was the key toxicity factor in T7 that cause the biological toxicity. In conclusion, the major toxic 
factors of ammonia and copper in the sediments were identified. Moreover, our study suggested that effect 
guidance strategy was an effective method for sediment quality assessment.   

1. Introduction 

Large quantities of organic or inorganic compounds can discharge 
into a river system by natural or anthropogenic sources and are subse-
quently distributed between the aqueous phase and sediments during 
their transport (Ho and Burgess, 2013; Karimi-Maleh et al., 2021; Li 
et al., 2019). Chemical compounds have been widely released into 
aquatic systems due to human activity with harmful effects on aquatic 
organisms. Moreover, to improve the water quality of a river, it is also 
especially important to improve the water quality of its tributaries (Ahn 
and Lyu, 2020). In the river basin, the main stream receives many 

tributaries, and large pollutant loads from the tributaries may exceed the 
natural purification ability of the river (Huang et al., 2014). Each trib-
utary flows through different areas and has different concentrations and 
types of pollutants in the river, resulting in different effects on the main 
stream (Zhao et al., 2020). For instance, Dong et al. (2020) reported that 
the potential ecological risk of heavy metals in the tributaries of the 
Dagu River are different. Therefore, it is necessary to manage the water 
quality of tributaries to improve the water quality of the main stream. 

Sediment is an important part of aquatic ecosystems and provides 
habitat for benthic organisms, which drive ecosystem processes that 
support biogeochemical cycling. (Ho et al., 2002; Li et al., 2019; Mac-
Donald et al., 2000). Sediments sorb persistent and toxic chemicals at 
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concentrations much higher than those in the water column (Li et al., 
2019). and contaminated sediments become sinks and secondary sour-
ces of potentially hazardous chemicals (Cachot et al., 2007; Hallare 
et al., 2005). Accumulation of compounds in sediments can seriously 
affect their role as an important component of the aquatic ecosystem to 
maintain the trophic status for any waterbody (Gao, 2021; Hallare et al., 
2011; Karimi-Maleh et al., 2021; Song et al., 2017). In general, the 
assessment of sediment quality has historically been restricted to routine 
qualitative and quantitative chemical analyses and then compared 
concentrations to standard values listed in sediment quality guidelines 
to preliminary assess the impact of sediments on aquatic organisms (de 
Baat et al., 2019; den Besten et al., 2003). However, chemical analyses 
cannot provide enough information to evaluate the adverse effects of 
these substances in aquatic organisms (Ghosh et al., 2017; Keiter et al., 
2010). 

Integrated strategies such as toxicity identification and evaluation 
(TIE) that have become efficient tools for elucidation of known and 
unknown toxicant(s) have focused on environmental samples and 
mixture effects (Blackwell et al., 2019; de Baat et al., 2019). TIE is a 
well-established technique originally developed by the US Environ-
mental Protection Agency (1996, 1991a, 1991b). And TIE involves a 
series of physical or chemical manipulations of samples to alter the 
toxicity associated with various contaminants, combining chemical 
analysis and data interpretation methods, and then determining which 
chemicals in the sample are responsible for the observed toxicity. 
(Burgess et al., 2013; Ooi et al., 2020). In the previous studies, Mehler 
et al. (2010) reported that PAHs as toxic factors were identified in sur-
face sediments from the Illinois River by sediment TIE. Moreover, Bailey 
et al. (2016) reported that nonpolar organics were the primary causes of 
toxicity across the site and further demonstrated that ammonia and 
metals were not significant contributors to toxicity by sediment TIE in 
Canada. In addition, there is little toxicological information for deter-
mining the bioactive components of chemical substances in China (Li 
et al., 2018). Therefore, techniques related to TIE, such as handling 
multiple pollutant interactions and setting up direct relationships be-
tween toxicity and analytical outputs, are not widely applied for risk 
assessment in China. 

The Liaohe River is one of the seven major river basins in China. 
There are 33 first-class tributaries on both sides of the river (Liu et al., 
2015). The water system runs about 134,5 km, with a basin extending 
over an area of 191,900 km2 (Zhang et al., 2010). Due to the 
socio-economic activities in the region, such as metallurgy, chemical 
industry, pulp and paper industry, pharmaceutical, mining, and petro-
chemical industries, pollution problems are becoming more serious (Gao 
et al., 2012). However, the majority of studies investigating 
sediment-associated contamination in the Liaohe River have assessed 
risk solely based on chemical data, with little information reported 
regarding biological effects, and mainly on mainstream (Gao et al., 
2012; He et al., 2016; Jiang et al., 2013). Hence, sediment contact tests, 

which involve the exposure of benthic organisms to sediments, are 
needed to evaluate the integrated effects of sediment-related 
contaminants. 

The current study is different from previous studies on larger 
wadable streams, a total of 26 sediment samples were collected from 
tributaries along the Liaohe River. The objectives were to (i) explore the 
toxicity effect to Chironimus riparius of surface sediments from tribu-
taries, (ii) identify the key toxic factors of each tributary, and (iii) 
determine the feasibility of the effect guidance strategy in conducting a 
causal analysis of toxicity in surface sediments. 

2. Materials and methods 

2.1. Study area and sample collection 

According to the methods reported by previous study (de 
Castro-Català et al., 2016). In total, 26 surface sediment samples (0–10 
cm) were collected using a grab sampler from the tributaries of the 
Liaohe River (Fig. 1 and Table S1). Given that differences in sediment 
accumulation and distribution at estuarine locations, three aliquots 
were taken both from the middle and the edge of each sampling site, 
respectively. After being fully mixed, the collected samples were placed 
into cleaned 2 L stainless steel dinner pails, transported in a cooler to the 
laboratory, and finally stored at 4 ◦C and − 20 ◦C for toxicity and 
chemical analyses, respectively. The sediments of the control group 
were prepared by referring to the method reported by Pasteris (2003) 
and using the soil of the Daxing Nature Reserve in Beijing, China. 

2.2. Organism cultures 

Benthic invertebrates are considered as most suitable models since 
sediments are integrating long term water column contamination his-
tory (dos Reis Oliveira et al., 2020). Among benthic invertebrate, midge 
larvae is considered particularly sensitive and have been widely used as 
model organisms in toxicity assessment studies in freshwater and 
developmental biology by USEPA (2000), OECD (2004) and ASTM 
(2014). All contaminated sediments caused lethal and/or sublethal ef-
fects on the C. riparius, a species that is relatively resilient to sediment 
contamination. Moreover, several end points, such as mortality, life 
span, reproduction, behavior, and body length, have been used to test 
for acute toxicity in C. riparius (Zhang et al., 2020). The TIE method, 
coupled with using midge as a bioindicator, has been successfully 
employed in the toxicity evaluation of sediments (Ke et al., 2018; Li 
et al., 2019). 

The C. riparius were kindly provided by the Nankai University and 
were laboratory cultured in accordance with standard protocol by ASTM 
(2014). The larvae were kept at a temperature of 23 ± 1 ◦C in a glass 
aquarium filled with culture water and a substrate consisting of a layer 
of paper towels. Fish food flakes (Tetrafin®) were ground into powder 
and added to each culture chamber during the culturing period. 

2.3. Screening toxicity bioassays 

All screening toxicity tests were conducted using the C. riparius 10- 
day survival tests described by ASTM (2014). Homogenized sediment 
(100 mL) was placed into each 300 mL jar and filled with 175 mL of 
culture water. Each treatment contained 3 replicates, and each replicate 
contained 10 third-instar midge larvae. Exposures were conducted in a 
static system, which renewed overlying water every day. The dissolved 
oxygen (DO), conductivity, temperature, and pH were monitored at the 
beginning and end of the test. The midges were fed daily during toxicity 
tests with 1.5 mL/beaker/day 100 g/L of Tetrafin fish food. At the end of 
each test, mortality was assessed for each replicate by passing sediment 
through 500 μm mesh sieves. The organisms were considered dead if no 
movement or reaction was observed with a slight mechanical stimulus. 

Abbreviations 

PCC powdered coconut charcoal 
CER cation exchange resin 
TIE toxicity identification evaluation 
OTU observed toxic unit 
PTU predicted toxic unit 
TOC total organic carbon 
DO dissolved oxygen 
PEC possible effect concentration 
OCPs organochlorine pesticides 
OPs organophosphate pesticides 
PAHs polycyclic aromatic hydrocarbons  
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2.4. Toxicity masking 

Powdered coconut charcoal (PCC), cation exchange resin (CER), and 
zeolite were used to investigate the contribution of nonionic organic 
contaminants, cationic metals, and ammonia in the sediments that 
exhibited toxicity, respectively. After the addition of each manipulation, 
sediment toxicity bioassays were conducted. 

2.4.1. Powdered coconut charcoal addition 
PCC is thought to reduce the toxicity of many organic poisons by 

providing high affinity binding sites, thereby reducing the chemical 
toxicity of these chemicals. PCC was obtained from Chengde Jibei 
Yanshan Activated Carbon Co., Ltd. (Hebei, China). PCC is produced 
from coconut husks after pyrolysis and ground into powder (<45 μm) 
(Lebo et al., 2003). The PCC was hydrated before use by combining it 
with DI water (1:2 v/v) under vacuum for approximately 18 h (Burgess 
et al., 2011). After vacuum, the hydrated PCC was centrifuged to remove 
excess water, transferred to a cover glass container, and stored at 4 ◦C. 
The PCC was added to the sediment at a proportion of 2% (by volume), 
and the mixtures were equilibrated for 24 h before organisms were 
added. 

2.4.2. Cation exchange resin addition 
The resin is a macroporous weak acid cation exchange resin, which 

chelates with heavy metal ions. The CER was rinsed three times before 
use with deionized DI water (1:4 v/v), then combined with four volumes 
of saline water (sodium chloride 30 g/L) and stored in this solution at 
4 ◦C in the dark until testing (Burgess et al., 2000). Saline water was used 

to avoid pH anomalies that occurred during the TIE. Before testing, the 
resin was rinsed in DI water to remove excess salt, and approximately 
20% resin (by volume) was measured for toxicity sediment analysis. 
Sediments were then equilibrated for at least 24 h before organism 
addition. 

2.4.3. Zeolite addition 
Zeolite is a hydrated aluminum silicate mineral composed of 

aluminum oxide and silicon tetrahedrons stacked symmetrically to form 
an open and stable negatively charged 3D structure. The negative charge 
of the zeolite allows certain positively charged ions to adsorb. Zeolite 
particles were ground, passed through a 1.4 mm sieve, and wetted with 
excess test water. The mixture was allowed to settle for 24 h before 
decanting. A 20% amendment (by volume) was used for each test, and 
the mixtures were equilibrated for 24 h before organism addition (Besser 
et al., 1998). 

2.5. Chemical analysis 

Pollutants, including 15 organochlorine pesticides (OCPs), 10 
organophosphate pesticides (OPs), 10 polycyclic aromatic hydrocarbons 
(PAHs), ammonia nitrogen, and heavy metals were selected as repre-
sentatives of hazardous pollutants because of their widespread distri-
bution in sediment and potential toxicity to aquatic biota. 

2.5.1. Organic compounds 
A suite of 15 OCPs (α-HCH, β-HCH, γ-HCH, δ-HCH, heptachlor, 

aldrin, heptachlor epoxide, cis-chlordane, trans-chlordane, endosulfan, 

Fig. 1. Sampling sites in the tributaries of Liao River.  
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4,4′-DDT, 4,4′-DDD, 4,4′-DDE, endrin and endrin ketone, OCPs Mix, >
99%, GC), 10 OPs (DDVP, dimethoate, carbofuran, atrazine, chlor-
othalonil, parathion-methyl, malathion, chlorpyrifos, parathion and 
deltamethrin, OPs Mix >99%, GC), and 10 PAHs (naphthalene, ace-
naphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluo-
ranthene, pyrene, benzo [α]anthracene and chrysene, PAHs Mix >99%, 
GC) were purchased from Supelco (Bellefonte, PA, USA) and Accus-
tandard (New Haven, CT, USA). The HPLC grade solvents (acetone, 
dichloromethane, methanol, and N-hexane) and 7 × cleaning solution 
were purchased from Tedia (USA) and Supelco Company (USA). The 
analysis method was slightly modified based on a previous study 
(Parolini et al., 2010). Each freeze-dried sample was processed for 24 h 
using a dichloromethane: acetone (1:1 v/v) mixture in a Soxhlet appa-
ratus, which was subsequently concentrated using a rotary evaporator. 
Clean-up was performed using a solid-phase extraction column 
composed of silica gel and alumina, and samples were subsequently 
placed under a gentle nitrogen flow to a final volume of 1 mL. Analysis of 
OCPs, OPs, and PAHs was performed using an Agilent series gas chro-
matograph equipped with an Agilent 7683 autosampler and 5975 mass 
spectrometry. 

2.5.2. Metal 
Standards for metals (Cr, Cu, Ni, Zn, Cd, Pb, and As) were purchased 

from Accustandard (New Haven, CT, USA). To determine the total metal 
content, 0.5 g dry sediment was digested with concentrated nitric acid 
and hydrofluoric acid (5:1 v/v) in a microwave digestion system (Mars, 
CEM) for 30 min. The suspension was transferred to an acid-driven 
processor to drive excess acid and then diluted with water to a con-
stant volume of 50 mL. Metal concentrations in sediments were quan-
tified using inductively coupled plasma mass spectrometry (Plasma 
Quad 3, VG) (Zabetoglou et al., 2002). Reagent blanks were monitored 
throughout the analysis and used to correct the analytical results. The 
accuracy of the analyses was approximately ±5% for all elements using 
standard solutions. 

2.5.3. Ammonia 
Interstitial water was extracted from sediments immediately after 

collection by centrifuging a 100 mL aliquot of sediment at 9000 g for 30 
min at 4 ◦C. Total pore water ammonia concentrations were measured 
with an ion-selective electrode (Fisher Scientific), and concentrations of 
un-ionized ammonia were calculated from total ammonia using pub-
lished coefficients to correct for the effects of pH and temperature 
(Emerson et al., 1975). 

2.5.4. QA/QC 
To ensure the accuracy and usefulness of the analysis data, the in-

struments were proofread using calibration standards, blank spiked, 
procedural, and solvent blanks were carried out for every set of 15 
samples or new test day. Limits of detection (LODs) and limits of 
quantification (LOQs) were defined with a signal-to-noise ratio (S/N) of 
3 and 10, respectively., respectively. All results were expressed on a dry 
weight basis, and those samples with detected concentrations lower than 
LOQs were treated as not detected (ND). The data of LODs, LOQs and 
recovery rates have been added in Table S4. 

2.6. Toxic unit evaluation 

Two toxic unit types were used in the current study to assess the 
contribution of each contaminant to the observed sediment toxicity 
(Mehler et al., 2011). Observed toxic units (OTUs) were derived from 
mean mortality for midges exposed to the sediment samples following 
Eq. (1), reflecting the bioassay results. 

OTU =

observed percent
mortality for the midges

50
× dilution factor (1) 

The dilution factor indicated how many times the tested sediments 
were diluted with control sediment. In this study, the sediments were 
not diluted, and thus, the dilution factor of the equation was 1. 

The predicted toxic unit (PTU) represents estimates of sediment 
toxicity based on the measured chemical concentrations in sediments 
(Eq. (2)). The concentration addition method was used to estimate the 
mixed toxicity, and the individual PTU was calculated by dividing the 
pollutant concentration in the sediment by the lethal concentration 50 
(LC50) value of midges in the published literature. However, in some 
cases LC50 values for C. riparius are not available and the best available 
data (sediment benchmarks) is used. 

PTU =
contaminant concentration in sediment

LC50 or sediment benchmark
(2) 

The LC50 values were taken from published literature values for 
midge larvae (organophosphorus pesticides (OCPs) and PAHs (Mehler 
et al., 2011; Weston et al., 2004); and ammonia (Besser et al., 1998). 
Seven metals were evaluated using PEC values (MacDonald et al., 2000) 
as LC50 values. The predicted TU was expressed as the mean PEC quo-
tient of evaluated metals. The concentrations of organic pollutants and 
LC50 were used to calculate the TU on an organic carbon normalized 
basis. 

2.7. Spiking test 

In order to confirm that putative key factors predicted from masking 
test and instrumental analysis were the probable cause of observed 
toxicity of sediments, confirmation tests were conducted. As described 
in results and discussion below, ammonia and copper were identified as 
potential key toxicants on based of TIE method. In the case of no added 
ammonia-nitrogen, the volume ratios of sediment/overlying water of 
1:1, 1:2, and 1:4 (by volume) were used. In the spiking test, the NH4Cl 
solution was added to the original sediment to double the concentration 
of ammonia-nitrogen in the sediment. Then, ammonia-spiked sediments 
were held for at least 2 d before bioassays or chemical analysis were 
conducted, and three parallel tests were carried out for each ratio. Ten C. 
riparius larvae were placed in parallel, and the toxicity test was carried 
out for 10 d. The concentrations of ammonia in the interstitial water 
were measured using an ion-selective electrode (Fisher Scientific). The 
Cu spiking test condition was similar to those for ammonia. Studies have 
shown that Cu-spiked sediments reach equilibrium after 10–15 d of 
storage (Hunt et al., 2008). In our study, the Cu-spiked sediment was 
stored at 4 ◦C for 14 d. The concentrations of Cu in the sediment were 
quantified using ICP-MS (Plasma Quad 3, VG). In general, an increase in 
the toxicity of a sample in the same proportion as the increase in con-
centration of the suspected causative toxicant indicates that the candi-
date toxicant can be confirmed as a true toxicant. 

2.8. Statistical analysis 

SPSS 16.0 (Statistical Product and Service Solutions) software was 
used to calculate survival rates before and after different treatments for 
samples using one-way ANOVA analysis. Duncan’s multiple compari-
sons test was used to determine statistical significance between treat-
ment groups. Statistical significance was set at p < 0.05 and plotted 
using Origin 8.0 software (Origin Lab, Northampton, USA). An asterisk 
(*) indicates a significant difference compared to the control (p < 0.05). 

3. Results 

3.1. Characterization of sediment properties 

The characterization of sediment properties from the 26 tributaries 
in the Liaohe River Basin are shown in Table S2. The total organic car-
bon (TOC) content was generally low in the surface sediment from up-
stream to downstream. The TOC content in surface sediment from T23 
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was as high as 2.69%, and T14 had the lowest TOC content of 0.36%. 
The highest moisture content of surface sediment from T10 was 48.1%, 
and the lowest water content of T15 was 15.94%. The particle compo-
sition of surface sediment in T5, T6, T7, T9, T14, T15, T16, T17, and T23 
was mainly composed of sand, with a content exceeding 50.0%. The 
composition of the surface sediment particles in T1, T2, T3, T4, T8, T10, 
T11, T12, T13, T18, T19, T20, T21, T22, T24, T25, and T26 were mainly 
composed of silt, exceeding 50%. The clay contents in T1 and T10 were 
11.4% and 10.1%, respectively, which were higher than those in the 
other tributaries. 

3.2. Toxicity of sediments from each tributary 

The survival rates of C. riparius in surface sediments from 26 tribu-
taries ranged from 37.0% ± 23.0%–100.0% ± 0%, compared to 97.0% 
± 5.7% in the controls (Fig. 2). The survival rates of C. riparius in surface 
sediments from T7, T8, T16, T17, T19, and T26 were 57.0% ± 15.2%, 
55.0% ± 5.7%, 54.0% ± 15.2%, 53.0% ± 15.2%, 37.0% ± 23.0%, and 
57.0% ± 15.2%, respectively (Fig. 2). The survival rates of C. riparius in 
surface sediments from only six tributaries were significantly lower than 
those in the controls (p < 0.05, Fig. 2). Moreover, the OTUs in the 
surface sediments from 26 tributaries ranged from 0 to 1.26. The OTUs 
in surface sediments from T7, T8, T16, T17, T19, and T26 were 0.86, 0.9, 
0.92, 0.94, 1.26, and 0.86, respectively (Table S3). 

3.3. Classification of pollutants in sediments from each tributary 

PCC, CER, and zeolite were used as additives to mask organic com-
pounds, heavy metals, and ammonia nitrogen, respectively. In the 
controls, the survival rates of C. riparius in surface sediments from no 
addition, added PCC, CER, and zeolite were 97% ± 5.7%, 93% ± 5.7%, 
90% ± 10%, and 97% ± 5.7%, respectively (Fig. 2B). The results of 
survival rates suggested that PCC, CER, and zeolite were not signifi-
cantly toxic to C. riparius. The survival rates of C. riparius in surface 

sediments with added PCC from T8 ranged from 33 ± 5.7% to 97 ±
5.7%, suggesting that organic compounds were the main pollutants. 
After adding CER, the survival rates of C. riparius in surface sediments 
from T7 and T16 ranged from 37% ± 5.7%–80% ± 10% and 40% ±
10%–80% ± 10%, respectively, suggesting that metals were the main 
pollutants. In addition, the survival rates of C. riparius in surface sedi-
ments from T17 ranged from 33 ± 10% to 70 ± 10% and 33 ± 10% to 73 
± 15.2%, respectively, suggesting that the main pollutants were 
ammonia nitrogen and heavy metals. With the addition of PCC and 
zeolite, the survival rates of C. riparius in surface sediments from T19 
ranged from 30% ± 0% to 87 ± 11.5% and 30% ± 0% to 83 ± 5.0%, 
respectively, suggesting that organic compounds and ammonia were the 
main pollutants. With the addition of PCC and zeolite, the survival rates 
of C. riparius in surface sediments from T26 ranged from 40 ± 0% to 83 
± 5.7% and 40 ± 0% to 80 ± 17.3%, respectively, suggesting that 
organic compounds and ammonia were the main pollutants. 

Fig. 2. (A) Whole sediment toxicity of sediments from tributaries of Liaohe 
River. Asterisks (*) indicates significant differences (p < 0.05) between the 
whole sediment and the blank control. (B) Masking of toxicity test showing site 
toxicity (percent survival for midge larva) with and without amendments. Error 
bars represent standard deviation. Asterisks (*) indicate significant differences 
(p < 0.05) between unamended and amended site sediment. 

Table 1 
Contaminant concentrations of nonpolar organics in sampling sites and 
respective summary toxic units.  

Componds Sediment (ng/g, dw) 

T7 T8 T16 T17 T19 T26 

OTU 0.86 0.90 0.92 0.94 1.26 0.86 
α-HCH 0.02 0.06 0.005 0.009 0.006 0.1 
β-HCH 0.08 0.07 0.07 0.07 0.07 0.08 
γ-HCH 0.07 0.06 0.007 0.006 0.008 0.008 
δ-HCH N.D. 0.1 0.1 0.2 0.1 N.D. 
Heptachlor 0.2 0.2 0.2 N.D. N.D. 0.2 
Aldrin 0.3 0.3 0.2 0.2 0.4 0.2 
Heptachlor epoxide N.D. 0.2 0.2 N.D. N.D. N.D. 
cis-chlordane N.D. N.D. N.D. N.D. N.D. N.D. 
trans-chlordane N.D. N.D. N.D. N.D. N.D. N.D. 
Endosulfan N.D. 0.2 N.D. N.D. 0.2 0.2 
p,p’-DDE 1.4 0.6 6.2 0.2 1.7 2.9 
p,p’-DDD 0.5 0.3 0.2 0.2 0.7 2.1 
p,p’-DDT 0.3 0.2 0.4 0.2 0.4 0.5 
Endrinketone 0.3 0.3 0.3 N.D. N.D. 0.4 
ΣHCH 0.2 0.3 0.2 0.3 0.2 0.2 
ΣDDT 2.2 1.1 6.8 0.6 2.8 5.5 
ΣOCPs 3.2 2.8 7.4 1.6 3.6 6.7 
ΣPTU <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

DDVP 2.7 2.4 5.5 N.D. N.D. 4.9 
Dimethoate 0.01 N.D. 1.1 2.3 24.1 N.D. 
Carbofuran 0.9 1.8 N.D. N.D. N.D. N.D. 
Atrazine 12.2 11.8 N.D. 11.1 26.7 11.5 
Chlorothalonil N.D. N.D. N.D. N.D. N.D. N.D. 
Chlorpyrifos N.D. 2.3 16.3 N.D. 18.8 N.D. 
Parathion-methyl 3.4 N.D. 5.1 N.D. N.D. N.D. 
Malathion N.D. N.D. 7.9 N.D. 0.03 N.D. 
Deltamethrin N.D. N.D. N.D. N.D. N.D. N.D. 
Parathion 2.4 3.6 N.D. N.D. 10.8 2.4 
ΣOPs 21.6 21.8 49.2 13.4 79.4 18.9 
ΣPTU 0.35 0.2 0.65 1.2 4.3 0.1 
PTU/OTU 0.4 0.2 0.7 1.3 3.4 0.1 

Naphthalene 34 N.D. N.D. N.D. N.D. N.D. 
Acenaphthylene N.D. N.D. N.D. N.D. 1.8 N.D. 
Acenaphthene N.D. N.D. N.D. N.D. 8.5 N.D. 
Anthracene N.D. N.D. N.D. N.D. N.D. 1.02 
Fluorene N.D. N.D. N.D. 6 23.2 22.6 
Phenanthrene N.D. N.D. N.D. 27.5 639.4 58.6 
Fluoranthene 0.7 N.D. N.D. 43.2 20.4 26 
Pyrene N.D. N.D. 0.05 0.4 N.D. 0.8 
Chrysene 4.7 N.D. 12.2 0.6 25.3 5.5 
Benzo [α]anthracene N.D. N.D. N.D. N.D. 90.7 12.6 
ΣPAHs 39.4 N.D. 12.2 77.8 808.9 126.8 
ΣPTU <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Note: N.D. = no detection, represents that the concentration was below the 
method quantification limit. 
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3.4. Concentration of pollutants in sediments from each tributary 

The concentrations of target analytes (15 OCPs, 10 OPs, and 10 
PAHs) in the surface sediments of the six tributaries were determined 
(Table 1). The concentrations of ΣOCPs ranged from 1.6 to 7.4 ng/g 
(Table 1), whereas only the detection rates of ΣHCHs, Aldrin, and ΣDDTs 
reached 100%, with concentrations varied from 0.2 to 0.3, 0.2–0.4, and 
0.6–6.8 ng/g, respectively. However, OCPs, such as Heptachlor (ND-0.2 
ng/g), heptachlor epoxide (ND-0.2 ng/g), endosulfan (ND-0.2 ng/g), 
endrin ketone (ND-0.4 ng/g), cis-chlordane, and trans-chlordane, had 
lower levels than the method quantification limits in all sediments. In 
addition, concentrations of ΣOPs were the highest in surface sediment 
from T19 (79.4 ng/g) and the lowest in T17 (13.4 ng/g), respectively, 
with a mean concentration of 34.1 ng/g (Table 1). Moreover, concen-
trations of ΣPAHs at different sampling sites had varying contamination 
levels, with total concentrations of ΣPAHs ranging from ND to 808.9 ng/ 
g (Table 1). Therefore, the PTU of the sum of OCPs and PAHs was less 
than 0.1, for all six sediment samples. The PTU of the sum OPs in surface 
sediments from T7, T8, T16, T17, T19, and T26 were 0.35, 0.2, 0.65, 1.2, 
4.3, and 0.1 respectively (Table 1). 

Heavy metals in surface sediments determined by ICP-MS (Table 2) 
revealed that the Cr, Cu, and As content (187.7 mg/kg, 192.4 mg/kg and 
54.0 mg/kg) in surface sediment from T7 all exceeded the possible effect 
concentration (PEC) value (111, 149, and 33 mg/kg). In T16, the con-
centration of As (67.3 mg/kg) was higher than the PEC value (33 mg/ 
kg). Therefore, the PTU values of surface sediments from T7, T8, T16, 
T17, T19, and T26 were 0.92, 0.47, 0.61, 0.37, 0.35, and 0.4, respec-
tively (Table 1). 

The ammonia nitrogen contents of the interstitial water in surface 
sediments was 9.0 ± 1.0, 9.3 ± 1.2, 9.0 ± 1.0, 43.3 ± 1.0, 36.7 ± 5.7, 
and 33.3 ± 5.7 mg/L from T7, T8, T16, T17, T19, and T26, respectively 
(Table 3), whereas un-ionized ammonia concentrations was 0.15, 0.16, 
0.15, 0.78, 0.64, and 0.59 mg/L in surface sediments from those tribu-
taries, respectively (Table 3). Therefore, the PTU of un-ionized ammonia 
from T7, T8, T16, T17, T19, and T26 were 0.3, 0.3, 0.3, 1.5, 1.2, and 1.1, 
respectively (Table 3). 

3.5. Identification of toxicity factors 

The PTU/OTU values in surface sediments from T7, T8, T16, T17, 
T19, and T26, respectively, were 0.4, 0.2, 0.7, 1.3, 3.4, and 0.1, 
respectively (Table 1). The PTU/OTU values in surface sediments from 
T17 (1.3) and T19 (3.4) were close to or exceed 1, suggesting that OPs 
could be a key toxicity factor. 

The PTU/OTU values of the metals in surface sediments from T7, T8, 
T16, T17, T19, and T26 were 1.1, 0.5, 0.7, 0.4, 0.3, and 0.5, respectively 
(Table 2). The PTU/OTU values of metals in surface sediments from T7 
(1.1) and T16 (0.7) were close to 1 (Table 2), indicating that metals 
could be a key toxicity factor. 

The PTU/OTU values of the un-ionized ammonia in surface 

sediments from T7, T8, T16, T17, T19, and T26 were 0.3, 0.3, 0.3, 1.6, 
1.0, and 1.3, respectively (Table 3). The PTU/OTU values of the un- 
ionized ammonia from T17 (1.6), T19 (1.0), and T26 (1.3) were close 
to 1, suggesting that un-ionized ammonia could be a key toxicity factor. 

3.6. Confirmation of toxicity factors 

In the copper spiking test, the results of the toxicity test at surface 
sediments from T7 showed that the survival rates of un-spiked sediment 
to Cu-spiked sediment nearly doubled, and the increase in copper ion 
concentration was proportional to the increase in sediment toxicity, 
with survival rates reduced from 43% ± 15%, 67% ± 6%, and 90% ±
10%, to 27% ± 6%, 37% ± 6%, and 53% ± 6% in different volume ratio 
(1:1, 1:2, and 1:4) of sediment to overlying water treatments (Fig. 3A, 
Table S5), confirming that copper was the key toxic factor in this sedi-
ment sample. However, no decrease in survival rates in the spiked 
groups was observed in surface sediments from T16, the survival rates of 
different volume ratio of sediment to overlying water (1:1, 1:2, and 1:4) 
were 43% ± 6%, 70% ± 10% and 80% ± 10% in spiking group, 
respectively. The survival rates of different volume ratio of sediment to 
overlying water (1:1, 1:2, and 1:4) were 37% ± 6%, 57% ± 6% and 76% 
± 6% in un-spiking group, respectively (Fig. 3A, Table S5). The results of 
toxicity test shown that the toxicity of the sediment to C. riparius was 
not doubled when copper concentrations in sediments were doubled, 
confirming that copper is not a key toxicity factor. 

The toxicity of ammonia-spiking sediment to the C. riparius larvae 
nearly doubled to un-spiking sediment on T17, whereas the increase in 
ammonia concentration was proportional to the increase in sediment 
toxicity (Fig. 3B and Table S6). The survival rates of C. riparius reduced 
from 26.7% ± 3.3%, 66.7% ± 5.7%, and 96.7% ± 5.7%–3.3% ± 5.7%, 
30.0% ± 10.0%, and 70.0% ± 10.0% in different volume ratio (1:1, 1:2 
and 1:4) of sediment to overlying water treatments (Fig. 3B and 
Table S6). Moreover, the decrease trend in survival rate in ammonia- 
spiking sediments from T19 and T26 were similar to those observed in 
T17. Therefore, ammonia was confirmed as the major toxic contributor 
to T17, T19, and T26 sediments. 

Table 2 
The concentrations of metals and Toxic Units in sampling sites.  

Componds Sediments (mg/kg dw) TEC PEC 

T7 T8 T16 T17 T19 T26 

Cr 187.7 38.9 66.8 22.1 53.7 13.1 43.4 111 
Ni 42 14.5 19.9 5.9 26.5 6.8 22.7 48.6 
Cu 192.4 32.4 29.9 7.3 33.6 17.6 31.6 149 
Zn 331.3 301.3 372.5 264.8 206 291.8 121 459 
As 54.0 53.1 67.3 48.8 20.8 50.4 9.79 33 
Cd 0.7 0.6 0.7 0.5 0.5 1.3 0.99 4.98 
Pb 11.8 9.7 9.9 5.7 5.9 3.1 35 91.3 
PTU 0.92 0.47 0.61 0.37 0.35 0.4 – – 
OTU 0.86 0.9 0.92 0.94 1.26 0.86 – – 
PTU/OTU 1.1 0.5 0.7 0.4 0.3 0.5 – – 

Note: TEC = threshold effect concentration, PEC = probable effect concentration. 

Table 3 
The concentrations of ammonia and Toxic Units in sampling sites.  

Componds Interstitial water (mg/L) 

T7 T8 T16 T17 T19 T26 

Total ammonia 9.0 ±
1.0 

9.3 ±
1.2 

9.0 ±
1.0 

43.3 ±
1.0 

36.7 ±
5.7 

33.3 ±
5.7 

un-ionized 
ammonia 

0.15 0.16 0.15 0.78 0.64 0.59 

PTU 0.3 0.3 0.3 1.5 1.2 1.1 
OTU 0.86 0.9 0.92 0.94 1.26 0.86 
PTU/OTU 0.3 0.3 0.3 1.6 1.0 1.3  
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4. Discussion 

Surface sediments play a key role in the ecological status of aquatic 
ecosystems, as they provide a habitat for diverse communities and a 
compartment where important biochemical transformations take place 
(Burton, 1991; Hallare et al., 2011; Ho et al., 2002). However, anthro-
pogenic and naturally occurring compounds are widespread in aquatic 
environments and can disrupt aquatic organisms and humans (Ho and 
Burgess, 2013). Many attempts have been made to identify key con-
taminants that are responsible for observed toxicity effects in environ-
mental samples. One powerful integrated chemical and biological 
strategy is already well established and gradually promoted, namely, 
TIE (Burgess et al., 2000, 2011; Ooi et al., 2020; Van Sprang et al., 
1996). TIE is a regulatory tool to classify and/or identify the individual 
chemical substances in sediment samples, aiming at ecological risk 
management (Ballesteros-Gómez and Rubio, 2011). The present study 
aimed to explore such improvements by integrating chemical- and 
effect-based analyses of sediment contamination. Finally, the major 
toxic contributors were confirmed in sediments from the tributaries of 
the Liaohe River. 

Sediment toxicity is a comprehensive indicator of effects on benthos 
(Li et al., 2018). In the present study, the toxicity of surface sediments 
from 6 of the 26 tributaries of the Liaohe River were found. The masking 
test showed that the main pollutants were metals, organics pollutants 
and ammonia in the surface sediments. Similarly, Ke et al. (2018) re-
ported that heavy metals and ammonia nitrogen might be the main 
toxicity factors in the main stream of the Liaohe River by masking test. 
Moreover, the types of contamination found in this study were consis-
tent with those of previous studies. Ke et al. (2015a) found that 
ammonia or heavy metals were suspect toxicants in the Chai River, 
Changgouzi River, and Fujiawobao River. Furthermore, the same 
method was conducted in the previous study of ecotoxicity assay in 
surface sediment, Mehler et al. (2010) assessed the toxicity of Illinois 
River sediments, found that 12 of the 26 sites exhibited toxicity, and 

concluded that organic compounds were the primary contributors. Van 
Sprang et al. (1996) found that the four sites in Scheldt, Belgium 
exhibited toxicity due to ammonia. Wang et al. (2021) reported that 7 of 
15 samples of Erren River basin sediments were acutely toxic and 
concluded that this was likely due to heavy metal, ammonia, or organic 
compounds. Our findings and previous studies suggest that bioassays 
and masking tests are feasible methods for evaluating sediment 
pollution. 

Chemical analyses are useful for identifying toxicants in sediments 
(Ju et al., 2019). In this study, the concentrations of ΣPAHs ranged from 
ND to 809.9 ng/g with a mean concentration of 177.5 ng/g in the surface 
sediments from tributaries of the Liaohe River. The values in most sites 
were lower than the threshold value (1000 ng/g) in sediment of Dutch 
(Tweede Kamer, 1994). Moreover, concentrations of ΣPAHs from trib-
utaries of the Liaohe River in this study were lower than those in the 
Liaohe River main stream (80.1–11,735.1 ng/g, mean 2339.6 ng/g) (He 
et al., 2016), Pearl River (China) (967–6559 ng/g, mean 3028 ng/g) 
(Mai et al., 2002), and the Huaihe River (China) (61.9–1999.4 ng/g, 
mean 888.7 ng/g) (Fu et al., 2011). Although most OCPs have been 
banned for more than 30 years, some OCPs were detected in surface 
sediments from six tributaries of the Liaohe River in this study. The total 
concentrations of ΣOCPs varied from 1.6 ng/g to 7.4 ng/g, with a mean 
concentration of 4.2 ng/g in this study (Table 1). Among individual 
OCPs in the sediment samples, the content of ΣDDTs (0.6–6.8 ng/g, 
mean 3.2 ng/g) was generally the most abundant, and this was lower 
than previous reports, such as in the Pearl River (1.83–6.98 ng/g, mean 
4.03 ng/g) (Tang et al., 2020), Yangtze River (China) (0.9–22.3 ng/g, 
mean 7.22 ng/g) (Liu et al., 2008). Moreover, the concentrations of 
DDTs were also much lower than the risk control standard for soil 
contamination of agricultural land of China (100 ng/g) (Wang et al., 
2020). The concentrations of 20 OCPs at sediment in Liaohe River main 
stream (China) (1.3–94.8 ng/g, mean 12.5 ng/g) (He et al., 2016). In 
addition, the total concentrations of ΣOPs were between 13.1 and 79.4 
ng/g, and the mean value was 34.1 ng/g in surface sediments from 
Liaohe River tributaries in this study, the contents of dimethoate and 
chlorpyrifos were generally the most abundant (Table 1). In addition, 
the concentrations of ΣOPs at 24 sites in the Liaohe River main stream 
ranged from 2.8 to 45.5 ng/g, with a mean value of 8.6 ng/g. Similarly, 
the main pollution groups were divided into dimethoate and chlorpyr-
ifos (He et al., 2016). The total content of ΣOPs (chlorpyrifos, diazinon, 
malathion, tebupirimfos, and terbufos) ranged from 0.93 to 102 ng/g 
dry weight, with a mean value of 10.1 ng/g in sediments of the Pearl 
River Delta (China) (Li et al., 2011). Likely, we all know that OPs are 
widely used in agricultural production due to highly effective and 
exhibit relatively nonpersistent characteristics (Gao et al., 2009). 
However, these pesticides lack specificity, and they have been demon-
strated to be highly toxic to non-target species (Zhu et al., 2018). For this 
reason, it was deemed necessary to pay attention to such pollutants. 

In this study, the 7 heavy metals in sediment from the tributaries of 
Liaohe River were selected to detect sediment contamination. The mean 
concentrations of Cr, Ni, Cu, Zn, and As were considerably greater than 
Liaohe River main stream (35.06 mg/kg for Cr, 17.31 mg/kg for Ni, 
17.82 mg/kg for Cu, 50.24 mg/kg for Zn, and 9.88 mg/kg for As), 
particularly, in T7, Cu was 10.8 times greater than the value of main 
stream. However, the mean concentrations of Cd and Pb from the trib-
utaries was lower than Liaohe River main stream (1.20 mg/kg for Cd, 
10.57 mg/kg for Pb) (Ke et al., 2017). A previous study reported that Cu, 
Zn, and Pb were found at the Daliao River estuary, with a possible pri-
mary source being discharge from upstream cites, and approximately 
70.3 × 103, 265.9 × 103, and 40.3 × 103 tons of Cu, Zn, and Pb, 
respectively, were estimated to be discharged annually into the Liaohe 
River between 1990 and 2006 (Jiang et al., 2013). Moreover, in this 
study, the concentrations of un-ionized ammonia in surface sediment 
from T7, T8 and T16 was relatively low. The concentrations of 
un-ionized ammonia in surface sediment from the T17, T19, and T26 
were more high than Liaohe River main stream (0.108–0.203 mg/L) (Ke 

Fig. 3. Results of toxicity confirmation on the survival of midge larva in whole 
sediment. A: Testing at T7 and T16 showing site toxicity with and without 
copper spiking. B: Testing at T17, T19 and T26 showing site toxicity with and 
without ammonia spiking. 
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et al., 2018) and similar to some tributaries (0.30–3.00 mg/L) (Ke et al., 
2015a) and the Haihe River (0.003–1.962 mg/L) (Zhu et al., 2017). 
From the previous study, these ammonias may be derived from munic-
ipal wastewater and some industrial effluents, which further produced 
by the decomposition of organic matters and the source of urea (Ke et al., 
2018). 

Furthermore, the concentrations of pollutants in whole sediment and 
interstitial water from the six sampling sites were used to interpret the 
results of bioassay, along with an evaluation of the TU (Greenstein et al., 
2019). Although masking test indicated the presence of organic pollut-
ants, no sufficient pollutants causing observed toxicity were detected by 
chemical analysis in T8. In addition, in the actual sampling, it was also 
found that coal washing wastewater flowed into the upstream of site T8, 
emerging contaminants should be identified in future studies. Moreover, 
masking test indicated the presence of metal and ammonia, but chemical 
analysis has found sufficient OPs and ammonia to cause observed 
toxicity in T17, Comprehensive analysis and selection of ammonia 
spiking to further confirm the toxicity factor. Both types of evidence 
have advantages and disadvantages that result in a greater chance of TIE 
success when used together (Greenstein et al., 2019). Observed mixture 
toxicity was compared with prediction of OPs in site T19, the PTU value 
was much higher than the OTU. Furthermore, a TU approach based on 
concentration addition may overestimate mixture toxicity, especially 
the exhaustive extraction for organics in this study (Faust et al., 2003; 
Mehler et al., 2010). In addition, due to the rapid environmental 
degradation, it was difficult to ensure the constant concentration in the 
spiking experiment (Gao et al., 2009). Therefore, the main toxic factors 
in organophosphorus pesticides cannot be identified. In future, the 
research is needed to determine the organic pollutants, using advanced 
methods, such as bioavailability-based extraction, to cause the observed 
toxicity in the sediment sample (Li et al., 2019). The masking test has a 
good correlation trend with the TU value of site T7, T16, and T26, 
indicating that heavy metals and ammonia may be the main toxic 
substance. 

To add to this growing weight of evidence and confirm the risk that 
ammonia and copper pose in sediments from Liaohe River, additional 
work was conducted using a specific TIE procedure. This procedure 
compares toxicity in an unaltered sediment bioassay to a bioassay that 
has ammonia or copper added to the sediment. The significant correla-
tion between the survival and volume ratio of the sediment and over-
lying water was observed. In previous studies, various classes of 
contaminants, including ammonia (Ke et al., 2018), metals (Gao et al., 
2009; Ke et al., 2018), and organic compounds, such as pyrethroids (He 
et al., 2016), DDVP (Ke et al., 2015b), have been reported as potential 
toxicity factors of sediment in the Liaohe River Basin. Moreover, many 
cases of sediment toxicity observed during TIE procedure were caused 
by ammonia in addition to metals or organic chemicals. Wang et al. 
(2021) utilized TIE to identify key toxic factors of sediment in the Erren 
and Sanye rivers, which were contaminated by ammonia and heavy 
metals. Bailey et al. (2016) utilized TIE to identify key toxic factors of 
sediment contaminated with disinfectants and PAHs. Therefore, our 
findings and previous studies have confirmed that the sediment TIE 
method is an effective approach for identifying the key toxicity factor. 

5. Conclusion 

The present study has provided strong evidence that individual 
tributaries in the Liaohe River were severely polluted due to sediment- 
associated contaminants. The survival of 6 of 26 the samples signifi-
cantly decreased, and the cause-effect relationship between suspected 
toxicant concentrations and acute toxicity confirmed that copper and 
ammonia were primary cause of toxicity. In the future, the ecological 
risk from the sediments in the tributaries should not be ignored. Overall, 
it is evident that the series of procedures including bioassays, masking 
test, chemistry analysis and spiking tests were useful for confirming the 
key toxic factor of sediment samples. 
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