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The use of pesticides in intensive agriculture is considered to be a necessity nowadays, if
the supply of food at reasonable qualities and prices has to be guaranteed all around the
world. Each € invested in pesticide control is estimated to return 4 € in saved crops
(Fletcher et al. 1996). With almost 55 %, herbicides represent the major part of reported
plant protection product sales in Germany and up to 50 % in the UK (European
Communities, 2002). The intensive use of herbicides inevitably leads to an increase of the
potential risks for contaminations of the natural environment. Special attention is therefore
paid to areas surrounding the treated agricultural fields, where the nearby terrestrial
habitats or aquatic ecosystems can be contaminated by drift or runoff (Dabrowski and
Schulz, 2003, Liu and O’Connell, 2003, Jergentz et al. 2005). In this context and in terms
of vegetation, all the plants outside the treatment area where injury would be commercially
or aesthetically undesirable are related to as non-target plants (McKelvey, 2002). These
plants include those that serve as food and shelter for animals, both terrestrial and aquatic
species. In aquatic ecosystems the role of non-target aquatic plant species is even more
extense, since they are the primary producers at the lowest trophic level, producing
oxygen, controlling the nutrient cycling and the water quality, as well as stabilising the
sediment and serving for shelter to the various organisms of the aquatic medium (Grace
and Wetzel, 1978, Lewis, 1995). It is also known that plants have considerable influence
on fate and behaviour of pollutants in surface waters (Roy and Hänninen, 1994,
Pflugmacher and Steinberg, 1997, Hand et al. 2001).

1.1 Aquatic plants for a risk assessment of herbicides
To assess the potential risks of herbicides entering aquatic ecosystems and potentially
endangering aquatic non-target plants a whole series of tests are required prior to
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registration. Aquatic plants that have to be tested for registration in the European Union
(EU) are primarily two species of freshwater algae (a green algae such as
Pseudokirchneriella subcapitata, formerly known as Selenastrum capricornutum, and a
species from another taxonomic group, e.g. the blue-green algae Anabaena flos-aquae). In
addition, for US registration, data are required for a freshwater diatom (e.g. Navicula
pelliculosa) and a marine algae (e.g. the diatom Skeletonema costatum). For both the EU
and the US, data on the aquatic floating monocotyledonous macrophyte Lemna sp, are also
required. A number of regulatory authorities are currently considering whether such a
database is sufficient to adequately assess potential risks to aquatic plants. For example,
the US EPA (2001) published a ´Proposal to Update Non-Target Plant Toxicity Testing
under NAFTA` and concluded that aquatic macrophytes are under-represented. They
propose that the number of vascular plants should be increased. The current risk
assessment process for aquatic plants, however, generally appears to be sufficiently
protective while evaluating the potential toxicity levels for most of the herbicides, but for
some of them with specific modes of action, e.g. auxin herbicides, the potential risks based
on algae and Lemna sp. may be underestimated (Brock et al. 2000). To address this issue, a
range of macrophyte species have been proposed for laboratory studies (Swanson et al.
1991, Wang, 1992, Lovett Doust et al. 1994, Lewis, 1995, Wang and Freemark, 1995, US
EPA, 2001) and their suitability is currently being evaluated. Higher-tier studies with
rooted submerged or emergent macrophytes have been scarce and have incorporated few
physiologically different species (Forney et al. 1981, Kemp et al. 1985, Fairchild et al.
1998, Lytle and Lytle, 1998, 2002, Wilson et al. 2000) or species from the same genus
(Hanson et al. 2001, 2002a,b, 2003b). Microcosms or mesocosm tests assessing effects on
macrophytes have been performed more frequently (Van den Brink et al. 1995, 1997, Van
Geest et al. 1999). The statistical power of such test systems, however, can be rather low
(Barry and Logan, 1998).

1.2 Selection of macrophyte species and endpoints
The selection of suitable macrophyte species for ecotoxicological testing is therefore one
of the main points to elucidate, since there are several species being proposed in
accordance with regulatory authorities (US EPA, 2001). Their practicability, however, is
still under debate. Test species, either for laboratory or field studies, have to meet certain
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basic practicability criteria, like ease of culturing, year-round availability and ease of
handling (Sortkjaer, 1984). Furthermore, the species have to prove suitable for the
detection of potential toxic effects, i.e. display homogeneous growth and have small
variability between replicate treated individuals. Otherwise effects due to the toxicant will
not be discernable, since they will not present differences to the untreated control plants.
Additional criteria have to serve as a basis for the selection of aquatic macrophyte species.
The physiology and habitat of plants, as well as the various ways of exposure (overspray,
drift, runoff) has to be taken into account in more detail if the above mentioned concerns
are going to be addressed (Boutin et al. 1995). To respond to the criteria mentioned, the
selection of macrophytes to be tested should comprise dicotyledonous species in addition
to monocotyledonous ones, and, include submerged and emergent macrophytes, besides
floating macrophytes like Lemna sp..
A further main point of debate is the appropriate selection of endpoints. The list of
proposed parameters is large, ranging from developmental endpoints to physiological ones.
Among the developmental endpoints, the most commonly assessed in ecotoxicological test
systems, are growth parameters (Coyner et al. 2001, Davies et al. 2003). Length or biomass
increases are usefull and very convenient parameters for an estimation of potential toxicity
in the long-term, but there are still discussions on to which extent these two endpoints
should be assessed, only. With respect to the growth of macrophytes this means for
example if the evaluation of growth should include main and side shoots, leaf surface area,
roots, number of shoots etc. (Moore et al. 1999), or even, as proposed in earlier
publications, a leaf-to-root surface area ratio (Biernacki et al. 1997). For the biomass
evaluation on the other hand, it is still a question if both, wet and dry weight should be
monitored.
Physiological endpoints have also been used, but to a lesser extent. Fluorescence
measurements, chlorophyll-a or other pigment contents (Couderchet and Vernet, 2003),
enzyme activities, like glutathion-s-transferase (Schrenk et al. 1998), peroxidase (Byl et al.
1994) and others (Pflugmacher et al. 1999, Teisseire and Vernet, 2000, 2001) are reported
as being alternatives for an evaluation of potential toxic effects. Previous studies have
shown that chlorophyll fluorescence serves as an intrinsic indicator of the photosynthetic
reactions in the chloroplasts of green plants (Schäfer et al. 1994, Snel et al. 1998) and
phytoplankton (Seguin et al. 2002).
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1.3 Micro- and mesocosms as test systems
Useful tools for the assessment of pesticide effects under experimental conditions are
aquatic micro- or mesocosms (Campbell et al. 1999). They allow for an increase of
complexity in the system by introducing several species of various trophic levels into one
and the same compartment, thus trying to simulate more natural environmental situations.
Several parameters, physico-chemical and biological ones, can be controlled to some
degree in micro- or mesocosms. This is of great importance since it is the only possibility
to reduce the variability and replicability of such a system. Increasing complexity does
automatically lead to a higher variability and less replicability (Caquet et al. 2000). Microand mesocosms are used in the risk assessment if concerns about a proper estimation of the
pesticide toxicity exist. They are, however, not a routine alternative test set up, since
standardised methods and materials, i.e. test organisms, do not exist. For the evaluation of
herbicide toxicity for regulatory purposes, such an experimental set up has been seldomly
used (Davies et al. 2003). A so called macrophyte-dominated micro- or mesocosm should
result in a more realistic evaluation of macrophyte toxicity due to the more realistic
exposure scenario and the potential inclusion of other biological effects, such as
concurrence for light and nutrients etc., thus increasing the sensitivity of the test species to
the applied compound. Clear disadvantage of such micro- or mesocosm test systems,
besides the increase in variability, is their test duration from a few weeks to several
months. Monitoring of parameters and final evaluation of toxicity over such long
experimental periods however is expensive and allows only long term conclusions.
Another disadvantage might be that effects on planktonic organisms cannot be assessed as
good as in plankton-dominated systems.

1.4 Laboratory test systems
At present no standardised protocol or guideline for the testing of freshwater aquatic
macrophytes exists, except for a draft guideline proposal for the floating monocot species
Lemna sp. (OECD, 2003). In this proposed test protocol plants of the genus Lemna sp.,
either Lemna minor or Lemna gibba, are exposed to a toxicant and the potential growth
inhibition based on frond number and biomass estimated. The test system in this guideline
should be adjusted according to the requirements of the regulatory authority to either static
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or flow-through methods. Exposure to the toxicant is then monitored over a period of
seven days. The American Society for Testing and Materials (ASTM, 1998) has
additionally proposed a 14 d-phytotoxicity test in test tubes with the submersed aquatic
macrophyte Myriophyllum sibiricum. This experiment designed as a screening tool
suggests the use of axenically cultivated 3 cm apical cuttings of Myriophyllum sp., which
are put into test tubes containing artificial rooting medium (Turface®) to monitore basically
the increase in height of the plant over time. The many problems related to the work with
axenically cultivated macrophytes and the reduced scale of this test system presumably
will make its use in regular testing schemes unlikely. However, first reports suggest a
potential practicability of this method (Turgut and Fomin, 2001, 2002).
The duration of a laboratory test for the ecotoxicological evaluation of toxicity can take 1 h
or less if the photosynthetic activity is assessed (Lewis, 1995). Various tests evaluating the
effects of a series of toxicants on algal photosynthesis have been determined in laboratory
and field toxicity experiments (Bonilla et al. 1998, Kobbia et al. 2001, Juneau et al. 2001,
2002). The response to changes in photosynthesis is usually measured by carbon uptake
(14C) or oxygen evolution. For the testing of macrophytes however, few studies are
available that focus on these endpoints. This of course is partly due to the fact that small
changes in oxygen evolution or small pH changes in the medium, that occur also as a result
of changes in the photosynthetic activity, can not be monitored continuously and precisely
enough in small volumes of water. Previously employed techniques do not allow a quick
interpretation of the results since they are based more on classic limnological methods
where e.g. the oxygen is bound chemically and determined by titration (Girling et al.
2000).
An alternative measuring technique implemented in a laboratory test system and allowing
the use of macrophyte species with a continuous online monitoring of oxygen and pH
changes in the medium, was reported a few yers ago (Eich, 2001). In these experiments the
standard test organism Lemna sp. and the submerged macrophyte Elodea sp. was used. The
results obtained for these species showed not only the accurate and effective use of these
endpoints and species for biomonitoring, but also the replicability and possibilities for
extrapolating the results of short-term tests based on changes of the photosynthetic activity
to the results from other laboratory and field studies.
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1.5 Monitoring of physiological parameters in laboratory test systems

The term metabolism describes those processes where an exchange of substances between
cell and environment or a transformation of subtances in the cell do occur. Interference
with these processes, either via substance exchange on a cellular scale or on the processes
related to the transformation, automatically results in an unbalance of metabolism. Several
different parameters can be monitored to detect such distorsions, like e.g. uptake and
release of oxygen or carbon dioxide, the monitoring of metabolites in a specific nutrient
medium, the pH of the medium, etc. The monitoring of changes in the oxygen content and
the pH of the culturing medium is often applied to describe the metabolic activity of cells
and organisms, thus being a common method used in biology and medicine, e.g. while
estimating growth rates, vitality and metabolic activity of cell cultures and tissues, to
estimate the impact of toxicants on the metabolism of organisms, etc.
For photoautotrophic organisms like plants, oxygen and pH are the physiological
parameters that allow an evaluation of photosynthetic and respiratory activity. These
parameters are used in diverse biotests to describe the influence of single compounds or
compound mixtures on the photosynthesis and the metabolic activity of organisms
(Pandard et al. 1992, Lukavsky and Marsalek, 1997, Garrido et al. 1999).
The photosynthesis in higher plants, algae and photosynthetic bacteria converts light
energy into chemical energy, building up organic matter out of CO2 and water. This
organic matter then serves as the basis for the food of the heterotrophic organisms.
Oxygenic photosynthesis is catalysed in two photosystems (PS), PS I and PS II containing
chlorophyll, that are embedded in the thylacoid membrane of the chloroplasts as integral
membrane protein complexes (Fig. 1)(for details see Taiz and Zeiger 1999, Sitte et al.
2002, Schopfer and Brennicke, 2005). Starting point of photosynthesis is the absorption of
photons by the pigment molecules (chl a, chl b, phycobili proteins and carotinoids) of the
antennae systems and the transfer of energy of excited molecules to the reaction centres of
PS I and PS II. The chlorophyll of the PS II, the first of both photosystems, is excited by a
previously excited molecule, in a type of energy transfer that is called resonance energy
transfer or exciton transfer. Promoted by a manganese cluster cofactor (an enzyme
complex) the reaction centre of the PS II gets electrons from the cleavage of a water
molecule, a reaction that produces O2 and protons (H+). This is the key process to monitor
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the efficiency of the photosynthetic activity, since both parameters, O2-production and pH
changes are indicators of the functioning of this system.

hv

hv

C0C1ATPase

Fp
Fd-NADP+
reductase

ferredoxin

H+

ADP
+Pi

ATP

NADPH
NADP+

Thylakoid
membrane
Thylakoid
membrane

Mn
complex
H+

PCox
H2O

2H++

PCred

O2
Cytochrome b6f

Photosystem II

H+

PCox
Photosystem I

P700*
-1.20

Photosystem II

-0.80

P680*

-0.40

Cytochrome b6f

Phe
PQA
PQB

0

Fd

Phe
PQA
PQB

FpFAD

NADP+ NADPH

PC

+0.40
+0.80

H2O

+1.20

O2

+1.60

hv

P680

P700

hvhv

Photosystem I

Mn
complex

Fig. 1 Schematic overview of the ligth reaction of photosynthesis (above) and of the z-scheme of
electron transport between the two photosystems (below). Photons are captured by the antennae
pigments and the energy transferred to the PS II. The chlorophyll of the PS II is excited and
transfers the electrons from the water cleavage to a series of plastoquinone molecules and the
plastoquinone pool. The electrons are further transmitted to the cytochrom complex and to the PS I.
Here the energy of a second photon is used to excite the chlorophyll at the PS I and transfer the
electrons to ferredoxin, which finally reduces the acceptor NADP+ to NADPH.

The electrons from the water cleavage are subsequently transferred by a complex system of
acceptor and donor molecules (phaeophytin, plastoquinone A and B, the plastoquinone
pool and the cytochrom complex) to the PS I. Finally the excited molecules are transferred
from the PS I to ferredoxin, another acceptor molecule, which catalyses the reduction of
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NADP+, a phosphorylated derivate that carries reducing electrons. These energy-rich
products from photosynthesis are later on used in the calvin cycle to build up hexoses and
other organic matter.
Respiration, on the other hand, is the process where organic carbon compounds are
catabolised to CO2 and H2O under O2-consumption to form metabolic active energy forms
(i.e. ATP). The catabolism of carbohydrates is performed mainly in the mitochondria but
also by glycolysis.

1.6 Herbicides and modes of action
1.6.1 Photosynthesis inhibiting herbicides
Photosynthesis is a very attractive target for herbicides, since harmful effects are supposed
only to occur in plants and photosynthetic bacteria. Hence, toxicity towards humans or
animals is expected to be low (Hock and Elstner, 1984). Although photosynthesis is a
process that involves the capture of a photon at the beginning and the production of
carbohydrates at the end, the majority of herbicides act in the light-dependent processes of
the

electron

transport,

previously

described,

and/or

in

the

processes

of

photophosphorilation. Their activity therefore is usually displayed under light conditions.
There are many possible targets in the cascade of processes of light-dependent
photosynthesis. Two main groups of photosynthesis inhibiting herbicides can be
distinguished basically by their differential targeting sites. The first group, which is
classified here as the only true inhibitors of photosynthesis, have their target at the PS II
system of photosynthesis. Various herbicides from different chemical classes belong to this
group. It is more or less accepted today, that all the herbicides inhibiting photosynthesis at
PS II do so by targeting the reducing sites of the PS II at the plastoquinones. Two proteins
are probably involved in the specific binding reaction of the herbicides. One protein is the
D1-protein (with a molecular weight of 32 kD) located on the outer side of the thylacoid
membrane, which serves as a target for the triazine herbicides. The second one is a 41 kDprotein, located next to D1, possessing the binding site for phenoltype-herbicides (see
Hock and Elstner, 1984 for a detailed description). All the herbicides with the binding
domain at the PS II are commonly known as PS II-herbicides.
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In the present study two PS II-herbicides were evaluated for their toxicity against aquatic
macrophytes, the triazines atrazine and simazine (Fig. 2).
H
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Cl
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N
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Fig. 2 Chemical structure of atrazine (left) and simazine (right)
Both, atrazine and simazine were introduced in the market in the mid 50s. They are both
selective systemic herbicides, absorbed principally through the roots and foliage, with
acropetal translocation in the xylem and accumulation in the apical meristems and leaves.
Both herbicides are used in the pre- and post-emergence control of annual grasses and
broad-leaved weeds in corn, sugar cane, fruit orchards etc. (Tomlin, 1997). Atrazine
became very present in the media in Central Europe in the 80s when the threshold
concentration of 0.1 µg/L in the drinking water was exceeded in many reservoirs (Fent,
2003). As a consequence, and due to the persistence and relativ mobility of atrazine in the
environment, it was banned in many countries, e.g. Germany, Denmark and Norway, while
in others it is still in use, e.g. Switzerland. In the US it is still one of the most intensively
used herbicides in corn.
Simazine on the other hand is not registered in many European countries, e.g. Germany
and The Netherlands. Its mobility is lower as compared to atrazine and reports of
exceeding drinking water threshold concentrations are not known.

1.6.2 Herbicides with various modes of action
a) PS I electron diversion
In contrast to those herbicides mentioned above, that inhibit the electron transport of
photosynthesis, the activity of herbicides targeting the reducing site of the PS I are based
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on a diversion of electrons from the photosystem. This does not hinder the production of
ATP, but it leads to a reduction of O2 instead of NADP+. The most important class of
herbicides from this type are the bypiridilium salts, of which paraquat and diquat are the
most important ones. Experiments with the latter herbicide were performed during the
course of the laboratory experiments. Herbicides with this mode of action are used as
contact herbicides. They lead to a rapid light dependent bleaching of the pigments and to
the dessication of the treated plant tissue. Non-photosynthetic tissues are destroyed very
slowly, although light is not reponsible for this process.
The toxicity of bypiridilium salts therefore is dependent on light and oxygen. Earlier
reports have shown that after the reduction of diquat, due to the diversion of the electron at
the PS I, the reduced herbicide in an oxygenated solution is immediately reoxidised,
producing hydrogen peroxide (H2O2). As a result of these observations it was concluded
that H2O2 was responsible for the bleaching effects. For paraquat a degradation of cellular
membranes, especially tonoplast and plasmalemma was reported. If paraquat, also known
as methylviologen (MV), diverts an electron it reacts as follows:
(1) MV2+ + e(2) MV* + + O2

→ MV* +
→ MV2+ + O2* -

(3) 2O2* - + 2H+ → H2O2 + O2
(4) MV* + + H2O2 → MV2+ + OH- + OH*
The reaction clearly demonstrates that paraquat passes through a redox cycle acting as a
catlysator. Each of the shown reduced oxygen species (O2* -, H2O2, OH*) could be the
iniciator of a lipid peroxidation. Plants have a series of defence mechanisms against these
oxygen species occuring also naturally, like e.g. superoxid dismutase (SOD), peroxidase
and catalase. These endogenous and constitutive defence systems are however adjusted to
a certain metabolic balance. Therefore it is not likely that the potential for defence is
sufficient if an enhanced radical production due to the herbicide occurs.

b) Inhibition of biosynthesis of aromatic amino acids
The inhibition of the aromatic amino acid biosynthesis offers a good target for herbicide
action, since this biosynthetic pathway, the shikimic acid pathway, does only exist in plants
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and microorganisms (Duke, 1988). This should automatically lead to reduced toxicity
against animals and humans. The synthesis of aromatic amino acids in plants is of great
importance for the protein synthesis as well as for the generation of precursors of important
secondary metabolites from the phenylpropanoid type, like phenylalanine and tyrosine, and
as precursors of the flavonoids, several alcaloids and of lignin. Tryptophane on the other
hand, is further metabolised to the important plant hormone indol acetic acid (IAA) (Hock
and Elstner, 1984).
An important member of this class of herbicides used in the present laboratory experiments
is glyphosate. This herbicide interferes in the shikimate and chorismate biosynthesis by
blocking the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, which catalyses the
condensation of shikimate 3-phosphate (S3P) and phosphoenolpyruvate (PEP) to EPSP,
the precursor of the aromatic amino acids (Jakeman et al. 1998).
As a non-selective herbicide, glyphosate is absorbed by the foliage and rapidly translocated
throughout the plant. It is employed to control annual and perennial grasses and has a
widespread use amongst others in vineyards and for forestry and industrial weed control
(Tomlin, 1997).

c) Inhibition of cell division
Although α-chloroacetanilide (also found as chloroacetamides) herbicides do inhibit the
cell division it is still unclear if all of the herbicides belonging to this class share the same
mode of action (Junghans et al. 2003). Also unknown is the combination of mechanisms
leading to this mode of action. It is clear however, that chloroacetanilide herbicides like Smetolachlor and dimethachlor, used in the laboratory experiments and in both, lab and
field, respectively, inhibit growth. They do interfere in the production of very long chain
fatty acids (VLCFA), thus producing a shortage of lipids. This prevents the generation of
biological membranes and of cell wall components, leading to growth inhibition
(Schmalfuss et al. 1998). Since chloroacetanilides intervene also in the synthesis of
proteins, the formation of microtubuli and the generation of meristematic tissue, they are
often used as inhibitors of germination. Their effects are greater on monocotyledons than
on dicotyledons. Applied pre-emergence or early post-emergence chloroacetanilides hence
control annual grasses and some broad-leaved weeds (Tomlin, 1997). The selectivity and
use of chloroacetanilide herbicides on specific crops has been increased in the past by the
addition of so called safeners. Safeners are substances that compensate the phytotoxicity of
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herbicides on crops. These compounds increase in most cases, especially with maize, the
content of glutathione (GSH) and also the activity of the glutathione-s-transferase (GST)
(Gaillard et al. 1994). Prerequisite for the use of safeners however is the metabolisation of
the herbicide by the GST, since this increased tolerance due to detoxification causes the
safening effect. The search for safeners has shown that until now only crops from the
families of the grasses (Gramineae and Cyperaceae), especially maize, rice and wheat, can
be safened due to rapid detoxification mechanisms. Theoretically, the underlying
mechanism should allow the protection of dicotyledonous crops. No suitable safeners for
them have been found however up to now.

d) Interference in auxin metabolism
Herbicides acting as synthetic auxins can be classified into three groups according to their
chemical structure:
1) Phenoxy acids
2) Indol acetic acids (IAA)
3) Benzoic acid derivates
In the present study, the herbicide 2,4-D (2,4-dichlorophenoxyacetic acid) was used, which
belongs to the first of the chemical classes mentioned above.
Plants treated with synthetic auxins present deformations and anomalies in growth. Their
mode of action however remains unclear. The receptor protein for these herbicides seems
to be located in the plasma membrane or the endoplasmatic reticulum. Hints of the mode of
action are given by the differential sensitivity of the various plants towards auxin
herbicides.
Phenoxy acids are β-oxidised in the plants, analog to the oxidation of lipid acids,
whereupon 2,4-D or MCPA (4-chloro-2-methylphenoxyacetic acid) are produced. Phenoxy
acid-sensitive plants display higher activities of the metabolic relevant β-oxidation. It can
be assumed therefore, that in phenoxy acid-resistant plants the formation of the active
herbicides is outbalanced by the rates of degradation, transport and conjugation, thus never
reaching a toxic herbicide level. This on the other hand, results in no phytotoxic effects
becoming visible.
2,4-D in its role as synthetic auxin leads to a rapid increase of the metabolism in plants,
which results in an uncontrolled metabolic activity and enhanced growth. This reaction is
part of a three step process of stimulation, (over-) growth and degradation (Boyle, 1980,
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Hock et al. 1995). As a selective systemic herbicide, it is accumulated principally in the
meristematic regions of shoot and roots (Funderburk and Lawrence, 1963) - translocation
from source to sink (Singh and Müller, 1979) - and used for the control of post-emergence
annual and perennial broad-leaved weeds. Although the mechanisms are still unclear
synthetic auxins are reported to display higher toxicity against dicotyledonous plants
compared to monocotyledonous ones (Brock et al. 2000). 2,4-D has been widely used to
selectively control infestations of the dicotyledon Myriophyllum sp. in the US (Getsinger et
al. 1982, Green and Westerdahl, 1990, Parsons et al. 2001).

e) Inhibition of the synthesis of branched chain amino acids
The class of herbicides displaying an inhibition of the branched chain amino acid synthesis
was first patented in 1977 by Dupont. They were named sulfonylurea (SU) herbicides due
to their chemical structure. After realising the huge herbicidal potential of these
compounds, around 500 patents have been registered up to now (Hock et al. 1995). The
effectiveness of SU herbicides at very low concentrations (a few hundred grammes per
hectar instead of a few kilogrammes per hectar) and their targeting on a plant specific
enzyme, had raised high expectations on environmental compatibility of these herbicides,
as well as on the implied reduction of costs due to the reduced amounts required on the
field.
The target of the SU herbicides is the enzyme acetolactate synthase (ALS), which is
responsible to catalyse the reaction between pyruvate and 2-oxobutyrate to acetohydroxybutyrat and is at the beginning of the synthesis of the branched chain amino acids valine,
leucine and isoleucine.
SU herbicides are weak acids, their water solubility therefore is pH-dependent, the higher
the pH, the higher the solubility. This is an important fact also regarding their soil mobility
characteristics. SU herbicides are very selective herbicides used mainly for corn. The
potential of derivatising SU compounds allows the creation of customised herbicides for
each individual crop. Once applied, they are absorbed by the leaves and roots, and rapidly
translocated to the meristems (Tomlin, 1997). Reports of resistance due to a change of the
ALS enzyme structure have been reported shortly after the market introduction (Saari et al.
1990).
In the present thesis, laboratory and field tests were performed with triasulfuron (Fig. 3).
Toxicity of sulfonylurea herbicides towards aquatic organisms is supposed to be especially
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high (Wendt-Rasch et al. 2003), also representing a potential environmental hazard even
after photolysis of the compound (Vulliet et al. 2004).
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Fig. 3 Chemical structure of triasulfuron

1.7 Goals of the study

In the present thesis it was aimed to elucidate, first, the suitability of macrophyte species
with specific physiological characteristics and from different habitats for ecotoxicological
testing, and second, to propose test systems in the laboratory and in the field for a proper
evaluation of the effects of toxicants on aquatic plants. The potential for an extrapolation
from the lab to the field, and viceversa also was of importance. For an evaluation of these
issues the effects of a series of herbicides with different modes of action were determined
in a series of laboratory and semi-field microcosm tests with aquatic macrophytes.
In the laboratory a test system developed for the monitoring of the inhibition of the O2production and of pH-changes in the medium was used to assess the potential toxicity of
herbicides. Both physiological parameters were continuously recorded and monitored
using a computer-based measuring technique. Effects of herbicides with various modes of
action allowed not only an estimation of the effects on the different macrophytes tested but
also to investigate if the response (kinetic and degree of effects) on the physiological
parameters

was

herbicide

specific,

i.e.

dependent

on

the

mode

of

action.
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Monocotyledonous species from the Lemnaceae family as well as the dicotyledonous
Myriophyllum spicatum were used for the laboratory studies.
In the semi-field experiment, representing a macrophyte-dominated microcosm test design,
effects of three herbicides with different modes of action were evaluated. Five macrophyte
species and a naturally developing algal population were used to assess the potential
toxicity on a single-species level for each macrophyte and algal tribe as well as on the
community level as a whole, which allowed an estimation of the environmental impact of
the herbicides. Physico-chemical evaluation of the water quality, and biological and
physiological endpoints were chosen for the assessment of the effects on the test
organisms. In the macrophyte-dominated multispecies microcosm test design, two
submerged macrophytes (dicotyledonous Myriophyllum spicatum and monocotyledonous
Elodea canadensis), two emergent species (dicotyledonous Persicaria amphibia and
monocotyledonous Glyceria maxima), and the floating standard test organism Lemna
minor (monocotyledonous), as well as the naturally developing algal flora were studied.
Results from the laboratory and the field were used to evaluate the suitability of the
proposed test systems with macrophytes as biomonitoring tools for an assessment of
potential environmental risks. For the laboratory test system the work focused on a
selection of appropriate plant species for the introduction into the microbioreactors, as well
as on the possibilities of extrapolating the short-term testing results to the findings from
earlier studies either in the laboratory or the field and independently of the parameters
assessed. Furthermore, the potential of a biomonitoring using physiological parameters was
discussed. The macrophyte-dominated semi-field microcosm study allowed for an
estimation of the applicability of such a test system for an assessment of potential toxicity
at various trophic levels, with a characterisation of the introduced macrophytes, the
developing algae and the behaviour and kinetics of the water quality parameters. The use
of physiological parameters in a semi-field study, in addition to developmental parameters
such as growth and biomass, enabled to estimate long-term impact and the duration and
extent of adverse effects. Both test protocols, thus, were designed to combine the
monitoring of various more classical ecotoxicological assessment criteria with
physiological ones, allowing for a more complex characterisation of the processes
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accompanying the contamination of the environment due to toxicants and the uptake and
kinetics of effect in the non-target organisms.
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2.1.1 Test organisms
2.1.1.1 Tested aquatic macrophytes- Species description
Lemna minor L. (Lemnaceae) - Common duckweed
Lemna minor is a very common floating species of still ponds, canals and lake or river
margins, consisting of flat circles (fronds) of green tissue with a diameter between 2-3 mm
and one root per frond hanging down into the water below each circle (Engelhardt, 1996). The
fronds are noticeably smaller than either gibbous duckweed (Lemna gibba) or giant duckweed
(Spirodela polyrrhiza). Each of this fronds can be regarded as a single organism. On still
waters it can form a complete cover over the surface so that a pond or canal can be completely
green and “solid” in appearance. L. minor is the most common and wide spread species of all
the floating duckweeds (Lemnaceae).
L. minor used for the laboratory experiments was collected from a pond in the surroundings of
Freiburg i.Br., Germany and kept under non-axenic conditions in the plant physiology
laboratory of Prof. Wagner at the University of Freiburg i.Br., Germany. L. minor used in the
laboratory experiments at the Jealott´s Hill Research Centre in Bracknell, UK was obtained
from British Flora.

Lemna gibba L. (Lemnaceae) - Gibbous duckweed
The individual fronds of this floating species are similar to those of other floating duckweeds,
but are ‘gibbous’ (thick and swollen). L. gibba G3 was kindly acquired from an axenic culture
at Syngenta Crop Protection AG, Basel, Switzerland in Juli 2002 and kept axenically in the
plant physiology laboratory of Prof. Wagner at the University of Freiburg i.Br., Germany
from that time on.
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Both Lemna species have been often used in ecotoxicological testing (Cooley and Foy, 1992,
Fairchild et al. 1997, Pro et al. 2003) and are included in the existing standard protocol draft
for the testing of chemicals (OECD, 2003).

Spirodela polyrrhiza (L.) Schleiden; Lemna polyrrhiza L. (Lemnaceae) – Giant duckweed
This floating duckweed has circular to oval fronds of approximately 0.5 cm in diameter
(Engelhardt, 1996), having more than one root per frond. S. polyrrhiza was collected from the
ponds of the Botanical Garden next to the Biological Institute at the University of Freiburg
i.Br., Germany when needed.

Myriophyllum spicatum L. (Haloragaceae)- Eurasian water milfoil
Water milfoils are submerged aquatic species with finely dissected feather-like leaves, that are
arranged in whorls of 4 (rarely 5) at the nodes. The flowers develop above the water surface.
A very close relative to this species, M. sibiricum, can easily be mistaken for and often only
pigment composition or DNA analysis can exclude any doubt on the species.
Eurasian water milfoil is native to Europe, Asia and northern Africa. It affects aquatic
ecosystems adversely by forming dense canopies that often cover native vegetation, providing
poor habitat for waterfowl, fish and other wildlife. M. spicatum grows in still to flowing
waters (lakes, ponds, flooded quarries, drainage ditches, slow streams etc.) and is able to
adapt to high salinities, deep water and a wide range of pH and temperatures. Relative to other
submersed plants it requires high light intensities and thus has high photosynthetic rates. It
can appear in ultra-oligotrophic as well as in hyper-eutrophic lakes.
M. spicatum used in the laboratory was obtained from Van der Valk Garten & Pflanzen,
Aesch, Switzerland, and kept in the phytochambers of the Biological Institute or in the
greenhouses of the Botanical Garden at the University of Freiburg i.Br., Germany. M.
spicatum used in the laboratory experiments at the Jealott´s Hill Research Centre in Bracknell,
UK was obtained from British Flora, High Wycombe, UK.
Species of the genus Myriophyllum sp. have previously been used for the evaluation of
chemicals (Selim et al. 1998, Roshon et al. 1999, Wendt-Rasch et al. 2004) and are proposed
as alternative dicotyledonous test species for the assessment of those herbicides where the
potential risks might be underestimated using Lemna sp. or algae (US EPA, 2001).
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2.1.1.2 Conditions and media for the culturing of laboratory test species
Lemna gibba
The gibbous duckweed L. gibba is cultured in Erlenmeyer-bottles containing 20XAAPnutrient medium (modified after OECD Guideline 221 (Draft Document November 2003)) in
a phytochamber at 24 ± 2 °C under continuous light (85-95 µmol m-2s-1). For the preparation
of 20XAAP-medium 20 mL of each macronutrient stock solutions (SL 1-SL 6), 20 mL of the
micronutrient stock solution SL 7 and 20 ml SL 8 is added in the mentioned order into 800
mL distilled or de-ionised water and mixed after addition of each stock solution (Tab. 1).
Tab. 1 Protocol to prepare the stock solutions (SL 1- SL 8) required for the 20XAAP-medium used for
the culturing of Lemna gibba.
Macronutrients (SL 1- 6, SL 8 a,b)
Stock solution (SL)
Chemical compound

identification

Nominal

Stock solution

concentration of the volume required for 1
stock solution (g/L)

L medium (mL)

NaNO3

SL 1

25.5

20

NaHCO3

SL 2

15.0

20

K2HPO4 x 3H2O

SL 3

1.3675

20

MgSO4 x 7H2O

SL 4

14.7

20

MgCl2 x 6H2O

SL 5

12.164

20

CaCl2

SL 6

3.3297

20

FeCl3 x 6H2O

SL 8a

0.1598

10

Na2EDTA x 2H2O

SL 8b

0.3

10

Nominal

Multiplication factor

Solution volume

concentration of the

for solution

required for 250 mL

stock solution (mg/L)

preparation

SL 7 (mL)

H3BO3

185.5

10

25

MnCl2 x 4H2O

415.4

10

25

ZnCl2

3.3

100

2.5

CoCl2 x 6H2O

1.4

100

2.5

CuCl2 x 2H2O

0.012

10000

0.025

Na2MoO4 x 2H2O

7.3

100

2.5

Micronutrients (SL 7)
Chemical compound
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After topping up to 1 L with distilled or de-ionised water the pH has to be adjusted to 7.5 ±
0.1 with NaOH or HCl. The prepared medium can be stored cooled in the dark for up to 6
weeks. The stock solutions (SL 1-SL 6) can be kept refrigerated for approximately 6 months.
The micronutrients solution (SL 7) and SL 8 have to be renewed more frequently. If any
precipitations are observed in either stock solution or the medium, they should be renewed.
To maintain an axenically growing Lemna sp population the fronds are transferred at least
every 14 days into new nutrient medium. This has to be done at a sterile bench by placing a
few fronds into an Erlenmeyer bottle with fresh nutrient medium. The bottle is closed with a
cotton stopper to prevent contamination and to allow gas exchange.

Lemna minor
Common duckweed L. minor is cultured in Erlenmeyer-bottles containing a modified nutrient
solution after Dudley (1987) (Tab. 2) and placed in a phytochamber at 24 ± 2 °C under
continuous light (85-95 µmol m-2s-1). The cultures have to be renewed when necessary by
placing a few fronds into a new bottle containing fresh medium.
Tab. 2 Protocol to prepare the stock solutions (SL 1- SL 5) required for the medium used for the
culturing of Lemna minor (modified after Dudley 1987).
Nominal concentration Stock solution volume
Chemical compound

Stock solution (SL)

of the stock solution

required for 1 L

identification

(mg/L)

medium (mL)

K2HPO4

SL 1

68000

10

KNO3

SL 2

150000

10

Ca(NO3)2 x 4H2O

SL 3

118000

10

MgSO4 x 7H2O

SL 4

50000

10

22
12
8
362
540
286
900

10

ZnSO4 x 7H2O
Na2MoO4 x 2H2O
CuSO4 x 5H2O
MnCl2 x 4H2O
FeCl3 x 6H2O
H3BO3
Na2EDTA

SL 5
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Spirodela polyrrhiza
Giant duckweed S. polyrrhiza was collected from ponds nearby the Institute of Biology at the
University of Freiburg prior to experimental use (see 2.1.1.1).

Myriophyllum spicatum
Eurasian water milfoil M. spicatum was from various environmental conditions, since the
maintenance of a standardised continuous laboratory culture was not possible due to severe
algal blooms. For this reason the culturing medium used was prepared at very low nutrient
concentrations. As a consequence M. spicatum was kept in tap water or in a microbioreactor
test medium/tap water mix (1:5) (see Tab. 7 for the composition of the test medium). To
control algal blooms two separate cultures were prepared, one for the greenhouse and one to
be kept in a climate chamber. As the testing material from different environmental conditions
(light intensity, photoperiod, temperature) might show different sensitivities to the same
compound, the same type of material was used with each one of the specific substances from
the testing protocol.
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2.1.2 Test substances- Herbicides
The herbicides used during the laboratory studies were all kindly supplied by Syngenta Crop
Protection AG. The active ingredient (a.i.) of the herbicide, the specific commercial
tradenames, the mode of action and chemical classification as well as the purity of the
compound are summarised in Tab. 3.
Tab. 3 Herbicides used for the laboratory studies specifying the active ingredient, tradenames, mode of
action, chemical classification and purity.
Herbicide

Tradenames

Mode of action

Chemical

Purity (a.i.)

classification

(active ingredient)
Atrazine

Bicep®,
Gesaprim,
Primagram,
Primextra

Photosynthetic
inhibitor at the
photosystem II level

1,3,5-triazine

99 %

Simazine

Gesatop,
Princep,
Caliber

Photosynthetic
inhibitor at the
photosystem II level

1,3,5-triazine

50 % (w/v)1

Dimethachlor

Teridox

Cell division

Chloroacetamide

50 % (w/v)

Chloroacetamide

98.1 %

inhibitor
S-metolachlor

Dual

Cell division
inhibitor

Diquat dibromide

Reglone

Photosystem I –
electron diversion

Bipyridylium

22.7 % (w/w)

Glyphosate

Touchdown,
Roundup

Inhibits EPSPsynthase2

Glycines

95 %

Triasulfuron

Logran,
Satis

Inhibitor of
acetolactate synthase

Sulfonylurea

20 % (w/w)

Synthetic auxin

Phenoxy-carboxylic
acid

99.5 %

2,4-D
1

w = weight, v = volume; 2 5-enolpyruvylshikimate-3-phosphate synthase
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2.1.2.1 Test concentrations proposed for laboratory testing in microbioreactors
Based on literature data the concentrations selected for herbicide testing in the laboratory
were the following:
a) Atrazine [6-chloro-N-ethyl-N-isopropyl-1,3,5-triazine-2,4-diamine]:
In published atrazine tests with a maximum duration of seven days the median effect
concentrations (EC50) ranged between 100 to 200 µg active ingredient per litre (a.i./L). With
increasing test duration (up to 14 days) this range of toxic concentrations decreased to EC50values between 22 to/over 100 µg a.i./L. No observed effect concentrations (NOEC) or lowest
observed effect concentrations (LOEC) in these tests varied considerably from 3 to/over 100
µg a.i./L [Hartmann et al. 1985, Larsen et al. 1986, Selim et al. 1989, Hoberg, 1991,
Grossmann et al. 1992, Kirby et al. 1994, Fairchild et al. 1998, Girling et al. 2000].
Selected test concentrations for the microbioreactors (see 2.1.3.) were 25, 50, 100,
200, 500 µg a.i./L.
b) Diquat dibromide [6,7-dihydrodipyrido[1,2-a:2’,1’-c]pyrazinediium]:
The concentrations of diquat dibromide in published tests with a duration of 4 – 14 days
ranged between 1.3- 18 µg a.i./L (EC50 and NOEC-values). The only pond study with diquat
resulted in an EC80 (concentration with effects on 80 % of test organisms) of 500 µg a.i./L
[Blackburn & Weldon 1965, Fairchild et al. 1997, Peterson et al. 1997].
Selected test concentrations for the microbioreactors were 1.3, 2.6, 5.1, 10.2 µg a.i./L.
c) 2,4-D [(2,4-dichlorophenoxy) acetic acid]:
The concentration ranges for 2,4-D differed by several orders of magnitude in studies
available from literature for Lemna sp. and Myriophyllum sp.. For Myriophyllum sp. EC50concentrations ranged between 13 to/over 1470 µg a.i./L in 14-day tests [Roshon et al. 1999,
Turgut et al. 2002]. For Lemna sp. effects were between 750 to/over 200000 µg a.i./L in 3- to
8-day tests.
Selected concentrations for the microbioreactors were 150, 450, 900 µg a.i./L.
d) Glyphosate [N-(phosphonomethyl)glycine]:
All published EC50-values for glyphosate are next to or over 1 mg a.i./L, except for M.
aquaticum in Turgut et al. 2002 were they ranged between 0.222 and 2.04 mg a.i./L [Forney
et al. 1981, Hartmann et al. 1984, Grossmann et al. 1992, Roshon et al. 1999]. The NOEC for
M.spicatum was 0.32 mg a.i./L in a 3-4 week test [Forney et al. 1981].
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Selected concentrations for the microbioreactors were 500, 1000, 2000, (4000) µg
a.i./L.
e)

S-metolachlor

[2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide]:

Few values are available in literature for this herbicide (usually as metolachlor, not as Smetolachlor). EC50 values for Lemna sp. were about 0.35 mg a.i./L and for Myriophyllum sp.
> 3 mg a.i./L [Fairchild et al. 1997, 1998]. The NOEC value for Lemna sp. was 0.187 mg
a.i./L in a 96h-test.
Selected concentrations for the microbioreactors were 250, 500, 1000 µg a.i./L.
f)

Triasulfuron

[2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)amino]
carbonyl]benzenesulfonamide]:

Preliminary studies and results from literature with aquatic macrophytes and other
sulfonylurea herbicides indicated that the concentrations of triasulfuron with potential toxicity
on Myriophyllum sp. and Elodea sp. could be in the range of a few µg a.i./L.
Selected concentrations for the microbioreactors were 2 and 4 µg a.i./L.
The formulated compounds TERIDOX 500 EC (a.i. dimethachlor), GESATOP 500 FW (a.i.
simazine) and LOGRAN 20 WG (a.i. triasulfuron) applied in the field experiment were also
used in the microbioreactors. The Chemical Abstract names for the active ingredients in these
formulations are given in section 2.2.8.
TERIDOX 500 EC was used at concentrations of 375 and 750 µg a.i./L.
GESATOP 500 FW was used at concentrations of 50 and 500 µg a.i./L and
LOGRAN 20 WG was used at concentrations of 13 and 26 µg a.i./L.

2.1.3 The microbioreactor system
The biomonitoring test system used in the laboratory experiments is a unique measuring
device combining non-invasive, physical sensors with the possibility of using different optical
methods, e.g. light microscopy. The applied test system is a improved laboratory version
based on a system developed by Wolf et al. 1998 and used in previous studies by Eich (2001)
and Ritzenthaler (personal communication). Set up and characterisation of the system are
briefly described in the following chapters (for details see Eich, 2001).
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2.1.3.1 Technical details and design of the measuring system
The test system is conceived as a flow-through system, consisting of a small bioreactor as
central unit and integrated micro-sensors that allow for the parallel measurement of diverse
parameters, e.g. pH, O2, temperature, conductivity, etc. During short or long-term
measurements different kinds of organisms (e.g. algae, plants, animals) as well as cell lines
can be monitored.
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Fig. 4 Set up of the microbioreactorsystem
A schematic set up of the microbioreactorsystem is shown in Fig. 4. The temperature
controlled microbioreactor has optic windows on both sides allowing the use of optic and
microscopic devices, e.g. mini-PAM, confocal microscopy etc., for physiologic measurements
and the regular exposition to light, if required, the tested objects. Directly after the
microbioreactor different sensor types can be assembled depending on the parameters to be
recorded. Medium is constantly supplied to the bioreactor/organisms via a pump and a tube
system. A bypass line provides medium directly to the sensors without passing the bioreactor
and thus measures control/ reference values of the parameters. The medium flux is controlled
by a valve and a computer, which monitors the whole system and records the data. A
photograph of the actual test system is shown in Fig. 5.
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1
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Fig. 5 Set up of the test system. In the front is the base plate (1) with the two microbioreactors,
the sensor block as well as the clamp for the cold light source and the fluorescence measuring
system (mini-PAM). The medium is stored in bottles (2) and pumped through the
microbioreactors using a multi-way pump (3). Data from the sensors is recorded with a detector
unit (4) and transmitted to a PC. On the bottom left side the fluorimeter (5) and on the upper
right side the cold light source (6) for illumination of test objects are shown.

The microbioreactors shown in Fig. 5 allows for the testing of plant and animal organisms as
well as for adherent growing cell lines. Different microbioreactor volumes (between 150 and 650
µL) and materials (e.g. stainless steel) were conceived in cooperation with the workshop from
the Biological Institute at the University of Freiburg i.Br., Germany for the diverse questions to
be adressed.
Table 4 gives a summary of materials and equipment used in the laboratory testing.
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Tab. 4 Used equipment / Materials for the microbioreactors with integrated sensors:
Equipment /

Fabricant (in Germany, if not

Material

Type

otherwise indicated)

Microbioreactors
Bioreactor body
Bioreactor cartridge
Silicone seal
Silicone septum
Cover slip
Adhesive tape
Membrane

MC3 chamber
Plexiglas®, Makrolon® or metal
Thickness 5.1 mm, silicone rubber 40° shore
Dimension 6 * 3 mm,
21,5 * 37,5 mm, Thickness 1,5
24 * 24 mm, Thickness 3
double-sided, biocompatible adhesive tape,
thickness 24 mm
Snapwell, Porewidth 3 µm, 0,4 µm

PTS, Hochdorf
PTS, Workshop Biological Institute
Feinmechanik GmbH, Umkirch
Feinmechanik GmbH, Umkirch
Knittel Glasbearbeitungs GmbH,
Braunschweig
Kummer, Freiburg
Blum GmbH, Teningen
Costar, Bodenheim

IPC-N 4-channel
Pharmed, ID 0,89 mm, 2 orange stopper
Pharmed, ID 0,8mm, 4,0mm AD
Tygon, OD 0,351 mm
LEE 3-way-valve, LDHA-series

Ismatec, Wertheim-Mondfeld
Novodirekt, Kehl
Novodirekt, Kehl
Novodirekt, Kehl
LEE Hydraulische Miniaturkomponenten GmbH, Frankfurt
Neptune Research Inc., West
Caldwell, U.S.
Schott Geräte GmbH, Mainz

Perfusion system
Cartridge pump
Tubing

Valve

2-way double pinch valve VDC 30
Culturing bottles

250 mL, 500 mL

Sensors
Oxygen electrode

Type MO (Clark-Type)

pH Electrode
pH Reference electrode
Temperature sensor

Typ MO (Ag/AgCl-electrodes)
Typ MO
PT 100

Kurt-Schwabe-Institut für Messund Sensortechnik e.V., Meinsberg
Kurt-Schwabe-Institut
Kurt-Schwabe-Institut
Kurt-Schwabe-Institut

ACE series, 150 W DDL Halogen bulb
8 mm diameter per arm

Polytec GmbH, Waldbronn
Polytec GmbH, Waldbronn

Illumination
Cold light source
2-ray-fiber optics

Electronic
PCM®-MeasuringSystem

modular slide-in cartridge for the measuring- PTS, Hochdorf
and guiding modules consisting of:
PCL-unit (personal computer link)
VCU-unit (valve control unit)
CMU-unit (cell monitor unit)

Software
Software

PCM®-Version 2.0

PTS, Hochdorf
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2.1.3.2 Sensors
a) pH-sensors
The pH measurements were performed with miniaturised sensors from the Kurt-SchwabeInstitut für Mess- und Sensortechnik e.V. (KSI) consisting of a pH measuring electrode and a
pH-reference electrode. Tab. 5 shows the characteristics of the pH-sensor.
Tab. 5 Technical characteristics of the miniaturised pH-electrode
Technical data of the pH-sensor
Electric connector

SMB-plug

Measuring range

pH 1 - pH 11

Temperature range

5 - 60°C

Slope (25°C)

57 - 59 mV/pH

Accuracy

∆pH = 0,05 pH

Response time τ95

<5s

Membrane resistance

1 - 2 GΩ

Length

16 mm

Diameter of the sensitive surface

1,6 mm

Service life

> 24 months

b) O2-sensors
The O2 measurements were also performed with miniaturised sensors from the Kurt-SchwabeInstitut für Mess- und Sensortechnik e.V. (KSI). In Tab. 6 the characteristics of the O2-sensor
are shown.
Tab. 6 Technical characteristics of the miniaturised O2-electrode
Technical data of the O2-sensor
Electric connector

SMB-plug

Measuring range

0 - 100% saturation
0 - 10 mg/L O2

Temperature range

5 - 40°C

Sensor flux at saturation (25°C)

0,5 - 1 nA

Accuracy

< 1% of the measuring range

Response time τ95

7 - 40 s (depending on membrane thickness)
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Tab. 6 Technical characteristics of the miniaturised O2-electrode (cont.)
Technical data of the O2-sensor (continued)
20 µm
16 mm
1,6 mm

Membrane thickness
Length
Diameter of the sensitive surface
Service life

> 1000 h (variable, depending on test solution)

Prior to the start of a test a calibration of the sensors is required. For both sensors, pH and O2,
this is done following a two-point calibration. Two buffer solutions (pH 4.66- pH 9.0) are
pumped consecutively through the bypass to calibrate the pH-sensor. The output value
indicates the sensitivity of the pH-sensor as a percentage (0-100%) of a set default value
measured in (mV/pH). For the calibration of the oxygen sensor an environment with 0 mg/l is
´created` by unplugging the sensor from the block for the first calibration point. Once the
sensor is plugged in again, the dissolved O2-concentration of the test medium is used as the
second value. The O2-concentration dissolved in aqueous solutions at a defined temperature
can be obtained from appropriate tables (e.g. Oehme & Schuler 1983). The sensitivity of the
O2-sensor is indicated in (pA x L/ mg), and should have values of over 20 pA x L/ mg. Further
details of the storage, cleaning and regeneration of the sensors can be found in Eich (2001).
2.1.3.3 Preparation and realisation of experiments
2.1.3.3.1 Experiments with a Lemna gibba culture pre-incubated in atrazine
L. gibba was grown in Erlenmeyer bottles with 20XAAP nutrient medium as previously
described in section 2.1.1.2. The nutrient solution used, had a final concentration of 250 µg/L
atrazine. Care was taken not to dilute the perfusion medium with too high a volume of
herbicide solution. The atrazine treated Lemna-culture was kept under the same conditions as
the stock culture. After one week, the atrazine medium was renewed as a precaution to avoid
a decrease in the atrazine concentration due to degradation.
2.1.3.3.2 Preparing the microbioreactor for operation
Prior to starting an experiment, the system is thoroughly rinsed with deionised water by
increasing the flux velocity of the pump. Afterwards the test medium is introduced and the
sensors are calibrated. The test medium used for all the experiments with plant material is
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freshly prepared before each test. Composition and characteristics of the test medium are
shown in Tab. 7.
Tab. 7 Test medium for plant material in the microbioreactors
(modified after Miedema and Prins, 1991).
Chemical compound

mg/L

CaCl2

499

KCl

186

KHCO3

75

pH 7,0-7,5

2.1.3.3.3 Introduction of plant material
In experiments with plants from the Lemnaceae family, 10-13 fronds (=organisms) were
taken for L. minor and L. gibba and 3-4 fronds for S. polyrrhiza. Tests with M. spicatum were
conducted with leaves from the upper five cm of the stem. The leaves were gently removed
with spring steel tweezers. Depending on the size of the leaves 3-5 leaves were introduced
into the microbioreactor. After connecting the microbioreactor to the flow-through system and
starting the data acquisition, the system was allowed to reach an equilibrium. Preliminary
tests had shown that the O2-production and the pH changes in the medium due to the test
organisms, and accordingly the test material, were not in a steady state at the early stages after
starting the flow-through test system. Therefore a period of about 4 hours for Lemna sp. and
of approximately 12 hours for Myriophyllum sp was chosen prior to application of the
herbicides to allow for equilibration of the experimental set-up.
2.1.3.3.4 Parameters selected in the microbioreactors
Table 8 presents an overview of the conditions and parameters used in the microbioreactor
test system.
Tab. 8 Relevant parameters in the tests with the microbioreactor
Light quality

Photoperiod

Light

Medium flux

variability (°C)

intensity
-1

Temperature

Recorded
parameters

-2

(µmol s m )
Cold light
source

60-75

Constant light

Max. 1.5°C per test

≈ 6.5 mL/h

O2, pH
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The light intensity was determined using a light measuring instrument (LiCor LI-250 with
quantum sensor LI-190SA, Walz, Effeltrich). The light intensity was recorded at the
corresponding height in the bioreactor of the perfusion test system were the test organisms
were positioned. The radiation in the range of 350-720 nm was measured in µmol photons per
s-1 m-2.
Previous studies had shown that a medium flux of 6.5 mL/h was suitable for the monitoring of
aquatic macrophytes in the microbioreactors (Eich, 2001).
2.1.3.3.5 Preparation of herbicide stock solutions and application of the herbicides
The herbicide stock solutions were prepared by weighing an appropriate amount of the
compound to be tested and dissolving it in de-ionised water. From this stock solutions all the
herbicide concentrations to be used were diluted with test medium accordingly. The
herbicides used displayed good water solubilities with the exception of triasulfuron. For this
herbicide a stock solution in DMSO (Dimethylsulfoxid, Sigma-Aldrich Chemie GmbH,
Muenchen, Germany) was prepared. The test concentrations were diluted with test medium
from this DMSO-stock solution, keeping the amount of DMSO in the test medium well below
100 mg/L. The prepared stock solutions were kept cool at 4 °C in the dark and replaced at
least after 1-2 weeks depending on the degradation rates available from literature (Tomlin,
1997).
The test concentrations were applied by stopping the pump and replacing the test medium
bottle with one containing the herbicide diluted in test medium. This procedure is carried out
during the bypass phase to avoid air entering the microbioreactors. Acceleration of the pump
will ensure that the air bubbles are not getting stuck at the sensors.
2.1.3.3.6 Data acquisition, program settings and measuring principle
The sensor system takes measurements every second, however, only every 10th value is
recorded. The data acquisition program is designed such that the medium is running 10 min
through the bioreactor and thereafter 5 min through the bypass. The switching between
bioreactor and bypass phase is regulated by a PC-controlled valve. Figure 6 shows the
measuring principle and a standard curve recorded for oxygen producing organisms (e.g.
macrophytes) in the microbioreactors as a 4-step process.
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Fig. 6 Measuring principle of the microbioreactors: The left side of the figure shows
microbioreactor schemes at different stages with the pump (1), the PC-controlled valve (2), the
bioreactor with the test organisms (3) and the sensor block (4). Fig. 6 A illustrates the test medium
flowing through the bypass and the constant O2-concentration recorded by the O2-sensor. This
concentration is the reference O2-concentration of the medium. The valve switches to the bioreactor
phase (B) and the oxygen accumulated in the bioreactors during the course of the bypass phase is
washed out. The O2-concentration measured in the medium increases. After the accumulated O2 is
washed out completely (C) the oxygen concentration of the microbioreactors reaches a plateau
concentration. Once the valve switches back to the bypass (D) the O2-concentration falls to the
levels at the start of the cycle. The difference between the plateau concentrations of bypass (V2)
and bioreactor (V1) represents the O2-production of the organisms (mg/L).
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2.1.3.3.7 Calculation of O2-rates and pH-values
After termination of the experiment the data is transferred into an excel file and processed
using a self-made macro-calculation (see Ritzenthaler (in prep.), for details). Basis of this
calculation is the timepoint where the valve switches between microbioreactor to bypass
and viceversa. Since every ten seconds one value is recorded the fifth value (50 s) before
switching of the valve from one position to the other is taken for the final calculation of
O2-production. The selected timepoint at 50 s before switching of the valve assures that the
plateau state is reached. These points have been shown to be best fitting for the 15min
cycle (10 min bioreactor-, 5 min bypass-phase) (Eich, 2001). Values displayed for the O2calculation are in mg O2 L-1. pH changes during the experiment are calculated in the same
way. The values displayed for the pH are full pH-units.

2.1.3.3.8 Data analysis
Results obtained in the microbioreactors are not further analysed statistically. Based on a
data set with three replicates and one control a detection of significant differences is not
possible. It is, however, important to stress that the laboratory test system presented does
not always allow for a stable measurement of probes. High experience is needed for
handling and measuring as well as for a correct evaluation of results. Parts of the
experiments present a high variability due to technical problems resulting in potentially
high standard deviations which could only have been reduced by an unduly number of
repetitions. Standard deviations therefore were omitted in all cases, even in those tests
presenting low variabilities.
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2.2.1 Test species
2.2.1.1 Species selection
The experimental set-up was designed to allow for the use of five macrophyte species. In
order to compare the effects of the active compounds on plants from different habitats, two
emerged, two submerged and one floating species were tested. For both emerged and
submerged, one monocotyledonous and one dicotyledonous species were selected. The five
species chosen were the following: emerged Glyceria maxima and Persicaria amphibia,
submerged Elodea canadensis and Myriophyllum spicatum and floating Lemna minor.
Glyceria sp., Elodea sp. and Lemna sp. are monocotyledonous plants and Persicaria sp.
and Myriophyllum sp. are dicotyledonous plant species.

2.2.1.2 Species description
Lemna minor L. (Lemnaceae) – Common duckweed
See description of species in the laboratory testing part of this section (2.1.1.1.).
Glyceria maxima (Hartman) O.Holmb. (Graminaceae) – Reed Sweet-grass
It is the largest of the Glyceria species being reed-like in its tall erect habit with heights of
over 2 m under favourable conditions. The leaf-sheaths are tubular for much of their length

2. Material and Methods

page 35

and have a smooth, glabrous surface. Glyceria sp. forms dense populations at the shores of
some lakes. Overall however, it is rather rare and confined to a few localities and it appears
to have been deliberately planted as an ornamental plant in some artificial lakes and ponds.
Persicaria amphibia (L.) Gray; Polygonum amphibium L. (Polygonaceae)– Amphibious
Bistort
The term ‘amphibious’ refers to the ability of this native species of bistort to grow in either
aquatic or terrestrial habitats, often both at the same site such as in lakes and their dry
shores. In water, the long stems form leathery to smoothy elliptic leaves that float on the
surface. The flowers are small and pink in small spikes. The leaves of the terrestrial form
have shorter stems and are thinner and soft-haired. Persicaria sp. is a common and
widespread species around lakes, rivers and canals.
Elodea canadensis Michaux (Hydrocharitaceae)– Canadian pondweed
The Canadian pondweed is a submerged aquatic perennial that has become a popular plant
for water gardens and cool water aquariums. It produces fragile, branching, tangled stems
of up to 3m long densely clad with short, lance-shaped to ovate dark green leaves in whorls
of three. Tiny, apetulous greenish-white flowers appear from July to September. Elodea sp.
is dioecious with male and female flowers appearing on separate plants. Male flowers are
rare, so propagation more often takes place by stem fragmentation than sexually. When
pollination does occur, it is waterborne (pollen drifts from male to female flowers). Plants
also produce buds (turions) which sink to the bottom in fall, overwinter as dormant buds
and produce new plants in spring.
Myriophyllum spicatum L. (Haloragaceae) – Eurasian water milfoil
See description of species in the laboratory testing part of this section (2.1.1.1.).

2.2.2 Study site and experimental design
The microcosm study was carried out at the Jealott’s Hill Research Station (Bracknell,
Berkshire, UK) between May and September 2004. The site (51°26’58” N, 0° 44’58” W)
includes eight 5- x 5- x 1.25-m concrete ponds arranged in two rows of four ponds on each
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side of a path. The four ponds used in this study were positioned in one row in order to
minimise climatic differences in terms of irradiation, wind conditions, etc. (Fig. 7)
Nine cylindrical fibreglass tanks with a diameter and a depth of 1.25 m were positioned in
each of the four concrete ponds. After positioning the fibreglass tanks, the concrete ponds
were filled with water to minimise temperature fluctuations in the microcosms. The 36
cylindrical microcosm tanks were used in this study for the testing of three different
herbicides. Simazine was tested at three different concentrations with three replicates per
concentration. Six control microcosm tanks were set up as reference for the evaluation of
all the herbicides. Following an incomplete randomised block design all the concentrations
and controls were distributed over the 36 microcosms.
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Fig. 7 Schematic view of the study site with eight available concrete ponds. The
labelling method used during the experiment to specifically define the mesocosm
tanks by indication of the pond number (Ponds 5 – 8) and the tank position (A – I) is
shown.

2.2.3 Microcosm set up
A 10 cm layer of sediment (commercially available soil from Brighton Loam Ltd.,
UK, moisturised with tap water) composed of 28% clay, 21% silt and 51% sand with a
final organic matter content of about 3.8% was placed in the bottom of each microcosm
tank and the tanks were filled with water from the mains 3 weeks prior to the introduction
of the first macrophytes. To minimise the amount of nutrients in the water column and
hence avoid an algal bloom during the period after herbicide application, two thirds of the
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water was pumped out one week after the first filling. The tanks were topped up with fresh
water from the mains trying not to disturb the sediment which could release bound
nutrients into the water column. This procedure was repeated after one week. A final filling
of each tank with fresh tap water in the course of the third week was meant to be sufficient
to guarantee a low nutrient content of the water. The depth of the water column in the tanks
was maintained between 1.05 ± 0.1 m (equivalent to about 1230 L).

2.2.4 Water quality and sediment composition
Before introducing the plants into the microcosms the water was aged for at least 48
hours to allow for chlorine evaporation. Water losses by evaporation (at about 10 cm
below starting level) were replaced with aged water from a spare concrete pond on the
Jealott’s Hill site. Fresh water from the mains and aged mains water from the spare pond
were analysed to detect traces of potential contaminations. Levels of contaminants in both
tap and mains water were well below environmentally relevant concentrations.
The temperature, pH, oxygen content, conductivity and turbidity of the water were
recorded in each mesocosm tank once a week. All the measurements were taken in the
morning, using a Hydrolab H2O Multiprobe (Hydrodata Services, London Colney, UK).
Additionally the nitrate concentration in the water column was monitored photometrically
at specific time points. Small samples of water were taken for this purpose and analysed in
the laboratory using the LCK339 nitrate cuvette test and a CADAS photometer (Dr. Bruno
Lange GmbH & Co. KG., Berlin, Germany). Nitrate concentrations in the water of the
microcosms were generally around or below the limit of detection of 1 mg/L.

2.2.5 Plant culturing, preparation and acclimation
All macrophytes were obtained from British Flora, High Wycombe, UK. Persicaria
sp., Elodea sp. and Myriophyllum sp. were delivered bundled in rings and were potted
without further treatment. Glyceria sp. had to be removed from the accompanying soil and
the slow release fertilizer to avoid the addition of nutrients to the system. Emergent and
submerged macrophytes were grown in plastic pots (Pöppelmann GmbH & Co. KG,
Lohne, Germany) with sediment. The sediment, which was the same as the one introduced
into the bottom of each microcosm, was added as a slurry to hold the plants in the pots.
Circular cellulose filter papers (Schleicher & Schuell MicroScience, Dassel, Germany)
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were put on the bottom of the plastic plant pots to prevent the sediment from leaving the
pots through bottom holes and to allow superfluous water to drain and hence stabilize the
plant roots in the sediment. The potted emerged plants were put in a pond with aged water
for acclimation. After approximately four and five weeks prior to application of the
herbicide, Glyceria sp. and Persicaria sp. plants were selected based on their lengths and
overall appearances and introduced in the microcosm tanks. As spring was particularly
cold in the UK in 2004, the submerged macrophyte species were only available at the end
of May. Due to the time schedule of the study, Elodea sp. and Myriophyllum sp. plants
were immediately introduced into the microcosm after potting. Twelve potted plants of
each species were arranged in culturing trays (Pöppelmann GmbH) and placed at a suitable
depth by positioning the trays on top of a pillar of plastic boxes (Semadeni Ltd.,
Ostermundingen, Switzerland). These pillars differed in height according to the specific
needs in terms of light availability of each species to allow for a reasonably quick growth
of the plants (Fig. 8).
The floating macrophyte species Lemna sp. was supplied in a plastic bag in water. It was
cultured in a spare cylindrical tank filled with aged tap water to allow adaptation under
conditions similar to those in the test. Two days before application 80 fronds were
introduced in each microcosm placing them in a styrofoam ring at the centre of the tank to
prevent the floating leaves from overgrowing the whole water surface and inducing a light
limitation for the submerged macrophyte species.
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M yriop hyllu m sp .
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1 25 cm

Fig. 8 Set-up in one mesocosm tank, with indications of
sizes for the most relevant test materials and for the
positioning of test organisms in the study.
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The concrete ponds, the microcosm tanks and the plant pots in each microcosm were
numbered individually to allow the identification of every single macrophyte (Fig. 9).
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Fig. 9 Test species position in one mesocosm tank with
the numbering code used to specifically define every
single plant pot.

2.2.6 Macrophyte sampling
The twelve plants available per tank for each rooted macrophyte species (Glyceria,
Persicaria, Elodea and Myriophyllum), allowed for the collection of two pots per species
on five sampling dates leaving two spare plant pots to replace accidentally damaged plants.
The sampling dates were selected as follows: one day before application (June, 23rd) and
14, 28, 56 and 84 days after application (DAA). A computer-based randomisation scheme
indicated the pots to be selected and the order in which the ponds and the tanks had to be
sampled on the different sampling dates.
Growth parameters evaluated for the rooted macrophyte species were length and number of
shoots, fresh and dry weight. For the submerged species (Elodea sp. and Myriophyllum
sp.), a differentiation in the length and the number of shoots, depending on shoot type, was
needed. The longest shoot was defined as main shoot, the branches developing from it or
new shoots growing out of the sediment as side shoots.
For the determination of fresh weight, the macrophytes were cut right above the sediment
surface, touch-dried with a paper towel and weighed. Then they were filled in individually
weighed paper bags and dried at 60°C for 48 hours to determine dry weight.
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For a non-invasive evaluation of photosynthetic efficiency, chlorophyll fluorescence was
measured using a portable mini-PAM (pulse amplitude modulator fluorimeter). This device
measures fluorescence by emitting saturated light pulses and comparing them to the current
maximal fluorescence (Walz, 1999). This parameter that records energy conversion during
photosynthesis (yield) is assessed by the following expression:
YIELD= (Fm´-F)/Fm´= ∆F/Fm´
Fm´ is the maximum fluorescence after a saturating light pulse given by the measuring
device and F is the actual fluorescence measured in the plant leaf before reception of the
saturating light pulse. The available mini-PAM could only be used for measurements on
the leaves of emergent Glyceria sp.. Additionally, for the macrophytes that reproduce
sexually (Persicaria sp. and Myriophyllum sp.), flower development was recorded as a
physiological endpoint.
The sampling of Lemna sp. was not conducted on a fixed time scale. The counting of
fronds and the determination of wet and dry weight was intended to happen when two
thirds of the water surface limited by the styrofoam ring would be overgrown. In this case
approximately one third of the fronds were to be sampled and evaluated according to the
criteria mentioned above. However, the arrangement in this set up and the displayed
growth rates for Lemna sp. were insufficient for any evaluation of this species in our
system.

2.2.7 Phytoplankton sampling
For the phytoplankton sampling, 250 ml wide-neck plastic bottles (Fisher Scientific,
Loughborough, UK) were used. On 0, 14, 28, 56 and 84 DAA, the water samples to be
analysed were taken from 5 to 10 cm below the water surface. The phytoplankton in the
sample was fixed with 6 mL of Lugol’s Iodine. The fixed samples were sealed and stored
in a dark place before sending them for evaluation to the Institut für Gewässerschutz
Mesocosm GmbH, Friedberg, Germany.
The water of a sub-sample of 50 mL was filtered to eliminate zooplankton and then left for
sedimentation. The phytoplankton, settled on the bottom of the container, was then
transferred to a microscope counting chamber for evaluation. The species present and the
number of individuals per species in the sub-sample were determined using an inverted
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microscope at a magnification of 400x. A strip of the counting chamber (width 100 µm)
along its diameter (2.6 cm) was counted with the aid of a grid. Knowing the counted area,
the total area of the plankton chamber and the sampled volume, the number of individuals
per mL could be calculated for each species (Tab. 9, Equation 1).
Tab. 9 Key data for the calculation of the number of
algae per mL.

530.93 (mm2)
----------------2.6 (mm2)

Area
counted
(mm2)

Total area
of plankton
chamber
(mm2)

Volume
sampled
(mL)

No. of
individuals

2.6

530.93

50

X

*

X
------------------ = Y individuals/mL
50

(Equation 1)

The evaluation of the algae data set was concentrated on the dominant species present in
the microcosm tanks. The dominant species were estimated and selected using one of the
following criteria:
- The species had to be present at a number of over 10 individuals per counting chamber
(equivalent to 40.8 individuals/mL) in all three replicates from one treatment at one
sampling occasion.
- The species had to be present at a number of over 10 individuals per counting chamber
(equivalent to 40.8 individuals/mL) in at least two out of three replicates from one
treatment making a total of over 50 counted individuals (equivalent to 204 individuals/mL)
at this sampling occasion.
Additionally the average sizes of the dominant species were measured to allow for the
calculation of the biomass (phytoplankton volume per water volume, e.g. µm3/mL). For
this purpose 10 individuals were selected and their length and width determined. Using
standard geometric forms (cylinder, sphere, square stone, cone) as surrogates of the algae
shape, the cell volume of the algae was calculated.
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Please note that for the total cell volume evaluation in the control microcosms, results are
based on five replicate microcosms only, instead of six. One replicate control microcosm
was discarded since the amount of green algae was ten times higher on day 0 than in the
other controls. Including this control microcosm into the evaluation would have biased the
results to conditions that would not have been representative of the real distribution of
algal tribes in the control.

2.2.8 Herbicide application and sampling regime for determination of
herbicide concentrations
Three different formulations of commercially available herbicides were used for
application (June 24, 2004) in this study.
The triazine herbicide simazine [6-chloro-N,N´-diethyl-1,3,5-triazine-2,4-diamine] was
applied as the formulated compound GESATOP 500 FW at concentrations of 50, 500 and
5000 µg a.i./L. The suspension concentrate containing 50% (weight/volume) of active
ingedient was diluted to a 1:100 (w/v) stock solution in deionised water. Application
solutions for each test concentration were diluted accordingly from the stock solution.
Dimethachlor

[2-chloro-N-(2,6-dimethylphenyl)-N-(2-methoxyethyl)

acetamide],

a

chloroacetanilide herbicide, was used as the formulated compound TERIDOX 500 EC at
concentrations of 3, 15, 75 and 375 µg a.i./L. The emulsifiable concentrate containing 50%
(w/v) of active ingedient was diluted to a 1:100 (w/v) stock solution in deionised water.
Application solutions for each test concentration were diluted accordingly from the stock
solution.
The sulfonylurea herbicide triasulfuron [2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl1,3,5-triazin-2-yl)amino]carbonyl]benzenesulfonamide] was applied as the formulated
compound LOGRAN 20WG at concentrations of 0.26, 1.3 and 13 µg a.i./L. The water
dispersible granules containing 20% (w/w) of active ingredient were diluted to a 1:100
(w/v) stock solution in deionised water. Application solutions for each test concentration
were diluted accordingly from the stock solution.
An application volume of 1.5 L was poured evenly over the water surface for each of the
three replicates for one concentration. Direct contact with the foliage of the emerged
macrophyte species or direct pouring over the submerged species was avoided. Gentle
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mixing of the herbicide solution in the water column was done using a wooden stick. The
control microcosm tanks were treated with 1.5 L of deionised water. All concentrations
below refer to concentrations of the active ingredient.
Three hours after application of simazine, water samples were taken from all microcosms
to confirm treatment concentrations. Further water samples were taken 14 and 56 days
after application. On each occasion a water sample of 30 mL was taken from each tank
made up of three sub-samples of 10 mL collected from different areas of the tank at 5 to 10
cm below the water surface.

2.2.9 Analytical determination of the herbicides
2.2.9.1 Sample and calibration standard preparation
Aliquots of the water samples were diluted with deionised water and transferred into
the autosampler vials for analysis by LC-MS-MS.
At least one untreated control was analysed with each batch of samples to demonstrate the
absence of cross contamination. In addition, at least two control samples fortified with
known amounts of simazine were analysed with each batch of samples to quantify
recovery. LC-MS-MS calibration standards were prepared in methanol/water (30:70, v/v)
with each analysed batch of dimethachlor and simazine, and in acetonitrile/water (20:80,
v/v) for triasulfuron. The analytical determination of the herbicides by LC-MS-MS was
performed by the Analytical Team at the Jealott´s Hill International Research Centre in the
UK.
2.2.9.2 Final determination by LC-MS-MS
a) Simazine
Instrument description:
Pump
Degasser
Column Oven
Detector
Autosampler
Gas Supply

: Agilent 1100 series quaternary pump model number G1311A
: Agilent 1100 series model number G1322A
: Agilent 1100 series model number G1316A fitted with column
switching valve
: Applied Biosystems API 4000 triple quadrupole mass
spectrometer with AnalystTM software version 1.3.1
: CTC HTS PAL
: Peak Scientific NM20ZA gas station
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Chromatography Conditions:
Column
: Kromasil KR100 ODS 5 µm, 50 mm x 3.2 mm i.d.
Column Oven Temperature : 40°C
Flow rate
: 1.0 mL min-1
Injection volume
: 50 µL
Stop Time
: 3.5 minutes
Injection protocol
: Analyse calibration standard after 3 to 4 sample injections
Mobile phase
: Solvent A = Methanol
Solvent B = 0.2% (v/v) acetic acid in water
Mobile phase gradient:
Time (min)

%A

%B

0.0
2.0
2.4
2.5
3.5

30
95
95
30
30

70
5
5
70
70

Column switching valve program:
Time (min)
0.0
0.75

Valve position
To waste
To mass spectrometer

Note: The column eluate is diverted to waste for the first 0.75 min to prevent ionic material
from the sample contaminating the mass spectrometer front plate. A secondary pump
providing flow of mobile phase to the mass spectrometer when the column eluate is
switched to waste was found to be unnecessary.
b) Dimethachlor
Instrument description:
Pump
Degasser
Column Oven
Detector
Autosampler
Gas Supply

: Agilent 1100 series quaternary pump model number G1311A
: Agilent 1100 series model number G1322A
: Agilent 1100 series model number G1316A fitted with column
switching valve
: Applied Biosystems API3000 triple quadrupole mass
spectrometer with AnalystTM software version 1.3.1
: CTC HTS PAL
: Peak Scientific NM20ZA gas station

Chromatography Conditions:
Column
Column Oven Temperature
Flow rate
Injection volume

: Kromasil KR100 ODS 5 µm, 50 mm x 3.2 mm i.d.
: 50°C
: 1.0 mL min-1
: 25 µL
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: 4 minutes
: Analyse calibration standard after 3 to 4 sample injections
: Solvent A = Methanol
Solvent B = 0.2% (v/v) acetic acid in water

Mobile phase gradient:
Time (min)
0.0
2.0
2.9
3.0
4.0

%A
30
95
95
30
30

%B
70
5
5
70
70

Column switching valve program kept the same as for simazine.
c) Triasulfuron
Instrument description:
Same instruments were used as for dimethachlor.
Chromatography Conditions:
Column
Column Oven Temperature
Flow rate
Injection volume
Stop Time
Injection protocol
Mobile phase

: Kromasil KR100 ODS 5 µm, 50 mm x 3.2 mm i.d.
: 40°C
: 1.0 mL min-1
: 50 µL
: 3.5 minutes
: Analyse calibration standard after 3 to 4 sample injections
: Solvent A = Acetonitrile
Solvent B = 0.2% (v/v) acetic acid in water

Mobile phase gradient:
Time (min)
0.0
2.0
2.4
2.5
3.5

%A
20
90
90
20
20

%B
80
10
10
80
80

Column switching valve program kept the same as for simazine.
2.2.9.3 Calculation of results
Herbicide residues were calculated in µg L-1 for each sample using a mean standard
response from each of the injections bracketing the sample as follows.
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a) Repeated injections of a standard containing the analysed herbicide at an appropriate
concentration into the LC-MS-MS operated under conditions as described previously
were made. When a consistent response was obtained, the peak obtained was
measured.
b) An injection of each sample solution was made and the peak areas of the peaks
corresponding to the evaluated herbicide measured.
c) The standard solution was re-injected after a maximum of four injections of sample
solutions.
d) The herbicide residue in the sample was calculated, expressed as µg L-1, using a mean
standard response from each of the injections bracketing the sample as follows.
Residue = PK area (SA)
PK area (STD)
PK area (SA)
PK area (STD)
Standard Conc.

x Standard Conc. x 1000

= Peak response for sample
= Average peak response for bracketing standards
= Concentration of standard (µg L-1)

If residues needed to be corrected for average percentage recovery, then the equation
below was used.
Corrected Residue =

Residue x 100
Average percentage Recovery

(µg L-1)

2.2.9.4 Detector Linearity
For accurate quantification of residue concentrations, analyses were carried out within the
linear range of detector response.
The linearity of the LC-MS-MS detector response for simazine and dimethachlor was
tested in the range from 1.25 pg to 2.5 ng (from 2.5 pg to 5 ng for triasulfuron) injected on
column (equivalent to sample residues of 0.05 µg L-1 to 100 µg L-1) and were found to be
linear. If a residue beyond the tested concentration range was expected, the sample was
diluted appropriately to bring it within the tested linear range prior to quantification.
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2.2.9.5 Limit of Quantification and Limit of Detection
2.2.9.5.1 Limit of Quantification (LOQ)
The limit of quantification of the method was defined as the lowest analyte concentration
in a sample at which the methodology had been validated and a mean recovery of 70-110%
with a relative standard deviation of ≤ 20% had been obtained.
Generally, for accurate quantification, the response for an analyte peak should not be lower
than four times the mean amplitude of the background noise in an untreated sample at the
corresponding retention time.
The limit of quantification was set at 0.1 µg L-1 for the three herbicides.

2.2.9.5.2 Limit of Detection (LOD)
The limit of detection of the method was defined as the lowest analyte concentration
detectable above the mean amplitude of the background noise in an untreated sample at the
corresponding retention time. An estimate of the LOD can be taken as four times
background noise. Note that the LOD may vary between runs and from instrument to
instrument. The limit of detection for this procedure is estimated at 0.01 µg L-1 for
simazine, and at 0.02 µg L-1 for dimethachlor and triasulfuron.

2.2.10 Data analysis
For the evaluation of water quality parameters and photosynthetic yield, a repeated
measure ANOVA with a Bonferroni-Dunn correction was used to detect herbicide induced
differences. The same statistical method was applied to determine significant changes on
the number and biomass of the dominant algae present in the microcosm tanks during the
experimental period. A logarithmic transformation (log (x +1)) of the algae data was
performed prior to statistical evaluation to minimise variation and achieve normal
distribution of the data. Significant differences to the control are based on five percent
probability levels. Statistical analyses performed on these data were carried out using
StatView (version 4.51) (Abacus Concepts, 1995).
For the macrophyte endpoints, a two-sided Dunnett test (Hsu, 1996) was carried out on
each response variable at each sampling date, using an estimate of error from analysis of
variance (ANOVA) appropriate to a randomised incomplete block design. In these tests,
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comparisons were made between each simazine treatment and the control. All such tests
were carried out at the five percent probability level. Statistical analyses performed on
these data were carried out using SAS (version 9.1) (SAS Institute, 2002/03).
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3. RESULTS
3.1 LABORATORY TESTING
3.1.1 Photosynthesis inhibiting herbicides
a) Effects of atrazine
Effects on O2 and pH of the medium in the microbioreactor test system with Lemna gibba
after exposure to atrazine at different concentrations are presented in Fig. 10.

Mean inhibition of O2-production as
compared to control (%)
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100
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0
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3

6
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Time after application (h)
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Mean changes in pH as compared
to control (%)
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24

36
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Fig. 10 Percentages of the mean (n=3) inhibition of O2-production (upper graph) and
mean (n=3) changes in pH (lower graph) for Lemna gibba at different concentrations
of atrazine as compared to the control 1, 3, 6, 12, 24, 36 and 48 hours after application.
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Figure 10 shows the mean effects of the herbicide atrazine at different concentrations on
the O2-production of L. gibba and the resulting pH changes in the medium as compared to
the control. The inhibition of the O2-production over time (Fig. 10, upper graph) increased
with increasing atrazine concentrations, reaching a maximum in the highest concentration
of 500 µg a.i./L after 12 h of application with 124.2 % and decreasing slightly in the next
12 h to 95.4 % inhibition. At 100 % inhibition of O2-production the level of O2 in the
perfusion solution starts to decrease due to the respiration of the test organisms. For the pH
it would indicate the timepoint where the pH of the medium becomes lower than the one in
the perfusion solution. In the 100 and 200 µg/L atrazine treatments O2-inhibition almost
reached 30 % as compared to the controls. Values were constant for the timepoints
available at three and six hours after treatment of 200 µg/L and in the 100 µg/L atrazine
treatment from three hours onwards. For the lower concentrations of 25 and 50 µg/L
maximum inhibition over a period of 48 h was recorded after 12 h, with 26.7 and 21.8 %
inhibition of O2-production, respectively.
A concentration-dependent increase of the percentage of mean pH-changes as compared to
the control was also observed (Fig. 10, lower graph) for the 200 and 500 µg/L atrazine
treatments. Mean changes reached after 6 h of application at the highest concentration were
174.2 % inhibition, decreasing thereafter to 79.4 % (24 h). In the 200 µg a.i./L treatment
mean pH-changes ranged between 22 % and 34.5 % over a 24-h period. At the lower
concentrations (50 and 100 µg a.i./L) the percentage of mean pH-changes never exceeded

Mean inhibition of O2-production
as compared to control (%)

15 % of the control.
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40
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Time after application (h)

Fig. 11 Percentage of the mean (n=3) inhibition of O2-production for
Lemna minor at different concentrations of atrazine as compared to the
control 1, 3, 6, 12, and 24 hours after application.
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The mean inhibition of the O2-production of L. minor was also concentration-dependent,
but at a lower level than for L. gibba (Fig. 11). Inhibition of O2-production at 750 µg/L
atrazine was highest six hours after application with 148.6 %, while at 500 µg a.i./L it only
reached 57.2 % after 12 hours. For the 200 µg/L atrazine treatment the recorded inhibition
of the O2-production was greatest after 12 h with 22.7 %.

Mean inhibition of O2-production
as compared to control (%)
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Lemna gibba
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80
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Fig. 12 Percentage of the mean (n=3) inhibition of O2-production for the Lemnaceae
(Lemna gibba, L. minor and Spirodela polyrrhiza) at 500 µg/L atrazine as compared to
the control 1, 3, 6, 12, and 24 hours after application.

Intraspecific comparison of the mean inhibition of the O2-production of the Lemnaceae
species L. gibba, L. minor and S. polyrrhiza after application of 500 µg/L atrazine (Fig.
12), resulted in L. gibba being the most sensitive species with maximum inhibition (124.2
%) after 12 h, followed by S. polyrrhiza with 71.1 % after six hours and L. minor with 57.2
% after 12 h. At the end of test after 24 h the mean inhibition of the O2-production was
95.4, 55.8 and 52.8 % for L. gibba, L .minor and S. polyrrhiza, respectively.

Mean inhibition of O2-production
as compared to control (%)
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Fig. 13 Percentages of the mean (n=3) inhibition of O2-production (upper
graph) and mean (n=3) changes in pH (lower graph) for Myriophyllum
spicatum at different concentrations of atrazine as compared to the control 1, 3,
6, 12, 24, 36 and (48) hours after application.

The mean effects of atrazine at different concentrations on the O2-production of M.
spicatum and the resulting pH changes in the medium as compared to the control are
displayed in Fig. 13. The mean inhibition of the O2-production was highest in the 500 µg/L
atrazine concentration with values ranging between 44.3 and 54.9 % over a 36 h testing
period (Fig. 13, upper graph). Mean inhibition in the 200 µg a.i./L treatment was slightly
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higher than in the 250 µg a.i./L concentration in the first six hours after application,
thereafter being lower until the end of the experiment. The mean inhibition in the 250 µg/L
atrazine treatment ranged 19.9 and 28.7 %.
Results of the percentage of mean changes in pH are not very conclusive (Fig. 13, lower
graph). In the 200 µg/L atrazine concentration the values steadily increased until 12 h after
application to 34.7 % and then decreased to 13.6 % after 36 h. In the second highest
concentration the highest changes were observed after 6 and 24 h, with mean pH changes
of 47.6 and 45.0 %, respectively. The 500 µg a.i./L treatment displayed the biggest
changes after 3 and 24 h with 52.7 and 54.1 %.
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Fig. 14 Percentage of the mean (n=3) inhibition of O2-production for L. gibba, L.
minor, S. polyrrhiza and M. spicatum at 500 µg/L atrazine as compared to the
control 1, 3, 6, 12, 24 and 36 hours after application.
The mean inhibition of the O2-production as compared to the controls of four macrophyte
species after application of 500 µg/L atrazine is presented in Fig. 14. The inhibition
increased steadily for all species until 12 h after application. Values recorded afterwards
were clearly or slightly below. The species sensitivity ranking from the most to the least
sensitive species was: L. gibba, S. polyrrhiza, L. minor and M. spicatum for the timepoint
12 h after application. 24 h after application all the macrophytes besides L. gibba, which
was the most sensitive macrophyte at all timepoints, displayed similar sensitivity
(approximately 55 % inhibition compared to 95 % for L. gibba).
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b) Kinetic of effects and recovery
Figure 15 shows the O2-production and the changes of pH in the medium in a test with L.
gibba after application of atrazine at 500 µg/L atrazine with a subsequent recovery phase
after 1345 min of herbicide exposition. The O2-production decreases very fast after
application of the herbicide and reaches negative production, i.e. the respiration of the
organisms is higher than the O2-production.
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Fig. 15 O2-production (mg/L) and pH-changes (full pH-units) during the course of a test
with L. gibba after application of 500 µg/L atrazine 230 min after start. Fresh control
medium is added after 1575 min.
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These effects in the O2-production of Lemna sp. are immediately observed with the highest
impact and a resulting respiration recorded approximately 1.5-2 hours after application. In
the following the respiration is steadily reduced and the balance between O2-production
and –consumption reached 14 hours after addition of the atrazine. At the moment of the
addition of fresh, control medium (1575 min) the O2-production increases rapidly again
and equivalent values to those obtained before application are recorded 2 hours after
stopping the exposure to atrazine. After this timepoint the O2-production increases further,
resulting in a production of O2 that was higher than at the start of the experiment (0.8 mg/L
O2 vs. 0.5 mg/L O2). Similar kinetics are observed for the pH-changes in the medium, with
a faster decrease in the pH after approximately 1 h that results in lower, negative pH values
compared to those in the application solution after addition of atrazine. A subsequent
steady increase to more positive pH changes during the atrazine application phase and a
regain of pre-application levels after addition of fresh control medium can be observed.
Figure 16 shows a very similar pattern of effects on the O2-production and on the pH of the
medium after application of 750 µg/L atrazine to L. minor, as those previously described
for L. gibba. The reaction time i.e. the time between application and the lowest recorded
values in the experiment, due to the effects of atrazine observed for L minor, is also faster
while monitoring the pH-changes in the medium than by monitoring the O2-production.
The subsequent decrease of the respiration rates towards a positive netto-O2-production, as
seen for L. gibba, is much slower for L. minor, hence positive O2-production can not be
observed after approximately 14 h of atrazine application. Similar observation are made for
the pH-changes in the medium. After addition of the fresh, control medium, O2 and pH
regained the levels recorded prior to the application.
The peaks observed in both graphs during the course of the experiment, e.g. between 900
and 1100 min in the O2-production curve, result from air bubbles getting stuck at the
sensors during short periods of time. Smaller peaks might be generated due to electric
noise in the vicinity of the microbioreactor system.
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Fig. 16 O2-production (mg/L) and pH-changes (full pH-units) during the course of a test
with L. minor after application of 750 µg/L atrazine 220 min after start. Fresh control
medium is added after 1680 min.

The changes in the O2-production and in the pH of the medium for M. spicatum after
application of 500 µg/L atrazine are presented in Fig. 17. Similar responses as observed in
Fig. 15 and 16 for L. gibba and L. minor were observed. O2-production and the increased
pH of the medium, both decrease rapidly after application of the herbicide, thereafter a
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slight continuous decrease in the O2-production and in the pH is still observed until 14 h
after application before the values of O2 start to stabilise. No respiration or negative pH
differences when compared to the application solution were obtained during the
experiment. A recovery of the O2-production or the pH towards more positive values
during the application of atrazine, as recorded for both Lemna species, was not observed.
After addition of the fresh control medium the O2-production almost reached preapplication values, while the pH increased to a level below pre-application. However, in
the following days after addition of fresh medium the pH and to a lesser extent the O2
steadily decreased. This is mainly caused by a loss of fitness after longer periods of time of
the Myriophyllum leaves placed in the microbioreactor system.
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Fig. 17 O2-production (mg/L) and pH-changes (full pH-units) during the
course of a test with M.spicatum after application of 500 µg/L atrazine 130
min after start. Fresh control medium is added after 2545 min.
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c) Effects after preincubation of a L.gibba-culture in atrazine
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Fig. 18 Mean (n=3) O2-production (upper graph) and mean changes in pH (lower
graph) as percentual difference from the starting (0 h-) value after application of
atrazine at different concentrations to a L. gibba-culture previously incubated in
20 XAAP-medium with 250 µg/L atrazine. Incubation time was 74 h, 24 h, and 7
d for the 0, 250, and 500 µg/L atrazine treatments, respectively.
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The response of L. gibba after application of atrazine at concentrations of 250 and 500 µg
a.i./L and by addition of control medium, if the culture was previously incubated in a
nutrient solution with 250 µg/L atrazine, is shown in Fig. 18. Application of 250 µg a.i./L
did not lead to substantial changes in the O2-production (Fig. 18, upper graph), while the
pH of the medium increased to values approximately 30 % higher than those at the start of
the test during the course of the study (Fig. 18, lower graph). The increase of the atrazine
concentration applied to the system to 500 µg a.i./L, led to substantial reductions in the
mean O2-production and to lower pH values in the medium. The extent of the reduction,
however, was less pronounced than in the experiments with L. gibba from a culture that
was not pre-incubated with atrazine, since the mean O2-production and the pH did not
reach 100 % inhibition. Figure 18 also shows the kinetics of O2 and pH after application of
fresh control medium to the pre-incubated Lemna sp.. Mean O2-production increased
immediately to over 210 % of the starting values, while in the pH the increase was of
approximately 160 %. Values increased until 12 h after addition of the control medium to
292 % for the O2-production and to 166 % for the pH-increase. A slight decrease was
observed towards the end of the experiment (36 h) in the O2-production with 265 %, while
the pH slightly decreased at 24 h to reach the highest recorded value of 174 % after 36 h.

Tab. 10 O2-production (mg/L), biomass (mg), O2-production per mg biomass (1/L) and
resulting activity (%) of three L.gibba replicates (12-13 fronds per replicate) after
incubation during 7 days in 250 µg/L atrazine based on the controls.
O2-production
(mg/L)

Biomass
(mg)

O2-production per mg
(1/L)

Activity
(%)

control

0.620

58.89

0.0105

100.0

atrazine replicate 1

0.636

26.84

0.0237

225.7

atrazine replicate 2

0.557

30.48

0.0183

174.3

atrazine replicate 3

0.582

26.40

0.0220

209.5

Table 10 summarises the O2-production, the biomass, the O2-production per mg biomass
and the resulting activity of L.gibba after incubation of the culture during 7 days at 250
µg/L atrazine as compared to the controls. The activity, as the quotient between the O2production per mg biomass from Lemna sp. out of an atrazine incubated culture and from
the stock culture, was markedly increased in the treatments pre-incubated with 250 µg/L
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atrazine. The biomass in the atrazine replicates was reduced compared to the control, but
their O2-production displayed similar values as those from the control, resulting in a higher
O2-production per mg biomass.

Mean inhibition as
compared to control (%)

d) Effects of simazine, as the formulated compound GESATOP 500 FW
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Fig. 19 Mean (n=3) inhibition of the O2-production and of the pH-changes in the medium
with L. gibba and M. spicatum after application of GESATOP (a.i. simazine) at 500 µg
a.i./L during a 48h-test period.
The effects of the triazine herbicide simazine (as the formulated compound GESATOP) on
the O2-production and the pH changes in the medium of the macrophytes L. gibba and M.
spicatum at a concentration of 500 µg a.i./L are shown in Fig. 19. Similar inhibition was
recorded for both parameters, O2-production and pH-changes, and for both macrophytes.
The values stayed between 69 and 82 % inhibition from 12 h after application of the
herbicide until the end of the test at 48 h.
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3.1.2 Herbicides with different modes of action
a) Effects of diquat

Mean inhibition as
compared to control (%)

80
70
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Fig. 20 Mean (n=3) inhibition of the O2-production and of the pH changes in the
medium after application of diquat at 10.2 µg a.i./L to L. gibba as compared to the
control in a 48 h test.

The effects of the herbicide diquat on the O2-production and the pH of the medium in a
48h-test with L. gibba after application of 10.2 µg/L diquat is shown in Fig. 20. The
inhibition of the O2-production and the pH with values differing to those in the control by
more than 15 % started to become visible between 12 and 24 h after application, increasing
in the following until the end of the experiment. Values recorded at 24, 36 and 48 h after
diquat application showed an inhibition of 28.7, 44.9 and 67.2 % for the O2-production
and of 39.5, 55.4 and 76.0 % reduction for the pH as compared to the control.

b) Effects of S-metolachlor
Application of S-metolachlor at concentrations of 500 and 1000 µg a.i./L to L. gibba and
M. spicatum inhibited the O2-production after 24 h by more than 15 % (Fig. 21). Effects
observed for both macrophytes at 500 µg/L S-metolachlor were similar after 12 and 24 h
with values slightly higher than 15 %, while at the highest concentration (1000 µg a.i./L)
M. spicatum was inhibited by 29 % after 24 h compared to the 19 % for L. gibba.

Mean inhibition of O2-production
as compared to control (%)
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Fig. 21 Mean (n=3) inhibition of the O2-production as compared to the control
in experiments with L. gibba (yellow) and M. spicatum (green) after application
of 500 and 1000 µg/L S-metolachlor.

c) Effects of glyphosate
Figure 22 displays the production of O2 as compared to the control for L. gibba and M.
spicatum at different concentrations of glyphosate during a 48 h-test. A slightly increased
O2-production ranging between 7 and 32 % as compared to the control was observed
during the experiment for L.gibba after application of 2000 and 4000 µg/L glyphosate.
Concentrations of 500, 1000 and 2000 µg/L glyphosate did not result in an increased O2production of M. spicatum in the two lowest concentrations tested, but showed a
production of O2 that was between 62 and 102 % higher as the one recorded in the control
for the 2000 µg a.i./L treatment.
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to control (%)
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Fig. 22 Mean (n=3) production of O2 as compared to the control for L. gibba (yellow)
after application of glyphosate at concentrations of 2000 and 4000 µg/L and M. spicatum
(green) at 500, 1000 and 2000 µg/L during a 48h-test period.

d) Effects of other tested herbicides
Results for the herbicides triasulfuron and 2,4-D, as well as for the formulated compounds
LOGRAN 20 WG (a.i. triasulfuron) and TERIDOX 500 EC (a.i. dimethachlor) are not
shown, since no effects were observed at the selected and tested concentrations.

3.1.3 Overview of results for the herbicide testing in the microbioreactors with
L. gibba and M. spicatum
Table 11 summarises the experiments performed in the microbioreactor test system
indicating the herbicides and concentrations used and giving NOECs and LOECs based on
the effects observed after 24 hours.
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Tab. 11 Summary of laboratory experiments for the tested herbicides and concentrations
with indication of a NOEC and LOEC based on the effects observed 24 h after application
for L. gibba and M. spicatum.
Lemna gibba

Herbicide (as a.i.)

Tested concentration
(µg a.i./L)

NOEC (24 h)

LOEC (24 h)

Atrazine

25, 50, 100, 200, 500

< 25

25

50, 500

50

500

Triasulfuron

2, 4

4

>4

Triasulfuron (LOGRAN)

n.a.

n.a.

n.a.

250, 500, 1000

250

500

375, 750

750

> 750

Diquat

1.3, 2.6, 5.1, 10.2

5.1

10.2

2,4-D

450, 500, 900

900

> 900

2000, 4000

< 2000

2000

Simazine (GESATOP)

S-metolachlor
Dimethachlor (TERIDOX)

Glyphosate

Myriophyllum spicatum
Tested concentration
(µg a.i./L)

NOEC (24 h)

LOEC (24 h)

200, 250, 500

< 200

200

50, 500

50

500

2, 4

4

>4

13, 26

26

> 26

250, 500, 1000

250

500

375, 750

750

> 750

Diquat

n.a.

n.a.

n.a.

2,4-D

150, 450

450

> 450

500, 1000, 2000

1000

2000

Herbicide (as a.i.)
Atrazine
Simazine (GESATOP)
Triasulfuron
Triasulfuron (LOGRAN)
S-metolachlor
Dimethachlor (TERIDOX)

Glyphosate
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3.2 FIELD TESTING
3.2.1 GESATOP 500 FW (a.i. simazine)

66

3.2.2 TERIDOX 500 EC ( a.i. dimethachlor)

86

3.2.3 LOGRAN 20 WG (a.i. triasulfuron)

102

3.2.4 Variability of macrophytes in the field testing

119

In the following the terms nominal concentration and mean measured initial concentration
will be used, since they are common in ecotoxicological or chemical terminology.
The nominal concentration is the concentration intended to be achieved in a solution, i.e. in
the water of the microcosm tanks. This concentration is set in the preliminary phase of the
test preparation and selected according to the goals of the experiment, i.e. establishment of a
realistic exposure scenario in the present study design.
Once the nominal concentration is known, the water volume of the microcosms has to be
estimated, since the concentration of the stock solution and the final volume to be applied to
have to be matched. For our microcosm tanks the volume of a cylinder served as a reference
for calculation. This estimation however is subject to errors since the water displaced by the
plant material, the plastic box supports and the sediment can only be calculated roughly.
The herbicide stock solutions prepared for the application, which are highly concentrated
herbicide solutions, are calculated based on the nominal concentrations determined for the
herbicide and based on the microcosm tank volume. As mentioned above, this volume
estimation is not very precise. Therefore after application of the herbicide the concentration
in the water is determined analytically. This concentration is the mean measured initial
concentration.
In the tables presented below (Tab. 12, 16 and 18) containing the herbicide concentrations
analytically determined in the water of the microcosm tanks on days 0, 15 and 57 after
application, the mean measured initial concentration on day 0 is expressed as the percentage
of the nominal concentration and theoretically could be equal to 100 %. If the mean measured
initial concentration differs by more than 15 % from the nominal concentration it is common
practice in ecotoxicological studies to refer the results to the mean measured initial
concentration of the herbicide present in the water instead of referring it to the nominal
concentrations. Since this was the case for all the simazine and dimethachlor concentrations
as well as for the highest triasulfuron concentration, the results for these microcosm tanks are
based on the mean measured initial concentration and not on the nominal concentration. The
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nominal concentration served only as reference for the two lower concentrations of
triasulfuron since the mean measured initial concentration differed less than 15 % from the
nominal concentration.

3.2.1 GESATOP 500 FW (a.i. simazine)
3.2.1.1 Analytical determination of simazine in the water of the microcosms during the
study
Analytically determined concentrations in the water of the microcosm tanks three hours after
application exceeded the nominal applied concentrations (0.05, 0.5, 5 mg a.i./L) in all the
treatments by more than 60 % (Tab. 12). An overdosing of the system has to be assumed at
mean initial concentrations exceeding the nominal concentrations by more than 20%.
Therefore in the following, the results are referred to the mean measured initial
concentrations at day 0, i.e. of 0.08, 1.1 and 8.5 mg a.i./L, respectively. Standard deviations
between the microcosms of one treatment were low, except for the intermediate
concentration of simazine (nominally 0.5 mg a.i./L).

Tab. 12 Mean (SD, n=3) measured simazine concentrations in the water of the microcosm tanks on days 0, 15 and 57
after application (DAA) and percentage of the mean measured initial concentration on the 15th and 57th DAA.
0 DAA

15 DAA

57 DAA

Nominal
concentration
(mg a.i./L)

Mean (SD)
measured
initial
concentration
[mg a.i./L]

Mean (SD)
nominal
concentration
[%]

Mean (SD)
measured
concentration
[mg a.i./L]

0.050

0.083
(0.005)

166
(6.1)

0.041
(0.001)

49.4

0.030
(0.006)

36.1

0.50

1.11
(0.29)

222.3
(25.8)

0.48
(0.01)

43.2

0.18
(0.07)

16.2

5.00

8.47
(0.27)

169.3
(3.2)

3.00
(0.08)

35.4

0.97
(0.26)

11.5

Mean
measured
initial
concentration
[%]

Mean (SD) Mean measured
measured
initial
concentration concentration
[mg a.i./L]
[%]

By day 15 the concentration of simazine in the water from the different treatments had
decreased to 49.4, 43.2 and 35.4 % of the mean measured initial concentrations from lowest
to highest treatments, respectively. On day 57 the simazine concentrations determined in the
water of the microcosms indicated higher variability between the different tanks from one
treatment than observed on day 15. Mean measured concentrations on day 57 from lowest to
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highest simazine treatment were 0.030 (± 0.006), 0.182 (± 0.068) and 0.965 (± 0.258) mg
a.i./L, thus being 36.1, 16.4 and 11.4 % of the mean measured initial concentration. In the
water from the control microcosms no herbicide contaminations could be found (data not
shown).

3.2.1.2 Monitoring of water quality parameters
The temperature measured in the water of the microcosm tanks during the course of the
study ranged from 15.0 ± 0.2 °C at the beginning of the study and 15.1 ± 0.1 °C at the end
(Fig. 23). Maximum recorded water temperature was 22.7 ± 0.2 °C in the first week of
August.

Water temperature (°C)

24.0
22.0
20.0
18.0
16.0
14.0
12.0
10.0
0
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21

28

35

42
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70

77

84

Days after application (d)

Fig. 23 Mean (± standard error, n=15) water temperature (°C) measured
during the experimental period after application of the herbicide.
The dissolved oxygen (DO) content (% saturation) in the water of the microcosms revealed a
concentration-related pattern over the study period (Fig. 24). The two highest simazine
concentrations displayed lower DO contents than the control and the lowest simazine
concentration at all time points after day 5 of herbicide application. The overall lowest
concentration was recorded on day 19 in the highest simazine concentration at a level of 47.6
± 5.5 %, compared to the 112.8 ± 10.5 % of the control. Differences of the oxygen saturation
in the water of the microcosms from these two treatments were always at least 30 %.
Similar concentration-related responses were observed for pH and conductivity in the water
of the microcosm tanks (Fig. 24, 25). The pH stayed almost constant over the whole study
period in all the microcosms treated with simazine (Fig. 24). A slight pH increase in the last
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two weeks of the test was only measured in the lowest concentration of simazine. The pH in
the control steadily increased during almost the entire test duration with values on the day of
application of 7.61 ± 0.05. The highest pH was measured on day 75 with 9.80 ± 0.42 and the
last recorded value after 82 days was 9.14 ± 0.34.
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Fig. 24 Mean (± standard error, n = 6 for the controls, n = 3 for the simazine treatments)
dissolved oxygen (% saturation) (upper graph) and pH (pH-units) (lower graph))
measured during the experimental period after application of the herbicide. Letters
indicate significant differences (p < 0.05, repeated measures ANOVA with BonferroniDunn correction) compared to the control. Moreover, different letters indicate significant
differences between treatments.
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An inverse pattern of the conductivity measured in the water of the microcosms was obtained
during the study compared to that of the DO and the pH. The specific conductivity steadily
decreased in the control and to a lesser extent in the lowest concentration of simazine. The
two highest simazine treatments displayed almost identical values and showed a steady
increase of the conductivity in the water of these tanks.
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Fig. 25 Mean (± standard error, n = 6 for the controls, n = 3 for the simazine treatments)
conductivity (µS/cm) measured during the experimental period after application of the
herbicide in the water of the microcosm tanks. Letters indicate significant differences (p
< 0.05, repeated measures ANOVA with Bonferroni-Dunn correction) compared to the
control. Moreover, different letters indicate significant differences between treatments.
3.2.1.3 Macrophyte sampling
a) Growth parameters
Lemna minor did not grow in any of the microcosm tanks and therefore no results are
shown for this species for any of the herbicides (c.f. discussion).
Results for the length increase of the four rooted macrophyte species are shown in Fig. 26.
The length increase of the main shoot of the submerged macrophyte M. spicatum was
significantly affected in the highest simazine treatment (initial mean measured concentration
8.5 mg a.i./L) after the first sampling 14 DAA (p < 0.05) (Fig. 26 a).
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a) M.spicatum

b) E.canadensis
20

20
-20

-20

-60

-60
-100

-100

**

-140

-140

-180

-180

-220

**

**

**

**

**

-220

0

14

28

42

56

70

84

c) M.spicatum

0

14

28

42

56

70

84

70

84

d) E.canadensis
20

20

-20

-20

-60

-60

-100

-100

**
-140

-140

-180

-180

**
**

**

14

28

**

-220

-220
0

14

28

42

56

70

84

e) P.amphibia
Length increase of shoots
(%-difference to the control)

**
**

0

42

56

f) G.maxima

20

20

-20

-20

-60

**

-100

**

-60

**

-100

-140

-140

-180

-180

**
**

-220

-220
0

14

28

42

56

70

84

0

14

28

42

56

70

84

Days after application (d)
Control

1.1 mg a.i./L

0.08 mg a.i./L

8.5 mg a.i./L

Fig. 26 Mean length increase of the rooted macrophytes plotted as percent difference to the
control. The length increase for the rooted submerged species (a-d) is discriminated into the
length increase of the main shoot (a, b) and the length increase of side shoots (c, d). For the
emerged species (e, f) the graphs indicate the total length increase of the shoots. Asterisks
highlight significant (ANOVA; Dunnett´s t-test: ** p < 0.05) differences between the
simazine treatment and the control.

No further samples were taken from this concentration since the aboveground parts of the
plants were dead after this time point. The impact of the intermediate concentration of
simazine (1.1 mg a.i./L) on the length increase of this species was significant after 28 days (p
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< 0.05). The aboveground parts of Myriophyllum sp. were dead at this concentration and no
plants were available for sampling on day 56, but new shoots had developed by day 84,
displaying length increases that were not significantly different as compared to the control.
No effects were observed in the lowest simazine concentration (initial mean measured
concentration 0.08 mg/L). Similar results were obtained for the length increase of the side
shoots where significant differences were only seen after 28 days in the 8.5 mg a.i./L
simazine concentration (Fig. 26 c).
Results from the other submerged macrophyte E. canadensis for the two highest
concentrations of simazine displayed significant differences (p < 0.05) when compared to the
control at almost all sampling days for both parameters, the length increase of the main shoot
and the length increase of the side shoots (Fig. 26 b, 26 d). In the highest treatment all plants
died after day 28. Besides a significant difference (p < 0.05) on day 28 for the 0.08 mg a.i./L
simazine concentration for the length increase of the main shoot, this concentration did not
differ significantly from the control at any other sampling date. No significant differences
were observed in the lowest treatment for the length increase of the side shoots.
For emergent Persicaria amphibia the length increase of the shoots only resulted in
significantly different values (p < 0.05) for the two highest concentrations of simazine on day
84 (Fig. 26 e). Glyceria maxima, on the other hand, was affected significantly (p < 0.05) on
day 28 for the highest simazine treatment, the plants decaying completely after this timepoint
(Fig. 26 f). Significant differences (p < 0.05) were also observed for the 1.1 mg a.i./L
concentration on days 56 and 84. No significant differences were recorded for the lowest
concentration.
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Fig. 27 Mean increase in the number of shoots of the rooted macrophytes in the simazine
treatments plotted as the increase compared to the control. Asterisks highlight significant
(ANOVA; Dunnett´s t-test: ** p < 0.05) differences between the simazine treatment and the
control.
Fig. 27 displays the results for the increase in the number of shoots as compared to the
number of shoots in the control. For M. spicatum significant differences as compared to the
control (p < 0.05) were measured for the increase in the number of shoots in the 1.1 mg
simazine per litre concentration on day 28 (Fig. 27). No plants were available for sampling
on day 56 in this treatment since the aboveground parts of the plant had died, but the
recovered plants sampled and measured again on day 84 showed no significant differences.
No significances were observed in the lowest treatment. For the highest concentration no
effects were observed until day 14. Plants had died in this treatment until the following
sampling day and did not recover till the end of the sampling period. Results obtained for
Elodea canadensis for the number of shoots were significantly different to the control (p <
0.05) on day 14 in the highest simazine treatment and on day 28 for both, intermediate and
highest concentration. No significant differences were observed at the subsequent sampling
days for the 1.1 mg a.i./L concentration and over the whole study period in the lowest
simazine treatment. No plants were available for sampling at days 56 and 84 in the highest
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concentration. Significant differences to the control (p < 0.05) with Persicaria amphibia were
only observed for the number of shoots on day 84 in the highest two treatments. Emergent
Glyceria maxima displayed significant differences (p < 0.05) when compared to the control
for the number of shoots from day 28 onwards in the intermediate simazine concentration.
Significant effects at the same level were observed for the highest treatment on day 28.
Further sampling was not possible after this time point since the aboveground parts of the
plant had died.
The evaluation of the biomass results, as wet (Fig. 28, upper graph) and dry weights (Fig. 28,
lower graph), for Myriophyllum sp. resulted in similar effects for these two parameters than
those obtained for the increase in the number of shoots. Only a single significant difference
(p < 0.05) was observed in the intermediate concentration on day 28 for wet and dry weight.
No plants were available for sampling for this concentration on day 56 and for the highest
concentration from day 28 onwards. For Elodea sp. the wet weight evaluation resulted in
significant differences (p < 0.05) from day 28 onwards only in the intermediate concentration
of simazine. Similar observations were recorded for the dry weight, though no significances
were detected anymore on day 84.
Figure 28 (lower graph) shows a significant positive effect measured at 0.08 mg a.i./L in the
dry weight of Persicaria sp.. Comparison of P.amphibia in the control tanks resulted in an
enhanced dry weight of these plants at this sampling point. No other treatments in either wet
or dry weight displayed significant changes for this species.
For G. maxima significant differences to the control for wet and dry weight were only
recorded for the 1.1 mg simazine per litre concentration on days 56 and 84. No results were
obtained for the dry weight on the day before application (day –1) due to technical problems
in the weighing process. As previously mentioned, the aboveground parts of Glyceria sp. had
died in the highest concentration after day 28.
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Fig. 28 Mean wet (upper graph) and dry (lower graph) weights of the rooted macrophytes
(control n=6, simazine concentrations n=3). Asterisks highlight significant (ANOVA;
Dunnett´s t-test: ** p < 0.05) differences between the simazine treatment and the control.
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b) Physiological parameters
•

Chlorophyll fluorescence

The measurements of the chlorophyll fluorescence performed on the leaves of G. maxima
clearly displayed a concentration-related effect (Fig. 29). The photosynthetic yield as
compared to the control decreased in all treatments after application of the herbicide, being
significantly different to the control from day 5 onwards (p < 0.05). The lowest yield values
were measured in the two highest treatments of 1.1 and 8.5 mg a.i./L. In the lowest
concentration, the yield decreased until day 28 and stayed constant at a slightly higher value
in between those from the control and the intermediate simazine concentration until day 49.
The yield values from the 0.08 and 1.1 mg a.i./L were significantly different from each other
between days 20 and 55. A recovery of the yield values was observed in the lowest
concentration from day 55 and in the intermediate concentration from day 64 onwards, with
values similar to those in the control during the last weeks of the test. All the plants in the 1.1
mg a.i./L treatment had died until day 49, but after day 56 new shoots developed, and the
yield in these leaves immediately displayed values similar to those in the control. In the 8.5
mg a.i./L concentration the yield more or less decreased constantly until day 32, when all the
aboveground parts of the plant had died. No measurements could be taken in this treatment
until the end of the experiment since Glyceria sp. did not recover.
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Fig. 29 Photosynthetic yield of Glyceria maxima leaves plotted as relative difference (%) to the
control for an estimation of the effects of simazine on the chlorophyll-fluorescence. Letters indicate
significant differences (p < 0.05, repeated measures ANOVA with Bonferroni-Dunn correction)
compared to the control. Moreover, different letters indicate significant differences between
treatments.
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Flower development

Evaluation of the flowering status of M. spicatum (Fig. 30, left) revealed 100 % of the
replicates developing flowers for the control and the lowest concentration of simazine by day
32, while no flowers were observed in the highest two treatments during the course of the
study. In the control, flowers were first observed in one replicate on day 13. The other control
tanks consecutively developed flowers until day 32. In the lowest concentration of simazine
no flowers had been observed in any of the microcosm tanks until day 32, the timepoint
where they were found in all replicates. The flower development of emergent P. amphibia in
the various treatments did not indicate any concentration-related pattern, and even in the
control microcosms flowering in none of the replicates could be observed (data not shown).
•

Growth of filamentous algae Chara sp.

The growth of the filamentous algae Chara sp. on the surface of the sediment in the plant
pots is shown in Fig. 30 (right). In the lowest concentration of simazine Chara sp. developed
in all replicates between days 19 and 27, while in the control microcosm the algae was
observed in all replicate microcosms by day 33. Chara sp. was not recorded in any
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Fig. 30 Percentage of microcosms with flowering Myriophyllum sp. (left graph) and with Chara
sp. in the sediment of the plant pots (right graph) for each simazine concentration (control n=6,
simazine treatments n=3).

3.2.1.4 Phytoplankton sampling

A list of the dominant algal species determined in the water of the microcosm tanks during
the experimental period is given in Tab. 13, with indications on their taxonomic
classification, the geometric formula used for the volume calculation of each species and the
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resulting cell volume in µm3. A detailed list from the sizes (length and width) of the
individuals counted and used as the basis for the calculation of volumes is given in the
Appendix 1. Twenty-six species out of 20 families from five different tribes were identified.
A classification of the tribes according to the amount of dominant species present, resulted in
eleven species from the golden-brown algae (Chrysophyta), eight species from the green
algae (Chlorophyta), three species from the cryptomonads (Cryptophyta), three species from
the blue-green algae (Cyanophyta) and one species from the dinoflagellates (Pyrrhophyta).
The largest cell volume was recorded for Peridinium sp. (Pyrrhophyta) with a size of 5158
µm3, the smallest was that of Ochromonas nana (Chrysophyta) with 10.6 µm3.
Tab. 13 List of dominant species identified in the water of the microcosm tanks during the
experimental period with taxonomic classification of the species and indication of the geometric
formula used for an estimation of the cell volume (see Appendix 1).

Tribe

Family

Species

Geometric formula for
volume calculation

Volume
[µm3]

Chlorophyta

Chlamydomonadaceae

Chlamydomonas gloeophila

cylinder r2π h

95.6

sphere 4/3r3π

57.9

square stone abc

459.1

Chlorophyta

Chlorellaceae

Chlorophyta

Chlorococcaceae

Chlorella vulgaris
Tetraedron minimum (c*= 4,5 µm)

Chlorophyta

Dictyosphaeriaceae

Dictyosphaerium pulchellum

sphere 4/3r3π

57.9

Chlorophyta

Oocystaceae

Ankistrodesmus spiralis

cone 1/3 r2π h

201.0
1297.1

Chlorophyta

Oocystaceae

Oocystis marssonii

cone 1/3 r2π h

Chlorophyta

Scenedesmaceae

Coelastrum microporum

sphere 4/3r3π

859.9

Chlorophyta

Scenedesmaceae

Scenedesmus aculeolatus

cylinder r2π h

344.0

Chrysophyta

Achnanthaceae

Achnanthes minutissima

square stone abc

166.3

Chrysophyta

Chromulinaceae

Chromulina ovaloides

cylinder r2π h

747.8

Chrysophyta

Chrysamoebaceae

cylinder r2π h

561.3

Chrysophyta

Chrysococcaceae

Chrysamoeba planctonica
Kephyrion sp.

cylinder r2π h

43.2

Chrysophyta

Chrysophyceae

Chrysophyceae (2-3 µm)

sphere 4/3r3π

65.4

Chrysophyta

Chrysophyceae

Chrysophyceae (5-10 µm)

cylinder r2π h

195.3

Chrysophyta

Dinobryonaceae

cone 1/3 r2π h

629.3

Chrysophyta

Dinobryonaceae

Dinobryon sertularia
Epipyxis sp.

cylinder r2π h

69.0

Chrysophyta

Monosigaceae

Desmarella moniliformis

cylinder r2π h

37.7

Chrysophyta

Ochromonadaceae

Ochromonas nana

cylinder r2π h

10.6

Chrysophyta

Synuraceae

cone 1/3 r2π h

2771.7

Cryptophyta

Cryptomonadaceae

Mallomonas monograptus
Cryptomonas erosa + ovata (till Aug. 18th)

cone 1/3 r2π h

2295.6

Cryptophyta

Cryptomonadaceae

Cryptomonas erosa et ovata (after Aug. 18th)

cone 1/3 r2π h

6031.0

Cryptophyta

Cryptomonadaceae

Rhodomonas sp.

cone 1/3 r2π h

82.3

Cryptophyta

Katablepharidaceae

cone 1/3 r2π h

173.4

Cyanophyta

Merismopodiaceae

Katablepharis ovalis
Snowella sp.

sphere 4/3r3π

14.1

Cyanophyta

Oscillatoriaceae

Oscillatoria limnetica

cylinder r2π h

52.8

Cyanophyta
Oscillatoriaceae
Oscillatoria rosea
cylinder r2π h
Pyrrhophyta
Peridiniaceae
Peridinium sp.
cylinder r2π h
r (cone, cylinder,sphere) = width; h (cone,cylinder) = length
a (square stone) = length; b (square stone) = width; c (squarestone) = width, if not defined otherwise
π = 3,14

10.5
5157.7
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a) Abundance of families from dominant algal species

Table 14 summarises the results from the evaluation of effects of simazine on the abundance
of families from dominant algal species between the simazine treatments and the control
microcosms. The golden-brown algae were the ones with the highest number of families
present in the water (9), followed by the green algae (6), the cryptomonads and blue-green
algae (2) and the dinoflagellates (1). Significant differences (p < 0.05) between the two
highest concentrations and the control and the lowest concentration of simazine (0.08 mg
a.i./L) in at least one family of each tribe, besides the blue-green algae, were observed. No
significant differences were recorded between the control and the lowest simazine
concentration. The number of families significantly affected for the green algae compared to
the control microcosms was three in the two highest concentrations and two between the
lowest concentration and the two highest concentrations. For the golden-brown algae families
no effects were observed between the intermediate concentration and the control, but two
families in the highest concentration were significantly different from the control. The lowest
concentration of simazine was significantly different from two and four families in the
intermediate and highest concentration, respectively. For the cryptomonads and the
dinoflagellates the control and the lowest concentration were different from the intermediate
concentration for one family each. For the highest concentration two families of the
cryptomonads were significantly different compared to the control, while for the lowest
simazine concentration it was only one. Evaluation of the single dinoflagellate family at the
highest concentration did not result in significant changes as compared to the control, though
it was significantly different when compared to the lowest concentration. A complete
overview of the families evaluated statistically and summarised in Tab. 14 is given in
Appendix 2.
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Tab. 14 Results from the identification of dominant algae in the water of the
microcosms with their classification into families and determination of significant
effects observed on these families during the experimental period between the controls
(n=6) and the simazine treatments (n=3).
a
No. of families No. of families showing significant differences
evaluated
against the control / the 0.08 mg a.i.*L-1 treatment
Algal tribe

Chlorophyta
Chrysophyta
Cryptophyta
Cyanophyta
Pyrrhophyta
a

6
9
2
2
1

0.08 mg/L
0
0
0
0
0

1.1 mg/L
3/2
0/2
1/1
0
1/1

8.5 mg/L
3/2
2/4
2/1
0
0/1

p < 0.05 (Repeated measures ANOVA with Bonferroni/Dunn correction)

b) Biomass of dominant algal species (based on a comparison of algal tribes)

Results obtained for the biomass (cell volume of algae per mL water) of the dominant algal
species present in the water of the microcosm tanks during the study are shown in Fig. 31-33.
At the day of application (0 DAA) the proportions of algal tribes in all microcosms (control
and different simazine treatments) were similar, ranging between 50-68 % of the biomass
build up by cryptomonads, followed by 20-34 % green algae and 10-16 % golden-brown
algae (Fig. 31). The golden-brown algae were only present at a fraction over five percent in
the control on the day of application, while the blue-green algae never exceeded one percent
of total cell volume during the entire study. The comparison of the total cell volumes
(expressed as µm3/mL) for the different tribes in the different treatments did not show
significances on day 0 (Repeated measures ANOVA with Bonferroni/Dunn correction, p
<0.05). The total cell volumes in the three simazine treatments were in a narrow range
between 2.1- 2.2 x 106 µm3/mL (n=3) compared to the total cell volume of the control (3.3 x
106 µm3/mL (n=5)). Clear shifts in the proportions of the algal tribes were observed in the
two highest simazine treatments on day 14. Green algae were the most abundant tribe with
69-77 %, followed by the golden-brown algae with 18-19 %. Percentages in the control and
the lowest simazine concentration for these two tribes resulted in 30-46 % and 2-3 % for
green and golden-brown algae, respectively. The cryptomonads accounted for 49-67 % of the
total cell volume in these microcosms, thus being the main fraction in the control and the
0.08 mg a.i./L simazine microcosm tanks. Significant differences (p < 0.05) were obtained on
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day 14 between the total cell volume of green algae, cryptomonads and dinoflagellates in the
two highest simazine treatments as compared to control and lowest simazine concentration.
These significances (p < 0.05) were recorded on the following sampling dates until the end of
the study for green algae and dinoflagellates. The total cell volumes of the different
concentrations displayed a concentration-dependent pattern at 14 DAA. Volumes had
decreased in the two highest concentrations (0.3 and 0.2 x 106 µm3/mL), while an increase in
the lowest concentrations was observed (5.7 x 106 µm3/mL). This total cell volume was
comparable to the one observed in the control (7.1 x 106 µm3/mL).
By day 28 a 10 % decrease in the proportion of green algae and an increase of the
dinoflagellates was observed in the lowest concentration, where the cryptomonads were the
most abundant species (65 %) (Fig. 32). In the controls green algae, dinoflagellates and
cryptomonads accounted for one third of the total cell volume each. The green and goldenbrown algae disappeared almost entirely in the intermediate concentration and were replaced
by the cryptomonads, which made up 97 % of the total cell volume, while in the highest
concentration green and golden-brown algae were substituted by dinoflagellates (71 %) and
cryptomonads (23 %). The cell volume of the cryptomonads in the highest concentration was
significantly reduced as compared to the control and the lowest and intermediate
concentrations. Total cell volumes of the three different treatments at this sampling date were
similar in the two lowest concentrations (6.3 to 7.5 x 106 µm3/mL) and greatly reduced in the
highest simazine treatment (0.8 x 106 µm3/mL).
On day 56 after application the proportion of dinoflagellates had increased up to 64 % in the
lowest concentration, while the cryptomonads decreased to 43 % and the green algae to 8 %.
In the intermediate and highest concentration the cryptomonads dominated the total cell
volume with 99 and 92 %, values that were recorded also on day 84 in these simazine
concentrations. This increase in total cell volume of the cryptomonads was significant for the
intermediate concentration compared to the control on day 56. On day 84 it was also
significantly higher for both, intermediate and highest simazine treatments when compared to
the control.
Changes observed in the control on day 56 were an increase of green algae (17 %) and a
decrease of dinoflagellates (19 %). Total cell volumes heavily increased by day 56 to the
highest level recorded in the entire study, with 35.5 x 106, 43.4 x 106 and 11.8 x 106 µm3/mL,
from lowest to highest concentration, respectively. The total cell volume of the control
remained constant.
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In the lowest simazine concentration cryptomonads increased by 30 % by day 84 accounting
therefore for 55 % of the total cell volume, which was similar to the percentage increase
recorded in the control (Fig. 33). The dinoflagellates on the contrary decreased 35 and 10 %
in the lowest concentration and the control, respectively. Green algae also decreased 8 % in
the control, but still made up 39 % of the total cell volume. A decrease of the total cell
volumes was observed for all three simazine concentrations and the control from day 56 to
day 84.
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Day 0
1.1 mg a.i./L

0.08 mg a.i./L

2%

2%

29%

34%
50%

53%
16%

14%

2.2 x 10 6 µm 3/mL

2.2 x 10 6 µm 3/mL

Control

8.5 mg a.i./L

1%
2%

20%

32%

10%

51%

68%

16%

3.3 x 10 6 µm 3/mL

2.2 x 10 6 µm 3/mL

Day 14
1.1 mg a.i./L

0.08 mg a.i./L
1%
30%

4%
19%

2%

77%

67%

5.6 x 106 µm3/mL

0.4 x 106 µm3/mL

1% 1%

8.5 mg a.i./L

6%

Control

7%

46%
49%

18%

Chlorophyta
Chrysophyta

69%

Cryptophyta
3%

0.2 x 106 µm3/mL

7.1 x 106 µm3/mL

Cyanophyta
Pyrrhophyta

Fig. 31 Results from the biomass calculation of the simazine treatments (n=3) and the
controls (n=5) on days 0 and 14 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.
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Day 28
0.08 mg a.i./L

1.1 mg a.i./L

9%

1% 2%

21%

1%

4%

97%

65%

7.5 x 106 µm3/mL

6.3 x 106 µm3/mL
Control

8.5 mg a.i./L

30%
34%

6%
23%
2%

71%

34%

0.08 x 106 µm3/mL

Day 56

18.2 x 106 µm3/mL

0.08 mg a.i./L

1.1 mg a.i./L
0.3%

13%

0.3%

1%

22%
64%

99%

35.5 x 106 µm3/mL

43.4 x 106 µm3/mL
Control

8.5 mg a.i./L
3% 4%

1%

15%

47%
37%

92%

Chlorophyta
Chrysophyta
Cryptophyta
Cyanophyta

1%

11.8 x 106 µm3/mL

Pyrrhophyta

18.3 x 106 µm3/mL

Fig. 32 Results from the biomass calculation of the simazine treatments (n=3) and the
controls (n=5) on days 28 and 56 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.
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Day 84
1.1 mg a.i./L

0.08 mg a.i./L

1%

3%

30%

2%

12%

55%

11.5 x 106 µm3/mL
8.5 mg a.i./L

97%

8.1 x 106 µm3/mL
Control
5%

1%

1%

39%

Chrysophyta
Cryptophyta

53%

98%

4.8 x 106 µm3/mL

Chlorophyta

Cyanophyta
Pyrrhophyta
3%

10.9 x 106 µm3/mL

Fig. 33 Results from the biomass calculation of the simazine treatments (n=3) and the
controls (n=5) on day 84 after application based on the dominant algal species identified in
the microcosms with indication of the total cell volume per mL water and the fraction
corresponding to each algal tribe.

3.2.1.5 Summary of results in the microcosm pond study for the herbicide simazine

Table 15 summarises the NOECs and LOECs based on the parameters evaluated for the
different test organisms on days 28, 56 and 84 after application. On day 28 the lowest
observable effect concentration is equal to the lowest tested concentration of simazine (0.08
mg/L) for following parameters: the photosynthetic yield of Glyceria sp., the length increase
of the main shoot of Elodea sp. and the dry weight measurements of Persicaria sp.. The
significant effects observed for Persicaria sp. on day 28, are the result of higher values in the
dry weight of plants than those observed in the control. By day 56 no significant effects are
observed for the lowest concentration of simazine. Almost all monitored endpoints result in a
no-observable effect concentration of 0.08 mg/L simazine. Evaluation of results on day 84
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confirm these findings with a LOEC of 1.1 mg/L simazine and a NOEC of 0.08 mg a.i./L.
The overall no-observable ecologically adverse effect concentration (NOEAEC) after 84 days
for the herbicide simazine would therefore be 0.08 mg a.i./L.
Tab. 15 Summary of NOECs and LOECs based on the most sensitive parameter evaluated for the
different test organisms on days 28, 56 and 84 after application.
after 56 days

after 84 days

NOEC LOEC
[in mg a.i./L]

NOEC LOEC
[in mg a.i./L]

NOEC LOEC
[in mg a.i./L]

Test organism

Most sensitive parameter

Glyceria sp.

Length increase, number of
shoots, biomass

0.08

1.1

0.08

1.1

0.08

1.1

Persicaria sp.

Length increase, number of
shoots, biomass

< 0.08

0.08 3

8.5

> 8.5

0.08

1.1

Elodea sp.

Length increase of main
shoot

< 0.08

0.08

0.08

1.1

0.08

1.1

Myriophyllum sp.

Length increase of main
and side shoots, biomass

0.08

1.1

0.08

1.1

1.1

8.5

Algae 1

Number of cells

0.08

1.1

0.08

1.1

0.08

1.1

Biomass
(total cell volume)

0.08

1.1

0.08

1.1

0.08

1.1

Glyceria sp.

Photosynthetic yield

< 0.08

0.08

0.08

1.1

1.1

8.5

Myriophyllum sp.

Flower development

n.e.

n.e.

0.08

1.1

0.08

1.1

Persicaria sp.

Flower development

n.e.

n.e.

8.5

> 8.5

8.5

> 8.5

Chara sp.

Growth

n.e.

n.e.

0.08

1.1

0.08

1.1

Algae

1

after 28 days

2

Based on the evaluation of 20 dominant algae families

2

Based on evaluation of 5 algal tribes

3

Values significantly higher than control

n.e. not evaluated
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3.2.2 TERIDOX 500 EC (a.i. dimethachlor)
3.2.2.1 Analytical determination of dimethachlor in the water of the microcosms during
the study
Analytically determined concentrations of dimethachlor in the water of the microcosm tanks
three hours after application exceeded nominal applied concentrations in all treatments by 5078 % (Tab. 16). Standard deviations between replicate microcosms of the same
concentration, however, were quite low for the four different treatments. Since an overdosing
of the system was assumed at mean measured initial concentrations exceeding the theoretical
nominal concentrations of 3, 15, 75 and 375 µg a.i./L by more than 20 %, the nominal
concentrations were replaced by the mean measured initial concentrations at day 0 (4.5, 26.8,
112.5 and 590 µg a.i./L). For an estimation of dimethachlor degradation 15 and 57 days after
application (DAA), the mean measured dimethachlor concentrations in the water of the
microcosms were calculated as percentages of the mean measured initial concentration. After
15 days the concentration of the herbicide had decreased to levels between 43.5 and 49.2 %
of the mean measured initial concentration. By day 57 after application degradation of
dimethachlor in the water of all treatments resulted in concentrations between 15.6 and 19.2
% of the mean measured initial concentration.
Tab. 16 Mean (SD, n=3) measured dimethachlor concentrations in the water of the microcosm
tanks on days 0, 15 and 57 after application (DAA) and percentage of the mean measured initial
concentration on 15 and 57 DAA.
0 DAA

15 DAA

57 DAA

Mean
measured
initial
concentration
[%]

Mean (SD)
measured
concentration
[µg a.i./L]

Mean
measured
initial
concentration
[%]

Nominal
concentration
(µg a.i./L)

Mean (SD)
measured
initial
concentration
[µg a.i./L]

Mean (SD)
nominal
concentration
[%]

Mean (SD)
measured
concentration
[µg a.i./L]

3.00

4.53
(0.52)

151.0
(11.5)

2.23
(0.08)

49.2

0.87
(0.01)

19.2

15.0

26.8
(4.3)

178.7
(16.0)

12.2
(0.1)

45.5

4.2
(0.2)

15.7

75.0

112.5
(12.7)

150.0
(11.3)

49.0
(1.0)

43.6

18.2
(0.6)

16.2

375

590
(102)

157.3
(17.2)

269
(5.6)

45.6

102
(1.5)

17.3

3. Results

page 87

3.2.2.2 Monitoring of water quality parameters

The mean temperature measured in the water of the microcosm tanks from the control
and the dimethachlor treatments during the course of the study ranged between 15.2 ± 0.1 °C
at the beginning of the study and 15.0 ± 0.1 °C at the end (Appendix 3), being very similar to
the measurements obtained for simazine (Fig. 23). Maximum recorded water temperature
was 22.7 ± 0.2 °C in the first week of August.
The content of dissolved oxygen (DO)(% saturation) in the water of the microcosms was in
the range between 91- 146 % during the entire study period. A clear concentration-related
pattern was observed over the course of the study from day 5 onwards (Fig. 34). The two
highest concentrations of dimethachlor (112.5 and 590 µg a.i./L) displayed significantly
lower DO contents (p < 0.05) than the control and the lowest dimethachlor concentration
from day 5 after application onwards and over the entire study period. DO values from the
water in the microcosms treated with the second lowest dimethachlor concentration (26.8 µg
a.i./L) were significantly different to the control (p < 0.05) from day 40 until the end of the
test. The DO in the tanks from the lowest concentration of 4.5 µg a.i./L was not significantly
different from the control at any time during the experimental period.
Similar concentration-related responses than those for the DO were observed for the pH and
the conductivity in the water of the microcosm tanks treated with dimethachlor (Fig. 34, 35).
Only slight differences at a pH of around 8.0 were observed in the different treatments and
the control until day 47, even though the values of the pH from the two highest
concentrations were significantly different (p < 0.05) than those in the control and the lower
concentrated dimethachlor treatments after day 26 (Fig. 34). From day 47 onwards the pH
increased in all the microcosm tanks, being more pronounced in the control and the lowest
concentration of dimethachlor. The second lowest concentration, however, displayed
significantly different values (p < 0.05) to those in the control after this time point. The
highest pH was measured in the 4.5 µg a.i./L concentration with 9.98 ± 0.10 on day 75. The
end value recorded in this treatment after 82 days was 9.37 ± 0.14, which was very close to
the pH measured in the control.
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Fig. 34 Mean (± standard error, n = 6 for the controls, n = 3 for the dimethachlor
treatments) dissolved oxygen (% saturation) (upper graph) and pH (pH-units) (lower
graph) measured during the experimental period after application of the herbicide.
Letters indicate significant differences (p < 0.05, repeated measures ANOVA with
Bonferroni-Dunn correction) compared to the control. Treatments without any letters
over the course of the study are also significantly different from treatments with letters,
except to those with an asterisk, which are only significantly different to the control.

An inverse pattern of the specific conductivity measured in the water of the microcosms was
recorded during the study compared to that of the DO and the pH (Fig. 35), since the
conductivity steadily decreased in the control and the lowest concentration of dimethachlor,
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and to a lesser extent in the second lowest concentration. The two highest concentrations
displayed almost identical values until three weeks before the end of the study. The
conductivity in the water of these tanks quickly increased to about 550 µS/cm and remained
at this level. The recorded values from these treatments thus, were significantly different (p <
0.05) to those in the control and the lowest concentration from day 26 onwards. The
conductivity in the second lowest concentration of 26.8 µg a.i./L was significantly different
to the control (p < 0.05) after day 40.
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Fig. 35 Mean (± standard error, n = 6 for the controls, n = 3 for the dimethachlor
treatments) conductivity (µS/cm) measured during the experimental period after
application of the herbicide in the water of the microcosm tanks. Letters indicate
significant differences (p < 0.05, repeated measures ANOVA with Bonferroni-Dunn
correction) compared to the control. Treatments without any letters over the course of the
study are also significantly different from treatments with letters, except to those with an
asterisk, which are only significantly different to the control.
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3.2.2.3 Macrophyte sampling
a) Growth parameters
Results for the length increase of the four rooted macrophyte species are shown in Fig. 36.
The length increase of the main shoot of the submerged macrophyte M. spicatum was
significantly reduced (p < 0.05) in the highest dimethachlor concentration from day 28
onwards. At lower concentrations no significant effects were measured besides a single
observation in the 112.5 µg a.i./L treatment on day 56 (p < 0.05). For the length increase of
the side shoots significant differences as compared to the control were only recorded in the
highest concentration on day 28 (p < 0.05).
E. canadensis was significantly affected in the length increase of main and side shoots at the
two highest concentrations. Significant effects (p < 0.05) were observed here from day 28
onwards for the length increase of the main shoot, besides for day 56 at 75 µg a.i./L where no
significant differences were recorded. The increase in length of the side shoots was
significantly reduced (p < 0.05) at all sampling dates, starting already on day 14 for the
highest concentration. The second highest dose resulted in significant effects (p < 0.05) only
on days 28 and 56. Emergent P. amphibia was only affected (p < 0.05) at the highest
concentration (590 µg a.i./L) on days 14 and 84. Evaluation of the length increase of G.
maxima did not result in any significant effects.

3. Results

page 91

Length increase of main shoot
(%-difference to the control)

a) M.spicatum

b) E.canadensis

100

100

60

60

20

20

-20

-20

**

-60

-60

**

-100

**

**
7

14

21

28

35

42

49

56

63

70

77

0

84

c) M.spicatum
Length increase of side shoots
(%-difference to the control)

**
**

**

-140

-140
0

7

14

21

100

60

60

20

20

-20

-20
-60

-60

**

-100

28

35

42

49

56

63

70

77

84

d) E.canadensis

100

**
**

-100

-140

**
**

**

**

-140
0

7

14

21

28

35

42

49

56

63

70

77

84

e) P.amphibia
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Fig. 36 Mean length increase of the rooted macrophytes plotted as percent difference to the
control. The length increase for the rooted submerged species (a-d) is discriminated into the
length increase of the main shoot (a, b) and the length increase of the side shoots (c, d). For
the emerged species (e, f) the graphs indicate the total length increase of the shoots.
Asterisks highlight significant (ANOVA; Dunnett´s t-test: ** p < 0.05) differences between
the dimethachlor treatment and the control.
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Fig. 37 Mean increase in the number of shoots of the rooted macrophytes in the
dimethachlor treatments plotted as the increase compared to the control. Asterisks highlight
significant (ANOVA; Dunnett´s t-test: ** p < 0.05) differences between the dimethachlor
treatment and the control.
Figure 37 displays the results for the increase in the number of shoots as compared to the
number of shoots in the control. Only G. maxima displayed significant effects (p < 0.05) at
one sampling point on day 14 with a mean shoot number higher than that from the control
microcosms. No significant differences were recorded for the other species at any time point.
The results for the biomass endpoints are given in Fig. 38 (wet and dry weight). The wet and
dry weight from emergent Persicaria sp. and Glyceria sp. was not significantly affected at
any time point throughout the entire study at any concentration. Myriophyllum sp. displayed
significant effects (p < 0.05) for the wet weight on days 28 and 56 in the highest
concentration with lower values than those observed in the control. On day 84, however, a
significant effect (p < 0.05) was recorded for the 75 µg a.i./L concentration, with a higher wet
weight than in the control microcosms. Statistically higher dry weights than those in the
control treatments were measured for the 15 µg a.i./L concentration on day 56 (p < 0.05) and
for the 75 µg a.i./L concentration on day 84 (p < 0.05) for Myriophyllum sp..
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Fig. 38 Mean wet (upper graph) and dry (lower graph) weights of the rooted macrophytes
(control n=6, dimethachlor concentrations n=3). Asterisks highlight significant
differences (ANOVA; Dunnett´s t-test: ** p < 0.05) between the dimethachlor treatment
and the control.
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For submerged Elodea sp. the wet weight was significantly reduced (p < 0.05) at the highest
concentration from day 28 onwards and in the 75 µg a.i./L treatment on day 56. The dry
weights for this species were significantly reduced for the highest concentration of
dimethachlor on days 28 and 56 (p < 0.05).

b) Physiological parameters
•

Chlorophyll fluorescence

Evaluation of the chlorophyll fluorescence measured as the photosynthetic yield on Glyceria
sp. leaves (Fig. 39), did not reveal any significant differences as compared to the control
values. For a few concentrations the percent difference of the yield as compared to the
control values was around 40 % at single timepoints during the study, e.g. for the two highest
concentrations on day 49. These differences as compared to the control however, are not
observed at consecutive measuring days and did not lead to significant effects. They can
therefore not be related to the effects of the herbicide on the photosynthetic efficiency of
Glyceria sp..
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Fig. 39 Photosynthetic yield of G. maxima leaves plotted as the relative difference
(%) to the control for an estimation of the effects of dimethachlor on the
chlorophyll fluorescence.

3. Results

•

page 95

Flower development

The evaluation of the flowering status of M. spicatum and at the development of the
filamentous algae Chara sp. in the sediment of the plant pots are shown in Fig. 40. Besides
Myriophyllum sp. in the highest concentration where no flowers were developed during the

entire study, the other microcosms treated with dimethachlor flowered at least within a week
after the control tanks (Fig. 40, left graph).
•

Growth of filamentous algae Chara sp.

The algae Chara sp. on the other hand developed only on the surface of the sediment of the
plant pots in the microcosms with the lowest concentration of dimethachlor and in the
control. In all these tanks the algae covered the sediment of the plant pots from day 33
onwards (Fig. 40, right graph). No growth of Chara sp. in the sediment of the higher
concentrations was recorded throughout the 84-day period after application.
Evaluation of dimethachlor effects on the flower development of the emergent macrophyte
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Persicaria sp. did not show concentration-related results (data not shown).
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Fig. 40 Percentage of microcosms with flowering Myriophyllum sp. (left graph) and with
growth of the algae Chara sp. in the sediment of the plant pots (right graph) for each
dimethachlor concentration (control n=6, dimethachlor treatments n=3).
3.2.2.4 Phytoplankton sampling
a) Abundance of families from dominant algal species

Results from the identification of dominant algae in the water of the microcosms with
classification into families were obtained only for two evaluated families out of 20
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(Scenedesmaceae and Oocystaceae), both from the green algae (Chlorophyta), displaying
significant effects (p < 0.05, Repeated measures ANOVA with Bonferroni/Dunn correction)
between the control and the dimethachlor treatments (see Appendix 2). One of the families
displayed significant differences between the control and the second highest dimethachlor
concentration (112.5 µg a.i./L), while the highest concentration showed significant
differences for both families compared to the control and the second lowest dimethachlor
concentration (26.8 µg a.i./L). One family was significantly different in abundance between
the lowest and the highest concentration (see Appendix 4).
b) Biomass of dominant algal species (based on a comparison of algal tribes)

The results from the cell volume calculation for an estimation of the biomass of dominant
algal species identified in the microcosm tanks on 0, 14, 28, 56 and 84 days after application
is shown in Fig. 41-43. Additionally, the changes in the proportions of algae tribes between
the four dimethachlor treatments and the control can be observed. On day 0 slight differences
in the composition of the three main tribes present in the microcosms (green algae, goldenbrown algae and cryptomonads) were observed (Fig. 41, upper part). The percentage of green
algae e.g. was in between 17 and 55 % and that of cryptomonads between 34-64 % of total
cell volume. On day 14, the part of green algae from the total cell volume of dominant algae
species had decreased for the three highest dimethachlor concentrations by over 25 % and
increased only in the lowest concentration and the control by 4 and 14 %, respectively (Fig.
41, lower part). Total cell volume of the green algae was significantly reduced (Repeated
measures ANOVA with Bonferroni/Dunn correction, p <0.05) from this sampling date
onwards in the highest concentration of dimethachlor as compared to control and the two
lower concentrations, and in the second highest concentration and the control. The percentage
of cryptomonads present in the samples on day 14 displayed an inverse trend compared to the
green algae, increasing by over 10 % in the dimethachlor treatments besides the lowest
concentration and the control. In the second lowest concentration of dimethachlor (26.8 µg
a.i./L) the percentage of dinoflagellates reached 12 % of total cell volume on day 14, while in
the other dimethachlor concentrations it remained at values between 1-4 %. By day 28 the
proportion of dinoflagellates increased in all the microcosms including the control, ranging in
between 17 and 34% of total cell volume. In the two lower concentrations of dimethachlor
however dinoflagellates accounted for 1 and 71 % of total cell volume, for the lowest and the
second lowest concentration, respectively (Fig. 42, upper part). The percentage of green algae
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in the control and the lowest concentration was similar than on day 0, while in the other
treatments it was markedly reduced (2-7%). Almost three quarters of the total cell volume in
the lowest and the two highest concentrations of dimethachlor were made up by
cryptomonads, while in the second lowest concentration and the control it was 18 and 34 %,
respectively. The biggest changes in the composition of total cell volumes were observed
between day 28 and 56 for the total cell volume of the dinoflagellates present in the samples.
In the two highest concentrations they increased to 52 and 64 %, while in the two lower
concentrations and the control the percentage varied between 15 and 21 % (Fig. 42, lower
part). It was also in the two lower concentrations and the control were the added percentages
of green and golden-brown algae accounted for more than three quarters of total cell volume,
while in the two higher concentrations it was 45 and 32 %, for the second highest and highest
concentration, respectively. On day 84 the percentage of green algae in the control and the
lowest concentration of dimethachlor was 39 and 28 % of total cell vollume, which is higher
than the percentages obtained on day 0 (Fig. 43). In the three highest concentrations the
percentage of green algae from total cell volume was 1, 5 and 7 % from the highest to the
second lowest concentration, respectively. The proportions of golden-brown algae (2-10 %)
and cryptomonads (42-59 %) were quite similar in all the microcosms. Large differences
between the dimethachlor treatments were observed for the percentages of dinoflagellates
and blue-green algae. In the highest concentration both tribes accounted for 54 % of the total
cell volume, while in the other three dimethachlor treatments it was 34, 31 and 12 % from
second highest to lowest concentration. In the control dinoflagellates and blue-green algae
made up only 5 % of total cell volume.
Comparison of total cell volume for day 0 resulted in a range between 1.3 and 3.0 x 106
µm3/mL in the four dimethachlor treatments. It increased over the course of the study
reaching the highest cell volume on day 56 for all the treatments, except for the second
lowest concentration where the highest cell volume was measured on day 28. By day 84 total
cell volume had decreased again, being close to day 0 values in the lowest concentration and
in the range between 6.8 and 11.2 x 106 µm3/mL for the three higher dimethachlor
concentrations. Besides the significances in total cell volume obtained for the green algae no
significant differences between the dimethachlor treatments and the control were observed
over the study period for any of the other tribes with respect to the total cell volumes
accounting for each tribe.
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Fig. 41 Results from the total cell volume calculation of the dimethachlor treatments (n=3)
and the control (n=5) on days 0 and 14 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.

3. Results
Day 28

page 99
4.5 µg a.i./L

26.8 µg a.i./L

112.5 µg a.i./L

7%

1%
12%

4%

4% 1%

17%

3%

18%
84%

71%

78%

6.3 x 106 µm3/mL

10.7 x 106 µm3/mL

16.9 x 106 µm3/mL

590 µg a.i./L

Control

2% 1%

30%
34%

27%

0.3%
70%

2%
34%

18.2 x 106 µm3/mL

7.1 x 106 µm3/mL

Day 56

4.5 µg a.i./L

26.8 µg a.i./L

112.5 µg a.i./L
3%

13%
21%

20%

1%

3%

15%
3%

42%

52%

0.2%
2%

63%

62%

10.8 x 106 µm3/mL

8.5 x 106µm3/mL
Control

590 µg a.i./L
1%

15%

3%

64%

16.9 x 106 µm3/mL

31%

47%

1%

37%
1%

17.3 x 106 µm3/mL

18.3 x 106 µm3/mL

Fig. 42 Results from the total cell volume calculation of the dimethachlor treatments (n=3)
and the control (n=5) on days 28 and 56 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.
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Fig. 43 Results from the total cell volume calculation of the dimethachlor treatments (n=3)
and the control (n=5) on day 84 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.

3.2.2.5 Summary of results in the microcosm pond study for the herbicide dimethachlor

NOEC- and LOEC-concentrations shown in Tab. 17 are based on the monitored parameters
recorded on days 28, 56 and 84 after application of dimethachlor for the different organisms.
On day 28 a LOEC of 112.5 µg/L dimethachlor is recorded for the length increase of main
and side shoots of Elodea sp., as well as for the evaluation of algae based on the number of
cells and the total cell volume. By day 56 significant adverse effects are observed for the
growth of Chara sp. and the dry weight measurements on Myriophyllum sp. at the second
lowest concentration of 26.8 µg/L dimethachlor. This would result in a NOEC of 4.5 µg
a.i./L, which is the lowest tested concentration of the herbicide in our study. On day 84
effects in the second lowest concentration are only recorded for the growth of Chara sp. All
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the other endpoints result in a LOEC of 112.5 µg/L dimethachlor. Overall evaluation of
results for dimethachlor after 84 days would therefore result in a no-observable ecologically
adverse effect concentration (NOEAEC) of 4.5 µg a.i./L.
Tab. 17 Summary of NOECs and LOECs based on the most sensitive parameter evaluated for the
different test organisms on days 28, 56 and 84 after application.

1

after 28 days

after 56 days

after 84 days

NOEC LOEC
[in µg a.i./L]

NOEC LOEC
[in µg a.i./L]

NOEC LOEC
[in µg a.i./L]

Test organism

Most sensitive parameter

Glyceria sp.

Length increase, number of
shoots, biomass

590

> 590

590

> 590

590

> 590

Persicaria sp.

Length increase, number of
shoots

590

> 590

590

> 590

112.5

590

Elodea sp.

Length increase of main
shoot

26.8

112.5

26.8

112.5

26.8

112.5

Myriophyllum sp.

Length increase of main
and side shoots, biomass

112.5

590

4.5

26.8 3

112.5

590 3

Algae 1

Number of cells

26.8

112.5

26.8

112.5

26.8

112.5

Algae 2

Biomass
(total cell volume)

26.8

112.5

26.8

112.5

26.8

112.5

Glyceria sp.

Photosynthetic yield

590

> 590

590

> 590

590

> 590

Myriophyllum sp.

Flower development

n.e.

n.e.

112.5

590

112.5

590

Persicaria sp.

Flower development

n.e.

n.e.

590

> 590

590

> 590

Chara sp.

Growth

n.e.

n.e.

4.5

26.8

4.5

26.8

Based on the evaluation of 20 dominant algae families

2

Based on evaluation of 5 algal tribes

3

Values significantly higher than control for wet and dry weight, adverse effects recorded for the length increase

n.e. not evaluated
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3.2.3 LOGRAN 20 WG (a.i. triasulfuron)
3.2.3.1 Analytical determination of triasulfuron in the water of the microcosms
during the study
The mean triasulfuron concentrations determined three hours after application exceeded
the nominal concentrations in the microcosms by 12-25 % (Tab. 18). The standard
deviations between the replicate microcosms from one concentration were quite low (3-5
%) in the two highest concentrations, and slightly higher in the lowest concentration (12
%). Since the mean measured initial concentration for the highest concentration exceeded
the nominal concentration of 13 µg/L by over 20 %, this initial concentration of 16.2 µg
a.i./L was used as the reference concentration for further evaluations of the herbicide
effects. For the highest concentration an estimation of the degradation on days 15 and 57
after application is therefore based on the mean measured initial concentration, and not on
the mean nominal concentration as for the lowest two concentration of 0.26 and 1.3 µg
a.i./L.

Tab. 18 Mean (SD, n=3) measured triasulfuron concentrations in the water of the microcosm tanks on days 0, 15 and
57 after application (DAA) and percentage of applied nominal concentration.
0 DAA

15 DAA

57 DAA

Nominal
concentration
(µg a.i./L)

Mean (SD)
measured
initial
concentration
[µg a.i./L]

Mean (SD)
nominal
concentration
[%]

Mean (SD)
measured
concentration
[µg a.i./L]

Mean (SD)
nominal
concentration
[%]

Mean (SD)
measured
concentration
[µg a.i./L]

Mean (SD)
nominal
concentration
[%]

0.26

0.29
(0.04)

112.7
(12.3)

0.19
(0.001)

74.7

0.15
(0.002)

59.0

1.30

1.49
(0.05)

115.0
(3.6)

1.10
(0.03)

84.7

0.89
(0.02)

68.7

13.0

16.2
(0.8)

124.7
(5.1)

10.9
(0.2)

67.4a

8.8
(0.1)

54.5a

a

Values based on mean measured initial concentration, since mean nominal concentration on 0 DAA is over 20% of
nominal concentration.

By day 15 after application the concentrations had decreased to 75 and 85 % of mean
nominal concentrations in the lowest and intermediate concentration, respectively, and to
67 % in the highest concentration based on the mean measured initial concentration. After
57 days of application, degradations of 59 and 69 % for the two lowest triasulfuron
concentrations and of 55 % in the highest treatment were determined.
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3.2.3.2 Monitoring of water quality parameters
The water temperature in the microcosms applied with triasulfuron did not differ from that
of the other two herbicides, being at 15.0 ± 0.1 °C at the beginning and end of the study
(Appendix 3). In the first week of August (day 40 after application) the highest water
temperature was measured (22.8 ± 0.1 °C).
The content of dissolved oxygen (DO) in the water of the tanks ranged between 100-140 %
saturation over almost the entire study period in all the triasulfuron concentrations and the
control. The DO in the highest concentration was the lowest during the experimental phase
and was significantly different (p < 0.05) from the other triasulfuron treatments and the
control (Fig. 44). For the pH of the water similar observations were made. During the first
50 days the pH in the microcosms did not differ significantly in the different treatments,
ranging between pH 7.7 ± 0.2 and 8.3 ± 0.1 (Fig. 45). After this period clear concentrationrelated pH values were measured in the different herbicide concentrations, the lowest
triasulfuron concentration displaying control-like pH-values. For the two highest
concentrations lower pH-values were obtained at all time points. However, only the pH in
the highest concentration was significantly different (p < 0.05) from the control and the
lowest concentration of dimethachlor.
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Fig. 44 Mean (± standard error, n = 6 for the controls, n = 3 for the triasulfuron
treatments) dissolved oxygen (% saturation) measured during the experimental period
after application of the herbicide. Letters indicate significant differences (p < 0.05,
repeated measures ANOVA with Bonferroni-Dunn correction) compared to the control
and the other treatments.

Concentration-related differences between the triasulfuron concentrations were also
measured for the specific conductivity. For the lowest concentration of triasulfuron and the
control the conductivity decreased during the study from 511 ± 25 µS/cm to 354 ± 3 µS/cm
(Fig. 45). In the intermediate concentration a decrease was also observed, but to a lesser
extent. Slight increases of the conductivity were measured for the highest concentration
with values of 557 ± 12 µS/cm at the end of the study. The conductivity values in this
treatment were significantly different (p < 0.05) from those in the other treatments and the
control from day 12 onwards.
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Fig. 45 Mean (± standard error, n = 6 for the controls, n = 3 for the triasulfuron
treatments) conductivity (µS/cm) (upper graph) and pH (pH-units) (lower graph)
measured during the experimental period after application of the herbicide in the water of
the microcosm tanks. Letters indicate significant differences (p < 0.05, repeated measures
ANOVA with Bonferroni-Dunn correction) compared to the control and the other
treatments.
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3.2.3.3 Macrophyte sampling
a) Growth parameters
The results of the length increase for the rooted macrophytes are shown in Fig. 46. For the
submerged species M. spicatum the length increase of the main shoot was significantly
reduced in all the triasulfuron concentrations as compared to the control at least at some
stage of the study. For the highest concentration (16.2 µg a.i./L) this reduced increase was
significant (p < 0.05) at all available measuring points (days 14, 28 and 56) and for the
intermediate concentration from day 28 onwards. In the lowest triasulfuron concentration
(0.26 µg a.i./L) the measurement of the length increase of the main shoot from day 56 was
the only value significantly reduced as compared to the control (p < 0.05). The increase in
length of the side shoots for Myriophyllum sp. displayed significant differences (p < 0.05)
only for day 28 in the two highest concentrations (1.3 and 16.2 µg a.i./L).
For E. canadensis the length increase of the main shoot was significantly reduced (p <
0.05) only in the highest concentration of triasulfuron, with significant differences already
measurable on day 14, as well as on days 28 and 84. Similar results were obtained for the
length increase of the side shoots, but all the sampling days resulted in significant
differences (p < 0.05). In the intermediate concentration a significant difference with
values higher as compared to the controls was recorded on day 84.
The length increase of the shoots of emergent P. amphibia was significantly reduced (p <
0.05) on days 14, 28 and 84 in the highest concentration (16.2 µg/L). No significant
difference was measured for day 56, or in the other concentrations evaluated. For G.
maxima no significant differences were recorded at any time in any concentration.
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Fig. 46 Mean length increase of the rooted macrophytes plotted as percent difference to the
control. The length increase for the rooted submerged species (a-d) is discriminated into
the length increase of the main shoot (a, b) and the length increase of the side shoots (c, d).
For the emerged species (e, f) the graphs indicate the total length increase of the shoots.
Asterisks highlight significant (ANOVA; Dunnett´s t-test: ** p < 0.05) differences
between the triasulfuron treatment and the control.

The increase in the number of shoots for the rooted macrophytes in the triasulfuron
treatments as compared to the control is presented in Fig. 47. A significant difference (p <
0.05) in the highest concentration was observed for Myriophyllum sp. in the 16.2 µg/L
concentration on day 28, only. For Elodea sp. the increase in the number of shoots as
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compared to the control was reduced significantly (p < 0.05) for the highest concentration
of triasulfuron on day 14. Significantly higher values (p < 0.05) than those from the control
were determined in the intermediate concentration on days 28 and 84. No significant
differences as compared to the control were detected for the emergent macrophytes for the
increase in the number of shoots.
20
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Fig. 47 Mean increase in the number of shoots of the rooted macrophytes in the
triasulfuron treatments plotted as the increase compared to the control. Asterisks highlight
significant (ANOVA; Dunnett´s t-test: ** p < 0.05) differences between the triasulfuron
treatment and the control.
The biomass evaluation is shown in Fig. 48 (wet and dry weight). For M. spicatum the
biomass, wet and dry weight, was significantly reduced (p < 0.05) in the two highest
triasulfuron concentrations on day 28 only. The wet weight measurements on Elodea sp.
resulted in significantly reduced values (p < 0.05) as compared to the control for the
highest concentration from day 28 onwards. For the dry weight a lower value was obtained
on day 56 (p < 0.05) at this concentration. The two lowest concentrations were not
significantly affected for Elodea sp.. No significant reduction of wet or dry weight as
compared to the control was recorded either for Persicaria sp. or Glyceria sp. during the
entire study. On day 84 a significantly increased dry weight was measured for Glyceria sp.
in the highest concentration of triasulfuron.
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Fig. 48 Mean wet (upper graph) and dry (lower graph) weights of the rooted macrophytes
(control n=6, triasulfuron concentrations n=3). Asterisks highlight significant (ANOVA;
Dunnett´s t-test: ** p < 0.05) differences between the triasulfuron treatment and the
control.
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b) Physiological parameters
•
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Fig. 49 Photosynthetic yield of Glyceria maxima leaves plotted as the relative
difference (%) to the control for an estimation of the effects of triasulfuron on the
chlorophyll fluorescence.

Figure 49 displays the results of the chlorophyll fluorescence measured as the
photosynthetic yield on Glyceria leaves. The yield of the plants in the triasulfuron
treatments was not significantly lower as compared to that in the control microcosms. At
two measuring points, on day 41 and 55, the yield in the highest concentration was lower
than in the other treatments, the high variability resulting in no significant differences as
compared to the control or the two lowest concentrations. A concentration-dependent trend
of the yield can however be observed, with slightly lower yield in the two highest
triasulfuron concentrations and a slightly higher yield as compared to the control in the
lowest triasulfuron concentration.
•

Flower development

The evaluation of the percentage of Myriophyllum sp. plants flowering in the triasulfuron
microcosms or with the algae Chara sp. growing in the sediment of the plant pots during
the course of the study is shown in Fig. 50. Flowers from Myriophyllum sp. were observed
in all control microcosms by day 33, while in the lowest concentration of triasulfuron, the
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only concentration developing flowers, two out of three tanks had build up flowers by day
19. Myriophyllum sp. in the last replicate from the lowest concentration started flowering
on the last day of observations on day 83. The flower development of Persicaria sp. did
not show any triasulfuron related effects (data not shown).
•

Growth of filamentous algae Chara sp.

For the formation of the filamentous algae Chara sp. in the sediment of the plant pots a
concentration-related response was observed (Fig. 50). By day 33, the algae had grown in
all the control microcosms. In the lowest concentration growth of Chara sp. was observed
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Fig. 50 Percentage of microcosms with flowering Myriophyllum sp. (left graph) and with the
algae Chara sp. appearing in the sediment of the plant pots (right graph) for each triasulfuron
concentration (control n=6, triasulfuron treatments n=3).

3.2.3.4 Phytoplankton sampling
a) Abundance of families from dominant algal species
Results from the identification of families from dominant algal species in the water of the
microcosms distinguished three families (Chrysococcaceae, Chromulinaceae and
Dinobryonaceae) from the golden-brown algae (Chrysophyta) out of the twenty families
identified, displaying significant effects (p < 0.05, Repeated measures ANOVA with
Bonferroni/Dunn correction) between the control and the triasulfuron treatments. (see
Appendix 2). Significant differences were observed for one family between the control and
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the intermediate triasulfuron concentration (1.3 µg a.i./L). The highest concentration
showed significant differences for one family as compared to the control and for all three
families compared to the lowest triasulfuron concentration (0.26 µg a.i./L)(see Appendix
4).
b) Biomass of dominant algal species (based on a comparison of algal tribes)
The cell volume calculations based on the dominant algae species present in all microcosm
tanks shortly before application of triasulfuron (Fig. 51, day 0) revealed similar proportions
of algae from the three main tribes identified in the samples of the triasulfuron as well as in
the control microcosms. From the total cell volume of dominant algae the green algae,
golden-brown algae and cryptomonads accounted for 19-45 %, 19-23 % and 31-61%,
respectively, while in the controls 32 %, 16 % and 51 % of algae from these tribes were
found. Comparison of the total cell volumes in µm3/mL for the three triasulfuron
treatments on day 0 revealed a broad volume range of between 2.2 x 106 and 3.4 x 106
µm3/mL (n=3), as compared to the 3.3 x 106 µm3/mL for the control (n=5). On day 14 after
application a slight increase in the percentage of cryptomonads (10-15 %) and an
equivalent percent decrease in the fraction of golden-brown algae present in the water of
all three triasulfuron concentrations was observed (Fig. 52, lower part). In the controls
however, only the decrease of golden-brown algae was recorded (from 16 to 3 %), while
the cryptomonads remained at 49 % of total cell volume, as compared to the 51 % from
day 0. The percentage of green algae was constant in the lowest and highest concentration
of triasulfuron, while it decreased around 10 % in the intermediate treatment. Increases of
10 % were measured in the control. The total cell volume slightly increased in the
triasulfuron concentrations by day 14 (around 0.3 x 106 µm3/mL), with the largest increase
in the highest concentration (from 3.4 x 106 to 4.1 x 106 µm3/mL). In the controls the total
cell volume more than doubled from initial 3.3 x 106 to 7.1 x 106 µm3/mL.
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Fig. 51 Results from the volume calculation of the triasulfuron treatments (n=3) and the
controls (n=5) on days 0 and 14 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.
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Fig. 52 Results from the volume calculation of the triasulfuron treatments (n=3) and the
controls (n=5) on days 28 and 56 after application based on the dominant algal species
identified in the microcosms with indication of the total cell volume per mL water and the
fraction corresponding to each algal tribe.
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Fig. 53 Results from the volume calculation of the triasulfuron treatments (n=3) and the
controls (n=5) on day 84 after application based on the dominant algal species identified in
the microcosms with indication of the total cell volume per mL water and the fraction
corresponding to each algal tribe.

By day 28 after application the percentage of green algae from the total cell volume
calculated had decreased in all three triasulfuron treatments, accounting for in between 11
and 21 %, and in the control where it reached 30 % of total cell volume (Fig. 52, upper
part). The most important changes between the control and the triasulfuron treatments were
observed in the recorded percentages of cryptomonads and dinoflagellates. In the control
the cryptomonads decreased around 15 %, while in the lowest and intermediate
triasulfuron concentrations they increased 10 %. In the highest concentration they
remained at same levels. The dinoflagellates accounted for one third of the total cell
volume of the control at this point, while in the triasulfuron concentrations they were in
between 3-15 %. Changes in the proportion of golden-brown algae (2-6 %) were not
observed in the microcosms.
Large differences were recorded for the total cell volume of algae on day 28. While total
cell volume remained constant in the highest triasulfuron concentration, in the lowest
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concentration the cell volume doubled (from 3.4 x 106 to 6.6 x 106 µm3/mL) and in the
intermediate concentration it even tripled (from 2.6 x 106 to 8.2 x 106 µm3/mL). In the
controls total cell volume increased two and a half times from 7.1 x 106 to 18.2 x 106
µm3/mL.
Percentages of green algae had increased on day 56 by 11-18 % in the two lowest
triasulfuron concentrations (25 and 29 %) and the controls (47 %), and decreased 10 % in
the highest triasulfuron concentration (11 %) (Fig. 52, lower part). At the same time a
decrease of 20 % in the fraction of dinoflagellates from total cell volume was observed in
the controls, while in all the triasulfuron treatments they had increased by 11, 15 and 24 %,
from the lowest to the highest concentration, respectively. The golden-brown algae that
had accounted for nearly two thirds of total cell volume in the three triasulfuron treatments
on day 28, decreased between 10-20 % by day 56. In the controls however, they stayed at
similar levels. The total cell volume of the dominant algae remained constant in the control
on day 56. In the triasulfuron treatments total cell volume was between 14.0 x 106 µm3/mL
in the intermediate concentration and 16.8 x 106 µm3/mL in the highest concentration,
which is four times higher than on day 28 for these treatments.
On the last sampling date at day 84, the fraction of green algae in the lowest concentration
and the controls had decreased around 10 %, while it stayed constant in the two highest
concentrations (Fig. 53). Cryptomonads increased and made up 15-25 % of total cell
volume in the two lowest triasulfuron treatments and the control, and remained at the same
level as on day 56 in the highest concentration. The proportion of dinoflagellates decreased
between 10-25 % in all microcosms, accounting for approximately 5 % in the two lowest
concentrations and the control, while in the highest concentration it still was present with
19 % of total cell volume in the samples. Golden-brown algae made up 1-3 % in the lowest
concentrations and the control, and 15 % in the highest concentration. Total cell volume
had decreased in all microcosms by day 84. The highest changes were recorded in the
lowest concentration (from 14.4 x 106 to 5.9 x 106 µm3/mL) and the control (from 18.3 x
106 to 11.0 x 106 µm3/mL). The intermediate and highest concentration had a total biomass
volume of 12.3 x 106 and 11.0 x 106 µm3/mL, respectively.
No significant differences between the treatments and the control were observed over the
entire study period for any of the tribes while comparing their total cell volumes.
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3.2.3.5 Summary of results in the microcosm pond study for the herbicide
triasulfuron
Table 19 presents the NOEC- and LOEC-values for the monitored endpoints evaluated for
the different organisms during the study on days 28, 56 and 84. On day 28 the intermediate
concentration of triasulfuron is equal to the lowest observable effect concentration for the
length increase of main and side shoots and for both biomass parameters (wet and dry
weight) of Myriophyllum sp. and for the increase in number of shoots of Elodea sp., where
higher values are obtained compared to the controls. By day 56 the length increase of the
main shoot of Myriophyllum sp. results in a LOEC-value of 0.26 µg/L triasulfuron, ,while
further adverse effects are only observed for flower development of this macrophyte at 1.3
µg a.i./L. The rest of the endpoints monitored display LOECs equal to or higher than the
highest triasulfuron concentration tested. On the last sampling date (day 84) the LOEC is
found at the intermediate concentration for the endpoints: length increase of main shoot
and flower development of Myriophyllum sp. and number of cells from dominant algae
families, as well as for the length increase of the side shoots of Elodea sp. where values
higher than the controls were recorded. The NOEC for day 84 is the lowest tested
triasulfuron concentration of 0.26 µg a.i./L. Overall evaluation of results for triasulfuron
after 84 days would therefore result in a no-observable ecologically adverse effect
concentration (NOEAEC) of 0.26 µg a.i./L.
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Tab. 19 Summary of NOECs and LOECs based on the most sensitive parameters evaluated
for the different test organisms on days 28, 56 and 84 after application.

1

after 28 days

after 56 days

after 84 days

NOEC LOEC
[in µg a.i./L]

NOEC LOEC
[in µg a.i./L]

NOEC LOEC
[in µg a.i./L]

Test organism

Most sensitive parameter

Glyceria sp.

Length increase, number of
shoots, biomass

16.2

> 16.2

16.2

> 16.2

1.3

16.2 3

Persicaria sp.

Length increase, number of
shoots

1.3

16.2

16.2

> 16.2

1.3

16.2

Elodea sp.

Length increase of main
shoot

0.26

1.3 3

1.3

16.2

0.26

1.3 3

Myriophyllum sp.

Length increase of main
and side shoots, biomass

0.26

1.3

< 0.26

0.26

0.26

1.3

Algae 1

Number of cells

1.3

16.2

1.3

16.2

0.26

1.3

Algae 2

Biomass
(total cell volume)

16.2

> 16.2

16.2

> 16.2

16.2

> 16.2

Glyceria sp.

Photosynthetic yield

16.2

> 16.2

16.2

> 16.2

16.2

> 16.2

Myriophyllum sp.

Flower development

n.e.

n.e.

0.26

1.3

0.26

1.3

Persicaria sp.

Flower development

n.e.

n.e.

16.2

> 16.2

16.2

> 16.2

Chara sp.

Growth

n.e.

n.e.

16.2

> 16.2

16.2

> 16.2

Based on the evaluation of 20 dominant algae families

2

Based on evaluation of 5 algal tribes

3

Values significantly higher than control

n.e. not evaluated
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3.2.4 Variability of macrophytes in the field testing
Table 20 presents a list of the relative coefficients of variance (CVrel) and minimum
significant differences (MSD) for E. canadensis and M. spicatum sampled from the control
microcosms during the course of the study and used as a basis for the evaluation of effects
on the monitored biological endpoints due to the application of the different herbicides.
The MSD indicates the threshold percentage of the control that results in significant
differences.
The relative CVs for Elodea sp. were between 24 and 50 % for all the endpoints
monitored, except for the increase in the number of shoots on days 56 and 84 with values
of 84 and 76 %. The most homogeneous relative CVs were recorded for the length
increases of main and side shoots.

Tab. 20 Relative coefficients of variance (CVrel) and minimum significant differences
(MSD) for the monitored biological endpoints of E. canadensis and M. spicatum sampled
in the control microcosms during the course of the study.
Elodea canadensis

Myriophyllum spicatum

Day after
application (d)

CVrel (%)

MSD
(as % of control)

CVrel (%)

MSD
(as % of control)

Increase in length of
main shoot

14
28
56
84

36
24
41
32

78.11
51.33
88.37
68.56

57
39
16
25

121.50
82.39
35.08
53.29

Increase in total length
of side shoots

14
28
56
84

37
33
32
45

79.08
71.71
68.48
96.87

103
33
57
68

219.65
70.84
123.99
146.23

Increase in the number
of side shoots

14
28
56
84

41
33
84
76

86.96
72.05
178.09
161.27

100
58
81
75

213.37
124.43
174.57
162.33

-1
14
28
56
84

44
44
28
30
50

95.07
94.95
61.57
63.66
107.08

53
64
31
55
66

114.55
136.20
66.16
118.56
141.43

-1
14
28
56
84

47
42
31
24
33

101.3
90.96
67.16
50.61
71.36

56
62
27
41
59

120.45
132.94
57.64
87.65
128.06

Evaluated parameter

Dry weight

Wet weight
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For Myriophyllum sp. the range of relative CVs recorded for the various endpoints was
broader with values in between 16 and 103 %. The most homogeneous values were
obtained for the length increase of the main shoot and for both biomass endpoints. The
smallest relative CVs were observed on days 56 and 84 for the length increase of the main
shoot of Myriophyllum sp..
Tab. 21 Relative coefficients of variance (CVrel) and minimum significant differences
(MSD) for the monitored biological endpoints of G. maxima and P. amphibia sampled in
the control microcosms during the course of the study.
Glyceria maxima

Persicaria amphibia

Day after
application (d)

CVrel (%)

MSD
(as % of control)

CVrel (%)

MSD
(as % of control)

Increase in length of
shoots

14
28
56
84

33
32
36
31

71.53
69.15
77.34
65.21

31
23
36
23

65.35
49.07
77.49
48.69

Increase in the number
of shoots

14
28
56
84

193
48
33
33

413.02
102.38
70.92
69.83

93
64
61
28

199.46
136.06
129.58
59.58

-1
14
28
56
84

n.a.
23
20
28
26

n.a.
49.58
42.47
61.22
55.79

43
43
45
50
36

92.49
91.15
95.71
107.87
77.82

-1
14
28
56
84

24
19
19
20
22

50.91
40.46
39.90
42.55
46.34

38
35
38
40
33

81.99
75.98
82.00
86.62
69.67

Evaluated parameter

Dry weight

Wet weight

Relative CVs and MSDs of emergent macrophytes G. maxima and P. amphibia are shown
in Tab. 21. Values for the CVrel were more homogeneous and lower than for the submerged
species for most of the evaluated time points and monitored endpoints. The relative CVs
for Glyceria sp. were especially low for the biomass endpoints with 20 to 28 % for the dry
weight and 19 to 24 % for the wet weight. For Persicaria sp. low CVrel were observed for
the length increase of shoots (23-36 %) and for the wet weight (33-40 %). The highest
relative CVs for both species were recorded for the increase in the number of shoots,
especially for the values resulting from the increase between day 0 and day 14, with 193 %
for Glyceria sp. and 93 % for Persicaria sp..

4. Discussion

page 121

DISCUSSION
4.1

Laboratory testing

4.1.1 Photosynthesis inhibiting herbicides

121

4.1.2 Herbicides with different modes of action

127

4.2

Field testing

4.2.1 Effects of simazine

134

4.2.2 Effects of dimethachlor

140

4.2.3 Effects of triasulfuron

145

4.3

Suitability of used test systems- Assessment of applicability and replicability

4.3.1 Laboratory microbioreactor- Extrapolation from lab to field? – Current status;
future needs

151

4.3.2 Microcosm experiments- A discussion of how the balance between replicability and
complexity can be kept
4.3.3 Evaluation of test species, test materials and endpoints assessed in the microbioreactors

154
157

4.1 LABORATORY TESTING
4.1.1 Photosynthesis inhibiting herbicides
Experiments in the microbioreactors with herbicides affecting and inhibiting the
photosynthesis of plants at the photosystem II (PS II), like atrazine and simazine, resulted
in a decrease of the O2-production and of the pH as compared to the control plants. Effects
on these parameters were observed very fast already after 15 min after application of the
herbicides. Previous studies on aquatic plants, mainly with phytoplankton, have shown a
decrease in the pH and in the O2 dissolved in the water after application of atrazine (Jones
et al. 1986, Neugebaur et al. 1990, Bester et al. 1995) or simazine (Jenkins and Buikema,
1990, Jüttner et al. 1995).
Many water quality parameters are influenced by photosynthesis (Kersting et al. 1999).
Dissolved oxygen is probably one of the most sensitive indicators of changes in the
photosynthetic rate after herbicide application (Girling et al. 2000), but in addition to the
decreases recorded in O2 and pH, increases in nitrate, ammonia, alkalinity and conductivity
have been monitored (Jenkins and Buikema, 1990). These effects are known to be related
to the reduced photosynthetic activity and photosynthetic uptake of bicarbonate (Solomon
et al. 1996). Once the photosynthetic rate is affected, with a subsequent reduction or
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complete inhibition due to the application of PS II inhibiting herbicides, the fluorescence
starts to increase (Snel et al. 1998). Arsalane et al. (1993) however did not detect
appreciable increases in the fluorescence of diatoms at low concentrations of atrazine and
simazine. In these experiments effects became only visible at concentrations of simazine or
atrazine exceeding 100 µg/L.
For the tests performed in the microbioreactors, effects at concentrations lower than 100
µg/L atrazine resulted in decreases in the O2-production and in the pH of the medium, at
least for Lemna gibba. Inhibitions of the O2-production of approximately 30-40 % were
recorded for the 25 and 50 µg a.i./L concentrations. These effects though, do not
necessarily imply a long-term impact on the organisms that would lead to a decrease of the
biomass. Reduced productivity over a period of a few days has been shown to result in no
effects on biomass after 6 weeks in experiments in prairie wetland microcosms containing
filamentous algae, duckweed and macrophytes (Huckins et al. 1986). In a further study,
exposure to 10 µg/L atrazine resulted in 23 % less primary production after two days and
in 32 % less productivity with 100 µg/L. Effects disappeared thereafter until the next
measurements five days later (Johnson, 1986). The levels of inhibition reached in these
studies confirm the findings obtained for Lemna sp. in the laboratory experiments with the
microbioreactors.
O2-inhibition in the microbioreactors was highest after 12 and 24 hours of herbicide
application and tended to decrease thereafter. This could arise from partial detoxification
of the herbicide in the organisms reducing the inhibitory effects or indicate potential
adaptation or acclimation of the organisms to the substance due to an enhanced metabolic
activity. A monitoring of the kinetic of effects after atrazine application in the recovery
experiments further supports the existence of one of these mechanisms. With atrazine still
in the application solution, a decrease of the inhibition in the O2-production and of the
reduced pH as compared to the control, was recorded. These observations will be discussed
in the following.
Phytoplankton studies have shown that adsorption plays the major role in the uptake of
atrazine from the water. Additionally, a strong influence of the growth rate on the
accumulation, and a lower influence of the lipid content in the cells, seems to be relevant
(Streit, 1979). These observations were supported by the results of Manthey et al. (1993),
who found that lipophilicity had limited predictive value for estimating herbicide sorption,
and by experiments of Weinberger and Greenhalgh (1985) on Ceratophyllum demersum,
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where pesticide sorption differed between the younger and older shoots of this macrophyte.
Other authors have tried to correlate the sorption coefficients to the organic matter content
of aquatic plants (Crum et al. 1999). This information, however, is not available at present
for the macrophytes tested in the present study. Available values tend to confirm though,
that L. gibba has a high organic matter content (87 %) compared to other species (Crum et
al. 1999). L. gibba is also known to display good growth rates, which would thus be in
agreement with a potential for high sorption of atrazine on this species (Streit, 1979), and
could give an explanation for the high sensitivity to atrazine observed in the present tests.
One can speculate about the reasons for the lower atrazine effects recorded with the other
species from the Lemnaceae family and Myriophyllum sp. in the microbioreactors. L.
minor and Spirodela polyrrhiza are also floating species with good growth rates,
equivalent to those of L. gibba, and with organic matter contents that presumably are in the
same range as for this species. Low differences in the adsorption potentials of atrazine
should therefore be expected, and therefore similar kinetics of effects. The fast inhibition
of O2-production and of the pH-changes monitored for L. gibba and L. minor, with
maximum effects after only a few hours of application and with a subsequent decrease of
effects, indicate at least a similarity in the kinetics of atrazine effects for both species. They
do not explain, however, the observed differences in sensitivity during the course of the
study.
The intraspecific sensitivity of species between L. gibba and L. minor has previously been
reported for experiments with herbicides of different modes of action (Vervliet-Scheebaum
et al. 2006) or with detergents (Raphael Ritzenthaler, personal communication). In these
studies L. gibba showed greater sensitivity than L. minor. To our knowledge however, a
profound investigation of the reasons for this sensitivity differences, including molecular
or physiological experiments, is not available at present. The reason for it therefore remain
unclear.
A difference in sensitivity after application of atrazine was also observed between the
Lemnaceae species and Myriophyllum sp.. Inhibition of the O2-production was lower than
for L. gibba at all measuring points during the 24h-period following application of the
herbicide and varied with respect to L. minor and S. polyrrhiza, depending on the time
point selected and monitored. The kinetics of the atrazine effects on M. spicatum is
different than for the other species investigated in the microbioreactor. Inhibition reaches
60 % already one hour after application and this level of inhibition is kept during the entire
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period of monitoring. The increase of inhibition in between 12 to 24 h after application, as
well as a subsequent decrease of inhibition during the exposure to the herbicide as
observed for the Lemnaceae species, can not be recorded for Myriophyllum sp.. Such
observations lead to the assumption that the uptake mechanisms or adsorption kinetics for
Myriophyllum sp. differ from those for the Lemnaceae. In general, ecotoxicological effects
of chemicals are dependent on the exposure and bioavailability of compounds, uptake and
metabolism, intracellular concentration, mode of toxic action and balance between toxicity
and protective cellular responses (Fent, 2004).
Specific adsorption kinetics of atrazine will lead to a time-dependent level of saturation in
the organisms, with a primary phase, where the compound starts to accumulate and a
subsequent phase where a maximum concentration is reached. This saturation range has
been shown to be dependent on the species selected (Böhm, 1976, Streit, 1979,
Ellgehausen et al. 1980). As previously stated, the level of pesticide sorption might depend
on the growth rate. Tang et al. (1998) have suggested further for algae, a correlation
between algal cell size and sensitivity responses, the cell size being described by the cell
volume and the surface area. They used their findings to positively relate the sensitivity
differences observed between algal species and divisions of algae, with the sizes of each
species. In phytoplankton experiments with the green algae Scenedesmus acutus, the
accumulation starts quickly after addition of the compound (about 17.5 min) and reaches
saturation after between two to four hours. Recent studies of atrazine on algal sensitivity
support these findings and emphasised the fast uptake of atrazine with maximum
concentrations reached 3 to 6 hours after initial exposure (Tang et al. 1998). Similar
observations of a time-dependent increase in the concentration up to a maximum level that
is reached after a few hours, were obtained during the course of the present experiments in
the microbioreactors. The highest effects of atrazine on the Lemna species were monitored
here already after approximately two hours.
Besides the adsorption kinetics of the compound, the differences in sensitivity between
Myriophyllum sp. and the Lemnaceae species may have arisen from a distinct uptake
mechanism. The Lemnaceae species float on the water surface, with the lower part of the
frond as the main contact surface for uptake of substances, while Myriophyllum sp. is fully
submerged and rooted, the roots, thus being the main uptake path for compounds (Huber,
1993). The situation encountered in the microbioreactors though, is different than under
natural conditions. In the microbioreactors the Lemnaceae species are fully submerged
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with both frond surfaces in contact with the water. Myriophyllum sp. on the other hand, is
not introduced in the microbioreactor as a whole plant but as single leaves. The roots, as
the main route for uptake, are therefore missing. Conditions in the microbioreactor thus,
are changed as compared to natural conditions and difficult to interpret. Future research
should focus on this aspect and elucidate how uptake and adsorption of compounds by the
organisms are changed when introduced into the microbioreactor. If the surface area is the
main factor influencing the adsorption of atrazine, and hence to determine the extent or the
time point of potential adverse effects to become visible, it should be investigated, if the
exposure scenario in the microbioreactor with both frond surfaces submerged for the
Lemnaceae species, increases their sorption capacity and therefore sensitivity. For
Myriophyllum sp. investigations should determine how the lack of plant parts like roots,
that are a main uptake path for compounds, influence the uptake kinetic of the plant as a
whole.
Plant communities recover readily from the inhibitory effects of atrazine (Solomon et al.
1996). Recovery of primary production was observed in phytoplankton and periphyton
immediately after atrazine was removed from the water in flow-through laboratory
microcosms (Brockway et al. 1984, Hamala et al. 1985). This was probably the result of
the diffusion of atrazine from the plant tissues into the uncontaminated medium and
removal from the site of action. Recovery of phytoplankton productivity after 7 d of
exposure to 15 and 153 µg/L atrazine has also been reported (Hoagland et al. 1993). This
recovery effects were observed for all the macrophytes, where the application solution was
replaced by fresh, control medium. We further can conclude that even concentrations of up
to 500 µg/L atrazine for L. gibba and Myriophyllum sp., and 750 µg/L for L. minor did not
cause a long-term effect on these species after 48 h of herbicide exposition, since full
recovery was observed. These results are in accordance with the mode of action of atrazine
and triazine herbicides in general, which reversibly bind to the D1 protein of the PS II,
inhibiting electron transport, and not causing primarily oxidative stress or membrane
leakage as observed for electron diverters like diquat or paraquat.
The recovery of L. gibba in the inhibition experiments, after replacing the application
solution containing atrazine by control medium after a 48h-exposure, resulted in a higher
O2-production and in a higher pH of the medium as compared to the values preapplication. It has been suggested, that the inhibition of photosynthesis by atrazine is
comparable to light limiting conditions (Plumley and Davis, 1980). This could result in an
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increase of the chlorophyll content of the leaves as known from adaptations in plants under
conditions of shade. Such adaptations, and even genetic changes caused by exposure to
herbicides as origin for differences between individuals from the same species, have been
previously reported (Larsen et al. 1986, Mayer et al. 1998, Seguin et al. 2001).
Pre-incubation of a L. gibba culture to atrazine with subsequent exposition to control
medium in the microbioreactors, led to increases in the activity of the organisms, which
was defined as the O2-production per mg plant biomass. The findings of an increase
activity resulted from the pre-incubated Lemna sp. plants producing the same amount of O2
than the control, but having a markedly lower weight than the plants from the stock
culture. Previous studies have not observed increased tolerance of species preexposed to
low concentrations of atrazine (Brockway et al. 1984, Kosinski and Merkle, 1984,
Gustavson and Wängberg, 1995), but as previously stated, if PS II-inhibition results in
adaptations similar to low light conditions, an increased chlorophyll content with
subsequent increases of photosynthetic activity might have ocurred.
Available EC50-values from literature for L.gibba vary over one order of magnitude with
values in between 22 and 180 µg/L atrazine (Hoberg, 1991, 1993a,b), in experiments over
5 to 14 days. Results from the toxicity of the herbicide atrazine on L. gibba in the
microbioreactors based on an evaluation after 24 h suggests a NOEC < 25 µg/L, since at
this concentration, effects on the O2-production and on the pH were still observed.
For L. minor, on the other hand, the findings from the microbioreactors clearly indicated
lower sensitivity than for L. gibba with a NOEC < 200 µg/L atrazine after 24 h. Inhibition
of approximately 20 % at this concentration and of slightly over 50 % at 500 µg/L atrazine,
would result in EC50-values at around this concentration range. Reported results tend to
confirm a NOEC lower than 200 µg/L atrazine. NOECs from the literature for L. minor
range between 10 to 75 µg/L atrazine (Rodgers, 1991, Fairchild et al. 1997), while EC50s
are found in between 21 and 8700 µg/L (Rodgers, 1991, Kirby and Sheahan, 1994,
Fairchild et al. 1997, 1998).
The NOEC obtained 24 h after application for M. spicatum in the microbioreactors is lower
than 200 µg/L atrazine. At concentrations of 500 µg/L atrazine, an inhibition of
approximately 50 % was recorded, which is about half the concentration than the one
reported by Forney and Davis (1981) in a 4-week test.
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Several studies have concluded that little or no adverse atrazine effects will be recorded at
concentrations up to 20 µg a.i./L. This concentration has therefore been previously
reported as NOEC for this herbicide (Huber, 1993, Solomon et al. 1996, Brock et al. 2000).
Results for simazine as the formulated compound GESATOP at concentrations of 500 µg
simazine per litre, displayed similar ranges of inhibition between L. gibba and M.
spicatum. A reduction of O2-production and of pH-changes of approximately 80 % was
obtained for both species. Mazzeo et al. (1998) reported an EC50 of 260 and 290 µg/L
simazine for frond number and dry weight of L. gibba in 14-day tests, respectively, while
values of in between 120 to 150 µg/L simazine were also found to display 50 % inhibition
in the abundance of this species (US EPA, 2000). To our knowledge, no experiments have
been reported on the effects of simazine on Myriophyllum sp.. For the two tested species
treated in the microbioreactors, the threshold concentration for a measurement of 50 %
inhibition is below 500 µg/L and the no effect concentration at 50 µg/L simazine.
Comparison with NOEC values reported in literature, with concentrations of 100 µg/L
(Jenkins and Buikema, 1990, Brock et al. 2000), confirm the obtained results and enforce
the conclusiveness of the findings obtained in the microbioreactors.
Overall evaluation of the toxicity of photosynthesis inhibiting herbicides on macrophytes
in the microbioreactors therefore confirms the suitability of this laboratory test system for
the estimation of potential adverse effects. The parameters monitored show great
sensitivity towards compounds with a mode of action that interferes with photosynthesis.
The microbioreactors may therefore be used as a standardised laboratory test system, since
they allow a fast characterisation and estimation of the potential toxicity of these
herbicides.

4.1.2. Herbicides with different modes of action

a) Effects of diquat
Effects of diquat in the microbioreactors at concentrations of 10.2 µg/L were first
monitored after 12 h of application. The observed inhibition of O2-production and pHchanges of the medium constantly increasing until the end of the experiments, suggest
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further inhibition to become visible at longer test duration. Since inhibition at this
concentration did reach approximately 70 % for pH and O2 after 48 h, it can be assumed
that an extention of the test duration between 12 and 24 h, to exposure, i.e. post-application
times of 60 and 72 h, would have led to a complete inhibition of O2-production and of the
pH-changes in the medium. An O2-consumption higher than the O2-production should have
been expected, thereafter. These assumptions, however, are based on the observations of
the development of inhibition for both parameters, O2 and pH, during 48 h, since a linear
increase of the inhibitory effects between 12 and 48 h after application seems to be
discernible. A linearity of diquat effects has been reported previously by Funderburk and
Lawrence (1964), monitoring the O2-uptake by duckweed.
Diquat is rapidly absorbed by green plant tissue. Experiments with Elodea sp. showed that
uptake consists of an initial adsorption phase that is completed after the first 10-20 min,
followed by a slower uptake phase that continues for 4.5 h (Davies and Seaman, 1968a,b).
Slower uptake was observed for the parrotfeather Myriophyllum brasiliense with 50 %
diquat taken up within 12 h after treatment and a slower accumulation that lasted for 188 h
(Sutton et al. 1970). Similar results were obtained also for Hydrilla sp. (Sutton et al. 1972).
Conclusions about the uptake and adsorption of diquat for Lemna sp. in the
microbioreactors are difficult, as they were not investigated. Since effects however, were
not recorded until 12 h after application, we have to assume, that the uptake rates of diquat
for this species are somewhere in between those from the previously mentioned
macrophytes. Uptake and accumulation will probably have started quickly after application
of diquat, but effects will not have been displayed before reaching a specific threshold
concentration in the plants.
The mode of action of diquat, and from other bipyridylium herbicides like paraquat, is
based on a substitution of ferredoxin, one of the electron transports of the photosystem I in
the photosynthesis apparatus. In the role as a substitutor it is reduced forming free radicals,
mainly hydroxyl radicals, which then cause lipid peroxidation, protein inactivation and
DNA damages (Moreland, 1980, WHO, 1984). Effects observed on the photosynthesis of
Lemna sp., and on O2 and pH respectively, are not a result of direct photosynthesis
inhibition as seen for the triazine herbicides, but of inactivation and increase in oxidative
stress, leading to an enhanced respiration. Funderburk and Lawrence (1964) showed great
stimulation in the respiration of L. minor after application of 34.4 and 344 µg/L diquat
already a few hours after application of the herbicide. Zweig et al. (1968) reported in
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experiments with Chorella pyrenoidosa, that although oxygen evolution seemed to be
affected within 4 h a chlorophyll decrease was not discernible by that period. It appeared,
therefore, that the decrease in oxygen evolution preceeded the destruction of chlorophyll,
hence both events seemed not to be related.
Since diquat has been used as a control agent for aquatic macrophytes, several studies have
tried to determine the effects of this herbicide to natural aquatic vegetation. Experiments
with Hydrilla sp. resulted in lower biomass production at 0.5 mg/L (Gangstad, 1978),
while Elodea sp. was already controlled in the field at diquat concentrations of 0.25 mg/L
(Mackenzie et al. 1971). Considerably higher pulse dosage of 3.5 mg/L in microcosms
significantly reduced algal biomass (chlorophyll), clearly altering the algal community
structure (Pratt and Barreiro, 1998). In this study cyanobacteria seemed to be especially
sensitive to this herbicide.
Besides these data dealing with concentrations in the mg/L range, several authors have
recorded effects at far lower concentrations (Peterson et al. 1997, Campbell et al. 2000).
Campbell et al. (2000) summarised the results of diquat effects reported in a few studies
for floating and submerged macrophytes as well as for aquatic algae. The EC50-values in
14 d- to 16 d-tests ranged between 10 and 120 µg/L diquat for floating species, and 7.2 and
80 µg/L diquat for submerged macrophytes. For the algae EC50s were in between 1 and
2940 µg/L diquat (Adams and Schulz, 1987, Graham et al. 1987, Haller et al. 1988).
Peterson et al. (1997) reported an EC50 value for L. minor of 4 µg/L, duckweed being as
sensitive to diquat as the most sensitive cyanobacterium. Comparison of EC50 values for
diquat in 4 d-tests between L. minor and Selenastrum capricornutum have been shown to
display effects at 18 and 80 µg/L, the NOEC being at < 11 and 44 µg/L diquat for Lemna
sp. and the green algal species, respectively (Fairchild et al. 1997). The toxicity of diquat
in the microbioreactor resulted in a lowest observable effect concentration of 10.2 µg/L
and in a NOEC of 5.1 µg/L. The values obtained for the effects of diquat on L. gibba in the
microbioreactors are therefore consistent with available literature results and suggest a
narrow interval between the no-effect and lowest adverse effect concentration for this
species under the conditions tested here.
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b) Effects of S-metolachlor
Values reported in the literature and elsewhere, usually refer to metolachlor, a herbicide
that was replaced in 1999 by the s-isomeric form S-metolachlor, due to its reduced
environmental risk potential and its more effective weed control properties (NRWA,
2002). The only value available for the toxicity of metolachlor on the gibbous duckweed L.
gibba found in the US EPA ecotoxicity database reports a 50 % inhibition of the
abundance at 48 µg/L, which is well below the observations made in the microbioreactor
for S-metolachlor (US EPA, 2000). For the common duckweed L. minor EC50-values for
metolachlor were at approximately 343 µg/L with a NOEC of 187 µg/L (Fairchild et al.
1997). The NOEC of 250 µg/L S-metolachlor obtained in the microbioreactors would be in
accordance with the values reported in this study. It was not possible however, to confirm
the threshold concentration, where a 50 % reduction of the O2-production and the pHchanges in the medium were achieved, since the maximum tested concentration of 1000
µg/L did not cause more than 20 % inhibition, while a concentration of 500 µg/L resulted
in 15 % inhibition only. The reasons for the lower inhibition reached in the
microbioreactors might be related to the mode of action of S-metolachlor and the duration
of the study. (S-) Metolachlor is a herbicide that affects protein and lipid synthesis, but
does not directly affect photochemistry events of the photosynthetic processes (Fuerst,
1987). Effecs of metolachor on the photosynthetic activity appear slowly and only after 48
h of exposure (Juneau et al. 2001). Since the obtained values are based on toxicities after
24 h, it might be probable that effects are not being displayed, yet. Data reported in the
literature for L. gibba and L. minor are based on 14 d- and 4 d-tests, respectively. This
difference in test duration might as well explain the large difference in EC50-values
reported for both species.
Few studies focus on the effects of metolachlor on submerged macrophytes like M.
spicatum. Fairchild et al. (1998) reports a 50 % inhibition of the biomass of the two-leaf
water milfoil M. heterophyllum at concentrations over 3000 µg/L in 14 d-tests. The
inhibition of M. spicatum in the microbioreactors at 1000 µg/L only reached 30 % after 24
h, which would at least not contradict the results recorded by Fairchild et al. (1998). It
would be mere speculation however to discuss effects in the microbioreactors at higher
concentrations or longer test durations. It is therefore more advisable to further investigate
metolachlor toxicity on Myriophyllum sp. in subsequent projects, taking into account these
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two aspects in more detail. Other submerged species like Elodea sp. have been reported to
be also less sensitive than Lemna sp. with an EC50 of 2355 µg/L metolachlor, while the
dicotyledonous submerged species Ceratophyllum sp. was the one with the highest
sensitivity (EC50= 70 µg/L). Conclusive assumptions of higher or lower sensitivity of
submerged vs. floating macrophytes are not possible at the moment, however.
Longer test trials in the microbioreactors could elucidate the above mentioned timedependent effects on photosynthesis, which would result in lower concentrations
displaying higher adverse effects. Values recorded for S-metolachlor in the
microbioreactors

are

promising

and

suggest

a

successful

application

of

the

microbioreactors for the evaluation of the potential toxicity of compounds that do not
primarily display effects on the photosynthesis, but affect its function after longer
exposures.

c) Effects of glyphosate
Results displayed in the microbioreactors for glyphosate showed no inhibitory effects on
the O2-production and on the pH-changes of the medium at concentration of 2000 and
4000 mg/L glyphosate for M. spicatum and L. gibba, respectively. It was possible,
however, to observe a strong enhancement in the O2-production of L. gibba, and to a lesser
extent of M. spicatum. Slight apparent stimulation of periphytic algal photosynthesis has
been recorded after addition of 8.9 and 0.89 mg/L glyphosate in two ponds in Canada
(Goldsborough and Brown, 1988) without further explanation of the potential effects that
could be involved, while increased photosynthetic rates and stimulated growth of
Scenedesmus quadricauda at a concentration of 0.02 mg/L glyphosate were observed in
another study (Wong, 2000). Christopher and Bird (1992) showed an increase in the
number of buds for the macrophyte Myriophyllum spicatum at 2.5 mg/L, but on the other
hand a reduced number of branches already at 1 mg/L glyphosate.
The results on the toxicity of glyphosate found in literature and based on photosynthesis
are mainly obtained on algae. They show a huge difference in the concentration range that
results in effects, thus making an extrapolation to the effects recorded in the
microbioreactors really difficult. Glyphosate has been shown to affect plant metabolism in
several ways including protein synthesis as well as the precursors of important secondary
plant compounds from the phenylpropanoid type (Hock and Elstner, 1984). Many studies
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however have given strong support to the hypothesis that inhibition of the shikimate
pathway enzyme 5-enolpyruvylshikimate-3-phosphate-synthase (EPSP-synthase) is the
primary site of action, other metabolic effects having therefore a secondary influence
(Amrhein et al. 1980, Amrhein et al. 1983, Becerril et al. 1989). Sprankle et al. (1975) in
experiments reporting the absorption, action and translocation of glyphosate on quackgrass
(Agropyron repens) did not obtain immediate effects of this herbicide neither on
respiration nor on photosynthesis. They reported, however, a significant drop of
photosynthesis 72 h after treatment, with respiration being affected at a later stage.
Most of the data on toxicity testing of glyphosate on aquatic plants have shown that
toxicity is not likely to occur at concentrations lower than 1000 µg/L. The 50 % inhibition
of growth of four submerged species, E. canadensis, M. spicatum, Vallisneria americana
and Potamogeton pectinatus, was well over 1000 µg/L glyphosate, the authors concluding
that glyphosate was practically not toxic to these species (Forney and Davis, 1981). In the
same study duckweed was not affected at concentration of up to 320 µg/L, while
Grossmann et al. (1992) even reported an EC50 of over 5000 µg/L glyphosate for Lemna
paucicostata. The lowest value found in literature for aquatic macrophytes based on a 50
% inhibition of root length was shown to occur at 844 µg/L (Roshon et al. 1999). These
values however, were obtained under axenic conditions, in artificial substrate and in a
medium with 3 % sucrose. EC50-values based on shoot growth in the same study resulted
in concentrations higher than 2990 µg/L glyphosate.
It is not possible at the moment to conclusively explain the increases in O2-production
observed for Lemna sp. and Myriophyllum sp. after glyphosate addition. The interference
of glyphosate with the test medium containing divalent calcium-ions is possible and can
greatly reduce efficacy (Thielen et al. 1995). This however would have lead to an
inactivation of the herbicide and does not explain an increase of the activity of the
organisms, especially for Lemna sp. with a doubling of the oxygen production. Further
experiments should focus on this interesting question and try to establish a link between
the herbicidal action and the metabolic processes involved.

d) Effects of other tested herbicides
No effects were observed on Lemna sp. or Myriophyllum sp. for 2,4-D, triasulfuron, its
formulated compound LOGRAN 20WG, and dimethachlor as the formulated compound
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TERIDOX 500EC. The synthetic auxin herbicide 2,4-D belongs to a herbicide class that
has been under extensive discussion in recent years, since its mode of action is supposed to
affect mostly dicotyledonous plant species. As the current risk assessment process for
herbicides is based on tests on algae and monocotyledonous Lemna sp. only, there are
concerns that the toxicity of auxin herbicides might be underestimated (Brock et al. 2000).
Available results in literature report EC50-values of 41772 and > 22100 µg/L 2,4-D for
green algae Selenastrum capricornutum and Scenedesmus acutus (Fairchild et al. 1997,
Grossmann et al. 1992), while the duckweed showed 50 % inhibition at concentrations as
high as > 100000 µg/L 2,4-D after 96 h (Fairchild et al. 1997). Evaluation of 2,4-D toxicity
on Lemna sp. in other studies however, has resulted in lower effect concentrations at
already 751 and 220 µg/L in 8 d- and 15 d-tests, respectively (Grossmann et al. 1992,
Wejnar et al. 1994). The microbioreactor experiments with maximum tested concentrations
of 900 µg/L 2,4-D on L. gibba in a 24 h-study did not display any effects, which might
have been due to the low concentration applied to the system and to the short test duration.
Green and Westerdahl (1990) have shown a time-dependent reduction of the effect
concentration while controlling the growth of M. spicatum, which might be a consequence
of the mode of action of 2,4-D. Its role as synthetic auxin leads to a rapid increase of
metabolic activity in plants, resulting in an uncontrolled metabolism and growth that is part
of a three step process of stimulation, growth and degradation (Boyle, 1980, Hock et al.
1995).
Myriophyllum sp. in the microbioreactors was tested at 450 µg/L 2,4-D, but no effects were
observed. Various experiments with effects of at least 50 % as compared to the control
have been recorded for Myriophyllum sp. at concentrations between 13 and 100 µg/L 2,4-D
(Christopher and Bird, 1992, Forsyth et al. 1997, Roshon et al. 1999). The short duration of
the experiment is probably the reason for the lack of inhibitory effects on Lemna sp. and
Myriophyllum sp. observed in the microbioreactors. Longer exposure phases should thus
confirm the results obtained for 2,4-D in 24 h-tests on both tested macrophytes, and
elucidate if potentially different values are comparable to those found and reported in
literature.
Microbioreactor experiments on Lemna and Myriophyllum sp. for the sulfonylurea (SU)
herbicide triasulfuron and its formulated compound LOGRAN 20WG could not confirm
the high toxicity of this herbicide class on aquatic macrophytes. The highest triasulfuron
concentrations tested in the microbioreactors for both species have previously been
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reported to cause effects on aquatic plants for other SU herbicides, with reported adverse
effect concentrations in the low microgram per litre range (Grossmann et al. 1992,
Fairchild et al. 1997, Roshon et al. 1999, Cedergreen et al. 2004a,b). Up to 4 µg/L
triasulfuron no effects were observed in the microbioreactor. Even for LOGRAN 20WG at
triasulfuron concentrations up to 26 µg a.i./L no effects on Myriophyllum sp. were
monitored. Nyström et al. (1998) reported that no inhibition of the protein synthesis was
likely to occur for SU herbicides after few hours exposure, thus suggesting that the test
duration chosen for the experiments in the microbioreactors was not long enough to
display any effects related to the primary mode of action of SU herbicides or any
secondary damages on photosynthesis. Therefore, a prolongation of the test duration for
SU herbicide testing in the microbioreactors should be one of the first issues to be
adressed. This will allow to elucidate the potential suitability of this test system for the
evaluation of sulfonylurea herbicides.
No effects could be recorded on L. gibba and M. spicatum after application of
dimethachlor as the formulated compound TERIDOX 500EC in the microbioreactors at
concentrations as high as 750 µg a.i./L. No values are available for this herbicide in the
literature except for the green algae Scenedesmus subspicatus, where the lethal
concentration affecting 50 % of this algae is reported to be at 53 µg/L dimethachlor
(Tomlin, 1997). S-metolachlor and dimethachlor, both belong to the chloroacetanilide
herbicides, hence their mode of action is the same. Since S-metolachlor displayed effects at
500 µg/L, we have to conclude that dimethachlor is less toxic to the tested aquatic
macrophytes. It is recommended to confirm this result in tests with a longer duration as
previously suggested for S-metolachlor, since the specific mode of action of this herbicidal
class may not be effective until a defined time.

4.2 FIELD TESTING
4.2.1 Effects of simazine
Monitoring of water quality parameters like dissolved oxygen (DO), pH and conductivity
showed a clear concentration-dependent response already after a few days of herbicide
application. Very clear differences between the tested simazine concentrations were
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obtained for the above-mentioned parameters indicating homogeneous standardised
measuring conditions in the 1230 litres tanks. Similar observations with the triazine
herbicide atrazine in a pond study on algae, in microcosms of approximately the same size,
have previously been described (Jüttner et al. 1995). In the microcosms a decrease in DO
and pH was measured after application of simazine, as reported for other experiments
(Jenkins and Buikema, 1990). This is probably the result of inhibition of photosynthesis in
the macrophytes and algae present in the system, leading to a reduction of the O2production, which in turn directly influences the CO2 balance and thus the pH. Low CO2
concentrations as a consequence of higher primary production via photosynthesis resulted
in higher (more alkaline) pH values (Bester et al. 1995), as seen for the controls in this
study.
The inhibition of photosynthesis in the macrophytes and the algae can induce a degradation
of the plant biomass in mid- or long-term. During this process ions are released into the
water leading to an increase of the conductivity, as observed with the two higher simazine
concentrations. Microcosms with a high primary production will take up nutrients with a
subsequent decrease in conductivity (Grace and Wetzel, 1978, Wendt-Rasch et al. 2004) as
seen in the microcosm experiments for the controls and the lowest simazine concentration.
Analytical determination of the herbicide concentrations during the study revealed low
variabilities between replicate treatments. This explains the homogeneity of biological
response observed between replicate microcosms over the entire study period. Degradation
rates of simazine from the microcosms based on the mean measured initial concentrations
in the different treatments suggest a concentration-dependent degradation, which was more
intensive at the highest herbicide concentrations. The resulting DT50 for simazine in the
presented study would be in between 11 and 15 days for the highest and lowest simazine
concentration, respectively. Recent degradation studies have shown in most cases DT50
values that vary between 29-49 days (Navarro et al. 2004), while others suggest a much
slower elimination (Strandberg and Scott-Fordsmand, 2002). The fast loss of simazine
observed in the microcosm test system might be due to the presence of the macrophytes,
since e.g. Myriophyllum sp. has the ability to take up this herbicide (Wilson et al. 2001).
Earlier investigations did prove the binding of atrazine to the humic acids of organic
sediments and presumably plant litter (Detenbeck et al. 1996), which thus might act as
another sink.

4. Discussion

page 136

Individual responses due to the effect of simazine were obtained for the different
macrophyte species. The lack of growth recorded for Lemna sp. is however not related to
any herbicidal effect, but a consequence of the different conditions as those used for
growth testing in the laboratory. Low nutrient contents in the water (NO3-content < 1
mg/L) of the microcosms, high light intensities due to direct sunlight and the constant wind
exposition of the experimental site, probably led to an increased stress that severely
inhibited growth of Lemna sp.. An alternative more suitable species from the Lemnaceae
family, would be Spirodela polyrhiza as it requires less nutrients (Wilmanns, 1998) and its
bigger fronds probably will be less sensitive to mechanical stress due to wind. For the
rooted species in general, the submerged macrophytes were more sensitive than the
emergent ones, with significant effects as compared to the controls recorded at earlier
timepoints and at lower concentrations of simazine. Monocotyledon plants reacted more
sensitive than dicot ones as previously observed in other studies (Vervliet-Scheebaum et al.
2006).
The evaluation of the growth parameters does not allow the selection of one single
endpoint that is consistently the most sensitive for all the rooted macrophytes. Differences
between the test species were observed with respect to the time required for recording
significant differences. There are endpoints, however, with similar sensitivity for some of
the tested macrophytes. The length increase of the main shoot of Elodea sp. turned out to
be the most sensitive endpoint, with significant differences observed at the lowest
concentration on day 28. This effect, however, was recorded at one single sampling date
and at the same time was the lowest observed effect concentration (LOEC) for the whole
experiment. Evaluations at the two later sampling dates displayed values similar to those in
the control microcosms suggesting a recovery of Elodea sp. in a short period of time.
Dabydeen and Leavitt (1981) did not record any changes on E. canadensis after 3 days of
microscopic observations at concentrations as high as 1 mg/L. We were able to observe
early significant changes on the length increase of the side shoots from Elodea sp. at 1.1
mg/L after 2-weeks of exposure. At this level of simazine, significant effects were
observed at least on one sampling date for all the rooted macrophytes. Myriophyllum sp.
displayed a very consistent response for each of the growth endpoints monitored. No
effects were recorded at 0.08 mg a.i./L. At a concentration of 1.1 mg a.i./L the degraded
Myriophyllum plants recovered completely after 28 days and displayed no significant
differences to the controls on the last sampling point (84 days). The potential for recovery
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of M. spicatum has previously been reported with plants damaged after 7 and 14 days of
incubation thereafter recovering until day 14 and day 21, respectively (Knuteson et al.
2002, Hanson et al. 2003b). For the evaluation of the submerged species the increase in the
number of shoots and the dry weight were the least sensitive endpoints in the microcosm
study presented here.
Differences in the effects between rooted monocot and dicot emergent species caused by
the herbicide, were similar to those recorded for the submerged macrophytes. G. maxima
was significantly affected after 28 days at the intermediate concentration of 1.1 mg/L
simazine. The other growth parameters monitored for this species resulted in similar
sensitivities. Davies et al. (2003), in experiments with the herbicide sulfosulfuron, had not
observed significant effects on Glyceria sp. based on an evaluation of the shoot number
over a period of three weeks, while dry weight and shoot height were the most sensitive
parameters. In contrast the obtained results suggest a homogeneous response of all
endpoints, probably due to the fact that the concentration range selected in the present
study differed 10-fold and not only 3-fold as in the study mentioned above.
P. amphibia was the least sensitive species. The significant changes as compared to the
controls were displayed only on the last sampling day for the increase in length and the
number of shoots. On day 28 the mean dry weight of the sampled Persicaria sp. was
higher for the 0.08 mg/L simazine treatment than for the higher concentrations and the
controls. Low herbicide stress levels could have induced a higher lignin content in this
macrophyte. It has been shown that increased peroxidase activity as a response to stress
could be involved in lignin synthesis (Sprecher et al. 1993).
The results from the growth endpoints evaluated in the microcosm test support findings
from other studies, where the sensitivity of a macrophyte species not only varied
depending on the herbicide tested, but also on the timing of the effects to become
measurable or visible (Fairchild et al. 1998). This of course is of key importance while
determining the duration of a study, since the evaluation of potential risks should allow for
a potential recovery of the system or at least for a separate recovery phase at the end of the
test. Results from previous studies with outdoor microcosm test designs are not conclusive
about the length of such recovery phases, since recovery can be observed already after
three weeks (Hanson et al. 2003b) or not be displayed at all even after long separate
recovery phases of a few months (Davies et al. 2003). The 84 day duration of the present
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multispecies study seems to be suitable to monitor effects of a compound on the growth of
the macrophytes and still keep their potential for recovery.
The physiological endpoints recorded in in the microcosms, displayed, as previously seen
for the growth endpoints, distinct threshold levels for testing simazine toxicity. The
chlorophyll fluorescence of Glyceria sp. increased very quickly after simazine application
at all concentrations. A clear concentration-dependent pattern was observed during the
course of the study. No visual damage or significant adverse effects for the growth
endpoints were recorded on Glyceria sp. at the lowest concentration. However, during the
first two months of testing the yield declined significantly, until recovery began, with an
increase in the yield up to control values during the last four weeks of the study. Plants
treated with the intermediate concentration of simazine (1.1 mg/L) developed completely
new shoots after being severely damaged at the early phase of application. These shoots
grew out of the root stocks during the last four weeks of testing and their yield values were
similar to those of the controls, suggesting no long-term effects of the simazine applied to
the test system at this concentration. Shorter exposure duration would not have allowed
recovery of Glyceria sp. in the system, thus leading to a false interpretation of toxicity.
Observing flowering of Myriophyllum sp. revealed that the lowest concentration of
simazine and the controls developed flowers in the first month after herbicide application.
This indicates that the 0.08 mg/L simazine treatment is not toxic to this species, since
reproduction is not hindered. Similar results were obtained for the growth of the
filamentous algal species Chara sp., that grew on the surface of the sediment in the plant
pots, but only in the controls and in the lowest simazine concentration. Growth of this
species, developing from seeds present in the natural soil used for sediment preparation,
only at low herbicide concentrations should suggest a potential use of this species as
indicator of pollution either in semi-field micro- and mesocosm studies or in the field.
Findings of potential toxicity of triazine herbicides towards this species are in accordance
to the threshold effect concentrations reported in earlier studies (Huber, 1993).
Results obtained for the dominant algae from samplings of the water during the study
reflect a variety of different families of the five tribes observed in the microcosm tanks.
Changes in the abundance of individuals were measurable over time for most families,
except for those of the blue-green algae (Cyanophyta). Significant effects were detected at
concentrations higher than 1.1 mg a.i./L in several families, e.g. for Scenedesmaceae,
Chlorococcaceae

and

Oocystaceae

from

green

algae,

Ochromonadaceae

and
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Dinobryonaceae from golden-brown algae, Cryptomonadaceae and Katablepharidaceae
from cryptomonads and the Peridiniaceae from the dinoflagellates. No significant
differences to the controls were observed for the 0.08 mg/L treatment at any time. The
results for the algae therefore confirm the findings from the macrophyte evaluation,
indicating similar differences in sensitivity at the various trophic levels. Adverse effects
recorded on the algae at concentrations higher than 0.08 mg/L simazine are in accordance
with results from previous studies where no-observable effect concentrations (NOEC)
ranged from 0.05 mg/L simazine for Chlorella pyrenoidosa (Foy and Hiranpradit, 1977) to
0.6 mg/L for Selenastrum sp. (Fairchild et al. 1997), both green algal species. The
significant effects recorded at the intermediate concentration of 1.1 mg/L simazine for
most of the dominant algal families present in the water of the microcosms, also
correspond to results from previous studies, where medium effect concentrations (EC50)
between 0.8 and 1.2 mg/L simazine have been discussed (Fairchild et al. 1997, Francois
and Robinson, 1990, Torres and O’Flaherty, 1976). The biomass evaluation of the
phytoplankton tribes in the microcosms from the three simazine concentrations confirmed
basically two things. It showed first of all, that at the lowest concentration of simazine the
phytoplankton tribes were not significantly different from the controls at any time point,
i.e. not affected due to a simazine concentration of 0.08 mg/L. It further indicated that
green algae, cryptomonads and dinoflagellates were the most sensitive algal tribes. Results
would therefore indicate a NOEC of 0.08 mg/L simazine and a LOEC of 1.1 mg/L for
these tribes based on the abundance of the evaluated families from dominant algal species
and on the biomass of the five evaluated tribes. The same NOEC and LOEC would account
for the golden-brown algae. Although no effects were recorded for this tribe in any of the
three simazine concentrations based on the biomass, they were observed based on the
abundance of two different families. For the blue-green algae no effects were recorded in
any of the evaluated parameters at any time point, thus resulting in a NOEC of 8.5 mg/L
simazine.
Application of the triazine herbicide simazine resulted in no negative effects at 0.08 mg
simazine per litre, except for Elodea sp. on day 28. The intermediate concentration of 1.1
mg/L will also not cause mid- to long-term effects for most of the tested species. This
simazine concentration is higher than the ones that are expected to occur in aquatic
systems. Overall no-observable ecologically adverse effect concentration (NOEAEC)
would therefore be 0.08 mg/L simazine.

4. Discussion

page 140

4.2.2 Effects of dimethachlor
The tanks treated with the chloroacetanilide herbicide dimethachlor displayed a
concentration-dependent pattern of the water quality parameters. This pattern however,
was not as marked as previously seen for the triazine herbicide simazine. Dissolved oxygen
and pH in the highest concentrations of dimethachlor were slightly, but significantly lower
than in the control and the lowest dimethachlor treatment. Differences started to be
apparent after approximately two weeks from the time point of herbicide application,
suggesting that the impact on the photosynthetic activity of the aquatic plants in the system
was low. Herbicides interfering in the photosynthetic activity of plants show faster
responses of the parameters directly influenced by photosynthesis, like dissolved oxygen
and pH (Feurtet-Mazel et al. 1996, Jenkins and Buikema 1990, Jüttner et al. 1995). The
photosynthetic apparatus therefore is not the primary site of action of the chloroacetanilide
herbicide dimethachlor. Monitoring of the photosynthetic yield of Glyceria sp. confirmed
this assumption. No reductions in the yield as compared to the control were recorded for
any of the four dimethachlor concentrations. The results of the yield for this herbicide are
also in contrast to the results for the sulfonylurea herbicide triasulfuron, where a
concentration-dependent trend of the yield for Glyceria sp. could be observed. Although no
significant differences were observed for the sulfonylurea herbicide, as for dimethachlor, a
secondary influence on the photosynthetic activity is implied. The results for triasulfuron
will be discussed in greater detail later on. From the results obtained for dimethachlor we
can not conclude that this herbicide has any influence on photosynthesis at any time point.
Choroacetanilide herbicides are inhibitors of cell division. Whether they all share this
mode of action however is still unclear (Junghans et al. 2003). They interfere in the
production of very long chain fatty acids (VLCFA), thus producing a shortage of lipids for
the generation of biological membranes or cell wall components, subsequently inhibiting
growth (Schmalfuss et al. 1998). The extent of the VLCFA-synthesis has been shown to
vary along the various different chloroacetanilide herbicides. In higher plants, especially
those VLCFAs with a carbon number of 20, 22 and 24 are specifically inhibited (Matthes
et al. 1998). These fatty acids are structurally important constituents of seed storage lipids,
plant membranes and epicuticular waxes.
The highest impact on the different water quality parameters was observed for the
conductivity. First significant differences were observed for the two highest concentrations
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from day 28 onwards, when the conductivity in the two lower dimethachlor concentrations
and in the control started to decrease, while in the two higher concentrations it increased.
This difference in conductivity is probably related to the release of ions from those
macrophytes adversely impacted by the herbicide. A shortage of fatty acids and the
resulting inhibition of growth lead to oxidative stress, which disrupts the biological
membranes with the subsequent release of ions. A mere comparison of the extent of the
conductivity increases in the higher concentrated dimethachlor microcosms and those for
the triazine herbicide simazine show, that for the two highest simazine concentrations the
conductivity values are about 50 µS/cm per microcosm higher in the microcosms treated
with dimethachlor. This difference in conductivity between both herbicides is the result of
a higher macrophyte degradation in the microcosms treated with simazine. Comparison of
the values from the growth parameters of the different macrophytes between simazine and
dimethachlor are in accordance to the results obtained for the conductivity. Neither
Glyceria sp., nor Myriophyllum sp or Elodea sp. degrade in the dimethachlor treated
microcosms to an extent as the one observed in the highest concentrations of simazine.
Overall, the impact of dimethachlor on emergent macrophyte species was low. Earlier
studies on metazachlor, another chloroacetanilide herbicide tend to support the finding that
emergent macrophytes were less sensitive than submerged ones (Kubitza and Dohmen,
2002). From the emergent species evaluated, Persicaria sp. was slightly more affected than
Glyceria sp.. Chloroacetanilide herbicides are used to control annual grasses and broadleaved weeds (Tomlin, 1997), both emergent species should be considered therefore as
potential targets for this compound. Adverse effects were only recorded for Persicaria sp.
at the highest dimethachlor concentration of 375 µg a.i./L. The sensitivity differences
observed between both species are probably related to aspects such as growth stage of the
macrophyte at the time of herbicide application, detoxification potential and lipid content
of the organism, and to herbicide adsorption. Detoxification of other chloroacetanilide
herbicides, alachlor, metolachlor and propachlor, in biological systems ocurres by the
formation of gluthatione-acetanilide conjugates. This conjugation is mediated by
glutathione-S-transferase (GST), which is present in microorganisms, plants and mammals
(Stamper and Tuovinen 1998). Therefore the level of tolerance against chloroacetanilide
herbicides will be closely related to the detoxification capacity of the macrophyte, which
will be partly determined by the content and efficiency of its GST enzyme (Scarponi et al.
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1991). Further experiments support the view of a strong correlation between lipophilicity
of chloroacetanilide herbicides and the differences in EC50 values (Junghans et al. 2003).
The significant positive effects measured for Glyceria sp. on day 14 for the mean number
of shoots will not be discussed further since we have to assume a false positive effect due
to the very high variability of the control, with a relative coefficient of variance of 193 %,
by far the highest of the whole experiment.
Evaluation of the length increases of main and side shoots for the submerged species
Elodea sp. and Myriophyllum sp., suggest a higher adverse impact on Elodea sp.. Other
studies using species from these two genus have not been able to detect huge differences
between both macrophytes in experiments with other chloroacetanilide herbicides. It seems
however that Elodea sp. is slightly more sensitive to this herbicide class than
Myriophyllum sp. (Fairchild et al. 1998, Kubitza and Dohmen, 2002). The lowest
observable effect concentration (LOEC) for E. canadensis in the microcosms was the
second highest dimethachlor concentration of 112.5 µg/L. The length increase parameter
turned out to be the most sensitive parameter for both species. The monitoring of the
kinetics of effects and of recovery for both submerged species suggests a very fast
recovery of Myriophyllum sp. in the second highest dimethachlor concentration. Growth
parameters, especially the length increases of main and side shoots, are reduced during the
first four weeks after application. After this time point, especially the increase in length of
the side shoots, displays a very fast recovery with high growth rates. Although mere
speculative, this growth pattern might be related to the reduction in the concentration of
dimethachlor still present in the water of the microcosms. By day 15 the dimethachlor
concentrations in the water are reduced by more than 50 % and by day 57 already by 85 %
of the compound are degraded. If these results were extrapolated to the dimethachlor
concentration present in the water after 28 days, we get a concentration in the water of
approximately 35 % of the initial concentration on day 0. The observed DT50 for
dimethachlor of less than 15 days is therefore in accordance with the estimated degradation
time in aquatic systems of between 9 to 23 days found in the literature (Tomlin, 1997).
Also remarkable is the great consistency of dimethachlor degradation recorded for the
different concentrations with a percent of mean measured initial concentration ranging
from 43.6 to 49.2 % on day 15, and between 15.7 and 19.2 % on day 57. This indicates that
the adsorption and photodegradation of the herbicide, and the removal and absorption by
the organisms was homogeneous throughout the four tested concentrations and thus not
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concentration-dependent. Additionally, the variability of the dimethachlor degradation in
the three replicates from one concentration did never exceed 2 %, confirming the
homogeneity of the microcosm set up and design.
Taking into account the observed degradation kinetics it is important to point out two
observations made for the submerged macrophyte Myriophyllum sp.. For this species
significantly higher dry weights were observed at two consecutive sampling dates on day
56 and 84. This enhanced dry weight however, was not recorded in the microcosms from
the same dimethachlor concentration, but in the second lowest concentration of 26.8 µg/L
on day 56 and in the second highest concentration of 112.5 µg/L on day 84. Measured
dimethachlor concentrations in the water at that time point were presumably in the same
range, since on day 57 approximately 16 % of the initial concentration of 26.8 µg/L
dimethachlor were found in these microcosms, which is equal to 4.3 µg/L. For the second
highest dimethachlor concentration (112.5 µg/L) extrapolation of the concentration in the
water on day 84 based on the available measurements at days 0, 14 and 57, would result in
approximately 5 % of the initial dimethachlor concentration available in the water of the
microcosms, which would be equal to 5.6 µg/L, and hence very close to the 4.3 µg/L
reported before. Although a relationship between the dimethachlor concentration in the
water and the observation of a significantly higher dry weight of Myriophyllum sp. as
compared to the control is highly speculative and not provable at the moment, further
research should focus on this finding. It is however possible that at a concentration range
below the one completely inhibiting growth, the macrophyte is induced to an
overproduction of VLCFAs for a better stabilisation of membranes and cell wall
components. This could lead to a higher carbon content in the macrophyte and thus explain
the high dry weights. An alternative explanation was given previously for the observations
of the triazine herbicide simazine on Persicaria sp., where it was suggested that increased
peroxidase activity inducing lignin synthesis could have led to increased dry weights
(Sprecher et al. 1993).
Overall NOEAEC for Myriophyllum sp. can be set at 26.8 µg/L dimethachlor, since the
findings of an enhanced dry weight on day 56 in the 4.5 µg/L treatment as mentioned
above, can not be interpreted as ecologically adverse effects. A significant adverse effect
was recorded only at day 56 with a reduction of the length of the main shoot. The other
evaluated parameters on this day and the measurements on day 84 however do not confirm
any further adverse effects on Myriophyllum sp.. Additionally, evaluation of the flowering
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success of Myriophyllum sp. in the microcosms showed that this macrophyte flowers at all
dimethachlor concentrations even in the highest one. This observation would be in
agreement to the no observable adverse effect concentration proposed. The concentrationrelated timing of flowering for Myriophyllum sp. with a slightly delayed appearance of
flowers of about 3 weeks in the second highest dimethachlor concentration as compared to
the control has to be considered as potentially resulting from the herbicide effects. Since
the number of replicate microcosms for each concentration is three, a statement about the
significance of these effects is however difficult.
Monitoring of the filamentous algae Chara sp. on the surface from the sediment in the
plant pots on the other hand, indicated that no effects were to be expected at the lowest
concentration of 4.5 µg/L, while Chara sp. did not grow in any of the microcosms from the
higher dimethachlor concentrations. Hence, the threshold concentration of dimethachlor
inhibiting the growth of this filamentous algae appears to have a sharp concentration range
in between the lowest and second lowest concentration.
For the evaluation of the phytoplankton based on biomass, the highest concentration of 590
µg/L dimethachlor did not display significant differences to any of the families from the
golden-brown algae, blue-green algae, dinoflagellates and cryptomonads. Significant
differences however were recorded for two of the six families evaluated from the green
algae, namely Scenedesmaceae and Oocystaceae. It is exactly for two Scenedesmus sp.
species where results can be found in the literature, with EC50 values of 53 and 62 µg/L
dimethachlor, respectively (Tomlin, 1997, Junghans et al. 2003). Obtained results might be
in accordance to these values since the lowest observable effect concentration of the algae
from this family in the microcosm test system was 112.5 µg/L, the 50 % inhibition
concentration presumably being lower. For the algae from the Oocystaceae a LOEC of 590
µg/L suggested lower sensitivity of this species. Results on other algal species for other
chloroacetanilide herbicides are not conclusive defining the most sensitive green algae
species for this herbicide class (Fairchild et al. 1998, Peterson et al. 1994), it is however
discernable from these studies that green algae are far more sensitive than blue-green
algae. Results obtained in the microcosm test system tend to confirm these findings for
dimethachlor as well. Evaluation of the phytoplankton based on the biomass for the five
main algal tribes present in the water of the microcosms also revealed significant
differences for the green algae only. Overall LOEC for the green algae based on this
parameter was 112.5 µg/L.
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Ecologically adverse dimethachlor effects in the semi-field microcosm test system are not
likely to occur at a concentration of 26.8 µg/L. For the macrophyte species this threshold
concentration can even be increased up to 112.5 µg/L dimethachlor based on an evaluation
after 84 days. The clear and narrow concentration range where Chara sp. grows or is
inhibited should however be adressed in further research studies to elucidate if the present
results, indicating that green algae are amongst the most sensitive species against the
chloroacetanilide herbicide dimethachlor, reflect the situation encountered in the
environment.

4.2.3 Effects of triasulfuron
The monitoring of water quality parameters in the microcosms treated with the
sulfonylurea (SU) herbicide triasulfuron displayed a precise concentration-dependent
kinetic, with similar findings than those earlier reported for the triazine herbicide simazine,
where a decrease of O2-production and pH was observed after application of the herbicide.
The influence of triasulfuron on the water quality endpoints, however, is surprising, since
this herbicide is not known to cause any direct effect on the photosynthesis of plants. An
interference of sulfonylurea herbicides with photosynthesis could explain changes of O2
and pH in the whole system. Results on phenylurea herbicides, like isoproturon, for
example, have shown decreases of the dissolved oxygen (DO) shortly after application of
the substance (Feurtet-Mazel et al. 1996). Phenylurea herbicides though, like triazine
herbicides do interfere in photosynthesis. Sulfonylurea herbicides are known to inhibit the
enzyme ALS, preventing the synthesis of the branched chain amino acids isoleucine (ILE),
leucine (LEU) and valine (VAL) (Simpson et al. 1995). A direct effect on photosynthesis is
not known to occur (Cobb, 1992). Measurements of the photosynthetic yield on Glyceria
sp., where no significant differences were found between the different triasulfuron
concentration, however, tend to support the existence of a mechanism that does not
interfere primarily or directly with photosynthesis. A clear concentration-dependent trend
was observed during the experimental period, which could indicate that little effects on
photosynthesis are likely to occur in the long-term. Measurements of chlorophyll a
biomass (by pigment analysis and in vivo daily fluorescence) in meso- and microcosm
experiments have shown no drastic effects of SU herbicides (Seguin et al. 2001).
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Significant effects of triasulfuron on the dissolved oxygen, pH and conductivity were
observed in the highest triasulfuron concentration after already one week for the DO, two
weeks for the conductivity and not until six weeks after application of the herbicide for the
pH. The influence on the water quality endpoints between the highest and the two lowest
triasulfuron concentrations or control, were small for the DO during the whole study,
though they were recorded quickly. This lower DO levels over the course of the study
might reflect the lower productivity and biomass production in the microcosms applied
with the highest concentration of triasulfuron. The lack of branched chain amino acids,
equivalent to a situation of nutrient shortage, probably results in an increased respiration
due to stress effects, leading to an increased O2-consumption in the whole system, finally
leading to a reduction of the DO levels. The pH did not display a similar pattern than the
DO, probably due to the fact that effects on photosynthesis are not the main driving force
of the pH changes. A reduction of plant biomass leading to lower productivity is most
likely to be involved in the changes observed for the pH of the water. For the conductivity
on the other hand, slightly increased values than those observed for the control and the two
lowest concentrations were recorded in the highest triasulfuron concentration. The more or
less constant conductivity measured here in the first month after application suggests low
nutrient uptake, since the conductivity in the control and the other treatments decreased. If
the macrophytes are not capable of synthesising branched chain amino acids by
themselves, the ratio between branched chain and other amino acids gets unbalanced,
worsening availability of nutrients and leading to negative conditions for growth. An
unbalance of the amino acid fraction was confirmed in experiments with chlorsulfuron
treated duckweed (Rhodes et al. 1987) and in similar experiments with wheat (Royuela et
al. 1991).
Results from the length increases of the macrophytes tend to support the hypothesis of a
nutrient limitation with subsequent growth inhibition, since all the species, besides from
Glyceria sp., displayed a reduction of the length increase in the highest triasulfuron
concentration already after 14 days of application. Reduced length increases are thereafter
observed at almost all measuring days for Persicaria sp, Elodea sp. and Myriophyllum sp..
The growth inhibition due to SU herbicides may be explained by a shortage of branched
chain amino acids or by the accumulation of toxic intermediates in the synthesis of
branched chain amino acids (Brown and Kearney, 1991). Although the ALS enzyme most
likely is the primary target of SU herbicides, the mechanisms of growth inhibition are still
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controverse, since not always growth inhibition is prevented by addition of branched chain
amino acids (Hartnett et al. 1987). On the other hand, accumulation of toxic intermediate
metabolites of the branched chain amino acid synthesis, such as 2-ketobutyrate (2-KB/ αKB) or metabolites of 2-KB do not necessarily or are sufficient to inhibit growth
(Landstein et al. 1995, Ref. Nyström and Blanck, 1998). Landstein et al. (1995) suggested
further complex effects due to the ALS inhibition with an influence in the control of cell
division.
Growth inhibition sooner or later leads to a degradation of the plants. This decay with a
subsequent release of ions due to membrane leakage of the dead cells, presumably begins
before day 56 for Myriophyllum sp., since thereafter a complete degradation of the
aboveground part of this submerged species was observed. For the other significantly
damaged macrophyte species, Elodea sp. and Persicaria sp., signs of degradation were
also observed. This could explain the increase in conductivity measured in the highest
concentration of triasulfuron between days 28 and 56. The reduced biomass and
productivity in those microcosms could thus have finally interfered in the pH, avoiding
increases as those seen in the two lowest triasulfuron concentrations and the control.
Adverse effect concentrations based on growth and biomass endpoints increased, i.e.
sensitivity of the macrophytes decreased, for all species with increasing test duration,
except for Glyceria sp.. No significant adverse effects were recorded for this species at all,
even regarding the photosynthetic yield measurements.
The sensitivity of the macrophytes towards triasulfuron is not homogeneous and has to be
regarded separately. Emergent macrophytes were less sensitive than submersed species,
which could result from the fact of earlier findings of SU herbicides, that assumed that fast
growing plants are more sensitive than slow growing plants due to their different metabolic
activity (Cedergreen et al. 2004a). Plants with a high surface to volume ratio are expected
to take up herbicides faster than plants with lower surface to volume ratio (Cedergreen et
al. 2004b). Previous studies on maize with rimsulfuron, another SU herbicide, have shown
on the other hand, a temperature-dependent metabolisation of this herbicide, with
maximum rates at 25-30 °C (Koeppe et al. 2000). If temperature is involved and mainly
determines the rate of herbicide degradation, the emergent plants, that have large parts of
their biomass outside of the water under warmer conditions, could have an advantage
towards the submersed macrophytes. In the water the temperature on the day of application
is approximately of 15 °C. Outside of the water the temperature is higher, since a more or
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less continuous increase of the water temperature was recorded thereafter until early
August.
Observations of emergent species being less sensitive to sulfonylurea herbicides have been
previously reported. Cedergreen et al. (2004b) compared the surface leaf area of twelve
macrophyte species exposed to metsulfuron-methyl. Ten of these species displayed doseresponse effects, Betula erecta, the only emergent species present, being by far the least
sensitive species. Davies et al. (2003) did not measure consistent adverse effects on the
shoot number and dry weight of Glyceria sp. exposed to sulfosulfuron. Minor effects were
only recorded for the shoot height at concentrations of 10 µg/L sulfosulfuron. Obtained
results do not report any adverse effects for Glyceria sp. up to 16.2 µg/L triasulfuron. A
significantly enhanced dry weight was measured for Glyceria sp. however, in the highest
concentration on day 84. As previously reported for simazine and Persicaria sp., it is
known, that peroxidase activity as part of the detoxification machinery can induce lignin
synthesis (Sprecher et al. 1993). Observations at the last sampling date on day 84, when
plants were cut for the biomass estimation, might support this hypothesis, since basal shoot
fragments were stiffer for some of the sampled Glyceria sp., making the cutting more
difficult (Alain Straus, personal communication). The growth, as length increase of shoots,
for P. amphibia, the other emergent macrophyte species in the microcosms, was inhibited
at the highest concentration of triasulfuron. This results in an overall LOEC of 16.2 µg/L
and a NOEC of 1.3 µg/L. No adverse effects on the biomass were recorded for Persicaria
sp..
In the study of Davies et al. (2003) mentioned earlier, the most sensitive species was
Myriophyllum spicatum, which is in accordance with the obtained findings. Results from
Cedergreen et al. did not identify this species as the most sensitive from the selection of
tested macrophytes, though it was among a group of species which could be identified as
being most sensitive towards the tested SU herbicide. The lowest no observable adverse
effect concentration reported in this study for sulfosulfuron was 1 µg/L, while we recorded
significant effects on the length increase of the main shoot on day 56 at 0.26 µg/L
triasulfuron. This were the only effects measured during the whole study at this
concentration and for this specific endpoint. Based on the results from day 84 and on the
previous measurements performed on days 14 and 28, as well as based on the flower
development of Myriophyllum sp., the LOEC should be set at 1.3 µg/L triasulfuron and the
NOEC at 0.26 µg/L.
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Elodea sp., as the other submerged species in the microcosm test system, was adversely
affected only at the highest triasulfuron concentration. For this species significant positive
effects in the intermediate concentration of triasulfuron were observed on days 28 and 84
for the increase in number of shoots as compared to the control. At the last sampling date,
84 days after application of triasulfuron, the length increase of the side shoots was also
increased in the intermediate concentration compared to the control. Growth therefore was
not inhibited or adversely affected at 1.3 µg/L triasulfuron. Observations of an increased
formation of side shoots or branches of a close relative of Elodea sp., Lagarosiphon major,
after application of imazamethabenz-methyl, an imidazolinone herbicide, and of
metsulfuron-methyl, a SU herbicide, both herbicides known to inhibit branched chain
amino acid synthesis, have been reported before (Davies et al. 1999). Similar effects have
not been previously reported or identified to our knowledge in experiments with terrestrial
plants.
Results for the algae after evaluation of cell number and total cell volume of the dominant
species, indicated a NOEC of 16.2 µg/L triasulfuron for most of the algal tribes evaluated.
The high sensitivity of cyanobacteria and dinoflagellates observed in the laboratory and in
field mesocosm experiments (Nyström et al. 1999, Thompson et al. 1993) could not be
confirmed in the present study. For the golden-brown algae (chrysophytes) in the
microcosms, however, three families displayed effects at the highest triasulfuron
concentration. For one family only, significant effects were recorded at the intermediate
concentration on the last sampling date. Significances detected in the microcosms from the
two highest triasulfuron concentrations, compared to the control and the lowest
concentration, were due to increases in the density of chrysophytes at the end of the study.
Similar observations have been reported for the herbicide nicosulfuron (Seguin et al.
2001). Evaluation of the total cell volume for the chrysophytes did not result in significant
differences. The NOEC for the golden-brown algae should therefore be in the range
between 1.3 and 16.2 µg/L. The lowest observed significant differences available in
literature suggest an effect of Mycrocystis aeruginosa (a blue-green algae) and of Nitzschia
sp. (a diatom) at concentrations of 18 µg/L triasulfuron. Several other species tested at this
concentration resulted in no effects (Peterson et al. 1994). Other studies on algae
determined EC50 values that are much higher than the highest triasulfuron concentration of
16.2 µg/L tested in the microcosms (US EPA, 2000, Fahl et al. 1995), thus suggesting that
several macrophytes will respond more sensitive to this herbicide than algae. The different
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toxicity thresholds recorded among the different algal species may be explained partially
by a difference in sensitivity due to a slightly different binding domain on the target site of
the ALS enzyme (Saari et al. 1990). The enzyme however, is known to have a very
conservative protein structure among species (Bernasconi et al. 1995). Analysis of the
existing results for sulfonylurea herbicides in general, display a clear picture of the
sensitivity differences encountered for aquatic plants. While the majority of results on
algae are at concentration ranges of a few to several hundred micrograms per litre (Fahl et
al. 1995, Fairchild et al. 1997, Ma, 2002, Ma et al. 2001, 2002, Nyström et al. 1998, 1999,
Sabater et al. 1997, 2002), effect concentrations of experiments on macrophytes are found
in the very low microgram per litre ranges or even below (Cedergreen et al. 2004a,
Fairchild et al. 1997, Roshon et al. 1999).
Amongst the most sensitive, or even the most sensitive species of all the ones tested, is
Lemna sp., which is used as standard test organism in the risk assessement process of
herbicides (Battaglin et al. 1998, Cedergreen et al. 2004a, Fairchild et al. 1997, Grossmann
et al. 1992).
The great sensitivity displayed by this organism towards SU herbicides has not been
characterised yet, but previous statements of greater sensitivity of fast growing organisms
with a high metabolic activity could give an explanation for these observations.
Screening the literature results we have to keep in mind, that the methods used for the
testing of macrophytes, especially under laboratory conditions are not standardised. This
results in large discrepancies for the results obtained on one species. For Lemna sp., for
example, results with the same compound vary greatly depending on the pH of the test
medium. Results obtained by Fahl et al. (1995) and Pusino et al. (2003), found a pHdependent sorption of triasulfuron and other SU herbicides. The more alkaline the pH, the
more the bioavailability decreased. According to their nature as weak acids both, uptake
and phytotoxicity of most SU herbicides, if not all, should be highest at low pH, as has
been reported for higher plants (Fredrikson and Shea, 1986, Bastide et al. 1988). Therefore
while comparing the results for SU herbicides it is very important to have informations
about the pH in the test, since experiments performed at pHs lower than 7 will display
higher toxicities and most likely not correspond to the situtations encountered under
natural conditions and thus, overestimating potential toxicity. For chlorsulfuron, for
example, toxicity was enhanced by a factor of 25 when pH was lowered from 6.5 to 5.0
(Fahl et al. 1995). The pH of the water in the microcosm study ranged between 7.5 and 9,
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which is in accordance to the pHs observed for several other studies in the field or under
semi-field conditions (Nyström et al. 1999).
The weak acidic character of the SU herbicides make them readily soluble in water.
Hydrolysis is very slow at pHs between 8.2 and 9.4 (Sarmah et al. 2000), which would
explain that the degradation observed in the microcosm study does not reach 50 % after 57
days of application. Other experiments suggested a degradation half-time via chemical
hydrolysis at pH 7 of 492 days (Pusino et al. 1999), which by far exceeds the values
obtained in the present study. Photolysis however seems to be of minor importance (Blair
and Martin, 1988), but in combination with chemical and microbial degradation could
contribute to the detoxification of triasulfuron in aquatic environments.
Based on the results for the macrophytes and the algae, triasulfuron is not supposed to
cause any adverse effects at concentrations in between 0.26 and 1.3 µg/L triasulfuron,
which should be well over the concentrations observed in the field, as presented in a study
by Battaglin et al. 1998 on 130 sites of Midwestern streams and rivers of the USA.
Comparison of the results for triasulfuron on the toxicity towards macrophytes based on
the findings in the microcosms, tend to confirm that the standard test organism Lemna sp.,
used in the risk assessment process for herbicides, is amongst the most sensitive
macrophyte species for this specific herbicide and for SU herbicides in general, thus
suggesting that the current toxicity evaluation based on algae and Lemna sp. is sufficiently
protective for sulfonylurea herbicides.

4.3

SUITABILITY

OF

USED

TESTING

SYSTEMS-

ASSESSMENT

OF

APPLICABILITY AND REPLICABILITY
4.3.1 Laboratory microbioreactor- Extrapolation from lab to field? – Current
status, future needs
The selection of herbicides tested in the microbioreactors displayed very promising results
when we compare the extent of effects and the time for them to become visible, with
previous results from laboratory or field studies available in the various databases or the
literature (Tab. 22). Especially the values from the testing of herbicides directly interfering
in the processes of photosynthesis were very similar to those from earlier findings. As
discussed before this probably reflects the very precise measuring of key parameters like
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O2 and pH that can be monitored in the microbioreactors. These two parameters are
quickly influenced if the metabolic pathways of plants are disrupted, and therefore the
easier and more precise these parameters are evaluated, the more accurate an estimation of
potential toxicity will be guaranteed.
Tab. 22 Comparison of the results for the macrophytes found in the literature (left) and obtained in the
microbioreactors after 24 h incubation (right) for selected herbicides. References: [1] Hoberg, 1991; [2]
Hoberg, 1993a; [3] Hoberg, 1993b; [4] Rodgers, 1991; [5] Fairchild et al. 1997; [6] Fairchild et al. 1998; [7]
Kirby and Sheahan, 1994; [8] Forney and Davis, 1981; [9] Huber, 1993; [10] Solomon et al. 1996; [11] Brock
et al. 2000; [12] Mazzeo et al. 1998; [13] US EPA, 2000; [14] Jenkins and Buikema, 1990; [15] Peterson et al.
1997; [16] Campbell et al. 2000; [17] Grossmann et al. 1992; [18] Christopher and Bird, 1992; [19] Roshon et
al. 1999; [20] Wejnar et al. 1994; [21] Forsyth et al. 1997.
Herbicide

Literature
Species

Atrazine

Endpoint

L.emna gibba
L. minor
"
M.yriophyllum
spicatum
NOEAEC

Simazine

22-180

5-14 d

[1,2,3]

NOEC
EC50
EC50

10-75
21-8700
1000

96 h
96 h
28 d

[4,5]
[4-7]
[8]

20

S-metolachlor

Glyphosate

2,4-D

L. minor
"
"
floating species
submerged
macrophytes

260-290
120-150

Endpoint

Concentration
(µg/L)

L. gibba
"
L. minor
"
M. spicatum
"

NOEC
LOEC
NOEC
LOEC
NOEC
LOEC

< 25
25
< 200
200
< 200
200

L. gibba
"
M. spicatum
"

NOEC
LOEC
NOEC
LOEC

50
500
50
500

L. gibba
"

NOEC
LOEC

5.1
10.2

[9-11]
14 d
14 d

100

NOEAEC
Diquat

Species

EC50

EC50
EC50

L.gibba
"

Microbioreactors (after 24 h)

Concentration
(µg/L)
Duration

[12]
[13]
[11,14]

EC50
NOEC
EC50
EC50

4
< 11
18
10-120

7d
96 h
96 h
14-16 d

[15]
[5]
[5]
[16]

EC50

7.2-80

14-16 d

[16]

EC50

48

14 d

[13]

L. gibba

NOEC

250

L. minor
"
M. heterophyllum
Elodea sp.
Ceratophyllum sp.

NOEC
EC50
EC50
EC50
EC50

187
343
3000
2355
70

96 h
96 h
14 d
14 d
14 d

[5]
[5]
[6]
[6]
[6]

"
M. spicatum
"

LOEC
NOEC
LOEC

500
250
500

Lemna sp.
L. paucicostata

NOEC
EC50

320
5000

L. gibba
"

NOEC
LOEC

< 2000
2000

M. spicatum
M. sibiricum
submerged
macrophytes

LOEC
EC50

1000
844

5d
14 d

[18]
[19]

M. spicatum
"

NOEC
LOEC

1000
2000

EC50

> 1000

3-6 weeks

[8]

L. gibba
L. minor
L. paucicostata
M. spicatum
M. sibiricum
M. sibiricum

LOEC
NOEC
EC50
EC50
EC50
EC50

220
> 100000
751
40-100
13
100

15 d
96 h
8d
5d
14 d
60 d

[20]
[5]
[17]
[18]
[19]
[21]

L. gibba
"
M. spicatum
"

NOEC
LOEC
NOEC
LOEC

900
> 900
450
> 450

L.gibba

3-6 weeks [8]
8d
[17]
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But obviously there are still, especially while talking of inhibitors of photosynthesis, many
open questions related to the true extent of effects after an inhibition or a change in the
above-mentioned parameters is observed. Adaptation, and detoxification of the compound,
with a subsequent recovery of effects, are processes that can not be appropriately
evaluated, yet. They are, however, key elements for a correct estimation and evaluation of
the potential toxicity of a compound. The microbioreactors, in cases when an online
monitoring of the parameters is feasible, offer additional alternatives and possibilities to
get a better insight into the mentioned processes.
This positive aspects related to the microbioreactors should, however, not mask existing
problems and developments that still need to be done to improve this laboratory test
system. Herbicides not directly interfering in the photosynthesis sooner or later do also
influence parameters like O2 and pH. Since this effects can be displayed after some days or
even longer, the test system will have to be improved to allow longer test durations. This
implies achieving a greater stability of the sensors and it requires a greater consistency of
the results between replicate microbioreactors treated equally. The reduction of the
variability to increase the replicability of the microbioreactor test system is a goal that has
to be aimed in any case, independently from aspects related to a standardisation of this
experimental set up for a future implementation into a test battery for regulatory purposes.
The reduction of the variability of the measuring device, a technical problem, will have to
be addressed prior to a reduction of the variability of the biological material, i.e. the test
organisms. Table 23 presents a summary of the pros and cons of both, the laboratory and
field test systems, for an evaluation of herbicide toxicity.
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Tab. 23 Pros and cons of the laboratory and field test systems used for the evaluation of herbicide

toxicity.

Laboratory microbioreactors
Pros
•

•
•

•
•
•
•
•
•
•

•

Fast detection of
effects with
compounds
interfering in
metabolism (shortterm effects), e.g.
inhibitors of
photosynthesis.
Short-term recovery
experiments.
Precise measurement
of the physiologic
status [O2, pH,
(fluorescence,
conductivity, etc.)].
Monitoring of the
kinetics of effects.
Micro imaging (use of
in-vivo techniques).
Mode of action
studies.
Standardised testing
possible.
Low cost testing.
Not work intensive.
High adaptability of
test conditions
(nutrients/ light/
temperature, etc.).
Usually, low degree
of variability / high
degree of
replicability.

Field experiments (micro- and mesocosms)

Cons
•

•

•
•

•

•
•

No long-term effects
quantifiable (no midto long-term toxicity
estimations).
No mid- to long-term
recovery effects
observable, e.g.
effects on biomass.
Small sized/ scaled
test system.
Limitation of plant
species fitting into the
test chambers (no
whole plants but plant
parts (leaves) as
substitutes of the
whole plant.
Submerging of the
plant material in the
chambers might
change uptake and
adsorption behaviours
of the compound.
Low degree of
systems complexity.
Potentials for an
extrapolation of the
results to the
ecosystem uncertain.

Pros
•
•

•

•
•

•

Short-, mid- and longterm effects can be
estimated.
Estimation of a noobservable
ecologically adverse
effect concentration
(NOEAEC).
Recovery effects in
the short-, mid- and
long-term can be
monitored.
High degree of
complexibility.
Large number of
different species from
various trophic levels
in one test system at
the same time.
Natural conditions
and cycles of light/
temperature.

Cons
•

•

•

•
•
•
•

Limited use of in-vivo
and in-situ techniques
for an accurate
physiological
evaluation.
High degree of
variability/ low
degree of
replicability.
Establishment of
standardised testing
conditions and
parameters difficult –
case to case set up.
Large sized/ scaled
test system.
Very costly testing.
Work intensive set up.
Exposure to changing
and varying climatic
conditions between
seasons and years.

4.3.2 Microcosm experiments- A discussion of how the balance between
replicability and complexity can be kept
It is well known that taking the step from indoor laboratory test systems, where single
species tests, simplified food webs or even microcosms are used, to the outdoor field
studies with semi-field micro- and mesocosms, ponds or whole natural ecosystems, we
have an increase of complexity and at the same time a decrease of the replicability (Caquet
et al. 1996, 2000) (see Tab. 23). This balancing act in ecotoxicology requires a case to case
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analysis of the requirements and needs that have to be adressed while assessing the
potential toxicity of each compound.
The homogeneity of water quality parameters and of the biological and physiological
endpoints measured on the test organisms in the presented microcosm test system was
remarkable, since for each of the evaluated endpoints and for each of the tested herbicides
it was possible to detect significant effects between the control and the herbicide
treatments. This assumption is confirmed by the clear concentration-dependent relationship
between observable effects and herbicide concentration. But how was this consistency and
the subsequent replicability achieved?
The goal of the test system was to properly evaluate the toxicity of macrophyte species,
keeping if possible the complexity to a maximum for an estimation of the herbicide impact
on a community level. A frequent problem associated with the growth of macrophytes in
microcosms is the growth or even bloom of algae at some stage during the test. On the
other hand avoiding algal growth completely would not allow for an assessment of the
phytoplankton present in the system, therefore reducing complexity and explanatory
power. To face the problems with algae it was tried to, first, reduce daily temperature
fluctuations to a minimum, and second, reduce the available nutrients in the water column
at the beginning of the test to a minimum. The first point was of special importance due to
the shape of the available microcosm tanks. Not filling the larger concrete ponds, where
the microcosms were positioned, with water as a sort of buffering system, would have led
to a fast diurnal warming and cooling of the walls and to higher temperature maxima
during the day. This would have increased algal growth. The second step mentioned above
to avoid an algal bloom, the reduction of nutrients, was achieved by renewing parts of the
water column with fresh tap water. Nutrients dissolved during the early equilibrium phase
out of the sediment were diluted and eliminated by this measure. The results of these two
steps were satisfactorily since no algal blooms were observed in any of the microcosms
and sufficient nutrients were available in the water for the development of a representative
algal community.
The replicability of a test system is of course also increased if the variability of the test
organisms at the beginning of the test is low. This, however, is not easy in microcosm tests,
especially in those that are supposed to evaluate macrophytes. In the majority of cases, the
supply of these macrophytes will be carried out by a local gardener, who will cultivate
them or collect them from nearby places. The homogeneity of this delivered test material
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can therefore just be influenced to a little extent only. Several arguments could be
enumerated to favour culturing the species to be used by oneself. In terms of costs and
space however, this is not feasible. Special care has to be taken while introducing plants
from a gardener into the microcosm. Assuming that all the desired species are delivered
correctly, which is not always the case since it is not always easy to properly classify
certain species, the plants will be delivered in pots or bundles. Bundled plants can
‘quickly’ be potted and selected. The potted plants should however be freed from soil and
fertilisers since otherwise a source of nutrients will be introduced into the water and the
algal problems promoted. This step should be kept in mind before starting the test, since
the washing of old soil, the preparation of the sediment for potting and the potting itself
may increase work significantly. Acclimation of the biological material after its handling,
e.g. potting, is advisable in any case, but has to be accurately coordinated with the timing
of the experiment, i.e. duration of exposure phase and subsequent recovery period, and the
growth period of the macrophyte over the year. As seen in the presented microcosm test,
the water temperature can be a good indicator for the selection of the growth period,
especially for submerged species that are more sensitive to temperature. In early spring
submerged macrophytes are not likely to be in good shape at temperatures below 15 °C.
The timing of the experiment therefore should be adjusted to the months where the water
temperature is in between this range. As previously stated the timing of an experiment
should include both, a representative exposure phase, that allows the observation of
potential effects, and a recovery phase, that should allow for a classification of effects into
long- and short-term. The determination of the length of these phases is a critical issue,
since the potential for recovery of an adversely affected system, in this case of aquatic
plants, will be dependent of various parameters, e.g. light, temperature, dissolved oxygen,
pH, availability of nutrients, compound concentration, concurrence between species or
individuals etc. Setting a fixed duration of either exposure phase or recovery period is
therefore not advisable. Decisions on these aspects should be done, if possible, in
accordance to the requirements of the species tested in the experimental design and to the
geographic location of the study, since as mentioned before, temperature and light will be
of major importance if recovery is going to take place. Anyhow, observations on recovery
can be good indicators of the replicability of the experimental design and can additionally
deliver valuable information of the behaviour of the compound under more natural
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conditions. This will increase the overall amount of information and allow for a critical but
accurate assessment of the potential risks.

4.3.3 Evaluation of test species, test materials and endpoints assessed in the
microcosms
The microcosm test system used as macrophyte-dominated microcosms had previously
been designed to adress other issues, like e.g. zooplankton communities (Williams et al.
2002). It was possible however to adapt the available microcosms keeping in mind that
there is a standardised frame of endpoints, test species or test materials and test methods
that has to be used while properly evaluating the toxicity of a compound.
The versatility and flexibility of a test design has to be established and guaranteed, since
the potential lack of information if field or semi-field studies are not implemented can lead
to improper assessments of compound toxicology. The use of simple laboratory tests as
surrogates for more complex interactions is not always sufficient for a correct evaluation of
potential risks (Fletcher, 1990, Wang, 1992).
As it will be the case for other researchers and research institutes, test goals and studies
demanded, vary with time, either due to scientific interests or due to regulatory (or
economic) needs, thus completely changing the primary requirements of a test system at
the time it was build and designed. This gap between existing and required test design was
closed in the present microcosm study by focussing on the goals that wanted to be
adressed. First of all the system had to allow the use of various species with different
physiological needs, since submerged and emergent species were to be used. This problem
was solved by introducing pillars of plastic boxes with different heights into the
microcosm tanks. The selection of species was carried out based on physiological
characteristics (monocotyledon, dicotyledon, emergent, submerged), and according to
several additional criteria, e.g. test suitability based on earlier studies, ecological relevance,
availability from the local gardener, etc.
The suitability of the selected macrophytes and endpoints based on the results of the
present study will be discussed for each species individually. Overall, the selected species
demonstrated their suitability for ecotoxicological testing. They displayed good growth and
were able to recover after being adversely damaged. Glyceria maxima for example
developed completely new shoots out of the root stock in the second highest concentration

4. Discussion

page 158

of simazine, thus showing that the aboveground parts and those under the sediment are not
automatically affected the same way by the toxicant. This root stock is therefore capable of
promoting new growth and a healthy population. Glyceria sp. can undoubtfully be
considered a robust species that is well suited for toxicological testing.
Monitoring of physiological parameters, i.e. photosynthetic yield with the mini PAM on
the leaves of Glyceria sp. was successful and indicates the great monitoring potential of
this endpoint (Snel et al. 1998). Photosynthesis is a very sensitive parameter for the
evaluation of toxic effects on plants (Shaw et al. 1985, Huang et al. 1997, Kobbia et al.
2001), as previously seen for the microbioreactors. The mini PAM as a non-invasive
monitoring method therefore gives high qualitative information without disturbing the
tested organism too much or interfering in the other parameters of the test system
(Schreiber et al. 1996). To our knowledge, the present study is the first one demonstrating
the efficiency of the PAM technique for the toxicity assessment on emergent aquatic
macrophytes. Additional equipment developed for the PAM could allow further, the use of
this technique for the measurement of the photosynthetic yield of phytoplankton for
example (Juneau et al. 2001, 2002).
The other emergent macrophyte Persicaria amphibia was, as observed for both submerged
species, more dependent on the water temperature in early spring. It is therefore advisable
to allow a sufficiently long acclimation period of Persicaria sp., and of both submerged
species, before introducing them in the test system.
Persicaria sp. was slightly more sensitive to the herbicides tested than Glyceria sp.. A
comparison of their relative coefficients of variance indicates a great consistency of all
endpoints (< 36 %) for Glyceria sp. besides for the increase in number of shoots on the
first two sampling dates at days 14 and 28. For Persicaria sp., the length increase of the
shoots and the wet weight, were the endpoints with the lowest variance (< 40 %). Similar
CVs have been previously reported as low in experiments with rice (Powell et al. 1996).
The monitoring of flowering for this species did not display a concentration-dependent
pattern, as observed for Myriophyllum sp.. Since for the submerged species it was a very
effective indicator it should however not be discarded completely, yet. Further research
should elucidate the suitability of the flowering endpoint for Persicaria sp..
Myriophyllum sp. and Elodea sp. were both very good test species. Their growth rates are
excellent parameters for an evaluation of toxicity. At the same time the length increases of
either main or side shoot for both species display low variabilities, which obviously
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increases their suitability as test species. Earlier studies investigating the suitability and
replicability of Myriophyllum sp. have indicated the consistency of the plant length as
parameter for monitoring and demonstrated that it is one of the most powerful endpoints to
be addressed (Hanson et al. 2003a,b). In contrast to the findings from the mentioned study
however, the variation of the plant length did not increase with the length of the study.
Both submerged macrophytes were the most sensitive species in the study, being even
more sensitive than most algal tribes or families evaluated. The relative coefficients of
variance indicated that the homogeneity of growth for Elodea sp. is higher on almost all
time points and for almost every parameter compared to Myriophyllum sp..
For all the macrophyte species evaluated it was observed that although more significant
differences were monitored based on the wet weight, the relative coefficient of variance
between wet and dry weight does not differ very much. This observation has previously
been described, with the subsequent suggestion of evaluating the wet weight of the
organisms only. Based on the results of the presented study it would be recommended to
evaluate both, since observations of significantly enhanced dry weight, as reported earlier,
could suggest a lignification of plant parts as a result of an increased detoxification due to
the activity of the peroxidase (Sprecher et al. 1993). If only wet weight is monitored, this
effects will not be observed, thus hindering that further insights into the behaviour of the
chemical in the environment can be gained.

4.4 OUTLOOK
Laboratory and field studies like the ones presented here will have to be developed further.
This should be done using both set ups as individual systems, but should always aim to
extrapolate the results either from the lab to the field and viceversa. The microbioreactor
system presented here should be improved as discussed earlier. The potential for
improvements is large and current developments are focussing on an improvement of the
sensor stability as well as on the running time of the sensors. Additional endpoints are also
being evaluated and tested (Ritzenthaler, 2006, in prep.), with the most significant effort
being based on the measurements of the photosynthetic yield, using an adaptation of the
mini-PAM technology presented here, and on a conductivity sensor for the monitoring of
changes in the ion contents of the medium. Further developments are still under discussion
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their feasibility as well as explanatory power for ecotoxicological testing will have to be
evaluated first.
The semi-field microcosm study presented demonstrates that a balance between
replicability and complexity is possible. Thorough focus on the goals as well as an
orientation on available standard techniques and protocols, should allow to collect various
parameters besides from the ‘classic’ biological ones. The potential of uniting
physiological and biological parameters at all trophic levels from the macrophyte level
down to the phytoplankton level, should be exploited and explored further. The technical
possibilities are being developed very fast and ecotoxicology should evolve into this more
complex, precise but extremely valuable gain of information, too.
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5. SUMMARY
The herbicide impact on aquatic plants is evaluated at present using the results from
experiments with the monocotyledon Lemna sp. and algae. Uncertainties regarding an
assessment of herbicide toxicity based only on these test systems exist, since for some
herbicides, e.g. auxin herbicides that are more toxic to dicotyledons, toxicity might be
underestimated. Lemna sp. is the only macrophyte where a standard protocol and a draft
OECD guideline for a standardisation of testing conditions are available at the moment.
Many other macrophytes have been proposed in this respect in the past, as well as
appropriate protocols for ecotoxicological testing. The prime goal of the present thesis was
to investigate the suitability of different macrophyte species in laboratory and field test
systems for an ecotoxicological monitoring. It further aimed at evaluating the potential for
extrapolation of the results obtained in the lab to field conditions. For this purpose a series
of herbicides with distinct modes of action and physiologically different macrophyte
species were selected and used in the lab and field experiments.
The laboratory test system, small flow-through test chambers called microbioreactors, were
used to monitor physiological parameters of the macrophytes, i.e. oxygen and pH under
herbicide impact. Fronds of Lemnaceae and leaves of Myriophyllum sp. were used for
testing. The results indicated a high sensitivity of the macrophyte species against
herbicides interferring in the photosynthetic system, like atrazine, simazine and diquat.
Effects on the macrophytes recorded for such herbicides are in accordance with values
found in previous laboratory and field studies reported in the literature and confirm the
high potential of the laboratory test system, on the one hand as a tool allowing a fast
biomonitoring of toxic compounds, and on the other hand as an alternative for
extrapolating results from the lab to the field. In contrast, herbicides with modes of action
that caused effects in the mid- to long-term range displayed lower sensitivities in the
microbioreactor than those reported from previous experiments. The microbioreactors also
proofed suitable for mechanistic evaluations of the mode of action of herbicides, as well as
for observations of phenomena like recovery of metabolic activities after exposure to an
inhibitor of photosynthesis like atrazine, and effects of adaptation to this herbicide. A
reduction of the inhibitory effects while monitoring O2 and pH was observed during the
phase of herbicide exposure.
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The microcosm test system in the field contained various physiologically different
macrophyte species (mono- and dicotyledons, submerged, emergent and floating), but also
allowed for an evaluation of the naturally developing algal flora in the microcosms. The
testing of three different herbicides, i.e. simazine, dimethachlor and triasulfuron, at
environmentally relevant concentrations showed that the microcosm set up was well suited
for an evaluation of the potential toxicity of these herbicides in aquatic systems. The
experimental protocols choosen combined classic growth parameters and physiological
endpoints, increasing the amount of information to adequately evaluate adverse effects and
the potential for recovery of aquatic plants in microcosms. The above mentioned
herbicides resulted in no significant effects at the lowest concentration tested when
compared to the control for any of the evaluated parameters after 84 days, thus being the
no-observable ecologically adverse effect concentrations (NOEAEC), i.e. 0.08 mg/L for
simazine, 4.5 µg/L for dimethachlor and 0.26 µg/L for triasulfuron. It was further shown
that the time point of evaluation plays a key role for a correct estimation of toxicity and
potential recovery of the different macrophytes, which might vary greatly. Comparison of
results at different trophic levels increased the amount of information obtained in field test
systems and thus allowed for a better evaluation of the potential toxicity of herbicides.
The macrophyte species as well as the laboratory and field test systems used in the present
thesis are suitable for ecotoxicological testing. Both experimental set ups display great
potential for a proper evaluation of herbicide impact on aquatic plants and for a
standardisation of testing conditions in tests with macrophytes.
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ZUSAMMENFASSUNG
Die Bewertung des Herbizideinflusses auf Wasserpflanzen erfolgt zur Zeit anhand von
Ergebnissen aus Versuchen mit der monokotylen Lemna sp. und mit Algen. Eine alleinige
Einschätzung der Herbizidtoxizität aufgrund solcher Testsysteme birgt gewisse
Unsicherheiten, da für einige Herbizide, wie z.B. Auxinherbizide, die toxischer gegenüber
Dikotyledonen sind, die Toxizität unterschätzt werden könnte. Lemna sp. ist der einzige
Makrophyt für den im Moment ein standardisiertes Protokoll und eine vorläufige OECD
Richtlinie mit Angaben zu standardisierten Testbedingungen vorhanden ist. Andere
Makrophyten, wie auch geeignete Protokolle für die Durchführung ökotoxikologischer
Tests sind in der Vergangenheit schon vorgeschlagen worden. Hauptziel der vorliegenden
Arbeit

war

die

Eignung

verschiedener

Makrophytenspezies

in

Labor-

und

Freilandtestsystemen für ein ökotoxikologisches Monitoring zu untersuchen. Es wurde
ferner bewertet, ob eine Extrapolation von im Labor gewonnenen Ergebnissen auf
Freilandbedingungen möglich ist. Zu diesem Zweck wurde eine Serie von Herbiziden mit
unterschiedlicher Wirkweise und physiologisch verschiedene Makrophyten ausgewählt
und in Labor- und Freilandexperimenten eingesetzt.
Als Testsystem im Labor dienten kleine Durchflusskammern, sog. Mikrobioreaktoren, in
denen der Einfluss von Herbiziden auf die physiologischen Parameter der Makrophyten,
Sauerstoff und pH, bewertet wurde. Verschiedene Lemnaceaen und Blätter von
Myriophyllum sp. wurden für die Experimente verwendet. Die Ergebnisse wiesen eine
hohe Sensitivität der Makrophyten gegenüber denjenigen Herbiziden auf, die in das
photosynthetische System eingreifen, wie Atrazin, Simazin und Diquat. Die bei den
Makrophyten beobachteten Effekte für diese Herbizide stimmen mit denjenigen Daten
überein, die in vorhandenen Labor- und Freilandarbeiten in der Literatur zu finden sind,
und bestätigen das enorme Potential des Labortestsystems, um einerseits als schnelles
Biomonitoringinstrument eine Bewertung toxischer Substanzen zu erlauben, und anderseits
eine Alternative für die Extrapolation von Laborergebnissen in das Freiland zu bieten. Im
Gegensatz dazu zeigten Herbizide, deren Wirkweise mittel- oder langfristige Effekte
verursachten, eine geringere Sensitivität in den Mikrobioreaktoren als dies aus
vorhandenen Experimenten bekannt war. Die Mikrobioreaktoren erwiesen sich als
geeignet, um mechanistische Einschätzungen der Wirkweise von Herbiziden vorzunehmen,
und zur Beobachtungen von Erholungsprozessen der metabolischen Aktivität nach
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Exposition

mit

einem

Photosynthese-Hemmstoff

wie

Atrazin,

oder

Adaptationserscheinungen nach Herbizideinwirkung. Vielfach konnte eine Reduktion der
Hemmung,

während

des

Monitorings

von

O2

und

pH

bei

fortwährender

diverse

physiologisch

Herbizidexposition, beobachtet werden.
Das

Mikrokosmen

Testsystem

im

Freiland

beinhaltete

unterschiedliche Makrophytenspezies (Mono- und Dikotyledonen, submerse, emerse und
schwimmende Arten), ermöglichte aber auch die Bewertung einer sich im Mikrokosmos
natürlich

entwickelnden

Algenflora.

Drei

unterschiedliche

Herbizide,

Simazin,

Dimethachlor und Triasulfuron, wurden unter umweltrelevanten Konzentrationen getestet.
Dabei zeigte sich, dass der Aufbau der Mikrokosmen für eine Bewertung der potentiellen
Toxizität dieser Herbizide in aquatischen Systemen sehr gut geeignet war. Das vorgestellte
experimentelle

Programm

kombinierte

klassische

Wachstumsparameter

und

physiologische Endpunkte, sodass die Menge an Informationen für eine adequate
Bewertung adverser Effekte und zum Abschätzen des Erholungspotentials aquatischer
Pflanzen in Mikrokosmen gleichermaßen geeignet war. Die o.g. Herbizide zeigten beim
Vergleich mit der Kontrolle keine signifikanten Effekte bei der niedrigsten getesteten
Konzentration für keinen der bewerteten Parameter nach 84 Tagen, sodass diese
Konzentration als diejenige gilt, die keine beobachtbaren ökologisch adversen Effekte
verursacht (0.08 mg/L für Simazin, 4.5 µg/L für Dimethachlor und 0.26 µg/L für
Triasulfuron). Es konnte auch gezeigt werden, dass der Zeitpunkt für eine korrekte
Einschätzung der Toxizität eine zentrale Rolle bei der Bewertung spielt und dass das
Erholungspotential der unterschiedlichen Makrophyten stark schwanken kann. Vergleiche
von

Ergebnissen

der

unterschiedlichen

trophischen

Ebenen

erhöhten

den

Informationsgehalt der im Freiland gewonnenen Ergebnisse und erlaubten daher eine
bessere Einschätzung der potentiellen Herbizidtoxizität.
Die in der vorliegenden Arbeit verwendeten Makrophytenspezies wie auch die Labor- und
Freilandtestsysteme sind für einen ökotoxikologischen Einsatz geeignet. Beide
experimentellen Anordnungen haben ein großes Potential, um eine sichere Bewertung der
Herbizideinflüsse auf Wasserpflanzen durchzuführen und standardisierte Testbedingungen
für Experimente mit Makrophyten zu schaffen.
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Appendix 1 Length and width estimation of ten individuals from the dominant algae
present in the microcosm tank for calculation of the volume during the experimental
period.
Chlamydomonas gloeophila
2

cylinder r πh
length (µm) width (µm)
8
2
6
2
8
2
5
2
5
2
7
3
8
2
9
2
8
2
5
2
Mean (µm)
6.9
2.1
(µm3)
95.54706

Ankistrodesmus spiralis
2

cone 1/3r πh
length (µm) width (µm)
55
2
50
2
55
2
50
2
50
2
40
2
50
2
45
2
40
2
45
2
Mean (µm)
48
2
Volume
3
(µm )
200.96

Achnanthes minutissima

length (µm) width (µm)
square stone abc
15
3
18
3
20
3
20
3
15
3
17
4
16
3
16
3
18
3
18
3
Mean (µm)
17.3
3.1
Volume
(µm3)
166.253

Tetraedron minimum
(c= 4,5 µm)

Dictyosphaerium pulchellum

sphere 4/3r π
length (µm) width (µm)
4
4
2
2
4
4
3
3
2
2
2
2
1
1
2
2
2
2
2
2
2.4
2.4
57.87648

square stone abc
length (µm) width (µm)
8
8
9
9
10
10
10
10
7
7
8
8
13
13
13
13
11
11
12
12
10.1
10.1
459.045

sphere 4/3r π
length (µm)
3
2
3
2
2
2
2
2
2
4
2.4
57.87648

Oocystis marssonii

Coelastrum microporum

Scenedesmus aculeolatus

Chlorella vulgaris
3

2

cone 1/3r πh
length (µm) width (µm)
12
6
20
15
15
5
12
7
20
12
12
6
17
8
15
10
20
17
10
4
15.3
9
1297.134

3

sphere 4/3r π
length (µm) width (µm)
8
8
7
7
4
4
4
4
6
6
8
8
6
6
4
4
7
7
5
5
5.9
5.9
859.853413

3

2

cylinder r πh
length (µm)
13
10
12
8
12
10
12
12
10
8
10.7

Chrysamoeba planctonica

Kephyrion sp.

length (µm) width (µm)
2
cylinder r πh
5
5
8
7
6
6
5
5
7
6
6
6
7
7
6
5
7
7
7
7
6.4
6.1

length (µm) width (µm)
2
cylinder r πh
5
5
5
5
6
6
7
7
7
7
5
5
6
6
7
6
5
5
4
4
5.7
5.6

length (µm)
2
cylinder r πh
3
3
3
2
3
1
2
4
2
3
2.6

561.28128

width (cone, cylinder,sphere)=r; length (cone,cylinder) = h; π = 3,14
length (square stone) = a; width (square stone) = b; c (squarestone) = width, if not defined otherwise

width (µm)
4
3
3
2
5
2
3
4
3
3
3.2

344.04352

Chromulina ovaloides

747.77216

width (µm)
3
2
3
2
2
2
2
2
2
4
2.4

43.18756

width (µm)
2
3
3
2
2
1
2
4
2
2
2.3
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Appendix 1 (cont.) Length and width estimation of ten individuals from the dominant
algae present in the microcosm tank for calculation of the volume during the
experimental period.
Chrysophyceae
Chrysophyceae
(2-3 µm) (5-10 µm)
length (µm) width (µm)
length (µm) width (µm)
3
2
cylinder r πh
sphere 4/3r π
7
7
8
6
5
4
5
4
6
5
9
8
5
4
5
5
6
4
8
7
Mean (µm)
2.5
2.5
6.4
5.4
Volume
3
(µm )
65.4166667
195.33312

Ochromonas nana
length (µm) width (µm)
2
cylinder r πh
2
1
3
2
3
2
3
2
2
1
3
2
4
3
3
2
2
2
3
2
Mean (µm)
Volume
3
(µm )

2.8

1.9

10.5797067

7.5
173.4065

18.7

11.9

2771.68533

Katablepharis ovalis
length (µm) width (µm)
2
cone 1/3r πh
5
4
6
4
9
5
9
5
8
5
9
5
7
4
8
6
8
5
6
4
Mean (µm)
Volume
3
(µm )

Mallomonas
monograptus
length (µm) width (µm)
2
cone 1/3r πh
15
10
20
13
18
13
20
13
20
10
15
10
23
15
20
10
18
10
18
15

4.7

14.13

629.256

Cryptomonas erosa + ovata
length (µm) width (µm)
2
cone 1/3r πh
25
10
25
10
20
10
15
8
25
12
25
15
20
8
25
10
20
10
15
8
21.5

1.5

10.1

52.8148

width (µm)
3
3
3
3
4
2
4
4
4
4
3.4

2.9

Desmarella moniliformis
length (µm)
width (µm)
2
cylinder r πh
4
3
5
3
4
3
3
2
5
4
4
3
4
3
4
4
4
3
3
2
4
3
37.68

Cryptomonas erosa et ovata
Rhodomonas sp.
(from 18.08)
length (µm)
width (µm)
length (µm)
width (µm)
2
2
cone 1/3r πh
cone 1/3r πh
15
8
6
3
50
19
7
3
20
10
5
2
45
20
6
3
20
10
5
3
45
18
6
3
20
10
7
4
25
10
9
4
50
20
10
5
17
12
7
4
30.7

13.7

6030.980207

Oscillatoria limnetica
length µm
width µm
2
cylinder r πh
5
3
8
3
5
3
4
3
6
3
7
3
8
3
5
3
3
2
9
3
6

Epipyxis sp.
length (µm)
2
cylinder r πh
5
4
3
4
6
3
10
8
7
7
5.7
68.96696

2295.56503

Snowella sp.
length (µm) width (µm)
3
sphere 4/3r π
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1.5

Dinobryon sertularia
length (µm) width (µm)
2
cone 1/3r πh ohne Gehäuse
15
5
15
5
15
5
18
5
15
5
18
7
19
8
20
5
15
6
17
9
16.7
6

10.51272

3.4

82.27637333

Oscillatoria rosea
length µm
width µm
2
cylinder r πh
4
2
3
2
3
2
3
2
2
1
4
2
4
2
2
1
3
2
3
2
3.1

6.8

1.8

Peridinium sp.
length µm
width µm
2
cylinder r πh
18
16
18
16
17
17
16
15
18
16
21
19
17
15
20
18
19
18
17
15
18.1
5157.6855

16.5
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Appendix 2 Results from the statistical evaluation (ANOVA*) of dominant algal species
present in the water of the microcosms after classification into tribes and families.
Statistical evaluation of
Simazine

Dimethachlor

Triasulfuron

Significant

Significant

N.S.

N.S.
Significant
Significant
Significant
N.S.
N.S.

N.S.
Significant
N.S.
Significant
N.S.
N.S.

N.S.
N.S.
N.S.
N.S.
N.S.
N.S.

N.S.

N.S.

N.S.

N.S.
N.S.
N.S.
N.S.
Significant
Significant
N.S.
Significant
Significant

N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.

N.S.
Significant
N.S.
Significant
Significant
N.S.
N.S.
N.S.
N.S.

Tribe CRYPTOPHYTA
Families evaluated :
Cryptomonadaceae
Katablepharidaceae

Significant

N.S.

N.S.

Significant
Significant

N.S.
N.S.

N.S.
N.S.

Tribe CYANOPHYTA
Families evaluated :
Merismopodiaceae
Oscillatoriaceae

N.S.

N.S.

N.S.

N.S.
N.S.

N.S.
N.S.

N.S.
N.S.

Tribe PYRRHOHYTA
Families evaluated :
Peridiniaceae

Significant

N.S.

N.S.

Significant

N.S.

N.S.

Taxonomic classification
Tribe CHLOROPHYTA
Families evaluated :
Chlamydomonadaceae
Scenedesmaceae
Chlorococcaceae
Oocystaceae
Chlorellaceae
Dictyosphaeriaceae
Tribe CHRYSOPHYTA
Families evaluated :
Chrysamoebaceae
Chrysococcaceae
Chrysophyceae
Chromulinaceae
Dinobryonaceae
Synuraceae
Monosigaceae
Ochromonadaceae
Achnanthaceae

N.S. Not significant
* Repeated measures ANOVA with Bonferroni-Dunn correction (p < 0.05)
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Water temperature (°C)

24.0
22.0
20.0
18.0
16.0
14.0
12.0
10.0
0

7

14

21

28

35

42

49

56

63

70

77

84

63

70

77

84

Days after application (d)

Water temperature (°C)

24.0
22.0
20.0
18.0
16.0
14.0
12.0
10.0
0

7

14

21

28

35

42

49

56

Days after application (d)

Appendix 3 Mean water temperature (°C) measured during the experimental
period in the microcosms after application of dimethachlor (upper graph,
n=18) and triasulfuron (lower graph, n=15).
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Tab. Appendix 4a Results from the identification of algae in the water of the
microcosms with their classification into families and determination of significant
effects observed on these families during the experimental period between the control
(n=6) and the dimethachlor treatments (n=3).

Algae Tribe

Chlorophyta
Chrysophyta
Cryptophyta
Cyanophyta
Pyrrhophyta
a

a
No. of families No. of families showing significant differences against the
evaluated
control / the 4.5 / 26.8 µg a.i.*L-1 treatment

6
9
2
2
1

4.5 µg/L

26.8 µg/L

112.5 µg/L

590 µg/L

0
0
0
0
0

0
0
0
0
0

1/ 0/ 0
0
0
0
0

2/ 1/ 2
0
0
0
0

p < 0.05 (Repeated measurement ANOVA with Bonferroni/Dunn correction)

Tab. Appendix 4b Results from the identification of algae in the water of the
microcosms with their classification into families and determination of
significant effects observed on these families during the experimental period
between the control (n=6) and the triasulfuron treatments (n=3).
Algae Tribe

Chlorophyta
Chrysophyta
Cryptophyta
Cyanophyta
Pyrrhophyta
a

No. of families
evaluated

6
9
2
2
1

No. of families showing significant differencesa
against the control / the 0.26 µg a.i.*L-1 treatment
0.26 µg/L

1.3 µg/L

16.2 µg/L

0
0
0
0
0

0
1/0
0
0
0

0
1/3
0
0
0

p < 0.05 (Repeated measures ANOVA with Bonferroni/Dunn correction)
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