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Abstract Aquatic organisms are typically exposed to

fluctuating concentrations of herbicides in streams. To

assess the effects on algae of repeated peak exposure to the

herbicide isoproturon, we subjected the alga Scenedesmus

vacuolatus to two sequential pulse exposure scenarios.

Effects on growth and on the inhibition of the effective

quantum yield of photosystem II (PSII) were measured. In

the first scenario, algae were exposed to short, 5-h pulses at

high isoproturon concentrations (400 and 1000 lg/l), each

followed by a recovery period of 18 h, while the second

scenario consisted of 22.5-h pulses at lower concentrations

(60 and 120 lg/l), alternating with short recovery periods

(1.5 h). In addition, any changes in the sensitivity of the

algae to isoproturon following sequential pulses were

examined by determining the growth rate-EC50 prior to and

following exposure. In both exposure scenarios, we found

that algal growth and its effective quantum yield were

systematically inhibited during the exposures and that these

effects were reversible. Sequential pulses to isoproturon

could be considered a sequence of independent events.

Nevertheless, a consequence of inhibited growth during the

repeated exposures is the cumulative decrease in biomass

production. Furthermore, in the second scenario, when the

sequence of long pulses began to approach a scenario of

continuous exposure, a slight increase in the tolerance of

the algae to isoproturon was observed. These findings

indicated that sequential pulses do affect algae during each

pulse exposure, even if algae recover between the expo-

sures. These observations could support an improved risk

assessment of fluctuating exposures to reversibly acting

herbicides.

Isoproturon is a phenylurea herbicide applied to prevent the

development of pre-emergent weeds on cereals fields

(wheat and barley). It is one of the herbicides commonly

detected in surface waters. The pattern of herbicidal

exposure in surface waters varies depending on several

factors including the characteristics of the watershed and

waterways, the intensity and timing of the rainfall, and the

amounts of herbicides used (Berenzen et al. 2005; Gar-

mouma et al. 1998). Concentrations of isoproturon

measured in rivers were shown to fluctuate with time. The

levels measured by Muller et al. (2002) ranged between

0.05 and 23.18 lg/l, with a median at 0.21 lg/l. Further-

more, peak concentrations are typically detected following

rain events after the isoproturon field application, when this

compound is transported from the fields to surface waters

by surface runoff, drainage, or spray drift (Kreuger 1998).

For example, concentrations in Swiss rivers up to 8.4 lg/l

greatly exceeded the suggested Swiss chronic water quality

criterion (CQC), set at 0.27 lg/l for this herbicide (Chèvre

et al. 2006; Balsiger et al. 2007).

Photosystem II (PSII) inhibiting herbicides, like iso-

proturon, are known to induce oxidative stress that results

in the damage of proteins, lipids, and other cellular com-

ponents, thus inhibiting growth or leading to plant death

(Rutherford and Krieger-Liszkay 2001). Oxidative stress

and inhibition of photosynthesis are the consequence of
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blocked electron transfer in PSII, as the secondary plasto-

quinone acceptor is displaced by the herbicide from the Qb

site of the D1 protein (Rensen 1982). Previous studies have

shown that the growth of aquatic plants and algae during

pulse exposure to PSII inhibitors was reduced, but their

growth recovered after a single exposure (Cedergreen et al.

2005; Drost et al. 2003; Klaine et al. 1997; Vallotton et al.

2008a). In creeks and rivers, the aquatic flora is, however,

not exposed solely to a single pulse but, rather, to multiple

pulse exposures (Muller et al. 2002; Leu 2003). Never-

theless, little is known about the long-term effects of these

sequential peak exposures on algae and water plants.

As reviewed by Reinert et al. (2002), the long-term

effects on nontarget organisms of fluctuating pesticide

exposure can be a function of the damage sustained during

exposure, the capacity of the organisms to recover, and the

duration of the recovery period between pulses. Further-

more, sequential exposure to pesticides could lead to an

increased or a decreased effect during each subsequent

exposure, depending on the organisms tested and the mode

of action of the chemical. If a pulse exposure does not

influence the response of a subsequent pulse, the sequential

exposures may be considered to be completely independent

exposures events.

The aim of this study was to investigate the effects of

isoproturon sequential pulse exposure on the growth of the

algae Scenedesmus vacuolatus, and the effects at the target

site of the herbicide, by exposing algae to two different

exposure scenarios. In both exposure scenarios, we ana-

lyzed the magnitude of effects on algae during each pulse

and each recovery period. Growth and inhibition of the

PSII effective quantum yield were measured to monitor

population level and target site effects of isoproturon,

respectively. In addition, dose-response relationships were

obtained at the beginning and end of the sequential expo-

sure experiments to assess possible changes in the

sensitivity of algae to isoproturon. Finally, the net decrease

in biomass production throughout the sequential exposure,

compared to the control, was estimated to assess the overall

effects of multiple pulses.

Materials and Methods

Chemicals

Isoproturon (Isoproturon Pestanal; 99.8%), 3-(4-isopro-

pylphenyl)-1,1-dimethylurea, was purchased from Sigma-

Aldrich. Stock solutions at 30 mg/l isoproturon were pre-

pared in the algal culture medium. The concentration of the

stock solution was controlled analytically using HPLC-

MS-MS (Stoob et al. 2005). The concentration of isopro-

turon in algal growth media was constant during the 72-h

algal toxicity test (data not shown). Experimental test

concentrations are expressed as nominal concentrations.

Algal Culture Conditions

The green unicellular alga Scenedesmus vacuolatus

(Chlorophyceae; strain 211-8b; Shihira and Krauss, Phila-

delphia, PA, USA) was purchased from the alga collection

of the Institute for Plant Physiology of the University of

Göttingen, Germany. The alga was cultured in a sterile

inorganic medium prepared as described by Le Faucheur

et al. (2005). Batch cultures were grown in 50 ml of

medium in sterile 100-ml Erlenmeyer flasks, inoculated

with cells grown and maintained on a petri plate. The

cultures were maintained on a shaker at 90 rpm and 25�C

with continuous illumination of 105 lE/m2/s by cool-white

fluorescent lamps.

Experimental Design for Sequential Exposure

Cultures were started from algal colonies conserved on a

petri plate. Cells from this culture that had reached expo-

nential growth were transferred to fresh media to an initial

optical density (OD) of 0.05 at 685 nm (OD685), which

corresponded to a density of 650,000 cells/ml. Cultures

were exposed to the first isoproturon pulse 24 h following

inoculation. Chemical removal at the end of a pulse was

achieved by centrifuging the cultures for 7 min at 3000 rpm

and 25�C. The supernate was discarded and the algae were

resuspended in fresh medium. Centrifugation was repeated

a second time, ensuring 99.9% removal of isoproturon. The

removal of isoproturon through centrifugation did not

affect algal growth. Following chemical removal, cultures

were resuspended to an OD of 0.1 in order to maintain

exponential growth throughout the experiment. Controls

were treated in the same manner.

The cell density and the PSII effective quantum yield

were measured throughout the experiment. The cell density

was determined by optical measurement at 685 nm using a

spectrophotometer (Uvikon 930; Kontron Instruments,

Munich, Germany) over a range in which OD exhibited a

linear correlation with cell density, as determined by

microscopic Neubauer chamber cell counts (Brand, Wert-

heim, Germany). This relationship was shown to be similar

for control algal cultures and algae exposed to isoproturon.

The inhibition of PSII effective quantum yield was

determined using a dual-channel pulse amplitude modu-

lated fluorometer, called ToxY-PAM (Heinz Walz GmbH,

Effeltrich, Germany [Schreiber et al. 2002]). This instru-

ment assesses the effective quantum yield of energy

conversion at PSII reaction centers by applying a pulse-

modulated light to light-adapted algae (Maxwell and
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Johnson 2000). The chlorophyll fluorescence F and the

maximum fluorescence Fm’ were measured using the

instruments default settings. Samples were illuminated

with measuring light (3 s) to determine F, while saturation

pulses were applied to determine Fm’ (470 nm with a pulse

width of 0.4 s). Fluorescence measurements were spaced

30 s apart.

Exposure Scenario 1: Short Pulse with Long Recovery

Period, High Isoproturon Concentrations

Algae were exposed to six 5-h sequential isoproturon

pulses with recovery periods of 19 h (Fig. 1). The exposure

concentrations were 400 and 1000 lg/l isoproturon, tested

in triplicate with three control cultures. These concentra-

tions were chosen to induce significant effects on growth

during a short pulse duration. They are based on the growth

response following a 10-h exposure (Vallotton et al.

2008a): 1000 lg/l corresponds to a 10-h EC80 for the

growth rate endpoint, while 400 lg/l is greater than a 10-h

EC50 for the growth rate endpoint. The growth rate was

calculated during each recovery period based on four cell

density measurements, but could not be calculated during

exposure because of the low number of measurements

made during the short pulse. The PSII effective quantum

yield was measured prior to each pulse exposure, three

times during exposure, and directly following chemical

removal.

The change in sensitivity of algae was assessed by

comparing the response of the algae to a 24-h exposure to

isoproturon at the beginning of the experiment (t = 24 h)

and following sequential exposure (t = 150 h). At the

beginning of an experiment, a 24-h growth test was started,

parallel to the sequential pulse experiment. At the end of

the sequential pulse experiment two 24-h tests were con-

ducted with algae pooled from the control cultures and with

algae from cultures sequentially exposed to 1000 lg/l

isoproturon. In the three 24-h tests, algae were exposed to

isoproturon concentrations ranging from 30 to 695 lg/l in a

geometric series of 2.85.

Exposure Scenario 2: Long Pulse with Short Recovery

Time, Low Concentrations

The sequential exposure consisted of five isoproturon

pulses, each lasting 22.5 h, with recovery periods of 1.5 h

(Fig. 2). The chosen recovery periods were shorter than the

3-h target-site time to recovery observed following a sin-

gle-pulse exposure (Vallotton et al. 2008a). Algae were

exposed to 60 and 120 lg/l isoproturon: 60 lg/l isoproturon

corresponds to a 24-h EC30 for the growth rate endpoint

and is less than the 24-h EC50 for the inhibition of effec-

tive quantum yield; 120 lg/l isoproturon corresponds to a

24-h EC50 for the inhibition of the effective quantum

yield. The two exposure levels were tested in triplicate with

three control cultures. The effective quantum yield was

measured prior to each pulse exposure, four times during

exposure, and following chemical removal. The growth

rate during the exposure periods was calculated based on

five cell density measurements.
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Fig. 1 Short pulses at high isoproturon concentrations. (a) Experi-

mental design for the sequential exposure to 5-h pulses (dotted line in

b–d). The EC50 for algae growth was determined where indicated by

the arrows. (b) Effects on cell density and growth of exposures of a

Scenedesmus vacuolatus population exposed to 1000-lg/l pulses (s,

solid line) compared to a control (r; dashed line). After each

chemical removal step, algal cultures were diluted to an optical

density of 0.1, which explains the gap in the cell density. (c) Effect of

a sequential exposure to 1000 lg/l on cell density and growth between

the exposures of a culture (s; solid line); inhibition of photosynthetic

effective quantum yield of PSII (dashed line). (d) Effect of a 400-lg/l

sequential exposure on cell density (h); inhibition of the effective

quantum yield of PSII (dashed line)
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As in exposure scenario 1, the change in the sensitivity

of algae was assessed. A 24-h test was performed at the

beginning of the experiment. Following sequential expo-

sure to 22.5-h pulses, a 24-h test could not be run due to the

low number of cells available, therefore two 72-h tests

were run with algae from the control cultures and with

algae from cultures sequentially exposed to 120 lg/l iso-

proturon. Four concentrations were tested in duplicate with

two control cultures.

Data Analysis

Algal Growth

The growth rate was calculated as the slope of the linear

regression of the natural logarithm of cell density mea-

surements versus time. The inhibition of the growth rate

(Inhgrowth) was expressed as the percentage change of the

experimental growth rate (GRe) from that of the controls

(GRc) (Eq. 1).

Inhgrowth ¼ 100 � GRc � GRe

GRc
ð1Þ

The significance of the difference between the average

growth rate of the controls and that of the exposed alga was

tested with a Student test. The hypotheses were as follows:

H0, l1 = l2; and H1, l1 = l2.

The biomass production over the entire duration of the

experiment (number of cells per milliliter) was calculated

to evaluate the cumulative effect of sequential pulse

exposure. Since the experimental procedure required the

daily dilution of algae, the daily biomass increases between

the centrifugation steps were summed. The biomass at t [
tx is expressed as

Nðt; cÞ ¼ Ntx � exp lcxðt � txÞ

þ
Xn

x [ 0

Ntx�1;c
� exp lcx�1ðtx � tx�1Þ

�
X

x¼2;4;6

ððNðtx�1;cÞ exp lcx�1ðtx � tx�1ÞÞ � NtxÞ ð2Þ

where x corresponds to growth interval. Exposure periods

start at x = (1,3,…), while recovery phases start at x =

(0,2,4,…).

Dose–Response Curves

The EC50 values for growth rate inhibition and 95% con-

fidence interval were estimated using a two-parameter

logistic model (Eq. 3), with the aid of the statistics soft-

ware Prism (1992–2003, GraphPad Software, Inc).

E ¼ 100

1þ 10ððlog EC50�log CÞ�HillslopeÞ ð3Þ

where E is the endpoint, inhibition of the growth rate; C is

the nominal exposure concentration; and Hillslope is the

slope of the dose–response curve at EC50.
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Fig. 2 Long pulses at low isoproturon concentrations with a short

recovery time. (a) Experimental design for the sequential exposure to

22.5-h pulses (bars in a and solid lines in b–d). The EC50 for algae

growth was determined where indicated by the arrows. (b) Cell

density and growth rate regression of a Scenedesmus vacuolatus
population exposed to 120-lg/l pulses (m; solid line) compared to a

control (j; dashed line). After each chemical removal step, algal

cultures were diluted to an optical density of 0.1, which explains the

gap in the cell density. (c) Inhibition of the PSII effective quantum

yield of algae exposed to 60 lg/l (e; dotted line) and 120 lg/l (D;

solid line). (d) Cumulative biomass production during sequential

pulses for average controls (j) and cultures sequentially exposed to

120 lg/l isoproturon (m). Error bars represent the standard error (n =

3)
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Difference in the Sensitivity of the Algae Prior to and

Following Sequential Exposure

The significance of the difference between the EC50s from

two experiments was tested with an F-test that compares

the goodness of fit of two models by assessing the sum-of-

squares (1992–2003, GraphPad Software, Inc). The

hypotheses were as follows: H0, EC501 = EC502; and H1,

EC501 = EC502. Significant differences in EC50 values

would indicate an increased or decreased sensitivity of the

algae to isoproturon.

Inhibition of the PSII Effective Quantum Yield

The fluorescence F and the maximal fluorescence Fm’

were each averaged from the three final measurements of

five total. The PSII effective quantum yield of a sample, Y,

is expressed as a percentage of the reduction in average

fluorescence, F, with respect to the maximal average

fluorescence, Fm’,

Y ¼ ðFm0 � FÞ
Fm0

ð4Þ

and the inhibition, Inh(%), is calculated as follows:

Inhð%Þ ¼ Y1 � Y2

Y1

ð5Þ

where Y1 [Y2, Y1 is the average yield of the controls, and

Y2 is the yield of the exposed culture.

Results and Discussion

Exposure Scenario 1

Figure 1 presents the effects of sequential short pulse

exposures at high isoproturon concentrations. During each

of the six isoproturon pulses, the growth of the algae

exposed to either 400 or 1000 lg/l was inhibited, as indi-

cated by the cessation of the increase in cell density during

the exposures (Fig. 1b and c). Inhibition of growth was

expected since the chosen exposure concentrations were

higher than the growth inhibition EC50 estimated at 142

lg/l following a 10-h pulse exposure (Vallotton et al.

2008a). Despite qualitative observation, growth inhibition

during each exposure could not be quantitatively com-

pared, because the duration of exposure was too short.

During the exposures, the effective quantum yield (Fig. 1c

and d) reached maximum inhibition within 1.5 h of

chemical addition. The effective quantum yield inhibition

ranged from 48% to 66% at 400 lg/l isoproturon and from

60 to 74% at 1000 lg/l. These effect levels were similar to

the effects observed during single-pulse exposure experi-

ments (Vallotton et al. 2008a). Inhibition of the effective

quantum yield during each pulse was relatively constant,

which indicated that previous pulse exposures did not

influence the response during subsequent pulses. The

inhibition of algal growth during pulses can be attributed to

the rapid onset of inhibitory effects at the target site.

Similar to the fast onset of effects following chemical

addition, fast recovery of the effective quantum yield was

repeatedly observed within 3 h after chemical removal.

This is in opposition to the reduced and delayed recovery

observed for the seagrass Zostra capricorni during the 3-

day period following two sequential exposures to the tri-

azine herbicide Irgarol (Macinnis-Ng and Ralph 2004).

Plants individuals might be more sensitive to sequential

exposures than algal populations, which are composed of

evolving algal individuals due to cell division. In parallel to

the systematic recovery of effects at the target site, we

observed a recovery of algal growth between the pulses

similar to that observed after single-pulse exposures to PSII

inhibitors in algae and duckweed (Cedergreen et al. 2005;

Drost et al. 2003; Klaine et al. 1997; Vallotton et al.

2008a). In the experiments here, the average growth rate of

the controls was not significantly different from that of the

exposed cultures (p [ 0.05; Table 1), except in recovery

period 4 (p = 0.022), where the average growth rate of the

exposed population was unexpectedly higher. However,

neither an increasing nor a decreasing trend in average

growth rates was observed during subsequent exposures.

Table 1 Exposure scenario 1: average (and standard error) growth rate during recovery periods of three replicate controls and three experi-

mental cultures sequentially exposed to 5-h pulses

Recovery 1 Recovery 2 Recovery 3 Recovery 4 Recovery 5

Controls 0.051 (0.001) 0.049 (0.002) 0.048 (0.003) 0.049 (0.002) 0.049 (0.001)

400 lg/l IPU 0.056 (0.003) 0.056 (0.003) 0.050 (0.002) 0.057 (0.001) 0.050 (0.002)

t-test with control, p-valuea 0.17 0.15 0.56 0.02 0.97

1000 lg/l IPU 0.056 (0.004) 0.054 (0.003) 0.056 (0.002) 0.058 (0.002) 0.053 (0.002)

t-test with control, p-valuea 0.30 0.24 0.12 0.02 0.17

a The significance of the difference in the average growth rates of the two groups (p-value) was tested with a t-test versus the controls
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The evolution in sensitivity of control and sequentially

exposed algae was tested by determining the EC50 from

24-h toxicity tests (Fig. 3a). The EC50 of the test per-

formed at the beginning of the experiment was 225 lg/l,

with a 95% CI of (169, 300), and the Hillslope 1.08

(0.7334–1.431). The growth rates of controls were 0.047

and 0.040 h-1 . At the end of sequential exposure, the

EC50 obtained from a 24-h test performed with control

algae was estimated at 177 lg/l (105, 296), while the EC50

of a second test run with algae that had undergone

sequential 1000 lg/l isoproturon pulses was 164 lg/l (103,

261). Hillslopes were 1.02 (0.437, 1.60) and 1.19 (0.5126,

1.872), respectively. The growth rates of controls were

0.035 and 0.043 in the first run and 0.042 and 0.048 in the

second run. The EC50 values of these three tests were not

significantly different (p = 0.43), indicating that the pop-

ulation that underwent sequential exposure was neither

more sensitive nor more resistant to isoproturon.

Exposure Scenario 2

Figure 2 presents the effects of sequential long pulse

exposures with short, 1.5-h recovery periods on the growth

of S. vacuolatus and the inhibition of effective quantum

yield (Fig. 2a). During each pulse exposure, isoproturon

inhibited the growth rate of the exposed algal cultures. For

example (Fig. 2b), the growth rate during the pulse expo-

sures of a culture exposed to 120 lg/l ranged from 0.021 to

0.029 h-1, while that of the control varied between 0.042

and 0.047 h-1. Generally (Table 2), the average growth

rates of the three controls ranged from 0.041 to 0.047 h-1

during the pulse exposures, while that of cultures exposed

to 60 and 120 lg/l were reduced to 0.036–0.043 and to

0.021–0.029 h–1, respectively. Consequently, growth rates

were inhibited by 2–20% at 60 lg/l and by 29–54% at 120

lg/l. The average inhibition of the growth rate during the

first pulse was not significantly different from the average

inhibition during the last pulse (60 lg/l, p = 0.63; 120 lg/l,

p = 0.22). Yet the levels of inhibition during sequential

pulses were not influenced by previous exposures despite

subsequent exposure prior to full recovery to the pulse

exposure (Vallotton et al. 2008a).

As in exposure scenario 1, the effective quantum yield

of the exposed culture was inhibited directly following

chemical addition and the response was similar among

subsequent pulses (Fig. 2c). Within 0.5 h, the effective

quantum yield was inhibited by 30% at 60 lg/l and by

more than 40% at 120 lg/l. Inhibition of the effective

quantum yield further increased during the first 7 h of the
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Fig. 3 Dose–response curves of 24-h tests carried out with S.
vacuolatus before (h; solid line) and after the six 5-h sequential pulse

experiment (a): nonexposed algae (D; dashed line) and algae

sequentially exposed at 1000 lg/l (r; dotted line). (b) Dose-response

curves of 72-h tests carried out at the end of exposure scenario 2, with

cultures repeatedly exposed to 22.5-h pulses at 120 lg/l (d; solid

line) and with algae used as controls (s; dashed line)

Table 2 Exposure scenario 2: average growth rate, with standard error (SE), during exposure of three replicate control and three experimental

cultures, sequentially exposed to 22.5-h pulses at 60 and 120 lg/l

Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5

Controls 0.043 (0.002) 0.047 (0.001) 0.044 (0.002) 0.041 (0.001) 0.043 (0.001)

60 lg/l IPU 0.036 (0.001) 0.037 (0.001) 0.043 (0.001) 0.037 (0.002) 0.037 (0.003)

Inhibition (%) 17 (2) 20 (1) 2 (2) 10 (5) 14 (6)

120 lg/l IPU 0.026 (0.002) 0.021 (0.001) 0.028 (0.001) 0.029 (0.001) 0.022 (0.002)

Inhibition (%) 39 (4) 54 (1) 37 (1) 29 (1) 49 (5)

Note: The inhibition of the growth rate is calculated for each pulse exposure
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pulse exposures, reaching a maximum inhibition of 42–

46% at 60 lg/l and 51–58% at 120 lg/l. Furthermore, the

response at the target site was highly consistent between

exposure concentrations and expected concentration-

response. It then decreased slightly over the next 12 h of

exposure. We hypothesize that the decrease in effects at the

target site during the exposures might be attributed to a

decrease in the dose of isoproturon per alga, since the cell

density increased during the 22.5-h pulse. During the

recovery period, the inhibition of the effective quantum

yield dropped below 20%. The fast recovery between

exposures may be attributed to the reversible binding at the

target site and to repair mechanisms in PSII that replace the

damaged D1 protein in PSII. In Chlamydomonas rein-

hardtii, following exposure to high-intensity illumination,

synthesis of D1 and its incorporation into functional PSIIs

were estimated to take 1 h (Baker and Bowyer 1994; De-

vine et al. 1993). This repair interval is of the same order of

magnitude as the recovery period observed for effective

quantum yield inhibition.

Despite the very short recovery periods, the levels of

inhibition observed during sequential pulses were not

influenced by previous exposures. Furthermore, the pattern

of inhibition was comparable among pulses, supporting the

hypothesis that longer pulse events (22.5 h) with short

recovery periods could also be considered to be indepen-

dent, as opposed to cumulative, exposure events. However,

the EC50 estimated at the end of exposure for algae that

had been sequentially exposed (EC50SE) was significantly

higher than the 72-h EC50 obtained for control cultures

(EC50CC, p = 0.01; Fig. 3b). EC50SE values were 136 lg/l

(110,169) with a Hillslope of 1.311 (1.918, 2.076) and

control growth rates of 0.0431 and 0.0418. EC50CC was 99

lg/l (83, 119) with a Hillslope of 1.624 (2.042, 2.229) and

control growth rates of 0.0458 and 0.0428. The difference

in EC50 values indicates a slight shift in sensitivity of the

response of S. vacuolatus to isoproturon toxicity. The

increase in EC50 suggested that sequential pulse exposures

with short recovery periods may induce a physiological

adaptation of the algal population, either by inducing a

selection pressure on the population or by enhancing

defense mechanisms against oxidative stress. This is in line

with the increased tolerance observed in several Scene-

desmus subspicatus clones, following a 60-day exposure to

atrazine (1–20 lg/l (Behra et al. 1999). More generally,

algal community tolerance increased following long-term

exposure to 5–40 lg/l isoproturon (Peres et al. 1996;

Schmitt-Jansen and Altenburger 2005a; Schmitt-Jansen

and Altenburger 2005b).

In both scenarios, the growth of algae was inhibited

during each exposure, resulting in cumulative losses in

biomass production. In exposure scenario 2 (Fig. 2d) the

biomass was seven times greater in the controls compared

to that of sequentially exposed cultures at 145 h. This loss

in biomass production might influence the competitiveness

of species in surface water communities, e.g., periphyton

(Blanck 2002). Single-pulse exposure (24 and 48 h) to the

triazine metribuzin was shown to induce a change in spe-

cies composition and a loss of biomass by different algal

groups (Gustavson et al. 2003).

Conclusion and Outlook

Based on the pulse and recovery intervals tested here,

sequential pulse exposure to isoproturon could be consid-

ered a sequence of independent events that impaired algal

growth during exposure. The effects at the target site and

on the growth of S. vacuolatus were highly reversible upon

chemical removal, even after multiple pulses. Similar

effects and recovery might be expected for other herbicides

that inhibit PSII. First, the overall consequence of

sequential exposures to this highly reversibly acting her-

bicide was a decreased net biomass production, which

would be predictable based on the effects determined from

single-pulse exposure experiments. Second, a slight

increase in the tolerance of S. vacuolatus was observed

when the pulse exposures were of the order of 1 day and

recovery durations were short. Both effects may alter the

competitiveness of some algae species in surface water

communities. Additionally, greater effects during sequen-

tial exposures to less reversibility acting herbicides, such as

chloroacetanilides (Vallotton et al. 2008b), could be

expected, since the effect of a first pulse might influence

the response to a second pulse. The observation made

during each exposure and the resulting cumulative effects

over time should support an improved risk assessment of

herbicides during fluctuating exposure.
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