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1 Introduction

Pollution of aquatic ecosystems by pesticide contamination is a major environmental concern.
Numerous authors have addressed the frequent occurrence of chronic or acute herbicide
contamination of freshwater ecosystems in both agricultural and urban areas of the world
(Devault et al. 2007; Gilliom 2007; Schuler and Rand 2008; Woudneh et al. 2009). The
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physiological characteristics of photosynthetic microorganisms make them attractive as
targets for herbicides in aquatic ecosystems. Since these primary producers form the basis of
trophic structure in many aquatic environments, herbicides may threaten the entire
equilibrium of the ecosystems they contaminate.
The tests that are most widely used to assess the toxicity of herbicides on autotrophic
microorganisms (especially microalgae) are monospecific toxicity tests; such tests combine
low cost with satisfactory reproducibility and ease of execution (Seguin et al. 2001). The
results of single-species toxicity tests with algae have produced large herbicide-dependent
sensitivity differences (Table 5.1; DeLorenzo et al. 2001). However, discernment is required
when extrapolating results from monospecific assays to ecosystem impairment, and many
authors have cited the importance of reinforcing the ecological relevance of toxicological
studies to improve ecotoxicological risk assessment (Chapman 2002; Relyea and Hoverman
2006; Filser 2008; Schmitt-Jansen et al. 2008). A first step in such reinforcement is to
evaluate toxic effects at the community level by applying community ecology concepts to
ecotoxicology testing (Schmitt-Jansen et al. 2008; Clements and Rohr 2009; Geiszinger et al.
2009).
On the basis of the foregoing considerations, the purpose of this paper is as follows:

1. To provide a broad bibliographical review of experimental and in situ studies

performed over the last 15 years that address the effects of herbicides, either alone or

in pesticide mixtures, on free and attached autotrophic microbial communities

2. To identify potential research areas that can benefit from future research

2 Experimental Studies
2.1 Effects of Single Herbicides

2.1.1 Triazines
e Atrazine
The effects of atrazine on freshwater phototrophic microorganisms have been widely studied
over the past 15 years (Table 5.2; Solomon et al. 1996; DelLorenzo et al. 2001).

« Chronic Effects on Biomass and Primary Production
Concentrations of chlorophyll a (chl a) are generally used to estimate the biomass of
photosynthetic microorganisms. Many authors have observed a decrease in phytoplankton chl
a (Segquin et al. 2002; Perschbacher et al. 2008) or periphyton chl a (DeLorenzo et al. 1999;
Nystrom et al. 2000; Seguin et al. 2002; Downing et al. 2004; Rohr and Crumrine 2005;
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Schmitt-Jansen and Altenburger 2005a; Guasch et al. 2007) following atrazine exposure at
concentrations ranging from 20 to 1,000 mg/L. At lower concentrations, the effects of atrazine
on algal biomass are more variable (Table 5.2). For example, chl a concentrations in
phytoplankton (van den Brink et al. 1995; Leboulanger et al. 2001; Relyea 2009) and
periphyton (Gruessner and Watzin 1996; Muioz et al. 2001) were not affected by atrazine
concentrations ranging from 5 to 14 mg/L, while Gustavson and Wéangberg (1995) observed
that 1-20 mg/L atrazine increased phytoplankton biomass in lake enclosures after 2 weeks of
exposure. Similarly, Seguin et al. (2001) showed that phytoplankton chl a concentrations were
sometimes higher or lower in outdoor microcosms that were contaminated by 10 mg/L of
atrazine. Atrazine effects on primary production also varied considerably across studies
(Table 5.2), and sometimes varied by season (Bérard and Benninghoff 2001) or were affected
by trophic interactions (e.g., presence of grazers; Mufoz et al. 2001). These results agreed
with those of Detenbeck et al. (1996), who showed in wetland mesocosms that atrazine effects
on periphyton differed from a priori predictions that were based on laboratory bioassay data.
The reason given was that abiotic parameters, such as temperature or nutrients, grazing
intensity and biotic relationship between organisms, had influenced outcomes.

« Chronic Effects on Community Composition
A series of experimental studies were conducted with atrazine on natural communities from
Lake Geneva. Results of these studies revealed that atrazine (10 mg/L) consistently acted to
restructure the autotrophic community, by modifying species composition (Bérard et al.1999a,
b; Bérard and Benninghoff 2001; Leboulanger et al. 2001; Seguin et al. 2001). Chlorophytes
(especially Chlorella vulgaris) were usually more sensitive, and diatoms and cryptophytes
were more tolerant to atrazine, whereas some species, such as the cyanobacterium Oscillatoria
limnetica, exhibited a variable response to atrazine that depended on seasons and species
interactions (Bérard et al. 1999a, b).
The high sensitivity that chlorophytes had to atrazine was also observed to occur in
phytoplankton (Pannard et al. 2009) and periphyton (Downing et al. 2004) assemblages. By
contrast, diatoms were often described as being the most tolerant taxa to atrazine effects
(Jattner et al. 1995; DelLorenzo et al. 1999; Downing et al. 2004; Schmitt-Jansen and
Altenburger 2005a). However, atrazine effects on community composition were not always
detectable in either phytoplankton (van den Brink et al. 1995; Pinckney et al. 2002) or
periphyton (Carder and Hoagland 1998). Moreover, in the absence of grazing pressure by
snails, Mufioz et al. (2001) found no difference in taxonomic composition between unexposed

periphyton, or those exposed to 14 mg/L atrazine for 18 days. However, they did note that
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atrazine toxicity increased with grazing, and the main effects detected were on algal
community structure. The authors divided algal taxa into four classes, based on physiognomy,
and concluded that the interaction of atrazine and grazing caused a significant decrease in
prostrate growth and filamentous forms that were the most sensitive to atrazine.

« Pollution-Induced Community Tolerance (PI1CT) Assessment
Atrazine-induced tolerance in phytoplankton communities occurs, but the results have been
variable among experiments. Bérard and Benninghoff (2001) and Seguin et al. (2002)
detected a rapid increase in atrazine tolerance in phytoplankton communities that were
exposed to 10 and 30 mg/L atrazine, respectively. Nystrom et al. (2000) also observed
atrazine-induced tolerance in periphyton exposed to concentrations that ranged between 12
and 125 mg/L. At higher concentrations, such exposure produced severe community damage
characterized by reduced algal species humber and abundance. By contrast, Gustavson and
wangberg (1995) reported no tolerance induction in phytoplankton and periphyton
communities exposed to 20 mg/L atrazine for 20 days, and Detenbeck et al. (1996) observed
that periphyton developed atrazine resistance only at a level equal to or exceeding 50 mg/L.
According to Guasch et al. (2007), phosphate concentration is not a parameter that affects
atrazine tolerance induction in phototrophic communities.
Interestingly, Schmitt-Jansen and Altenburger (2005a) observed similar ranges of sensitivity
by comparing test results from a PICT approach with atrazine and single-species toxicity data
(species sensitivity distribution approach; SSD), despite the fact that both approaches utilized
test systems of different complexity. The authors emphasized that their SSD approach was
facilitated by the existence of a large and comprehensive atrazine toxicity dataset on various
algal species.

e |rgarol

Combining short-term bioassay and nanocosm experiments, Nystrdm et al. (2002) and Bérard
et al. (2003) showed that the triazine herbicide Irgarol 1051 was more toxic to Lake Geneva
phytoplankton and periphyton than was atrazine. Effects were observed on phytoplankton
photosynthetic activity (short-term effects) and diversity (long-term effects after 5-24 days of
exposure) from exposure to this herbicide at a level of less than 1 mg/L. Mohr et al. (2008a)
also observed effects on planktonic and periphytic algal communities at exposure
concentrations between 0.04 and 5 mg/L.

Nystrom et al. (2002) and Bérard et al. (2003) concluded that chlorophytes, especially

Chlorella vulgaris, were the most Irgarol-sensitive in natural assemblages. By contrast,
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studying highly contaminated ponds (1 and 5 mg/L), Mohr et al. (2008a) observed a decrease
in diatoms and an increase in chlorophytes and cyanobacteria. Given these differences among
studies, the authors went on to suggest that Irgarol does not trigger a group-specific response,
but rather induced a species-level response.

Mohr et al. (2008a) also revealed that recovery processes vary greatly among free and fixed
communities. Indeed, in the same study, the phytoplankton rapidly recovered from a
pronounced breakdown immediately after Irgarol exposure, whereas periphytic communities
showed no recovery within 150 days after treatment in ponds contaminated by 1 and 5 mg/L
Irgarol. This suggests that the sorption of Irgarol on periphyton may have prolonged the

exposure duration in the tested communities.

e Other triazines
* Short-Term Effects

Brown and Lean (1995) performed bioassays on mesotrophic lake phytoplankton
communities using several triazine herbicides (atrazine, simazine, propazine, and prometryn).
Atrazine and propazine exerted the highest toxic effects on phosphate and ammonium uptake
rates, respectively, whereas prometryn was the most toxic for photosynthetic activity, which
was measured by the [14C]bicarbonate assimilation rate. Schmitt-Jansen and Altenburger
(2005a) confirmed that prometryn is more toxic to periphytic communities than is atrazine in
short-term inhibition tests of photosynthesis.

« Chronic Effects and Recovery Processes
Fairchild and Sappington (2002) conducted a 6-week study in outdoor mesocosms and
observed no statistically significant effect of metribuzin on periphyton biomass at
concentrations up to 75 mg/L. Similarly, Brock et al. (2004) showed that metribuzin, at
nominal concentrations less than or equal to 56 mg/L, had only mild and transient effects on
phytoplankton and periphyton, and recovery occurred within 8 weeks. Long-term effects,
lasting longer than 8 weeks, were only found in the 180 mg/L enclosures. In these two
experiments, the absence of effects at lower concentrations may have resulted from the rapid
dissipation rate of metribuzin in water (half-life of 5-9 days). Brock et al. (2004) found that
another triazine herbicide (metamitron; 14—4,480 mg/L) was even less persistent in the water
column (half-life of 1-3 days). Enclosure experiments with metamitron revealed treatment-
related effects for photoautotrophic communities only at the two highest concentrations (i.e.,
1,120 and 4,480 mg/L), followed by a fast recovery, thought to derive from the agents short

dissipation half-life in water.
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When the long-term effects produced by metribuzin and metamitron were compared to data
from standard toxicity tests, in which an assessment factor was applied (first-tier approach;
i.e., Lowest Observed Effect Concentrations; LOEC), and an SSD approach was used, Brock
et al. (2004) concluded that these two assessment procedures proved highly protective, since
they did not account for dissipation rate or recovery processes in complex ecosystems.
Gustavson et al. (2003) also recommended that exposure duration be considered when
assessing herbicide effects on periphyton communities. Indeed, these authors observed that
the effect concentration of metribuzin decreased by one to two orders of magnitude when
exposure time increased from 1 to 2 to 24 h. The effect of exposure duration was even more
significant for hexazinone. Hexazinone stimulated photosynthesis at the three lowest test
concentrations (i.e., 0.4, 2, and 10 mg/L) after a 1-h exposure, whereas the stimulation
disappeared after 24 h. Moreover, Gustavson et al. (2003) observed a recovery of
photosynthetic activity within stream periphyton communities that were exposed to
metribuzin for a period up to 48 h, following exposure for 48 h in herbicide-free water.
Photosynthetic activity recovered even at the highest concentration (i.e., 50 mg/L), whereas
photosynthesis suffered an 80% inhibition. Comparable recovery processes that occurred
within 24 h after herbicide addition ended were observed by Schneider et al. (1995) for stream
periphytic communities exposed to 145-432 mg/L hexazinone.

*PICT Assessment
Measures of photosynthetic activity showed that an induced-tolerance existed in communities
chronically exposed to prometryn concentrations of 2.5 mg/L and higher (Altenburger 2005a).
Diatom species, especially Nitszchia sp., clearly became predominant following long-term
exposure to higher test concentrations (i.e., 160 and 320 mg/L), which suggests their high
tolerance to prometryn. Similarly, Chang et al. (2011) and Kasai and Hanazato (1995a, b)
reported high tolerance of diatom species to another triazine herbicide, simetryn. Kasai and
Hanazato (1995b) isolated algal strains from nontreated and treated microcosms that had been
exposed for at least 35-days. The authors investigated genetic changes that occurred following
simetryn exposure. The most significant finding concerned the chlorophyta Scenedesmus
gutwinskii var. heterospina, which exhibited a tolerance level 26-57 times higher for strains
preexposed to simetryn than for controls strains. Interestingly, the authors showed that the
isolated strains maintained their tolerance for nearly 2 years in the absence of simetryn,
confirming the importance of genetic adaptation in tolerance induction, within exposed

photoautotrophic communities.
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2.1.2 Phenylureas
e Diuron

- Short-Term Effects
Brown and Lean (1995) performed a short-term bioassay to test the toxicity of 16 pesticides
(including 14 herbicides) to lake phytoplankton. They demonstrated that diuron was the most
toxic substance to photosynthetic activity (see Table 5.3). For example, using the same
biological end-point, they found that another phenylurea herbicide, monuron, was about 20-
fold less toxic than was diuron. Francoeur et al. (2007) observed drastic adverse effects of a
20 mM diuron level (i.e., 4.66 mg/L) on periphyton photosynthesis after only 5 min of
exposure.

- Chronic Effects and Recovery Processes
A negative diuron exposure effect was revealed in several studies on chl a levels and on
primary production in both phytoplankton (Perschbacher and Ludwig 2004; Knauert et al.
2008, 2009; Knauer et al. 2010) and periphyton (McClellan et al. 2008; Tlili et al. 2008, 2010;
Ricart et al. 2009; Lépez-Doval et al. 2010) communities (Table 5.3). Diuron can impact
these parameters at exposure concentrations even lower than 0.1 mg/L, within a few weeks of
initial contact (McClellan et al. 2008; Ricart et al. 2009). Nevertheless, TIlili et al. (2010)
demonstrated that the effects of diuron (10 mg/L for 3 weeks) on photosynthetic activity can
be inhibited when water contains high £Oconcentrations. It has also been shown that a
21-day exposure to 10 mg/L of diuron inhibited the development of phototrophic
communities, whereas they bloomed in untreated microcosms (Pesce et al. 2006).
Phototrophic community composition can also be affected by chronic diuron exposure (Table
5.3), although results vary greatly among various studies. Perschbacher and Ludwig (2004)
showed that phytoplankton community composition was impacted by diuron (at 2 and 20
mg/L): cyanobacteria were severely reduced, while diatom and green algae were stimulated.
Conversely, McClellan et al. (2008) and TIili et al. (2010) observed a decrease in the relative
number of diatoms in periphyton communities that were exposed to diuron concentrations
between 0.02 and 10 mg/L. Ricart et al. (2009) also observed changes in diatom composition
of periphyton that were exposed for 29 days to low concentrations of diuron. Their work
showed that the most sensitive end point was diatom biovolumes, which significantly
decreased in the presence of diuron within 8 days, even in the treatments receiving the lowest
concentration (i.e., 0.07 mg/L). This result was in accordance with that of Leboulanger et al.
(2011), who reported a decrease in phytoplankton biovolumes following a 5-day exposure to
2.2 and 11 mg/L diuron.
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Using three successive treatments of 5 mg/L of diuron, Knauert et al. (2009) observed that the
herbicide significantly affected phytoplankton density and diversity, during 5 weeks of
constant exposure. The most sensitive species were the cryptophyceae Chroomonas acuta and
Cryptomonas erosa et ovata. Diuron exhibited a dissipation half-life of 43 days, allowing the
phytoplankton community to recover both abundance and diversity during the 33-173 day
posttreatment period.

- Chronic Versus Acute Effects
Tlili et al. (2008) assessed the response of chronically contaminated biofilms (32 days, 1
mg/L diuron) to short pulses of diuron exposure (3 h; 7 and 14 mg/L). They detected several
effects, including a significant increase in chl a fluorescence in periphyton chronically
exposed to 1 mg/L diuron, increases in biomass and photosynthetic carbon incorporation, and
changes in algal community structure (assessed by Polymerase Chain Reaction-Denaturing
Gradient Gel Electrophoresis (PCR-DGGE) on 18S rDNA gene fragment and pigment
analysis). Diuron pulses (single or double pulses at 7 or 14 mg/L) inhibited carbon
incorporation in all biofilm communities, especially in the control microcosm. Nevertheless,
the different pulses only affected community composition in control biofilms, revealing that
the impact on a biofilm of a pulsed acute exposure to diuron depends on whether communities
had previously been exposed to this herbicide.

*PICT Assessment
McClellan et al. (2008) observed an increase in community tolerance for long-term
concentrations of 0.08-10 mg/L diuron, whereas a chronic exposure of 50 mg/L was
intolerable for periphyton, which was severely disturbed. Interestingly, the authors
emphasized the fact that the observed threshold concentration of 0.08 mg/L, which caused
effects on periphyton biomass and composition, as well as a shift in community tolerance,
could not be predicted by extrapolation methods such as SSD or acute-to-chronic effect ratios.
An increase in periphtyon tolerance was also recorded by Tlili et al. (2010), following a 3-
week exposure to 10 mg/L diuron. Their work revealed that phosphate concentration didn’t
influence diuron tolerance induction in the exposed communities as Guasch et al. (2007) had
shown with atrazine. Nevertheless, Tlili et al. (2008) did not detect PICT in periphyton
exposed for 32 days to 1 mg/L diuron. According to the authors, the lack of PICT processes
could be due to the regular supply of nonexposed microorganisms in the contaminated

microcosms that was provided by water renewal during the experiment.
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e | soproturon (1 PU)
*Short-Term Effects

Gustavson et al. (2003) measured periphyton photosynthesis following exposure durations of
1 and 24 h, and found no effect concentration (NEC) values of 1 mg/L and 0.019 mg/L IPU,
respectively. IPU was more toxic than the three other herbicides they tested (i.e., metribuzin,
hexazinone, and pendimethalin).

« Chronic Effects, PICT Assessment and Recovery Processes
Schmitt-Jansen and Altenburger (2005a, b, 2008) performed a series of investigations using
20 L glass aquaria to evaluate the effects on periphytic communities of a 14- or 28-day
exposure to IPU (2.4-312 mg/L). Periphyton chl a fluorescence was inhibited at IPU
concentrations above 20 mg/L, while algal populations shifted from diatoms to chlorophytes
at concentrations in the range 20-312 mg/L. At the highest test concentrations, Navicula
halophila was predominant in the diatom community (89%), but microscopy revealed
abnormally shaped cells among these organisms. The replacement of diatom species was
associated with an increase in tolerance, as was observed in short-term inhibition tests on
photosynthesis (using pulse-amplitude-modulated (PAM) fluorometry or 14C-carbonate
incorporation). The authors also addressed their difficulty in comparing their observed effects
with SSD predictions, because the database used for IPU toxicity on algae was very poor
(Schmitt-Jansen and Altenburger 2005a).
In other studies, it was showed that diatom density and composition in periphyton were
impacted by IPU at concentrations ranging from 5 to 30 mg/L; in addition, IPU treatments
seemed to favor facultative heterotroph diatoms, which are able to switch trophic mode from
autotrophy to heterotrophy (Pérés et al. 1996; Debenest et al. 2009). However, Laviale et al.
(2010) observed that light, which can be considered as a direct physical stressor, slightly
modulated the acute toxic effects of IPU on the photosynthesis of natural periphytic
communities.
Knauert et al. (2009) also reported an impact of IPU on density and diversity of
phytoplankton communities that were exposed for 5 weeks to a constant nominal IPU
concentration of 14 mg/L. The observed effects followed similar patterns to those of diuron in
the same study (see Sect. 2.1.2.1), and were followed by a recovery period as IPU dissipated
from the water (t1/2 = 35 days). In contrast to the results described above, Traunspurger et al.
(1996) did not find any effects of IPU on phytoplankton cell abundance or community

composition at nominal concentrations up to 90 mg/L, following an 8-week exposure.
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However, it is important to note that real IPU concentrations in the microcosms were not

monitored, and microcosms were not replicated during this study.

elinuron

» Chronic Direct Effects
The chronic effects of linuron on phytoplankton and periphtyon have been investigated using
microcosms at concentrations ranging from 0.5 mg/L (Van Geest et al. 1999) to 500 mg/L
(Daam et al. 2009a). Except for Van Geest et al. (1999), who found that three repeated linuron
treatments (0.5-50 mg/L at 4-week intervals) caused only negligible changes in algal
communities; all studies produced direct and indirect effects on phytoplankton and periphyton
(Van den Brink et al. 1997; Slijkerman et al. 2005; Daam et al. 2007, 2009a). In tropical
freshwater microcosms, linuron (15-500 mg/L) inhibited photosynthesis and affected both
phytoplankton and periphytic communities (Daam et al. 2009a). The most sensitive species
were chlorophytes belonging to the genera Scenedesmus, Coelastrum, and Pediastrum
(phytoplankton) and the cyanobacterium Chamaesiphon sp. (periphyton). However, given the
development of tolerant taxa (mainly belonging to diatom and cryptophyte classes) and
functional redundancy, the authors emphasized that chl a concentration was not a sensitive
indicator of linuron exposure, especially for the effects on phytoplankton. Daam et al. (2009b)
compared the effects of linuron, in a microcosm study carried out in Thailand, with the effects
reported in temperate model ecosystem studies. The authors concluded that the sensitivity of
primary producers to the effects of linuron was similar among different climatic regions. Such
similarity supports the use of toxicity data in tropical regions that were generated in temperate
ones.

» Chronic Indirect Effects
Van den Brink et al. (1997), using macrophyte dominated microcosms, demonstrated that
linuron can also indirectly stimulate more tolerant phytoplankton species such as
Chlamydomonas sp. Linuron exposure decreased macrophyte biomass, thereby increasing
nitrate levels, which, in turn, produced an increase in total phytoplankton chl a levels. Such
ecological cascading effects were confirmed by Slijkerman et al. (2005) and Daam and Van
den Brink (2007), who showed that linuron-induced primary inhibition of the photosynthetic
efficiency of primary producers (including macrophytes) resulted in a significant release of
nutrients in the water, which consequently stimulated less-sensitive or fast-adapting
phytoplankton species. Van den Brink et al. (1997) and Slijkerman et al. (2005) recorded an

increase in flagellates subjected to a linuron treatment regime, whereas Daam and Van den
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Brink (2007) identified the algal genera Ephitema, Navicula, and Closterium as being favored

by changes resulting from linuron exposure.

2.1.3 Chloroacetamides

e Alachlor and Metolachlor

The effects of alachlor on periphytic (Spawn et al. 1997) and epipelic (Carder and Hoagland
1998) algal communities have been investigated in stream microcosms. Carder and Hoagland
(1998) recorded a decrease in algal biovolumes after a 4-week exposure to 90 mg/L of
alachlor, but no effects were detected at 5 mg/L. The relative abundance of the diatoms
Navicula sp. and Gyrosigma exinium significantly decreased following alachlor exposure, but
effects persisted only for G. exinium at the highest concentration. Similarly, Spawn et al.
(1997) did not observe any significant alachlor effect within 3 weeks of exposure at 1 mg/L,
although algal biomass and cell densities were inhibited at all other concentrations (i.e., 10,
30, 100, and 1,000 mg/L). There was a shift in the dominant algae at concentrations of 30
mg/L and higher. The centric diatom Melosira varians was the most affected by alachlor, but
other centric diatoms were not affected, demonstrating that similar taxa may exhibit different
responses to this herbicide. By contrast, Debenest et al. (2009) showed that 30 mg/L of the
chloroacetamide herbicide s-metolachlor had no effect on the abundance of M. varians,
following a 3-day exposure. However, other diatom species such as Eolimna minima and
Navicula reichardtiana proved sensitive to this herbicide, and a significant decrease in chl ¢
concentrations and live-cell density was recorded in periphtyon exposed for 3 days to levels
of 5 and 30 mg/L. Using complex outdoor microcosms, Relyea (2009) observed no significant
effect of metolachlor (7.4 mg/L) on phytoplankton chl a or periphyton biomass within 16 or

35 days of exposure.

o Other Chloroacetamides

Mohr et al. (2008b) studied the effects of metazachlor on plankton communities in pond and
stream mesocosms over a monitoring period of 140 days. Metazachlor strongly affected both
pond and stream communities at concentrations higher than 5 mg/L (i.e., 20-500 mg/L).
Direct negative effects were most prominent for chlorophytes, whereas diatoms and
cryptophytes seemed insensitive. Moreover, the herbicide remained highly persistent in the
mesocosms {b = 27-48 days), and chlorophytes did not recover in the more strongly
contaminated stream mesocosms, suggesting potential long-lasting effects of metazachlor on

phytoplankton in exposed aquatic ecosystems. This contrasted with the results of Noack et al.
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(2003), who found only slight effects of metazachlor on phytoplankton densities at very high
concentrations (10,000 mg/L), followed by a recovery after 30-35 days. However, these
authors advised that their conclusions be accepted with caution, because lack of replicated
mesocosms prevented statistical evaluation of results. In model streams, the only effects
recorded by Takahashi et al. (2007) on periphyton exposed to pretilachlor (26—-382 mg/L) for
7-28 days were a slight increase of Navicula pupula and a slight decrease of Anabaena sp.
Using complex outdoor microcosms, Relyea (2009) observed a decrease in phytoplankton chl
a after a 16-day exposure to 10 mg/L acetochlor, whereas periphyton biomass remained

unaffected throughout the entire duration of the study (35 days).

2.1.4 Sulfonylureas

Using four levels of the sulfonylurea herbicide metsulfuron-methyl (0, 1, 5, and 20 mg/L) in
freshwater enclosures, Wendt-Rasch et al. (2003) showed an increase in the biomass of
periphytic algae growing on the leaves of the macrophyte Myriophyllum spicatum, after a 2-
week exposure. They attributed this increase to a possible nutrient leakage from the
macrophyte leaves following herbicide exposure. Changes were also detected on the species
composition of periphytic algal communities in enclosures exposed to 20 mg/L, while
metsulfuron-methyl did not alter phytoplankton community biomass or composition. This
suggests that the toxicity of sulfonylurea herbicides on phytoplankton is limited, as asserted
by Seguin et al. (2001) and Leboulanger et al. (2001), who showed that nicosulfuron was far
less toxic to phytoplankton than was atrazine. Nevertheless, they emphasized that
nicosulfuron (10 mg/L) can affect phytoplankton species composition by inhibiting more
diatoms than chlorophytes. Abdel-Hamid et al. (1996) also observed community composition
effects on lake phytoplankton from exposure (1, 10, and 100 mg/L) to another sulfonylurea

herbicide, chlorosulfuron.

2.1.5 Glyphosate

- Effects of High Glyphosate Concentrations
Vera et al. (2010) showed that a high concentration of the commercial formulation of
Roundup® (8 mg/L of the active molecule glyphosate) produced a clear delay in periphytic
colonization and reduced periphytic dry weight, as well as chl a, in comparison with control
mesocosms. This occurred despite a significant increase in total phosphorus concentrations in
the treated mesocosms. Pérez et al. (2007) also observed a significant phosphorus release in

mesocosms after the addition of Roundup® (6 and 12 mg/L of the active ingredient
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glyphosate), which was associated with structural changes in the planktonic and periphytic
microbial assemblages, within a few days. In treated mesocosms, total phytoplankton
abundance decreased, whereas primary production and picocyanobacteria abundance
increased. Similar patterns have been observed in periphyton, which showed increasing
abundance of cyanobacteria following glyphosate exposure (Vera et al. 2010). Schaffer and
Sebetich (2004) also found that Rodeo® treatments (0.125 and 12.5 mg/L of the active
ingredient glyphosate) led to significant stimulation of primary productivity of a lake
phytoplankton community during a 7-h incubation period. They hypothesized that this effect
could have resulted from the use of the nitrogen and phosphorus released through the
glyphosate degradation process. Similarly, Relyea (2005) observed an increase in periphytic
algal biomass after a 2-week Roundup® exposure (3.8 mg glyphosate/L), which, he
suggested, could result from a decrease in grazing pressure caused by Roundup® effects on
herbivorous organisms.

- Chronic Effects of Environmentally Relevant Glyphosate Concentrations
Using a more environmentally relevant glyphosate concentration (i.e., 6.9 mg/L), Relyea
(2009) showed that Roundup® caused insignificant effects on an aquatic food web
comprising periphyton, phytoplankton, and other higher trophic level organisms. This was
consistent with results from Pesce et al. (2009), who demonstrated that any effects of
glyphosate (10 mg/L; 14 days) on riverine algal communities was limited to ones of
community composition (assessed by microscopic identification and PCR-DGGE on 18S
rDNA gene fragment). Moreover, effects were only perceptible on communities sampled
during the summer, whereas spring communities remained insensitive, revealing that response
of natural algae to herbicide exposure can be seasonally dependent. Glyphosate-induced
effects (at 1, 10, and 100 mg/L) on phytoplankton diversity were also reported by Abdel-

Hamid et al. (1996) in a 13-day outdoor enclosure experiment.

2.1.6 2,4-Dichlorophenoxyacetic Acid (2,4-D)

Using bioassays on mesotrophic lake phytoplankton communities exposed to different
herbicides, Brown and Lean (1995) showed that 2,4-D exhibited the least toxic effect on
photosynthetic activity and phosphate and ammonium uptake rates. This herbicide had EC50
values (3 h) higher than 33 mg/L for these three biological end points. Using an 8-day
microcosm study, Kobraei and White (1996) observed a stimulation of primary production in
phytoplankton communities exposed to 2 mg/L of 2,4-D. No stimulation was detected at 10

mg/L, yet higher concentrations negatively affected phytoplankton. Gross primary production,
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community respiration, chl a concentrations, algal density and biovolumes significantly
decreased in the 100 and 1,000 mg/L microcosms. They found heterotrophic algal taxa to be
the least affected by 2,4-D at highest concentrations. Using lower concentrations in large
outdoor mesocosms, Relyea (2005, 2009) showed that levels of neither 16 mg/L nor 120
mg/L of 2,4-D produced significant direct or indirect effects on periphyton and phytoplankton

biomass.

2.1.7 Other Herbicides

« Chronic Effects on Biomass and Primary Production
Testing the effects of ten herbicides commonly applied in rice cultivation (clomazone,
thiobencarb, pendimethalin, propanil, quinclorac, halosulfuron, bensulfuronmethyl, triclopyr,
2,4-d-amine, and molinate) in aquaculture ponds at rates equivalent to direct application,
Perschbacher et al. (2002) found that, with the exception of propanil, none of the herbicides
had any measurable effect on phytoplankton primary production or chl a levels, within 9
exposure days. Propanil stimulated chl a (Perschbacher et al. 1997, 2002). A 3-day microcosm
study by Waiser and Robarts (1997) showed that the carbamate herbicide triallate exhibited
limited effects on lake phytoplankton biomass, since substantial declines in chl a
concentrations only occurred at a triallate concentration of 1 mg/L (but not 10 and 100 mg/L).

« Chronic Effects on Community Composition
Caquet et al. (2005) investigated the effects of the herbicide fomesafen (40 mg/L), alone and
in combination with an adjuvant (Agral 90, 90 mg/L), on plankton communities in outdoor
mesocosms over a 9-month period. They found that Agral 90 did not influence the effect of
fomesafen on phytoplankton. Fomesafen inhibited Chlorophyceae but produced abundance
and biovolume increases of Cyanobacteria, Cryptophycea, Dinophycea, and Bacillariophycea,
thus enhancing taxonomic phytoplankton diversity. Phytoplankton community composition
was also affected by the herbicide methabenzthiazuron, during a 5-month microcosm study
(Wellmann et al. 1998). Population dynamics were dependent on herbicide concentrations as
well as light intensity, temperature, and nutrient concentrations. Primary production was
temporarily inhibited at metabenzthiazuron concentrations ranging from 89 to 3,371 mg/L,
while lower concentrations (10, 21 and 43 mg/L) induced no or only transient weak responses
in the phytoplankton. The most sensitive algae belonged to Chlorophyceae, whereas
Cryptophycea exhibited strong recovery at the higher concentrations during the study period.
In field-paddy mesocosms, Sanchez et al. (2006) observed no significant effect of the rice

herbicide profoxydim (at rates from 45 to 377 g/ha) on phytoplankton density and
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composition, within 9 exposure days. Using in situ enclosures, Faber et al. (1998) tested the
effect of the herbicides glufosinate- ammonium and bialaphos on phytoplankton communities
in a eutrophic lake. At the highest treatment levels (10 mg/L), both herbicides caused a
significant decrease in small phytoplankton cell species (1-3 mm). The effects were transient,
and recovery was observed earlier for bialaphos (14 days post application) than for
glufosinate-ammonium (49 day). Larger phytoplankton was generally not adversely impacted
by these herbicides.

2.2 Effects of Herbicide Mixtures

2.2.1 Mixtures of Similarly Acting Herbicides

The effects of mixtures of PS-Il inhibitors have been investigated on freshwater microbial
communities in several studies; the tested mixtures were of various triazine (Pollehne et al.
1999) and/or phenylurea herbicides (Knauert et al. 2008, 2009; Knauer et al. 2010, Pesce et
al. 2010b). Using a 10-day mesocosm approach, Pollehne et al. (1999) found no herbicide-
specific effects on estuarine phytoplankton communities exposed to the combined triazines
simazine and atrazine, at concentrations of 0.04—6 mg/L each. Knauert et al. (2008, 2009)
performed a 5-week outdoor mesocosm study to evaluate the effects of a mixture of equitoxic
concentrations of atrazine, isoproturon and diuron on phytoplankton photosynthesis and
community succession. The herbicide mixture adversely affected photosynthetic activity and
significantly influenced community structure in terms of abundance, diversity, and species
composition. The results demonstrated that the combined effects of the three PS-II inhibitors
herbicides could be predicted, based on the concept of concentration addition (Faust et al.
1994). This outcome was in line with previous findings from phytoplankton bioassays, in
which the combined effects of similarly acting herbicides were assessed (e.g., Faust et al.
2001; Junghans et al. 2003; Chévre et al. 2006). Similarly, Pesce et al. (2010b), using a PICT
approach and photosynthesis bioassays, demonstrated that mixtures of diuron and its
metabolite N-(3,4- dichlorophenyl)-N-methylurea (DCPMU) produced additive effects on
natural phototrophic biofilm photosynthesis.

Knauer et al. (2010) showed that long-term exposure to PS-II inhibitor mixtures can also
induce cotolerance within phytoplankton communities. However, they also demonstrated that
even if cotolerance is expected for compounds having similar biochemical modes of action,

this cotolerance may vary among molecules (in their study, atrazine, isoproturon, and diuron).
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2.2.2 Mixtures of Dissimilarly Acting Herbicides

Carder and Hoagland (1998) and Hartgers et al. (1998) assessed the effects of mixtures of PS-
Il inhibitors (triazine and/or phenylurea) and the chloroacetanilides, which are known to affect
fatty acid metabolism (Couderchet et al. 1998). The effects of a combination of atrazine (12
and 150 mg/L) and alachlor (5 and 90 mg/L) on benthic algal communities in artificial
streams appeared to be additive rather than synergistic and led to a significant decrease in cell
biovolumes throughout the 4-week experiment (Carder and Hoagland 1998). Hartgers et al.
(1998) assessed the response of phytoplankton communities to a mixture of atrazine, diuron,
and metolachlor in 28-day freshwater microcosms (600 L); concentrations were 0.01-1.0-fold
the EC50 (72 h) values. These EC50 values were obtained in standard algal tests using
Selenastrum capricornutum and were performed to comply with OECD guidelines. Direct
effects were detected at 0.3-fold the EC50 treatment level and higher. Effects included a drop
in photosynthetic efficiency and a decrease in the abundance of several phytoplankton taxa,
especially the cholorophyceae Monoraphidium sp., whereas other species such as Cyclotella
or Chlamydomonas sp. showed a marked increase in abundance as doses increased. However,
it was not possible for the authors to determine how the three tested compounds interacted.
Relyea (2009) tested a mixture of low levels (2-16 mg/L) of five herbicides (atrazine,
acetolachlor, metolachlor, glyphosate, and 2,4-D) in a 36-day mesocosm experiment; results
showed that phytoplankton chl a effects occurred, but, except for acetochlor, differed from
those of metolachlor, glyphosate, 2,4-D, and atrazine alone. The five-herbicide mixture had

similar effects on periphyton abundance as did exposure to each of the five herbicides alone.

2.2.3 Mixturesof Herbicideswith Other Organic Pesticides

e Herbicides and | nsecticides

Wendt-Rasch et al. (2003) investigated the effects of the sulfonylurea herbicide metsulfuron-
methyl (1, 5 and 20 mg/L) alone and in combination with the pyrethroid insecticide
cypermethrin (0.05 mg/L) over a 2-week period, in freshwater enclosures. They recorded no
combined direct or indirect effects of the two compounds on periphyton and phytoplankton
communities. Van den Brink et al. (2009) evaluated the chronic (8 week) effects in
microcosms of a mixture of the triazine herbicide atrazine and the organochlorine insecticide
lindane at five equivalent concentrations, ranging from 0.01 to 5 times the EC50 of the most
sensitive standard test organism (Scenedesmus subspicatum for atrazine and Oncorhynchus
mykiss for lindane). Results were that phytoplankton chl a increased, following an increase in

Cyclotella species, at the highest treatment rate during weeks 5 and 6. The authors suggested
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that the effects of atrazine on phytoplankton were lower than expected and were counteracted
by reduced grazing pressure from lindane-induced effects on zooplankton. Effects on

periphyton were only detectable at the species level. At the highest treatment level, the effects
produced were characterized as increased population density of the chlorophyceae genus
Characium, and decreased population densities of the diatom genus Achnanthes and the
cyanobacterium Oscillatoria redeckei. This result suggests that a cause—effect relationship
existed at the highest treatment level. The authors hypothesized that the pesticide mixture

affected both top-down and bottom-up regulation mechanisms.

o Herbicides and Fungicides

Villeneuve et al. (2011) and TIili et al. (2011) investigated the responses of periphytic
communities to pesticide mixture exposures of the herbicide diuron and the fungicides
azoxystrobin or tebuconazole, respectively. However, the main objective of these two studies
was not to examine the interactions between the tested compounds. Rather, it was to assess
the influence of flow regimes (Villeneuve et al. 2011) or compare chronic versus acute
exposure effects (Tlili et al. 2011), using pesticide mixtures and concentrations classically
encountered in a vineyard watershed. Therefore, even if the direct effects of diuron on
periphytic communities were clearly detectable in the two studies, it was not possible to
evaluate if simultaneous exposure to a fungicide modulated the response of the impacted

communities.

2.2.4 Successive Treatments

One strategy to assess the fate and ecological effects of agricultural pesticide treatments is to
simulate the events that often transpire to contaminate surface waters during actual pesticide
application programs. The simulation procedure consists of emulating real agricultural
application scenarios by making successive treatments with various pesticides to study the
effects of residues leached into aquatic ecosystems. By employing ditch mesocosm studies
over a period of 30 weeks, Arts et al. (2006) tested the effects of 15 separate spray treatments
to potatoes with various compounds (prosulfocarb, metribuzin, lambda-cyhalothrin,
chlorothalonil, fluazinam) at 0.2, 1, and 5% of the respective recommended application rates.
Most effects were observed at the 5% treatment level, which resulted in short-term changes to
pH and oxygen levels; phytoplankton responded in a manner that was consistent with
expected compound-specific results. These study results showed that the successive impact of

repeated treatments by the various pesticides did not produce extensive harm, since most
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substances dissipated rapidly, avoiding simultaneous exposure for most combinations. In a
similar experiment, van Wijngaarden et al. (2004) mimicked an application scenario in tulip-
cultivation practice. They made successive treatments of the fungicide fluazinam, the
insecticide lambdacyhalothrin and the herbicides asulam and metamitron to indoor
microcosms at estimated spray-drift concentrations varying from 0.2 to 5% of recommended
label rates. The 0.5% treatment regime resulted in short-term effects, whereas the 2 and 5%
treatment levels triggered marked effects. Although effects were detected at the ecosystem
level, the two highest herbicide application levels had only minimal effects on phytoplankton
and periphyton. Phytoplankton biomass increased from indirect effects; these effects resulted
from the decrease of the macrophyte E. nuttallii after asulam application (decreased
competition for nutrients), and from the decrease of zooplankton after lambda-cyhalothrin
application (reduced grazing pressure). Treatments had no direct or indirect effects on the
abundance of periphyton. Nevertheless, using the same pesticide application procedure,
Wendt-Rasch et al. (2004) showed that the final effect of pesticide exposure was greatly
influenced by the structure of the ecosystems. In mesotrophic microcosms, dominated by
submerged macrophytes, periphyton biomass increased and species composition varied at the
0.5% treatment level and higher. However, there was no effect on these two parameters in

eutrophic microcosms, characterized by a high Lemna surface coverage.

3 Field Studies
3.1 Effects of of In Situ Exposure on Community Structure and Primary

Production

Lotic ecosystems, especially in agricultural areas, are often highly exposed to herbicide
pollution. A common way to assess the resulting effects on aquatic communities is to compare
biological parameters at different sampling sites that received different herbicide levels
(ideally including a clean reference point). This strategy was successfully used by Dorigo et
al. (2002) to measure changes to phytobenthic community species composition in river
sections, mainly contaminated by atrazine and isoproturon. Using partial 18S rRNA cloning
and sequencing, they showed that the proportion of diatoms was lower at the unpolluted site
than at polluted ones. In an agricultural area, Pesce et al. (2008) observed a sharp drop in free
algal biomass during the main pollution period, which suggested a strong herbicide impact on
phototrophic communities. However, Dorigo et al. (2002) and Pesce et al. (2008) urged

caution in interpreting these results, because of the complexity in distinguishing between
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effects of pollutants vs. other environmental variables. Morin et al. (2009) have also recently
stressed the difficulties in accurately linking diatom community structure to pesticide inputs
in lotic environments. However, Ricart et al. (2010) revealed a potential relationship between
triazine-type herbicides and diatom community distribution in a contaminated river (LIobregat
river, Spain). Their study also showed that the metrics most sensitive to the presence of
pesticides were chl a and photosynthetic activity.

A series of in situ studies have recently been conducted in a small river that drains a vineyard
watershed (Morcille River, France; Montuelle et al. 2010). Various surveys revealed that
biofilm phototrophic community composition varied from upstream to downstream locations,
in parallel with increased nutrient and pesticide concentrations. Changes in phototrophic
community composition along this river have been recorded using several end points: pigment
distribution, eukaryotic gene structure, and diatom taxonomic composition (Dorigo et al.
2007, 2009, 20104, b; Morin et al. 2010; Pesce et al. 2010a, b).

3.2 PICT Approaches

Among the various methods and tools available to evaluate microbial community responses to
toxicant exposure, the PICT approach makes it possible to partially isolate the effects of
individual toxicants within an ecosystem that is subjected to multiple stressors, by studying
shifts in community sensitivity (Schmitt-Jansen et al. 2008). In the river Morcille, PICT was,
therefore, applied to verify that structural changes in phototrophic communities were related
to pesticide contamination. In all surveys, all biofilms exhibited an upstream-to-downstream
increase in tolerance to diuron, which is the most often detected herbicide in this river (Dorigo
et al. 2007, 2009, 2010a, b; Pesce et al. 2010a, b). Pesce et al. (2010a) identified three
possible influences that constituted covarying environmental variables (i.e., nitrates,
conductivity, and temperature) in the tolerance induction. However, statistical analysis
demonstrated that the main factor affecting diuron sensitivity was the mean in situ diuron
exposure level during the biofilm colonization periods.

Nevertheless, field studies conducted by Guasch et al. (1998a, b, 2003) in various European
streams and rivers clearly indicated that the sensitivity of phototrophic biofilms to organic
herbicides in lotic systems may be highly dependent on light conditions during colonization.
Indeed, they observed higher atrazine toxicity to natural biofilms that were adapted to high-
light conditions, and were dominated by green algae or cyanobacteria, than that to diatom-

dominated biofilms adapted to low-light conditions.
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Dorigo et al. (2004) assessed seasonal changes in the sensitivity of river microalgae to
atrazine and isoproturon along a contamination gradient, and showed that both free and fixed
algal communities responded positively to the PICT approach. The positive response occurred
despite the fact that free algae are mobile and can reduce their exposure time to toxicants by
escaping from adverse situations. Both periphyton and phytoplankton can also be used to run
PICT approaches in lake ecosystems, as shown by Nystrom et al. (2002) and Bérard et al.
(2003), who assessed the toxic effects of Irgarol 1051 and/or atrazine on microalgal

communities in Lake Geneva.

3.3 Recovery Studies

In only a few, more recently performed studies have researchers examined recovery processes
of phototrophic communities, following herbicide exposure under natural river contamination
conditions (Dorigo et al. 2010a, b; Morin et al. 2010; Rotter et al. 2011). The authors of these
four studies have attempted to characterize the dynamics of recovery of periphytic
communities transplanted from herbicide-contaminated sites to “nonpolluted” reference sites.
The recovery processes were evaluated for changes in community structure (biomass,
distribution of algal classes), diversity (diatom taxonomic composition, 18S PCR-DGGE band
patterns) and tolerance capacities, using PICT-approaches for the most predominant herbicide
in the studied rivers (i.e., diuron in Dorigo et al. 2010a, b and prometryn in Rotter et al. 2011).
The results indicated a high recovery potential for periphytic communities. Evidence
supported the view that communities recovered, at least partially, in structural, diversity, and
functional attributes, after a few weeks within reference sites. Accordingly, Dorigo et al.
(20104, b) and Rotter et al. (2011) emphasized that the use of biofilm recovery capacity could
potentially be a suitable management tool for analysis of recovery processes in freshwater
ecosystems, especially when using the PICT-concept. However, Morin et al. (2010)
emphasized that immigration and emigration of algal species certainly takes place in such
transplantation experiments. Therefore, the observed trajectories of recovery were probably
assisted by such species migration, rather than resulting only from the new exposure

conditions at transplantation sites.

4 Potential Future Areasfor Resear ch

Among many future areas of research, three main promising ones have been identified:
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* Improvement of exposure characterization, and improved measurement of
bioavailable contaminant concentrations

* Improvement or diversification of effects characterization from individual to the
community level

» Assessment of environmental restoration and ecological trajectories after removal of

toxic pressure

4.1 Improving Exposur e Assessments

4.1.1 The Question of Mixtures

Despite the fact that pesticides frequently occur in mixtures, our review clearly shows a dearth
of studies that evaluate pesticide mixture effects on autotrophic microbial communities. Even
fewer mixture studies have been performed under environmentally relevant conditions. This
point has recently been emphasized by Van den Brink et al. (2009), who noted the scarcity of
data on community-level effects of pesticide mixtures. Several authors have emphasized the
need to consider mixtures, when assessing the ecological effects of pesticides (Chevre et al.
2006; Knauer et al. 2010). However, there is still debate over the best way to address this
issue (Knauert et al. 2008, 2009), and it can be argued that the assessment of mixture effects
is in its infancy (Belden et al. 2007). DeLorenzo et al. (2001) emphasized the need to address
the toxicity of pesticide degradation products to aquatic microorganisms. The integration into
risk assessments of the effects shown by pesticide metabolites, both alone and in pesticide
mixtures, would significantly improve ecological risk assessment processes (Sinclair and
Boxall 2003). Unfortunately, there is still too little research of this type being performed.
Another progressive step will be to take into account the mode of action of pesticides, since
mechanistic insights may help explain the toxicity of mixtures (additivity or independence of
action; Chevre et al. 2006; Ricart 2011).

4.1.2 Benefiting from the Development of Chemical Tools

Another area in which progress is needed is development of better chemical sensing and field
sampling devices. The recent development of passive sampling techniques for monitoring
organic pesticides in freshwaters (e.g., polar organic chemical integrative samplers, diffusive
gradients in thin films, semipermeable membrane devices, silicon rods, etc.) opens new
avenues to screen for a large variety of organic and inorganic contaminants. Such

improvements would facilitate the assessment of the relationship between community-level
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tolerance induction and mean contaminant exposure (Pesce et al. 2010b; Rotter et al. 2011).
Moreover, recently, some authors have proposed combining passive samplers with bioassays
to assess the toxicity of toxicant mixtures extracted directly from the environment. This
combination method may constitute a simple and cost-effective way to determine potential
acute effects of contaminant mixtures in various aquatic environments (e.g., Muller et al.
2007; Liscio et al. 2009; Shaw et al. 2009). Recently, polar organic samplers have been
combined with photosynthesis bioassays (using microalgae cultures) to assess phytotoxicity
of various mixtures of organic toxicants (Escher et al. 2006; Muller et al. 2007; Shaw et al.
2009). The use of natural phototrophic microbial communities in such an approach could
improve outcomes and usefulness of previous results, which combined polar organic samplers

with monospecific photosynthesis bioassays (Pesce et al. 2011).

4.1.3 Exposure Characteristics and Dynamics (Chronic-Acute)

The question whether there is a relevant exposure measure for periphytic microorganisms that
are embedded in an ExoPolySaccharide (EPS) matrix is open: depending on the solubility of
pesticides, the concentrations in the water phase may not be the most useful for predicting
biological effects. Rather, periphytic assemblage studies should address exposure, by focusing
on biofilm-adsorbed pesticide concentrations, especially for hydrophobic compounds. Indeed,
the sorption of pesticides on periphyton can enhance toxicity by extending exposure time
(Dorigo et al. 2010a). Pesticide sorption also drives bioaccumulation processes by favoring
pesticide transfer to higher trophic levels via periphyton consumers, such as grazers.
Exposures are naturally dynamic and comparing the consequences of long-term low-dose
(i.e., chronic exposure) vs. short-term high-dose (i.e., acute exposure) exposures is very
difficult to accomplish. Recent chemical monitoring studies have shown that, during floods,
many pollutant fluxes — including those of pesticides — can vary over several orders of
magnitude, especially in small stream systems (Rabiet et al. 2009). In small stream
ecosystems, environmental exposure of aquatic communities to pesticides can rapidly increase
during rainfall events. Therefore, special attention should be given to (a) studying pulsed-
exposures that result from episodic runoff events and (b) addressing the ecotoxicological
guestion of how to predict the lethal and sublethal consequences of such population exposures
(Tlili et al. 2008, 2011). Furthermore, the effect of long-term, low-dose pesticide exposures
may produce effects (e.g., biodiversity changes, tolerance acquisition, and functional changes)

that only become apparent in organisms after several generations.
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4.2 Improving Assessment of Biological Effects

4.2.1 From Monospecific Teststo Community Assessment

There have long been efforts to enhance the integration of ecology and ecotoxicology.
However, it is now well established that a more suitable model than single-species testing is
to assess the ecological effects of pesticides at the microbial community level. Nevertheless,
data from monospecific bioassays will also be required. Hence, the SSD approach has become
a practical ecological risk assessment method and decision-making processes to determine
water quality criteria (Schmitt-Jansen and Altenburger 2005b). Although SSD approaches are
useful in environmental risk research (Schmitt-Jansen et al. 2008), especially if toxicity
datasets are sufficiently robust (Schmitt-Jansen and Altenburger 2005a), they cannot fully
replace model ecosystems (microcosms, mesocosms, or enclosures) or field investigations.
The reason is that SSD approaches focus on short-term or midterm effects and tend to ignore
important ecological factors (Brock et al. 2004), such as the indirect effects that result from
community interactions (i.e., interactions among zooplankton, benthic grazers, heterotrophic

microbial communities, etc.).

4.2.2 Using Molecular Toolsin Ecotoxicology

Although molecular biology has revolutionized the understanding of microbial ecology in
various environments, including water ecosystems, its use in ecotoxicology has probably been
underused, although we did find a few studies that employed molecular techniques such as
PCR-DGGE (e.g., Dorigo et al. 2007; TIlili et al. 2008; Pesce et al. 2009) or 18S rRNA
cloning and sequencing (Dorigo et al. 2002). New sets of 18S rRNA primers that are more
specific to different taxonomic levels (e.g., Chlorophycea and Bacillariophyceae; Valiente
Moro et al. 2009) could prove to be highly valuable for studying the phototrophic community
dynamics, after pesticide exposure. Cutting-edge molecular tools such as (meta)genomics or
microarrays also offer new and powerful possibilities for assessing pesticide effects on
microbial community (including phototrophic communities) diversity and functionality.

4.2.3 Under standing the Ecological Consequences of Tolerance Acquisition

For many research scientists the only realistic approach to obtain aquatic ecotoxicology data
consists of performing in situ studies (Boudou and Ribeyre 1997). Field studies, however,

may Yyield more useful results, although distinguishing between pollutant effects and those
related to other physical, chemical or biological environmental variables can be very

challenging. As mentioned above (Sect. 3), PICT is one of the tools best adapted to achieve
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this goal because tolerance to one toxicant is less sensitive than is other community
characteristics to natural variations at sampling sites (Schmitt-Jansen et al. 2008). To improve
PICT methodology, special attention should be paid to cotolerance patterns and to developing
new short-term tests designed to evaluate tolerance capacities, especially with a view to

broadening the range of toxicants monitored (Blanck 2002; Tlili and Montuelle 2011).

4.3 Ecosystem Recovery

Finally, interest in restoring chemically polluted ecosystems is growing, especially through
environmental policies such as the European Water Framework Directive (EU 2000). In this
Directive, the EU commits its members to achieve good qualitative and quantitative
ecological status of all surface waters, and there is now growing interest in studying recovery
trajectories. Ecosystem recovery is defined as the potential for a disturbed ecosystem to return
to a state similar to that before a stress was imposed on it, which basically revolves around the
notion of ecosystem and community resilience. Despite the importance of studying and
understanding the resilience processes employed by autotrophic microbial communities
following pesticide exposure, even basic knowledge on these processes remains scarce (e.g.,
Morin et al. 2010; Dorigo et al. 2010a, b; Rotter et al. 2011).

5 Summary

Over the past 15 years, significant research efforts have been channeled into assessing the
effects of organic herbicides on freshwater phototrophic microbial communities. The results
of this research are reviewed herein. The main conclusions we have reached after performing
this review can be summarized into five points:
* Most relevant assessments have dealt with the effects of triazine and phenylurea
herbicides. Herbicides from these chemical classes are often considered to be model
compounds when photosystem-I11 inhibitors are studied.
» Until the early 2000s, the vast majority of investigations conducted to evaluate
herbicide effects on phototropic microbes were performed in microcosms or
mesocosms. In such studies, herbicides were usually applied alone, and often at
concentrations much higher than those detected in the environment. More recently, the
trend has been toward more realistic and relevant studies, in which lower herbicide
concentrations were considered, and compound mixtures or successive treatments

were tested. Increasingly, in situ studies are being designed to directly evaluate
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microbial community responses, following chemical exposures in contaminated
aguatic environments.

» Several biological end points are used to evaluate how organisms in the phototrophic
microbial community respond to herbicide exposure. These end points allow the
detection of quantitative changes, such as chl a concentrations, total cell counts or
periphytic biomass, qualitative changes such as community structure to algal diversity,
or functional changes such as photosynthesis and respiration, among others. They may
give different and complementary information concerning the responses of microbial
communities.

* PICT approaches, which have generally combined functional and structural
measurements, may prove to be valuable for assessing both an immediate impact, and
for factoring in the contamination history of an ecosystem at the community level.
 Finally, any relevant assessment of pesticide effects should incorporate a detailed
environmental characterization that would include abiotic parameters (light, flow
speed, nutrient content), or biotic parameters (diversity and structure of biofilms),
because these control the bioavailability of pesticides, and thereby the exposure of

microbial communities.

To improve the value of ecotoxicological risk assessments, future research is needed in two
key areas: first, more information on the effects of pollutants at the community level must be
obtained (new tools and new end points), and second, more effort must be directed to

reinforce the ecological relevance of toxicological investigations.
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