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a b s t r a c t 

Humans and wildlife are frequently exposed to complex mixtures of chemicals, with exposure rarely 

causing only one dominant effect. Consequently, there is an urgent need to develop strategies to as- 

sess exposures to multiple, hazardous chemicals and effects of such combinations. Here, the maximum 

cumulative ratio was used as part of a tiered approach to evaluate and prioritize risks of co-exposures 

to metals in 781 samples of surface water from Tai Lake, China. Multiple metals, including copper, lead, 

cadmium, nickel and zinc dominated the hazardous effects on aquatic organisms. Based on species sensi- 

tivity distributions developed from genus mean chronic values, crustaceans were the most susceptible to 

effects of metals. Results of a multi-generation experiment demonstrated adverse effects of mixtures of 

metals at environmentally relevant concentrations on growth and reproduction of the cladocerans, Daph- 

nia magna and Moina macrocopa . Specifically, when exposed to metals body length and total number of 

offspring produced per adult female were less than the controls. Resistance of D. magna populations to 

mixtures of metals was significantly less, while, under similar conditions, M. macrocopa exhibited greater 

capacity to recover and the response to adverse effects occurred earlier. Demographic analysis models 

constructed using a Leslie matrix, used to predict population dynamics of the cladocerans, revealed that 

various effects of metal cocktails on individual-level endpoints was related to attenuation at the pop- 

ulation level. By integrating all the observations, it was recommended that densities of populations of 

cladocerans in surface waters could be a useful parameter for indicating possible detrimental effects in- 

duced by toxic chemicals. Results of this study provide novel insights into risks posed by simultaneous 

exposure to multiple metals and reveal their potential adverse long-term effects on sensitive aquatic or- 

ganisms. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

Multiple metals are generally present in surface waters, which 

can enter via multiple routes such as atmospheric deposition, in- 

dustrial effluent discharge and surface runoff ( Zeng et al., 2012 ). 

However, most regulatory approaches and assessments of the haz- 

ards of metals are based on results of toxicity tests of individ- 

ual metals on individual species ( Gama-Flores et al., 2007 ), which 

do not account for the possibility that simultaneous exposure to 

other metals may also contribute to the observed toxicity. Results 

of several studies have indicated that the combination of chem- 

icals at concentrations less than the no observation effect con- 
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centrations could produce significant effects and that toxic po- 

tency can be strictly additive or supra-additive ( Payne et al., 2001 ; 

Silva et al., 2002 ). For example, some mixtures of different metals, 

each individually causing < 10% growth inhibition of Hordeum vul- 

gare , yielded much greater inhibition (up to 66%) when dosed in 

combination ( Nys et al. 2017 ). Thus, single metal exposures judged 

to be “safe” based on results of independent exposures, might pose 

significant risks in reality if there is co-exposure with other metals. 

There was urgent need to develop strategies for assessing in- 

teractive effects of exposure to multiple hazardous metals. A key 

challenge in elucidating risks arises from the large number of po- 

tential combinations and concentrations of metals in the environ- 

ment. To address the challenge, the maximum cumulative ratio 

(MCR) concept has been proposed ( Price and Han, 2011 ). Tiered 

approaches that apply the MCR can identify combined exposures 

in cases where potential risks would be ignored and provide a 

https://doi.org/10.1016/j.watres.2021.117274 
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quantitative measure of the magnitude of the toxicity that is un- 

derestimated by single-substance assessments. MCR methodology 

has been applied to crop protection products in surface waters in 

the U.S. ( Vallotton and Price, 2016 ). 

Tai Lake (Chinese: Taihu ) is a shallow lake located in a densely 

populated, urbanized and industrialized area, south of the Yangtze 

Delta in China. Due to rapid industrialization and intensification of 

agriculture in the watershed surrounding Tai Lake, various contam- 

inants such as nutrients and metals have been introduced into its 

surface water ( Zhai et al., 2010 ). Urban effluents from metal pro- 

cessing, plating, and electronics industries are dominant sources of 

metals to Tai Lake ( Liang et al., 2011 ). Long-term exposures to met- 

als influence capacities of populations to cope with additional en- 

vironmental stressors ( Ríos-Arana et al., 2007 ). Therefore, the pres- 

ence of multiple metal contaminants might pose threats to aquatic 

organisms in Tai Lake. 

However, most published data are based on concentrations of 

chemicals that are greater than those detected in freshwater sys- 

tems. Therefore, studies considering effects of metals on aquatic 

organisms at environmentally relevant concentrations are required 

( Dietrich et al., 2010a ). In this study, MCR was used to identify 

whether single or multiple metals dominated the adverse effects 

on aquatic organisms in Tai Lake, and the adverse effects of multi- 

metal mixtures at environmentally realistic concentrations were 

studied. 

The water flea is a common crustacean invertebrate in freshwa- 

ter systems. This type of zooplankton grazes on algae and forms 

the base of the secondary producer food chain ( Chen et al., 2014 ). 

Testing more than two successive generations provides more infor- 

mation regarding possible chronic, population level effects of met- 

als ( Dietrich et al., 2010b ). A multi-generational study over three 

generations, using two model organisms, the cladocerans Daphnia 

magna and Moina macrocopa was conducted. The primary aim of 

the present study was to identify the “real culprit” causing ad- 

verse effects by multiple metals on organisms in an aquatic en- 

vironment and investigate the effects of co-exposure to the most 

hazardous metals at environmental concentrations on growth, re- 

production, and population dynamics in the two sensitive species. 

The secondary aim of the paper was to screen the most sensi- 

tive parameter of water flea as a candidate indicator indicating 

possible detrimental effects induced by multiple toxic chemicals. 

Therefore, results of this study allowed integration of effects of 

metal mixtures at environmentally relevant concentrations in risk- 

assessment frameworks. 

2. Materials and Methods 

2.1. Sample collection and analysis 

Samples of water (500 mL) were collected twice in September 

2019 (wet season) and January 2020 (dry season) from 52 sam- 

pling points in Tai Lake (Fig. S1 in the Supporting Information). 

Temperature, dissolved oxygen, turbidity, electrical conductivity, 

and pH of water samples were measured on site using YSI portable 

meters (6600V2-4, Ecosense, Ohio, USA). Then, water samples were 

filtered through 0.45- μm microporous membranes and packed in 

polyethylene bottles that were pre-washed according to national 

standard water quality reference (HJ 493-2009, Ministry of Ecol- 

ogy and Environment of the People’s Republic of China, 2009 ). Af- 

ter sampling, samples were preserved by adjusting pH to 1–2 by 

adding 5 ml concentrated nitric acid (HNO 3 ) to 500 ml water sam- 

ple prior to quantification of copper (Cu), lead (Pb), cadmium (Cd), 

and zinc (Zn) concentrations, while those for quantification of hex- 

avalent chromium (Cr( Ⅵ )) were preserved with NaOH (pH 8–9). 

Concentrations of Cu, Pb, Cd, Zn, and Cr( Ⅵ ) were determined 

by use of inductively coupled plasma–mass spectrometry (ICP–

MS) following methods set by national standards (HJ 700-2014, 

Ministry of Ecology and Environment of the People’s Republic of 

China, 2014 ). Analyses were performed on blank and duplicate 

samples and a standard recovery test was used to determine the 

accuracy of the analysis. The relative deviation of the duplicate 

samples was < 6.50% for all batch treatments and the recovery 

rates of each element were in the range 87–105%, which satisfied 

the quality requirements. 

2.2. Chronic toxicity benchmarks and metal concentrations in Tai 

Lake 

In addition to data obtained for 104 samples, concentrations of 

metals were obtained from the published literature by searching 

using the keywords “Tai Lake” and “metals.” Data were also pro- 

vided by the Jiangsu Environmental Monitoring Center. 

Aquatic benchmarks (BMs) are based on the most sensitive toxi- 

city endpoint of the distribution for each aquatic taxa and support 

baseline risk assessments of individual metals ( U.S. Environmen- 

tal Protection Agency, 2019 ). The use of chronic BMs is optimal for 

long-term protection of aquatic organisms. Water chemistry char- 

acteristics such as pH, organic carbon content, hardness, as well as 

other edaphic factors and biological species, result in diverse BMs 

in various regions ( Carlson, A., 1984 ). Therefore, chronic BMs of 

metals that have been established through quality screening and 

data standardization for the Tai Lake were selected first, followed 

by BMs for China and, finally, the values set by other agencies, such 

as the U.S. Environmental Protection Agency (U.S. EPA). If the val- 

ues derived for Tai Lake and China differed more than five-fold, the 

geometric mean of the two BMs was used as the ultimate thresh- 

old ( Table 1 ). 

2.3. Methodology for risk assessment of metals 

A tiered, MCR approach, based on dose additive models, was 

used to determine whether it was necessary to perform a detailed 

cumulative risk assessment for organisms that are simultaneously 

exposed to multiple metals Price and Han, 2011 ). Hazard quotients 

(HQ) for individual metals were calculated by dividing the metal 

concentration by the BM ( Eq. 1 ). The hazard index (HI) was calcu- 

lated as the sum of individual HQs ( Eq. 2 ). The MCR for exposure 

to n pollutants was then calculated ( Eqs. 3 and (4) . 

HQ i = 

C i 
BM i 

, (1) 

HI = 

∑ 

HQ i , (2) 

MHQ = MAX ( H Q i ) , (3) 

MC R i = 

HI i 
MH Q i 

. (4) 

Where C i ( μg/L) is the measured environmental concentration of 

the i th metal in surface water, BM i denotes the chronic benchmark 

of the i th metal, HQ i is the hazard quotient of the i th metal, HI is 

the sum of the individual values of HQ i , and MHQ is the maxi- 

mum of HQ i . Based on results of MCR and HI for each sample, four 

groups of combined exposure were identified ( Price et al., 2012 ). 

Each group indicates the potential hazard and proposes relevant 

management strategies: 

• Group I: At least individual metals are of concern (MHQ > 1). 
• Group II: Risks posed by individual metals and multiple metals 

can be ignored (HI < 1). 
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Table 1 

Concentrations of metals and chronic toxicity benchmarks (BMs) in Tai Lake. 

Concentration (μg/L) 

Metals 

No. of 

samples Maximum Mean Median Minimum Chronic BM (Reference) 

Cr( Ⅵ ) 348 75.50 ( Chen et al., 2011 ) 3.10 2.00 0.005 5.44 ( Liao et al., 2014 ) 

14.22 ( Wu et al., 2012 ) 

Ni 63 224.00 14.31 3.00 0.550 3.08 ( Tenzin et al., 2020 ) 

Hg 58 0.14 ( Wang et al., 2016 ) 0.03 0.03 0.005 0.47 ( Zhang et al., 2012 ) 

2.34 ( Zhao et al., 2015 ) 

Pb 538 28.00 3.54 2.51 0.009 63.80 ( Zhao et al., 2015 ) 

4.36 ( Sun et al., 2020 ) 

Cd 270 2.00 0.24 0.05 0.001 1.95 ( Zhao et al., 2015 ) 

0.24 ( Wu et al., 2012 ) 

0.23 ( Yan et al., 2009 ) 

0.12 ( Wu et al., 2011 ) 

Zn 296 240.00 20.07 11.13 0.160 ( Yan et al., 2011 ) 52.75 ( Zhao et al., 2015 ) 

Cu 633 77.60 ( Yan et al., 2011 ) 5.20 4.00 0.500 3.70 ( Shi et al., 2014 ) 

Se 180 4.00 0.71 0.60 0.200 5.00 ( U.S. EPA, 2009 ) 

Fe 46 1589.00 623.50 469.50 51.000 1000.00 ( U.S. EPA, 2009 ) 

Mn 22 88.00 48.18 43.50 26.000 50.00 ( U.S. EPA, 2009 ) 

As 530 15.60 2.36 1.90 0.010 56.55 ( Zhang et al., 2015 ) 

• Group III: Risks posed by individual metals could be ignored; 

however, the combined effect is a concern (MHQ ≤ 1 and HI ≥
1). This group was divided into two subgroups: 

Group IIIA: Toxicity of the combined exposure was dominated 

by one metal (MCR < 2). 

Group IIIB: Toxicity of combined exposure was accounted for by 

several metals (MCR ≥ 2). 

HQs were calculated for each metal in mixtures based on the 

MCR during Tier I. In Tier II, sums of samples with an HQ > 1.0 

were calculated for each metal to identify the possible combination 

of metals that posed the greatest risk to organisms. Subsequently, 

species that were more sensitive to metals were identified based 

on the species sensitivity distributions (SSDs), which were devel- 

oped following our previously reported method ( Sun et al., 2020 ). 

The MCR approach can be used to investigate the magnitudes of 

toxicity underestimation by assessments of hazard based on indi- 

vidual metals ( Price and Han, 2011 ). The proportion of the toxicity 

that is overlooked for each sample can be estimated ( Eq. 5 ). 

Missed toxicity = 1 − 1 

MC R i 

(5) 

2.4. Multi-generation experiment 

Based on results of the MCR, mixtures of Cu, Pb, nickel (Ni), 

Cd and Zn were selected to be tested for multi-generational effects 

on the most susceptible organisms, cladocerans. Stock solutions of 

PbCl 2 , CuCl 2 •2H 2 O, ZnCl 2 , CdCl 2 •2.5H 2 O, and NiCl 2 •2.5H 2 O (all pu- 

rity > 99.00%, Sigma-Aldrich, St. Louis, MO, USA) were prepared as 

sources of Pb, Cu, Zn, Cd, and Ni, respectively. Two cladocerans, 

D. magna and M. macrocopa , were selected as test species for the 

multi-generation experiment. Based on the distribution of envi- 

ronmental concentrations of each metal ( Table 1 ), organisms were 

exposed to one of the three concentrations: least, medium, and 

greatest ( Table 2 ). In addition, tap water was aerated for > 3 days 

Table 2 

Concentrations of metals to which Daphnia magna and Moina 

macrocopa were exposed. 

Concentration (μg/L) Ni Pb Cd Zn Cu 

Least 0.51 0.06 0.51 0.27 0.54 

Medium 0.65 0.23 0.51 0.27 0.81 

Greatest 5.14 1.93 3.08 1.33 5.14 

and was used as a negative control to which responses could be 

referenced. Basic physical and chemical parameters of experimen- 

tal water samples were as follows: pH: 7.60 ± 0.14, conductivity: 

300 ± 9.80 μS/cm, dissolved oxygen: 8.15 ± 0.23 mg/L, alkalin- 

ity: 81.25 ± 2.17 mg/L (CaCO 3 ), and hardness: 155.50 ± 4.95 mg/L 

(CaCO 3 ). Experiments were conducted according to the Organiza- 

tion for Economic Co-operation and Development (OECD) guideline 

211 ( OECD Guidelines for the Testing of Chemicals, 2012 ). Further 

details regarding exposures to mixtures of metals are provided in 

the Supporting Information. 

2.5. Leslie matrix and demographic analysis 

The Leslie matrix is a matriarchal-based model developed by 

Leslie (1945) and Lewis (1977) . It can project population growth 

over time based on the fecundity and survival rates of individual 

life stage classes. In this study, stage-specific survivorship and fe- 

cundity data were obtained from the multi-generation experiment. 

In a Leslie matrix analysis, the life history information is organized 

in a projection matrix A ( Eq. 6 ). 

A = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

F 1 F 2 F 3 F 4 F 5 F 6 
S 1 0 0 0 0 0 

0 S 2 0 0 0 0 

0 0 S 3 0 0 0 

0 0 0 S 4 0 0 

0 0 0 0 S 5 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

(6) 

where F i represents the total numbers of offspring per adult female 

produced at stage i and S i represents the survival rate from stage 

i -1 to stage i . 

The number of females at each stage at time t was calculated 

( Eq. 7 ). 

N t = [ n 1 ,t , n 2 , t , n 3 , t , n 4 , t , n 5 , t , n 6 , t ] 
T (7) 

where n ij is the number of organisms of stage i at the start of day 

j . 

The numbers for the following days were determined ( Eq. 8 ). 

N t+1 = AN t (8) 

The intrinsic rate of population growth ( r ) is an integrative indica- 

tor that is important for measuring the instantaneous rate of popu- 

lation development. It is the natural logarithm of the largest eigen- 

value ( λ) of matrix A ( Eq. 9 ). 

r = ln ( λ) (9) 

3 



X. Sun, L. Zhang, H. Liu et al. Water Research 200 (2021) 117274 

r can also be calculated using the survivorship and reproduction 

data ( Eq. 10 ): 

r = 

ln R 0 × R 0 ∑ 

x × l x × m x 
(10) 

where R 0 is the net reproduce rate, l x is the survive rate of individ- 

uals reaching age x , and m x is the average number of live offspring 

produced per female of age x during the time interval x to x + 1. 

The Leslie matrix distinguishes various life stages and the same 

r value was obtained through equations 9 and 10 when setting one 

day as the life stage of test organisms. Monte Carlo-type stochastic 

simulations based on survival rate normal distribution were used 

to represent the 95% confidence interval (CI) based on 10 0 0 itera- 

tions. However, the results of Monte Carlo-type stochastic simula- 

tions were hardly different from values predicted using the Leslie 

Matrix thus could not be effectively displayed. 

2.6. Statistical analysis 

Basic descriptive statistical analyses were performed using Mi- 

crosoft Excel (version 2016; Microsoft, Redmond, USA) and data 

were processed using SPSS software (version 22.0; SPSS Inc., 

USA). Statistical drawing was performed using GraphPad Prism 

(GraphPad Prism Development Core Team, http://www.graphpad. 

com/scientific-software/prism/ ). Monte Carlo-type stochastic sim- 

ulations were employed using PopTools ( http://www.poptools.org ) 

for a probabilistic estimation of population prediction based on the 

variability of the input parameters. Differences in growth and re- 

production parameters were determined using one-way analysis 

of variance (ANOVA) assuming normal distributions based on the 

Shapiro–Wilk test, and homogeneity of variances was assessed by 

use of Levene’s test. Then, significant differences were tested us- 

ing Tukey’s honestly significant difference (least significance differ- 

ence, LSD) method, which was applied for multiple comparisons 

among means. For data that were not normally distributed, loga- 

rithmic transformation was applied and data were, then, rechecked 

for normality. Levels of significance were set to p < 0.05, p < 0.01, 

and p < 0.001. 

3. Results and discussion 

3.1. Concentrations of metals in Tai Lake surface water 

Dissolved oxygen concentrations of water fluctuated within the 

ranges 3.48–13.89 and 8.91–11.08 mg/L during the wet and dry 

seasons, respectively. Similarly, the pH also varied substantially, 

ranging from 6.93 to 8.52 at 52 sampling sites, and was generally 

high in the wet season. For electrical conductivity, similar varia- 

tions were observed among different seasons, ranging from 103.30 

to 592.00 μS/cm. 

Concentrations of the five metals in Tai Lake varied between 

seasons and among locations (Tables S1 and S2). Concentrations of 

Cu in the wet and dry seasons were 0.68–11 and 1.52–5.4 μg/L, re- 

spectively. Concentrations of Zn at most locations were < 30 μg/L, 

except for a few points where the concentration was > 50 μg/L. 

Concentrations of Cd were similar during wet and dry seasons, 

with mean concentrations of 0.044 and 0.049 μg/L, respectively. 

During the wet season, ~33% of concentrations of Pb were less than 

the limit of detection. Concentrations of Cr( Ⅵ ) were 0.71–10.5 and 

1.53–3.73 μg/L during the wet and dry seasons, respectively. Con- 

centrations of Cu, Zn, and Cr( Ⅵ ) in the wet season were gener- 

ally greater than those during the dry season. The opposite trend 

was observed for distributions of concentrations of Pb. Emissions 

from mechanical manufacturing industries were possibly the main 

Fig. 1. Distributions of mixtures (red dots) in four groups based on the hazard in- 

dex (HI) and maximum cumulative ratio (MCR) values. 

source of metals in Tai Lake basin during the wet season, while 

metals accumulated in environmental media were the main source 

during the dry season ( Yao et al. 2014 ). Differences in sources of 

metals might result in different distributions of the five metals in 

Tai Lake. 

When combined with recent values, published in the literature, 

11 metals were detected in 781 samples from Tai Lake. The order 

of median concentrations in Tai Lake was as follows: Iron (Fe) > 

manganese (Mn) > Zn > Cu > Ni > Pb > Cr( Ⅵ ) > arsenic (As) > 

selenium (Se) > Cd > mercury (Hg) ( Table 1 , Fig. S2A). Concentra- 

tions of the 11 metals were generally skewed and were best de- 

scribed by a log-normal distribution (Fig. S2B–L). In Tai Lake, con- 

centrations of Fe and Mn, which are generally regarded as macro- 

elements, were greater than concentrations of other metals, fol- 

lowed by those of Zn and Cu, which are classified as trace ele- 

ments. However, concentrations of Se, which is also an essential 

trace element, in surface water were relatively low. Median con- 

centrations of Ni (3.00 μg/L), which is not included in the Envi- 

ronmental Quality Standards for Surface Water ( Ministry of Envi- 

ronment Protection of the People’s Republic of China, 2002 ), were 

greater than concentrations of most of the studied metals. Metals 

considered to be priority pollutants in China, including Cr( Ⅵ ), Pb, 

As, Cd, and Hg, were present at relatively small concentrations. For 

example, Cd and Hg concentrations were 10- to 100-fold less than 

those of other metals. 

3.2. Evaluation of composite HQ of metals 

Based on the calculated MCR and HI values, all samples could 

be categorized into one of four groups ( Fig. 1 ). The percentages 

of samples in Groups I and II were 54.2% and 30.2%, respectively, 

while the percentage of samples in Group III was 15.6%. These re- 

sults indicated that 69.8% of samples exceeded the level of con- 

cern based on the potential for the observed metal concentrations 

to cause adverse effects. Group III could be further divided into 

samples that are hazardous based on composite metals (Group IIIB; 

6.1%) or a single metal (Group IIIA; 9.5%). In general, both the HI 

and n or MCR and n were significantly, positively correlated (Fig. 

S3). This suggests that the need for cumulative hazard assessment 

increases with the number of metals considered for aquatic en- 

vironments. In addition, MCR values demonstrated that when the 

chemical-by-chemical approach (MHQ) was applied to assess the 

risks of metal mixtures, on average, 46.6% of toxicities of samples 

were missed by overlooking the toxicity attributed to co-exposure 

4 

http://www.graphpad.com/scientific-software/prism/
http://www.poptools.org


X. Sun, L. Zhang, H. Liu et al. Water Research 200 (2021) 117274 

Fig. 2. Hazard quotients (HQs) of metals based on 781 water samples of Tai Lake. 

during risk assessments. The results underscore that it is important 

to study combined effects of metals. 

Distributions of HQs of metals indicated that the maximum HQ 

values of individual metals in 781 samples collected from Tai Lake 

were > 1.0, except for Hg, Se, and As ( Fig. 2 ). Based on the number 

of samples in which the single metal HQ exceeded 1.0 in the Tier 

I assessment, the order of the top five metals was Cu, Cd, Pb, Ni, 

and Zn, followed by Fe and Mn (Fig. S4). Greater hazards posed by 

Cu and Zn were consistent with previous results ( Fu et al., 2016 ), 

which predicted that approximately 99.9% and 50.7% of aquatic or- 

ganisms would be adversely affected by Cu and Zn, respectively, 

in Tai Lake surface water. Pb and Cd have been classified as prior- 

ity pollutants in ambient waters in China and in the U.S. (EPA), 

and reportedly pose risks to organisms in Tai Lake ( Jiang et al., 

2012 ; Lei et al., 2016 ). In addition, Ni poses the greatest hazard 

to humans via ingestion due to relatively great concentrations in 

Tai Lake ( Liang et al., 2011 ). Furthermore, Zn and Cu have poten- 

tial effects on human health when they co-occur with other met- 

als ( Fu et al., 2013 ). Little attention has previously been paid to 

concentrations of Fe and Mn in water or the hazards they pose. 

According to the results of present study, Fe may have adverse ef- 

fects on organisms. Because the chronic BM for Mn is not based 

on toxic potencies, but on other characteristics, Mn exposure may 

not pose a risk for aquatic organisms ( U.S. EPA, 1986 ). Thus, in Tai 

Lake, mixtures of Cu, Pb, Cd, Ni, and Zn were considered as the 

combination with the greatest potential to cause adverse effects 

and should be given the greatest priority. 

Based on the chronic SSD curves of the five metals, crustaceans, 

especially cladocerans such as daphnids, were the most susceptible 

to the effects of metals (Fig. S5). Previous analyses of SSD curves, 

based on acute metal exposures, indicated that invertebrates were 

more sensitive than vertebrates ( Xin et al., 2015 ), which was con- 

sistent with the results of the chronic SSD curves in this study. 

Therefore, D. magna and M. macrocopa were selected as test species 

to explore the multi-generational effects of Cu, Pb, Ni, Cd, and Zn 

mixtures at environmentally relevant concentrations, which could 

provide insights into the adverse effects of prevailing metal expo- 

sure states on sensitive species in Tai Lake. 

3.3. Multi-generational effects on growth 

Metals influenced rates of survival of D. magna and M. macro- 

copa . Mortality followed a concentration–response pattern and was 

directly proportional to the concentrations of metals in mixtures 

(Table S3). Results of the exposure groups indicated that resistance 

of D. magna to metals weakened, whereby offspring became more 

sensitive. However, survival rates of later generations of M. macro- 

copa in the remaining treatments increased, and were significantly 

different from the trend observed for D. magna . Potential toler- 

ance and recovery trends of M. macrocopa were previously demon- 

strated in a few life history variables ( Gama-Flores et al., 2017 ). 

Results of a previous study indicated that feeding behavior of D. 

magna was affected by exposure to small concentrations of multi- 

ple metals (Ni, Zn, Cu, and Cd), although the concentrations were 

27–63 times less than concentrations that are lethal ( Lari et al., 

2017 ). In the present study, growth of D. magna was affected by 

mixtures of five metals. Compared with other endpoints, body 

length showed a stronger dose–response relationship over three 

generations ( Fig. 3 A, Table S4). Body lengths of adult female ( F 0 ) 

D. magna were 9.85%–38.58% less than those of the control group, 

which indicated that exposure to the greatest concentration had 

the most significant effect. At the greatest concentration, the num- 

ber of molts in the F 1 generation of D. magna was significantly 

less ( p < 0.001) than that in the F 0 generation (Fig. S6B) and 

were inversely proportional to the concentrations of metal mix- 

tures ( Fig. 3 B). This result was consistent with results of a pre- 

vious study, which reported that growth of D. magna was in- 

versely proportional to concentrations of binary mixtures of metals 

( Brun et al., 2019 ). 

Significant multi-generational effects on growth of M. macro- 

copa were observed, compared with the control. Tolerance of M. 

macrocopa became greater in successive generations ( Fig. 3 C–D, Ta- 

ble S5). When exposed to the greatest concentration of mixture 

of metals, body lengths of females belonging to F 0 and F 1 gener- 

ations were significantly less ( p < 0.001). The opposite effect was 

observed in the F 2 generation exposed to the same concentration 

( p < 0.05). In addition, during exposure to the medium concentra- 

tion, the inhibition of body length observed in the F 2 generation 

decreased when compared to the body lengths in the F 0 generation 

( p < 0.01; Fig. S6a). In the F 0 generation, a stronger dose–response 

relationship was observed for the number of molts, which was 

significantly inversely proportional to the exposure concentration 

( Fig. 3 D). However, the number of molts of F 1 and F 2 generations 

were similar to that of the control. The results above are consis- 

tent with the results of a previous study ( Gama-Flores et al., 2007 ) 

which showed that survival rate and reproduction of M. macrocopa 

were inversely proportion to the exposure duration and the CdCl 2 
concentrations to which they were exposed. All results demon- 

strated that the toxicity of mixture of metals was caused by the 

combined effect of intensity (concentration) and duration (time) of 

exposure. 
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Fig. 3. Comparison of body length and total number of molts among concentrations. (A) Body length of Daphnia magna , (B) total number of molts of D. magna , (C) body 

length of Moina macrocopa , and (D) total number of molts of M. macrocopa . Each row represents a generation, with a total of three generations observed for each species. 

Each graph shows the respective effect based on treatment with different metal mixture concentrations (blank, least, medium, or greatest). Error bars represent the standard 

deviation of 10 independent measurements ( ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001, compared with the control group). 

3.4. Multi-generational effects on reproduction 

Results of previous studies have demonstrated that several 

measurement endpoints of offspring were affected when adult 

female D. magna were exposed to a single metal ( Guan and 

Wang, 2006 ). Similar effects were observed for M. macrocopa 

( Gama-Flores et al., 2017 ), thereby indicating that not only survival 

rates but also reproductive rates were affected when individuals 

were continuously exposed to Cd. In this study, effects of metal 

mixtures on reproduction appeared to be greater than that on the 

growth, especially in terms of the significant decrease in the num- 

ber of offspring. Total numbers of offspring per adult female D. 

magna produced within 21 days exhibited a strong dose–response 

relationship and was inversely proportional to concentrations in all 

treatments ( Fig. 4 , Table S6). As a result of the exposure to the 

maximum concentration, total numbers of offspring were reduced 

by 58.3%, 82.6%, and 23.8% in F 0 , F 1 , and F 2 generations, respec- 

tively, compared with the controls. When exposed to the greatest 

concentration, the endpoint was reduced by 56.8% in the F 1 gen- 

eration compared with the F 0 generation (Fig. S6C). Age at first 

spawning of D. magna gradually increased in successive genera- 

tions under the same exposure (Fig. S6D). Generation times in the 

F 0 and F 1 generations also decreased significantly following expo- 

sure to the greatest concentration ( p < 0.001). These results are 

consistent with previously reported results ( Biesinger et al., 1986 ). 

Statistically significant changes were also observed for M. 

macrocopa exposed to multiple metals compared with the controls 

( Fig. 4 , Table S7). The number of offspring produced by M. macro- 

copa exposed to multiple metals was lower than that by the con- 

trols. This endpoint significantly differed between each generation, 

especially for the medium-exposure group, wherein it increased 

gradually with successive generations (Fig. S6c). At the medium 

concentration, a significant delay in age of first reproduction was 

observed for the F 0 generation ( p < 0.05). A significant decline 

in the age of first reproduction for F 2 M. macrocopa was also ob- 

served in individuals exposed to the least concentration compared 

with the controls ( p < 0.01). Hazardous effects induced by metal 

mixtures were observed on generation times of M. macrocopa . The 

generation times of M. macrocopa in F 0 and F 2 generations exposed 

to the medium and greatest concentrations of metal mixtures were 

significantly less than those of the control ( p < 0.05). 

In this study, the finite rate of increase ( λ), which is used to 

evaluate the development of a population over a longer time pe- 

riod ( An et al., 2009 ), exhibited similar trends as the intrinsic rate 

of population growth for both species. A difference in the intrin- 

sic rate of population growth of D. magna was primarily observed 

in the F 1 generation. This indicator was significantly weak in the 

least- and medium-exposure groups compared with the control 

group ( p < 0.01; Fig. 4 , Table S6). The same reduction occurred in 

F 0 M. macrocopa ( p < 0.001; Fig. 4 ), but the intrinsic rate of pop- 

ulation growth significantly increased as a function of generation 

in M. macrocopa in the medium-exposure group, i.e., by 8.8% in 

the F 2 generation compared with the F 0 generation (Fig. S6f, Table 

S7). All reproduction endpoints showed that M. macrocopa exhib- 

ited greater capacity to recover but the response to adverse effects 

was earlier than D. magna under the same conditions. Environmen- 

tal concentrations of the five metals were mostly higher than the 

concentrations used in the multi-generation experiment and it is 

important to note that there are more than five metals in Tai Lake. 

Thus, it is speculated that effects of multiple metals on these two 

cladocerans may be more critical in the actual environment and 

other organisms would also be adversely affected. 

3.5. Multi-generational effects on population development 

To visually show the long-term effects of exposures to environ- 

mentally relevant concentrations of metal mixtures on population 

development, demographic analysis models were constructed us- 

ing a Leslie matrix based on multi-generational toxicity data of D. 
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Fig. 4. Multi-generational effects induced by different concentrations of mixture of metals on reproduction of Daphnia magna and Moina macrocopa . Results are expressed 

as fold difference relative to the value of the negative control. Each value represents the mean ± SD of 10 independent experiments. No results are shown in the gray area 

owing to no neonates surviving for examination in subsequent experiments ( ∗ p < 0.05, ∗∗ p < 0.01 and ∗∗∗ p < 0.001). 

magna and M. macrocopa . The initial population size was set as 

10 for simulation of population dynamics. Analysis predicted only 

the number of D. magna after three years and M. macrocopa after 

two years due to their rapid reproduction rate. The contribution to 

sensitivity of the dominant eigenvalue (i.e., the infinite rate of in- 

crease) was predominantly related to the survival rate, whereas fe- 

cundity did not contribute significantly. Population growth showed 

that different effects of metal mixtures on individual-level end- 

points could lead to attenuation at the population level over the 

next two or three years ( Fig. 5 , Fig. S7). The logarithmic value of 

the number of D. magna would be significantly lower than that 

of the control groups (by 2.40%–25.76%) in three years after expo- 

sure to multiple metals, and the adverse effects would strengthen 

in successive generations. A stage-structured population analysis, 

based on mortality and life-history traits revealed deteriorating 

groups had aging populations within the cumulative 1, 2 and 3 

years. Proportions of adult-aged population (14 −21 days) in F 2 
D. magna each treatment over 3 years were as follows: medium 

(0.85%) > least (0.75%) > blank (0.32%). However, no maturity 

populations with stable reproduction occurred in F 1 D. magna ex- 

posed to the greatest concentration. Multi-generational exposure to 

greater concentrations of mixtures of metals were likely to cause 

greater effects on populations of D. magna and even cause ex- 

tinction. Similarly, development of M. macrocopa would also be 

affected by metal cocktails and the influence on population size 

seemed to be more dramatic than for populations of D. magna, 

when only one generation was compared; however, the impact 

would be weakened in successive generations. Specifically, the log- 

arithmic value of the population size of F 0 M. macrocopa was pre- 

dicted to decline by 17.04%–25.45% over two years by exposure to 

mixture of metals compared with controls. In contrast, an increase 

compared with that in the blank group was predicted in F 2 popu- 

lation exposed to the medium concentration. 

A number of scientific reports indicate that the densities of 

cladocerans in water bodies are declining ( Barbiero et al., 2019 ), 

and Daphnia is no longer the dominant species in water bodies 

while Moina is gradually predominant, which is consistent with re- 

sults of the multi-generational experiment in this study. The rea- 

son for the difference between the two species could be due to the 

shorter life cycle of M. macrocopa compared to that of D. magna , 

and the former can produce more offspring within relatively short 

periods, which may result in offspring sharing the toxic effects of 

metals entering the body of the adult females. 

Due to the sensitivities to various substances and a number 

of parameters that can be measured simultaneously, cladocerans 

are considered as effective tools for toxicity assessment and mon- 

itoring of water quality ( Zein et al., 2014 ). The present study 

shows that adverse effects of metal mixtures on water flea can- 

not be ignored despite the harmful effect of individual metals on 

organisms is negligible in most scenarios. Multi-generational ef- 

fects showed that continuous exposure to low concentrations of 

multiple metals could lead to large population losses for domi- 

nant aquatic species M. macrocopa . Stage-based structure analysis 

for D. magna indicated the proportion of the adult-aged popula- 

tion changed dramatically under continuous exposure to greater 

concentrations of multiple metals within several years. M. macro- 

copa appeared to be more responsive to chemical stressors com- 

pared with D. magna , which suggested the potential use of Moina 

as important biomarker in water quality assessment. Reproduc- 

tion endpoints, especially the total number of offspring, appeared 

to be more sensitive to exposure of cocktails, so the densities of 

cladocerans in water bodies could be an effective parameter in- 

dicating possible detrimental effects induced by toxic chemicals 

( Dodson et al., 1995 ). However, the metal monitoring results to 

which we used in our analysis most likely underestimate actual 

exposures because it is difficult to capture transient metal peak 

concentrations. Sexual reproduction in water flea and the associ- 

ated production of resting eggs allows them to survive unfavorable 

environmental conditions ( Issa et al., 2021 ), which might result in 

overestimation of ecotoxicological risks posed by metal cocktails 

in surface waters. Speciation of the metals in Tai Lake is much 

more complicated than that represented in this experiment, and 

toxicities can be affected by chemical properties of water bodies, 

such as hardness ( Carlson, A., 1984 ). Further research should be 

performed to investigate the effects of different water chemistry 

characteristics on bioavailability and toxicity of metal mixture, as 

well as the mechanisms underlying the adverse effects induced by 

metal mixtures on organisms. To link laboratory data to situation 
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Fig. 5. Population projection of Daphnia magna (A) and Moina macrocopa (B) based on stage structure. The structure analysis intervals of D. magna are for three life stages: 

0-6 days, 7-13 days and 14-21days within 1, 2 and 3 years while structure projection of M. macrocopa within 0.5, 1 and 2 years are based on two stages: 0-4 days and 5-10 

days. 

in the field, relationships between resting egg production and end 

points of interest (e.g., survivorship rate, fecundity) can be incor- 

porated into a population model. Besides, whole-life-stage data on 

population structure and development based on density-dependent 

growth are needed due complexities of natural environments. Fi- 

nally, more multi-generational studies are recommended since po- 

tential effects may be overlooked in single-generation experiments. 

4. Conclusions 

This study investigated distributions of multiple metals in 

Tai Lake, integrated individual-level measurements from multi- 

generational experiments and a simple demographic model to pre- 

dict the long-term effects of metal cocktails at environmental con- 

centrations on sensitive populations. Our results showed that co- 

exposure to mixtures of Cu, Pb, Cd, Ni, and Zn at environmental 

concentrations caused a series of adverse multi-generational ef- 

fects on growth, reproduction, and population dynamics of sensi- 

tive species, D. magna and M. macrocopa , indicating that adverse 

effects caused by environmentally relevant concentrations of metal 

cocktails in Tai Lake should not be ignored. These findings high- 

light the immense value of population density of cladocerans as 

effective indicator for toxicity assessment and monitoring of water 

quality. The framework presented in the present study could ad- 

dress the challenge of assessing the hazards of metal mixtures in 

aquatic environments and the associated large datasets, and facili- 

tate the consideration of the potential toxicities of metal mixtures 

based on environmentally relevant concentrations in risk assess- 

ment activities. This integrated approach can be used to develop 

research questions and management strategies for assessing eco- 

logical risk of hazardous chemicals. 
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experiments (* p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the control 

group). 
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Table S7. Comparisons among endpoints based on reproduction of Moina 

macrocopa in different generations. Each value represents the mean ± SD of ten 

independent experiments (* p < 0.05, ** p < 0.01, and *** p < 0.001, compared with 

the control group).  

S11 

Fig. S1. Map of Tai Lake showing sampling locations.  

 

S12 

Fig. S2. Concentrations (A) and frequency distributions (B-L) of 11 metals (µg/L). 

(B)-(L) represent chromium (Cr(Ⅵ)), nickel (Ni), mercury (Hg), lead (Pb), cadmium 

(Cd), zinc (Zn), copper (Cu), selenium (Se), iron (Fe), manganese (Mn) and arsenic 

(As), respectively. 

S13 

Fig. S3. Relationship (Kendall’s tau-b value) between the hazard index (HI), 

maximum cumulative ratio (MCR) and n (left: HI-n; right: MCR-n). 
S14 

Fig. S4. Numbers of samples in which the hazard quotient (HQ) of a single metal 

exceed 1.0.  
S15 
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Fig. S5. Species sensitivity distributions for freshwater organisms based on chronic 

toxicity data for five metals. 
S16 

Fig. S6. Effects induced by different concentrations of metal mixtures on growth and 

reproduction of Daphnia magna (A‒G) and Moina macrocopa (a‒g) in different 

generations. The error bar represents the standard deviation of ten independent 

measurements (* p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the control 

group). 

S17 

Fig. S7. Population projection of Daphnia magna and Moina macrocopa. (A‒C) 

Logarithmic value of the number of D. magna in F0, F1 and F2 population after three 

years, respectively, and (D‒F) Logarithmic value of the number of M. macrocopa in 

F0, F1 and F2 population after two years, respectively. 
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Materials and methods  23 

S.1. Test organisms 24 

Test organisms Daphnia magna and Moina macrocopa used in this study were all derived 25 

from a stock colony that was initiated from few individuals and have been cultured in the 26 

laboratory for several years at 22 ± 1 °C using a 16/8 h light/dark cycle. Culture medium is 27 

changed every two days and clones are fed with a suspension of the green alga Scenedesmus 28 

obliquus two times per day. Initially, 24 h tests were conducted with K2CrO3 (0.15、0.3、0.6、29 

1.2、2.4、4.8 mg/L) as a positive control toxicant according to International Organization for 30 

Standardization (ISO) 6341-2012 to determine sensitivities and responsiveness of Daphnia 31 

magna and Moina macrocopa (ISO, 2012). Results of positive control showed test organisms 32 

met the requirements of reproduction test. 33 

S.2. Metal mixtures exposure assay 34 



S4 
 

This study used semi-static tests. Ten newly hatched neonates (F0; <24 h old) of the third 35 

brood of age-synchronized adult females were randomly transferred into 50 mL 36 

polytetrafluoroethylene beakers containing 20 mL of the test solution; every beaker contained 37 

one neonate so the experimental unit was “beaker”. Neonates were fed at a specific time and 38 

the test solutions were changed daily during the exposure. Growth parameters, including 39 

shelling and swimming conditions, were measured twice per day and shells were promptly 40 

removed with disposable plastic pipettes. Once F1 neonates were observed, F0 individuals were 41 

removed from vessels and the numbers of newly hatched neonates of each adult female were 42 

recorded. For D. magna, on the 11th day of F0 generation, ten neonates per beaker were selected 43 

as the F1 generation to carry out the experiment. For M. macrocopa, neonates were randomly 44 

collected on the sixth day of the F0 generation. The experiment was terminated when the 45 

neonates (F2) of generation F1 of D. magna and M. macrocopa were 21 and 10 days old, 46 

respectively. For F0, F1, and F2 (21 and 10 days old)-generation females, body length from the 47 

apex of the helmet to the base of the tail spine was measured using a multipurpose zoom 48 

microscope (Nikon AZ 100). In addition, ages at first brood, numbers of molts, and numbers 49 

of offspring per adult female within 21 or 10 days were recorded.  Female F1 D. magna and 50 

M. macrocopa exposed to the greatest concentrations of mixtures of metals all died on 51 

approximately day 10 and 4 respectively, which left no sufficient neonates to continue the F2 52 

experiment. 53 

 54 

 55 
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Table S1. Concentrations of metals in the wet season at each site (unit: µg/L)a. 56 

Sites Cu Zn Cd Pb Cr(VI) Sites Cu Zn Cd Pb Cr(VI) 

S1 5.74 14.5 0.068 0.348 6.30 S27 3.62 26.8 0.038 0.635 5.26 

S2 5.63 15.4 0.047 0.234 6.46 S28 4.07 15.1 0.041 - 5.37 

S3 5.79 12.4 0.041 0.158 6.88 S29 4.06 9.31 0.033 - 4.45 

S4 5.87 11.9 0.042 0.130 6.87 S30 3.92 11.8 0.035 - 4.81 

S5 7.72 14.2 0.051 0.277 7.87 S31 3.99 7.09 0.037 - 5.10 

S6 7.12 14.9 0.041 0.140 7.70 S32 3.93 9.61 0.035 0.009 5.16 

S7 6.51 30.2 0.043 0.221 7.26 S33 3.49 23.6 0.028 - 4.79 

S8 3.44 12.9 0.030 0.276 6.85 S34 2.91 10.1 0.024 - 4.37 

S9 3.62 13.1 0.029 2.53 6.81 S35 2.21 28.4 0.049 0.286 0.71 

S10 5.86 19.2 0.055 0.410 7.47 S36 2.50 12.0 0.018 - 4.38 

S11 7.14 10.3 0.035 0.277 9.81 S37 2.64 41.1 0.021 - 4.33 

S12 
11.0 6.58 0.029 0.096 8.26 Caoqiao 

River 

4.71 16.3 0.032 0.103 6.04 

S13 
7.17 11.7 0.055 1.85 7.27 Chendong 

Port 

4.57 6.75 0.031 - 5.09 

S14 
7.79 15.8 0.047 0.260 8.75 Dagang 

River 

0.68 3.10 0.003 - 1.65 

S15 10.3 10.2 0.031 - 9.01 Dapu Port 4.10 4.61 0.032 - 5.55 

S16 7.03 13.9 0.169 0.250 8.23 Guandu Port 4.17 4.75 0.023 0.323 4.88 

S17 
6.55 18.1 0.054 0.267 6.84 Hongxiang 

Port 

5.16 5.92 0.031 0.031 5.24 

S18 
3.28 19.6 0.037 0.284 7.63 Liangxi 

River 

2.76 8.98 0.033 - 4.08 

S19 4.03 23.5 0.051 - 7.03 Shedu Port 8.17 8.24 0.044 0.251 5.30 

S20 6.53 217 0.111 0.875 7.80 Taige Canal 10.15 15.2 0.034 - 7.83 

S21 
5.99 51.1 0.053 0.445 6.08 Wangyu 

River 

3.82 14.5 0.04 0.067 4.98 

S22 4.89 8.40 0.048 0.010 4.97 Wuxi Port 2.01 19.7 0.061 0.515 0.93 

S23 6.59 23.4 0.084 2.86 6.25 Wujin Port 4.11 6.51 0.026 - 7.66 

S24 4.90 6.36 0.026 0.201 5.20 Xiaoxi Port 3.01 7.73 0.023 0.454 4.24 

S25 4.47 19.8 0.041 0.268 5.50 Yincun Port 6.75 18.9 0.057 0.158 6.09 

S26 3.21 11.7 0.121 0.143 4.90 Zhihu Port 6.16 8.28 0.035 - 10.5 

                                                        
a Note: "-" is below the detection of limit. 
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Table S2. Concentrations of metals in the dry season at each site (unit: µg/L)a. 57 

Sites Cu Zn Cd Pb Cr(VI) Sites Cu Zn Cd Pb Cr(VI) 

S1 3.72 7.42 0.039 0.222 1.95 S27 4.03 9.91 0.047 0.962 2.26 

S2 3.69 8.86 0.044 0.543 2.65 S28 3.89 8.01 0.060 0.688 2.37 

S3 2.25 5.95 0.048 0.244 2.27 S29 4.14 10.88 0.052 0.947 2.52 

S4 3.27 10.09 0.053 0.338 2.10 S30 3.91 14.06 0.063 0.724 2.56 

S5 2.98 7.90 0.047 0.604 2.95 S31 3.72 6.39 0.054 1.058 2.44 

S6 3.85 14.53 0.055 0.904 2.51 S32 2.65 7.34 0.067 3.476 2.45 

S7 5.40 89.14 0.053 0.237 2.51 S33 3.67 8.37 0.058 1.057 2.35 

S8 2.71 5.42 0.037 0.206 2.45 S34 3.78 9.52 0.077 1.165 2.48 

S9 2.57 8.42 0.032 0.098 2.23 S35 2.15 5.02 0.037 0.292 2.27 

S10 3.01 6.58 0.032 0.106 2.77 S36 4.08 6.60 0.039 0.319 2.14 

S11 3.30 7.19 0.038 0.173 2.34 S37 3.26 7.42 0.044 0.666 3.73 

S12 3.05 4.92 0.041 0.147 2.31 
Caoqiao 

River 
3.35 11.13 0.043 0.315 2.56 

S13 3.56 4.65 0.044 0.150 2.40 
Chendong 

Port 
3.88 6.51 0.053 0.924 3.10 

S14 4.78 7.72 0.046 0.126 3.65 
Dagang 

River 
1.52 8.53 0.038 0.799 1.53 

S15 5.29 9.33 0.050 0.431 3.62 Dapu Port 3.69 6.29 0.056 0.297 2.87 

S16 5.16 8.53 0.051 0.591 3.50 Guandu Port 3.74 6.01 0.049 0.201 2.82 

S17 4.22 12.56 0.056 0.612 2.25 
Hongxiang 

Port 
4.18 7.86 0.051 0.592 3.09 

S18 3.67 7.99 0.054 0.231 2.97 
Liangxi 

River 
2.74 7.93 0.035 0.436 2.49 

S19 3.65 10.87 0.062 4.874 2.36 Shedu Port 4.38 12.63 0.043 0.244 2.84 

S20 2.84 3.34 0.038 - 1.75 Taige Canal 2.16 7.53 0.033 0.351 3.25 

S21 3.18 7.94 0.055 0.450 1.86 
Wangyu 

River 
2.81 6.13 0.053 0.939 2.38 

S22 3.37 9.34 0.044 1.895 2.20 Wuxi Port 3.05 6.56 0.089 0.558 3.13 

S23 3.24 9.67 0.038 0.226 2.51 Wujin Port 4.30 9.28 0.050 0.671 3.05 

S24 3.48 6.43 0.062 1.646 2.20 Xiaoxi Port 3.77 12.57 0.068 0.811 2.32 

S25 3.95 9.86 0.048 1.085 2.44 Yincun Port 5.34 8.51 0.040 0.782 2.95 

S26 2.11 5.91 0.034 0.780 2.35 Zhihu Port 3.67 8.46 0.041 0.275 2.96 

                                                        
a Note: "-" is below the detection of limit. 
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Table S3. Rates of survival of three generations of 21 d - Daphnia magna, 10 d - Moina 58 

macrocopa treated with different concentrations. Each value represents the mean ± SD of ten 59 

independent experiments. 60 

Survival rate of D. magna at 21 d (%) 

Generation Blank 
Least 

concentration 

Medium 

concentration 

Greatest 

concentration 

F0 100.00±0.00 80.00±14.43 80.00±16.58 60.00±14.14 

F1 100.00±0.00 90.00±17.32 80.00±16.58 0.00 

F2 100.00±0.00 70.00±27.39 70.00±22.36 0.00 

Survival rate of M. macrocopa at 10 d (%) 

F0 100.00±0.00 90.00±22.36 60.00±22.36 0.00 

F1 100.00±0.00 100.00±0.00 90.00±22.36 0.00 

F2 100.00±0.00 100.00±0.00 80.00±27.39 0.00 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 
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Table S4. Comparisons among endpoints based on growth of Daphnia magna in different 73 

generations. Each value represents the mean ± SD of ten independent experiments (* p < 0.05, 74 

** p < 0.01, and *** p < 0.001, compared with the control group). 75 

Body length (μm) 

Generation Blank Least concentration Medium concentration Greatest concentration 

F0 3780.24±46.83 3578.47±470.72 3790.67±53.66 2984.74±480.19*** 

F1 3719.87±50.71 3647.12±85.82* 3585.87±71.76***  

F2 3797.59±78.19 3579.62±579.48 3702.94±118.91  

Total number of molts 

F0 10.30±0.67 8.50±2.01** 9.50±1.27 9.90±3.35 

F1 10.70±1.06 10.40±1.35 8.80±2.44* 5.20±0.42*** 

F2 10.70±0.48 9.10±2.28* 9.50±2.32  

 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 
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Table S5. Comparisons among endpoints based on growth of Moina macrocopa in different 86 

generations. Each value represents the mean ± SD of ten independent experiments (* p < 0.05, 87 

** p < 0.01, and *** p < 0.001, compared with the control group). 88 

Body length (μm) 

Generation Blank Least concentration Medium concentration Greatest concentration 

F0 1871.21±69.08 1767.63±49.38** 1774.17±16.01***  

F1 1791.20±46.80 1773.44±44.81 1672.07±70.30***  

F2 1779.33±42.00 1776.40±49.24 1846.58±31.46**  

Total number of molts 

F0 7.10±0.74 6.00±2.16 5.00±2.05** 4.90±1.37*** 

F1 7.30±0.67 7.00±0.67 6.80±1.48 7.00±0.00 

F2 7.20±0.00 7.20±0.42 6.80±0.63  

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 
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Table S6. Comparisons among endpoints based on reproduction of Daphnia magna in different 99 

generations. Each value represents the mean ± SD of ten independent experiments (* p < 0.05, 100 

** p < 0.01, and *** p < 0.001, compared with the control group). 101 

Total number of offspring per adult female produced within 21 days 

Generation Blank Least concentration Medium concentration Greatest concentration 

F0 90.60±6.55 71.25±9.88*** 80.40±19.43 37.78±16.70*** 

F1 94.10±5.90 67.80±15.72*** 63.67±13.52*** 16.33±6.98*** 

F2 89.10±9.18 78.00±22.57 67.90±29.54*  

Age at first spawning (d) 

F0 6.90±0.57 6.50±0.76 6.60±0.70 6.56±0.53 

F1 7.10±0.32 7.00±0.00 7.33±1.00 7.22±0.44 

F2 7.70±0.48 7.29±0.49 7.60±0.52  

Generation time (d) 

F0 13.17±0.46 12.70±0.89 12.51±1.18 10.24±1.22*** 

F1 13.20±0.43 13.26±1.29 13.22±1.48 7.25±0.43*** 

F2 15.03±0.45 13.60±2.52 13.42±2.95  

Intrinsic rate of population growth (r; ind/day) 

F0 0.34±0.01 0.32±0.02* 0.34±0.01 0.34±0.04 

F1 0.34±0.02 0.31±0.02** 0.30±0.03** 0.32±0.09 

F2 0.30±0.01 0.31±0.05 0.29±0.01  

Finite rate of increase (λ; ind/day) 

F0 1.41±0.02 1.38±0.03* 1.41±0.02 1.40±0.06 

F1 1.41±0.02 1.37±0.03** 1.35±0.04** 1.39±0.12 

F2 1.35±0.02 1.36±0.07 1.33±0.03  

 102 

 103 

 104 
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Table S7. Comparisons among endpoints based on reproduction of Moina macrocopa in 105 

different generations. Each value represents the mean ± SD of ten independent experiments (* 106 

p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the control group). 107 

Total number of offspring per adult female produced within 10 days 

Generation Blank Least concentration Medium concentration Greatest concentration 

F0 121.40±20.50 90.89±31.71* 68.22±31.71*** 45.60±25.05*** 

F1 122.20±7.55 117.20±7.50 94.90±39.68*  

F2 114.30±8.23 88.90±11.32*** 103.10±14.48*  

Age at first spawning (d) 

F0 3.10±0.32 3.33±0.50 3.56±0.53* 3.56±1.01 

F1 4.00±0.00 4.10±0.32 3.90±0.74  

F2 4.00±0.00 3.10±0.32*** 4.20±0.79  

Generation time (d) 

F0 6.67±0.42 6.82±1.11 5.96±0.88* 5.50±0.74*** 

F1 7.23±0.25 7.29±0.25 6.51±1.25*  

F2 7.51±0.23 7.17±0.15** 6.83±0.51***  

Intrinsic rate of population growth (r; ind/day) 

F0 0.72±0.03 0.62±0.05*** 0.62±0.07*** 0.65±0.10 

F1 0.67±0.02 0.65±0.02 0.63±0.10  

F2 0.63±0.02 0.63±0.02 0.68±0.05**  

Finite rate of increase (λ; ind/day) 

F0 2.05±0.06 1.85±0.10*** 1.87±0.12*** 1.93±0.19 

F1 1.95±0.04 1.92±0.04 1.88±0.17  

F2 1.88±0.04 1.87±0.04 1.97±0.10**  

 108 



S12 
 

 109 

Fig. S1. Map of Tai Lake showing sampling locations. 110 

 111 

 112 

 113 
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 117 

 118 

 119 
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 120 

Fig. S2. Concentrations (A) and frequency distributions (B‒L) of 11 metals (µg/L). (B)-(L) 121 

represent chromium (Cr(Ⅵ)), nickel (Ni), mercury (Hg), lead (Pb), cadmium (Cd), zinc (Zn), 122 

copper (Cu), selenium (Se), iron (Fe), manganese (Mn) and arsenic (As), respectively. 123 
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 124 

Fig. S3. Relationship (Kendall’s tau-b value) between the hazard index (HI), maximum 125 

cumulative ratio (MCR) and n (left: HI-n; right: MCR-n). Proportions of samples with HI 126 

exceeding 1.0 was 69.8%. Based on all grouped samples, HI was significantly and positively 127 

correlated with n, for which Kendall’s tau-b value was 0.306. Values of MCR ranged from 1.0 128 

to 3.8. Positive correlation between MCR and n (0.608) was stronger than HI- n. 129 

 130 

 131 
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 138 

Fig. S4. Numbers of samples in which the hazard quotient (HQ) of a single metal exceed 1.0.  139 
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 151 

Fig. S5. Species sensitivity distributions for freshwater organisms based on chronic toxicity 152 

data for five metals.  153 
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 166 

Fig. S6. Effects induced by different concentrations of metal mixtures on growth and reproduction of Daphnia magna (A‒G) and Moina macrocopa 167 

(a‒g) in different generations. The error bar represents the standard deviation of ten independent measurements (* p < 0.05, ** p < 0.01, and *** 168 

p < 0.001, compared with the control group). 169 
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 170 

Fig. S7. Population projection of Daphnia magna and Moina macrocopa. (A‒C) Logarithmic 171 

value of the number of D. magna in F0, F1 and F2 population after three years, respectively, 172 

and (D‒F) Logarithmic value of the number of M. macrocopa in F0, F1 and F2 population after 173 

two years, respectively. 174 
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