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Abstract
Introduction While the literature is replete with studies of the
toxic potency of pentachlorophenol (PCP), site-specific
criteria for native aquatic species that can be used in ecological
risk assessments has been lacking and application of toxicity
information for non-native species is controversial.
Materials and methods In the present study, acute and
chronic toxicities of PCP to six aquatic species native to the
Yangtze River were determined. The HC5 and HC50
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(hazardous concentration for 5% and 50% of species) were
derived from dose–response curves for these native aquatic
species and were then compared with those derived for
non-native species.
Results The acute toxicity values for the native species
ranged from 8.8×10−2 mg l−1 (Plagiognathops microlepis)
to 1.1 mg l−1 (Soirodela polyrhiza), while chronic toxicity
values based on no observed effect concentrations (NOECs)
ranged from 0.01 mg l−1 (Macrobrachium superbum) to
0.25 mg l−1 (Soirodela polyrhiza). Native aquatic benthos
was more sensitive to acute PCP exposure than non-native
species. There was no significant difference in NOECs
derived from native fish species and those based on nonnative fish species. The median acute HC5 and HC50
derived from the toxicity data of native taxa were both less
than those derived from non-native taxa. There was no
significant difference between chronic HC5s derived from
the two sets of taxa. However, the median chronic HC50
derived from native taxa was less than that derived from
non-native taxa.
Conclusion The study upon which we report here provides
site-specific toxicity information developed for native
species which can be used for the protection of local
aquatic life from a common contaminant, PCP.
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Chlorophenols are organic compounds that have been used
since the late 18th century and are frequently detected in
effluents of industries and in the natural water environment
(Gao et al. 2008; Stangroom et al. 1998). Among them,
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pentachlorophenol (PCP) has been used as a general biocide to
control termites and protect wood from fungal-rot and woodboring insects (Thakur et al. 2001). In China, PCP and its salts
were used principally as a molluskicide to control snail-borne
schistosomiasis as well as a wood preservative. It was also
used extensively in aquaculture as a pond-cleaning reagent to
control Ampullaria gigas, a winkle mollusk introduced into
China in the 1980s. Although, use of PCP as a pesticide in
China was banned 1997, PCP is still utilized as a wood
preservative (Zheng et al. 2000). Because of its toxicity to
aquatic life, recalcitrance to aerobic biodegradation and
potential bioaccumulation, PCP has been recognized as a
priority pollutant in the United States as well as in China
(USEPA 1991; Xia et al. 2004). PCP is reported to be an
endocrine disruptor (Orton et al. 2009; Zha et al. 2006), and
is also a recognized class 2B carcinogen by the International
Agency for Research on Cancer (IARC) (Ge et al. 2007).
While data on the toxicity of PCP have been widely
reported (Adema and Vink 1981; Belgers et al. 2009;
Besser et al. 2005; Dwyer et al. 2005), information on the
toxicity of PCP to native species in that can be used in sitespecific risk assessments and establishing water quality
guidelines or criteria (WQC) in China has been lacking.
The potential use of toxicity data for non-native species to
develop local criteria is controversial due to uncertainty
whether criteria based on species from one geographical
region provide appropriate protection for species in a
different region (Davies et al. 1994). This was primarily
due to a paucity of toxicity data applicable for local species
in China. Guidelines developed by the USEPA for
development of freshwater and marine WQC should be
based on wildlife species distributed in North America
(USEPA 1985). In Australia, species sensitivity distributions
(SSDs) are used to estimate the concentration that would
be protective of 95% of species (PC95) are used to
derive WQC for toxicants based on Australian toxicity
information for all species or site-specific species (ANZECC
& ARMCANZ 2000; Hose and Van den Brink 2004). It has
been suggested that it would be most appropriate to develop
site-specific WQC for China based on indigenous species
(Yin et al. 2003a, b).
The SSD concept is sometimes used to provide a
probabilistic ecological risk assessment and to estimate
chemical concentrations protective of most species in the
environment (Caldwell et al. 2008; Duboudin et al. 2004;
Dyer et al. 2008; Giddings et al. 2009; Grist et al. 2006;
Jagoe and Newman 1997; Roessink et al. 2006; Simpson
2005). A point estimate known as the HCx (hazardous
concentration for x% of species) is calculated. This is a
concentration that will result in a specified magnitude of
effect for no more than x% of species, such as the Lowest
Observable Effect Concentration (LOEC), No Observable
Effect Concentration (NOEC) or the median lethal concen-
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trations (LC50.) SSDs are constructed by fitting cumulative
probability distributions that plot the concentration associated
with eliciting a particular response from a particular species as
a function of rank-assigned centile (Giesy et al. 1999;
Solomon et al. 2000; Vanstraalen and Denneman 1989;
Wheeler et al. 2002)
In the study upon which we report here, acute and chronic
toxicity of PCP to six native species native to the Yangtze
River, including three fishes, two species of invertebrate and
one aquatic macrophyte were determined. SSDs were
developed and HC5 and HC50 values determined for a
species reported in the literature and for the non-native taxa.
The objectives of the study were to: (1) supplement the data
base for toxicity of PCP, especially for species endemic to
China; (2) compare the tolerance of native species and nonnative species to PCP.

2 Materials and methods
2.1 Test species and conditions
Six species endemic to China, three fishes (Black carp;
Mylopharyngodon piceus, Smallscale yellowfin; Plagiognathops microlepis and Culter alburnus Erythroculter ilishaeformis); one crustacean (Freshwater shrimp Macrobrachium
superbum); one mollusk (Asian clam Corbicula fluminea)
and one hydrophyte (Greater duckweed Soirodela polyrhiza)
were selected primarily based on their wide distributions,
economic significance and adaptability to laboratory conditions. These test species were provided by the Huazhong
Agricultural University (Wuhan, China), and they were
acclimatized to test conditions (24±1°C, pH 7.24±0.16) for
more than 2 weeks prior to the experiments.
The minimum average dissolved oxygen concentration for
all the test species was maintained at greater than 80%
saturation. The pH averaged 7.65. Conductivity (mmhos/cm)
and hardness (as mg l−1 CaCO3) averaged 512 and 100, total
organic carbon (TOC) content = 0.017 mg l−1 during the
freshwater tests. Strip chart records of temperature showed
that the average temperature of 24±1°C was maintained for
all tests. Analytical grade PCP (HOC6Cl5) (CAS RN 87-86-5)
of 99.0% purity was purchased from ACROS Organics (New
Jersey, USA). Dissolved oxygen, conductivity, temperature,
pH, and salinity were measured with a multi-parameter water
quality meter (YSI Model 85 meter; Yellow Springs, OH).
2.2 Acute toxicity tests
Acute exposure of fishes, macroinvertebrates and hydrophytes,
followed the international standard guidelines (ASTM 1993;
OECD 2002; USEPA 1993). Static-renewal acute exposures to
PCP were conducted in a temperature controlled room. Test
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solutions were maintained by renewal of 90% of the water in
the test chambers every 24 h. There were five treatments
(nominal concentration) of test chemical plus a control and
three replicates of each. Test concentrations were chosen
based upon the results of preliminary range-finding tests (data
not shown).
Juveniles of M. piceus (17.65±0.40 mm, 3.80±0.22×
10−2 g), P. microlepis (16.40±0.37 mm, 2.67±0.19×10−2 g)
and E. ilishaeformis (23.59±0.29 mm, 5.50±0.20×10−2 g)
and C. fluminea with a mean shell length of 20.80±
0.20 mm, a mean shell height of 19.40±0.20 mm and mean
body weight of 3.66±0.40 g wet wt. were tested in glass
beakers containing 1,000 ml test solution and ten test
organisms. M. superbum (39.63±0.47 mm, 0.87±0.08 g)
was tested in glass container containing 4,000 ml test
solution and ten test organisms. Nominal concentrations
used in these studies were 0, 0.05, 0.10, 0.15, 0.20 and
0.25 mg l−1 PCP for both M. piceus and E. ilishaeformis, 0,
0.05, 0.08, 0.10, 0.12, 0.15 mg l−1 for P. microlepis, 0, 0.10,
0.20, 0.40, 0.60, 0.80 mg l−1 and 0, 0.04, 0.08, 0.16, 0.32,
0.64 mg l−1 PCP for C. fluminea and M. superbum,
respectively. During the exposure, beakers were kept in an
incubator at 24±1°C with 16L:8D photoperiod. Test
organisms were not fed during the exposure period.
Mortality and abnormal behavior were monitored daily
and dead organisms were removed immediately.
S. polyrhiza was cultured in the laboratory in halfstrength Hoagland’s medium (Yuan and Yang 1983) under
2,000 lx and 24 ± 1°C. The IC50 (median inhibitory
concentration) tests were conducted in 90-mm glass
crystallizing dishes. Each container contained about
200 ml test medium and ten fronds of S. polyrihiza. The
nominal concentrations used in the definitive studies were
0, 0.10, 0.25, 0.50, 1.00 and 2.00 mg l−1 PCP. Plants were
maintained at 24±1°C for 24 h light. The number of fronds
in each beaker was counted daily. No mortality or other
adverse effects were observed in the control.
2.3 Sub-chronic toxicity tests
Sub-chronic continuous exposures of PCP to six native species
were conducted using daily replaced static-renewal diluters.
Test conditions and solution renewal procedures were the same
as above. Six nominal concentrations (five treatments plus a
control) of PCP were used as experimental treatments, each
replicated three times. Test concentrations were selected based
on the results of the acute toxicity tests. Water quality
parameters were measured every 2 days.
Chronic toxicity of PCP to M. superbum and C. fluminea
was determined in 21-day exposures conducted in glass
containers containing 4,000 or 1,000 ml test solution,
respectively. Test organisms were fed daily with a solution
of microalgae concentrates prepared from instant algae

611

shellfish diet and Nannochloropsis concentrate according to
standard guidelines for conducting chronic tests with
macroinvertebrates (ASTM 1993). At the end of test, the
21-day NOEC and LOEC based on survival rate and
behavior of test organisms.
Sub-chronic inhibition of growth of M. piceus, P. microlepis
and E. ilishaeformis was determined using 28-day exposures
of early life stages in glass containers containing 1,000 ml test
solution. During the exposure, juvenile fishes were fed a
commercial granulated food (Tetra, Germany) at a rate of
0.1% body weight, once per day and newly hatched brine
shrimp (Artemia sp.) nauplii twice a day. At the end of the
test, length and weight of all tested fish were measured and
survival determined. The specific growth rate (SGR) of fry
was used because it is less dependent on the initial size of the
fish and on the time between measurements than the other
endpoint such as relative growth rate (RGR) (Mallett et al.
1997). The SGR was calculated as ((ln(final mass) − ln(initial
mass)) × 100)/days of exposure (Crossland 1985). No
mortality was observed in the control.
Sub-chronic toxicity of PCP to S. polyrihiza was 10-day
exposures, which were conducted in 90-mm glass crystallizing dish with 200 ml test medium. At the end of the test,
chlorophyll was measured using 7550 ultraviolet and visible
spectrophotometer (Zhang and Jin 1997), from which NOEC
and LOEC were derived.
2.4 Chemical analysis
During the acute and chronic toxicity exposures actual
concentrations of PCP were determined in randomly
collected samples of the control, and low, medium, and
high dosage concentrations. Triplicate samples were taken
from one tank of each concentration. Samples were spiked
with surrogate standard (Biphenol A-d16), adjusted to pH<
2 with 6 μM hydrochloride buffer and extracted with SPE
using C18 cartridge. Cartridges were eluted with 10 ml
dichloromethane (DCM). All extracts were evaporated
under a gentle stream of nitrogen. Derivatization was
performed to convert phenols to less polar derivatives,
which were more amenable to quantification by use of gas
chromatography. The dried residues were derivatized by
BSTFA with 1% TMCS, which were heated in a heating
block at 60°C for 2 h. Samples were maintained at 4°C in
brown polypropylene bottles in the dark until analysis.
PCP was quantified by use of an Agilent 6890 gas
chromatograph equipped with Agilent MSD 5975 mass
spectrometer. Chromatography was performed by use of a
30 m, 0.25 mm HP-5 capillary column. Gas chromatography
(GC) oven temperatures were programmed to start at 40°C
and increase to 300°C via a ramp of 10°C min−1 and
maintained at 40°C for 2 min and at 300°C for 15 min.
Then constant pressure model was used in the whole analysis
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process. The inlet and MS transfer line temperatures were
maintained at 250°C, and the ion source temperature was
300°C. Sample injection (1 μl) was in splitless mode. Mass
spectra (MS) were collected in full-scan mode from m/z 50–
700 for qualitative analysis, but selected ion monitoring
(SIM) mode was used for quantification. The data of GC-MS
were analyzed by the techniques of RTL and DRS (software
provided by Agilent).
Measured PCP concentrations in the treated fish species
collected during experiments ranged from 89.2% to 106.4%
of nominal concentrations (mean 96.7%, n=72). PCP was
not detected in control medium or blanks. Therefore, all
subsequent acute and chronic toxicity results were
expressed on nominal concentrations of PCP.
2.5 Statistical analysis
The measurement endpoint during acute exposures was
lethality, except for S. polyrihiza for which the endpoint was
growth. The LC50 and 95% confidence interval (CI) of the
LC50s for each test were calculated using the Probit Program
Version 1.5 (USEPA 1990). Concentrations associated with
50% inhibition of growth (IC50) for S. polyrihiza were
determined using standard methods recommended by the
Organization for Economic Co-operation and Development
(OECD 2002). Results of chronic tests were analyzed using
SPSS Version 17 software. After data were checked for
homogeneity of variance by use of Levene’s test, one-way
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison tests to determine which concentration
produced responses that were different from the control. The
level of statistical significances applied was p≤0.05. The
NOEC was defined as the greatest concentration that did not
result in a significant effect compared with the control. The
LOEC was defined as the least concentration that did result in
a significant effect compared with the control, The maximum
allowable toxicant concentration (MATC) was equal to the
geometric average of NOEC and LOEC (USEPA 1985).
2.6 Data collection and SSD generation
Additional acute and chronic toxicity data for PCP were
collected from existing toxicity databases (e.g., ECOTOX
Database, http://cfpub.epa.gov/ecotox/), published in the
literature, and government document follow the principles
of accuracy, relevance and reliability (Caldwell et al. 2008;
Klimisch et al. 1997). For acute toxicity data, selected
measurement endpoints were median lethal concentration
(LC50) or median effect concentration (EC50) based on
immobility for animals and biomass or growth for plants.
For chronic toxicity data, NOECs were calculated from the
available literature. When a NOEC was not available, MATC
or LOEC or ECx was used. If more than one set of data for
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the same species was available, toxicity values for the most
sensitive end point were chosen. In the case of multiple data
on the same end point and species, the geometric mean was
used. Toxicity data were considered “native” if test organisms
were endemic to natural ecosystems of China and if tests
were conducted under conditions appropriate for Chinese
environmental conditions. Information on toxicity of PCP to
local species, including the six native species for which
information was collected during this study, and other data on
native species from the literature, were combined and
compared with the data for non-native taxa.
Data from toxicity tests are sometimes log-normally
distributed and the log-logistic distribution best fit toxicity
data (Wheeler et al. 2002). However, several other techniques
including parametric (e.g., Weibull distributions) and nonparametric methods (e.g., use of statistical software packages
such as “EasyFit”) can be used to construct a SSDs that
accurately describe the cumulative frequency function. Both
statistical tests, such as the Kolmogorov–Smirnov or
Anderson–Darling tests and graphical techniques such as
Q–Q plots, and various goodness-of-fit techniques can be
used to select the most appropriate distribution function for a
data set. To select the most appropriate distribution for a
given data set, goodness-of-fit statistics (software EasyFit,
version 5.3) are used. Preference was given to the Andersen–
Darling (A–D) test because it places more emphasis on tail
values (Caldwell et al. 2008). A critical p value (statistical
significance level) of 0.05 was used to determine goodness
of fit. The lower (5%), median (50%), and upper (95%) CIs,
the HC5 and HC50 were estimated by use of the BurrliOZ
program (CSIRO v I.O.13; Perth, Australia) (Campbell et al.
2000). BurrliOZ fits the Burr type III distribution (Shao
2000), which is a flexible three-parameter distribution that
provides approximations of commonly used distributions
such as the log-normal, log-logistic, and Weibull (Hose and
Van den Brink 2004). The BurrliOZ software calculates CIs
for HC5 and HC50 values using a bootstrap technique
(Campbell et al. 2000). As a result, CIs can vary among
iterations. Therefore, each interval was estimated 10 times
using 1,000 permutations. The geometric mean of those ten
calculations was used as the best estimate of the lower and
upper boundaries of the HC5 and HC50 (Hose and Van den
Brink 2004). Sensitivity distributions were compared using
the two-sample Kolmogorov–Smirnov test using the SPSS
Version 17 software.

3 Results
3.1 Acute toxicity
While PCP was toxic to the six native species tested, based
on acute lethality, represented by the LC50 and 95% CI, P.
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microlepis was the most sensitive of the three fishes with an
LC50 of 0.09 mg PCP l−1 (0.08–0.10), followed by M. piceus
and E. ilishaeformis with 96-h LC50 values of 0.10 (0.08–
0.11) and 0.13 (0.12–0.14) mg PCP l−1, respectively
(Table 1). The two invertebrates were less sensitive with
96-h LC50 values for M. superbum and C. fluminea were
0.14 (0.10–0.19) and 0.23 (0.18–0.27) mg PCP l−1,
respectively. Toxicity of PCP was inversely proportional to
duration of exposure.
Growth of the macrophyte S. polyrhiza was significantly
less when exposed to PCP for 96 h, and was dosedependent (Fig. 1). The 96-h IC50 of S. polyrhiza was
1.12 mg PCP l−1.
3.2 Sub-chronic toxicity
The species tested exhibited differential tolerances to PCP
during 21-day chronic exposures (Table 2). Of the two
invertebrates, M. superbum was more sensitive to PCP than
C. fluminea. The NOEC of the two invertebrates were 0.01
and 0.06 mg PCP l−1; and LOECs were 0.015 and 0.08 mg
PCP l−1, respectively. The MATC for the invertebrates were
0.012 and 0.07 mg PCP l−1, respectively. While all
individuals of early life stages of M. piceus, P. microlepis
and E. ilishaeformis survived until the end of the 28-day
tests their growth rates were SGRs were less in the PCPtreated individuals. The SGRs of unexposed individuals of
the three species tested were 2.84%, 2.86% and 4.70% per

Table 1 Acute toxicity of
PCP to five aquatic animals
endemic to China
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day, respectively. Growth of M. piceus, was significantly
inhibited at concentrations greater than 0.02 mg PCP l−1
(p<0.01; ANOVA). SGRs of juvenile P. microlepis, were
significantly less than that of the controls when exposed to
concentrations of PCP of 0.02 mg l−1 or greater. The threshold
for inhibition of specific growth of E. ilishaeformis, was
0.03 mg PCP l−1. NOEC values based on growth inhibition
were 0.01, 0.01 and 0.02 mg PCP l−1, for the three fishes,
respectively, and LOECs were 0.02, 0.02 and 0.03 mg PCP l−1,
respectively. The MATCs were 0.014, 0.014 and 0.025 mg
PCP l−1 for M. piceus, P. microlepis and E. ilishaeformis,
respectively.
The results of 10-day toxicity tests with S. polyrihiza
showed that the chlorophyll content decreased gradually
with increasing PCP exposure concentrations (Fig. 2). The
chlorophyll content reduced by 96.7%, relative to that of
the control at 0.10 mg l−1, and to 66.5% at 2.00 mg l−1. The
calculated NOEC, LOEC and MATC were 0.25, 0.50 and
0.35 mg l−1, respectively.
3.3 Comparison of HCx derived from native and non-native
taxa
A total of 12 acute toxicity data based on the native species
were collected, including four fishes, five invertebrates, one
planktonic alga and two hydrophytes. Sixty acute LC50
(EC50) values were found from literature that based on nonnative taxa, among them 26 data points were from fish taxa,
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Number of fronds

22
20
18
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14
12
10
0

24

48

72

96
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Fig. 1 Effect of 4 days exposure to PCP on Soirodela polyrhiza
growth rate

30 from invertebrates, three from algae, and one hydrophyte,
respectively (see Table S2). The calculated results are given
in Table 3. A Burr Type III model was fitted to both acute
native datasets and non-native datasets. From Table 3, the
median HC5 and HC50 of acute data for native taxa were
lower than those derived from non-native taxa. Compared to
the SSD for non-native taxa, the SSD for native species was
shifted considerably to the left (more sensitive) (Fig. 3a). The
HC5 and HC50 values demonstrate that native species are
more sensitive to acute exposure to PCP than non-native
species. However, the sensitivity distribution for native
species and for non-native species were not significantly
different for acute toxicity data (Kolmogorov–Smirnov test:
ks=1.16, n1 =12, n2 =60, p=0.13). When toxicity data for
native species were combined with those of non-native, a
median HC5 of 0.052 (0.038–0.070) mg PCP l−1 was
calculated. This result was approximately equal to the
median HC5 derived from toxicity data of non-native taxa
separately. The differences of sensitivity distributions for
native taxa and non-native taxa were also not statistically
significant (Fig. 3a).
For chronic toxicity data, except for the six native
species for which toxicity information was collected during
Table 2 Chronic toxicity of
PCP to six aquatic species
endemic to China

Species (common name)

this study, data for six additional native species for the same
region were obtained from the literature. Nineteen chronic
toxicity values were found for non-native taxa, of which
seven values were for fish, seven for invertebrates, three for
algae, and two for hydrophytes, respectively (see Table S3).
A reciprocal Weibull model was fitted to both native and
non-native chronic datasets. Results of the distributions are
given in Table 3. The median HC5 of chronic data for native
taxa and for non-native taxa were not significantly different
(Fig. 3b). However, the median HC50 of chronic data for
native taxa were lower than those derived from non-native
taxa, but the differences of sensitivity distribution for native
species and non-native species for chronic toxicity data
were not statistically significant (ks=0.55, n1 =12, n2 =19, p=
0.93). When toxicity values for native species were
combined with those of non-native, a median HC5 of 0.006
(0.003–0.009) mg PCP l−1 was calculated. This result was
approximately equal to the median HC5 derived from
toxicity data of native or non-native taxa separately. The
differences in sensitivity distributions for native taxa and
non-native taxa were also not statistically significant
(Fig. 3b).

4 Discussion
4.1 Toxicity of PCP to native species
The fact the three juvenile fishes exhibited similar sensitivities
to PCP during both acute and chronic exposures may be due to
the fact that these species are closely related, all being in the
family Cyprinidae. The 96 h LC50 values for PCP observed
for the three fishes studied were similar to those reported for
other cyprinid fishes (Nie et al. 2001; Zhou et al. 1995).
There was no information in the literature on the toxicity of
PCP to invertebrates endemic to China, to which results of
the present study could be compared. The toxicity of PCP to
aquatic plants previously has been reported for species
endemic to China (Song and Huang 2005, 2007). The
8-day IC50 based on frond density was 8.08 and 2.37 mg
PCP l−1 for Lemna polyrhiza and Lemna minor, respectively.

Times (days)

Measurement

Endpoint conc. (mg l−1)
NOAEC

LOAEC

C. fluminca (Asian clam)
M. superbum (Freshwater shrimp)

21
21

Survival
Survival

0.06
0.01

0.08
1.5×10−2

M. piceus (Black carp)
P. microlepis (Smallscale yellowfin)
E. ilishaeformis (Culter alburnus)
S. polyrhiza (Greater duckweed)

28
28
28
10

Growth
Growth
Growth
Chlorophyll

0.01
0.01
0.02
0.25

0.02
0.02
0.03
0.50

MATC
0.07
1.2×10−2
1.4×10−2
1.4×10−2
2.5×10−2
0.35
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1.0

4.2 Comparison of tolerances of native and non-native taxa
to PCP

4.3 Comparison between native and non-native taxa
for species sensitivity distribution

The range of acute toxicities (LC50s) of PCP to the three
native Chinese cyprinidae fishes of 0.088–0.13 mg PCP l−1,
was slightly less than the range of values reported for
cyprinidae (0.19–0.26 mg PCP l−1) and salmonidae (0.17–
0.34 mg PCP l−1) (Dwyer et al. 2005), Heteropneustes
fossilis (0.29 mg l−1) and Colisa fasciata (0.45 mg PCP l−1)
(Verma et al. 1980). However, Verma et al. (1980) reported a
96 h LC50 of 0.083 mg PCP L–1 for Notopterus notopterus.
The reason for this difference was primarily due to the effect
of pH, since PCP is less toxic in alkaline waters than in
acidic waters (USEPA 1986). This is due to protonation of

Since there has been little information on the toxicity of
PCP to species endemic to China, the results of toxicity
tests with species endemic to Europe or North America
have been used in assessment of hazards posed by PCP in
freshwater environments in China. The relevance of use
species from one geographical region to assess the hazard
posed to species in a different region has been questioned
(Davies et al. 1994), and differences in the sensitivity of
cold-water, temperate, and tropical fish species have been
reported previously (Dyer et al. 1997). Based on results of
this study, freshwater organisms endemic to China with

Chlorophyll content (mg/g)

Thus, both L. polyrhiza and L. minor were less sensitive to
PCP than was S. polyrhiza. Thresholds for effects, based on
concentrations of chlorophyll in fronds of L. polyrhiza were
reported to be 0.2 and 0.5 mg PCP l−1 (Song and Huang
2007), which is similar to that observed for in the present
study (0.25 to 0.5 mg l−1).

the phenolic moiety making PCP less polar and facilitates
accumulation across phosphor lipid membranes. Thus, it is
probable that there are no differences in sensitivities between
native fish and non-native fish exposed to PCP at the same
pH. The benthic crustaceans M. superbum studied here more
sensitive than non-native species such as Chaetogammarus
marinus, Penaeus duorarum and Ensis minor which have
96 h LC50s of 500, 5,600 and 344 μg PCP l−1, respectively
(Adema and Vink 1981; USEPA 2002). The native bivalve
studied here, C. fluminea, was approximately 5-fold more
sensitive than the non-native, Sphaerium novaezelandiae
(Hickey and Martin 1995). However, the native aquatic
plant, S. polyrhiza was less sensitive than the non-native
Thalassia testudinum with a 96-h LC50 of 740 PCP μg l−1
(USEPA 2002).
In general the sensitivities of the native species tested in
this study were similar to those reported in the literature. The
chronic NOEC values for fishes ranging from 0.01 to 0.02 mg
PCP l−1, based on inhibition of growth were slightly less than
those of non-native species including, Erimonax monachus,
Etheostoma fonticola and Oncorhynchus mykiss, whose
NOECs were 0.035, 0.015 and 0.036 mg PCP l−1,
respectively (Besser et al. 2005). The tolerances of invertebrates including shrimp and benthic bivalve endemic species
could not be compared to that of non-native species due to
lack of information on non-native.
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Fig. 2 Effect of 10 days exposure to PCP on chlorophyll content in
Soirodela polyrhiza, Data are presented as means ± standard deviation
(SD). Significant differences from the values of the control at *p<0.05
and **p<0.01, respectively

Table 3 Parameters of species sensitivity distributions for PCP based on native and non-native species toxicity data
Toxicity data

n

Mean (mg l−1)

Standard deviation

Median HC5 (mg l−1)

Median HC50 (mg l−1)

Native acute data

12

0.42

0.68

Non-native acute data
All acute data
Native chronic data
Non-native chronic data
All chronic data

60
72
12
19
31

0.62
0.59
3.4×10−2
8.5×10−2
6.5×10−2

1.0
0.98
2.6×10−2
0.10
8.5×10−2

3.5×10−2 (1.1×10−2–6.7×10−2)
5.7×10−2 (3.9×10−2–7.8×10−2)
5.2×10−2 (3.8×10−2–7.0×10−2)
0.60×10−2 (0.20×10−2–1.1×10−2)
0.50×10−2 (0.20×10−2–1.0×10−2)
0.60×10−2 (0.30×10−2–0.90×10−2)

0.21 (0.12–0.36)
0.32 (0.26–0.41)
0.30 (0.24–0.37)
3.2×10−2 (1.9×10−2–5.3×10−2)
4.2×10−2 (2.6×10−2–7.0×10−2)
3.8×10−2 (2.7×10−2–5.4×10−2)

616
100
90

Potentially Affected Percentage (%)

Fig. 3 Species sensitivity
distribution with the Potentially
Affected Percentage versus
pentachlorophenol concentrations
for acute toxicity data (a) and
chronic toxicity data (b)
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acute exposures to PCP were slightly more sensitive than
the non-native species. However, while HC50 for native
taxa was less than that for non-native taxa, the chronic
toxicity of PCP, which is more critical for derivation of
WQC, to endemic species were not significantly different
between native and non-native taxa. The sensitivities of
Australian and non-Australian organisms to endosulfan,
based on calculate HC5 were similar (Hose and Van den
Brink 2004). Similarly, sensitivities among North American
and European taxa with different geographic distributions
to a range of toxicants have been shown to be similar
(Maltby et al. 2002; Dyer et al. 1997). Moreover, natural
history, habitat type and geographical distribution of the
species used to construct the SSD did not have a significant
influence on the assessment of hazard, but taxonomic

composition of the SSD does have a significant effect on
their resulting estimates of the HC5 (Maltby et al. 2005).
Since LC50s and NOECs for fishes are in the bottom
portion of the SSD for PCP and those for invertebrates tend
to be more in the middle of the SSD, HC5s are more
influenced by toxicity of PCP to fishes. This explains why
there is no obvious difference for HC5 derived from native
species and those derived for non-native species. However
for HC50s, the native invertebrate species are more sensitive
to PCP, which results in a shift of the SSD to the left. Since
in aquatic systems, some of the most and least sensitive
species are small, and most aquatic organisms fall in the
middle of the SSDs curves, the results of the statistical
analyses indicate that conclusions based on HC50, might be
different though those based on HC5 are similar. For this

Environ Sci Pollut Res (2012) 19:609–618

reason, in the Netherlands, both HC5 and HC50 are used to
derive water quality standard (RIVM 2001).
Since the toxicity of PCP is dependent upon pH, HC5
values and SSDs were evaluated for effects of pH. Toxicity
of PCP was pH-dependent and affected the SSDs for both
native species and non-native species and derived HC5s
(see Table S1). The analysis was limited by the fact that
toxicity data was available over a relatively limited range of
pH values. The pH ranged from 7.4 to 7.8 for 87.5% of the
toxicity data for native species, while. For 72.5% of the
toxicity values for non-native species had an average pH of
7.79. The taxonomic composition of the species assemblage
used to construct the SSD can have a significant influence
on HC5 values (Hose and Van den Brink 2004; Maltby et al.
2005), but the small pH range over which most of the data
were generated does not have a significant effect on the
value of the HC5. For this reason and the fact that the pH
range in most receiving environments in China is expected
to be in the same range for which toxicity information used
in the development of the SSD was generated the effect of
species selected is far greater than the effect of pH is
expected to be small. In the present study, there is no
significant effect of the small pH range on the SSD derived
from chronic data (see Fig. S1).
USEPA has recommended Criteria Maximum Concentration
(CMC) and Criteria Continuous Concentration (CCC) of
19 μg l−1 (for FAV=38 μg l−1, CMC ¼ FAV  2) and
15 μg l−1 at pH 7.8 to protect freshwater organisms (USEPA
2006). Based on native species in China, the result showed a
similar CMC (17.5 μg l−1, 35 divided by 2) but a smaller
CCC (6 μg l−1). USEPA’s CCC was derived using an acutechronic ratio that is smaller than indicated by the currently
available chronic data, irrespective of international region.
That is, the CCC difference does not appear to stem from
sensitivity differences in native and non-native species.

5 Conclusion
The species endemic to China tested were slightly more
sensitive than non-native species to the effects of PCP.
However, based on statistical analyses of the SSDs, there
were not statistically significantly differences in sensitivities
between the native and non-native species. Therefore, water
quality criteria for PCP derived from native species were
numerically less than those deriving from non-native species,
but in the same order of magnitude. Species representative of
regional populations could be used to develop site-specific
WQC for PCP, but the results would not be significantly
different than values derived from SSDs based on non-native
species. Thus, it can be concluded that there is no reason to
develop WQC for PCP that are based on species endemic to
China. This is likely due to the fact that PCP is a non-specific
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respiratory inhibitor and the biochemical mechanisms of the
systems affected by PCP are conserved among species.
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Fig. S1 Species sensitivity distribution with the Potentially Affected Fraction versus
pentachlorophenol concentration for different pH values, (A) both native and
non-native acute toxicity data, (B) both native and non-native chronic toxicity data
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Table. S1 Parameters of species sensitivity distributions for PCP based on different pH values.
Toxicity data
Native acute data

Non-native acute data

All acute data
(native and non-native)
Native chronic data

Non-native chronic data
All chronic data
(native and non-native)

pH

n

Mean (mg

Standard

Median HC 5
-1

Median HC 50

-1

L )

deviation

(mg L )

(mg L-1)

7.0～8.0

10

0.26

0.31

7.0×10-2 (5.9×10-2-0.10)

0.16(0.11-0.23)

7.0～8.0

27

0.87

1.1

0.10(5.0×10-2-0.14)

0.48(0.31-0.71)

＞8.0

14

0.24

0.10

7.9×10-2 (5.8×10-2-0.10)

0.24(0.20-0.29)

NR

16

0.62

1.3

3.8×10-2 (1.8×10-2-8.3×10-2)

0.21(0.12-0.37)

7.0～8.0

30

0.55

0.65

6.5×10-2 (3.7×10-2-9.8×10-2)

0.34(0.25-0.46)

＞8.0

19

0.66

1.1

6.2×10-2 (2.9×10-2-0.10)

0.33(0.22-0.49)

7.0～8.0

11

3.5×10-2

2.8×10-2

0.7×10-2 (0.3×10-2-1.2×10-2)

2.7×10-2 (1.7×10-2-4.1×10-2)

7.0～8.0

9

7.9×10-2

8.5×10-2

0.4×10-2 (0.1×10-2-1.1×10-2)

4.1×10-2 (1.7×10-2-0.10)

＞8.0

7

7.5×10-2

0.11

0.5×10-2 (0.1-1.1)

3.7×10-2 (1.7×10-2-8.1×10-2)

7.0～8.0

19

5.4×10-2

6.1×10-2

0.6×10-2 (0.3×10-2-0.9×10-2)

3.2×10-2 (2.1×10-2-4.9×10-2)

＞8.0

8

7.5×10-2

0.11

0.5×10-2 (0.1×10-2-1.1×10-2)

3.7×10-2 (1.7×10-2-8.1×10-2)

NR: In the article pH values were not reported.

Table S2 Summary of acute toxicity data for exposure of native and non-native taxa to pentachlorophenol
Family

species

Time

Endpoint

Measurement

Con. (μg/L)

pHa

Reference

Native taxa
Scenedesmaceae

Scendesmus obliquus

96h

EC 50

Growth

168

7.8

(Hong et al. , 2003)

Brachionidae

Brachionus calyciflorus

48h

EC 50

Population

253

7.5

(Cecchine, 1999)

Bufonidae

Bufo bufo japonicus

96h

LC50

Mortality

100

NR

ECOTOX

Corbiculidae

Corbicula fluminea

96h

LC 50

Mortality

230

7.65

This study

Daphnidae

Daphnia magna

48h

EC 50

Immobilization

276.7

7.8

(Zhou et al., 1994)

Palaemonidae

Macrobrachium superbum

96h

LC 50

Mortality

140

7.65

This study

Cyprinidae

Plagiognathops microlepis

96h

LC 50

Mortality

88

7.65

This study

Mylopharyngodon piceus

96h

LC 50

Mortality

95

7.65

This study

Erythroculter ilishaeformis

96h

LC 50

Mortality

130

7.65

This study

Gobiocypris rarus

96h

LC50

Mortality

70.1

7.8

(Nie et al., 2001)

Soirodela polyrhiza

96h

EC 50

Growth

1120

7.65

This study

Lemna minor

96h

EC 50

Growth

2370

NR

(Song, 2005)

Chlamydomonaceae

Chlamydomonas reinhardtii

96h

EC 50

Population

405

6.5

ECOTOX

Phaeodactylaceae

Phaeodactylum tricornutum

96h

EC 50

Growth

3000

8

(Adema, 1981)

Thalassiosiraceae

Thalassiosira pseudonana

96h

EC 50

Population

179

NR

ECOTOX

Bufonidae

Bufo boreas

96h

LC50

Mortality

445

8.4

ECOTOX

Ranidae

Rana catesbeiana

96h

LC50

Mortality

207

8.03

ECOTOX

Pipidae

Xenopus laevis

96h

LC50

Mortality

390

7.25

ECOTOX

Ameiridae

Nitocra spinipes

96h

LC50

Mortality

270

7.8

ECOTOX

Artemiidae

Artemia salina

96h

LC50

Mortality

4600

8

(Adema, 1981)

Asellidae

Asellus intermedius

96h

LC50

Mortality

3200

7.5

ECOTOX

Baetidae

Callibaetis skokianus

96h

LC50

Mortality

1300

7.85

(Hedtke, 1986)

Lemnaceae

Non-native taxa

Cardiidae

Laevicardium mortoni

96h

LC50

Mortality

163

NR

ECOTOX

Crangonyctidae

Crangonyx pseudogracilis

96h

LC50

Mortality

1270

7.85

ECOTOX

Dorvilleidae

Dinophilus gyrociliatus

96h

LC50

Mortality

611.9

NR

ECOTOX

Gammaridae

Chaetogammarus marinus

96h

LC50

Mortality

500

8

(Adema, 1981)

Hydrobiidae.

Gillia altilis

96h

LC50

Mortality

300

6.7

ECOTOX

Limnephilidae

Philarctus quaeris

96h

LC50

Mortality

1260

7.6

(Hedtke, 1986)

Mactridae

Mulinia lateralis

96h

LC50

Mortality

482

NR

ECOTOX

Mysidae

Americamysis bahia

96h

LC50

Mortality

320

NR

ECOTOX

Mytilidae

Dreissena polymorpha

96h

LC50

Mortality

110

8

(Adema, 1981)

Penaeidae

Penaeus duorarum

96h

LC50

Mortality

5600

NR

ECOTOX

Pharidae

Ensis minor

96h

LC50

Mortality

344

NR

ECOTOX

Physidae

Aplexa hypnorum

96h

LC50

Mortality

142

7.45

(Phipps, 1985)

Physa gyrina

96h

LC50

Mortality

220

8.1

(Hedtke, 1986)

Biomphalaria glabrata

96h

LC50

Mortality

180

NR

ECOTOX

Planorbella trivolvis

96h

LC50

Mortality

400

7.5

ECOTOX

Pteronarcyidae

Pteronarcys dorsata

96h

LC50

Mortality

1210

7.4

ECOTOX

Sphaeriidae

Sphaerium novaezelandiae

96h

LC50

Mortality

1100

7.6

ECOTOX

Temoridae

Temora longicornis

96h

LC50

Mortality

170

8

(Adema, 1981)

Tubificidae

Limnodriloides verrucosus

96h

LC50

Mortality

500

8

(Chapman, 1982)

Monopylephorus cuticulatus

96h

LC50

Mortality

550

7

(Chapman, 1982)

Quistadrilus multisetosus

96h

LC50

Mortality

450

7

(Chapman, 1982)

Unionidae

Actinonaias pectorosa

96h

LC50

Mortality

341

8.4

ECOTOX

Zopfiaceae

Pontoporeia hoyi

96h

LC50

Mortality

600

8

ECOTOX

Acipenseridae

Acipenser brevirostrum

96h

LC50

Mortality

70

>8

(Dwyer, 2005)

Catostomidae

Xyrauchen texanus

96h

LC50

Mortality

280

>8

ECOTOX

Centrarchidae

Lepomis macrochirus

96h

LC50

Mortality

150

7.45

(Phipps, 1985)

Micropterus salmoides

96h

LC50

Mortality

222

NR

ECOTOX

Planorbidae

Cyprinidae

Erimonax monachus

96h

LC50

Mortality

260

>8

(Dwyer, 2005)

Notropis mekistocholas

96h

LC50

Mortality

190

>8

(Dwyer, 2005)

Pimephales promelas

96h

LC50

Mortality

250

8

(Dwyer, 2005)

Ptychocheilus lucius

96h

LC50

Mortality

240

>8

(Dwyer, 2005)

Rutilus rutilus

96h

LC50

Mortality

38

NR

ECOTOX

Gila elegans

96h

LC50

Mortality

230

>8

ECOTOX

Leuciscus idus

96h

LC50

Mortality

400

NR

ECOTOX

Jordanella floridae

96h

LC50

Mortality

218

NR

(Smith, 1991)

Cyprinodon bovinus

96h

LC50

Mortality

80

NR

(Dwyer, 2005)

Esocidae

Esox lucius

96h

LC50

Mortality

45

NR

ECOTOX

Heteropneustidae

Heteropneustes fossilis

96h

LC50

Mortality

290

7.2

(Verma, 1980)

Notopteridae

Notopterus notopterus

96h

LC50

Mortality

83

7.2

(Verma, 1980)

Osphronemidae

Colisa fasciata

96h

LC50

Mortality

450

7.2

(Verma, 1980)

Percidae

Etheostoma fonticola

96h

LC50

Mortality

110

>8

(Dwyer, 2000)

Pleuronectidae

Platichthys flesus

96h

LC50

Mortality

690

8

ECOTOX

Poeciliidae

Poeciliopsis occidentalis

96h

LC50

Mortality

340

>8

(Dwyer, 2005)

Salmonidae

Oncorhynchus clarki henshawi

96h

LC50

Mortality

170

>8

(Dwyer, 2005)

Oncorhynchus gilae apache

96h

LC50

Mortality

230

>8

(Dwyer, 2005)

Coregonus muksun

96h

LC50

Mortality

43

NR

ECOTOX

Oncorhynchus kisutch

96h

LC50

Mortality

230

7.0

ECOTOX

Salmo salar

96h

LC50

Mortality

103

6.8

ECOTOX

Soleidae

Solea solea

96h

LC50

Mortality

450

8

ECOTOX

Hydrocharitaceae

Thalassia testudinum

48h

EC50

Growth

740

NR

ECOTOX

Cyprinodontidae

Table S3 Summary of chronic toxicity data for exposure of native and non-native taxa to pentachlorophenol
species

Time

Endpoint

Measurement

Con. (μg/L)

pHa

reference

Scenedesmaceae

Scendesmus obliquus

4d

NOEC

Population

96.5

7.8

(Hong et al., 2003)

Corbiculidae

Corbicula fluminea

21d

NOEC

Mortality

60

7.65

This study

Daphnidae

Daphnia magna

14d

NOEC

Reproduction

62

7.8

(Zhou et al., 1994)

Palaemonidae

Macrobrachium superbum

21d

NOEC

Mortality

10

7.65

This study

Cyprinidae

Mylopharyngodon piceus

28d

NOEC

Growth

10

7.65

This study

Plagiognathops microlepis

28d

NOEC

Growth

10

7.65

This study

Erythroculter ilishaeformis

28d

NOEC

Growth

20

7.65

This study

Carassius auratus

4d

NOEC

Enzyme

35

7.4

This study

Gobiocypris rarus

7d

NOEC

Growth

40

7.8

(Nie et al., 2001)

Oryziatidae

Oryzias latipes

28d

NOEC

Reproduction

20

7.4

(Zhou et al., 1995)

Lemnaceae

Lemna minor

8d

NOEC

Chlorophyll

20

NR

(Song, 2005 )

Soirodela polyrhiza

10d

NOEC

Chlorophyll

25

7.65

This study

Chlamydomonaceae

Chlamydomonas reinhardtii

4d

NOEC

Population

300

<7

(Schafer, 1994)

Nostocaceae

Anabaena inaequalis

4d

EC10

Population

20

7.5

(Mostafa, 2002)

Pseudanabaenaceae

Pseudokirchneriella subcapitata

4d

NOEC

Population

12.5

NR

(Thompson, 1997)

Centropagidae

Boeckella delicata

5d

NOEC

Development

50

7.3

(Willis, 1999)

Calamoecia lucasi

6d

NOEC

Development

10

7.3

(Willis, 1999)

Cyclopidae

Mesocyclops leuckarti

6d

NOEC

Mortality

87

7.3

(Willis, 1999)

Daphniidae

Ceriodaphnia dubia

14d

MATC

Reproduction

158

8

(Hickey, 1989)

Simocephalus vetulus

14d

NOEC

Reproduction

50

7.9

(Hickey, 1989)

Family
Native taxa

Non-native taxa

Daphnia carinata

14d

NOEC

Reproduction

250

7.9

(Hickey, 1989)

Pipidae

Xenopus laevis

14d

NOEC

Development

5.0

7.9

(Fort, 1997)

Cyprinidae

Erimonax monachus

30d

NOEC

Growth

35

8.3

(Besser, 2005)

Pimephales promelas

30d

NOEC

Population

35

8.3

(Besser, 2005)

Cyprinodontidae

Jordanella floridae

28d

LOEC

Mortality

75

NR

(Smith, 1991)

Dorvilleidae

Ophryotrocha diadema

30d

NOEC

Population

13

8

(Adema, 1981)

Dreissenidae

Dreissena polymorpha

7d

NOEC

Gene

10

8.15

(Pavlica, 2001)

Percidae

Etheostoma fonticola

30d

NOEC

Growth

15

8.3

(Besser, 2005)

Salmonidae

Oncorhynchus mykiss

30d

NOEC

Growth

36

8.3

(Besser, 2005)

Hydrocharitaceae

Elodea nuttalli

21d

EC50

Population

109

9.75

(Belgers, 2009)

Ranunculaceae

Ranunculus longirostris

21d

EC50

Population

341

9.25

(Belgers, 2009)

a

pH are refer to average values in Table S2 and Table S3.

NR: In the article pH values were not reported.
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