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Abstract. The toxicity of three antifoulants (Sea-Nine, Irgarol,
and TBT) was determined individually and in mixtures in two
tests with microalgae. Effects on periphyton community pho-
tosynthesis and reproduction of the unicellular green algae
Scenedesmus vacuolatus were investigated. The tested antifo-
ulants were highly toxic in both tests. Observed mixture tox-
icities were compared with predictions derived from two
concepts: Independent Action (IA), assumed to be more rele-
vant for the tested mixtures that were composed of dissimilarly
acting substances, and Concentration Addition (CA), regarded
as a reasonable worst-case approach in predictive mixture
hazard assessment. Despite the corresponding mechanistic
basis, IA failed to provide accurate predictions of the observed
mixture toxicities. Results show the same pattern in both as-
says. Mixture effects at high concentrations were slightly
overestimated and effects at low concentrations were slightly
underestimated. Maximum observed deviations between ob-
served and IA-predicted concentrations amount to a factor of
4. The suggested worst-case approach using CA was protective
only in effect regions above 20%. Nevertheless, the application
of any concept that accounts for possible mixture effects is
more realistic than the present chemical-by-chemical assess-
ment.

Antifouling agents are used in paint to prevent the growth of
fouling organisms on ship hulls. Marine biofouling can be
defined as the undesirable accumulation of microrganisms,
such as bacteria and microalgae, plants and invertebrates on
artificial surfaces submerged in seawater (Yebra et al. 2004).
The active ingredients in the paints leach from the coating and
thereby become available to the fouling organisms, but may
also escape from the treated surface and contaminate the
aquatic environment. A variety of biocides are currently used
in boat bottom paints, e.g., TBT, Irgarol 1051, diuron, Sea-
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Nine 211, cuprous oxide, chlorothalonil, zinc pyrithione, and
dichlofluanid (Konstantinou and Albanis 2004). Thus, in areas
with high boating activities, many of these substances occur as
mixtures (Biselli et al. 2000, Martinez et al. 2000, 2001,
Thomas 2001, Thomas et al. 2000, 2001, 2003; Lambropolou
et al. 2002, Lamoree et al. 2002, Mezuca et al. 2002, Sakkas
et al. 2002).

TBT (tri-butyl-tin), Irgarol (2-tert-butylamino)-4-(cyclo-
propylamino)-6-(methylthio)-1,3,5-triazine), and Sea-Nine
(4,5-dichloro-2-n-octyl-4-isothiazolin-3-one; DCOIT) were
selected for testing because they have been detected in coastal
environments, and are highly toxic to algae. Algal communi-
ties are affected by the individual compounds at subnanomolar
concentrations as demonstrated for TBT (Molander et al. 1992,
Blanck and Dahl 1996, Dahl and Blanck 1996a, Fent 1996),
Irgarol (Dahl and Blanck 1996b, Gronvall et al. 2001, Berard
et al. 2003), and Sea-Nine (Larsen et al. 2003; Arrhenius,
unpublished data). Due to low degradation rates in sediments
and prolonged use until 2008 (IMO 2001), TBT is found in
high concentrations in the environment: e.g., 18 nmol/g were
measured in sediments (Thomas et al. 2000), and up to 10 nM
in coastal waters (Basheer ef al. 2002). The herbicide Irgarol
was introduced after the restrictions on using TBT on pleasure
boats and is mainly used in combination with copper.
Increasing concentrations of Irgarol in coastal waters, up to
12—17 nM (Basheer et al. 2002), have been reported. Sea-Nine
was introduced as an environmentally friendlier alternative
mainly due to its reported rapid degradation. Published half-
lives range from less than one hour (Shade ef al. 1993) to more
than a week (Callow and Finlay 1995; Callow et al. 1996).
Nevertheless, fairly high concentrations of Sea-Nine have been
analysed in coastal waters with peaks of about 10 nM
(Martinez et al. 2001).

The mechanisms of action of the selected antifouling agents
in algae are different. Irgarol is the only specifically phyto-
toxic compound and inhibits photosystem II by binding to the
D1 protein (Hall et al. 1999). TBT interferes with energy
metabolism in chloroplasts and mitochondria but it is also
shown to interact with proteins and membranes and binds to or
interacts with any protein containing free sulthydryl groups
(Fent 1996). The mechanism of action of the isothiazolinone
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Sea-Nine is still not clearly established. However, other, more
water-soluble representatives from the so-called Kathon group
of biocides quickly penetrate cell membranes and inhibit
specific enzymes in the cell by reacting with intracellular
thiols (Collier et al. 1990a, b, 1991). Sea-Nine also seems to be
able to affect more than one thiol group by generating a cas-
cade of intracellular radicals (Diehl et al. 1999).

In the present study, we intended to assess the possible
hazard of antifoulants under environmentally realistic settings.
For this purpose, the effects of TBT, Irgarol, and Sea-Nine on
microalgal communities were studied both individually and in
mixtures. Marine microalgal communities living attached to
glass discs, so-called periphyton (Blanck and Wingberg 1988,
Dahl and Blanck 1996a, Arrhenius et al. 2004), were used as
test organisms. These discs (1.5 cm?) may be colonized by
about 30 (or more) different algal species each and are
generally dominated by diatoms (Arrhenius, unpublished
data). Short-term inhibition of community photosynthesis
using radiolabelled carbonate (*C) was used as effect indi-
cator. This test detects acute effects on the photosynthetic
processes only. Since TBT and Sea-Nine are broader in their
effect spectrum, other processes than photosynthesis may be
relevant for the toxicity. To improve detection of such effects,
the short-term periphyton test was complemented with an algal
reproduction test (Faust et al. 2001) with a more integrative
endpoint.

As the occurrence of antifouling agents in the marine
environment varies both qualitatively and quantitatively, the
experimental testing of every mixture is simply impossible.
Consequently, modelling approaches for prediction of mixture
toxicity are needed. Two major concepts, Concentration
Addition (Loewe and Muischnek 1926, Loewe 1927) and
Independent Action (Bliss 1939), are available to describe the
mixture toxicity on the basis of known toxicities of the indi-
vidual components in the mixture (Greco et al. 1992; Alten-
burger et al. 2003). The general idea is that the mixture
toxicity of substances with a common target site and a similar
mechanism of action can be described by the concept of
Concentration Addition (CA) and substances with dissimilar
mechanisms of action and different target sites by the concept
of Independent Action (IA). Thus, both concepts are a priori
suitable for a predictive assessment of mixture toxicity. The
concepts are reported in the literature also under various other
names such as bliss independence, effect multiplication, and
response addition for A, and Loewe additivity for CA (Greco
et al. 1992, Altenburger et al. 2003).

Both concepts describe a “‘non-interactive” type of joint
action (Plackett and Hewlett 1952), i.e., they presume that
neither toxicokinetic nor toxicodynamic interactions be-
tween the mixture components are present. More advanced
versions of CA and TA may overcome these conceptual
limitations, e.g., by modelling specific interactions. These
cases are usually classified as “interactive’ joint action
(Plackett and Hewlett 1967). However, these advanced
models are of limited use for a general predictive mixture
toxicity assessment, as they require profound knowledge of
the type of interaction in the studied mixture, which is not
available for the tested antifouling compounds.

CA and IA have been applied successfully in mixture tox-
icity studies with single species tests. CA was shown to
accurately predict the mixture toxicity of similarly acting
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substances, e.g., with the marine bacterium Vibrio fischeri
(Altenburger et al. 2000, Backhaus et al. 2000b), the unicel-
lular green freshwater alga Scenedesmus vacuolatus (Faust
et al. 2001), the water flea Daphnia magna (Hermens et al.
1984) and guppies (Poecilia reticulata) (Konemann 1980,
1981; Hermens and Leeuwangh 1982, Hermens 1984). IA has
been demonstrated to accurately predict the mixture toxicity of
dissimilarly acting substances in tests with Vibrio fischeri and
Scenedesmus vacuolatus (Backhaus et al. 2000a; Faust et al.
2003).

First attempts to apply CA and IA at the community level
show that the concepts are indeed applicable also at this higher
level of biological complexity: CA accurately predicted the
toxicity of 12 congeneric similar-acting phenylurea herbicides
to marine periphyton and epipsammon (biota living more or
less attached to grains of sand) algal communities (Arrhenius
et al. 2004). However, limits of IA became obvious in a
mixture study with dissimilarly acting substances and epip-
sammon (Backhaus et al. 2004). Two of the mixture compo-
nents, as well as the mixture, showed hormesis-like effects,
which could not be adequately described by IA (nor CA) due
to inherent limitations of the concepts.

As the mechanisms of action of the antifouling agents in this
study are dissimilar, we expect IA to be more accurate for the
prediction of mixture toxicity. However, in order to explore
the suggested application of CA as a reasonable worst-case
approach in predictive mixture hazard assessment (Boedeker
et al. 1993, Backhaus et al. 2000a, b, Faust et al. 2000, 2003),
CA was also evaluated.

In the present report, we set out to (1) experimentally test
the individual and mixture toxicity of three dissimilarly acting
antifouling agents in two algal tests on different levels of
biological complexity, and (2) compare the observed mixture
toxicity with the predicted mixture toxicity according to IA
and CA. Implications for predictive hazard assessment of
mixtures of antifouling agents will be discussed.

Materials and Methods

Test Chemicals, Solutions, and Chemical Analyses

The purity, CAS registry numbers, molecular weight, and the source
of the antifouling biocides TBT, Irgarol, and Sea-Nine are given in
Table 1. Stock solutions of each toxicant were prepared in acetone
(for the periphyton community test) or methanol (for the algal
reproduction test) and stored at —20°C. For the periphyton community
test, aqueous test solutions were prepared in filtered (Whatman GF/F)
seawater with acetone as a co-solvent (final concentration 25 pL/L).
For the algal reproduction test, aliquots of the organic stock solutions
were first placed under a stream of nitrogen gas to evaporate the
organic solvent. Aqueous stock solutions were then prepared by re-
dissolving the test substance in algal growth medium (Grimme and
Boardman 1972) under vigorous stirring at room temperature over-
night.

Concentrations of Irgarol and Sea-nine in water were checked by
reversed-phase high performance liquid chromatography (rp-HPLC)
using an UV detector at wavelengths of 226 nm (Irgarol) and 283 nm
(Sea-Nine). A LiChrosphere RP 18e (Merck, Darmstadt, Germany)
column (125 mm length, 4 mm inner diameter, 5 um particle size) was
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Table 1. Antifouling agents used for mixture toxicity analyses
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Common Systematic CAS-Reg. Purity M,,
name name No. (%) (g/mol) Manufacturer
TBT tri-butyl-tin-chloride 1461-22-9 96/97 325.5 Merck, Schuchardt,
Germany
(periphyton)/Riedel de
Haén, Seelze, Germany
(algal reproduction)
Irgarol 1051 2-tert-butylamino)-4 28159-98-0 100 253.3 Ciba-Geigy Ltd, Germany
-(cyclopropylamino)-
6-(methylthio)-1,3,5-triazine
Sea-Nine™211 4,5-dichloro-2-n-octyl 64359-81-5 99.6 282.2 Rohm and Haas Company,

Biocide -4-isothiazoline-3-one (DCOIT)

Philadelphia, PA

used as stationary phase. The mobile phases consisted of acetonitrile/
water mixtures; 50/50% (v/v) for Irgarol and 60/40% (v/v) for Sea-
Nine. Irgarol and Sea-Nine proved to be stable under the test condi-
tions of the algal reproduction assay (data not shown).

TBT chloride concentrations could not be checked analytically by
using UV-detection. In order to minimise the likelihood of different
exposure conditions in single substance and mixture tests, the same
single aqueous stock solution was used for all tests. Additionally, we
conducted re-tests after 24 h incubation under test conditions. As the
observed toxicity after re-testing was comparable to the initial toxicity
(data not shown), we conclude that the solutions were stable over the
testing period.

As no significant degradation of the substances was proven in the
algal reproduction test that was run for 24 h, no significant degrada-
tion was expected in the periphyton community test that was run for
only 45 min. Furthermore, all test conditions in both assays were the
same during the single substance and mixture tests. We, therefore,
assume an identical exposure of the algae to the substances in the
single substance and mixture experiments. Hence, the mixture pre-
dictions should be valid irrespective of degradation or any other
chemical characteristics that would influence the concentration of the
substances.

Inhibition of Periphyton Community Photosynthesis

The periphyton studies were conducted at Kristineberg Marine Re-
search Station (58°15'N, 11°27°E) by the Gullmar fjord on the
Swedish west coast. Periphyton were sampled from the Kalvhagef-
jorden site (station no 5 in Blanck and Dahl, 1996), using artificial
substrata (circular glass discs, 1.5 cm?) mounted on polyethylene
holders (Blanck and Wingberg 1988). Discs were gently cleaned on
all but the colonised side and atypical ones were excluded from fur-
ther testing. In this way, a more homogenous population of glass discs
was obtained.

The inhibition of photosynthesis was measured using '*C-technique
as described previously (Blanck and Wingberg 1988; Arrhenius et al.
2004). In brief, the algal communities were incubated at ambient
temperature and with a light intensity of about 100 pmol photons/m*/s
with the toxicant in a total volume of 2 mL test solution. After 30 min
of pre-incubation with the toxicant, radiolabelled carbonate (2 puCi per
sample) was added and allowed to incorporate for another 15 min. The
incorporation was terminated, after a total of 45 min, with formal-
dehyde (final concentration 2%, v/v). The samples were acidified with
concentrated hydrochloric acid (100 pL) and the amount of 4c
incorporated into acid-stable components was measured using a liquid
scintillation counter.

The studies were conducted at the beginning of September 1999. In
order to maintain comparable testing conditions, the likelihood for
systematic changes in the algal communities was minimised by car-
rying out the single substance experiments within two days followed
by me mixture experiments within three days.

Inhibition of Algal Reproduction

Effects on the reproduction of a synchronically grown culture of the
endospore-forming green alga Scenedesmus vacuolatus strain 211-15
(culture collection of the University of Gottingen, Germany) were
studied after 24 h incubation (one generation cycle) according to the
method described by Faust et al. (2001). The relative inhibition of
reproduction was determined as a reduced cell number of the treated
samples in relation to the controls, using a particle counter (Coulter
Electronics, Bedford, UK).

Concentration-Response Analyses

Concentration-response analyses were performed in the same way for
all individual toxicants and for the mixtures. A geometric dilution
series was used with the concentration intervals adjusted to the
steepness of the expected concentration-response curve based on
information from previous range-finding experiments. The relative
inhibition of photosynthetic activity (periphyton test) and the relative
inhibition of algal reproduction (algal reproduction test) were calcu-
lated using at least 10 or 6 untreated controls and 5 or 3 replicates per
treatment, respectively.

Due to the occasional appearance of outliers in the controls, the
relative inhibition of photosynthetic activity (periphyton test) was
always calculated on the basis of the trimmed mean of the photo-
synthetic activity in all untreated controls (n = 10), i.e., the lowest and
the highest individual control measurement were discarded. The
trimmed control mean is obviously less susceptible to the effects of
extreme measurements than is the arithmetic mean.

Concentration-response functions were statistically determined by
applying the best-fit procedure by Scholze and co-workers (Scholze
et al. 2001). With this approach, ten different regression models were
applied to each data set in order to determine, on the basis of statistical
criteria, the regression model that best described the observed data.
Although the improvements in accuracy by this best-fit procedure
usually are negligible for median effect levels, they become more
pronounced in the upper and lower parts of the curve. As we were
interested in the description of the complete concentration-response
curves for the components and the mixtures, the best- fit procedure
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was used in order to increase the accuracy of the concentration-re-
sponse assessment in the upper and lower parts of the curves.
Regression-based effect concentrations (ECx) were derived from the
fitted concentration-response regression models, and the correspond-
ing 95% confidence intervals were estimated using a bootstrap ap-
proach (Scholze et al. 2001).

Analysis of Mixture Toxicities

For the analysis of mixture toxicities, a fixed-ratio design was used.
This means that the ratio of the mixture components was kept constant
while the overall concentration of the mixture was systematically
varied. The resulting concentration-response relationship can thus be
biometrically analysed analogous to the single substances. The mix-
ture experiments were designed to accurately describe the range be-
tween 10 and 90% effect. Within this range, reliable estimates of the
single substances toxicities were available for predictions of mixture
toxicity. In order to avoid that only one or two toxicants would
dominate the mixture toxicity, the components were mixed in the ratio
of their individual EC50 values (‘“EC50-mixture’). According to
CA, all components contribute equally to the CA-predicted EC50
in such a mixture.

The algal reproduction assay and the periphyton photosynthesis test
differed considerably in their sensitivities. Hence, two different molar
mixture ratios were used, each corresponding to the EC50 ratio in the
corresponding assay.

The ternary mixture in the algal reproduction test was, unin-
tentionally, tested in a mixture ratio slightly different from the
planned ECS50 mixture ratio (molar mixture ratio Sea-
Nine:TBT:Irgarol was 0.624:0.341:0.035 instead of
0.570:0.390:0.040). The former, actually tested, mixture ratio was
used for calculations of mixture toxicity according to CA and IA in
the algal reproduction test.

Calculations of CA and IA Predictions

Mathematically CA can be formulated as

n

ECX,': ! (l)

where n is the number of mixture components, ECx; is the concen-
tration of the ith mixture component that provokes x% effect when
applied singly, and c; is the concentration of the respective component
in the mixture. Each fraction of ¢,/ECx; represents the concentration of
a mixture component scaled for its relative toxicity and is generally
termed the “‘toxic unit” of that component.

For the calculation of predicted effect concentrations according to
CA, equation 1 can be reformulated to:

~1
~ D
Ecxmix = < > (2)
;ECX,'

where ECy; is the concentration of the ith mixture component that
provokes x% effect when applied singly, ECx,,,, is the total concen-
tration of the mixture provoking x% effect, and p; denotes the fraction
of component i in the mixture. Concentrations of each mixture pre-
dicted to give 10 to 90% effects were calculated in steps of 1% and the
resulting concentration/effect pairs were plotted and connected with
lines to give a visualization of the predicted concentration-response
curve.

Mixture toxicity according to IA is based on the effects of the
components and can be calculated by:
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n
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where E(c,,;,) denotes the effect (scaled from 0-1) of an n-com-
pound mixture, c; is the concentration of the ith compound, and
E(c;) is the effect of that concentration if the compound is applied
singly. Accordingly, if the components of a mixture are present
in concentrations at which they do not produce an effect when
applied singly, i.e., E(c;) = 0, the mixture toxicity is predicted to be
Zero.

Mixture effects according to IA can be directly calculated using
equation 3, but effect concentrations only through an iterative pro-
cedure (Faust et al. 2003). However, for the experimental planning of
the concentration range for mixture effects that would be appropriate,
a simplified way of calculating the IA prediction may be used
(Backhaus et al. 2000a). After the calculation of the mixture effect
concentrations ECx,,;, for CA (Eq. 2), the corresponding concentra-
tion ¢; of each individual component present at ECx,,;, can be deter-
mined, as the mixture ratio is known. The effect E(c;) that each
component would provoke individually at ¢; can then be determined,
using the corresponding concentration-response relationship. These
values were then used in equation 3 for the calculation of the IA-
predicted mixture effect E(c,,;,). Again, for the visualisation of the
concentration-response curve, all concentration/effect pairs were
plotted and connected with lines. More details on the calculations of
CA and IA based predictions are given elsewhere (Faust et al. 2001,
2003).

Mean effects and effect concentrations of individual substances are
subject to a stochastic variability. Consequently, the calculation of a
prediction according to CA or IA has to produce a mean that is also
affected by statistical uncertainty. This uncertainty was quantified by
approximating the central 95% confidence intervals for the mean ef-
fect and effect concentrations for CA and IA by using the bootstrap
concept (Efron and Tibshirani 1993). The bootstrap samples were
generated on the basis of the effect distributions that were previously
estimated in the fitting process for every individual concentration
response function (parametric bootstrap) (Scholze er al. 2001). The
non-overlapping of the central 95% confidence intervals obtained for
the means was used as a criterion for judging effect differences as
statistically significant. All computations were programmed using
Proc Nlin of SAS for Windows, version 8.02 (SAS Institute, Cary,
USA). The no-observed-effect concentrations (NOECs) were deter-
mined using Dunnett’s test (Dunnett 1964).

Results

Single Substances

TBT, Irgarol, and Sea-Nine were highly toxic in both algal
tests, with ECs, values ranging from 4 nM (Irgarol) to 550 nM
(Sea-Nine). All single substance data, regression models,
model parameters, and ECX values are given in Table 2. For a
graphical comparison of the observed toxicities, the corre-
sponding fits are presented in Figure 1. At the ECs,, the
periphyton community photosynthesis was more sensitive to
TBT and Irgarol (by a factor of 3.6 and 5.5, respectively) than
was the reproduction of Scenedesmus vacuolatus. Periphyton
photosynthesis was slightly less sensitive to Sea-Nine than was
algal reproduction.

Typical experimental concentration-response data for each
biotest are shown for Sea-Nine together with the correspond-
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Table 2. Effects on algal reproduction and periphyton photosynthesis of TBT, Irgarol, and Sea-Nine, individually and in mixtures

Substance Model 0, 0, é3 Observed ECsy (nM) NOEC (nM)

Inhibition of periphyton photosynthesis
TBT Gen.Logit 1T 76.626 48572  0.041 59 [50;67] 32
Irgarol Gen.Logit II 19.415 7.540 0.419 4.1 [3.3;5.2] 1.8
Sea-Nine Logit 0914 3514 549 [476;620] 178
3-comp. mix. Gen.Logit -1.221 10.458  0.159 503 [389;671] 0.204

Inhibition of algal reproduction
TBT Gen.Logit 9.468 18342 0.243 215 [196;237] 133
Irgarol Weibull 5.893 3.791 22 [21;24] 2.0
Sea-Nine Weibull 1.389  3.489 314 [286;342] 96
3-comp. mix. Weibull 0.259 1.579 402 [326;498] 33
2-comp. mix. TBT + Irgarol Box-Cox-Weibull 4.136  4.816 0.781 187 [159;214] 2.2
2-comp. mix. TBT + Sea-Nine Gen.Logit —0.587 5.632 0.310 534 [459;616] 21.8
2-comp. mix. Irgarol + Sea-Nine Gen.Logit 0952  6.667 0.307 343 [296;402] Not determined

0., 6,,and 05 denote the estimated model parameters of the concentration response function referring to concentrations expressed in M.
Mathematical formulas of all models are given by Scholze et al. (2001). Values in brackets denote the upper and lower limits of 95% confidence
interval of the ECsy.
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control mean (n = 9 in A and n = 12 in B). Solid circles and triangles
represent Sea-Nine treatments (n =5 in A and two pooled experi-
ments n = 343 in B). Thick solid lines indicate the regression fits of
ing regression fits in Figure 2. It can be observed that the the observations (Table 2)
effect data variability was typically higher in the community
test than in the single species test, with an average coefficient
of variation for the controls of 7% (n = 6) in the algal repro- level tests due to the higher biological complexity relative to
duction test and 22% (n = 10) in the periphyton test. This was single species tests, as well as to the patchiness of the attached
expected, as a higher variation is often observed in community periphyton communities.
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Fig. 3. Observed and predicted mixture toxicity according to CA and
IA of TBT, Irgarol, and Sea-Nine to periphyton photosynthesis and
algal reproduction. The substances are mixed in the ratio of their
individual EC50 values. Dots show the mean of the observed toxicity
with 95% confidence interval (A: n = 4-5; B: n = 6); thin solid lines
indicate the regression fits of the observations (Table 2). The pre-
dictions according to Concentration Addition (—) and Independent
Action (— — —) are indicated, confidence limits of the predictions are
given in Table 3. Horizontal lines indicate the 0 and 50% effect-levels
(solid) and the 95% confidence limits of the controls (dotted)

Three Component Mixtures

The mixtures were tested in the ratio of the individual ECsq-
values. As these differed between the two tests, different molar
ratios were used. The ratio Sea-Nine:TBT:Irgarol was
0.8969:0.0964:0.0067 in the periphyton test while it was
0.624:0.341:0.035 for the algal reproduction test. The observed
ECsy values of the mixtures differed slightly between the two
biotests: 503 nM in the periphyton test and 403 nM in the algal
reproduction test (Table 2). The variability observed in effect
data of the mixture experiments was comparable to that ob-
served in the single substances tests (data not shown).

Both IA and CA predictions overestimated the toxicity of
the ternary mixtures for effects higher than 40% and under-
estimated it for effects below 20% (Fig. 3). The shapes of the
prediction curves were clearly different from the observed
concentration-response curves; hence, both IA and CA failed
to make accurate predictions of the concentration-response
curves for the mixtures.

All deviations between observed and predicted effect con-
centrations were statistically significant for mixture effects
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higher than 50% when compared to CA, and also for most of
the IA predictions (Table 3). Thus, effects and effect con-
centrations for these effect levels were overestimated by both
concepts, a situation that can unambiguously be classified as
an antagonism. However, for mixture effect levels below 20%,
the opposite was observed: mixture toxicity was underesti-
mated by both concepts. Yet, the synergistic deviations were
statistically significant in the algal reproduction test only
(Table 3). The ternary mixture in the periphyton
photosynthesis test did not show a statistically significant
synergistic behaviour.

Two Component Mixtures

The algal reproduction assay was used to test all binary
combinations of the three antifoulants. The objective was to
narrow down the cause of the deviation between observed and
predicted mixture toxicity to a possible binary interaction.
Similar patterns of higher observed than predicted toxicity, as
in the ternary mixture testing, were found at low effect levels
whenever TBT was present in the mixtures (Fig. 4A and B).
(However, these deviations were not statistically significant
(Table 3). In contrast, the observed mixture toxicity at higher
effect levels was clearly lower than predicted whenever Sea-
Nine was present in the mixtures (Fig. 4B and C). These
deviations were statistically significant for both concepts. The
toxicity of the binary mixture with TBT and Irgarol was rather
well predicted by IA at effect levels above 40% (within a
factor 1.3), while CA overestimated the toxicity significantly
(a factor 1.8).

Discussion

Single Substance Toxicity

All three antifoulants—TBT, Irgarol, and Sea-Nine—show
high toxicity to both periphyton community photosynthesis
and to the reproduction of the green algae Scenedesmus
vacuolatus. Irgarol caused the highest toxicity in both bio-
tests with ECsy values of 4 nM for periphyton photosyn-
thesis and 22 nM for algal reproduction. These ECs, values
are comparable with results from previous short-term studies
on microalgal communities: about 5 nM for marine
periphyton (Dahl and Blanck 1996b; Berard et al. 2003), 0.4
to 3.3 nM for freshwater periphyton (Berard et al. 2003),
and between 2 and 20 nM for different single algal species
(Berard er al. 2003).

The toxicity of TBT to periphyton photosynthesis
(ECso = 59 nM) was within the range previously reported with
ECs( values ranging from 23 nM (Dahl and Blanck 1996a) to
99 nM (Blanck and Dahl 1996). The algal reproduction test
was about 3 to 4 times less sensitive to TBT than the
periphyton photosynthesis test with an observed ECsq of 215
nM.

The opposite pattern in sensitivity was observed for Sea-
Nine where algal reproduction was more sensitive (ECsy = 314
nM) than periphyton photosynthesis (ECso = 549 nM). The
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100 A - TBT+Irgarol

50

100 | B - TBT+Sea-Nine

50

Inhib. of algal reprod. (%)

100 | C - Irgarol+Sea-Nine

50

1 10 100 1000
Total mixture concentration (nM)
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Fig. 4. Binary mixtures of TBT, Irgarol, and Sea-Nine and their
toxicity to algal reproduction. The substances are mixed in the ratio of
their individual EC50 values (Table 2). Dots show the mean of the
observed toxicity with 95% confidence interval (A: n =4-6; B:
n = 5-6; C: n = 2-3); thin solid lines indicate the regression fits of the
observations (Table 2). The predictions according to Concentration
Addition (—) and Independent Action (— — —) are indicated, confi-
dence limits of the predictions are given in table 3, Horizontal lines
indicate the 0 and 50% effect-levels (solid) and the 95% confidence
limits of the controls (dotted)

reason for the lower Sea-Nine toxicity to periphyton photo-
synthesis as compared to algal reproduction might be the
mismatch between the test parameter photosynthesis and the
proposed mechanism of action for Sea-Nine. Sea-Nine reacts
with intracellular thiols, which participate in the catalytic
functions of enzymes followed by generation of free radicals
(Diehl et al. 1999), and such thiol-interactive enzyme inhibi-
tors are typically slow acting with increasing effects up to 60
min and beyond (Collier et al. 1991). The shorter time of

A. Arrhenius ef al.

incubation within the photosynthesis test (45 min) might thus
be responsible for the lower toxicity observed in relation to the
algal reproduction test that was run for 24 h. Recent results
(Goransson, unpublished data) indicate that prolonging expo-
sure beyond 45 min would increase observed Sea-Nine toxicity
to periphyton photosynthesis.

Irgarol has been found in natural waters up to 12 to 17 nM
(Basheer et al. 2002). Hence, in our periphyton test, these
concentrations would affect photosynthesis severely (92%
reduction in photosynthetic activity). Reported environmental
concentrations of TBT (10 nM; Basheer ef al. 2002) and Sea-
Nine (10 nM; Martinez et al. 2001) would only give negligible
effects on periphyton photosynthesis if applied singly in our
tests. However, effects on periphyton community structure and
function in long-term experiments (two to three weeks) have
been observed at considerably lower concentrations for all
three antifoulants compared to short-term effects on periphy-
ton photosynthesis. NOECs were estimated to be 0.5 nM for
TBT (Dahl and Blanck 1996a), 0.25 nM for Irgarol (Dahl and
Blanck 1996b), and 0.07 nM for Sea-Nine (Arrhenius, un-
published data). Yet, in the present report we have focused
only on the acute, short-term effects on periphyton community
photosynthesis and algal reproduction (S. vacuolatus).

Mixture Toxicity

The different biochemical mechanism of action of TBT, Ir-
garol, and Sea-Nine suggested IA to be the concept of choice.
CA was comparatively evaluated as a reasonable worst-case
approach only. However, both IA and CA failed to accurately
predict the mixture toxicity of the three antifoulants over the
analysed effect range (Fig. 3). Previous single-species studies
have shown excellent IA predictivity with multi-component
mixtures of other dissimilar-acting compounds. Both the curve
shapes and the ECsps were accurately predicted and the
deviation at the 50% effect level was within 1.1 only
(Backhaus et al. 2000a; Faust et al. 2003). The predictive
power of IA was clearly lower for our three-component anti-
fouling mixture: the curve shapes were distinctly different
although the deviations at the 50% effect level were less than a
factor 1.6. At low effect levels, there were tendencies to
underestimation of toxicity (synergism) and at higher effect
levels there were clear overestimations of toxicity (antago-
nism). These phenomena were observed in the results of both
test systems, periphyton community photosynthesis and algal
reproduction, respectively. However, the differences between
observed and predicted low effect concentrations were statis-
tically significant only in the algal reproduction test for effects
around 10%. For periphyton, the deviations were minor and
could not be detected as statistically significant. Note that the
higher data variability prevents a mean estimation of similar
precision and thus only relative big differences between EC
mean values can be detected as significant. However, antag-
onistic deviations observed at higher effect levels (>40%) were
significant for both test systems.

Similar synergo-antagonistic patterns were observed in the
binary mixture experiments. These phenomenona could be
coupled to the presence of TBT and Sea-Nine, respectively. The
tendencies to underestimate low mixture effects were only ob-
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served when TBT was present in the mixture, although these
deviations were not statistically significant in any of the binary
experiments. Moreover, Sea-Nine seemed to be a possible cause
for the antagonistic effects observed at higher effect levels, as
the overestimations of toxicity were clearly observed and sta-
tistically significant only in mixtures containing Sea-Nine.

The synergo-antagonistic phenomenona observed in the
ternary and binary mixtures might be due to some kind of
interactions between the mixture components in the solutions
or in the biota. This would imply that the application of IA is
not entirely correct for the tested antifoulant mixture because
the concept assume a non-interactive type of joint action
(Plackett and Hewlett 1952). Interactions whereby one chem-
ical affects the toxicity of others are possible due to not only
toxicant/target interactions but also to influences on adsorp-
tion, distribution and excretion, biotransformation and bio-
availability (Altenburger et al. 2003). The precise molecular
mechanisms of these interactions are so far unknown to us.
Possible interactions caused by TBT and Sea-Nine might be
coupled to the reaction with sulfhydryl-groups that seems to be
a mutual property of these substances (Fent 1996; Diehl et al.
1999). The proposed cascade-like effect by Sea-Nine in
reacting with thiol groups and the generation of free radicals
(Diehl et al. 1999) might also be responsible for interactions.
However, this requires further clarification.

Both algal assays give the same picture with clear overes-
timations in the upper effect region and underestimations in
the lower region. This highlights the necessity to consider
different effect levels during an assessment of the predictive
capabilities of the concepts as a good agreement between
prediction and observation for a certain effect does not nec-
essarily allow a generalisation to other effect levels.

In the present periphyton studies, CA predicted slightly
higher toxicity than IA, which is in compliance with most
published studies (Backhaus et al. 2000a, b; Faust et al. 2001,
2003, Junghans er al. 2003, Altenburger et al. 2004, Arrhenius
et al. 2004). CA overestimated the observed mixture toxicity
by a factor within 2.5 at the level of 50% effect; at higher
effect levels the overestimation was more distinct. In contrast,
at low effect levels (effects <10%) there were indications that
even CA underestimated the observed toxicity, but these ef-
fects were within the control variability and as such only
barely visible in Figure 3. For the algal reproduction data,
however, it is more evident that CA might not be protective
enough as a worst-case estimation, especially for mixture ef-
fects lower than analysed in this study. At effect levels below
25%, we observe synergistic effects that are indeed significant
at 10% effect and below. The nature of this synergism is not
known.

Implications for Hazard and Risk Assessment of Antifouling
Agents

Our study confirms the well-established fact that the tested
antifoulants are ecotoxicologically important as single com-
pounds, but also that the observed mixture toxicities are higher
than the observed single substance toxicities. For example, the
EC,yp of Sea-Nine if applied singly was 130 nM in the
periphyton assay. When 14 nM TBT and 1 nM Irgarol were
added (corresponding to the molar ECsy mixture ratio), a total
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effect of 20% was observed. It has to be emphasized here that
neither 14 nM TBT nor 1 nM Irgarol provoke clear individual
effects, but still they double the mixture effect. This demon-
strates that any ecologically realistic hazard assessment should
take mixture effects into account, as assessing effects indi-
vidually would underestimate the overall hazard of the mix-
ture.

The differences between the IA-predicted and CA-predicted
ECs, values are statistically significant in all experiments as
judged by the non-overlapping confidence limits (Table 3).
These narrow confidence limits are a reflection of the high
precision of the experimental data and the associated predic-
tions. In absolute terms, the differences between the predic-
tions are quite small and do not even reach a factor of 2 in any
assay or effect level. This is in concordance with the work by
Faust (1999) in which it was mathematically proven that the
difference between CA and IA for a three-component mixture
is always equal or smaller than 3. Hence, the mechanism-based
selection between CA (for mixtures of similarly acting sub-
stances) and IA (for mixtures of dissimilarly acting substances)
might not be overly important for the investigated mixtures
from a pragmatic hazard assessment perspective. Nevertheless,
it has to be pointed out here that there are fundamental dif-
ferences of both concepts when it comes to the contribution of
low-effect concentrations to the expected mixture toxicity (for
further details, see Faust 2001).

Although CA assumes a similar mechanism of action of all
mixture components, it has been discussed as a general default
assumption for assessing the toxicity of mixtures (Boedeker
et al. 1993, Backhaus et al. 2000a, Faust et al. 2000). Whether
this is generally acceptable, even for mixtures of non-similarly
acting substances, depends on the danger of underestimating
the actual hazard and on the quantitative error that might
occur. In the present periphyton study, CA is slightly
overprotective for most effect levels, e.g., by a factor of 2.5 at
the ECsg level. Hence, these results are in concordance with
the suggestion to use CA as a pragmatic default assumption of
mixture toxicity assessments. This seems to hold true even on
a community level of biological complexity and when dealing
with a mixture of dissimilarly acting substances.

However, it has to be emphasized here that the results show
that CA is only protective in a certain effect range (>20%). In
the region of low effect concentrations, we observed tenden-
cies to weak synergistic effects, i.e., higher toxicities than
expected by CA or IA. The ratio between predicted and ob-
served EC;( values was highest in the ternary mixture study
with the algal reproduction assay (2.4 for CA and 3.7 for IA).
In all other cases, the ratio between predicted and observed
EC)( did not exceed a factor of 3. On the level of the ECs,
differences between observed and predicted toxicities were
even smaller. Whether any of these deviations is considered
important (besides the pure statistical significance), depends
on the actual context of an assessment. From a scientific point
of view, the lower accuracy of the concepts for our antifouling
mixtures as compared to other mixture studies (Altenburger
et al. 2000; Backhaus et al. 2000a; b, Faust et al. 2003; Jun-
ghans et al. 2003; Altenburger et al. 2004) clearly needs fur-
ther investigation.

From an environmental risk-assessment perspective, espe-
cially the more than concentration-additive effects in the low-
effect region warrant further attention. The deviations between
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predicted and observed toxicities are likely due to some kind
of interactions. However, it should be noted that photosyn-
thesis might not be the most relevant short-term effect
parameter for the tested substances due to their different
mechanisms of action; only Irgarol affects photosynthesis
primarily. Hence, other processes than photosynthesis might
be more sensitive. An environmental risk assessment based on
these data can, therefore, only be considered as a first step.
Next it should be explored whether the observed patterns of
mixture effects are found also in an ecologically more realistic
context. This could be investigated, e.g., by long-term studies
at the community level using more integrating parameters such
as changes in species composition.

Future studies should also aim at clarifying the mechanistic
basis of the observed phenomenona, especially at estimating
the maximum expectable deviation from CA and the condi-
tions (e.g., concentrations and mixture ratios) under which this
is expected to occur. Such knowledge would then hopefully
allow devising strategies such as the application of an addi-
tional safety factor to the CA-predicted mixture toxicity to
derive sufficiently safe mixture toxicity estimates.

From their use pattern, it is to be expected that antifoulants
occur as mixtures in the marine environment. Unfortunately,
the actual exposure situation is unclear in that respect. Specific
monitoring data that take into account the variety of different
antifouling agents are sorely missing, especially outside harbor
regions in which high concentrations of even the single sub-
stances are to be expected. It should also be noted that at
present there seem to be no legal requirements to assess
mixture toxicity of antifouling compounds. However, from a
growing body of evidence it is clear that the application of any
concept that accounts for possible mixture effects is more
realistic than the present chemical-by-chemical assessment.
Hence, environmental assessment of hazard and risk of an-
tifoulants should be made with this in mind.
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