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Abstract

In this paper, the dual-porosity MACRO model has been used to investigate methods of reducing leaching of isoproturon from
a structured heavy clay soil. The MACRO model was applied to a pesticide leaching data-set generated from a plot scale exper-
iment on a heavy clay soil at the Oxford University Farm, Wytham, England. The field drain was found to be the most impor-
tant outflow from the plot in terms of pesticide removal. Therefore, this modelling exercise concentrated on simulating field
drain flow. With calibration of field-saturated and micropore saturated hydraulic conductivity, the drain flow hydrographs were
simulated during extended periods of above average rainfall, with both the hydrograph shape and peak flows agrecing well. Over
the whole field season, the observed drain flow water budget was well simulated. However, the first and second drain flow events
after pesticide application were not simulated satisfactorily. This is believed to be due to a poor simulation of evapotranspira-
tion during a period of low rainfall around the pesticide application day. Apart from an initial rapid drop in the observed iso-
proturon soil residue, the model simulated isoproturon residues during the 100 days after pesticide application reasonably well.
Finally, the calibrated model was used to show that changes in agricultural practice (deep ploughing, creating fine consolidated

seed beds and organic matter applications) could potentially reduce pesticide leaching to surface waters by up to 60%.

Introduction

By-pass flow through macropores in drained heavy clay
soils may result in the rapid movement of water and pes-
ticide to adjoining ditches and streams. This may cause
reduced pesticide efficacy and environmental contamina-
tion. It is, therefore, important to understand fully the
macropore flow processes that lead to high concentrations
of pesticides reaching field drains particularly if these
losses are to be reduced.
Isoproturon (3-(4-isopropylphenyl)-1,1-dimethyl urea)
. is a soil-applied urea herbicide commonly used to control
annual grasses and annual broad leaved weeds in winter
and spring cereals in the UK. Recently, isoproturon (IPU)
has been found in lowland streams and rivers at concen-
trations exceeding the 0.1 pg I'! maximum acceptable con-
centration in drinking water set by the European Union
(NRA, 1995, White and Pinkstone, 1995). The occurrence
of isoproturon in drinking water (Drinking Water
Inspectorate, 1995) prompted a UK review of the product
by the Pesticide Safety Directorate (PSD, 1995).
A moderately persistent herbicide such as isoproturon
applied to winter cereals on a drained heavy clay soil has

been shown to represent a potentially serious contamina-
tion threat to water courses (Johnson er al., 1994, Harris
et al., 1993). Isoproturon is applied to about half of
Britain’s cereal acreage (ENDS, 1995), while clayey soils
occupy about 45% of the cereal growing area in England
and Wales (Cannell ez al., 1978). The potential pollution
threat is therefore clear.

The mechanistic dual-porosity model MACRO (Jarvis,
1994) was used to simulate soil water movement and iso-
proturon behaviour at an instrumented field site on a
heavy clay soil at Wytham, in southern England. The
model was first calibrated against the Wytham dataset, and
was then used to investigate how changes in agricultural
practice might lead to reductions in pesticide leaching.
The Isoproturon UK Task Force gives specific guidelines
on reducing isoproturon leaching from structured clay
soils (IPU UK Task Force, 1995). The model was used to
assess the potential effectiveness of some of these recom-
mendations. Previous work at Wytham has suggested that
incorporated organic matter can also reduce isoproturon
leaching (Johnson et al., 1997). Therefore, the effective-
ness of this approach was also assessed using the model.

835



T.J. Besien, N.J. Jarvis and R.J. Williams

The MACRO model

The MACRO model (Version 3.1) is a non-steady state
model of water flow and solute transport in macroporous
field soils. The model considers a complete water balance
including unsaturated and saturated water flow, canopy
interception and root water uptake. It can be used to sim-
ulate non-reactive tracers or pesticides and includes
descriptions of processes such as convective-dispersive
transport, canopy interception and wash-off, sorption,
biodegradation and plant uptake. It can be used to simu-
late water flow in both one and two flow domains. When
two flow domains are considered, the macropores and
micropores operate as individual, though interacting, flow
regions, with each flow region being characterised by a
degree of saturation, a conductivity and a flux. This model
is therefore well suited to simulating pesticide behaviour
in a heavy clay soil, such as at Wytham, where leaching is
known to be strongly influenced by macropore flow
(Kneale, 1986 and Haria ez 4/., 1994). Only a brief descrip-
tion of the model is presented here, since a full descrip-
tion has been given by Jarvis (1994).

SOIL WATER FLOW

Water movement in the micropores is calculated with the
Richards’ equation including a sink term to account for
root water uptake. The soil hydraulic properties are
described by the functions of Brooks and Corey (1964) and

Mualem (1976):
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where the subscript i refers to micropores, Y K Sand 6
are the soil water pressure head, hydraulic conductivity,
degree of saturation and soil water content respectively, 6;
is the residual water content, A is the pore size distribution
index and # is the micropore tortuosity factor. Y denotes
the pressure head defining the boundary between macrop-
ores and micropores, ,is the equivalent water content (i.e.
with the micropores fully saturated) and X is the ‘bound-
ary’ (or saturated micropore) hydraulic conductivity.
Water flow in macropores is calculated with Darcy’s law
assuming a unit hydraulic gradient and a simple power law
function to represent the unsaturated hydraulic conductiv-

ity:
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where the subscript ma refers to macropores, K;is the sat-
urated hydraulic conductivity, @ is the saturated water
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content and #* reflects the pore size distribution and tor-
tuosity of the macropores. If the macropores become sat-
urated at any depth in the soil, lateral flow to drainage
systems is calculated as a sink term to the vertical one-
dimensional water flow, by applying seepage potential the-
ory to layered soils (Leeds-Harrison er al., 1986).

The surface boundary condition in MACRO partitions
net rainfall into an amount taken up by micropores and an
excess amount of water flowing into macropores. This par-
titioning is determined by a simple description of the infil-
tration capacity of the micropores.

PESTICIDE TRANSPORT AND TRANSFORMATIONS

Transport in micropores is predicted using the convec-
tion-dispersion equation for a sorbing solute subject to
plant uptake and degradation. In the macropores, mass
flow is assumed to dominate, so that dispersion and diffu-
sion are neglected. The solute concentration in water
routed into the macropores at the surface is calculated
assuming complete mixing of resident water in a shallow
‘mixing depth’ with incoming rain. Sorption sites are par-
titioned into one fraction that equilibrates with the macro-
pore fluid and the remaining fraction that equilibrates with
the micropore liquid (van Genuchten and Wagenet, 1989).
An instantaneous equilibrium between solution and sorbed
phases and a linear sorption isotherm are also assumed.

Degradation is predicted in the model assuming first-
order kinetics. Four separate reference degradation rate
coefficients may be specified in the model since the pesti-
cide may be stored in two phases and in two domains (van
Genuchten and Wagenet, 1989). Field degradation rate
coefficients p are predicted from the laboratory-measured
reference values s using simple functions F, and F to
account for soil moisture and temperature effects (Boesten
and van der Linden, 1991):

IJ’ = luref F wE (5)
where the soil moisture response function is given by:
B
F, = [i) ®)
6,

where Bis an empirical exponent, and the soil temperature
function is given by a numerical approximation of the
Arrhenius equation (Boesten and van der Linden, 1991),
modified for low soil temperatures:

E = 2T, T > 5°C
F= [%) ST 0< T < 5°C
E=0 T < 0°C )

where T 'is the actual soil temperature, & is an exponent
depending on the molar activation energy, and T, is the
temperature at which g is measured. Soil temperatures
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are calculated from air temperatures using the heat con-
duction equation. Thermal conductivity and heat capacity
are calculated from the known physical properties of the
soil. The top boundary condition for heat flow is approx-
imated by the air temperature, while the temperature at
the bottom boundary is predicted from an analytical solu-
tion of the heat conduction equation assuming that the
temperature at the soil surface approximates a sine wave
on an annual basis.

Crop uptake of pesticide is modelled as a function of the
water uptake rate, the concentration in solution and an
‘exclusion factor’ (Boesten and van der Linden, 1991)
which can take values from zero to unity.

MASS EXCHANGE BETWEEN DOMAINS

Exchange of water and solute between the two pore sys-
tems is calculated using approximate first-order expres-
sions. Mass exchange by solute diffusion is driven by the
concentration difference and water exchange by the degree
of saturation in both micro- and macropores. In both cases,
the mass transfer is controlled by an effective diffusion
pathlength which reflects the aggregate size distribution
and flowpath geometry (Jarvis, 1994).

Materials and methods

FIELD SITE INSTRUMENTATION, SAMPLING
PROCEDURES AND SAMPLE ANALYSIS

Only a brief description of the field site and instrumenta-
tion is presented here, since a detailed description is given
by Johnson ez al. (1996). The experimental field site used
for this study was located at the Oxford University Farm,
Field 10C, Wytham, Oxfordshire (51°46.4'N, 1°18.7'W,
elevation 76 m). The soil in this field is a Stagno-eutric
gleysol (FAO) belonging to the Denchworth series (cal-
careous variant). The Ap horizon to 260 mm depth has a
clay content of 57% and an organic carbon content of
3.1%, while the corresponding figures for the Bg horizon
at 260 to 540 mm depth are 63% and 0.9%. The field
slopes at 2-5° in a South Easterly direction towards a
drainage ditch. The field is drained by a series of mole
drains running across the slope (0.5 m depth and 3 m spac-
. ing) and field drains running down the slope (0.75 m depth
and 50 m spacing). The field drains are permanent features
constructed from slotted plastic drainage tubes laid under
a 0.35 m thick, 0.1 m wide layer of aggregate. The mole
drains must be re-installed approximately every five years
by dragging a beam mole plough through the soil. The
mole drains empty into the field drains via the aggregate
layer.

The experimental plot (25 m X 50 m) was situated
between two field drains. The plot was isolated hydrolog-
ically from the rest of the field such that field drain flow,
overland flow and lateral sub-surface flow could be moni-

tored continuously using large tipping buckets and V-
notch weirs linked to loggers. Additionally, auto-samplers
(Dalog, Alton, UK) were placed on each of the above out-
flows and were set to remove 1 litre samples at regular
intervals during storm events. The aim of this instrumen-
tation was to monitor continuously the amount of drainage
and concentration of pesticide leaving the plot throughout
the field season. Rainfall at the site was monitored using
tipping bucket gauges connected to loggers (Campbell
Scientific Inc., USA). Soil water potential and soil water
content were monitored continuously using Pressure
Transducer Tensiometers (PTTs) and capacitance probes
respectively. Soil water content was also monitored weekly
with a neutron probe (Didcot Instruments, UK). The soil
water, soil and rainwater were also sampled regularly and
analysed for pesticide concentration.

During the 1993-94 season, the field was in winter
wheat cultivation. The field was deep ploughed, cultivated
with a power harrow and drilled by October 1993. The
mole drains were installed in October 1992. It is suspected
that the hydraulic performance of the mole drains had
decreased significantly in the year following their installa-
tion (Johnson, et al., 1996), although the mole drains were
not excavated to confirm this suspicion. Isoproturon was
applied to the plot on 12 March 1994. The application rate
was calculated by determining the isoproturon content of
filter paper discs placed within the plot during pesticide
application. The application rate was calculated to be 0.9
kg ha™l; with a standard deviation of 0.23 kg ha~'. This
application rate was considerably less than the current UK
maximum permissible application rate of 2.5 kg ha™'.

A brief description of the sampling and analysis proto-
cols used in this project is given below (for a full descrip-
tion, see Johnson ez al, 1996). To assess isoproturon
persistence, 1 kg of soil was collected from the upper 2 cm
of the soil surface at approximately weekly intervals. These
samples were analysed for isoproturon by taking four 50 g
samples and extracting with 100 ml methanol prior to
determination by HPLC. “C-labelled isoproturon was
used to test the efficiency of this extraction technique and
the results indicated that recovery varied between 87 and
100%. Both aqueous and methanol samples were analysed
for isoproturon using HPL.C. A C18 column Supelcosil™
LC-ABZ (Supelco UK, a branch of Aldrich-Sigma Ltd)
was used (4.6 mm X 0.25 m) with acetonitrile + water (35
+ 65 by volume) as eluent. Detection was made at 240 nm,
and peak purity was checked by comparing the absorbance
at 220 nm.

DRIVING DATA

The driving data consisted of hourly rainfall, daily maxi-
mum and minimum temperature and daily potential evap-
oration collected from a meteorological station situated
600 m from the field site. Potential evaporation was calcu-
lated using the Penman equation (Penman, 1963). The
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