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HIGHLIGHTS

« We developed two-number numerical water quality criteria for BPA in China.
« The criteria for BPA based on traditional toxicity endpoints are not safe enough.
« BPA occurs ubiquitously in surface waters of China with significant risks.
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Bisphenol A (BPA) occurs widely in natural waters with both traditional and reproductive toxicity to var-
ious aquatic species. The water quality criteria (WQC), however, have not been established in China, which
hinders the ecological risk assessment for the pollutant. This study therefore aims to derive the water
quality criteria for BPA based on both acute and chronic toxicity endpoints and to assess the ecological risk
in surface waters of China. A total of 15 acute toxicity values tested with aquatic species resident in China
were found in published literature, which were simulated with the species sensitivity distribution (SSD)
model for the derivation of criterion maximum concentration (CMC). 18 chronic toxicity values with tra-
ditional endpoints were simulated for the derivation of traditional criterion continuous concentration
(CCC) and 12 chronic toxicity values with reproductive endpoints were for reproductive CCC. Based on
the derived WQC, the ecological risk of BPA in surface waters of China was assessed with risk quotient
(RQ) method. The results showed that the CMC, traditional CCC and reproductive CCC were
1518 pg L1, 2.19 pg L' and 0.86 pg L', respectively. The acute risk of BPA was negligible with RQ values
much lower than 0.1. The chronic risk was however much higher with RQ values of between 0.01-3.76 and
0.03-9.57 based on traditional and reproductive CCC, respectively. The chronic RQ values on reproductive
endpoints were about threefold as high as those on traditional endpoints, indicating that ecological risk
assessment based on traditional effects may not guarantee the safety of aquatic biota.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Bisphenol A (BPA) is a synthetic chemical primarily used to pro-
duce polycarbonate plastics and epoxy resins for various products
such as reusable bottles, sports equipment, medical devices and
protective coatings (Staples et al.,, 1998; EC, 2003). Commercial
production of BPA began in the 1950s with large-scale uses for
polycarbonate plastic and epoxy resins and ever since has grown
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worldwide with continued growth in the uses for these materials
(http://www.bisphenol-a.org). In 2012, the production of BPA
was approximately 6.4 million tons globally and the consumption
was approximately 5 million tons, of which, China contributes 10%
and 18% respectively according to the statistics by China Petroleum
and Chemical Industry Federation (CPCIF, http://www.cpcia.org.
cn). Despite its fast degradation in aerobic environment
(Staples et al., 1998; Kang and Kondo, 2002), BPA is regularly
detected in aquatic ecosystems at trace level concentrations
(ngL™! to pgL™!) throughout the world with main sources of
wastewater effluent, landfill leakage and BPA-based product
migration (Kang et al., 2007). Because of its ubiquitous occurrence
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in natural environment, BPA has gained wide concern from both
scientific and management sectors. Numerous toxicity tests
demonstrated that BPA acts as both a traditional toxicant and an
endocrine disruptor. As a traditional toxicant, it causes harmful
effects including carcinogenesis and teratogenesis to various spe-
cies at environmentally unrealistic high dosages of mgL™!
(Iwamuro et al., 2003; Sone et al., 2004). Whereas as an endocrine
disruptor with estrogenic and/or anti-androgenic activity (Colborn
et al, 1993; Gillesby and Zacharewski, 1998), BPA affects the
reproductive function at dosages of 10-1000 pg L™, and even pro-
vokes molecular and biochemical biomarker response such as
vitellogenin induction at 1 pugL™' in vertebrates (Keiter et al,
2012). Consequently, the wide distribution of BPA in natural envi-
ronment and the associated adverse effects on wildlife necessitate
the assessment of ecological risks in aquatic ecosystems.

Referring to the generic framework and guidelines of the US
EPA, ecological risk assessment (ERA) is defined as a process that
evaluates the likelihood of adverse ecological effects on ecosys-
tems exposed to one or more stressors (US EPA, 1998). In this pro-
cess, the first step is to derive the “predicted no-effect
concentration” (PNEC), at which no harmful effects on the environ-
ment are expected. PNEC values are then compared with the “pre-
dicted environmental concentration” (PEC) to calculate the “risk
quotient” (RQ =PEC/PNEC), which is used as a measurement of
the ecological risk (US EPA, 1998). PEC represents the exposure
of the ecosystem to a chemical, which can be achieved either by
model prediction or through environmental monitoring. PNEC, also
referred to as water quality criteria (WQC), represents the sensitiv-
ity of the ecosystem to this chemical. PNEC is usually obtained
through two methods, the assessment factor (AF) and the statisti-
cal extrapolation based on species sensitivity distributions (SSD)
(ECB, 2003). The AF approach is simple to use and is feasible when
toxicity data is limited. But the PNEC estimates with this method
show great uncertainty since they are solely dependent on the
minimum toxicity value and a certain factor. The SSD method pro-
vides more reliable and reasonable statistics since the PNEC esti-
mates are based on an established distribution of a full toxicity
data set (Lei et al., 2012). The SSD methodology is therefore
increasingly being used in ecological risk assessment procedures
(Wheeler et al., 2002; Hickey et al., 2009).

WQC are the maximum concentrations of a pollutant acceptable
in aquatic environments that have no obvious effects on aquatic
organisms and their functions (Yang et al., 2014). The US EPA pro-
posed two-number numerical aquatic life criteria: criterion maxi-
mum  concentration (CMC) and criterion continuous
concentration (CCC) (Mount et al., 1985). The CMC is associated
with acute toxic effects of a pollutant on aquatic organisms expe-
riencing short-term exposure and the CCC is related to chronic
toxic effects with long-term exposure. The two-number numerical
criteria reflect toxicological and practical realities more accurately
than traditional one number criterion. It allows the concentration
of a pollutant in a body of water above the CCC without causing
an unacceptable effect in some situations (e.g. short-term expo-
sure) and avoids “overprotection” problem. Consequently the
two-number numerical criteria system is now widely adopted
(Yang et al., 2012; Shuhaimi-Othman et al., 2013).

Concerning toxicological effects of pollutants, survival, develop-
ment, growth and reproduction are traditional measurement end-
points at individual or population level, which can be used to
derive PNEC for a traditional toxicant. BPA is however an endocrine
disruptor, which can affect reproductive system at lower concen-
trations than non-reproductive ones. PNEC derived with traditional
endpoints may therefore not be protective of the reproductive
activities of biota.

This study therefore aims to build SSD models for the determi-
nation of water quality criteria for BPA based on both reproductive

and traditional toxicity endpoints tested with resident Chinese
species. WQC derived with non-reproductive endpoints was used
to make a comparison. With the derived WQC, ecological risks of
BPA in surface waters of China could be assessed.

2. Materials and methods
2.1. Toxicity data screening

The toxicity data of BPA used in this study were collected from
published literature and the US EPA ECOTOX database (http://cf-
pub.epa.gov/ecotox/). The quality of data was evaluated with
regard to reliability, adequacy and relevance (Klimisch et al,,
1997). To minimize the effects of geographic difference, only the
toxicity data tested with resident Chinese species, including native
species and introduced species with a wide distribution in the
country, were selected in this study.

The test duration for acute toxicity data was 96 h for verte-
brates and algae and 48 h for invertebrates. The toxicological end-
points were LCsq or ECso (median lethal or effect concentration) for
algal growth or animal survival. The test duration for chronic tox-
icity data was >14day, >7 days and >3 days for vertebrates,
invertebrates and algae, respectively. The toxicological endpoints
were NOECs (no observed effect concentrations) for growth, devel-
opment, survival or reproduction. When NOEC was not available,
ECio (10% effect concentration) or half of LOEC (lowest observed
effect concentration) was used. If there were several NOEC values
for the same species based on different endpoints, the most sensi-
tive one was selected. The geometric mean was calculated in case
of multiple data on the same species and endpoint. The chronic
toxicity data were further divided into two categories: reproduc-
tive effects and non-reproductive effects. Detailed information of
the toxicity data is listed in Supplementary Material S1-2.

It is notable that only endpoints of demographic importance
such as survival, growth and fecundity were accepted here. These
endpoints are predictive of population or ecosystem level effects
(Ankley et al., 1998). For other molecular and biochemical end-
points such as vitellogenin induction, which are more sensitive
with useful information on possible mechanisms of action, were
excluded in this study. These endpoints do not necessarily indicate
adverse effect at population or ecosystem level (Lin et al., 2005).

2.2. The construction of species sensitivity distribution models

The species sensitivity distribution (SSD) is widely used in the
development of WQC (Anzecc, 2000). This methodology assumes
that the acceptable effect level (sensitivity) of different species in
an ecosystem follows a probability function (Dowse et al., 2013).
The acceptable effect level for all biological species can be esti-
mated based on the assumption that a limited number of tested
species is a random sample of the whole biological system (Van
der Hoeven, 2004). The SSD model is generally constructed by fit-
ting cumulative probability distribution of a full set of toxicity
data. The hazardous concentration (HC,), the concentration
expected to be hazardous for p% of all species in an ecosystem,
can be obtained by cutting off the pth percentile of the distribution
(Kooijman, 1987; Wheeler et al., 2002). Currently, HCs (hazardous
concentration for 5% of species) is commonly used to calculate
PNEC by being divided with an appropriate assessment factor
(AF, usually 1-5). The choice of AF depends on further uncertain-
ties identified, including gap between laboratory and field system,
number of species tested and model goodness of fit.

Although many distributions have been used to generate SSD
(Aldenberg and Jaworska, 2000; Hose and Van den Brink, 2004),
the log-normal distribution recommended by TGD of EU is most
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