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A B S T R A C T

The simultaneous use of herbicides and organic amendments is a common agricultural practice that may modify
the behavior of the herbicides themselves and affect the microbial community in soils. There is little information
about the changes in the soil microbial community by this agricultural practice under real field conditions. The
aim of this work was to assess the effects on the soil microbial community (abundance, activity, and structure) of
the following two herbicides triasulfuron (TSF) and prosulfocarb (PSC) applied as individual or combined for-
mulations in an unamended soil (Soil) and in a soil amended with green compost (Soil +GC) at field scale.
Herbicide dissipation, soil biomass, respiration, dehydrogenase activity (DHA), and the profile of phospholipid
fatty acids (PLFA) were monitored for 100 days. Triasulfuron recorded a slower dissipation rate than PSC. The
dissipation rate of TSF decreased in the GC-amended soils compared to the unamended ones. Furthermore, the
Soil +GC recorded a higher soil biomass and respiration than the unamended ones. In the GC-amended soil,
biomass values decreased with individual or combined TSF application compared to the Soil+GC control, while
biomass values in the unamended soil increased with the application of combined herbicides after 100 days. In
general, soil respiration values decreased with the application of herbicides in both the unamended and GC-
amended soils. This negative effect was higher for the combined TSF+PSC application. DHA values decreased
over time in the unamended soils treated with herbicides, but this decrease was not observed in the GC-amended
soil. The microbial structure clearly changed throughout the experiment under the different conditions assayed.
After 100 days of simultaneous TSF+PSC application, there was a significant increase in Gram-positive bacteria
and a significant decrease in Gram-negative bacteria and Actinobacteria in the unamended soil. The GC-amended
soil minimized the effects of TSF+ PSC, and only the relative abundance of Actinobacteria increased at 100 days.
The microbial community in the unamended and GC-amended soils behaved differently with herbicide appli-
cation; however, the combined application of TSF and PSC altered soil microbial activity and structure compared
to their individual application or non-application. The application of GC to soil buffered the impact of TSF and
PSC on microbial biomass and activity, and reduced the shift in the soil microbial structure.

1. Introduction

The application of pesticides in modern agriculture is a widespread
practice around the world designed to increase crop yields (Imfeld and
Vuilleumier, 2012). However, the extensive use of these chemicals also
releases pollutants into the environment (Herrero-Hernández et al.,
2016; Pose-Juan et al., 2015b; Sánchez-González et al., 2013). Given
the toxic nature of pesticides, considerable effort has been made to
monitor, understand and minimize their environmental impact
(Herrero-Hernández et al., 2015, 2016; Odukkathil and Vasudevan,
2013).

In this respect, the application of organic amendments to the soil
could act as a barrier to avoid pesticide leaching, minimizing the spread
of pollutants (Álvarez-Martín et al., 2016b; Marín-Benito et al., 2013,
2017). On the other hand, the use of organic amendments is a common
practice in agriculture and in soil remediation processes for increasing
the soil content of nutrients and organic carbon (OC) (Clemente et al.,
2015; Medina et al., 2012). This agricultural practice improves soil
properties and crop yield, and enhances soil microbial activity (López-
Rayo et al., 2016; Medina et al., 2015; Zornoza et al., 2016). Organic
amendments can inoculate new microorganisms in the soil or promote
the growth of specific microorganisms that modify the soil’s microbial
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activity and structure (Álvarez-Martín et al., 2016a; García-Delgado
et al., 2015; Sun et al., 2017).

However, organic amendments may also modify the persistence and
dissipation of pesticides in soils by increasing soil OC (Marín-Benito
et al., 2012, 2013, 2014). In some cases, organic amendments have led
to a decrease in the half-life of a pesticide, while in others there was an
increase or even no effect at all (Álvarez-Martín et al., 2016a; Hussain
et al., 2015; Marín-Benito et al., 2014). As the application of organic
amendments affects the behavior of pesticides in the soil, they will be
able to regulate the bioavailability and concentration of pesticides in
the soil solution, conditioning their possible impact on soil microbial
communities. Therefore, the soil microbial community’s function and
activity could be affected by the simultaneous application of pesticides
and organic amendments (Hussain et al., 2009; Pose-Juan et al.,
2015a).

Information about the effects pesticides have on soil microorgan-
isms and assessing the toxicity of these compounds for soil microbial
communities is increasing nowadays due to is a pre-requisite for im-
proving pesticide regulation in the short term (Karpouzas et al., 2014).
According to the reviews by Hussain et al. (2009) and Imfeld and
Vuilleumier (2012), the presence of pesticides and their degradation
products in the soil may inhibit, promote, or have no effects on mi-
crobial diversity and its functions. Therefore, considering the incon-
sistent results and the significance of microbial biomass, diversity and
activity in many soil cycles and soil health, there is considerable sci-
entific interest in determining the impact pesticides has on the soil
microbial community (Martin-Laurent et al., 2010).

Moreover, there is little information about the soil microbial com-
munity’s response and function when pesticides and organic residues
are simultaneously applied (Pose-Juan et al., 2017, 2015a). Many of the
published studies on soil microbial community’s response to pesticides
have been conducted at laboratory or greenhouse scale (Cycoń et al.,
2012, 2013; Karpouzas et al., 2014; Pose-Juan et al., 2017, 2015a),
while field-scale assays that replicate real conditions are scarce (Petric
et al., 2016; Spyrou et al., 2009).

The largest share of pesticides involves herbicides, which play key
roles in promoting crop yields. These compounds have also posed ser-
ious issues of environmental pollution (Huang et al., 2016), and soil
bacteria are sensitive to some of them, such as sulfonylureas, affecting
the universal biological processes in living systems (Patyka et al.,
2016).

Two groups of herbicides widely used today are sulfonylureas and
thiocarbamates. They have good selectivity, and are characterized by
broad-spectrum weed control for many cereal crops, such as rice, wheat
or maize, soybean and sugar beet or vegetables (e.g., carrots, peas, and
potatoes) (Sofo et al., 2012). Triasulfuron is a sulfonylurea that inhibits
the behavior of acetolactate synthase, and it is responsible for the
biosynthesis in plants and bacteria of three branched-chain amino acids
(leucine, isoleucine, and valine). Since the enzyme is absent in humans
and animals, it is a safe choice to apply sulfonylureas in the field (Wang
et al., 2010). Triasulfuron is a weak acid which presents a high solu-
bility in water and low hydrophobicity. In field dissipation studies, TSF
exhibited an elevated mobility and moderate persistence in soils (PPDB,
2017). The time required for the concentration to decline to half of the
initial value (DT50) ranged between 15.9 and 65.4 days (EFSA, 2015).
The adsorption of TSF by soils influences its biodegradation and bioa-
vailability (Said-Pullicino et al., 2004). Its transformation to metabo-
lites is due to microbial degradation and chemical hydrolysis (Pose-
Juan et al., 2017; Singh and Kulshrestha, 2006). Soil bacterial com-
munities or activities could be affected by this herbicide (Pose-Juan
et al., 2017; Wang et al., 2010). Nevertheless, little is currently known
about the impact TSF and other sulfonylurea herbicides have on soil
microbes (Karpouzas et al., 2014).

Thiocarbamate herbicides inhibit the elongase enzyme, hence the
main effect of these herbicides is the inhibition of the synthesis of very-
long-chain fatty acids, while also affecting meristematic tissues. Among

these herbicides, and as a secondary effect, PSC has previously been
reported to inhibit shikimate synthesis, leading to a decrease in flavo-
noid content and a variation in amino acid composition and content.
The changes can be interpreted as secondary effects, probably related to
the stress caused by the primary effects of PSC (Hjorth et al., 2006).
Prosulfocarb has low solubility in water and high hydrophobic char-
acter. This herbicide presents high adsorption, is slightly mobile and
non-persistent in soils (PPDB, 2017). Under field conditions, prosulfo-
carb DT50 values ranged between 6.5 and 13.0 days (EFSA, 2007). The
dissipation of PSC is due mainly to microbial degradation (Gennari
et al., 2002). The high adsorption of PSC by soil organic matter frac-
tions could lead to a decrease in leaching (Nègre et al., 2006).

The physicochemical behavior of TSF and PSC herbicides, including
their dissipation, mobility and persistence in a field experiment in an
unamended soil and one amended with green compost (GC), has been
evaluated in a previous study (Marín-Benito et al., 2018). Herbicide
concentrations were determined at various times in the surface soil and
at different depths up to 50 cm to evaluate the effect of the increased
OC in the amended soil and the influence on the dissipation and mo-
bility of individual Logran® and Auros®, or the combined commercial
formulation Auros Plus® of both compounds.

The present work supports a simultaneous study designed to eval-
uate the effect of herbicides applied on microbial communities and
their evolution over the dissipation process. To our knowledge, there
are no studies on the impact of PSC on soil microbial communities, and
little is known about the impact of TSF on soil microbes under real field
conditions (Karpouzas et al., 2014).

Accordingly, the aim of this work was to determine the possible
modifications of soil microbial communities due to the application of
the herbicides TSF and PSC on an unamended and a GC-amended soil. A
field experiment was set up, and the effects of the individual or com-
bined commercial formulations of the herbicides were studied on the
following: (i) the soil microbial biomass, respiration, and dehy-
drogenase activity, as parameters indicating the abundance, overall
activity and function of microbial communities, and (ii) the profile of
phospholipid fatty acids (PLFAs) extracted from the soil, as indicator of
the soil microbial structure. Changes were evaluated at various times
during the dissipation of herbicides in the soil surface.

2. Materials and methods

2.1. Herbicides

This study used the commercial formulations of triasulfuron (TSF)
(Logran® 20% p/p), prosulfocarb (PSC) (Auros® 80% p/v), and tria-
sulfuron+prosulfocarb (TSF+PSC) (Auros Plus®) (Syngenta Agro
S.A., Madrid, Spain). Analytical standards of both compounds were
purchased from PESTANAL® (purity> 98.9%) (Sigma Aldrich Química
S.A., Madrid, Spain). The chemical name, structure and characteristics
of these compounds are included in Table S1 (in Supplementary ma-
terial) (PPDB, 2017).

2.2. Green compost

A composted organic residue of vegetal origin from the pruning of
plants and trees in parks and gardens in the city of Salamanca (Spain)
has been used. It was supplied by the city council. The physicochemical
characteristics of this green compost (GC) on a dry weight basis are as
follows: pH 7.33, determined in a GC/water suspension (1:2); OC
content 9.80%, determined by the modified Walkley-Black method;
dissolved organic carbon (DOC) 0.353%, determined in a suspension of
GC in deionized water (1:2) after shaking (24 h), centrifuging (20min
at 10,000 rpm) and filtering, using a Shimadzu 5050 (Shimadzu,
Columbia, MD, USA) organic carbon analyzer; total N, 1.04% de-
termined by the Kjeldahl method. The C/N rate was 9.42, and the ash
percentage determined by weight difference after ignition at 540 °C for
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24 h was 74.5%.

2.3. Experimental set-up

A field experiment was conducted with an agricultural sandy clay
loam soil (Typic Haploxerept) (Soil Survey Staff, 2010) on the Muño-
vela experimental farm belonging to the Institute of Natural Resources
and Agrobiology of Salamanca (IRNASA-CSIC), Spain (40°55′56″ N la-
titude and 5°52′53″W longitude). A detailed description of the experi-
mental layout of randomized complete blocks of unamended soil (Soil)
(12 plots) and soil amended with GC (Soil +GC) at the rate of
120 t ha−1 on a dry weight basis (∼11.6 t C ha−1) (12 plots) and of the
weather conditions is included in Supplementary material and in
Marín-Benito et al. (2018).

Water herbicide suspensions were applied manually using a back-
pack sprayer (volume of 10 L) seven days after the soil was amended.
The doses applied to the plots were in the ranges of the recommended
application doses for both herbicides (4.5 kg a.i. ha−1 as Auros® 80%
(PSC), and 100 g a.i. ha−1 as Logran® 20% (TSF)). Similar doses of both
compounds were applied jointly as Auros Plus® (TSF+PSC). The
combination of soil management, unamended (Soil) and amended with
GC (Soil+GC), and herbicides application (TSF, PSC or TSF+PSC)
denoted the treatments applied. A check was made prior to the appli-
cation 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 record of TSF and PSC application in the previous five
years.

2.4. Soil sampling, sample processing, and herbicide extraction and analysis

Surface soil samples from 0 to 10 cm were collected on the first day
after herbicide application (0 days), and at 30 and 100 days after
treatment to determine soil biomass, dehydrogenase activity (DHA),
respiration, and phospholipid fatty acids (PLFAs) in all the treatments.
Soil samples were also collected at the same times to determine her-
bicide dissipation. Five sub-samples were taken in each plot, mixing
them before they were transferred to polypropylene bottles. All the
samples were transported to the laboratory in portable refrigerators.
Soil samples were divided into sub-samples to determine soil biomass,
respiration, DHA and herbicide dissipation, which were analyzed im-
mediately. To determine PLFAs, the samples were frozen at −80 °C and
lyophilized prior to extraction and analysis. Soil characteristics were
determined according to Marín-Benito et al. (2018), and are included in
Supplementary material (Table S2).

Duplicate subsamples of moist soil (6 g) were extracted from each
plot with methanol (12mL) to determine herbicide residues. The sam-
ples were sonicated for 1 h, shaken at 20 °C for 24 h, and then cen-
trifuged at 5045g for 15min. The extracts were filtered to remove
particles> 0.45 µm in a GHP Acrodisc filter (Waters Corporation) and
evaporated until dryness at 25 °C under a nitrogen stream using an EVA-
EC2-L evaporator (VLM GmbH, Bielefeld, Germany). The residue was
dissolved in 0.5 mL of methanol+ formic acid (1%), and transferred to
a HPLC glass vial for analysis. The analysis of TSF and PSC was per-
formed by HPLC attached to a ZQ mass spectrometer detector (MS)
(Waters Assoc., Milford, MA, USA). A detailed description of the ana-
lytical method is included in Supplementary material.

2.5. Soil biochemical properties and PLFA analysis

Microbial biomass-N was extracted using the chloroform fumiga-
tion-extraction technique (Vance et al., 1987). Cytoplasm content was
extracted with K2SO4, and the ammonium present was determined by
colorimetry with a segmented flow autoanalyzer. A conversion factor
into biomass-C of 21 was used (García-Izquierdo, 2003).

Soil respiration was determined by measuring the depletion of
pressure produced by O2 consumption by the microorganisms in 50 g of

fresh soil over four days using OxiTop Control BM6 containers with an
OxiTop Control OC 110 measurement system (WTW, Weilheim,
Germany). The CO2 produced by the metabolism of soil microorganisms
was trapped in 10mL of NaOH 1M.

Soil DHA is a measure of overall microbial activity. This parameter
was determined by the method of Tabatabai modified by Singh et al.
(2002). Briefly, six grams of fresh soil were mixed with 60mg of cal-
cium carbonate and 1mL 3% 2,3,5-triphenyltetrazolium chloride and
2.5 mL of ultrapure water. The reaction mixture was incubated at 37 °C
for 24 h in the dark. At the end of incubation, the 1,3,5-triphe-
nylformazan (TPF) was extracted with 7mL of methanol, centrifuged
(3000 rpm, 10min) and extracted two times again. The three fractions
were mixed and diluted to 25mL with methanol. The absorbance of the
supernatant was measured in a spectrophotometer at 485 nm. The re-
sults were expressed as µg TPF g−1 dry soil.

The microbial community composition of the soil samples was de-
termined using PLFA analysis, as described in Pose-Juan et al. (2015a).
Briefly, samples were freeze-dried, and 2 g of dry material was used for
lipid extraction. Lipids were extracted with a one-phase chloroform-
methanol-phosphate buffer solvent. Phospholipids were separated from
non-polar lipids and converted to fatty acid methyl esters before ana-
lysis. 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
Scientific, Folsom, CA, USA) and a flame ionization detector. PLFAs
were identified using bacterial fatty acid standards and software from
the Microbial Identification System (Microbial ID, Inc., Newark, DE,
USA).

2.6. Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) being
the main factors soil treatments and sampling times. Duncan or
Games–Howell post hoc test (according to Levene variance homo-
geneity test) at p < 0.05 was used to determine significant differences
between means and evaluate the effects of the different soil treatments
at the same sampling time and the sampling times within the same soil
treatment on the microbial biomass, respiration, DHA and PLFAs of
soils. Pearson correlation coefficients between the remaining percen-
tages of herbicides, soil OC, and microbial structure and activity 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. Finally, principal component analysis
(PCA) was performed, with PAST v3.15 software (Hammer et al.,
2001), to determine the most meaningful variables and the global im-
pact of the herbicides and GC on soil microbial communities.

3. Results and discussion

3.1. Dissipation of herbicides

Table 1 shows the remaining percentages of TSF and PSC at 30 and
100 days after the application of individual or combined herbicide

Table 1
Remaining percentages of triasulfuron and prosulfocarb in unamended soil and green
compost amended soil at 30 and 100 days after application of individual or combined
formulations of herbicides.

Herbicide Soil Soil+Green Compost

(Formulation) 30 days 100 days 30 days 100 days

Triasulfuron (Logran®) 29 ± 7 2.2 ± 0.2 62 ± 15 7.9 ± 3.8
Prosulfocarb (Auros®) 25 ± 17 0.4 ± 0.1 26 ± 10 1.4 ± 0.6
Triasulfuron (Auros Plus®) 51 ± 18 2.4 ± 2.2 41 ± 7.1 9.4 ± 3.2
Prosulfocarb (Auros Plus®) 37 ± 17 0.7 ± 0.4 20 ± 5.1 2.1 ± 0.7
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formulations. The concentrations measured at the beginning of the
dissipation study ranged between 0.073 and 0.211mg TSF kg−1 dry soil
and 4.56–5.22mg PSC kg−1 dry soil, respectively, in different plots. At
30 days after herbicide application, the remaining percentages of TSF
and PSC were between 29% and 62% and between 20% and 37% of the
initial concentrations, respectively, for the different conditions studied.
At 100 days after herbicide application, there was almost no further
dissipation of either TSF or PSC, with the remaining percentages of TSF
and PSC being between 2.2% and 9.4% and 0.4% and 2.1%, respec-
tively. PSC therefore recorded a higher dissipation rate than TSF under
the different conditions assayed.

The GC-amended soil recorded slower TSF dissipation than the
unamended soil. However, the dissipation of PSC was not affected by
GC application. Pose-Juan et al. (2017) described the decrease of TSF
dissipation in the soil amended with GC compared to the unamended
soil at laboratory scale. The decrease in TSF dissipation in Soil+GC
could be due to a decrease in microbial degradation caused by herbicide
adsorption by soil organic matter. Adsorption reduces pesticide solu-
bility in a soil solution and its bioavailability to microbial degradation,
increasing the presence of pesticides in the top soil (Herrero-Hernández
et al., 2015; Marín-Benito et al., 2013). In contrast, the fact there were
no differences for PSC dissipation between the GC-amended and un-
amended soils could be due to two factors: firstly, this compound’s high
hydrophobicity (low water solubility, Table S1) may lead to high ad-
sorption in both the GC-amended and unamended soils; secondly, the
possible losses by volatilization of the parent compound (Braun et al.,
2017). A detailed description of the dissipation kinetics and mechan-
isms of TSF and PSC in the GC-amended and unamended soils has been
reported in Marín-Benito et al. (2018).

3.2. Soil microbial biomass and activity

3.2.1. Soil microbial biomass
Fig. 1 shows the evolution of C-microbial biomass in the unamended

and GC-amended soils either untreated or treated with herbicides. No
significant differences were detected in the microbial biomass in the
control soil (Soil) between sampling times with the mass remaining
constant during the assay. At short and medium time (0–30 days), the

individual application of the herbicides TSF and PSC in the unamended
soil did not modify the microbial biomass compared to the control
treatment. However, 100 days after herbicide application the biomass
increased in the presence of TSF and/or PSC in the unamended soil,
with the combination of TSF+PSC producing a significant increase
(p < 0.05) in microbial biomass compared to the control soil and the
soil treated individually with TSF or PSC.

Toxic effects of TFS and other sulfonylurea herbicides were reported
at laboratory scale for field or higher doses after 30 days of incubation
(Sofo et al., 2012). In this work, a certain toxicity of TSF was observed
in Soil+ TSF after 30 days. Biomass decreased (Fig. 1) compared to
initial time, although at the end of the assay the microbial biomass in
Soil+ TSF and Soil+ TSF+PSC increased to values similar to those at
the beginning of the assay. This means the toxic effects of TSF were
limited in time, and the microbial biomass recovered with TSF dis-
sipation. Lupwayi et al. (2004) have not reported any significant effects
of a field dose of TSF on C-microbial biomass at field scale. Similarly, in
a field experiment, butachlor applied at the recommended dose had not
significant effect on C-microbial biomass (Singh et al., 2016). On the
contrary, the two-year application of the herbicide imazethapyr to
soybean fields increased the C-microbial biomass indicating that the
herbicide itself might provide a carbon source for soil microorganisms
(Zhang et al., 2010).

The application of GC to soil enhanced the microbial biomass over
that of the unamended soil from the beginning of the assay, with the
detection of significant differences between sampling times (Fig. 1).
The increase in microbial biomass after GC application has already been
reported in herbicide dissipation studies at laboratory scale (Pose-Juan
et al., 2015a,c, 2017) or for other organic amendments at field scale
(Singh et al., 2016). Neither did the individual application of herbicides
modify the increased microbial biomass observed in the Soil+GC over
the short and medium term (0–30 days) as in the unamended soil.
Soil +GC buffered the effects of these herbicides, and significant dif-
ferences were observed solely in the evolution of each treatment at
100 days after herbicide application. At this time in contrast to the
unamended soil, TSF applied individually (Soil +GC+TSF) or in
combination with PSC (Soil +GC+TSF+PSC) led to a decrease
(p < 0.05) in microbial biomass with respect to Soil+GC especially in

Fig. 1. Microbial biomass for unamended soil (Soil) and soil amended with green compost (Soil +GC) in absence or presence of triasulfuron (TSF) and/or prosulfocarb (PSC). Data
present the mean ± standard deviation of three replicated plots. Different lowercase and uppercase letters indicate significant differences between treatments at the same sampling time
and between sampling times within the same treatment (Duncan post hoc test; p≤ 0.05), respectively. Lack of letters indicates no significant differences.
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combination with PSC. With respect to initial values, microbial biomass
in Soil+GC treatments tends to increase at the end of the assay, except
in Soil+GC+TSF+PSC, where the microbial biomass did not record
any significant differences between the initial and final sampling times,
which confirms the negative effect of the combined application of both
herbicides, TSF and PSC. These effects could be due to the higher
amounts of herbicides remaining at 100 days in Soil+GC (Table 1)
compared to unamended soil, which may have a toxic effect on the
microbial biomass. Pose-Juan et al. (2017) have reported an increase of
microbial biomass at a low dose of TSF in a soil amended with GC
during the incubation period. The general reduction in microbial bio-
mass at 30 days in all the treatments could be due to external factors
such as weather conditions or low moisture in the surface soil (Marín-
Benito et al., 2018).

3.2.2. Soil respiration
Fig. 2 presents the soil respiration results, expressed as mg of O2

consumed per kg of dry soil. Soil respiration was very sensitive to
treatments and sampling times. Respiration of the unamended soil de-
creased at initial time, and at 30 days after TSF was applied individually
or combined with PSC (Soil + TSF and Soil+ TSF+PSC). However the
individual application of PSC (Soil+ PSC) did not record any sig-
nificant decreasing effect (p > 0.05) regarding the Soil control. Sofo
et al. (2012) have also described the inhibition of soil respiration over
30 days of TSF application, although other sulfonylureas either pro-
moted or had no effect on soil respiration at 30 days of incubation.
Finally, at 100 days after herbicide application, respiration in soils
Soil+ TSF, Soil+ PSC, and Soil+ TSF+PSC was higher (p < 0.05)
than at 0 or 30 days. This is in agreement with the increase in microbial
biomass (Fig. 1), but soil respiration in presence of herbicides was re-
duced compared to the Soil control (p < 0.05) in spite of the remaining
amounts of herbicide at this time were low. Similarly, the application of
the herbicide fomesafen at the field dose resulted in significantly lower
basal respiration rates during the first 15 days, whereas it was sig-
nificantly lower at all incubation times in soil treated with higher doses
of herbicide (Wu et al., 2014).

The addition of GC enhanced soil respiration with respect to the
unamended soil (p < 0.05), and initially buffered the effect of the
individual application of TSF (Soil+GC+TSF), which did not modify

the respiration with respect to the Soil+GC control. However, the
buffer capacity of GC was ineffective for the combined application of
TSF and PSC (Soil +GC+TSF+PSC), which reduced soil respiration
to the values of the unamended soil (Soil+ TSF and Soil+ TSF+PSC).
At 30 days after herbicide application, respiration also tended to de-
crease in the soils treated with TSF (Soil+GC+TSF), but soils treated
with PSC recorded significant increase compared with the Soil+GC
control. Prosulfocarb increased soil respiration as it was reported in
other laboratory experiments in GC amended soil in the presence of TSF
(Pose-Juan et al., 2017) or high doses of mesotrione (Pose-Juan et al.,
2015c). An increase of respiration was observed at 100 days after her-
bicide application in GC amended soils (p < 0.05), but soil respiration
was reduced in Soil+GC+PSC and Soil+GC+TSF+PSC com-
pared to the Soil+GC control (p < 0.05) as it was observed in un-
amended soils.

3.2.3. Soil dehydrogenase activity (DHA)
Fig. 3 presents the DHA values for the unamended and GC-amended

soils either untreated or treated with herbicides. The DHA values were
not affected by GC or herbicide application at 0 and 30 days of assay. At
100 days, there were no significant differences between the control soil
(Soil) and the soil treated with herbicides (Soil + TSF, Soil+ PSC and
Soil+ TSF+PSC). The DHA in Soil was constant over the 100 days of
assay; in contrast, the DHA values decreased over time for treatments
Soil+ TSF, Soil+ PSC, Soil+ TSF+PSC (p < 0.05), reflecting the
impact of herbicides or their metabolites on microbial activity. How-
ever, the herbicide napropamide applied at field rates had a negative
impact on DHA at the beginning of the experiment (Cycoń et al., 2013).

DHA values also decreased in Soil+GC over time. A similar trend
has been observed in a previous study using soil amended with GC at
laboratory scale (Pose-Juan et al., 2015a). The soil microbiota retained
their functional activity despite the sampling time and the individual or
combined application of herbicides in Soil+GC. The DHA values in-
creased significantly at 100 days in Soil+GC+PSC (p < 0.05).
However, the DHA values were constant in Soil+GC+TSF and
Soil+GC+TSF+PSC treatments over the assay period, being similar
or higher than the DHA values in the Soil+GC control. The application
of GC therefore buffered the negative effects of TSF and PSC in soil DHA
over time. A similar conclusion has been reported for the herbicide

Fig. 2. Soil respiration for unamended soil (Soil) and soil amended with green compost (Soil +GC) in absence or presence of triasulfuron (TSF) and/or prosulfocarb (PSC). Data present
the mean ± standard deviation of three replicated plots. Different lowercase and uppercase letters indicate significant differences between treatments at the same sampling time and
between sampling times within the same treatment (Duncan post hoc test; p≤ 0.05), respectively.
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oxyfluorfen, which recorded a lower inhibition of enzymatic activities,
including DHA, when organic wastes were added to soils (Gómez et al.,
2014).

3.3. Phospholipid fatty acids profile analysis

Fig. 4 shows the relative abundance of PLFAs that specifically di-
agnose Gram-negative and Gram-positive bacteria, Actinobacteria, and
fungi at seven days before herbicide application, and at 0, 30 and
100 days after herbicide application in the unamended and GC-
amended soils.

Previously to application of herbicides the relative abundance of
PLFAs in the plots of unamended soil and in the plots of GC-amended
soil was analyzed. The results revealed no significant differences in the
relative abundance of Gram-positive and Gram-negative bacteria,
Actinobacteria, and fungi between plots of unamended soil or between
plots of amended soil. Consequently a homogeneous microbial structure
was recorded for Soil plots and for Soil+GC plots respectively.
However, the comparison of microbial structure of Soil plots with
Soil+GC plots indicated the application of GC to soil decreased
(p < 0.05) the abundance of fungi with respect to the unamended soil
(Fig. 4). This shift in the soil microbial structure immediately after GC
addition (and previous herbicide application) was due to the input of
new microorganisms from the compost’s inherent microbial population
(García-Delgado et al., 2015).

At 0 days of herbicide application, no significant differences were
observed between Soil or Soil+GC controls and these soils treated
with TSF, PSC or TSF+PSC. This means there was no modification of
the microbial structure immediately after individual (TSF or PSC) or
combined (TSF+ PSC) herbicide application. Neither did a previous
work on TSF dissipation at laboratory scale report any significant
changes in unamended and GC-amended soils even at a very high
concentration (50mg kg−1) immediately after herbicide application
(Pose-Juan et al., 2017). However, other herbicides such as napropa-
mide, acetochlor or MCPA significantly shifted the microbial commu-
nity structure at the beginning of the incubation (Bai et al., 2013; Cycoń
et al., 2013; Saleh et al., 2016).

At 30 days after herbicide application in the unamended soil, a

significantly higher abundance of fungi was detected in
Soil+ TSF+PSC compared to the Soil control or Soil+ TSF and
Soil+ PSC (p < 0.05). This higher abundance of fungi was offset by a
decrease in Gram-positive bacteria and no changes were detected in
Gram-negative bacteria or Actinobacteria. By contrast in Soil+GC, the
combined application of TSF+ PSC increased the abundance of Gram-
positive bacteria (p < 0.05) and the application of individual TSF led
to a decrease in fungi (p < 0.05). The relative abundance of
Actinobacteria and Gram-positive bacteria were higher in
Soil+GC+TSF and Soil+GC+TSF+PSC than in their respective
treatments in the unamended soil (p < 0.05), but there was a lower
abundance of fungi in Soil+GC+TSF+PSC than in
Soil+ TSF+PSC (p < 0.05).

At 100 days, there were significant differences (p < 0.05) between
the treatments for Gram-negative and Gram-positive bacteria and
Actinobacteria, but not for fungi. The lack of significant differences for
fungi could be because fungi belong to the group of microorganisms
that after an initial sensitive response to the presence of pesticides in
the soil rapidly establish a normal metabolism (Kalia and Gosal, 2011).
Overall, herbicides do not have a negative impact on the soil fungal
population when applied at the recommended doses (Kalia and Gosal,
2011). At this time (100 days), the simultaneous application of
TSF+ PSC in the unamended soil led to a significant increase in the
relative abundance of Gram-positive bacteria and a decrease in Gram-
negative bacteria (p < 0.05) compared to Soil and Soil+ TSF or
Soil+ PSC. This means that only the combined application of both
herbicides modified bacterial diversity, and no significant shift was
detected in the soils treated individually with TSF or PSC. This effect
was buffered in the GC-amended soil, and no significant differences
were found in the relative abundance of Gram-positive and Gram-ne-
gative bacteria. In contrast, the relative abundance of Actinobacteria
increased (p < 0.05) in Soil+GC treated with individual or combined
herbicides. Cycoń et al. (2012) found an increased amount of bacterial
and fungal PLFAs in a soil after application of teflubenzuron at the end
of the incubation time possibly due to the utilization of insecticide by
soil microorganisms.

The ratio Gram-positive/Gram-negative bacteria (Fig. 5) decreased
significantly over time for all the treatments (p < 0.05), except for

Fig. 3. Dehydrogenase activity for unamended soil (Soil) and soil amended with green compost (Soil +GC) in absence or presence of triasulfuron (TSF) and/or prosulfocarb (PSC). Data
present the mean ± standard deviation of three replicated plots. Different lowercase and uppercase letters indicate significant differences between treatments at the same sampling time
and between sampling times within the same treatment (Duncan post hoc test; p≤ 0.05), respectively. Lack of letters indicates no significant differences.
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Fig. 4. Relative abundance (% mol) of PLFAs specifically diagnostic of Gram-negative and Gram-positive bacteria, Actinobacteria and fungi in the unamended soil (Soil) and soil amended
with green compost (Soil+GC) before (-7 days) and after (0, 30 and 100 days) triasulfuron (TSF) and/or prosulfocarb (PSC) application. Data present the mean ± standard deviation of
three replicated plots. Different lowercase and uppercase letters indicate significant differences between treatments at the same sampling time and between sampling times within the
same treatment (Duncan post hoc test; p≤ 0.05), respectively. Lack of letters indicates no significant differences.
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Soil+GC+TSF, which did not record any significant differences. At
100 days after herbicide application, the ratio Gram-positive/Gram-
negative bacteria was significantly higher (p < 0.05) in
Soil+ TSF+PSC than in Soil and Soil+ TSF or Soil+ PSC. However,
no significant differences were found between treatments in the GC-
amended soils. Therefore, GC was able to buffer the microbial shift
produced by the combined application of TSF+ PSC. Pose-Juan et al.
(2015a) have described a shift in the bacteria ratio towards Gram-ne-
gative bacteria in the Soil+GC soil over 98 days of incubation. They
have reported that both the overall structure of active microbial com-
munities and the relative abundance of certain groups of microorgan-
isms clearly change according to the type of amendment and the time of
incubation, but remain unaffected by the application of the herbicide
mesotrione.

A statistical analysis of each microbial group’s trend over time in
untreated soils and those treated with herbicides showed a clear shift in
microbial diversity. During the assay, there was an increase in the re-
lative abundance of Gram-negative bacteria and Actinobacteria in the
unamended and GC-amended soils, whereas the relative abundance of
Gram-positive bacteria decreased, and the percentage of fungi remained
almost the same (Figs. 4 and 5). It has been observed that Gram-ne-
gative bacteria can multiply rapidly in the presence of additional
carbon sources (Cycoń et al., 2012) and fungi are more sensitive to
chemical stresses (Wu et al., 2014). Similarly, Zhang et al. (2010) re-
ported an increase in Gram-negative bacteria by the application of the
herbicide imazethapyr for two years in a soybean field suggesting the
herbicide may act as a carbon source. However, in a field study, ap-
plication of nicosulfuron at agronomical rate did not significantly affect
the abundance of fungi and bacteria, and did not induce large altera-
tions in the soil microbial structure (Karpouzas et al., 2014).

3.4. Global impact of herbicides and green compost on microbial
communities

Table 2 shows the Pearson correlation coefficients between the
percentage of remaining herbicides, soil OC, and microbial structure
and activity, and Fig. 6 presents the principal component analysis (PCA)
of these variables. The combination of both analyses shows how some
variables are related to each other. The relative percentage of Gram-
positive bacteria negatively correlates with the relative percentage of
Gram-negative bacteria and Actinobacteria (Table 2). This is clearly
shown in the loading factors of PCA (Fig. 6), where Gram-positive

bacteria and Gram-negative bacteria and Actinobacteria are opposite
and strongly related to PC1. Significant positive correlations are found
between microbial biomass and soil respiration, microbial biomass and
OC and DHA and OC, suggesting that microbial biomass and activity
and soil OC are interrelated. This has been confirmed with the PCA,
where all these variables are positively related to PC2 (Fig. 6). Organic
amendments have a positive effect on soil microbial biomass and DHA
because organic amendments are the carriers of new microbial popu-
lations, and the input of new available OC stimulates microbial activity
(Álvarez-Martín et al., 2016a; García-Delgado et al., 2015; Pose-Juan
et al., 2015c).

The scores for each treatment and sampling time on the PCA (Fig. 6)
show the different evolution of each treatment during the field assay. At
0 days after herbicide application, all the treatments were in the ne-
gative zone of PC1, positively related to Gram-positive bacteria and
herbicides, and poorly related to Gram-negative bacteria, Actino-
bacteria, and the evolution of time. The unamended soils were in the
negative zone of PC2. The unamended soils were therefore less related
to soil OC, microbial biomass, soil respiration and DHA than the GC-
amended soils. The application of herbicides had no major impact be-
cause of these treatments’ low shift in PC2. The individual or combined
application of TSF and PSC in the GC-amended soils had a low impact in
PC1, albeit with a clear decrease in PC2 scores compared to the
Soil+GC control soil.

At 30 days after herbicide application, the unamended and GC-
amended soils, untreated and treated with herbicides, recorded a si-
milar shift to the positive zone of PC1, indicating herbicide dissipation,
and a shift to Gram-negative bacteria and Actinobacteria. The un-
amended and GC-amended soils decreased their scores in PC2. This
evolution indicated a decrease in soil microbial biomass and activity.
However, both soils continued to record differences in PC2, where the
unamended soils had lower scores. The presence of TSF, PSC, or a
combination thereof, did not record a major shift from the control
treatments (Soil and Soil+GC), so the impact of these herbicides after
30 days did not have a significant overall impact on microbial structure
and activity.

At 100 days after herbicide application, the unamended and GC-
amended soils presented a clear difference in the PCA analysis. The
unamended soils (Soil, Soil + PSC and Soil+ TSF) recorded a higher
score in PC1 than the GC-amended soil. In contrast, the combination of
herbicides in the unamended soil (Soil + TSF+PSC) recorded a similar
value for the PC1 score as the GC-amended soils. Therefore, treatments

Fig. 5. Ratio Gram-positive/Gram-negative bacteria in unamended soil (Soil) and soil amended with green compost (Soil +GC) in absence or presence of triasulfuron (TSF) and
prosulfocarb (PSC). Data present the mean ± standard deviation of three replicated plots. Different lowercase and uppercase letters indicate significant differences between treatments at
the same sampling time and between sampling times within the same treatment (Duncan post hoc test; p≤ 0.05), respectively.
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Soil, Soil + PSC and Soil+ TSF were more closely related to a high
proportion of Gram-negative bacteria and Actinobacteria and low mi-
crobial biomass and activity than the combined herbicide treatment in
Soil and Soil+GC. This means that the combination of TSF and PSC in
the unamended soil changed the microbial structure compared to the
individual application of these herbicides or to no application at all.

However, the individual application of TSF or PSC did not produce a
major shift in the microbial structure compared to the untreated soil
(PC1). The relative low distance of unamended soils (Soil, Soil + TSF,
Soil+ PSC and Soil+ TSF+PSC) along PC2 denotes low impact of
these herbicides on soil microbial biomass and activity at the end of the
assay. In the case of the GC-amended soils, the application of TSF or

Table 2
Pearson correlation coefficients between relative percentage of Gram-negative and Gram-positive bacteria, Actinobacteria and fungi, soil dehydrogenase activity (DHA), soil respiration,
soil biomass and organic carbon, percentage of remaining triasulfuron and prosulfocarb and ratio Gram-negative/Gram-positive bacteria. Significant correlations were denoted by
asterisks and bold font.

Gram− Gram+ Actinobacteria Fungi DHA Respiration Biomass OC Triasulfuron Prosulfocarb Gram+/Gram−

Gram− 1
Gram+ −0.904*** 1
Actinobacteria 0.820*** −0.752*** 1
Fungi −0.113 −0.051 −0.233 1
DHA −0.247 0.449* −0.333 −0.025 1
Respiration 0.502* −0.487* 0.207 −0.032 0.001 1
Biomass −0.020 −0.184 −0.220 0.014 0.221 0.521** 1
OC −0.053 0.165 −0.05 −0.248 0.436* 0.306 0.432* 1
Triasulfuron −0.436* 0.447* −0.334 0.200 0.126 −0.439* −0.075 −0.055 1
Prosulfocarb −0.404 0.452* −0.388 0.089 0.255 −0.320 −0.113 −0.118 0.298 1
Gram+/Gram− −0.942*** 0.989*** −0.765*** −0.007 0.385 −0.518** −0.169 0.084 0.473* 0.451* 1

* p < 0.05.
** p < 0.01.
*** p < 0.001.

Fig. 6. Principal component analysis (PCA) showing loading scores for Gram-negative and Gram-positive bacteria, Actinobacteria, fungi, dehydrogenase activity, C-microbial biomass, soil
respiration, soil organic carbon content (OC), percentage of remaining TFS and PSC and sampling time and scores of each treatment (GC: green compost; TSF: triasulfuron; PSC:
prosulfocarb) and sampling time (0 days: circles; 30 days: triangles; 100 days: squares) on the two main principal components. Unamended and GC-amended soils were denoted by blue
and green colors, respectively. Percent variability explained by each principal component is shown in parentheses after each axis legend (n=3).
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PSC impacted on PC2, related to microbial biomass and activity but not
on PC1, related with the microbial structure. Soil+GC+PSC is very
close to Soil+GC, indicating a similar evolution (Fig. 6B) and therefore
low impact of PSC in the microbial activity on GC-amended soil. In
contrast, the application of TSF (Soil+GC+TSF), and moreover the
combined application of TSF and PSC (Soil +GC+TSF+PSC), clearly
decreased the score of PC2 with respect to Soil+GC and
Soil+GC+PSC, indicating negative impact on microbial activity. The
application of TSF and the combination of TSF and PSC therefore im-
pacted negatively on microbial biomass and activity at 100 days in GC-
amended soil. Prosulfocarb’s lower impact than TSF on soil microbial
structure and activity could be related to the former’s higher hydro-
phobicity (Table SI 1) and faster dissipation (Table 1), as well as to its
volatile nature (Braun et al., 2017; Nunes et al., 2013), which mini-
mized PSC availability to soil microorganisms.

Therefore, at the end of the assay, combination of TSF and PSC in
unamended soil produced a shift of the microbial structure while in-
dividual application of TSF or combination of TSF and PSC in GC-
amended soil produced negative effects on microbial biomass and ac-
tivity but not microbial structure shift.

4. Conclusions

The simultaneous application of GC as an organic amendment and
the herbicides TSF and PSC in an agricultural soil at field scale impacted
on soil microbial activity and structure. The sulfonylurea herbicide TSF
recorded a higher impact than the thiocarbamate herbicide PSC on soil
microbial biomass and respiration. The combined application of TSF
and PSC in an unamended soil produced a shift in the soil microbial
structure. GC is useful for buffering the effects of herbicides on soil
microbial biomass and activity, and reduces the shift in the soil mi-
crobial structure. However, despite the buffer effect of GC on microbial
community towards herbicides, the combined application of TSF and
PSC in GC-amended soil produced changes in soil microbial abundance
and activity compared to the application of these herbicides in-
dividually or to no application at all. The use of GC is therefore re-
commended to minimize the impact of herbicides on soil microbiota,
and furthermore reduce the risk of pollution by herbicide leaching.
Finally, additional studies are also needed to evaluate the impact of
additives (solvents and surfactants) present in commercial formulations
of pesticides on the soil microbial communities. The possible negative
effects of these compounds in pesticide formulations need to be eval-
uated according with the EU regulation (EC1107/2009) concerning the
introduction of plant protection products on the market.
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