AUSTRALASIAN JOURNAL OF ECOTOXICOLOGY Vol. 10, pp. 33-42, 2004

Predictive toxicity models for phenols Westbury et al

TOXICITY OF, AND DEVELOPMENT OF PREDICTIVE MODELS FOR, SUBSTITUTED PHENOLS
TO CERIODAPHNIA CF. DUBIA AND VIBRIO FISCHERI

Anne-Maree Westbury*24, Michael StJ Warne?3%", Richard P Lim*2,

! Department of Environmental Sciences, University of Technology Sydney (UTS), Westbourne St, Gore Hill NSW 2065, Australia.
2DEC/UTS Centre for Ecotoxicology, located at the University of Technology Sydney, Westbourne S, Gore Hill NSW 2065, Australia.
3 Ecotoxicology and Water Science Section, Department of Environment and Conservation NSW (DEC), PO Box 29, Lidcombe NSW
1825, Audtrdia.

4 Current address: Victorian Environment Protection Authority, GPO Box 4395QQ, Melbourne, Victoria 3001, Australia.

5Current address: CSIRO Division of Land & Water, PMB 2, Glen Osmond SA 5064, Australia.

Manuscript received, 21/12/01; resubmitted, 4/8/03; accepted, 8/8/03.

ABSTRACT

Twelve substituted phenols that have a polar narcotic mode of action had their acute toxicity to the freshwater cladoceran Ceriodaphnia
cf. dubia and the marine bacterium Mbrio fischeri determined. The 48-h EC50 (immoabilisation) values of the chemicalsto C. cf. dubia
ranged from 6.13 to 183 pumol/L while the 30-min EC50 (luminescence) values of the chemicalsto V. fischeri ranged from 1.39 to 1031
pmol/L. Seventy-five percent of the chemicals were classed as having ‘moderate toxicity’ to C. cf. dubia while 25 percent had ‘low
toxicity’. For V. fischeri the percentage of chemicals classified as having *high’, ‘moderate’ and ‘low’ toxicity was approximately 17%,
33% and 50% respectively. Quantitative activity-activity relationships (QAARS) that could predict the toxicity of chemicalswith apolar
narcotic mode of action to C. cf. dubia were devel oped by regressing thetoxicity datafor polar narcotic chemicalsto C. cf. dubiawith that
of eight non-Australasian species. Those QAARS based on the toxicity data for Tetrahymena pyriformis, Chlorella vulgaris, Poecilia
reticulata and Daphnia magna were of high quality (r?= 0.9). Only the QAARsfor T. pyriformis, C. vulgarisand D. magna had sufficient
data to test their validity. This revealed that the absolute percentage difference between experimentally derived EC50 values and those
predicted by these QA ARswere between 13 and 120%. These QAARs provide an easy, cost-effective means of estimating toxicity values

for polar narcotic chemicalsto C. cf. dubia.
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INTRODUCTION

Approximately 60% of industrial chemicals which enter aquatic
environments are classified as narcotics as they exert their toxic
effect by accumulating in nerve cell membranes and physically
interfering with the membrane structure and function (van Wezel
et al. 1995). Narcotics are divided into two groups according to
their mode of action. These are non-polar narcotics (eg. benzenes,
saturated aliphatic monoalcohols, saturated monoketones and
aromatic hydrocarbons) and the more toxic polar narcotics (eg.
most subgtituted phenols and benzenamines (formerly known as
anilines) and pyridines). Extensive reviews of toxicity data for
Australasian species conducted by Warne and Westbury (1999) for
organic chemical sexcluding pesticides (eg. herbicides, insecticides)
found very few datafor polar narcotics.

There is a genera lack of toxicity data for aguatic Australasian
species, particularly when compared to the amount available for
Northern Hemisphere species (Warne et al. 1998, Warne and
Westbury 1999; Markich et al. 2002). This lack of data poses
problemsfor thederivation of national and Site-specificwater quality
guidelines (WQGs) as well as conducting hazard and risk
assessments within Australasia.

Gaps in the aguatic toxicity data for Australasian species have
generaly been filled using toxicity data for non-Australasian
species, particularly from the northern hemisphere (ANZECC 1992;
Wu 1996; Warne 1998). For example, the vast mgjority of toxicity
data used to derive the new Australian and New Zealand Weater
Quality Guidelines (ANZECC and ARMCANZ 2000) were for
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non-Australasian species. If Australasian specieshave significantly
different inherent sengitivitiesto non-Australasian surrogate species,
or the chemistry of Australasian water is such that the toxicity of
chemicals is different, then the WQGs and risk and hazard
assessments based on toxicity data for non-Australasian species
may either under- or over-protect Australasian species and
ecosystems. Thepotential for over- and/or under-protection arising
by using non-indigenous species has been overcome by both the
USA (USEPA 1986) and Canada (CCREM 1991) requiring that
the majority of data used to derive their WQGs are for species
resident in North America. The toxicity data available for
Audtralas an speciesmeansthat asimilar requirement isnot practical
as this would mean that WQGs for only avery limited number of
chemicals could be derived (Warne et al. 1998).

There have only been afew studies that have assessed the relative
sengitivitiesof Australasian and non-Austral asian species (Johnston
etal. 1990; Sunderam et al. 1992, 1994; Davieset al. 1994; Markich
and Camilleri 1997; Mulhall 1997; Rose et al. 1997). Due to the
limited number of studies conducted, the limited number of
chemical sused in these compari sons and theinconsi stencies of the
results, the appropriateness of using toxicity data for non-
Australasian species remains unclear.

An dternative to the use of non-Australasian toxicity data, is the
use of models that can predict the toxicity of chemicals to
Austraasian species. There are two magjor types of such models:
Quantitative Structure-Activity Relationships (QSARS), and
QuantitativeActivity-Activity Relationships (QAARS) that area so
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caled inter-species conversion equations. QSARs are empirical
relationshi psthat use physicochemical properties of compoundsto
predict the biological activities such as toxicity and
bioconcentration, for other related chemicals. QAARsareempirical
relationships that model the toxicity of chemicals to one species
using either toxicity dataof another species, or adifferent endpoint
or measure of toxicity for the same species. In order to derive the
first type of QAAR mentioned above, toxicity data for two
organisms, to the same set of chemicals, are regressed against each
other. Using these QAARS, speciesfor which thereisawiderange
of toxicity data available, can be used to predict the toxicity of
chemicalsto speciesfor which thereisalimited amount of available
data (Kaiser 1998).

Only onesat of QAARshasbeen devel oped for Austral asian species
and these modelled the toxicity (ie. 48-h EC50 immobilisation) of
non-polar narcotics to the freshwater crustacean Ceriodaphnia cf.
dubia (Rose et al. 1997). Dueto the lack of toxicity datafor polar
narcotics to Australasian species (Warne and Westbury 1999) and
their prevalencein aguatic environments, it isimportant to develop
QAARSsfor thisgroup of chemicals.

The aims of this study were: to determine the 48-h EC50
(immohilisation) and 30-min EC50 (luminescence) vauesof arange
of polar narcotic chemicals (substituted phenols) to the Australian
cladoceran Ceriodaphniacf. dubia and the marine bacterium Mibrio
fischeri respectively; to determine the relative sengitivity of C. cf.
dubia and non-Australasian agquatic species; and finally to develop
and determine the predictive accuracy of QAARSs for the toxicity
(ie. 48-h EC50 immobilisation) of polar narcoticsto C. cf. dubia.

METHODS

Chemicals

All thetest chemicalswereanalytical reagent grade (> 99% purity)
and were used without modification. The test chemicals were 2-
cyanophenol, 2-tert-butyl-4-methylphenol, 3-chlorophenol, 3-
cyanophenol, 3-fluorophenol, 3-iodophenol, 4-iodophenal, 2,4-
dibromophenal, 2,4,5-trichlorophenoal, 2,4,6-trichlorophenal, 3,4,5-
trimethylphenol, and methyl-3-hydroxybenzoate.

Toxicity tests

The cladoceran used in this study was identified as Ceriodaphnia
dubia Richard (Julli et al. 1990). While it conforms (cf.) with the
taxonomic classification of C. dubia, itismorphologically distinct
from this species and thusit has been denoted as C. cf. dubia. The
cladoceranswere cultured and tested in dechl orinated Sydney mains
water that wasfiltered (1 1m), aged (1 month) and adjusted to 500
pS/cm with seawater. The cultures and toxicity tests were
maintained in constant temperature cabinets at 23 + 1°C with a
16:8 hour light to dark regime and light intensity below 800 Lux at
the surface of the test solutions. Cultures of C. cf. dubia were
maintained in 2L glass beakerscontaining 1.8 L of water and were
transferred to fresh water three times weekly. Food was provided
after water renewal at a concentration of 25,000 cell¥mL of each
of the unicellular algae Pseudokirchneriella subcapitata Printz
(formerly named Sdenastrumcapricor nutum) and Ankistrodesmussp.

The NSW EPA satic, acute cladoceran toxicity test methodology
(Warne and Julli, in prep) was followed. The test containers were
214-mL glass bottles with teflon-lined screw-on lids. The bottles
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werecompletely filled removing any headspacein order to minimise
volatilisation of the test chemicals.

Eachtoxicity test cond sted of fivetoxicant concentration treatments
arranged in a geometric series, a control and where appropriate a
solvent control, each containing at least three replicates. Stock
solutions of the chemicals were made on the day of use, using
either polished reverse osmosis water or nanograde acetone. The
diluent water used in all toxicity tests was the same asthat used to
maintain the cladocerans. The mean water quality parameters for
the diluent water, used in this study, were pH 7.7, free and total
chlorine 0.01 and 0.03 mg/L respectively, anmonia 0.01 mg/L,
and hardness 65.2 mg/L as CaCO,.

Five cladocerans (< 24 hrs old) were randomly allocated to each
container. Thetemperature, dissolved oxygen, pH and conductivity
of thetest solutionswere measured immediately prior totheaddition
of the cladocerans and on completion of each test. Cladocerans
were not fed during the tests. The tests were terminated after 48
hours and the number of immobile cladocerans, using the ASTM
(1988) definition, were counted. Previouswork (Rose et al. 1997)
had shown that there was sufficient dissolved oxygen for five
cladoceransto survivein the sealed bottlesfor periods considerably
longer than the test, without any deaths. Tests were considered
invalid and the data not included in the study if more than 10% of
the control neonates were immobilised.

The 30-min EC50 (luminescence) values of the twelve chemicals
to Mibrio fischeri were determined using the standard acute
Microtox®, method (Microbics Corporation 1988). Aqueous stock
solutions of the test chemicals were prepared in volumetric flasks,
with the appropriate mass of chemical being weighed out and
initialy dissolvedin methanol. Thestock solutionswerethendiluted
with seawater that was osmotically adjusted to asalinity of between
20 - 22 parts per thousand (ppt). Previous work conducted by
Mulhall (1997) showed that the maximum percent of methanol in
seawater which did not cause any statistically significant (p<0.05)
reduction in the luminescence of V. fischeri after 30 minutes
exposure (the maximum duration of thetests conducted) was 1.0%.
Therefore, the amount of methanol used to dissolve the chemicals
was chosen so that it would be below 1.0% in the highest test
concentration. Each Microtox toxicity test consisted of eight serial
dilutions (dilution factor of 2) of the toxicant and two sea water
controls, with two replicates for each treatment.

The exposure concentrations of the 12 test chemicals were
determined for the C. cf. dubiatoxicity testsbut not for the V. fischeri
tests, asthe short exposure period and the low temperature a which
the Microtox tests were conducted would minimise volatilisation.
Chemical analyses were performed on two replicates of each
toxicant concentration at the beginning and end of each definitive
test. Thetest chemicalswere extracted by two sequential additions
of 25mL of dichloromethane. Thedichloromethanewasdried using
anhydrous sodium sulfate and the vol ume reduced to approximately
0.5 mL by purging with nitrogen, and then diluted to 1 mL with
hexane. Five stlandards, corresponding to thetoxicant concentrations
used in the definitive tests, were prepared for each chemical from
the stock solutions and were made up to 1 mL with hexane. The
1mL test samples and standards were quantified using either agas
chromatograph (GC) fitted with a ®Ni electron capture detector
(ECD) or a gas chromatograph configured with a mass selective
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detector (GC-MS). Both instruments were fitted with a capillary
column 30 mlong and which had a0.25-mminternal diameter and
was coated with 0.25-mm thick DB5 stationary phase. A sample
injection volume of 1 mL was used for al the chemical analyses.
Initial, final and rates of increasing the temperature varied for the
different chemicals.

Asthe concentrations of the test chemicals were not measured for
the V. fischeri toxicity tests, nomina concentrations of the test
chemicals were used to calculate the concentrations that caused a
50% reduction in bioluminescence after 30 minutes exposure (30-
min EC50 (lumin)) were cdculated using the Microtox®, M500
programme.

The concentrations used to calculate the toxicity values (48-h EC50
(immob)) for C. cf. dubia were determined according to the
guidance provided by the OECD (1998). For those chemica sthat
incurred aloss of lessthan 20%, themeasured initial concentrations
were used to calculate the EC50 values while for chemicals that
suffered greater than 20% |l oss the geometric means of the initial
andfina concentrationswere used. The48-h EC50 (immobilisation)
vauesand 95% confidencelimitsfor C. cf. dubiawere determined
using thetrimmed Spearman-Karber method (Hamilton et al. 1977,
1978).

Sources of toxicity data

Wherever possiblethetoxicity dataused to derivethe QAARswere
obtained from one laboratory using the same experimental
conditions, in order to provideacons stent set of dataand to optimise
the quality of the resulting QAARSs. This procedure limited the
amount of toxicity data available for Poecilia reticulata and
Escherichia coli. For P. reticul ata therewere two publicationswith
toxicity datafor polar narcotics avail able (Saarikoski and Vilukselg,
1982; Benoit-Guyod et al. 1984). However, the data in the latter
paper were not used in the current study dueto their short exposure
duration (ie. 24 hours), which was even shorter than that for the C.
cf. dubia and hence were not redlly comparable. Exceptions were
toxicity datafor both C. cf. dubia and V. fischeri obtained from the
present study and Mulhall (1997) that were conducted in the same
laboratory using identical test procedures. The toxicity data used
to derive the QAARs are presented in Table 1.

Development of Quantitative-Activity-Activity-
Relationships

Eighty percent of the toxicity data for C. wulgaris, V. fischeri, T.
pyriformis, D. magna and P. promelas (Table 1) were randomly
selected to form atraining set for each species. The chemicalsin
thetraining setswere used to develop QAARSs. Theremaining 20%
of the toxicity data for these species became validation sets that
were used to test the predictive accuracy of the QAARs. For the
remainder of the non-Australasian species (P. reticulata, P. flesus
and E. coli) there were insufficient data (Table 1) to both derive
and validate QAARSs. For these species al the data were used to
derivethe QAARs.

The QAARSs were developed by regressing the natural logarithm
(to base €) of the EC50 (1 mol/L) values for C. cf. dubia against
the natural logarithm of the toxicity (1 mol/L) values for each of
the non-Australasian species. A minimum coefficient of
determination (r?) of 0.80 was used to determine QAARSs with
acceptable modelling capabilities. This cut-off was chosen as

QAARs with r? values less than 0.80 are unlikely to be able to
accurately predict the toxicity values for other chemicals not used
to derive the QAAR. However, once this was done the relative
qudity of the QAARswasdetermined using AkaikesInformational
Criteria (AIC) values, with the quality of the QAARs increasing
with decreasing AlCvalues. The Al C valueswere cal culated using
the following equation:

AIC=N.InS+2P (1)

where N is the number of experimenta points, S is the residua
sum of squares of theregression and Pisthe number of parameters
inthe QAAR (Reed et al. 1984).

Determination of the relative sensitivity of test
species

The y-intercept of a QAAR indicates the relative sensitivity of the
two test organisms or test systems used to derive it (Rose et al.
1997). The more negative the y-intercept the more senditive is the
species that is the dependant variable (y axis) compared to the
species that is the independent variable (x axis). The relative
sengitivity of two species can be quantified by obtaining the anti-
log of the natural logarithm of the y-intercept of the QAAR
describing the relationship between the two species.

Validation of QAARs

Generdly, adifference between predicted and experimental values
of up to one order of magnitude is acceptable for ecotoxicology
models such as QSARs (Chiou 1985; McCarty 1986; Blum and
Speece 1990; Pawlisz and Peters 1993). However, thisis arather
large error. In order to ensure the QAARs developed in this study
would provide accurate and useful estimates of toxicity, a mean
absolute percentage error of 100% was arbitrarily chosen as the
maximum acceptable. QAARSsthat had mean absol ute percentage
errors <100% were considered ‘valid' as they accurately predict
toxicity whilethosewith errors> 100% were considered ‘invaid'.
Themean absol ute percentage error for each QAAR was cal cul ated
using the following equation:

mean absol ute % error =  |[(observed EC50i - predicted ECS0i) /
observed EC50i] ¢ 100|/n 2

where observed EC50i isthe experimentally measured EC50 value
for chemica ‘i’, predicted EC50i is the EC50 value predicted for
chemica ‘i’ by the QAAR, and nisthe number of chemicalsinthe
training set used to derived the QAAR.

RESULTS AND DISCUSSION

Toxicity to Ceriodaphnia cf. dubia and Vibrio fischeri
The 48-h EC50 (immob) values of the substituted phenolsto C. cf.
dubia ranged from 6.13 to 183 pmol/L (Table 1). Based on the
Worksafe and NICNAS classification of toxicants (Worksafe and
NICNAS 1991) none of the chemicalshad ‘ high toxicity’ (EC50 <
1 mg/L), eight (2-tert-butyl-4-methylphenol, 3-chlorophenol, 3-
iodophenol, 4-iodophenol, 2,4-dibromophenol, 2,4,5-
trichlorophenoal, 2,4,6-trichlorophenal, 3,4,5-trimethyl phenol) had
‘moderate toxicity’ (EC50 between 1 and 10 mg/L) while the
remainder (2-cyanophenol, 3-fluorophenoal, 3-cyanophenol, methyl-
3-hydroxybenzoate) had ‘low toxicity’ (EC50 > 10 mg/L).
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The 30-min EC50 (lumin) values of the chemicals to V. fischeri
ranged from 1.39 to 1031 pmol/L (Table 1). There were two
chemicals (4-iodophenal, 2-tert-butyl-4-methylphenol) that had
“hightoxicity’, four chemicals(2,4-dibromophenal, 3-iodophenal,
2,4, 5-trichlorophenol and 3,4,5-trimethylphenol) had ‘ moderate
toxicity’ whilesix chemicals(3-chlorophenal, 2,4,6-trichlorophenol,
methyl-3-hydroxybenzoate, 3-cyanophenol, 3-fluorophenol and 2-
cyanophenol) had ‘low toxicity’.

Phenal is the parent compound of the twelve chemicals tested in
the current study. Thus, by comparing the toxicity values of phenol
(48-h EC50 (immab) and 30-min EC50 (lumin)) and the test
chemicals using the standard error of the difference test (Sprague
and Fogels 1977), the effect of the type, position and number of
subgtituents can be determined. All the substituents, except 2-cyano
and 3-cyano increased the toxicity of the test chemicalsto C. cf.
dubia and V. fischeri compared to phenol. For C. cf. dubia the
toxicity values of the 2-cyanophenol (EC50 = 166 pmol/L) and 3-
cyanophenol (EC50= 183 pmol/L) werenot significantly (p> 0.05)
different to that for phenol (EC50 = 176 pmol/L). For V. fischeri
the 2-cyanophenol and 3-cyanophenol weresignificantly (p < 0.05)
lesstoxic than phenol (Table 1).

The toxicity values of the various substituted phenols were also
compared using the standard error of the difference test (Sprague
and Fogels 1977). Thisindicated that for both C. cf. dubia and V.
fischeri bromo-substituted phenolswere moretoxic than the chloro-
substituted (ie. 2-bromophenol > 2-chlorophenol and 2,4-
dibromophenal > 2,4-dichlorophenol) and 3-iodophenol wasmore
toxic than 3-chlorophenol. Thesefindings are cons stent with those
of Liu et al. (1996) who found that the toxicity of substituted
compounds decreased in the order iodine, fluorine, bromine and
chlorine. The only exception to the order of decreasing toxicity
developed by Liu et al. (1996) observed in the present study, was
that 3-chlorophenol was more toxic than 3-fluorophenol for both
Species.

In the present study 3-chlorophenol was more toxic than 2-
chlorophenol for both C. cf. dubiaand V. fischeri. Thisresult agrees
with the findings of Ravanel et al. (1985) and Kishino and
Kobayashi (1996), where phenolic compounds with chlorine
substituents in the ortho (2-) position, were found to be less toxic
than compounds with chlorine substituents in other positions on
thebenzenering. Shannon et al. (1991) and Kishino and Kobayashi
(1996) proposed that this decrease in toxicity of ortho-positioned
chlorophenolsisdueto hydrogen bonding between the substituent
and the hydroxyl (OH) group. It hasbeen suggested that theresulting
steric (Hansch and Leo 1995) or ionisation (Shannon et al. 1991)
effects decrease the ability of the OH group of phenolsto interact
with the target Site.

The number of substituents was also seen to affect the toxicity of
the chemicalsin this study, with toxicity decreasing in the order of
tri-, di-, and mono-substituted compounds. Thiswas observed for
C. cf. dubia with 2,4,6-trichlorophenol > 2,4-dichlorophenol > 2-
chlorophenol; 2,4,6-tribromophenol > 2,4-dibromophenol > 2-
bromophenol; and 3,4,5-trimethylphenol > 3,5-dimethylphenal.
Smith et al. (1994) and Kishino and Kobayashi (1996) both also
found the toxicity of chlorophenols decreased in the order of
trichloro > dichloro > monochloro substituted compounds. The
sametrend was generally observed for the toxicity of chemicalsto

V. fischeri however there were some exceptions. The exceptions
were some of the tri-substituted phenols. For example, 2,4-
dichlorophenol was more toxic than 2-chlorophenol but also much
more toxic than 2,4,6-trichlorophenol. Similarly, 2,4-
dibromophenol was moretoxic than 2-bromophenol but also much
more toxic than 2,4,6-tribromophenol. One explanation isthat the
2,4,6-tribromophenol and 2,4,6-trichlorophenol do not act by apolar
narcosis mode of action but rather by the much less toxic non-
polar narcosis mode of action. Later analysisin this paper found
thisto bethe casefor 2,4,6-trichlorophenal. It istherefore possible
that the 2,4,6-tribromophenol a so actsby the same mode of action.

Relative sensitivities of the test systems
Ceriodaphniacf. dubiaand D. magnaweretested under essentially
identical experimental conditions, with 48-himmobilisation asthe
test endpoint for both species. Therefore, the comparison of the
sengitivity of these two species using the antilog of the natura
logarithm of they-intercept of the QA AR between the species(Table
2), is a comparison of their inherent senditivities. The D. magna
were more inherently sensitive than C. cf. dubia by a factor of
approximately 1.4 (Teble 2).

For all other species the biological endpoint and experimental
conditions differed to those used for C. cf. dubia. The comparison
of thetoxicity datafor these speciesto C. cf. dubia wasthereforea
comparison of therelative sensitivity of thetest systems, whichisa
combination of inherent sensitivity, sensitivity of theendpointsand
senditivity duetovariationsin experimental conditions. Therelative
sengitivity of the P, flesus, T. pyriformisand P. reticul ata test systems
were approximately the sameasthat of C. cf. dubia. TheE. cali, D.
magna, C. vulgaris, P. promelas and V. fischeri test systems were
1.3,1.4,2.0, 2.0, and 3.8 times more sensitive respectively than C.
cf. dubia (Table 2). Therefore, the relative sensitivity of all these
test systems to polar narcoticsincreased in the following order: P.
flesus< P. reticulata < C. cf. dubia < T. pyriformis< E. coli < D.
magna < C. vulgaris< P. promelas < V. fischeri.

A similar study by Rose et al. (1997) on non-polar narcotic
chemicasfound thereative sensitivity of test systemsto non-polar
narcoticsincreased in the following order: P. promelas, V. fischeri,
P. reticulata, D. magna and C. cf. dubia. While this order is very
different to that for the polar narcotics found in the current studly,
there are two noteworthy differences. Firstly, C. cf. dubia went
from being more sensitive to non-polar narcoticsthan P. promelas,
V. fischeri, P. reticulata and D. magnato being theleast sensitive of
themall for polar narcotics. Secondly, V. fischeri had alow sensitivity
to non-polar narcotics but wasthe most sensitiveto polar narcotics.

Rose et al. (1997) found D. magna to be 4.3 times lessinherently
sengitive to non-polar narcotics than C. cf. dubia whereas, the
present study showed D. magna to be approximately twice as
sengitive to polar narcatics as C. cf. dubia. Mulhall (1997) found
that D. magnawas on average 1.45 timesmore sensitivethan C. cf.
dubia to substituted phenols and benzenamines that had polar
narcotic and oxidative uncoupler mechanismsof action. Theresults
of thesethree studiesclearly indicatethat D. magna underestimates
and overestimates the sengitivity of C. cf. dubia to non-polar and
polar narcotics respectively. These differences are important as D.
magna is often used as a surrogate species for Australasian
cladoceran species to develop water quality guidelines (eg.
ANZECC and ARMCANZ 2000) and to conduct both hazard and
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Table 2. QAARs and the corresponding statistical information for toxicity data of polar narcotics to the Australian
cladoceran Ceriodaphnia cf. dubia (Y) and non-Australasian species arranged in order of decreasing quality and the
sensitivity of each species relative to C. ¢f dubia. AIC = Akaikes Informational Criteria.

Sensitivity
QAAR r’ P Df AlC relative to
C. cf. dubia’
Y =0.681 loglGC50,, + 0.051 0.92 <0.001 13 -41.27 1.1
Y = 0.418 loglCG50,, + 0.675 0.90 0.004 5 -41.21 2.0
Y =0.848 logLC50,, + 0.047 * 0.98 <0.001 5 -38.23 1.0
Y =0.858 logEC50, + 0.301 0.91 0.003 5 -18.94 1.4
Y =0.517 logLC50,, + 0.707 0.63 0.053 5 -14.85 2.0
Y =0.872 logL.C50, + 0.532 * 0.73 0.029 5 -13.27 1.7
Y =0.691 logC50,. + 0.242 * 0.70 0.019 6 -7.46 1.3
Y =0.995 logL.C50,¢ - 0.024 * 0.70 0.092 5 -6.11 1.0
Y =0.230 logEC50,¢+ 1.34 0.25 0.031 15 28.75 3.8

!"a value of 1 means the species have the same sensitivity, while larger values mean the species is that many times

more sensitive than C. cf. dubia.

* - QAARSs which could not be validated. pr - P. reticulata; tp - T. pyriformis; dm - D. magna; cv - C. vulgaris; pf -P.

flesus; ec - E. coli; pp - P. promelas; vt - V. fischeri.

ecological risk assessments. The extent of effect that this would
have will depend on whether or not correcting the toxicity datato
estimate the toxicity to C. cf. dubia affects the distribution of the
cumulative frequency of speciestoxicity data. It isnot possible to
generalise about the effect that using C. cf. dubia data rather than
D. magna data would have as it would most likely differ for each
chemical.

QAARs developed

The QAARsdevelopedinthisstudy are presented in Table 2. Only
four of the eight QAARSs devel oped were deemed acceptable (r2 >
0.80). These were in order of decreasing quality (ie. increasing
AlC vaues) T. pyriformis, C. vulgaris, P. reticulata and D. magna
(Table 2). These QAARs Al differ from each other in having quite
different gradients and/or y-intercepts (Table 2).

In comparison, Rose et al. (1997) found high quality non-polar
narcotic QAARSs for P. reticulata (AIC = -38.23, r> = 0.98), D.
magna (AIC = -18.94, r2 = 0.91), P. promelas (AIC =-11.13, r> =
0.88) and V. fischeri (AIC = 45.9, r>=0.91). They could not derive
QAARsfor either C. vulgarisor T. pyriformis because there were
no suitable toxicity data.

Rose et al. (1997) aso found a high quality relationship (AIC = -
11.13, r? =0.88) between C. cf. dubia and P. promelas for non-
polar narcotics, whilethe corresponding QAAR for polar narcotics
derived in the present study wasnot statistically significant (p>0.05)
and of considerably lower quality (AIC =-14.85, r> = 0.65).

Another difference between the results obtained in this study and
thoseby Roseet al. (1997) wasthequality of the V. fischeri QAAR.
Inthe current study this relationship was very weak (AIC = 28.75,
r2 = 0.29) while Rose et al. (1997) found this relationship to be of
high quality (AIC = 45.9, r? = 0.84). Cronin and Dearden (1993)
and Kaiser (1998) similarly obtained strong rel ationships between
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P. promelas and V. fischeri for non-polar narcotics, but relatively
week rel ationshipsfor chemical swith more specific modesof action
including polar narcosis.

It has been proposed that V. fischeri does not effectively model
polar narcosis, because only someof the chemica sshownto operate
by polar narcosisin species from higher taxa operate by the same
mode of action in V. fischeri, with the remainder exhibiting a non-
polar narcotic mode of action (Kamlet et al. 1986; Cronin et al.
1991, Cronin and Dearden 1993; Jaworskaand Schultz 1994). The
fact that some of the test chemicals may have been operating by
the non-polar narcotic mode of action in V. fischeri might explain
theweak relationship found between V. fischeri and C. cf. dubiain
this study (Table 2). This hypothesis was tested by identifying the
mode of action of thetest chemicalsin V. fischeri and repesting the
QAAR analysis using only those chemicals identified as polar
narcotics.

The mode of action of the chemicalsin the V. fischeri QAAR was
identified using the excess toxicity (Te) method developed by
Lipnick et al. (1987). Theexcesstoxicity (Te) for each test chemical
was calculated using the following equation:

Te = toxicity value predicted by non-polar narcotic QAAR /
observed value (3)

where the toxicities of the test chemicals as non-polar narcotics
were calculated using a QAAR for known non-polar narcotics
relating C. cf. dubia and V. fischeri that was devel oped by Rose et
al. (1997).

According to the excess toxicity method, Te values greater than 2
or lessthan 2 indicate the chemical exertsitstoxic effect by amore
specific mode of action than non-polar narcosis(ie. polar narcosis)
(Lipnick et al. 1987). Three of the twenty chemicals for which V.
fischeri toxicity data were available (Table 1) were identified as
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Table 3. Percentage errors between the predicted and measured 48-h EC50 (immobilisation) values for Ceriodaphnia
cf. dubia and corresponding mean absolute % errors, for the QAARs with ¥ values greater than 0.80.

Non-Australasian Species Chemical Mean absolute
' (% error between predicted and observed toxicity % error

values)

Daphnia magna 4-methylphenol (14.7) 50.0
2-bromophenol (85.3)

Chlorella vulgaris 3-chlorophenol (38.0) 593
2-nitrophenol (80.7)

Tetrahymena pyriformis 4-iodophenol (13.0) 63.5

3-chlorophenol (58.7)
2-nitrophenol (61.9)
2-tert-butyl-4-methylphenol (120.5)

non-polar narcoticsin V. fischeri. Thesewere 2,4,6-trichlorophenal
(Te=0.52), 2-cyanophenal (Te = 1.58) and 3-fluorophenal (Te =
1.88). Of these 3-fluorophenol belonged to the training set while
the 2-cyanochlorophenol and 2,4,6-trichlorophenol belonged tothe
validation set origindly established (indicated by v1 in Table 1).
These chemicals were removed. In order to maintain the 80:20
ratio between datain the training and vaidation sets, one chemical
was randomly selected (2-nitrophenol) and removed from the
training set and added to the validation set (indicated by v2in Table
1). The QAAR was recal culated and the following obtai ned:

Log EC50_,=0.211og EC50, +135  r?=0.19,df =13 (4)

Theexclusion of non-polar narcotic chemicalsmarginally decreased
the quality () of the QAAR. This indicates at least for the data
availableinthis study, that the inclusion of chemicals operating by
anon-polar narcosis mode of action in the V. fischeri QAAR was
not the cause of theinability of this QAAR to accurately model the
toxicity data of polar narcoticsto C. cf. dubia. Other factors must
be responsiblefor theinability of V. fischeri to modd polar narcosis
in C. cf. dubia however, identification of these factors is outside
the scope of this paper. The results of the present study support the
conclusion of Jaworskaand Schultz (1994) that V. fischeri can not
be used reliably to comparethemode of action or predict thetoxicity
to other speciesfor polar narcotics.

Validation of QAARs

Of the eight QAARs developed (Table 2) only five, those for D.
magna, C. vulgaris, T. pyriformis, P. promelas and V. fischeri, had
sufficient toxicity data to be validated. The predictive accuracy of
the QAARSs that contained enough data and were of acceptable
qudity, was determined by calculating the mean absol ute % error
between the experimental and QAAR-predicted EC50 values
(umal/L) (Table 3). Given the small nhumber of chemicasin the
validation sets the mean absol ute % errors should only betaken as
indicative of the predictive accuracy.

Thethree QAARs of acceptable qudity (r2 > 0.80) for D. magna,
C.wulgarisand T. pyriformiswereall ableto predict the 48-h EC50
(immob) values of the chemicals in the validation sets to C. cf.
dubia, with absolute % errors ranging from 13 — 120% (Table 3).
This is particularly good considering the validation sets for D.

magna, C. vulgarisand T. pyriformis contained chemicalswith 14,
6 and 4fold differencesrespectively, between the highest and lowest
EC50 values.

The QAARsfor P. promelas and V. fischeri were not validated as
their abilitiesto model C. cf. dubia toxicity datawere low with r?
values of 0.63 and 0.25 (Table 2) respectively.

TheQAARfor P. reticulata could not bevalidated dueto insufficient
toxicity data being available. Because this QAAR had a similar
quality (AIC =-38.23, r> = 0.98) (Table 2) asthose for D. magna,
C. wulgaris and T. pyriformis one might expect a similar level of
accuracy in predicting the toxicity values of the chemicalsin the
vaidation set. Howevey, it can not be assumed that it will accurately
predict thetoxicity values of other chemicals. Infact, the accuracy
of the predictions of this QAAR and the others that could not be
vaidated is unknown.

D. magna most accurately predicted the toxicity values of polar
narcoticsto C. cf. dubia with absolute % errors of 14.7 and 85.3%
(mean 50%) between the QAAR predicted and measured toxicity
values (Table 3). Similarly, D. magna was shown by Rose et al.
(1997) to very accurately predict the 48-h EC50 (immob) values of
non-polar narcoticsto C. cf. dubia, having amean absolute % error
of 29.9%. Studiesby LeBlanc (1984), Suter et al. (1983) and Sl oof
et al. (1986) found stronger correlations between toxicity data for
more closaly related taxa than for more distantly related species.
The close taxonomic relationship between C. cf. dubia and D.
magna (i.e. they are both cladocerans) may explain why D. magna
was best able to predict the toxicity data for chemicals to C. cf.
dubia.

Usefulness and Limitations of the QAARSs

A major advantage of being able to use the species D. magna and
T. pyriformis for the prediction of the toxicity of polar narcotic
chemicalsto C. cf. dubia, is that for both species there is awide
range of toxicity data for these chemicals available compared to
other species. Thismeansthat the 48-h EC50 (immaob) valuesfor a
large number of polar narcotics to C. cf. dubia can be estimated
from these two QAARSs. The other species for which there is a
largeamount of toxicity dataisV. fischeri. It istherefore unfortunate
that the quality of the V. fischeri QAAR was so low (AIC = 28.75,
r?=0.25).
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A limited number of chemica swas used in the development (ie. 6)
and vaidation (ie. 2) of the QAARsfor D. magna and C. vulgaris.
The number of chemica sused to develop the QAARsand therefore
the robustness of the QAARs, could have been increased by not
validating the QAARs. However, it wasviewed asbeing of greater
importance to produce models for which there was a measure of
their predictive accuracy. Given the accurate predictions exhibited
in the present study for these QAARS, it would therefore be
beneficia to expand the datasets and devel op more robust QAARS
for these two species.

Potential users of the QAARS developed in this study should be

aware of severa limitations. These are that the QAARS:

1. areonly vaid for polar narcotic chemicals;

2. canonly predict the 48-h EC50 (immobilisation) valuesfor C.
cf. dubia under the experimental conditions used in this
study; and

3. should only use the following types of polar narcotic toxicity
data: 48-h EC50 (immob) datafor D. magna, 6-h IGC50
(population growth) datafor C. vulgaris and 48-h IGC50
(population growth) datafor T. pyriformis. In addition, the
toxicity data can only be used if they lie within the range of
toxicity values used to derive the QAARS.

The first limitation means that it must be determined whether or
not achemica isapolar narcotic. A definiteclassification of whether
achemical isapolar narcotic should be made by referring to either
the OECD (1992) or Verhaar et al. (1992).

Despite these limitations, QAARS could play asignificant rolein
risk and hazard assessment, as they can provide estimates of the
toxicity of chemicals when experimentally derived values are
lacking. The QAARsdevel oped in thisstudy usethe comparatively
abundant toxicity datafor non-Australasian speciesto estimatethe
48-h EC50 (immohilisation) values of polar narcoticsto C. cf. dubia.
The advantages of these QAARs are that they are easy to use and
cost-effective compared to toxicity tests. The success of these
relationships indicates that it may be possible to develop QAARS
to predict the toxicity of other groups of chemicals to native
Australasian species.
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CONCLUSIONS

The48-h EC50 (immobilisation) and 30-min EC50 (luminescence)
values of twelve substituted phenolsranged from 6.13 to 183 umol/
L and from 1.39 to 1030 umol/L for C. cf. dubia and V. fischeri
respectively. The relative sensitivity to polar narcotics of the test
systems used in the quantitative-activity-activity relationship
(QAAR) analysisincreased in the following order: P. flesus, C. cf.
dubia, P. reticulata, T. pyriformis, E. coli, D. magna, C. vulgaris,
P. promelas, and V. fischeri. The inherent sensitivity of D. magna
was twice that of C. cf. dubia. Four QAARs were devel oped that
were of an acceptable quality (r? values > 0.80). Of these only the
QAARSs based on T. pyriformis, D. magna and C. vulgaris had
sufficient datato permit validation. All three QAARSs predicted the
48-h EC50 (immob) values of polar narcoticsto C. cf. dubia with
absolute % errors between values predicted by these QAARs and
those measured experimentally of between 13 and 120%. These
QAARS can be used to predict the 48 hour EC50 (immob) vaues
of polar narcoticsto C. cf. dubia from 48 hour EC50 (immob) data
for D. magna; 6 hour IGC50 (growth) datafor C. vulgaris; and 48
hour |GC50 (growth) datafor T. pyriformis.
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