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Abstract  The herbicide terbuthylazine is widely used within the EU; however its frequent 

detection in surface and groundwater, together with its intrinsic toxicological properties, may 

pose a risk both for human and environmental health. Organic amendments have recently been 

proposed as a possible herbicide sorbent in soil, in order to limit herbicide movement from soil 

to water. The environmental fate of terbuthylazine depends not only in its mobility, but also its 

persistence. The latter is directly dependent on microbial degradation. For this reason the effects 

of pine and oak residues on terbuthylazine soil microbial community functioning and on the 

potential of this community for terbuthylazine degradation were studied. For this purpose, 

degradation kinetics, soil dehydrogenase activity and the number of live bacteria were assessed 

in a clay-loam soil treated with terbuthylazine and either amended with pine or oak wood or 

unamended (sterilized and non-sterilized). At day 65, 85% of the herbicide applied still persisted 

in the sterile soil, 73% in the pine-amended one and 63% in the oak-amended and unamended 

ones. Pine residues increased the sorption of terbuthylazine to soil and hampered microbial 

degradation owing to its high terbuthylazine sorption capacity and a decrease in the 

bioavailability of the herbicide. On the contrary, in the presence of oak residues the herbicide 

sorption did not increase significantly. The overall results confirm the active role of the soil 

microbial community in terbuthylazine degradation in amended and unamended soils and in a 

liquid enrichment culture performed using an aliquot of the same soil as the inoculum. In this 

clay loam soil, in the absence of amendments, the herbicide was found to be quite persistent (t
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> 95 days), while in the enrichment culture the same natural soil bacterial community was able to 

halve terbuthylazine in 24 days. The high terbuthylazine persistence in this soil was presumably 

ascribable to its texture and in particular to the mineralogy of the clay fraction.  

 

Keywords  Terbuthylazine, Degradation, Soil texture, Organic amendments, Pine and oak 

residues, Microbial community activity. 
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Terbuthylazine is an s-triazine herbicide widely used in agriculture to control grass and broad-

leaved weeds in a variety of crops. In Italy terbuthylazine is used in maize and sorghum (Fait et 

al. 2010), and in Spain is used also in olive tree cultures (Cabrera et al. 2007, 2008). 

The fate and behaviour of terbuthylazine in soil have raised environmental concern 

because, together with its metabolite desethylterbuthylazine (DET), it has been frequently found 

in surface water and groundwater at levels above 0.1 µg L-1, which is the limit established in the 

EU for individual pesticides in drinking water (Guzzella et al. 2006; Hildebrandt et al. 2006). 

European Food Safety Authority (EFSA) has recently reported that terbuthylazine poses 

high long-term risks for mammals, aquatic organisms, non-target plants, earthworms (EFSA 

2001) and can have genotoxic effects (Mladinic et al. 2012). The fact that it has been recently 

(16 August 2011) re-evaluated and its placing in the EU market approved until 2021 by 

Commission Implementing Regulation 820/2011 makes its environmental occurrence, together 

with its toxicological relevant metabolite, DET, a risk both for the environment and human 

health. 

Terbuthylazine degradation depends on both abiotic and especially biotic processes, 

which are responsible for its complete degradation. The more it is degraded in soil, the less the 

likelihood of it being leached to groundwater or run off to surface water. Biodegradation and 

mineralization of s-triazines have been shown to be carried out by bacterial consortia and by 

strains isolated from contaminated sites (Grenni et al 2009a; Barra Caracciolo et al. 2010). The 

formation of cyanuric acid as an intermediate and then its transformation to biuret was found to 

be the common step before mineralization, although the sequence of pathway steps varied among 

degraders (Santiago-Mora et al. 2005; Barra Caracciolo et al. 2010). Degradation rates in 

agricultural soils may depend on the history of terbuthylazine treatment, which may increase the 
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soil self-remediation potential (Rhine et al. 2003) and on the specific soil characteristics (soil 

depth, pH, temperature, water content, presence of exogenous nitrogen, organic matter content 

and texture) which can directly or indirectly influence the degradation process (Di Corcia et al. 

1999; Barra Caracciolo et al. 2010; Kodešová et al. 2011). 

In soil, one of the primary mechanisms of its transformation is a biotic oxidative N-

deethylation with the formation of desethylterbuthylazine, DET (Di Corcia et al. 1999). 

Monitoring data show that DET is frequently present in groundwater and its concentration is 

often higher than its parent compound; this phenomenon is due to the intrinsic characteristics of 

DET (e.g. water solubility and soil organic carbon partition coefficient) which determine its 

lower adsorption and higher mobility in soils (Bottoni et al. 1996; Guzzella et al. 2003; Barra 

Caracciolo et al. 2005a; EFSA 2011; FOOTPRINT, 2011). 

Point-source contamination by pesticides has been identified as a major concern 

contributing significantly to the deterioration in the quality of natural water resources. Indeed, 

monitoring studies have clearly shown that pesticide point-source contamination produced by 

improper pesticide handling before or after their field application (e.g. spills, uncontrolled 

disposal, equipment washing water, etc.) has resulted in the frequent detection of high 

concentrations of pesticides in natural water resources (De Wilde, 2007; Fait et al. 2010; 

Kravvariti et al. 2010). The addition of exogenous organic matter of different origin, including 

wastes, may prevent the mobility of pesticides released in soil from point as well as from non-

point sources of contamination and enhance their biodegradation (Rodríguez-Cruz et al. 2007a; 

Delgado-Moreno and Peña 2009). In recent years different low-cost sorbent systems (biobed, 

biomassbed, biofilter) have been developed to minimize point sources of pesticide pollution. 

These systems consist of a mixture of different organic biomaterials and soil which can retain 

and degrade pesticides (Kravvariti et al. 2010; Castillo et al. 2008). The addition of organic 

amendments to soil can affect the biodegradation of pesticides owing to the application of an 
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additional source of organic matter and sometimes microorganisms (Briceño et al. 2007; Kan et 

al. 2007) with the result of accelerating the degradation of pesticides (Kravvariti et al. 2010; 

López-Piñeiro et al. 2011). In other cases, the addition of an organic residue to soil can lead, by 

decreasing the bioavailability of pesticides owing to their increased sorption capacity, to a 

decrease in pesticide degradation (Moorman et al. 2001; Briceño et al. 2007; Grenni et al 2009a; 

Kravvariti et al. 2010). 

Pine and oak wood residues have recently been shown to be effective low-cost sorbents 

of the herbicide linuron in a sandy-loam soil (Grenni et al 2009a). The greater adsorption of 

linuron to pine than oak was related to its higher lignin content, the hydrophobic wood 

component (Rodríguez-Cruz et al. 2007b). However, the influence of the addition to soil of these 

wood residues on the adsorption and degradation of the herbicide terbuthylazine has not been 

studied so far.  

In the present work the degradation of terbuthylazine was evaluated in an agricultural 

clay loam soil, where the groundwater beneath is found to be chronically contaminated by this 

herbicide and its metabolite DET (Barra Caracciolo et al., 2010). In order to assess the 

applicability of pine and oak amendments for the immobilization of herbicide in this soil, an 

experimental set-up, consisting of soil microcosms treated with terbuthylazine and either 

amended with pine or oak residues or unamended, was performed. The ability of 

microbiologically active soils (amended or unamended) to degrade the herbicide was evaluated 

by comparing the half-lives (t1/2) in microcosm studies in the various scenarios (pine-amended, 

oak-amended, and unamended) to that in sterile soil. Moreover, the effects of these amendments 

on soil bacterial community activities, such as dehydrogenase and viability, were also assessed. 

Finally, an enrichment culture was set up with terbuthylazine as the sole carbon source, 

using aliquots of the same soil as the inoculum. This experiment was performed in order to 
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evaluate the capability of this soil microbial community to degrade the herbicide and to grow on 

it in a liquid culture. 

 

2 Material and Methods 

 

2.1 Experimental site 

 

The criteria used for the selection of the site (located near Assisi, Central Italy) were the 

presence of intensive agriculture with previous terbuthylazine application and a shallow alluvial 

aquifer (water table at 12 m depth, alkaline-bicarbonate geochemical facies) vulnerable to 

herbicide contamination (Daly et al. 2002). According to the Umbria Regional Environmental 

Agency’s monitoring surveys (2000–2010), terbuthylazine and its metabolite, 

desethylterbuthylazine, are commonly found in this groundwater (> 0.1 μg L-1 parametric value). 

It is also common to find significant nitrate contamination at this site (> 100 µg L-1).  

 

2.2 Soil and wood samples 

 

Soil samples were collected from the surface layer (0-20 cm depth) and left to dry at room 

temperature, then sieved (< 2 mm) and analysed for their physiochemical characteristics. The 

soil was classified according to F.A.O. World Soil Classification as Calcaric Cambisol 

(Giovagnotti and Calandra 1994) and the soil texture was classified as clay loam according to 

USDA (22.9% sand, 43.2% silt and 33.9% clay). The organic carbon and nitrogen content were 

1.87% and 0.13%, respectively, and the pH 7.7. The clay minerals in the soil were 

montmorillonite (9.25%), illite (20.6%) and kaolinite (4.01%).  
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Pine and oak wood residues (< 1 mm) were selected as the organic soil amendments 

because of their different lignin contents of 24.4% and 18.2%, respectively (Rodríguez-Cruz et 

al. 2007b). They were obtained from a local company in Salamanca (Spain). The amended soils 

were prepared by uniformly mixing soil with oak or pine (5% w/w).  

The organic carbon and the pH of wood residues, determined in a previous work 

(Rodríguez-Cruz et al. 2007b) are reported in Table 1. The wood amended occurrence increased 

the organic carbon content of the soil and did not affect the soil pH (Table 1). 

 

2.3 Chemicals 

 

Terbuthylazine (N2-tert-butyl-6-chloro-N4-ethyl-1,3,5-triazine-2,4-diamine) and its main 

metabolites desethylterbuthylazine (DET) and desethyldebutylterbuthylazine (DEDT), were 

supplied by Dr. Ehrenstorfer GmbH (Augsburg, Germany) (> 98.0% purity). Terbuthylazine is a 

colourless powder with a water solubility of 8.5 mg L-1 at 20oC and log Kow of 3 (Tomlin et al. 

2003; Rodríguez-Cruz et al. 2007b). 

 

2.4 Laboratory degradation experiments with unamended and amended soils 

 

The herbicide degradation experiment was conducted in duplicate microcosms for each different 

treatment in accordance with SETAC guidelines (Lynch 1995) and some previous experiments 

(Grenni et al 2009a; Barra Caracciolo et al. 2005a; 2005b). Terbuthylazine was added to 

unamended or amended soil (200 g) to obtain a final concentration of 1.5 mg kg-1. Initially some 

soil samples were sterilized twice (autoclaved 120 ± 2°C, 20 min) and then treated with 

terbuthylazine (SST); other soil samples were only treated with terbuthylazine (ST); others were 

treated with both terbuthylazine and pine (SPT) or oak (SOT) sawdust (5% w/w); lastly, 
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microbiological control soils (S) were prepared with only water and with water and pine (SP) or 

oak (SO) sawdust. All soils were thoroughly stirred with a sterilized spatula and the water added 

was in all cases sterilized by filtration (0.22 µm). The final moisture content was adjusted to 60% 

of the maximum soil water holding capacity (WHC
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max). 

The soils were maintained in beakers closed with a sterilized cotton plug wrapped in 

gauze to allow air exchange. The soil moisture was kept constant during the entire period of the 

experiments by periodically weighing and replacing any losses with sterile water. Samples were 

incubated at 20 ± 2°C in the dark. Solutions and instruments were sterilized and all steps were 

performed in a sterile cabinet. The overall experimental set consisted of 14 microcosms (two for 

each of the 7 different treatments, S, ST, SST, SOT, SPT, SO, SP). For each chemical or 

microbiological analysis we collected 2 sub-samples from each of the two replicate microcosms. 

Consequently, each value reported is the average of a total of four data. Sampling was performed 

at different times (0, 6, 12, 20, 33, 49, and 64 days) for both the chemical and microbiological 

analyses. 

 

2.5 Enrichment culture on terbuthylazine  

 

An enrichment culture experiment was performed in order to evaluate the occurrence of natural 

bacterial populations able to degrade the herbicide and to grow on it as the sole carbon source.  

Three soil samples (3.5 g each) were inoculated into 30 mL of a liquid medium MB 1× 

(K2HPO4, 1.6 g L-1; KH2PO4, 0.4 g L-1; CaSO4 × 2H2O, 0.1 g L-1; MgSO4 × 7H2O, 1.0 g L-1; 

FeSO4 × 7H2O, 0.02 g L-1;(NH4)2SO4, 2g L-1) with the herbicide terbuthylazine at a 

concentration of 2 mg L-1, as performed in similar works (Sánchez et al. 2005; Grenni et al. 

2009b). Two other flasks containing a previously sterilized liquid medium (MB1×) and the 
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herbicide at the same concentration (2 mg L-1) were used as controls and monitored for chemical 

analysis until 85 days. 
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The experimental set consisted of flasks (50 mL capacity) which were incubated at 20°C 

in the dark and gently shaken. Samples for chemical and microbiological analysis were collected 

at selected times until the degradation of at least 80% of the initial concentration was reached. 

The concentrations of the terbuthylazine and its metabolite DET were measured immediately 

after the treatment and at different times (0, 3, 8, 15, 23, 30, 37, 44, 51, and 58 days). The 

bacterial growth of the soil microbial pool was monitored during the incubation period by the 

epifluorescence direct count method. 

 

2.6 Sorption studies 

 

The sorption of terbuthylazine both to wood residues and to wood-amended soils was determined 

using a batch equilibrium method described in detail in Rodriguez-Cruz et al. (2007b). Briefly, 

triplicates 100 mg wood samples or triplicates 5 g unamended and wood-amended (5 %) soils 

were equilibrated with 10 mL of an aqueous solution of terbuthylazine at an initial concentration 

(Ci) of 7 mg L-1. Preliminary experiments pointed out that a contact for 24 h was long enough for 

the equilibrium to be reached. The pesticide amount adsorbed (Cs) was considered to be the 

difference between that initially present in the solution (Ci) and that remaining after equilibration 

(Ce) with the wood or wood-amended soil. Sorption distribution coefficients, Kd, were 

calculated from the relationship between Cs and Ce (Kd = Cs/Ce), and were considered a 

measure of pesticide adsorption capacity by the wood or wood-amended soils. All measurements 

were carried out in duplicate. The quantification of terbuthylazine was performed by HPLC-MS 

in a Waters chromatograph (Waters Assoc., Milford, MA) equipped with a model e2695 

multisolvent delivery and autosampler system attached to a ZQ mass spectrometer detector 
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(MS), and Empower software as the data acquisition and processing system. A Waters Symmetry 

C18 (75 mm x 4.6 mm I.D., 3.5 µm) column was used at ambient temperature. The mobile phase 

was 80:20 methanol/water in a 0.1% formic acid solution. The flow rate of the mobile phase was 

0.3 mL min
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-1 and the sample injection volume was 20 µL. Detection by HPLC/MS to quantify 

terbuthylazine was monitoring the positive molecular ion (m/z) 230. The quantification of 

terbuthylazine was done with the external standard method using the calibration curves obtained 

by the injection of standard solutions at a concentration range between 0.05 and 1 µg mL-1 

(r2>0.99). 

 

2.7 Herbicide analysis 

 

Soil sub-samples (1 g) were taken from each microcosm and shaken at 60 rpm with 6 mL of 

methanol for 24 h at 20°C for residue analysis. Samples were centrifuged and 4 mL of each 

supernatant were evaporated at 30°C under nitrogen stream (Concentrator EVA VLM-EC-2V-

130, Germany) and re-dissolved in 0.5 mL of methanol for analysis. 

Quantitative determination of terbuthylazine and its main metabolite DET and its further 

transformation product desethyldebutylterbuthylazine (DEDT) in soil and in enrichment culture 

samples was performed by GC-MS in a 7890A Agilent gas chromatograph coupled to a 5975C 

Agilent mass spectrometer (Agilent Technologies, Avondale, USA) with an Agilent 7683 

autosampler. Chromatographic separation was performed on a 30 m × 0.25 mm I.D, 0.25 μm 

film thickness HP-5MS capillary column. The carrier gas was helium at a rate of 1 mL min-1. A 

split/splitless injector was used in the split-less mode. A sample volume of 0.2 µL was injected 

in the splitless mode with an injector temperature of 225ºC. The following temperature program 

was used: the temperature was increased from 100ºC to 150ºC at 50ºC min−1 and maintained for 

1 min, then at 5ºC min−1 to 200ºC and finally increased to 290ºC at 30ºC min−1 and maintained 
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for 1 min. The quadrupole mass spectrometer was operated in the electron impact ionization (EI) 

mode at 70 eV. The transfer line and the injector were set up at 250ºC and the source and the 

quadrupole were at 230°C and 150ºC, respectively. Measurements in the GC-MS were 

performed in the single-ion monitoring (SIM) mode. The more abundant ions were chosen for 

quantification (terbuthylazine m/z 214, DET m/z 186 and DEDT m/z 173). The quantification 

was carried out by double injection. Recoveries for terbuthylazine, DET and DEDT were 90%, 

80%, 72% respectively. Samples were extracted and analysed in duplicate. The quantification of 

terbuthylazine and its metabolites was performed by the external standard method using the 

calibration curves obtained by the injection of standard solutions at a concentration range 

between 0.1 and 1 µg mL
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-1 (r2>0.99). 

 

2.8 Soil dehydrogenase activity, total cell number and cell viability 

 

At different times (0, 6, 12, 20, 33, 49, and 64 days) after herbicide application, the 

dehydrogenase activity, total cell number and cell viability were assessed. Soil dehydrogenase 

activity was determined following the method described by Tabatabai (1994). The method is 

based on extraction and colorimetric determination of the intensely coloured 2,3,5-triphenyl 

formazan (TPF) produced from the reduction of colourless 2,3,5-triphenyltetrazolium chloride 

(TTC) in soils after an 24 h incubation at 37°C in the dark. Results were expressed as µg TPF g-1 

dry soil. Measurements were performed in duplicate for each microcosm. 

The total cell number (No. bacteria g-1 dry soil) was assessed (in duplicate for each 

microcosm) in 1 g of fixed soil with the epifluorescence direct count method, using 4',6-

diamidino-2-phenylindole (DAPI) as the DNA fluorescent agent, as reported in detail in previous 

works (Barra Caracciolo et al. 2005a; 2005b). 
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Cell viability (% Live/Live+Dead) was measured in 1 g of fresh soil (in duplicate for 

each microcosm) using two fluorescent dyes, SYBR Green II and propidium iodide (Sigma-

Aldrich, Germany) in order to distinguish between viable (green) and dead (red) cells under a 

fluorescence microscope (Leica DM 4000B Leica Mycrosystems GmbH, Wetzlar, Germany), as 

reported in a previous work (Grenni et al. 2009a). 

 

2.9 Statistical analysis  

 

Analysis of variance (two-way analysis of variance) was used to determine the significant 

differences (p < 0.05) in the dehydrogenase activity, bacterial number and viability among the 

different soil treatments during the experimental period, using the Statistical software 

SIGMASTAT (version 3.0). 

 

3 Results  

 

3.1 Degradation of terbuthylazine in soil microcosm experiments 

 

The decrease in the herbicide concentrations (expressed in percentages of residual 

terbuthylazine) over a period of 64 days in unamended and sterile soil (SST), unamended soil 

(ST) and soils amended with oak (SOT) or pine (SPT) is shown in Fig. 1. Degradation of 

terbuthylazine was fitted first-order kinetics: Ct = C0 e-kt, where Ct is the concentration at time t, 

C0 is the initial concentration at t=0, and k is the constant rate. In the ST and SOT treatments 

there was a phase of slow degradation at the beginning of the incubation. The theoretical half-life 

values (t1/2) calculated from the corresponding exponential equations, obtained from the 

regressions between concentrations and time, were: 257± 27 d (r2= 0.90, p < 0.01) in SST < 161 
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± 38 d (r2 = 0.75, p < 0.05) in SPT < 105 ± 10 d (r2 = 0.94, p < 0.01) in ST < 95 ± 7 d (r2 = 0.93, 

p < 0.01) in SOT. These values suggest that the herbicide was quite persistent in the soil studied. 

At the end of the experiment (day 64) the lowest herbicide concentrations observed were in the 

unamended (ST) and oak-amended (SOT) soils and about 40% of the initial concentrations were 

degraded. 
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DET and its further metabolite DEDT were found in microbiologically active soils (ST, 

SOT, SPT) during the degradation process and the amounts of these metabolites generally 

increased over time, as shown in Fig. 2. Both metabolites were found in higher concentrations in 

SOT and ST from day 49 to day 64, in line with a higher terbuthylazine degradation observed in 

these treatments at the end of the incubation. 

 

3.2 Microbiological analysis: soil dehydrogenase activity, total cell number and cell viability 

 

The herbicide effects on soil dehydrogenase activity, total cell number and cell viability were 

studied in all herbicide-treated soils and compared with non-treated ones. Fig. 3 shows soil 

dehydrogenase activity (µg TPF g-1 dry soil) in relation to time in the terbuthylazine treated soils 

(A) and in the control ones (B).  

A significant difference (p < 0.05) in dehydrogenase activity was observed among the 

different soil treatments. Dehydrogenase activity was significantly higher in all the soils 

amended with pine or oak than in unamended ones. After 28 days in the SOT treatment a 

significant increase (p < 0.05) of dehydrogenase activity was observed compared to the other 

treatments.  

 The initial total cell numbers (No. bacteria g-1dry soil) obtained by DAPI counts were 

higher (p < 0.05) in all the amended soils (SP: 4.8 ×107 ± 3.2 ×106; SO: 4.0 ×107 ± 2.4 ×106). 
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However, cell numbers were subsequently not significantly different in the various treatments 

(data not shown). 

The cell viability values (% Live/Live+Dead) are reported in Fig. 4. In the presence of 

the amendments a transient decrease in viability at day 6 was observed; this was particularly 

evident in the SOT and SPT treatments.  

 

3.3 Degradation of terbuthylazine in the enrichment culture  

 

The soil microbial pool in the enrichment culture was able to degrade the terbuthylazine with a 

t1/2 of 24 ± 2 days (r2 = 0.99) (Fig. 5A on the left axis). In contrast, after 85 days in the sterile 

medium more than 98% of the initial concentration of the herbicide was still present. The total 

cell number (No. bacteria mL-1) of the microbial pool was assessed during the experimental time. 

A positive correlation (p < 0.05) was found between the terbuthylazine concentration (% of TBA 

applied) and the cell number (Fig. 5A), indicating that the soil bacterial populations were able to 

grow using the herbicide as a carbon source. 

The metabolite DET was immediately detected and it was exclusively found in the 

presence of the soil microbial pool (Fig. 5B). Its formation was correlated (p < 0.05) to the 

terbuthylazine degradation.  

 

3.4 Sorption of terbuthylazine by wood residues and soil 

 

The sorption of terbuthylazine by the woods used and the unamended and wood-amended soils 

are reported in Table 1. The Kd value for the sorption of terbuthylazine by pine was much higher 

than for oak. Similarly, the sorption of terbuthylazine by the pine amended soil (11.7±2.63) was 
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higher than the oak amended one (5.3 ±0.38). However, the latter Kd value was not significantly 

different from the unamended soil (4.27 ±1.08). 

 

4 Discussion 

The overall results show that the microbial community had a significant role in the 

terbuthylazine degradation, as shown when comparing the degradation results for sterile soil and 

microbiologically active soil in both the soil and enrichment culture experiments. DET was 

found as the main metabolite in accordance with other studies (Navarro et al. 2003; Barra 

Caracciolo et al. 2005a; Delgado-Moreno and Peña 2007). The slight decrease in terbuthylazine 

concentration in the sterile conditions (both in soil and MB medium of the enrichment 

experiment) was presumably due chemical hydrolysis (Fig. 1A and Fig. 5A). DET and DEDT 

were not detected in sterile soil (data not shown) in line with the fact that their formation is 

reported to occur exclusively via biotic transformations (Di Corcia et al. 1999; Barra Caracciolo 

et al. 2005a; 2010).  

The results of the microbiological analysis indicate that the presence of oak and pine 

amendments, rich in labile carbon fractions, stimulated soil dehydrogenase activity during the 

experimental period (Fig. 3). The positive influence of organic amendments on the 

dehydrogenase activity of the overall microbial community was found in several works 

(Moorman et al.2001; Delgado-Moreno and Peña 2007; 2009) and in our previous experiment 

using the same pine and oak residues (Grenni et al. 2009a). Terbuthylazine did not negatively 

affect bacterial community functioning in terms of dehydrogenase activity (in the case of SOT 

the activity even increased), presumably because it was adapted to its presence (Fig. 3A).  

The initial bacterial numbers were higher in all the amended soils than in the unamended 

ones and this was due to the fact that with pine and oak both organic matter and microorganisms 

were added to the soil (Briceño et al. 2007). However, since this difference was limited to the 
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start of the experiment, the allochthonous bacterial populations introduced by the residues were 

presumably not able to survive in the soil and they were both excluded competitively by the 

autochthonous populations and also affected negatively by the herbicide in the case of the treated 

soils. This hypothesis is confirmed by the cell viability values (% Live/Live+Dead) reported in 

Figure 4. In fact a transient decrease in viability was observed in all amended soils at day 6 and it 

was particularly evident in the SOT and SPT treatments.  

The bacterial viability trend can be linked to the activation of bacterial populations 

involved in the herbicide degradation and this is particularly evident in the ST. In fact, in the 

control soil S (non-terbuthylazine treated soil) the overall cell viability tended to decrease during 

the experimental period. The t1/2 values of TBA were related to the Kd values found in the 

different treatments (Fig. 1A and Table 1); therefore the adsorption phenomena affected the 

amount of herbicide bioavailable for degrading populations. 

The higher sorption of terbuthylazine by pine-amended than oak-amended soil is in line 

with its higher lignin content (24.4% in pine vs 18.2% in oak) and its greater organic carbon 

content (41.5% in pine vs 38.5% in oak). The Kd coefficients obtained in this work are higher 

than those found in a previous work (Rodríguez-Cruz et al. 2007b) for the sorption of linuron, 

alachlor and metalaxyl herbicides. The latter result is ascribable to the higher hydrophobicity of 

terbuthylazine (log Kow = 3.21) compared to other non-ionic pesticides (log Kow range 1.75-

3.09) (Rodríguez-Cruz et al. 2007b). The Kd value obtained in the SPT is comparable with that 

obtained by Cabrera et al. (2008) in a soil amended with alperujo. The initial decrease of TBA 

concentration in SPT can be explained by the degradation of the limited bioavailable fraction 

(20%) occurring in the amended soil; the pine sorption capability then presumably increased 

with the incubation time and no significant amount was further degraded during the experimental 

period. With the increase in incubation time ageing phenomena, which imply the formation of 

bound-residues or strong immobilization of pesticide residues in non-amended or amended soils 
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are commonly found (Gevao et al. 2000). The addition of organic amendments (urban sewage 

sludge, poultry compost and alperujo), increasing terbuthylazine sorption to soil, has been found 

to retard its degradation by other authors (Navarro et al. 2003; Cabrera et al. 2007; 2008; 

Dolaptsoglou et al. 2007; Sayara et al. 2010). 

In the presence of oak amendment the herbicide sorption did not increase significantly 

and therefore did not substantially hamper the biodegradation, with the TBA decrease in 

concentration being just slightly delayed by about 12 days; however, at the end of the experiment 

the residual herbicide concentration was identical (60% of the initial concentration) to that in the 

unamended soil.  

The enrichment culture experiment confirms the fact that the capability of the same 

herbicide degrading populations was hampered in different ways by adsorption phenomena. In 

fact, it demonstrates that the autochthonous soil microbial pool was able to degrade the 

terbuthylazine in the liquid culture (t1/2 = 24 days, Figure 5A) significantly better than in its 

original soil (t1/2 = 105 days in ST, Figure 1A) and to grow on the herbicide as the sole carbon 

source. This result not only confirms that terbuthylazine biodegradation can be carried out by 

bacterial consortia (de Souza et al. 1998; Grenni et al. 2009b) but it also demonstrates how the 

same microbial pool was prevented in the original clay loam soil from performing the 

degradation efficiently.  

In fact in this soil, without any amendments, the herbicide terbuthylazine was quite 

persistent (t1/2 95-105 days). The TBA degradation rate is indeed reported highly variable, from a 

few weeks to more than 200 days (Di Corcia et al. 1999; Barra Caracciolo et al. 2005a; 

Kravvariti et al. 2010) and it depends on bacterial activity and on abiotic factors that directly or 

indirectly influence the degradation rate. Abiotic factors, such as temperature, soil moisture, 

organic carbon content and pH, have been known to significantly influence the degradation 

process of terbuthylazine; however, the soil intrinsic characteristics (such as texture and 
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mineralogy) have been taken into consideration only very recently (Vischetti et al. 2010). In this 

context, the relatively high half-life values (95-105 days) found in this clay loam soil could be 

ascribed to its fine texture and in particular to its clay mineral montmorillonite fraction which 

has a great capacity to adsorb organic matter (Arnarson 2000), including triazine herbicides, 

decreasing their bioavailability for degradation (Bailey et al. 1986). In fact in our previous 

microcosm studies, performed with terbuthylazine in the same laboratory conditions but on 

different soils (silty-loam and sandy-loam), we observed a t
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1/2 of 22 days and 30 days, 

respectively (Barra Caracciolo et al. 2001; 2005a). 

The slow degradation rate found in the unamended soil was due firstly to the intrinsic 

characteristics of its clay, such as texture and mineralogy (e.g. the montmorillonite fraction), 

which made the herbicide less available for both abiotic and biotic degradation processes.  

Moreover, although the soil studied had a fine texture, which is known to limit the 

diffusion and transport of contaminants, the groundwater beneath has been found to be 

contaminated by triazines. This fact can be ascribed to preferential flow pathways (Flury et al. 

1996; Kördel et al. 2008) occurring when large and discontinuous macropores operate and cause 

rapid movement of chemicals through the unsaturated zone. The transport of pesticides via 

macropores has been frequently found in fine textured soils and herbicides may contaminate 

groundwater especially if the degradation phenomena in surface soil do not significantly reduce 

their concentration (Guzzella et al. 2003, 2006), as in the case of our soil.  

The evaluation of the environmental fate of terbuthylazine in clay soil requires the 

knowledge of how its persistence and movement can be affected by the possible interactions 

with its fine texture. Owing to the high adsorption of terbuthylazine to this soil, its leaching is 

not likely to occur through micropore flow, but through a preferential flow. The occurrence of 

terbuthylazine and DET in the groundwater beneath can therefore be explained by their transport 

by macropore flow. 
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Particular attention has therefore to be paid to clay soils because their structure can 

strongly affect both the transport and the degradation of soil contaminants and consequently 

makes it difficult to forecast their fate and control their mobility. The latter statement has to be 

taken in consideration for a better risk management of pesticide use in line with the requirements 

of the recent EU Directive 2009/128/EC and Regulation (EC) No. 1107/2009. 

 

Acknowledgements 

This work was funded by the CSIC/CNR Bilateral Agreement ‘Adsorption and degradation of pesticides 

in soils modified with low cost biomaterials: Study of the microbial communities responsible for the 

biodegradation’ (Project reference 2006IT0022). 

We particularly thank Francesca Falconi for her technical assistance in the microbiological and DOC 

analysis. Moreover, we thank Andrea Del Bon for his valuable advices for the discussion regarding the 

soil clay texture and mineralogy. 

 

References 

Arnarson, T.S., & Keil, R. G. (2000). Mechanisms of pore water organic matter adsorption to 

montmorillonite. Marine Chemistry, 71, 309-320. 

Bailey, G. W., White, J. L., & Rothberg, T. (1986). Adsorption of organic herbicides by 

montmorillonite: Role of pH and chemical character of adsorbate. In S. Saltzman, B. Yaron 

(Eds.), Pesticides in soil (pp. 75-87). Van Nostrand Reinhold Company Inc, New York. 

Barra Caracciolo, A., Giuliano, G., Di Corcia, A., Crescenzi, C., & Silvestri, C. (2001). 

Microbial degradation of terbuthylazine in surface soil and subsoil at two different 

temperatures. Bulletin of Environmental Contamination and Toxicology, 67, 815-820. 

Barra Caracciolo, A., Giuliano, G., Grenni, P., Cremisini, C., Ciccoli, R., & Ubaldi, C. (2005a). 

Effect of urea on degradation of terbuthylazine in soil. Environmental Toxicology & 

Chemistry, 24, 1035-1040. 

 19



463 

464 

465 

466 

467 

468 

469 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

Barra Caracciolo, A., Grenni, P., Ciccoli, R., Di Landa, G., & Cremisini, C. (2005b). Simazine 

biodegradation in soil: analysis of bacterial community structure by in situ hybridization. Pest 

Management Science, 61, 863-869. 

Barra Caracciolo, A., Grenni. P., Saccá, M.L., Amalfitano, S., Martín, M., & Gibello, A. (2010). 

The role of a groundwater bacterial community in the degradation of the herbicide 

terbuthylazine. FEMS Microbiology Ecology, 71, 127-136. 

Bottoni, P., Keizer, J., & Funari E. (1996). Leaching indices of some major triazine metabolites.  

Chemosphere, 32, 1401-1411. 

Briceño, G., Palma, G., & Durán, N. (2007). Influence of organic amendment on the 

biodegradation and movement of pesticides. Critical Reviews in Environmental Science and 

Technology, 37, 233-271. 

Cabrera, A., Cox, L., Velarde, P., Koskinen, W. C., & Cornejo, J. (2007). Fate of diuron and 

terbuthylazine in soils amended with two-phase olive oil mill waste. Journal of Agricultural 

and Food Chemistry, 55, 4828-4834. 

Cabrera, A., Cox, L., Koskinen, W. C., & Sadowsky, M. J. (2008). Availability of triazine 

herbicides in aged soils amended with olive oil mill waste. Journal of Agricultural and Food 

Chemistry, 56, 4112-4119.  

Castillo, M. P., Torstensson, L., & Stenström, J. (2008). Biobeds for environmental protection 

from pesticide use-A review. Journal of Agricultural and Food Chemistry, 56, 6206-6219 

Commission Implementing Regulation 820/2011. Commission Implementing Regulation (EU) 

No 820/2011 of 16 August 2011 approving the active substance terbuthylazine, in accordance 

with Regulation (EC) No 1107/2009 of the European Parliament and of the Council 

concerning the placing of plant protection products on the market, and amending the Annex to 

Commission Implementing Regulation (EU) No. 540/2011 and Commission Decision 

 20



487 

488 

489 

490 

491 

492 

493 

494 

495 

496 

497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

2008/934/EC (available on line at http://eur-lex.europa.eu/en/index.htm) (Accessed January 

2012). 

Daly, D., Dassargues, A., Drew, D., & Dunne, S. (2002). Main concepts of the ‘European 

approach’ to karst-groundwater-vulnerability assessment and mapping. Hydrogeology 

Journal, 10, 340-345. 

de Souza, M. L., Newcombe, D., Alvey, S., Crowley, D. E., Hay, A., Sadowsky, M. J., & 

Wackett, L. P. (1998). Molecular basis of a bacterial consortium: interspecies catabolism of 

atrazine. Applied and Environmental Microbiology, 64, 178-184. 

De Wilde, T., Spanoghe, P., Debaer, C., Ryckeboer, J., Springael, D., & Jaeken, P. (2007). 

Overview of on-farm bioremediation systems to reduce the occurrence of point source 

contamination. Pest Management Science, 63, 111-128. 

Delgado-Moreno, L., & Peña, A. (2007). Organic amendments from olive cake as a strategy to 

modify the degradation of sulfonylurea herbicides in soil. Journal of Agricultural and Food 

Chemistry, 55, 6213-6218. 

Delgado-Moreno, L., & Peña A. (2009). Compost and vermicompost of olive cake to 

bioremediate triazines-contaminated soil. Science of the Total Environment, 407, 1489-1495. 

Di Corcia, A., Barra Caracciolo, A., Crescenzi, C., Giuliano, G., Murtas, S., & Samperi, R. 

(1999). Subcritical water extraction followed by liquid chromatography mass spectrometry 

for determining terbuthylazine and its metabolites in aged and incubated soils. Environmental 

Science & Technology, 33, 3271-3277. 

Dolaptsoglou, C., Karpouzas, D., Menkissoglu-Spiroudi, U., Eleftherohorinos, I., & Voudrias, E. 

A. (2007). Influence of different organic amendments on the degradation, metabolism and 

adsorption of terbuthylazine. Journal of Environmental Quality, 36, 1793-1802. 

EFSA, European Food Safety Authority (2011). Conclusion on the peer review of the pesticide 

risk assessment of the active substance terbuthylazine. EFSA Journal, 9, 1969, 1-133.  

 21



512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

Fait, G., Balderacchi, M., Ferrari, F., Ungaro, F., Capri, E., & Trevisan, M. (2010). A field study 

of the impact of different irrigation practices on herbicide leaching. European Journal of 

Agronomy, 32, 280-287. 

Flury, M. (1996). Experimental evidence of transport of pesticides trough field soils: a review. 

Journal of Environmental Quality, 22, 25-45. 

FOOTPRINT (2011). The FOOTPRINT Pesticide Properties Database. Database Collated by the 

University of Hertfordshire as Part of the EU-funded FOOTPRINT Project (FP6-SSP-

022704) (available on line at http://sitem.herts.ac.uk/aeru/footprint/en/index.html) (Accessed 

July 2012).  

Giovagnotti, C., & Calandra, R. (1994). Valutazione del territorio ai fini della sua attitudine allo 

spandimento dei liquami zootecnici 2: I suoli di Petrignano d'Assisi e le loro caratteristiche 

chimico-fisico-idrologiche (Umbria).  Annali Facoltà di Agraria Università di Perugia, 48, 

129-163. 

Gevao, B., Semple, K.T., & Jones, K.C. (2000). Review. Bound pesticide residues in soils. 

Environmental Pollution, 108, 3-14. 

Grenni, P., Barra Caracciolo, A., Rodríguez-Cruz, M. S., & Sánchez-Martín, M. J. (2009a). 

Changes in the microbial activity in a soil amended with oak and pine residues and treated 

with linuron herbicide. Applied Soil Ecology, 41, 2-7. 

Grenni, P., Gibello, A., Barra Caracciolo, A., Fajardo, C., Nande, M., Vargas, R., Saccà, M. L., 

Martínez-Iñigo, M. J., Ciccoli, R., & Martín, M. (2009b). A new fluorescent oligonucleotide 

probe for in situ detection of s-triazine-degrading Rhodococcus wratislaviensis in 

contaminated groundwater and soil samples. Water Research, 43, 2999-3008. 

Guzzella, L., Rullo, S., Pozzoni, F., & Giuliano, G. (2003). Studies on mobility and degradation 

pathways of terbuthylazine using lysimeters on a field scale. Journal of Environmental 

Quality, 32, 1089-1098. 

 22



537 

538 

539 

540 

541 

542 

543 

544 

545 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 

Guzzella, L., Pozzoni, F., & Giuliano, G. (2006). Herbicide contamination of surficial 

groundwater in Northern Italy. Environmental Pollution, 142, 344-353. 

Hildebrandt, A., Guillamón, M., Lacorte, S., Tauler, R., & Barceló, D. (2008). Impact of 

pesticides used in agriculture and vineyards to surface and groundwater quality (North Spain). 

Water Research, 42, 3315-3326. 

Kan, M., Beulke, S., & Brown, C. D. (2007). Factors influencing degradation of pesticides in 

soil. Journal of Agricultural and Food Chemistry, 55, 4487-4492. 

Kodešová, R., Kočárek, M., Kodeš, V., Drábek, O., Kozák, J., & Hejtmánkovác, K. (2011). 

Pesticide adsorption in relation to soil properties and soil type distribution in regional scale. 

Journal of Hazardous Materials, 186, 540-550. 

Kördel, W., Egli, H., & Klein, M. (2008). Transport of pesticides via macropores (IUPAC 

Technical Report). Pure and Applied Chemistry, 80, 105–160. 

Kravvariti, K., Tsiropoulosa, N. G., & Karpouzas, D. G. (2010). Degradation and adsorption of 

terbuthylazine and chlorpyrifos in biobed biomixtures from composted cotton crop residues. 

Pest Management Science, 66, 1122-1128. 

López-Piñeiro, A., Cabrera, D., Albarrán, Á., & Peña, D. (2011). Influence of two-phase olive 

mill waste application to soil on terbuthylazine behaviour and persistence under controlled 

and field conditions. Journal of Soils and Sediments, 11, 771-782. 

Lynch, M.R. (1995). Procedures for Assessing the Environmental Fate and Ecotoxicity of 

Pesticides. Society of Environmental Toxicology and Chemistry (SETAC). 

Mladinic, M., Zeljezic, D., Shaposhnikov, S. A., & Collins, A. R. (2012). The use of FISH-

comet to detect c-Myc and TP 53 damage in extended-term lymphocyte cultures treated with 

terbuthylazine and carbofuran. Toxicological Letters, 211, 62-69. 

 23



560 

561 

562 

563 

564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

575 

576 

577 

578 

579 

580 

581 

582 

583 

Moorman, T. B., Cowan, J. K., Arthur, E. L., & Coats, J. R. (2001). Organic amendments to 

enhance herbicide biodegradation in contaminated soils. Biology and Fertility of Soils, 33, 

541-545. 

Navarro, S., Vela, N.; García, C., & Navarro, G. (2003). Persistence of simazine and 

terbuthylazine in a semiarid soil after organic amendment with urban sewage sludge. Journal 

of Agricultural and Food Chemistry, 51, 7359-7365. 

Rhine, E. D., Fuhrmann, J. J., Radosevich, M. (2003). Microbial community responses to 

atrazine exposure and nutrient availability: linking degradation capacity to community 

structure. Microbial Ecology, 46, 145-160. 

Rodríguez-Cruz, S., Sánchez-Martín, M. J., Andrades, M. S., & Sánchez-Camazano, M. (2007a). 

Modification of clay barriers with a cationic surfactant to improve the retention of pesticides 

in soils. Journal of Hazardous Materials, 139, 363-372. 

Rodríguez-Cruz, S., Andrades, M. S., Sánchez-Camazano, M., & Sánchez-Martín, M. J. (2007b). 

Relationship between the adsorption capacity of pesticides by wood residues and the 

properties of woods and pesticides. Environmental Science & Technology, 41, 3613-3619. 

Sánchez, M., Garbi, C., Martinez-Alvarez, R., Ortiz, L. T., Allende, J. L., & Martín, M. (2005). 

Klebsiella planticola strain DSZ mineralizes simazine: physiological adaptations involved in 

the process. Applied Microbiology and Biotechnology, 66, 589-596. 

Santiago-Mora, R., Martin-Laurent, F., de Prado, R., & Franco, A. R. (2005). Degradation of 

simazine by microorganisms isolated from soils of Spanish olive fields. Pest Management 

Science, 61, 917-921. 

Sayara, T., Sarrà, M., & Sánchez, A. (2010). Optimization and enhancement of soil 

bioremediation by composting using the experimental design technique. Biodegradation, 21, 

345-356 

 24



Strong, L. C., Rosendahl, C., Johnson, G., Sadowsky, M. J., Wackett, L. P. (2002). Arthrobacter 

aurescens TC1 metabolizes diverse s-triazine ring compounds. Applied and Environmental 

Microbiology, 68, 5973-5980. 

584 

585 

586 

587 

588 

589 

590 

591 

592 

593 

594 

Tabatabai, M. A. (1994). Soil enzymes. In: R.W. Weaver (Ed.), Methods of Soil Analysis: Part 2 

(pp. 903-947). Microbiological and Biochemical Properties Soil Science Society of America, 

Madison, Wisconsin, USA.  

Tomlin, C. D. S. (2003). The Pesticide Manual. British Crop Protection Council: Cambridge, 

UK. 

Vischetti, C., Corti, G., Monaci, E., Cocco, S., Coppola, L., & Agnelli, A. (2010). Pesticide 

adsorption and degradation in fine earth and rock fragments of two soils of different origin. 

Geoderma, 154, 348-352.  

 25



Figure captions 595 

596 

597 

598 

599 

600 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

611 

612 

613 

614 

615 

616 

617 

618 

Fig. 1. (A) Percentage of residual terbuthylazine in unamended soils. (SST, sterile soil; ST, non-

sterile soil) and soil amended with oak (SOT) or pine (SPT) vs time. Vertical bars represent 

standard errors. (B) Terbuthylazine structure (on the left) and images of oak and pine wood 

residues (on the right). 

 

Fig. 2. Metabolites detected over time in unamended (ST) and soil amended with oak (SOT) or 

pine (SPT) (A) Desethylterbuthylazine (DET); (B) Desethyldebutylterbuthylazine (DEDT). Bars 

represent standard errors. 

 

Fig. 3. Soil dehydrogenase activity (µg TPF g-1 dry soil) detected over time in the soils (A) 

treated with terbuthylazine (SPT, terbuthylazine + pine; SOT, terbuthylazine + oak; ST, 

terbuthylazine) and (B) in the control ones (SP amended with pine; SO, amended with oak; S, 

unamended). Bars represent standard errors. 

 

Fig. 4. Cell viability (% Live/Live+Dead) vs time (A) in the soils treated with terbuthylazine 

(SPT, terbuthylazine + pine; SOT, terbuthylazine + oak; ST, terbuthylazine) and (B) in the 

control ones (SP amended with pine; SO, amended with oak; S, unamended). Bars represent 

standard errors. 

 

Fig. 5. Terbuthylazine degradation, desethylterbuthylazine (DET) formation and total cell 

number in an enrichment culture. (A) Degradation (%) of terbuthylazine (TBA) vs time; (B) 

Formation of the metabolite desethylterbuthylazine (DET). Bars represent standard errors. 
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Table 1  Organic carbon (OC %), pH and Sorption distribution coefficient (Kd) of terbuthylazine 

by the wood residues (pine and oak), unamended (soil) and amended soils (soil + pine, soil + 

oak). 

 

 

 

 

 

 

 

 OC % pH Kd (mL g-1) ± SD 

Pine 41.5 5.0 1856 ±46.4 

Oak 38.5 4.0 71.2 ±1.18 

Soil 1.87 7.7 4.27 ±1.08 

Soil + Pine 4.21 7.7 11.7 ±2.63 

Soil + Oak 4.09 7.8 5.30 ±0.38 

SD  standard deviation 
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