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Execut ive sum m ary

1. This document summarises the results, conclu-
sions and recommendations of a pesticide
translocation research pro ject carried out over the
period 1987 to 1993 at ADAS Rosemaund Research
Centre (formerly ADAS Rosemaund EHF) in
Herefordshire. Th e main purpose of the pro ject was
to monitor the water-ho rne transfer of pesticides
fi xim agricultural fi elds into the stream draining
the Rosemaund catchment, in order to provide a
better understanding of pesticide transb cation,
and to allow the development and validation of
improved computerised models of tran.slocation
processes and environmental pesticide exposure.

2. The project was a collaboration between ADAS
Rosemaund Research Centre (ADAS Rosemaund),
the Building Research Establ ishment (BRE), the
Institute of Hydro logy the Ministry of Agricul-
ture, Fisheries and R xxl's Directorate of Fisheri es
Research (MAFF), the National Rivers Authority
(NRA), the Soil Survey and Land Research Centre
(SSLRC), the Soil and Water Research Centre of
ADAS, and the Universities of Essex and (latterly)
Birmingham. The main fund ing agencies were the
Department of the Envi ronment, the Ministry of
Agriculture, Fisheries and Food , the National Rivers
Authority and the Natural Environment Research
Counci l.

3. ADAS Rosemaund was chosen for this work
because the farm neatly occupies a complete small
water catchment , giving the project gixxl know l-
edge of all agrochemical inputs. Furthermore, it
can he considered as a 'worst case catchment for
the translocation of pesticides to surf ace waters,
because rainw ater is able to move rapidly via so-
called by-pass fl ow through soil macropores into
an extensive network of fi eld-drains, and thence to
the stream. Due to the presence of imperv ious
underlying rock strata, l ittle water moves down
into the aquifer beneath the catchment. It should
be noted that a hyd rological regime of this type is
far from rare: apprm imately 32% of UK soils are
dominated by hy-pass fl ow (Boo rman  et at , 1995),
so the results have impl ications for a large number
of catchments.

4. This report only presents a bri ef summary of the
data collected by the project. The complete dataset
is archived in four unpubl ished reports (Bird  et
at ,  1991; Hack, 1991; Hack, 1994; Mitchell , 1995)
and much of the information has been published
in the scienti fi c literature (I3rooke and
Manhiessen, 1991; Will iams  et at ,  1991a; Will iams

et at  1991h; Caner and Beard, 1992; Matthiessi n  et
al .,  1992; Di Guardo  et at ,  1994b;
Matthiessen  et al .,  1994; Matthiessen e at , 1995:
Turnbull  et at ,  1995a; Turnbull  et al .,  1995b;
Williams  et at , 1995).

5. In essence, the project aimed to study the
pesticide concentrations in soil and water that
resulted from the normal use of agrochemicals on
arable crops at Rosemaund farm. The pesticides
were app lied by tractor-mounted sprayers, as nearly
as possib le according to good agricultural practice,
and over the lifeti me of the project included a total
of 19 herbicides, fungicides and insecticides from
most of the major pesticide groups. Most eff ort
went into monito ring those substances already
know n to he prone to leaching, but signifi cant
attention was also given to some pesticides tradi-
tionally assumed to be immobile in soil . The
majority of the moni toring work involved regular
manual sampling and pesticide analysis of soil and
so il water from treated fi elds, together with rain-
fall-driven automated sampling of water in fi eld
drains and in the stream into which they discharge.
As resources allowed, bioassays of stream water
and sediments were aLso conducted from ti me to
time to evaluate the potential biological impact of
the translocated residues on stream fauna.

6. The project found that the majority of pesticide
(generally more than 99% of that applied) stayed in
the so il and degraded there. Most of the
translocation to the stream occurred in a few hours
immediately after signi fi cant rainstorms (>10 mm ,
in 24 hours) in the months November - Apri l, and
was almost exclusively via by-pass fl ow to the fi eld
drains, although one cannot exclude overland fl ow
and seepage as inf requent contributory factors. If
one defi nes a pesticide translocation event as the
concentration profi le of a single pesticide through
the hydrograph at a given location, then 123 such
events were monito red in the fi eld drains and
stream during the course of the study In 11 cases
pesticides were either absent or the maximum
concentrations were below the level of detecti on;
higher concentrations generally dropped back
below those limits with in about 12-24 hours. Peak
concentrations wcre over 10 pg during 25 events,
in the range 1-10 pg I.' during a further 48 events,
and below 1 pg I.' during the remain ing 50 events.
In 90 events, the fl ow-weighted mean concentra-
tion exceeded 0.1 pg L' , the EC Drinking Water
Di recti ve limit for individual pesticides in drinking
water Concentrations in the fi eld drains were



generally higher than in the stream, hut up to
68 pg 11 was nevertheless observed in the stream.

7. Although the application rates of the pesticides
and their properties (notably water solubility, soil
half-life and soil organic carbon adsorption coeffi -
cient) played some part in determining the concen-
trations that appeared in the stream, it appears that
the hydrological regime in the soil was the domi-
nant factor, That application rates and properties
were of relatively low significance is illustrated by
the strongly soil-adsorbed insecticide deltamethrin,
which was applied at only 5 g hal , hut which was
nevertheless found to peak in the stream at
1.9 pg r . Similar observ ations were made for the
other three pesticides studied (chlorpyrifos,
trifl uralin and fenpropimorph) which are not
traditionally considered to be leach-prone. Almost
all the deltamethrin and a signifi cant proportion of
the other three were probably transported
adsorbed to fi ne mobile soil particles rather than in
solution, showing that fi eld drains are no barrier to
this form of translocation.

S. Two computeri sed models of pesticide
translocation to the stream were developed and
validated during the course of the project. The
fi rst, a fugacity model known as So il Fug (Di
Guardo et at , 1994a), was designed at the
University of Milan as a predictive model of the
average pesticide concentration to be expected in
the water fl owing out of catchments during rain-
storms, but it uses a minimum of catchment-
specifi c information. So ilFug had already received
extensive validation on two Italian catchments. Of
the 74 pesticide translocation events studied at
Rosemaund for the purpose of model development,
50 (6894) were modelled successfully hy Soil Fug,
success being defi ned as a prediction of the fl ow-
weighted mean concentration lying within a factor
of ten of the observed value. The least successful
predict ions were made for the dissociated phenoxy
herbicides (dichlorprop, MCPA and mecoprop), for
which such models would not be expected to
apply. Overall, Soil Fug shows promise as a model
for predicting worst-case concentrations in water of
pesticides that are still at the early stages of risk
assessment and have not yet been used on a wide
scale in the fi eld.

9. The second model was developed by the Insti-
tute of Hydrology (If l ) as a much more catchment-
specifi c tool than Soil Fug, by combining a detailed
hydrological model with a pesticide hehaviour
model. The intention was to predict mean and
peak pesticide levels at the outfl ow from a catch-
ment under a variety of rainfall regimes, to predict
the eff ects of changing land-use on those levels,
and to provide guidance for pesticide sampling
strategies in freshwater monitoring programmes.
Model runs for 33 pesticide translocation events
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showed that predictions were more than an order
of magnitude diff erent from observed mean con-
centrations in only two cases (94% success rate),
although the peak predicted by the model was
always several hours earlier than the observed
peak.

Despite these successes, both the Soil Fug and IH
models would benefi t from further validation with
data from a wider variety of catchments.

10. Three translocation events (involving the
phenoxy herbicide dichlorprop, the carbamate
insecticide carbofuran and the organophosphate
insecticide chlorpyrifos) were monitored by an in
situ stream bioassay, which measured the feeding
rate and mortality of caged specimens of the
amphipod crustacean Gammarus puler . The
dichlorprop event was used as a negative control
to test the system, as this herbicide is of very low
toxicity to crustacea. A N expected, the bioassay
did not respond to dichlorprop, but in both of the
insecticide events the test organisms stopped
feeding and almost all died or became moribund.
Although one can never be sure about causative
factors in fi eld observations of this type, laboratory
toxicity data indicated that the insecticides were
almost certainly responsible for the observed
effects.

11. Stream sediments were also collected aft er the
deltamethrin events and bioassayed in the labora-
tory with a sensitive sediment-dwelling insect
larva, the midge Chironomus nparius. The
deltamethrin-contaminated sediments did not
affect the growth of C. nparius, showing that the
translocated insecticide was fi rmly bound to
part iculates and not bioavailable. Finally, it is
worth noting that several of the herbicide
translocation events (especi ally those involving
isoproturon, trifl uralin, atrazine and simazine)
produced peak concentrations in stream water
which approached or exceeded proposed Environ-
mental Quality Standards for UK waters. Al though
herbicide effects on aquatic plants were not
studied, a risk to plants could be implied from
these exceedances.

12. An ecological survey of the Rosemaund stream
benthic invertebrate fauna was conducted by the
NRA in 1994 to investigate whether repeated
exposure to pesticides had caused damage to the
stream community. The survey revealed that the
faunal assemblage was very impoverished for this
type of habitat, with sensitive species such as
Gammants pulex either absent or rare. This envi-
ronmental degradation could not be unequivocally
att ributed to pesticides because the supposedly
pesticide-free control site, on a similar stream
elsewhere in the River Lugg catchment, also had an
impoverished fauna. However, no pesticide



analytical data are available for the latter site, so
even though its surrounding land-use (wtxxl land
and grass) should result in minimal pesticide
appl ication, it cannot be assumed that it was not
contaminated. In conclusion, it seems likely that at
least some of the environmental degradation in the
Rosemaund stream has been due to pesticides
w hich have been transported from the fi elds via
the fi eld drains.

13. In summary, this project has shown that fi eld-
drained so ils prone to hy-pass fl ow w il l tend to
facilitate the appearance of transient pesticide
peaks at gg 1.1concentrations in a headwater stream
after rainfall . This occurs to a large extent inde-
pendently of chemical properties, although it has
proved possihle with computer models, which use
basic physicochemical data and broad assumptions
about soil properties and rainfall , to predict with
reasonable accuracy the mean concentrations of
most pesticides in the stream during translocation
events. However, it should be noted that the
maximum amount of any single pesticide mobil ised
no m the fi elds to the stream in a given event was
onl y 1.1% of the total applied. Despite these small
amounts of briefl y mobilised material, the i n situ
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bioassays have shown that some insecticides can
nevertheless cause bio logical damage to stream
dwellers, and may also he causing actual ecological
degradation. Several herbicides are also probably
causing damage to aquatic plants.

14. The report concludes w ith a number of recom-
mendations (Section 6). Th ere is now an urgent
need to target headwater streams in agricultu ral
areas for integrated investigations of pestici de
concentrations, bioassay responses and ecologacal
impact s. Limited evidence already exists that
unexplained ecological degradation is occurring at
sites of this type, but more research is required to
link this with transported pesticides. Such studies
would also provide the opportunity to obtain
further fi eld validation data for the various modeLs
which have been developed to predict pesticide
exposure in surface waters. Despite the remaining
uncertainties and the current trends in pesticide
usage, however, it seems clear that some head-
waters are at risk from transported pesticides. It is
now for the pesticide regulatory 'authorities to
consider how the processes uncovered at
Rosemaund can usefully be accounted for in their
aquatic risk assessments.
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I Int roduct ion

1. 1 Pest icides in wat er

The introduct ion of eff ect ive annual grass weed
herbicides and more eff ective cereal fungicides in
the 1970s was largely responsible for a dramatic
rise in the use of agricultural pesticides. Th is trend
has recentl y been reversed, but pestici de usage has
led to seri ous concern about contamination of the
environment, and one important medium at risk is
the aquatic environment. The eff ects of pesticides
in water, on both aquatic life and potable water
supplies, are of particular concern.

Reviews of pesticides in drinking water sources in
England and Wales (Lees and McVeigh, 1988;
Dri nking Water inspectorate, 1992) have indicated
that a number of sources contain individual
pesticide levels greater than the Maximum Accept-
able Concentrations (MAC) laid down in the
European Union Drink ing Water Directive (Coun-
cil of the European Communities Directi ve, 1980).
Th is directive stipulates a MAC of any single
pesticide in potable waters of 0.1 mg Although
this MAC may be over-cautious from the standpoint
of human health, the failure of a proportion of
samples to comply has caused public concern.

The Water Resources Act 1991, which consolidated
the Water Act 1989, allows for the Secretary of
State to set water quality objectives (WQ0 s) for
control led waters. If and when they become
statutory, the NRA will be responsible for ensuring
compliance with these WQ0 5, which will include
use-related object ives and standards and wi ll
incorporate the requirements of relevant EU
Directives. It is therefore vital that the movement
and fate of pesticides in the aquatic environment is
well understood and predictable. Without such
information it is diffi cult to envisage how compli-
ance with such standards could be achieved.

Published data on pesticide concentrations in fi eld
drains and streams are available, but such studies
generally originate from North Ameri ca, where
agricultural system.s are often irrigation-hased
rather than rain-fed as in the UK (Johnston  et at ,
1967; Frank  et at ,  1982; Spencer  et at ,  1985; Muir
and Grift , 1987; Thomas and Nicholson, 1989;
Wauchope, 1978). Further, in most cases details Of
agrochemicaLs used in the respective catchments
can only be estimated (Hennings and Morgan,
1987; Gomme  et at ,  1992) and consequently the
value of these studies is limited. There is therefore
a need to study agrochemical mobility under
experimental conditions in controlled catchments

in the UK, particularly in headwater streams d ose
to treated fi elds.

In addition to the need for fi eld data on pesti cide
concentrations in the aquatic environment, there is
also a requirement for accurate predictions of
transport patterns of currently used products from
parti cular catchments, on the basis of land use and
agricultural practice. Such descriptions or modeLs
would he invaluable to the agencies responsible
for aquatic environmental regulation and control
in the UK, i.e. the NRA in England and Wales and
the River Purification authorities in Scotland.

1.2 The Rosemaund pest icid e
t ranspor t st udy

The Rosemaund pesticide transport study was
initiated to contr ibute to the fulfi lment of these
requirements. The study's main object ives were to
assess the movement, distribution and aquati c
environmental impact of selected pesticides,
applied according to current farming practice, on a
whole catchment basis. Th is allowed the investiga-
tion, development and validation of hydrodynamic
models of the movement and fate of agricultural
pesticides between the place of application and
the receiving watercourses. The ADAS Rosemaund
farm was chosen principally because the stream
catchment is contained almost entirely within its
boundaries. This allows good knowledge of
pesticide applications to the entire catchment,
essential if the data produced are to be used for
the development and calibration of models.
Further, the use of a research farm allows some
infl uence over the selection of pesticide groups to
be studied, provided they are applied within the
constraints of good agricultural practice. Finally,
the geology and soil structure at ADAS Rosemaund
prevent signifi cant loss of rainfal l to groundwater,
thus maximising chemical transport to the drains
and outflowing stream. Th ese hydrological condi-
tions are not an unusual scenario as they represent
45% of agricultural land in the UK (Cannell  et al .,
1978).

It was for these reasons that, follow ing a desk
study, a project was initiated in 1985-86 by Ili ,
funded by the Welsh Water Authority (subse-
quently the Welsh Region of the NRA) based at,
and supported by, personnel of the ADAS
Rosemaund Research Centre (formerly ADAS
Rosemaund Experimental Husbandry Farm) near
Hereford. In 1987 the MAFF (Fisheries Laboratory,



Burnham on Crouch), in collaboration with the
Building Research Establishment (BRE) and later
the Soil Survey and Land Research Centre (SSLRC),
began investigations into movement of pesticides
and their eff ect s at ADAS Itosemaund, and ADAS
Soil and Water Research Centre (SWRC) carr ied out
investigations on the drainage of select ed fi elds on
the farm.

To place this study into the perspect ive of current
agricultural practice, the results and conclusions
should be viewed in the context of trends in the
use of pesticides in agriculture during the period
of the study. The increasing trend in pesticide
usage from the 1970s has generally been reversed
in recent years, and during the period of this study,
1987-1993. The follow ing crops will be used to
il lustrate the changes:

• Cereals: the predominant arable crop
• OiLseed rape: the most important combinable

break crop
• Potatoes: an intensive arable cash crop

All fi gures for pesticide use quoted in the follow-
ing sections are for Great Britain.

Cereals
The area of all cereals fell by 11% between 1988
and 1992 (Table 1.1), although wheat increased by
9% over the same period. The area of cereals
treated with insect icides increased by 80%,
although the weight of active ingredient fell by
38%. The pattern for fungicides is similar, with
+26% and -29% equivalent fi gures. Th is indicates
lower rates of product usage and a trend for new

products to be more eff ect ive at a low rate of active
ingredient.

The area treated with herbicides increased by 9%
but the weight of active ingredient was 36% less,
indicating a similar trend to the other pesticides.
With the advent of the newer herb icides such as
fenoxaprop-p-ethyl , metsulfuron-methyl and
fl uroxypyr, used in spring, there was a move away
from the autumn residuals such as chlorotoluron
and tri-allate. This trend will have significance for
pesticide transport over winter.

Oilseed rape
The area of oi lseed rape increased steadily by 21%
between 1988 and 1992 and is now at a plateau
and may decrease. The area treated with insecti -
cides act ually increased by 78%, yet the total
weight of active ingredient used decreased by 67%.
A fall in the use of triazophos to control pollen
beetle was an important factor. Fungicide area and
active ingredient increased by 22% and 26% respec-
tively, in line with the increased area. However,
this masks a peak in 1990 and the progressive
decline since then, as the need for prochloraz or
carbendazim treatments has been questioned more
critically. The herbicide area increased by 12%
while the weight of active ingredient decreased by
47%, refl ecting the same trends of reduced rates
and more eff ect ive products as in cereals.

Pot at oes
The area of potatoes remained static between 1988
and 1992 and there was a trend towards increased
unit size with a greater concentration on irrigated

Table 1.1 Cbanges in Great Britain agricultural pesticide use and crop area 1988-92: cereals, oilseed  rape
and potatoes

•

: Potatoes are not grown at ADAS Rosemaund, but are a locally Important cash crop.
Source: MAFF Pest icide Usage Survey Reports



lighter textured soils. Despite the static area, the
area and active ingtr dient of insecticide increased
by 137% and 82% respectively. The pattern for
fungicides was similar, with increases of 38% and
32% for areas sprayed and active ingredient respec-
tively. Herb icides likewise increased by 38% for
area sprayed and 27% for active ingredient. Desic-
cants, mainly sulphuric acid, increased to a lesser
extent by 16% area and 934 weight of active ingre-
dient. It is interesting to note that by weight of
active ingredient, sulphuric ari d accounts for 83%
of total pesticide use in potatoes and 36% of total
pesticide use across all arable crops!

This general increase in pesticide use in potatoes,
contrary to the trend in combinable crops, is
probably explained by the concentration of the
crop into the hands of large specialist growers with
closer rotations and a higher level of input to
achieve the yield and quality necessary for a
premium in the market place.

Therefore, these crops illustrate a general decrease
in the tonnage of pesticide applied to agricultural

land in recent years. However, this will not neces-
sarily result in reduced environmental impact.
Whether the lower load of pesticides of greater
activity now applied will result in more or less
biological damage cannot yet be estimated. The
regulatory process for pesticide registration and
management (see Section 6) should continue to
reduce the environmental impact of available
pesticides, but it is also worth noting that a greater
area of agricultural land now receives pesticide
applications (Table 1.1). Potentially this may mean
that a greater proportion of drainage water from
agricultural land may be contaminated with
pesticides, albeit at a lower concentration.

The prime purpose of this project was therefore to
provide reliable fi eld data on the transport of
pesticides from a 'worst case' catchment into a
headwater stream. The experiments were designed
to provide data to validate predictive models of the
pesticide transport process. A secondary objective
was to use bioassays to assess the potential im-
pacts of such transport on the aquatic
environment.



2 M et hods

2. 1 St udy Sit e

The study catchment l ies mainly w ithin the
boundaries of ADAS Rosemaund 15 km north-east
of Hereford , UK (Figure 2.1). The farm is ow ned by
the Ministry of Agricul ture Fisheries and Rxxl
(MAFF), operated by ADAS and has been managed
as an experimental unit since 1049. The catchment
has an area of 1.5 km4 w ith an alt itude range of
76 m to 115 m and correspondingly gentle slopes.
Th e soils are from three series, the Bromyard, the
Middleton and the Compton, and have been
map ped and analysed by the Soil Survey and Land
Research Centre (SSLRC), (Figure 2.2). The field
work for this study was presented in an interim
report (Carter and Cope, 1990). Th e Bromyard
series comprises two phases, the normal and the
shallow phase, di ff erentiated by the depth to the
underlying geology . The Bromyard series predomi-
nates and is found on the slope areas of the
catchment. The wetter Middleton and Compton
series tend to occur on fl atter ground and towards
the low er end of the slopes. Detai ls of the soil
textures of the four main series are given in Table
2.1. Generally , the so il texture is silty clay loam or
silty clay. Al l soi ls are subject to considerable
crack ing following periods of low rainfall duri ng
the summer months. The organic matter content of
the surface 25 cm cult ivated layer under long-term
amble cropp ing is w ithin the range 1-3 percent

British Isles

2.2 Sampling st r at egy

f

Figure 2.1 Location of tbe Rosemaund catchment within the British Isles

A

with li ttle organic carbon present below 35 cm. The
geology is eff ectively impermeable siltstones and
mudstones from the Devonian era which li e
between 1 m and 3 m below the surface, with
alluvium in the valley bottom.

The land within Rosemaund Farm is used for a
wide mixture of agricultural enterprises. Of the
176 ha, apprm imately 30% of the area is grassland,
another 40% of the farm is in cereals with 20% in
oi lseed rape, peas and root crops and 10% is in
hops. The average annual rainfall is 664 mm. The
catchment Ls drained by a single stream that
conti nues to fl ow (mean fl ow 11 I 51 in all but the
driest years. The stream fl ow s into the River Lugg, a
major tributary of the River Wye. Most of the fi elds
have been under-drained using plastic pipes at a
depth of 1 m, with permeable backf il l to within 500
mm of the surface. Th e average drain spacing is 20
m (Figure 2.3).

The original objective of the study was to monitor
the pesticide transport from an agricultural catch-
ment under conditions of normal agricultural
practice. A moni toring site was chosen close to the
point where the stream left the land fanned by
ADAS Rosemaund in order that as much of the

Rosemaund Farm
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Table 2.1  Physical pmpen ies of the soi l p rof iles f or the soil series f ound at ADAS Rosemaund (Carter and
Beard , 1992)

Soil se ries

Bromyard
(Normal phase)

Bromyard
(Shallow Phase)

Compton

Depth Sand
(cm)  (%)

0-30 9.0 60.0 31.0 1.66 6.3
30-48 10.0 58.0 32.0 0.91 6.8
48-67 5.0 52.0 43.0 0.66 6.7
67-83 4.0 50.0 46.0 0.37 6.7

0-22 1.0 70.0 28.0 1.80 6.3
22-31 3.0 66.0 30.0 1.35 6.5
3 1-60 3.0 7 1.0 28.0 0.30 6.2
60-78 1.0 73.0 26.0 0.28 5.8
78- 112 1.0 79.0 20.0 0.29 5.8

Middleton 0-32 3.0 49.0 48.0 2.84 6.6
32-40 0.0 51.0 49.0 1.56 7.0
40-55 0.0 52.0 48.0 1. 11 7.3
55-74 0.0 68.0 32.0 0.62 7.2
74- 112 2.0 60.0 38.0 0.48 7. 1

0-22 3.0
22-30 2.0
30-65 2.0
65-80 0.0
85- 105 4.0
105- 115 5.0

Note: The Mathon series is not described in this table as it only accounts for a very small area in the
ADAS Rosemaund catchment (Figure 2.2)

agricultural activ ity as possible was included
(Site 0, Figure 2.4). The monitoring strategy
adopted was designed to measure pesticide con-
centratio ns in the stream resulting from rainfall
events fall ing on recently treated fi elds within the
catchment. Thus an automatic sampler was used to
take a series of water samples at short intervals
(usually one hour but intervals of half an hour and
four hours were also used) over the duration of
rainfall events. In order that these concentrations
could be li nked to the hydrological response of the
catchment, a flow measuring structure was buil t in
the stream at the monitoring site. Stream samples
were also taken manually every two weeks to
assess the haseflow concentrations before and aft er
rainfall events. At around the same time MAFF
established a simi lar monitoring site and sampling
protocol further upstream (Site 1, Figure 2 4).

Later in the study, as the emphasis shifted more
towards understanding the processes that control
pesticide movement, additional monitoring sites
were establ ished . The new sampling sites were
chosen to represent the plastic pipe drainage
system that existed in the majority of the fi elds at

Silt
(%)

46.0 51.0 3.30 6.7
45.0 53.0 2.34 6.9
56.0 42.0 0.57 6.9
47.0 53.0 0.88 7. 1
49.0 47.0 5.5 1 6.5
52.0 43.0 7.63 6.3

Clay Organic
(%) car bon(%)

pH( 1:2.5)
in water

ADAS Rosemaund. Thus IH started to monito r the
drain leaving the fi eld known as Longlands (Site 5,
Figure 2.4) and MAFF started to measure pesticide
concentrations in the outfall from the drainage
system under part of the fi elds known as
Foxbridge, Stoney and Brushes (Site 3, Figure 2.4).

Additionally , SSLRC soil suction samplers were
deployed w ithin Longlands field to estimate the
pesticide concentration in solution at diff erent
depths through the profile. Throughout the study
soil samples were taken, by BRE, from Foxbridge,
Longlands, Stoney and Brushes follow ing selected
applications so that total soi l residues could be
monitored.

In the fi nal phase of the study, an investigation of
the particulate movement of pesticides was under-
taken for highly-sorbed chemicals. Four surface
transport traps were located in Longlands fi eld to
monitor surf ace movement of pesticide during
rainfall events. Addit ionally, sedi ment traps were
placed in the stream bed at Site 1 and Site 0 to
measure the concentration of pesticide in bed
sediments mob il ised during rainfall .
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To summarise, w ith in the catchment four water
monitoring sites were instrumented. At each site
flow -rate was measured conti nuously . Water
samples for pesticide residue analysis were taken at
frequent intervaLs during rainfall events fo llow ing
pesticide application and less frequently between
events. Total so il residues were monitored follow-
ing appl ication, as was the soil water pesticide
concentration at di ff erent depths.

2 .2 . 1 St ream flow measureme nt an d
m et eo ro logical dat a

Stream fl ow was calculated from the stream level
retained behind standard V-notch and rect angular
notch weirs as approp riate, the stream level being
recorded at 15 or 30 minute intervals (Matth iessen
et al., 1992). Drain flow was measured using
drainfl ow weirs (Plates 2 and 3) designed and
installed by ADAS Soil Water Research Centre
(formerly Field Drainage Experimental Unit) .

The primary source of meteorological information
used in the study was an IH Automatic Weather
Station (AWS) (Strangeways, 1972; 1976). This
instrument takes readings every 5 minutes and
aven ges or sums them to provide hourly values of
the follow ing variables:

• Rainfall ;
• Wet and dry bulb temperature;
• Solar and net radiation;
• Wind speed and direction;
• So il temperature.

Site 0

Main gauging site

Key
* Stream

0 Field drain

 Catchm ent tounday

Fig u re 2 .4 Location of monitoring sites within ADAS Rosemaund

8

ADAS Rosemaund staff maintain a full daily Mete-
orological Offi ce weather station and this provided
a backup system for the AWS. Th e AWS was located
with in the Meteorological Station site (Figure 2.4).

2.2.2 Pest icide sam pling

Wat er sam ples
Water samples were taken from Sites 0, 1, 3 and 5
as shown in Figure 2.4. At all locations, water
samples were taken duri ng rainfall events and
background samples were taken for a l imi ted time
before and after the rainfall events. The method of
sampling was simi lar at all sites. Rainfall event
samples were collected using two types of auto-
matic water samplers: a suction sampler and a
peristaltic pump sampler. Each sampler col lect ed
samples into 24 one-litre brown glass bottles. To
minimise the risk of contamination and/ or loss of
active ingredient, the sample tubes were made
from FI FE and the internal parts of the samplers
were almost entirely constructed from stainl ess
steel or coated with PTFE. Up until June 1988 the
samplers were started when a predetermined
amount of rain had fallen in a given time. After that
date a method was used that started the sampler
when the stream rose to a specifi ed level . This
proved to be a more reliable method.

Soil samples
Soil samples were taken from the fi elds onto which
the pesticides had been applied. They were taken
from randomly chosen points on the intersection of
a 25 m grid superimposed on the fi elds. Samples

Me tres

Site 5

Site 3

Site 1

Upper gauging site

Automatic weather station

100 0 100 200 300 400 500
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were taken to a dep th o f 1 m using a ste el co rer.
Core s we re p laced in p lastic bags , sealed , and then
sto re d at -20°C until analysed . The frequency of
sam p ling was based o n the expected lifetimes of
th e chemicals in th e so il . In addition , sam ples were
taken as soon as possib le fo llo wing a rainfa ll event.
In all cases sam p les were take n to give a me an so il
pe stic ide co nce ntra tio n in the to p 1 or 0.25 m of
th e soil.

Soil w at er samples
Soil w ate r samples we re co lle cte d by SSLRC using
so il suctio n sam p lers co nstructed of ine rt ma terial
de signed specifica lly fo r p estic ide st ud ies. The
design of th e samp lers is show n in Figure 2.5.
Samp lers w e re ins ta lled at 50, 100 and 150 cm
depth s at various locations in Lo ng land s (Figure
2.7) thro ugho ut the 1989/ 90, 1990/ 9 1 and 1991/92
seasons . Eac h sa mp ling loca tion had a numb er of
re p lica te sam plers . Each sampler was insta lled in
th e fo llow ing m anne r. A 10 cm dianieter hole was
augure d to just belo w the req uired monitoring
dep th and th e botto m was line d with dry sand . The
sam pler was p laced on the ce ntre of the sand with
th e m id- po int o f th e cup at the req uired depth .
Furthe r sand was po ured in to pack a round and
cover th e ce ra mic cup . Sand is used to ensure good
hyd ra ulic contact and a lso as a rese rvo ir for pe rco -
lating water, Excavated so il was firmly re pac ked
horizo n by h orizon and the most clayey horizon

P la te  3 Soil sa mp ling a t ADA S Rosetna u nd
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Screw-fit PTFE plug

PTFE adapter

Push-fit PTFE cap

PTFE suction tube

38mm ID stainless
steel body

Not to s cale

Push fit porous
ceramic cup

Fig ure 2 .5  Deta il of a n SSLRC so il su ction
sa mp ler used f or ex tra cting soil w a ter sa mp les
(Can er a nd cope, 1990)



was compacted in the hole to prevent preferential
vertical water movement to the ceramic cup. In the
last two seasons Benti mite clay was also used as an
extra guarantee.

The sampling strategy for the suction samplers was
to respond to all events of 10 mm or greater fall ing
after application of the target pesticide. A vacuum
of 700 mbar was applied to each sampler using a
hand-held pump. The suction was left on over
night and the water drawn to the sampler was
recovered the follow ing day and transferred to
amber glass bottles. Any residual suction in the
samplers was noted on collection of the sample.

Sur face r unof f sam ples
Surface runoff samples were collected using SSLRC
surface runoff traps (Figure 2.6). The traps were
1 m wide swel troughs with three short pipes
protruding from one side, whi le the other side was
sloped with a 10 cm wide li p. The sampler was
placed into a hole in the soil w ith the sloping side
placed facing up-slope and the l ip inserted into
the soil at a depth of about 1 cm. A l id was placed
over the trough to stop di rect capture of rainwater.
Brow n glass bott les were placed on the ends of the
pipes to col lect the water trapped by the sampler.
Af ter a rainfall event the bott les were collected and

Figure .1 6  Deta il of a surf ace  nt noff  interr ep tion trap

replaced with new ones. The contents of the three
bottles were combined before being analysed for
the target pesticide.

Bed sedime nt samples
The sediment sampler buckets (manufactured from
PTFE-coated stainless steel) were located in pits
dug in the stream bed. These were of such a depth
that approximately 2.5 cm of the bucket wall
protruded above the stream bed. Th is method was
used to trap only the mobile bed sediments that
settled out during or aft er events.

After each rainfall event the buckets were removed
carefully from the stream-bed with as li ttle di stur-
bance as possible to the collected sediment and
moved to a safe site. A new clean bucket w as used
to replace the old one in the pit , again ensuring the
minimum disturbance to the site, lf , in the mov ing
of the bucket, there was disturbance of the col-
lected sed iment, the sediment was allowed to settle
before further processing. With the sediment stable
and settled, surplus water was decanted of f until
the sediment itself started to be disturbed. Th e
sediment was then poured into the sample bottles
(0.5 I wide-mouthed jars). Any remaining sediment
was 'swept into the bottle , using a PTFE spatula.
The bottles were sealed and labelled.

Sub-surface lip

Wide Mouth Amber
Bottle (1 litre)
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2 .2 . 3 Soil hy drology
The so il hydrology experiments at Rosemaund
started in the au tumn of 1989 and continued for
th ree crop yea rs end ing in the summer of 1992.
The ob jective of this part of the stud y was to gain
an insight into the soil water pathways through
and over the soil profi le and how these might
infl ue nce pesticide movement. Once determined,
these pathways would become the foundation for
a physica lly based mo de l of pesticide movement
within the Rosemaund catchment.

The soil-ph ysics experiments we re carried out in
Long lands field. Figure 2.7 shows th e location of
the experiments over the duration of the study.
Although the detail of the expe rimental design was
mo difi ed and refi ned throughout the three years of
the study, the basic philoso phy remained the same.
Arrays of mercu ry manometer tensiometers were
used to de termine the soil water potentials, bo th
down the soil profile and across the slope of the
fi eld. Soil water contents we re also measured
using a neutro n probe , In the light of the impor-
tance of the fi le drainage system on water move-
ment, the final experimenta l design concentrated
on the soil water pote ntials around a rep resenta-
tive drainage e lement. Figure 2.8 shows the layou t
of tens iometers used in the 1990/91 crop season .
Soil water pote ntials were monitored within a
vertical plane extending 10 m on either side of the
line of a fi eld drain to the mid-drain position . An

P la te 4 A n array of mercury ma nometer tens iometers used to investigate the soil hydrology a t A DAS
Rose ma und
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array of tensiometers wa s set out as six profil es,
each of six tens iometers, at dep ths 10, 30, 60, 90,
120 and 150 cm.

Since water moves from high potential to low
potential, knowledge of the potential fi eld arou nd
a rep resentative drainage element allows the
direction of wate r movement to be determined . If
the mo isture conten t of the soil is measured at the
same time at the depth of the tensiom eters, then
soil water release curves can be drawn for each of
the soil dep ths. These curves the n give the water
storage capacity, and some idea of the pore size
distrib ution of the so il.

2 .2 .4 Gam mar us p ulex  and  Chir onom us
r ip ar ius  bio assays
During a few experiments at Rosemaund
(dichlorprop in 1990; ca rbofuran in 1992;
chlorpyrifos in 1993), ind ividuall y caged specimens
of a common amphipo d crustacean  Gam tna rus
p ulex  we re placed in the stream at Site 1 in order
to monitor the eff ects of transient pesticide con-
tamination by measuring morta lity an d feeding
rate during and after rainfall events (Plate 5). The
methods used are described in Maltby  et al.  (1990 a
and b) and Matth iessen  et al.  (1995) , and invo lved
placing approximately 100  G. p u lex  in the stream
for periods of several weeks and measuring their
rate of consumption of cond itioned alder leaf discs.



Each 50 mm diameter PVC cage was oriented
parallel to the stream flow with mesh covering the
upstream and downstream ends, and contained
one 44 mg adult animal and four 1.5 cm diameter
leaf discs. The cages were inspected weekly for
mortalities, and for replacement of leaf discs; any
remaining leaf material was weighed. Water tem-
perature and dissolved oxygen were monitored
conti nuously during the bioassay deployments.

After the deltamethrin application in December
1992, deposited sediments (surface 2 cm) were
collected from the stream in the vicinity of Site 1,
and from the flow gauging chambers at Sites 3 and
5, and subjected to sediment bioassays using
larvae of the midge  Chironomus  nparius. These
bioassays measured growth of 20 2nd instar larvae
exposed to 150 cm3 of sediment at 20°C over a 10-
day period. Th e larvae were fed at three-day
intervals, and their guts were purged for 24 h prior
to weighing. Full methods are described in ASTM
( 1993) .

2 . 3 Pe st ic id e s st u d ie d

In a typical agricultural enterprise large numbers of
diff erent pesticides are used in the normal run of
crop producti on. Th is is particularly true of a
Research Centre such as ADAS Rosemaund, where
a great number of fi eld experiments are under-
taken. It was not practicable to consider carrying

AProfile .
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out analyses for every pesticide applied and a
decision was made, in principle, to concentrate on
four chemicals each year, two in autumn and two
in spring. A likely list of pesticides was drawn up at
the start of the study by the collaborators, using the
follow ing criteria:

• Include some of the most commonly used
pesticides,

• Choose pesticides that represent a range of
the chemical groups,

• Pesticides chosen should have a range of
physico-chemical properties,

• Analytical methods should be available for low
concentration determinations,

• Application rates should be suffi ciently high
that if transport occurred environmental
residues would probably be at detectable levels,

• The chemicals must be appropriate for the
normal crop rotation employed at ADAS
Rosemaund.

The chemicals chosen for each year of the study,
including comments on the reasons for the choices
made, are given in Table 2.2. Some chemicals were
monitored in more than one crop year, most
notably isoproturon and simazine. This was done
primarily in order to build up experience with
individual chemicals under changing hydrological
conditions. Isoproturon was of interest because of
its large usage and its increasing occurrence in

0 • 0

0

0

7.0 m

0 = Tensiometer

Fig ur e 2.8 Diagrammatic rep resentation of the tensiometer array (vertical section) placed along a
rep resentative dra inage element i n Longlands Field

0

0

0

0

Midline
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Table  2.2 Chemicals mon itored duri ng the Rosemaund Pesticide Transport Study

Cropping year Season

1988/89

1989/ 90

1990/91

199 1/92

1992/93

Pest icide

1987188 Autumn Mecoprop, Dicamba,
2,4-D

Spr ing Simazine

Autumn Simazine, Tr iclopyr°,
2,4-DI

Spr ing Sinnazine"

Autumn Isoproturon°, Lindane

Spr ing Mecoprop°,
Dichlorprop°

Autumn Isoproturon,
Dimethoate, Simazine

Spring MCPA°, Oxydemeton-
Methyl, Simazine

Autumn At razine, Carbofu ran

Spr ing A ldicarb, Simazine",
Atrazine

Aut umn Trifluralin, Isoproturon,
Deltamethr in

Spring Fenpropimorph,
Chlorpyrifos

A Only analysed by IH/N RA
° only analysed by MAFF (University of Birmingham)
c Sorption coeffi cient and half life are given in Table 2.3

surface waters. Simazine, although not a widely
used chemical agriculturally, is used annually at
Bosemaund on hops and is easily analysed. Some
key physico-chemical properties of the chemicals
included in Table 2.2 are given in Table 2.3. Finally,
it should he noted that not all the chemicals listed
in Table 2.2 were analysed by all the bodies in-
volved in the study, usually because of either work
load or because no established method was avail-
able at a given labiwatory.

2.4 Pest icide analy t ica l met hods

The samples taken hy the research institutes were
analysed by diff erent laboratories. These were
generally in-house facilities or laboratories closely
controlled by the main funding bodies. In the case
of the soil samples these were contract ed out to
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Comments

Phenoxy acids, low sorpt ion, mecoprop
widely used.
Triazine herbicide, moderately sorbed and
persistent

Triclopyr pyridyloxy herbicide (in the 2,4-D
formulation)

Isoproturon (urea herbicide) widely used.
Lindane (organochlorine insect icide)
persistent and sorbed.
Dichlorprop phenoxy herbicide.

Dimethoate, organophosphorus
insecticide with short half life and low
sorption.
Oxydemeton organophosphorus
insecticide

Carbofuran and aldicarb, carbamate
insecticides.

Trifl uralin (dinitro aniline herbicide) and
Deltamethrin (pyrethroid insecticide) both
strongly sorbedc.
Morpholine fungicide and organo-
phosphorus Insecticide both strongly
sorbed.

commercial laboratori es. Whi le each laboratory had
its own detailed methods of analysis, these were
based on the so called "Blue Book" methods,
(Standing Committee of Analysts, 1985), and the
principles of Good Laboratory Pract ice (GLP) were
followed throughout. A summary of the methods
employed by these laboratories for both soil and
water samples is given in Tables 2.4 and 2.5.

Pesticide analysis at the low concentrations experi-
enced in the environment is notoriously dif fi cult
and analysis being carried out by a number of
laboratories is an added complication. In order to
cross check between laboratories and hence to give
more confidence in the use of the data as a whole,
two inter-laboratory calibration exercises were
carried out. Th e exercises involved only water
samples and were organised by the Building



Table 2.3 Pbysico-cbemical p roperties of the chemicals monitored during the course of tbe study

A K m describes the distr ibution of a pesticide between the soil water and soil organic carbon phases.
Values from Wauchope et  al..  1992 unless indicated
Agrochemicals Handbook. 3rd Edition
Calculated from Karichoff 1981, Kcc  = 0.41 K. ; where Ko_ describes the distr ibution of the pesticide between
octan-l -o l and water (determined in the laboratory)

Research Establ ishment. Th e laboratories included
were: University of Birmingham (MAFF samples);
NRA Welsh Region (111 samples); 1H and MAFF
Pesticide Laboratory, Cambridge (fi rst year only) .
The MAFF Cambri dge laboratory was not involved
in any Rosemaund analysis but was included as a
well respected outside cont rol.

The results of the exercises were generally satisfac-
tory in that they show ed an acceptable level of
agreement between laboratories. The first exercise
also highl ighted an ern g in a method for
mecoprop being used by one laboratory. Although
an amended method proved to he satisfactory, it
was not possib le to reanalyse mecoprop samples
taken during the 1990/ 91 season. Although a great
deal of potentially interesting data was lost, at Icast
wrong conclusions on mecoprop mobil ity were
not drawn on faulty data. Details of the methods
employed in the inter-calibration exercises and the
full results can be obtained elsewhere
(Hack, 1994).

2 .4 . 1 Bed sed im ent s
The bed sediments arrived at WE River Laboratory
frozen and were allowed to thaw. Coarse samples
were sieved through a 2 rnm stainless steel sieve.
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Th e samples were thcn frozen overnight and fi nally
freeze-dried overnight . The samples were lightly
crushed and stored under ni trogen gas in the dark
at around 5°C prior to analysis. Th e samp les were
later extract ed and analysed by standard proce-
dures described elsewhere (House et al ., 1992;
House and Ou, 1992) .

2.4 .2 Suspended so lids
The water samples were stored in the dark at 5°C
and separated as soon as possible by a procedure
described previously (House and Ou, 1992) . The
pesticides in the water samples were extracted
with dichloromethane (DCM). Th e suspended
so lids were collected on GE/ F glass microfi bre
pads, nominal ly 0.7 pm pore size: the fi lters had
been pre-treated to remove organic carbon by
heating to 520°C overnight. The filters were placed
in soxh let extraction thimbles, frozen overnight
and then freeze dried ovem ight prio r to soxhlet
extract ion in DCM. The extracts were then concen-
trated by solvent exchange using the same meth-
ods employed for preparation of the bed sedi-
ments. Al l weights were noted to enable the
calculation of the suspended so lids concentration
in pg I.' in the aqueous phase and gg kg-' (dry
weight) for sol ids.



Tab le 2 4 Ana ly tical metbods used f or soil samples during the study

Chemical Extract ion

Mecoprop

SimazIne

2,4-D

acidified,
dichloromethane
water/methanol

methanolic
sodium
hydroxide

Isoproturon acetone/water

Linclane ethyl acetate/
hexane

Dimethoate chloroform

MCPA acidified,
dichloromethane

Atrazine alkaline, ethyl
acetate

Carbofuran acetone/water
Aldicarb acetone/water

with oxidising
agent

Trifl uralin methanol/water

Deltamethrin acetone/water

Chlorpyrifos acetone/water

Clean Up/Der ivatisation

Notes: GC = gas-liquid chromatography
EC = electron capture
NP = nitrogen-phosphorus
HPLC = high pressure liquid chromatography
BrPfT = a-bromo-2,3,4,5,6-pentafl uorotoluene

reaction with BrPFT, extraction into
1-octane
acidified, hexane wash, extracted
Into dichloromethane
dichloromethane wash, acidifi ed,
extraction into dichlorornethane,
butylation, hexane extraction,
silica gel column
hexane wash, extraction into
dichloromethane

reaction with BrPFT extraction into
1-octane
dichloromethane extraction from
sodium hydroxide solution

partition into chloroform, Florisil
column using ethyl acetate/hexane

diluted with sodium chloride solution,
extraction into dichloromethane
partition into dichloromethane,
Florisil column using ethyl acetate/
hexane
partition into dichloromethane
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Quandtadon method
(fi nal solvent)

GC, EC detector
(1-octane)
GC, NP detector
(ethyl acetate)
GC, EC detector
(trimethyl pentane)

HPLC. UV detector
(methanol/water)
GC, EC detector (hexane)

GC, fl ame photometric
detector (toluenek rimethyl
pentane)
GC, EC detector (i-octane)

GC, NP detector
(ethyl acetate)
GC, NP detector (toluene)
GC, EC detector (toluene)

GC, EC detector (toluene)

GC, EC detector (toluene)

GC, fl ame photometric
detector (toluenekrimethyl
pentane)



Table  2.5 Analy tical methods used f or water samples d uri ng the study

Chemical Laboratory

Mecoprop 1987 NRA Welsh Region̂

MAFF Burnham

Mecoprop
Dicamba

2.4-D

Isoproturon

Lindane

Dimethoate

Simazine

MCPA
At razine

1990 Birmingham Univ.
NRA Welsh Region"
MAFF Bur nham

MAFF Burnham

NRA Welsh Region"
Bir mingham Univ.

NRA Welsh Region

1H

NRA Welsh Region
Bir mingham Univ.
Bir mingham Univ.
NRA Welsh Region
NRA Welsh Region

MAFF Bur nham
1H

Triclopyr MAFF Burnham

Birmingham Univ.
Birmingham Univ.
NRA Welsh Region

11-1

Carbofuran Birmingham Univ.
NRA Welsh Region

Aldicarb Birmingham Univ.

1H

Trifl uralin Birmingham Univ.
IH

Deltamethrin Birmingham Univ.
Chlorpyr ifos Birmingham Univ.

IH
Fenpropimorph Birmingham Univ.

Not es: GC = gas liquid chromatography
EC = electr on capture
NP = nit rogen-phosphorus
HPLC = high performance liquid
chromatography

Extr action

acidifi cation then
dichloromethane
acidification then
dichloromethane
SPECo cart r idge
as mecoprop 1987
acidification then
hexane
acidifi cat ion then
hexane
as mecoprop 1987
ammonia/
dichloromethane
ammonia/
dichloromethane
dichloromethane

dichloromethane
hexane
HCl/dichloromethane
dichloromethane
ammonia/
dichloromethane
dichloromethane
dichloromethane

acidifi cat ion then
hexane
SPEC1s cart r idge
SPEC1s cart r idge
ammonia/
dichloromethane
dichloromethane

SPEC18  cart r idge
dichloromethane

dichloromethane

dichloromethane

hexane
dichloromethane

hexane
hexane
dichloromethane
hexane

19

Quantifi cation method (fi nal solvent)

GC. EC detector

GC-MS

GC. UV detector (methanol/water)

GC, EC detector

GC. EC detector

HPLC. UV detector
(acetonit r ile/water)
HPLC. Diode Array detector
(acetonitr ile/water)
HPLC, UV detector
(acetonit r ile/water)
GC-MS SIM (dichloromethane)
GC. EC detector (hexane)
GC. NP detector (hexane)
GC-MS SIM (dichloromethane)
GC-MS SIM (dichloromethane)

GC. N detector (methanol)
HPLC or GC, IN detector
(acetonit r ile/water)
GC. EC detector

HPLC, UV detector (methanol/water)
GC-MS SIM (ethyl acetate)
GC-MS SIM (dichlor omet hane)

HPLC or GC. UV detector
(acetonitr ile/water)
GC-MS SIM (ethyl acetate)
HPLC, Diode Array detector
(acetonitr ile/water)
HPLC, post-column derivitization,
fl uorescence detect ion.
(methanol/water)
HPLC. post-column der ivit izat ion,
fl uorescence detect ion.
(methanol/water)
GC, EC detector
HPLC. UV detector
(acetonit rile/water)
GC. EC detector
GC. EC detector
GC, EC detector
GC-MS SIM

MS = mass spectromet ry
SIM = select ive ion monitoring mode
SPE = solid phase extraction

= At the time the Welsh Water Authority



3 Result s

3. 1 Soil hydro logy

The study of the soil hydrology of the Rosemaund
catchment was a major piece of work carried out
by the Agrohydrology Section of In . Two unpub-
lished reports have been written (Bell  et aL,  1991;
1992) that give detailed information on the season
by season changes in the soil water pathways as
observed over the fi rst two years of the study in
Long lands field. A summary of the fi ndings is given
here as a help in explaining the results of the
pesticide monitoring study (Section 3.2) and
forming the basis of one of the pesticide models
(Section 4.2).

3. 1. 1  M acro pores
The hydrological role of macropores in these soils
is crucial. Because the conductivity of the soil
matrix is so low , it is the macropores that form the
dominant fl ow pathways within the soil . A
macropore may be defi ned loosely as a planar or
tubular pore which traverses the soil and which is
created by a secondary infl uence (e.g. earth-
worms). It may he 'blind' , i .e. not joined to an-
other macroixwe, or it may he part of an intercon-
nected plexus; both have important roles in these
soiLs. Being larger than most of the pores of the
soil matrix (eg. anything from about 0.1 mm to 10
cm) these openings have the potential to conduct
water freely hut are only able to do so if the soil
water potentiaLs are very high (close to, or at,
saturation) or if water, ponded elsewhere, is able
to pour dow n them at a rate exceeding the ability
of the adjo ining matrix to absorb it.

A distinction needs to be made between two types
of macropore. One type is created by the shrink/
swell process, and varies in size and depth of
penetration according to the soil water content.
These largely (but perhaps not totally) close
during winter with swell ing of the soil. They form a
pathway for rapid bypass fl ow at times where they
are open, but only to saturated or quasi-saturated
fl ow. Ponding of water somewhere in or on the
soil profi le is necessary before they conduct, but
once such conditions are established, large
amounts of fl ow can he accommodated, albeit for
short periods. This fl ow may be downwards to feed
the groundwater system where shrinkage cracks
have penetrated to jo in the geological strata, or
lateral 'interflow' dow n-slope to the valley bottom.
These cracks form a considerable proportion of the
volume of the dry so il, and they also act as a quick-
fi ll reservoir to hold water and thus facilitate the
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re-wetting of the lower so il surface. Th e fate of
pesticides in these two types of circumstance
would diff er considerably.

The second type of mac upore is created by bio-
logical activity, mainly that of worms, but some are
due to dead root holes. These seem to remain
active throughout the winter period and provide
the poorly conductive soil with an enhanced
saturated conduct vity, which it otherwise would
not have. Worm activity is largely concentrated in
the upper soil during winter and is probably
responsible for such lateral fl ow as there Ls from
the mid-drain zone towards the drains. It seems
likely that the presence of the drains encourages
worm activity in that zone, because of lower water
tables and better aeration, and this may explain the
diff erences in behaviour of the mid-drain zone and
the drain zone.

3. 1.2 Sum mary of t he annua l cycle
For simplicity the annual cy cle has been divided
into four stages: stage 1 will be referred to as 'the
summer phase', stage 2 as 'the soil re-wetti ng
phase', stage 3 as 'the drainage phase' and stage 4
as the 'crop abstraction phase'.

The summer phase
The summer phase is characterised by progressive
downward drying of the soil as the rooting zone of
the crop advances and demand for water increases.
This is accompanied by development of an intri-
cate network of shrinkage cracks, dividing the soil
into irregular 'peds*, 50-75 cm across.

The summer of 1990 was exceptionally dry and the
cracks penetrated to at least 1 m, where they
almost certainly became linked to the joint system
in the underlying geological formation — so ft,
compact, blocky, silty mudstone. However, in
wetter summers, this may not necessarily be so.
When the soil re-wets, such cracks obviously re-
swell and close, although not necessarily com-
pletely. The data taken as a whole suggest that
residual cracks may persist throughout the enti re
winter, unless disturbed by ploughing, albeit at a
much lower conduct ivity.

The soli re-wet t ing phase
In general, autumn re-wetting will be controlled by
the timing and characteristics of autumn rainfall
and by the timing of cultivation in relation to
these. The re-wetting process will probably take
one of two distinctly dif ferent forms:



( i) If there is li ttle pro longed heavy autumn
rain prior to cultivation, or if the preceding
summer was so wet that shrinkage crack devel-
opment was minimal, events wil l fo llow those
of 1990/91, with the creation of a persistent wet
layer over lying very dry soi l. Autumn-applied
pesticides wil l he introduced into the fi ner soil
po res of this layer and subsequently would be
expected to be less mobi le, moving slow ly by
pii ton fl ows because of the poo r conductivity of
the actual so il . Th e duration of this stage wil l
depend on the amount of rain.

(i i) If however, heavy rain occurs before cult ivation
early in autumn and is of suffi cient intensity
and amount for the dry so il to be unable to
accept the infl ux, the resulting surf ace satura-
tion wil l run down the cracks and wet up the
entire so il profi le within a few days. Water
movement through the fi ssures wil l
predominate. This water wil l go primari ly to
recharge the shal low aquifer of the underlyi ng
geological formation, but if the input rate is
high enough, the' water table wil l rise temporar-
i ly g im e drain level in the zone close to the

0.5

0.4

0.3

0.2

0.3

0.2

0.1

Rosemaund site 2: crop year 1989/90
Soil water content v. t ime
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drains, and may he suffi cient to produce
intermittent pulses of drain fl ow . It is possible
that this is what was observ ed in the autumn of
1989, but the data set for that period is too
limited to compare directly with the autumn of
1990.

Th e dr ainage phase
Once water tables have generally risen above drain
level , normal drainage start s. Water percolates
vertically down through the unsaturated zone unti l
it meets the water table, aft er which it moves
laterally as saturated fl ow , mainly via the
macropores along the hydraulic gradient to the
drain.

During this phase the vert ical gradients of total
potential below the water table are as close to zero
as can be measured, so unless the saturated
conductivity is very high indeed (unli kely) there is
no further deep drainage at this stage. Th e only
water movement is lateral, and that is entirely in
the saturated zone, main ly via the vario us fissures
and joints.

270 320 370 420 470

Day number from 1/1/89

270 320 370 420 470 520

Rosemaund site 1: crop year 1989/90
Soil water content v. time

- - ,

570

520 570

- - 10cm
— 30cm
- - 50cm
— 80cm

--- 100cm
— 120cm
— 140cm
- - 160cm

- 180cm

Fig ure 3 1 Soil water content variat ion, 1989/ 90, f or soi l layer (0 to 80 cm) and geological materia l below
( 100 to 180 cm)



T he cr o p a bst r act io n p hase
In most ye ars , by early Ap ril, th e water demand of
th e cro p sta rts to exceed the ave rag e rain input
rate , so th at th e root zo ne sta rts to become drie r
and a ze ro fl ux p lane d eve lo ps be neath it. Th is
zo ne of up w ard fl uxing w ate r encroaches dow n-
w ard s into th e zo ne beneath as the roots ad vance
and dep lete th e water re se rve s of th e up per laye rs.
This 'so il moisture deficit' acts as a barrie r to
furthe r inp uts of ra in to th e low er profiles, with
th e re sult th at the wate r table re ce des to below th e
d ra ins leve l into th e geologica l formation.
Dra infl ow is im possible u nde r these conditions
an d will not sta rt again until the next winte r. The
cycle is co mp leted w ith th e return to the su mme r
p hase .

3 . 1. 3 D ow n- slo p e sat u r at ed f low t hr ou gh
t he aq u ifer
Mu ch of th e sa turated fl o w be neath the water table
co nve rges on the d rain and soo n e x it s at the
outfall. Howeve r, it m ust be re membe red th at
th ere is a top ograp hic eff ect which has not ye t
b een d isc ussed . The Long lands field has an aver-
age slop e of abo ut 6%, and th e water table overall
ca n be expected to co nform to th is gradient,
su bject to loca lise d tro ughs co rre sponding to the

Next d ra in
10 m

Horizon

Mid-drain
position

Inte r-dra in z o n e -41— Dra in zone

Soil surface

20m

Fig u r e 3.2 The main f eatu res of a vertical cross-section through the main hy drological un it aff ecting
so il water m ovement a t A DA S Rosemaund
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lines of the field drains . This implies that th ere will
b e an un-quantified but fairly constant lateral fl ow
below drain level with in the geological form ation,
pre sumably to exit as 'base fl ow ' at the va lley
b ottom .

While it seems that mo st of the conductivity of
th ese so ils an d th e unde rlying geology is derived
from th e cracks and joints , it must be noted th at
th e water-ho lding ca pacity of these pathways is
very small, probab ly much less th an 1% of th e so il
vo lume . This is clear from th e soil water co ntent
data of 1989/ 90, which show a mark ed diff erence
between th e soil of th e upper me tre and the
geolog ical material below 1 m (Figure 3.1). Thus,
th e velocity of the water passing thr ough th ese
pathways m ust be relatively high .

3. 1.4 Sum m ar y of soil wat er pat hw ays
Almost all the fie lds in ADAS Rosemau nd are
underdrained and the refore it is possib le to gen er-
alise the ob servations made from th e soil w ater in
Long lands to the entire catchme nt . Th is is best
done by co nsidering a representative drain age
eleme nt. Th is is the part of a fi e ld that extends
from one mid-drain p ositio n to the nex t, a d istance
of 20 m. The component parts of th is drainage

Inte r-drain zone

Mid-drain
position

Next dra in
10m



element are shown in Figure 3.2. The soil profi le
can be divided into three horizons: (a) a moder-
ately conductive topsoil with many macropores, (b)
an almost non-conduct i ng suhsoil with fewer
macropmes, and (c) a blocky structured parent
material (geology) in which any water movement
is confi ned to macropore fl ow. Superimposed on
this vertical structure is a horizontal division
between the area around the drain (drain zone)
and the inter-drain zone. Th e drain zone is charac-
terized hy high conductivities and high macropore
density. The inter-drain area has a very low, near
zero, permeability with some, hut far fewer,
macropores.

In the autumn, before the water table rises above
drain level, heavy rainfall may exceed the accept-
ance potential of the soil surface and flood down
the large shrinkage cracks remaining from the
summer. Such rain falling on the drain zone enters
the drain through the backfi ll due to ponding at
the base of the macropore zone. Some of this water
may pass through the drain to recharge the ground-
water. Water falling on the inter-drain zone is
absorbed into the soil peds and probably little of
this goes anywhere else. The foregoing process
depends on the rainfall being heavy, because
prolonged light rain causes shrinkage cracks to
close.

Cultivation of the topso il, while destroying the
crack structure, wi ll allow lateral movement of
water over the impermeable topsoil to the drain
zone and hence into the drain. Once a water table
is established and has risen above the subsoil ,
rapid lateral movement to the drains will aLso rx:cur
through macropores and more slowly through the
soil matrix. Thus for some modelling purposes the
drain and inter-drain zones require separate
treatment, which also has to take account of
seasonal changes in water table and in soil macro-
pore conduct ivity.

3 . 2 Pe st icid e s in w at e r

The objective of this section is to summarise all the
pesticide transport data that have been collected
during the monitoring exercise carried out at
ADAS Rosemaund. Data presented from sites 0 and
5 were collected by Ili , and from sites 1 and 3 by
MAFF. The discussion will, as far as possible, take
the data set as a whole and identify patterns in the
pesticide transport and illustrate this by detailed
descr ipt ions of representative plots of pesticide
concentrations during rainfall events. Th is
approach has been adopted because it would be
impossible to present all the data for all the indi-
vidual events monitored. Details of all these events
have been archived in a series of unpublished
reports by the Rosemaund Management Steering
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Group (Bird  et al .,  1991; Hack, 1991; Hack, 1994;
Mitchell , 1995) and most of the data have been
published in the open literature (Brooke and
Matthiessen, 1991; Will iams  et al .,  1991a; Will iams
et al.  1991b; Carter and Beard, 1992; Matthiessen  et
al .,  1992; Di Guardo  et al .,  1994b; Matthiessen  et al .
1994; Matthiessen  et at ,  1995; Turnbull  et aL  1995a;
Turnbull  et at ,  1995b; Wdliams  et al .,  1995).

3.2. 1 Pest icide concent rat io ns and losses
Th e pesticide transport events monitored over the
period of the study are summarised, by chemical,
in Table 3.1. Details are given of applications to the
catchment areas above each sampling location,
which were made prior to, or between, monitored
events. On occasions the monitoring of a particular
event did not coincide with the hydrograph. Th is
was mainly due to failure of the automatic tr igger
mechanism and subsequent manual initiation of
sampling.

Defi ning an event as the concentration profi le of a
single pesticide through a hydrograph at a given
location, then 123 such events were monitored in
the course of the study. Of these 123 events, in
only eleven cases was the maximum concentration
of pesticide either absent or below the detection
limit. In 99 of the events the maximum concentra-
tion was greater than the MAC level for drinking
water of 0.1 pg laid down by the EC. This
number falls to 90 if the fl ow-weighted mean
concentration is used as the criterion.

In general, when pesticide was applied to a fi eld
draining to both a drainage system and the stream,
the higher concentrations were found in the drain.
This is because usually all the catchment area of
the drainage system was treated, while the stream
concentration could be di luted with water from
untreated areas. The maxi mum concentration of
any pesticide measured during the study was
264.0 pg I ' of carbofuran on SJanuary 1992 in the
drain at Site 3. This was in response to a very large
rainfall event of 72.5 mm in 25 hours; such an
event occurs apprm imately once every 50 years at
Rosemaund. Atrazine concentrations were also
measured in the same event at drain Sites 3 and 5.
These were again high with maximum concentra-
tions of 51.3 pg and 81.4 pg I I respectively.

Maximum concentrations over 10 pg occurred
quite often during the study, with 25 events ex-
ceeding this value. Peak values in the range 1-10
pg t ' occurred in 48 events, while 50 events had
peak values of less than 1 pg A more detailed
study of those events which gave rise to the lower
pesticide peak concentrations reveals several
fact ors which seem to control this behaviour
(ignoring those events that missed the hydrograph
peak as they may have given unrepresentatively
low concentrations, see Section 3.2.2).
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Th e ma in factors seem to be the numbe r of half-
lives that pass be tween the application date and
th e rainfall event, and the fraction of the catchment
tha t is treated . In the d ica rnba eve nt of 8 Dece mbe r
1988 for examp le , the re was a delay of almost 8
half-lives between applicatio n and rainfall event.
Th e atrazine and carbo furan events of 28 May 1992
also oc curred se veral half lives after application.
The sima zine eve nts o f 8 January 1991 and 21
February 1991 followed pesticide applicatio ns to
only 3.76 ha of a catchment whose tota l arr a is
some 151 ha. The triclopyr data demon strated the
effect o f co mb ining a low application rate to a
small area of a large catchment, with three half-
lives be tween application and rainfall event. The
lindane eve nts occurring afte r Nove mber 1989
nearly all show low peak co ncentrations. While the
latte r two events oc curred many days aft er applica-
tio n , it was not a long time co mp ared to lindane 's
quo ted ha lf-life o f al-xmt 400 days. However,
me asureme nt o f so il residue s (Williams  et al.,
1991a) shows that the rea l ha lf-life in the fi eld was
closer to 40 da ys.

It se ems therefore tha t considerat ion of the degra-
da tion rate o f the che mical comb ined with knowl-
edge of the amo unt and area of treatment can
ind icate expected peak concentrations in surface
waters as they are infl ue nced by the timing of
rainfa ll eve nts . Base d on this evide nce an atte mpt
has bee n made to deve lop an index of pesticide
transpo rt, Irn, based on the da ta in Table 3. 1.
Ho w eve r, and pesticide tra nsport we re no t
co nsiste ntly related . The calculation of the index
and a d iscussion of its success is given in Section
3.2 .4 .

While the maximum co ncentration of a pesticide is
the stand ard by which the quality of an agricultural
non-point so urce is judged , the actual amo unt of
pesticide translocation to water is also of consider-
ab le interest. Table 3.1 includ es the results of
ca lcu lating the mass of pesticide passing each
samp ling po int in each event. In the majority of
cases the amo unts we re very small, with most
be low 1 g. The highe st reco rde d loss was 60.6 g of
simazine recorded at Site 0 in spring 1989, which
represe nted 0.3 % of the tota l applied to the
catchme nt . The highest cum ulative translocation of
pesticide recorded was 1.1 % of the total app lied
and was measured in the water leaving the drain at
Site 3, following an applicatio n of carhofuran.
When comp ared to the application rates these small
mass losses o f pesticide may seem trivial. However,
they give rise to very high concentrations of po ten-
tial b io log ical sign ifica nce , albe it for short length s
of time . It would seem almo st impossible to pre-
vent chemicals delibe rate ly introd uced into the
environm ent , as is the case with pesticides, from
reaching su rface waters in such small amounts,
whatever the method of application and agricul-
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rural practice used . Th e implication, th erefore, is
that the eco toxicity of pesticides should be made
suffi ciently low so as to avoid environmenta l
damage be ing cause d by this inevitable co ntamina -
tion of strea ms and rivers.

3. 2 .2  Pat t erns of pest icide t ransiocat io n
This se ction examines in more detail the way in
which pesticide concentrations relate to rainfall
and fl owrate for ind ividual events. The sha pe s of
the pesticide concentration curves can be divided
into th ree main type s:

• Those which showed no obvious pattern at all;
• Those when the pe ak value occurred at the start

of  monitoring;
• Those which showed a dilution in concentration

through the hydrograph and subsequent return
to base levels.

The majority of events fall into group 2, while
the re are a signifi cant numbe r in group 1. The
pe sticide co ncentrations show ing least patte rn
gene ra lly occur at the main gauging site and refl ect
the greater variety and lengths of pesticide path-
way that ope rate at the catchment scale compared
to those operating at the fi eld scale . The following
discussion will deal with each of these th ree
groups. For ease of reference they will he identi-
fi ed as type 1, type 2 and type 3 events respective ly.

Typ e 1 event s
Th is type of pesticide response to rainfall events
accounts for only abo ut 10% of the events ob-
served . As was stated alxwe , the majority of these
we re monitored at th e outlet from the farm catch-
ment at Site 0. Two exa mples should be suffi cient
to illustrate this type . Figure 3.3 shows Lsoproturon
concentrations at Site 0 following 10.0 mm of
ra infall, the applications having been made ove r
the pe riod 16 Octobe r 1990 to 28 Novembe r 1990
(Table 3.1). The fl ow respo nse to the rainfall is as
expected, however the two distinct iso proturon
peaks show no co rrelation to eithe r rainfall o r fl ow .
Figure 3.4 shows a similar lack of correlation
be tween, in this case, atrazine, rainfall and fl ow.
Here a single application of atrazine was made
some 21 days before a small rainfall event which
occurred on 17 Dece mbe r 1991 (Table 3.1). Al-
though the arrazine concentration did se em to
reach a peak during the recession limb in the
hydro grap h, there is no apparent reason why it
should lag behind the peak fl ow by ap proximately
12 hours.

Ty pe  2  event s
In this type of event rainfall pro duces a corre-
spo nd ing peak in pesticide concentration in the
stream or d rainage water. The pesticide peak may
eithe r occur sho rtly before the peak in the
hydrograp h or coincide with it. This type of event
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formed the majority (approximately KO%) of those
monitored at Rosemaund. Figures 3.5 and 3.6 are
excellent examples of this type of event. Both
graphs show the change in simazine concentra-
tions at Site 0 resulting from a rainfall event which
occurred shortly after pesticide application (see
Table 3.1 for details). In both cases the peak
simazine concentration occurred before the
hydrograph peak, the concentrations then fell off
rapidly through the peak and recession of the
hydrograph. It is interesting to note that this is the
same event as shown in Figure 3.3 that produced a
Type 1 response for iso p ro turo n . A slightly dif fer-
ent response is show n in Figure 3.7, also for
simazine concentrations follow ing a recent appli-
cation. Here the rain fell over two close but sepa-
rate periods, the fi rst rainfall causing a simazine
peak slightly after the fi rst hydrograph peak, and
the second rainfall giving rise to a coincidence of
the pesticide and hydrograph maximum.

This type of response was not confi ned to
simazine. Figure 3.g shows the change in the
concentration of the breakdown products of
aldicarb in the drainage water from Long lands
fi eld. In this case, due to a build up in the soil
moisture defi cit, the rainfall event produced only a
small change in drain fl ow. However, the coinci-
dence of pesticide and hydrograph peak is clearly
illustrated. A similar response can be seen for
trifl uralin for the same location and under condi-
tions that gave rise to a very similar hydrological
response (Figure 3.9 and 3.10). This chemical is
interesting because it has a high sorption coeffi -
cient, yet it behaves similarly to other less so rbed
chemicals (see Section 3.2.3),
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There are two possible hypotheses that c.an be put
forward to explain type 2 responses. The fi rst is
based on the likelihood that pesticide concentra-
tions do not equilibrate between the dissolved and
so lid phases instantaneously. When a pesticide is
applied to soil, some will adsorb to the so il while
some will dissolve into the soil water, the relative
concentrati ons depending on the sorption coeffi-
cient for the particular molecule/soil combination.
In the initial stages of a rainfall event, the rain
displaces the original soil water, which is of high
pesticide concentration, and forces it to move
down the profile. If there are by-pass routes
available this water will reach the drainage syst em,
and hence the stream, in a short space of time, thus
causing an initial peak pesticide concentration.
During the remainder of the event there is insuffi -
cient time for full equilibrium to be established
between the displacing water and the soil matrix ,
and thus the remaini ng water moving to the drains
is of a lower concentration. Between rainfall
events, equil ibri um is re-established and so each
event starts with a pesticide fl ush, albeit of slightly
lesser magnitude each time.

The second explanation assumes an instantaneous
equil ibrium is reached between dissolved and
solid phases, and that the shape of this type of
event is a consequence of having a by-pass fl ow
system present in the-soil . In this model, soil water
from near the surface, which has a high pesticide
concentration, is transported rapid ly by the
incoming rainfall to the drains via macropores.
Since an instantaneous equilibrium is assumed, this
occurs throughout the rainfall event. Water is,
however, moving via the larger pores in the soil
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Figure 3 5 Simazine concentrat ions leaving the ADAS Rosemaund catcbment f ollowing a ra inf all
event af ter an appl icat ion
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matrix , especially in the highly conduct ive zone
around the drains and is much larger in vo lume
than the macropore fl ow. The pressure exerted by
this water wil l aft er some hours cause the water in
the deeper layers (and of low pesticide concentra-
tion) to fl ow toward the drains and thus dilute the
water from the macropores.

In reality, the explanation may he a combination of
both of these hypotheses. They have in common
the need to move water rapidly from the surface to
the drainage system, which requires the presence
of macroix ges. Th e generation of drain and stream
fl ow is certainly not controlled so ley by the move-
ment of water from the surface and some contr ibu-
tion is made from the deeper so il water. Al though
there Ls some evidence that equil ibrium may not be
instantaneous under fi eld conditions, such a
combination leads to a very complicated
conceptualisation of the system and therefore, for
the purposes of modell ing what happens at
Rosemaund, the second of the two hypotheses
stated above has been adopted (see Sect ion 3.2).

T ype  3  Eve nt s
In this type of event, instead of rainfall causing a
peak in pesticide concentration, a reduction in
concentration is observed. This type of event has
only been observed on two occasions in late spring
1992 and is i ll ustrated wel l in Figure 3.11.
Isop roturon concentrations are shown for Site 0
follow ing a very intense rainfall event. The ini tial
concentration was high (around 8 pg I ') but fell
rapidly through the hydrograph to I pg Levels
then recovered to close to their original values by
the end of the event. A similar response was
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observed at the same site during a smaller event
which occurred some 10 days later (Figure 3.12).

Th is type of response is typical of a contaminant
that is being supplied to the stream by the base
fl ow which is then di luted by clean water from
incoming rainfall . Thus du ring the event the base
fl ow concentration is fi rst di luted by clean rain
water moving rapidly f rom the top so il to the
drains, but then rises again as the proportion of
deeper so il water increases on the recession limb
of the hydrograph.

3.2 .3 Par t icu lat e pest icid e t r an spo r t
The signifi cance of particulate transport for the
movement of pesticides to streams and drains was
investigated in the fi nal phase of the Rosemaund
study through use of the highly so rbed chemicals
trifluralin (K, - 8000), deltamethr in
(K,, - 110,000) , chlorpyrifos (Kor, - approx. 6000)
and fenpropimo rph - approx . 4715) . The
following summary largely uses the trifl uralin data,
but many of the conclusions app ly to the other
three substances. Samp les were taken from
Longlands drain for three rainfall events fol low ing
tr ifl uralin applicati on using the normal methods
described in Section 2.2. Three samples containing
the highest sed iment loads (by visual inspection
this was the fi rst three samples in each case) were
selected and sent to the Institute of Freshwater
Ecology (IFE) River Laboratory, Wareham, for
separate analysis of the particulate and dissolved
pesticide concentrations. Th e concentrations of
pesticide in mobile bed sed iment were also meas-
ured during and aft er a large event.

- - - •••
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Tabk 3 2 Details of tnfl uralin concentrat ions and suspended sediment  masses in  three rainf al l events
collected f rom Longlands Drain, Site 5

Table 3.2 gives details of the trifl uralin concentra-
tions and sediment masses carried in the water
samples taken from Longlands drain. Th e highest
concentrations of both trifl uralin and sediment
were found in the fi rst event of 11 November 1992.
However, the highest of the three pesticide values
for this event was from the fi rst sample, in which
the vast majority of the pesticide (92% by weight)
was transported in the disso lved phase. In the third
sample in this fi rst event the pesticide transport ed
was divided equally between the particulate and
dissolved phases. On only two occasions, both
within the same event, did the part iculate load of
pesticide exceed that in the water phase. The third
event was only sampled at the tail of the
hydrograph and consequently sediment loads were
low, as were the loads of associated pesticide.

As was noted in Section 3.2.2 above, the highly
sorbed nature of this pesticide does not seem to
alter the way in which it responds to rainfall, i.e. it
fi ts well into the set of Type 2 events described
above. Since this highly sorbed chemical seems to
have behaved in the same manner as the less
sorbed pesticides discussed earlier, then it may be
reaso nable to treat it in the same way. Certainly the
significance of particulate transport of the less
sorbed chemicals that are commonly found in
surface water can he considered negligible. This
conclusion is based on a small data set for one
chemica l, as suffi cient resources were not available
for a more extensive study of pesticides of this
type. However, it should he noted that even a very
highly sorbed pesticide such as deltamethrin was
found at up to 1.9 pg I ' in the stream at Site 1
(Table 3.0 , probably all adsorbed to suspended
particulates. This shows that a comhination of by-
pass fl ow and the presence of fi eld drains can lead
to signifi cant translocation of pesticides tradition-
ally considered to he immobile.
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Mobile sed ime nt s
The concentrations of trifl uralin in mobile surface
sediments in the stream duri ng rainfall events are
given in Table 3.3. The concentrations were quite
similar in all the samples collected and in all cases
were much lower than the concentrations meas-
ured on the suspended particles. These limited
data suggest that the fi ne particles are responsible
for the bulk of the pesticide transport and these
are not deposited on the stream bed during or
aft er events. It would be of interest to know
whether these concentrations in the sediment are
of any environmental concern.

Table 3.3 Trifl uralin concentrations measured  in
the mobile stream bed sediments dur ing rainf al l
events

Date Site Concentr ation (pg/g)

24 Nov 92
25 Nov 92
25 Nov 92
30 Nov 92
30 Nov 92

0.020
01 40
0.079
0.053
0.074

Over land  fl o w
Trifl uralin concentrations were aLso measured in
water samples collected by the overland fl ow traps
following a numher of rainfall events, and the
results are given in Table 3.4. It should be noted
that the design of the traps removed large particles
before the water sample was collected; fi ne parti -
cles could remain in the collected water. The
highest concentrations were measured fol low ing
the fi rst rainfall event after application. Thereaft er
runoff concentrations were about an order of



Table 3 4  Trif luralin concentrations measured  in
surf ace runoff traps in t onglands fi eld f ollowing
ra inf all events

Dat e Tri fluralin concent rations (pg/I)
Trap I Trap 2 Trap 3 Trap 4

12 Nov 92
09 Dec 92
27 Dec 92
20 Jan 93

20.0
2.5
0.99
0.80

86.0 15.5
0.43  1.74
2.0 0.6 1

0. 15
0.9 1
1.55

the fi rst rainfall event after appl ication. Thereafter
runoff concentrations were about an order of
magnitude lower for all traps. The concentrations
measured in the traps were quite similar and imply
an even application of pesticide to the fi eld. It is
clear that rainfall events occurri ng tit xm aft er
application have the maximum likelihood of
producing high pesticide concentrations in over-
land fl owing water

3.2 .4 Pest icide t ran slocat io n t o wat er,
and degr adat io n r at e
It was suggested in Section 3.2.1 that there might
be a relationship between the physico-chemical
characteristics of a pesticide and its detection
during monitoring at Itosemaund. This section
proposes an index of pesticide translocation,
which is based on the relationship between three
factors that might logically infl uence peak concen-
trations. These three factors are :

• The half life of the pesticide assuming a fi rst-
order decay reaction;

• The length of time between the pesticide
application and the rainfall event;

• The area of the catchment above the sampling
site.

The factors are combined thus:

I (M e

where M is the mass of pesticide applied (kg), k is
the decay rate of the pesticide (day '). T is the time
between application and rainfall event (days), and
A is the area of the catchment above the sampling
site. If there has been more than one application,
then the eff ective len is the sum of the individual
indexes for each application. Th e logic behind this
choice of index Ls that the time between applica-
tion and rainfall event combined with the pesticide
half life gives an estimate of the amount of pesti-
cide left in the catchment. The catchment area is
used as a surrogate for fl owrate, i.e. larger catch-
ments generate larger fl ows. If the area treated is
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small compared to the catchment area then the
value of l in will be small.
Values of I have been calculated for all the eventsin

monitored at Rosemaund and the values are
presented in Table 3.1. Figure 3.13 presents the
same data graphically by plotting the peak pesti-
cide concentration against the index, The plot
identifi es each sampling site by representi ng each
point by the site number to which it refers. A
cluster of values can be seen close to the origin
showing that many events had a low peak concen-
tration and a low value of I m • In general the ex-
pected trend of increasing value of the index and
increasing peak concentration is followed. How-
ever, the correlation is too pixy to formulate a
usable mathematical relationship. There is a clear
grouping of the points into sites, with Site 0 having
the lowest values of Im and Site 5 the highest. This
is due to the inclusion of the catchment arca in the
formulation of the index and the fact that higher
proportions of individual fi elds get treated than
the catchment as a whole.

An alternative plot of flow-weighted mean concen-
tration against 1m is shown in Figure 3.14. As would
be expected a similar pattern is observed, with the
separation by site stil l apparent.

Although the value of In, cannot be used to esti-
mate the peak pesticide value directly, it is possible
to defi ne a threshold value that can be used to
predict when a given maximum concentration wil l
not be exceeded. For example, using the data in
Table 3.1, a value of In, of less than 0.005 kg/ ha will
give a maximum pesticide concentration of less
than 0.22 pg 11 and less than 0.1 pg I" in the vast
majority of cases.

Any relationship developed between an index such
as I and observed data Ls clearly only empirical,
even if it is based on common-sense relationships.
Empirical relationships are only valid within the
bounds of the data from which they have been
derived and cannot he used safely on more general
problems: The lack of a good correlation between
I and either peak or mean pesticide concentrations
indicates that the problem of pesticide transport is
more complicated than considered in this treat-
ment. There Ls therefore a need for a more sophisti-
cated approach, such as that outlined in Section 4
below .

3. 3 Bioassays of st re am wat er
an d sed iment

The main purpose of the work at Rosemaund was
to monitor the tran.slocation of pesticide residues
into the stream, but bioassays which could be used
to assess the potential bioloOcal eff ects of the
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used was the Gammants p ular feeding rate
bioassay, in which amphipod crustacea sensitive to
certain insect icides were deployed in individual
a ges in situ in the stream at Site 1 for perRxLs of
several weeks. Full detai ls of this bioassay are given
in Matthiessen et al . ( 1995).

A tr ial ru n of the technique was conducted during
the dichlorprop event monitored on 20 March
1990 (Table 3.1). Dichlorp rop, a phenoxy acid
herbicide, is not signifi cantly toxic to G. p ula , so
any eff ect s on the bioassay caused by non-pesticide
factors such as high water fl ow rate or suspended
sediment would have been expected to show up
during the trial. In fact, there was no signifi cant
mortality or reduction in feeding rate during and
after the dichlorprop event, thus providing confi -
dence that the bioassay would only respond to
toxic materials in the stream water.

The fi rst operational deployment of the bioassay
took place during the carhofuran experiment
started on 3 December 1991 when carbofuran (a
carbamate insecticide) was applied in a granular
formulation on an experimental basis to 3 ha of
oilseed rape in the upper catchment at a rate of 3
kg a.i. ha' (Marthiessen et at , 1995). Rainfall was
sporadic unti l 8-9 January 1992 when 71.5 mm fell ,
mainly in a 24 hr period. The return rate at
Rosemaund for events of this magnitude is about
50 years. Figure 3.15 shows that cartxif uran con-
centrations in the stream during the event reached
peaks of 24 and 27 pg V, respectively. Although
disso lved oxygen levels (48-59% saturation) and pH
(7.4-7.9) remained within acceptable limits for
G. p ulex, the carbofuran concentrations exceeded
the 24-hour LC50 for this species, causing a cessa-
tion of feeding and 100% mort ality of the test
animals (Figure 3.16). Subsequent laboratory
experiments confi rmed that carbofuran is very toxic
to G. p ulex , as little as 4 pg causing a signifi cant
reduction in feeding rate over a 7-day exposure
peri od. None of the other pesticides that had been
used in the catchment in the preceding months
(atrazine, benazolin, clopyralid and cy cloxydim)
was suffi ciently toxic to G. p ulex to have caused
the observed eff ects. It is noteworthy that the
subsequent carbofuran event on 25 January 1992,
although triggered by a much smaller rainstorm
(9 mm), would also have been expected to cause
mass mortality of G. pulex . However, the bioassay
was not deployed at that time.

Subsequently, the G. pular bioassay was again
deployed at Site 1, this time after application of the
insecticide chlorpyri fos at 0.72 kg a.i. ha ' to 4 ha of
the upper catchment on 19 March 1993. Published
data show that chlorpyrifos is also highly toxic to
Gammarus spp. (24 hour LC50 - 0.7-5.6 pg 11 .
36% of the bioassay animals died after the 12 mm
rainfall event on 9 April, and a furt her 47% were
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scored as moribund and would have died later.
Feeding rate declined to almost zero. Unfortu-
nately, no water samples were obtained from the
stream during this event, but the chlorpyrifos
concentration in the Site 3 fi eld drain abo ut 100
metres upstream from the bioassay cages reached
4.3 pg I.' , so it is almost certain that chlorpyrifos
was responsible for the mort alities. Th e only other
pesticide present at this time was fenpropimozph
which is of low toxicity to crustacea.

Finally, sediments collected from the stream after
the deltamethri n application on 15 December
1992 (and subsequent to the main deltamethrin
run-off events summarised in Table 3.1) were
subjected to a sediment bioassay which measured
the growth of a sediment-dwelling insect larva,
Chi tro nomus ripa ri ta . Deltamethrin is a pyrethroid
insecticide with high acu te tmcicity to insects and
crustacea but it is strongly adsorbed to sediments.
No signifi cant responses were seen in this bioassay,
indicating that any deltamethrin present was not
bioavailable to C. npa ri us. No data on the concen-
trations of deltamethrin in the stream sediments
are available for the period in question.

The bioassay results, although not comprehensive,
show clearly that transient insecticide peaks seen
in the Rosemaund stream have the potential to
cause biological eff ects, provided that their toxicity
is suffi ciently high and the residues are not bound
too fi rmly to particulates. It is worth noting that
peak concentrations in the stream of several of the
monitored herbicides (especially isoproturon,
tr if luralin and atrazine) approached or exceeded
environmental quality standards proposed by the
Department of the Environment and the National
Rivers Authority (NRA), but the potential of these
peaks to damage aquatic algae and plants was not
confi rmed by means of bioassays

A biological survey of Rosemaund stream was
conducted by the NRA in November 1994 in order
to assess whether the many pesticide translocation
events monitored during the period of this project
had caused real environmental damage (Clabbum,
1995). Due to the absence of a suitable upst ream
control site at Rosemaund, a control sample was
taken from Newbridge Brook at Shoal's Bank (NGR
SO 394494). Th is catchment consisted of mainly
agricultural grassland and woodland and was
thought to be relatively uncontaminated by pesti -
cides. The survey used the standard BMW? scoring
system for benthic fauna and showed that the
Rosemaund stream was very impoverished in
fauna, with BMWP scores in the range 34-42.
Interestingly, Gammanis pula was either absent or
sparse. However, the cause of this poor
biological quality cannot be unequivocally
att ributed to pesticides because the control site also
had poor species diversity (BMWP score - 39). It
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Table 3.5  Su m ma ry of pesticide concentrations in soil in Rosema und f teld experime nts

Notes for table:

I .

C.

First samples are mean concentration.on fi rst sampling visit after spraying, with time elapsed
since spraying.
Last samples are mean concentration on last sampling visit, with time since spraying, or
detection limit and time of first samples to be below limit
Half lives are estimates from fi eld data assuming fi rst order degradation. No value indicates
data too variable to allow calculat ion.

cannot be ruled out that the Newbridge Brook was
significantly contaminated with pesticides, but
there are no data available on this point. On
balance, however, it seems likely that pesticides
were at least partly responsible for the observed
impoverishment in the Rosemaund stream because
the conditions would have been expected to
support more crustact-an and insect species than
was in fact the case.

3.4 Pest icides in soil and soil
w at er

Soil
Data on the levels of pesticides in soil samples are
summarised in Table 3.5. The mean leveLs in the
fi rst samples taken after appl ication are shown,
together with the time since the application. Also
included are either the mean level in the last
samples taken, or the detection limit where this
was reached before the last sampling visit, together
with the time elapsed since application.

In general, the individual samples from a sampling
visit showed considerable variability, with the
standard deviation often similar in magnitude to
the mean level. This refl ects the heterogeneous
nature of the material being sampled and the
diff iculty in obtaining an even application over the
whole fi eld. The initial concentrations measured
were of the order expected from the known
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application rates. Al though one or two were lower
than calculated — as one might expect from the
eff ects of drift and other losses — most were in fact
higher than calculated. Th is may refl ect the diffi-
culty in avoiding contamination of samples by
extra surface soil which has very high initial con-
centrations.

Two examples of the disappearance of chemical
with time are shown in Figures 3.17 and 3.18. The
soil data were mainly used to give rough estimates
of the half-life for degradation, assuming a fi rst
order removal process. In two cases, with lindane
and the fi rst mecoprop application, they showed a
removal rate greater than that expected from
values found in the literature. The lack of chemical
found in the stream demonstrates that removal in
water did not contribute signifi cantly to the
increased removal rate. For the mecoprop applica-
tion it appt-ars that recent previous applications to
the same fi eld had led to an acclimated microbial
population which was able to degrade the chemi-
cal more rapidly in the subsequent application.
The second mecoprop application studied here
was not affected by this as it took place in a diff er-
ent fi eld.

For many of the sampling visits, one of the samples
was taken over depth intervals, usually 25 cm
increments, which were analysed separately. The
variability in one-off samples meant that it was



Table 3.6 Pestic ide co nce ntrations with dep th in so il sa mp les

Chemical T ime aft er
applicat ion (days)

Isoproturon

Atrazine

3
12
1
45

0-25cm

0.369
0.205
0.2 14
0.078

Table  3. 7 Su m ma ry of da ta on pestic id es in soil wa ter a t 1.0-1.5 m dep th

Pesti cide  and  date

Isoproturon (Nov. 89)

Dichlorprop (Mar. 90)

Mecoprop (Mar. 90)

Isoproturon (Jan. 91)

Dimethoate (Jan. 9 1)

At razine (Jan. 92)

Carbofuran (Jan. 92)

Aldicarb (sulphoxide +
sulphone) (Apr. 92)

Delay after spraying (days)

15
29

27

1
27

42
53

37
48

42
48

36
42

39

48

diffi cult to draw fi rm conclusions from the meas-
urements. In some cases they did appcar to show
the chemical at depth soon after application
(isoproturon in Table 3.6), whi lst others showed a
more expect ed profi le (atrazine in Table 3.6).

For one application (trifi uralin, 1992) samples
were taken from sites chosen to represent the
diff erent soil types within the fi eld. As only a small
number of samples could be taken for each type
the results were variable. They did show diff erent
behaviour of the so ils lying in the valley bottom
near the stream (the Middleton and Compton
series) which showed an apparent increase in
concentration (over I m depth) after an initial
decrease. This could he related more to their
position than to diff erences in the so il composition.
The other soils showed a more expect ed general
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Concent ration  (mg/kg)
25-50cm 50-75cm 75-100cm

0.04 1
0.026
0.065
0.0 13

0.07 1
0.029
0.035
0.008

Concentr ation range (pg/1)

0. 1-53.80
0.3-54.20

<0.2-0.72
<0.2- 1.10

<0.2-0.22
<0.2-0.24

<0.0 1-6.00
0.03- 18.20

0. 15-0.25
0.02-0. 16

0.0 1- 1.24
0.05- 10.69

<0.0 1-0.05
<0.0 1- 1.89

<0.6

<0.6-8.4

0. 166
0.037
0.009
0.004

decrease. Due to the variabil ity in the data it was
not possible to estimate half lives for this appli ca-
tion.

So il wat er
Pesticide concentrations in soil water obtained by
porous pot suction samplers at 1.0-1.5 m depth are
summarised in Table 3.7. For each pesticide trial,
the range of concentrations found is given for two
dates, the first generally being the fi rst occasion
aft er spraying when signifi cant residues were
observed, and the second being the subsequent
sampling date. It will be apparent that substantial
residue concentrations of almost all the pesticides
investigated can reach fi eld drain depth (approx .
I m) within 2-6 weeks of spraying. Th ere was
generally little sampling during the first two weeks
because the soil water content tended to be too
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low to permit collection of enough sample, so it
possible that residues were able to translocate to
fi eld drain depth in less than 2 weeks. Indeed, the
mecoprop and dichlorprop data suggest that
measurable residues a n even reach 1.0-1.5 m after
as little as one day, and this is supported by some
of the drain and stream monitoring data (Table
3.1) which show that signifi cant residues are able
to be transported to the St ea m within a few days
of spraying. Investigations of the soil hydrology at
Rosemaund have confi rmed that abundant
macropores are available in the early winter to
provide the necessary paths for this by-pass flow.
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In summary, the soil data confi rm the mass-balance
calculations whick show that almost al l of the
applied pesticide stayed in the soil and degraded
there. There is evidence, however, to suggest that a
small proportion of the pesticide residues at
Rosemaund can be translocated very rapidly to
fi eld drain depth and below, and it is these which
make up the bulk of the residues which appear in
the fi eld drains and stream after rainfall .



4 M odelling

4 . 1 Pu r pose of modelling

Th e overall objectives of the Rosemaund project
were described in the intnxluction to this report,
but the specifi c aims of the work on modelling will
be restated here. A common aim of the modelling
approaches is the predict ion of levels of pesticide
in water arising from agricultural applications;
there are diff erences however in what types of
predict ion are needed and why. For the NRA and
II-1 the object ive was to produce and validate a
simple model to estimate pesticide transport from
a catchment. This was then to be developed to
allow the eff ects of management options for the
use of pesticides to be studied, and to guide
sampling strategies for pesticides in surf ace waters
For MAFT and the BRE the objective was to use the
data generated to test the abil ity of existing models
to predict 'reasonable worst case' stream concen-
trations, with a view to predict ing such concentra-
tions for new substances as part of the assessment
process before they appear in the environment.
Another aim was to gain insight into the ability of
simple models to describe the behaviour of chemi-
cals in the environment and to assess how much
reliance could be placed on quantitative estimates
from such models.

4 .2 M odelling ap proaches

Three modelling approaches have been applied to
the Rosemaund data. Two of these are closely
related, in that they are both based on the fugacity
models developed by Mackay. The third is a model
developed from observ ations of the behaviour of
water at the site. The ideas behind the three
models are described below . Detailed technical
descriptions of the models are not included in this
report but can be found in a number of publica-
tions referred to in the text.

4 .2 . 1 Fug= My mod • ls
This section provides a brief description of the
principles behind the fugacity models. A more
detailed discussion on this mixlell ing approach
can he found in Mackay (1991).

Fugacity is a thermodynamic funct ion. It can be
thought of as the escaping tendency of a chemical,
which wil l move from one phase to another in
attempting to establish an equal fugacity in both
phases. The advantages of fugacity over other
measures of equil ibrium are that it is linearly
related to concentration (at low concentrations)
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and that absolute values can be established.
Mackay introduced fugacity to environmental
models in order to simplify the calculations. For
each part of the environment a fugacity capacity
can he defi ned, which measures how much
fugacity a phase can hold (an analogy would be
heat capacity) . This fugacity capacity depends on
the properties of the chemical as well as on the
propert ies of the environment. The ratio of two
values for diff erent phases gives the partition
coeffi cient between those two phases; this simpli-
fi es the calculations as only one value per phase is
needed rather than partition coeffi cients between
all pairs of phases.

In the fugacity models Mackay combined the use of
fugacity with the concept of the unit world. In this
the environment Ls made up of a number of boxes,
each of which represents an environmental phase.
Th ese phases are also referred to as compartments.
It is assumed that each compartment Ls homogene-
ous, that is the propert ies of the compartment
(and the concentration of a chemical) are the same
at all points within the compartment. The dimen-
sions and properties of the compart ments can be
varied to produce a range of model environments.

The models can be applied with diff erent levels of
complexity depending on the processes included.
At the simplest level a fi xed amount of chemical is
partitioned hetween the compartments of the
model at equil ibrium. No removal processes are
included. This is usually referred to as Level I.

For the second level a number of loss mechanisms
are introduced. Degradation processes can be
included in any of the compartments; these are
usually represented hy fi rst order kinetics. In
addition there can be physical removal or
advective processes, where the chemical is carri ed
in flowing air or water or perhaps carried on
suspended sediment. Such processes can of course
also bring in chemicals into the model envi ron-
ment as well as remove it. In the Level II model the
removal processes balance a constant input rate of
chemical, with either direct release to the model or
advective input (or both). The result is sti ll an
equilibrium distribution.

The third level model adds resistance to movement
between compartments to the Level II model. The
input Ls sti ll continuous. This leads to a steady-
state solution where the concentrations in the
compartments are no longer at equil ibrium.



The second and third level models have a constant
rate of input of chemica l to the model. Th is is
obviously not the case with pesticides; here a one-
off application is followed by the dissipation of the
chemical over a period of time through the eff ects
of degradation, water movement and volatil isation.
Thus modifi cation of this modelling approach to
apply to the Rosemaund situation involved the
inclusion of time dependence of the chemical
concentration.

4 .2 .2 BRE appr oach
In this apprwach the environment to he modelled is
split into two sub-models, one representing the
fi eld itself and the other the stream. Figure 4.1
shows the struct ure of the model.

Rain . '

Stream fl ow

kwresr=

14% 11 Drain flow

Ak

atv =

Secitrnent

Figure 4.1  Structure of BRE model

The fi eld model is made up of three compartments:
solid soil , so il water and soil air. The depth of the
model is considered to he 1 metre as this is the
depth of the under drainage in the fi elds studied.
The actual volumes of the compartments were
calculated from this depth, the area treated with the
chemical and measurements on soil density and
water content (the average water content over the
monitoring period was used to give a fixed water
volume in the model).

The amount of chemical applied is partit ioned
between the three phases in the model immedi-
ately after appl ication. This is equivalent to a Level
I model. In the next step removal processes are
allowed to act on the chemical in the appropriate
compartment. This is done for a time period which
is short in relation to the half-life or lifetime of the
relevant process. A t the end of this period the
remaining chemical is repartitioned betw een the
compartments and the process continues into the
next time period.
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The removal processes included are degradation
and water fl ow. Degradation operates al l the time
on the water compartment. Rainfall is used to
derive the water fl ow and to determine when it
occurs. The results from the model are a series of
concentrations in the three soil compartments
with time, and corresponding amounts of chemical
removed by water fl ow.

The second part of the model, the stream, is
similar in construction but has four compartments:
air above the stream, water, sediment and biota.
Chemical input to this model is that removed from
the fi eld model by water fl ow, with a time delay
dependent on the time between rain falling and
the stream rising. Water fl ow rates came from
actual stream monitoring data. Removal processes
included in this model were again degradation
and water fl ow. The results are in the form of a
series of concentrations with time.

4 .2 .3 SoilFug
This model was developed by Antonio di Guardo
and co-workers at the Universities of Milan and
Toronto (Di Guardo et aL, 1004a). It was applied
to the data from Rosemaund as part of a project
sponsored by the European Science Foundation.

This model considers the fi eld to be made up of
four compartments: soil air, soil water, organic
matter and mineral matter. The depth of the soil is
set to 50 cm; this is considered to be the average
length which water has to travel before it reaches
the drainage sy stem. Rainfall events are treated
diff erently from the periods between them. In the
"before rain event" periods (which include those
between events) only degradation and
volatilisation are included; transport is added in
the "during rain event" periods. For "before rain
event" periods the water content of the soil is
considered to be equal to fi eld capacity, a fixed
value in order to simplify the calculations. For a
rain event the volume of water in the soil is in-
creased by the incoming rain and a new volume
calculated with a maximum possible value equal to
the total porosity of the soil (so that the soil air
volume is reduced to zero).

After application the chemical is partit ioned
between the phases. For the period up to the first
rain event degradation and volatilLsation are
allowed to act; degradation acts on the total soil
volume, volati lisation is accounted for by diff usion
through the soil air and water and the air bound-
ary layer atxwe the soil . The amount remaining at
the end of this period is redistributed through the
model world.

For a rainfall period the compartment volumes are
recalculated as described above. In this case the
three proce&ses are allowed to act: degradation,



volati lisation and transport. Th e volume of trans-
port is taken as the measured outfl ow from the
fi eld over the period. The amount of chemical
remaining at the end of the period is repartitioned
and the cycle then begins again. The amount
transported leads to a concentration in the drain-
age water and hence to a concentration in the
stream which is an average for the rainfall period.

4 . 3. 3 IM Mo del
The model structure presented here is derived from
detailed measurements of the so il water movement
and distribution in Long lands fi eld over successive
winters by members of the Agrohydrology section
of the Institute of Hydrology (see Bell et al ., 1991
and 1992). Broadly, an underdrained fi eld at ADAS
Rosemaund consists of two types of soil profi le
which are characteri sed by the rate at which they
allow downward water movement. The bulk of the
soil in the inter-drain position has a very low
hydraulic conductivity which approaches zero
when the soil is saturated; dow nward water move-
ment through the so il matrix is therefore very slow.
The soil above the drains seems to have a much
higher hydraulic conduct ivity and thus water
movement through the soil matrix in this part of a
fi eld is much quicker. Th us, once the soil below
the drains is saturated and the drains begin to fl ow
the hydrological response of the drain is controlled
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by the soil immediately above and adjacent to the
drains.

A diagrammatic representation of the model is
shown in fi gure 4.2. The model considers the top
2 m of the soil pro fi le which is divided into three
layers above the level of the drains and one below.
Above the drain the layers are subdivided vertically
into two to represent the fast and slow parts of the
soil profi le described above. The fi elds are gener-
ally sloping and in this conceptualization the drain
zone is considered to be down slope of the inter-
drain zone. Th e consequent possible directions of
water movement are shown by the arrows in
Figure 4.2, where dotted arrows indicate the
possibility of water moving directly to lower layers
(via macropores and/or cracks) without interacti ng
with intervening layers. The transport of pesticide
in the system is assumed to be associated with the
water movement, the pesticide being partitioned
between the soil and water phases at the end of
each time-step. The model keeps account of the
amounts of water and the dissolved and adsorbed
pesticide in each box and calculates changes to
these depending on a mass balance of inputs,
outputs and internal sources and sinks.

Th e model keeps a water balance for each box;
there is a minimum water content before water
can leave a box, and each box has a maximum

Rainfall

1  1 1  

4

Evaporation

Low Conductivity

1 50 mm

2 450 MM

3 50) mm

Fig u r e 4.2 Stru cture of IH model showi ng d ivision into compart ments and water pathways

000 mm



water content beyond which it wi ll not accept any
more. The chemical applied is initially considered
to he well mixed into the surface layer. The move-
ment of water carries the chemical through the
model and eventually to the drain or the stream.

The model only allows drainfl ow when the deep
soil box, (box 4, Figure 4.2) is at saturation. When
this occurs, drainfl ow is the sum of the vertically
draining water from boxes 3 and 7 plus any water
fmm rainfall and boxes 5 and 6 moving via by-pass
mutes. Water moving farm boxes 3 and 7 is as-
sumed to produce drainfl ow by displacement of
water from box 4, while water in bypass routes is
directly intercepted by the drain. The concentra-
tion of pesticide in the drainfl ow is thus a mass
balance of the contributions from the various fl ow
paths.

Stream fl ow is the sum of the lateral drainage from
each of the boxes, and drain fl ow. Again the con-
centration of pesticide is a mass balance of the
contributions from all the fl ow paths. Overland
fl ow is generated when rainfall less evaporation
and drainage exceeds the capacity of box 1 to
contain water. Water fl owing overland from box 1
will infi ltrate into box 5 if this box is not saturated.
The concentration of pesticide in the overland
fl ow is assumed to he equal to the concentration
of the box from which it was generated.

4 . 3 Result s of m odel applicat io ns

This section describes the application of the
vari ous modelling approaches to the data gener-
ated at Arms Rosemaund.

4 .3. 1 BRE mod el
This model has been applied to fi ve of the pesti-
cide applications. These were mecoprop
(1987/88), isoproturon and lindane (1989/90),
mecoprop (spring 1990) and MCPA (spring 1991).
Initial tests of the model used a water fl ow rate
through the fi eld model equivalent to the total
rainfall. Th is gave very large amounts of chemical
removed in the water and hence very high concen-
trations in the stream model. For the model runs
discussed here the water fl ows in the soil model
were calculated as 20% of the actual rainfall.

The results of the modelling exerci se on
isoproturon and lindane, and the two mecoprop
applications were presented in Williams et at
( 1991a). Th ere was good agreement between the
measured levels in the soil and those predicted by
the model. For some of the applications the initial
calculated concentrations were lower than those
actually measured . It is not clear why this should
be so; however, as the aim of the project was to
develop a predictive model then the amount of
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each chemical added to the fi eld model was not
adjusted. For lindane and mecoprop the rate of
disappearance in the fi eld was greater than that
predicted from the literature data. A new value for
the half life was derived from the measurements
and used to recalculate the fi eld model levels. Half
lives for other chemicaLs and all sorption coeffi -
cient values were taken from the literature.

In the experiments with isoproturon and lindane
the concentration of chemical in water as it
emerged from the drains was determined on a
number of occasions. As the water in the fi eld
model carries chemical out into the stream it is
analogous to the drains and so these measure-
ments were compared with the levels calculated
for the soil water in the model. For isoproturon
the measured values ranged from 1.1 to 8.8 lig
compared to model leveLs of 4.4 to 4.7 gg for
lindane the measured leveLs were 0.02 to 0.45 gg
and the calculated leveLs were around 0.4 gg

Levels predicted in the stream model were much
closer to those measured than in the initial tests
for three of the fi ve applications. Example plots
showing the output from the model and the
measured concentrations in the stream are shown
in Figures 4.3-4.5. Although a time series of con-
centrations is obtained from both the measure-
ments and the model, it is the peak levels which
are of most interest. Comparing the peak levels
from the model and the stream gave ratios of 1.6
for lindane, 3.0 for isoproturon and 5.8 for the
1987 mecoprop application. The agreement for the
second mecoprop application is much worse,
giving a ratio of 20.4. This application took place
in the spring rather than the autumn as-with the
fi rst mecoprop application. Studies of the hydrol-
ogy at Rosemaund have noted the diff erent behav-
iour of the water regime for diff erent seasons and
this may he a contributory factor to the diff erence
between the two mecoprop results. A later test of
the model on data for MCPA, another phenoxy
alkanoic acid herbicide, gave a ratio of 58 between
calculated and measured peaks levels for a spring
application.

4 . 3.2 So il Fug model (DI Guar do et al.,
1994 b)
The Soil Fug model has been applied to a range of
areas on the farm site, not just those studied in
more detail at the top of the catchment. This
allowed the use of data from the main stream
monitoring station as well as that from the upper
site and the drains. All rain events following
applications were modelled and compared to the
measured levels where these were available. The
model predicts an average concentration over the
course of an event so one value is obtained for
each event. This resulted in a total of 74 predicted
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concentrations w ith corresponding measured
levels. For comparison, a flow weighted mean
concentration was calculated for each set of
measured values. The chemicals were divided into
two types: neutral or undissoci ated pesticides and
phenoxy acid herbici des. Summaries of the results
for these tw o gro ups of chemicals are shown in
Tables 4.1 and 4.2.

For the 67 rainfall events monito red follow ing the
appl ica tion of neutral or undissociated pesticides,
49 (73%) of the predict ed average concentrations
came w ithin a fact or of 10 of the measured average
levels. Of the remaining 18 cases only 4 di ff ered by
more than a factor of 100. Th e overall tendency is
to overpredict the measured average concentra-
tion, with the predictions in general being with in a
factor of 3 of the maximum measured concentra-
tions. Exceptions to this are the two events involv-
ing deltamethrin, where the predict ed values are
much lower than those measured. The most li kely
exp lanation for this is that the deltamethrin is
ca rried in the adsorbed phase and the model does
not account for the movement of solid material .

For the phenoxy acid herbicides the situation is
somewhat diff erent. In all cases except one the
predicted concentrations are betw een one and two
orders of magnitude higher than the measured
values. This is perhaps not what one would expect
given that the chemicals are expected to be ionised
in so lution at environmental pH values and hence
would he expect ed to move more easily into water
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than the neutral compounds. A Koc value of 20
was chasen as suggested by Wauchope et at
( 1992) as heing approphate for chemicals present
in dissoci ated anionic form at environmental pHs.
It may be that this value is not appropriate for
these particular chemicals in the speci fi c soils at
Rosemaund . It should also he pointed out that
there are di ffi culties in modell ing this type of
chemica l by fugacity; they do not have an appreci-
able vapour pressure and hence it is diffi cult to
estimate a value for the Henry s law constant
which plays an important role in the calculation of
the fugacity capacities.

Levels of chemicals in soil tend to be
overpredicted, usually by a factor of two or three.
In this case a direct comparison with the measured
data is not possib le as the model considers only
the top 50 cm of the so il w hereas the measure-
ments are averages over 1 metre.

4 .3.3 IN mod el
The model has been used to simulate the pest i-
cides isoproturon, l indane, simazIne, mecoprop,
trifluralin and dichlorprop in both fi eld drains and
at two locations in the stream. The model is driven
by hourly rainfall taken from the automatic
weather station (AWS). The AWS also provides
estimates of potential (Penman) evaporation which
have been taken as act ual evaporations w here the
water content of the surface boxes is suf fi cient to
meet the demand.

10 15 20

l i me (hours)

25 30

Fig u re 4 5 Measured a nd calcu la ted mecop rop concen trations f or BRE model in ADAS Rosema und
stream (site 1) f ollowing ra inf all event of 15/5/ 90



Table 4. 1 Measured and predicted concentrations f rom the SoilFug model f or neutral or undissociated
pesticides  in  the ADAS Rosemaund drains and stream

Chemical Year Site° Measured Measured concentration Model
concentr ation (J4 /1)" concentration average° concentrationc
minimum maximum (j4111) ( 4 /1)

Atrazine

Deltamethrin 92/93

9 1/92 0 0.06 1.79 0.6 6.09
0.47 1.76 0.9 3.88
0.0 1 5.67 2 17.8
<0.0 1 13.3 1.9 15.6
0.02 0.23 0. 11 6. 18
<0.0 1 0.13 0.06 3.79
0.38 5 1.3 10.6 50.8
1.02 7.07 5.7 44.5
0.09 0.65 0.45 17.7
0.03 1.73 1.6 10.8
20.25 56.5 35.7 142
3.2 8 1.4 15.9 129
8.7 16.2 11.2 46.7

Carbofuran 9 1/92 0.07 26.78 10.4 7.99
0.04 37.45 6.2 7. 11
0.0 1 2.35 0.46 2.3 1
0.02 <0.0 1 0.006 1.29
12.24 264 25.7 53. 1
6. 13 58.39 37.2 47. 1
<0.0 1 9.87 1.0 15.4
<0.01 0. 18 0.09 8.6 1

<0.001 0.008 0.00 1 8.2x 10 5
0.024 1.87 0.075 7.9x 10

Dimethoate 90/9 1 C <0.02 <0.02 0.42
<0.02 <0.02 0. 143
<0.02 <0.02 0. 103

0.28 3.05 1.2 2.86
<0.05 0. 16 0.03 0.69

Isoproturon 89/90 1 2. 1 5.4 3.3 5.78
3 1.2 8.4 4.3 22.9

1.8 13.7 6.7 2 1.6

Isoproturon 89/90 3 1. 1 8.8 3.2 12.9
90/9 1 0 0.05 1.76 0.49 3.33

0.05 1.76 0.36 2.28
<0.02 6.7 6.0 2.04
1.92 17.2 10.6 9.46
0.1 2.62 0.96 5.76
0.26 2.07 0.92 1. 17
0.09 0.38 0. 14 3 1.2
0.02 2.7 1.4 6.8 1
1.4 1 2.46 1.7 3.03

Lindane 89/90 0 <0.00 1 0.75 0. 16 0.20
1 0.04 0.29 0.0 12 0.864

0.004 0.03 0.0 11 0.668
1 0.04 4.46 1.2 2.28

0.06 4. 14 1.2 2.27
0.0 16 0.45 0. 14 2.06
0.00 1 0.027 0.013 1.6
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Ta ble 4 1  Continued

Chemical Year Site° Measured Measured concentr ation Model
concentr ation (W V concentration average° concentr ationc
minimum maximum ( 4 11)

Llndane 5 0.03 1.74 0.85 5.6 1
<0.0 1 2.55 0.57 5.03

SimaxIne 88/89 0 4.4 68 22.4 3.57
4.5 13.9 8.2 3.33

1 <0. 1 1.8 0.5 4.87
90/9 1 0 1.01 4. 12 1.67 2. 10

0.46 1.49 0.9 1.85
0.32 0.84 0.5 1.77
0. 1 0.36 0.26 0.88
0.65 15.3 3.30 1.58

Trifl uralin 92/93 1 0.02 0.94 0.58 0.25
0.10 0.38 0.22 0.24
0.05 0. 13 0.08 0.2 1
0.0 1 0.08 0.03 0. 17
0.06 1.04 0. 13 0. 16
0.01 0. 10 0.05 0. 13
0.38 14. 12 3. 1 1.49
0. 18 2.2 0.63 1.43
0. 15 1.0 0.36 1.26

Table 4.2 Measured and predicted concentrations f rom the SoilFug model f or phenoxy acid herbicides
in the ADAS Rosemaund drains and stream

Notes for Tables 4.1 and 4.2

B.

C.

D.

Chemical Year Site° Measured Measured concentration Model
concentr ation ( .4 1)* concentration average° concentr ationc
minimum maximum (j4 1)

Dichlorprop 89/89 1 <0.2 1 0.35 6.93

MCPA 90/9 1 0.28 12.44 1.9 13 1
0.34 2.23 1.2 104
0.27 12.68 1.9 42. 1

4 0.38 18.8 5.4 29 1

Mecoprop 87/88 1 <0.2 11.7
89/90 1 <0.2 1.4

Measured concentration: measured maximum and minimum concentrations for the rain event
Measured concentration average:fl ow weighted mean concentration during the rain event
Model concentration: calculated mean concentration during the rain event
Sites: 0 = main stream;

1 = stream at top of catchment
3,5 = drains
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The pro perties of the various boxes in the model,
e.g. maximum and minimum water contents,
organic carbon content etc, were derived from
actual measurements or were estimated from
experience at the site. The model required calibra-
tion to select the values for the parameters control-
ling the movement of water between the boxes.
Initial values were chosen based on observations
of the relative magnitude of the water fl ows at the
site. These values were then adjusted based on a
comparison of the measured fi owrates for the
period January to March 1991 with those predict ed
from the model. The values derived were then
used in all later simulations including those for
other years and covering additional monitoring
sites.

The model requires values for three pesticide
related parameters: the application rate, the
organic caib on-water partition coeffi cient and the
degradation rate. The application rates came from
ADAS Rosemaund, the other values were taken
from the literature. No changes in degradation rate
are currently made 2ti a result of temperature, soil
moisture content or depth.

The results of the model simulations are summa-
rized in Table 4.3 for each event and pesticide
combination. Compari sons are made between
observed and modelled data in terms of the peak
and flow weighted mean pesticide concentrations.
The error in the prediction of the timing of the
peak is also reported.

The model pmd uced go(xl estimations of the
values of both the peak and flow weighted mean
pesticide concentrations, generally to better than
one order of magnitude. There are only two cases,
both for isoproturon, where the measured levels
exceed the calculated values by more than a factor
of ten; one of these is a rain event where the
chemical was not detected whereas the model gave
values higher than the detection limit. However
the time for the peak concentration was not
predicted well, the model always anticipating the
observed peak by several hours. The identifi cation
of the peak value in the time series of concentra-
tions representing an individual event can present
diffi culties given the diff erent pesticide transport
patterns that have heen observed. In Figure 4.6 the
observed and modelled data show a similar pat-
tern hut the curves are shifted in time; here it is
easy to compare peak values and estimate a time
error. In Figure 4.7, on the other hand, the com-
parison is more diffi cult , the observed data having
two peaks, the second being higher than the fi rst.
Thus comparison of the peak modelled and
observed concentrations in such situations gives a
large error in timing. A third pattern of hehaviour
is show n in Figure 4.8, where good correspond-
ence was achieved between observed and
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modelled simazine concentrations for the event.
However, the model suggests that if sampling had
started earlier, higher concentrations of simazine
would have heen found.

Of particular interest is the fact that the model
predicted concentrations of trifl uralin as eff ectively
as for any of the other chemicals that were simu-
lated. This confi rms the assumption made by the
model that even fairly highly sorbed chemicals can
be treated in a similar fashion to more so luble
chemicals (Figure 4.9).

4 .4 Conclusions

The three diff erent modelling approaches de-
scribed here have been applied to the ADAS
Rosemaund data with varying degrees of success.
In attempting to draw any conclusions from these
exercises it is important to keep in mind a number
of fact ors. The purpose for which a model is
required is obviously of importance; so too are
ease of use and availabil ity of data. Models for use
in a risk assessment process may be required to
work with limited data and be relatively easy to
use in order to allow a large number of chemicals
to be dealt with. If a model is being used to look at
management options at a specific site then more
detailed information will he available and hence a
more complex model may he used.

In oking at the two fugacity based models together,
they require similar input data for the most part.
Soil Fug needs less data on the individual rain
events, only overall rainfall and outfl ow . This
model produces estimates of the average concen-
tration which tend to be overpredictions of the
measured average levels but are close to the
maximum measured levels. Hence this model
would he useful at an early stage in a risk assess-
ment in identifying those chemicals which are
most likely to cause problems through this mute of
release. The BRE model produces a time series of
concentrations which can be used to generate
peak and average levels. However production of a
time series requires more data input in the form of
time series values for rainfall and stream fl o w rate ;

the calculations are also more complex and take
more time. The results produced are not very
diff erent li om those produced by Soil Fug and so
the extra eff ort involved to obtain them does not
add a great deal to the output. It should also be
pointed out that the current BRE software Ls much
less user friendly than the Soil Fug program.

The IH model is-much more detailed in its descrip-
tion of the fi eld and therefore needs mom data.
Estimates are needed for the minimum, maximum
and fi eld capacity water contents of the boxes in
the model and for the parameters controlli ng



Notes:

Flow weighted mean
2 Simple mean (no flow data available)

More than one rainfall event during sampling period
LOG,0 (Predicted/observed). 0 is perfect ftt, >1 or <-1 fi t worse than order of magnitude
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Table 4.3 Summary of the results of tbe simulation of pesticide concentrations using tbe IN model at
ADAS Rosernaund duri ng a number of rainf all events

Notes:

Flow weighted mean
2 Simple mean (no fl ow data available)

More than one rainfall event during sampling period
4 LOG.0(Predicted/observed). 0 is perfect fit. >1 or <-1 fi t worse than order of magnitude

55



Moder rest - Sft e 3
08 Nov. 1989 - 11 Nov. 1989

0 1200 0 1200 0 1200 0 1200

Time

Time

56
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water movement between them. Th is level of detail
means that the model may be calibrated to diff er-
ent situations through suitable observations.
Questions such as for how long the stream concen-
tration would remain above a concern level as a
result of varkms use patterns could he addressed,
and the response time of the sy stem investigated.

The modell ing work ca rried out in this study has
identifi ed modell ing approaches which go a long
way towards meeting the aims identifi ed at the
start of the project . A model such as Soil Fug could
be used in init ial assessments of agrochemicals
and other substances where a release route to soil
is identifi ed. The properties of the soil and drain-
age at Rosemaund tend to maximise the
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appearance of chemicals in the stream water, and
so a scenario based on these conditions would give
a reasonable worst case. The IH model provides
the basis for a system to allow the assessment of
pesticide usage strategies and the design of moni-
toring st udies in a range of catchments. All of the
models would benefi t from further testing with
data from different sites. The Soil Fug model has
been applied as part of its original development to
two river basins in Northern Italy (Di Guardo
et at , 1994a). Further experience with the use of
these models needs to be gained in a variety of
circumstances to broaden our understanding of
their performance and increase confi dence in their
use.



5 D iscussion and conclusions

The ADAS Rasemaund study has established that
the use of pesticides, even when applied according
to the principles of ga xl agricultural practice, can
lead to the contamination of surface waters in the
catchment into which they drain. In doing so this
study was amongst the fi rst to establish the impor-
tance of bypass fl ow, the episodic nature of pesti-
cide transport to surface waters and the potential
biological importance of these events.

The magnitude of the concentrations observed in
surface water varies, not only between pesticides,
but also for individual rainfall events. However,
whenever rainfall occurs following a pesticide
applica tion some of the chemica l will almost
certainly be transported to nearby streams. One of
the reasons ADAS Rosemaund was chosen was
because its soil type and geology meant that the
hydrological regime was likely to he surface water
dominated. In this respect it is perhaps not sur-
prising that rainfall transports pesticide from soil
to the stream. However, similar highly structured
so ils with underdrainage form 45% of agricultural
land in the UK (Cannel et al ., 1978) and 32% are
hydrologically dominated by bypass fl ow
(lkxwman et at , 1995). Thus while the results
from this study may represent a worst case in
terms of surface transport concentrations, they are
of wide signifi cance.

It has been demonstrated at AIM S Rosemaund that
rainfall events generate fl ushes of pestici de which
tend to reach the stream via fi eld drains, coinci-
dent with or slightly ahead of the main surge of
water. This gives rise to high hut short lived con-
centrations in receiving waters. The signifi cance of
these concentrations to aquatic life will obviously
depend on the tiocicity of the pesticide and the
duration of exposure. I lowever, in situ bioassays in
the stream at AIM S Rosemaund have shown that
observed carbofuran and chlorpyrifos concentra-
tions can be fatal to Gammarus pulex , a freshwater
shrimp (Matthiessen et al ., 1995). It is clear there-
fore, that transiently high concentrations in
headwater streams, resulting from the use of
products at approved rates, are of potential signifi -
cance to the ecology of streams. Some recognition
of such transient exposures and potential
bioaccumulation needs to . he built into future
pesticide assessments if headwater streams are to
be protect ed fully. Protect ion of these waters
should ensure protect ion of hahitats throughout
the river network, as dilution, degradation and
sorption of pesticides on to sediments progres-
sively reduces their concentration downstream.
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Almost all the applied pesti cide stayed in the soil at
ADAS Rosemaund and was degraded there. How-
ever, high concentrations of pesticide were gener-
ated in the stream at the sub-catchment level by
very small amounts of transported pesticide. In the
ADAS Rosemaund study the estimated maximum
transfer of pesticide to the stream in a single event
was 60.6 g and the maximum amount as a percent-
age of pesticide applied was only 1.1%. It is almost
inevitable that such small amounts will be lost from
any catchment where pesticides are used, whatever
the agricultural practice. It i s the short duration
pulses of high pesticide concentrations in surface
waters, which have been clearly demonstrated in
this study, which are of potentially greatest envi-
ronmental concern. The period during which the
risk of pollution by peak concentrations exists may
be reduced, but probably not eliminated, by using
chemica ls that are rapidly degraded. However, such
chemicals will by their nature have l ittle residual
pesticidal effect and may therefore lead to multiple
applications where before one would have suf-
fi ced .

Concentrations of the highly sorbed herbicide,
trifl uralin, have been measured in the dissolved
and particulate phases in samples from three
rainfall driven transport events. These measure-
ments have shown that in the majority of cases the
dissolved fraction carries more than 50% of the
pesticide load. This is because the mass of water
moving from the fields is so much greater than the
mass of sediment. Therefore, even pesticides as
sorptive as trifl uralin - 8000 mg/I) may be
considered to be transported in the dissolved
phase and should not be described as immobile.
However, a small amount of trifl uralin (and larger
amounts of sorbed pesticides such as
deltamethrin) wil l be transported on particulates
via the fi eld drains to the st r ea m where some will
be deposited on the stream bed. Pesticides so
deposited may become bio-available, either
through desorption into the water column, or
ingestion by benthic feeders resulting in possible
bio-accumulation.

The above discussion is most relevant to the upper
reaches of small catchments where the main land
use is agricultural production. Looking at the larger
catchment scale it is likely that, in most catchments,
the proportion of land used for crop production
will be less. Thus a dilution of pesticide load
would occur and this dilution LS the first li ne of
defence in preventing high concentrations occur-
ring in main rivers, where important fi sheries exist



fm m which most potable water abstractions are
made. There is clearly a need to assess the extent
of pesticide usage in water supply catchments with
a view to estimating the maximum acceptable
usage (MAU). The MAU would he set to guarantee
both the quali ty of raw waters used for potable
abstraction and to meet any environmental quality
standards that may exist.

The only practicable way to move towards an
estimate of maximum acceptable usage is through
the use of models. A combination of models would
be required to achieve this including a model to
estimate diff use transport from source area catch-
ment% and a river netw ork model to integrate the
inputs throughout the extent of the catchment.
The source area model would require reasonably
accurate data on pesticide usage within the
catchments, as it changes from year to year It is
unlikely that the actual data would he available for
whole catchments so estimates would have to be
made, based on cropping patterns and general
pesticide use.

Once such a modelling structure has been set up
for a particular catchment it would prove a power-
ful tool for a variety of additional applications.
For example, a pesticide sampl ing strategy may be
developed which could provide a true picture of
pesticide contamination in the most cost eff ective
way. The location of pesticide b lackspots' could be
predicted and targeted for increased monitoring.
The use of different groups of pesticides is sea-
sonal and the pesticide analysis suite could be
tailored to meet predictions of the temporal
variability of pesticides within a year.

The model developed in this study has shown
itself to he a good predictor of pesticide concentra-
tions at ADAS Itosemaund. Perhaps its most limi t-
ing feature is that it is only valid under conditions
of winter and early spring drainage. However,
these are the times of peak pesticide usage when
the surface waters are at most risk from pesticide
transport and therefore this should not prove to he
a problem.

A new predictive fugacity model, Soil Fug, has been
tested on the AIM S Rost inaund data and good
agreement has been obtained when calculating .the
average pesticide concentrations during rainfall
events. However, these concentrations tended to
be overestimated to some extent. In 67 simulations
of neutral or undissociated pesticides, 49 were
estimated within one order of magnitude of the
actual mean concentrations. The parameters
required by this model, in order that it can he
applied to new chemicals for the purpose of risk
assessment, are generally easy to obtain or esti-
mate from existing procedures. The BRE model
produced not dissimiliar results to the Soil Fug
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model, but requires considerably greater informa-
tion. The portability of the IH and I3RE models to
other catchments has yet to he tested. Also the
Soil Fug model was not developed for this study
and although it has been validated with data from
two Italian catchments, its portabili ty needs
further testing before it is verifi ed for use in the
UK.

While a complex model, with its explicit links
between the physico-chemical properties of the
pesticide and the hydrological flow paths, was the
desired end product of this study, there is a half-
way house represented by empirically derived
indices of pesticide contamination. One such
index, Im based on half-life and the timing of
rainfall events after application, has been devel-
oped for the ADAS Rosemaund data. This approach
gives quick, easily calculated estimates of when
pesticides are likely to be a problem. Although
there was no well correlated relationship between
the I index and maximum pesticide concentration,
there was a qualitative increase in the observed
concentration with increasing value of the index.
However, the general problem with empirical
relationships is that they are not valid outside the
range of data for which they were estimated and
should not therefore be used for other applications.

As noted in the introduction, this study was
carried out in a period of signifi cant changes in
agricultural pesticide usage. Therefore, although
stil l directly relevant, the preceding results and
discussion must be viewed in the context of these
changes. There has been an improvement in the
properties and application of pesticides, which
may combine to reduce the level of contamination
and its consequent biological impacts on the
whole environment, including surface water. Also
there has recently been a reduction in pesticide
inputs in agriculture (see Introduction) which
additionally may act to reduce the possibility of
pesticide transport and its biological impacts.
Current and future factors which may reduce
agricultural pesticide inputs stil l further are:

(i) Genera! Agreement on Tar iffs and
Trade (GAI T ) and EC ( European Corn
mission) Common Agr icult ural Policy
(CAP)
GATT and CAP create the economic environ-
ment in which British agriculture has to
operate. These agreements will challenge
European farmers to compete with import s at
world prices and to export their surplus pro
duction at world prices and still remain viable.
The CAP and GATT agreements will act to
reduce unit costs of production. As a result
pesticide usage must be questioned and
optimized.



Also there are constraints on intensive arable
production, e.g. introduct ion of set-aside. Set-
aside will automatica lly reduce the pesticides
applied on arable farms, although there are
derogations for particular herbicide uses.

( i i)  Pest icid e legislat ion
Statutory pesticide approval data requirements
under the UK Food and Environment Protec
Lion Act 1985 (FEPA) and the more recent EU
pesticide harmonisation direct ive 91/ 414, are
comprehensive with regi rd to environmental
fate and behaviour. New pesticides with long
persistence charact eristics and potential for
leaching and damage to the aquatic environ
ment are kx th ed at very critically. Also, the
review programme of older pestici des should
over time improve the environmental safety of
available pesticides.

The Codes of Pract ice for safe use of pesticides
on farms and holdings, and the protection of
so il , water and air are all contributing to an
improvement in farm pesticide management
and the avoidance of point source polluth m,
and overspraying of watercourses.

Additionally, although not a direct eff ect on
pesticides in water, legislation controlling
pesticide residues in food (maximum residue
limits, MRLs) is also having an eff ect on the
pesticides available and their rates of use.
Some supermarkets are imposing nil limits for
pesticide residues in the pnxluce they are
buying.

(Hi) Pest icide development
The agrochemical industry is contributing to
this reduction in pesticide use and safety by
fi nding new molecules which are act ive at a
much lower rate (g ha.' rather than kg hal ), are
more selective (particu larly insect icides) and
have a better profi le of fate and behaviour in
the environment.

Formulation technology is also improving. The
move to suspension and emulsifi able concen
trates from wettable powders has improved
handling. Better design of containers has
improved pouring charact eristics with less
risk of concentrate spil lage.

( iv ) Engineer ing development s
Better nozzle design, air assistance and closed
transfer systems, which may well in future be
linked to direct inject ion, have aided the mini
misation of pesticide applications. Futuredevel
opments, such as linking satellite tracking
technology to fi eld mapping techniques, should
allow pesticide application only where it is
required in a fi eld.
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(v) Int egrat ed cro p man agement (1CM )
The object ive of ICM, through integrated pest
management (IPM), is to control crop damage
from pests, diseases and weeds, to economi
cally acceptable levels with minimum impact on
the environment. The use of pesticides is inte
grated with other cultural methods, such as:

• Varietal resista nce/tolera nce Minimises
pesticide use by limiting pest or disease
damage.

• Crop rotations To prevent the build-up of
specifi c crop pests, diseases and weeds and
lessen the reliance on pesticides.

• Cult ivations Appropriate cultivation buries
weed seed and diseased plant material and
reduces future pest problems. Mechanical
weeding may also replace the requirement
for herbicide applications.

• Decision Support Systems Ensure a pesti
ti de is only used when it is needed, and is
then applied at the correct time, and at the
appropriate rate for maximum eff ect.

• Novel Methods of Control: Naturally-
occurring parasites and predators are
already being used in glasshouse crop pest
control systems and other agents including
bacteria, fungi and nematodes are becoming
available. Development for outchxy crops
apart from fruit Ls some tim e away. A lso at
the early stage of evolution are biopesticides
and semiochemicals, the latter aff ecting
insect behaviour and their ability to damage
their crop host. Each may off er scope for
reducing pesticide inputs.

• Encouragement of Natural Enemies By
enhancing habitats around and within the
fi eld, and avoiding the use of non-selective
pesticides.

There are also a range of factors, outside the scope
of this project, but worthy of consideration, which
may have a signifi cant infl uence on pesticide
transport and which can be controlled. Har ris et
at ( 1993) has demonstrated the impact of ti llage
methods on pesticide transport. Also the type of
crops grown and the way in which they are grown
could have signifi cant eff ects on the amount of
pesticide that is transported to surface waters. If
models are to give a complete pictu re of the
pesticide story, then they must build in links
between agricultural practice and pest icide trans-
port. This link may he primarily concerned with
the diff erent water pathways that are promoted by
a range of cultivation methods and how this
changes the interaction between the soil and
pesticide.

In summary the ADAS Rosemaund pesticide study
has produced one of the best data sets of the fi eld
and catchment scale movement of pesticides in the



UK. The study has established the import ance of
bypass flow , the episodic nature of pesticide
transport to surface waters and the plot-a bil ity of
resultant biologica l impacts in headwater streams.
This data set has allowed an improved understand-
ing of how pesticides move to surface waters and
the envi ronmental concentrations that result from
this movement. This has permitted existing and
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new mathematical models to be developed and
tested and their performance assessed. The output
from this project has taken our knowledge of
pesticide behaviour a major step forward and laid
the foundation for more accurately predicting
pesticide behaviour and targetting pesticide moni-
toring programmes.



6 Reco m mendat io ns

I . Th is project has raised the passibility that aquatic
life in headwater streams in agricultural areas
where fi eld-drained soils are prone to by-pass fl ow
may be at risk from tran.sported pesticide residues.
Circumstantial support for this supposition is
provided by an NRA report (Ashby-Crane et
1994) which has identi fi ed a number of small
streams in agricultural areas where the benthic
invertebrate community is inexplicably impover-
ished. The report points to pestici des as possible
causative agents, hut fi rm links are not made
because other factors such as nutrients could be
involved.

Reco mm endation 1 Using NRA data, a
numher of headwater W e-4 M S which show
inexplicable degradation he targeted for fully
integrated studies to establish, or refute, these
links. Th is research would simultaneously
monitor pesticide concentrations aft er rain
storms, responses of in situ bioassays (both
plant- and animal-based), and responses of the
benthic invertebrate and plant communities in
the streams. Although such work will never
provide absolute 'proof' that pesticides are
responsible for the observed eff ect s, the com
hined weight of evidence should be suffi cient
to give pesticide regulators some useful new
insights into the potential environmental eff ects
of these substances.

2. The project has shown that a simple predictive
model (Soil Fug) of mean pesticide concentrations
in a headwater stream, and a more complex
catchment-speci fi c model (111 model), are both
able to predict the concentrations appearing in
ADAS Rosemaund stream with a reasonable degree
of accuracy, although dissoci ated herbicides give
some problems. The predict ive model has already
received successful validation with data from two
other catchments (in Italy), but it is felt that further
fi eld validation of hoth models is required before
they r.mn be used with confidence and fl exibi lity by
the regulatory authori ties.

Recomm endatio n 2 We therefi nt recommend
that both Soil Fug and the IH model should be
tested and possibly developed further using
additional pesticide translocation data from a
numher of other types and sizes of agricultural
catchment. It is possible that this could be
arranged in conjunct ion with the fi eld pm
gramme outlined in Recommendation 1, as
well as by using existing data.
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3. Mom monitoring data on pesticide concentra-
tions are needed from headwater streams general ly
to assess compliance with Environmental Q uali ty
Standards, where they exist. Monitoring should be
targeted on streams in agricultural areas, and
should focus on the periods in November to April
aft er heavy rainfall . Soft ware such as the IH model
will be able to assist in the most cost-eff ective
targeting of this monitoring eff ort .

Recommendation 3 The National Rivers
Authority should consider extending its aquatic
monitoring programmes to include pesticides
in small agricultural streams, because it appears
likely that Environmental Quality Standards are
being exceeded in some of these situations.

4. Despite the need for additional information
outlined above, it is already clear that the Fauna
and fl ora in headwater streams are at some degree
of risk from transported pesticide residues. Such
streams are oft en of conservation signifi cance, and
they provide a reservoir of organisms which can
recolonise the larger rivers into which they feed
when, occasionally, industrial and sewage pollu-
tion incidents wipe out whole riverine comrnuni-
ties. It is therefore essential that pesticide regula-
tory authorities should consider how to take more
account of vulnerable headwater streams when
conduct ing aquatic risk assessments. At present,
the probability that streams of this nature will , in
certain areas, experience episodic peaks of many
diff erent pesticides at pg/ I concentrations is not
fully taken into account (at least in the UK) when
the risks for aquatic life are evaluated.

Recommendation 4 Pesticide regulators
should consider making greater eff orts to
predict the risks which transported residues
may pose to headstream fauna and fl ora, and
should hear in mind that most pesticides are
likely to appear briefl y in many such streams at
pg/1 concentrations. This implies that some of
the more acutely toxic and bioavailable sub
stances may have to he restricted in their use in
vulnerable areas, even though classic tests for
leaching suggest that they are not leach-prone,
and present aquatic risk assessments give them
a clean hil l of health.

5. The fi eld data clearly demonstrate that almost all
the significant pesticide translocation events at
ADA.S Rosemaund occurred in the period Novem-
ber to Apri l inclusive, with the majority (67%) of
events whose maxima exceeded 10 pg/ I occurring



in the period November to January. There may
therefore be some scope for encouraging farmers
on so ils prone to by-pass fl ow to minimise their
use, duri ng the early winter, of the pesticides
which are of high toxicity to aquatic life and
reasonably bioavailable.

Recommendation 5  After fu rther research to
establ ish the extent of underdrained soils
where by-pass fl ow is a major factor in the
hydrological regime, consideration should be
given to discouraging the use of the more
aquatically truck and bioavailable pesticides
during the early winter on land which is
underdrained and prone to by-pass fl ow . For
example, this could be achieved by rmxl ifying
Codes of Practice and pesticide label infbrma
tion.
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6. It may well be that other changes in land man-
agement pract ices (e.g. ploughing and planting)
could also help to minimise pesticide transport to
water on vulnerable soils. This requires investiga-
tion and possibly research.

Recommendation 6  A review should be con
ducted of land management practices to iden
tify changes which could be made to minimise
the translocation of pesticides via by-pass fl ow
paths and field drains.
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