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Abstract – Degradation of pesticides in soil usually refers to normally aerated conditions. However, considering that under some
circumstances, fields treated with pesticide can be subject to flooding phenomena, more information on pesticide persistence under these
conditions is needed. The main objective of the present study was to investigate the persistence of linuron, isoproturon and metolachlor in soil
samples incubated under flooding conditions. During the whole incubation period, changes in soil Eh, pH and microbial C were measured.
Flooding conditions produced different effects on the persistence of the three herbicides. More specifically, flooding conditions led to a
significant increase in linuron and isoproturon persistence. The half-lives of linuron and isoproturon in flooded soil were 1.8 and 1.4 times
higher than in nonflooded soil, respectively. An opposite phenomenon was observed with metolachlor. The half-life of metolachlor was reduced
from 32.2 to 24.1 days in nonflooded and flooded soil, respectively. Soil Eh rapidly decreased in soil samples incubated under flooding
conditions, passing form 368.0 mV to – 225.5 mV within the first week of flooding. No significant changes in soil microbial C in soil samples
incubated under the two water regimes were observed. The results obtained from the present experiment showed that information from normally
aerated soil conditions is not correctly applicable to predict herbicide persistence under flooding conditions.
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1. INTRODUCTION

The southeastern Po Valley (Italy) largely consists of low-
lying and flood-prone areas with topography levels ranging
from 0 to – 5 m of the sea level. However, a modern polder-
type water management allows the extensive and profitable cul-
tivation of these low-lying lands. The frequent occurrence of
heavy rains, in autumn and spring, can lead to the establishment
of temporary or prolonged flooding conditions in cultivated
fields. In some cases, prolonged flooding phenomena can
severely injure cultivated crops, forcing farmers to re-sow the
same or, more frequently, different crop species.

Flooded soils undergo significant chemical changes, the
most obvious being that most flooded soils convert from oxi-
dizing to reducing conditions (McKee and Kelvin, 1993; Kelly
and Wilson, 2000). The oxidation-reduction potential or redox
potential (Eh) is a qualitative measure of the intensity of this
change (Ponnamperuma et al., 1967). Eh values of unsaturated
and sufficiently aerated soil range from + 350 to + 700 mV,
while in flooded soils Eh ranges from + 350 to – 250 mV
(DeLaune et al., 1997). Upon flooding, oxygen is rapidly
depleted in soil and disappears at an Eh value of approximately

+ 350 mV (DeLaune et al., 1997). In such conditions, activity
of facultative and strictly anaerobic microorganisms predomi-
nates within the soil microbial community (Liesack et al., 2000).

Some authors reported that the oxidation-reduction potential
of soils has a significant influence on the degradation rate of
certain pesticides (Wolfe et al., 1990; McFarland et al., 1996).
Decrease in the degradation rate of pesticides under flooding
conditions has been reported, although degradation can be sig-
nificant even under strongly reducing conditions (Shapir et al.,
1998; Kelly et al., 2000). In addition, flooding can significantly
affect pesticide movement in soil. Some authors reported an
increase in the mass of pesticides entering ditches and rivers
neighboring agricultural areas (Gomme et al., 1991; Goolsby
et al., 1994).

Metolachlor, linuron and isoproturon are widely used her-
bicides. Isoproturon and linuron are substituted urea herbi-
cides, while metolachlor is an acetanilide herbicide. In the
southeastern Po Valley, isoproturon is mainly used for pre- and
post-emergence control of annual grasses and broad-leaved
weeds in wheat, while linuron and metolachlor are largely
employed as residual herbicides in maize and soybean produc-
tion. Degradation of herbicides in soil is an important aspect
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to consider in the prediction of their environmental fate. Deg-
radation of metolachlor, linuron and isoproturon in unsaturated
soil has been studied by numerous authors (Walker et al., 1991;
Dinelli et al., 2000; Accinelli et al., 2001; Walker et al., 2001),
but little is known about their degradation in flooded soils.

The flooding phenomena occurred in 1998 and 2001 and
inundated most of the low-lying agricultural areas of the south-
eastern Po Valley. In both years, soil remained waterlogged for
a significantly long period, forcing farmers to change field crop
plans. In crop planning decisions, fields treated with residual
herbicides were empirically retained to present restricted crop-
ping choices. In fact, in the absence of information regarding
herbicide persistence in flooded soils, besides agronomical and
economical considerations, intended crops were empirically
chosen on the basis of their tolerance to pre-flooding applied
herbicides. However, considering that herbicide degradation in
waterlogged soil is, to some extent, supposed to occur, more
detailed information concerning the effect of flooding on her-
bicide persistence in soil is consequently needed to rationally
set up post-flooding crop and weed control programs.

The objective of the present research was to investigate the
persistence of metolachlor, linuron and isoproturon in soil sam-
ples incubated under flooding conditions. In addition, during
the whole incubation period, changes in soil Eh, pH and micro-
bial C were measured.

2. MATERIALS AND METHODS

2.1. Soil

Soil samples were collected from the top 10 cm of a field
with no previous pesticide history in Migliarino (Ferrara, Italy).
The soil is representative of large areas of low-lying fields in
the southeastern Po Valley, frequently subjected to flooding
events. The soil was classified as a Jolanda clay loam (fine-
silty, mixed, mesic Sulfic Endoaquepts). Analysis of the soil
revealed the following characteristics: 251 g kg–1 sand, 411 g kg–1

silt, 338 g kg–1 clay, organic C content 66 g kg–1, pH (1:2.5 soil/
water) of 6.3, and a water content of 32.2% at an applied pres-
sure of 33 kPa. Collected soil samples were accurately mixed,
air-dried overnight and passed through a 2-mm sieve. A portion
of the collected soil was sterilized by autoclaving two times for
1 h at 121 °C and 103 kPa.

2.2. Soil incubation and herbicide treatments

Samples of 25 g of soil (air-dry basis) were weighed in sterile
culture tubes. Before the beginning of the experiment, moisture
of nonsterile soil samples was adjusted to the field capacity
(–33 kPa) by adding distilled water and soil samples were kept
in the dark in a climatic chamber at 25°C (± 0.5) for 10 days.
The conditioning period of 10 days allowed the soil to establish
a steady-state level of microbial activity. Conditioned nonster-
ile and sterile soil samples were treated with an appropriate
water solution of commercial formulation of metolachlor
(Dual™ 960 EC, Syngenta Ltd., Basel, Switzerland), linuron
(Ureon™ 420 WP, Scam s.r.l., Modena, Italy) and isoproturon
(Arelon 500 SC, Agrevo Italia S.p.A., Milano, Italy), to provide
a final concentration of 8 mg a.i. kg–1 (air-dry basis).

Twenty-four hours after the herbicide treatment, distilled
water was added to keep soil samples at the field capacity (non-

flooded samples) and at 2 cm above the soil surface (flooded
samples). In the case of autoclaved soil samples, sterile water
was used. Finally, flooded and nonflooded samples were incu-
bated in a climatic chamber in the above described conditions.
The moisture level of soil samples was checked at 4-day inter-
vals and adjusted to the imposed initial value. Incubation times
were 0, 5, 10, 15, 30, 40 and 50 days after treatment. At each
sampling time, triplicate samples were removed and stored at
– 20 °C until extraction and analysis.

2.3. Herbicide analyses

Nonflooded and flooded soils were extracted by adding 15 mL
of acetonitrile, shaking for 1 hour, centrifuging the slurry for
10 min at 3 000 × g and removing the supernatant. Supernatant
from each soil extraction was filtered through a 0.2-µm size fil-
ter. Herbicide analyses were carried out by high performance
liquid chromatography, using a Beckman (Palo Alto, CA) Sys-
tem Gold 126 liquid chromatograph equipped with a 250 ×
4.6 mm Beckman Ultrasphere C18 5-µm particle size and a
Beckman Model 168 dual-wavelength UV detector.

Metolachlor and linuron were analyzed following the meth-
odology described elsewhere (Accinelli et al., 2001). Briefly,
isocratic elution was carried out at room temperature and the
eluent flow was set at 1 mL min–1 with an acetonitrile:water
ratio of 55:45 (v/v) for metolachlor and 60:40 (v/v) for linuron.
Metolachlor and linuron were detected at 222 and 210 nm,
respectively. Isoproturon analysis was performed at 240 nm,
using a mobile phase of water/acetonitrile (50/50 v/v) at a flow
rate of 1 mL min–1. For each herbicide, a linear calibration
curve based on peak area was generated using known analytical
grade herbicide (chemical purity > 99%) concentrations. The
extraction procedure afforded herbicide recoveries > 90%. In
flooded samples, herbicide concentrations were calculated consid-
ering the concentrations in soil and in the respective flooded water.

Herbicide half-lives were calculated by the slopes of the
straight lines obtained by plotting the natural logarithm of the
percentage of herbicide remaining against the time. The deg-
radation half-life values were subjected to analysis of variance
and significant differences (P < 0.05) determined by a least sig-
nificant difference test.

2.4. Eh and pH measurements

Soil Eh was measured using a combined platinum and Ag/
AgCl electrode as reference, attached to a pH/mV meter. Elec-
trode reliability was periodically checked by comparing the
electrode potential of standard solutions of 468, 258 and 192 mV.
Soil Eh measurements were made by transferring soil samples
to a hermetically capped cylinder fitted with a platinum electrode
and N2-gas inlet. Soil Eh was measured after the electrode,
introduced 2.5 cm below the soil surface, had equilibrated in
the soil (Wang and Bettany, 1993). According to McGeehan
and Naylor (1994), the head space of each sample was purged
with O2-free N2 gas during Eh measurements. Eh measurements
were completed within 5 to 10 min per sample. The reported
Eh values are a weighted average of the potentials of all the
redox couples present (Bohn, 1968).

Soil pH was measured at a 1:2.5 soil/water ratio using a glass
electrode. Eh and pH were measured during the whole incuba-
tion period at 5-day intervals.
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The employed pH/Eh meter device (GLP 22), electrodes and
standard solutions were provided by Crison Instruments S.A.
(Alelle, Spain).

2.5. Soil microbial biomass

Soil microbial biomass was estimated using the fumigation
extraction method (Vance et al., 1987). Sampling times were
0, 25 and 50 DAT. For the fumigation treatment, soil samples
were placed in 5-L desiccators containing a 25-mL glass beaker
with 25 mL ethanol-free chloroform. After incubation for
24 hours in the dark at 25 °C, the chloroform was removed by
repeated evacuation. In order to overcome limitations in the
fumigation efficiency when exposing flooded soil to choroform
vapor, before the fumigation treatment, soil moisture of flooded
samples was reduced to approximately the field capacity by
keeping the samples in a ventilated climatic chamber for
24 hours at 30 °C. Fumigated and unfumigated soil samples
were extracted with 0.5 M K2SO4 for 60 min in a rotary shaker
and then filtered through a glass-fiber filter (Whatman GF/A).
Organic C in the extract was determined by dichromate diges-
tion as reported in Vance et al. (1987). Soil microbial C (Bc)
was calculated by the expression Bc = Ec/kec, where Ec =
(organic C extracted from fumigated soils) minus (organic C
extracted from unfumigated soils). A correction factor (kec) of
2.64 was adopted (Vance et al., 1987).

A factorial design with soil treatments (sterile and non-
sterile) and soil moisture regimes (flooding and nonflooding)
as variables were employed. Measurement of herbicide half-
lives, soil Eh, pH and microbial C was carried out in the above
described 25-g samples. Means for half-life, soil Eh and pH,
and soil microbial C were determined using data from three rep-
licates and separated by LSD at P ≤ 0.05.

3. RESULTS AND DISCUSSION

3.1. Herbicide degradation

Degradation of linuron, isoproturon and metolachlor in both
nonsterile and sterile soil, incubated under the two different
moisture regimes (nonflooding and flooding), followed first-

order kinetics. The coefficients of regression of natural loga-
rithm of concentration against time ranged from 0.87 to 0.96
and were statistically significant, thus indicating that the
assumption of first-order kinetics was acceptable.

Table I summarizes half-lives of the three herbicides in soil
samples subjected to the studied experimental conditions. In
nonsterile soil, herbicide degradation was significantly influ-
enced by soil moisture level. Under nonflooding conditions, the
estimated half-lives of linuron and isoproturon in nonsterile soil
samples were 29.1 and 24.0 days, respectively. These findings
are in agreement with other studies (Walker and Welch, 1992;
Walker et al., 2001). Linuron and isoproturon persistence
increased under flooding conditions. The half-lives of linuron
and isoproturon in flooded soil were 1.8 and 1.4 times higher
than in nonflooded soil, respectively. Increasing herbicide per-
sistence as a consequence of flooding has also been reported
by other authors (Chung et al., 1995; DeLaune et al., 1997).
However, to date, no specific information regarding the degra-
dation of linuron and isoproturon in soil incubated under these
particular conditions is available.

In contrast to the two substituted urea herbicides, flooding
led to a significant decrease in the persistence of metolachlor,
with half-life changing from 32.2 to 24.1 days, under nonflood-
ing and flooding conditions, respectively. Konopka (1994)
reported the occurrence of anaerobic metabolism of metol-
achlor in soils. In some cases, no differences in metolachlor per-
sistence between aerated and oxygen-limited conditions have
been observed (Konopka, 1994).

Under sterilized conditions, herbicide half-lives were not
influenced by water level regimes. In particular, soil sterilization
caused a significant increase in persistence of the three employed
herbicides with respect to nonsterile soil. No degradation of linuron,
isoproturon and metolachlor was observed during the 50-day
incubation period (Tab. I). The predominant role of microbial
mechanisms in the overall degradation of these three herbicides
has been previously reported by other authors (Fournier et al.,
1975; Roberts et al., 1998; Cullington and Walker, 1999).

The opposite effect of flooding on metolachlor persistence
in nonsterile soil with respect to the two substitute urea herbicides
was presumably due to differences in degradation metabolisms

Table I. Estimated half-lives (± standard error) of metolachlor, linuron and isoproturon as a function of water level regimes and soil sterilization
treatment.

Herbicide Nonflooding Flooding

Nonsterile Sterile Nonsterile Sterile

Half-life r2* Half-life r2 Half-life r2 Half-life r2

(days) (days) (days) (days)

linuron 29.1 ± 0.30 0.96 no degr. – 52.4 ± 0.4 0.91 no degr. –

–

isoproturon 24.0 ± 0.81 0.92 no degr. – 33.6 ± 0.81 0.90 no degr. –

–

metolachlor 32.2 ± 1.10 0.90 no degr. – 24.1 ± 0.50 0.87 no degr. –

* Coefficient of determination.
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of these chemicals. Degradation of linuron, isoproturon and
metolachlor is mainly considered a microbial process. How-
ever, while microbial degradation of metolachlor is considered
a nonspecific cometabolic process (Krause et al., 1985; Saxena
et al., 1987), linuron and isoproturon can be transformed into pri-
marily growth-supporting substrates by soil microorganisms
(Roberts et al., 1998; Cullington and Walker, 1999). In agree-
ment with El-Fantroussi (2000), the latter process generally
required an acclimation period to permit adaptation of soil
microorganisms to the applied chemical. In addition, not all
microbial communities have the ability to degrade a pesticide
before the first application of that pesticide, but a further treat-
ment is required. As described below in more detail, flooding
led to a rapid and intense decrease in soil Eh, within the first
week of incubation. During the remaining incubation time, soil
was characterized by strongly reducing conditions which are
compatible with activity of only strict anaerobic microorgan-
isms. The soil anaerobic microbial community would presumably
have a different ability to metabolize the two substitute urea
herbicides or could need a longer adaptation period to acquire
this ability with respect to microbial groups growing under
well-aerated conditions. However, more information is needed
to support this hypothesis.

3.2. Eh and pH

The dynamics of Eh and pH changes in incubated soil sam-
ples are shown in Figure 1. Flooding led to a significant

decrease in Eh in nonsterile soil samples. At the start of the
experiment, Eh of flooded soil was 368.0 mV. Soil Eh rapidly
dropped to –225.5 mV within the first week of flooding, indi-
cating strongly reducing conditions (DeLaune and Pezeshki,
1991). After the first week, soil Eh showed small changes. Sim-
ilar rapid and intense Eh decrease has been reported by other
authors (DeLaune and Pezeshki, 1991; Thind and Rowell,
1999). The measured low Eh values are consistent with soils
characterized by organic C content greater than 3%, such as the
soil employed in the present experiment, and intense microbial
activity (Ponnamperuma, 1972; Wolfe and Macalady, 1991;
Crawford et al., 2000). As expected, oxidizing conditions (Eh >
+ 350 mV) remained approximately stable in both nonsterile
and sterile soil samples incubated at the field capacity. A sim-
ilar pattern was observed with sterile flooded soil. The results
suggest that the decrease in soil Eh values was caused by bio-
logical activities, as also reported by Wolfe and Macalady (1991).

Soil pH values of both nonsterile and sterile soil incubated
under nonflooding conditions did not significantly change dur-
ing the 50-day incubation period (Fig. 1). A similar pattern was
observed in flooded sterile soil. In contrast, pH of flooded non-
sterile soil showed a rapid increase, reaching a peak value of
7.9 within the first week of flooding. During the remaining
incubation time, soil pH steadily decreased but remained sig-
nificantly higher than the initial values. The increase in soil pH
as a result of waterlogged conditions has been reported in the
literature and is caused by the consumption of protons during
reduction processes (Ponnamperuma, 1972; Jayaweera and
Biggar, 1996; Thind and Rowell, 1999).

3.3. Soil microbial C

Microbial C of flooded and nonflooded soils did not signif-
icantly change during the whole incubation period (Fig. 2). In
a laboratory experiment, Accinelli et al. (2001) did not observe
microbial C variation in a sandy loam soil treated with herbicides,

Figure 1. Dynamics of Eh (above) and pH (below) in nonsterile and
sterile soil samples incubated under nonflooding and flooding condi-
tions. Bars represent standard error of the mean (n = 3).

Figure 2. Soil microbial C of soil samples incubated under
nonflooding and flooding conditions. Bars represent standard error
of means (n = 3).
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within an observation period comparable with that adopted in
the present study. According to Voos and Groffmann (1997),
the size of the microbial biomass is a strong indicator of the pes-
ticide degradation capacity of a soil. As described above, metol-
achlor showed a lower persistence in nonsterile soil samples
incubated under flooding with respect to nonflooding condi-
tions. Since soil microbial C remained approximately constant
during the 50-day incubation period and considering that deg-
radation of metolachlor is mainly a microbial process, the
involvement of other degradation mechanisms cannot be excluded
from occurring in nonsterile flooded samples. In contrast to oxi-
dized conditions, where abiotic degradation of metolachlor was
not observed, the involvement of an abiotic process may take
on relevance under the strongly reduced conditions occurring
in nonsterile flooded soil (Fig. 1). In such a strongly reducing
environment, abiotic reducing reactions are believed to occur,
especially in the presence of significant availability of reducing
agents. Organic matter is considered to be a strong reducing
agent, capable of reducing metals that can, in turn, reduce
organic pollutants directly (Tratnyek and Macalady, 1989).
Since the soil Eh decrease is mainly driven by biological activ-
ity, the estimation of the role of abiotic degradation in reduced
sterile soil is a difficult task to achieve.

4. CONCLUSION

Flooding significantly influenced herbicide persistence in
soil. Flooding conditions led to an increase in linuron and iso-
proturon persistence in soil. An opposite effect was observed
with metolachlor, thus indicating that information obtained
from normally aerated soils is not correctly applicable to pre-
dict herbicide half-lives under flooding conditions. Consider-
ing that, in the low-lying areas of the southeastern Po Valley
and in many other agricultural sites, frequent occurrence of
flooding phenomena may represent an unexpected crop culti-
vation interruption, knowledge of herbicide persistence under
these conditions would permit a more rational decisional choice
of intended crops.
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