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Abstract

Aquatic non-targeted organisms are more likely to be exposed to herbicides in multiple pulse events then long continuous
exposure. The potential of an organism to recover between exposures has an important role in the overall effects of the
toxicant. Common duckweeds show high potential for recovery after a single exposure to isoproturon. To evaluate the
growth patterns and recovery potential between multiple exposures, L. minor plants were exposed to isoproturon in three
repetitive 7-day treatment cycles in three time-variable exposure scenarios with equivalent time-weighted average
concentrations. The growth was significantly inhibited during each exposure phase with significant cumulative effects in
every subsequent treatment cycle resulting in a cumulative decrease in biomass production. However, inhibitory effects were
reversible upon transferring plants to a herbicide-free nutrient solution. These results indicate that L. minor plants have a
high recovery potential even after multiple exposures to isoproturon. Observed cumulative decrease in biomass production,
as well as the potential for fast and efficient recovery from repeated herbicide exposure, might affect the competitiveness of
L. minor in surface water communities. The observations made during each exposure period, recovery patterns, and the
resulting cumulative effects over time may contribute to further development, calibration and validation of mechanistic
toxicokinetic/toxicodynamic models for simulating the effects of pesticides on aquatic plants populations in the laboratory
and environmental conditions.

Keywords Lemna minor - sequential pulse exposure * isoproturon * growth inhibition * recovery

Introduction

Aquatic environments are subjected to pesticide con-
tamination due to their worldwide usage and high con-
sumption in modern agriculture and urban landscaping
processes. High pesticide concentrations in aquatic eco-
systems are mainly correlated with rain events after the
application periods and spray drift from agricultural sur-
faces (Cedergreen and Rasmussen 2017). On the other
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hand, transformation processes, fast dispersion, phase dis-
tribution after the application, degradation by hydrolysis or
photolysis or chemical processes such as sorption or eva-
poration, may result in a rapid reduction of the pesticide
concentration in the aquatic environment (Reinert et al. 2002;
Rosenkrantz et al. 2013). As a consequence, non-targeted
aquatic autotrophic organisms are more likely to be exposed
to short pulse events instead of a long term exposure with a
constant pesticide concentration, usually represented in the
standard laboratory toxicity tests. Pesticide pulses are con-
sidered more as a rule rather than the exception in edge-of-
field water bodies (Cedergreen et al. 2005; Belgers et al.
2011). Pulse exposure events may last from hours to days
with significant differences in effective herbicide concentra-
tion depending on the pesticide characteristics as well as
characteristics of recipient water body (Leu et al. 2004; Zhao
and Newman 2006; Rabiet et al. 2010).

Moreover, aquatic non-targeted organisms are likely to
be exposed to multiple pulse events rather than single pulse
exposure (Leu et al. 2004; Vallotton et al. 2009). For
evaluating the effects of repeated exposures several
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experimental approaches may be used, including the time-
weighted averages (TWA), FOCUS scenarios for predicted
environmental concentration (FOCUS 2001), as well as
modeling approaches (Schmitt et al. 2013). In the TWA
approach, an average concentration is calculated for the
exposure period and compared with the results of a standard
toxicity test with continuous exposure (Boxall et al. 2013).
Results obtained in studies including a single pulse expo-
sure with the TWA concentrations often show that toxicity
is of a similar or lesser magnitude for shorter pulses over
longer pulses or continuous exposure (Naddy et al. 2000;
Belgers et al. 2011; Angel et al. 2015, 2017).

The recovery potential of an exposed organism has an
important role in the overall effects of the toxicant in
repeated exposures. Recovery potential may be defined as a
sum of toxicokinetics and toxicodynamics recovery. Tox-
icokinetics recovery includes distribution, biotransforma-
tion, and excretion of the toxicant from the organism, while
toxicodynamics refers to re-establishing the homeostasis
(Ashauer et al. 2017). Therefore, recovery depends on
the time needed for the affected organism to eliminate the
toxicant and to recover from the sustained damage. If the
subsequent pulse exposure starts before the organism
completed the recovery, the cumulative effects of the pulse
exposures are to be expected. On the other hand, acclima-
tization of the organism to the toxicant can lead to repeating
pulse exposures being less toxic in comparison to con-
tinuous exposure (Angel et al. 2018).

Among various chemical families of pesticides, pheny-
lurea herbicides, such as isoproturon, have been used
worldwide for weed control in several different crops as
well as in irrigation channels and drainage ditches (Crépet
et al. 2013; Gatidou et al. 2015). Consequently, isoproturon
has been frequently detected in soil drainage water and
edge-of-the-field aquatic environments (Fairbairn et al.
2018; Casado et al. 2019). Péres et al. (1996) have reported
an average half-life for isoproturon in the water column
ranging approximately 50 to 60 days measured for the
indoor freshwater microcosm. In natural more diverse
aquatic systems, processes such as microbial degradation
(Hussain et al. 2011, 2015) and photolytic degradation
(Lépez-Mufioz et al. 2013), accumulation in aquatic plants
(Bottcher and Schroll 2007) as well as metabolic degrada-
tion in cells of dicotyledonous plants like Ceratophyllum
demersum (Pietsch et al. 2006) might contribute to faster
reduction of isoproturon concentration in water. Once
accumulated in the plant cells, isoproturon binds to the D1
protein in the thylakoid membrane and blocks the flow of
electrons through photosystem II (PS II), which results in
inhibition of photosynthetic efficiency (Laviale et al. 2011).
Inhibition of photosynthesis can lead to slow starvation of
the plant followed by diminished growth (Varshney et al.
2012) and increased production of reactive oxygen species

in affected plants (Bi et al. 2012; Wang et al. 2015). Growth
inhibition caused by isoproturon has been reported in stu-
dies with photosynthetic non-targeted aquatic organisms
(Bi et al. 2012; Tuni¢ et al. 2015; KneZevic et al. 2016).
In the previous study, we have observed that a single 2- or
3-days long exposure to isoproturon had a lesser overall
effect on the growth of common duckweed compared to
continuous treatment with equivalent TWA concentrations.
Nevertheless, these short exposures induced significant phy-
siological changes such as the reduced concentration of
proteins and photosynthetic pigments, as well as increased
damage to the lipids due to significant accumulation of
hydrogen peroxide in the tissue (Varga et al. 2019). More-
over, these significant changes were observable even after 4
and 5 days of the recovery period, in which growth endpoints
indicated complete recovery. Although plants showed high
growth recovery potential after a single exposure, isoproturon
induced physiological changes may affect the ability of plants
to adequately respond to the next exposure event.
Therefore, the present study aimed to investigate the
effects of repeated exposures to isoproturon on growth, as a
standard endpoint, and recovery potential of common
duckweed, Lemna minor L. Tests were performed as a
modified standard growth inhibition test in three repeated
treatment cycles with isoproturon in a concentration range
below reported 7-day effective concentration (ECs) causing
50% inhibition of frond number growth rate (KneZevic et al.
(2016): EC59=220pg L' Tuni¢ et al. (2015): ECsy=
230 ugL™"). L. minor, a standard photosynthetic non-
targeted aquatic organism has been chosen for this study
due to favorable traits that enable population-level studies in
laboratory conditions and a high potential for recovery from
a single exposure to isoproturon (Varga et al. 2019) and other
types of herbicides (Wilson and Koch 2013; Burns et al.
2015; Tuni€ et al. 2015). The specific study objectives were
(1) to compare the effects of repeated isoproturon exposure
on the growth of L. minor in two time-variable exposure
scenarios with the effects observed in a standard growth
inhibition test with continuous exposure (to enable direct
comparison of effects from different time-variable exposure
scenarios TWA approach was used), (2) to assess the overall
effects of multiple exposures and expected carry-over effect
on plant biomass production and (3) to discuss comparability
of standard toxicity endpoints in modified laboratory test
simulating repeated exposures with the recovery phase.

Materials and methods
Culture conditions

L. minor L. plants from the laboratory culture maintained at
the Department of Biology, University of Osijek, Croatia

@ Springer



1540

M. Varga et al.

(RDSC Clone ID 5574) were used as a test organism in this
study. Experimental material was cultured in Erlenmeyer
flasks on a modified Steinberg nutrient solution (Steinberg
1946). The nutrient solution was composed of the following
compounds: 3.46 mmol L! KNO;, 1.25 mmol L' Ca
(NO3) x4 H,0, 0.66 mmol L~' KH,PO,, 0.072 mmol L
K,HPO,, 0.41 mmol L™! MgSO,x7 H,0, 1.94 umol L~!
H;B0;, 0.63 umol L™' ZnSO4 x7 H,0, 0.18 umol L'
Na,MoO,x2 H,0, 091umol L~' MnCl,x4 H,0,
2.81 umol L™ FeCly;x7 H,O and 4.03 umol L™' EDTA.
The pH was adjusted to 5.5+0.2 by adding 0.1 M KOH.
The stock cultures were kept in the growth chamber under a
continuous light intensity of 70 umol m 2s~! provided by
cool white fluorescent lamps and at a temperature of 25 +
1 °C. A selection of five healthy colonies, each having three
fronds, was transferred aseptically to a freshly prepared
sterile nutrient solution contained in Erlenmeyer flask every
seven days. These conditions enabled frond doubling time
less than 2.5 days and corresponding average specific
growth rate of 0.275 day ! in the stock culture as required
by the standard Lemna sp. Growth inhibition test (OECD
2006).

Experimental design for repeated exposure

All tests were conducted in the growth chamber at the
Department of Biology in the above-described conditions.
The experiments were run in six-well transparent sterile
plates with covers (Jet Bio-Filtration, China). Test results
were considered acceptable if the average growth rate of
control plants was >0.275 day~! (OECD 2006) and the
coefficient of variation (CV) in the control was <15%.

Due to higher solubility of isoproturon in methanol
compared to water, isoproturon stock solution was prepared
in analytical grade methanol (Carlo Erba) with analytical
standard reagent Isoproturon PESTANAL (Sigma, CAS
34123-59-6). The final methanol concentration in each test
solution was kept under 100 uL L™, as recommended by
the standard Lemna sp. Growth inhibition test (OECD
2006).

The experiment included three repetitive 7-day treatment
cycles with a total duration of the test being 21 days. A 7-
day experimental cycle was selected according to the
recommended duration of standard Lemna sp. Growth
inhibition test (OECD 2006) for continuous exposure. L.
minor plants were treated with isoproturon in two pulsed
exposure periods (2 and 3 days) followed by a recovery
period (5 and 4 days) in a fresh nutrient solution, as well as
a standard semi-renewal continuous toxicity test (7 days,
without the recovery period). For continuous toxicity test,
plants were treated with 50, 100, 150, and 200 pg L' of
isoproturon in the nutrient solution. To provide live and
growing population during the whole test, selected
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herbicide levels included a range of concentrations lower
than the reported 7-day ECs value for common duckweed
reported in the literature (KneZevié et al. (2016): ECso =
220pug L' and Tunié et al. (2015): ECso=230ugL ™).
Duckweed plants were exposed to isoproturon at 8 different
intended peak concentrations (ranging from 116.65 to
700 ug L") for the pulse exposure scenarios (Supplemen-
tary Table 1). These intended pulse concentrations corre-
sponded with the 7-day TWA concentrations of 50, 100,
150, and 200 ug L.

A schematic overview of the experiments conducted in
the laboratory is given in Fig. 1. The experiment was started
by transferring 6 healthy duckweed colonies (with 3-4
visible plants each) from the stock culture to sterile test
plates with 10 ml of test solution in each well. For the first
pulse scenario (pulse-2d), plants were exposed to iso-
proturon for the first two days and then transferred to a new
sterile Steinberg nutrient solution (with an appropriate
volume of the solvent) for the remaining five days of the test
cycle. In the second pulse scenario (pulse-3d), the pulse
exposure time was three days, and the recovery period
lasted for the remaining four days of the cycle. The duration
of the exposure phase in pulse exposure scenarios was set at
2 and 3 days respectively so that selected isoproturon
concentration range (50-200ugL~', below the reported
ECs5y value) would induce significant and observable
changes in growth as a standard endpoint. After the pulse
exposure period, plants in each test system were carefully
rinsed with sterile nutrient solution and transferred to the
new test plate for the recovery. In the continuous treatment,
L. minor plants were exposed exclusively to isoproturon
containing nutrient solution throughout the entire test cycle
(7 days). Ten six-well plates were used for each treatment
level: four plates were used for herbicide treatment (total of
24 replicates), two plates were used as control (same initial
number of plants in clean nutrient solution), and four plates
were used as solvent control (same initial number of plants
in the nutrient solution to which we added an equal amount
of solvent to that used in the herbicide treatment). Test
plates were randomly repositioned each day to eliminate the
slight temperature and light variations in the growth
chamber. The nutrient solution in controls and continuous
tests was renewed in the same dynamics as in the pulse
exposure tests. At the end of the treatment cycle, plants in
each treatment level were subsampled due to limited surface
area of the six-well plates and a rapid multiplication rate of
untreated plants (doubling time less than 2.5 days). Sub-
samples, same as at the beginning of the test, consisted of 6
duckweed colonies (with 2-4 fronds, depending on the
treatment), which were reinoculated in the fresh sterile
exposure solution, and the next treatment cycle was started.
Whenever possible, the most recently developed fronds
were selected for the subsample.
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Chemical analysis of isoproturon consisted of (A) methanol: water (10:90, with 5mM

ammonium acetate) and (B) methanol: water (90:10 with
Analytical verification of exposure concentrations was 5 mM ammonium acetate), delivered at a constant flow rate
performed with the ultra-performance liquid  of 0.4mlmin~'. The gradient elution started with 10%
chromatography-tandem mass spectrometer (UPLC-MS/  mobile phase B, which was ramped within 7 min to 90%
MS). For the analysis, a 10 pL-aliquot of the sample was  mobile phase B, held for 2 min, and then reverted to initial
injected into an Eksigent expert ultraLC 100 system com-  conditions to the end of the analysis. The total analysis time
prised of degasser, binary pump, autosampler with a 100 pL.~ was 12 min and the temperature was kept at 40 °C. Mass
sample loop and a column oven (ABSciex, Framingham,  analysis was performed with the ABSciex QTRAP 4500
MA, USA). The analytical column was Kinetex 2.6 um C18 (ABSciex, Framingham, MA, USA). For the quantification
100 A (100x2.1 mm) with precolumn SecurityGuard Ultra  of the target analyte, the QTRAP system was operated in
UHPLC C18 for 2.1 mm id columns, both supplied by  multiple reaction monitoring (MRM) acquisition modes
Phenomenex (Torrance, CA, USA). The mobile phase (MS/MS) with electrospray ionization (ESI). The analysis
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was performed in positive ionization mode with following
operating conditions: ion spray voltage 5.500 V; curtain gas
30 psi; ion source gases GS1 and GS2 were 50 and 55 psi,
respectively; probe temperature was 450 °C. Nitrogen
served as nebulizer and collision gas. Declustering potential
(DP) and collision energy (CE) of the selected transitions
were optimized from a continuous flow of a standard
injection (100 ug L™" solution at 10 uL min~") to obtain the
maximum intensities. The entrance potential (EP) for pre-
cursor ion was 10V, and the collision cell exit potential
(CXP) for product ion was 4 V. The declustering potential
was 66 V. Two MS/MS transitions were acquired for iso-
proturon, 207.2/72.1 (CE 29 V), using the intensity ratio as
a confirmatory parameter. Using the above conditions, the
calibration curve was made by analyzing standard solutions
of isoproturon in methanol. Methanol (LC-MS grade) was
supplied by Merck (Darmstadt, Germany) and ammonium
acetate (LC MC grade) by Sigma-Aldrich (St. Louis, MO,
USA). The detection limit was 10 ug L™".

Initial isoproturon concentrations in the test system were
analyzed after the preparation of treatment solutions. Sam-
ples from the pulse scenarios were also analysed during the
recovery period. Chemical analysis was performed in
duplicate.

Toxicity endpoints

The average growth rate of L. minor frond number was
determined by counting all visible fronds in each separate
well of the six-well plates used for controls and
isoproturon treatments. Average growth rate per day

(RGR) and corresponding doubling time (Ty)
were calculated according to OECD (2006):
RGRfrond umber = In(frond number,z)fln(frond number(l)’ where t

th—t;
represents the beginning of the test period (beginning of
the cycle), and t, represents the end of the test period (end
of the pulse period and end of the cycle). Corresponding
@

doubling time was calculated using the formula Ty = mT

Daily changes in frond number were expressed as the
day-to-day growth rate () and calculated according to the
equation: Uy = In(Frond number)tflgl(Frond number)kl, where t is
the time after the initiation of the test expressed in days
(Rosenkrantz et al. 2013).

Biomass production was determined at the end of each
treatment cycle as the relative growth rate of fresh weight
and calculated according to the following formula
RGR{eqy weight = In(fresh weightdo); In(fresh weight,, )’
represents the beginning of the treatment and d; represents
the end of the treatment cycle. Initial fresh biomass was
determined by weighting six samples from the stock culture,

and each sample consisted of 6 healthy duckweed colonies

where d
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with 3-4 fronds. Initial fresh biomass for subsequent cycles
was determined by weighting six samples (6 colonies with
2-4 fronds, depending on the treatment) from each test
system before subsample was reinoculated. Before weight-
ing, plants were gently blotted between several layers of
tissue paper to remove the nutrient solution from the surface
of the plants.

The inhibition of growth rate was calculated as
%lrcr = RIRGR ot x 100, where RGR,, and RGR, repre-
sent the measured endpoint (frond number growth rate and
fresh weight growth rate) in control and treatment groups,
respectively.

Biomass production over the whole duration of the
experiment was calculated to evaluate the cumulative
effects of sequential exposure cycles. Since the experiment
procedure required subsampling of the plants at the end of
each treatment cycle, fresh weight yield values from each
cycle were summed for each replicate in all treatments and
control. The yield was calculated for endpoints fresh weight
and frond number by subtracting the measured value at the
beginning of the treatment cycle from the value at the end of
the treatment cycle.

Data analysis

TWA concentrations were calculated according to the fol-

lowing formula P, = % where P.= intended pulse
pulse

concentration (ug L™'), TAC = intended time-weighted
average concentration (ug L"), Cexp = cycle duration
(7 days) and t,;, = duration of pulse exposure (2 or
3 days).

Coefficient of variation (CV) was calculated for all
measured endpoints according to the following formula:
CV = asT];. % 100, where SD is the sample standard devia-
tion and avg. is the mean value for a sample.

The concentration-response curves were modeled at the
end of each treatment cycle with inhibition of averaged
growth rate of frond number and inhibition of average
growth rate of fresh weight to calculate isoproturon effec-
tive concentration causing 50% inhibition of growth (ECs).
Using average specific growth rate in estimating toxicity is
based on the assumption that the growth of the plants is
constant during the whole test and independent of test
duration, the specific growth rate of the control population,
and the slope of the concentration-response curve. On the
other hand, EC, results based on the yield response are
dependent upon all variables mentioned above (OECD
2006). Since the growth rate in the pulse treatment scenarios
was not constant during the treatment cycle, it was con-
sidered acceptable to use the yield response method to
calculate the EC, values to compare the observed effects of
pulse experiments with continuous exposure. Due to
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different mathematical approaches, EC values based on the
yield are expected to be lower in comparison to the values
based on the average specific growth rate (OECD 2006). EC
concentrations were modeled using nonlinear regression
and expressed in terms of nominal TWA concentrations.

Results are presented as average values + standard
deviation of twenty-four replicates (n=24) for frond
number endpoints, 12 replicates (n = 12) for fresh weight
endpoints, and two replicates (n =2) for analytical ver-
ification of exposure concentrations in the test system.
Every replicate represents a sample from a separate well of
the used six-well plates.

To compare treatments, assuming normality and equal
variance, the factorial analysis of variance followed by the
Tukey HSD post-hoc test was performed (P < 0.05) for each
exposure scenario separately. Factors tested were iso-
proturon concentration, treatment cycles and interaction
between these two factors. The analysis of variance was
also used for the recovery period, where the term recovery
was defined as a lack of statistically significant reduction in
comparison to the control for the endpoint day-to-day
growth rate of frond number at a specific time point (P <
0.05). Cumulative effects of different exposure scenarios
were evaluated at the end of the experiment with the fac-
torial analysis of variance followed by the Tukey HSD post-
hoc test (P<0.05) and factors tested were isoproturon
concentration and exposure scenario. All statistical analyses
were performed in Statistica 13.5 software (2018; TIBCO
Software Inc. USA).

Results
Chemical analysis

Mean measured exposure peak concentrations at the
beginning of the test for the different exposure scenarios are
summarized in supplementary Table 1. A comparison of
mean measured concentrations in test solution with nominal
concentrations showed that actual exposure concentrations
ranged from 89.5% to 98.1% of intended isoproturon con-
centrations. Hence, the results are reported as nominal
concentrations for the continuous test scenario, and the
pulse scenarios in terms of their 7-day TWA concentrations.
After transferring the plants in a clean nutrient solution for
the recovery period, herbicide concentration remained
below the detection limit.

Treatment-related effects on frond number
endpoint

Control growth rates of frond number ranged from 0.286 +
0.03 day ' to 0.289+0.01 day ' (with a corresponding

average doubling time of 2.4 +0.01 days), which is above
the OECD (2006) validity criteria indicating that L. minor
performance in the test system was acceptable. During the
experiment, there were no significant differences in the
frond number growth rates between the plants grown in
clean nutrient solution and different solvent controls spiked
with methanol (F = 1.4, P = 0.24). Therefore, the growth of
control plants is reported as an average value of all tested
solvent controls.

Relative growth rates for frond number endpoint at the
end of treatment cycles with isoproturon in three exposure
scenarios are summarized in supplementary Table 2. The
inhibition of average growth rates of L. minor frond number
at the end of three subsequent treatment cycles with iso-
proturon is given in Fig. 2. In the continuous test growth of
L. minor plants was significantly influenced by the applied
herbicide concentration and the cycle of the treatment (Fig.
2a). At the end of each cycle, a concentration-depended
inhibition of average growth rate was observed (cycle 1:
' =0.800; cycle 2: »=0.975; cycle 3: r»=0.964;
P <0.01). Also, every subsequent treatment cycle resulted
in significantly higher inhibition of growth. At the end of
the first treatment cycle inhibition of growth ranged from 15
to 43%, at the end of the second cycle from 21 to 58%, and
at the end of the third cycle from 28 to 63% in treatments
with isoproturon in concentrations from 50 to 200 ug L.
Therefore calculated ECs, values for endpoint average
growth rate of frond number in continuous treatment sce-
nario were >200 ug L™ at the end of the first cycle, 168.6 +
6.0ugL~! at the end of the second cycle and, 127.9 +
2.8 ugL~" at the end of the last treatment cycle.

When plants were treated in pulse-2d scenario, at the end
of the pulse exposure period isoproturon inhibited the
growth of the duckweed cultures in a concentration-
depended manner (Table 1: cycle 1: r*=0.972; cycle 2:
* =0.942; cycle 3: *=0.977; P<0.01). Generally, the
average growth rate of the cultures exposed to 50, 100, 150
and 200 ug L™ of isoproturon in pulse-2d treatment sce-
nario was 0.190-0.198, 0.146-0.152, 0.095-0.108, and
0.044-0.055 day !, respectively. Compared to the growth
of the control plants, the growth of treated plants was
inhibited from 31% at 50 ug L~ up to 84% at the highest
isoproturon concentration. According to the statistical ana-
lysis, the interaction of isoproturon concentration and
treatment cycle in the pulse-2d scenario was not significant
(P>0.05), meaning that inhibition of the average growth
rate at the end of the first cycle’s exposure period was not
significantly different from the inhibition at the end of
subsequent pulses in the cycles 2 and 3.

At the end of the treatment cycles, after the recovery
period in treatment scenario pulse-2d, the growth of treated
plants was significantly inhibited in comparison to the
controls (Fig. 2b). The inhibition of growth at the end of the
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cycle showed a significant correlation to the applied iso-
proturon concentrations (correlation coefficients were
0.985, 0.942, and 0.978 for the three subsequent cycles,
respectively; P < 0.05). According to the statistical analysis,
the interaction of isoproturon concentration and treatment
cycle had a significant effect (F=27.22, P>0.01) on the
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Fig. 2 Inhibition (%) of L. minor frond number relative growth rate
(RGRf;ond number) at the end of three subsequent treatment cycles with
50, 100, 150 and 200 ug L™ of isoproturon in exposure scenario (a)
continuous, (b) pulse-2d and (c¢) pulse-3d. Columns represent an
average value and error bars indicate standard deviation (n = 24).
Different uppercase letters indicate significantly different values across
four treatment concentrations and three treatment cycles separately for
each exposure scenarios, while lowercase letters indicate significantly
different values across three exposure scenarios for each isoproturon
concentration within each treatment cycle separately (HSD, P <0.05)

average growth rate of plants at the end of the recovery
period. In treatment with 50 and 100 ug L™, growth rates
were lower at the end of the second cycle, while the two
higher isoproturon concentrations caused a significant
decrease in the average growth rate in each subsequent
treatment cycle (Fig. 2b).

When plants were treated in pulse-3d treatment scenario,
a concentration-depended inhibition of growth was evident
at the end of the pulse exposure periods (Table 2; cycle 1:
= 0.923; cycle 2: = 0.950; cycle 3: ?=0.962; P<
0.01). Compared to the growth of the control plants, the
growth of treated plants was inhibited from 24% at 50 ug L™!
up to 73% in treatment with 200 ug L~! of isoproturon.
Interaction of isoproturon concentration and treatment cycle
had a significant effect on the average growth rate of
L. minor at the end of the exposure period (F = 14.01,
P>0.01). Isoproturon in concentrations 100, 150, and
200 ug L' caused significantly higher inhibition of growth
with every subsequent exposure period of the treatment
cycle (Table 2).

Growth of isoproturon treated plants at the end of treat-
ment cycles in pulse-3d treatment scenario, after the
recovery period, was also significantly inhibited in com-
parison to controls (Fig. 2c). Concentration-dependent
inhibition of growth was evident in every treatments
cycles (cycle 1: * =0.910; cycle 2: r*=0.969; cycle 1:
* =0.960; P <0.05). The average growth rate of plants at
the end of the treatment cycles was significantly influenced
by the interaction of isoproturon concentration and treat-
ment cycle (F=55.58, P> 0.01). Isoproturon concentration
above 50ugL~! caused significantly higher inhibition of
growth with every subsequent treatment cycle (Fig. 2c).

Generally, inhibition of frond number growth rate in the
continuous exposure scenario was higher in comparison to
the inhibition caused by the same isoproturon concentration
in pulse exposure scenarios, especially at the end of the
second and third treatment cycle (Fig. 2).

The EC5 values for relative growth rate of frond number
in pulse exposure scenarios could not be estimated since
they were significantly above 200 ug L™", that is the highest
applied isoproturon concertation. Therefore, in order to
compare the impact of isoproturon between treatment

Table 1 Exposure scenario
pulse-2d: average frond number
growth rate (day ) with
standard deviation (n =24) and
percentage of growth inhibition
(in brackets) at the end of the
pulse exposure period in three
subsequent treatment cycles
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Pulse 1 Pulse 2 Pulse 3
Control 0.289 +0.024° 0.282 +0.020° 0.287 £0.022*
50ug Lt 0.198 £0.004° (31.3%) 0.190 £0.013" (34.1%) 0.190 +0.016" (34.2%)
100 ug L™} 0.147 £ 0.006° (49.0%) 0.152 £0.013¢ (47.2%) 0.146 +0.011° (49.4%)
150 ug L7! 0.108 +0.008% (62.7%) 0.106 +0.007¢ (63.3%) 0.095 +0.005¢ (67.2%)
200 pug L' 0.055 £0.012° (80.9%) 0.051 +0.015° (82.2%) 0.044 +0.013° (84.6%)

Different letters indicate significantly different values across five treatment levels (control, 50, 100, 150, and
200 pg L’l) and three treatment cycles (HSD, P <0.05)
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scenarios ECsy, EC,s and EC;y values for frond number
yield were estimated for each treatment cycle and sum-
marized in Table 3. Generally, the impact of isoproturon
exposure scenario on the frond number yield could be
described as continuous > pulse-3d > pulse-2d for all three
treatment cycles. In continuous treatment ECs, values were
150+ 8 ug L' at the end of the first cycle, 83 +4 ugL™" at
the end of the second cycle and, 57 +4 ug L™" at the end of
the last treatment cycle. A comparison of EC, values from
pulse exposure scenarios with values for continuous treat-
ment show a factor 1.2-3.4 higher EC values for pulse
scenarios (Table 3).

Treatment-related effects on biomass production
endpoint

Relative growth rates for fresh biomass production endpoint
at the end of treatment cycles with isoproturon in three
exposure scenarios are summarized in supplementary table
3. Similarly to the observed inhibition of the average growth
rate of frond number, isoproturon exposure also inhibited
the average growth rate of fresh weight (Fig. 3). Isoproturon
had a significant effect on the average growth rate of fresh
weight for plants treated in the continuous exposure
scenario (Fig. 3a) with significant interaction of applied

Table 2 Exposure scenario

pulse-3d: average frond number Pulse 1 Pulse 2 Pulse 3

—1 .
gtrovcvl‘hdrﬁe (,di{y )( W“hm) ,  Conirol 0.289 = 0.024° 0.282 = 0.020° 0.287 0.022°
stanaar eviation (n = an
percentage of growth inhibition 0 MgL™ 0.217 +0.004" (24.7%) 0.213+0.005" (26.1%) 0.214 £0.006" (25.9%)
(in brackets) at the end of the 100 pug L™ 0.194 +0.007° (32.8%) 0.182+0.007% (36.7%) 0.166+0.011' (42.3%)
Puése exposure period in lthree 150 ug L™ 0.158 +0.006% (45.3%) 0.145 £0.010" (49.7%) 0.133 £0.009' (53.8%)
subsequent treatment cycles 200 pg L 0.087 = 0.008¢ (69.7%) 0.083 = 0.007%1 (71.2%) 0.077 £ 0.009" (73.4%)

Different letters indicate significantly different values across five treatment levels (control, 50, 100, 150, and
200 ug L") and three treatment cycles (HSD, P < 0.05)

Table 3 ECjs values (ug L") for the endpoints frond number yield and fresh weight yield at the end of subsequent treatment cycles in continuous
and pulse exposure scenarios, and the ratio between these values. For the pulse exposure scenarios, ECs, values are expressed in terms of 7-day
time-weighted average concentrations

Frond number yield

Fresh weight yield

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3
Treatment scenario ECsy (95% c.i.) ECsg (95% c.i.)
Continuous 150 (147—153) 83 (85—-87) 57 (55—58) 126 (124—128) 106 (105—109) 75 (71-78)
Pulse-2d 183 (178—188) 144 (141—148) 130 (128—132) >200 >200 217 (201-233)
Pulse-2d/Continuous 1.2 1.7 2.3 nc nc 2.9
Pulse-3d 153 (150—155) 114 (113—116) 101 (100—103) >200 140 (136—145) 125 (122—127)
Pulse-3d/Continuous 1.0 1.4 1.8 nc 1.4 1.7

EC25 (95% Cl) ECZS (95% Cl)
Continuous 79 (78—80) 38 (37-39) 22 (20—-23) 71 (70-73) 60 (57—-62) 34 (31-37)
Pulse-2d 79 (78—81) 64 (61-67) 63 (62—64) >200 124 (121-127) 73 (71-76)
Pulse-2d/Continuous 1.0 1.7 2.9 nc 2.1 2.1
Pulse-3d 63 (61—65) 50 (49-51) 45 (44—46) 101 (97—105) 71 (68—73) 60 (58—62)
Pulse-3d/Continuous 0.8 1.3 2.0 14 1.2 1.8

ECyo (95% c.i.) ECi9 (95% c.i.)
Continuous 54 (53—-56) 24 (23-25) 12 (11-13) 51 (50-52) 42 (40—45) 22 (19-24)
Pulse-2d 48 (47-50) 40 (37—42) 41 (40—42) >200 68 (66—70) 39 (35—42)
Pulse-2d/Continuous 0.9 1.7 34 nc 1.7 1.8
Pulse-3d 37 (35—-39) 30 (29-31) 27 (26—28) 46 (43—49) 47 (44-50) 39 (37—-41)
Pulse-3d/Continuous 0.7 1.3 2.3 0.92 1.1 1.8

nc — not calculable due to higher fresh weight yield in the pulse-2d scenario in comparison to the control plants
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Fig. 3 Inhibition (%) of L. minor fresh weight relative growth rate
(RGRfresh weigny) at the end of three subsequent treatment cycles with
50, 100, 150, and 200 ug L' of isoproturon in exposure scenario (a)
continuous, (b) pulse-2d, and (c) pulse-3d. Columns represent an
average value and error bars indicate standard deviation (n=12).
Different uppercase letters indicate significantly different values across
four treatment concentrations and three treatment cycles separately for
each exposure scenarios, while lowercase letters indicate significantly
different values across three exposure scenarios for each isoproturon
concentration within each treatment cycle separately (HSD, P <0.05)

herbicide concentration and the cycle of the treatment (F =
66.8, P<0.01). Isoproturon treatment resulted in sig-
nificantly lower fresh biomass accumulation with every
subsequent treatment cycle. Therefore calculated ECs,
concentrations were 209.6 +11.7ugL~"! at the end of the
first cycle, 172.9 3.9 ug L' at the end of the second cycle
and, 142.8+4.0ugL™" at the end of the last treatment
cycle.

When plants were treated with isoproturon in the pulse-
2d scenario, no significant effects on the biomass produc-
tion were observed at the end of the first treatment cycle
(Fig. 3b). Values recorded for plants treated with 50, 100,
and 150 ug L™! were even higher than control values, but
this increase was not statistically significant. Significant
inhibition of fresh biomass production was observed at the
end of the second cycle in treatments with 100, 150, and
200 ug L™" where biomass production was inhibited 9%,
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14% and, 21% respectively. On the other hand, at the end of
the third cycle, all applied isoproturon concentrations
caused significant inhibition of fresh weight accumulation
ranging from 9% in treatment with 50 ug L™! to 29% in the
treatment with 200 pg L

In the pulse-3d exposure scenario, all applied isoproturon
concentrations caused significant inhibition of biomass pro-
duction (Fig. 3c). Fresh biomass production was progres-
sively reduced at the end of each subsequent treatment cycle
with 50 and 100 ug L™ of isoproturon. Treatments with 150
and 200 ugL~" caused similar inhibition of fresh biomass
production at the end of the second (27% and 44% respec-
tively) and third cycles (29% and 47% respectively).

Comparing the effects of the same isoproturon con-
centration between different exposure scenarios revealed
that continuous treatment caused the most pronounced
inhibition of biomass production during the whole test.
Generally, the effect of the exposure scenario on the bio-
mass production at the end of all three treatment cycles
could be described as continuous > pulse-3d > pulse-2d for
all tested isoproturon concentrations (Fig. 3).

The values of ECsy for relative growth rate of fresh
weight in pulse exposure scenarios could not be estimated
(>200 ug L™"). Isoproturon effects between treatment sce-
narios were compared with EC5y, EC,5 and EC values for
fresh weight yield (Table 3). Same as for the frond number
yield, the impact of isoproturon exposure scenario on the
fresh weight yield could be described as continuous > pulse-
3d > pulse-2d for all three treatment cycles. In continuous
treatment ECs, values were 126 + 2 ug L™ at the end of the
first cycle, 106 +3 pgL~! at the end of the second cycle
and, 75+6ugL~" at the end of the last treatment cycle.
Values from pulse exposure scenarios were a factor 1.1-2.9
higher (Table 3).

Cumulative treatment-related effects on biomass
production

Inhibition of fresh biomass production during sequential
pulses resulted in a concentration-dependent cumulative
decrease in biomass yield at the end of the experiment
(Fig. 4). According to the results of ANOVA, the impact of
the same isoproturon concentration across the tested expo-
sure scenarios could be described as continuous > pulse-3d
> pulse-2d.

Calculated EC values for cumulative biomass produc-
tion at the end of the whole experiment with continuous
exposure were ECs5y= 103 g L', EC,s=55 ug L7, and
ECjo=37ugL™". In the pulse-2d exposure scenario,
treatment with the highest isoproturon concentration resul-
ted in a 31% cumulative decrease of fresh weight yield in
comparison to the control. Therefore, the EC,5 value was
164 ug L', and EC,y was 72 ug L™'. These EC,s and ECy,
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Fig. 4 Cumulative biomass production at the end of the experiment
(sum of three sequential treatment cycles) for control and cultures
exposed to 50, 100, 150, and 200 ug L' of isoproturon in continuous,
pulse-2d and pulse-3d exposure scenario. Columns represent an
average value and error bars indicate standard deviation (n=12).
Biomass production for the control is reported as an average value of
all tested solvent controls. Different letters indicate significantly dif-
ferent values across five treatment levels (control, 50, 100, 150 and
200 pug L!) and three exposure scenarios (HSD, P <0.05)

were three- and two-fold higher in the pulse-2d exposure
scenario when compared to the respective EC values from the
continuous treatment. The inhibition of fresh biomass pro-
duction of plants in pulse-3d exposure scenario ranged from
21% in treatment with 50 ugL™" to 59% in treatment with
200pug L. Corresponding EC, values for cumulative bio-
mass production were ECsy= 166 ug L™!, EC,5=71 ug L™,
and EC;p=43ugL ™.

Recovery patterns of L. minor after isoproturon
exposure in pulse treatment scenarios

The recovery patterns are visualized in Fig. 5, which shows
the day-to-day growth rates of the frond number. Control
day-to-day frond number growth rates ranged from 0.286 +
0.033 day ™! to 0.291 +0.030 day'. Isoproturon caused a
concentration-depended and time-depended reduction of
day-to-day growth rates during the exposure periods of all
three treatment scenarios.

Plants treated with the lowest isoproturon concentration
in the pulse-2d scenario (Fig. 5b), immediately after the end
of exposure period in all treatment cycles, showed complete
recovery of day-to-day growth rates. When treated with
100 ug L™ of isoproturon, in each subsequent treatment
cycle, complete recovery of growth was observed on the
fifth day. The day-to-day growth rate of plants treated with
150 and 200 pg L' of isoproturon completely recovered on
the fifth day of the first treatment cycle. On the other hand,
second and third subsequent pulse exposure resulted in

growth that was significantly lower at the end of the
recovery period in comparison to the control.

Growth inhibition resulting from pulse-3d exposure to
50 ug L' of isoproturon was completely reversible in all
three subsequent treatment cycles (Fig. 5c). The day-to-day
growth rate reached the control levels on the fifth day of the
treatment cycles. When plants were treated with 100 and
150 ug L™! of isoproturon, growth recovery was observed
on the fifth and sixth day of the first treatment cycle,
respectively. However, when plants were treated with 100
and 150 ugL™" in the subsequent second and third treat-
ment cycles, day-to-day growth rates never reached the
growth rate of the untreated controls. Moreover, treatment
with 200 ug L™ of isoproturon caused significant inhibition
of growth from which plants did not recover even after the
first treatment cycle.

Discussion

L. minor growth was inhibited in a concentration-depended
manner in all three exposure scenarios with repeated
exposures to isoproturon (Figs. 2, 3). Estimated ECs, values
in continuous exposure scenario based on standard endpoint
average growth rate of frond number are comparable to
values reported by Teodorovi¢ et al. (2012), KneZevic et al.
(2016) and Tunic et al. (2015). Reduction of biomass, frond
number, and growth rates in comparison to the controls
indicated that inhibition of photosynthesis occurred at all
tested exposure concentrations, but not to the extent that
would result in plant death. Giving the mode of action,
inhibition of photosynthesis is expected in treatment with
isoproturon. However, treated cultures remained viable and
growing only at a slower rate in comparison to the control
even after prolonged chronic exposure in continuous treat-
ment scenarios (21 days). Similar observations were
reported for Lemna gibba and Scenedesmus vacuolatus
exposed to atrazine, another PS II inhibiting herbicide
(Vallotton et al. 2008; Brain et al. 2012).

In both pulse exposure scenarios, we found that duck-
weed growth was significantly inhibited during each
exposure phase (Tables 1, 2) but that effects were reversible
upon transferring plants to the herbicide-free nutrient solu-
tion (Fig. 5). L. minor accumulates isoproturon (Bottcher
and Schroll 2007; Dosnon-Olette et al. 2011) but duckweed
plants are considered not capable to metabolise the aromatic
ring of the isoproturon molecule (Bottcher and Schroll
2007). Recovery of growth indicates that the effects of
isoproturon on photosynthesis are not permanent possible
due to non-covalent binding of phenylurea herbicides to D1
protein and fast elimination from the affected cells (Burns
et al. 2015) and the effective repair mechanisms of oxida-
tive damage to PS II (Cedergreen et al. 2005). Restoration
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Fig. 5 Day-to-day growth rate (1) expressed as a percent of control
during the three subsequent treatment cycles with 50, 100, 150 and
200 ug L~" of isoproturon in exposure scenario (a) continuous, (b)
pulse-2d and (c) pulse-3d. Values are average from 24 replicates (n =
24). Gray columns represent the exposure period of the treatment cycle

of photosystem activity enables recovery of L minor bio-
mass accumulation and production of new daughter fronds.
Duckweeds show a high potential of recovery upon single
herbicide exposure even at exposure concentration that
resulted in a complete arrest of the growth (Mohammad
et al. 2010; Teodorovi¢ et al. 2012; Rosenkrantz et al. 2013;
Burns et al. 2015; KneZevié et al. 2016).

In the previous study, we have demonstrated that
although L. minor shows high potential for growth recovery
after single pulse exposure to isoproturon, significant phy-
siological changes were detected in plants even at the end of
the recovery phase such as significantly reduced con-
centration of proteins and photosynthetic pigments, as well
as significantly induced levels of biomarkers for oxidative
stress and activities of antioxidative enzymes (Varga et al.
2019). These findings suggest that although growth has
recovered, the overall physiological recovery process has
not been completed even five days after single exposure to
isoproturon and increased toxic effects are expected upon
subsequent exposure events. The results of this study show
an increase in toxicity with every subsequent treatment
cycle for different exposure scenarios, indicating a carry-
over effect from the previous cycle regardless of the
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(continuous 7 days, first 2 days for pulse-2d, and first 3 days for pulse-
3d). The coefficient of variation range in control was 5.9-11.7%, in
continuous test 1.0-14.1%, in pulse-2d treatment scenario 1.0-13.5%,
and 1.0-14.9% in pulse-3d treatment scenario

recovery trend in the pulse treatment scenarios (Table 3).
Macinnis-Ng and Ralph (2004) showed that multiple pulses
of herbicide and metals, despite the four day recovery
period between exposures, had a greater impact on Zostera
capricorni than a single toxicant pulse. Moreover, increased
toxicity in subsequent pulses was reported when the
organism is exposed to different toxicants with a similar
mode of action (Ashauer et al. 2007) or even toxicants that
act on different targets (Ashauer et al. 2017).

Increased isoproturon toxicity and prolonged recovery
time of L. minor plants in every subsequent treatment cycle
resulted in a cumulative decrease in biomass production at
the end of the experiment (Fig. 4). A similar observation
was reported for S. vacuolatus treated with isoproturon
(Vallotton et al. 2009). Gustavson et al. (2003) reported that
short term pulse exposure to herbicides results in loss of
algae biomass as well as notable changes in species com-
position. The loss of biomass production might have a
significant effect on the overall competitiveness of L. minor
in surface water communities impacted by the repetitive
herbicide pollution. For macrophytes, a loss of biomass
production or growth could cause changes in the ecosystem
composition as reduction or loss of sensitive species could



Growth inhibition and recovery patterns of common duckweed Lemna minor L. after repeated exposure to... 1549

give room for more resistant and invasive species
(Rosenkrantz et al. 2013). On the other hand, the rapid
recovery of growth rate or even a recovery trend observed
between exposure phases in each treatment cycle may be an
advantage for L. minor in comparison to slower-growing
macrophyte species. Tuni¢ et al. (2015) reported that L.
minor was more sensitive towards isoproturon when com-
pared to the sensitivity of submerged macrophytes Myr-
iophyllum aquaticum and Myriophyllum spicatum. They
have reported a 7-day ECs, value based on fresh weight
relative growth rate for L. minor to be 200 ug L' and value
above 1000 pg L™! for both Myriophyllum species. Also, L.
minor was more sensitive in comparison to M. aquaticum in
treatment with another PSII inhibiting herbicide atrazine in
the concentration range from 40 to 1280 ug L™ and expo-
sure duration of 3 and 7 days (Teodorovi¢ et al. 2012).
However, significantly different growth patterns for the two
macrophyte species were reported in the recovery period
following exposure. While L. minor showed fast and effi-
cient recovery even after prolonged exposure (7 days),
recovery of M. aquaticum was rather slow and less efficient
even after short exposure (3 days). Therefore, if the total
duration of the experiment is considered (exposure +
recovery) slow-growing submerged species are more sen-
sitive in contrast to fast-growing free-floating macrophyte
(Teodorovic et al. 2012). Fast and efficient recovery of L.
minor from herbicide exposure may contribute to the
development of dense mat of free-floating macrophytes and
result in light depletion as well as anoxic conditions under
the math, thus affecting submerged autotrophic organisms
in the ecosystem and change the ecosystem composition
(De Tezanos Pinto et al. 2007; Netten et al. 2011; Lu et al.
2013). However, the question remains whether such rapid
recovery would be possible in a native more diverse sys-
tems with other factors affecting L. minor such as animal
feeding, shading, fluctuation in nutrient supply and presence
of other toxicants.

According to standard toxicity protocols (OECD 2006),
toxic effects of the tested compound should be evaluated
only at the end of the test, or in the case of this study end of
the treatment cycles. However, if standard laboratory tests
are modified to include a recovery period, cumulative
inhibition of growth might overestimate the effects of the
toxicant. According to the inhibition of growth calculated
for standard endpoints frond number and fresh weight
growth rate (Figs. 2, 3) at the end of each treatment cycle in
pulse exposure scenarios, it could be concluded that iso-
proturon was toxic to L. minor even after five or four days
long recovery period in all three treatment cycles. On the
other hand, changes reported for the day-to-day growth rate
indicated that plants either show complete recovery or a
recovery trend in each treatment cycle since the day-to-day
growth rate values were increasing towards the end of the

recovery period (Fig. 5) so based on this endpoint it could
be concluded that plants have overcome negative effects of
isoproturon.

Moreover, if standard laboratory growth inhibition tests
are modified to include a recovery period, such as pulse
exposure scenarios presented in this study, growth in pulse
exposure scenarios cannot be considered constant due to
inhibition during the exposure phase and recovery after
transferring the plants to clean nutrient solution. Therefore,
EC values calculated with the yield method were used to
compare the toxicity of isoproturon between three time-
variable exposure scenarios in this study. As expected,
based on calculated EC values at the end of treatment cycles
isoproturon in pulse exposure scenario had an effect on L.
minor growth of a similar or lesser magnitude when com-
pared to continuous treatment with equivalent TWA con-
centration (Table 3). However, evaluating toxicity with
yield as an endpoint made a comparison of our results with
results from other studies somewhat difficult, as yield is
rarely reported in the literature.

Comparison of the isoproturon effects between three
exposure scenarios reported in this study was enabled with
the TWA approach since the dose per treatment cycle was
equal in all three scenarios (7-day TWA concentration).
However, when the results from this study were compared
to the literature a number of issues occurred since effects
across studies were reported for different endpoints and
different time intervals as well as different life forms and
growth patterns. Since there is no standardised protocol for
assessing the effects of time-variable exposures and recov-
ery potential more studies investigating the effects of
repeated exposures to toxicants with a focus on the fre-
quency of the pulses as well as the interval between pulses
are necessary to suggest the most appropriate experimental
design and acceptable endpoints. Also, studies investigating
the recovery of aquatic plants after repeated time-variable
exposures to toxicants may contribute to further develop-
ment, calibration and validation of mechanistic tox-
icokinetic/toxicodynamic models simulating the effects of
pesticides on aquatic plants populations in the laboratory
and environmental conditions, like the model described by
Schmitt et al. (2013).

Conclusion

L. minor growth was significantly inhibited during each
exposure phase with significant cumulative effects in every
subsequent treatment cycle resulting in a cumulative
decrease in biomass production. Nevertheless, the inhibitory
effects were reversible upon transferring plants to herbicide-
free nutrient solution indicating that L. minor plants have a
high recovery potential even after multiple exposures to
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isoproturon. Observed cumulative decrease in biomass
production, as well as the potential for fast and efficient
recovery from repeated herbicide exposure, might have an
effect on the competitiveness of L. minor in surface water
communities. The observations made during each exposure
period, recovery patterns, and the resulting cumulative
effects over time may contribute to further development,
calibration and validation of mechanistic toxicokinetic/tox-
icodynamic models for simulating the effects of pesticides
on aquatic plants populations in the laboratory and envir-
onmental conditions. To suggest the most appropriate
experimental design and acceptable endpoints for assessing
the effects of herbicides on aquatic primary producers in
time-variable exposure regimes, the results from this study
should be complemented with data from exposure studies
with different intervals between exposures and changes in
plant tissue herbicide concentration, especially during the
recovery phase.
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