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Abstract The present study aimed at evaluating the
dissipation of S-metolachlor (S-MET) at three doses in
maize growing on diverse physico-chemical properties
of soil. The effect of herbicide on dehydrogenase (DHA)
and acid phosphatase (ACP) activity was estimated. A
modified QuEChERS method using LC-MS/MS has
been developed. The limit of quantification
(0.001 mg kg−1) and detection (0.0005 mg kg−1) were
very low for soil and maize samples. The mean recov-
eries and RSDs for the six spiked levels (0.001–
0.5 mg kg−1) were 91.3 and 5.8%. The biggest differ-
ences in concentration of S-MET in maize were ob-
served between the 28th and 63rd days. The dissipation

of S-MET in the alkaline soil was the slowest between
the 2nd and 7th days, and in the acidic soil between the
5th and 11th days. DT50 of S-METcalculated according
to the first-order kinetics model was 11.1–14.7 days
(soil) and 9.6–13.9 days (maize). The enzymatic activity
of soil was higher in the acidic environment. One ob-
served the significant positive correlation of ACP with
pH of soil and contents of potassium and magnesium
and negative with contents of phosphorus and organic
carbon. The results indicated that at harvest time, the
residues of S-MET in maize were well below the safety
limit for maize. The findings of this study will foster the
research on main parameters influencing the dissipation
in maize ecosystems.
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Introduction

Maize (Zea mays L.) has high adaptive abilities and
produces high fresh weight yields. Due to its cultivation
in monoculture, more and more frequently, it decreases
its yields owing to weed infestation, which at the early
stages of growth competes with maize for nutrients and
water (Sun et al. 2013; Cao et al. 2008). To prevent it,
one uses herbicides, which play a key role in the maize
conservation programmes. Furthermore, residues in the
soil may pose a risk to consumers, which is why their
constant monitoring is recommended.
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The behaviour of herbicides in soil is complex and
depends on many factors, such as the type of crop, soil
pH, organic matter content, temperature, irrigation and
light (Kah and Brown 2006) as well asmicrobial activity
of the soil. Moreover, the properties of the herbicide
molecule, such as water solubility, the octanol-water
partition coefficient and the dissociation constant, are
some of the most important factors influencing the
bioavailability of these molecules (Chirukuri and
Atmakuru 2015). The information about these processes
is important for the evaluation of the dissipation rate of
herbicides which allows for selecting the substances
which may pose a potential threat to the natural envi-
ronment as well as human and animal health.

Among herbicides, a very important one is S-
metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-
N-[(1S)-2-methoxy-1-methylethyl]aceta-mide) used for
selective weed, with wider use in sorghum, maize, cot-
ton, potato, soybean, peanut or sunflower (Tomlin
2003). It is a chloroacetanilide herbicide classified as
an inhibitor of very-long-chain fatty acid (VLCFA) for-
mation (Tanetani et al. 2011). In its commercial formu-
lation, S-metolachlor contains 88% S-enantiomer and
12% R-enantiomer, but the only biological active ingre-
dient is S-enantiomer (Dale et al. 2006). Different be-
haviours in the soil sorption and dissipation processes
are observed for this herbicide, which is related to its
different chemical properties. S-metolachlor has a rela-
tively high solubility in water (480 mg L−1), and it is
highly soluble in acetone, ethyl acetate, toluene and
xylene (PPDB 2014). Furthermore, its toxicological
and environmental profile is favourable for mammals,
birds and insects (honeybees included), except that it
can be extremely toxic to fish and aquatic species (Yaw-
Jian et al. 1999).

Following their release into the environment, pesti-
cides may have many different fates and understanding
their behaviour becomes of major scientific interest.
Moreover, the pesticide evolution is conditioned by the
microbiological composition of soil, in particular by the
activities of soil enzymes (Gevao et al. 2000). According
to Hussain et al. (2009), first, pesticides may disturb
metabolism or soil enzymatic activities, and second, im-
portant information on pesticide transformation in soils
may be provided by enzymes (Cai et al. 2015; Kalam
et al. 2004). Among soil enzymatic activities, hydrolases
are the most commonly measured activities in soils as
potential indicators of the soil state (Śliwińska-
Wyrzychowska and Nadgórska-Socha 2011; Floch et al.

2011). Moreover, phosphatases play a key role in phos-
phorus cycle in the soil (Schneider et al. 2001). Accord-
ing to Riah et al. (2014), they are capable of catalysing
hydrolysis of esters and anhydrides of phosphoric acid in
the soil and they are correlated positively to phosphorus
stress and plant growth. Nowadays, many efforts have
been made to understand the influence of pesticides on
soil enzyme activities, dehydrogenase, protease and phos-
phatases. However, there is still little information on the
effect of the S-metolachlor mixture widely applied in
cultivation to influence the enzymatic activities in the soil
(Nasreen et al. 2012).

Many studies have focused on the analyses of the
behaviour of the herbicide in the soil, but only of indi-
vidual molecules. However, as discussed by Bonfleur
et al. (2015), interactions of additivity, synergism and
antagonism may be possible among different herbicide
molecules in a mixture. Therefore, further studies are
needed to assess the influence of mixtures on herbicide
sorption under different climate and soil conditions.

The objectives of the present study were fourfold: (1)
to establish a simple residue analysis method for S-
metolachlor in soil and maize, (2) to discuss the kinetic
model of field dissipation, (3) to compare the speed of
dissipation of S-metolachlor applied separately at differ-
ent doses or in a mixture with a second herbicide in
maize and soil in acidic and alkaline soil environment
and (4) to investigate the influence of this herbicide and
the physico-chemical properties of soil on enzymatic
activities of soil.

The research results will contribute to the compre-
hension of the most important parameters responsible
for the functioning of S-metolachlor in agriculture.

Materials and methods

Materials and reagents

Solvents (acetonitrile and methanol) were purchased
from J.T.Baker (Deventer, The Netherlands). LC-MS-
grade formic acid (98% purity) and 2,3,5-triphenyltetra-
zolium chloride (TTC) were obtained from Merck
(Darmstadt, Germany), ammonium formate (>99%)
from Fluka (Seelze-Hannover, Germany) and LC-
grade water (18 MΩ cm) from a Milli-Q water purifica-
tion system (Millipore Ltd., Bedford, MA, USA).
QuEChERS Extract Kit was purchased from Agilent
Technologies (Santa Clara, USA). Ammonium
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metavanadate, calcium lactate, sulphuric acid, hydrogen
peroxide, nitric acid (68–70% m/v), hydrochloric acid
(36.5–38% m/v) and chitin from shrimp shells (0.28–
0.46 mm) were obtained from Sigma-Aldrich, Co.

The S-metolachlor standard and internal standard
(isoprotron-d6) were obtained from Sigma-Aldrich
(Steinheim, Germany). The solution of pesticide stan-
dard (around 500 μg mL−1) was obtained by dissolving
reference standard in acetone. The working standard
mixtures of 0.0005–1.0 μg mL−1 were prepared in
methanol from the above stock standard by serial dilu-
tion. A solution of internal standard was prepared in
methanol (0.5 μg mL−1). The stock, working standard
solutions and internal standardwere stored in a freezer at
4 °C until the analysis.

Field trials

The field trials were designed according to GEP (Good
Experimental Practice) in maize in randomized blocks
in four repetition cycles. At each location, an area of
20 m2 (4 m × 5 m) was isolated in experimental plots for
each combination in a given cycle. The experiments
were conducted fromMay to July 2015 at two locations
in north-eastern Poland in the Podlasie region (location
1 (L1)—Dobrzyniewo Duże 53° 12′ 40.0″ N 23° 02′
28.8″ E, location 2 (L2)—Pawły 52° 56′ 22.2″N 23° 18′
22.2″ E).

The plots were selected on soil differentiated in terms
of physico-chemical parameters of locations L1 and L2
(Table 1).

None of the plots had been treated with S-
metolachlor in the past. Control samples were cultivated
on a separate plot without pesticide treatment. Chemical
procedures were performed with the use of various
combinations of S-metolachlor in three doses of 863,
1200 and 1536 g ha−1 (S-m863, S-m1200 and S-m1536,
respectively) and with another pesticide in two doses of

1200 and 1536 g ha−1 (S-m1200MIX and S-m1536MIX,
respectively) applied by means of a backpack com-
pressed air sprayer (XR TeeJet 110 03 XR) at a spray
rate of 200 L ha−1.

Soil and maize samples were collected about 2 h after
the treatment as well as on the 1st, 2nd, 5th, 7th, 9th,
11th, 21st, 28th, 63rd and 85th days. The soil (1 kg) was
randomly sampled in a depth of 0–20 cm in each plot
using a sample drill at different spots. The maize sam-
ples (2 kg) were also collected randomly from each plot.
Each maize sample was crushed thoroughly using the
Waring Blender. The soil samples were air-dried and
sifted through a 40-mesh sieve. Both maize and soil
samples were stored at −20 °C until the analysis. All
application doses of S-metolachlor were recommended
by the producer. The treatments were carried out when
maize was at the three-leaf stage (BBCH 13 for L1,
2015-05-28, and L2, 2015-05-29).

During the entire experimental period, rainfall was
low and amounted to 6.4 mm. The average monthly air
temperature was equal to 16.1 °C.

Sample preparation and LC-MS/MS conditions

The plants were homogenized, and a part of each sample
(10 g maize or soil) was put into a tube (50 mL). Next,
100 μL isoproutron-d6 (0.5 μg mL) (ISS, internal stan-
dard solution) and formic acid in acetonitrile (10 mL of
1%) were added. The whole mixture was quickly shak-
en (1 min), and a mix of salts (4 g anhydrous MgSO4,
1 g NaCl, 1 g trisodium citrate dihydrate and 0.5 g
disodium hydrogen citrate sesquihydrate) and sorbent
of chitin (1 g) were added. The flasks were vigorously
shaken (1 min) and then centrifuged (10 min at
4000 rpm). Eight millilitres of the final extract was
filtered (0.2 μm hydrophilic PTFE filter), and LC-MS/
MS analysis was performed. A liquid chromatography
system (Eksigent Ultra LC 100, Eksigent Technologies,

Table 1 Selected physico-chemical parameters of the soil samples

Soil samples pH mg/100 g [%] Granulometric structure of soil [%]

P2O5 K2O Mg Corg Sand
0.05–2.0 mm

Silt coarse
0.02–0.05 mm

Silt fine
0.002–0.02
mm

Clay
< 0.002
mm

L1 7.4 19.3 18.9 7.6 0.8 77.10 9.41 11.29 2.20

L2 4.5 23.5 14.0 4.0 1.2 68.21 8.81 19.15 3.83
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Dublin, CA, USA) was operated at a flow rate of 0.3 mL
min without split. Ten microlitres of extract was injected
on an analytical column (Kinetex XB-C18, 1.7 μm,
2.1 × 50 mm, Phenomenex) maintained at 50 °C. The
mobile phase comprised two stages: phase A (formic
acid (0.5%), ammonium formate (2 mM) and methanol
with formic acid (0.5%)) and phase B (ammonium
formate (2 mM)). Ninety-five percent A and 5% B were
held (0.5 min), increasing linearly to 5% A and 95% B
(5.5 min), held (3 min) and returned to the initial com-
position (1 min). For mass spectrometric analysis, one
used the system MS/MS (6500 QTRAP AB, SCIEX
Instruments, Foster City, CA) equipped with an
electrospray ionization source (ESI). To obtain a posi-
tive ion mode, one used nitrogen as the nebulizer gas,
auxiliary gas and curtain gas at a pressure of 60, 50 and
30 psi, respectively. For identification of S-metolachlor,
two multiple reaction monitoring modes (MRM) were
used (Mol et al. 2015). The MRM of the most intense
(357 340) was selected for quantification and the second
(357 228) for qualification. For these two transitions, the
collision energy was 12 and 28 eV, respectively. The
declustering potential, entrance potential and collision
cell exit potential were 30, 10 and 12 V, respectively.
The retention time was 3.65 min.

Method of validation

The validation of the proposed method was conducted
according to SANCO guidelines (Document no.
SANCO/12571/2013, 2014) of the European Commis-
sion (EC), using representative matrices previously
checked to be free of pesticides. Recovery, precision,
linearity, limit of detection (LOD) and limit of quantifi-
cation (LOQ) were examined.

The validation parameters, i.e. the accuracy and pre-
cision, were evaluated by examination recovery and
expressed as mean recovery and relative standard devi-
ation (%RSD), respectively. To a blank matrix of maize/
soil, calibration standards were added to obtain concen-
trations of 0.001, 0.005, 0.01, 0.05, 0.1 and 0.5 mg kg−1.
The analysis was carried out in five replicates. Repeat-
ability was observed for 5 days of the experiment. For
each of the three different concentrations, five replicates
were performed. Acceptable recovery should be in the
range 70–120% with RSD <20%.

Linearity was assessed by the determination coefficient
(R2) of a matrix-matched calibration curve that was created
based on six different concentrations of S-metolachlor.

The sensitivity was expressed by the limit of detec-
tion (LOD) and the limit of quantification (LOQ). The
signal-to-noise ratio (S/N) criteria (LOD = 3 S/N,
LOQ = 10 S/N) were applied.

Uncertainty measurement was estimated on the basis
of the data obtained in the validation study. The expanded
measurement of uncertainties was estimated by applying
a Btop-down^ empirical model (coverage factor k = 2) at a
95% confidence level (Medina-Pastor et al. 2011).

Assessment of enzyme activities

The dehydrogenase activity (DHA) was determined in
the soil samples according to Casida et al. (1964), mod-
ified by Tabatabai (1994). All the samples contained 6 g
soil and 1 mL of 3% aqueous solution of 2.3.5-triphe-
nyltetrazolium chloride (TTC) and 2–4 mL of distilled
water. The incubation time for all the samples was 20 h,
and the incubation was conducted in the dark at 37 °C.
After incubation, 20 mL methanol was added to all the
samples and shaken vigorously and filtered. The DHA
activity was measured at 485 nm. All results were
expressed based on the dry weight of soil in micromoles
of TPF per gram of soil per hour.

The extracellular soil enzymes (phosphomonoester-
ases: acid phosphatase (ACP) and alkaline phosphatase
(ALP)) in the soil samples were assayed using the
method of Tabatabai and Bremner (1969), modified by
Dawson et al. (2007). Phosphomonoesterase activity
has two pH optima of approximately pH 4–6 and 8–
10. The phosphatase activities were determined by
adding a modified universal buffer of suitable pH,
0.25 mL toluene and p-nitrophenyl phosphate solutions
to the soil. The analysed samples were then incubated at
37 °C in a water bath for 1 h. After incubation, 1 mL
0.5 M CaCl2 and 4 mL 0.5 M NaOH were added,
shaken vigorously and filtered. The released p-nitrophe-
nol (p-NP) in micromoles of p-NP per gram of soil per
hour was determined by absorption with a spectropho-
tometer at 410 nm.

The extinction of dehydrogenase and phosphomono-
esterases was measured with the Perkin-Elmer Lambda
25 spectrophotometer.

Statistical analysis

The comparison of several kinetic models of S-
metolachlor dissipation can be evaluated to determine
which model gives more complete information on the
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dissipation of pesticides. In this study, kinetic parame-
ters were calculated for each concentration of herbicide
and mixtures in the soil system. For the selection of the
kinetic model that best describes the dissipation results,
FOCUS work group guidance recommendations were
followed (Document no. SANCO/10058/2005, version
2.0, 2006). First-order, biphasic, hockey stick and
Gustafson and Holden models were fitted using avail-
able data. The first-order model was fitted using a gen-
eralized linear model based on the Gaussian family with
logarithmic link. The Hockey stick model was calculat-
ed based on segmented adjustment to the first-order
model, using segmented package Muggeo (2003). Bi-
phasic and Gustafson and Holden models were fitted
using the ordinary least square fit optimization
procedure.

Goodness of fit was assessed using chi-square test
based on standardized Pearson residuals, for each mod-
el. If the test p value was less than 0.05, the model was
rejected due to poor fit. For model comparison, an
Akaike (1974) information criterion (AIC) was calcu-
lated. The final model was selected using the AIC
criterion from models that passed the goodness-of-fit
test. Additionally, R2 calculated as the complementary
fraction of model deviance in null model deviance, with
correction for multiplicity, was calculated. Given the
selected model form, values for the time until 50 and
95% dissipation or, accordingly, DT50 and t0.05 values,
were calculated.

The results of studies on activities of dehydrogenase,
acid and alkaline phosphatase were subjected to analysis
of variance to test the effect of various pesticides de-
pending on the date and the place of sampling. Statisti-
cally significant differences were rated by Tukey’s test
at a significance level at p < 0.05. The correlation
between dehydrogenase, acid and alkaline phosphatase
activity in soil and selected soil properties was calculat-
ed using Pearson’s correlation factor r for p ≤ 0.05.
Calculations were performed using statistical environ-
ment R version 3.2.3 and Statistica 12.

Results and discussion

Sample preparation and liquid chromatography-tandem
mass spectrometry conditions were based on the method
previously developed by Kaczyński et al. (2016) and
adopted for this study. The validation study was per-
formed using maize and soil samples previously

analysed to be free of pesticides. The following param-
eters were evaluated: fortified recovery, the precision
and the limits of detection (LOD) of the residue by
means of the analytical method.

The S-metolachlor standard solution was fortified to
the untreated soil maize at six concentration levels. The
average recoveries for all concentrations were 92.7%
(RSD = 6.3%) for soil and 89.3% (RSD = 5.3%) for
maize, which was fully satisfactory. The LOQ (limit of
quantification) was 0.001 mg kg−1, and the LOD (limit
of detection) was 0.0005 mg kg−1 for soil and maize
samples. Expanded measurement uncertainties were 18
and 23% for soil and maize, respectively.

Dissipation of S-metolachlor under field conditions

The changes of S-metolachlor concentration in the soil
and maize were analysed, and the results are presented
in Figs. 1 and 2 (contents as a percentage of the initially
applied herbicide). The research was conducted on the
maize crops in diversified soil in order to analyse
granulometric structure, macronutrients, content of or-
ganic substances and pH of the examined soil. S-
Metolachlor, as a single chemical substance and applied
in mixture with another herbicide, is not the subject of
the present study.

Table 2 presents the changes of S-metolachlor con-
centration in the soil and maize samples collected at the
two locations as well as the percentage of its dissipation
in Fig. 1. For the maize growing on the acidic soil, on
the 2nd day after application of S-metolachlor, the per-
centage of its dissipation in maize was from 2 to 16%,
whereas for the maize growing on the alkaline soil, the
percentage value ranged from 11 to 25%. The dissipa-
tion of S-metolachlor in the alkaline soil was the slowest
between the 2nd and 7th days, while that in the acidic
soil was between the 5th and 11th days, and the dissi-
pation of herbicide was approx. from 3 to 11% and from
1 to 12%, respectively.

The biggest differences in the dynamics of S-
metolachlor in maize were detected between the 28th
and 63rd days, when the percentage of dissipation was
above 85% for all doses applied. Moreover, one deter-
mined the highest ratio of differences in its concentra-
tion in the soil at both locations L1 and L2 between the
21st and 28th days, when the percentage of S-
metolachlor dissipation differed by 30–60% on average.
The biggest difference was observed for combinations
S-m1200MIX and S-m1536MIX (Fig. 2, Table 2).
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To some degree, soil parameters such as moisture,
temperature and pH are subject to spatial and temporal
variability; thereby, they may affect the determining
persistence of the active substance of herbicides in the
soil environment (Long et al. 2014). In our study, during
the vegetation period, air temperatures were high and
rainfall was low, which could influence the dissipation

of S-metolachlor in soil and maize and extend its time
distribution.

On the 1st day after application of the herbicide, the
concentration of S-metolachlor in the soil from location
L1 was within the range of 0.7–1.2 mg kg−1 and from
location L2 within the range of 0.8–1.5 mg kg−1, while
inmaize, it was within the range respectively from 0.4 to

Fig. 2 The changes of concentration of S-metolachlor after being applied separately and in mixture with another herbicide in soil

Fig. 1 The changes of concentration of S-metolachlor applied separately and in mixture with another herbicide in maize
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0.9 mg kg−1 and from 0.5 to 1.0 mg kg−1. After the 85th
day from the application, the concentration of S-
metolachlor in the soil and maize from location L1
was within the range from 0.006 to 0.01 mg kg−1 and
that from location L2 was within the range from 0.004 to
0.01 mg kg−1 (Table 2). It indicates that both in plants
and soil after the 85th day, there was almost complete
dissipation of S-metolachlor.

The kinetic model of dissipation of S-metolachlor

Parameters used for model selection are presented in
Table 3. The hockey stick model for some data did not
converge, due to lack of sufficient evidence of trend
change. If this is the case, such models are marked by
a minus sign in appropriate cells. For almost all analysed
models, the chi-square test statistics was insignificant.
Models with p value less than 0.05 were rejected; other
models were retained for further analysis. After a close
examination of the AIC values for each model, data

indicates that the first order is the best model of describ-
ing the kinetics of S-metolachlor and mixture dissipa-
tions in the soil system.

Table 4 and Figs. 3 and 4 present various values for
final models. R2 for each selected model was high
(>0.90), further indicating good fit. The coefficients of
determination R2 for the first-order kinetic models were
similar, since it ranged from 0.903 to 0.981 and from
0.955 to 0.985, respectively (Table 4).

The results of dissipation of S-metolachlor in doses
1200 and 1536 g ha−1 applied separately (S-m1200 and
S-m1536) and in mixture with another herbicide (S-
m120MIX and S-m1536MIX) are presented in Figs. 3
and 4. The dissipation of a single pesticide in a lower
dose of 1200 g ha−1 (S-m1200) in soil was described by
the following equations: y = 1.18990e−0.052x (L1),
y = 1.4316e−0.051x (L2). In turn, the dynamic of S-
metolachlor in the same dose but in the mixture with
another herbicide (S-m1200MIX) was described by the
following equations: y = 1.3438e−0.058x (L1),

Table 2 The concentration of S-metolachlor (in mg kg−1) in the soil and maize from two locations L1 and L2

Days S-m863 S-m1200 S-m1536 S-m1200MIX S-m1536MIX

L1 L2 L1 L2 L1 L2 L1 L2 L1 L2

Matrix

Maize

1 0.454 0.564 0.768 0.764 0.937 0.876 0.690 0.743 0.812 1.008

2 0.395 0.536 0.660 0.733 0.702 0.858 0.614 0.624 0.666 0.957

5 0.371 0.455 0.588 0.630 0.611 0.635 0.491 0.487 0.579 0.651

7 0.315 0.396 0.494 0.542 0.477 0.476 0.339 0.433 0.429 0.534

11 0.300 0.337 0.425 0.455 0.439 0.371 0.285 0.299 0.407 0.395

21 0.234 0.296 0.386 0.419 0.298 0.357 0.239 0.254 0.346 0.344

28 0.182 0.126 0.352 0.159 0.203 0.114 0.201 0.048 0.294 0.096

63 0.020 0.018 0.032 0.019 0.016 0.016 0.016 0.007 0.044 0.014

85 0.006 0.004 0.009 0.003 0.004 0.001 0.004 0.002 0.008 0.005

Soil

1 0.702 0.864 1.053 1.200 1.138 1.536 1.110 1.210 1.239 1.536

2 0.670 0.821 0.915 1.128 0.996 1.367 1.068 1.161 1.083 1.332

5 0.637 0.783 0.860 0.980 0.886 1.196 1.025 1.117 0.939 1.164

7 0.614 0.754 0.734 0.896 0.855 1.141 0.989 0.877 0.834 1.043

11 0.534 0.716 0.632 0.860 0.641 1.118 0.880 0.737 0.683 0.991

21 0.407 0.467 0.600 0.696 0.523 0.722 0.455 0.520 0.557 0.845

28 0.191 0.309 0.276 0.358 0.288 0.328 0.177 0.200 0.234 0.419

63 0.071 0.087 0.072 0.097 0.101 0.085 0.051 0.042 0.075 0.147

85 0.009 0.013 0.009 0.012 0.014 0.009 0.008 0.005 0.010 0.017

L1 alkaline soil, L2 acidic soil
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y = 1.4334e−0.062x (L2). The dissipation dynamics of S-
metolachlor in higher dose 1536 g ha−1, for S-m1536
and S-m1536MIX, in the soil samples could also be
described as follows: y = 1.1901e−0.048x (L1),

y = 1.7907e−0.057x (L2), and y = 1.2834e−0.048x (L1),
y = 1.6677e−0.048x (L2), respectively. There was no
difference in the decay rate of the substance, both ap-
plied as a single herbicide and in mixture with another.

Table 3 Parameters used for model selection

Location First-order Biphasic Hockey stick Gustafson and Holden

AIC χ2 p value AIC χ2 p value AIC χ2 p value AIC χ2 p value

Soil S-m864 L1 −26.832 9.833 0.131 −20.832 8.067 0.152 −22.198 36.621 <0.001 −18.832 8.067 0.233

L2 −26.511 8.907 0.178 −20.511 8.142 0.148 −22.892 11.059 0.025 −18.511 8.145 0.227

S-m1200 L1 −17.999 9.897 0.129 −11.999 8.022 0.155 −16.267 47.191 <0.001 −9.999 8.023 0.236

L2 −19.203 9.531 0.145 −13.203 8.073 0.152 −17.512 145.116 <0.001 −11.203 8.072 0.232

S-m1536 L1 −24.794 9.913 0.128 −21.899 8.003 0.156 – – – −17.058 8.005 0.237

L2 −13.513 9.587 0.143 −7.513 8.053 0.153 −11.245 10.004 0.040 −5.513 8.053 0.23

S-m1200MIX L1 −12.876 9.679 0.138 −6.876 8.066 0.152 −10.672 7.966 0.092 −4.876 8.067 0.233

L2 −19.270 9.651 0.140 −13.27 8.034 0.154 −17.030 7.984 0.092 −11.270 8.033 0.235

S-m1536MIX L1 −20.038 10.370 0.109 −16.808 8.007 0.155 −16.932 12.316 0.015 −12.239 8.006 0.237

L2 −12.390 9.825 0.132 −6.395 8.009 0.155 – – – −4.395 8.010 0.237

Maize S-m864 L1 −38.436 9.280 0.158 −32.436 8.119 0.149 – – – −30.436 8.119 0.229

L2 −31.643 10.002 0.124 −25.643 8.034 0.154 −31.564 26.038 <0.001 −23.643 8.033 0.235

S-m1200 L1 −21.020 9.501 0.147 −15.020 8.030 0.154 – – – −13.020 8.030 0.235

L2 −23.573 10.028 0.123 −17.573 8.041 0.153 −23.628 14.741 0.005 −15.573 8.041 0.235

S-m1536 L1 −18.954 10.889 0.091 −17.339 8.094 0.151 – – – −18.954 8.058 0.233

L2 −18.214 9.761 0.135 −15.725 8.024 0.154 −16.237 11.003 0.026 −12.261 8.032 0.235

S-m1200MIX L1 −21.054 9.602 0.142 −20.347 8.084 0.151 −20.627 9.926 0.041 −18.410 8.049 0.234

L2 −25.363 10.201 0.116 −22.498 8.013 0.155 – – – −18.248 8.027 0.236

S-m1536MIX L1 −18.238 9.759 0.135 −16.815 8.101 0.150 −17.589 8.724 0.068 −11.916 8.035 0.235

L2 −18.131 9.612 0.141 −17.402 8.017 0.155 −17.662 11.224 0.024 −13.631 8.039 0.235

χ2 chi-square, AIC Akaike information criterion

Table 4 Model DT50 and t0.05 (in days) and statistical indices derived during modelling the kinetics for S-metolachlor dissipation in soil and
maize

Location Regression
equation

Correlation
coefficient (R2)

DT50 t0.05 Regression
equation

Correlation
coefficient (R2)

DT50 t0.05

Soil Maize

S-m864 L1 C = 0.857e−0.0491t 0.960 14.1 57.9 C = 0.515e-0.052t 0.984 13.9 44.8

L2 C = 1.063e-0.0470t 0.970 14.7 65.1 C = 0.658e-0.059t 0.989 11.7 43.7

S-m1200 L1 C = 1.189e−0.0523t 0.967 13.3 58.3 C = 0.851e-0.052t 0.973 13.3 54.5

L2 C = 1.432e-0.0511t 0.964 13.6 62.2 C = 0.936e-0.064t 0.986 10.8 45.8

S-m1536 L1 C = 1.190e−0.0475t 0.970 14.6 65.8 C = 0.909e-0.063t 0.993 11.0 46.0

L2 C = 1.790e−0.0567t 0.973 12.2 51.2 C = 0.975e-0.072t 0.981 9.6 41.3

S-m1200MIX L1 C = 1.343e−0.0581t 0.980 11.9 53.4 C = 0.679e-0.058t 0.985 12.0 44.9

L2 C = 1.433e−0.0622t 0.985 11.1 60.4 C = 0.689e-0.071t 0.976 9.9 36.9

S-m1536MIX L1 C = 1.283e−0.0529t 0.975 13.1 60.7 C = 0.810e-0.051t 0.972 13.9 54.6

L2 C = 1.667e−0.0481t 0.955 14.4 71.2 C = 0.921e-0.064t 0.984 10.8 45.5

DT50 half-life value, t0.05 the degradation time up to the level of 0.05 value
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Moreover, the dose of herbicide did not influence dissi-
pation dynamics.

Many researchers suggest that different kinetic
models should be used to determine the best model of
describing chemical substance decay in soil and plants.
This is not easy because both soil and plants constitute a
complex environment where the active substance is also
degraded by microorganisms living there, which may
affect its degradation, i.e. stimulate or inhibit it by
passing through different metabolic pathways (Fantke
and Juraske 2013; Sánchez et al. 2003).

Dissipation is a complicated process influenced by
different physico-chemical and biological transforma-
tions, as stressed by Juhler et al. (2008), as a result of
which the content of the active substance decreases over
time. The half-life value DT50 is the time required for
the dissipation process of a pesticide to be reduced to
one half (EPA, U. S. E. P. and Fate, 2008). The DT50
value for the dissipation of S-metolachlor’s persistence
in soil was expressed as a time after which 50% of the
applied dose has been dissipated.

In the present study, the half-life was calculated for
each concentration of S-metolachlor in soil and maize
according to the formula DT50 = ln2/(−k). The half-life
for the first-order kinetics was within the range of 11.1
to 14.7 days. The DT50 value for the dissipation of S-
metolachlor in soil and maize for the first-order kinetics
was within the same range as that reported by
Caracciolo et al. (2005). In our study, the following
values were reported: 11.1–14.7 days (soil) and 9.6–
13.9 days (maize), while S-metolachlor half-lives in
maize in Changchun and Beijing lasted longer: 6.68
and 4.84 respectively (Cao et al. 2008).

In the studies by Long et al. (2014), the DT50 value
was within the range from 26.3 to 40.1 days for five
different soils and it was higher than in the results of the
present study. In turn, the estimated half-lives of S-
metolachlor were shorter than those reported by Shaner
et al. (2006), which lasted 18–27 days. The residue
dissipation can be influenced by several parameters such
as pesticide stability in soil and plants, pesticide appli-
cation rate and frequency (initial concentration),

Fig. 3 The dissipation kinetics of S-metolachlor in the dose of 1200 g ha−1 in soil and dehydrogenase activity in soil at the two
locations (L1 and L2)
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weather (sun light, temperature, humidity and wind),
microorganisms, pH of soil and water and nature of
plant species (Lu et al. 2014; Fantke and Juraske 2013).

In order to obta in the concentra t ion of
0.05 mg kg−1 (actual maximum residue level
(MRL) for corn), the formula t0.05 = ln(0.05/C0)/
(−k) was applied. Moreover, the t0.05 values obtain-
ed by interpolating between successive residue mea-
surements were different and ranged from 51.2 to
71.2 days for soil, and 36.9 to 54.6 for maize.
Comparing two locations, L1 and L2, the lowest
t0.05 values in the soil were observed on the plot
after the application of S-m1536 at location L1, and
those in the maize on the plot after the application of
S-m1200MIX at location L2. Moreover, the highest
values in the soil were observed at location L2 after
the application of the pesticide S-m1536MIX, but in
the maize—S-m1536MIX at location L1. According to
the first-order kinetic model (with the square of coefficient
0.955–0.993), S-metolachlor dissipated to concentration
0.05 mg kg−1 more rapidly in maize than in soil (Table 4).

Influence of S-metolachlor of enzyme activities in soil

As it has been shown in the studies by Baćmaga et al.
(2015), enzyme activities can reflect the changes in soil
quality since they underpin nutrient cycling and function
as indicators of the altered microbial community caused
by environmental impact. Moreover, as suggested by
Ushio et al. (2010), plant species as well as pesticide
dissipation might influence the composition of microbi-
al community and thus the extracellular activity of en-
zymes in soil.

The influence of S-metolachlor on dehydrogenase
and phosphomonoesterase activity was investigated,
and the results are presented in Figs. 5 and 6.

This study shows that the decomposition rate of S-
metolachlor increased in time with the increase in the
soil enzymatic activity (Fig. 5). The dehydrogenase
activity was at the level from 0.17 μmol TPF g−1 DM
soil 20 h−1 for S-m863 at L2 to 0.33 μmol TPF g−1

DM soil 20 h−1 for S-m1536MIX at L1. At location L1,
dehydrogenase activity was higher than at location L2.

Fig. 4 The dissipation kinetics of S-metolachlor in the dose of 1536 g ha−1 in soil and dehydrogenase activity in soil at the two
locations (L1 and L2)
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The findings confirm that S-metolachlor application
at a dose of 1200 g and 1536 g ha−1 (Fig. 6) may have
contributed to the increase in dehydrogenase activity in
the soil between the 2nd and 28th days after the appli-
cation of the pesticide at both locations, i.e. L1 and L2.
Moreover, one observed a decrease in dehydrogenase
activity in the soil after the 28th day at the two locations,
approx. from 12 to 70%. After the 85th day from the
application of S-metolachlor, dehydrogenase activity in
the soil was approx. 0.2 μmol TPF g−1 DM soil 20 h−1

for L1 and 0.1 μmol TPF g−1 DM soil 20 h−1 for L2.
It proves that the herbicide mixture or its metabolites

may stimulate the activity of microorganisms in the 1st
period, while the activity of DHA decreases with dissi-
pation of the active substance. Furthermore, in the case

of the application of the mixture of S-metolachlor and
another herbicide (S-m1536MIX) (Fig. 5), DHA values
were in the same range, i.e. approx. 0.33 μmol TPF g−1

DM soil 20 h−1 (L1) throughout the growing season.
Bastida et al. (2008) report that physical and chem-
ical indicators offer less information regarding the
dynamics of soil than the biological ones, because
the latter are closely related to the nutrient, particu-
larly in terms of the influence of different uses and
management practices of soil.

One of the findings of our study is that there were
significant differences in dehydrogenase activity for the
applied pesticides depending on the sampling time
(Fig. 6). The minimum activity was 0.08 μmol
TPF g−1 DM soil 20 h−1 for S-m1200MIX 85 days after

Fig. 5 Average dehydrogenase
activity and
phosphomonoesterase in soil after
application of S-metolachlor at
both locations L1 and L2 (bars
marked with the same letters
indicate insignificant differences
at p < 0.05; error bars represent
the standard error) (DHA
dehydrogenase activity, ACP acid
phosphatase, ALP alkaline
phosphatise)
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using S-metolachlor, while the maximum activity was
0.46 μmol TPF g−1 DM soil 20 h−1 for S-m1200MIX

7 days after the pesticide application.
Therewere no significant differences in enzyme activity

between the samples of the soil where pesticides were used
and those from the control plots. The study shows that the
average dehydrogenase activity on the control plots was
equal to 0.27 μmol TPF g−1 DM soil 20 h−1, but after the
application of S-metolachlor in doses of S-m863, S-m1200
and S-m1536, S-m1200MIX and S-m1536MIX, it was lower
than the activity on the control plots, on average by 10 to
30%. This indicates that using S-metolachlor separately
and in mixture with another herbicide influenced

negatively DHA activity, in particular, on acidic soils
(L2). As noted in the studies by Nagatsuka and Furosaka
(1980), the optimum range of pH for dehydrogenase ac-
tivity is from around 7.4 to 8.9, which is confirmed by our
own research at location L1. Moreover, the highest dehy-
drogenase activity was observed at location L1 at a dose of
S-m1536MIX, where it increased by approx. 30% com-
pared with the activity of DHA on the control plots
(Fig. 5). According to Singh et al. (2003), increasing soil
pH stimulates the activity of microorganisms, which, in
turn, helps bacterial communities to adapt and develop
specific gene enzyme systems for enhanced degradation
of pesticides.

Fig. 6 Average dehydrogenase
activity and
phosphomonoesterase in soil after
application of S-metolachlor at
various doses depending on the
location (L1 and L2) of sampling
(bars marked with the same
letters indicate insignificant
differences at p < 0.05; error bars
represent the standard error)
(DHA dehydrogenase activity,
ACP acid phosphatase, ALP
alkaline phosphatise)
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In the present study, there were no statistically sig-
nificant differences in the activity of acid phosphatase
(ACP) for the tested pesticides depending on the loca-
tion and sampling time. The ACP activity ranged from
1.38μmol p-NP g−1 h−1 (control samples taken at L2) to
2.52 μmol p-NP g−1 h−1 for the samples used in S-
m1200 L1. Given the sampling period, the lowest ac-
tivity of ACP was for S-m863–7 days after the applica-
tion of the pesticide (1.10 μmol p-NP g−1 h−1), and the
highest S-m1200MIX was 63 days after the application
of the pesticide. Generally, higher activity of acid phos-
phatase was observed for the tested mixture between the
21st and 63rd days after using S-metolachlor (Fig. 6).

In the present study, therewas no impact of location and
sampling time on the activity of alkaline phosphatase for
individual pesticides. Its activity ranged from 0.65μmol p-
NP g−1 h−1 (for S-m1536 at L2) to 3.57μmol p-NP g−1 h−1

(S-m1200MIX at L1). A higher ALP activity was observed
at L1 (2.07–3.57 μmol p-NP g−1 h−1) compared with L2
(0.65–1.46 μmol p-NP g−1 h−1) (Fig. 5). As for the date of
sampling, ALP activity was the lowest for the S-m863
63 days after the application of the pesticide and it
amounted to 0.83 μmol p-NP g−1 h−1, while the highest
was recorded for S-m1200MIX 63 days after the spray
application—4.33μmol p-NP g−1 h−1. The phosphomono-
esterases (acid and alkaline phosphatases) play an impor-
tant role in solubilizing insoluble phosphate monoesters
(Richardson et al. 2000) and reflect soil biological health
after pesticide application (Martinez-Salgado et al. 2010).

Nannipieri et al. (2011) report that the activity of
enzymes in soil can also be significantly correlated with
selected soil properties (e.g. pH, organic carbon).

Table 5 shows Pearson’s correlation analysis of the
content of dehydrogenase, acid and alkaline phospha-
tase activity in soil and selected soil properties. Acid and
alkaline phosphomonoesterase activities were negative-
ly correlated with contents of phosphorus (r = −0.45,
r = −0.79, respectively), organic carbon (r = −0.50,
r = −0.62, respectively), granulometric composition as
silt fine (r = −0.47, r = −0.79, respectively) and clay
(r = −0.34, r = −0.70, respectively) at p ≤ 0.05. As
shown in the studies by Olander and Vitousek (2000),
soil phosphatase activity is usually inversely related to
soil phosphorus availability as a result of negative feed-
back by soil available phosphorus to the production and
activity of phosphatase, which is confirmed by the pres-
ent research. Furthermore, one observed a positive cor-
relation between acid and alkaline phosphomonoester-
ase activities and contents of potassium (r = 0.43,
r = 0.81, respectively), magnesium (r = 0.47, r = 0.78,
respectively) and granulometric composition such as
sand (r = 0.44, r = 0.79, respectively) and silt coarse
(r = 0.38, r = 0.63, respectively). Moreover, dehydroge-
nase activity in soil was positively correlated only with
silt coarse (r = 0. 34) at p ≤ 0.05 (Table 5).

Conclusions

1. On analysing S-metolachlor applied separately and
inmixture with another herbicide, it can be conclud-
ed that the dissipation in both soil and maize was
similar at the two locations, i.e. L1 and L2.

Table 5 Correlation coefficients between the content of dehydrogenase, acid and alkaline phosphatase activity in soil and selected of soil
properties

DHA ACP ALP

pH 0.26 0.48* 0.80*

mg/100 g P2O5 −0.26 −0.45* −0.79*
K2O 0.27 0.43* 0.81*

Mg 0.24 0.47* 0.78*

% Corg −0.22 −0.50* −0.62*
Granulometric composition [%] Sand 0.05–2.0 mm 0.27 0.44* 0.79*

Silt coarse 0.02–0.05 mm 0.34* 0.38* 0.63*

Silt fine 0.002–0.02 mm −0.27 −0.47* −0.79*
Clay < 0.002 mm −0.09 −0.34* −0.70*

DHA dehydrogenase activity, ACP acid phosphatase, ALP alkaline phosphatase

*Correlation is significant at the 0.05 level
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2. After a close examination of the R2 values and half-
life values DT50 for each fitting curve, the prelimi-
nary data indicates that the first-order kinetics is the
best model of describing the kinetics of S-
metolachlor and mixture dissipations in the soil
system. This study may be helpful in setting MRL
guidelines and safely using S-metalochlor separate-
ly and in mixture with another herbicide.

3. The dissipation of herbicide was faster in particular
on alkaline soils compared with acidic soils. Yet, the
soil type did not affect the dissipation of the herbi-
cide in maize within the first 20 days; however, after
the 21st day, one observed faster dissipation of the
herbicide in plants growing on alkaline soils.

4. After the application of the pesticide, enzyme activ-
ity in the soil was not significantly different in
comparison with the control plots. At various doses
of pesticides, the enzymatic activity was higher in
the soil samples taken at L1, which indicates that a
higher pH of soil can positively influence the
growth of enzymatic activity of soils and the dissi-
pation of S-metolachlor.

5. Physical and chemical properties of soil influence
microbial activity. There was a significant positive
correlation between acid and alkaline phospho-
monoesterase and soil pH and contents of potassium
and magnesium, whereas there was a negative cor-
relation of contents of phosphorus and organic
carbon.
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