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Definitions  

Dissipation - The overall process leading to the eventual disappearance of substances from 
the site of its application or an environmental compartment, without implying any particular 
mechanism or process. Dissipation comprises two main types of processes; transport 
processes, such as volatilization, leaching, plant uptake, runoff or erosion that transfer 
substances to different environmental compartments; and transformation processes such 
as microbial degradation, hydrolysis and/or phototransformation that produce 
transformation products. 

Half life – Calculation of a half-life assumes first order degradation kinetics. In this case, the 
reaction rate is proportional to the reactant concentration and constant over time. The 
time required for the concentration of a pesticide to be reduced (i.e., degrade, metabolize 
or otherwise dissipate) to one-half. 

50% dissipation time (DT50) - No assumptions are made about the kinetics of the 
degradation process. When the reaction follows first-order degradation kinetics, the half-
life will be equivalent to the 50% dissipation time. 
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Executive Summary 

Herbicides applied in the cropping industries in Queensland are regularly detected in waters 
flowing to the Great Barrier Reef (GBR) and Reef Plan (Anon, 2013) sets targets for the 
reduction in loads of ‘priority’ herbicides by 2018. Progress towards these targets is 
assessed through the Paddock to Reef Integrated Monitoring, Modelling and Reporting 
Program (P2R) which includes modelling from farm scale to end of system loads. The ability 
to accurately predict the fate of herbicides is an important aspect to assessing the 
environmental risks of application and making informed land management decisions, 
however, there are currently limited data available to inform prediction of the fate of 
herbicides in a tropical environment. The objective of this study was to provide measured 
half-lives for herbicides on Queensland cropping soils and crop residue to improve modelling 
of herbicide fate in the GBR catchment.  
 
Half-lives of commonly applied herbicides in cane, grains and grazing industries in 
Queensland have been compared in a controlled environment on common cropping soils. 
Cropping soils were collected from the tilled layer (0-0.1 m) from nine sites in Queensland to 
represent a range in textural properties and pH. Cane crop residues (trash) were also 
collected. Soils were kept moist using capillary rise from a hanging water column and were 
placed in a temperature controlled glasshouse. Following herbicide application, surface 
samples were collected over a period of 100 days to track dissipation of the herbicides. Half-
lives have been calculated for fourteen herbicides including those considered to be high 
‘priority’ under Reef Plan (Anon, 2013) (atrazine, ametryn, diuron, hexazinone and 
tebuthiuron) and alternative residual products which are being used with increasing 
frequency in Queensland (isoxaflutole, imazapic, pendimethalin, trifloxysulfuron, S-
metolachlor, metribuzin). Three commonly applied knockdown herbicides, 2,4-D, glyphosate 
and paraquat, were also included in the study. Preliminary results from this study are 
reported here.  
 
Half-lives were found to range from 12 days for atrazine on the Ferrosol (WAK) to >744 days 
for paraquat on a heavy Vertosol (MAK). The half-life values were comparable to 
international database and literature values from tropical field studies for well-studied 
herbicides including atrazine and ametryn. However, half-lives for several herbicides that 
have not previously been reported under local conditions (imazapic, pendimethalin, 
trifloxysulfuron) were on average 2.5-6 fold faster than international database values (PPDB, 
University of Hertfordshire). For example, the mean half-life of imazapic was 37 days 
(ranging from 20-81) which is approximately 6 fold shorter than reported in the PPDB. In 
contrast, the degradation rate of isoxaflutole was >10 fold slower than PPDB values. Half-
lives for all herbicides on cane residues were slower than has been previously reported, 
which may be due to the effects of herbicide washoff in field studies and to limited 
photodegradation in the current study. 
 
Half-lives varied by less than a factor of 2 between soils for the herbicides atrazine, 2,4-D 
and isoxaflutole whereas half-lives for diuron varied by a factor of 14. Total organic carbon 
was found to be a significant explanatory variable for predicting degradation rates for many 
of the herbicides in this study. Further analysis of the data is required to investigate the 
relationship between measured half-lives and soil properties to extend prediction of spatial 
variability in herbicide degradation for all soils in the GBR catchment.  
 
Half-lives of herbicides in the controlled environment were compared to dissipation measured 
on several of these same soils in field trials. The lack of consistent trends between herbicide 
degradation rates observed in the field and those observed in the controlled glasshouse 
environment highlights the difficulty in isolating factors contributing to dissipation in a field 
scenario. Values derived in the current study can be considered to provide conservative 
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estimates for the tested soil temperature and moisture conditions since loss processes 
including leaching, runoff, plant uptake and to some degree photodegradation have been 
excluded. Further, the half-lives derived in this study relate to the surface 2.5 cm of soil which 
is the depth relevant to extraction of herbicides into runoff. These values are are more 
appropriate for use in agricultural soil water balance models where losses due to degradation 
are considered as a separate process to loss through runoff/leaching/plant uptake. Adoption 
of the half-life values from this study in the paddock to reef modelling program will improve 
prediction of herbicide losses under various management scenarios and therefore improve 
the prediction of loads of herbicides entering the GBR lagoon.  
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Introduction 

Herbicides represent an important tool in weed control for cropping industries. The promotion 
of conservation and no-till farming methods in Australia to reduce soil disturbance and 
erosion has increased the reliance on herbicides as weeds are no longer controlled through 
tillage operations in these farming systems. However, herbicides can be transported off site 
and have potential to cause detrimental impacts for downstream aquatic ecosystems. The 
persistence of herbicides in soil and on crop residues following application is important in 
determining the potential for offsite transport. 
 
Under best management practice guidelines in Queensland, Australia, reduced reliance on 
the use of ‘residual’ herbicides in favour of ‘knockdown’ herbicides is considered an improved 
farming practice. Residual herbicides are applied pre-emergence to prevent seeds 
germinating and/or emerging, and as such are required to persist for a period of time after 
application. Knockdown herbicides are used to kill emerged weeds and therefore generally 
have shorter half-lives than residual herbicides. Residual herbicides are also reasonably 
soluble as they are required to be absorbed from the soil into plant roots whereas this is not 
necessarily the case for knockdown herbicides which may be more strongly sorbed to the 
soil. Commonly applied residual herbicides are the photosystem II (PSII) inhibiting 
compounds; atrazine, diuron, ametryn, hexazinone and tebuthiuron. The focus on reducing 
the use of these PSII herbicides has anecdotally led to increasing use of alternative residual 
herbicides, from here on referred to as ‘non-regulated’ herbicides.  
 
In the Great Barrier Reef (GBR) catchment, residual herbicides applied to cropping lands are 
regularly detected in waterways that flow to the world heritage protected reef lagoon (Lewis 
et al., 2009, Packett et al., 2009, Smith et al., 2012) and have been shown to be present 
through the wet and dry seasons at nearshore reefs (Shaw et al., 2010; Kennedy et al., 
2012). To address the issue of diffuse agricultural pollution entering the GBR, Reef Plan 
(Anon 2009, 2013) has set a target of a 50% and 60% reduction in the loads of ‘priority’ 
herbicides by 2018 and 2020 respectively. Under this initiative, the Paddock to Reef 
Monitoring, Modelling and Reporting Program has been implemented to report on progress 
towards reducing loads of herbicides and other pollutants (Carroll et al., 2012). The paddock 
modelling component of this program represents improvements made to land management 
at a farm scale so that the impacts on end of catchment loads of pollutants can be predicted. 
Sensitivity analysis of the agricultural water balance model used for predicting the impacts of 
herbicide management options on offsite transport, HowLeaky, showed that half-life was the 
most important parameter for predicting herbicide fate (Shaw et al., 2011). This highlights the 
importance of deriving relevant herbicide degradation rates from experimental data for 
Queensland soils. 
 
There is currently limited data available to inform prediction of the fate of herbicides in 
tropical environments. The majority of available half-life data have been derived in temperate 
environments (Sanchez-Bayo and Hyne, 2011). Reviews of available fate data for tropical 
environments indicate that herbicides will generally dissipate more quickly due to higher 
temperatures and wetter conditions (Racke et al., 1997; Sanchez-Bayo and Hyne, 2011). 
When considering field derived dissipation data, it is difficult to separate losses due to 
processes such as runoff, leaching or plant uptake from transformation of the parent 
compound. This is particularly the case in tropical environments where high annual rainfall 
with high rainfall intensity events leads to relatively high losses of herbicides in runoff. Also, 
where crop residues such as cane trash are retained, herbicides on the crop residue can 
wash onto the soil via rainfall and result in increasing herbicide concentrations in soil for 
some weeks after application which further complicates derivation of half-lives.  
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The degradation of herbicides in a field situation is influenced by many environmental factors 
which include temperature, soil moisture, soil properties and microbial activity. Temperature 
has a large impact on the derived herbicide half-lives from both field and laboratory studies. It 
is generally accepted that the temperature dependency may be described using the 
Arrhenius equation which gives the degradation rate coefficient as a function of the 
temperature and the activation energy, Ea (J mole-1) (EFSA, 2007; Wu and Nofziger, 1999) 
Use of the underlying Arrhenius equation in this approach is appropriate for temperatures 
between 0 and 30 °C. Similarly, soil moisture content has been shown to influence pesticide 
degradation with slower degradation observed on drier soil (Walker, 1976). An approach for 
incorporating soil moisture in the prediction of pesticide degradation has also been proposed 
(Walker, 1976; Wauchope et al., 2004). Soil properties have also been shown to influence 
herbicide degradation. It has been noted from field trials that persistence of herbicides was 
greater in clay soils followed by sandy loams, loamy sands and sandy soils (Mansingh et al 
2003). The pH of a soil will also have an effect with acidic pesticides noted as persisting for 
longer on soils with a low pH (Sanchez-Bayo and Hyne, 2011) and triazines (e.g. atrazine) 
noted as degrading at a faster rate in soils with a low pH (Walker and Blacklow 1994). 
However, while the impacts of temperature and moisture may be accounted for in modelling 
herbicide degradation, there is no widely accepted approach to account for the effects of soil 
properties. 
 
The ability to accurately predict the fate of herbicides is an important aspect to assessing the 
environmental risks of application and making informed land management decisions. The 
objective of this study was to provide measured half-lives for priority and non-regulated 
herbicides on Queensland cropping soils and crop residue. The study was conducted using a 
range of soils in a glasshouse that controlled temperature and soil moisture. The study was 
designed to provide half-life values appropriate for use in modelling herbicide fate in 
Queensland. Since agricultural water balance models represent losses due to runoff, 
leaching, plant uptake or washoff separately to herbicide degradation, field derived half-lives 
are not well suited to application in a modelling context. Importantly, this study provides data 
to relate half-life to soil properties and, therefore, to improve spatial extrapolation of half-lives 
as required in the GBR wide modelling program. Half-lives of herbicides in the controlled 
environment were compared to dissipation measured on several of these same soils in field 
trials. The results of this study improve the data available to predict the fate of herbicides in 
the GBR catchment, including many herbicides which have been poorly studied to date but 
which are being used more frequently. This report presents preliminary results from the 
controlled environment degradation experiment and selected field studies. 
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Methods 

Soil and Cane Trash 

Nine soils and one crop residue (cane trash) were collected across five regions of the GBR 
catchment (Bundaberg, Mackay-Whitsunday, Fitzroy, Burdekin and Wet Tropics) (Table 1). 
Soils were selected to represent a range of textural properties with varying pH (see Results 
and Discussion, Figure 8). A photograph of each of the soils included in the study is provided 
in Figure 1. Soils were selected from sites where the history of herbicide applications was 
known and where herbicides had been applied on a regular basis for several seasons prior to 
the commencement of this experiment. Priority was given to sites where field dissipation data 
would also be available for some of the tested herbicides. Approximately 400-500 kg of top 
soil (0-0.1 m) was obtained from each field site for use in the controlled environment study. 
Soil was air dried and coarsely sieved using 0.5 inch mesh to remove rocks and plant matter 
while maintaining soil aggregate structure.  

Table 1. Description of soils 

Soil 
ID 

Australian 
Soil 

Classification 

Global Range of 
Soils

a 
 

Site Name, GBR 
Region,  

Site History 

pH
b
 EC TOC

c
 Clay:Silt:

Sand 

WAK Red Ferrosol Clay Walkamin, Wet 
Tropics, Research 

Station 

6.4 0.05 1.91 52:15:33 

BUN Brown 
Chromosol 

Sandy loam to 
fine sandy loam 

Bundaberg, Burnett 
Mary, Demo cane 

farm 

6.1 0.03 1.8 8:16:77 

MAK Black Vertosol Clay loam/clay Victoria Plains, 
Mackay 

Whitsundays, 
Demo cane farm  

6.3 0.08 2.4 56:32:12 

MT1 Brown 
Chromosol 

Silt loam Marion, Mackay 
Whitsundays, 

Demo cane farm 

6.8 0.04 1.07 16:19:65 

MT3 Brown 
Chromosol 

Clay loam Marion, Mackay 
Whitsundays, 

Demo cane farm 

7.1 0.12 2.22 24:24:53 

TUL Brown 
Kandosol 

Loam Tully, Wet Tropics, 
Demo cane farm 

5 0.03 2.51 22:13:65 

MGO Black Vertosol Clay loam/clay Moonggoo, Fitzroy, 
Demo grains farm 

7.6 0.04 1.07 64:12:24 

BRG Duplex Clay loam Brigalow 
catchments, 

Fitzroy, Demo 
grains farm 

6.9 0.04 1.46 25:10:65 

BUR Brown 
Dermosol 

Loam/loamy sand Burdekin, Demo 
cane farm 

7.8 0.03 0.8 14:9:77 
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Soil 
ID 

Australian 
Soil 

Classification 

Global Range of 
Soils

a 
 

Site Name, GBR 
Region,  

Site History 

pH
b
 EC TOC

c
 Clay:Silt:

Sand 

TRH Cane Trash - Bundaberg, Burnett 
Mary, Demo cane 

farm 

- - - - 

a Wauchope et al., 2004 
b pH method - EC Aqueous (1:5) 
c TOC method - wet oxidation (Heanes) 
 
Soil microbial activity has been shown to influence the dissipation of herbicides. Air dried soil 
can be biologically inactive. However, microbial activity should be restarted by rewetting for a 
period (Dr. John Thompson, DAFF, pers comms, 2012). Soil microbial activity following air 
drying and subsequent re-wetting over a seven day period was compared to ‘fresh’ field soil 
(for selected field sites included in this study). Two methods of assessing microbial activity, 
ecoplates and fluorescein diacetate assays, were applied to four of the study soils (MAK, 
MT1, MT3, TUL). Analysis was conducted by the University of Queensland. Microbial activity 
in the dried-re-wet soil was not significantly different to that in fresh field soils (p>0.05) (see 
Appendix I). On that basis, it was judged that the air dried soils were appropriate to use in the 
trial following re-wetting over a 2 week period. Additional ‘fresh’ soil was collected from each 
site in the 2 weeks prior to commencement of the experiments and mixed with the dried-
rewet soil to ensure that there were active microbial communities present as the air dried soil 
was re-wet. 
 
Soil was placed into alfoil lined styrofoam boxes 448 mm x 290 mm and 140 mm in depth. 
Soil was filled to a depth of 130 mm with a surface area of 0.125 m2. In an initial pilot study, 
soils were watered prior to herbicide application and allowed to dry over the period of the 
experiment. In the current study a hanging water column was created to maintain soil 
moisture throughout the experiment. Toweling lined the floor of the box and hung through an 
opening into rainwater storage below. Soils were prepared two weeks prior to spraying to 
allow sufficient time for the soils to re-wet and microbial communities to become active. 
Trash was placed on top of the Ferrosol soil from Walkamin, weighed to 1.8 kg/m2 or 0.23 
kg/replicate, which corresponded to the trash expected from a cane yield of 85 tonnes/ha 
which was typical for the Mackay Whitsunday region in Australia (Steve Attard, CSIRO, pers 
comms, 2011). Soil moisture was maintained through the hanging water column throughout 
the experiment with the rainwater source monitored and topped up at least twice a week. 
Rainwater was also misted onto the soil surface three times a week (Mon, Wed and Fri) 
starting at day 12 of the experiment, if drying was observed; the quantity of water added was 
recorded. Rain water was also misted on to the trash three times per week although it was 
not possible to keep the trash continuously moist. The bulk density of each replicate was 
determined by weighing soil removed from a known sample volume to two decimal places. 
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1. WAK 

 
2. MGO 

 
3. MT3 

 
4. MT1 

 
5. BRG 

 
6. MAK 

 
7. BUR 8. TUL 

 
9. BUN 

 
10. TRH 

Figure 1. Photograph of soils and crop residue 
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Controlled Environment 

Air temperature was controlled through air-conditioning/heating within a glasshouse in 
Toowoomba, Australia (Figure 4, Figure 5). Air temperature in the glasshouse was logged at 
3 min intervals using two calibrated Tinytag data loggers (TGU-4500, Gemini) suspended at 
approx. 2 m above the ground. Technical difficulties retrieving data meant that temperature 
was not measured for 48 hrs within the experimental period. The air-conditioning did not 
maintain a constant temperature but rather controlled the range of variations so that there 
was diurnal fluctuation. The average air temperature was 24.5 oC (±3.4 oC SD) and ranged 
from 19 oC to 41 oC (Figure 2). Soil and trash temperatures were logged at 1 cm depth using 
Tinytag loggers fitted with an external probe and ranged from 11 oC to 47 oC throughout the 
experimental period. Examples of the measured soil temperatures are shown in Figure 3.  

The glasshouse was fitted with window glass which absorbs a considerable amount of light in 
the UV-B range (280–320 nm) (Katagi, 2004). This spectrum overlaps with the UV absorption 
profile of many herbicides (Katagi, 2004) and since direct photolysis requires adsorption of 
sunlight by the chemical of interest, will reduce the role of photodegradation processes in the 
current study. Available information on the maximum adsorption spectra of herbicides 
included in this study is summarised in Table 3. 
 

 

Figure 2. Measured glasshouse air temperature reported at 3 min intervals 

 

 

Figure 3. Measured soil temperature in selected soils reported at 3 min intervals 
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Figure 4. Glasshouse in Toowoomba  

 

 

Figure 5. Inside the glasshouse in Toowoomba  
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Sampling 

Samples were collected from the surface 2.5 cm as this depth is relevant for herbicide 
extraction into runoff. A pilot study showed that judgement of depth could vary between 
operators and could contribute to variability in the results as the applied herbicides were not 
evenly distributed through the surface 2.5 cm but rather concentrated towards the soil 
surface. Therefore, sampling guides (1 cm2 gridded stainless steel mesh, visible in Figure 6) 
were placed at 2.5 cm depth as the boxes were prepared to prevent sampling beyond the 
specified depth. As the soils were placed into the boxes dry and subsequently allowed to 
become moist through the hanging water column, the distance from the surface to the mesh 
was increased as some soils swelled. The depth of each sample was therefore measured 
after each sampling event to allow for correction due to sample depth/volume. The mean 
sample depth was 2.51 cm with a range from 1.5 cm to 3.45 cm. Acetone washed aluminum 
strips were used to delineate the boundary of a sample and to maintain the integrity of the 
adjacent soil surface during sample removal.  

Samples from a randomly selected location within each replicate were collected as soon as 
practicable following herbicide application (T0), after 12 hrs (T0.5), 24 hrs (T1), 48 hrs (T2), 5 
days (T5), 8 days (T8), 12 days (T12), 20 days (T20), 36 days (T36), 48 days (T48), 61 days 
(T61), 76 days (T76) and 99 days (T99). Only selected time points were submitted for 
analysis. These included T0, T1, T5, T12, T36, T60 and T99.  

Samples were placed in zip lock bags lined with solvent washed aluminum foil pockets. 
Samples were placed on ice immediately, and then transported on ice to -20 oC storage as 
soon as practicable following collection. Prior to submission to the laboratory, samples were 
defrosted and homogenized using stainless steel, acetone washed spatulas to ensure a 
representative sub-sample. Subsamples for moisture content were also taken. Samples were 
re-frozen at -20 oC before being shipped on ice overnight to the laboratory. 

 

Figure 6. Soil trays at ~ middle of experiment with the stainless steel mesh indicating the location of 
previous sub-sampling.  
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Sample Analysis 

Herbicide analysis was conducted by ACS Laboratories Australia in Melbourne. ACS is 
undertaking NATA accreditation to the ISO 170225 standard and was identified as the most 
suitable laboratory in Australia to provide testing for novel or ‘emerging’ herbicides within the 
study timeframes. Analyses were also provided for the degradation products of some 
herbicides; atrazine (desethyl atrazine, desisopropyl atrazine), diuron (DCPU and DCPMU), 
glyphosate (AMPA) and isoxaflutole (diketonitrile). 
 
Soil samples were accurately weighed to 5.00 g and recorded to 2 decimal points. Samples 
for all herbicides other than paraquat and glyphosate/AMPA were extracted in acidified 
methanol and sonicated for 30 mins. The extracts were then filtered through a 0.45 µm 
Teflon membrane filter to remove sediment. The filtered extract was pH and volume adjusted 
then analysed by UPLC MSMS in negative and positive mode, using selected ion monitoring. 
 
Soil samples for paraquat were extracted with 35% sulphuric acid in water under reflux at 60 
oC for three hours, to digest the active sites on the soil and release the bound paraquat. The 
extract was decanted and an accurate portion of the liquid was pH and volume adjusted 
before being diluted in water. The adjusted extract was cleaned up using a silica cartridge 
and made up to volume in water. The filtered extract was then analysed by LCMS in positive 
mode, using selected ion monitoring. 
 
Soil samples for glyphosate and APMA analysis were extracted with buffered aqueous 
solvent and sonicated for 30 mins. The filtered extract was pH adjusted before being 
derivatized with DNPH and analysed by UPLC MSMS in negative mode, using selected ion 
monitoring. 
 
Samples were quantitated against standardised calibration curves using freshly and 
accurately prepared standards. As well as freshly prepared standards, stock standards from 
a second source were also analysed to provide added confidence. Blanks, spikes and 
duplicates analysis was conducted as in accordance with ACS QC policy for herbicide and 
herbicide residues so that each batch of samples included 5% blank analysis, 10% duplicate 
analysis and 10% high/low spikes. 
 
Soil moisture was determined through weighing before and after 48 hrs drying at 105 oC. 
Weight was determined using a calibrated balance to two decimal places (0.00 g). All results 
are presented on a dry weight basis. Soil properties were determined by the Chemistry 
Centre in the Queensland Department of Science, Information Technology, Innovation and 
the Arts, Brisbane. 
 

Data Analysis 

Half-life values were calculated from soil concentration reported on a dry weight basis 
following correction for the depth of the sample. Samples found to be below the limit of 
detection (LOD) were assigned half the LOD concentration in all half-life calculations. A half-
life was calculated for each of the three replicates in each treatment and the means of those 

values are presented here. The half-life was calculated using a first-order or exponential 
kinetic decay function to describe pesticide dissipation (Wauchope et al. 1992): 

 C = C0 e
-kt           (1) 
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In this equation, C is the concentration of the herbicide at time t, C0 is the initial 

concentration applied to the soil, k is the rate constant for disappearance, and t is time 

(days). The time taken to reach 50% of the initial concentration was then derived from: 

Half-life = ln 0.5 / k         (2) 

where k was derived from the slope of the linear fit through log transformed soil 
concentrations. Multiple linear regression was conducted for each herbicide against soil 
properties using Excel 2010, as was two-way analysis of variance. Data were log 
transformed prior to analysis to satisfy the assumption of normality and significant differences 
were assigned at p<0.05. 
 

Field Dissipation Studies 

Pesticide dissipation was also measured at three field sites in Queensland on an 
opportunistic basis (Table 2). Samples were collected from the top 2.5 cm of soil with three 
subsamples within a treatment bulked and homogenized to form a single sample. Laboratory 
and data analyses were performed as outlined for the controlled environment study. The 
exception to this was laboratory analysis of samples collected from the Herbert and Silkwood 
study sites which was conducted by the Queensland Health Forensic and Scientific Services 
NATA accredited laboratory in Brisbane. 
 
In addition to the field dissipation samples described here, the Paddock to Reef Integrated 
Monitoring Modelling and Reporting Program collected dissipation data for a range of 
herbicides on several of the soils included in the controlled environment study for direct 
comparison; MAK (Rohde et al., 2011), BUN (Nachimuthu et al., 2012), TUL (Armour et al., 
2011) and also cane trash at these sites.  

Table 2. Description of field dissipation study sites 

Site Lat Long
a
 Soil Type Clay:Silt:Sand Date of pesticide 

application 
Sampled 
timepoints 

Silkwood -17.745, 146.018
b
 NA

c
 NA 23 Sept 2011 1,4,14,35 

Herbert -18.47475, 145.90094 Dermosol,  
clay loam 

22:21:62 9 Sept 2011 0,4,35 

Burdekin -19.59885, 147.300  Dermosol, 
clay loam 

32:24:44 5 Sept 2012 1,2,6,15,35,59 

aGDA 94 Zone 55 
bApproximate only 
cNA-Data currently not available 
 

Herbicides 

Fourteen herbicide active ingredients commonly applied for weed management in 
sugarcane, grains and grazing operations in Queensland were included in the study (Table 
3). The active ingredients included the five herbicides considered priority pollutants under 
Reef Plan; atrazine, ametryn, diuron, hexazinone and tebuthiuron. Herbicides were applied 
as 3 mixes since it was not practically feasible to apply each separately. Herbicides are 
commonly applied as mixtures in farm situations, although it is recognised that the mixtures 
applied here do not represent commonly applied mixtures. Previously reported decreases in 
microbial biomass and activity following the application of some pesticide products, generally 
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insecticides or fungicides (e.g. Munoz-Leoz et al., 2011), suggested that there was potential 
for the composition of the mixtures of herbicides applied in the current study to influence 
microbial degradation. An assessment of the relative impact of each of the three herbicides 
mixes was conducted using assays of microbial activity prior to commencing the experiment 
(see Appendix I). Significant differences were detected between Mix 1 and Mix 3 for two of 
the soils tested in the fluorescein diacetate assay (MT1 and MT3, p<0.05 using Tukey’s HSD 
following two way ANOVA). Therefore, it is acknowledged that the composition of the 
herbicide mixtures may influence the rate of degradation as they impact the microbial 
communities present. 
 
Herbicides were applied at label rates (Table 3) with the highest permitted rates applied for 
herbicides such as imazapic where the predicted concentration in soil was close to the 
laboratory detection limit. Herbicides were applied in commonly available product 
formulations sourced from commercial suppliers. Tebuthiuron was applied as a wettable 
powder, Spike, which is not commercially available in Australia. This product was supplied by 
DowAgrosciences since the pellet form of tebuthiuron (Graslan) registered in Australia was 
not suitable for application in this study. Application of pellets would result in concentration 
gradients around each pellet which would make it difficult to collect representative samples. 
 
Herbicides were applied in a custom built spray cabinet at the Queensland Government 
Leslie Research Centre in Toowoomba (Figure 7). The canister containing the herbicide 
mixture was agitated between sprays. Each replicate was sprayed individually to ensure that 
placement of the soil relative to the nozzles was consistent between replicates. 
 

 

Figure 7. Spray cabinet in which herbicides were applied to soil and crop residue  
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Table 3. Physical chemical properties of herbicides 

Active 
Ingredient 

Product 
Name  

(A.I. g/L) 

Applicatio
n Rate  
(L or 

kg/ha) 

Solubility 
in water

a
 

(mg/l) 

Soil organic 
carbon 

partitioning 
factor

a
  

(Linear Koc, ml/g) 

Dissociation 
constant

a
  

(pKa at 
25

o
C) 

Volatility
a
 

(Vapour 
pressure at 
25

o
C, mPa) 

Maximum UV-
vis 

absorption
ab

 
(L mol

-1
 cm

-1
) 

Mode of Action
a
 

Mix 1         

Atrazine Gesapax 
Combi (500) 

6 35 100 Very weak 
base 
1.7 

Non-volatile 
0.039 

NR Inhibitor of 
photosynthesis at PSII 

Ametryn Gesapax 
Combi (500) 

6 200 316 Very weak 
acid 

10.07 

Non-volatile 
0.365 

NR Inhibitor of 
photosynthesis at PSII 

S-metolachlor Dual Gold 
(960) 

1.1 480 226.1
 c
 No 

dissociation 
Volatile 

3.7 
266nm = 534; 
274nm = 443; 
>=290nm = 10 

Inhibitor of cell division 

Glyphosate Agrochem 
Growler 

(450) 

3 10500 21699 Strong acid 
2.34 

Non-volatile 
0.0131 

NR Inhibition of lycopene 
cyclase. 

Mix 2         

Metribuzin Soccer  
(700) 

2 1165 38 
c
 Strong acid 

0.99 
Non-volatile 

0.121 
294nm = 8175 Inhibitor of 

photosynthesis at PSII 

Imazapic Flame 
(240) 

0.4 2230 137 Strong acid 
2.0 

Non-volatile 
0.01 

NR Inhibits the production 
of amino acids 

necessary for cell 
division and growth 
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Active 
Ingredient 

Product 
Name  

(A.I. g/L) 

Applicatio
n Rate  
(L or 

kg/ha) 

Solubility 
in water

a
 

(mg/l) 

Soil organic 
carbon 

partitioning 
factor

a
  

(Linear Koc, ml/g) 

Dissociation 
constant

a
  

(pKa at 
25

o
C) 

Volatility
a
 

(Vapour 
pressure at 
25

o
C, mPa) 

Maximum UV-
vis 

absorption
ab

 
(L mol

-1
 cm

-1
) 

Mode of Action
a
 

Isoxaflutole Balance 
(750) 

0.2 6.2 145 No 
dissociation 

Non-volatile 
1.00 X 10

-03
 

In neutral 
solution: 

Maxima at 
204nm and 
269nm, No 
absorption 
<290nm 

Acts by indirect 
carotenoid 

biosynthesis inhibition. 

Ametryn Krismat 
(731.5) 

2 200 316 Very weak 
acid 

10.07 

Non-volatile 
0.365 

NR Inhibitor of 
photosynthesis at PSII 

Trifloxysulfuron 
sodium 

Krismat 
(18.5) 

2 25700 306 Weak acid 
4.76 

Non-volatile 
0.001 

NR Inhibitor of 
acetoacetate synthase 

Mix 3         

Diuron Barrage  
(468) 

3 36 1067 No 
dissociation 

Non-volatile 
1.15 X 10

-03
 

Max 250.2nm; 
tail 290nm 

Inhibitor of 
photosynthesis at PSII 

Hexazinone Barrage  
(132) 

3 33000 54 Weak base 
2.2 

Non-volatile 
0.03 

NR Inhibitor of 
photosynthesis at PSII 

Pendimethalin Stomp Xtra 
(455) 

2.2 0.33 15744 Strong acid 
2.8 

Volatile 
1.94 

238nm = 28775, 
425nm = 5490 

Inhibitors of 
microtubule assembly 

Paraquat 
dichloride 

Gramoxone 
(250) 

1.2 620000 100000 No 
dissociation 

Non-volatile 
0.01 

290nm Photosystem I 
(electron transport) 

inhibitor 
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Active 
Ingredient 

Product 
Name  

(A.I. g/L) 

Applicatio
n Rate  
(L or 

kg/ha) 

Solubility 
in water

a
 

(mg/l) 

Soil organic 
carbon 

partitioning 
factor

a
  

(Linear Koc, ml/g) 

Dissociation 
constant

a
  

(pKa at 
25

o
C) 

Volatility
a
 

(Vapour 
pressure at 
25

o
C, mPa) 

Maximum UV-
vis 

absorption
ab

 
(L mol

-1
 cm

-1
) 

Mode of Action
a
 

2,4-D 2,4-D Amine 
(625) 

0.75 23180 88.4 Strong acid 
2.87 

Non-volatile 
0.0187 

290nm = 164.97 Increases biosynthesis 
and production of 
ethylene causing 
uncontrolled cell 
division and so 

damages vascular 
tissue. 

Tebuthiuron Spike (80%) 1g/m2 2500 80 NR Non-volatile 
0.27 

NR Inhibitor of 
photosynthesis at PSII 

a Pesticides Properties Database (PPDB), University of Hertfordshire 
bThe ultraviolet-visible (UV-vis) absorption spectrum is a quantitative measure of the ability of a substance to absorb radiation between 290 and 
600 nm. Gives some indication of the wavelengths at which a chemical may be susceptible to direct photodegradation. Photodegradation of a 
chemical depends upon the total energy absorbed in the specific wavelength regions. 
c Freundlich Koc, rather than linear 
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Results and Discussion 

Soils 

Selected soil properties are provided in Table 1. Particle size analysis showed a large 
variation in the texture of soils selected for inclusion in this study. The clay fraction (< 2 µm) 
ranged from 7.4% (BUN) to 55.1% (MGO). Sand (coarse + fine) versus clay precent for each 
of the soils is shown in Figure 8. The pH of the soils measured at the start of the experiment 
is also shown. Samples collected at day 70 showed that the pH had decreased in most soils 
following the addition of rainwater through the hanging water column or misting onto the 
surface (mean decrease of 0.3). Two replicates in the BUN soil and one replicate each of 
MGO and MT1 recorded an increase in pH of 0.7, 0.8, 0.2 and 0.2 respectively from the 
background level at day 70.  
 
Soil moisture was measured in each of the time points submitted for herbicide analysis 
(Figure 9). There was variation in the measured moisture levels. This was expected as the 
samples were not removed at exactly the same time each day and soils were observed to 
dry out during the hotter period of the day when surface moisture evaporated at a faster rate 
than it was replaced through the hanging water column. Variation was also expected due to 
the periodic misting of water onto the soil surface which was done three times a week. 
Importantly, Figure 9 shows that the soils maintained moisture throughout the study rather 
than gradually drying. Moisture content varied between soils and would be expected to relate 
to soil matric potential (the capillary and absorptive forces within the soil matrix).  
 

 

Figure 8. Sand, clay and pH values of soils  
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Figure 9. Per cent moisture (gravimetric) in soil at selected time points. Results represent the mean of all 
replicates for each soil. 

Pesticide Degradation 

In an initial pilot study, herbicides applied onto soil without a hanging water column were 
found to display non-detectable or limited degradation following 36 days of exposure in the 
glasshouse (e.g Figure 10). These results are consistent with first principles that chemical 
and biological processes are less active at very low soil moisture and concur with the 
findings from previous studies (e.g. Walker, 1976; Wauchope et al., 2004). From a practical 
perspective, the results of the pilot study suggest that herbicides applied to dry soil (or soil 
which dries rapidly) will persist for some time and will be available to control weeds when 
rainfall occurs.   
 

 

Figure 10. Herbicide concentration in the BRG soil in a pilot study without a hanging water column to 
maintain soil moisture. Values represent a pooled analysis of 5 individual replicates and a linear fit is 
shown.  

By comparison, in this study where soils were kept moist measureable rates of degradation 
were observed for all herbicides applied to each soil. The decrease in herbicide 
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concentrations in the soil generally followed first order kinetics, meaning that the rate of 
degradation followed a constant exponential decay rate from the day of application till the 
end of the experiment. Exceptions to this were observed in early timepoints and were 
attributed to sampling and analytical variation. Figure 11 provides an example of atrazine 
degradation observed in the current study on the same soil as presented in Figure 10. 
Degradation was also observed for herbicides applied to cane trash with the exception of 
diuron and tebuthiuron, where no measureable degradation occurred within the 100 day 
experimental timeframe. Plots of the measured concentration over time for each herbicide on 
all of the soils and on cane trash are provided in Appendix II. 

 

Figure 11. Atrazine concentrations in the BRG soil in the current study where a hanging water column 
maintained soil moisture. Results from three replicates are shown with the fit for an exponential decay. 

Table 4 shows the half-life and associated coefficients of variation calculated for all herbicide 
and soil combinations. Both soil type and herbicide active ingredient had a significant impact 
on half-life (p= 2.4E-49 and p= 6.6E-85 respectively). The half-lives ranged from 12 days for 
atrazine on the Ferrosol (WAK) to >744 days for paraquat on a heavy Vertosol (MAK). The 
calculated half-life could vary considerably between the three replicates with coefficients of 
variation ranging from 4 - 322%. The highest coefficients of variation were observed for the 
herbicide paraquat. It is likely this can be attributed to reproducibility of the laboratory 
process for extracting this tightly bound herbicide from soil for analysis.  
 
The degradation rate measured in the current study is relevant for relatively high 
temperatures (11 oC to 47 oC) and soil moisture content and has been measured only in the 
shallow surface layer which is exposed to climatic extremes. The half-lives presented here 
are therefore expected to be shorter than many available literature values. 
 
While the degradation half-lives derived were comparable to literature values for some 
herbicides, such as atrazine, others produced results that were considerably different (Table 
5). For example, the mean half-life for imazapic was 37 days (ranging from 20-81) which is 
approximately 6 fold faster than reported in the pesticides properties database (PPDB, 
University of Hertfordshire) which largely draws on data from temperate regions (Table 5). 
This study, along with a field study on the MAK soil with trash covered soil (Rohde et al., 
2011, Table 6), represent the first estimates of the half-life of imazapic and other ‘non-
regulated’ herbicides in a tropical environment. Half-lives of trifloxysulfuron sodium and 
pendimethalin were also faster than PPDB estimates, by a factor of 2-2.5 on average. In 
contrast, the half-life measured for the emerging herbicide isoxaflutole was more than 10 
times slower than the PPDB value for each of the soils tested. These values are more 
consistent with anecdotal evidence from Queensland growers that isoxaflutole provides 
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effective weed control for extended periods. Importantly, it should be noted that it is the 
diketonitrile derivative of isoxaflutole that is herbicidally active and is formed rapidly in plants 
following root and shoot uptake as well as in the soil (Pallett et al., 2001). A study conducted 
in Minnesota, USA, on three soil types recorded half-lives of isoxaflutole plus the diketonitrile 
metabolite as 8-18 days (Papiernik et al., 2007)1 while the half-life of only the parent 
compound was found to be 14-22 days on Queensland soils. Comparison of PPDB values to 
the half-lives determined for Queensland cropping soils highlights the importance of locally 
relevant data for realistic prediction of herbicide fate. 

Table 4. Measured half-lives (days) for each herbicide and soil. The mean is presented (n=3) with 
coefficients of variation (%) in parentheses. 

Herbicide WAK BUN MAK MT1 MT3 TUL MGO BRG BUR TRH 

Diuron 55 
(84) 

56 
(21) 

200 
(55) 

50 
(15) 

134 
(36) 

64 
(28) 

14 
(19) 

49 
(55) 

26 
(12) 

>100 

Hexazinone 43 
(30) 

38 
(9) 

97 
(42) 

43 
(22) 

75 
(51) 

49 
(35) 

33 
(42) 

48 
(34) 

28 
(54) 

97 
(3) 

Pendimethalin 41 
(26) 

33 
(24) 

56 
(28) 

35 
(10) 

60 
(16) 

40 
(10) 

29 
(10) 

30 
(30) 

32 
(8) 

19 
(4) 

Tebuthiuron 87 
(44) 

120 
(62) 

260 
(186) 

190 
(71) 

178 
(51) 

70 
(33) 

90 
(43) 

120 
(107) 

162 
(133) 

>100 

2,4-D 18 
(6) 

19 
(13) 

15 
(12) 

16 
(34) 

17 
(6) 

22 
(10) 

21 
(4) 

16 
(13) 

14 
(10) 

32 
(7) 

Atrazine 12 
(8) 

17 
(25) 

19 
(4) 

21 
(9) 

22 
(8) 

19 
(12) 

13 
(25) 

13 
(4) 

16 
(8) 

44 
(38) 

Ametryn 
(gesapax) 

17 
(7) 

19 
(6) 

41 
(7) 

21 
(10) 

27 
(13) 

39 
(24) 

13 
(32) 

19 
(8) 

25 
(10) 

37 
(32) 

Ametryn 
(krismat) 

20 
(7) 

18 
(8) 

40 
(12) 

22 
(8) 

46 
(30) 

61 
(31) 

13 
(4) 

17 
(6) 

23 
(4) 

45 
(67) 

S-Metolachlor 20 
(7) 

17 
(5) 

50 
(2) 

26 
(7) 

40 
(13) 

23 
(20) 

20 
(43) 

36 
(10) 

28 
(16) 

74 
(66) 

Glyphosate 20 
(6) 

18 
(3) 

34 
(9) 

20 
(23) 

25 
(13) 

42 
(20) 

31 
(12) 

20 
(10) 

19 
(18) 

59 
(31) 

Imazapic 50 
(8) 

81 
(10) 

42 
(27) 

20 
(13) 

38 
(36) 

31 
(19) 

26 
(27) 

26 
(5) 

20 
(6) 

117 
(117) 

Isoxaflutole 18 
(8) 

18 
(3) 

14 
(12) 

17 
(10) 

21 
(5) 

14 
(3) 

22 
(13) 

18 
(3) 

21 
(9) 

45 
(56) 

Metribuzin 25 
(11) 

16 
(5) 

44 
(41) 

21 
(19) 

62 
(51) 

24 
(41) 

19 
(5) 

28 
(9) 

18 
(3) 

84 
(94) 

Trifloxysulfuron 28 
(10) 

37 
(9) 

21 
(4) 

31 
(19) 

33 
(14) 

20 
(7) 

21 
(6) 

17 
(12) 

25 
(5) 

93 
(118) 

Paraquat 528 
(71) 

462 
(45) 

744 
(202) 

67 
(322) 

326 
(44) 

247 
(69) 

253 
(39) 

176 
(23) 

244 
(53) 

41 
(61) 

 
Atrazine is one of the most commonly applied herbicides used to control broadleaf weeds in 
Queensland cropping (Rayment and Simpson, 1993; Simpson et al., 2001a). It is applied 
pre-emergence in expectation of providing season long residual weed control. However, the 
half-lives determined in this study (12-21 days) were comparable or shorter than those 
observed for knockdown herbicides such as 2,4-D or glyphosate. The half-lives determined 

                                                
1 The diketonitrile product was also measured in the current study, however, results are not 
yet available. 
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in this study were similar to those derived in a field study on a black Vertosol in Queensland 
(16-20 days) (Rattray et al., 2007) and were not much faster than reported in the PPDB (29 
days). The repeated use of atrazine at a site has been shown to reduce the half-life in that 
location as microbial populations adapt to rapidly mineralise the herbicide (Krutz et al., 2010). 
These findings suggest that the effectiveness of atrazine for weed control can reduce over 
time. Importantly, it also has implications for modelling of the fate of atrazine. Accurate 
prediction of half-life of atrazine may need to take into account the history of atrazine 
applications at a given location. By comparison, a study of the degradation of six insecticides 
in tropical conditions showed no accelerated degradation after several repeat application 
experiments (Ciglasch et al., 2006), suggesting that this phenomena is likely to be compound 
specific. Given that each of the soils included in the current study was from a cropped site 
with a history of herbicide applications which likely included atrazine2, it is expected that the 
short half-life values observed were representative of results for cropped soils where atrazine 
has previously been applied. However, in situations where atrazine is applied each season to 
the same site, half-life values may be shorter than reported here.  
 
Tebuthiuron is applied to control woody weeds in grazing situations in Queensland and has 
been reported to provide weed control for many years following application (Graham Fossett, 
DowAgrosciences, pers comms, 2013). The degradation rate reported under laboratory 
conditions in the PPDB was 360 days while a field half-life as long as 1062 days has been 
reported (USEPA, 1994). The half-life on all soils in the current study was shorter than 260 
days and was as low as 70 days on the sandy TUL soil. Tebuthiuron was applied as Spike, a 
wettable powder, when only the pellet formulation is currently registered in Australia. The 
wettable powder was used in this study since it would not have been possible to collect 
representative soil samples from a box surface if the pellet form had been applied. However, 
it is possible that there are differences in the fate of these formulations. Furthermore, the 
majority of tebuthiuron usage is in the dry tropics region of the GBR catchment which 
experiences relatively low annual average rainfall. Therefore, the soil moisture levels 
maintained in the controlled environment experiment may exceed field moisture levels for 
many tebuthiuron application scenarios. Tebuthiuron has been noted to take longer to break 
down in areas that have less rainfall. It has also been noted that the half-life for tebuthiuron is 
greater in high organic soils, regardless of rainfall (WSSA, 1989), although this was not found 
to be a significant explanatory variable in the current study.  
 

Effect of soil properties on herbicide degradation  

The half-lives for some of the herbicide products were very similar across all of the soil types. 
For example, the mean half-life of atrazine, 2,4-D and isoxaflutole varied less than 2 fold 
(1.8, 1.6 and 1.5 respectively) across the tested soils. By comparison, the mean half-life of 
diuron varied 14 fold, which makes prediction of the appropriate degradation rate for a given 
environmental situation challenging. Multiple linear regression suggested that pH and total 
organic carbon (TOC) were important factors for predicting the diuron half-life where as other 
factors considered (clay content, electrical conductivity (EC) and average moisture at 
sampling timepoints) were not found to be significant explanatory variables. TOC was a 
significant explanatory variable in the observed degradation rates for many of the herbicides. 
Previous studies have also noted slower herbicide degradation rates on soils with higher 
organic matter content (e.g. Ismail et al., 2012, Walker and Blacklow, 1994). However, soil 
organic carbon in tropical regions is generally much lower than in temperate environments 
(Sanchez-Bayo and Hyne, 2011). 
 
TOC was not found to be a significant explanatory variable for degradation rates of paraquat, 
tebuthiuron, 2,4-D, glyphosate or isoxaflutole. There were no significant correlations with any 

                                                
2 The herbicide application history for each soil is being compiled. 



 

 - 27 - 

of the examined soil properties for the herbicides tebuthiuron or paraquat. Both of these 
herbicides showed slow degradation rates as well as high variability in results. 
 
An earlier study on Queensland soils found that degradation of diuron was much slower on 
Ferrosols (half-life >150->250 days) compared to a Kandosol or Chromosol (half-life 6-15 
days). This was attributed to the binding capacity of the Ferrosol soil, which had high clay%, 
protecting the compound from microbial and chemical degradation processes (Simpson et 
al., 2001b). Other field trials have similarly noted that persistence of herbicides was greater 
in clay soils followed by sandy loam, loamy sand and sandy soils (e.g. Masingh et al 2003). 
However, the Ferrosol soil included in this study (WAK, 55 days) did not show slower rates of 
diuron degradation. Furthermore, the soils with highest clay content exhibited both the 
slowest (MAK, 200 days) and fastest (MGO, 14) degradation (Figure 12). 

Table 5. Mean and range of measured half-life (days) compared to selected database and literature review 
values 

Herbicide Glasshouse 
half-life

a
 

PPDB Field 
half-life

b
 

PPDB Lab  
half-life

b 
(20

o
C) 

Typical tropical 
half-life

c
 

Diuron 72, 14-200 89 75.5 16, 15–31 

Hexazinone 51, 33-97 105 90 21, 20–21 

Pendimethalin 40, 29-60 90 123 32, 13–1396 

Tebuthiuron 142, 70-260 400 360 NR
d
 

2,4-D 18, 14-22 10 14 1, 0.5–1.3 

Atrazine 17, 12-22 29 66 13, 5–41 

Ametryn  25, 13-41 37 60 25, 17–33 

S-Metolachlor 29, 17-50 21 14.5 33, 14–47 

Glyphosate 25, 18-42 12 49 31, 9–50 

Imazapic 37, 20-81 232 120
e
 NR

d
 

Isoxaflutole 18, 14-22 1.3 2.3 NR
d
 

Metribuzin 28, 16-62 19 11.5 NR
d
 

Trifloxysulfuron 26, 17-37 63.5 70 NR
d
 

Paraquat 339, 67-744 365 365 41, 36-46 

a Current Study 
b Pesticide Properties Database (PPDB), University of Hertfordshire 
c Sanchez Bayo and Hyne, 2011 
d NR=Not reported 
e’Typical’ value, lab data not available  
 
The PSII inhibiting herbicide ametryn was included in the current study in two different 
product formulations; as Gesapax which includes atrazine and as Krismat which includes 
trifloxysulfuron. The mean calculated half-life values for ametryn applied in each formulation 
were similar with values within a factor 0.92 - 1.5. In a study comparing ametryn degradation 
on pH adjusted soils, pH was found to contribute significantly to observed degradation rates 
(Andrade et al., 2010). In the current study, pH was a significant explanatory variable for the 
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degradation of ametryn applied as Krismat while not significant for ametryn applied as 
Gesapax. TOC and the average soil moisture were found to contribute significantly to 
degradation of ametryn in both formulations. 

 

Figure 12. Diuron concentration in each soil (mean, n=3). A trendline is shown for the soil with the 
shortest (MGO) and longest (MAK) half-life.  

Comparison to field derived half-lives 

Degradation in a controlled environment such as the glasshouse was not subject to losses 
via offsite transport processes such as runoff or leaching. Degradation measured in the 
glasshouse was compared to the dissipation of herbicides observed at the field sites from 
which the soils were collected for use in the glasshouse and at other sites within the GBR 
catchment (Table 6). The half-lives determined in the controlled condition were consistent 
with estimates from the field sites in many instances. For example, the half-lives for diuron in 
the MAK soil and pendimethalin in the TUL soil were similar to the field derived values. On 
the sandy soil from a cane demonstration farm in Bundaberg (BUN), the glasshouse value 
was the same as the upper estimate from the field for atrazine (17 days). However, the 
glasshouse derived value for this same herbicide was 1.7 times faster than the field derived 
value in the Wet Tropics. In contrast, degradation of hexazinone on a heavy Vertosol in the 
Mackay region was slower in the glasshouse than observed in the field.   
 
The lack of consistent trends between herbicide degradation rates observed in the field and 
those observed in the controlled glasshouse environment highlights the difficulty in isolating 
factors contributing to dissipation in a field scenario. In field scenarios, studies have shown 
that significant losses occur through leaching, runoff and plant update (e.g. >15% of the 
applied isoxaflutole can be lost through leaching in 25 days (Papiernik et al., 2007)). This 
would mean that the glasshouse degradation rates, which exclude losses due to 
runoff/leaching/plant uptake, are more appropriate for use in predicting herbicide fate in 
agricultural soil water balance models where losses due to degradation are considered as a 
separate process to loss through runoff/leaching/plant uptake. However, it needs to be 
considered that for herbicides where photodegradation is an important loss pathway the 
glasshouse will underestimate loss. 
 
In certain instances, the degradation rates measured in the glasshouse were faster than 
observed in Queensland field situations. It is hypothesized that this is due to the 
maintenance of relatively high soil moisture levels in the glasshouse through the use of a 
hanging water column whereas in a field situation soil will dry out between rainfall events. 
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This is consistent with the findings of the pilot glasshouse study which found limited to no 
degradation in soils which were allowed to dry out over time. 

Table 6. Measured half-life (days) in the controlled environment compared to field dissipation rates 
derived for the same or similar soils in Queensland 

Soil Herbicide Glasshouse 
half-life 

Field  
half-life 

Reference 

BUN Atrazine 
Pendimethalin 
S-Metolachlor 
Paraquat 
Metribuzin 

17 
33 
17 

426 
16 

10, 17, 8 
18 

34,17 
260 
5,3 

Nachimuthu et al., 2012 

MAK Diuron 
Hexazinone 
Imazapic 

200 
97 
42 

199 
53 
118 

Rohde et al., 2011 

TUL Diuron 
Atrazine 
Hexazinone 

64 
19 
49 

38 
33 
19 

Armour et al., 2011 

 Pendimethalin 40 37  

WAK     
     

TRH Hexazinone 
Imazapic 
Atrazine 
S-Metolachlor 

97 
117 
44 
74 

119 
13 
3.7 
6.1 

Rohde et al., 2011 
Rohde et al., 2011 
Nachimuthu et al., 2012 
Nachimuthu et al., 2012 

Brown 
Dermosol 

2,4-D 
Glyphosate 

14 a 
19 a 

13.9 
21.4  

Davis et al., 2012 

Black 
Vertosol 

2,4-D 
Glyphosate 

15, 21 b 
34, 31 b 

11.7, 27.6 
42.1 

Davis et al., 2012 

Red 
Dermosol-
Herbert 

Ametryn 
Atrazine 
Diuron 
Hexazinone 
S-Metolachlor 

 231 
15.5 
77 
173 
69.3 

Bare soil at P2R rainfall 
simulation study site, 
(Cowie et al., 2013). See 
Appendix III. 

Silkwood Diuron 
Hexazinone 
Metribuzin 

 23 
7 
7 

See Appendix III. 

Burdekin 2,4-D 
Glyphosate 
Fluroxypyr 
Diuron 
Atrazine 
Ametryn 
S-metolachlor 
Metribuzin 
Pendimethalin 
Isoxaflutole 
Imazapic 

 9.4 
7.8 

14.1 
69.3 

12, 25 
14.7, 20 

13.6 
16.9 
23.1 
2.3 

15.8 

See Appendix III. 

a BUR – values from the glasshouse trial soil considered most similar to the field site 
b MAK/MGO – values from the glasshouse trial soils considered most similar to the field site 
 
Pesticide residues are generally thought to degrade more quickly on plant surfaces and on 
crop residues than in soil. In the SWAT pesticide model, half-lives for pesticides on crop 
residues are assumed to be less than the soil half-life by a factor of 0.5 to 0.25 depending on 



 

 - 30 - 

vapour pressure and sensitivity to photodegradation and are capped at a maximum of 30 
days (Neitsch et al 2004). Degradation rates on cane trash in the current study were found to 
range from 19 to 117 days, with no detectable degradation observed for diuron or 
tebuthiuron, which is considerably slower than reported from relevant field studies. It is 
expected that dissipation due to wash off is a significant loss pathway from crop residues in 
the field (Dang et al., 2012). However, photodegradation is also likely to contribute to 
herbicide losses from cane trash more than from soil where the penetration depth of light is 
known to be limited to approximately 0.5 cm (Katagi, 2004). Degradation rates on trash from 
the current experiment can be considered conservative estimates for application in 
modelling. 
 

Conclusions 

Degradation rates have been measured for 14 herbicides on nine common cropping soils 
and on crop residues under controlled temperature and soil moisture conditions. In addition, 
field studies have provided comparison of dissipation under field situations. Half-lives were 
found to range from 12 days for atrazine on the Ferrosol (WAK) to >744 days for paraquat on 
a heavy Vertosol (MAK). The half-life values were comparable to international database and 
literature values from tropical field studies for well-studied herbicides including atrazine and 
ametryn. However, half-lives for several herbicides that have not previously been reported 
under tropical conditions (imazapic, pendimethalin, trifloxysulfuron) were on average 2.5-6 
fold faster than PPDB values. In contrast, the degradation rate of isoxaflutole was >10 fold 
slower than PPDB values. Half-lives for all herbicides on cane residues were slower than has 
been previously reported, which may be due to the effects of herbicide washoff in field 
studies and to limited photodegradation in the current study. 
 
Half-lives varied by less than a factor of 2 between soils for the herbicides atrazine, 2,4-D 
and isoxaflutole whereas half-lives for diuron varied by a factor of 14. Total organic carbon 
was found to be a significant explanatory variable for predicting degradation rates for many 
of the herbicides in this study. Further analysis of the data is required to investigate 
relationships between soil properties and herbicide half-lives, which may allow estimation of 
half-lives for all soils in the GBR catchment. 
 
The results presented here highlight the importance of locally derived half–life data for use in 
prediction of herbicide fate. Values derived in the current study can be considered to provide 
conservative estimates for the tested soil temperature and moisture conditions since loss 
processes including leaching, runoff, plant uptake and to some degree photodegradation 
have been excluded. The half-lives derived in this study relate to the surface 2.5 cm of soil 
which is the depth relevant to extraction of herbicides into runoff. Adoption of the half-life 
values from this study in the paddock to reef modelling program will improve prediction of 
herbicide losses under various management scenarios and will therefore improve prediction 
of loads of herbicides entering the Great Barrier Reef lagoon.  
 

  



 

 - 31 - 

Acknowledgements 

The authors would like to thank those who provided assistance with logistics to collect and 
prepare the soils for this study; John Armour, Bronwyn Masters, Ken Rohde and Craig 
Thornton. Michael Widderick and Andrew McClean from the Leslie Research Centre, DAFF, 
provided assistance with herbicide application. Peer Shenk and his research staff from the 
University of Queensland provided the analysis of microbial activity in soils. Thanks also to 
those who helped with preparation or collection of soil samples in the glasshouse including 
Kaela McDuffie (DNRM), Monia Anzooman (USQ) and Kevin Kodur (DNRM) with special 
acknowledgement of the contribution by Maria Harris (DNRM) and Dominique O’Brien 
(JCU).We thank Emilie Fillols, Tim Staier and Dave Olsen (Sugar Research Australia) for 
applying the herbicides in the Burdekin field trial.  
 
This project was jointly funded through the rainfall simulation and paddock modelling 
components of the Paddock to Reef Integrated Monitoring, Modelling and Reporting 
program, the Reef R&D program and through a Reef Protection Program grant to include 
analyses for ‘emerging’ herbicides.   



 

 - 32 - 

References 

Andrade, S.R.B., Silva, A.A., Lima, C.F., Quieroz, M.E.L.R., Franca, A.C. and D’Antonio, L. 
(2010). Determination of half-life of ametryn on red-yellow latosol and red-yellow ultisol 
with different pH values. Planta Daninha 28, 375-383. 

Anon. (2009, 2013). The State of Queensland and Commonwealth of Australia. Reef water 
quality protection plan; for catchments adjacent to the Great Barrier Reef World Heritage 
Area. Queensland Department of Premier and Cabinet, Brisbane, 
http://www.reefplan.qld.gov.au/. 

Armour, J., Davis, D., Masters, B., Whitten, M., Mortimore, C. and Bainbridge, Z. (2011). 
Paddock Scale Water Quality Monitoring of Sugarcane and Banana Management 
Practices: Interim Technical Report 2010/2011 Wet Season, Wet Tropics Region. 
Queensland Department of Environment and Resource Management, Australian Centre 
for Tropical Freshwater Research and Queensland Department of Employment, Economic 
Development & Innovation for Terrain Natural Resource Management, Australia.  

Carroll, C., Waters, D., Vardy, S., Silburn, D.M., Attard, S., Thorburn, P,J., Davis, A.M., 
Halpin, N., Schmidt, M., Wilson, B., and Clark, A. (2012). A paddock to reef monitoring 
and modelling framework for the Great Barrier Reef: Paddock and catchment component. 
Marine Pollution Bulletin 65, 136-149. 

Ciglasch, H., Busche, J., Amelung, W., Totrakool, S., and Kaupenjohann, M. (2006). Field 
aging of insecticides after repeated application to a northern Thailand ultisol. Journal of 
Agriculture and Food Chemistry 54, 8551-8559.   

Cowie, B., Shaw, M., Davison, L., Tang, W., DiBella, L., Benson, A., and Nash, M. (2013). 
Comparing runoff loss of knockdown and residual herbicides in the Herbert catchment. 
Reef Water Quality Protection Plan Secretariat, viewed 17-may-2013, 
<www.reefplan.qld.gov.au/measuring-success/case-studies/case-studies-
sugarcane/comparing-runoff-loss.aspx>. Department of Natural Resources and Mines, 
Herbert Cane Productivity Services Ltd, Terrain Natural Resource Management, 
Tropwater James Cook University, Queensland. 

Dang, A., Silburn, D.M., Craig, I., Foley, J. and Shaw, M. (2012). Herbicide washoff from 
sugar cane trash by rainfall. National Soils Conference 2012, Australian Society of Soil 
Science. Hobart, Tasmania. 

Davis, A., Milla, R., Bainbridge, Z., and Ginders, M. (2011). Paddock Scale Water Quality 
Monitoring Interim Technical Report for 2010-2011, Lower Burdekin Sugarcane Region.  
Australian Centre for Tropical Freshwater Research and Queensland Department of 
Employment, Economic Development & Innovation for NQ Dry Tropics, Australia.  

EFSA, European Food Safety Authority (2007). Opinion on a request from EFSA related to 
the default Q10 value used to describe the temperature effect on transformation rates of 
pesticides in soil. European Food Safety Authority (EFSA) Journal 622, 1-32. 

Ismail, B.S., Mazlinda, M. and Zuriati, Z. (2012). Effects of temperature, soil moisture content 
and degradation of cypermethrin in two types of Malaysian agricultural soils. World 
Applied Sciences Journal 17, 428-432. 

Katagi, T. (2004). Photodegradation of pesticides on plant and soil surfaces. Reviews in 
Environmental Contamination and Toxicology 182, 1-195. 

Krutz, J.L., Shaner, D.L., Weaver, M.A., Webb, R.T.T., Zablotwicz, R.M., Reddy, K.N., 
Huang, Y. and Thomson, S.J. (2010). Agronomic and environmental implications of 
enhanced s-triazine degradation. Pest Management Science 66, 461-481. 

Lewis, S., Brodie, J., Bainbridge, Z., Rohde, K., Davis, A., Masters, B., Maughan, M., Devlin, 
M., Mueller, J. and Schaffelke, B. (2009). Herbicides: a new threat to the Great Barrier 
Reef. Environmental Pollution 157, 2470–2484. 

Mansingh, A., Robinson, D.E., Dalip, K. M. in Pesticide residues in coastal tropical 
ecosystems: distribution, fate and effects, (Eds. M. D. Taylor, S. J. Klaine, F. P. Carvalho, 
D. Barcelo and J. Everaarts) (2003). p. 425 – 463, Taylor and Francis, New York. 

http://www.reefplan.qld.gov.au/


 

 - 33 - 

Munoz-Leoz, B., Ruiz-Romera, E., Antiguedad, I. and Garbisu, G. (2011). Tebuconazole 
application decreases soil microbial biomass and activity. Soil Biology and Biochemistry 
43, 2176-2183. 

Nachimuthu, G., Halpin, N., and Bell, M. (2012). Paddock to sub-catchment scale water 
quality monitoring of vegetable-sugarcane farming systems. Technical report 2011-2012, 
Burnett Mary Region. Department of Agriculture, Fisheries and Forestry, Queensland 
(DAFFQ) and The University of Queensland (QAAFI). 

Neitsch, S.L., Arnold, J.G., Kiniry, J.R., Srinivasan, R. and Williams, J.R. (2004). Soil and 
Water Assessment Tool (SWAT) Input/Output File Documentation, Version 2005. 
Agricultural Research Service and Texas Agricultural Experiment Station, Texas. 

NQ Dry Tropics (2009). Reef Rescue ABCD framework for sugar producers in the Burdekin 
2009. North Queensland Dry Tropics Regional Management Body, 
http://www.nqdrytropics.com.au/. 

Packett, R., Dougall, C., Rohde, K and Noble, R. (2009). Agricultural lands are hot‐spots for 
annual runoff polluting the southern Great Barrier Reef lagoon. Marine Pollution Bulletin 
58, 976-986. 

Pallett, K.E., Cramp, S.M., Little, J.P., Veerasekaran, P., Crudace, A.J. and Slater, A.E. 
(2001). Isoxaflutole: the background to its discovery and the basis of its herbicidal 
properties. Pesticide Management Science 57, 133-142. 

Papiernik, S., Yates, S.R., Koskinen, W.C. and Barber, B. (2007). Processes affecting the 
dissipation of the herbicide isoxaflutole and its diketonitrile metabolite in agricultural soils 
under field conditions. Journal of Agriculture and Food Chemistry, 55, 8630-8639. 

Racke, K.D., Skidmore, M.W., Hamilton, D.J., Unsworth, J.B., Miyamoto, J. and Cohen, S.Z. 
(1997). Pesticide fate in tropical soils. Pure and Applied Chemistry 69, 1349-1371. 

Rattray, D.J., Standley, J., Silburn, D.M., Freebairn, D.M. and Spann, K.P. (2007). Atrazine 
degradation and transport in runoff on a Black Vertosol. Australian Journal of Soil 
Research 45, 598-606. 

Rayment, G.E. and Simpson, B.W. (1993). Pesticide audit for the Condamine-Balonne-
Culgoa catchment. In ‘Water Quality Management in the Condamine-Balonne-Culgoa’. 
(Ed. Kenway SJ). Condamine-Balonne Water Committee Inc., Dalby, Queensland. 

Rohde, K., Bush, A. and Agnew, J. (2011). Paddock to Sub-catchment Scale Water Quality 
Monitoring of Sugarcane Management Practices. Interim Report 2010/11 Wet Season, 
Mackay Whitsunday Region. Department of Environment and Resource Management, 
Queensland Government for Reef Catchments (Mackay Whitsunday Isaac) Limited, 
Australia. 

Sanchez-Bayo, F. and Hyne, R.V. (2011). Comparison of environmental risks of pesticides 
between tropical and nontropical regions. Integrated environmental assessment and 
management 7, 577-586.  

Shaw, M., Furnas, M., Fabricius, K., Haynes, D., Carter, S., Eaglesham, G. and Mueller, J. F. 
(2009). Monitoring pesticides on the Great Barrier Reef. Marine Pollution Bulletin 60, 113-
122. 

Shaw, M., Silburn, D.M., Thornton, C., Robinson, B. and McClymont, D. (2011). Modelling 
pesticide runoff from paddocks in the Great Barrier Reef with HowLeaky. MODSIM 2011, 
Perth, Western Australia.  

Simpson, B.W., Calcino, D. and Haydon, G. (2001a). Pesticide and fertiliser use in the 
Australian sugar industry. Workshop Paper 3.2. In: Proceedings, Offsite movement of 
agrochemicals in tropical sugarcane production – extension workshop, Bundaberg, 
Australia, 8–9 May 2001. NR&M, ACIAR and MSIRI. Queensland Government, 
Department of Natural Resources & Mines, Brisbane. 

Simpson, B. W., Hargreaves, P.A., Ruddle, L., Packett, R., Sallaway, M. (2001b). Pesticide 
transport in sugar production systems, final report. Department of Natural Resources and 
Mines, Queensland. 

Smith, R., Middlebrook, R., Turner, R., Huggins, R., Vardy, S. and Warne, M. (2012). Large‐
scale pesticide monitoring across Great Barrier Reef catchments – Paddock to Reef 



 

 - 34 - 

Integrated Monitoring, Modelling and Reporting Program. Marine Pollution Bulletin 65, 
117-127. 

Kennedy, K., Schroeder, T., Shaw, M., Haynes, D., Lewis, S., Bentley, C., Paxman, C., 
Carter, S., Brando, V., Bartkow, M., Hearn, L. & Mueller, J. F. (2012). Long-term 
monitoring of photosystem-II herbicides on the Great Barrier Reef – trends and correlation 
to remotely sensed water quality. Marine Pollution Bulletin 65, 292-305. 

USEPA. (1994). Reregistration Eligibility Decision, Tebuthiuron, Case 0054 United States 
Environmental Protection Agency, Office of Pesticide Programs, Special Review and 
Reregistration Division, Washington, DC. 

Wauchope, R.D., Buttler, T.M., Hornsby, A.G., Augustijn-Beckers, P.W.M. and Burt, J.P. 
(1992). The SCS/ARS/CES pesticide properties database for environmental decision-
making. Reviews of Environmental Contamination and Toxicology 123, 1-164. 

Wauchope, R.D., Rojas, K.W., Ahuja, L.R., Ma,Q., Malone, R.W. and Ma L. (2004). 
Documenting the pesticide processes module of the ARS RZWQM agroecosystem model. 
Pesticide Management Science 60, 22–239.  

Walker, A. (1976). Simulation of herbicide persistence in soil III. Propyzamide in different soil 
types. Pesticide Science 7, 59-64. 

Walker, S.R. and Blacklow, W.M. (1994). Adsorption and degradation of triazine herbicides in 
soil used for lupin production in Western Australia: Laboratory studies and a simulation 
model. Australian Journal of Soil Research 32, 1189-1205.  

WSSA Herbicide Handbook Committee. (1989). Herbicide handbook of the weed science 
society of America, 6th Ed. WSSA, Champaign, Illinois, USA.  

Wu, J. and Nofziger, D.L. (1999). Incorporating temperature effects on pesticide degradation 
into a management model. Journal of environmental quality 28, 92-100.   



 

 - 35 - 

Appendix I 

Microbiology Assay Results 

Ecoplate Assay 

The Ecoplate assay provides a comparison of carbon sources that are able to be utilised and 
provides an overall measure activity for culturable microorganisms. 
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Figure 13. Mean well colour development (AWCD) indicating microbial activity in the Ecoplate assay 
following seven days exposure to dried-rewet and fresh field soils from four sites. Microbial response to 
the fresh soil after application of the three mixtures of herbicides used in the glasshouse trial is also 
shown. Error bars show ±1 standard deviation, (n=3).  
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Fluorescein Diacetate Assay 

The fluorescein diacetate assay (FDA) provides a measure of hydrolysis of FDA by microbes 
in soil. Lipase, protease and esterase enzymes are involved in this process and therefore a 
broad spectrum of microbiological 'activity' is detected. 
 

  

  

Figure 14. Mean fluorescein production (µg/µL) indicating microbial activity in the FDA assay following 
seven days exposure to dried-rewet (D) and fresh (F) field soils from four sites (M1=MT1, M3=MT3, 
VP=MAK, TU=TUL). Microbial response to the fresh soil after application of the three mixtures of 
herbicides used in the glasshouse trial is also shown. Error bars show ±1 standard deviation, (n=3).  

 
  



 

 - 37 - 

Appendix II 

Plots of herbicide concentration in soil  

Measured concentrations of herbicides in soil and cane trash are shown below for each 
replicate at each sampling timepoint. Replicate numbers (1.1, 2.1, 3.1 etc) indicate the mix in 
which each herbicide was applied. 
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1. WAK 

 
2. MGO 

 
3. MT3 
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5. BRG 

 
6. MAK 
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8. TUL 
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Hexazinone 
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Pendimethalin 
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Tebuthiuron 
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Ametryn (gesapax) 
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S-metolachlor 
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Appendix III 

Field Dissipation Data 

Silkwood 

 

Figure 15. Concentration of diuron in soil after time of application from a Silkwood cane farm. Values 
represent the analysis of a bulked, homogenised sample from multiple sample points within the 
experimental plot. The fit for an exponential curve is shown. 

 

 

Figure 16. Concentration of hexazinone and metribuzin in soil after time of application from a Silkwood 
cane farm. Values represent the analysis of a bulked, homogenised sample from multiple sample points 
within the experimental plot. Lines show the exponential fit for each herbicide.  
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Herbert 

 

Figure 17. Concentration of herbicides in soil after time of application from bare soil from a Herbert cane 
farm. Values represent the analysis of a bulked, homogenised sample from multiple sample points within 
two replicate plots. Lines show the exponential fit for each herbicide. 

 

Burdekin 

 

Figure 18. Concentration of herbicides applied in Mix1 in soil after time of application from the furrow of a 
Burdekin cane farm. Values represent the analysis of a bulked, homogenised sample from multiple 
sample points within the experimental plot. Lines show the exponential fit for each herbicide. 
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Figure 19. Concentration of herbicides applied in Mix2 in soil after time of application from the furrow of a 
Burdekin cane farm. Values represent the analysis of a bulked, homogenised sample from multiple 
sample points within the experimental plot. Lines show the exponential fit for each herbicide. 

 

 

Figure 20. Concentration of herbicides applied in Mix3 in soil after time of application from the furrow of a 
Burdekin cane farm. Values represent the analysis of a bulked, homogenised sample from multiple 
sample points within the experimental plot. Lines show the exponential fit for each herbicide. 
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