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Abstract Metolachlor and atrazine are herbicides used in
corn agriculture and detected in surface- and groundwater.
Vegetated filters reduce masses of herbicides in runoff, but
less attention has been given to their impact on degradation
products and subsurface infiltrated water. The objective was
to study the temporal evolution of dissolved metolachlor,
atrazine and deethylatrazine concentrations in runoff and
subsurface infiltrated water with two types of vegetated
filters over 2 years for the first three rains following herbi-
cide application. Runoff and subsurface infiltrated at 90-cm
water samples from 12 plots of 30×5 m in a completely
randomized block design of four replicates of three treat-
ments-control without filter, 5-m-long grass filter, 5-m-long
grass and tree filter were analysed using gas chromatogra-
phy/mass spectrometry. Controls in runoff generally had the
highest average atrazine, as high as 739 μg L−1, and metola-
chlor average concentrations, as high as 1,725 μg L−1. The
first rain after application was mainly responsible for atrazine
and metolachlor exports. Vegetated filters reduced concentra-
tions of atrazine and metolachlor in runoff below their respec-
tive Canadian criterion of 1.8 μg L−1 for atrazine and
7.8 μg L−1 for metolachlor (provisory) (CCME 2002) for the
protection of aquatic life when rain did not occur shortly after
application. With the need to increase food production and
agricultural yields to sustain the increasing world population
came the need to develop efficient mitigation tools such as
vegetated filter strips to reduce the ecotoxicologial impacts of
pesticides. The present study is among the few that examined

herbicide degradation products and subsurface infiltrated
water under filter strips in order to provide new knowl-
edge on the relationship between herbicide loss pathways
and the environmental benefits of these strips. Such
knowledge will provide much needed information to mod-
ellers, decision makers, ecotoxicologists and agronomists
involved in the regulation, design and implementation of
vegetated filter strips for the protection of water quality.
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Abbreviations
CCME Conseil Canadien des Ministres de

l’Environnement
Koc Soil organic carbon distribution coefficient
LC50 Median lethal concentration
a.i. Active ingredient
ANOVA Analysis of variance

1 Introduction

Metolachlor (2-chloro-N-(6-ethyl-o-tolyl)-N-[(1RS)-2-methoxy-
1-methylethyl]acetamide) and atrazine (6-chloro-N2-ethyl-N4-
isopropyl-1,3,5-triazine-2,4-diamine) are two herbicides that are
frequently detected in surface waters around the world. The
maximum allowed concentration of atrazine for drinking water
is 3 μg L−1 (annual average maximum) in the USA (US Envi-
ronmental Protection Agency 1991). In Canada, the criterion for
the protection of aquatic life from a chronic exposure to metola-
chlor is 7.8μg L−1 (provisory), while it is 1.8μg L−1 for atrazine
(CCME) 2002).
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One of the main degradation products of atrazine is dee-
thylatrazine (6-chloro-2-N-propan-2-yl-1,3,5-triazine-2,4-
diamine). Deethylatrazine has a greater mobility in soil than
atrazine because of its lesser sorption and greater aqueous
solubility (Table 1). Although it is not routinely included in
monitoring studies, deethylatrazine has been detected in the
Brévilles Spring in concentrations ranging from 0.55 to
1.05 μg L−1 (Barth et al. 2007). Few studies are available on
the sensitivity of aquatic organisms to this chemical. Ralston-
Hooper et al. (2009) determined that the LC50 (median lethal
concentration) for an exposure of 21 days for the amphipod
Diporeia spp. was 330 μg L−1 for deethylatrazine and
240 μg L−1 for atrazine, although stress possibly contributed
in reducing the observed survival of Diporeia spp. in that
study. Acute pre-natal exposure to a mixture of atrazine metab-
olites, including deethylatrazine, delayed the development of
mammary glands in female Long-Evans rats (Enoch et al.
2007). The presence of deethylatrazine inmixturewith atrazine
and other similar chemicals is an issue of concern since Faust
et al. (2001) were able to predict the toxicity of mixtures of
similarly acting pesticides on the freshwater alga Scenedesmus
vacuolatus using the concentration addition model.

Wauchope (1978) demonstrated that the first rain events
occurring after herbicide application were mainly responsible
for herbicide exports and that the shorter the delay between
rain events and herbicide application, the greater were the
observed herbicide exports. The reduction of pesticide masses
in runoff using vegetated filter strips was the object of studies
by Patty et al. (1997); Lafrance et al. (2001); Syversen and
Bechmann (2004) and Caron et al. (2010), among others. The
main attenuation mechanisms at play for herbicides in vege-
tated filter strips are infiltration, sediment deposition, sorption
(Arora et al. 2010) and degradation. These mechanisms are
influenced by the solubility of the studied chemical. Atrazine
is mainly transported in dissolved phase due to its moderate
solubility (Table 1). In their 2005 review on grass strips, Lacas
et al. stressed the need for more studies concerned with the
fate of degradation products in vegetated filter strips and the
importance of subsurface infiltrated water concentrations of
herbicides under vegetated filter strips.

Subsurface infiltration of water is an important process to
consider since it influences the quality of groundwater,
which is often used for human consumption. The unique
subsurface infiltrated water sampling system used in the
current study will enable determining herbicide concentra-
tions, including a degradation product of atrazine, deethyla-
trazine, not only in runoff but also in subsurface infiltrated
water right under the vegetated filter strips in agricultural
plots under natural field conditions and climate.

Few studies looked at the possible influence of vegetated
filter strips on dissolved concentrations of degradation products
of herbicides (Lacas et al. 2005), andmost of these studies were
conducted in a laboratory. In a study on the impact of Buffa-
lograss strips using simulated conditions on a 1×3-m plot in a
clay soil in Texas, the trapping efficiency of the strips in runoff
was greater for atrazine than for its metabolites, including
deethylatrazine (Krutz et al. 2003a). In the same type of soil
but under a mixed stand of Bermudagrass and Buffalograss,
Krutz et al. (2003b) predicted, using batch equilibrium experi-
ments, that vegetated filter strips would be able to delay atra-
zine transport to groundwater, but not that of deethylatrazine.

The objective of the present study was to determine the
temporal evolution of dissolved metolachlor, atrazine and its
metabolite deethylatrazine concentrations in runoff and sub-
surface infiltrated water as it occurs using two types of
vegetated filter strips, grass or grass and tree for the first
three rain events following the annual herbicide application
in each of two study years under natural climatic conditions.
This will provide for a better understanding of the impact of
these types of vegetated filter strips on herbicide concen-
trations in subsurface infiltrated water and on metabolite
concentrations in both runoff and subsurface infiltrated wa-
ter. Additional information will be provided on the inter-
annual variability of the trapping efficiency of vegetated
filter strips. Finally, the current study will determine if the
presence of vegetated filter strips could improve water quality
from a toxicological point of view and if concentrations of
deethylatrazine in mixtures with atrazine and their potential
toxicological impacts are considerable or negligible under
natural field conditions.

Table 1 Selected physicochemical properties of metolachlor, atrazine and deethylatrazine

Property Metolachlor Atrazine Deethylatrazine References

Molecular weight (g mol−1) 283.8 215.7 187.6 Kegley et al. 2010; Worthing and Walker 1987;
Howard and Meylan 1997

Solubility (mg L−1 in water at 22°C) 530 33 2700 Rice et al. 2004 for metolachlor and atrazine;
Vryzas et al. 2007 for DEA

Log octanol to water partition coefficient 3.4 2.7 1.5 FOOTPRINT 2006 for metolachlor and atrazine;
Finizio et al. 1991 for DEA

Organic carbon distribution coefficient
(Koc) (mL g−1)

120 100 72 All from FOOTPRINT 2006

References are presented in the same order than compounds
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2 Material and methods

2.1 Experimental setup

A completely randomized block design with four replicates of
three treatments: control without filter strip, 5-m-long×5-m-
wide grass filter strip, 5-m-long×5-m-wide grass and tree
filter strip, was setup at the Ferme expérimentale de l’Institut
de Recherche et de Développement en Agroenvironnement
inc. in St-Lambert-de-Lauzon, QC, Canada (46°36.5′ N,
71°10.5′ W) on a silty loam with a 3% slope (Fig. 1). We
expect that the site was established on a homogeneous piece of
land on the experimental farm. This was confirmed for the soil
(0–15 cm) organic matter in the vegetated strips which
showed little variation: median organic matter content was
3.2% in the grass filter strips and 3.3% in the grass and tree
filter strips (Duchemin and Hogue 2009). Such a small

variation is expected to have negligible effects on herbicide
sorption. The grass mix was composed of 45% red fescue
(Festuca rubra L.), 45% white redtop (Agrostis alba L.) and
10% ryegrass (Lolium perenne L.). Eight hybrid poplars in an
off-set position (Populus tricocharpa×Populus deltoids,
1 year old at the time of site establishment in November
2003), were added to this grass filter strip to create the grass
and tree filter strip. Each plot of 5-m-wide×30-m-long was
cultivated in corn (Zea mays L.), and plots were fertilized with
swine manure at a rate of 40 t ha−1 at the end of May in 2004
and 2005 (Duchemin and Hogue 2009).

2.2 Herbicide treatment and sample collection

Herbicides were applied as a mixture of atrazine and metola-
chlor in a commercial formulation (Primextra II Magnum,
active ingredients (a.i.) 0.31 kg L−1 atrazine and 0.40 kg L−1

metolachlor; Syngenta, Guelph, ON) on the entire cultivated
surface at the recommended rate of 1.25 kg ha−1 of a.i. for
atrazine and 1.6 kg ha−1 of a.i. for metolachlor on June 29,
2004 and June 21, 2005. No herbicides had previously been
applied on the plots. All surface runoff at the exit of the strips
was collected by a gutter at the soil surface, while subsurface
infiltrated water at 90-cm deep under the filter strip treatments
was collected through 10-cm sampling drains. Volumes of
runoff and subsurface infiltrated water were measured using
calibrated 1-L specifically designed tipping buckets linked to
an electronic counter. Tipping buckets collected one tip out of
two and the container sampled a fraction of the sampled tip.
Runoff and subsurface infiltrated water were collected
for each plot in its respective container at the end of the rain
event in a 1-L wide-mouth high-density polyethylene bottle
(Nalgene, Rochester, New York) for the first three rain events
after herbicide application in 2004 and 2005 (Fig. 1b). The
water collection system had been installed and correctly tested
in 2003. Plots were isolated from each other by ridges, and
they were isolated from the rest of the site by a road to the
west, a forest to the east, grass to the north and a drainage ditch
to the south at 30 m. The site was 3 m above the water line of
that ditch. Therefore, the sampling system was at least 2 m
higher than this water line. The site was also isolated from
groundwater by a 1.3-m-deep tile drain which would have
lowered the water table if it ever was to reach that point;
therefore, no dilution of agrichemicals by groundwater
occurred in the subsurface infiltrated water collection system.

2.3 Herbicide analysis

Water samples were kept in a cooler and brought to the
laboratory where they were frozen before being processed
for herbicide analysis. Water was double-filtered: first, it
was vacuum filtered through 1.5-μm glass fibre filters
(Whatman, Piscataway, NJ), and then through 0.45-μm
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Fig. 1 Experimental setup in one block of treatment (a) and sampling
device and procedure (b). Runoff and subsurface water from each plot
are separately directed towards a tipping bucket, then towards a con-
tainer and the sample is collected for analysis from this container by a
1-L bottle at the end of the rain event
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(Magna Nylon; Osmonics, Minnetonka, MN) filters. A vol-
ume of 250 mL of water was extracted with a C-18 Envi-
ronmental cartridge (Waters, Mississauga, ON), eluted in
ultra-pure Milli-Q water-saturated pesticide-grade ethyl ac-
etate (Fisher Chemicals, Fair Lawn, NJ) and concentrated
under 0 grade nitrogen to obtain a final volume of 1 mL. The
external standard was terbutryne (Chemservice, West Chester,
PA), and standard recovery was good at 93% for all samples
averaged over the six studied rain events. The internal stan-
dard was ametryne (Supelco, Oakville, ON). Analyses for
metolachlor, atrazine and deethylatrazine were carried out
using 1 μL of the extract on a Clarus 500 gas chromatograph/
mass spectrometer (GC/MS; PerkinElmer, Waltham, MA). A
Factor Four VF-5 ms, 30-m long, 0.25-mm internal diameter
column with helium as carrier gas was used. Retention times
were adjusted and a new calibration curve was made for each
new batch of injections. Quality control for each series of 12
samples included a duplicate sample, an extraction blank, a
fortified blank and a control sample made using commercial
standards. Instrumental detection limits of the GC/MS were

0.007, 0.002 and 0.006 μg mL−1, respectively, for metola-
chlor, atrazine and deethylatrazine in pesticide-grade
ethyl acetate. The calculated limits of quantification
taking into account the concentration factor were: 0.03,
0.008 and 0.024 μg L−1, respectively, for metolachlor,
atrazine and deethylatrazine.

2.4 Calculations and statistics

Average concentrations were calculated using all the avail-
able replicates of each treatment for each rain event and for
runoff and subsurface infiltrated water separately. In rare
cases, concentrations below the instrument detection limit
were neglected as they contain no numerical information. In
addition, due to late precipitation (dry soils), there were
some missing runoff samples in 2005.

The percentage of applied atrazine exported as deethyla-
trazine was calculated for each treatment, for each of runoff
and subsurface infiltrated water and for each rain event by
the following formula:

deethylatrazine concentration μg L�1 � water volume L
� �� 215:7 g mol�1=187:2 g mol�1

� �

1:25 kg a:i: ha�1 � 109μg kg�1 � 30 m long� 5 m wide= 10 000 m2 ha�1ð Þð Þ � 100

On a rain event basis, concentrations respected condi-
tions of normality and equality of variances (Caron et al.
2010). There was no correlation (p>0.05 and R2 always
below 0.05 with n053 for atrazine and deethylatrazine and
n048 for metolachlor) between herbicide concentrations
and runoff volumes for 2004 and 2005 (results not shown).
The ultimate goal of the statistical analyses was to study the
effect of the factor Day, which is the delay in days between
annual herbicide application and rain event sampling, on
metolachlor, atrazine and deethylatrazine concentrations. A
one-way analysis of variance (ANOVA) using factor water,
runoff or subsurface infiltrated water was performed in JMP
8.0 from SAS Institute on the entire dataset to determine
how the data could be regrouped for the one-way ANOVA
with factor Day. The chosen significance level for all statis-
tical analyses was p<0.05. When a significant effect was
found, the Tukey honest significant difference test was con-
ducted for multiple comparisons. Concentrations were trea-
ted on a yearly basis because there were two herbicide
applications, one in 2004 and one in 2005, as well as
different weather conditions for each study year and because
concentrations of metolachlor, atrazine and deethylatrazine
were greater in 2004 than in 2005. Runoff or subsurface
infiltrated water were treated separately for metolachlor and
atrazine concentrations because they were significantly

different. Due to an absence of runoff (dry soils), no analysis
was conducted on runoff in 2005 for atrazine and metola-
chlor. For deethylatrazine, each study year was also treated
separately, but runoff and subsurface infiltrated water were
regrouped, to increase statistical power, since they were not
significantly different.

3 Results and discussion

3.1 Description of rain events

No precipitation occurred during herbicide application in
2004, but rain was observed later on that day. Sampling
dates, which generally occurred on the day following rain
events, were June 30, 2004 after 15 mm of rain, July 2, 2004
after 15 mm of rain and July 9, 2004 after 45 mm of rain.
These dates correspond to days 1, 3 and 10 after herbicide
application. High volumes of water in runoff and subsurface
infiltrated water were observed. In contrast, during 2005, the
sampling dates occurred on July 11 after 49 mm of rain, July
15 after 19 mm of rain, and July 19 after 29 mm of rain.
These dates correspond to days 20, 24 and 27 after herbicide
application; therefore, soil conditions were drier than 2004.

938 Caron, et al.



3.2 Temporal evolution of metolachlor and atrazine
concentrations

The high observed metolachlor concentrations are a result of
(a) a greater application rate for metolachlor than atrazine
and (b) the greater solubility of metolachlor compared with
that of atrazine (Table 1). Average concentrations in runoff
of metolachlor and atrazine generally decreased with time
for all treatments in both study years, except on day 24 in
2005 (Fig. 2). Concentrations of atrazine and metolachlor
were significantly (p<0.05) higher on day 1 than on any
other day in 2004 in runoff. In addition, metolachlor con-
centrations on day 3 were significantly (p<0.05) higher than
those on day 10. The importance of the first rain event for
exported herbicide concentrations occurring after herbicide
application had also been observed by Wauchope (1978)
and Spencer and Cliath (1991). For all studied rain events
in runoff, controls showed greater average metolachlor and
atrazine concentrations than vegetated filter strips, grass or
grass and tree. This difference was the most important, with
300 μg L−1 more exported in the control than vegetated
filter strips, for the first rain in 2004 for metolachlor, and

200 μg L−1 for atrazine. No analysis was performed using
factor Day in runoff in 2005 because of missing data.

For metolachlor and atrazine, concentrations in subsurface
infiltrated water were significantly (p<0.05) lesser than in
runoff due to increased sorption and degradation as the com-
pounds progressed towards the sampling depth of 90 cm
(Fig. 3). As was the case for runoff, average metolachlor and
atrazine concentrations in subsurface infiltrated water gener-
ally decreased with time in both study years since a delay
between herbicide application and rain event favours soil
sorption and degradation processes. In 2004, for both chem-
icals, concentrations measured in subsurface infiltrated water
on day 1 were significantly (p<0.05) higher than on other
days of the study in 2004. In 2005, the effect of the factor Day
was not significant (p>0.05) since metolachlor and atrazine
concentrations in subsurface infiltrated water were already
low due to the long delay between herbicide and rain events.

3.3 Temporal evolution of deethylatrazine concentrations

The temporal evolution of deethylatrazine was treated sep-
arately from that of atrazine because the fate of atrazine is

Fig. 2 Temporal evolution of a metolachlor in 2004, b atrazine in
2004, c metolachlor in 2005 and d atrazine in 2005 dissolved concen-
trations in runoff for the control, grass and grass and tree filter strips.
Error bars, one standard error. For 2004, error bars for day 10 are too
small to be visible. Day is the number of days between herbicide

application and sampling. In 2004, a rapid decrease of exported con-
centrations occurred over time. Most of the herbicide losses occurred at
the first rain event following herbicide application. Concentrations for
the control were greater than those for grass or grass and tree filter
strips, showing the efficiency of vegetated filter strips

Temporal evolution of atrazine and metolachlor concentrations 939



governed mainly by two processes, atrazine sorption, which
influences its transport and its availability for degradation,
such as is the case for other herbicides (Ogram et al. 1985),
and atrazine degradation to deethylatrazine, while concen-
trations of deethylatrazine are dependant first on atrazine
degradation to deethylatrazine and sorption of atrazine, and
second, on deethylatrazine’s high solubility and its own
degradation rate. In addition, as already mentioned in sec-
tion 2.4, atrazine concentrations in runoff were significantly
(p<0.05) greater than in subsurface infiltrated water, while
there was no significant difference (p>0.05) between runoff
and subsurface infiltrated water for deethylatrazine.

For deethylatrazine, in runoff, controls showed slightly
greater average concentrations than vegetated filter strips;
this difference was the most important for the last rain event
in 2005, with 1.6 μg L−1 more exported in the control than
in the grass filter strip. In both study years, deethylatrazine
peaks in runoff from controls were observed on the second
rain event (Fig. 4a, b). In 2005, for the vegetated filters, no
samples were obtained on day 20.

In 2004, when considering runoff and subsurface infil-
trated water together, deethylatrazine concentrations signif-
icantly (p<0.05) decreased in the order of day 3≥day 1≥
day 10. Therefore, this delay of 3 days between herbicide

application and rain event would represent the optimum
between degradation of atrazine to deethylatrazine, deethy-
latrazine degradation, sorption of both these compounds and
export as influenced by climate and the presence of vege-
tated filter strips in the studied system in 2004. In 2001,
Bayless measured peaks of deethylatrazine between 30 and
60 days later than the atrazine peak in the vadose zone for a
study conducted in Hancock County, Indiana (Bayless
2001). In 1994, Thurman et al. concluded that the optimum
period for peak concentrations of deethylatrazine was be-
tween 10 and 20 days in runoff from field plots in Kansas
(Thurman et al. 1994). In 2005, when considering runoff
and subsurface infiltrated water together, there was no sig-
nificant effect of Day (p>0.05) on deethylatrazine concen-
trations because concentrations were low and possibly, the
optimum period for deethylatrazine export had already
passed when the first rain event occurred 20 days after
herbicide application.

A complex combination of factors and their interactions
can potentially determine exported concentrations of dee-
thylatrazine in subsurface infiltrated water (Fig. 4c, d).
These concentrations are not only the result of the presence
of vegetated filter strips but are also dependant among other
factors on time between atrazine application and rain events

Fig. 3 Temporal evolution of a metolachlor in 2004, b atrazine in
2004, c metolachlor in 2005 and d atrazine in 2005 dissolved concen-
trations in subsurface infiltrated water for the control, grass and grass
and tree filter strips. Error bars, one standard error. For 2004, error
bars for day 10 are too small to be visible. Day is the number of days

between herbicide application and sampling. Temporal evolution of
herbicides in subsurface infiltrated water showed a pattern similar to
the ones in runoff in 2004. Concentrations in subsurface infiltrated
water were lesser than in runoff. Grass filter strips were efficient at
attenuating herbicide concentrations
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as well as the length of the monitoring period, weather
during that period such as rain frequency, duration and
intensity, as well as soil moisture state during that period.
For both study years of the current study, the monitoring
period was relatively short, 10 days or less, which limits the
conclusion that can be drawn for the impact of factor Day on
exported deethylatrazine concentrations. Concentrations in
subsurface infiltrated water are dependent on transit time of
atrazine down to the depth of the subsurface infiltrated water
sampling system. This transit is influenced by rainfall and
soil infiltration, which can be increased by the presence of
vegetation such as vegetated filter strips. Longer transit time
provides opportunities for sorption, which would reduce
concentrations, but this transit also provides opportunities
for atrazine degradation to deethylatrazine, which would
contribute to an increase in deethylatrazine concentrations.

3.4 Comparison of measured dissolved herbicide
concentrations with water quality criteria

Average measured concentrations were compared against
water quality criteria. It should be noted that this compari-
son using the present sampling design represents a worst-

case scenario in which for example a ditch would be located
at the end of a field, which is often the case in Quebec,
without dilution. Upstream sections of water courses are
usually more concentrated in herbicides than downstream
sections due to the river dilution effect (Hua et al. 2006). All
2004 average dissolved concentrations in runoff and sub-
surface infiltrated water exceeded the Canadian criteria for
the protection of aquatic life (chronic) for metolachlor and
atrazine. In 2005, in runoff, the controls exceeded the crite-
ria for both metolachlor and atrazine, while the presence of
vegetated filter strips, when samples could be collected,
reduced concentrations below or at the criteria for both
chemicals. In subsurface infiltrated water, for metolachlor,
average concentrations in the control on day 20 and the
grass and tree filter strip on day 27 exceeded the criterion,
while for atrazine, only the vegetated filter strips on day 24
in 2005 respected the criterion. Therefore, in 2005, when
there was a long lag time between herbicide application and
the first rain event, vegetated filter strips were most of the time
able to reduce exported concentrations in runoff below the
criteria for the protection of aquatic life of both studied chem-
icals. Huber (1993) as well as Solomon et al. (1996) estab-
lished a no observable effect concentration of 20 μg L−1 for

Fig. 4 Temporal evolution of deethylatrazine dissolved concentrations
in a runoff in 2004, b runoff in 2005, c subsurface infiltrated water in
2004 and d subsurface infiltrated water in 2005 for the control, grass
and grass and tree filter strips. Error bars, one standard error. Day is
the number of days between herbicide application and sampling. In

runoff in 2004, deethylatrazine concentrations increased from herbi-
cide application to the second rain event. This behaviour was also
observed for the control in subsurface infiltrated water in 2005 but
not in 2004

Temporal evolution of atrazine and metolachlor concentrations 941



atrazine in aquatic ecosystems. All average concentrations for
2004 exceeded this concentration while none of the 2005 did.
All the collected samples in the present study had deethyla-
trazine concentrations that were at least a hundred times less
than the LC50 for an exposure of 21 days to deethylatrazine in
Diporeia spp. as measured by Ralston-Hooper et al. (2009);
therefore, it is unlikely that deethylatrazine could threaten
species such as Diporeia in aquatic ecosystems. However, it
is important to remember that monitoring periods in the cur-
rent study were relatively short, 10 days or less, which did not
provide for a lot of time for atrazine degradation to deethyla-
trazine between rain events.

3.5 Proportion of applied atrazine exported
as deethylatrazine

The temporal evolution of the proportion of the applied
mass of atrazine exported as deethylatrazine (result not
shown) indicates that the greatest proportion was observed
on day 10 in 2004 for the control, while the lowest propor-
tion was obtained on the same day in subsurface infiltrated
water for all treatments. The proportion of applied atrazine
exported as deethylatrazine was greater in the control treat-
ment than in other treatments for each rain event in runoff in
2004 and 2005, which proves the ability of vegetated filter
strips to reduce deethylatrazine concentrations in runoff. In
subsurface infiltrated water in 2004, this proportion was
generally greater in the vegetated filter strips, either grass
or grass and tree, than in the control treatment. It is possible
that, by increasing infiltration and degradation of atrazine to
deethylatrazine in the root zone, vegetated filter strips con-
tributed to this increased proportion of applied atrazine
exported as deethylatrazine in subsurface infiltrated water.
For the current experimental field conditions, in all cases,
the proportion of applied atrazine exported as deethylatra-
zine was low and was always lesser or equal to 0.014%. The
monitoring periods in this study were very short, 10 days in
2004 and 27 days in 2005. It is therefore unlikely, as
observed, that deethylatrazine concentrations produced from
a rain event to the other, in 3 to 7 days, would contribute to a
great extent in increasing the toxicity of an herbicide mix-
ture containing atrazine under these conditions. Results
would have been different if the monitoring period would
have spanned on the entire growing season or longer. Nev-
ertheless, the current results showed that the appearance of
deethylatrazine in runoff and subsurface infiltration water
occurred shortly after atrazine application.

4 Conclusion

The present study is among the few to have examined the
influence of herbicide loss pathways on their concentrations

and temporal variations using two types of vegetated filter
strips. The first rain following herbicide application plays a
key role in the exported concentrations of atrazine and
metolachlor. The closer this rain was from time of herbicide
application, the greater the measured concentrations of par-
ent compounds were. In 2004, when the first sampling took
place on the day following application, metolachlor concen-
trations as high as 1,725 μg L−1 and atrazine concentrations
of 739 μg L−1 were observed in runoff from the control
treatment. In the mentioned conditions, parent compound
concentrations in the control on the second rain event, 3 days
after herbicide application, were equal to a third or less of
what they were at the first rain event. In addition, deethyla-
trazine showed exportation peaks in runoff at the second
rain event after application. Herbicide concentrations were
reduced by the presence of vegetated filter strips and were
lesser in subsurface infiltrated water than in runoff. Deethy-
latrazine concentrations never exceeded 2.6 μg L−1 during
the short monitored periods. Nevertheless, its quick appear-
ance suggests that its ecotoxicological impact should be
studied considering an entire growing season. Vegetated
filter strips were able to reduce runoff concentrations of
atrazine and metolachlor below their respective Canadian
criterion for the protection of aquatic life (chronic), which
are 7.8 (provisory) and 1.8 μg L−1, respectively, for metola-
chlor and atrazine, if no rain occurred shortly after herbicide
application, such as in 2005 when the first rain occurred
20 days after application. Mitigation tools, such as vegetated
filter strips, are needed and are an efficient barrier to protect
surface water from contamination by herbicides, and the
new knowledge from the current and other future studies
will be helpful for their optimum design and implementation
in the field. Also, taking into account exportation pathways
and the type of vegetated filter strips will help to properly
estimate their efficiency and also to interpret associated
water quality criteria.
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