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a b s t r a c t

In the surface water of Lake Chaohu, China, the concentrations of 16 priority polycyclic aromatic hydrocar-
bons (PAHs) were measured by gas chromatograph–mass spectrometer (GC–MS). Based on the species
sensitivity distribution (SSD) model and the probabilistic risk assessment (PRA) model, the indicators
were calculated to assess the potential ecological risk of the individual and of multiple congeners of PAHs
and their probabilities. The results revealed that the average residual level of the total PAHs (PAH16) in
the water ranged from 95.2 to 370.1 ng/L, with a mean value 181.5 ± 70.8 ng/L. The PAH content in the
water was dominated by the low-molecular-weight congeners. The multi-substance potentially affected
fractions (msPAFs) of the studied PAHs obtained by the SSD model varied from 0.29% (site B3) to 1.58%
(site B6), with an average of 0.51 ± 0.34%. The average of the msPAFs (0.93%) for the inflow rivers was
greater than that for the western (0.42%) and eastern (0.34%) parts of the lake. The greatest ecological
risk probability calculated by the PRA model was found for Pyr (1.55%), followed by Ant (7.07 × 10−2%),
Fla (2.21 × 10−2%), Phe (9.25 × 10−6%), Nap (1.01 × 10−5%), Flo (1.16 × 10−14%) and Ace (2.86 × 10−16%).

The same order of ecological risks calculated by the two models was found for the studied PAH com-
pounds. The toxicity data might be the primary source of the ecological risk uncertainties, as indicated
by the greater values of coefficients of variation (CV) for the toxicity. This study concluded that the com-
binations of multiple indicators based on the SSD and PRA models for the ecological risk assessment are
necessary to provide more general information on the spatial variations and the probabilities of potential

ividu
ecological risks of the ind

. Introduction

An ecological risk assessment has been defined as the process
f estimating the likelihood that a particular event will occur with
given set of circumstances (Maltby et al., 2005; Domene et al.,

008). During recent decades, some indicators and methods of
ifferent complexities have been proposed for the ecological risk
ssessment of toxic chemicals in water. In the early stages of a risk
ssessment, the hazard quotient (HQ), which is the quotient of the
easured or estimated environmental concentration divided by

he toxicant reference value, was proposed for the individual-value
stimate (Solomon et al., 2000). The species sensitivity distribu-
ion (SSD) approach is one frequently used method for ecological
isk assessment (Solomon et al., 1996; Steen et al., 1999). A SSD

odel is a statistical distribution describing, among a set of species,

he variation in toxicity of a certain compound or mixture (van
traalen, 2002). To assess the eco-risk of toxic pollutants using the

∗ Corresponding author. Tel.: +86 10 62751177; fax: +86 10 62751187.
E-mail address: xufl@urban.pku.edu.cn (F.-L. Xu).

470-160X/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolind.2012.08.019
al and multiple congeners of PAHs.
© 2012 Elsevier Ltd. All rights reserved.

SSD model, some indicators, such as the maximum permissible con-
centration (MPC), negligible concentration (NC), potential affected
fraction (PAF), hazardous concentration at which p% of the selected
species will be affected (HCp) and margin of safety (MOS10) can
be calculated for both the ecological risk of an individual chemical
and the combined ecological risk of multiple substances (Solomon
et al., 1996; Steen et al., 1999). The SSD method has been proven as a
useful site-to-site estimate both for the eco-risk of individual chem-
icals and for the joint eco-risk of multiple substances (Solomon
et al., 1996; Steen et al., 1999). Although significant progress and
improvements have been made for the SSD methods, there are still
some flaws (e.g., the lack of uncertainty analysis) (Solomon et al.,
2000; Forbes and Calow, 2002). To address this issue, a probabilistic
risk assessment (PRA) was proposed (Solomon and Sibley, 2002).
The PRA method considers the estimate of uncertainty and the
stochastic properties of exposure and effects, and it allows the vari-
ability of exposure concentrations and the distributions of species

sensitivity in the risk assessment process. It can better describe the
likelihood exceeding the effect thresholds and the risk of adverse
effects (Solomon and Sibley, 2002; Yang et al., 2006). The indica-
tors, including the overlap area between the exposure and effect

dx.doi.org/10.1016/j.ecolind.2012.08.019
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
mailto:xufl@urban.pku.edu.cn
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urves, and the joint probability are calculated by the PRA method
o assess the ecological risks (Wang et al., 2002; Shi et al., 2004). The
RA method has proven very useful in estimating both the exposure
f a population or community to potentially hazardous pollutants
nd their responses to the chemicals in the research area (Wang
t al., 2002). However, the PRA method requires as many measured
ata as possible to construct the probabilistic distribution of the
xposure levels. The combinations of multiple risk indicators based
n the SSD and PRA models for the ecological risk assessment are
ecessary to provide the more general information on the spatial
ariations and on the probabilities of the potential ecological risks
f the individual and multiple pollutants.

Polycyclic aromatic hydrocarbons (PAHs) are a group of ubiq-
itous persistent organic pollutants that are generally formed by
he incomplete combustion of fossil fuels and biomass fuels (Rogge
t al., 1993; Tao et al., 2005; Xu et al., 2006). PAHs are a major
oncern because of their potentially toxic, mutagenic, and carcino-
enic properties (Khalili et al., 1995; Fernandes et al., 1997; Larsen
nd Baker, 2003; Li et al., 2009). The U.S. Environmental Protection
gency (USEPA) has established 16 PAHs as the priority control
ollutants, and 7 of them are potentially carcinogenic to humans,
ccording to the International Agency for Research on Cancer. Fur-
hermore, PAHs enter a water body through wastewater discharge,
urface runoff, atmospheric deposition and other means, such as
rude oil leaks (Heemken et al., 2000). PAHs can adversely affect
ot only human health (through drinking water and skin contact)
ut also aquatic ecosystems. The ecological health risks of PAHs
re being increasingly studied by environmental researchers. In
hina, PAHs emissions in excess of 27,000 tons/year have resulted

n the contamination of various environmental media (Zhang et al.,
007). Lake Chaohu, the fifth-largest freshwater lake in China, is

ocated near the Yangtze River delta region (Fig. 1), one of the most
eveloped regions in China. With the rapid urbanization of the sur-
ounding area, Lake Chaohu is becoming increasingly polluted by
AHs from human activities, such as the burning of fossil fuels and
gricultural and industrial practices. This pollution will damage the
ake ecosystem and compromise the safe use of the lake water as
water source for drinking, industrial production and agricultural

rrigation. However, there is little information on the residual levels
nd ecological risks of PAHs in the water from Lake Chaohu.

There are three primary objectives of this study: (1) to investi-
ate the residual levels and distributions of 16 priority PAHs in the
ater; (2) to estimate the potential ecological risk of the individ-
al and multiple congeners of PAHs, based on both the SSD and PRA
ethods; and (3) to discuss the uncertainty of the ecological risks of

he studied PAH components. A platform, named the Bayesian Mat-
ugs Calculator (BMC), was developed to perform the best fittings
f the distribution model, the ecological risk index calculations and
he uncertainty analysis.

. Methodology

.1. Measurement of PAHs contents in the water

Water samples from 15 sites (Fig. 1) were collected in August
009. An emphasis was placed on the eastern drinking-water
ource area with six sites (A6, B2, B3, B4, B5 and B7) and the inflow
ives with four sites (C1, C2, C4 and B6). Twenty liters of water
as collected from each sampling site. After shaking and mixing,
1-L aliquot of each collected water sample was filtered through

0.45-�m glass fiber filter (burned at 450 ◦C for 4 h) using a fil-

ration device consisting of a peristaltic pump (80EL005, Millipore
o., USA) and a filter plate with a diameter of 142 mm. Surro-
ate standards of 2-fluoro-1,1′-biphenyl and p-terphenyl-d14 (J&K
tors 24 (2013) 599–608

Chemical, USA, 2.0 mg/mL) were added to the water samples to
indicate the recovery before extraction.

The water samples were extracted using a solid phase extrac-
tion (SPE) system (Supelco). C18 cartridges (500 mg, 6 ml, Supelco)
were prewashed with dichloromethane (DCM) and conditioned
with methanol and de-ionized water. A 1-L water sample passed
through the SPE system and was extracted. The cartridges were
eluted with 10 ml of dichloromethane. The volume of the extracts
was reduced by a vacuum rotary evaporator (R-201, Shanghai Shen
Sheng Technology Co., Ltd., Shanghai, China) in a water bath and
was adjusted to a volume of 1 ml with hexane. Internal standards
(Nap-d8, Ace-d10, Ant-d10, Chr-d12 and Perylene-d12) were added
for the GC analysis.

All samples were analyzed on a gas chromatograph with
a mass spectrometer detector (Agilent 6890GC/5973MSD). A
30 m × 0.25 mm i.d. with a 0.25-�m film thickness HP-5MS
capillary column (Agilent Technology) was used. The column tem-
perature was programmed to increase from 60 ◦C to 280 ◦C at
5 ◦C/min and then was held isothermal for 20 min. The MSD was
operated in the electron impact mode at 70 eV, and the ion source
temperature was 230 ◦C. The mass spectra were recorded using
the selected ion monitoring mode. The concentrations 16 PAHs
were determined: naphthalene (Nap), acenaphthene (Ace), ace-
naphthylene (Acy), fluorine (Flo), phenanthrene (Phe), anthracene
(Ant), fluoranthene (Fla), pyrene (Pyr), benz(a)anthracene (BaA),
chrysene (Chr), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene
(BkF), benzo(a)pyrene (BaP), dibenz(a,h) anthracene (DahA),
indeno(1,2,3-cd)pyrene (IcdP) and benzo(g,h,i) perylene (BghiP).

The quantification was performed by the internal standard
method using Nap-d8, Ace-d10, Ant-d10, Chr-d12 and Perylene-
d12 (J&K Chemical, Beijing, China). All of the solvents used were
HPLC-grade pure (J&K Chemical, Beijing, China). All of the glass-
ware was cleaned using an ultrasonic cleaner (KQ-500B, Kunshan,
China) and heated to 400 ◦C for 6 h. In the sampling process, three
parallel samples were been collected from each sample site. The
laboratory blanks were analyzed with the true samples. The aver-
age recovery for Nap, Ace, Acy, Flo, Phe, Ant, Fla and Pyr ranged
from 75% to 117%, and for BaA, Chr, BbF, BkF, BaP, DahA, IcdP and
BghiP was 68%, 67%, 54%, 51%, 77%, 45%, 34% and 35%, respectively.
The detection limits were in the range of 0.54–4.22 ng/L.

2.2. Ecological risk assessment

The multiple risk indicators based on both the SSD and PRA
models were calculated to obtain a comprehensive picture of the
potential ecological risks of the PAHs in the water from Lake
Chaohu. The SSD method (Wheeler et al., 2002; Liu et al., 2009;
Wang et al., 2009a,b) was used for the site-specific assessment of
the ecological risk for both the individual and multiple congeners of
PAHs, while the PRA method was used for the probabilistic assess-
ment of the ecological risk of individual PAH congeners based on
all of the sampling sites.

2.2.1. General procedures of the SSD and PRA methods
The basic assumption of the SSD method is that the sensitiv-

ity of a group of organisms can be described by a distribution and
that the available toxicological data are considered to be a sam-
ple of this distribution. Thus, the SSD is estimated from the sample
of toxicity data and visualized as a cumulative distribution func-
tion. Both the acute (LC50, EC50) and chronic data (NOEC50) can
be used to build the SSD; the acute data (LC50, EC50) was used in
this study. To assess ecological risk using the SSD method, there

are usually four steps: (1) obtain the toxicity data of the pollut-
ants; (2) fit the SSD curves; (3) calculate the PAFs of the individual
pollutants for the ecological risk assessment of an individual pollut-
ant; and (4) calculate the accumulated multi-substance potentially
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ig. 1. Location of Lake Chaohu and water sampling sites, fifteen sites belongs to riv
A6, B2, B3, B4, B5 and B7).

ffected fractions (msPAFs) for the joint ecological risk assessment
f multiple pollutants.

In contrast to the SSD method and focusing on the potential
isk of an individual sampling site, the probabilistic risk assess-
ent (PRA) method determines the ecological risk of pollutants

hrough the analysis of the probability distribution curves of the
oxicity and exposure levels in the entire lake. In the same manner
s the SSD method, the toxicity data for all species are combined
o produce an effect distribution curve; in addition, the exposure
evels are plotted on the same axes as the toxicity effects data.
he extent of overlap between the toxicity and exposure curves
ndicates the probability of exceeding an exposure concentration
ssociated with a particular effect probability of the substance of
oncern. The use of the distribution curves for the exposure and
oxicity data allows for the application of a joint probability curve
JPC) to describe the nature of the risks posed by the environmen-
al concentrations measured. To assess the ecological risk using the
RA method, there are generally four steps: (1) obtain the toxicity
ata and exposure data of the pollutants; (2) fit the distributions
f the toxicity data and exposure levels; (3) calculate the overlap
rea of the toxicity and exposure distribution curves for the ecolog-
cal risk assessment of an individual pollutant; and (4) produce the
oint probability curves of the pollutants for assessing the ecological
isk probability of exceeding an exposure concentration associated
ith a particular effect probability.

The SSD and PRA methods have the same steps: collecting the
oxicity data, fitting the distribution curves of the toxicity data,
alculating the risk-index and estimating the ecological risk.

.2.2. Collecting toxicity data
Based on the availability of the toxicity data, the studied PAH

ompounds included naphthalene (Nap), acenaphthylene (Ace),
uorine (Flo), phenanthrene (Phe), anthracene (Ant), pyrene (Pyr),

uoranthene (Fla), and benzo[a]pyrene (BaP). The toxicity data

or these PAH compounds were collected from the database
COTOX provided by the USEPA (www.epa.gov/ecotox). The 24-
o 96-h acute toxicity data (LC50 or EC50) of the 8 PAHs to
s (C1, C2, C3, C4), West Lake (D1), East Lake (A1, A2, A3, A4), and water source area

multiple aquatic species were collected. The species include green
algae (Selenastrum capricornutum), a diatom (Skeletonema costa-
tum), the southern house mosquito (Culex quinquefasciatus), the
yellow fever mosquito (Aedes aegypti), a water flea (Daphnia
magna), the sheepshead minnow (Cyprinodon variegatus), the chan-
nel catfish (Ictalurus punctatus), the brown trout (Oncorhynchus
mykiss), the fathead minnow (Pimephales promelas), a scud (Gam-
marus annulatus), a freshwater prawn (Palaemonetes), and a pond
snail (Physa heterostropha). The toxicity data of the 8 PAH com-
pounds are presented in Table 1.

Both the acute data (e.g. LC50 and EC50) and chronic data (e.g.
NOEC) of ecotoxicity can be used to build the SSD. However, in the
present study, only the acute ecotoxicity data was used to build
the SSD of PAHs based on the following two reasons. First, there
were very limited chronic ecotoxicity data available for the studied
PAHs. The amount of data is too small to easily generate a large
deviation. The least amount of ecotoxicity data for the development
of SSD model was five (Hose and Van den Brink, 2004) or eight
(Wheeler et al., 2002). Second, some studies developed the chronic
SSD model using the chronic ecotoxicity data that converted from
the acute data based on the empirical formula (e.g. Heger et al.,
1995; Lange et al., 1998). However, such approach on the basis of
the empirical formula caused high uncertainty of the SSD curve,
which lead further to the high uncertainty of assessment results as
well.

2.2.3. Fitting the distribution of toxicity and exposure data
The PRA method requires a fit of the distributions of both the

toxicity and exposure data, while the SSD method requires only
a fit of the distribution of the toxicity data. In most cases, the
exposure data are of a log-normal distribution. However, for the
toxicity data, because no certain distribution has been proved the-
oretically (Wheeler et al., 2002), different distribution models have

been selected, including log-normal (Wagner and Lokke, 1991), log-
logistic (Aldenberg and Slob, 1993) and Burr Type III (Shao, 2000).
To select the best SSD model, a platform named the Bayesian Mat-
bugs Calculator (BMC) (He et al., submitted for publication) was

http://www.epa.gov/ecotox
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Table 1
Statistics of the toxicity data (LC50 or EC50) for eight individual PAHs (�g/L).

Nap Ace Flo Phe Ant Fla Pyr Bap

Minim 40.70 240.00 212.00 212.13 1.93 1.20 2.63 4.00
Maxim 175,927 3499 5800 195,697 17,822 41,590 894,000 17,660
Arithmetic mean 5020 660 1591 870 56 48 60 13
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Geometric mean 4818 847 1340
Standard deviation 37796 987 1967
Total data number 24 11 12

eveloped based on the Bayesian Inference, WinBUGS software
Lunn et al., 2000; Ntzoufras, 2009) and Matlab graphical user inter-
ace (GUI). Five frequently used distribution modes, including the
og-normal, log-logistic, BurrIII, Reweibull and Weibull models (van
traalen, 2002), were compared. The best fitting distribution mode
as determined by the index of deviance information criterion

DIC) using the following equation:

IC = D̄ + pD (1)

¯ and pD were used to measure the quality of the fit and the com-
lexity of the model, respectively. The smaller the value of the DIC,
he better the curve fit the toxicity data. In the WinBUGS software,
he DIC value can be obtained directly by a Markov Chain Monte
arlo (MCMC) simulation. As shown in Table 2, the BurrIII model has
he smallest values for Phe, Ant, Fla and Pyr; however, no significant
ifferences in the DIC values for the different models were found
y a one-way ANOVA test. The Kolmogorov–Smirnov tests revealed
hat both the toxicity and exposure data followed a log-normal dis-
ribution. Thus, a log-normal model was chosen to simulate the SSD
urve of the PAH toxicity data. The parameters of the log-normal
SD distributions of the 8 PAHs are presented in Table 3.

.2.4. Ecological risk assessment based on multiple risk indices
For the PRA method, the potential ecological risks were assessed

y calculating the overlap area between the exposure and effect
urves (Wang et al., 2002) and by calculating the joint probability
urves (JPCs) (Shi et al., 2004). The JPCs can be obtained by plot-
ing the cumulative probability distributions of the exposure and
oxicity data for each chemical on the same axes. Each point on the
urve represents both the probability that the chosen proportion of
species will be affected and the frequency with which that level of
ffect would be exceeded (Solomon et al., 2000; Wang et al., 2002).

For the SSD method, the potentially affected fraction (PAF) of
he individual PAH compound and the accumulated potentially
ffected fractions of 8 PAH compounds (msPAFs) are used for the
cological risk assessments. The PAF was calculated by the follow-
ng equation:

AF = 1√
2��0

e−(([lg(C−�0)]2)/2�2
0

) (2)

here C is the log-transformed exposure concentration of 8 spe-
ific PAHs, �0 is the mean value of the toxicity data, and �0 is the
tandard deviation of the toxicity data in Table 3.

The msPAFs are calculated based on the toxicological mode of
ction (TMoA) of the pollutants. In case where the pollutants had
he same or similar TMoA, a concentration-addition method could
e used to calculate the msPAF; otherwise, a response-addition
pproach will be used (Traas et al., 2002). Because the TMoA of
AHs is not currently clear, both the concentration-addition and
esponse-addition approaches were used to calculate the msPAF in
his study. The msPAFs of 8 PAHs were calculated by Eqs. (3)–(5)

or the concentration-addition approach (Traas et al., 2002):

Ui = Ci

C̄i

(3)
76 67 167 76
4278 7985 269027 6273
17 27 11 12

HUTMoA =
n∑

i

HUx (4)

msPAF = 1√
2��

e−(([lg(
∑

HUTMoA)]
2

)/2�2) (5)

where HUi and HUTMoA are the dimensionless hazard units of the
ith PAH component and of the addition of all HUs for the stud-
ied individual PAH components; Ci and C̄i are the concentrations
of the measured data and the geomean value of the toxic data of
the ith PAH component (�g/L), respectively; and � is the average
standard deviation of the toxicity data of all studied individual PAH
components (�g/L).

For the response-addition approach, the equation for calculating
the msPAF of 8 PAHs is as follows (Traas et al., 2002):

msPAF = 1 −
∏

i

(1 − PAFi) (6)

For i = 1 to n substances, msPAF represents the multisubstance
potential affected fractions of the various compounds calculated by
the response addition.

2.3. Uncertainty analysis

For the selected specific method for the assessment ecological
risk, such as the SSD and PRA methods, the sources of uncertainty in
the assessment results are mainly from the exposure level and tox-
icity data. The uncertainty in the exposure levels originates from the
sampling and laboratory analysis errors. The toxicity data for the
limited species cultured and tested in the laboratory extrapolated
to the responses of natural taxa may lead to uncertainty because
the laboratory LC50 values may overestimate the field effects at
the population level. The lack of toxicity data also causes obvious
uncertainty for the assessment results of the ecological risks.

A Monte Carlo simulation was used to demonstrate the uncer-
tainties of the exposure and toxicity data. Both the exposure and
toxicity data were represented as a probability density function
that defined both the range of values and the likelihood of the data
having that value. All of the data were assumed to follow the log-
normal distribution. The simulation was performed 5000 times,
with new values randomly selected for the data within the range
of the mean ± standard deviation. The WinBUGS developed in this
study were used to randomly select the values for the data. The
uncertainty was ascertained by the statistical analysis of the out-
put result. To quantify the differences, the coefficients of variation
(CVs) were calculated based on the log-transformed data.

3. Results

3.1. Levels and distributions of PAHs in the water
The total PAH concentrations (PAH16) (sum of the 16 EPA prior-
ity pollutants) in the water from Lake Chaohu are provided in Fig. 2.
The total PAH concentrations in the 15 sample sites ranged from
95.2 ng/L to 370.1 ng/L, with a mean value 181.5 ± 70.8 ng/L. The
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Table 2
Deviance information criterion (DIC) values of the five different models for the SSD fitting.

Nap Ace Flo Phe Ant Fla Pyr BaP

Log normal 484.1 178.4 212.0 335.0 228.9 339.9 175.3 163.4
Log logistic 482.2 179.0 212.9 335.0 229.4 333.6 172.3 169.8
Burr III 489.8 180.3 213.9 329.4 223.4 332.8 168.6 163.4
ReWeibull 492.3 188.6 219.3 331.6 227.7 340.4 170.3 169.8
Weibull 482.9 163.9 199.8 339.7 232.7 355.2 179.9 163.4

Table 3
SSD parameters of the toxicity data and exposure levels of eight individual PAHs (�g/L).

Nap Ace Flo Phe Ant Fla Pyr BaP

�0 3.683 2.928 3.127 3.299 1.882 1.825 2.222 1.879
�0 0.758 0.356 0.471 0.915 1.056 0.802 1.568 1.458
�1 −1.163 −2.110 −1.692 −1.370 −2.551 −2.041 −2.041 −4.026
�1 0.159 0.222 0.155 0.153 0.274 0.255 0.280 0.333

�0 and �0 as well as �1 and �1 with �g/L as unit are the mean values and standard devi
data, respectively.

h
R
R
c
i
I

F
P

Fig. 2. Distributions of total PAHs (PAH16) in the water from Lake Chaohu.

ighest level of total PAHs was detected at site B6, the Shuangqiao
iver, and the second highest level was at site C2, the Xiaozhigao

iver. With a mean value of 267.3 ± 80.0 ng/L, the total PAH con-
entration in four of the river sites was much greater than that
n the lake, which had a mean concentration of 150.3 ± 32.9 ng/L.
nside the lake, the maximum PAH level was found in the

ig. 3. Contents of 16 PAHs in the water from Lake Chaohu. LMW PAHs include Nap, Acy, A
AHs include BaP, IcdP, DahA and BghiP. The vertical axis is log-transformed total PAH co
ations for the log-transformed toxicity data and for the log-transformed exposure

western lake (183.1 ng/L), followed by the eastern lake (exclud-
ing the water source area) (163.8 ± 23.3 ng/L) and then the eastern
water source area (135.8 ± 30.4 ng/L). Of the 16 priority PAHs, Nap
had the highest concentration (68.8 ng/L), followed by Phe, Flo, Fla,
Pyr, Ant and Acy, with concentrations of 42.7, 20.3, 9.1, 9.1, 2.8 and
1.2 ng/L, respectively. The concentrations for the rest of the 16 pri-
ority PAHs were less than 1 ng/L. Fig. 3 shows that the content of
the low-molecular-weight PAHs were much greater than that of
the high-molecular-weight PAHs.

3.2. Ecological risk assessment

3.2.1. Site-specific ecological risk of PAHs based on the SSD
method

The exposure concentrations of 8 individual PAHs for each
sampling site were translated into the ecological risk values
based on the SSD curves. The risks of concentration-addition and
response-addition msPAFs were also calculated to represent the

combined ecological risk of the 8 PAHs. The results are listed in
Table 4.

Table 4 revealed that the HMW PAHs have greater risks than the
MMW PAHs: Pyr had the greatest ecological risk with PAFs ranging

ce, Flo, Phe, Ant and Fla, MMW PAH includes Pyr, BaA, Chr, BbF and BkF, and HMW
ncentrations log(CPAHs + 1).
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Table 4
Potentially affected factions (PAFs) for eight individual PAHs at fifteen sample sites.

Sampling site PAFs for eight individual PAHs (%) msPAF (%)

Nap (×10−9) Ace (×10−43) Flo (×10−23) Phe (×10−5) Ant (×10−4) Fla (×10−5) Pyr (×10−1) BaP (×10−5) Con-add (×10−3) Res-add (×10−1)

A1 9.02 49.06 321.95 3.04 27.35 8.73 4.20 – 6.12 4.23
A2 72.83 135.88 662.05 3.46 32.57 6.30 3.47 9.04 5.88 3.60
A3 16.60 0.41 28.57 1.83 1.13 6.02 3.03 – 3.25 3.03
A4 31.91 7.55 22.16 1.29 10.72 2.45 2.93 – 2.85 2.95
A6 64.68 68.27 124.10 1.70 11.35 3.07 3.11 5.26 3.50 3.18
B2 1.16 0.16 1.23 1.06 6.54 3.18 2.97 – 2.45 2.97
B3 42.56 52.98 45.29 1.48 11.11 2.43 2.85 – 2.95 2.86
B4 2.25 17.63 3.53 1.17 10.92 2.02 3.09 – 2.43 3.10
B5 2.26 105.36 17.05 2.09 15.69 7.40 3.84 20.30 4.86 4.06
B6 27.86 2.91 × 109 6.43 × 104 20.57 127.59 555.19 15.61 1.05 85.10 15.80
B7 5.40 1.86 123.25 3.29 29.28 7.73 4.41 2.01 5.96 4.46
C1 18.22 6.81 × 10−6 6.38 × 103 6.90 62.36 32.40 7.23 4.69 16.22 7.35
C2 46.47 5.42 × 10−9 2.88 × 104 8.67 58.22 59.72 7.99 – 22.19 8.06
C4 14.26 2.52 × 107 964.31 4.03 32.42 15.49 6.04 4.69 10.02 6.12
D1 68.56 9.78 10.79 1.65 17.90 10.32 4.18 2.52 6.03 4.23

Mean 28.27 5.57 × 108 6783.03 4.15 30.34 48.16 5.00 6.20 11.99 5.07
GM 15.48 1007.07 156.78 2.77 18.70 9.38 4.37 4.28 6.35 4.43
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rom 2.85 × 10−3 (B3) to 1.56 × 10−2 (B6). The average risk of Pyr is
wo orders of magnitude greater than that of Ant, three orders of

agnitude greater than that of Fla, and four orders of magnitude
reater than those of Phe and BaP. The LMW PAHs have the least
cological risk; Nap risks were twelve orders of magnitude greater
han Flo and twenty-seven orders of magnitude greater than the
isks of Ace, which had the least ecological risk 1.61 × 10−46 (B2) to
.91 × 10−36 (B6) with a mean of 5.57 × 10−37. The results can be
ttributed to the major toxicity of the HMW PAHs and the signifi-
ant concentrations of the MMW PAHs.

The msPAFs of the response addition ranged from 2.86 × 10−3

B4) to 1.58 × 10−2 (B6), and the msPAF of the concentration addi-
ion varied from 2.43 × 10−5 (B4) to 8.51 × 10−4 (B6). The msPAFs
ased on concentration were even lower than the PAFs of some

ndividual PAHs, such as Pyr, which indicates that the risks based
n concentration are underestimated. The concentration addition
an be applied based on the hypothesis that the chemicals that have
he same toxicity mode so that the exposure data can be scaled
nto dimensionless hazard units (HUs). In other words, the chemi-
als have similar distribution modes and the same variance (Traas
t al., 2002). However, the PAH toxicity data have quite different
tandard deviations (Table 3). There may be two reasons for this:
rst, the PAHs may have different toxicity modes in the water sys-
em, so the concentration-addition method should not be used in
he water ecological risk assessment, and second, there are insuf-
cient data to form the complete distribution curves. Before the
oxicity mode was clear, the msPAF based on the response addition

ay be a credible result.
The results of the response-addition msPAF are used to ana-

yze the geographical risk distribution of the PAHs in Lake Chaohu.
he msPAF in Lake Chaohu ranged from 0.29% (B3) to 1.58% (B6).
he ecological risks in rivers, with mean value 0.93%, were greater
han those in the lake, where the mean PAF value was 0.35%. Site
6 had the largest PAF value (1.58%), which is 2.0 times greater
han the ecological risk in the upstream of the Xiaozhigao River,
.2 times greater than that in the estuary of the Xiaozhigao River,
nd 2.6 times greater than that in Dazhigao River. In the lake, the
ean value of the PAF in East Lake (0.34%) was less than the PAF

n West Lake (0.42%) and was at the same level as that in the water

ource area (0.34%). The result indicated that rivers may be the main
ources of the PAHs pollution in Lake Chaohu. Controlling the PAH
ischarge into the river inflows may be important to control the
AH pollution in Lake Chaohu.
3.2.2. Probability of ecological risk of PAHs based on the PRA
method

The toxicity and exposure distribution curves of 7 PAHs were
produced. The BaP level was lower than the detection limit in 7
sites; thus, BaP was not included due to a lack of exposure data.
The ecological risks of the exposure PAHs in Lake Chaohu were
qualified by the calculation of the overlap area S (Fig. 4). The black
line is the distribution of the log-transformed exposure values, and
the red line is the distribution of the log-transformed toxicity val-
ues. The risks based on the PRA method ranged from 2.86 × 10−16%
to 1.55%. The greatest ecological risk probability was found for
Pyr (1.55%), followed by Ant (7.07 × 10−2%), Fla (2.21 × 10−2%),
Phe (9.25 × 10−6%), Nap (1.01 × 10−5%), Flo (1.16 × 10−14%) and Ace
(2.86 × 10−16%).

A joint probability curve (JPC) for each chemical was generated
(Fig. 5). The position of the joint risk probability curve reflects the
risk of the PAHs; the closer the curve is to the axis, the less risk the
chemical poses. The JPC of the 7 PAHs demonstrates that the risk
gaps between the PAHs are quite large. Fla and Ant were plotted
on the same scale, Pyr was plotted on a large-scale axis, and the
other four PAHs were plotted on a smaller-scale axis. As the results
from the overlapping area calculation, Pyr caused the greatest risk
among the compounds studied, followed by Ant, Fla, Phe, Nap, Flo
and Ace. The order was the same as that calculated by the overlap
area and the average risk values by SSD.

4. Discussions

4.1. Comparisons of PAHs levels in the water with previous
studies

The PAH16 in the inflow rivers to Lake Chaohu
(267.3 ± 80.0 ng/L) was close to that found in the Tianjin rivers
(281.6 ± 336.9 ng/L) (Shi et al., 2004) and was less than that
reported in the Yangtze River (0.242–6.235 �g/L) (Feng et al.,
2007) and greater than that found in the Yellow River (121.3 ng/L)
(Wang et al., 2009a,b) and in the Luan River (99.4 ng/L) (Cao et al.,
2010). The PAH16 in Lake Chaohu (150.3 ± 31.4 ng/L) was close to
that reported in Lake Taihu (134.5 ± 54.8 ng/L) and greater than

that reported in the Pearl River Estuary (Luo et al., 2006). Compared
with reports from abroad, the PAH16 level in Lake Chaohu was
lower than the levels in Victoria Lake (Kwach and Lalah, 2009),
Great Bitter Lake and El Temsah Lake (Said and El Agroudy, 2006).
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Fig. 4. Toxicity and exposure distribution curves of seven PAHs.
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.2. Comparisons of ecological risks based on the SSD and PRA
ethods

The comparisons of the ecological risk assessment results of the
even PAHs based on the SSD and PRA methods are presented in
ig. 6. The ecological risks calculated by the SSD and PRA methods
ere not of the same order of magnitude, and the risks estimated

y the PRA method were greater than those estimated by the SSD
ethod. However, the ecological risk orders of seven PAHs were

he same. A significant difference was identified in the Ace ecolog-

cal risks produced by the two methods. This might be caused by
he uncertainty that exists with the Ace data (see next section for
etails).
4.3. Uncertainty analysis

Monte Carlo simulation was used to demonstrate the uncer-
tainties of the exposure and toxicity data. The more simulation
times performed, the closer the results obtained to the real
situation. The simulation times 1000, 3000, 5000 and 10,000 iter-
ations commonly used in the literatures. In the present study,
the results based on the simulation times 1000, 3000, 5000
and 10,000 iterations were compared, and showed that 5000
times iterations was sufficient enough to ensure the stability

of results. For the simulation results, there were no statistically
significant differences between 5000 and 10,000 times itera-
tions.
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The CVs varied from 1.14 to 6.92 for the toxicity data, while the
Fig. 5. Joint probabil

The comparisons of the CV values of the toxicity and exposure

ata for eight PAHs based on 5000 Monte Carlo simulations are
resented in Fig. 7. The larger CV values were found for the toxicity
ata of eight PAHs, indicating the uncertainties were larger for the
oxicity data than for those of the measured exposure data (Fig. 7).

ig. 6. Comparisons of ecological risk assessment results of seven PAHs based on
he SSD and PRA methods.
urves of seven PAHs.
CVs were from 0.28 to 0.36 for the measured exposure data. For the
toxicity data, Ace had the largest CV value (6.92), followed by Flo
(4.94), Nap (4.85), Phe (2.22), Fla (2.01), Ant (1.78), BaP (1.70) and

Fig. 7. Comparisons of CV values of the exposure data and toxicity data for eight
PAHs.
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yr (1.14). For the measured exposure data, BaP had the largest
V (0.36) because there were eight measured exposure values.
ig. 7 illustrates that the uncertainties of the exposure data of eight
AHs were very similar, as indicated by their CV values. This result
uggested that the uncertainties of the toxicity data might be the
rimary source of the ecological risk uncertainties.

.4. The advantages and disadvantages of the combination of the
SD and PRA methods

The combination of the SSD and PRA methods can provide the
ore general information on the spatial variations and on the

robabilities of the potential ecological risks of the individual and
ultiple pollutants. The combination of the SSD and PRA methods

an joint the advantages and overcome the disadvantages of the
wo methods used alone.

The SSD model can provide a site-specific risk assessment, and
ake it possible for the comparison of spatial distribution of eco-

ogical risks. Furthermore, the SSD model provides a method to
alculate msPAFs of different contaminates. In contrast, the PRA
ethod, introducing the concept of probability into the risk eval-

ation, considers the variability of exposure concentrations, and
rovides a probabilistic risk assessment for the whole area. In addi-
ion, the results from the PRA method can be illustrated in the joint
robabilistic curves to reflect the relationship of exposure concen-
ration and ecological risks which cannot be obtained by the SSD

ethod.
The SSD and PRA methods have their disadvantages. First,

oth of the models are established on the probabilistic distribu-
ion of toxicity data, and depend on the adequacy of the toxicity
ata. As mentioned in the uncertainty analysis, the uncertainties
ere larger for the toxicity data than for the measured exposure
ata. Therefore, the toxicity data determine the reliability of the
ssessment results. Furthermore, the PRA method depends on the
dequacy of the exposure data for the establishment of exposure
istribution curve. Second, both methods have shortcomings in the
stimation of msPAFs. The PRA method cannot be used in the evalu-
tion of multi-risk assessment of different compounds. In contrast,
lthough the msPAFs can be calculated based on two toxicolog-
cal modes of action, it is still difficult to obtain the joint risk
efore the toxicological modes of action are clear. The response-
ddition msPAFs of the studied PAHs in Lake Chaohu, for example,
as two orders of magnitude greater than the concentration-

ddition msPAFs. Clarifying the toxicological modes of action for
ifferent contaminants is necessary to calculate the msPAF of multi-
ontaminants.

. Conclusion

Multiple indicators were calculated, and the ecological risks
f PAHs were compared based on the SSD and PRA models. The
ombination of the SSD and PRA methods for the ecological risk
ssessment could provide the more general information on the
patial variations and the probabilities of the potential ecological
isks of the individual and multiple congeners of PAHs. Determin-
ng the best fitting model for the toxicity and exposure data is a
rucial step for the ecological risk assessment. Performing the fit-
ings of the distribution model, the calculations of ecological risk

ndex and the analysis of uncertainty with a platform such as the
ayesian Matbugs Calculator (BMC) developed in this study would
e a great help. Of all of the PAH congeners, Pyr presented the great-
st ecological risk, followed by Ant, Fla, Phe, Nap, Flo and Ace. The
ncertainties of the toxicity data with the larger CV value might be
he primary uncertainty source for the ecological risks.
tors 24 (2013) 599–608 607

Acknowledgments

Funding for this study was provided by the National Foundation
for the Distinguished Young Scholars (40725004), the Key Project
of the National Science Foundation of China (NSFC) (41030529),
the National Project for Water Pollution Control (2012ZX07103-
002), the Ministry of Environmental Protection (201009032) and
the Ministry of Education (20100001110035).

References

Aldenberg, T., Slob, W., 1993. Confidence-limits for hazardous concentrations based
on logistically distributed NOEC toxicity data. Ecotoxicol. Environ. Saf. 25 (1),
48–63.

Cao, Z.G., Liu, J.L., Luan, Y., Li, Y.L., Ma, M.Y., Xu, J., Han, S.L., 2010. Distribution and
ecosystem risk assessment of polycyclic aromatic hydrocarbons in the Luan
River, China. Ecotoxicology 19 (5), 827–837.

Domene, X., Ramirez, W., Mattana, S., Alcaniz, J.M., Andres, P., 2008. Ecological risk
assessment of organic waste amendments using the species sensitivity distri-
bution from a soil organisms test battery. Environ. Pollut. 155 (2), 227–236.

Feng, C.L., Xia, X.H., Shen, Z.Y., Zhou, Z., 2007. Distribution and sources of polycyclic
aromatic hydrocarbons in Wuhan section of the Yangtze River, China. Environ.
Monitor. Assess. 133 (1–3), 447–458.

Fernandes, M.B., Sicre, M.A., Boireau, A., Tronczynski, J., 1997. Polyaromatic hydro-
carbon (PAH) distributions in the Seine River and its estuary. Mar. Pollut. Bull.
34 (11), 857–867.

Forbes, V.E., Calow, P., 2002. Species sensitivity distributions revisited: a critical
appraisal. Hum. Ecol. Risk Assess. 8 (3), 473–492.

He, W., Qin, N., Kong, X.Z., Liu, W.X., He, Q.S., Ouyang, H.L., Yang, C., Jiang, Y.J., Wang,
Q.M., Yang, B., Xu, F.L. Bayesian matbugs calculator (BMC) for eco-risk assess-
ment and priority setting of toxic substances. Environ. Model. Softw., submitted
for publication.

Heemken, O.P., Stachel, B., Theobald, N., Wenclawiak, B.W., 2000. Temporal variabil-
ity of organic micropollutants in suspended particulate matter of the River Elbe
at Hamburg and the River Mulde at Dessau, Germany. Arch. Environ. Contam.
Toxicol. 38 (1), 11–31.

Heger, W., Jung, S.J., Martin, S., Peter, H:, 1995. Acute and prolonged toxicity to
aquatic organisms of new and existing chemicals and pesticides. Chemosphere
31 (2), 2707–2726.

Hose, G.C., Van den Brink, P.J., 2004. Confirming the species sensitivity distribu-
tion concept for endosulfan using laboratory, mesocosm, and field data. Arch.
Environ. Contam. Toxicol. 47 (4), 511–520.

Khalili, N.R., Scheff, P.A., Holsen, T.M., 1995. PAH source fingerprints for coke ovens,
diesel and gasoline-engines, highway tunnels, and wood combustion emissions.
Atmos. Environ. 29 (4), 533–542.

Kwach, B.O., Lalah, J.O., 2009. High concentrations of polycyclic aromatic hydrocar-
bons found in water and sediments of car wash and Kisat areas of Winam Gulf,
Lake Victoria-Kenya. Bull. Environ. Contam. Toxicol. 83 (5), 727–733.

Larsen, R.K., Baker, J.E., 2003. Source apportionment of polycyclic aromatic hydro-
carbons in the urban atmosphere: a comparison of three methods. Environ. Sci.
Technol. 37 (9), 1873–1881.

Lange, R., Hutchinson, T.H., Scholz, N., Solbe, J:, 1998. Analysis of the ECETOC aquatic
toxicity (EAT) database. II. Comparison of acute to chronic ratios for various
aquatic organisms and chemical substances. Chemosphere 36 (1), 115–127.

Lunn, D.J., Thomas, A., Best, N., Spiegelhalter, D., 2000. WinBUGS – a Bayesian
modeling framework: concepts, structure, and extensibility. Stat. Comput. 10,
325–337.

Li, X.R., Zhao, T.K., Yu, Y.X., Zhang, C.J., Li, P., Li, S.J., 2009. Population exposure to
PAHs and the health risk assessment in Beijing area. J. Agro-Environ. Sci. 28 (8),
1758–1765 (in Chinese).

Liu, L., Yan, X.P., Wang, Y., Xu, F.L., 2009. Assessing ecological risks of polycyclic
aromatic hydrocarbons (PAHs) to freshwater organisms by species sensitivity
distributions. Asian J. Ecotoxicol. 4 (5), 647–654 (in Chinese).

Luo, X.J., Chen, S.J., Mai, B.X., Yang, Q.S., Sheng, G.Y., Fu, J.M., 2006. Polycyclic aromatic
hydrocarbons in suspended particulate matter and sediments from the Pearl
River Estuary and adjacent coastal areas, China. Environ. Pollut. 139 (1), 9–20.

Maltby, L., Blake, N., Brock, T.C.M., Van Den Brink, P.J., 2005. Insecticide species sensi-
tivity distributions: Importance of test species selection and relevance to aquatic
ecosystems. Environ. Toxicol. Chem. 24 (2), 379–388.

Ntzoufras, I., 2009. Bayesian Modeling Using WinBUGS. A John Wiley & Sons, Inc.,
Hoboken, NJ.

Rogge, W.F., Hildemann, L.M., Mazurek, M.A., Cass, G.R., Simoneit, B.R.T., 1993.
Sources of fine organic aerosol. 3. Road dust, tire debris, and organometal-
lic brake lining dust-roads as sources and sinks. Environ. Sci. Technol. 27 (9),
1892–1904.

Said, T.O., El Agroudy, N.A., 2006. Assessment of PAHs in water and fish tissues from
Great Bitter and El Temsah lakes, Suez Canal, as chemical markers of pollution
sources. Chem. Ecol. 22 (2), 159–173.
Shao, Q.X., 2000. Estimation for hazardous concentrations based on NOEC toxicity
data: an alternative approach. Environmetrics 11 (5), 583–595.

Shi, X., Yang, Y., Xu, F.L., Liu, W.X., Tao, S., 2004. Ecological risk assessment of poly-
cyclic aromatic hydrocarbons in surface water from Tianjin. Acta Sci. Circum. 24
(04), 619–624.



6 Indica

S

S

S

S

T

T

v

08 N. Qin et al. / Ecological

olomon, K., Giesy, J., Jones, P., 2000. Probabilistic risk assessment of agrochemicals
in the environment. Crop Prot. 19 (8–10), 649–655.

olomon, K.R., Baker, D.B., Richards, R.P., Dixon, D.R., Klaine, S.J., LaPoint, T.W.,
Kendall, R.J., Weisskopf, C.P., Giddings, J.M., Giesy, J.P., Hall, L.W., Williams, W.M.,
1996. Ecological risk assessment of atrazine in North American surface waters.
Environ. Toxicol. Chem. 15 (1), 31–74.

olomon, K.R., Sibley, P., 2002. New concepts in ecological risk assess-
ment: where do we go from here? Mar. Pollut. Bull. 44 (4),
279–285.

teen, R., Leonards, P.E.G., Brinkman, U.A.T., Barcelo, D., Tronczynski, J., Albanis, T.A.,
Cofino, W.P., 1999. Ecological risk assessment of agrochemicals in European
estuaries. Environ. Toxicol. Chem. 18 (7), 1574–1581.

ao, S., Xu, F.L., Wang, X.J., Liu, W.X., Gong, Z.M., Fang, J.Y., Zhu, L.Z., Luo, Y.M., 2005.
Organochlorine pesticides in agricultural soil and vegetables from Tianjin, China.
Environ. Sci. Technol. 39 (8), 2494–2499.

raas, T.P., Van de Meent, D., Posthuma, L., et al., 2002. The potentially affected
fraction as ameasure of ecological risk. In: Posthuma, L., Traas, T.P., Suter, G.W.

(Eds.), Species Sensitivity Distributions in Ecotoxicology [M]. Lewis, Boca Raton,
FL, USA, pp. 315–343.

an Straalen, N.M., 2002. Threshold models for species sensitivity distributions
applied to aquatic risk assessment for zinc. Environ. Toxicol. Pharmacol. 11 (3–4),
167–172.
tors 24 (2013) 599–608

Wagner, C., Lokke, H., 1991. Estimation of ecotoxicological protection levels from
NOEC toxicity data. Water Res. 25 (10), 1237–1242.

Wang, L.L., Yang, Z.F., Niu, J.F., Wang, J.Y., 2009a. Characterization, ecological risk
assessment and source diagnostics of polycyclic aromatic hydrocarbons in water
column of the Yellow River Delta, one of the most plenty biodiversity zones in
the world. J. Hazard. Mater. 169 (1–3), 460–465.

Wang, X.L., Tao, S., Dawson, R.W., Xu, F.L., 2002. Characterizing and comparing
risks of polycyclic aromatic hydrocarbons in a Tianjin wastewater-irrigated area.
Environ. Res. 90 (3), 201–206.

Wang, Y., Wang, J.J., Qin, N., Wu, W.J., Zhu, Y., Xu, F.L., 2009b. Assessing ecolog-
ical risks of DDT and lindane to freshwater organisms by species sensitivity
distributions. Acta Sci. Circum. 29 (11), 2407–2414 (in Chinese).

Wheeler, J.R., Grist, E.P.M., Leung, K.M.Y., Morritt, D., Crane, M., 2002. Species sensi-
tivity distributions: data and model choice. Mar. Pollut. Bull. 45 (1–12), 192–202.

Xu, S.S., Liu, W.X., Tao, S., 2006. Emission of polycyclic aromatic hydrocarbons in
China. Environ. Sci. Technol. 40 (3), 702–708.

Yang, Y., Shi, X., Wong, P.K., Dawson, R., Xu, F.L., Liu, W.X., Tao, S., 2006. An approach

to assess ecological risk for polycyclic aromatic hydrocarbons (PAHs) in surface
water from Tianjin. J. Environ. Sci. Health A: Tox. Hazard. Subst. Environ. Eng. 41
(8), 1463–1482.

Zhang, Y.X., Tao, S., Cao, J., Coveney, R.M., 2007. Emission of polycyclic aromatic
hydrocarbons in China by county. Environ. Sci. Technol. 41 (3), 683–687.


	Ecological risk assessment of polycyclic aromatic hydrocarbons (PAHs) in the water from a large Chinese lake based on multiple indicators
	1 Introduction
	2 Methodology
	2.1 Measurement of PAHs contents in the water
	2.2 Ecological risk assessment
	2.2.1 General procedures of the SSD and PRA methods
	2.2.2 Collecting toxicity data
	2.2.3 Fitting the distribution of toxicity and exposure data
	2.2.4 Ecological risk assessment based on multiple risk indices

	2.3 Uncertainty analysis

	3 Results
	3.1 Levels and distributions of PAHs in the water
	3.2 Ecological risk assessment
	3.2.1 Site-specific ecological risk of PAHs based on the SSD method
	3.2.2 Probability of ecological risk of PAHs based on the PRA method


	4 Discussions
	4.1 Comparisons of PAHs levels in the water with previous studies
	4.2 Comparisons of ecological risks based on the SSD and PRA methods
	4.3 Uncertainty analysis
	4.4 The advantages and disadvantages of the combination of the SSD and PRA methods

	5 Conclusion
	Acknowledgments
	References




