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ABSTRACT

Soil microbiology could be affected by the presence of pesticide residues during intensive farming, potentially
threatening the soil environment. The aim here was to assess the dissipation of the herbicides triasulfuron and
prosulfocarb, applied as a combined commercial formulation, and the changes in soil microbial communities
(through the profile of phospholipid fatty acids (PLFAs) extracted from the soil) during the dissipation time of
the herbicides under field conditions. The dissipation of herbicides and the soil microbial structure were assessed
under different agricultural practices, such as the repeated application of herbicides (twice), in unamended and
amended soils with two organic amendments derived from green compost (GC1 and GC2) and with non-
irrigation and irrigation regimes. The results obtained indicate slower dissipation for triasulfuron than for
prosulfocarb. The 50% dissipation time (DTso) decreased under all conditions for the second application of
triasulfuron, although not for prosulfocarb. The DTs values for both herbicides increased in the GC2 amended
soil with the highest organic carbon (OC) content. The DTsq values decreased for prosulfocarb with irrigation,
but not for triasulfuron, despite its higher water solubility. The herbicides did not have any significant effects
on the relative population of Gram-negative and Gram-positive bacteria during the assay, but the relative abun-
dance of Actinobacteria increased in all the soils with herbicides. At the end of the assay (215 days), the negative
effects of herbicides on fungi abundance were significant (p < 0.05) for all the treatments. These microbiological
changes were detected in non-irrigated and irrigated soils, and were more noticeable after the second application
of herbicides. Actinobacteria could be responsible for the modification of herbicide degradation rates, which tend
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to be faster after the second application. This study makes a useful contribution to the evaluation of the soil en-
vironment and microbiological risks due to the long-term repeated application of herbicides under different ag-
ricultural management practices.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The structure of soil microbial communities and the changes pro-
duced in them by different environmental impacts is of great interest
nowadays (Barra Caracciolo et al. 2015). Microbial activity is an accurate
indicator of soil quality because soil microorganisms play a key role in
organic matter (OM) decomposition and in the biogeochemical cycles
that affect soil fertility (Pascual et al. 2000; Garcia-Orenes et al. 2013).
This microbial activity could be affected by the presence of pesticide res-
idues in soil that pose a potential risk to soil ecology (Cycon et al. 2013;
Fang et al. 2018). Modern intensive farming involves the application of
large quantities of pesticides during the crop growth period (Nyamwasa
et al. 2018). In fact, the residues of herbicides, insecticides and fungi-
cides have been detected in soils in agricultural areas across different
countries in a broad range of concentrations (Li et al. 2014; Pose-Juan
et al. 2015) which could modify soil microbial biodiversity. Residues
of these agrochemicals depend on their dissipation in soils, being mod-
ified by different environmental factors (soil type, soil OM, weather,
temperature, irrigation), pesticide formulation (individual or combined
compounds), and application method (single or repeated application)
(Arias-Estévez et al. 2008). This widespread use of pesticides could
therefore lead to a potential decrease in soil microbial biodiversity,
with a negative impact on crop yields (Baxter and Cummings 2008),
which could be increased by the widespread loss of soil OM detected
in recent years (Pascual et al. 2000).

A common practice used in agriculture to increase soil OM content
involves the application of organic residues as soil amendments, with
the aim being to improve soil fertility and stability, as well as stimulate
microbial growth (Bastida et al. 2015). Organic residues of different or-
igins (urban, agricultural or industrial) are generated in large quantities,
and the improvement in soil properties due to their OM content has
been well documented (Aranda et al. 2015; Bastida et al. 2015). Howev-
er the combined application of pesticides and organic residues modifies
the physicochemical behaviour of pesticides applied to soils, mainly
through their adsorption-desorption (Marin-Benito et al. 2013, 2014).
Changes in mobility or the formation of bound residues could occur de-
pending on OM composition, which has implications regarding their
bioavailability and total dissipation and consequences for overall soil
microbial activity.

Studies on pesticide dissipation and its effects on soil microorgan-
isms have been reported in unamended and amended soils. In general,
these studies focus on the effect of a single compound with single appli-
cation (Cycon et al. 2013; Alvarez-Martin et al. 2016; Pose-Juan et al.
2017; Singh et al., 2018). They have been carried out in laboratory con-
ditions, while few results have been reported from field experiments
with more realistic environmental conditions (Herrero-Hernandez
et al. 2015). However, studies on the effects that combined application
of pesticides have on their dissipation (Vischetti et al. 2008; Fang et al.
2018) and/or the effects of the repeated application of pesticides on
soil microbial communities are scarcer in the literature (Baxter and
Cummings 2008; Tortella et al. 2013; Fang et al. 2015; Wang et al.
2015). Soil microbial abundance and structure were evaluated through
different approaches, and the part soil microorganisms play in the en-
hanced dissipation of pesticides after repeated applications has been re-
ported. Nevertheless, these investigations have been scarcely assessed
under field conditions using combined commercial formulations of pes-
ticides, and most of these studies have been carried out in unamended
soils (Kaur and Bhullar 2017; Kaur et al. 2017).

Triasulfuron (2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl-
1,3,5-triazin-2-yl) amino] carbonyl] benzene sulfonamide) is a mo-
bile herbicide in soil due to its high water solubility and low hydro-
phobicity (EFSA 2015), while prosulfocarb (S-(phenylmethyl)
dipropylcarbamothioate) is a hydrophobic herbicide with high ad-
sorption, low mobility and a moderate persistence in soil (EFSA
2007a). These herbicides of the sulfonylurea and thiocarbamate
group, respectively, are used on pre- and post-emergence in winter
cereals (wheat, barley) and other crops (PPDB 2018). No study has
been made of the combined long-term effect that triasulfuron and
prosulfocarb have on their dissipation rates and soil microbial bio-
mass and structure, although they are repeatedly applied to a
broad range of crops. Compounds of the chemical groups sulfon-
amide and thiocarbamate, such as triasulfuron and prosulfocarb,
are usually recommended in cereals for individual or joint use for
controlling weeds in rainfed and irrigated cereal crops (Cirujeda
and Taberner 2010; Bajya et al. 2015).

Relevant changes in soil microbial abundance, activity and structure
have already been reported by the authors in a previous paper (Garcia-
Delgado et al. 2018) when triasulfuron and prosulfocarb were applied as
a combined formulation in unamended and amended soils with green
compost (GC) under field conditions. GC is the biodegradable organic
residue from pruning in urban gardens and parks with an OM content
higher than 15% (BOE 2013). The results were obtained for a single ap-
plication of herbicides after the short-term dissipation of herbicides. Lit-
tle is known about the other factors that could influence the dissipation
of herbicides in soils and changes in the soil microbial structure under
field conditions. Repeated herbicide application, different soil OC con-
tent from organic amendments, and/or irrigation may modify herbicide
dissipation. The study of these factors would increase our knowledge on
the effect herbicides have on soil microbial communities.

The aim here was therefore to assess the changes in soil microbial
communities during the dissipation of two herbicides continuously ap-
plied under different agronomical practices. A combined commercial
formulation of triasulfuron and prosulfocarb (Aurus Plus®) was applied
twice to an unamended soil and one amended with two organic amend-
ments derived from green compost (GC1 and GC2) and with non-
irrigation and irrigation regimes. The effect of these factors on the dissi-
pation of herbicides (DTso) and on the soil microbial structure was stud-
ied under field conditions. The study makes a useful contribution to the
evaluation of environmental and microbiological risks due to the com-
bined long-term application of herbicides under different management
practices in agriculture.

2. Materials and methods
2.1. Herbicides

The commercial formulation of triasulfuron (TSF) (2-(2-
chloroethoxy)-N-[[ (4-methoxy-6-methyl-1,3,5-triazin-2-yl) amino]
carbonyl] benzene sulfonamide) (20% p/p) and prosulfocarb (PSC) (S-
(phenylmethyl) dipropylcarbamothioate) (80% p/v) (Auros Plus®,
Syngenta Agro S.A., Madrid, Spain) was used in the field study. Analyti-
cal standards of both herbicides (purity > 98.9%) were supplied by
Sigma Aldrich Quimica S.A. (Madrid, Spain). Water solubility is 815
and 13.0 mg L' and log Ky, is —0.59 and 4.48 for triasulfuron and
prosulfocarb, respectively (PPDB 2018).
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2.2. Organic residues

Two green composts formed by composted vegetal residues were
used. They were supplied by the local authority (GC1) and by the nurs-
ery “El Arca” (GC2) from Salamanca (Spain). Their main physicochemi-
cal characteristics on a dry weight basis were determined by standard
methods (Sparks et al., 1996) and are as follows: pH 7.33 and 7.58, or-
ganic carbon (OC) content 9.80% and 24.1%, dissolved organic carbon
(DOC) content 0.353% and 0.700%, total N 1.04% and 1.10%, C/N ratio
9.42 and 21.9, and ash percentage 74.5% and 53.0% for GC1 and GC2,
respectively.

2.3. Experimental set-up

A field experiment was conducted in an agricultural soil (sandy clay
loam soil, Typic Haploxerept) in the Mufiovela experimental farm be-
longing to IRNASA-CSIC (Salamanca, Spain). An experimental layout of
randomized complete blocks was designed in February 2016, with six
treatments and three replicates per treatment (18 plots of 9 m?) corre-
sponding to unamended soil (6 plots, S) and soil amended with GC1 (6
plots, S + GC1) or GC2 (6 plots, S + GC2) at the rate of 120 and
180 t ha~! on a dry weight basis, respectively. For each soil treatment,
three plots received only natural rainfall, while other three plots re-
ceived weekly 2.8 mm (I). In March 2016, the commercial formulation
of triasulfuron and prosulfocarb (Auros Plus®) was applied to 18 exper-
imental plots at doses of 250 g a.i. ha—! and 11.25 kg a.i. ha™ !, respec-
tively, corresponding to 2.5 times the maximum agronomic dose for
both herbicides recommended for heavy soils with a greater adsorption
capacity. The increase in the soil's capacity for adsorbing the herbicides
after an organic amendment supports the use of doses higher than those
recommended to maintain the efficacy of the compounds. Once the her-
bicide half-lives (DTso) were achieved in all plots (after 68 days), the
herbicides were applied again at the same doses in May 2016. A check
was made prior to the application of the herbicides to ensure that no
amounts of these compounds were detectable in the soil samples. This
was as expected, because the plots had no history of triasulfuron and
prosulfocarb application in the previous five years. Additionally, eigh-
teen control plots (six by soil treatment) did not receive herbicide appli-
cation, but nine of them received irrigation.

Weather conditions were recorded throughout the experiment
(215 days) by a meteorological station located on site (Fig. S1 in Supple-
mentary material). Air temperature ranged from 1.7 °Cto 14.6 °C (mean
air temperature 8.3 °C) and from 10.5 °C to 26.3 °C (mean air tempera-
ture 19.1 °C) during the first (0-68 days) and the second (69-215 days)
period of the application, respectively. Cumulative precipitation and ad-
ditional irrigation were 139.2 mm and 11.2 mm during the first applica-
tion, and 46.6 mm and 58.8 mm during the second application of
herbicides, respectively. Total cumulative precipitation and additional
irrigation were 185.8 mm and 70 mm, respectively.

Table 1

Characteristics of unamended and GC amended soils, non-irrigated or irrigated (I) after
the first and the second application of herbicides in the field plots (sampling times corre-
sponding to 13 days and 84 days after the beginning of the experiment).

pH 0C? (%) DOC® (mgkg™") N (%) C/N
Soil 7.10-6.71 1.41-0.98 0.057-0.045 0.12-0.08 11.8-12.2
Soil-I 7.12-6.77 1.22-1.05 0.051-0.041 0.11-0.10 11.1-10.5
Soil + GC1  7.69-7.59 2.29-2.09 0.084-0.106 0.19-021 12.1-9.95
Soil + GC1-1  7.55-7.51 2.17-2.07 0.060-0.088 0.20-0.20 10.8-10.4
Soil + GC2  7.24-7.47 4.81-3.75 0.322-0.324 0.43-0.33 112-114
Soil + GC2-1 7.18-7.41 5.87-4.32 0.482-0.413 0.46-0.37 12.8-11.7

¢ Organic carbon.
b Dissolved organic carbon.

2.4. Soil sampling and herbicide extraction and analysis

Surface soil samples from 0 to 10 cm were collected to determine
herbicide dissipation at different times between 0 and 68 days (first
herbicides' application) and between 69 and 215 days (second herbi-
cides” application) and to determine soil microbial structure at 0, 28,
69, 97, 124 and 215 days. Soil samples were collected, processed and
characterized following the methods described by Marin-Benito et al.
(2018a) and Garcia-Delgado et al. (2018) (complete information is in-
cluded in Supplementary material). Soil characteristics are included in
Table 1. Soil samples were sieved (<2 mm) and moisture content of
the bulk sample was determined. Duplicate subsamples of moist soil
(6 g) were extracted with methanol (12 mL) by shaking and sonication.
The determination of the herbicides in the soil extracts was performed
by HPLC-MS (Waters Assoc., Milford, MA, USA). The molecular ions
[m/z] 402.8 (triasulfuron) and 252.4 (prosulfocarb) were monitored
and the retention times were 6.1 min and 14.1 min, respectively. A de-
tailed description of the herbicide extraction and analytical methods is
included in Supplementary material.

2.5. Soil microbial community by PLFA analysis

The soil microbial community composition of the soil samples was
determined using phospholipid fatty acid (PLFA) analysis, as described
in Frostegdrd et al. (1993). Lyophilized soils samples were extracted
with a one-phase chloroform-methanol-phosphate buffer solvent by
sonication. Extracts were purified by SPE and polar lipids were
transesterified with methanol-KOH. Finally, hexane extracts containing
the resultant fatty acid methyl esters were analyzed by gas chromatog-
raphy. Quantification was performed using an Agilent 7890 gas chro-
matograph (Agilent Technologies, Wilmington, DE, USA) equipped
with a 25-m Ultra 2 (5% phenyl)-methylpolysiloxane column (J&W Sci-
entific, Folsom, CA, USA) and a flame ionization detector. PLFAs were
identified using bacterial fatty acid standards and software from the Mi-
crobial Identification System (Microbial ID, Inc., Newark, DE, USA). Spe-
cific PLFAs (Zelles, 1999) were used as biomarkers to quantify the
relative abundances of Gram negative (monounsaturated fatty acids
and cyclopropyl 17:0 and 19:0) and Gram positive (iso and anteiso sat-
urated branched fatty acids) bacteria, Actinobacteria (10-methyl fatty
acids) and fungi (18:2 ®6 cis).

2.6. Data analysis

The dissipation kinetics for triasulfuron and prosulfocarb were fitted
to a single first-order (SFO) or first-order multicompartment (FOMC)
models and values for the time to 50% dissipation (DTsg) were estimat-
ed using the Excel Solver add-in package (FOCUS, 2006). More details
about the fitting of the dissipation kinetics are included in Supplemen-
tary material.

Analysis of variance (ANOVA) was used to evaluate the effects of the
different treatments (green compost application, repeated herbicide ap-
plication and irrigation) on herbicide dissipation. Standard deviation
(SD) was used to indicate variability among replicates. Fisher's least sig-
nificant difference (LSD) method, at a confidence level of 95%, was de-
termined with IBM SPSS Statistics v24 software package (SPSS Inc.
Chicago, USA).

Data of PLFAs were submitted for the analysis of variance (ANOVA)
by previous Levene variance homogeneity test to determine significant
differences between treatments at each sampling time. Means were
compared by either Tukey or Games-Howell post hoc test based on
whether or not variance homogeneity was met, respectively (p <
0.05). Pearson correlation coefficients between the remaining concen-
tration and percentages of herbicides, and microbial biomass and struc-
ture were determined to elucidate how variables are related to each
other. ANOVA and correlation analyses were carried out using the IBM
SPSS Statistics v24 software package (SPSS Inc. Chicago, USA). Principal
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component analysis (PCA) was performed, with PAST v3.15 software
(Hammer et al. 2001), to determine the most meaningful variables
and the global impact of the herbicides and soil treatments on soil
microbial community. In addition to PCA, PERMANOVA analysis was
performed to determine the significance of herbicides application, sam-
pling time, soil treatments and their interactions.

3. Results and discussion

3.1. Herbicide dissipation after repeated application in soils, soil amend-
ment, and irrigation conditions

The dissipation kinetics of herbicides after the first and second appli-
cation fit the SFO model for most of the treatments, and only in four
plots the dissipation kinetics provide a better fit for the FOMC model
(Figs. S2 and S3 in Supplementary material). Other authors also report
that the SFO equation is the model that best fits triasulfuron and
prosulfocarb dissipation in the field (Rouchaud et al. 1997; Sarmah
et al. 2000). The DTsq values were used to compare the dissipation
rates of triasulfuron and prosulfocarb under the different conditions
studied (herbicide type, repeated dose, soil amendment, and irrigation)
(Tables 2 and 3). The dissipation curves show a continuous decrease in
triasulfuron and prosulfocarb concentrations over time. It is faster for
prosulfocarb than for triasulfuron for all the treatments studied, as indi-
cated by the lower DTsq values. The faster dissipation of prosulfocarb
could be due to processes of adsorption, biodegradation, mineralization,
and/or volatilization, as reported previously (Marin-Benito et al., 2018b;
Braun et al., 2017; EFSA, 2007a).

The DTsq values for both herbicides after the first application were
consistent with those determined in a previous work, when they were
applied as a single or combined formulation in unamended or GC-
amended soils, albeit in a lower dose than in this study (Marin-Benito
et al., 2018a). The repeated application of triasulfuron has an effect on
its persistence, with higher dissipation rates, and DTsq values 1.3 to 3
times lower than after the first application (Table 2). These results

Table 2

indicate that the persistence of triasulfuron was lower after the second
application. This is consistent with the remaining percentages of
triasulfuron at 68 days after the first application, ranging between
14%-51%, and at 69 days after the second application (corresponding
to 138 days after the first application), being between 3%-17% in the
soils with the different treatments. Other authors have also reported ac-
celerated dissipation after repeated pesticide applications due to the
faster metabolism caused by enhanced biodegradation, which could
lead to a reduction in pesticide efficacy in some cases (Baxter and
Cummings 2008; Fang et al. 2018).

The DTsq values for prosulfocarb decreased by up to 1.3 and 1.6
times after its second application in irrigated S and S + GC2 soils, re-
spectively, but the DTsq values were, in general, similar for all the
other soil treatments (Table 3). However, the remaining percentages
of prosulfocarb at 68 days after the first application were lower (0%-
3%) than those at 69 days after the second application (corresponding
to 138 days after the first application) (2%-21%). These results indicate
that the amounts of prosulfocarb remaining after the second application
decreased more slowly over time than after the first application, with-
out fully dissipating. Rouchaud et al. (1997) have reported that repeated
prosulfocarb application to a barley crop enhanced soil biodegradation.
However, the decrease in prosulfocarb concentrations after the second
application and over the course of 50% dissipation was slower than
after the first application, and this resulted in a higher persistence of
the herbicides in the soil at the end of the assay (215 days) (Fig. S3).

The DTsg values for the dissipation of triasulfuron and prosulfocarb
after the two applications were higher in S + GC2 than in S or S
+ GC1. The DTsq values increased by 3.1-1.8 times and by 2.0-1.9
times compared to the unamended soil. These results are related to
the higher OC contentin S + GC2 than in S + GC1, which could help in-
crease the persistence of these herbicides in the top soil, decreasing its
leaching (Marin-Benito et al., 2018b). In fact, a significant and positive
correlation (R? = 0.828, p < 0.001) was found between the DTs values
of triasulfuron and prosulfocarb and OC content. Furthermore, the ad-
sorption of both herbicides by S 4+ GC2 could occur with the possible

Dissipation parameters and goodness of fit for triasulfuron after repeated application (1 and 2) in unamended or amended soils under non-irrigated or irrigated conditions calculated by

fitting the SFO or FOMC models.

Sample plot Non-irrigated soils Irrigated soils
k (days™1) DTs (days) b R? k (days™") DTs (days) Vi R?
Soil
A-1 0.023 303 + 1.84 7.3 0.95 0.026 26.2 +0.89 12.9 0.89
-2 0.045 15.5 4+ 0.46 8.6 0.97 0.039 17.6 4+ 0.12 8.5 0.97
B-1 0.020 34.1 £ 0.05 7.7 0.94 0.030 23.3 £0.90 13.2 0.89
-2 0.046 15.0 & 0.02 121 0.97 0.047 14.9 £+ 0.15 9.6 0.97
C-1 0.026 27.2 +0.50 10.7 0.91 0.026 26.8 +0.95 104 0.92
-2 0.042 16.6 + 0.71 10.7 0.97 0.043 16.3 4 0.50 83 0.98
Mean -1 30.5 + 3.46¢ 25.4 + 1.87bc
-2 15.7 4+ 0.82a 16.3 + 1.35a
Soil+GC1
A-1 0.023 30.0 £0.19 6.7 0.96 0.024 28.6 +£2.18 14.9 0.84
-2 0.038 18.3+0.28 125 0.96 0.033 20.7 £+ 0.46 17.5 0.89
B-1 0.019 36.0 +2.32 12.6 0.83 0.023 30.1 £0.75 10.0 0.90
-2 0.031 22.5 £ 0.11 9.8 0.97 0.030 23.1 £0.73 7.5 0.97
C-1 0.029 241 +1.99 14.7 0.87 0.025 27.4 4+ 0.56 135 0.87
-2 0.032 21.7 £ 0.01 9.1 0.98 0.034 20.5 £ 0.72 10.3 0.97
Mean -1 30.0 £ 5.95¢ 28.7 £ 1.35bc
-2 20.8 & 2.23ab 21.4 4+ 1.45ab
Soil+GC2
A-1 0.341-8.818* 59.2 4 3.61 5.8 0.93 0.008 91.1 & 8.40 1.7 0.97
-2 0.030 23.0 +£1.39 10.1 0.83 0.021 326 £ 1.71 6.3 0.97
B-1 0.008 90.5 £+ 3.96 29 0.94 0.010 724 £ 044 4.6 0.92
-2 0.020 3454894 9.7 0.86 0.033 21.0 4+ 1.21 53 0.99
C-1 0.518-17.68* 55.1 +2.97 4.1 0.97 0.010 72.7 + 9.85 4.9 0.86
-2 0.024 28.4 4+ 032 8.7 0.97 0.028 25.0 + 0.46 8.0 0.97
Mean -1 68.3 & 17.6d 78.7 + 10.7e
-2 28.6 + 5.75bc 26.2 + 5.89bc

¢ Dissipation parameters (o and {3) calculated from fitting experimental data to the FOMC model. Different letters in DTs values indicate significant differences among samples and

treatments (LSD = 7.963, p < 0.05).
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Table 3

Dissipation parameters and goodness of fit for prosulfocarb after repeated application (1 and 2) in unamended or amended soils under non-irrigated or irrigated conditions calculated by

fitting the SFO or FOMC models.

Sample/plot Non-irrigated soils Irrigated soils
k DTs (days) x? R? k DTso Ve R?
(days™") (days™1) (days)
Soil
A-1 0.085 8.2+ 042 14.9 0.96 0.070 9.9 4+ 0.99 121 0.96
-2 0.067 10.3 £ 0.02 13.7 0.97 0.106 6.5 4+ 0.86 114 0.98
B-1 0.059 11.8 £ 0.34 14.2 0.94 0.076 9.1 +0.62 8.4 0.98
-2 0.060 11.6 £ 0.32 14.9 0.94 0.090 7.7 +0.03 14.9 0.97
C-1 0.080 8.6 + 0.37 14.6 0.93 0.077 9.0 + 0.71 134 0.96
-2 0.069 10.0 + 041 144 0.95 0.097 7.2 4045 15.0 0.95
Mean -1 9.5 + 1.97ab 9.3 £+ 0.49ab
-2 10.6 + 0.85b 7.1 £ 0.60a
Soil + GC1
A-1 0.055 12.5 £ 043 13.9 0.96 0.064 10.8 + 0.27 115 0.97
-2 0.051 13.5 £ 0.03 11.7 0.96 0.073 9.5+ 0.24 14.2 0.94
B-1 0.060 11.5 £ 0.08 9.2 0.98 0.071 9.8 4048 5.1 0.99
-2 1.284-12.91° 9.2 4+ 0.54 114 0.98 0.070 9.9+ 0.19 149 0.87
Cc-1 0.077 9.1 + 0.56 10.5 0.98 0.080 8.7+ 0.13 9.3 0.99
-2 1.461-16.0° 9.7 + 0.72 14.5 0.95 0.061 11.5 + 047 13.7 0.97
Mean -1 11.0 £ 1.75b 9.8 4+ 1.05ab
-2 10.8 + 2.35b 10.3 + 1.06ab
Soil+-GC2
A-1 0.033 21.0 £ 1.19 119 0.94 0.033 21.2 £ 0.06 14.7 0.93
-2 0.051 13.6 + 0.02 14.9 0.94 0.063 11.2 £+ 0.00 14.8 0.97
B-1 0.037 18.6 £ 0.34 9.7 0.97 0.039 17.6 £ 0.42 11.0 0.97
-2 0.046 15.0 £ 0.32 13.5 0.86 0.063 11.1 £0.73 15.0 0.95
Cc-1 0.036 19.1 £ 0.70 9.0 0.97 0.039 17.9 £ 041 94 0.97
-2 0.021 324+ 097 133 0.88 0.055 12.6 +£0.20 144 0.92
Mean -1 19.6 £+ 1.27c 18.9 £ 2.00c
-2 20.3 +10.5¢ 11.6 + 0.84b

2 Dissipation parameters (o and (3) calculated from fitting experimental data to the FOMC model. Different letters in DTsq values indicate significant differences among samples and

treatments (LSD = 3.227, p < 0.05).

formation of bound residues and a potential decrease in bioavailability
and biodegradation (Gennari et al. 2002; Said-Pullicino et al. 2004).
The relationship between the adsorption and degradation of these her-
bicides has also been reported in previous works (Négre et al., 2006;
Said-Pullicino et al., 2004). A significant and positive correlation was
also found here between the Ky determined for triasulfuron (S, 0.31 +
001 mLg ;S + GC1,038 + 0.09 mL g 'and S + GC2, 0.67 +
0.03 mL g 1) or for prosulfocarb (S, 21.6 & 555 mLg™'; S + GC1,
247 +7.62mLg 'and S + GC2,57.1 & 2.09 mL g~ !) (Marin-Benito
et al., 2018b) and the DTsq values determined for the first and second
dissipation kinetics (R> = 0.665, p < 0.02, triasulfuron) and (R? =
0.860, p < 0.001, prosulfocarb).

Additional irrigation did not significantly modify the dissipation
rates of triasulfuron after the two applications in S—I or S + GC1-I,
but it decreased in S + GC2-I after the first application. Similarly,
Sarmabh et al. (2000) have reported that the DTsq values of triasulfuron
in an unamended soil under field conditions remained unchanged
when the soil received 89 mm of irrigation compared to the non-
irrigated soil. The DTsq values of prosulfocarb were similar in irrigated
soils after the first herbicide application. However, the dissipation
rates increased in S—I and to a greater extent in S + GC2-I after the sec-
ond herbicide application. Irrigation could lead to a higher potential
degradation and/or leaching of herbicides through the soil profile.

The additional evaluation of the influence of overall weather condi-
tions on the dissipation of triasulfuron and prosulfocarb revealed the
possible effect of temperature for explaining the accelerated degrada-
tion of triasulfuron after the second application. The average tempera-
ture differed during the two dissipation periods, increasing by 10.8 °C
after the second herbicide application. This result is consistent with
the increase in the degradation rate of 2.58 times when the temperature
increases by 10 °C, as determined by the European Food Safety Author-
ity (EFSA 2007b). Dinelli et al. (1998) have reported that temperature
had an effect on the degradation rate of triasulfuron, and the DTsq

value decreased three times when temperature increased from 10 °C
to 20 °C. Stork (1995) has observed that triasulfuron degradation rates
increased with soil temperature, but they were not affected by soil
water content. Temperature had no effect for prosulfocarb after the sec-
ond application of herbicide because faster dissipation occurred only in
irrigated treatments of S—I and S + GC2-I and could be explained by
other processes, as previously indicated.

3.2. Effect of herbicides residues, organic amendments and irrigation re-
gimes on the soil microbial structure

The total microbial population behaved in a similar way towards
herbicides in both irrigated and non-irrigated soils. The amounts of her-
bicide residues, in total (ug g~ ") or relative concentration (%), were pos-
itively related to the total microbial population (nmol/g) (Tables 4 and
5). It means a decrease in this population while the dissipation of herbi-
cides occurs. The toxicity of pesticides towards soil microorganisms is
well described in the literature, mainly in high doses (EI Azhari et al.,
2018; Fang et al., 2018; Franco-Andreu et al., 2016a; Kalia and Gosal,
2011; Wang et al,, 2015). However, previous studies do not provide con-
sistent results on the toxicity of triasulfuron in soil microbiology be-
tween laboratory and field scale. Lupwayi et al. (2004) and Pose-Juan
et al. (2017) report that triasulfuron has no toxic effects on microbial
biomass at field and laboratory scale, respectively. In contrast, Sofo
et al. (2012) have reported toxic effects at laboratory scale for an agro-
nomic dose or higher. A recent study at field scale using a lower dose of
triasulfuron than in this work agreed with the latter, indicating a de-
crease in microbial biomass due to the toxic effects of triasulfuron, and
more so a combination of triasulfuron and prosulfocarb in the un-
amended and GC amended soils (Garcia-Delgado et al., 2018). There-
fore, there is evidence of the toxicity of triasulfuron and prosulfocarb
towards soil microbiota. Additionally, our results indicated that the bac-
teria/fungi ratio was negatively correlated with the herbicide residues,



1483

C. Garcia-Delgado et al. / Science of the Total Environment 646 (2019) 1478-1488

'1000>d s
0100>d ..
'0500>d
I ,.CS60 ., Tv60  SL80 9LE0 9PeE0— 0SE0 LLT0— ,09€°0— €81'0— 106080 4510970 AN ] e 1180 s OLLO JSd%
I ,..£060 7060  06€0 E0P0— 7920 861°0— VLV 0— L80°0— WA TA ] s £C90 +:0SL°0 5 C8L0 s SLLO AS1%
I ,,.S6L0 8810 1120— HELEO LE6T°0— 8T 0— 0€T0— LILL0 0Cr0 R EYA ] L EELO 0290 [2sd]
| S 1 541} s 16V 0— LYT0 1S1°0— L IV 0— SE00— s S6L°0 55990 R 7A] L SLL'O B 4:7A ] [4s1]
I L ECLO0— | SSE0— [Ax4] 1 9580— HLPP0 08€0 +4+906°0 yero €LT0 ~EEV0 (%) 18unyg
1 0sco  ,,.C6v°0— +4:999°0 sCS90— L6V — .. S0L0— €810— . 000°0— ,..0790— (%) pra9DgOUNIY
.. hso— 14 40) s VG80— 0970 1100— WAL Y] +:965°0 ,S0E°0 (%) +wern
I L20E0— 1x£96°0 L16T0— 1L00— 1 8050— | €1P0— 880°0— (%) —wern
I s 18P0— Lpeo— L, 01L°0— 0Z1'0— 0€T0— 0TV 0— 13uny/eLa)oeg
I 9L10— €910 LIEV0— LLE0— 6100 “+wern/—uwern
1 L SELO 1+++6€6°0 ++:986°0 sl L6°0 (8/1ow) sseworg
! ..,0C80 .. TS90 L E9L°0 (8/1owu) 18unyg
L ++:£96°0 +,598°0  (8/jowu) pLIIIDGOUNIY
L s €60 (8/jowu) +wern
1 (8/1owu) —we1n
(%) (%) (%) (%) (%) (8/10wu) (8/10wu) (8/1owu)  (3/jowu) (8/10wu)

Jsd (%) ASL [osd] [dsL] 18ung  puLIIDGOUIDY +weln —weln 1Sunj/elReg  +WeInH/—wern sseworg 1Sung  puRIIDqOUNDY +weln —wern uonegLuy

*JUOj puo[q PuUE SYSLIAISE AQ PAIOUIP I9M SUOIB[LI0D JUBIYIUSIS *ISJ pue JS] Jo a8ejuadiad Sururewar pue ‘(Jsd) qiedojnsoid pue (JSI) uoInjnseLs jo
SUOILIIUOUO SUIUTRLUAI ‘IUN/BLIIIE] ONJEI ‘W1 [BJ0) /— LWUEID) OI3eI ‘SSELUOI] [10] ‘SUOIIBIIUIIUO0D dAIE[a1 Surpuodsaliod Jiay) pue 1uny ‘iajonqoundy ‘+wels ‘—weln jo uonendod uaamiaq s[1os pajeSLLI JO SJUIIIYJI0 UOIIL[III0D UOSIED]

S dqeL

1000>d .

‘0100>d .,
0500>4d
I ,.0€60 . 6160 . €980 . POVO ,0620— LLEE0 61C0— L0LE0— 961°0— +:8C90 8670 i PLS0 s C190 sl T90 JSd%
I ,.,.980 . .S680 900 ~3LE0— . 6SE0 L1T0— L29€0— 961°0— +0€90 L SES0 e 0LS0 P90 7190 ASL%
I ,.LlI80 LL10€°0 L0T0— LIPE0 10— €CT0— 02C0— 9090 ++89€°0 s ELS0 i L6S0 €090 [Dsd]
1 LE8T0 L0ee0— . TIP0 992°0 LYT0— 19T0— +4:699°0 o SLY0 1+4+609°0 1S90 xCS90 [4s1]
L 107 0— 00 €50°0— 5 CG960— £90°0 8G1°0 16990 1700 S0 [4AN(] (%) 13unyg
I 9SC0— L81'0— 06€0— €vTo— e€0— P0S0— L80°0— Jveo— | 81e0— (%) pu23ODgOUIDY
I ,,..59L0— 0z00 1 08L°0— V€90 LL0€0 40090 L EELO €S0 (%) +wern
L 891°0 +:0L60 | SEVO— CCP0— :9050— 0150 — ,887°0— (%) —wern
1 1200— LL10— ., 0PL0— LLO'O— 6V10— 691°0— 13uny/eL1a)oeg
I ,.SsP0— LST0— e 1990— SES0— LELE0— +uwern/—wern
L s 090 +.:996°0 6860 9860 (8/1owu) sseworg
L +.905°0 :SLS0 . 9/50 (8/1owu) 18ung
1 +:C56°0 +,966'0  (3/]owu) pL2IIDOULIY
L 1+,096°0 (8/1owu) +-urern
1 (8/jowiu) —we1n

(%) (%) (%) (%) (%) (8/1owu)  (3/jowu) (8/1owu)  (3/jowu)  (8/jowu)

Jsd (%) 4SL [Dsd] [dsL] 18uny  puAPDGOUNIY  +WRID —weln  13unj/eLRioeq +wieln/—wein sseworg 1Sung  DLIIODGOUNDY +wern —weln uonesLLI oN

"JUOJ PUOIQ PUE SHSLIA)SE AQ PAIOUIP 3I9M SUOIE[ILI0D JUBIYIUSIS ISd pue JS] Jo agejuadiad Sururewal pue (Jsd) qiedojnsoid pue (JS1) UOINJNSeLI) Jo suonel)
-UDUOI SuIUIeWI ‘[3UN/eLI2)0B( OLIEI ‘- WEID) [BJ0) /—WIEID OJEI ‘SSPWIOI] [BJ0] ‘SUOIBIIUDUOI 2AIE[21 SUIpuodsaliod 12y} pue 18uny ‘DLaiopqoundy ‘++weln ‘—wels jo uonendod uaamiaq S[1os pAIeSLLI-UOU JO SJUSDYJI0D UOIB[LI0D UOSIES]

v alqeL



1484 C. Garcia-Delgado et al. / Science of the Total Environment 646 (2019) 1478-1488

i.e. the soils had more bacteria and a lower population of fungi with re-
spect to the initial situation. This effect has also been observed in soils
fumigated with imazethapyr, herbicide with the same mechanisms of
action than triasulfuron (Zhang et al., 2010).

The presence of triasulfuron and prosulfocarb reveal different effects
on microbial structure in both irrigated and non-irrigated soils during
the field assay. The most abundant microorganisms in the irrigated
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denoted by brown colour and the second application by purple colour.
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and non-irrigated soils were Gram-negative bacteria followed by
Gram-positive bacteria, Actinobacteria, and finally fungi (Figs. 1 and 2).
A different composition of the microbial structure could be expected
due to the different irrigation regime and organic amendment manage-
ment, as reported by Franco-Andreu et al. (20163, 2016b) and Sun et al.
(2017). These authors reported that non-irrigated soils have been relat-
ed to a higher proportion of Gram-positive bacteria than in irrigated
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soils because of the higher rigidity of cell walls compared to Gram-
negative bacteria. However, the application of organic amendments
may reduce this phenomenon (Franco-Andreu et al., 2016b) because
of the higher water retention by the OM from organic amendments. In
this study, the dominance of Gram-negative bacteria irrespective of irri-
gation could also be explained by the fact the drought conditions of non-
irrigated soils were not extreme, as was the case in the above references.
The cumulative rainfall during the assay was 185.8 mm and irrigation
was 70 mm (Fig. S1 in Supplementary material), so the irrigated soils re-
ceived a total of 255.8 mm of water, 38% more than the non-irrigated
soils.

In the case of non-irrigated soils, the application of herbicides did not
have any significant effects on the relative populations of Gram-
negative and Gram-positive bacteria during the assay (Fig. 1). However,
herbicides tended to increase the relative abundance of Actinobacteria
after the second application (69-215 days) in S—H, S + GC1-H and S
+ GC2-H (Fig. 1). Baxter and Cummings (2008) have described the
changes in soil microbial structure after three consecutive applications
of the herbicide bromoxynil and, what's more, at high doses. The change
in bacteria structure prompted a significant decrease in the Gram-
negative/total Gram-positive (sum of Gram-positive group and
Actinobacteria) bacteria ratio between treatments with and without
herbicides in S + GC1 and S + GC2 at the end of the assay (Fig. S4 in
Supplementary material). Similar results were found in soils fumigated
with imazethapyr (Zhang et al., 2010).

Results indicated that the residual concentrations of herbicides were
positively correlated with the relative percentage of Gram-positive
bacteria and fungi, and negatively correlated with Actinobacteria
(Table 4). Therefore, the dissipation of herbicides negatively affected
Gram-positive bacteria and fungi, whereas it enhanced the relative pop-
ulation of Actinobacteria. So, fungi behaved in the opposite way to
Actinobacteria. After the first application of herbicides (28 days), the rel-
ative population of fungi in S—H and S + GC1-H was significantly lower
thanin Sand S + GC1, although S + GC2 and S + GC2-H did not record
significant differences (Fig. 1). At the end of the assay (215 days), the
negative effects of herbicides on fungi abundance were significant (p <
0.05) for all the treatments, and produced a generalized increase in
the bacteria/fungi ratio (Fig. S4 in Supplementary material). This sug-
gests that fungi were sensitive to the herbicides triasulfuron and
prosulfocarb. The opposite effect between fungi and bacteria (Santas-
Miguel et al., 2018) was because of the significant increase in
Actinobacteria, the minimal effects of herbicides on Gram-negative and
Gram-positive bacteria, and the significant decrease in fungi (Fig. 1).

The irrigation of soils enhanced the effects of herbicides in un-
amended and amended soils. The relative abundance of Gram-
negative bacteria between the first and second herbicide applications
(28 days) was lower in S + GC2-I-H than in S 4+ GC2-I, but there were
no significant differences between S—I and S-I-H or between S
+ GC1-l and S + GC1-I-H (Fig. 2). The same behaviour was found
after the second herbicide application at 69 and 97 days. At the end of
the assay (215 days), nonetheless, the decrease in Gram-negative abun-
dance was significant (p < 0.05) for all the soil treatments with herbi-
cides (S-I-H, S + GC1-I-H and S + GC2-I-H). The effect on Gram-
positive bacteria was only significant (p < 0.05) at the end of the assay
in S + GC2-1, where the presence of herbicides increased the relative
population of Gram-positive bacteria.

The relative percentage of Gram-negative bacteria was negatively
correlated with the prosulfocarb residue (Table 5). In contrast, the rela-
tive percentage of Gram-positive bacteria was positively correlated with
the prosulfocarb residue. Therefore, the presence of prosulfocarb could
induce the substitution of Gram-positive bacteria by Gram-negative
bacteria. The same phenomenon could be found between Actinobacteria
(negatively correlated with the herbicide residues) and fungi (positive-
ly correlated with the herbicide residues). The relative population of
Actinobacteria was significantly higher with herbicides in all the soil
treatments (S-I-H, S + GC1-I-H and S + GC2-I-H) as happened in

non-irrigated soils. Despite the significant differences found during
the assay for all the treatments, the ratio Gram-negative/total Gram-
positive bacteria (Fig. S5 in Supplementary material) only recorded sig-
nificant differences between S + GC2-1 and S 4+ GC2-I-H. In this soil, as
in non-irrigated soils, the application of herbicides decreased this ratio
accordingly with the increased persistence of herbicides (higher DTsg).

In contrast to Actinobacteria, the effects of herbicides on fungi follow-
ed the opposite trend by decreasing their relative abundance over time
in all soil treatments. Moreover, the fungal decrease was clearly
reflected in the bacteria/fungi ratio (Fig. S5 in Supplementary material).
The increase in this ratio at the end of the assay again reflected the bac-
teria - fungi antagonism. The negative effects of some herbicides on
fungi have been previously reported (Martin-Laurent et al., 2003; Wu
et al., 2014). However, other studies have shown the negative effects
that some herbicides, including triasulfuron and prosulfocarb, have on
fungi at the beginning of the incubation period, although the fungal
population subsequently recovered (Cycon et al, 2013; Garcia-
Delgado et al.,, 2018; Wang et al., 2015; Zhang et al., 2010). In this
study, the significant decline (p < 0.05) in the relative abundance of
fungi could be related to the consecutive applications of high doses of
a mixture of two herbicides. In addition, between 0 and 69 days the
GC-amended soils (S + GC1 and S + GC2) tended to decrease the rela-
tive abundance of fungi with respect to S, as previously described by
Garcia-Delgado et al. (2018) and Pose-Juan et al. (2017).

The microbiological changes in soils after the second application of
herbicides could be responsible for the change in their degradation
rates, which tend to be faster after the second application when the rel-
ative population of Actinobacteria is enhanced. These organisms are
known to be good degraders of complex substrates (Pose-Juan et al.,
2017).

3.3. Relationship between soil microbial structure, herbicides, organic
amendments and irrigation regimes

The global impact of herbicides on soil microbial community was
assessed by PCA including the results in non-irrigated (Fig. 3A, B and
C) and irrigated (Fig. 3D, E and F) soils. A PERMANOVA analysis
(Table S1 in Supplementary material) testing for the significance of
the effects on the relative abundances of PLFAs of herbicide application,
sampling time, soil treatments and their respective interactions re-
vealed the statistical significance of the three factors in non-irrigated
and irrigated soils.

With respect to non-irrigated soils, unamended and amended soils
recorded different PCA profiles. The soil treatment was not significant,
but the application of herbicides was statistically significant in all
three soil treatments (S, S + GC1 and S + GC2) (Table S1). The applica-
tion of herbicides in soil without compost (S—H) clearly enhanced the
abundance of Actinobacteria and reduced the relative abundance of
fungi and Gram-negative bacteria. S + GC1-H and S + GC2-H were re-
lated to a low relative abundance of fungi and a high relative abundance
of Actinobacteria and Gram-negative bacteria. In contrast, amended soils
without herbicides were related to a high relative abundance of fungi
and Gram-positive bacteria. In non-irrigated soils, therefore, herbicides
had a clearly negative effect on fungi and Gram-positive bacteria, while
promoting the relative abundance of Actinobacteria, irrespective of com-
post use. S—H was related to high relative abundance of Gram-negative
bacteria, mainly at 124-215 days, while S + GC1-H and S + GC2-H re-
corded a closer relationship with Gram-negative bacteria than S + GC1
and S + GC2 (Fig. 3A, Band C). In a laboratory assay, soil fumigated with
another sulfonylurea herbicide, azimsulfuron, enhanced microbial di-
versity by detecting different Gram-negative bacteria that were not
found in a non-fumigated soil (Valle et al., 2006). S + GC1-H and S
+ GC2-H produced slower triasulfuron degradation than S—H, so the
microbial shift may be deeper in the former.

The microbiology of non-irrigated soils was exposed to three clear
stress factors, namely, high doses of triasulfuron and prosulfocarb, two
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consecutive applications, and drought conditions. In this respect, the
toxic effects of pesticides can be enhanced, with negative effects on mi-
crobial composition, enzyme activity and pesticide degradation
(Franco-Andreu et al., 2016a). This could be the cause of the significant
impact triasulfuron and prosulfocarb have on the microbial structure of
unamended and GC-amended soils, as reported here. In contrast, a pre-
vious study under similar conditions but with lower herbicide doses re-
vealed an impact on the microbial structure of unamended soil but not
on the microbial structure of GC-amended soil (Garcia-Delgado et al.,
2018). Therefore, the capacity of organic amendments to buffer the ef-
fects of herbicides on the microbial structure could be limited by herbi-
cide doses or consecutive applications.

The three soil treatments in irrigated soils had significant effects
(Table S1 in Supplementary material) on the soil microbial structure.

Unamended and GC1 amended soils (with and without herbicides)
had a similar distribution in PCA with no significant relationship with
any factor (Fig. 3D and E). In contrast, GC2 amended soils (with and
without herbicides) had a strong relationship with Actinobacteria and
a weak one with fungi (Fig. 3F). The negative effects of GC or other or-
ganic amendments on fungal abundance has previously been reported
at both laboratory scale (Pose-Juan et al, 2017) and field scale
(Garcia-Delgado et al,, 2018).

The application of herbicides in irrigated soils had some similarities
with non-irrigated soils. The soil microbial structure of irrigated soils
after herbicide application shifted towards a higher proportion of
Actinobacteria and a lower relative amount of fungi, as was the case in
non-irrigated soils. The presence or absence of herbicides and their in-
teraction over time was significant in unamended soil. S—I was related
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to a high proportion of Gram-positive bacteria and fungi. In contrast, S-I-
H evolved from points related to fungi towards a clear relationship with
Actinobacteria and Gram-negative bacteria at the end of the assay. The
herbicide factor was not significant in S + GC1 treatment. However,
the time factor and the herbicide * sampling time interaction were sig-
nificant. In fact, the evolution of S + GC1-I-H (dark blue symbols in
Fig. 3) tends to be more closely related to Actinobacteria and less so to
fungi over time. In contrast, the changes in microbial structure over
time in S + GC1 seem to be related to the variation in the proportion
of Gram-negative and Gram-positive bacteria because of the dispersion
of points in component 1 and the low values of points in component 2,
being closely related to fungi and Actinobacteria. The application of her-
bicides in GC2-amended soils and their interaction with sampling time
were significant. PCA showed a clear differentiation between S + GC2-I
and S + GC2-I-H. S + GC2-I was related to a high relative abundance of
Gram-positive bacteria, mainly at 215 days. In contrast, S + GC2-1-H
was related to a high relative abundance of Actinobacteria and Gram-
negative bacteria. In addition, there was a clearly negative relationship
with the abundance of fungi in both, S + GC2-I and S + GC2-I-H treat-
ments, as described above.

After herbicide application, all the soils, irrespective of irrigation
conditions, tended to enhance the relative population of Actinobacteria,
mainly after the second application of herbicides, when their DTsq
values were lower than the first one. The remaining triasulfuron con-
centration 69 days after the second application recorded lower concen-
trations than in the first application. Dissipation therefore increased in
the second application, when Actinobacteria increased their relative
abundance. In contrast, the remaining concentrations of prosulfocarb
were higher after the second application. It therefore seems clear that
a high relative abundance of Actinobacteria plays a key role in herbicide
dissipation, being positive in the case of triasulfuron and negative in the
case of prosulfocarb degradation.

4. Conclusions

The dissipation of triasulfuron and prosulfocarb in an agricultural
soil under field conditions is influenced by the type and amount of
green compost applied to the soil and by the irrigation regime. Two
consecutive applications of triasulfuron increase the dissipation rate of
this herbicide, although in the case of prosulfocarb it produces an accu-
mulation of residual herbicide after the second application. A positive
correlation between the amounts of herbicide residues and the total mi-
crobial population led to a decrease in the microbial population during
the dissipation of herbicides and to a certain toxicity of herbicides for
the microbial community. The microbial structure of unamended and
GC-amended soils is modified after two consecutive applications of
the herbicides triasulfuron and prosulfocarb. Herbicides increase the
relative population of Actinobacteria and reduce the relative population
of fungi compared to the initial situation in all the conditions studied.
Actinobacteria seems to be responsible for the increase in the of degra-
dation rate of triasulfuron after the second application.
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