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ABSTRACT The effect of different land management practices on soil
structure and water movement in clay soils was assessed for various sites.
Drainage was important in reducing damage by machinery or by grazing
cattle but with compaction, high rates of surface runoff occurred on both ar-
able and grassland sites. Cultivations, soil structure, and hydrologic path-
ways were important in the leaching process. Greater contact with the soil
and mineralization resulting from cultivations increased the amount of NO,-
N that was lost by leaching. Losses were lower from non-intensive agricul-
tural systems including some grassland and mature deciduous woodland.
Pesticide leaching after rainfall occurred when good soil structure enhanced
drainage. The risk of pesticide leaching may be increased by the factors that
limit NO53-N leaching.

INTRODUCTION

Over the last 30 years, agriculture on clay soils in the United Kingdom (UK) has intensi-
fied, assisted by capital investment in underdrainage and increased use of agrochemicals
(Raymond, 1984). However, problems have arisen with leaching of nitrate and pesticides
to surface waters. The EC Drinking Water Directive (Anon, 1980), maximum 50 mg 1! ni-
trate or 11.3 mg 1! nitrate-N (NO3-N) and 0.1 pg 1" for any pesticide, has led to the need
to identify the source and leaching mechanisms involved. Since the 1970s, ADAS has mon-
itored leaching levels from clay plot lysimeters and small catchments located some distance
from drinking water abstraction points. Different cropping and management options were
included that were likely to reduce the leaching process. In this paper, the mechanisms of
drainage and soil structure on water movement in clayey soils and the resultant leaching of
nitrate and pesticides are examined.

EXPERIMENTAL DETAILS

Hydrological monitoring was undertaken on eight clayland sites in England (Fig. 1) by the
ADAS Field Drainage Experimental Unit with support from other researchers involved in
leaching studies. In these clayey soils (Avery, 1980), underdrainage was supplemented by
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mole drainage or deep subsoiling. Three of the sites (Table 1) represented replicated long
term trials in hydrologically isolated plot lysimeters. A fourth site had larger field plots and
the remainder were small catchment studies. On all sites, detailed records of agricultural
practices were collected including drainage and, whenever possible, agrochemical usage.

TABLE 1 Site characteristics (PL = Plot Lysimeter; FP = Field Plot; SC = Small Catch-
ment; and Rain = Rainfall, mean for 1941-1970).

Site Study Area Rain Record Land Soil
(ha) (mm) period use type
Brimstone Fm PL 0.2 686 1978-88  Arable Pelo stagnogley
1988-90
Cockle Park PL 0.3 724 1979-83 Grass Typical
1989-90 Arable stagnogley
North Wyke PL 1.0 1058 1979-90 Grass Pelo stagnogley
Boxworth Fp 1.0 559 1989-90 Arable Calcareous
0.6 pelosol
0.2
Swavesey SC 500 574 1986-90 Arable Pelo calcareous
Grass alluvial gley
Urban Pelo stagnogley
Conington SC 30 574 1989-90  Set- Pelo stagnogley
' 20 aside Calcareous
pelosol
North Weald SC 280 650 1988-90 Grass Pelo argillic
Arable stagnogley
Wood Pelo stagnogley
Trent 1 SC 180 697 1988-90  Grass Brown earth
' 210 Arable Cambic
! Urban stagnogley

Clay plot lysimeters (Brimstone Farm, Cockle Park, North Wyk

At the Brimstone Farm site, treatments included both tillage and drainage so that the effect
on water movement and NO;-N leaching could be examined (Harris ef al., 1988). In 1988
the treatments were modified to investigate how various crop and soil management strate-
gies affect NO3-N and pesticide leaching. The Cockle Park site was established to investi-
gate the effects of drainage and NO3-N leaching in grassland. Installation of drainage was
followed by cultivation for a spring cereal, a fallow winter, and subsequent establishment
of a grass ley which was grazed (Armstrong, 1984). In 1989, the experimental layout was
revised with grassland and arable treatments and the monitoring modified to include both
pesticide and NO3-N leaching. The North Wyke site provided opportunities to monitor the
hydrological consequences of drainage and N03-N leaching from grassland of different
ages and receiving different fertilizer applications (Armstrong et al., 1990).
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Field plot study (Boxworth)

The effect of agricultural diversification to lowland farm forestry (deciduous) on NO3-N
leaching was examined on three drained plots comprising arable cropping, newly planted
and established trees.
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FIG.1 Sites and mean annual excess winter rainfall.

Small catchment studies (Swavesey., Conington, North Weald, Trent)

The NO;-N and pesticide leaching were monitored in all catchments. The Swavesey site
had a new lowland pump drainage system and included newly drained arable areas and es-
tablished mixed agriculture. In addition to diffuse leaching from agricultural land, both run-
off and water quality from point sources were measured. At Conington, where intensive
cropping preceded conversion to set-aside, monitoring was undertaken in two catchments
The North Weald and Trent sites included mixed intensive agricultural land uses with vari-
able underdrainage. The North Weald site also included an area of mature mixed woodland.

Monitoring

On all sites, runoff in response to rainfall was continuously monitored by sharp-crested
weirs or flumes designed to BSI 3680 (1981). Drainage treatments were monitored on most
sites by automatic water level recorders or dipwells (Armstrong, 1983). However, on the
larger catchments, drainage was primarily assessed from ¢rop performance and field obser-
vations.

Water samples were collected either manually or by automatic samplers and then fro-
zen or cooled depending on the laboratory analysis. Analysis by flow injection system with
photometric detection (Anon, 1986) or ion-specific electrode was undertaken for NO3-N
only, as previous studies had shown that this was the principal component of nitrogen loss
(Armstrong, 1984). On key sites, soil mineral nitrogen (NO3-N and NH4-N) was deter-
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mined to 900mm depth using recognized procedures (Anon, 1986). For pesticides emphasis
was placed on the herbicides isoproturon and mecoprop which were used on the UK sites
and which are known to leach (FOE, 1988). Analysis for isoproturon was by high pressure
liquid chromatography and that for mecoprop by gas chromatography with confirmatory
analysis with an alternative chromatographic column of different adsorption characteristics
or by reference to mass spectrometry (Anon, 1986).

RESULTS

Hydrology

Although there was considerable variation in total runoff between sites and years, underd-
rainage increased the depth to the water table by an average 250 mm. Underdrainage re-
duced the time when the water table was near the soil surface, and hence the likelihood of
surface runoff. The plot lysimeters showed that effective underdrainage encouraged rapid
water movement through the subsoil to the pipe system. The lag time between peak rainfall
and peak drainflow in such situations was of the order of 2 h with surface runoff peaking
30 min earlier. Exceptions were noted in two years at Brimstone Farm and Cockle Park
when cultivation pans impeded downward water movement (Armstrong, 1984). The im-
portance of soil structure and macropore flow was demonstrated by the very different hy-
drologic responses seen at Brimstone Farm, where ploughing transmitted water relatively
slowly through the interface between the cultivated layer and subsoil to the pipe drains. In
contrast, under direct drilling continuous cracks from the surface to the subsoil were main-
tained, resulting in rapid transmission of water to depth and a much flashier response (Har-
ris et al., 1988). However, compaction at the surface can occur with direct drilling giving a
much flashier surface runoff response even with drainage.

_ Similar results were found on grassland when limitations in drainage resulted from
surface compaction by stock causing much flashier runoff (Armstrong, 1984). Under grass-
land in the absence of compaction at Cockle Park and North Wyke, good subsoil structure
caused rapid water movement to the underdrainage system (Armstrong, 1984; Armstrong
et al., 1990). The water table under arable land at Swavesey recently converted from per-
manent grassland was notably lower than in adjacent established arable areas. The general
effect of drainage, under any of these clay sites, was to decrease the total runoff rate due to
areduction in the occurrence of surface runoff.

Nitrate leaching

Variations in the rainfall/runoff patterns over the study period and the differences between
sites make direct comparison of leaching results difficult. However, trends are apparent
demonstrating that several leaching mechanisms were operating.

_ On the arable site at Brimstone Farm average NO5-N losses were much less from the
surface layer on undrained land (5 kg ha!) than from the mole drains (34 kgha'!) (Dowdell
etal., 1987). All plots received, on average, 135 kg ha'! N spring fertilizer. The NO;-N con-
centrations in drainage water were highest in autumn following a flush of NO3-N from the
soil after heavy rainfall. These decreased steadily over the winter period before a second,
usually smaller, peak followed spring fertilizer applications (Fig. 2). The effect of cultiva-
tion (direct drilling or ploughing) on leaching (Goss et al., 1988), was that 90% of the win-
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ter loss on the drained plots was through the drains for both treatments. The avera;%e NO5-
N leached from the drained ploughed plots was 40 kg ha'l compared to 30 kg ha™ on the
drained direct-drilled plots.
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FIG. 2. NO3-N leaching, winter 1989/90 at Boxworth, Trent, Swavesey and
Brimstone Farm.

Results from grassland at North Wyke (Armstrong et al., 1990) also suggest that NOs-
N losses from the surface of undrained plots were only one third of those from drained
plots. Wlth large fertilizer applications (400 kg ha'! N), concentrations were greatest (up to
60 mg i -1y in drains under old swards where high organic matter and drainage encouraged
better soil physical conditions.
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FIG. 3 NO3-N leaching in a runoff event - Brimstone Farm.

Anomalous results were obtained from Cockle Park in winter 1979/80 under fallow
following a spring barley crop (fertilized at 146 kg ha'l N). Peak concentratlons and total
leaching losses of NO3-N on dramed land (16 mg 1T& 115 kg ha ) were similar to those
on undrained land (18 mg 1 & 105 kg ha’ ) Peak flows from the undrained plots also
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were lower than from the drained plots reflecting improved subsoil water movement fol-
lowing subsoiling undertaken to remove a cultivation pan. The following year, under grass-
land (recelvmg 75 kg ha'l N), NO3-N concentrations and total losses were low (less than
1 mg Iand 1 kg ha 1) from all plots.

Data from the mixed agricultural catchments at Trent and North Weald showed various
rates of NO3-N leaching dependent on land use. In the winter 1989/90 at North Weald, wa-
ter draining from the mature woodland had the lowest NO3-N concentrations (typically 5
mgl 1) Similar results for the same year were obtained from estabhshed woodland at Box-
worth (1-7 mg 1) and under set-aside at Conington (up to 8 mg I')). Generally NO3-N
leachmg concentrations from the agricultural land at North Weald typically were 10-20
mgl much lower than those for more intensive arable areas such as Boxworth (50-60
mg 1! ) or Trent (20-40 mg 1'1). However, the same general pattern of leaching was ob-
served with highest concentrations in the autumn following the first heavy rainfall (Fig. 2).
The leaching pattern following rainfall, seen at Brimstone Farm (Fig. 3), also was reflected
at the catchment sites. In each event, a small rise in NO3-N concentration was seen at the
onset of runoff which was followed by dilution in response to higher flows.

At Swavesey, the importance of mineralization of soil organic matter following drain-
age and conversion from grassland to arable cropping was demonstrated by the concentra-
tions of NO3-N in the drainage water. NO3-N leaching from the whole catchment generally
was similar to the other sites with a winter peak of 55 mg 'lin 1989/90 (Fig. 2), but in new-
ly converted arable areas concentrations in excess of 150 mg 1! were found These areas
also had enhanced soil mmeral nitrogen in the profile of 150-900 kg ha'! , compared to the
more typical 100-150 kg ha'! seen on other established arable sites. By comparison, after
18 months of set-aside, low NO3-N leaching with only 25-35 kg ha'! soil mineral nitrogen
was observed.

Pesticide Leaching

Detailed hydrological monitoring at Brimstone Farm provided the basis for assessing the
effect of rapid water movement through cracking clay soils on the leaching of autumn ap-
plied herbicides. Prior to the application of isoproturon and mecoprop in autumn 1989, both
rainfall and runoff were limited and concentrations were below the detection limit (typical-
ly 0.1 pg 1! for isoproturon and 0.2 pg 1! for mecoprop). Heavy rainfall after autumn ap-
plication resulted in rapid water movement through open soil cracks causing the pesticide
to be leached. Although the sample bulking procedure prevented correlatlon of the peak
concentration with the timing of the hydrograph, a peak of 35 Hg 1! for isoproturon was
recorded in the subsurface drains which decreased to 1-5 pg I'! later in the winter period.
In a mid-winter runoff event at Brimstone Farm, the isoproturon peak in spot samples
occurred soon after peak drainflow. Total isoproturon loss was only 1% of that applied.
Mecoprop leaching was below the detection limit in both the autumn and winter.

Spot samples were collected at other sites in 1989/90 in both runoff events and base-
flows. At Swavesey, the highest concentrations were found in response to summer thunder-
storms, when the runoff was influenced by paved areas. The highest isoproturon
concentration was 240 ug 1'! which correlated with an accidental spillage understood to
have occurred during farmyard mixing. In the winter period when agricultural drainage
dominated runoff, isoproturon concentrations in drainage water were less than 1 ug 11 Sev-
eral other commonly applied pesticides also were found in the small catchments. The most
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frequently detected were atrazine, simazine, and dimethoate with peak concentrations in
the range 1-8 ug I’ 1 observed usually in the early winter period. However, in the first 18
months of set-as1de, leaching of residual pestrcrdes was only detected regularly for isopro-
turon, with concentrations of 0.1-0.6 pg L

DISCUSSION AND CONCLUSIONS

Concern over water quality in the UK has been reinforced by the need to meet EC Drinking
Water Directives. Much of the problem in UK surface water systems is considered to be
due to leaching following increased agrochemical usage. However, it is likely that the
mechanisms necessary to reduce leaching of one agrochemical may result in other water
quality problems. For example, Magette & Shimohammadi (1989) suggested that improved
drainage might control soil erosion and reduce phosphate leaching but that the resultant in-
creased flow through the subsoil may worsen the NO3-N problem.

In most years, NO3-N concentrations from the UK sites were only consistently below
EC limits where diversification, such as set-aside or lowland farm forestry, was practiced.
Even on land that was uncropped and unfertilized for 50 years, 23 kg ha'! NO;-N could be
leached annually (Russell & Richards, 192 2 NO3-N concentrations over the drainage pe-
riod in all studies were typically 30-50 mg 1"*, with highest concentrations following an au-
tumn flush. Webb & Walling (1985) also reported similar annual leaching patterns with lag
time between peak runoff and peak NO3-N leaching dependent on the season. However,
land management effects, such as cultivations or surface compaction, markedly affected the
route by which excess water was removed. For example, at Brimstone Farm the highest
NO5-N concentrations and losses under cultivations were observed with drainage. When
compaction at the soil surface occurred, for example with reduced tillage, surface runoff
was greatly increased so NO;-N losses were low. Goss et al. (1988) also showed that in the
absence of cultivation the development of continuous cracks aided rapid water movement
to depth, limited contact time with the soil, to cause a 25% reduction in NO3-N leaching.
Schwab et al. (1985) reported a similar result for a no-tillage crop.

Under grassland, highest NO5-N leaching losses occurred on drained land as a result
of greater nitrogen availability and water movement through the soil profile (Armstrong, et
al., 1990). Where water movement into the profile was restricted by stock induced surface
compaction, this leaching loss was reduced. Cultivations on undrained grassland enhanced
water movement into the soil and, hence, increased leaching losses. High NO,;-N concen-
trations were found in drainage water on the arable sites where the mineralization of organ-
ic matter followed cultivations. In newly drained grassland converted to arable cropping at
Swavesey, the combination of lower water tables introduced by underdrainage and the
breakdown of organic matter, gave NO3-N leaching concentrations in excess of 150 mg L

Pesticide concentrations above the EC Drinking Water limit were found in 1989/90 at
these sites, all some distance from drinking water abstraction points. Highest concentra-
tions were found in the autumn, after rainfall, following pesticide applications. lefuse ag-
ricultural leaching of isoproturon in the catchments gave concentrations up to 2 g 1! but
at the plot scale, on the cracking cla Iy soil at Brimstone Farm, concentrations in the first au-
tumn flush event exceeded 30 pug 1"*. Other high pesticide concentrations were found from
point source contamination, for example following runoff from paved areas. Once pesti-
cides were no longer applied, as in the set-aside example, concentrations in leaching water
quickly declined towards the EC Drinking Water limit. Monke et al. (1989) studied move-
ment of pesticides in U.S. soils and found total losses of spring applied pesticides were less
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than 1% of the applied dose, with no detectable losses in the following autumn. This was
supported by results from Brimstone Farm for autumn applied isoproturon. However, in
set-aside residual isoproturon was detected in runoff more than 18 months after the last ap-
plication. The fate of pesticides was also investigated by Hall et al. (1989) on different U.S.
soils and tillage treatments. They concluded that for the herbicides examined, mobility or
leaching characteristics were not exclusively related to solubility, and that no-tillage treat-
ments, where macropores were well developed, caused the most pesticide to leach. In con-
trast, with tillage there were greater opportunities for adsorption of applied pesticides. This
suggests that the factors noted in the UK studies for reducing NO3-N leaching, namely de-
creasing both mineralization and contact of percolating water with the soil, may exacerbate
pesticide leaching. The opportunities offered by cracking clay soils such as seen at Brim-
stone Farm in transmitting water rapidly through the soil profile may also encourage pesti-
cide leaching because they decrease opportunities for adsorption of pesticide on soil clay
and organic matter. Comparative data were not available for the other UK sites. However,
the highest diffuse leaching was observed in the autumn when summer formed cracks had
not fully closed.The principal conclusions from these UK. studies were:

(@) Underdrainage lowered the water table and increased subsurface flow, but surface
compaction by stock or the use of direct drilling increased surface runoff. Improved
subsoil structure, including crack development was very important to water move-
ment through soils.

(b) Surface flow removed little NO3-N under all land uses. Cultivations resulted in miner-
alization of organic matter and increased NO5-N leaching. Minimum cultivations re-
sulted in improved soil structure which reduced NO5;-N leaching.

(c) Highest NO3-N leaching occurred in the autumn period following the first heavy rain-
fall with smaller flushes in spring following fertilizer applications.

(d) The mechanisms that could be used to reduce NO3-N leaching, in particular by reduc-
ing cultivations, may increase the leaching problem for some pesticides from clay
soils.
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