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a b s t r a c t
Marine pollution by metals has been a major challenge for ecological systems; however, water quality criteria
(WQC) for metals in saltwater is still lacking. Especially from a regulatory perspective, chronic effects of metals
on marine organisms should receive more attention. A quantitative ion characteristic–activity relationships–
species sensitivity distributions (QICAR-SSD) model, based on chronic toxicities for eight marine organisms,
was established to predict the criteria continuous concentrations (CCCs) of 21 metals. The results showed that
the chronic toxicities of various metals had good relationships with their physicochemical properties. Predicted
CCCs of six metals (Hg2+, Cu2+, Pb2+, Cd2+, Ni2+ and Zn2+) were in accordance with the values recommended
by the U.S. EPA, with prediction errors being less than an order of magnitude. The QICAR-SSD approach provides
an alternative tool to empirical methods and can be useful for deriving scientiﬁcally defensible WQC for metals
for marine organisms and conducting ecological risk assessments.
© 2017 Published by Elsevier Ltd.

1. Introduction
With industrialization increasing in coastal cities, metal pollution of
the marine environment, especially in estuaries and along coasts, has
become a worldwide problem. To strengthen environmental management and to minimize impacts of metals on marine organisms, the
U.S. EPA has recommended criteria continuous concentrations (CCCs)
for 9 metals or metalloids in saltwater (arsenic (As), cadmium (Cd),
hexavalent chromium (Cr(VI)), copper (Cu), lead (Pb), mercury (Hg),
nickel (Ni), selenium (Se) and zinc (Zn)) since 1986. However, for
other metals, CCCs are still lacking, which limits capabilities of government regulators to assess water quality and to make sound environmental management decisions. Thus, there was a need to derive CCCs
for additional metals.
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A CCC equals the highest concentration of a toxicant to which aquatic organisms can be exposed indeﬁnitely without causing unacceptable
effects. It is determined based on results of chronic toxicity tests (e.g. no
observed effect concentrations (NOECs), lowest observed effect concentrations (LOECs) or maximum acceptable toxicant concentrations
(MATCs)), but this information is not always easily obtained. Few standard methods for marine toxicity testing are available. In addition, systematic and comprehensive chronic tests of toxicity are costly and
difﬁcult due to challenges in maintaining constant toxic exposures and
keeping control organisms alive and in good condition. Although use
of an acute to chronic ratio (ACR) allows for an estimation of the chronic
criteria from acute toxicity data, it was argued to have only a limited
predictive value in aquatic ecosystems. Moreover, no ACR correlation
was found across trophic levels (Ahlers et al., 2006). The biotic ligand
model (BLM) is considered to be a promising method to estimate the activities of dissolved metals and has been used to derive water quality
criteria (WQC) for copper in freshwater (U.S. EPA, 2007). However,
there still remain limitations for extending the BLM from freshwater
to saltwater (Arnold et al., 2005; Pinho and Bianchini, 2010). It has
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been recognized that in silico approaches have potential to become efﬁcient alternative tools to empirical methods to drive WQC.
The quantitative ion characteristic-activity relationship (QICAR) is a
mathematical method that is used to predict the biological activities of
metal ions based on the assumption that similar electronic conﬁgurations should have similar functions. It can be expected to capture the relationships between the “microstructures” of metals, represented by
physicochemical properties, and their macroscopic properties, such as
biological toxicity, biosorption capacity or accumulation. Also, the
QICAR approach is time- and cost-efﬁcient and could reveal mechanisms of toxic potencies of metals. In the last few decades, extensive research has been conducted on QICAR to predict toxic potencies of metal
cations (Khangarot and Das, 2009; McCloskey et al., 1996; Mendes et al.,
2010; Newman and McCloskey, 1996; Ownby and Newman, 2003;
Walker et al., 2007). The most common “descriptors” used in these studies are standard electrode potential (E0), negative logarithm of the solubility product equilibrium constant (pKsp), standard reductionoxidation potential (ΔE0), electronegativity (X, XAR, or Xm) and softness
index (σp). Additionally, QICAR combined with a species sensitivity distribution (SSD) approach has been used to predict WQC for protecting
aquatic life (Chen et al., 2015; Mu et al., 2014; Wu et al., 2012), where
linear regression analyses were employed to establish relationships between characteristics of metals and acute/chronic toxicities (log-LC50,
log-EC50 or log-NOEC) to eight families of selected organisms; the SSD
approach was then performed to determine the water quality guidelines. However, there are still challenges in predicting the chronic
WQC for metals in saltwater. First, marine ecosystems cover much
broader trophic levels than do freshwater ecosystems, making it more
difﬁcult to select organisms that are typical, representative and sufﬁciently sensitive to be protective. Second, speciation and biosorption
of metals in saltwater are more complex. Thus, it can be hard to ﬁnd accurate descriptors. Third, only rarely are chronic experimental data published in the open literature.
This study attempted to predict the CCCs of metal ions for protection
of marine life. Eight representative organisms (six phyla) with sufﬁcient
toxicity data were selected for deriving numerical WQC under the
framework recommended by the U.S. EPA. The toxicity prediction
model involves one input variable that describes the characteristics of
metal ions. Chronic toxicities and CCCs were predicted by QICAR-SSDs.
To validate predicted CCCs, they were compared with values recommended by the U.S. EPA. The QICAR-SSD model can be an alternative
method to derive scientiﬁcally defensible WQC for metals for marine organisms and to conduct ecological risk assessment for which little or no
empirical values are available.

(effective concentration at 10% inhibition) of Ni2 + for Cyprinodon
variegatus and Skeletonema costatum were converted into NOEC, by
use of previously reported procedures (Durán and Beiras, 2013; Sijm
et al., 2002).
2.2. Characteristics of metals and development of predictive relationships
There were 21 physicochemical characteristics of metal ions considered, involving atomic number (AN), atomic weight (AW), atomic radius (AR), Pauling ionic radius (r), ionic charge (Z), ionization potential
(ΔIP), standard reduction-oxidation potential (ΔE0), Pauling electronegativity (Xm), ﬁrst-order hydroxide complex stability constant (logK1(OH−)), logarithmic value of ﬁrst hydrolysis constant (|log-KOH |), covalent index (X2mr), polarization force parameters (Z/r, Z/r2 and Z2/r),
atomic ionization potential (AN/ΔIP), softness index (σp), AR/AW
radio, logarithmic value of the largest stability constant of complexes
formed between the metal ion and EDTA, CN− and SCN− (log-βn), relative softness (Z/rx) and similar polarization force parameters (Z/AR, Z/
AR2).
For each species, correlation analyses were conducted to investigate
relationships between data on chronic toxicity and each characteristic
of metals. The magnitude of association was tested using the Fstatistic, with the level of signiﬁcance set to α = 0.05. Characteristics
with the greatest predictive power were adopted to establish the predictive equations by a linear regression. The predictive potential of
QICAR models were evaluated using the adjusted coefﬁcient of determination (Adj.r2), residual sum of squares (RSS), F value from the analysis
of variance (ANOVA) and the p value. Meanwhile, internal validation
(leave-one-out cross-validation, LOOCV) was performed to assess robustness of predictive models and to limit over-ﬁtting. Under leaveone-out cross-validation, N (the number of data points in the toxicity
set) models were trained, each on a different combination of N-1 data
points and tested on the remaining datum. The cross-validated correlation coefﬁcient Q2CV, the sum of squared differences between observed
and predicted toxicity, and the difference between r2 and Q2CV were
used as indicators for judging predictive power of models, with recommended reference criteria of Q2CV N 0.6 and r2-Q2CV ≤ 0.3 (Eriksson et al.,
2003).
2.3. SSD construction and HC5 derivation
Chronic toxicities of each ion to eight representative organisms were
predicted from QICAR equations and sorted in ascending order. Cumulative probabilities were then calculated for various species (Eq. (1)).

2. Materials and methods

cumulative probability ¼ ðrank–0:5Þ=number of species

2.1. Modeling dataset

A Gumbel logistic approach (Gumbel, 1961; Gumbel, 1960) (Eq. (2))
was adopted for ﬁtting functions for development of SSDs with the predicted log-C as the independent variable, while the cumulative probability was the dependent variable. Subsequently, the HC5 of each
metal ion, deﬁned as the concentration to protect 95% species from hazard, was determined by the corresponding SSD equation and taken as
the criteria continuous concentration (CCC) (Mu et al., 2014).

The chronic toxicity data used in the present study were taken from
published literature (Table A.1). According to the U.S. EPA WQC guidelines, a minimum of eight species (three phyla) were required. Speciﬁc
data screening rules are as follows: (1) All species selected here inhabit
North America; (2) The toxicity data of at least ﬁve metals are available
for each organism; (3) Chronic tests should cover an entire generation
or reproductive life cycle. However, exposures during early, sensitive
life stages of an organism are also included at times. However, those
with mortality N20% in the control sample will be considered invalid;
(4) All the toxicity tests should strictly follow the standard methods.
Eight marine species belonging to six phyla were used in this study,
including an Echinoderm (Paracentrotus lividus), an Arthropod
(Americamysis bahia), two Annelids (Ctenodrilus serratus, Ophryotrocha
diadema), two Mollusks (Ilyanassa obsolete, Mercenaria mercenaria), a
Chordate (Cyprinodon variegatus) and an Ochrophyte (Skeletonema
costatum). Results of chronic toxicity tests were reported as NOEC,
LOEC or MATC. However, considering the scarcity of chronic data, EC10

x−a
−e b

y ¼ 1−e

ð1Þ

ð2Þ

3. Results and discussion
3.1. Predicting chronic toxicities of metals to eight marine organisms
Positive or negative relationships between the logarithmic value of
the chronic toxic concentration (log-C) and 21 metal characteristics
for each representative species were observed. Six descriptors, Xm, log-
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βn, log-K1(OH−), |log-KOH |, AR/AW and σp, exhibited the best associations with toxicities to the organisms. Values of these characteristics of
21 metal ions are summarized (Table A.2). Tests of signiﬁcance and
cross-validation of regression models conﬁrmed that all of the predictive equations were satisfactory, with Adj.r2 N 0.8 (F N 19.455,
p b 0.022), Q2LOO N 0.635 and r2-Q2LOO b 0.244 (Table 1).
The logarithmic value of the chronic toxic concentration of metals to
Paracentrotus lividus was signiﬁcantly and negatively correlated with
Pauling electronegativity (Xm) with an adjusted coefﬁcient of determination (Adj.r2) of 0.988 (F = 334.060, p = 3.573 × 10−4) (Fig. 1(a)).
Since there is an increasing trend of electronegativity within a period
from left to right, this ﬁnding is consistent with the fact that transition
and post-transition metals generally demonstrate stronger biological
toxicity than alkaline earth metals or alkali metals. The parameter of
log-βn exhibited signiﬁcant, negative correlations with log-C for
Ilyanassa obsoleta and Cyprinodon variegatus (Adj.r2 = 0.925, F =
50.366, p = 0.006 and Adj.r2 = 0.893, F = 34.224, p = 0.010, respectively) (Fig. 1(b) and 1(c)). Previously, there were no QICARs available using
log-βn as a single independent variable for marine species. However,
combinations of log-βn and σp and log-βn and |log-KOH | have been conﬁrmed to best modeled acute toxicities of metal ions to freshwater species (Wu et al., 2012). The magnitude of log-βn reﬂects the tendency
toward formation of a complex between a metal ion and ligands
(EDTA, CN− and SCN−) and gives a quantitative measure of the binding
afﬁnity of a metal with the O-donor group. The most predictive characteristics of ions for two Annelids (Ophryotrocha diadema and Ctenodrilus
serratus) were log-K1(OH−) (Adj.r2 = 0.974, F = 151.279, p = 0.001)
and | log-KOH | (Adj.r2 = 0.930, F = 53.955, p = 0.005), respectively
(Fig. 1(d) and 1(e)), which suggests that a hydroxyl group (− OH)
may mediate toxicity of metals to organisms. Free ions may combine
with –OH on the surface of cell membrane and thus affect the permeability and ﬂuidity. Log-K1(OH−) represents the formation constant
(or stability constant) of the ﬁrst-order coordination of a ligand L to a
metal M to form a complex ML, while the constant for the ﬁrst hydrolysis (|log-KOH |) describes the attraction of the metal ion to the electron
cloud of its water hydration. The connection between log-K1(OH−)
and |log-KOH | is discussed and shown in the Supplementary data.
The ratio between atomic radius and atomic weight AR/AW, which is
a measure of an ion's electron density, exhibited the greatest correlation
with the potency of metals to cause toxicity in marine algae
(Skeletonema costatum), with Adj.r2 = 0.822 (F = 19.455, p = 0.022)
(Fig. 1(f)). This is consistent with results of other studies, which found
that the AR/AW-form of the predictive equation provided the best ﬁt
to metal toxicities for algae (Wolterbeek and Verburg, 2001). For the
mollusk (Mercenaria mercenaria) and the crustacean (Americamysis
bahia), strong, positive correlations were obtained between softness
index (σp) and log-C, with Adj.r2 = 0.991 (F = 453.562, p =
2.265 × 10− 4) and 0.812 (F = 26.913, p = 0.004), respectively
(Fig. 1(g) and 1(h)). This is in agreement with experimental observations reported in the literature. For instance, a negative correlation has
been reported between σp and the percentage of injected metal bound
to mollusk hemolymph proteins. That is, softer metals such as Cd2 +
and Zn2+ are bound more stably to plasma proteins than are the harder
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metals Mn2+ and Ca2+ (Howard and Simkiss, 1981). Additionally, results of a previous study conﬁrmed that acute toxicities of metals to
Americamysis bahia were inversely associated with σp (Chen et al.,
2015). The σp is derived from the hard and soft acid and bases theory
(HSAB theory) and regarded as a measure of the degree of difﬁculty
for a metal ion to give up its valence electrons (Jones and Vaughn,
1978; Williams and Turner, 1981). Three characteristics, Xm, log-βn
and log-K1(OH−), were demonstrated to be signiﬁcantly and negatively
correlated with the log-C of four representative marine organisms,
while positive relationships were established for the other species
using |log-KOH |, AR/AW and σp as descriptors.

3.2. SSD analysis and derivation of predicted CCCs in saltwater
Based on the QICAR equations derived, chronic toxicities of 21 metal
ions to each representative organism were predicted (Table A.3). The
planktonic algae Skeletonema costatum was found to be sensitive to
the majority of 21 metal ions, except for Be2+, Mg2+ and Al3+. In particular, it appeared most vulnerable to Mn2+, Co2+, Cd2+, Hg2+ and Sn2+,
which are group VIIB, VIII, IIB and IVA metals. This is consistent with results of a previously reported study, in which algae was demonstrated
to be more sensitive (especially to Hg2 + and Pb2+) than most phyla
(Kong et al., 2011). Americamysis bahia exhibited sensitivity to Zn2 +
and Hg2 + in this study. Alternatively, Zn2 + can cause a decrease in
chitinase activity of crustaceans and inhibit reproduction. Alternatively,
it might contribute to lesser stability of the lysosome membrane of the
crustacean and subsequently cause cell damage (Koukouzika and
Dimitriadis, 2005; Poynton et al., 2007). Hg2+ might affect transportation of calcium (Ca) during proecdysis and postecdysis of crustacean,
which could affect calciﬁcation and decalciﬁcation of the exoskeleton
(Rodrı́guez Moreno et al., 2003). However, here, Cyprinodon variegatus
was considered to be relatively tolerant to Hg2 +. This is consistent
with the ﬁnding that ﬁsh have repair mechanisms for tissue damage
caused by mercury exposure (de Oliveira Ribeiro et al., 2002; Ribeiro
et al., 2000). Overall, toxicities of metals predicted by QICAR approach
were consistent with empirical results and thus can be used for development of SSDs.
SSDs were ﬁtted using the Gumbel logistic model supported by
OriginPro 8.5 (OriginLab, Northampton, MA, USA) software based on
the predictive toxicities of metal ions to eight representative organisms
(Fig. 2). All regression equations were demonstrated to be satisfactory,
with p values of the signiﬁcance test being b5.731 × 10−5
(Adj.r2 N 0.862, F N 100.374). The HC5 calculation ensued to determine
CCC values. Table A.4 presents log-HC5 values of 21 metal ions, from
which it can be concluded that the chronic toxicities generally ranked
in the descending order post-transition metals N transition
metals N alkaline earth metals. Bi3+, Sn2+, Ag+, As3+, Hg2+, In3+ and
Fe3 + showed quite strong toxicities, with log-HC5 values ranging
from −3.84 to − 2.255, while Mg2+, Ca2+ and Mn2+ posed the least
toxic potencies, with log-HC5 values of 1.228, 1.019 and 0.348, respectively; those in-between were Ti3 +, Cr3 +, Co2 +, Pb2 +, Ni2 +, Cu2 +,
Cd2+, Al3+ and Zn2+, etc.

Table 1
One-variable regression models based on six characteristics of metal ions Xm, log-βn, log-K1(OH−), |log-KOH |, AR/AW and σp, where Adj.r2 is the adjusted coefﬁcient of determination, p is
the statistical signiﬁcance level, and Q2LOO is the cross-validation correlation coefﬁcient.
Species
Paracentrotus lividus
Americamysis bahia
Ctenodrilus serratus
Ophryotrocha diadema
Ilyanassa obsolete
Mercenaria mercenaria
Cyprinodon variegatus
Skeletonema costatum

Phylum
Echinodermata
Crustacean
Annelida
Annelida
Mollusca
Mollusca
Chordata
Ochrophyta

Predicting equations
log ‐ C = (−6.247 ± 0.342)Xm + (11.534 ± 0.629)
log ‐ C = (41.155 ± 7.933)σp + (−4.383 ± 0.803)
log ‐ C = (0.336 ± 0.046)|log‐ KOH | + (−1.922 ± 0.342)
log ‐ C = (−0.189 ± 0.015) log ‐ K1(OH−)+ (1.765 ± 0.098)
log ‐ C = (−0.290 ± 0.041) log ‐ βn + (5.494 ± 0.704)
log ‐ C = (29.868 ± 1.402)σp + (−2.014 ± 0.148)
log ‐ C = (−0.228 ± 0.039) log ‐ βn + (4.845 ± 0.532)
AR
log‐C ¼ ð124:161  28:149Þ AW
þ ð−3:314  0:605Þ

n
5
7
5
5
5
5
5
5

Adj.r2
0.988
0.812
0.930
0.974
0.925
0.991
0.893
0.822

F
334.060
26.913
53.955
151.279
50.366
453.562
34.224
19.455

p
−4

3.573 × 10
0.004
0.005
0.001
0.006
2.265 × 10−4
0.010
0.022

Q2LOO

r2-Q2LOO

0.981
0.635
0.738
0.919
0.700
0.976
0.767
0.666

0.010
0.208
0.209
0.062
0.244
0.017
0.152
0.200
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Fig. 1. Regression models of log-C and the six most predictive characteristics of metal ions for eight model organisms.

A comparison was made between the chronic HC5 obtained in this
study and the acute values drawn from previous work (Chen et al.,
2015). There was an increasing trend in both acute and chronic toxicities of metal ions from left to right in the periodic table. However,
noteworthy differences also existed between them: (1) Cd2+ was considered to be highly toxic during a short-term exposure, whereas it
showed small long-term adverse effects for marine organisms. (2) In
contrast, Be2 + had weakly acute toxicities, but relatively signiﬁcant
risk of chronic effect. (3) For the intermediate (or borderline) metals,
deﬁned based on the bond stability with various ligand donor atoms,
such as O, N and S (Nieboer and Richardson, 1980), chronic toxicities

decreased in the order: As3 + NIn3 + NCr3 + NCo2 + NPb2 + NNi2 + NCu2 ++ N In3 + N Cr3 + N Co2 + N Pb2 + N Ni2 + N Cu2 + N Cd2 + N Zn2 +, while
the order of acute toxicity was: Cd 2 + N In3 + N Cu 2 + N As 3 + N
Cr3 + N Zn2 + N Ni2 + N Co2 + N Pb2 +.
3.3. Comparison of predicted CCCs and those recommended by the U.S. EPA
To evaluate the predictive capacity of the QICAR-SSD model, predicted CCCs were compared with values recommended by the U.S. EPA for
seven metals or metalloids: Hg2+, As3+, Cu2+, Pb2+, Cd2+, Ni2+ and
Zn2+. As for Cr6+ (hexavalent chromium) and Se (selenium), predicted
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partially accounted for the deviation between predicted CCC and the
recommended value. In addition, as a metalloid element, As3+ has a relatively high electronegativity. Overestimation might occur when deriving its toxicity by use of a QICAR model with electronegativity as the
only independent parameter in the model.
4. Conclusions

Fig. 2. Species sensitivity distribution analyses and derivation of the predicted log-HC5
based on the QICAR regressions for 21 metals.

toxicities were missing, because there was insufﬁcient information on
certain descriptors. Errors in prediction between predicted values and
recommended values were less than a factor of 10, except for As3 +
(Fig. 3). Discrepancies between recommended values and those predicted by use of the QICAR-SSD model, were mainly caused by different
data sources and experimental conditions, including pH, temperature,
salinity, dissolved oxygen, etc. The geochemical properties of the saltwater inﬂuenced metal speciation, migration and transformation and
metabolism of organisms, which might affect toxicities of metal ions.
For instance, the toxicities of Cr6 + to three invertebrates (Corophium
volutator, Macoma balthica and Nereis diversieolor) were greater at
higher temperatures (Bryant et al., 1984). Absorption of Cd and Zn by
Mytilus edulis increased by 150% with a decrease in salinity from 34%
to 15% (Wang et al., 1996). However, because detailed and complete descriptions of water geochemical properties in the chronic toxicity tests
cited in this study were not provided, it was not possible to quantify effects of these factors on metal toxicities or make corrections.
The predicted CCC for As3+, which was0.118 μg/L, was 300-fold less
than that recommended (36 μg/L) by the U.S. EPA. Predicted toxicities of
As3+ for Skeletonema costatum, Ophryolrocha diadema (log-C = −1.110
and − 0.939, respectively) and Ctenodrilus serratus, Ilyanassa obsolete
(log-C = −0.318 and −0.186, respectively) were similar. This at least

This study extended the QICAR-SSD, developed previously for freshwater, to predict CCCs of metal ions for protecting marine life. Relationships between the physicochemical properties of metals and their
chronic toxicities (log-C) to marine organisms were investigated. CCCs
for 21 metals or metalloids were determined by use of SSD analysis,
based on toxicity data derived from QICAR models, and were then compared with the values recommended by the U.S. EPA with satisfactory
results except for As3+. However, considering the complexity of interaction of metals with organisms and the multiplicity of inﬂuence factors,
there still remain some issue that require improvement: (1) Further
studies are needed to clarify the toxic mechanisms, which might be diverse among species. (2) The water geochemical properties should be
taken into consideration to reduce the uncertainty of the model. One
way to do this would be to use chemical activities instead of concentrations for measuring exposure of marine organisms to metals or metalloids. (3) Scope of the application of QICAR models needs to be
discussed and how they should be used debated by managers.
(4) More data on toxicities to marine organisms, especially chronic toxicity to non-lethal, apical endpoints such as growth and reproduction,
are needed to develop more robust prediction models.
Conﬂicts of interest
The authors declare no competing ﬁnancial interests.
Acknowledgements
The authors acknowledge support from the National Natural Science
Foundation of China (No. 41130743, 41521003 and 21507120). Prof. Giesy
was supported by the program of 2012 “High Level Foreign Experts”
(#GDT20143200016) funded by the State Administration of Foreign Experts Affairs, the P.R. China to Nanjing University and the Einstein Professor
Program of the Chinese Academy of Sciences. He was also supported by the
Canada Research Chair program and a Distinguished Visiting Professorship
in the School of Biological Sciences of the University of Hong Kong.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marpolbul.2017.02.055.
References

Fig. 3. Comparison between predicted log-HC5 and the recommended values derived from
WQC.

Ahlers, J., Riedhammer, C., Vogliano, M., Ebert, R.U., Kühne, R., Schüürmann, G., 2006.
Acute to chronic ratios in aquatic toxicity—variation across trophic levels and relationship with chemical structure. Environ. Toxicol. Chem. 25, 2937–2945.
Arnold, W., Santore, R., Cotsifas, J., 2005. Predicting copper toxicity in estuarine and marine waters using the biotic ligand model. Mar. Pollut. Bull. 50, 1634–1640.
Bryant, V., Mclusky, D.S., Roddie, K., Newbery, D.M., 1984. Effect of temperature and salinity on the toxicity of chromium to three estuarine invertebrates (Corophium volutator,
Macoma balthica, Nereis diversicolor). Mar. Ecol. Prog. 20, 137–149.
Chen, C., Mu, Y., Wu, F., Zhang, R., Su, H., Giesy, J.P., 2015. Derivation of marine water quality criteria for metals based on a novel QICAR-SSD model. Environ. Sci. Pollut. Res. 22,
4297–4304.
de Oliveira Ribeiro, C., Belger, L., Pelletier, E., Rouleau, C., 2002. Histopathological evidence
of inorganic mercury and methyl mercury toxicity in the arctic charr (Salvelinus
alpinus). Environ. Res. 90, 217–225.
Durán, I., Beiras, R., 2013. Ecotoxicologically based marine acute water quality criteria for
metals intended for protection of coastal areas. Sci. Total Environ. 463, 446–453.
Eriksson, L., Jaworska, J., Worth, A.P., Cronin, M.T., Mcdowell, R.M., Gramatica, P., 2003.
Methods for reliability and uncertainty assessment and for applicability evaluations
of classiﬁcation- and regression-based QSARs. Environ. Health Perspect. 111,
1361–1375.

Please cite this article as: Qie, Y., et al., Predicting criteria continuous concentrations of metals or metalloids for protecting marine life by use of
quantitative ion charac..., Marine Pollution Bulletin (2017), http://dx.doi.org/10.1016/j.marpolbul.2017.02.055

6

Y. Qie et al. / Marine Pollution Bulletin xxx (2017) xxx–xxx

Gumbel, E.J., 1961. Bivariate logistic distributions. J. Am. Stat. Assoc. 56, 335–349.
Gumbel, É.J., 1960. Distributions des valeurs extrêmes en plusieurs dimensions. Publ. Inst.
Statist. Univ. Paris 9, 171–173.
Howard, B., Simkiss, K., 1981. Metal binding by Helix aspersa blood. Comp. Biochem. Physiol. A Physiol. 70, 559–561.
Jones, M.M., Vaughn, W.K., 1978. HSAB theory and acute metal ion toxicity and detoxiﬁcation processes. J. Inorg. Nucl. Chem. 40, 2081–2088.
Khangarot, B., Das, S., 2009. Acute toxicity of metals and reference toxicants to a freshwater ostracod, Cypris subglobosa Sowerby, 1840 and correlation to EC 50 values of other
test models. J. Hazard. Mater. 172, 641–649.
Kong, X., He, W., Qin, N., He, Q., Wang, Y., Ouyang, H., Xu, F., 2011. Assessing acute ecological risks of heavy metals to freshwater organisms by species sensitivity distributions.
China Environ. Sci. 31, 1555–1562.
Koukouzika, N., Dimitriadis, V., 2005. Multiple biomarker comparison in Mytilus
galloprovincialis from the Greece coast: lysosomal membrane stability, neutral red retention, micronucleus frequency and stress on stress. Ecotoxicology 14, 449–463.
McCloskey, J.T., Newman, M.C., Clark, S.B., 1996. Predicting the relative toxicity of metal
ions using ion characteristics: Microtox® bioluminescence assay. Environ. Toxicol.
Chem. 15, 1730–1737.
Mendes, L.F., Bastos, E.L., Stevani, C.V., 2010. Prediction of metal cation toxicity to the
bioluminescent fungus Gerronema viridilucens. Environ. Toxicol. Chem. 29,
2177–2181.
Mu, Y., Wu, F., Chen, C., Liu, Y., Zhao, X., Liao, H., Giesy, J.P., 2014. Predicting criteria continuous concentrations of 34 metals or metalloids by use of quantitative ion
characteristic-activity relationships–species sensitivity distributions (QICAR–SSD)
model. Environ. Pollut. 188, 50–55.
Newman, M.C., McCloskey, J.T., 1996. Predicting relative toxicity and interactions of divalent metal ions: Microtox® bioluminescence assay. Environ. Toxicol. Chem. 15,
275–281.
Nieboer, E., Richardson, D.H., 1980. The replacement of the nondescript term ‘heavy
metals’ by a biologically and chemically signiﬁcant classiﬁcation of metal ions. Environ. Pollut. B. 1, 3–26.

Ownby, D.R., Newman, M.C., 2003. Advances in quantitative ion characteristic-activity relationships (QICARs): using metal-ligand binding characteristics to predict metal toxicity. QSAR Comb. Sci. 22, 241–246.
Pinho, G.L.L., Bianchini, A., 2010. Acute copper toxicity in the euryhaline copepod Acartia
tonsa: implications for the development of an estuarine and marine biotic ligand
model. Environ. Toxicol. Chem. 29, 1834–1840.
Poynton, H.C., Varshavsky, J.R., Chang, B., Cavigiolio, G., Chan, S., Holman, P.S., Loguinov,
A.V., Bauer, D.J., Komachi, K., Theil, E.C., 2007. Daphnia magna ecotoxicogenomics provides mechanistic insights into metal toxicity. Environ. Sci. Technol. 41, 1044–1050.
Ribeiro, C.O., Pelletier, E., Pfeiffer, W., Rouleau, C., 2000. Comparative uptake, bioaccumulation, and gill damages of inorganic mercury in tropical and nordic freshwater ﬁsh.
Environ. Res. 83, 286–292.
Rodrı́guez Moreno, P.A., Medesani, D.A., Rodrı́guez, E.M., 2003. Inhibition of molting by
cadmium in the crab Chasmagnathus granulata (Decapoda Brachyura). Aquat. Toxicol.
64, 155–164.
Sijm, D., Van Wezel, A.P., Crommentuijn, T., 2002. Environmental Risk Limits in the
Netherlands. Species Sensitivity Distributions in Ecotoxicology Boca Raton, FL, USA.
Lewis Publishers, pp. 221–253.
U.S. EPA, 2007. Aquatic Life Ambient Freshwater Quality Criteria-copper. Ofﬁce of Water,
Washington DC.
Walker, J.D., Enache, M., Dearden, J.C., 2007. Quantitative cationic activity relationships for
predicting toxicity of metal ions from physicochemical properties and natural occurrence levels. QSAR Comb. Sci. 26, 522–527.
Wang, W.-X., Fisher, N.S., Luoma, S.N., 1996. Kinetic determinations of trace element bioaccumulation in the mussel Mytilus edulis. Mar. Ecol. Prog. Ser. 140, 91–113.
Williams, M.W., Turner, J.E., 1981. Comments on softness parameters and metal ion toxicity. J. Inorg. Nucl. Chem. 43, 1689–1691.
Wolterbeek, H., Verburg, T., 2001. Predicting metal toxicity revisited: general properties
vs. speciﬁc effects. Sci. Total Environ. 279, 87–115.
Wu, F., Mu, Y., Chang, H., Zhao, X., Giesy, J.P., Wu, K.B., 2012. Predicting water quality
criteria for protecting aquatic life from physicochemical properties of metals or metalloids. Environ. Sci. Technol. 47, 446–453.

Please cite this article as: Qie, Y., et al., Predicting criteria continuous concentrations of metals or metalloids for protecting marine life by use of
quantitative ion charac..., Marine Pollution Bulletin (2017), http://dx.doi.org/10.1016/j.marpolbul.2017.02.055

