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Abstract

The synthetic broad-spectrum antibacterial agent triclosan is one of the most commonly encountered emerging micro-pollutant in
the aquatic environment due to the extensive use since 1968 mainly in cosmetics and household cleaning products and the partial
elimination from wastewater. Its low water solubility, high sorption coefficient to organic matter, accumulation potential in fatty tissues
and its low acute toxicity determined by conventional ecotoxicological tests suggest that its risk is more related to chronic effects
requiring risk assessment based on more sensitive ecotoxicological methods. In this paper the short- and midterm ecotoxicological
effects of triclosan were investigated using various test systems taking into account ecological complexity and environmental relevance.
Acute single-species, simplified microcosm experiments and complex multi-species microcosm experiments were conducted with the
determination of sublethal physiological and behavioral endpoints including the Daphnia magna heartbeat rate and feeding activity,
the Heterocypris incongruens movement parameters and the Lemna minor chlorophyll content and root length. All physiological and
behavioral endpoints indicated sensitively the adverse effect of triclosan in the concentration range of 4-25.6 pg/L. In some cases,
responses of selected organisms in single-species laboratory tests did not correspond to those of the higher levels of test systems.
Daphnia sensitivity increased with the level of the test system for all chosen endpoints except the heartbeat rate. Considering the
varying ecological complexity of the assembled test systems, according to our results the exposure time and the different combinations
of exposure routes were the most decisive parameters in terms of triclosan ecotoxicity and endpoint sensitivity.
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1 Introduction

The adverse effects of aquatic micro-pollutants and their
fate and behavior in the environment are widely studied
recently [1, 2]. Triclosan (5-chloro-2-(2,4-dichlorophe-
noxy) phenol) is a synthetic broad-spectrum antibacterial
agent categorized as a halogenated aromatic hydrocar-
bon having phenolic, diphenyl ether and polychlorinated
biphenyl substructures [3]. It has been used since 1968 as
an antiseptic, disinfectant, and preservative in household
consumer products (cosmetics, cleaning products) and
in clinical settings incorporated on the surface of medi-
cal devices [4] with an estimated annual usage of 1000 t
per year in the EU [5]. Triclosan is mainly released into
the environment via the use of consumer products, which
in most cases are externally applied to the human body,
thus triclosan generally is not subjected to metabolic alter-
ation [3]. Due to the partial elimination of triclosan in

wastewater treatment plants, it is reported to be one of the
most commonly encountered emerging micro-pollutant in
solid and water environmental compartments [4]. It has
been detected ubiquitously in various aquatic environ-
ments such as lakes, rivers, coastal and estuarine waters,
sediments, drinking water and even in living aquatic
organisms [6-8] in ng/L—ug/L concentrations [9, 10].

Its toxicity can be attributed to its high hydrophobicity,
hence its accumulation potential in fatty tissues. In the waste-
water treatment plants and on its way to the environment,
triclosan undergoes various transformation processes due to
artificial (chlorination) and natural phenomena (e.g. biologi-
cal methylation, photooxidation) as a consequence, triclosan
may be transformed into ecotoxicologically more toxic and
persistent compounds, such as chlorinated phenols, biphenyl
ethers, methyl triclosan and chlorinated dibenzodioxins [4].
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Several standard aquatic toxicity studies reported about
the toxic effect of triclosan to bacteria, crustaceans, fish
and photosynthetic organisms, such as microalgae and
higher aquatic plants with the following EC,  values:
Vibrio fischeri bioluminescence inhibition at 150 pg/L,
Daphnia magna mortality at 390 pg/L, Pimephales pro-
melas mortality at 260 pg/L, Scenedesmus subspicatus
growth inhibition at 1.4 pg/L and Lemna gibba growth
inhibition at 62.5 pg/L [11].

Today emerging health concerns of triclosan and its
by-products, are related to the endocrine disruption, allergic
effect, dermal irritations, altered thyroid hormone metabo-
lism and tumor development or microbial resistance [12-14].

Due to the low acute ecotoxicity determined with con-
ventional ecotoxicological methods and the lack of data
about its chronic adverse effects on the ecosystem and
human health, triclosan is not considered as a pollut-
ant with high priority concerns unlike other emerging
micro-pollutants sharing the same structure and pharma-
ceutical activity such as chlorinated organic compounds
and endocrine disruptors. This leads to uncontrolled use
of this molecule and the increase of its concentration in the
aquatic and terrestrial ecosystem.

Due to its low water solubility (12 mg/L at 25 °C) and
its high sorption coefficient (K. = 18408) triclosan may
adsorb to the sediment in natural water matrices. However,
its potential adverse effects on bottom-dwelling aquatic
organisms are not well studied [3].

Its bioconcentration factor (BCF = 2.7-90) in aquatic
organisms shows clearly that the risk may be more related
to chronic effect (due to bioaccumulation) than acute
impact, however existing literature data shows that the
ecosystems can be disturbed even at environmental con-
centrations after acute exposure as well [3].

Ecological effect assessment aims at evaluating or pre-
dicting the effects of a chemical compound on the structure
and function of the ecosystem and these higher-level effects
are usually estimated by extrapolation of single-species
effect data [15]. It has been recognized that other interme-
diate approaches, like simple multi-species studies between
standard aquatic toxicity tests and microcosm or field studies
might provide valuable data for environmental risk assess-
ment. A range of laboratory higher tier approaches have
been reported that are intermediate in complexity incorpo-
rating realistic exposure scenarios into laboratory studies
such as simple multi-species studies [16].

Studies of short-, mid- and long term effects of tri-
closan with more sensitive physiological and behavioral

ecotoxicological endpoints are important for risk assess-
ment of aquatic environments in order to explore hidden
toxic effects other than the conventional lethality, immo-
bilization or reproduction. Therefore, the aim of this study
was to assess and compare the adverse effects of triclosan
in single- and multi-species ecotoxicity tests with varying
environmental relevance considering the following expo-
sure routes: direct exposure, exposure via food-absorbed
contaminant uptake and considering the partition of the
contaminant between the water- and the artificial sedi-
ment phase. In this purpose photosynthetic and animal
test organisms were selected of different trophic levels
representing free-swimming and benthic bottom-dwell-
ing species as well.

2 Materials and methods
2.1 Materials
Triclosan (CAS Number: 3380-34-5, PHR1338-1G) was
purchased from Sigma-Aldrich. The use of solvents was
not necessary as triclosan is water soluble in the tested con-
centration range. For the acute ecotoxicity tests triclosan
was dissolved in distilled water (pH = 6.40; EC = 9 uS),
while for the simplified and complex microcosm studies
triclosan was dissolved in natural surface water (Collection
site: Lake Balaton, Als6ors, Hungary, approx. 300 m from
the coastline, pH = 8.65, EC = 620 uS).

The tested concentration of triclosan in the three differ-
ent test systems is summarized in Table 1.

2.2 Applied test organisms

2.2.1 Daphnia magna cultures

A colony of Daphnia magna cultured in the laboratory
was used in a series of experiments. The test animals
were cultured in 5 L beakers in a 21.5 + 1 °C thermostatic
chamber with 16:8 h light: dark cycle (illumination: Juwel
Aquarium, Day-Lite, 15 W, 438 mm lamp, 560 Lumen,
6500 K) and fed everyday by 2 mL of alga suspension of

Table 1 Tested concentration of triclosan in the three different
test systems

Triclosan concentration [ug/L]

Acute Simplified, Complex,
. . - small volume multi-species
Test organism  single-species . .
microcosm microcosm

ecotoxicity tests

experiments experiments

Daphnia

4-2,000 25.6-1,000 20-2,000
magna

Heterocypris 20-2,000 25.6-1,000 20-2,000
lncongruens

Lemna minor 20-2,000 not tested 20-2,000




10? cell/mL concentration cultivated in the laboratory con-
taining Chlorella sorokiniana. For maintaining D. magna
aged, dechlorinated tap water and OECD M7 medium were
used. To check the sensitivity of the D. magna culture acute
toxicity tests were performed with potassium dichromate
(K,Cr,0,) as reference toxicant at about every six-months
interval. Sensitivity of D. magna culture to K,Cr,O, ranged
within the limits (EC, , 24 h = 0.6-2.1 mg/L) set by guide-
line OECD 202 [17].

50°

2.2.2 Heterocypris incongruens cultures

A colony of Heterocypris incongruens cultured in the lab-
oratory was used in a series of tests. The test animals were
cultured in 500 mL beakers in a 21.5 + 1 °C thermostatic
chamber with 16:8 h light: dark cycle (illumination: Juwel
Aquarium, Day-Lite, 15 W, 438 mm lamp, 560 Lumen,
6500 K) and fed everyday by an alga suspension culti-
vated in the laboratory containing Chlorella sorokiniana.
For maintaining H. incongruens aged, dechlorinated tap
water were used. The beakers contained 50 g of artifi-
cial sediment phase with the following composition: 65 %
sand, 30 % kaolinite powder, 3.9 % ground peat, 1 % cel-
lulose powder and 0.1 % CaCO,.

2.2.3 Lemna minor cultures

A colony of Lemna minor cultured in the laboratory was
used in this experiment. The test organism was cultured
in a 20 x 30 x 7 cm glass container in a 21.5 = 1 °C ther-
mostatic chamber with 16:8 h light:dark cycle (illumina-
tion: Juwel Aquarium, Day-Lite, 15 W, 438 mm lamp,
560 Lumen, 6500 K). For the maintenance Hoagland's
nutrient medium was used, which was renewed twice a
week. The composition of Hoagland's nutrient medium is
explained in the publication of Fekete-Kertész et al. [18].

2.3 Acute, single-species ecotoxicity tests

2.3.1 Daphnia magna lethality and immobilization assay
The Daphnia magna acute lethality and immobilization
tests were performed as described in the OECD 202 test
protocol [17].

2.3.2 Daphnia magna heartbeat rate assay

For the test non-pregnant 10-day-old D. magna individuals
were used, which did not derive from first brood. The ani-
mals were not fed during the test. The dissolved O, concen-
tration was more than 3 mg/L at the end of the test recom-
mended by the OECD 202 Guideline [17]. 10 animals were
placed into three parallels of 50 mL test solutionina 150 mL
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test vessel with the help of a special fabric spoon. As a con-
trol, distilled water was applied with growth medium in
the same proportion as in the triclosan containing samples.
The beakers were covered with a translucent plastic film to
avoid evaporation and concentration of the test suspension
during the experiment and incubated under the same con-
ditions as described in Section 2.2.1. The heartbeat rate of
the animal was measured twice during the test, after 24 and
48 h exposure times. Counting of the heartbeat rate was
carried out under a stereomicroscope (NIKON SMZ800).
The test animals were placed onto a single cavity micro-
scope slide in a 50 pL droplet of the test suspension, where
the heartbeat rate of the test animals was measured one-by-
one (individually), three times for 10 seconds. Each mea-
surement was repeated three times.

2.3.3 Daphnia magna feeding inhibition assay

The test was carried out based on the method of Kamaya et
al. [19] with major modifications. For the test non-pregnant
10-day-old D. magna individuals were used, which did not
derive from first brood and were starved for 3 days prior to
the test and were not either fed during the test. The dissolved
O, concentration (determined with WTW "Portable Meter
340i") was more than 3 mg/L at the end of the test recom-
mended by the OECD 202 Guideline [17]. 10 animals were
placed into two parallels of 50 mL test solution in a 150 mL
glass test vessel with the help of a special fabric spoon. As a
control, distilled water was applied with growth medium in
the same proportion as in the triclosan containing samples.
The beakers were covered with a translucent plastic film to
avoid evaporation and concentration of the test suspension
during the experiment and incubated under the same condi-
tions as described in Section 2.2.1.

After 48 h of exposure time the ten individuals from
the same test vessel were transferred into 10 mL of a 3 pL/
mL concentration fluorescent microsphere suspension
(Life Technologies; FluoSpheres™ Carboxylate-Modified
Microspheres, 0.2 um, yellow-green fluorescent (505/515),
2 % solids) diluted with the original D. magna growth
medium. The individuals were kept in the fluorescent
microsphere suspension letting them feed for 20 min, then
they were taken out with the help of a special fabric spoon,
washed thoroughly with distilled water in order to remove
the microspheres adhered onto their carapace and append-
ages and could influence the results. The washed individ-
uals were transferred into a micro test tube in 1 mL of
distilled water, then homogenized for 30 s with UP 200H
Ultrasonic Processor (Hielscher Ultrasonics GmbH)
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with the following settings: cycle: 1, amplitude %: 82. The
homogenized Daphnia-microsphere suspensions were
pipetted into three parallel wells of a 96-well microti-
ter plate and the fluorescence intensity of the wells was
measured by FLUOstar Optima BMG Labtech microplate
reader using the excitation wavelength of 485 nm and the
emission wavelength of 520 nm.

2.3.4 Heterocypris incongruens lethality and
immobilization assay

For the test 10-day-old H. incongruens individuals were
used. The animals were not fed during the test. 5 animals
were placed into three parallels of 10 mL test solution in
a 12 mL volume test vessel with the help of a special fab-
ric spoon. As a control, distilled water was applied with
growth medium in the same proportion as in the triclosan
containing samples. The test vessels were covered with a
translucent plastic film to avoid evaporation and concen-
tration of the test suspension during the experiment and
were kept under dark circumstances in a 21.5 = 1 °C ther-
mostatic chamber. Lethality and immobilization were reg-
istered twice during the test, after 24 and 48 h exposure
times. Each measurement was repeated three times.

2.3.5 Heterocypris incongruens movement ability
inhibition assay

For the registration of the movement parameters (total
distance and average velocity) the alive, non-immobile
H. incongruens individuals were micro-pipetted individ-
ually in 1.5 mL of the original test medium to a 2 mL vol-
ume flat bottomed cylindrical test vessel.

A sequence of 100 images was taken every 50 ms with
QImaging Micropublisher 5.0 RTV digital microscope
camera connected to a NIKON SMZ800 stereomicroscope
under 5-times magnification. The sequence was evaluated
with Image-Pro Plus 7.0 software.

2.3.6 Lemna minor growth inhibition assay

On the first day 10 healthy and two-leaf L. minor indi-
viduals were placed into 50 mL of each dilution member
of the test solution. The experiment was carried out with
three parallels in 150 mL beakers. As a control, distilled
water was applied with Hoagland's nutrient medium in
similar proportion as in the triclosan containing samples.
The beakers were covered with a translucent plastic film
to avoid evaporation and concentration of the test suspen-
sion during the experiment. The assembled test systems
(beakers) were incubated in a 21.5 £ 1 °C thermostatic

chamber for 7 days under the following light conditions:
16:8 h light: dark cycle (illumination: Juwel Aquarium,
Day-Lite, 15 W, 438 mm lamp, 560 Lumen, 6500 K).

On the seventh day the total frond number was deter-
mined in the test vessels, then the L. minor individuals
were removed from the test solutions, then surface-dried
on filter paper to constant weight. The dried biomass was
placed into ground-necked test tubes containing 5 mL of
96 % ethanol. After 24 hours the optical density of the
samples was determined spectrophotometrically (Sanyo
SP55 UV/VIS spectrophotometer) at 470, 649 and 664
nm wavelength values. The total chlorophyll content was
determined based on the calculation described by Fekete-
Kertész et al. [18].

The root length of each L. minor individual was mea-
sured with the help of a ruler before chlorophyll extraction.

2.4 Simplified microcosm experiments

Based on the results of the acute, single-species ecotoxic-
ity tests, simplified small volume microcosm experiments
were conducted with selected experimental setups.

Ten newborn (< 24 h) D. magna individuals and five
10-day-old H. incongruens individuals were placed into
150 cm?® glass beakers containing 100 cm?® test solu-
tions. To reach the final concentration the 4 mg/L tri-
closan stock solution dissolved in natural surface water
was diluted with the same natural surface water then
mixed with D. magna growth medium in the ratio of 1:9.
The beakers were covered with a translucent plastic film
to avoid evaporation and concentration of the test solu-
tions during the experiment. The assembled test systems
(beakers) were incubated for 7 days under identical cir-
cumstances to the acute D. magna lethality and immobili-
zation tests. The test organisms were fed at the beginning
of the test and on the third day with 200 pL Chlorella
sorokiniana alga suspension (10° cell/mL concentration).
During the 7 days of exposure time lethality and immo-
bilization was registered every 24 h. On the 7th day the
physico-chemical parameters (pH, electric conductivity,
dissolved oxygen concentration) of the exposure media
were measured and beside the conventionally used lethal-
ity and immobilization, more sensitive, sublethal physio-
logical and behavioral endpoints were determined, such
as Daphnia magna heartbeat rate and feeding activity,
and Heterocypris incongruens movement parameters
(total distance and average velocity). The method of deter-
mination of these sublethal endpoints was as described in
the case of acute test protocols.



2.5 Complex, multi-species microcosm experiments
Based on the results of the acute, single-species ecotox-
icity tests and the simplified, small volume microcosm
experiments, complex multi-species microcosm experi-
ments were conducted with selected experimental setups.

100 g of artificial sediment (65 % quartz sand, 30 %
kaolinite powder, 3.9 % ground peat, 1 % cellulose
powder and 0.1 % CaCO,) was sterilized in an auto-
clave with 500 mL tap water, then the solid phase was
decanted and washed into a 2500 c¢m? volume glass bea-
ker (width: 12 cm, height: 24 cm) with 2000 mL sterilized
surface water and the beakers were covered with a trans-
lucent plastic film. After complete sedimentation, aer-
ation was started and adjusted to very gentle bubbling
using mineral air diffuser stones. The microcosms were
inoculated with 2 mL of 10° cell/mL concentration
Chlorella sorokiniana and Scenedesmus subspicatus
alga suspension mixture (1:1) and special illumination
was applied (16:8 h light: dark cycle (illumination: Juwel
Aquarium, Day-Lite, 15 W, 438 mm lamp, 560 Lumen,
6500 K). After 3 days alga and dissolved oxygen con-
centration was checked to reach 10° cell/mL and 6 mg/L
concentration, respectively. If these parameters met the
criteria 16 newborn (< 24 h) D. magna individuals and 6
10-day-old H. incongruens individuals were placed into
each microcosm and were let to acclimatize 24 h before
triclosan administration. To reach the final concentration
the 4 mg/L triclosan stock solution dissolved in natural
surface water were added to the microcosms by replacing
the appropriate amount of microcosm water phase with
the contaminant solution. This time point was considered
as "day 0" and the assembled microcosms were incubated
for 21 days at 21.5 = 1 °C. Each microcosm was reinoc-
ulated once a week with 2 mL of the same alga suspen-
sion used for the first inoculation. During the 21 days of
exposure the number of test organisms (reproduction) was
registered twice a week and the physico-chemical param-
eters (pH, electric conductivity, dissolved oxygen con-
centration) of the exposure media were also measured.
On day 21 the following sublethal physiological and
behavioral endpoints were determined: Daphnia magna
heartbeat rate and feeding activity, Heterocypris incon-
gruens movement parameters (total distance and average
velocity), and Lemna minor total chlorophyll content and
root length. The method of determination of these sub-
lethal endpoints was as described in the case of acute
test protocols.
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2.6 Data evaluation and statistical analysis

In the case of each ecotoxicological endpoint inhibition
percentage values (H%) were calculated compared to con-
trol. One-way analysis of variance (ANOVA) was per-
formed by STATISTICA 13® software identifying sig-
nificant effects (p < 0.05). The homogeneity of variances
was examined with Leven's test. In case of significance
the Lowest Observed Effect Concentration (LOEC) values
were determined using Dunnett's test (o = 0.05).

3 Results

In a series of experiments the short- and midterm ecotoxico-
logical effect of the antimicrobial agent, triclosan was inves-
tigated using variant test systems considering ecological
complexity and environmental relevance. At each level of
complexity the sensitivity of different ecotoxicological end-
points of the same test organism was compared based on
the LOEC and inhibition percentage values. The response of
the applied test organisms to triclosan administration in the
three different complexity test systems was also compared.

3.1 Acute, single-species ecotoxicity tests

The effect of triclosan on D. magna lethality and normal
physiology (heartbeat rate and feeding activity) was inves-
tigated applying 48 h exposure time. After the short expo-
sure time (48 h) the heartbeat rate of the D. magna indi-
viduals showed alteration compared to control in case of
all of the determined test endpoints with LOEC =4 pg/L.
The lowest concentration resulting significant inhibition
of survival (H% = 30) and alteration of feeding activity
was 1000 ug/L. A strong stimulative effect (114 % com-
pared to control) was experienced in the case of the sur-
viving individuals exposed to 1000 ug/L concentration
triclosan solution, which may be explained by an exagger-
ated physiological effect manifested in a struggling behav-
ior like higher feeding rate (Fig. 1).

The conventionally used endpoints (lethality and immo-
bilization) of H. incongruens did not prove to be sensi-
tive enough to detect the adverse effect of triclosan in the
20-1000 pg/L concentration range. Significant effect was
found only in the case of the most concentrated 2000 pg/L
triclosan solution (H% = 67). In the case of H. incongru-
ens no immobilization effect was detected at the tested
concentrations even after 48 h of exposure time.

Two different ecotoxicological endpoints were applied
in order to follow the inhibitory effect on Lemna minor
growth. Significant inhibition was found only in the most
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Fig. 1 The effect of triclosan on Daphnia magna after 48 h exposure time. Significant effect compared to control is marked by asterisk (*).

concentrated (2000 pg/L) triclosan treatment with the H%
of 18 %, however the total chlorophyll content indicated
44 and 66 % inhibitory effect of the 1000 and 2000 pg/L
concentration triclosan solutions, respectively (Fig. 2).

3.2 Simplified, small volume microcosm experiments
The ecotoxic effect of triclosan was investigated in an
experimental series conducted in small volume micro-
cosms exposing free-swimming D. magna and the benthic
H. incongruens species to five different concentrations of
triclosan in the range of 25.6—-1000 pg/L with a 2.5-fold
dilution factor. Compared to the acute ecotoxicological
tests, an additional exposure route was represented in this
case via alga-adsorbed contaminant uptake. For this rea-
son the test organisms were fed with algae suspension at
the beginning and on the 3rd day of the experiments.

At the two highest triclosan concentrations (400 and
1000 pg/L) none of the D. magna individuals survived
and even in the 160 pg/L triclosan solution the survival
rate was only 35 %, which meant significant inhibition
compared to control. Heartbeat rate and feeding inhibition
could be measured only at 25.6, 64 and 160 pg/L triclosane
concentrations. In the 160 pg/L triclosan solution resulting
significant lethality (H% = 65 %), the feeding activity of
the surviving animals was inhibited by 40 % per individ-
ual. The extent of feeding inhibition was still 26 % in the
most diluted 25.6 ug/L triclosan solution. Significant inhi-
bition of the heartbeat rate (12-20 %) was also detected
in the 25.6—160 pg/L concentration range. In this context
feeding inhibition proved to be the most sensitive ecotox-
icological endpoint in determining the adverse effect of
triclosan on newborn D. magna individuals raised in the
test system for up to 7 days (Fig. 3).
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Fig. 2 The effect of triclosan on Lemna minor after 7 d exposure time.
Significant effect compared to control is marked by asterisk (*).

While for the bottom-dwelling H. incongruens signifi-
cant lethality was found only when exposed to 1000 pg/L
triclosan solution, the behavioral endpoints characteriz-
ing its movement parameters (total distance and average
speed) revealed significant alteration in behavior (43 and
35 % inhibition, respectively) (Fig. 4).

3.3 Complex, multi-species microcosm experiments
Based on the results, of the small volume simplified micro-
cosm studies, large volume multi-species microcosm test
systems were assembled with the selected concentration of
20, 500 and 2000 pg/L.

The dissolved oxygen concentration was above 5 mg/L
in each microcosm during the 21 days exposure period,
the pH ranged between 7.8—8.5 and the electric conductiv-
ity ranged between 661-692 uS/cm.

At 500 and 2000 pg/L triclosan concentrations there
were no surviving D. magna individuals. Although
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Fig. 3 The effect of triclosan on Daphnia magna after 7 d exposure time in the simplified small volume microcosm experiments.

Significant effect compared to control is marked by asterisk (*).
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Fig. 4 The effect of triclosan on Heterocypris incongruens after 7 d exposure time in the simplified small volume microcosm experiments.

Significant effect compared to control is marked by asterisk (*).

triclosan at 20 pg/L concentration did not cause signifi-
cant lethality or immobilization of D. magna it affected
their feeding activity negatively (by 25 %) compared to
control. In this case any modulation of the heartbeat rate
was not detected, which may be explained by acclimati-
zation of Daphnia individuals to the low concentration of
triclosan during the 21 days exposure period (Fig. 5).
Presumably, a significant proportion of the adminis-
tered triclosan and its metabolites were adsorbed to the
artificial sediment applied in the test system, which might
have exerted severe toxic effect on the bottom-dwelling
H. incongruens. Triclosan at 500 and 2000 pg/L concen-
tration inhibited reproduction by 32 and 89 %, respectively.
However, at 20 pug/L concentration the reproduction inhibi-
tion was 22 % (statistically non-significant). At 2000 pug/L
concentration all H. incongruens individuals were immo-
bilized and the inhibition of the average movement speed at
20 and 500 pg/L concentrations was 15 and 26 %, respec-
tively, however these values were not significant statisti-
cally due to the high standard deviations (Fig. 6). Triclosan

reduced significantly both the total chlorophyll content and
root length of L. minor compared to the conventional frond
number (Fig. 7). In this case the total chlorophyll content
proved to be the most sensitive endpoint, the inhibition was
36 % at 20 pg/L triclosan concentration.

4 Discussion

For comparative evaluation of the sensitivity of different
test systems Lowest Observed Effect Concentration val-
ues (LOEC) were determined for all tested endpoints.
The Lowest Observed Effect Concentration (LOEC) val-
ues are summarized in Table 2.

Comparing the survival rate of D. magna and H. incon-
gruens it can be stated that LOEC values were lower after
7 days of exposure than in case of 48 h exposure time.
The D. magna heartbeat rate test proved to be the most
sensitive acute test (10-days-old test organism, 48 h expo-
sure) when comparing the sublethal physiological and
behavioral effects of the administered triclosan concentra-
tions in the three test systems (different in complexity and
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Fig. 5 The effect of triclosan on Daphnia magna after 21 d exposure time in the complex large volume microcosm experiments.
Significant effect compared to control is marked by asterisk (¥*).
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Fig. 6 The effect of triclosan on Heterocypris incongruens after 21 d exposure time in the complex large volume microcosm experiments.
Significant effect compared to control is marked by asterisk (*).
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Fig. 7 The effect of triclosan on Lemna minor after 21 d exposure time in the complex large volume microcosm experiments.

Significant effect compared to control is marked by asterisk (*).

exposure time). The heartbeat rate results of the simplified
microcosm experiment also confirm the adverse effect
of triclosan when the newborn Daphnids were growing
in the presence of the contaminant for 7 days. Contrary
to this the 21-days experiments did not show observable
change in the heartbeat rate of the Daphnids exposed to

20 pg/L triclosan from the very beginning of the experi-
ment. Based on these results it can be concluded that low
concentrations of triclosan may alter the heartbeat rate of
Daphnids temporarily on the short- and midterm but on
the long term the Daphnids are capable of acclimatizing to
the presence of the contaminant.
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Table 2 Lowest Observed Effect Concentrations determined in the three different test system in terms of ecological complexity and exposure time

LOEC [pg/L]

Test organism Ecotoxicity endpoint

Single-species acute tests

Two-species simplified
microcosms

Multi-species complex
microcosms

Survival 160 -
Immobilization 160—-400 20-500
Daphnia magna Reproduction inhibition - 500
Heartbeat rate 25.6 20-500
Feeding activity* 25.6 20
Survival 1000 -
Immobilization >2000 400-1000 2000
Heterocypris incongruens  Reproduction inhibition - 500
Total distance 25.6 2000
Average speed 25.6 2000
Frond number - 2000
Lemna minor Total chlorophyll content - 20
Root length - 500

* Calculated per individual
— Not determined

Regarding the feeding activity of D. magna in the differ-
ent test systems major differences were also found. In the
acute test feeding activity was significantly stimulated
only at the highest concentration (1000 pg/L), while when
exposed to low triclosan concentrations for 7 or 21 days
feeding activity was significantly inhibited depending
on the triclosan concentration. A possible explanation of
this phenomenon can be that Daphnids on the short term
respond to the high triclosan concentrations accelerating
their metabolic functions struggling against environmen-
tal stress or the bioaccumulation of triclosan during lon-
ger periods may induce metabolic pathways responsible
for detoxification, resulting in the production of triclosan
intermediate compounds (e.g. by biological methylation),
that are more toxic than the parent compound and have
weak estrogenic activity [20]. In the 160 pg/L triclosan
solution of the simplified microcosms in addition to the
significant inhibition of survival, heartbeat rate and feed-
ing activity, the size of the surviving Daphnids was visi-
bly smaller compared to control after 7 days of exposure,
therefore in future experiments we recommend body size
as a possible measurement endpoint.

Thyroid hormones play important role in growth,
development and metabolism of vertebrates. Wu et
al. [21] identified thyroid hormone receptor orthologues in
Daphnia pulex, thus the experienced modulation in body
size and the physiological endpoints may be explained by
the proven thyroid hormone action [22] of triclosan and
its metabolite, triclocarban. Peng et al. [23] investigated

the toxic effects of different concentrations of triclosan
(1-128 pg/L) on D. magna by acute (48 h) and chronic
(21-day) toxicity tests. The response of antioxidase sys-
tem and Phase I metabolism process were investigated
by measuring a series of biomarkers including glutathi-
one S-transferase (GST), catalase (CAT), superoxide dis-
mutase (SOD), malondialdehyde (MDA), 7-ethoxyresoru-
fin O-deethylase (EROD), Erythromycin N-demethylase
(ERND) and Aminopyrine N-demethylase (APND). They
found that the GST and CAT activities showed no signifi-
cant increase in all treatments and SOD, MDA and APND
were sensitive to triclosan, thus the possible mode of
action behind the inhibition of the physiological endpoints
in our study can be the above described modulation of the
antioxidase system and Phase I metabolism process inves-
tigated by Peng et al. [23]. In the chronic test, they found
that the total number of neonates per female, body length,
total number of molting per adult and the intrinsic rate of
natural increase of D. magna decreased between the con-
centrations range 64128 ng/L.

Li et al. [24] investigated the pH-dependent toxic-
ity of triclosan to five aquatic organisms amongst them
D. magna, Photobacterium phosphoreum, Danio reriot)
and Limnodrilus hoffmeisteri. They found that generally,
triclosan was more toxic to the four aquatic organisms in
acidic medium. During our experiments the measured pH
was in the range of 7.8—8.5, therefore it can be assumed
that the extent of the toxic effect would be greater under
acidic circumstances.
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According to our knowledge currently no data are avail-
able on the toxic effect of triclosan on H. incongruens,
however due to the high sorption-coefficient of triclosan,
the sediment-bounded fraction of triclosan is a remarkable
exposure route in terms of risk assessment of triclosan in
the aquatic ecosystems. With longer exposure periods,
the occurrence of lethal effect became more likely in case
of H. incongruens. Our result proved that 25.6 ug/L tri-
closan significantly alters the movement parameters of
the H. incongruens individuals, but further experiments
are necessary in order to investigate the possible mode of
action behind this effect.

Orvos etal. [25] reported EC,, , , > 62.5 ug/L for Lemna
gibba and explained the lack of sensitivity of Lemna sp.
by the rapid metabolism of triclosan or thanks to reduced
uptake due to a barrier. Kiister et al. [26] determined a
EC,, 4y, = 1690 pg/L for the effect of triclosan on L. minor
with the chlorophyll fluorescence method and they found
this method less sensitive compared to long-term bioassays,
which might be due to physicochemical substance proper-
ties such as lipophilicity. Contrary to this LOEC =20 pg/L
in our 2l-day-long microcosm experiment was deter-
mined when triclosan decreased the chlorophyll content of
L. minor significantly by 36 %, which draws the attention
to the potential long-term adverse effect of the non-PSII
herbicide triclosan at low concentrations on higher trophic
level photosynthetic plants in the aquatic ecosystem.

Liebig et al. [27] studied the effect of the pesticides
parathion-methyl and prometryn on phototrophic flagel-
lates (Cryptomonas sp.) and predatory ciliates (Urotricha
furcata) applying an aquatic indoor microcosm. They also
found significant differences between the results of sin-
gle-species and multi-species microcosm experiments
such as for ciliates the NOEC decreased by factor 145 in
the multi-species test compared to the NOEC of 2.2 mg/L
in the single-species test when exposed to prometryn.

Our results of these preliminary microcosm experi-
ments with three different triclosan concentrations clearly
demonstrated the importance of ecotoxicological assess-
ment of triclosan in complex aquatic microcosm test sys-
tems, therefore as a next step more dilution members will
be applied at a wider concentration range.

5 Conclusion

Based on the results of acute single-species, simplified
microcosm experiments and complex multi-species micro-
cosm experiments all physiological and behavioral end-
points indicated sensitively the adverse effect of triclosan

in the concentration range of 4-25.6 ug/L. D. magna sen-
sitivity to triclosan increased with the increase of com-
plexity and environmental relevance in case of all applied
ecotoxicological endpoints except the heartbeat rate.
The L. minor chlorophyll content endpoint supported this
trend as well. Our results draw the attention to the advan-
tages of using complex, environmentally more relevant
test systems for the environmental risk assessment of tri-
closan, considering the different results in the case of the
three test systems different in complexity. The difference
between the results of the single-species acute tests and
the complex microcosm tests also support the theory that
it is hard to extrapolate from the results of single-species
acute tests to real environmental effects of triclosan on the
long term. According to our results, exposure time and
different combinations of exposure routes due to varying
ecological complexity of the assembled test systems are
the most decisive parameters in terms of triclosan ecotox-
icity and endpoint sensitivity.

Based on the applied complex ecotoxicological method-
ology with three trophic levels including responses based
on physiological and behavioral ecotoxicity endpoints we
provided a more realistic assessment of the impacts and
exposure of triclosan of aquatic organisms in water bodies.
This work supplements the presently available data on the
toxicity of triclosan as well as allows a deeper understand-
ing of additional and hidden effects of triclosan on aquatic
life thorough various exposure routes. The results obtained
by this complex research may support risk assessment of
triclosan in freshwater environment aiding determination
of the Predicted No Effect Concentration (PNEC) values
and serving as a tool for modelling the environmental fate
of bioactive contaminants in the ecosystem.
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