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• Monthly variation in PAEs was first investigated in a large Chinese shallow lake.
• Ecological and health risks with uncertainty were determined.
• PAEs with low and high level of carbon would be from different sources.
• DnBP predominated within PAE congeners and posed a much greater ecological risks.
• The studied PAE congeners posed little health risks to the nearby citizens.
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The spatio-temporal distributions and the ecological and health risks of PAEs in surfacewater of Lake Chaohu, the
fifth largest lake in China, were studied based on themonthlymonitoring of six PAE congeners fromMay 2010 to
April 2011. The annual total concentration of the six PAE congeners (Σ6PAE) in the surface water ranged from
0.467 to 17.953 μg L−1, with the average value of 4.042 ± 3.929 μg L−1. The di-n-butyl phthalate (DnBP) that
dominated the Σ6PAE at 65.8% was found at its highest and lowest levels in the western lake (TX) and eastern
drinking water source area (JC), respectively. The temporal distributions of Σ6PAE showed that the highest
and lowest levels were observed in September 2010 and June 2010, respectively. The different relationships
between the runoff and the PAEs with low and high levels of carbon might suggest their different sources. The
DnBP hadmuch greater ecological risks than the other studied PAE congeners as indicated by its potential affected
fractions (PAFs) and themarginof safety (MOS10). The PAE congeners studied posed littlehealth risk to the nearby
male and female citizens.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Phthalate esters (PAEs) account for approximately 92% of the
produced plasticizers and dominate the production and consumption
of plasticizers worldwide (Rahman and Brazel, 2004). In 2004, nearly
6 million tons of PAEs were produced and consumed worldwide
(Xie et al., 2007). In China, 1.3 million tons of PAEs, mainly
di(2-ethylhexyl) phthalate (DEHP) and di-n-butyl phthalate (DnBP),
are produced and consumed. Thirty-one percent of PAEs, primarily
DEHP, are imported (CPCIA, 2009). Previous studies have shown
that PAEs are endocrine-disrupting chemicals (EDCs) as indicated by
developmental and behavioral abnormalities after extensive exposure
vironmental Sciences, Peking
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to PAEs; also, the alkyl chain length and the hydroxylation of PAEs
significantly affected the binding to estrogen receptors and peroxisome
proliferator-activated receptors (Harris et al., 1997; Jobling et al., 1995;
Moore, 2000; Okamoto et al., 2011). PAEs such as diethyl phthalate
(DEP) and DnBP can alter the human serum albumin's conformational
structure (Zhou et al., 2012). Extensive exposure to PAEs will increase
the risks to human reproductive development.

In aquatic ecosystems, PAEs hydrolyze at slow rates with half-lives
ranging from approximately 3 years for dimethyl phthalate (DMP) to
2000 years for DEHP (Wolfe et al., 1980). The PAE photo-oxidation
process is also relatively slow with half-lives ranging from 2.4 to
12 years for DEP and DnBP and 0.12 to 1.5 years for DEHP (Howard,
1991). Nevertheless, biodegradation plays a critical role in the fate
of PAEs, and mixed microbial populations can completely mineralize
PAEs (Kurane, 1986). Studies have indicated that aerobic degradation
rates are up to 10 times faster than anaerobic degradation rates.
The PAE degradation rates ranged from days to weeks (Yuan et al.,
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2002). Low- and mid-molecular-weight PAEs (DMP, DnBP and
butylbenzyl phthalate (BBP)) did not seem to demonstrate signifi-
cant biomagnification or biodilution, while high-molecular-weight
PAEs (DEHP and di-n-octyl phthalate (DnOP)) showed significant
biodilution (Mackintosh et al., 2004) due to their desorption and
degradation in the ecosystem (Mackintosh et al., 2006). The main
source of PAEs is water from streams or other surface runoff followed
by atmospheric deposition and the discharge from wastewater
treatment plants (Fauser et al., 2009).

Due to the physicochemical properties and biogeochemical
cycling of PAEs, they are detected in various media. The water phase
is very important in aquatic ecosystems, and PAEs have been detected
in this phase in Europe, the United States, and Japan (Clark et al.,
2003; Dargnat et al., 2009; Peijnenburg and Struijs, 2006; Vitali et
al., 1997). The PAEs in the surface water of large rivers, including
the Yellow River and Yangtze Rivers, and large and urban lakes in
China have been monitored over the past five years (He et al., 2011;
Sha et al., 2007; Wang et al., 2008; Yang et al., 2009; Zeng et al.,
2008, 2009). DnBP and DEHP have been detected at very high levels
worldwide, and concentrations of DEP, BBP and DnOP in the domestic
water are lower than in Western countries.

The ubiquity and the slow hydrolysis and photolysis rate of PAEs
determine their potential accumulation in aquatic organism commu-
nities and has drawn scientific interest, particularly with regard to
the toxicity and ecotoxicity of PAEs for aquatic microorganisms,
algae, invertebrates, and fish in freshwater or saltwater (Staples et
al., 1997). The acute toxicities of DMP, DEP, DnBP, and BBP for aquatic
organismswere 29–337 mg L−1, 10.3–131 mg L−1, 0.35–6.29 mg L−1,
and 0.21–5.3 mg L−1, respectively, and the toxicity of PAEs increases
with increasing alkyl chain length. Although PAEs present a potential
health risk to human beings, water treatment processes have been
shown to purify 90% of phthalates. Additional PAEs can be removed
by boiling the water (Shi et al., 2012). Urban populations have
clean water because of advanced water treatment facilities, but rural
populations that drink lake and well water with little treatment have a
high hazardous risk fromPAEs as do aquatic organisms in natural ecosys-
tems (Yang et al., 2012). Therefore, it is necessary to assess the ecolog-
ical and health risks of PAEs regularly. A number of ecotoxicity tests
have been performed to provide suitable amounts of data for risk eval-
uations (Adams et al., 1995; Staples et al., 1997, 2011). The predicted
no-effect concentrations (PNECs) calculated by methods adopted by
the US EPA (United States Environmental Protection Agency) and the
Netherlands showed that PAEs did not pose a ubiquitous threat to
aquatic organisms in North American and Western European surface
waters (Staples et al., 2000). A hazard quotient (HQ) method was
applied to assess the PAEs' aquatic ecological risk, which did not exceed
the criterion in Thailand and posted little ecological risk to aquatic
organisms in the river basin in Chongqing, China (Luo et al., 2009;
Sirivithayapakorn and Thuyviang, 2010).

Lake Chaohu (117.18°–117.50° E, 31.25°–31.42° N), a shallow
freshwater lake that is located in East China, has a subtropical
monsoon climate and is one of the five largest freshwater lakes in
China, had a yearly average water level of 8.37 m and a reservoir
capacity of 1.72–3.23 billion cubic meters. The lake has suffered
from serious eutrophication (major pollution from the total nitrogen
and total phosphorus) in the last decades. Moreover, various persistent
toxic substances have been detected in recent years (Li et al., 2010; Xu
et al., 1999, 2001; Zhang et al., 2007). Although the surface water PAE
concentrations in Lake Chaohu have been reported in recent years
(Yang et al., 2009), their temporal variation and potential ecological
and health risks are still unknown. The objectives of the present study
are (1) to perform a monthly investigation into the PAE occurrence
and composition in the Lake Chaohu surface waters, (2) to ascertain
the temporal and spatial variation of PAEs in the surface water and
(3) to evaluate the ecological and health risks of PAEs in the surface
water.
2. Materials and methods

2.1. Reagents and materials

Methanol (pesticide grade) and n-hexane (high-performance
liquid chromatography grade (HEX, HPLCG)), which were used
for the activation of the SPE column, and dichloromethane (DCM,
HPLCG), which was used for elution, were purchased from Tedia Co.
Inc., Fairfield, Ohio, USA. A PAE stock standard mixture was prepared
by diluting n-hexane with a commercial 6 PAE standard mixture
(Accustandard Inc., New Haven, Connecticut, USA), which included
1000 μg mL−1 each of DMP, DEP, DnBP, BBP, DEHP, and DnOP. The
working standard solution was prepared by diluting the stock
standard with n-hexane. One hundred micrograms per milliliter
each of surrogate standard (SS) (3,4,5,6,d4-DnBP) and internal
standards (ISs) (3,4,5,6,d4-DEP and 3,4,5,6,d4-DnOP) were acquired
from Accustandard Inc., New Haven, Connecticut, USA. A solid phase
extraction (SPE) device and C18 SPE cartridges (ENVI-18, 6 mL,
500 mg) were purchased from Supelco Co., Bellefonte, Pennsylvania,
USA. Granular anhydrous sodium sulfate (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) and glass fiber membranes
wrapped with aluminum foil were heated at 650 °C and 450 °C,
respectively, in a furnace for 6 h and were stored in a sealed desiccator
until they were used. All glassware was cleaned in an ultrasonic cleaner
(KQ-500B, Kunshan Ultrasonic Instrument, Kunshan, China) and was
heated at 450 °C for 6 h.

2.2. Sampling and preprocessing

A total of 44 samples were collected from 3 to 4 sampling sites
monthly from May 2010 to April 2011 (Fig. 1). The sample site TX,
located in the northwestern region of Lake Chaohu, was once the
drinking water source for the citizens of Hefei City, which is the
capital of theAnhui Province, butwas replaced because of eutrophication.
The sample site JC, located in the northeastern region of Lake Chaohu,
currently provides the water for the Chaohu City waterworks. The
sample site ZM is located at a scenic location. The sample site MS is
located near Lake Chaohu's center island, which divides the lake.

Ten liters of water were collected at a 0.5 m depth (representative
of the mixed water columns) of the lake from each sampling site.
After shaking and mixing, a 1-L aliquot of each sample was filtered
through a 0.45-μm glass fiber filter using a filtration device consisting
of a peristaltic pump (BT-001, Baoding Longer Precision Pump Co.,
Ltd., China) and a filter plate with a diameter of 142 mm. Several
drops of concentrated sulfuric acid were added into the dissolved
phase of the water samples to adjust the pH to 2. The samples were
then passed through an SPE cartridge containing an octadecyl
silane-bonded silica (ODS) C18 filler, which had been cleaned
twice with 5 mL of a DCM:HEX (1:1) mixture, activated by 6 mL of
methanol, and finally washed using 10 mL of ultrapure water. During
the activation and washing with the ultrapure water, the liquid level
remained tangent to the filler to keep the C18 wet. After extracting
the target compounds from the water, the SPE cartridges were
blown dry using the SPE device, wrapped with aluminum foil, and
stored in desiccators.

2.3. Elution and GC/MS analyzing

Ten milliliters of a DCM:HEX (1:1) mixture (2 repetitions of 5 mL)
were used to elute the C18 SPE cartridge, which was jointed to an
anhydrous sodiumsulfate (5 g) cartridge. The extractswere concentrated
to approximately 1 mL in an eggplant-shaped flask using a vacuum
rotary evaporator (N1100 V-WD, Tokyo Rikakikai Co., Ltd., Japan) at a
temperature below 38 °C. The IS was added to the flask. The samples
were sealed in vials and stored at −20 °C before analysis.



Fig. 1. Geographical localities of (a) Lake Chaohu in China, (b) Lake Chaohu in East China and (c) the sampling sites in Lake Chaohu with their sampling times.
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The samples were analyzed using an Agilent 6890 gas chromatograph
equipped with an HP-5 MS column (30 m × 0.25 mm internal
diameter and 0.25 μm film thickness) and an Agilent 5973 mass
spectrometer (GC–MS) (Agilent Technologies, Avondale, PA, USA)
operating in electron impact (EI) and selective ion monitoring
(SIM) modes. The samples were injected by auto-sampling at 60 °C
in splitless mode with a venting time of 0.75 min. The oven
temperature was programmed to an initial temperature of 60 °C for
2 min and then increased at a rate of 8 °C min−1 from 60 °C to
300 °C, where the temperature was maintained for 15 min. Helium
was used as both the carrier (1 mL min−1) and makeup gas
(50 mL min−1). The temperatures of the inlet, quadrupole, and ion
source were 280 °C, 150 °C and 246 °C, respectively. Quantitation
was performed using the internal calibration method based on a
six-point calibration curve for individual PAEs. The quantitative ion
was 153 for 3,4,5,6,d4-DEP, 3,4,5,6,d4-DnBP and 3,4,5,6,d4-DnOP,
149 for DEP, DnBP, BBP, DEHP and DnOP, and 163 for DMP.

2.4. Quality control and quality assurance

Three to four parallel samples with three procedural blanks were
processed for each monthly sampling site. The instruments were
recalibrated using calibration standards for each of the monthly
samples. In addition, SSwere added to 40% of the samples to investigate
matrix effects. The surrogate recoveries were from 99% to 145% for
3,4,5,6,d4-DnBP. The recoveries of the 6 PAEs were 92.9%–96.1% for
DMP, 93.7%–98.8% for DEP, 84.3%–107.8% for DnBP, 66%–83.9% for
BBP, 60.5%–88.5% for DEHP, and 70.0%–92.8% for DnOP. DnBP and
DEHP were both found in small amounts in the procedural blanks. The
quantitation limits of the individual PAEs were 1 ng L−1 for BBP and
0.5 ng L−1 for the remaining PAEs.

2.5. Statistical and evaluation methods

Statistical analysis and cluster analysis (CA) were conducted using
the SPSS software. Forty four samples were used to calculate the
minimum, median, maximum, and mean for the whole lake over
the entire year. The risk evaluation methods were described in Text
S1 and Text S2 in detail in the supplementary material. The
ecological risk assessment was based on the species sensitivity
distribution and a Bayesian inference with uncertainty evaluation
and was conducted using the WinBUGS and Matlab software.
Human risk assessments considering real conditions, such as body
weight, height and sex, were evaluated using the Matlab software.
Two methods were described as follows.

To obtain the temporal ecological risks of PAEs with their
uncertainties, we employed two indicators that were calculated by
our self-built SSD platform, the Bayesian Matbugs Calculator (BMC):
the potential affected fraction (PAF) and the margin of safety
(MOS10) (Aldenberg and Jaworska, 2000; Knoben et al., 1998;
Solomon et al., 1996). An introduction and detailed data processing
information for this platform are included in Text S1 in Supporting
Information (SI). Some parameters and results are summarized in
Tables S1–S6. Table S7 lists the best SSD models, which were selected
based on the toxicity or exposure, and their parameters with a certain
posterior distribution. The parameters' posterior distribution for
6 PAEs and their monthly exposure data in Lake Chaohu are shown
in Fig. S2. SSD curves with a 95% credible interval (CI) for the toxicity
and monthly exposure data of 6 chemicals in Lake Chaohu are shown
in Fig. S3.

To investigate the human health risks posed by the PAE congeners
in the surface water from the source area, the carcinogenic risk of
DEHP and the non-carcinogenic risks of 6 PAE congeners were
calculated using the method proposed by the United States Environment
Protection Agency (USEPA) (USEPA, 1989). The method was slightly
modified in our study. Body weight (BW) and body surface area (Asb)
were no longer constant. The body surface area was calculated using
an empirical formula that included variable BW and body height (H).
Random BW and H data from the normal distribution of male and
female BW and H were produced using MATLAB. Thus, a Monte Carlo
analysis (MCA) with 100,000 samplings was performed to assess the
carcinogenic and non-carcinogenic risks with the uncertainty of the
PAEs. The human risk assessment methods are described in Text S2 in
SI. The risk distributions for each PAE congener are shown in Fig. S5
and Fig. S6.

3. Results and discussions

3.1. PAE occurrence and composition

The individual concentrations of the 6 PAEs in the Lake Chaohu
surface water were determined for each month from May 2010 to
April 2011 by statistical analysis and are summarized in Table 1. The
annual Σ6PAE concentration ranged from 0.467 to 17.953 μg L−1



Table 1
Statistical summary of the annual PAE concentrations in the surface water from each sampling site, μg L−1.

DMP DEP DnBP BBP DEHP DnOP Σ6PAEs

JC (2010.5–2011.4) D.F.a 100 100 100 75 83 17 100
Distributionsb LN N LN N N N LN
Mean ± S.D.c 1.106 ± 1.147 0.133 ± 0.063 0.924 ± 1.080 0.066 ± 0.039 0.231 ± 0.167 0.035 ± 0.014 2.411 ± 1.765
Median 0.644 0.139 0.662 0.090 0.178 0.035 1.840
Ranged 0.016–3.670 0.006–0.212 0.123–4.221 N.D.–0.091 N.D.–0.576 N.D.–0.035 0.796–6.797

MS (2010.5–2011.4) D.F. 100 100 100 75 100 17 100
Distributions LN N N N N N N
Mean ± S.D. 0.238 ± 0.377 0.145 ± 0.071 4.201 ± 3.532 0.070 ± 0.040 0.162 ± 0.065 0.040 ± 0.016 4.805 ± 3.430
Median 0.132 0.142 4.142 0.090 0.182 0.040 4.696
Range 0.062–0.196 0.024–0.283 0.070–10.886 N.D.–0.092 N.D.–0.252 N.D.–0.045 0.765–11.266

ZM (2010.5–2011.4) D.F. 100 100 100 75 100 17 100
Distributions N N LN N N N LN
Mean ± S.D. 0.123 ± 0.069 0.136 ± 0.064 3.084 ± 4.394 0.073 ± 0.042 0.215 ± 0.118 0.033 ± 0.013 3.618 ± 4.355
Median 0.123 0.145 1.744 0.090 0.199 0.033 2.278
Range 0.015–0.270 0.012–0.207 0.324–16.135 N.D.–0.107 N.D.–0.324 N.D.–0.037 0.467–16.485

TX (2010.9–2011.4) D.F. 100 100 100 88 100 25 100
Distributions N LN LN LN N N LN
Mean ± S.D. 0.139 ± 0.073 0.157 ± 0.086 5.430 ± 5.257 0.076 ± 0.045 0.182 ± 0.101 0.032 ± 0.013 5.983 ± 5.356
Median 0.139 0.140 2.881 0.091 0.169 0.032 3.408
Range 0.073–0.186 0.119–0.237 0.564–17.529 N.D.–0.105 N.D.–0.283 N.D.–0.036 1.212–17.953

Lake Chaohu (2010.5–2011.4) D.F. 100 100 100 77 95 18 100
Distributions None N LN None N None LN
Mean ± S.D. 0.425 ± 0.744 0.142 ± 0.061 3.226 ± 4.040 0.071 ± 0.028 0.197 ± 0.107 0.035 ± 0.005 4.042 ± 3.929
Median 0.148 0.143 1.727 0.090 0.190 0.036 2.624
Range 0.015–3.670 0.006–0.283 0.070–17.529 N.D.–0.107 N.D.–0.576 N.D.–0.045 0.467–17.953

a D.F.: detection frequency (%).
b LN: logarithm-normal distribution; N: normal distribution; None: the dataset obey neither LN nor N.
c S.D.: standard deviation.
d N.D.: concentration is below limits of quantitation.
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(4.042 ± 3.929 μg L−1) in Lake Chaohu. The Σ6PAE concentrations
in the surface water from the eastern drinking water source area
(JC), the middle of the lake (MS) and the western area of the lake
(TX) ranged from 0.796 to 6.797 μg L−1 (2.411 ± 1.765 μg L−1),
0.765 to 11.266 μg L−1 (4.805 ± 3.430 μg L−1) and 1.212 to
17.953 μg L−1 (5.983 ±5.356 μg L−1), respectively. The median
value of the Σ6PAE concentrations showed that the MS area seemed to
have the highest PAE pollution, followed by the TX, ZM and JC areas.
MS was located near Mushan Island, which is a scenic location. We
found that much plastic trash was scattered on the beach of the island
because waste treatment was not seriously executed. The ZM area
was located far away from the island but near Zhongmiao Town,
where there was plastic litter on the beach. So, although the locations
of MS and ZM were close to one another, their PAE pollution for most
months was quite different. Except for DnOP, which was detected at a
frequency of 18%, individual PAEs were widely disbursed, were
detected monthly and had a detection frequency (DF) ranging from
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77% to 100%. According to the median values of the individual PAEs,
the preponderant PAE species was DnBP, with 47.3% of the Σ6PAE in
April 2011; this percentage is lower than the value observed in April
2007 (Yang et al., 2009). However, the DnBP content, which ranged
from 0.564 to 1.285 μg L−1 in April 2011, is much higher in the present
study. By the annualmedian value, the DnBP concentrations dominated
the Σ6PAE with a ratio value of 65.8% and were followed by the values
for DEHP, DMP, DEP, BBP and DnOP.

A summary of the individual PAE concentrations is shown for water
bodies around the world in Table S1. Although the DMP content was
lower than that in the surface water in Canada (Clark et al., 2003), it
was much higher than that in recent years in domestic water bodies,
such as the Yangtze River, the Yellow River and the urban lakes in
Guangzhou (Sha et al., 2007; Wang et al., 2008; Zeng et al., 2008,
2009). DMP was the major component of anti-mosquito oil, and the
difference in DMP concentration might result from the usage of
anti-mosquito oil. Lower concentrations of DEP, BBP and DnOP were
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detected in domesticwater bodies, including those in our present study,
while water bodies inWestern countries faced amore serious pollution
risk from the 3 PAEs (Clark et al., 2003; Vitali et al., 1997). As the main
PAE components, DnBP and DEHP were detected at very high levels
worldwide. However, the concentrations of DnBP and DEHP found in
the present study were much lower than those found in the Yangtze
River, the Yellow River and the surface water in Western countries
(Clark et al., 2003; Sha et al., 2007; Vethaak et al., 2005; Wang et al.,
2008). Additionally, the DnBP pollution level in Lake Chaohu
was much higher than in the urban lakes of Guangzhou, while the
concentrations of DEHP were similar at each location (Zeng et al.,
2008, 2009). Microorganisms in the aquatic ecosystem played a critical
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role in the PAE concentrations' differences between rivers and lakes.
Large rivers such as the Yellow River and Yangtze River were at lower
eutrophic levels. Their microorganisms were not as active as that in
eutrophic lakes. Both aerobic and anaerobic biodegradation would
appear in eutrophic lakes due to algae. Thus, the PAE concentrations
were lower in eutrophic lakes. Urban lakes in Guangzhou seemed to
encounter more stress than Lake Chaohu, but reasonable controls
were executed to protect urban lakes from plastic garbage pollution.
On the contrary, Lake Chaohu confronted the PAE pollution from both
agricultural plastic waste, such as plastic film wrecks, and daily life
plastic waste, such as plastic bags. However, these control measures
were not seriously implemented.

3.2. Temporal variation of individual PAEs

Individual PAE concentrations in the Lake Chaohu surface water
are shown in Fig. 2a for each month from May 2010 to April 2011.
The concentrations of PAEs with low levels of carbon, such as DMP
and DEP, reached their peak values in July. Their residual levels
began to fluctuate in stable concentration ranges beginning in
November. The DnBP and BBP had moderate carbon levels. The
DnBP concentrations gradually increased monthly but then began
to slowly decrease after the peak month of September. The BBP
concentration was not consistently detected, and a subtle increasing
trend was found month-by-month with levels stabilizing starting in
December. The concentrations of DEHP, which contains high levels
of carbon, have diminished over time. DnOP was only detected in
October and November. The highest concentration of Σ6PAE was
observed in September 2010, and the lowest was in June 2010. In
contrast, the lowest concentration of Σ6PAE in the urban lakes of
Guangzhou was measured in December (Zeng et al., 2009). The
compositional variation of individual PAEs is shown in Fig. 2b. The
ratios of PAEs with low and high carbon levels initially decreased
but eventually increased over the entire year. The lowest ratio
(2.4%) of PAEs with low carbon levels was observed in November,
and the lowest ratio (0.5%) of PAEs with high carbon levels was
observed in September. The DnBP ratio initially increased but then
decreased, and its peak ratio value was 92.8%.

3.3. Spatial variation of individual PAEs

Spatial variations in the annual concentrations of individual PAEs
in the Lake Chaohu surface water are shown in Fig. 3. To compare
the variations of PAEs at a specific site, the dataset in the same
month was used in the statistical analysis. As indicated by the average
content of DnBP, which is the major component of PAEs, we found
that the water source area (JC) sustained limited pollution and that
the western lake area (TX) sustained serious pollution. However,
an independent sample test (IST) showed that the difference was
not significant (p = 0.072 > 0.05) when equal variances were not
assumed. Concentrations of DMP, which is a minor component of
PAEs, were found to be high in the JC area, reaching 1.106 μg L−1

(0.016–3.670 μg L−1), and low in the TX area. An IST showed
that the difference was significant (p = 0.048 b 0.05). Runoff and
pollution source distributions were the main reasons for spatial
variance, and the analysis details are in Section 3.7. The remaining
PAE congeners showed little variance across the above sampling
sites. The monthly data for individual PAEs at specific sampling sites
were tested for their distribution, and the results are presented in
Table 1. Normal and logarithmic-normal distributions were observed
in these datasets. To investigate the compositions of each PAE at
the sampling sites, the mean, geomean and median were used, as
is shown in Fig. S1. According to the mean and geomean, we
determined that DnBP dominated the total PAEs in Lake Chaohu
except at site JC. In the eastern water source area, the PAEs with
high and low carbon levels could not be neglected either.
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Fig. 5. Temporal ecological risks of PAE congeners with uncertainty boundaries. The “up” line (dash–dot), the “median” line (solid) and the “down” line (dash) denote ecological
risks at the high, middle and low levels, respectively. The triangle scatters with error-bars denote the risk calculated using the mean values of the parameters in Table S7.
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3.4. Cluster analysis (CA) of the PAEs, sampling times and sites

Similarities according to CA among PAE congeners, sampling
months and sampling sites are shown in Fig. 4. The PAE congeners
were divided into two obvious clusters as shown in Fig. 4a. The
classification depended significantly on the concentration quantity.
Therefore, DnBP, which had a higher residual level, belonged to
one cluster, and the remaining PAEs belonged to the other cluster.
After excluding DnBP, another CA was performed, as shown in
Fig. 4b. Three additional clusters were extracted. Combined with the
temporal variations shown in Figs. 2a and 3, the CA indicated that
the temporal and spatial variations of DMP was different from the
other two clusters. Although DEP, BBP, DEHP and DnOP exhibited
little variance over the entire year, they were still divided into two
types according to their different residual levels. A CA was performed
to identify the similarities between sampling months, as shown in
Fig. 4c and d. A CA with absolute PAE concentration values indicated
that the clusters were strongly dependent on the DnOP concentration,
as shown in Figs. 4c and 2a. A CA with relative PAE concentration
values led to a much finer categorization depending on the ratio
values of each PAE congener. Two main clusters were extracted,
indicating that the characteristics of the PAEs were similar in
September and July. The rainfall and water levels for both months
were much higher than in the other months. The sampling sites
were classified according to the CA. A CA using absolute PAE
concentration values showed that the characteristics of PAEs in the
surface water from the western, center, and eastern areas of the
lake were dissimilar. A CA using relative PAE concentration values
illustrated the similarity between the MS and TX regions.

3.5. Temporal ecological risks of PAEs based on the SSD model

After entering the concentrations of PAEs into the BMC and
choosing the best model, the temporal ecological risks of the PAE
congeners with uncertainty boundaries were automatically calculated
and are shown in Fig. 5. The low-level risk of DnBP was above 10−4,



Table 2
Median values of the non-carcinogenic risk with a 95% CI calculated for male and female Chaohu City residents when the sampled water was used for drinking and bathing.

Chemicals DMP DEP DnBP

Max month (MaM) Jul. Jul. Sep.
Min month (MiM) May May Jun.
Drinking, male, 10−8

Median (95%CI) 1.7 (1.2–2.4) 4.6 (3.2–6.5) 174 (120–249)
Median (95%CI) at MaM 9.7 (6.7–13.8) 32.3 (22.3–46.1) 1110 (767–1586)
Median (95%CI) at MiM 0.04 (0.03–0.06) 7.0 (4.8–10.0) 0.20 (0.14–0.28)
Drinking, female, 10−8

Median (95%CI) 1.9 (1.3–2.8) 5.2 (3.5–7.6) 198 (135–291)
Median (95%CI) at MaM 11.0 (7.5–16.2) 8.0 (5.4–11.7) 1265 (862–1857)
Median (95%CI) at MiM 0.05 (0.03–0.07) 0.23 (0.15–0.33) 36.8 (25.1–54.0)
Bathing, male, 10−11

Median (95% CI) 18.6 (16.4–22.2) 50.1 (44.2–59.5) 1915 (1689–2276)
Median (95% CI) at MaM 106 (93.7–126) 76.8 (67.7–91.2) 12,211 (10,773–14,512)
Median (95% CI) at MiM 0.48 (0.42–0.56) 2.2 (1.9–2.6) 355 (313–422)
Bathing, female, 10−11

Median (95% CI) 19.2 (16.7–23.5) 51.6 (44.8–63.1) 1974 (1713–2412)
Median (95% CI) at MaM 109 (95–134) 79.1 (68.7–96.7) 12,587 (10,925–15,378)
Median (95% CI) at MiM 0.49 (0.43–0.60) 2.2 (2.0–2.7) 366 (317–447)

Chemicals BBP DEHP DnOP

Max month (MaM) Mar. Feb Nov.
Min month (MiM) May, Jun., Sep. May–Jul. May–Sep., Dec.–Apr.
Drinking, male, 10−8

Median (95% CI) 5.1 (3.5–7.2) 219 (151–313) 0.33 (0.23–0.47)
Median (95% CI) at MaM 12.0 (8.3–17.1) 758 (524–1083) 46.7 (32.3–66.7)
Median (95% CI) at MiM 0.07 (0.05–0.09) 0.33 (0.23–0.47) 0.33 (0.23–0.47)
Drinking, female, 10−8

Median (95% CI) 5.8 (4.0–8.5) 249 (170–367) 0.37 (0.26–0.55)
Median (95% CI) at MaM 13.7 (9.3–20.0) 864 (589–1268) 53.2 (36.3–78.1)
Median (95% CI) at MiM 0.07 (0.05–0.11) 0.37 (0.26–0.55) 0.37 (0.26–0.55)
Bathing, male, 10−11

Median (95% CI) 55.6 (49.1–66.1) 2410 (2126–2864) 3.6 (3.2–4.3)
Median (95% CI) at MaM 131 (116–157) 8334 (7352–9904) 513 (453–610)
Median (95% CI) at MiM 0.72 (0.64–0.86) 3.6 (3.2–4.3) 3.6 (3.2–4.3)
Bathing, female, 10−11

Median (95%CI) 57.3 (49.7–70.0) 2484 (2156–3035) 3.7 (3.2–4.6)
Median (95%CI) at MaM 135 (117. −166) 8590 (7456–10,495) 529 (459–646)
Median (95%CI) at MiM 0.75 (0.65–0.91) 3.7 (3.2–4.6) 3.7 (3.2–4.6)
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and its high-level risk approached 0.7 in September. According to the
mid-level risk, which ranged from 0.003 to 0.028, DnBP posed the
greatest threat to the ecosystem during the summer. Although the
maximum detection limit of DnOP was assigned for the sampling
sites, in sites where DnOP was not detected, the low-level risk was
still above 10−4. DMP, DEP andBBP posed less ecological risks to aquatic
organisms. The risks for those congeners were generally above 10−6 at
the lowest level. DMP threatened the ecosystem during the rainy
seasons because of its high risk at the middle level (>10−4). The risk
of DEP and BBP gradually increased with time. The risks at the middle
level began to fluctuate on a plateau beginning in August for DEP and
January for BBP. Their “plateau” risks at the middle level were 10−4

and 10−3 for DEP and BBP, respectively. The ecological risk of DEHP
was very low; its risk at the high level was b10−3, and the range of its
risk at the middle level was from 5.5 × 10−22 to 3.8 × 10−9. According
to their temporal ecological risks, the PAE congeners were ranked as
follows: DnOP > DnBP > BBP > DMP > DEP > DEHP.

Considering that MOS10 was calculated by combining ecological
toxicity and exposure data, the SSD curves, which are the best fits to
the original data, were used. Therefore, the mean-relative-deviance
(MRD) values between the original data and the predicted data
were calculated, as shown in Table S8; the results indicated that the
SSD curves using the median parameters values provided a better
fit. The MOS10, calculated by dividing the 10th percentile of the
ecological toxicity data SSD by the 90th percentile for the cumulative
distribution of the exposure data, is shown in Fig. S4. The MOS10 of
DnBP ranged from 1.7 to 12.6, which is much lower than that of
the other PAE congeners, indicating that the Lake Chaohu aquatic
ecosystem was significantly threatened by DnBP. The DnBP risk was
severe at the TX site. TheMOS10 values for the remaining PAE congeners
at the JC, MS and ZM sites were all greater than 100, indicating that their
ecological risks were relatively low. A further study combining ecological
risks can be conducted when the congeners' toxicity mechanisms are
clear.

Predicted no-effect concentrations (PNECs) calculated by the
methods adopted by the US EPA and the Netherlands showed that
PAEs did not pose a ubiquitous threat to aquatic organisms in North
American and Western European surface waters (Staples et al.,
2000). A hazard quotient (HQ) method was applied to assess the
PAEs' aquatic ecological risk, which did not exceed the criterion in
Thailand and posted little ecological risk to aquatic organism in
river basin in Chongqing, China (Luo et al., 2009; Sirivithayapakorn
and Thuyviang, 2010). However, to our knowledge, no researcher
used MOS10 as indicator for assessing aquatic ecological risk of
PAEs. MOS10 combining ecological toxicity and exposure data, it
has been used to assess ecological risk of 1,2,4-trichlorobenzene
successfully (Zolezzi et al., 2005).

3.6. Human health risks of PAEs in the drinking water source area

The distributions of risks for females were generally to the right of
the distributions of risks for males, indicating that the PAEs posed a
greater threat to females. PAEs have been shown to influence sperm
activity in males (Okamoto et al., 2011); in contrast, a number of
the PAE congeners showed extremely weak estrogenic activity, and
others were found to be inactive (Harris et al., 1997; Moore, 2000).
Increased use of the polluted water for drinking or bathing increased
the risks to the citizens.



Table 3
Pearson correlation between the monthly concentration of PAEs and monthly meteorological hydrological parameters in different scenarios.

WRa CWR Rf Ev WIrain WIrunoff WIyxh WIflh WIzh WIother

Scenario No. 1b

DMP 0.694⁎ 0.631⁎ 0.793⁎⁎ 0.377 0.690⁎ 0.605⁎ 0.170 0.788⁎⁎ 0.788⁎⁎ 0.869⁎⁎

DEP 0.616⁎ 0.170 0.404 −0.082 0.566 0.135 0.296 0.582⁎ 0.366 0.386
DnBP 0.284 −0.065 0.413 −0.018 0.527 −0.106 0.494 0.429 0.140 0.381
BBP −0.155 0.163 −0.466 −0.621⁎ −0.095 0.177 −0.585⁎ −0.384 −0.020 −0.441
DEHP −0.589⁎ −0.318 −0.587⁎ −0.455 −0.375 −0.303 −0.217 −0.624⁎ −0.452 −0.527
DnOP −0.185 −0.269 −0.242 −0.375 −0.006 −0.279 0.155 −0.163 −0.197 −0.142
Σ6PAEs 0.359 0.016 0.475 0.005 0.587⁎ −0.027 0.475 0.495 0.229 0.449

Scenario No. 2
DMP 0.052 0.04 0.227 0.333 0.027 0.038 0.141 0.11 0.126 0.234
DEP 0.326 0.205 −0.187 .624⁎ −0.559 0.266 −0.29 0.189 0.071 −0.107
DnBP 0.848⁎⁎ 0.581⁎ 0.576⁎ 0.475 0.292 0.571 0.088 0.878⁎⁎ 0.691⁎ 0.656⁎

BBP −0.534 −0.319 −0.900⁎⁎ −0.363 −0.684⁎ −0.262 −0.427 −0.686⁎ −0.582⁎ −0.775⁎⁎

DEHP −0.359 −0.464 −0.51 −0.243 −0.365 −0.443 −0.04 −0.425 −0.594⁎ −0.572
DnOP 0.468 −0.345 0.323 0.666⁎ −0.073 −0.349 0.583⁎ 0.521 −0.145 0.134
Σ6PAEs 0.820⁎⁎ 0.57 0.574 0.498 0.276 0.561 0.098 0.866⁎⁎ 0.676⁎ 0.663⁎

a WL, CWR, Rf, Ev, WIrain, WIrunoff, WIyxh, WIflh, WIzh, and WIother are the abbreviations of water level, water reserve, monthly change of water reserve, monthly rainfall, monthly
evaporation, monthly water inflow from rainfall above the lake, monthly water inflow from surface runoff, monthly water inflow from River Yuxihe, monthly water inflow from
River Fenglehe, monthly water inflow from River zhaohe, and monthly water inflow from other rivers.

b Scenario No. 1 denotes that meteorological hydrological parameters from May, 2010 to April, 2011 were used to do Pearson correlation analysis (PCA) and Scenario No. 2
denotes that meteorological hydrological parameters from Mar, 2010 to Feb., 2011 were used to do PCA.
⁎ Denotes that correlation is significant at the 0.05 level (2-tailed).

⁎⁎ Denotes that correlation is significant at the 0.01 level (2-tailed).
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Themedian values, with 95% confidence intervals (CI), of the human
health risks are summarized in Table 2 and Table S8. According to
the cancer statistics, risk management and remediation goals, the
acceptable carcinogenic risk of chemical pollutants was less than one
in one million (10−6), and the acceptable non-carcinogenic hazard
index (HI) was 1.0 (USEPA, 1989). The present study showed that
PAEs posed little carcinogenic or non-carcinogenic risk to the citizens
of Chaohu City. The greatest carcinogenic risks to males and females
from DEHP from drinking the water were recorded in February at
9.096 × 10−10 (6.284 × 10−10–12.993 × 10−10) and 10.363 × 10−10

(7.063 × 10−10–15.211 × 10−10). The carcinogenic risk of DEHP was
greater than that of DDTs and HCHs in Lake Chaohu (He et al., 2012).
Although the non-carcinogenic risks to citizens were negligible, DnBP
posed a potential threat to humans. The non-carcinogenic HI of DnBP
for females when the water was used for drinking or bathing
reached 1.265 × 10−5 (0.862 × 10−5–1.857 × 10−5) and 1.259 × 10−5

(1.093 × 10−5–1.538 × 10−5) in September. The carcinogenic risk of
DnBP was greater than that of DDTs and HCHs in Lake Chaohu (He et
al., 2012).
3.7. The effects of meteorological and hydrological factors on the PAE
temporal–spatial distributions

The determinations of meteorological–hydrological factors
(Table S10) were described in Text S3 in SI, and their correlations
with the monthly PAE concentrations are presented in Table 3.

The runoff caused by rainfall was an important driving factor
influencing the temporal distribution of PAEs. There was a positive
correlation between the concentrations of PAEs with low levels of
carbon, such as DMP and DEP, and the agricultural runoff from the
River Fenglehe, while a negative correlation between the concentrations
of PAEs with high levels of carbon, such as BBP and DEHP, and the runoff
was found. Although the solubility of DMP and DEP were 5.2 g L−1 and
0.6 g L−1, respectively, which indicates their potential abundance in the
dissolved phase of water, their daily production and consumption were
extremely low. Therefore, the residual DMP and DEP levels were very
low. However, a larger agricultural runoff inflow might increase the
DMP and DEP concentrations, as was shown in our study. The different
relationships between PAEs with low and high levels of carbon and the
runoff might suggest different sources.
An interesting phenomenon was observed whereby the highest
Σ6PAE and DnBP levels were found 2 months after the highest
water levels. Therefore, another Pearson correlation between
the meteorological & hydrological parameters from Mar. 2010 to
Feb. 2011 and monthly PAE concentrations was performed in Scenario
No. 2 in Table 3. The water reserve, rainfall, and river runoff were all
influencing factors in the DnBP distribution. The production and
consumption of PAEs, the water solubility and the octanol/water
partition coefficient (Kow) were used to explain the seasonal variation
of individual PAEs (Cousins and Mackay, 2000; Cousins et al., 2003;
Ellington, 1999). DnBP and DEHP dominated the domestic plasticizers
(CPCIA, 2009). The widespread use of DnBP with a high solubility
(9.9 mg L−1) andmoderate Kow (1.86 × 104) determined its abundance
in both the dissolved and particle phases ofwater. The runoff from cities
and towns carried sewage and solid waste that contained plastic
materials into the lake during the rainy season (July, August and
September 2010), and most of the DnBP in the particle phase was
retained by the lake. The release of DnBP from particles increased its
concentration in the dissolved phase significantly, especially when the
water levels decreased. However, DEHP was hardly dissolved in water
and was easily absorbed by organic matter in the particle phase
suggesting that it would seldom be detected in the dissolved phase.

The reason for the spatial distribution variation also depended on
the runoff and the urbanization. Sixty percent of the water from the
Lake Chaohu basin flows into the western lake suggesting that more
PAEs might be carried into the lake. Moreover, the Nanfeihe River in
the northwest region of the lake flowed through the urban area of
Hefei City, the Anhui Province capital, which is home to 5.7 million
citizens. The river continuously carried large amounts of sewage
and solid waste. During the rainy season, the quantity increased
significantly. In contrast, Chaohu City is a small city of only 0.8 million
citizens. No large river flows through the city. Additionally, only one
river, which is located in the eastern region of the lake, flows out of
the lake. Generally, water flows from the western area of the lake to
the eastern area resulting in moderate pollution in the center area
of Lake Chaohu.

3.8. Suggestions for the PAE pollution controlling in Lake Chaohu

Based on the analysis above, we considered that meteorological
and hydrological factors were only driving factors, and the real
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reasons were that untreated plastic waste was discarded on the beach
and plastic products were widely used. Very large cities such as
Hefei City produce more pollution than small cities such as
Chaohu City. To reduce the PAE pollution, manufacturing new
plasticizers with low toxicity, quantity reduction and improving the
usage efficiency of plastic and recycling plastic waste are all good
and basic strategies to control PAE spatially and temporally.

4. Conclusion

The annual total concentration of the six PAE congeners in the sur-
face water ranged from 0.467 to 17.953 μg L−1, with the average
value of 4.042 ± 3.929 μg L−1. DnBP, which dominated the Σ6PAE
at 65.8%, was found at the highest and lowest levels in the western
lake (TX) and in the eastern drinking water source area (JC), respec-
tively. The temporal distributions of Σ6PAE showed that the highest
and lowest levels were observed in September 2010 and in June
2010, respectively, which might be mainly attributed to the differ-
ence in the rainfall runoff. The different relationships between the
runoff and the PAEs with low and high levels of carbon might suggest
their different sources. The DnBP had much greater ecological risks
than the other studied PAE congeners, as indicated by its PAFs and
MOS10. The studied PAE congeners posed little health risk to the
nearby male and female citizens.
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