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Abstract 1 

Herbicides are essential in agricultural systems for maintaining crop yields, as 2 

weeds compromise grain production. Furthermore, the application of organic 3 

amendments to soil is an increasingly frequent agricultural practice for avoiding 4 

irreversible soil degradation. However, this practice could modify the behaviour of the 5 

herbicides applied, with implications for their absorption by weeds. This study 6 

evaluated the dissipation, persistence and mobility of the herbicides triasulfuron and 7 

prosulfocarb in a sandy clay loam soil unamended and amended with green compost 8 

(GC) in a field experiment using single or combined commercial formulations of both 9 

herbicides. The study was carried out in experimental plots (eight treatments × three 10 

replicates) corresponding to unamended soil and soil amended with GC, untreated and 11 

treated with the herbicide formulations Logran
®
, Auros

®
 and Auros Plus

®
 over 100 12 

days.  13 

The half-life (DT50) of triasulfuron applied individually was 19.4 days, and 14 

increased in the GC-amended soil (46.7 days) due to its higher adsorption by this soil, 15 

although non-significant differences between DT50 values were found when it was 16 

applied in combination with prosulfocarb. Prosulfocarb dissipated faster than 17 

triasulfuron under all the conditions assayed, but non-significant differences were 18 

observed for the different treatments. The analysis of the herbicides at different soil 19 

depths (0-50 cm) after their application confirmed the leaching of both herbicides to 20 

deeper soil layers under all conditions, although larger amounts of residues were found 21 

in the 0-10 and 10-20 cm layers. The application of GC to the soil increased the 22 

persistence of both herbicides, and prevented the rapid leaching of triasulfuron in the 23 

soil, but the leaching of prosulfocarb was not inhibited. The influence of single or 24 

combined formulations was observed for triasulfuron, but not for prosulfocarb. The 25 
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results obtained highlight the interest of obtaining field data to design rational joint 26 

applications of GC and herbicides to prevent the possible decrease in their effectiveness 27 

for weeds or the risk of water contamination.  28 

Keywords: dissipation, mobility, organic amendment, soil, commercial herbicide 29 

formulations 30 

 31 

1. Introduction 32 

Herbicides are essential in agriculture systems worldwide for protecting crops 33 

against weeds. Besides, the application of organic amendments to soil is an increasingly 34 

frequent agricultural practice in Spain for avoiding irreversible soil degradation. These 35 

materials increase the amount of organic matter (OM) in the soil, which plays a key role 36 

in the development and functioning of terrestrial ecosystems (García Izquierdo and 37 

Lobo Bedmar, 2008) and have attracted considerable interest in recent years (Scotti et 38 

al., 2015). In Spain, rising potentially exploitable organic wastes includes biodegradable 39 

wastes generated by pruning in parks and gardens. These residues referred to as green 40 

compost (GC) become materials with OM > 15%, and they could be used as organic 41 

amendments. 42 

However, this practice could lead to changes in the behaviour of herbicides 43 

applied in amended soils (Barriuso et al., 1997). The herbicides could be adsorbed by 44 

amended soils, and this could have consequences for their degradation, persistence or 45 

mobility (Marín-Benito et al., 2012, 2013; Rodríguez-Liébana et al., 2014; Keren et al., 46 

2017). These processes could decrease pollution by herbicides, but they could also 47 

affect the final concentration bioavailable for their absorption by the targeted weeds 48 

(Barriuso et al., 1997). These effects are generally studied in the laboratory, with fewer 49 

studies being carried out under real field conditions (Herrero-Hernández et al., 2011, 50 
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2015). 51 

Triasulfuron and prosulfocarb are two herbicides used in pre- and post-52 

emergence against weeds in winter cereals (wheat and barley) and other crops (potato). 53 

Triasulfuron is a sulfonylurea with high water solubility and a low hydrophobic nature 54 

(PPDB, 2017). This compound is a weak acid (pKa 4.8) found, predominantly as an 55 

anion at high pH and thus being more available for plants, while in acid soils it is less 56 

available since it is more adsorbed by soil (EC, 2000). In high pH soils, therefore, the 57 

rapid leaching of the herbicide and a deeper displacement of triasulfuron slowly 58 

degrading in the profile are to be expected because microbial activity usually decreases 59 

with depth. The influence of biotic (microbial activity) and abiotic (pH) factors on its 60 

persistence have been reported (Singh and Kulshrestha, 2006), as well as the influence 61 

of adsorption by soil on triasulfuron’s biodegradation and bioavailability (Said-Pullicino 62 

et al., 2004).  63 

The dissipation of triasulfuron herbicide has been studied in the laboratory and 64 

in the field (EC, 2000; Gennari et al., 2008), while only some laboratory studies have 65 

evaluated the effect of the herbicide’s application dosage (Sofo et al., 2012, Pose-Juan 66 

et al., 2017) or the influence of OM on its adsorption and dissipation in amended soils 67 

(Said-Pullicino et al., 2004; Pinna et al., 2009; Pose-Juan et al., 2017). Evaluating the 68 

changes in mobility and the persistence of this herbicide by soil amendment is therefore 69 

of interest, as it could impact negatively on the performance of future crops (Menne and 70 

Berger, 2001; Sarmah et al., 1998, 2000). In fact, this herbicide has been reported to 71 

persist in soil at phytotoxic concentrations for more than a year after application, 72 

especially at low temperatures and high pH, causing damage to sensitive crops in 73 

subsequent rotations (James et al., 1999).  74 
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Prosulfocarb is a thiocarbamate non-ionic and hydrophobic compound (PPDB, 75 

2017). Mean values of the time required for the concentration to decline to half of the 76 

initial value (DT50) between 15.2 and 10.1 days were reported for different soil types 77 

under laboratory and field conditions, respectively (EFSA, 2007). The dissipation of 78 

prosulfocarb is due mainly to a microbial process, and Gennari et al. (2002) have 79 

reported that the degradation rate was inversely correlated with organic carbon (OC) 80 

content. Accordingly, it records high adsorption and persistence associated with all soil 81 

OM fractions (Braun et al., 2017) which lead to a decrease in leaching and plant 82 

bioavailability, and therefore in herbicide performance (Négre et al., 2006).  83 

Weed control in cereals with these herbicides is widely recommended, using 84 

them as the single formulations Logran
®

 and Auros
®
, respectively, or as a combined 85 

formulation of both herbicides, Auros Plus
®

 (De Liñán Vicente and De Liñán Carral, 86 

2008). The application of Auros
®
 is recommended as a combined formulation with 87 

other herbicides when a varied infestation occurs or for managing weeds’ herbicide 88 

resistance (Busi and Powles, 2016). The studies in the literature generally evaluate the 89 

behaviour of individual molecules in unamended soils, but to our knowledge no one has 90 

addressed the dissipation of these herbicides applied in combination or in the presence 91 

of organic amendments. It has been reported that microbial activities could be affected 92 

by the presence of an herbicide in the soil, and this could affect the degradation, 93 

persistence and leaching of another herbicide applied at the same time (Fogg et al., 94 

2003; Swarcewicz et al., 2013; dos Reis et al., 2017).  95 

Accordingly, this study was carried out to evaluate the dissipation, persistence 96 

and mobility of the herbicides triasulfuron and prosulfocarb in a sandy clay loam soil. A 97 

field experiment was set up, and the effects of single or combined commercial 98 
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formulations of these herbicides, until now not studied, on the dissipation of individual 99 

compounds was evaluated in an unamended soil and in a soil amended with GC. 100 

 101 

2. Materials and methods 102 

2.1. Herbicides 103 

This study used the commercial formulations of triasulfuron (Logran
®
 20% p/p), 104 

prosulfocarb (Auros
®
 80% p/v) and triasulfuron + prosulfocarb (Auros Plus

®
) (Syngenta 105 

Agro S.A., Madrid, Spain). Analytical standards of both compounds were purchased 106 

from PESTANAL
®

 (purity > 98.9%) (Sigma Aldrich Química S.A., Madrid, Spain). 107 

Water solubility is 815 and 13.0 mg L
-1

 and log Kow is -0.59 and 4.48 for triasulfuron 108 

and prosulfocarb, respectively. The chemical name, structure and specifications of these 109 

compounds are included in Table S1 in Supplementary material (PPDB, 2017). 110 

 111 

2.2. Green compost 112 

A composted organic residue of vegetal origin generated from the pruning of 113 

plants and trees in parks and gardens in the city of Salamanca (Spain) was used. It was 114 

supplied by the City Council. The physicochemical characteristics of this green compost 115 

(GC) on a dry weight basis are as follows: pH 7.33, determined in a GC/water 116 

suspension (1:2.5); organic carbon (OC) content 9.80%, determined by the modified 117 

Walkley-Black method; dissolved organic carbon (DOC) 0.353%, determined in a 118 

suspension of soil in deionized water (1:2) after shaking (24 h), centrifugation (20 min 119 

at 10000 rpm), and filtering using a Shimadzu 5050 organic carbon analyser (Shimadzu, 120 

Columbia, MD, USA); total N 1.04%, determined by the Kjeldahl method. The C/N 121 

ratio was 9.42, and the ash percentage determined by weight difference after ignition at 122 

540ºC for 24 h was 74.5%. All parameters were determined by standard methods 123 
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(Sparks, 1994). 124 

 125 

2.3. Experimental set-up 126 

The field experiment was conducted in an agricultural sandy clay loam soil 127 

(Typic Haploxerept) located in the Muñovela experimental farm belonging to the 128 

Institute of Natural Resources and Agrobiology of Salamanca, Spain (latitude 40º55’56” 129 

N, longitude 5º52’53” W). Rainfall and air temperature were monitored over the 100 130 

days of experimentation at a meteorological station installed on site. An experimental 131 

layout of randomized complete blocks was designed in February 2015, with eight 132 

treatments and three replicates per treatment (24 plots of 3 m × 3 m) corresponding to 133 

unamended soil (12 plots) and soil amended with GC at the rate of 120 t ha
-1

 on a dry 134 

weight basis (~ 11.6 t C ha
-1

) (12 plots) (Figure S1 in Supplementary material). Three 135 

unamended and three amended plots were treated with single commercial formulations 136 

of each herbicide (Logran
®
 and Auros

®
), or a combined commercial formulation of both 137 

herbicides (Auros Plus
®
). Three more control plots (unamended and amended) did not 138 

receive any herbicide. Prior to amendment, the soil was tilled using a field cultivator, 139 

and then GC was manually mixed with the topsoil (0-20 cm) in each plot. The study 140 

was conducted in the cereal growing season, but the plots were left fallow. 141 

 142 

2.4. Application of herbicides 143 

Water-herbicide solutions were applied manually using a backpack sprayer 144 

(volume of 10 L) shortly after the soil was amended. The doses applied to the plots were 145 

4.5 kg i.a. ha
-1 

as Auros
®

 80% and 100 g i.a. ha
-1 

as Logran
®
 20%,

 
corresponding to the 146 

recommended application dose for prosulfocarb and double this dose for triasulfuron, 147 

respectively (De Liñán Vicente and De Liñán Carral, 2008). Similar doses of both 148 
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compounds were applied jointly as Auros Plus
®

. The theoretical concentrations were 149 

0.077 mg kg
-1 

and 3.46 mg kg
-1

 for triasulfuron and prosulfocarb, respectively, 150 

calculated considering a soil density of 1.3 g cm
-3

 and a depth of 10 cm, although the 151 

real concentrations measured ranged from 0.073-0.211 mg kg
-1 

and 4.56-5.22 mg kg
-1

 152 

for both compounds, respectively, in different plots. A check was made prior to the 153 

application of the herbicides to ensure that no amounts of these compounds were 154 

detectable in the soil samples. This was as expected, because the plots had no history of 155 

triasulfuron and prosulfocarb application in the previous five years. 156 

 157 
2.5. Soil sampling and sample processing 158 

Soil samples from 0 to 10 cm were collected on the first day after herbicide 159 

application to determine the initial concentration of compounds, and after 2, 7, 9, 15, 160 

29, 51 and 100 days after treatment to determine herbicide dissipation. Five sub-161 

samples were taken in each plot, mixing them before they were transferred to 162 

polypropylene bottles. Additionally, five soil cores were also collected in each plot to a 163 

depth of 50 cm at 15, 30 and 100 days after application to study the herbicide’s 164 

downward mobility in the soil. The cores were then sectioned into five segments of 10 165 

cm each, and composite samples of five cores were transferred to a polypropylene 166 

bottle. All the samples were transported to the laboratory in portable refrigerators. The 167 

soil water content of the bulk sample for each 10-cm soil layer was gravimetrically 168 

determined by weight difference, measuring the soil sample mass before and after 169 

drying at 110ºC for 24 h. Bulk density was obtained in an additional core by calculating 170 

the weight of dry soil contained in the volume (31.4 cm
3
) of a 10-cm sampling. It 171 

ranged from 1.39 to 1.59 g cm
-3

 and from 1.0 to 1.59 g cm
-3

 in the soil profile for the 172 

unamended and amended soils, respectively. The profiles of the volumetric water 173 

content in plots with different treatments were determined from bulk density and 174 
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gravimetric moisture content at 15, 30 and 100 days after herbicide application. Soil 175 

samples, previously air-dried overnight if necessary, were then sieved (< 2 mm) and 176 

their characteristics determined by standard methods (Sparks, 1994) (Table 1). The pH 177 

of the soils was determined in soil/water suspensions (1:2.5), and OC and DOC were 178 

determined as previously indicated. Inorganic carbon was determined as CaCO3 with a 179 

Bernard calcimeter. Particle size distribution was determined using the pipette method, 180 

and clay minerals were identified qualitatively by the X-ray diffraction technique using 181 

a Philips PW 1710 diffractometer (Eindhoven, the Netherlands) (Robert, 1975). The 182 

Rawls pedotransfer function (Rawls et al., 1982) was used to calculate the soil water 183 

content at field capacity (θFC, 33 kPa) for each 10-cm soil layer. These values vary from 184 

0.264 to 0.294 cm
3
 cm

-3
 in the unamended soil profiles, and from 0.267 to 0.359 cm

3
 185 

cm
-3

 in the amended soil profiles (Table 1). 186 

 187 

2.6. Herbicide extraction and analysis 188 

Duplicate subsamples of moist soil (6 g) from each plot were transferred to a 189 

glass tube, and extracted with methanol (12 mL). The samples were sonicated for 1 h, 190 

shaken at 20
o
C for 24 h, and then centrifuged at 5045 g for 15 min. A volume of 8 mL 191 

was transferred to a clean glass tube and evaporated until dryness at 25
o
C under a 192 

nitrogen stream using an EVA-EC2-L evaporator (VLM GmbH, Bielefeld, Germany). 193 

The residue was dissolved in 0.5 mL of methanol+formic acid (1%), filtered to remove 194 

particles > 0.45 µm in a GHP Acrodisc filter (Waters Corporation), and transferred to a 195 

HPLC glass vial for analysis.  196 

The analysis of triasulfuron and prosulfocarb was performed by HPLC. The 197 

apparatus used was a Waters chromatograph (Waters Assoc., Milford, MA, USA), 198 

equipped with a model e2695 multisolvent delivery and autosampler system attached to 199 



10 
 

a ZQ mass spectrometer detector (MS), with Empower software as the data acquisition 200 

and processing system. A Luna
®
 3 µm PFP(2) 100 Å (150 × 4.6 mm) column by 201 

Phenomenex (Torrance, CA, USA) was used at ambient temperature, and the mobile 202 

phase was acetonitrile:water+1% formic acid (70:30). The flow rate of the mobile phase 203 

was 0.4 mL min
-1

, and the sample injection volume was 10 µL. Detection involved 204 

monitoring the positive molecular ion [m/z] 402.8 [M+H]
+
 (triasulfuron) and 252.4 205 

[M+H]
+
 (prosulfocarb) after applying an optimized cone voltage of 20 V, and the 206 

retention times were 6.1 min and 14.1 min, respectively. The matrix-matched 207 

calibration standards were between 0.1 and 2.5 µg mL
-1

 for both herbicides, and the 208 

limit of detection (LOD) and limit of quantification (LOQ) were in the ranges 0.018-209 

0.026 µg mL
-1

 or 0.059-0.088 µg mL
-1

 for triasulfuron, and 0.005-0.008 µg mL
-1

 or 210 

0.017-0.027 µg mL
-1

 for prosulfocarb in the unamended and amended soils, respectively 211 

(Table S2 in Supplementary material). The method’s recoveries were determined by 212 

spiking three unamended and amended soil samples with triasulfuron or prosulfocarb at 213 

similar concentrations to those applied in the field, and performing the extraction 214 

procedure as described above. The mean recovery values for a level spiking of 76.9 µg 215 

kg
-1 

of triasulfuron were >80% when triasulfuron was applied individually (Logran
®
) or 216 

in combined form (Auros Plus
®
) and for a level spiking of 3.46 mg kg

-1 
of prosulfocarb 217 

were >90% for prosulfocarb applied individually (Auros
®
) or >80% when it was applied 218 

in combined form (Auros Plus
®
) for the unamended and GC-amended soils (Table S2 in 219 

Supplementary material). These recoveries were considered acceptable according to 220 

Good Laboratory Practice (GLP) requirements for residues analysis (70-100% recovery) 221 

(Gennari et al., 2000). The amounts of triasulfuron and prosulfocarb extracted from 222 

soils were not corrected for recovery values because matrix-matched calibration method 223 

was used.  224 
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Furthermore, positive molecular ions (m/z) 141.15 [M+H]
+
 (triazine amine), 225 

388.8 [M+H]
+
 (O-demethyl triasulfuron) and 267.4 [M+H]

+
 (prosulfocarb sulfoxide) 226 

were qualitatively monitored for the detection of triasulfuron and prosulfocarb 227 

metabolites (EFSA, 2007; EFSA 2015). 228 

 229 

2.7. Adsorption experiments 230 

The adsorption of triasulfuron and prosulfocarb by triplicate unamended and 231 

amended soils (5 g) was determined as a single-point concentration at the beginning of 232 

the experiment. Solutions of individual or combined compounds at a concentration of 233 

10 mg L
−1

 (10 mL) were used. The suspensions were shaken intermittently at 2-3 h 234 

intervals for 24 h in a thermostated chamber at 20°C. They were subsequently 235 

centrifuged at 5045 g for 15 min, and the herbicide concentrations were determined as 236 

previously indicated. The amount of herbicide sorbed (Cs, mg kg
−1

) was considered the 237 

difference between that initially present in the solution (Ci, mg L
−1

) and that remaining 238 

after equilibration with the soil (Ce, mg L
−1

). Distribution coefficients, Kd (L kg
-1

), 239 

were calculated from the relationship between Cs (mg kg
−1

) and Ce (mg L
−1

) (Kd = 240 

Cs/Ce).  241 

 242 

2.8. Data analysis 243 

The dissipation kinetics for both herbicides was fitted to a single first-order 244 

(SFO) kinetic model (C = C0 e
−kt

) or first order multicompartment (FOMC) model (C = 245 

C0/(t/β) + 1)
α
 ), known also as the Gustafson and Holden model. FOCUS work group 246 

guidance recommendations were followed (FOCUS, 2006) for selecting the kinetic 247 

model that best describes the dissipation results. The coefficient of determination (R
2
) 248 

and the chi-square (χ
2
) test were calculated as indicators of the goodness of fit. The χ

2
 249 
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test considers the deviations between observed and calculated values relative to the 250 

uncertainty of the measurements for a specific fit, and was used to compare the 251 

goodness of fit of the two models tested. The error value at which the χ
2
 test is fulfilled 252 

at a given degree of freedom should be below 15% (at a 5% significance level). Values 253 

for the time to 50% dissipation (DT50) were used to characterize the decay curves and 254 

compare variations in dissipation rates. The parameters of the kinetic models were 255 

estimated using the Excel Solver add-in package (FOCUS, 2006). 256 

Analysis of variance (ANOVA) was used to evaluate the effects of the different 257 

soil treatment on herbicide dissipation. Standard deviation (SD) was used to indicate 258 

variability among replicates. Fisher´s least significant difference (LSD) method, at a 259 

confidence level of 95%, was determined with SPSS Statistics 22.0 software for 260 

Windows (SPSS Inc. Chicago, USA). 261 

 262 

3. Results and discussion 263 

3.1. Weather conditions and soil water content 264 

Weather conditions were recorded throughout the experiment (100 days) (Fig. 265 

1). After the application of herbicides, air temperature ranged from 1ºC to 22.7
o
C during 266 

the time period. Cumulative precipitation during the experiment was 118.8 mm, but 267 

low-intensity rainfall occurred during the first 15 and 30 days (6.4 and 17.8 mm were 268 

recorded in total, respectively), corresponding to soil sampling and herbicide 269 

determination. Rainfall events > 10 mm occurred at 36, 47, 89 and 91 days after 270 

herbicide application. 271 

Soil water content ranged between 0.100–0.174 cm
3
 cm

-3
 (soil) and 0.079–0.132 272 

cm
3
 cm

-3
 (soil+GM) in the replicated plots at 0-10 cm depth, and increased to 0.142–273 

0.178 cm
3
 cm

-3
 (soil) and 0.123–0.164 cm

3
 cm

-3
 (soil+GM) at 40–50 cm at different 274 
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sampling times. The standard deviation of the means at each depth and replicate plots 275 

was < 20%, indicating close agreement between plots treated with each formulation 276 

(Fig. 2). The highest values of water content in the soil profile were, in general, 277 

observed after 15 days of treatment in the unamended plots, and after 30 days in the 278 

amended plots. On the whole, soil water content increased sharply at 20 and 30 cm 279 

depth in the unamended and amended plots at the different sampling times, respectively. 280 

This increase was more pronounced in the amended plots. Both unamended and 281 

amended soil profiles recorded the highest degree of soil saturation at 20-30 cm depth. 282 

The saturation rate of this soil layer ranged from 59% to 63% and from 46% to 63% of 283 

the soil field capacity for the unamended and GC-amended soils at the different 284 

sampling times, respectively. The application of GC to soil increased the water-holding 285 

capacity of the 20-cm topsoil layers by between 16% and 23% (Table 1), which 286 

involved a decrease in the saturation rate of the 20-cm topsoil layers of between 13% 287 

and 28% at the different sampling times. Changes in GC-soil water content were 288 

initially more uneven (Fig. 2), and the distribution of water in the soil profile is more 289 

likely linked to light preferential flows in the soil than in the GC-soil, at least initially. 290 

Some authors have highlighted the ability organic amendments have to improve the 291 

soil’s aggregation and structural stability, and its overall porosity, as well as modify 292 

pore size and connectivity, and consequently reduce the presence of preferential flows 293 

(Ingelmo Sánchez and Rubio Delgado, 2008; Yazdanpanah et al., 2016). 294 

 295 

3.2. Dissipation of herbicides 296 

The dissipation kinetics of triasulfuron and prosulfocarb in the unamended and 297 

GC-amended soils was determined from the herbicide concentrations in soil extracts 298 

(Fig. 3 and 4). These amounts were obtained at different times until 100 days after the 299 
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application of herbicides. They were expressed as percentages of the amounts found in 300 

the samples taken immediately after application, which were considered a reference for 301 

the herbicide applied. Herbicide concentrations were fitted to kinetic equations, and 302 

DT50 values were calculated for triasulfuron and prosulfocarb for each one of the 303 

conditions established. 304 

 305 

3.2.1. Triasulfuron dissipation 306 

Triasulfuron dissipation followed slow and prolonged dissipation kinetics until 307 

100 days (Fig. 3). In general, the dissipation kinetics of this herbicide in the unamended 308 

and GC-amended soils fitted the single first-order (SFO) kinetic model better than the 309 

first-order multi-compartment (FOMC) kinetic model (χ
2
 values were lower than those 310 

corresponding to the FOMC model). The kinetics of triasulfuron dissipation fitted to a 311 

SFO model have been reported by some authors in laboratory studies, whereas in field 312 

studies the kinetics are better fitted to a biphasic model (Singh and Kulshrestha, 2006; 313 

EFSA, 2015). DT50 values were obtained from these equations for triasulfuron 314 

dissipation in each one of the plots (Table 2). The results obtained were very similar in 315 

some replicate plots (coefficient of variation (CV) < 10%), while they varied more in 316 

other plots (CV < 25%), as expected for a field experiment. This variability did not 317 

depend on the commercial formulation applied (Logran
®

 or Auros Plus
®
) or soil 318 

treatment. After 100 days of treatment, the residual amount of triasulfuron was < 5% in 319 

the unamended soil and < 10% in the amended one. These values indicate that the 320 

dissipation of the herbicide after 100 days of application was not complete, although it 321 

was slower in the amended soil than in the unamended one.  322 

The DT50 mean value of triasulfuron in the unamended soil was 19.6 ± 2.17 323 

days, and increased to 46.7±11.6 days (p<0.05) in the GC-amended soil when applied 324 
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individually (Logran
®

). However, non-significant differences were recorded between 325 

the DT50 of triasulfuron after its combined application with prosulfocarb (Auros Plus
®
) 326 

in the unamended soil (24.5 ± 4.62 days) and in the amended one (24.5 ± 1.48 days), 327 

although a lag phase was observed in the unamended soil prior to herbicide dissipation 328 

when applied as Auros Plus
®
. This phase, corresponding to the period of adaptation that 329 

the microorganisms undergo before they begin to degrade the compound, has been 330 

observed for other compounds (Marín-Benito et al., 2014). 331 

The DT50 values found in this study are within the range observed in other field 332 

studies on unamended soils (< 50 days) (Sarmah et al., 2000; EFSA, 2015), but they are 333 

lower than those obtained in laboratory experiments (33-76 days) (James et al., 1999; 334 

EC, 2000; Pose-Juan et al., 2017). Mobility into deeper layers was one the factors 335 

proposed for trisulfuron increased dissipation in the field. Triasulfuron is a weak 336 

organic acid, and the variable dissipation data could be explained by the influence of pH 337 

and other environmental factors, such as OM content or water content, in this 338 

herbicide’s availability and dissipation (Pinna et al., 2009). On the other hand, 339 

triasulfuron degradation may be expected, although the transformation products 340 

described, such as triazine amine or demethyl triasulfuron (EFSA, 2015), were not 341 

found here.  342 

The results indicating the increased DT50 values of triasulfuron in the GC-343 

amended soil are in agreement with the adsorption coefficients Kd of triasulfuron for the 344 

soil+GC (0.53 mL g
-1

) (Table S3, in Supplementary material), and higher than in the 345 

unamended soil (0.05 mL g
-1

). An increased adsorption of this herbicide by soils 346 

amended with different composted organic residues has also been reported in laboratory 347 

studies (Said-Pullicino et al., 2004; Pose-Juan et al., 2017). However, the addition of 348 

straw residues as organic amendment increased the dissipation of triasulfuron in lab 349 
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experiments, but not in the field (Menne and Berger, 2001). The application of compost 350 

to the soil only influenced the dissipation of triasulfuron when it was applied 351 

individually, but not when applied as a combined formulation. Compost provides soils 352 

with OC and microorganisms that are capable of modifying the bioavailability of 353 

herbicides, possibly leading to increased or decreased dissipation (Barriuso et al., 1997). 354 

The results obtained could be explained by considering that in the presence of 355 

prosulfocarb (Table S3) the adsorption of triasulfuron by the unamended soil increased, 356 

and decreased for the amended soil (Kd = 0.31 and 0.38 mL g
-1

, respectively). The 357 

combined application of herbicides could have a mutual influence on the behaviour of 358 

herbicides and on their own transformation rate (Menne and Berger; 2001). Both 359 

positive and negative effects due to the interactions of the compounds and 360 

microorganisms have been described, and may explain the results obtained when the 361 

combined formulation was applied (Fogg et al., 2003). 362 

 363 

3.2.2. Prosulfocarb dissipation 364 

Prosulfocarb followed biphasic kinetics; the first phase was rapid, and was 365 

followed by a slow and prolonged phase until 100 days (Fig. 4). These biphasic 366 

dissipations have frequently been observed for pesticides with different hydrophobic 367 

character (Rodríguez-Liébana et al., 2017). The dissipation kinetics of this herbicide 368 

fitted a SFO kinetic model in the unamended soil, and in general fitted a FOMC kinetic 369 

model in the GC-amended soil (Table 2) according to χ
2
 values. The fitting of 370 

prosulfocarb dissipation in the unamended soil to a SFO model has also been reported 371 

by laboratory and field experiments (Rouchaud et al., 1997; Gennari et al., 1998; EFSA, 372 

2007). The concentrations of herbicide decreased continuously in the second-phase until 373 

the last sampling after 100 days of treatment. Almost complete dissipation occurred in 374 
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both the unamended and amended soils at this time, but there were still detectable 375 

amounts. A minimum residual concentration of prosulfocarb was found in the topsoil 376 

for all treatments (< 0.5% in the unamended soil and < 2% in the amended soil).  377 

The dissipation of prosulfocarb was more rapid than that of triasulfuron, and the 378 

DT50 values of prosulfocarb ranged between 14.6±3.06 to 18.5±5.59 days in the 379 

unamended soil and between 14.2±5.59 to 13.9±3.10 days in the amended soil when a 380 

single or combined application with triasulfuron was used (Table 2). The DT50 values 381 

obtained here are within the range of those found in field experiments in unamended 382 

soils (EFSA, 2007, range 6.3-38.4 days in soil with pH 4.8-7.5, and OC 0.7–3.1%). 383 

Gennari et al. (1998) have reported that the DT50 values of prosulfocarb in three soils 384 

are inversely related to soil OM content. However, this was not observed here, although 385 

the adsorption of prosulfocarb by the GC-amended soil was higher than that by the 386 

unamended soil, as indicated by the Kd values of 37.2 and 24.1 mL g
-1

, respectively 387 

(Table S3). The results indicate that the dissipation rate was not significantly different 388 

for the three replicate plots, and non-significant differences were also observed between 389 

prosulfocarb dissipation in plots of unamended or amended soils when it was applied as 390 

Auros
®
 or as Auros Plus

®
. 391 

The rapid decrease in herbicide concentration in the surface soil observed in the 392 

first phase may be attributed to the transformation of the compound or bound residue 393 

formation in soils due to the high adsorption by soil OC (Gennari et al., 2002; Nègre et 394 

al., 2006; EFSA, 2007) or mobility in the soil profile. Some traces of prosulfocarb 395 

sulfoxide were detected in both the unamended and amended soils (data not shown), 396 

confirming the evidence reported on the microbial degradation of prosulfocarb (Gennari 397 

et al., 2002; EFSA, 2007). On the other hand, non-extractable bound residues could also 398 

form in the soil, as this has been considered the main cause of the dissipation of some 399 
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hydrophobic compounds (Marin-Benito et al., 2014). However, the strongly adsorbed 400 

fraction of herbicide in the soil profile could also be mobile over time, as observed for 401 

other hydrophobic compounds in field dissipation studies (Herrero-Hernández et al., 402 

2011, 2015). 403 

 404 

3.3. Mobility of herbicides 405 

The mobility of triasulfuron and prosulfocarb through the soil profile was 406 

verified in the unamended and GC-amended soil plots (Fig. 5 and 6) through the 407 

analysis of different soil depths (0-50 cm) after 15, 30 and 100 days of herbicide 408 

application. 409 

3.3.1. Triasulfuron mobility 410 

Triasulfuron mobility with the wetting front could be expected in the soil profile, 411 

as it has been reported that sulfonylureas adsorption decreases when soil pH increases 412 

(Pusino et al., 2003). This particularly occurs in soils with pH > pKa of compounds 413 

when they are in anionic form. The pH of the unamended and amended soils in the 414 

experimental plots was always > 7 (Table 1), which means triasulfuron could be mobile 415 

with the wetting front of water because its pKa is 4.64. In this work, triasulfuron was 416 

mobile up to 50 cm, in agreement with other studies that have reported leaching and 417 

persistence of this herbicide in soils ranging from acid to slightly alkaline (Sarmah et 418 

al., 2000). The residual amount of triasulfuron applied as Logran
®
 in the top layer of the 419 

unamended soil was 0.079 µg g
-1

 after 15 days of treatment (> 50% of the amount 420 

initially determined and taken as application reference). Similar behaviour was observed 421 

after 30 days of treatment, although residual amounts decreased at all depths. At the end 422 

of the experiment, a significant decrease in herbicide residues was observed in all the 423 

soil profile, and an amount of 0.003 µg g
-1

 was found in the top layer. Triasulfuron 424 
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mobility followed a similar pattern in both the GC-amended soil and in the unamended 425 

one, although the residual amounts after 15 days of treatment were lower than in the 426 

unamended soil, with 0.049 µg g
-1

 in the top layer. However, after 30 days of treatment 427 

the residual amounts increased at a depth of 30 cm, probably due to the sharp increase 428 

in the soil water content observed mainly for the amended soils at this depth, which 429 

would have facilitated the downwards movement of the herbicide (Fig. 2). The 430 

interaction in solution between triasulfuron and DOC derived from GC may decrease 431 

solute sorption and increase the mobility of this herbicide (highly soluble in water) in 432 

amended soils as reported for other pesticides (Álvarez-Martín et al., 2017; Marín-433 

Benito et al., 2013; Rodríguez-Liébana et al. 2018). At the end of experiment, an 434 

amount of 0.006 µg g
-1

 was found in the top layer. 435 

The herbicide concentrations on the soil surface decreased over time compared 436 

to those recorded immediately after its application, doing so to a greater extent in the 437 

unamended soil (43.2-97.8%) than in the amended one (32.8-92.1%). A lower 438 

adsorption of triasulfuron by the unamended soil (Table S3), together with a higher 439 

water saturation rate of the unamended soil profile previously indicated at this time 440 

(Table 1) could lead to a higher initial leaching of triasulfuron. An amount of 0.002 µg 441 

g
-1 

reached a depth of 30-40 cm after 15 days of application in the unamended soil, 442 

while the leaching of triasulfuron in the amended soil only reached this depth after 100 443 

days of application. The water saturation rate of the GC-soil profile, which was higher 444 

at this time than at 15 days, could also explain this behaviour. The application of GC to 445 

the soil prevented the rapid leaching of triasulfuron, although it lasted longer in the 446 

topsoil and in the soil profile. Triasulfuron concentrations were found down to 30-40 447 

cm (0.0003 µg g
-1

) in the amended soil profile after 100 days of treatment, while 448 

residual amounts were detected only as far as 10-20 cm (0.0007 µg g
-1

) in the 449 
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unamended soil at this time. A low correlation was found between the adsorption 450 

constants of triasulfuron and the OC content of the soil profile (p<0.1), although GC 451 

increased its adsorption in the top layer. 452 

In spite of the clay texture of this soil, the anomalous peaks of the herbicide 453 

residues at deeper soil layers, which are indicators of preferential flows reported for 454 

other sulfonylureas, were not observed here (Sarmah et al., 2000). This means the 455 

presence of triasulfuron in the unamended soil profile in deeper layers at 15 days than at 456 

100 days was not determined mainly by preferential flows, but agreed with the varying 457 

extent of water infiltration observed at both times.  458 

The behaviour of triasulfuron applied as Auros Plus
®
 followed a similar pattern, 459 

again recording the highest residual amounts in the top of the initially unamended soils 460 

(0.144 µg g
-1

) (Fig. 5). Herbicide concentrations on the soil surface also decreased over 461 

time from those recorded immediately after its application. However, in this case, a 462 

greater decrease was generally observed in the amended soils (35.3-90.6%) than in the 463 

unamended ones (22.0-97.6%). The results indicate that the highest amounts of 464 

triasulfuron were leached after 30 days of application in both unamended and amended 465 

soils, when triasulfuron concentrations were found in the soil profile up to a depth of 466 

40-50 cm in both the unamended soil (0.003 µg g
-1

) and the amended one (0.001 µg g
-467 

1
). The adsorption coefficient Kd of triasulfuron together with prosulfocarb (Auros 468 

Plus
®
) by unamended soil increased, but decreased for the amended soil (Table S3) 469 

compared to the adsorption of the individual compound. This is consistent with the 470 

increased persistence of triasulfuron applied jointly with prosulfocarb in the unamended 471 

soil and its decreased persistence in the GC-amended soil compared to its single 472 

application. No significant correlation was found between the adsorption coefficients Kd 473 

and the OC content of the soil profile and the delayed leaching of triasulfuron until 30 474 
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days could be explained by a synergic effect of the mixed formulation. dos Reis et al. 475 

(2017) have reported a competitive effect for adsorption sites to explain the application 476 

method’s influence on the leaching of certain herbicides. 477 

In this field study changes in pH values were not observed and neither 478 

herbicide degradation was observed as reported in other studies (Walker and Welch 479 

1989). Other parameters, such as the different water saturation rates of the unamended 480 

and amended soil profiles, and the consequent different extent of water infiltration, 481 

might have contributed to the variable leaching behaviour of triasulfuron over time. It is 482 

remarkable that a rapid increase in soil water content was seen in depths of up to 30 cm 483 

after 30 days of herbicide application in the unamended soil, while the water content 484 

was initially less variable in the amended soil profile (Fig. 2). However, the presence of 485 

triasulfuron residues up to depths of 40-50 cm confirms the mobility of the herbicide 486 

down through the profile by increasing its water solubility.  487 

 488 

3.3.2. Prosulfocarb mobility 489 

The residual amount of prosulfocarb found in the unamended topsoil was 2.376 490 

µg g
-1

 after 15 days of its application as Auros
®
 treatment, and it decreased to 0.018 µg 491 

g
-1

 at the end of the experiment. In general, the amounts recorded were higher in the 492 

soils amended with GC (3.148 and 0.526 µg g
-1

 after 15 or 100 days of application) than 493 

in the unamended one (Fig. 4). The highest prosulfocarb retention was recorded at a 494 

depth of 0-10 cm, and concentrations decreased over time compared to those recorded 495 

immediately after its application, doing so to a greater extent in the unamended soil 496 

(54.6-99.7%) than in the amended one (47.7-98.0%). The results agree with the 497 

adsorption coefficients Kd previously indicated (Table S3). However, a higher initial 498 
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leaching of prosulfocarb was recorded in the amended soil, reaching a depth of 40-50 499 

cm (0.029 µg g
-1

)
 
after 15 days of application, while in the unamended soil the herbicide 500 

reached down to 40-50 cm (0.101 µg g
-1

) after 30 days of application. The GC soil 501 

amendment increased the persistence of prosulfocarb in the soil, but leaching was not 502 

inhibited, with this compound being detected through the soil profile up to 100 days 503 

after the application in both the unamended and amended soils (0.0024 and 0.0007 µg g
-

504 

1 
were recorded at 40-50 cm, respectively). The water saturation rate of the unamended 505 

and amended soil profiles, which were the same as for triasulfuron, do not explain the 506 

behaviour of prosulfocarb, which is a very hydrophobic compound. While, the DOC 507 

content of the amendment (range 0.015-0.019% over time) could affect the mobility of 508 

prosulfocarb in the amended soil profile. The adsorption of pesticides by DOC has been 509 

described in many papers in laboratory and field studies (Álvarez-Martín et al., 2017; 510 

Marín-Benito et al., 2013; Rodríguez-Liébana et al., 2018). This process has its effect 511 

on the mobility of pesticides in soils (Marín-Benito et al., 2016), and it could explain 512 

the leaching of prosulfocarb in spite of the rapid adsorption and/or dissipation in soil 513 

found here and in other papers (Braun et al., 2017) and its low-to-moderate potential for 514 

mobility in soil (EFSA, 2007). The results obtained show how GC initially increased 515 

herbicide retention on the surface, and a significant correlation was also found between 516 

the adsorption coefficients Kd of prosulfocarb by soil profile layers and each layer’ OC 517 

content (r = 0.99, p<0.01) (Nègre et al., 2006), although the herbicide’s mobility could 518 

be enhanced over time at even deeper soil layers in amended soils.  519 

The behaviour of prosulfocarb applied in combination with triasulfuron as Auros 520 

Plus
®
 initially followed a different pattern to the single formulation with the highest 521 

residual amounts recorded in the unamended soils (Fig. 6). The herbicide concentrations 522 

in the soil surface decreased over time compared to those recorded immediately after 523 
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application, but contrary to the Auros
®
 treatment, it decreased more in the amended soil 524 

(52.1-97.9%) than in the unamended one (43.0-99.3%). The results indicate that the 525 

amounts of leached prosulfocarb obtained after 15 or 30 days of application were 526 

similar to those obtained when Auros
®
 was applied, with the highest amounts leached 527 

after 30 days of application in both unamended and amended soils. Residues of 528 

prosulfocarb were found after 100 days at a depth of 50 cm at levels of 0.002 µg g
-1

. 529 

The adsorption coefficients Kd of prosulfocarb as Auros Plus
®
 for the unamended soil 530 

(21.6 g mL
-1

) and the amended one (30.7 g mL
-1

) decreased with respect to the Kd 531 

values of prosulfocarb as Auros
®
, but the herbicide’s leaching behaviour  was generally 532 

similar when applied as a single or combined formulation. 533 

 534 

4. Conclusions 535 

Our results show how GC decreases the dissipation of triasulfuron applied as an 536 

individual formulation due to the herbicide’s increased adsorption in an amended soil. 537 

This effect was not seen when triasulfuron was applied as a combined formulation. The 538 

dissipation of prosulfocarb was more rapid than that of triasulfuron, and no significant 539 

differences were found under the different conditions studied. An irreversible 540 

adsorption of prosulfocarb by both unamended and amended soil could explain this 541 

result compared to triasulfuron, given the more hydrophobic nature of prosulfocarb. The 542 

mobility of herbicides through the soil profile was confirmed by the greater amounts of 543 

residues detected in the 0-10 cm layer for both herbicides and for all treatments at the 544 

different sampling times. However, relevant concentrations at 10-20 cm layers were 545 

also detected for triasulfuron under all conditions, with small concentrations for 546 

prosulfocarb in the GC-amended soil. GC decreased the leaching of triasulfuron applied 547 

as a single formulation, but not when applied as a combined formulation with 548 
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prosulfocarb. No effect was observed for the single or combined formulations of 549 

prosulfocarb. The extent of triasulfuron leaching was closely linked to the extent of 550 

water infiltration, but this was not the case for prosulfocarb. The mobility of both 551 

herbicides throughout the soil profile might have been influenced by DOC derived from 552 

GC. The interest of these results is sustained considering leaching of herbicides from 553 

the soil surface shortens the duration of residual weed control, and may contaminate 554 

groundwater. On the other hand, the amounts retained in the soil profile could exceed 555 

the recorded threshold for the sensitivities of susceptible species. Further studies for a 556 

longer period are required to establish the influence of new agricultural practices in 557 

herbicide behaviour in order to improve their efficacy and environmental impact. 558 
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Figure Legends 701 

 702 

Figure 1. Rainfall and temperature evolution over time of experiment. 703 

Figure 2. Mean values of soil water content of the soil profile corresponding to plots of 704 

unamended soil (A) and green compost amended soil (B) at different sampling times. 705 

Error bars represent the standard deviation of the mean values of plots treated with 706 

different herbicide formulations (n=3), note that they are smaller than the symbol. 707 

Figure 3. Dissipation of triasulfuron applied as single formulation (Logran
®
) or 708 

combined formulation with prosulfocarb (Auros Plus
®
) in the replicate plots of 709 

unamended soil and green compost amended soil. Error bars represent the standard 710 

deviation of the mean values for each plot (n=2). 711 

Figure 4. Dissipation of prosulfocarb applied as single formulation (Auros
®
) or 712 

combined formulation with triasulfuron (Auros Plus
®
) in the replicate plots of 713 

unamended soil and green compost amended soil. Error bars represent the standard 714 

deviation of the mean values for each plot (n=2). 715 

Figure 5. Distribution profiles of triasulfuron applied as single formulation (Logran
®
) 716 

or combined formulation with prosulfocarb (Auros Plus
®
) in the replicate plots of 717 

unamended soil (A,C) and green compost amended soil (B,D) after different treatment 718 

times. Error bars represent the standard deviation of the mean values of plots treated 719 

with different herbicide formulations (n=3). 720 

Figure 6. Distribution profiles of prosulfocarb applied as single formulation (Auros
®

) 721 

or combined formulation with triasulfuron (Auros Plus
®
) in the replicate plots of 722 

unamended soil (A,C) and green compost amended soil (B,D) after different treatment 723 
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times. Error bars represent the standard deviation of the mean values of plots treated 724 

with different herbicide formulations (n=3).725 
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Table 1.  

Properties of the unamended soil and green compost amended soil from experimental plots. 

 Soil depth (cm) 

Properties 0-10 10-20 20-30 30-40 40-50 

Soil texture 
Sandy clay 

loam 

Sandy clay 

loam 

Sandy clay 

loam 

Sandy clay 

loam 
Sandy clay 

pH 7.81
a
 7.63 7.51 7.45 7.42 

 7.13-7.39
b
 7.15-7.44 7.26-7.48 7.49-7.55 7.34-7.43 

Bulk density (g cm
-3

) 1.39
a
 1.42 1.49 1.49 1.59 

 1.00
b
 1.00 1.49 1.49 1.59 

OC (%) 1.30
a
 1.13 0.86 0.70 0.50 

 2.21-2.36
b
 1.25-1.69 0.90-0.93 0.75-0.79 0.53-0.54 

DOC (%) 0.002
a
 - - - - 

 0.015-0.019
b
 - - - - 

N (%) 0.14
a 
 0.11 0.09 0.08 0.07 

 0.23-0.25
b
 0.13-0.14 0.10-0.10 0.08-0.08 0.07-0.07 

C/N 9.28
a
 10.3 9.56 7.50 6.71 

 9.44-9.61
 b
 9.62-12.1 9.30-11.3 9.38-9.88 7.71-7.57 

CaCO3 (%) 0.21
a
 0.18 0.20 0.22 0.22 

Sand (%) 57.63
a
 58.22 59.15 55.63 51.04 

Silt (%) 16.97
a
 16.95 16.95 16.77 17.60 

Clay (%) 24.98
a
 25.25 25.25 29.10 34.72 

Clay mineralogy K, I, M
c
 K, I, M  K, I, M K, I, M K, I, M 

θFC (cm
3
 cm

-3
)
d 

0.291
a
 0.282 0.264 0.280 0.294 

 0.359
b
 0.326 0.267 0.282 0.296 

Soil water content 

(
 
cm

3
 cm

-3
) 

0.117-0.167
a
 0.157-0.161 0.156-0.167 0.153-0.166 0.157-0.161 

 0.085-0.128
b
 0.093-0.120 0.123-0.167 0.116-0.158 0.128-0.162 

a
Unamended soil and 

b
Soil amended with green compost at 120 t ha

-1
. 

c
K, kaolinite; I, illite; M, 

montmorillonite. 
d
Volumetric water content at field capacity (33 kPa) estimated from Rawls et al. 

(1982). Note: The ranges of values included for some parameters correspond to the variation of 

mean values of these parameters in three replicate plots at different sampling times. DOC only was 

determined at 0-10 cm soil depth. 
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Table 2.  

Kinetic parameters for the dissipation of triasulfuron and prosulfocarb in unamended soil and green 

compost amended soil treated with individual or combined formulations of herbicides, obtained from 

fitting kinetics to a single first-order (SFO) and first order multicompartment (FOMC) models. 

Herbicide Plot Soil   Soil+Green Compost 

(Formulation)  DT50 (days) χ
2 

 R
2
 DT50 (days) χ

2 
 R

2
 

Trisulfuron (Logran
®

) A 21.4
a
 10.3 0.97 52.6

a
 12.5 0.90 

  20.7
b
 8.6 0.98 52.6

b
 13.3 0.90 

 B 22.8
a
 17.2 0.96 33.3

a
 15.1 0.88 

  16.9
b
 9.1 0.97 33.2

b
 19.3 0.87 

 C 20.6
a
 14.9 0.98 54.1

a
 8.2 0.95 

  20.6
b
 20.1 0.98 54.1

b
 8.8 0.95 

 Mean±SD 19.6±2.17   46.7*±11.6   

Trisulfuron (Auros Plus
®

) A 25.7
ac

 6.5 0.99 23.5
a
 5.8 0.99 

  25.7
b
 7.4 0.99 23.5

b
 6.1 0.99 

 B 19.4
a
 7.9 0.99 26.2

a
 5.2 0.99 

  19.4
b
 8.4 0.99 26.2

b
 5.7 0.99 

 C 28.4
a
 10.4 0.96 23.8

a
 10.1 0.97 

  28.3
b
 11.1 0.96 23.7

b
 11.2 0.97 

LSD (95%) 13.33 Mean±SD 24.5±4.62   24.5±1.48   

Prosulfocarb (Auros
®

) A 11.3
a
 14.0 0.98 18.1

a
 5.1 0.99 

  15.2
b
 38.4 0.98 18.1

b
 5.5 0.99 

 B 15.1
a
 12.9 0.96 18.3

a
 5.4 0.99 

  15.3
b
 23.2 0.96 16.7

b
 4.8 0.99 

 C 17.3
a
 14.5 0.92 10.9

a
 14.7 0.97 

  22.1
b
 28.5 0.91 7.8

b
 12.1 0.98 

 Mean±SD 14.6±3.06   14.2±5.59   

Prosulfocarb (Auros Plus
®

) A 24.9
a
 8.2 0.98 13.2

a
 9.2 0.98 

  24.9
b
 8.8 0.98 11.5

b
 8.3 0.99 

 B 14.4
a
 3.9 0.99 17.4

a
 8.8 0.98 

  14.4
b
 4.2 0.99 17.4

b
 9.4 0.98 

 C 16.3
a
 14.4 0.91 12.8

a
 10.4 0.98 

  17.7
b
 14.7 0.90 12.8

b
 11.1 0.98 

LSD (95%) 8.496 Mean±SD 18.5±5.59   13.9±3.10   

a
DT50 calculated from single first-order model (SFO); 

b
DT50 calculated from first order multicompartment model (FOMC); 

c
DT50 

include a lag phase of 9 days, *DT50 values marked with an asterisk indicate significant differences (p<0.05). 
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Figure 5 
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Figure 6 
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Highlights 

 

 Field fate of triasulfuron and prosulfocarb was evaluated in an amended soil.  

 Prosulfocarb dissipated faster than triasulfuron under all conditions assessed. 

 Compost prevented rapid soil leaching of triasulfuron, but not for prosulfocarb. 

 Influence of single or combined formulations was only observed for triasulfuron.  

 Field data permit the design of rational joint application of compost and 

herbicides. 
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Table S1 

Characteristics of herbicides (PPDB, 2017). 

 Triasulfuron Prosulfocarb 

Chemical name 

(IUPAC) 

1-[2-(2-chloroethoxy) 

phenylsulfonyl]-3-(4-methoxy-6-

methyl-1,3,5-triazin-2-yl) urea  

S-benzyl 

dipropyl(thiocarbamate)  

Chemical 

structure 

  

Water solubility 

(mg L
-1

) 

815 (20
o
C, pH 7) 13.0 (20

o
C, pH 6.1) 

log Kow -0.59 (20
o
C, pH 7) 4.48 (20

o
C, pH 7) 

DT50 (laboratory) 

(days) 

59.1 12.4 

DT50 (field) 

(days) 

38.5 9.8 

pKa 4.64 (at 25ºC) - 

GUS index
 a
 5.12 0.84 

a 
GUS index, Groundwater Ubiquity Score is an experimentally calculated value 

that relates pesticide half-life (DT50) and Koc (from laboratory data) (GUS= [log 

DT50] [4 - log Koc]). It is an indicator of the potential risk of water pollution, which 

allow classifying pesticides into potential leachers (GUS > 2.8), non-leachers (GUS 

< 1.8) and transient leachers (1.8 < GUS < 2.8) (Gustafson, D.I., 1989. 

Groundwater ubiquity score: a simple method for assessing pesticide leachability. 

Environ. Toxicol. Chem. 8, 339–357). 
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Table S2 

Validation parameters for determination of triasulfuron and prosulfocarb residues 

from unamended and green compost-amended soils by HPLC/MS analytical method.  

Pesticide/ 

Soil sample 

Recovery
a
  

% 

RSD
a
 

n=3 

r
2b 

LOD
c
 

µg mL
-1

 

LOQ
c
 

µg mL
-1

 

Triasulfuron (Logran®)      

Soil 83.2±3.21 3.85 0.999 0.026 0.088 

Soil + GC 80.4±4.71 4.96 0.998 0.018 0.059 

Triasulfuron 

(AurosPlus®) 
     

Soil 82.9±2.24 3.26 0.999   

Soil + GC 80.2±5.27 6.15 0.999   

Prosulfocarb (Auros®)      

Soil 91.9±1.48 1.67 0.998 0.008 0.027 

Soil + GC 90.4±4.13 5.62 0.999 0.005 0.017 

Prosulfocarb 

(AurosPlus®) 
     

Soil 81.9±3.62 4.18 0.998   

Soil + GC 80.9±3.14 3.91 0.997   

a
The accuracy and precision of the proposed method were determined by recovery 

experiments corresponding to soil samples spiked with 76.9 µg kg
-1

 for triasulfuron 

or 3.46 mg kg
-1

 for prosulfocarb and the relative standard deviations (RSD) of the 

signals or peak areas obtained for each herbicide. 
b
Lineal range 0.1-2.5 µg mL

-1
; a 

matrix-matched calibration in soil extracts was used to offset the matrix effect and 

avoid any under/over estimation of herbicides. 
c
LODs and LOQs were estimated as 

the analyte concentration with a signal-to-noise ratio of 3 and 10, respectively.  
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Table S3  

Adsorption coefficients (Kd) of triasulfuron and prosulfocarb by unamended and green 

compost amended soil from experimental depths of soil profile. 

Adsorption coefficient Soil depth (cm) 

Kd  0-10 10-20 20-30 30-40 40-50 

Triasulfuron (Logran
®
) 0.05±0.01

a
 0.13±0.11 0.23±0.06 0.22±0.01 0.18±0.03 

 0.53±0.14
b
 - - - - 

Triasulfuron (Auros Plus
®
) 0.31±0.01

a
 0.30±0.04 0.28±0.04 0.32±0.04 0.29±0.01 

 0.38±0.09
b
 - - - - 

Prosulfocarb (Auros
®

) 24.1±4.28
a
 18.6±4.53 11.6±0.22 7.40±0.66 3.13±0.77 

 37.2±5.69
b
 - - - - 

Prosulfocarb (Auros Plus
®
) 21.6±5.55

a
 13.3±0.27 9.56±0.59 6.23±0.28 2.73±0.39 

 30.7±7.62
b
 - - - - 

a
Unamended soil, 

b
Green compost amended soil  
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Figure S1 

Experimental set-up 

 

 

 

 

 


