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Abstract

:

The soil microbial activity, biomass and structure were evaluated in an unamended (S) and organically amended soil treated with two commercial formulations of the herbicides chlorotoluron (Erturon®) and flufenacet plus diflufenican (Herold®) under field conditions. Soils were amended with spent mushroom substrate (SMS) or green compost (GC). Soil microbial dehydrogenase activity (DHA), biomass and structure determined by the phospholipid fatty acid (PLFA) profiles were recorded at 0, 45, 145, 229 and 339 days after herbicide treatment. The soil DHA values steadily decreased over time in the unamended soil treated with the herbicides, while microbial activity was constant in the amended soils. The amended soils recorded higher values of concentrations of PLFAs. Total soil microbial biomass decreased over time regardless of the organic amendment or the herbicide. Herbicide application sharply decreased the microbial population, with a significant modification of the microbial structure in the unamended soil. In contrast, no significant differences in microbial biomass and structure were detected in S + SMS and S + GC, untreated or treated with herbicides. The application of SMS and GC led to a significant shift in the soil microbial community regardless of the herbicides. The use of SMS and GC as organic amendments had a certain buffer effect on soil DHA and microbial biomass and structure after herbicide application due to the higher adsorption capacity of herbicides by the amended soils.






Keywords:


herbicides; field experiment; soil; green compost; spent mushroom substrate; bioindicators












1. Introduction


Pesticides are used intensively in modern agriculture to increase and protect crop yields [1,2]. However, their increasing use poses a potential hazard for the environment due to their persistence in soil, their toxicity to non-target organisms, and the increase in resistant species [3,4]. The presence of certain pesticides and their degradation products may alter the functional balance of the soil ecosystem, as they may promote, inhibit or even have no effect on the growth of most soil-dwelling microorganisms when applied at agronomical rates [2,5]. In turn, they may have a positive, negative or no effect on the structure and diversity of microbial communities and soil enzymatic activities [1,6,7].



The use of organic amendments rich in nutrients and organic matter (OM) is a common practice in agriculture and soil remediation processes [4,8,9,10]. This practice is often used to increase crop yields, improve soil quality and fertility, preserve the soil from degradation, mitigate pesticide leaching, and enhance soil microbial activity [6,11]. Organic residues with a potential value are those from agricultural, industrial, and urban activities, such as the composted spent mushroom substrate (SMS) and green compost (GC) [12,13]. The OM of these residues may modify the persistence, dynamics, and environmental fate of herbicides applied to amended soils [14,15].



Generally, organic amendments alter the biodegradation of pesticides, increasing sorption and reducing bioavailability to microorganisms by introducing exogenous microorganisms with biodegradation abilities, or by modifying soil properties, and consequently changing the structure and activity of native microbiota [13,16]. Some soil properties such as microbial biomass and enzymatic activities and in particular dehydrogenase activity (DHA) are used as bioindicators of changes in the soil after agricultural management practices involving the application of herbicides and organic amendments [6,17,18,19].



Chlorotoluron, flufenacet, and diflufenican are herbicides extensively applied in agriculture in pre- and post-emergence for the selective control of grasses and certain broad-leaved weeds in winter cereals and other crops. These compounds belong to different substance groups (phenylurea, oxyacetamide, and carboxamide, respectively) and have different hydrophobicity [20].



A previous laboratory study assessed the degradation kinetics of chlorotoluron and flufenacet at temperatures of 6 and 16 °C in an unamended soil and one amended with SMS and GC. The application of the organic amendments to soil decreased the degradation rates of both herbicides due to their higher sorption and lower bioavailability for degradation in amended soil. An expected faster degradation was observed at a higher temperature due to increased microbiological activity [21].



Little is known about the effects these herbicides and organic residues have on the various groups of soil microorganisms when they are applied jointly. Most of the studies on soil microbial response to pesticides and organic residues have been assessed at laboratory or greenhouse scale [6,14,22,23,24,25], but only a few assays have been performed at field scale [13,19]. Moreover, only one study has been found in the literature that refers to the impact on soil microbial activity of the combined application of the herbicide chlorotoluron with organic residues under field conditions [11]. However, several studies have reported the effects of chlorotoluron, flufenacet, and diflufenican on soil microbial communities in unamended soils under laboratory conditions [7,18,26,27]. Because of the significance of soil microorganisms in many soil cycles and soil health [28], it is very important to assess the impact that this simultaneous application has on the soil microbial community [19].



The objective here, therefore, was to evaluate the changes in soil microbial communities over time after the application of Erturon® and Herold® commercial formulations of the herbicides chlorotoluron and flufenacet plus diflufenican, respectively, under field conditions. To achieve this objective, a study of bioindicators including overall soil microbial activity and biomass and structure was performed in the unamended and amended soil surface over time. A field experiment was established and the soil dehydrogenase activity (DHA) and the profile of phospholipid fatty acids (PLFAs) extracted from the soil were determined after the application of two organic amendments, SMS and GC. Therefore, we expect that the application of herbicides and organic amendments in an agricultural soil at field scale has an impact on the activity, biomass and structure of soil microbial community over the herbicide dissipation period.




2. Materials and Methods


2.1. Chemicals


The commercial formulations Erturon® (chlorotoluron 50% w/v) and Herold® (flufenacet 40% w/v and diflufenican 20% w/v) were supplied by Cheminova Agro S.A. (Madrid, Spain), and Bayer Crop Science S.L. (Valencia, Spain), respectively. Analytical standards of chlorotoluron, flufenacet, and diflufenican (>97.9% purity) were supplied by Sigma Aldrich Química S.A. (Madrid, Spain). Their main characteristics are included in Table 1 [20].




2.2. Soil and Organic Amendments


The soil was an Eutric-Chromic Cambisol soil with a sandy loam texture (14.9% clay, 4.7% silt, and 80.4% sand). The organic amendments were spent mushroom substrate (SMS) from Agaricus bisporus and Pleurotus ostreatus (2:1) cultivation (Sustratos de la Rioja S.L., Pradejon, Spain) and green compost (GC) from the pruning of plants and trees in parks and gardens (El Arca, S.L., Salamanca, Spain). Both organic residues (size <2 mm) were composted in piles for 2 to 6 months under aerobic conditions. Their main characteristics of soils and organic amendments (Table 2) were determined by the methods reported previously [29,30] for air-dried samples.




2.3. Field Experiment


A field experiment was conducted on the Muñovela experimental farm belonging to the Institute of Natural Resources and Agrobiology of Salamanca (IRNASA-CSIC), Spain. It was designed in triplicate on experimental plots (9 m × 9 m), randomly distributed, with the following treatments: unamended soil (S), unamended soil with herbicides (S + H), SMS-amended soil (S + SMS) at a rate of 140 t SMS ha−1, SMS-amended soil with herbicides (S + SMS + H), GC-amended soil (S + GC) at a rate of 85 t GC ha−1, and GC-amended soil with herbicides (S + GC + H). The amount of organic amendments was adjusted to 34 t of organic carbon (OC) ha−1 on a dry weight basis. SMS and GC were uniformly spread on a field with a tractor and then dug into the 20 cm topsoil with a rotavator. Topsoil samples (0–10 cm) were characterized after 30 days of SMS and GC application just before the herbicides were applied to replicate the initial state of the soil samples as faithfully as possible.



Herbicides were applied manually after winter wheat sowing in December 2016 as a water suspension using a backpack sprayer (10 L volume). The doses applied to the plots were five times the recommended agronomic application rates for chlorotoluron, flufenacet, and diflufenican (15, 5, and 2.5 kg a.i. ha−1, respectively). The increase in the soil’s capacity for adsorbing the herbicides after the addition an organic amendment supports the use of rates higher than those recommended to remain minimally phyto available and maintain the efficacy of the compounds against weeds [31]. No herbicide residues were detected in the field soil prior to the application of the herbicides. After herbicide application (0 days), and at 45, 145, 229 and 339 days after treatment, the samples of surface soil (0–10 cm) were collected to determine, in all treatments, residual amounts of herbicides, soil dehydrogenase activity (DHA), microbial biomass, and phylogenetic structure by phospholipid fatty acids (PLFAs) in all the treatments. Additionally, soil samples were collected 3 days before herbicide application (−3 days) to determine the phylogenetic structure. A detailed description of the soil sampling procedure is included in Appendix A. Analytical methods to determine the residual concentration of herbicides, the soil DHA activity, the microbial biomass and specific PLFAs used as biomarkers to quantify the relative abundances of Gram-negative bacteria, Gram-positive bacteria, Actinobacteria, and fungi are included in Appendix B [21,32,33,34]. Rainfall and air temperature data were recorded throughout the experimental period (Figure A1). The average air temperature ranged from −3.8 to 27 °C, with a mean value of 13.1 °C over the experimental period. Accumulated precipitation at the end of the experimental period was 273.2 mm, with the average intensity being 2.5 mm h−1.




2.4. Statistical Analysis


The normal distribution of data was checked using the Shapiro–Wilk test and the homogeneity of variance was checked using Levene’s test. Data underwent two-way analysis of variance (ANOVA), with the main factors being soil treatments and sampling times. The Tukey post hoc test at p < 0.05 was used to determine significant differences between means, and evaluate the effects of the different soil treatments and sampling times on the remaining amounts of herbicides in soils and on DHA, the total microbial biomass and the relative abundance of microorganism groups. Pearson correlation coefficients were determined between the remaining percentages of herbicides and DHA values. ANOVA and correlation analyses were carried out using the IBM SPSS Statistics v26 software package (IBM, New York, NY, USA). Principal component analysis (PCA) was performed with PAST v3.23 software (Øyvind Hammer, Oslo, Norway) [35] to determine the most meaningful variables and the global impact of the herbicides on soil microbial communities. Besides PCA, two-way PERMANOVA analysis was performed to determine the significance of herbicide application, sampling times, soil treatments, and their interactions.





3. Results and Discussion


3.1. Herbicide Residues in Unamended and Amended Soils


The herbicide concentrations determined in unamended and amended soils after their application ranged between 11.6 and 13.1, 4.11 and 5.08 and 2.24 and 2.81 µg g−1 dry soil for chlorotoluron, flufenacet, and diflufenican, respectively. These concentrations recorded at different times indicated a continuous degradation of chlortoluron and flufenacet in all the samples. However, the two-way ANOVA performed with time and soil management as factors for each herbicide separately indicated that this interaction was only significant for chlorotoluron (p = 0.000), with higher amounts in SMS-amended soils than in unamended ones, but there were no significant differences for flufenacet (p = 0.3322) (Table 3). The results confirm that chlorotoluron dissipates faster than flufenacet in the same soils determined at laboratory scale [21]. Both herbicides persisted longer in amended soils due to their higher adsorption and lower bioavailability for degradation [36]. Diflufenican concentration decreased in S and S + GC after 45 days of treatment (Table 3), but no decrease was observed in S + SMS possibly due to different initial adsorption of diflufenican by the soils as reported previously [37]. However, no more significant decreases in concentrations were determined over time up to the end of experiment due to its high persistence [38]. Diflufenican was more persistent than flufenacet and chlorotoluron, and >65% of the herbicide was found after 339 days of its application in the surface soils. The dissipation of chlorotoluron and flufenacet was almost complete at the last sampling time in the field experiment. At 339 days after herbicide application, residual concentrations of flufenacet (<8%) were lower than those of chlorotoluron (<15%) and diflufenican (<70%).




3.2. Soil Dehydrogenase Activity (DHA)


The effect of organic amendments and herbicides on overall soil microbial activity was assessed by determining the soil DHA at different sampling times during the assay (Figure 1). Soil DHA values were lower in unamended soils and those treated with herbicides compared to their respective controls (p ≤ 0.05).



A progressive decrease in DHA values was observed in S + H throughout the assay compared to the soil control, mainly at the last sampling times (145–339 days after herbicide application) (p < 0.05). Therefore, the combination of the three herbicides had a negative impact on soil microbial activity, with a significant relationship (r = 0.94, p < 0.05) between residual amounts of the three herbicides and DHA values in unamended soil, indicating that DHA decreased simultaneously with the dissipation of the herbicides applied. Consequently, DHA recovery did not occur over time, possibly due to the toxicity of the most persistent herbicide residues. In previous work, authors have reported that soil DHA increased by 4.21% when treated with flufenacet + isoxaflutole at the recommended dose (0.250 mg kg−1) compared to the soil control [7]. However, when applied at the highest dose (40 mg kg−1), it inhibited the DHA, which could be due to the toxic effect of the herbicide flufenacet with a higher DT50 value than isoxaflutole on soil microorganisms with enzymatic activity [27]. Diflufenican, with a long persistence in this soil, could also be responsible for the decrease in DHA in S + H.



The application of organic amendments to soil promoted DHA with respect to unamended soil (p ≤ 0.05). This effect has previously been reported by other authors for soils amended with different organic residues, being explained as the higher available nutrients and OC contents of amended soils [6,11,39]. The use of organic amendments had a certain buffer effect on DHA after herbicide application because values of this microbial activity were more constant during the assay in S + SMS + H and S + GC + H. This buffer effect might be due to chemical binding of the herbicides to the matrix, or due to altered microbial activities in the presence of co-substrates. Despite this positive effect, the buffer capacity of the organic amendments, SMS and GC, was not enough to fully neutralize the negative effect of the herbicide mixture. The soil DHA of S + SMS + H and S + GC + H was significantly lower than the DHA of S + SMS and S + GC during the assay, although the values were constant over time (Figure 1). Significant interaction between soil treatment and time was detected (p < 0.001). No significant changes in DHA were observed simultaneously to the dissipation of herbicides applied as observed in S + H, and a non-significant relationship was found between herbicide residues and DHA values in the amended soils. This was probably due to the combination of herbicides applied with different adsorption and bioavailability rates in the amended soils, and the long persistence of some of them to produce more toxic effects on soil microbial biomass and activity than the single application of individual compounds [3,13]. Previous studies have reported this trend for one of the herbicides used here, namely, diflufenican, which mixed with glyphosate or with mesosulfuron-methyl and iodosulfuron methyl-sodium decreased DHA and other enzymatic activities [18,26].



The soil DHA values of the unamended soil and the SMS- and GC-amended soils without herbicides tended to remain constant during the assay period (Figure 1). This also occurred in the soils with herbicides, with the exception of S + H, indicating that soil microbiota retained their functional activity over time. In the SMS- and GC-amended soils with herbicides, amendments may minimize the impact of herbicides on soil microbial activity compared to unamended soil (S + H). The herbicides studied were hydrophobic compounds, and adsorption increased in the amended soils [21,36], hampering their bioavailability and their possible use as a carbon source by microorganisms for increasing microbial activity. This effect has also been reported for prosulfocarb and triasulfuron when applied in field plots with GC-amended soils [13,19].




3.3. Soil Microbial Community


Microbial biomass and structure were monitored in the unamended and amended soils during the assay period. The total microbial population was expressed as the sum of PLFAs (Figure 2), and the structure was shown by the relative abundance of PLFAs that specifically diagnose Gram-negative and Gram-positive bacteria, Actinobacteria, and fungi (Figure 3).



The concentrations of PLFAs in the unamended soils during the assay ranged between 39.6 and 8.11 nmol g−1. The SMS- and GC-amended soils recorded higher values of PLFAs (p ≤ 0.05) with concentration ranges of 63.9–18.2 and 40.9–15.2 nmol g−1, respectively. These PLFA concentrations provide information on the microbial community’s total biomass. They significantly decreased over time (p ≤ 0.05) regardless of organic amendment and/or herbicide application, and no recovery effect was observed as occurred with other organic amendments [39] and/or herbicides [13].



The mixture of herbicides produced only a significant decrease (p ≤ 0.05) in the microbial population for S + H compared to the soil control, which is consistent with the decrease in DHA values observed (Figure 1). This change corresponds to a significant reduction in the total concentration of bacterial PLFAs in S + H (data not shown). In addition, the ratio of Gram-negative/Gram-positive bacteria was modified by herbicide application. The relative abundance of Gram-positive bacteria was negatively impacted by herbicide application, whereas the relative abundance of Gram-negative bacteria increased (p < 0.05) (Figure 3). Decreases in the Gram-positive bacteria more sensitive to environmental stresses than Gram-negative bacteria were also observed after the application of other pesticides, including herbicides such as acetochlor [40] and fomesafen [41] or insecticides such as teflubenzuron [42], in unamended soil. A previous study reported the toxic effects of both diflufenican and diflufenican + glyphosate on soil microbial biomass in two unamended soils [18]. No significant effects by herbicide application were detected for Actinobacteria or fungi in unamended soil (Figure 3).



In contrast to the unamended soil, there were no significant differences during the assay in soil microbial biomass between SMS- or GC-amended soils with and without herbicides (p > 0.05) (Figure 2). Residual amounts of the three herbicides studied were detected at the experiment’s last sampling time (Table 3), which means SMS and GC buffered the herbicides’ bioavailability during their dissipation or their toxic effects on total microbial population. As indicated for the DHA changes, this may be due to the combination of certain positive properties of the organic amendments, such as the adsorption capacity of herbicides, which minimize their bioavailability, an increased input of microorganisms and improve the soil’s nutrient status and physical properties [15,43,44]. In SMS- or GC-amended soils, the increase in soil microbial biomass at day 0 might be due to the input of organic matter born microorganisms, but there was a decrease in soil microbial biomass from day 45 (Figure 2). No significant differences in the total concentration of bacterial and/or fungal PLFAs were found in S + SMS or S + GC in the presence of herbicides (data not shown). Complex interactions of different factors related to pesticide properties and the microbial community have been reported to explain the microbial community’s response to pesticides in some biobed organic substrates [45]. In the present work, the application of herbicides did not produce significant effects in the relative abundance of Gram-negative and Gram-positive bacteria, Actinobacteria, and fungi in SMS- and GC-amended soils, respectively (Figure 3). However, the application of SMS reduced the relative abundance of Actinobacteria with respect to unamended or GC-amended soils. Because of the assay’s long duration, modifications of the microbial structure were to be expected. The modifications of soil moisture and temperature over the year were probably responsible for the soil microbial shift over the 339 days of assay. Moreover, over this time, it should be noted that the specific PLFAs of fungi (18:2 ω6cis) were not detected after 145 days (samples at 229 and 339 days) because values were below the detection limit, irrespective of the herbicides or organic amendments applied.



Changes in the soil microbial structure in response to herbicide application in the unamended soil and in the SMS- and GC-amended soils were studied through the PCA of the relative abundance of Gram-negative and Gram-positive bacteria, Actinobacteria, and fungi (Figure 4). According to the PERMANOVA test (Table 4), the global microbial structure was significantly impacted by herbicide application and sampling time (p < 0.005). Therefore, the simultaneous application of chlorotoluron, flufenacet, and diflufenican led to a significant shift in the soil microbial structure compared to no herbicide application. Microbial adaptation is a well-known phenomenon which allows bacteria to withstand exposure to a toxicant. By means of physiological acclimation or genetic inheritance, it allows selecting tolerant populations that can cope better with xenobiotics [46]. Kucharski et al. has reported microorganism changes depending on the herbicide dose and soil incubation time, and the results indicate that the application of flufenacet + isoxaflutole could influence the structure of microorganism communities [7]. Similarly, Tomkiel et al. have reported that soil contaminated by a mixture of flufenacet and isoxaflutole usually has a negative impact on soil-dwelling microorganisms, which might be due to these substances’ different half-lives [27].



S + H samples are located in the upper right zone of the PCA related to Gram-negative bacteria and Actinobacteria. In contrast, S samples were widely dispersed in the PCA. S samples of −3 and 0 days recorded low values of PC1 that denoted a certain equilibrium between Gram-negative and Gram-positive bacteria. In contrast, these samples were clearly located in the negative values of PC2, and therefore had a weak relationship with the high abundance of Actinobacteria, and some relationship with the high abundance of fungi. The application of herbicides in S + H prompted a clear shift of the microbial structure towards the higher relative abundance of Gram-negative bacteria than the S treatment at 0 days. The microbial structure’s evolution over time in the S and S + H samples was similar, moving towards a closer relationship with Gram-positive bacteria and Actinobacteria at the last sampling times (229–339 days). Despite this similar trend over time, the S samples at the last sampling time recorded lower values in PC1 than the S + H samples. Hence, S samples were more closely related to a high relative abundance of Gram-positive bacteria than S + H samples (Figure 4).



The presence of herbicides promoted the relative abundance of Actinobacteria at the final sampling time. Actinobacteria is one of the world’s most abundant and ubiquitous phylotypes of soil bacteria [28], whereby its versatility for colonizing a wide variety of soils and environments could be responsible for its resistance towards herbicides. Kalia and Gosal have reported that fungi and Actinobacteria are characterized by the highest capabilities for metabolizing xenobiotics [47]. Baćmaga et al. have reported that the diflufenican + mesosulfuron-methyl + iodosulfuron-methyl-sodium mixture has a generally stimulating effect on Actinobacteria, among others, and inhibits the proliferation of fungi [26]. García-Delgado et al. have reported a positive relationship between herbicide degradation and Actinobacteria, and a negative relationship between fungi and residual herbicides, as confirmation of this work [19]. Likewise, Petric et al. have reported Actinobacteria to be a nicosulfuron-tolerant bacteria [46].



The application of herbicides did not produce significant effects according to the PERMANOVA test of SMS- and GC-amended soils (Table 4). In fact, the PCA profiles of samples with and without herbicides from the SMS- and GC-amended soils clearly overlapped (Figure 4). However, the significant interaction H × T in SMS- and GC-amended soils denoted isolated differences between samples with and without herbicide application. The interaction in SMS-amended soils was at 45 days when samples without herbicide were more related to Gram-negative bacteria than samples with herbicide application. The interaction in GC-amended soil was at 339 days when samples without herbicides were more related to Gram-positive bacteria than samples with herbicide application. However, these changes of trend are not crucial from the agricultural management point of view because they are temporary. Therefore, in contrast to the unamended soil, the simultaneous application of chlorotoluron, flufenacet, and diflufenican was not responsible for the soil microbial shift. Once again, the buffer capacity of organic amendments to minimize the toxic effects of herbicides on the soil microbial community has been confirmed in this work. Previous studies have reported this positive effect of organic amendments, but the buffer capacity of organic amendments to detoxify herbicides was limited, and mixtures of other herbicides had an impact on the soil microbial structure [13,19]. Hence, the interaction between herbicides and organic amendments seems a key factor to determine the latter’s ability to buffer the negative effects of herbicides on the soil microbial structure. This interaction could be enhanced by the low water solubility of chlorotoluron, flufenacet, and diflufenican (Table 1), which could enhance the adsorption by the amendments’ OM and minimize their bioavailability. Marín-Benito et al. have determined the sorption coefficients (Kd) and the degradation kinetics of chlorotoluron and flufenacet by unamended and SMS- and GC-amended soils similar to the ones used here [21]. The application of SMS and GC produced a significant increase in the Kd values of these herbicides compared to unamended soil, and a decrease in the degradation rates of both herbicides due to their higher sorption and lower bioavailability for degrading.



The microbial shift in SMS- and GC-amended soils in response to herbicides during the assay was due to a temporal drift (Table 4). The SMS-amended soils samples treated with herbicides at 0 days were related to the high relative abundance of Actinobacteria and fungi and were clearly less related to Gram-negative bacteria. At the last sampling times, 229 and 339 days, the microbial structure shifted towards Gram-positive and Gram-negative bacteria in detriment to Actinobacteria and fungi. This behavior was also observed in results presented in Figure 3, where specific PLFAs of fungi were not detected. The microbial structure of GC-amended soils at 0 and 45 days after herbicide application was characterized by a high relationship with the positive zone of PC1 (Actinobacteria, fungi and Gram-negative bacteria) and clear poor relationship with Gram-positive bacteria. During the assay, the microbial structure shifted towards the negative zone of PC1, increasing the weight of Gram-positive bacteria in the microbial equilibrium. The interaction herbicide x time could be reflected in the PCA in the long term due to the high distance between S + GC and S + GC + H samples at 229 and 339 days.





4. Conclusions


The simultaneous application of GC or SMS as organic amendments and the herbicides chlorotoluron, flufenacet, and diflufenican in an agricultural soil at field scale had little effect on the biological parameters that were tested in the soil microbial community. In the amended soils, total soil microbial biomass decreased over time regardless of the organic amendment or the herbicides, and microbial activity (DHA) was constant, although it decreased in the presence of herbicides. In contrast, a significant decrease in microbial activity and a significant modification of the microbial structure were observed in the unamended soil treated with the herbicides. The organic amendments were useful for buffering the effects of herbicides on soil microbial biomass and activity, and for reducing the shift in the soil microbial composition. However, despite its buffer effect on the microbiota with respect to herbicides, the combined application of these herbicides in the amended soils prompted a decrease in soil microbial activity compared to the control soils. Consequently, the use of these organic residues is suggested for reducing the impact of herbicides on soil microbiota, and furthermore for decreasing the risk of pollution by herbicide leaching. However, there is a need to evaluate the impact the following have on soil microbial communities: individual herbicides, the major degradation products of herbicides in soil, and the additives (solvents and surfactants) present in commercial formulations of herbicides.
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Appendix A. Analysis of Herbicides


At each sampling time, five 0–10 cm soil subsamples were randomly collected in each plot. Representative average soil samples of each plot were obtained by mixing the five subsamples. Composite samples were put into plastic bags and transported in portable refrigerators to the laboratory, where they were homogenized and sieved (<2 mm) for their analysis.



Triplicate subsamples of moist soil (6 g) were extracted from each plot with acetonitrile (12 mL) to determine herbicide residues. The samples were sonicated for 1 h, shaken at 20 °C for 24 h, and then centrifuged at 3000 rpm for 15 min. The extracts were filtered in a GHP Acrodisc filter (Waters Corporation) to remove particles >0.45 µm, and then 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 0.75 mL of acetonitrile and transferred to a HPLC glass vial for analysis. Herbicides were quantified by high-performance liquid chromatography/diode array detector/mass spectrometry (HPLC-DAD-MS) (Waters Assoc., Milford, USA). A detailed description of the analytical method is included in [21].




Appendix B. Soil Biochemical Properties and PLFA Analysis


Soil DHA was determined by the Tabatabai method [33]. Briefly, 6 g of fresh soil was mixed with 60 mg of calcium carbonate and 1 mL of 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-triphenylformazan (TPF) was extracted with 7 mL of methanol, centrifuged (3000 rpm, 10 min), and extracted twice more. The three fractions were mixed and diluted to 25 mL with methanol. The absorbance of the supernatant was measured in a spectrophotometer at 485 nm. The results were expressed as µg TPF g−1 dry soil.



The soil samples’ microbial biomass and structure were determined using phospholipid fatty acid (PLFA) analysis [32]. Lyophilized soil samples were extracted by sonication with a one-phase chloroform-methanol-phosphate buffer solvent. The samples were then purified by solid-phase extraction (SPE), and polar lipids were transesterified with methanol-KOH. Finally, hexane extracts containing the resultant fatty acid methyl esters (FAMEs) were analyzed by gas chromatography. Quantification was performed using an Agilent 7890 gas chromatograph (Agilent Technologies, Wilmington, DE, USA) equipped with a 25-mUltra 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). Nonadecanoic acid (19:0) was used as an internal standard for the quantitative determination of PLFAs. The total microbial biomass was estimated by the total sum of PLFAs and expressed as nmol g−1. Specific PLFAs [34] were used as biomarkers to quantify the relative abundances of Gram-negative bacteria (monounsaturated fatty acids and cyclopropyl 17:0) and Gram-positive bacteria (iso and anteiso saturated branched chain fatty acids), Actinobacteria (10-methyl fatty acids), and fungi (18:2 ω6 cis and 16:1w5).
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Figure A1. Rainfall and average temperature monitored over the experimental period. 
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Figure 1. Dehydrogenase activity (DHA) for unamended soil (S) and soils amended with spent mushroom substrate (SMS) or green compost (GC) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of three replicated plots. Letters at the legend provide the dose main effect groupings according to the Tukey post hoc test (p ≤ 0.05). Soil treatments designed by different letters are significantly different (Tukey post hoc test; p ≤ 0.05). 
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Figure 2. Total microbial population (nmol PLFAs g−1) for unamended soil (S) and soils amended with spent mushroom substrate (SMS) or green compost (GC) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of three replicated plots. Letters at the legend provide the dose main effect groupings according to the Tukey post hoc test (p ≤ 0.05). Soil treatments designed by different letters are significantly different (Tukey post hoc test; p ≤ 0.05). 
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Figure 3. Relative abundance (% mol) of PLFAs specifically diagnostic of Gram-negative and Gram-positive bacteria, Actinobacteria and fungi in unamended soil (S) and soils amended with spent mushroom substrate (SMS) or green compost (GC) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of three replicated plots. Letters at the legend provide the dose main effect groupings according to the Tukey post hoc test (p ≤ 0.05). Soil treatments designed by different letters are significantly different (Tukey post hoc test; p ≤ 0.05). Lack of letters indicates no significant differences. 
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Figure 4. Principal components analysis (PCA) of unamended (S) and amended soils (S + SMS and S + GC) showing loading scores for Gram− and Gram+ bacteria, Actinobacteria and fungi, and the scores of sampling times on the two main components. The application of herbicides is denoted by dark blue, the non-application of herbicides by light blue. Percent variability explained by each principal component is shown in parentheses after each axis legend. 
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Table 1. Main characteristics of herbicides.
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	Common Name and Chemical Structure
	IUPAC Name
	WS a (mg L−1)
	Log Kow b
	Koc c (mL g−1)
	DT50 d

(days)
	GUS Index e





	Chlorotoluron

 [image: Agronomy 10 01166 i001]
	3-(3-chloro-p-tolyl)-1,1-dimethylurea
	74
	2.5
	196
	34.0
	3.02



	Flufenacet

 [image: Agronomy 10 01166 i002]
	4′-fluoro-N-isopropyl-2-[5-(trifluoromethyl)-1,3,4-thiadiazol-2-yloxy]acetanilide
	51
	3.5
	401
	39.0
	2.02



	Diflufenican

 [image: Agronomy 10 01166 i003]
	2′,4′-difluoro-2-(α,α,α-trifluoro-m-tolyloxy) nicotinanilide
	0.05
	4.2
	5504
	315
	1.29







a WS, water solubility at 20 °C; b octanol/water partition coefficient at pH 7 and 20 °C; c sorption coefficient normalized to organic carbon content; d time to degradation of 50% of compound in field; e the Gustafson mobility index [20].
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Table 2. Characteristics of the organic residues spent mushroom substrate (SMS) and green compost (GC), unamended (S) and amended (S + SMS and S + GC) soils (0–10 cm depth).
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	Characteristic
	SMS
	GC
	S
	S + SMS
	S + GC





	pH
	7.9
	7.2
	6.34
	7.11
	6.99



	OM (%) a
	59.4
	46.0
	1.33
	4.36
	2.81



	DOC (%) b
	0.8
	0.7
	0.008
	0.023
	0.018



	N (%)
	2.3
	1.1
	0.05
	0.24
	0.14



	C/N
	15.2
	24.3
	14.5
	10.7
	12.0







a Organic matter; b dissolved organic carbon.
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Table 3. Remaining residues of chlorotoluron, flufenacet and diflufenican in unamended (S) and amended (S + SMS and S + GC) soils at different sampling times after application of the herbicides.
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Herbicide/Soil

	
Residual Herbicide (µg Herbicide g−1 Dry Soil) ± SD a




	
0 Days

	
45 Days

	
145 Days

	
229 Days

	
339 Days






	
Chlorotoluron

	

	

	

	

	




	
S

	
11.6 ± 1.05ab

	
7.53 ± 0.46c

	
2.53 ± 0.20de

	
1.44 ± 0.20ef

	
1.82 ± 0.17ef




	
S + SMS

	
13.1 ± 0.77a

	
11.0 ± 0.28b

	
3.39 ± 0.16d

	
1.12 ± 0.02ef

	
0.78 ± 0.21f




	
S + GC

	
11.8 ± 1.20ab

	
9.14 ± 1.18c

	
2.36 ± 0.17def

	
1.34 ± 0.06ef

	
1.04 ± 0.03ef




	
Flufenacet

	

	

	

	

	




	
S

	
4.11 ± 0.10ab

	
3.46 ± 0.12bc

	
1.68 ± 0.19de

	
0.82 ± 0.08ef

	
0.29 ± 0.06f




	
S + SMS

	
5.08 ± 1.05a

	
4.47 ± 0.30ab

	
2.70 ± 0.42cd

	
1.03 ± 0.11ef

	
0.40 ± 0.02f




	
S + GC

	
4.44 ± 0.50ab

	
3.94 ± 0.56ab

	
2.51 ± 0.29cd

	
0.82 ± 0.30ef

	
0.12 ± 0.03f




	
Diflufenican

	

	

	

	

	




	
S

	
2.24 ± 0.27ab

	
1.72 ± 0.53b

	
1.62 ± 0.24b

	
1.30 ± 0.18b

	
1.43 ± 0.31b




	
S + SMS

	
2.81 ± 0.64a

	
2.03 ± 0.22ab

	
2.26 ± 0.53ab

	
2.00 ± 0.34ab

	
1.95 ± 0.17ab




	
S + GC

	
2.27 ± 0.31ab

	
1.45 ± 0.26b

	
1.58 ± 0.07b

	
1.48 ± 0.14b

	
1.53 ± 0.21b








a Standard deviation of the mean. For each compound separately, the values followed by the same letter in lines and columns were not significantly different according to the Tukey post hoc test at a confidence level of 95%.
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Table 4. Results of PERMANOVA of the effect of herbicides (H) application, sampling time (T), soil treatment (STr) and their interaction on the relative abundance (nmol g−1) of PLFAs specific for Gram-positive and -negative bacteria, Actinobacteria and fungi in unamended (S) and amended (S + SMS and S + GC) soils.






Table 4. Results of PERMANOVA of the effect of herbicides (H) application, sampling time (T), soil treatment (STr) and their interaction on the relative abundance (nmol g−1) of PLFAs specific for Gram-positive and -negative bacteria, Actinobacteria and fungi in unamended (S) and amended (S + SMS and S + GC) soils.










	Variable
	F-Value
	p-Value





	S
	
	



	Herbicide
	7.112
	0.0050



	Time
	13.23
	0.0001



	H × T
	−1.517
	0.9356



	S + SMS
	
	



	Herbicide
	0.792
	0.3802



	Time
	36.07
	0.0001



	H × T
	0.449
	0.0019



	S + GC
	
	



	Herbicide
	1.012
	0.3193



	Time
	25.41
	0.0001



	H × T
	0.394
	0.0014



	Global
	
	



	Herbicide
	6.373
	0.0039



	Time
	31.63
	0.0001



	STr
	5.777
	0.0010



	H × T
	−2.051
	0.3472



	H × STr
	1.279
	0.0215



	T × STr
	0.717
	0.0452











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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