Project
title
Pesticide leaching through cracking clay soils in relation to management
practices, soil structure and timing of application
MAFF
project code
PL0524


ministry of agriculture, fisheries and food
CSG 15
Research and Development

Final Project Report
(Not to be used for LINK projects)

Two hard copies of this form should be returned to:


Research Policy and International Division, Final Reports Unit


MAFF, Area 6/01


1A Page Street, London SW1P 4PQ

An electronic version should be e-mailed to c.csgfinrep@csg.maff.gsi.gov.uk





Project title
Pesticide leaching through cracking clay soils in relation to management
practices, soil structure and timing of application

MAFF project code
PL0524


Contractor organisation and location
Soil Survey and Land Research Centre, Cranfield University
Silsoe, Bedfordshire
MK45 4DT

Total MAFF project costs
£ 202,000


Project start date
01/04/97

Project end date
31/03/00

Executive summary (maximum 2 sides A4)
To tab in this section press the tab key and the Control key together
Press the DOWN arrow once to move to the next question.

The most important mechanism for movement of diffusely-applied pesticides from soil to surface waters in the UK is via drainflow in slowly permeable soils with the potential for bypass flow. Approximately 33% of England and Wales has soil with a significant potential for bypass flow and most under arable cultivation is drained, so management techniques that decrease losses of pesticides to surface waters from clay soils could have great benefit.  The overall aim of this study was to carry out lysimeter experiments which allowed sufficient treatment replication to test the statistical significance of any effect of topsoil tilth on the leaching of a pesticide to drains from a heavy clay soil and any effect of soil moisture condition prior to application on subsequent pesticide loss.  Results were used to guide the development of management approaches to minimise pesticide losses from heavy clay soils.  

The study comprised three main types of investigation carried out over a three-year period:

(a) lysimeter studies using large intact cores of soil 80 cm in diameter and 60 cm in length (3 experiments);

(b) mini-lysimeter experiments using smaller cores of soil 25 cm in diameter and 25 cm in length either re-packed or taken intact from the field (2 experiments);

(c) interpretative modelling using codes adapted to simulate preferential flow.

There was considerable variability between treatment replicates as a result of the large heterogeneity in soil structural features associated with heavy clay soils.  The level of variability was broadly constant at a range of scales (mini-lysimeter, large lysimeter, field plot).  The most important results from the various studies were as follows:

1. Generation of a fine topsoil tilth reduced both total losses and maximum concentrations of isoproturon leaching to drains by ca. 35% relative to a standard agricultural topsoil tilth (see Figure S1).  A regression model to predict cumulative losses of the herbicide over a season on the basis of topsoil tilth and cumulative flow was weakly significant (P <0.05).
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Figure S1.
Cumulative loads of isoproturon in leachate from large, clay lysimeters with either a standard agricultural tilth or a fine tilth in the topsoil (six replicates of each).

2. It proved impractical to generate the finer tilth on heavy clay soils in two successive seasons.  In the first year, the soil was too dry at the time of cultivation and the soil was over-worked in attempting to generate the fine tilth with the result that soil aggregates were damaged and structural condition worsened.  In the second year, particularly wet conditions meant that field cultivations were ineffective in breaking up the soil and the finer tilth eventually had to be generated by hand.  It is concluded that finer tilth is not a practical management option for heavy clays (ca. 50-60% in the topsoil).  However, it is considered expedient to recommend that tilth size be minimised as part of efforts to reduce diffuse losses of pesticides from such soils.

3. It is likely that a finer tilth will be easier to attain in lighter clay soils where trafficability problems are significantly less.  However, this aspect was not tested within the current study.

4. Soil moisture content prior to application of pesticide and between application and the first drainflow event had no consistent effect on pesticide losses to drains.  Relative soil moisture content was found to influence losses of pesticide in early winter, but there were no significant effects of any of the moisture treatments investigated when considering losses over the whole season.  It is not appropriate to recommend an ideal soil moisture content for application with respect to reducing subsequent diffuse losses of pesticide.

5. Modelling demonstrated that time from application to the first drainflow event is a dominant factor for losses of pesticide to drains.  Detailed analysis of results from seven years’ study at Brimstone Farm (PL0501-3) within the current study demonstrated that pesticide losses decreased with time from application to the first drainflow event significantly faster than would be expected from degradation alone (50% decrease within ca. 9 and 25-30 days, respectively).

6. Application of pesticide to wet soil will generally decrease the time from pesticide application to drainflow.  Current advise to delay autumn applications of pesticide to clay soils until the soil wets and any cracks close should be reversed.  Earlier application within agronomic constraints should be encouraged to give the maximum time (on average) between application and first drainflow.

7. Future work should investigate a range of drained clay soils to facilitate extrapolation of results from the worst-case heavy clay soils studies here.  Further work is needed to elucidate the processes responsible for the rapid decrease in pesticide availability for leaching between application and the first event (bullet 5).
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1.
Introduction

The most important mechanism for movement of diffusely-applied pesticides from soil to surface waters in the UK is via drainflow in slowly permeable soils with the potential for bypass flow (e.g. Harris et al., 1994; Brown et al., 1995; Johnson et al., 1996).  This is an issue which may have important implications for the use and registration of many autumn applied pesticides.  Approximately 33% of England and Wales has soil with a significant potential for bypass flow and most under arable cultivation is drained, so management techniques that decrease losses of pesticides to surface waters from clay soils could have great benefit.  

Recent research, including the Brimstone III experiment and SSLRC-led cracking clays project (Brown et al., 1999a; b), has suggested that certain soil management practices may reduce pesticide leaching to drains from heavy clay soils.  However, it has so far been impossible, particularly at the plot scale, to obtain sufficient sample replication to demonstrate the statistical significance of relationships between treatment and leaching losses which are necessary to support policy decisions.  A particular problem is that variation in rainfall and soil moisture content before and immediately after pesticide application appears to result in large differences in leaching losses between seasons, but these effects cannot be isolated from other factors varying between seasons.  

The overall aim of the study was to carry out lysimeter experiments which allowed sufficient treatment replication to test the statistical significance of any effect of topsoil tilth on the leaching of a pesticide to drains from a heavy clay soil and any effect of soil moisture condition prior to application on subsequent pesticide loss.  Results were used to guide the development of management approaches to minimise pesticide losses from heavy clay soils.  

2. objectives

Specific objectives were:

1. to test for statistically significant effects of topsoil tilth on pesticide losses in drainflow from a clay soil;

2. to investigate the effect on pesticide losses of soil moisture conditions prior to application;

3. to interpret results obtained using dye-tracing experiments and soil structural characterisations and to assess the extent to which results can be extrapolated to less extreme cracking clay soils;

4. to parameterise bypass flow models using the physical properties resulting from the different climate and management practices, to evaluate resulting leaching predictions, and to put forward recommendations for future approaches to reduce pesticide losses from heavy clay soils.

The project contributes directly to MAFF Policy Objective [a] to improve guidelines for reducing diffuse loss of pesticides from agricultural sources.  The project investigated the soil and hydrological processes controlling pesticide leaching to drains and included work with a number of preferential flow models.  It thus also contributes to Policy Objective [c] to further develop techniques to model the movement of pesticides in soils and water.

2.1
General approach

The study comprised three main types of investigation:

1. lysimeter studies using large intact cores of soil 80 cm in diameter and 60 cm in length;

2. mini-lysimeter experiments using smaller cores of soil 25 cm in diameter and 25 cm in length either re-packed or taken intact from the field;

3. interpretative modelling using codes adapted to simulate preferential flow.

Results from this project were reviewed by the MAFF Steering Group on Management Practices to Reduce Pesticide Leaching on a biannual basis along with MAFF projects PL0501-3 and PL0521 and a number of related studies.  The programme of work was tuned within the specific objectives set out above to meet the broader aims of the Steering Group and of MAFF.

A total of three large-scale lysimeter experiments and two mini-lysimeter experiments were undertaken.  These are described in turn below.  Modelling was used to interpret results from this study and from Brimstone Farm (PL0501-3).  Finally, the main findings from the work and implications for future management of diffuse losses of pesticides are set out.

3. Lysimeter studies with large intact cores of soil

The lysimeters used here comprised undisturbed cores of soil 80 cm in diameter and 60 cm in length.  Each had a mole drain running across its base to facilitate water movement and simulate the field situation.  Such lysimeters have previously been shown to be good models for the field situation (e.g. Brown et al., 1999a).  They permit cost-effective replication and detailed monitoring whilst allowing climatic conditions to be varied artificially within any season.  Radio-labelled pesticide can be used as lysimeters are closed systems.

3.1
Year 1 - effect of topsoil tilth and antecedent moisture content on pesticide leaching

A lysimeter experiment designed as a 2 x 2 factorial was carried out to investigate the effect on pesticide losses to drains from a heavy clay soil of (i) topsoil tilth; and (ii) soil moisture conditions prior to and immediately after application.  

3.1.1
Methodology

Twelve large undisturbed soil cores were sampled in October 1997 from Ivy Ground field, Silsoe, Bedfordshire.  The soil at the site is a clay, pelo-stagnogley of the Lawford series (52% clay, 33% silt, 15% sand and 3.0% organic carbon in the topsoil).  Such heavy clay soils require artificial drainage to remove excess water from the soil profile and allow arable cultivation.  Previous experience has shown that heavy clay lysimeters without drains either pond or lose all incident precipitation as edge flow passing between the soil core and the lysimeter sleeve.  Consequently, mole channels 10 cm in diameter were pulled at 50-55 cm depth approximately nine weeks before lysimeter extraction.  Lysimeters were sampled along the line of the mole channels so that each had a channel running across the centre of its base. 

The site was cultivated in September 1997 with a Dowdeswell plough and two sequential passes with a power harrow, the latter penetrating to a depth of approximately 10 - 15 cm with a rotor speed of 365 rpm.  A section of the site was further cultivated with an additional pass with the power harrow to generate a finer tilth.  August and September were unusually dry (topsoil ca. 50% of field capacity), which meant that these cultivations had only limited effect in breaking up the larger, cemented soil aggregates.  Consequently, the finer tilth section received a further pass with the power harrow operating at a rotor speed of 540 rpm in mid-October when the topsoil was wetter  (topsoil ca. 70% of field capacity).  This was very effective and produced a clear visual difference between the tilths.  As the standard tilth was too coarse to constitute a suitable seed bed, both the fine and standard tilth sections were then rolled with a Cambridge roll.  The clear visual difference between the tilths remained.  At the end of October 1997, six lysimeters were taken from each section of the site.

The lysimeters were collected in cylindrical, fibre-glass sleeves, 800 mm in diameter, 700 mm long with a wall thickness of 12 mm which were driven into the ground incrementally using the back actor of a JCB excavator.  This depth of core was selected to ensure that the mole channel was intercepted by the lysimeter.  Lysimeters were transferred to the SSLRC lysimeter facility at Silsoe, Bedfordshire and placed into pre-excavated holes.  The holes were then back-filled with soil to simulate the field situation as closely as possible.  A length of nylon tubing (10 mm ID) was connected to the outlets from the inner and outer sections of each lysimeter base-plate using stainless steel compression joints.  The tubing was extended along the ground from the lysimeters in a protective outer tubing to a central access pit where leachate was collected in pre-weighed 10-litre plastic jerricans.  Once installed at the lysimeter station, all the lysimeters were sown with winter wheat (var. Riband) at a rate equivalent to 200 kg seed ha -1 and subsequently received applications of PK fertiliser in accordance with normal agricultural practice.  Weather at the site was automatically monitored using a Delta-T weather station programmed to write to a data-logger at hourly intervals.

Three lysimeters from each tilth treatment were randomly assigned to each of two antecedent moisture level treatments - an average moisture treatment (ca. -8 kPa) and a wetter treatment (ca. -3 kPa).  The different treatments were generated by covering lysimeters or exposing them to rain to manipulate topsoil moisture contents to the desired levels.  

All lysimeters were treated with radio-labelled isoproturon on 27 November 1997 which was mixed with non-labelled isoproturon to give an application equivalent to 2.5 kg a.s./ha.  The isoproturon solution was applied to each lysimeter using a hand-held dropper pipette followed by two methanol rinses.  

It was decided prior to the experiment that artificial irrigation to initiate drainflow would be applied to the lysimeters if there was not sufficient rainfall in the first two weeks after pesticide application.  Accordingly, irrigation was carried out over a seven-day period starting thirteen days after treatment.  Each lysimeter received 7 mm of water on 10 and 11 December followed by 15 mm on 12 December.  All the wet treatment lysimeters were draining by this time.  A further 8 mm of irrigation were applied to each lysimeter on 15 December, followed by 15 mm on 16 December.  A total of 52 mm was applied to the lysimeters during this period and by 17 December all the lysimeters were draining.  Irrigation was applied in 1- 2 mm increments at  intensities of 1-3 mm hour -1 and at no time during the irrigation process was ponding of the soil surface observed.  Flow from each lysimeter was collected at regular intervals during irrigation and subsequently throughout the season until flow stopped at the end of March.  Sample volumes were recorded and sub-samples analysed for amount of radioactivity and bromide concentrations.  Representative samples were transferred to HRI, Wellesbourne for speciation of the radioactivity.  

Concentrations of bromide in leachate were analysed using a bromide ion selective electrode with a limit of detection of 0.5 mg/litre.  Total radioactivity in leachate from the lysimeters was analysed using a Kontron Betamatic I liquid scintillation counter with a limit of determination of 0.5 (g isoproturon equivalents/litre.  The composition of radioactivity in leachate was analysed on a limited number of samples at HRI Wellesbourne using HPLC coupled with a radiochemical detector.  Approximately 85-90% of radioactivity in leachate samples collected from the lysimeters in December 1997 was positively identified as isoproturon.  In samples collected from the lysimeters in early April 1998 onwards, only ca. 20% of the radioactivity was positively identified as isoproturon, the remaining 80% being mainly associated with unidentified polar metabolites.  Throughout this report, no correction has been made for percentage of radioactivity associated with parent compound.  All concentrations and losses of isoproturon from experiments with radiolabelled material are thus expressed as parent equivalents.

At the end of the leaching period in late March 1998 (approximately five months after the lysimeters were taken), three sets of replicate soil samples collected at 5 cm depth intervals to a depth of 20 cm were taken from the fine and standard tilth plots.  The samples were allowed to dry a little before being passed through a nest of sieves ranging from <2 mm - 38 mm, to determine the relative proportion of aggregate sizes.

3.1.2
Results

Results of the determination of aggregate sizes for the two tilth treatments are summarised in Figure 1.  There were no major differences in structure sizes in the top 10 cm between the fine and standard tilths by the time of sampling.  There was a slightly larger proportion of smaller aggregates in the top 5 cm of the standard tilth in comparison to the fine tilth.  In contrast, there were a greater number of smaller aggregates in the fine tilth treatment between 10 and 20 cm depth.  Although the tilths were clearly different at the time of lysimeter collection, this contrast between the two treatments had disappeared within 5 months of cultivation.  In previous work, the fine tilth was observed to persist for at least one year (Brown et al., 1999a).  It is considered that the soil in this study was over-worked in an attempt to generate the finer tilth under unusually dry conditions and that this led to a nett deterioration in structure in this treatment which would have been compounded during wetting-drying and freezing-thawing cycles.  
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Figure 1.
Comparison of topsoil aggregate sizes for the standard and fine tilth treatments five months after cultivation.

The 1997/98 winter was particularly wet with 360 mm natural rainfall between November and April compared to a long-term mean of 232 mm.  There was 145 mm rainfall in April.  Results for total flow from the lysimeters and associated losses of bromide and isoproturon are summarised in Table 1.  There was considerable variability between the three replicates for each treatment and no consistent differences in total flow or losses of isoproturon to drains when considering fine vs. standard tilth or wet vs. average antecedent moisture conditions.  Losses of bromide were greater from the “wet” treatments.



Fine tilth

Wet
Fine tilth

Average*
Standard tilth

Wet
Standard tilth

Average

Total flow 
Mean
196
175
187
167

(mm)
(s.d.)
(19)
(4)
(21)
(27)

Maximum bromide 
Mean
46.4
28.2
37.7
31.9

concentration (mg/l)
(s.d.)
(8.8)
(2.0)
(0.7)
(2.6)

Total bromide loss to 
Mean
18.6
8.33
14.5
9.97

drains (% of applied)
(s.d.)
(5.00)
(1.67)
(5.21)
(2.65)

Maximum isoproturon 
Mean
21.1
20.6
21.1
16.9

concentration ((g/l)
(s.d.)
(10.1)
(13.2)
(18.2)
(7.9)

Total isoproturon loss 
Mean
0.40
0.39
0.32
0.32

to drains (% of applied)
(s.d.)
(0.10)
(0.28)
(0.14)
(0.12)

*  Lysimeter 3 excluded due to leaking pipework

Table 1.

Summary of results from the large-scale lysimeter experiment in Year 1.

Results were analysed using Students’ t-test and analysis of variance.  There were no significant effects (p = 0.05) of treatment on total flow from the lysimeters.  Regression models to predict both total loss and maximum concentration of bromide on the basis of total flow, tilth and moisture status were significant (P < 0.05).  There was a significant effect (P = 0.05) of antecedent moisture content on total loss of isoproturon early in the season with larger early losses for the wet antecedent moisture condition.  This difference was not seen when considering results for the whole winter.  Over the whole winter period, there were no significant effects (P = 0.05) of treatment on loss of pesticide to drains.

3.1.3
Main findings

Results from this first experiment indicated that the finer topsoil tilth as generated was not a viable management option to reduce loss of isoproturon (and other autumn herbicides) to drains and surface waters.  It is considered that the soil was over-worked in an attempt to generate the finer tilth under unusually dry conditions and that this led to a nett deterioration in structure in this treatment.  However, the type of tilth obtained will vary with soil conditions and cultivations used and it was decided that further work should investigate whether a more effective and long-lasting cultivation could be obtained in the field.  

Timing of pesticide application with respect to soil moisture conditions did influence losses of pesticide early in the season, although it appears that this was more due to greater flow from the wetter treatment than any influence on retention of pesticide by the soil.  This aspect was further investigated in a mini-lysimeter experiment over the summer of 1998.

3.2
Year 2 – Effect of topsoil tilth on pesticide leaching

A second large-scale lysimeter experiment was carried out to investigate the effect of topsoil tilth alone on pesticide losses in drainflow.  The experiment used the Denchworth soil from Brimstone Farm as particularly fast degradation of isoproturon had been measured for the Lawford soil used in the previous experiment (PL0521).  This limited the duration over which meaningful results could be obtained.

3.2.1
Methodology

The general methodology followed that set out in Section 3.1.  Twelve undisturbed lysimeters were taken over mole drains from a Denchworth soil (60% clay, 29% silt, 11% sand and 3.6% organic carbon in the topsoil) located at Brimstone Farm near Faringdon in October 1998.  Six lysimeters were taken from a plot with a standard agricultural tilth and the other six from a plot with a finer topsoil tilth generated with additional passes of a power harrow.  September and October 1998 were unusually wet which meant that the cultivations carried out in the field had only a limited effect in breaking up the topsoil.  Attempts were therefore made to further break down the topsoil of the fine tilth lysimeters by hand once the cores had been transferred to SSLRC Silsoe.  However, these attempts were hampered by heavy rainfall in late October / early November which resulted in the topsoil remaining too wet to cultivate.  Consequently the lysimeters were moved to a covered location for one month to allow the topsoil to dry.  The topsoil of the fine tilth lysimeters was then broken down by hand to produce a clear visual difference between the two tillage treatments.

Radiolabelled isoproturon (2.5 kg a.i./ha.) and a bromide tracer (100 kg/Kbr/ha) were applied to the lysimeters in mid-January 1999.  It was decided prior to the experiment that artificial irrigation to initiate drainflow would be applied if sufficient rainfall was not received within two weeks of application.  Accordingly, a total of 20 mm water was applied to all lysimeters over two days in early February.  Irrigation was applied in 1-2 mm increments at intensities of 1-6 mm/hour and was based on recorded rainfall events (Figure 2).  The same pattern of  irrigation was also applied to the lysimeters in mid-March because there had been insufficient rainfall events generating drainflow up to this time.  Flow from each lysimeter was collected at regular intervals during irrigation and in response to rainfall events through the season.  Samples were measured for volume and sub-samples analysed for amount of radioactivity and bromide concentration.  Representative samples were transferred to HRI, Wellesbourne for speciation of the radioactivity.  
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Figure 2.
Patterns of irrigation applied to the lysimeters (based on real rainfall events).

3.2.2
Results

The autumn/winter of 1998/99 was particularly wet with 334 mm natural rainfall between October and January compared to a long-term mean of 206 mm.  February and March were considerably drier with monthly rainfall totals of 18 mm and 43 mm respectively, compared to long term means of 35 mm and 44 mm respectively.  Results for total flow from the lysimeters and loss of bromide and isoproturon in drainflow are summarised in Table 2.  Figure 3 shows cumulative leaching load of isoproturon for each of the twelve lysimeters.

There was no difference in either the total flow or bromide losses or concentrations from lysimeters with a fine tilth relative to those with the standard tilth.  There was considerable variability in movement of isoproturon to drains from replicate lysimeters (Figure 3).  However, mean losses and concentrations of isoproturon from the fine tilth lysimeters were approximately 35% smaller than those from cores with a standard topsoil tilth.  Results were analysed using Students’ ‘T’ test and analysis of variance.  There were no significant effects of topsoil tilth alone on flow or movement of bromide or isoproturon to drains.  Analysis of covariance (ANCOVA) showed a significant effect (p = 0.05) of topsoil tilth and total flow on both the maximum concentrations and total losses of isoproturon in drainflow.  


Standard tilth
Fine tilth


Mean
s.d
Mean
s.d.

Total flow (mm)
39.8
(1.7)
41.5
(0.9)

Maximum bromide concentration (mg/l)
38.8
(10.8)
38.7
(5.0)

Total bromide loss to drains (%)
504.9
(49.5)
521.0
(74.8)

Maximum isoproturon concentration ((g/l)
56.6
(11.1)
36.8
(9.1)

Total isoproturon loss to drains (%)
0.66
(0.14)
0.41
(0.09)

Table 2.
Summary of results from the large-scale lysimeter experiment to investigate effect of topsoil tilth on pesticide losses to drains.
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Figure 3.
Cumulative loss of isoproturon in leachate from the twelve lysimeters.

3.2.3
Main findings

Results for this second large-scale lysimeter experiment demonstrated that the finer topsoil tilth was effective in reducing loss of isoproturon to drains, although there was again great variability between behaviour of replicate lysimeters.  Mean losses and concentrations of isoproturon from the fine tilth lysimeters were approximately 35% smaller than those from cores with a standard topsoil tilth.

Generation of the fine tilth in the field for such heavy clay soils proved to be extremely difficult for the second year running.  Soil conditions were rather too dry in the first year of study and rather too wet in the second.  It can be concluded that generation of a fine tilth is not a practical management option for heavy clays and that the type of tilth obtained in the field will vary between seasons depending on autumn weather patterns and soil conditions.  

3.3
Year 3 – Effect of patterns of soil wetting and drying prior to and after application of pesticide

A final large-scale lysimeter experiment investigated the effect on pesticide losses to drains of patterns of soil wetting and drying.  The purpose of this work was to attempt to explain large differences in losses of herbicides in contrasting years from the field experiment at Brimstone Farm (PL0501-3 – see Figure 6 in Section 5).

3.3.1
Methodology

The twelve lysimeters taken from Brimstone Farm in October 1998 were used.  These had been used for studies the previous year (see Section 3.2) so that six had a standard tilth generated 12 months before and six had a finer tilth.  The lysimeters were left fallow between the two experiments and the Year 3 study was not started until the cracks between soil and sleeve which formed over the summer had closed.

The twelve lysimeters were divided into three treatments with two fine tilth and two standard tilth in each.  Excavation of the lysimeters in spring 2000 showed that the difference in tilth was minimal at this time in any case.  The top 10 cm of all lysimeters was turned over to prepare a suitable soil surface for experimentation and to further reduce any differences in tilth.  The three treatments investigated in Year 3 are set out below:

Treatment
Total precipitation days 1-14
Day 15
Total precipiation days 16-29

A: Initial dry
0
Application
50 mm

B: Initial medium
25 mm
Application
25 mm

C: Initial wet
50 mm
Application
0

Table 3.
Treatments for the large-scale lysimeter experiment carried out in Year 3.

As shown above, all lysimeters received 50 mm rainfall between the start of the experiment and the addition of intense irrigation to initiate drainage on day 30.  This volume of water was selected as approximately one month’s rainfall and as an amount which could be added without triggering significant flow from the lysimeters.  Individual cores were covered and/or irrigated to adjust natural rainfall to meet the specified patterns.

On day 15, all lysimeters were treated with a mixture of non-labelled, formulated isoproturon, chlortoluron and linuron all applied at a rate of 2.0 kg a.s./ha.  Isoproturon was the reference against previous work, but as the lysimeters had already been treated with IPU, chlortoluron provided a check compound with similar properties.  Linuron is more strongly sorbed to soil and thus provided a contrast.  

On day 30 (and after as necessary), all lysimeters were irrigated to generate a significant volume of flow.  Irrigation was applied at a rate of 5 mm/hour in aliquots of 2.5 mm with a total of 22.5 mm applied on day 30 and 15.0 mm applied on day 31.  Leachate was collected in aliquots of approximately 5 mm and sub-samples were taken for analysis of bromide and the three pesticides.  Immediately after irrigation, zero contamination cores of topsoil were collected in triplicate from all lysimeters for determination of pesticide residues in soil.  Results of analysis of leachate samples meant that the soil cores were not required and were kept in storage prior to disposal at the end of the study.

3.3.2
Results

Table 4 summarises flow and losses of pesticides from the three treatments.  There were no significant effects of treatment on losses of any of the pesticides to drains.  Losses of chlorotoluron to drains were almost an order of magnitude smaller than those for isoproturon even though the compounds have similar properties in terms of sorption and degradation.  Sub-samples of the applied dose of each chemical were analysed and this confirmed that the target amount of each had been applied.  The reasons for the deviation from expected leaching behaviour are thus unclear.

Treatment
Flow (l)
Isoproturon (%)
Chlorotoluron (%)
Linuron (%)


Mean
(s.d.)
Mean
(s.d.)
Mean
(s.d.)
Mean
(s.d.)

A. Initial dry
18.4
(1.0)
1.08
(0.24)
0.188
(0.080)
0.065
(0.033)

B. Initial average
14.0
(1.0)
1.15
(0.16
0.173
(0.008)
0.068
(0.006)

C. Initial wet
18.5
(3.6)
1.38
(0.45)
0.165
(0.089)
0.057
(0.036)

Table 4.
Mean and standard deviation for total flow and losses of three pesticides to drains (% of applied); there were four replicates per treatment.

As there were no significant differences in leaching losses, it was not considered warranted to analyse for residues of the three herbicides in soil taken immediately after the irrigation event.

3.3.3
Main findings

Variation in soil moisture content prior to and after application did not have any significant effect upon subsequent losses of three herbicides to drains.  This aspect was therefore discounted as a primary factor determining levels of losses of isoproturon observed at Brimstone Farm in contrasting years.

4.
Mini-lysimeter experiments

Mini-lysimeters 25 cm in diameter and 25 cm in length were used to rapidly address specific issues and for scoping investigations to guide the design of large-scale lysimeter experiments.  The smaller size of the mini-lysimeters meant that the number of replicates and/or treatments could be increased.  In addition, work could be carried out indoors under closely controlled conditions so that timing of pesticide application was no longer season-dependent.

4.1 Year 2 – Effect of soil wetting and drying scenarios

The first mini-lysimeter experiment was carried out over the summer of 1998 and investigated the effect of a variety of soil wetting and drying scenarios prior to the initiation of drainflow on pesticide leaching through a heavy clay soil.  

4.1.1
Methodology

Thirty intact soil cores were collected from the southern discard of Brimstone Farm, Faringdon, Oxon in June 1998.  The cores were transported to SSLRC where they were stored in an indoor location (approximate temperature range during storage 10-20ºC).  A topsoil sample (0-15 cm depth) was also collected from the site to determine soil moisture content at the time of core sampling.  Five experimental wetting and drying treatments were generated over a period of four weeks.  These are outlined in Table 5 and approximate moisture contents over the experimental period are given in Figure 4 .  There were six replicate soil cores per treatment and the treatments were generated in the four-week period following pesticide application to the cores.

Treatment No:
Moisture status at start of experiment (13/07/98)
Moisture status after two weeks  (27/07/98)
Moisture status after four weeks (10/08/98)

1
Wet
Wet
Wet

2
Wet
Dry
Dry

3
Dry
Dry
Dry

4
Dry
Wet
Wet

5
Dry
Wet
Dry

Table 5.
Experimental treatments for the mini-lysimeter experiment in Year 2.

Soil cores were first adjusted to their starting moisture content (dry or wet).  Isoproturon was then applied at a field equivalent rate (2.5 kg a.s./ha) and the moisture content of the six cores in each treatment was then manipulated over the following four weeks.
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Figure 4.
Schematic of patterns of soil wetting and drying for the various treatments.

At the end of the four-week wetting and drying period, all cores were artificially irrigated to generate drainage.  Each core received the equivalent of 30 mm rainfall in total on 11 and 12 August 1998 which was applied using a small indoor watering can in 1-3 mm increments at intensities of 1-3 mm/hour.  All cores were draining by the end of the first day of irrigation.  A bulk water sample from each core was collected at the end of drainage and stored in a refrigerator (4(C) before being transferred to Central Science Laboratory, York for analysis.  The samples were analysed for isoproturon using HPLC with a limit of determination of 0.1 (g/l.  At the end of the drainage period, soil samples were collected from all cores to a depth of 5 cm using a soil auger.  Triplicate samples were collected from each core and bulked.  The soil samples were frozen before being transferred to HRI, Wellesbourne for analysis to determine residual isoproturon concentrations.  

4.1.2
Results

Flow data from the five experimental treatments are summarised in Table 6.  These show that flow was greater the wetter the soil prior to the irrigation event which initiated drainage.

Treatment
Average soil moisture content at end of 4 week period (%)
Average flow (mm)*
Average soil residue of isoproturon (% of applied)*

1.  Wet, wet, wet
42.0
     20.7  (0.77)    c d
      2.5  (0.6)      a

2.  Wet, dry, dry
37.2
     14.0  (0.88)     b
      9.4  (3.1)      a

3.  Dry, dry, dry
33.3
       7.6  (0.82)    a
    34.5  (9.3)      b

4.  Dry, wet, wet
42.0
     21.6  (0.69)    d
      1.1  (0.7)      a

5.  Dry, wet, dry
40.0
     18.7  (0.78)    c
      1.5  (0.9)      a

*
Letters indicate results of a Newman-Keuls test for analysis of variance.  There is no statistically significant difference between treatments which have the same letter (p = 0.05).

Table 6.
Summary of flow and residues of isopturon in soil for the five treatments (values are the mean of the six replicates from each treatment and values in parentheses are the standard error of the mean).

Residual concentrations of isoproturon in the soil ranged from 1.1% of applied for Treatment 4 (dry, wet, dry) to 34.5% of applied for Treatment 3 (dry, dry, dry). The reported laboratory half-life for isoproturon in this soil is 25-30 days at 15 °C.  The experiment ran for a period of thirty days from application to final sampling.  On the basis of this it would be expected that residual isoproturon concentrations would be larger than was the case.  The observation of significantly more rapid than expected degradation of isoproturon in soil from Brimstone Farm matches subsequent observations of enhanced degradation at the field site (A. Walker, R. Bromilow personal communication).

Table 7 shows average loss of isoproturon in drainflow for each treatment expressed as a percentage of the total amount of isoproturon applied to the cores at the start of the experiment and as a percentage of isoproturon remaining in the soil after irrigation.  The percentage losses of isoproturon in drainflow associated with all the experimental treatments were extremely small.  The smallest losseswere from the driest treatment and the largest losses were from the wettest treatment.  However, statistical analyses using a Newman-Keuls test for analysis of variance show that there were no statistically significant differences in percentage losses of isoproturon in drainflow between the treatments (p = 0.05), even when losses were expressed as a proportion of the residue remaining in soil. 

Treatment 
Average IPU loss in drainflow as a % of total applied *
Average IPU loss in drainflow as a % of soil residue *

1.  Wet,wet,wet
0.003  (0.002)         a
0.121  (0.101)         a

2.  Wet,dry,dry
0.002  (0.001)         a
0.020  (0.012)         a

3.  Dry,dry,dry
0.0005  (0.0003)     a
0.0007  (0.0004)     a

4.  Dry,wet,wet
0.002  (0.001)         a
0.048  (0.022)         a

5.  Dry,wet,dry
0.001  (0.0004)       a
0.004  (0.002)         a

*
Letters indicate results of a Newman-Keuls test for analysis of variance.  There is no statistically significant difference between treatments which have the same letter (p = 0.05).

Table 7.
Average isoproturon loss in drainflow as a % of applied and as a % of that remaining after irrigation.

4.1.3
Main findings

Under the experimental conditions, there were no significant effects of different soil wetting and drying treatments on leaching of isoproturon through Denchworth soil.  Losses of isoproturon expressed as a percentage of the soil residue present at the end of the experiment were least from the driest treatment and greatest from the wettest treatment.  However, this partly reflected greater volumes of leachate collected from the wetter treatments.

4.2
Year 3 – Effect of antecedent soil moisture content

Investigations with pesticides and tracers (A. Walker, P.B. Leeds-Harrison, personal communciation) showed that soil moisture content prior to addition of pesticide to soil can have a significant effect on subsequent rate of sorption and leaching patterns.  Leaching experiments have been reported for instantaneous leaching with no time for equilibration, whereas a significant period generally occurs in the field between application and first drainflow event.  A scoping study was undertaken prior to the large-scale lysimeter experiment reported in Section 3.3.

4.2.1
Methodology

Nine cores (23.6 cm diameter, 20 cm length) were filled with air-dried, sieved (3-19 mm) natural aggregates of heavy clay (Lawford) soil.  All cores were brought up to field capacity by wetting from the base and then allowed to drain for 72 hours.  The cores were maintained indoors at 10-15oC and divided into three treatments as follows:

Treatment
Irrigation days 1-5
Day 6
Irrigation days 7-11

A: Initial dry
0
Application
2.0 mm/day

B: Initial medium
1.5 mm/day
Application
1.0 mm/day

C: Initial wet
3.0 mm/day
Application
0

Table 8.
Experimental treatments for the mini-lysimeter experiment in Year 3.

The cores were first irrigated for five days according to the schedule set out in Table 8.  Brilliant blue dye was applied at a rate of 0.1 g/core as a solution in approximately 0.25 mm water on day 6.  This dye is readily analysed by spectrometry, but has the advantage of being retained in soil with sorption properties similar to many pesticides (Koc 44-216 ml/g).  There were clear visual differences in topsoil moisture content on the day of application between the three treatments with initial wet being above field capacity, initial medium slightly below and initial dry having a relatively dry soil surface.  Irrigation regimes were then reversed so that treatment A was gradually wetted up, treatment C gradually dried and treatment B was maintained.  Irrigation volumes were slightly reduced for days 7-11 to avoid leaching from the bottom of the cores.

Artificial irrigation (3-5 mm/hour) was added on days 12 and 16 (22 and 25 mm, respectively) and leachate collected at hourly intervals.  Samples were analysed spectroscopically for concentrations of dye.

4.2.2
Results

Results of the study are summarised in Table 9 and Figure 5.  Losses were greatest from the initial dry treatment and least from the initial wet.  There was some variability within treatments (especially initial dry), but overall results appear to agree with observed smaller losses of IPU in wetter seasons at Brimstone Farm.  Prior to irrigation on day 12, it was noted that levels of blue at the soil surface were greatest in the initial dry treatment and least in the initial wet cores (i.e. the same ranking as amounts of dye in leachate).  It is not clear whether this difference related to faster degradation of the dye in some cores or movement of the dye away from the soil surface (for example, diffusion into aggregates).  None of the differences in leaching losses of brilliant blue dye were significant (P = 0.05), although degree of replication was low for this scoping study.

Treatment
Cumulative flow (mm)
Cumulative leaching loss of brilliant blue (% of applied)


Mean
(s.d.)
Mean
(s.d)

A: Initial dry
50.8
(0.7)
0.310
(0.161)

B: Initial medium
52.2
(0.5)
0.212
(0.034)

C: Initial wet
55.4
(0.4)
0.144
(0.010)

Table 9.
Summary of results for the mini-lysimeter experiment in Year 3; there were three replicates per treatment.
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Figure 5.
Mean cumulative loss of brilliant blue dye from the three treatments against time.

4.2.3
Main findings

Leaching losses of dye were smaller the wetter the soil at time of application.  However, these differences were not statistically significant.  Results supported observations from PL0501-3 that losses of isoproturon were smaller in seasons where the compound was applied to wet soil.  This scoping study was used to guide design of the large-scale lysimeter experiment described in Section 3.3.

5.
Mathematical modelling

Detailed modelling was undertaken to elucidate the primary factors controlling losses of isoproturon to drains from heavy clay soils.  This work concentrated mainly on the large differences in measured losses from Brimstone Farm (PL0501-3) in contrasting seasons over a period of seven years.  The models used were those adapted within previous MAFF-funded research and elsewhere to include a description of pesticide transport via preferential flow and included MACRO (Jarvis, 1994), CRACK (Armstrong et al., 1995), and PLM (Hall, 1993).  Factors considered included time from application to drainflow event; soil moisture conditions at the time of application and subsequently up to the first significant drainage event; soil structure and factors related to diffusion into aggregates; and the decrease in half-lives for isoproturon over the seven-year period reported for Brimstone Farm.

It was demonstrated that the time from application to the first subsequent drainflow event was the dominant factor in determining concentrations and losses of isoproturon in drainflow (Figure 6).  The decrease in concentrations and losses with increasing time from application to event was significantly greater than would be expected from degradation alone.  Figure 2 shows that total winter losses of isoproturon halved for every nine days interval between application and the first drainflow.  Total soil residues would be expected to halve approximately every 25 to 30 days in late autumn although this was not measured at the field site.
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Figure 6.
Effect of the length of time between application and the first drainage event on the total loss of isoproturon to drains at Brimstone Farm over seven winter seasons. 

The preferential-flow models gave robust simulation of the hydrology of Brimstone Farm and were able to match rapid responses of drain flow to rainfall inputs at the soil surface (Figure 7).  MACRO was also able to simulate differences in leaching of isoproturon from large, clay lysimeters with fine and standard topsoil tilth (Brown et al., 1999b).  However, none of the models MACRO, CRACK or PLM was able to simulate the rapid decrease in availability of isoproturon for leaching (beyond that from degradation) which was observed in successive seasons at Brimstone Farm.  This is shown in Figure 8 where agreement is relatively good between observed and predicted concentrations when the drainage event occurred soon after application (1993/1994) but the predicted concentration is much higher than observed when the time between application and drainage event is quite long (1996/1997).  The models did not give an adequate description of the considerable decline in losses that usually occurs for drainage events following the first major drainage event.  It appears that pesticide behaviour in different regions of soil (sorption, degradation, diffusion, etc.) and partitioning into flow are not well characterised at the present time.
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Figure 7.
Drain flow observed from Brimstone Farm for an event in 1995 compared to that simulated by the MACRO model.
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Figure 8.
Observed maximum concentrations of isoproturon in successive seasons at Brimstone Farm and those simulated by the MACRO model. 

6. Overall findings and implications

The most important results from the various studies were as follows:

· Generation of a fine topsoil tilth reduced both total losses and maximum concentrations of isoproturon leaching to drains by ca. 35% relative to a standard agricultural topsoil tilth.  

· It proved impractical to generate the finer tilth on heavy clay soils in two successive seasons.  It is concluded that finer tilth is not a practical management option for heavy clays (ca. 50-60% in the topsoil).  However, it is considered expedient to recommend that tilth size be minimised as part of efforts to reduce diffuse losses of pesticides from such soils.

· It is likely that a finer tilth will be easier to attain in lighter clay soils where trafficability problems are significantly less.  However, this aspect was not tested within the current study.

· Soil moisture content prior to application of pesticide and between application and the first drainflow event had no consistent effect on pesticide losses to drains.  It is not appropriate to recommend an ideal soil moisture content for application with respect to reducing subsequent diffuse losses of pesticide.

· Modelling supports the conclusion that time from application to the first drainflow event is a dominant factor for losses of pesticide to drains.  Detailed analysis of results from seven years’ study at Brimstone Farm (PL0501-3) within the current study demonstrated that pesticide losses decreased with time from application to the first drainflow event significantly faster than would be expected from degradation alone (50% decrease within ca. 9 and 25-30 days, respectively).

· Application of pesticide to wet soil will generally decrease the time from pesticide application to drainflow.  Current advise to delay autumn applications of pesticide to clay soils until the soil wets and any cracks close should be reversed.  Earlier application within agronomic constraints should be encouraged to give the maximum time (on average) between application and first drainflow.

7.
RECOMMENDATIONS FOR FUTURE RESEARCH

Current research for PL0524 and related studies has focused on diffuse losses of pesticides from heavy clay soils.  Although pesticide losses from such soils are relatively large, they make up only a small proportion of the total arable land resource.  Subsequent research should look at a broader range of drained arable soils to determine extent of losses of pesticides relative to the worst-case heavy clays studied at Brimstone Farm and elsewhere.  Elucidation of factors such as extent of preferential flow and the impact of soil structure on availability for leaching would allow ready extrapolation of results from the current research.

Simulation within the current study of long-term results from Brimstone Farm has demonstrated that residues of isoproturon in drainflow decrease with time from application to event faster than would be expected from degradation alone.  Pesticide becomes less available with time than predicted from our current knowledge base, but it is not clear whether this is a consequence of kinetic chemical sorption, diffusion into aggregates, fixing by the soil or enhanced degradation.  There is a clear need to understand the factors which limit availability of pesticide residues in soil for leaching and further research is required to achieve this.  Only by elucidating and characterising the controlling processes can further measures for reducing pesticide losses to drains be formulated, tested and applied.
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