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Highlights 

 The effect of pethoxamid doses and amendments on soil microbial community 

was evaluated. 

 The dissipation rate of pethoxamid decreased with the dose applied. 

 Organic amendments accelerated the dissipation of higher doses of pethoxamid. 

 Higher soil dehydrogenase activity values are close to the half-life of herbicide. 

 Effects of pethoxamid dose on soil microbial structure were recorded in 

amended soils. 
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ABSTRACT 1 

Soil is a non-renewable resource, and its degradation compromises human health, 2 

natural ecosystems, and even the climate. The application of organic amendments and 3 

herbicides is commonplace in agriculture, and their impact on soil fertility needs to be 4 

evaluated. Therefore, the objective was to evaluate the effect on soil microbial activity 5 

and structure of amendments, sewage sludge (SS) and green compost (GC), and the rate 6 

of herbicide pethoxamid applied (2, 10 and 50 mg kg
-1

). Herbicide dissipation kinetics, 7 

soil dehydrogenase activity (DHA) and the profile of phospholipid-derived fatty acids 8 

(PLFAs) extracted from the soil have been determined in unamended (S) and amended 9 

(S+SS and S+GC) soils. The dissipation curves of pethoxamid applied at the three rates 10 

closely fitted a single first order kinetics model in all the soils. The dissipation rate 11 

decreased with the rate applied in the order 2 mg kg
-1

 > 10 mg kg
-1

 > 50 mg kg
-1

 in 12 

unamended and amended soils. However, the half-life or time required for 50% 13 

dissipation (DT50) of pethoxamid was not significantly different in unamended and 14 

amended soils when applied at 2 and 10 mg kg
-1

, but it was lower in the amended soils 15 

than in the unamended one when the herbicide was applied at the highest rate. The 16 

highest DHA mean values were obtained in S+GC treated with pethoxamid at 2, 10 and 17 

50 mg kg
-1

; however, DHA was lower in S+SS than in S. Peak DHA values were 18 

observed in S and S+GC soils treated with pethoxamid at 2 mg kg
-1

 at 15 days of 19 

incubation, and in S, S+GC and S+SS treated with the herbicide at 10 and 50 mg kg
-1

 at 20 

35 days of incubation. These peak DHA values are close to 50% of herbicide 21 

dissipation. A statistical analysis of the PLFA results has revealed significant effects for 22 

sampling time in all the soils, for the pethoxamid rate, and for the interaction between 23 

time and pethoxamid rate only in S+GC and S+SS. The application of organic 24 

amendments to soil accelerated the dissipation of higher rates of pethoxamid compared 25 
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to the unamended soil, which is important to prevent the herbicide’s negative impacts 26 

on the soil microbial community. 27 

Keywords: pethoxamid, soil, amendment, dissipation, dehydrogenase activity, PLFA 28 

analysis 29 

 30 

1. Introduction 31 

Pethoxamid (2-chloro-N-(2-ethoxyethyl)-N-(2-methyl-1-phenyl-1-propenyl) 32 

acetamide) is a pre-emergence and early post-emergence chloroacetamide herbicide 33 

used to control certain grass and broad-leaved weeds in maize, soybeans, sunflower and 34 

other crops. It is a systemic herbicide that is absorbed by roots and young shoots, 35 

inhibiting cell division. Its dissipation in soil determined in the laboratory (half-life 36 

(DT50) = 5.5-8.1 days) and in the field (DT50 = 7.3-22.2 days) is rapid, and its 37 

degradation in soil produces pethoxamid sulfonic acid (N-(2-ethoxyethyl)-N-(2-methyl-38 

1-phenyl-1-propenyl)-2-sulfoacetamide) as the main metabolite (PPDB, 2018). Its 39 

adsorption is low, with a Kf value of 4.4 mL g
-1

 and a Kfoc of 211, it records a medium 40 

level of leaching in soil (GUS leaching potential index = 1.34) (Jursík et al., 2013; 41 

PPDB, 2018), and it is considered a non-persistent herbicide in soil. However, this 42 

compound’s fate in the soil and its effect on the environment have hardly been studied 43 

due its relatively recent introduction into the pesticide market (2002), and so there is a 44 

need for research on the effect different factors have on its dissipation and its impact on 45 

soil microbial communities.  46 

The factors influencing dissipation and the effects on non-target soil 47 

microorganisms (abundance, activities and structure) have been reported in previous 48 

works for other chloroacetamide herbicides (alachlor, butachlor, metazachlor, S-49 

metolachlor, pretilachlor, etc.) (Baćmaga et al., 2014; Rasool et al., 2014; Saha et al., 50 
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2012; Xia et al., 2011). Results indicated that the effects on the microbial communities 51 

can be different and they depend mainly on herbicide concentration and soil type.  52 

Soil is a non-renewable resource that performs many vital functions of socio-53 

economic and environmental importance, so preserving fertility is a major factor to be 54 

considered in soil protection. Accordingly, Spanish legislation allows for the use as soil 55 

fertilizers of sewage sludge (SS) from urban wastewater treatment plants and 56 

biodegradable green compost (GC) from pruning in parks and gardens (MPR, 2017). 57 

These organic amendments contain nutrients for plants and organic matter that modify 58 

or improve the physical, chemical or biological characteristics and activity of soils. 59 

Around 1200,000 t (dry weight) of SS are produced in Spain each year, and 60 

approximately 81% of this amount is used as an organic soil amendment in agriculture. 61 

In 2015, 229,300 t of GC were generated in Spain, which represents 1.13% of the 62 

country’s urban waste (MAPAMA, 2017). 63 

The application of organic amendments and pesticides is now considered 64 

essential for maintaining soil fertility and crop production. However, soils in 65 

agricultural areas could be under pressure from the simultaneous application of both 66 

pesticides and organic residues. The soil functions most affected by these practices are 67 

its buffering, filtering and transforming capacities. Moreover, pesticides and exogenous 68 

organic matter could modify ecological processes and soil biodiversity. European Union 69 

legislation seeks to decrease the soil pressure from agriculture, proposing a decrease in 70 

the use of fertilisers and pesticides (Erbach, 2012). In addition, soil protection requires a 71 

better understanding of pesticide dissipation in soils amended with organic residues 72 

(Van-Camp et al., 2004) because this process could be affected by the application of 73 

organic residues, as reported in the literature (Marín-Benito et al., 2014; Herrero-74 

Hernández et al., 2015; Pose-Juan et al., 2015a; Álvarez-Martín et al., 2016).  75 
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The dissipation of a pesticide in soil depends on its bioavailability, thereby 76 

controlling its impact on a soil microbial community (Jacobsen and Hjelmsø, 2014). 77 

The widespread application of pesticides and organic amendments in agriculture may 78 

alter the activity, abundance and structure of soil microbial communities (Castillo et al., 79 

2016; Cheng et al., 2017; Pose-Juan et al., 2017). These modifications would depend on 80 

the characteristics and rates of pesticide applied and on soil amendment and soil 81 

properties.  82 

Increasing rates of pesticides applied to soil may have an impact to modify the 83 

activity and structure of soil microorganisms in different ways. Increasing rates have 84 

been studied in order to follow standard ecological practice for establishing possible 85 

environmental effects (Muñoz-Leoz et al., 2010; Storck et al., 2018), simulate pollution 86 

events, such as the disposal or accidental release of high pesticide concentrations 87 

(Briceño et al., 2010), or the accumulation of pesticides through their repeated 88 

application (Muñoz-Leoz et al., 2013). However, the effect increasing rates of pesticide 89 

have on the dissipation rate and on soil microbial communities has scarcely been 90 

reported. Furthermore, the organic amendments applied to soil constitute a source not 91 

only of nutrients for autochthonous soil microbial communities, but also of new 92 

microorganisms. The effect of organic amendments on soil microorganisms would 93 

therefore depend on their rate and composition.  94 

Thus, the responses of soil microorganisms to pesticides and organic 95 

amendments jointly applied can be positive, negative or neutral, as stated in the 96 

literature (Briceño et al., 2010; Duke et al., 2012; Verdenelli et al., 2012; Castillo et al., 97 

2016; García-Jaramillo et al., 2016; Cheng et al., 2017; García-Delgado et al., 2018; 98 

Storck et al., 2018). Whereby there is a need to assess the potential side-effects of 99 

different concentrations of pesticides (herbicides, insecticides and fungicides) on non-100 
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target microorganisms (Dungan et al., 2003; Pal et al., 2005; Briceño et al., 2010; 101 

Verdenelli et al., 2012; Pose-Juan et al., 2015b, 2017), although it is considered that 102 

herbicides could have minor and transitory effect on soil microbial communities (Storck 103 

et al., 2018). 104 

The objective of this work has been to study the following: 1) the dissipation of 105 

pethoxamid applied to an unamended soil in three rates (2, 10 and 50 mg kg
-1

) or to a 106 

soil amended with sewage sludge or green compost under laboratory conditions, and 2) 107 

the effect of the simultaneous application of the herbicide and organic amendments on 108 

soil DHA and phospholipid-derived fatty acids (PLFAs), as indicators of the activity 109 

and structure of the soil microbial community at different times after herbicide 110 

application. As far as we know, there are no previous studies on the influence these 111 

variables have on pethoxamid dissipation.  112 

 113 

2. Materials and methods 114 

2.1. Herbicide and chemicals 115 

A Pethoxamid PESTANAL
®

 analytical standard was supplied by Sigma-Aldrich 116 

Química SA (Madrid, Spain) (> 99% purity). It has a water solubility of 400 mg L
-1

 117 

(20
o
C), and a log Kow of 2.96 (pH 5, 20

o
C) (PPDB, 2018). 118 

HPLC grade acetonitrile and chloroform anhydrous (> 99% purity) were 119 

supplied by VWR International Eurolab (Barcelona, Spain). 2,3,5-Triphenyltetrazolium 120 

chloride (TTC) and 2,3,5-triphenylformazan (TPF) were supplied by Sigma-Aldrich 121 

Química SL (Madrid, Spain). 122 

 123 

2.2. Organic residues and soil 124 
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Green compost (GC), which is comprised of pruning wastes from gardens and 125 

parks, was composted in piles under aerobic conditions to increase its homogeneity for 126 

one year and was supplied by the local authority in Salamanca (Spain). Sewage sludge 127 

(SS) from an urban waste treatment plant and stabilized by anaerobic digestion was 128 

supplied by Aqualia SA (Salamanca, Spain). SS consists mainly of hydrocarbons, 129 

amino-acids, small proteins or lipids, with only a small amount of lignin or cellulose, 130 

and GC includes cellulose, hemicellulose and lignin in its composition (EC, 2001; 131 

Nicolás et al., 2012). GC is typically lower in nutrient concentrations than SS 132 

(Bünemann et al., 2006).  133 

Their characteristics were determined in samples that had previously been air 134 

dried, homogenized and sieved (< 2 mm) (Table 1). The pH was determined in a 135 

residue/water suspension (1/2.5 w/v ratio). Organic carbon (OC) content was 136 

determined by oxidation (Walkley-Black method). Dissolved organic carbon (DOC) 137 

was determined in a suspension of residue (1/100 w/v ratio) in Milli-Q ultrapure water 138 

after residue shaking (24 h at 20ºC), centrifugation (20 min at 10,000 rpm), and filtering 139 

(Minisart NY 25 filter 0.45 µm, Sartorius Stedim Biotech, Germany) using a Shimadzu 140 

5050 organic carbon analyzer (Shimadzu, Columbia, MD). Total N was determined by 141 

the Kjeldahl method. The cation exchange capacity (CEC) was determined by the 142 

ammonium acetate method, and the cations were determined by atomic absorption 143 

spectrophotometry (Sparks, 1996). 144 

The soil was taken from the surface horizon (0-30 cm) on an agricultural farm 145 

(Toro, NW-Spain). It is a Typic Xerorthent (Soil Survey Staff, 2006) with a sandy loam 146 

texture (83.4%, 5.9% and 10.7% of sand, silt and clay, respectively). There had been no 147 

application of pethoxamid over at least the previous 5 years. The soil was sieved (< 2 148 

mm) and stored at 4
o
C until further use. Soil characteristics (pH, OC, DOC, CEC) were 149 
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determined as described above (Table 1). Inorganic carbon content was determined as 150 

CaCO3 with a Bernard calcimeter (Sparks, 1996).  151 

The amended soils were prepared in October 2012 by uniformly mixing soil 152 

with GC or SS in situ in the field at a rate of 50 t ha
-1

 (considering a soil depth of ~5 cm 153 

and a soil density of 1.3 g cm
-3

). The unamended soil is termed S hereinafter, while the 154 

soil amended with GC or SS is termed S+GC and S+SS, respectively. Undisturbed soil 155 

samples of all the treatments (~30 kg) were collected from the field (0-30 cm) and 156 

incubated outside under environmental conditions in 60 x 40 x 25 cm trays at IRNASA 157 

(Salamanca, Spain) over the experimental period. Soil samples were sieved (< 2 mm) 158 

prior to their use in dissipation experiments. Their characteristics were determined as 159 

described above and are included in Table 1. 160 

 161 

2.3. Dissipation microcosms 162 

A solution of 5,000 mg L
-1

 of pethoxamid in methanol was used as a first 163 

standard to prepare solutions of the herbicide in Milli-Q ultrapure water. A 10 mL 164 

volume of adequate concentration was then added to 500 g of fresh weight of S, S+GC 165 

and S+SS to obtain a pethoxamid concentration of 2, 10 or 50 mg kg
-1

 dry soil. Samples 166 

of soil+pethoxamid were incubated at 20
o
C in the dark. The soil samples’ moisture 167 

content was previously adjusted to 40% of the maximum soil water-holding capacity, 168 

and it was maintained by adding sterile Milli-Q ultrapure water when necessary. Each 169 

soil treatment was prepared in duplicate according to the OECD 307 guideline (OECD, 170 

2002). A sample of the sterilized S was also prepared by autoclaving soil at 120
o
C for 1 171 

h on three consecutive days. The sterilized S was treated with the herbicide at 2 mg kg
-1

, 172 

and incubated as indicated above, and this sample was used as a control to check the 173 

chemical degradation of pethoxamid. Finally, the soils for microbiological control were 174 
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prepared by adding only sterile Milli-Q ultrapure water. All the soils were thoroughly 175 

stirred with a sterilized spatula, and all the steps were performed in a sterile cabinet. 176 

Soil samples were taken at day 0 for pesticide analysis, and thereafter repeatedly at 177 

different time intervals up to 99 days, depending on the dissipation rate of pethoxamid 178 

in each soil treatment. 179 

 180 

2.4. Extraction and determination of pethoxamid 181 

Duplicate 5 g samples of each duplicate soil treatment were taken at each 182 

sampling time up to 49 days and 99 days for the rates of 2 mg kg
-1

 and 10 or 50 mg kg
-1

, 183 

respectively, consistent with the time for the total dissipation of pethoxamid. The 184 

samples were shaken at 20
o
C for 24 h with 10 mL of acetone:acetonitrile (1:1) in glass 185 

tubes and then sonicated for 1 h and centrifuged at 5,045 g for 15 min, and the herbicide 186 

extracts were filtered in a Minisart NY 25 filter (Sartorius Stedim Biotech, Germany) to 187 

remove particles > 0.45 µm. The herbicide was determined by transferring, a volume of 188 

the extract to a glass vial for analysis. The recoveries of the extraction method were 189 

determined by spiking three unamended and amended soil samples with analytical grade 190 

pesticide to a final concentration of 2 mg kg
-1

, performing the extraction procedure as 191 

described above. The mean recovery values were 85% for S, 89% for S+GC, and 92% 192 

for S+SS. 193 

Pethoxamid was quantified by HPLC with diode array (DAD) and mass 194 

spectrometer (MS) detectors (Waters Associates, Milford, MA), using Empower 195 

software as the data acquisition and processing system. The MS parameters were as 196 

follows: capillary voltage, 3.1 kV; source temperature, 120
o
C; the desolvation 197 

temperature and the desolvation gas flow were set at 300
o
C and 400 L h

-1
, respectively, 198 

and the cone gas flow at 60 L h
-1

. The analytical column was a Luna PFP (2) (150 × 4.6 199 
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mm i.d., 3.0 µm) (Phenomenex, Torrance, CA). The mobile phase was 90:10 (v/v) 200 

acetonitrile/water (1% formic acid). The flow rate of the mobile phase was 0.4 mL min
-201 

1
, and the sample injection volume was 10 µL. The retention time was 6.1 min. 202 

Quantitative analysis was performed using the peak area of the compound obtained 203 

from the total ion chromatogram (TIC) in SIM mode. The molecular ion (m/z) 204 

corresponding to pethoxamid in the positive ionization mode [M + H]
+
 was 296.8. 205 

Calibration was performed from 0.5 to 25 µg mL
-1

 with a correlation coefficient ≥ 0.99, 206 

and the limit of detection (LOD) and limit of quantification (LOQ) were > 0.0031 and > 207 

0.010 µg mL
-1

, respectively. 208 

 209 

2.5. Soil biochemical parameters and microbial structure analysis 210 

Soil DHA and PLFAs were measured in unamended and amended soils (control 211 

(untreated) and herbicide treated soils) at the beginning of the dissipation experiments 212 

(T0, 0 days for all herbicide rates), at an intermediate time corresponding to 213 

approximately 50% of herbicide dissipation (T1, 15 days for the rate of 2 mg kg
-1

 and 214 

35 days for the rates of 10 and 50 mg kg
-1

), and at a final time corresponding to the end 215 

of herbicide dissipation (T2, 49 days for the rate of 2 mg kg
-1

 and 99 days for the rates 216 

of 10 and 50 mg kg
-1

). Duplicate subsamples were taken from each duplicate soil 217 

treatment. Soil DHA was determined following the Tabatabai method (Tabatabai, 218 

1994).  219 

The composition of the microbial community in the unamended and amended 220 

soil samples was determined using PLFA analysis, as described in Pose-Juan et al. 221 

(2015b). Briefly, samples were freeze-dried, and 3 g of dry material was used for lipid 222 

extraction. Lipids were extracted with a one-phase chloroform-methanol-phosphate 223 

buffer solvent. Phospholipids were separated from nonpolar lipids and converted to 224 
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fatty acid methyl esters before analysis. Quantification was performed using an Agilent 225 

7890 gas chromatograph (Agilent Technologies, Wilmington, DE) equipped with a 25-226 

m Ultra 2 (5% phenyl)-methylpolysiloxane column (J&W Scientific, Folsom, CA) and 227 

with a flame ionization detector (FID). PLFAs were identified using bacterial fatty acid 228 

standards and software from the Microbial Identification System (Microbial ID, Inc., 229 

Newark, DE). 230 

 231 

2.6. Data analysis 232 

The dissipation kinetics for pethoxamid was fitted to a single first-order (SFO) 233 

kinetic model or first-order multicompartment (FOMC) model, known also as the 234 

Gustafson and Holden model. FOCUS work group guidance recommendations were 235 

followed for selecting the kinetic model that best describes the dissipation results 236 

(FOCUS, 2006). The coefficient of determination (r
2
) and the chi-square (χ

2
) test were 237 

calculated as indicators of the goodness of fit. Values for the time to 50% dissipation 238 

(DT50) were used to characterize the decay curves and compare variations in dissipation 239 

rates. The parameters of the kinetic models were estimated using the Excel Solver add-240 

in package (FOCUS, 2006). 241 

Standard deviation (SD) was used to indicate variability among replicates. Data 242 

were analysed by two-way ANOVA, with the main factors being soil treatments, 243 

incubation times and pethoxamid rates. When significant interactions were observed 244 

between these factors, Fisher’s least significant differences (LSD) were used at a 95% 245 

confidence level to determine significant differences between means and evaluate the 246 

effects of the different treatments on DT50 values and soil DHA. SPSS Statistics v22.0 247 

software for Windows (IBM Inc. Chicago, ILL) was used.  248 
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PLFA data (%mol) were processed using multivariate principal component 249 

analysis (PCA), permutational analysis of the variance (PERMANOVA), and a one-way 250 

ANOVA with CANOCO v5.04 (Microcomputer Power, Ithaca, NY), PAST v3.12 251 

(Hammer et al., 2001) and SPSS v22.0 for Windows (IBM Corp., Armonk, NY), 252 

respectively. Different soil treatments, incubation times and pethoxamid rates were 253 

coded as dummy variables and used as independent variables in the multivariate 254 

analyses. Significance in PERMANOVA was tested with 9,999 permutations. In 255 

univariate comparisons, LSD post-hoc tests were used to identify those means 256 

significantly different at P ≤ 0.05. The molar percentage values were arcsine 257 

transformed prior to statistical analyses in order to meet normality assumptions. 258 

 259 

3. Results and discussion 260 

3.1. Dissipation of pethoxamid applied at increasing rates in soils 261 

The dissipation curves of pethoxamid applied at the three rates (2, 10 and 50 mg 262 

kg
-1

) in unamended and amended soils closely fitted a SFO kinetics model (Fig. 1), as 263 

reported previously for the dissipation of pethoxamid in unamended soils (EC, 2006). 264 

DT50 values were calculated for all the soil treatments and herbicide rates (Table 2). 265 

The study was carried out for 49 days (rate of 2 mg kg
-1

) or 99 days (rates of 10 and 50 266 

mg kg
-1

) of herbicide incubation in the soils, consistent with the time required for its 267 

total dissipation. For all the rates applied, the amount of pethoxamid remaining at the 268 

last sampling time was < 10% of the herbicide initially applied.  269 

The dissipation rate was controlled mainly by the herbicide rate applied initially. 270 

The DT50 values for the dissipation of pethoxamid applied at the lower rate of 2 mg kg
-1

 271 

were not significantly different between unamended and amended soils. They were 6.7 272 

days in the unamended soil and 7.3 and 9.9 days in the amended soils, which falls 273 
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within the range of the DT50 values calculated in laboratory studies at 20
o
C (5.5-8.1 274 

days) (EFSA, 2017). The dissipation rate decreased in all the soils when the rate of 275 

pethoxamid applied was increased by 5 or 25 times (10 mg kg
-1

 or 50 mg kg
-1

) and DT50 276 

values increased more than 3-5 times in S, 3-4 times in S+GC, and twice in S+SS. The 277 

capacity of soil microbial communities to degrade pesticides could decrease when the 278 

concentration of these compounds in soils increases (Felsot and Dzantor, 1995; Muñoz-279 

Leoz et al., 2013) and DT50 values could increase if microbiological degradation is the 280 

main dissipation mechanism. In addition, an increase has been reported in the partition 281 

coefficients (Kd) of pethoxamid in soil over time after application (Dhareesank et al., 282 

2006), which could also explain the longer time (higher DT50 values) required to 283 

degrade pethoxamid when applied at higher rates. Microorganisms require more time to 284 

degrade a higher amount of compound, and the herbicide could become less 285 

bioavailable over time. 286 

At the rates of 2 mg kg
-1 

and
 
10 mg kg

-1
, dissipation rates were not significantly 287 

different between unamended and amended soils, but at the 50 mg kg
-1 

rate
 
DT50 values 288 

of pethoxamid decreased in the amended soils, S+GC and S+SS. An increase in the 289 

dissipation rate of pesticides is usually observed in soils amended with different organic 290 

residues (Marín-Benito et al., 2014) and this has also been observed for the herbicides 291 

mesotrione and triasulfuron in similar conditions. This effect is supported by the greater 292 

adsorption of herbicides by the amended soils than by the unamended one. The 293 

distribution coefficients (Kd) of pethoxamid were determined for an equilibrium 294 

concentration of 5 µg mL
-1

, and they were higher for S+GC and S+SS (2.79 and 1.92 295 

mL g
-1

, respectively) than for the unamended soil (0.59 mL g
-1

) (Pose-Juan et al., 2018). 296 

However, the results obtained here indicate that organic residues may only contribute to 297 

the decrease in the dissipation rate of pethoxamid when applied at the lowest rates of 2 298 
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mg kg
-1 

and 10 mg kg
-1

. For the highest rate of herbicide (50 mg kg
-1

), the DT50 values 299 

in S+GC and S+SS decreased significantly compared to the DT50 value in S (Table 2). 300 

The decrease in the DT50 values of pethoxamid applied at a high rate in amended soils 301 

could be due to an irreversible adsorption of the herbicide by the organic matter in these 302 

soils. Elsewhere, Pose-Juan et al. (2018) have reported that the distribution coefficients 303 

of pethoxamid increase more in an unamended soil than in an amended one when the 304 

equilibrium concentration increases. Although the herbicide’s adsorption is higher in the 305 

amended soils at the concentration assayed, the soils could not adsorb all the herbicide 306 

at higher rates of pethoxamid. A higher percentage of compound could be bioavailable 307 

for dissipation, recording lower values of DT50 in amended soils than in the unamended 308 

one.  309 

An increase in DT50 values was reported for the herbicides mesotrione and 310 

triasulfuron in amended soils when higher rates were applied (Pose-Juan et al., 2015a, 311 

2017). The behaviour of these acid herbicides differed to that observed for pethoxamid. 312 

The dissipation of herbicides depends on their characteristics and the adsorption and 313 

bioavailability processes. Pethoxamid is more hydrophobic than mesotrione and 314 

triasulfuron, and could be adsorbed in a more irreversible form than acid herbicides with 315 

rapid dissipation. It should be noted that the dissipation rate in S+SS was higher than in 316 

S+GC. This result is not consistent with the OC content of S+SS, which is higher than 317 

that of S+GC (Table 1). However, S+SS has a DOC content that is almost 10 times 318 

higher than S+GC, and the herbicide could be adsorbed by the DOC of S+SS remaining 319 

in solution and being more bioavailable for degradation (Marín-Benito et al., 2014). 320 

 In the sterilized unamended soil treated with pethoxamid at the rate of 2 mg kg
-1 321 

(data not shown), the DT50 value was 2.2 times higher than the value in the non-322 

sterilized soils. The dissipation of pethoxamid in sterilized soil may be influenced by 323 
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other processes such as photodegradation and the formation of non-extractable residues 324 

(EC, 2006; EFSA, 2017). 325 

 326 

3.2. Soil dehydrogenase activity 327 

Soil DHA was determined in unamended and SS- or GC-amended soils, 328 

untreated (control) or treated with pethoxamid at rates of 0, 2, 10 and 50 mg kg
-1

 after 329 

different times depending on the length of time pethoxamid remained in the soil (Fig. 330 

2). For the rates of 0 (control) and 2 mg kg
-1

, the results reveal significant differences 331 

between the DHA mean values of soils (S+SS < S < S+GC, p < 0.001), the incubation 332 

times of soils treated with pethoxamid (T2 ≤ T0 < T1, p < 0.001), and the rates applied 333 

(control < 2 mg kg
-1

). For the rates of 0 (control), 10 and 50 mg kg
-1

, the results reveal 334 

significant differences between the DHA mean values of soils (S < S+SS < S+GC, p < 335 

0.001), the incubation times of soils treated with pethoxamid (T2 < T0 < T1, p < 0.001), 336 

and rates applied (control < 10 mg kg
-1

 ≤ 50 mg kg
-1

). Moreover, significant interactions 337 

were found between herbicide rate and soil samples (p < 0.001), incubation time and 338 

soil samples (p < 0.001), and between herbicide rate and incubation time (p < 0.001).  339 

The highest DHA mean values were obtained in the GC-amended soil untreated 340 

and treated with pethoxamid at 2, 10 and 50 mg kg
-1

 (p < 0.001) (soils with different 341 

uppercase letter in Fig. 2 were significantly different). The increase in DHA compared 342 

to the unamended soil could be due to this soil’s higher OC content and the introduction 343 

of new microorganisms with the amendment, as observed in soils amended with other 344 

organic residues (Herrero-Hernández et al., 2011; Castillo et al, 2016; Álvarez-Martín et 345 

al., 2016; Pose-Juan et al., 2017). However, DHA did not increase in the SS-amended 346 

soil compared to the unamended soil, although the addition of SS also increased OC 347 

content. This result is due to a possible toxic effect of SS on the soil microbial function 348 
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(Poulsen et al., 2013; Pose-Juan et al., 2015b) which was higher in the SS-amended soil 349 

treated with pethoxamid at a rate of 2 mg kg
-1

 than
 
at higher rates. 350 

Soil DHA mean values increased when pethoxamid was applied in unamended 351 

soils (2 mg kg
-1

) and amended soils (10 and 50 mg kg
-1

) (Fig. 2, soils with a different 352 

uppercase letter were significantly different), although DHA values decreased in 353 

unamended and amended soil over incubation time (Figure 2, treatments with different 354 

lowercase letters were significantly different). DHA peak values were observed in S and 355 

S+GC soils treated with pethoxamid at 2 mg kg
-1

 at 15 days of incubation, and in S, 356 

S+GC and S+SS treated with the herbicide at 10 and 50 mg kg
-1

 at 35 days of 357 

incubation. The results indicate that DHA increases with the amount of pethoxamid 358 

applied, and soil microorganisms could proliferate with the incubation time of soil-359 

organic residue-herbicide. The DHA value decreased as the herbicide dissipated at these 360 

sampling times corresponding to a 50% dissipation of herbicide. 361 

Pethoxamid initially did not have a significant effect on soil DHA in all the 362 

treatments with the herbicide at rates of 2, 10 and 50 mg kg
-1

. The most significant 363 

effect was a DHA peak value observed after the herbicide’s application at the rate of 50 364 

mg kg
-1

 in S+GC. Wyszkowska et al. (2016) have reported a strong inhibition of soil 365 

DHA when a mixture of pethoxamid and terbuthylazine is applied at rates higher than 366 

14.63 mg a.i. kg
-1

 soil, regardless of the length of the assay. Studies carried out with 367 

other chloroacetamide herbicides report either a reduction or an increase in soil DHA 368 

when metazachlor, alachlor, butachlor or pretilachlor are applied at both recommended 369 

and higher application rates (Baćmaga et al., 2014; Rasool et al., 2014; Saha et al., 370 

2012; Xia et al., 2011). 371 

 372 

3.3. Phospholipid fatty acid profile analysis 373 
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First, use was made of an indirect analysis (PCA) of the relative abundance of 374 

each group (% mol) of total PLFAs, specific for Gram-positive and Gram-negative 375 

bacteria, Actinobacteria and fungi, to summarize the variation in the microbial 376 

community structure across all 144 soil samples taken [three soil treatments × three 377 

sampling times (T0, T1 and T2) × four pethoxamid rates (0, 2, 10, and 50 mg kg
-1

) × 378 

four replicates] (Fig. 3).  379 

The first two PCA axes explain 90.0% or more of the total variance in the 380 

respective datasets: 90.0% in S, 93.6% in S+GC and 90.5% in S+SS (Fig. 3A, B, C). A 381 

further examination of the PCA scatter plots, focusing on the arrangement of each 382 

sample’s centroids projected post hoc in the ordination space, reveal a grouping 383 

according to incubation time in the unamended soil ─ i.e., most of the samples collected 384 

at time T0 (circles) grouped in the left-lower quadrant (Fig. 3A) ─ that is statistically 385 

significant (P = 0.0066), as determined by PERMANOVA analysis (Table 3). At time 386 

T0, unamended soil samples are mainly characterized by having a higher relative 387 

abundance of Actinobacteria and fungi than samples taken at times T1 and T2 (Fig. 388 

4A). Conversely, the relative abundance of Gram-negative bacteria peaks at time T2, 389 

while it is lowest for Gram-positive bacteria at this sampling time. Similarly, a previous 390 

study has found that glyphosate applied at the recommended rate and at a tenfold higher 391 

rate increases the catabolic activity of Gram-negative bacteria due to its great resistance 392 

to chemical stress (Liu et al., 2018); however, other studies reported no effects of 393 

glyphosate on the microbial communities (Duke et al., 2012).  394 

The effect of pethoxamid rates is marginally significant in unamended soil (P = 395 

0.0543; Table 3). Univariate analysis (ANOVA) reveals significant differences due to 396 

pethoxamid rates for a relative abundance of Actinobacteria at times T1 and T2, and for 397 
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a relative abundance of Gram-positive bacteria at time T2 (Fig. 4B, C). In similar 398 

studies, a negative effect on the structure of microorganisms affecting Actinobacteria 399 

was stated after the application of a mixture of pethoxamid and terbuthylazine 400 

(Wyszkowska et al., 2016). Also, it has been indicated a significant early impact and a 401 

relevant late impact on the bacterial community when the application of pethoxamid and 402 

glyphosate to soil was carried out (Valverde et al., 2014). Saleh et al. (2016) have 403 

reported signs of toxic effects on soil bacteria at high herbicide (MCPA) concentrations. 404 

Karpouzas et al. (2014) have reported the inhibitory effects of nicosulfuron on 405 

Actinobacteria at rates 20 times higher than the recommended ones. 406 

In the GC-amended soil, PERMANOVA (Table 3) shows significant effects for 407 

sampling time (P = 0.0004) and pethoxamid rate (P = 0.0002), but also a significant 408 

interaction between these two factors (P = 0.0418). The relative abundance of Gram-409 

negative bacteria tends to decrease with time and with increasing rates of pethoxamid, 410 

but these effects are particularly acute in samples receiving the highest rate at time T2 411 

(Fig. 3B; Fig. 4D, E, F). Unlike the unamended soil, the highest relative abundance of 412 

Gram-positive bacteria has been found at time T2; however, there is no clear trend 413 

attributable to pethoxamid rate (Fig. 4F). The recovery of this bacterial group may be 414 

associated with a resilience effect, as reported in other similar studies (Griffiths and 415 

Philippot, 2013; Philippot et al., 2008). The application of pethoxamid at the two 416 

highest rates (10 and 50 mg kg
-1

) tends to reduce the relative abundance of 417 

Actinobacteria, although this effect only reaches statistical significance at T0 (Fig. 3B; 418 

Fig. 4D, E, F). 419 

As with the GC-amended soil, both factors and their interaction in the SS-420 

amended soil are significant (P < 0.05; Table 3; Fig. 3C). The relative abundance of 421 
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Gram-negative bacteria with the two highest rates (10 and 50 mg kg
-1

) of pethoxamid 422 

tends to decrease between T0 and T1, but then increases in samples treated with 50 mg 423 

kg
-1

 of pethoxamid at time T2, reaching a significantly higher value than in samples 424 

receiving lower rates (Fig. 4G, H, I). Regarding the relative abundance of Gram-425 

positive bacteria, there are only significant differences (P < 0.05) among pethoxamid 426 

rates at time T2 (Fig. 4I). Finally, the relative abundance of Actinobacteria decreases at 427 

the two highest rates of pethoxamid, reaching statistical significances at T0 and T1 (Fig. 428 

4G, H). In a previous work, García-Delgado et al. (2019) have observed a limited 429 

capacity of organic amendments for buffering the herbicides’ effects on the soil 430 

microbial structure with increased herbicide rates or consecutive applications. 431 

The remaining concentrations of pethoxamid in GC-amended and SS-amended 432 

soils up to T1 are still relatively high, with a negative impact on the relative abundance 433 

of Actinobacteria. Similarly, Xu et al. (2013) have reported that bacterial PLFAs 434 

decrease with the application of higher rates of imazethapyr during the initial period, 435 

and could recover by the end of the experiment. 436 

It is also noteworthy that no PLFAs indicative of fungi have been detected in 437 

S+GC or S+SS samples. Similarly, García-Delgado et al. (2018) have observed a lower 438 

abundance of fungi in GC-amended soil compared to the control soil. However, Bastida 439 

et al. (2008) have reported an increase of fungi in the SS-amended soil or composted 440 

SS-amended soil.  441 

 442 

4. Conclusions 443 

The persistence of pethoxamid applied at different rates has been studied for the 444 

first time in amended soils, reporting the influence of organic amendments on its 445 

dissipation in soil and the influence of both herbicide rate and organic amendments on 446 
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soil microbial activity and structure. The herbicide dissipation rate is lower at higher 447 

rates of herbicide in all the soils studied, although DT50 values are lower in amended 448 

soils than in the unamended soil at higher rates. The results suggest that the herbicide 449 

rate, the type of amendment and the incubation time also effect soil DHA. The PLFA 450 

profile is affected by the incubation time in all the soils and by pethoxamid rate in 451 

S+GC and S+SS. Further studies are required to evaluate the fate of pethoxamid in the 452 

environment under field conditions and its impact on soil microbial communities. 453 
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Figure captions 638 

Fig. 1. Dissipation kinetics of pethoxamid applied at rates of 2, 10 and 50 mg kg
-1

 in 639 

unamended (S), GC-amended (S+GC) and SS-amended (S+SS) soils fitted to a SFO 640 

kinetic model. Error bars represent standard deviation (SD) of the mean (n=4). 641 

Fig. 2. Soil dehydrogenase activity in unamended and amended soils untreated (control) 642 

and treated with pethoxamid at 2, 10 and 50 mg kg
-1

 at different incubation times. Error 643 

bars represent the SD of the mean (n=4). Different lower case letter above the bars 644 

denote significant differences (P < 0.05) between sampling times for herbicide rates and 645 

different upper case letter above the bars denote significant differences (P < 0.05) 646 

between herbicide rates (mean values) for each soil considering unamended and 647 

amended soils jointly. 648 

Fig. 3. Biplots representations of the results of PCAs performed on the matrices with 649 

relative abundances (%mol) of PLFAs specific for different microbial groups present in 650 

(A) unamended, (B) GC-amended and (C) SS-amended soils. Values on the axes 651 

indicate percentages of total variation explained by each axis. 652 

Fig. 4. Relative abundance (% mol) of total PLFAs specifically diagnostic of Gram-653 

negative and Gram-positive bacteria, Actinobacteria and fungi in unamended (A-C), 654 

GC-amended (D-F) and SS-amended (G-I) soils at T0 (A,D,G), T1 (B,E,H) and T2 655 

(C,F,I) sampling times after application of four different rates of pethoxamid. Bars with 656 

different letters within each group are statistically different (P ≤ 0.05). 657 

 658 
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Table 1. Characteristics of green compost (GC) and sewage sludge (SS) and unamended (S) and GC-

amended (S+GC) and SS-amended (S+SS) soils given on a dry weight basis.  

 pH OC 

(%) 

DOC
†
 

(mg g-1) 

N 

(%) 

C/N    CEC
‡
          Na              K                Ca              Mg 

------------------------------------(Cmol kg-1)--------------------------------------- 

GC 7.08 8.06 1.02 0.79 10.2 18.7 0.27 56.4 28.9 3.83 

SS 6.73 27.0 21.7 4.76 5.67 64.5 1.22 4.99 24.5 14.2 

S 6.29 0.49 0.05 0.04 12.2 4.38 0.03 0.66 6.96 2.40 

S+GC 7.05 1.50 0.07 0.18 8.33 6.87 0.03 2.78 17.2 3.16 

S+SS 6.16 2.20 0.68 0.35 6.28 7.95 0.02 0.78 10.8 4.33 

†Dissolved organic carbon, ‡Cationic exchange capacity  
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Table 2. Kinetics parameters for the degradation of pethoxamid in unamended (S), GC-

amended (S+GC) and SS-amended (S+SS) soils obtained from fitting kinetics to a single 

first order (SFO) model.  

Soil sample Rate 

(mg kg
-1

 dw) 

k 

(days
-1

) 

DT50
†
 

(days) 

r
2
 χ

2
 

S  2 0.104 6.7a 0.99 7.2 

S+GC 2 0.095 7.3a 0.98 15.0 

S+SS 2 0.071 9.9a 0.96 11.6 

S 10 0.032 22.0b 0.98 10.2 

S+GC 10 0.029 23.5b 0.99 4.6 

S+SS 10 0.032 21.5b 0.99 9.7 

S 50 0.020 34.9d 0.98 7.9 

S+GC 50 0.022 30.9c 0.98 6.5 

S+SS 50 0.024 28.5c 0.98 7.2 

LSD (p<0.05)   3.262   

†
Time to 50% pethoxamid dissipation (DT50) values in a column followed by the same 

letter are not significantly different at P≤0.05. 

 

 

 



32 

 

Table 3. Results of PERMANOVA analyses of the effect of sampling time (T), 

pethoxamid rate (D) and their interaction (T x D) on the relative abundance (%mol) of 

PLFAs specific for Gram-negative and Gram-positive bacteria, Actinobacteria and fungi 

in unamended (S), GC-amended (S+GC) and SS-amended (S+SS) soils. The %mol data 

were arcsine-transformed prior to PERMANOVA analysis. 

 S  S+GC  S+SS 

 pseudo-F P-value
†
 

 
pseudo-F P-value

†
 

 
pseudo-F P-value

†
 

Sampling time (T) 2.9946 0.0066  7.0356 0.0004  4.8023 0.0004 

Pethoxamid rate (D) 1.6637 0.0543  6.3024 0.0002  4.5056 0.0001 

T x D 0.0438 0.1713  0.5081 0.0418  0.9543 0.0064 

†
P-values are based on 9999 permutations. 
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Figure 1.  
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Figure 4.  

 


