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Abstract

A manageable, relatively inexpensive model was constructed to predict the loss of nitrogen and
phosphorus from a complex catchment to its drainage system. The model used an export coefficient
approach, calculating the total nitrogen (N) and total phosphorus (P) load delivered annually to a
water body as the sum of the individual loads exported from each nutrient source in its catchment.
The export coefficient modelling approach permits scaling up from plot-scale experiments to the
catchment scale, allowing application of findings from field experimental studies at a suitable scale
for cat&rent management. The catchment of the River Windrush, a tributary of the River Thames,
UK, was selected as the initial study site. The Windrush model predicted nitrogen and phosphorus
loading within 2% of observed total nitrogen load and 0.5% of observed total phosphorus load in
1989. The export coefficient modelling approach was then validated by application in a second
research basin, the catchment of Slapton Ley, south Devon, which has markedly different catchment
hydrology and land use. The Slapton model was calibrated within 2% of observed total nitrogen load
and 2.5% of observed total phosphorus load in 1986. Both models proved sensitive to the impact of
temporal changes in land use and management on water quality in both catchments, and were
therefore used to evaluate the potential impact of proposed pollution control strategies on the nutrient
loading delivered to the River Windrush and Slapton Ley.

1.Introduction
Modem agriculture has long been recognised as a significant non-point source of water
pollution. The control of agricultural pollution has generated much interest with regard to
both specific mechanisms of control and evaluation of available management options.
However, there is a need to evaluate possible control strategies for water pollution at a
0022-1694/96/$15.00 Q 1996 - Elsevier Science B.V. All rights reserved
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realistic scale for catchment management. To assess water pollution from agricultural
sources, a manageable, relatively inexpensive model is desirable, provided it is accurate
and capable of prediction.
Traditional approaches for assessing the impact of land use change on water quality
have been based on the development of detailed physically based models which predict
changes in water quality in real time, and work well in small catchments and in the
catchments for which they were originally constructed. They are, however, expensive to
construct and difficult to calibrate in larger catchments, owing to their high data requirements. In addition, these models uniformly attempt to predict nitrate (N03-N) or orthophosphate (Pod-P) concentrations in surface waters. Models constructed to evaluate the
impact of catchment management strategies on the nutrient loading delivered to surface
waters need to be able to predict total nitrogen and total phosphorus concentrations, and
not simply the concentration of one of the constituent parts of the total load delivered to
the water body (Johnes, 1990; Johnes and Burt, 1991; Heathwaite and Jolmes, 1996).
An alternative approach, based on export coefficient modelling, was originally developed in North America, and adopted by the Organization for Economic Co-operation and
Development (OECD) to predict nutrient loading on eutrophic, standing waters (e.g.
Omemik, 1976; OECD, 1982; Beaulac and Reckhow, 1982). Here, export coefficient
modelling has been modified to allow modelling of the intensive agricultural systems of
lowland UK. Export coefficient modelling has also recently been adapted to allow determination of nutrient loadings delivered to lakes in England and Wales in the development
of a new Lake Classification and Monitoring Scheme for the National Rivers Authority
(Johnes et al., 1994a,b, 1996).
The export coefficient modelling approach aims to predict the nutrient loading at any
site in the surface water drainage network of a catchment as a function of the export of
nutrients from each source in the catchment above that site. The model is constructed
using data collected on the spatial distribution of land use and fertilisers applied to each
land use type, the numbers and distribution of livestock and human populations in the
catchment, and the input of nutrients to the catchment through nitrogen fixation and
atmospheric deposition. Export coefficients are derived from literature sources and the
results of field experiments to determine the rate of loss of nutrients from each identifiable
source to the surface drainage network.
The export coefficient model predicts the total annual load of nitrogen and phosphorus
delivered to any given sampling site from its catchment. Taking account of the total annual
discharge at the sampling site, the model predictions can be expressed as the mean ammal
concentrations of total nitrogen and total phosphorus in the stream. The model is then
calibrated against observations of total nitrogen and total phosphorus over the year. This
avoids the complications of predicting the concentrations of individual nitrogen species
and phosphorus fractions introduced by nutrient cycling processes both in-stream and
along nutrient delivery pathways. Total concentrations of nitrogen and phosphorus
show markedly less seasonal variation than the concentrations of each nitrogen species
(NO; , NO; , w , dissolved and particulate organic N) and phosphorus fraction (PO:-,
soluble and insoluble unreactive P), and are therefore more reliable indicators of changes
in nutrient loading from year to year (Johnes, 1990; Johnes and Burt, 1993; Johnes et al.,
1994a; Heathwaite and Johnes, 1996).
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In this study, the technique of export coefficientmodellingwasusedto predictthe lossof
nitrogen and phosphorus from a complex catchment to its drainage system under a changing
agricultural environment. It was then applied to a second catchment as a validation of this
modelling technique. Finally, both models were employed for catchment-scale evaluation of
proposed pollution control strategies designed to meet specific water quality objectives.

2. The field sites
2.1. The Windrush catchment
The catchment of the River Windrush was selected for this study, being large enough
(363 km’) for assessing the capabilities of this approach for catchment management (see

Sherbome Brook subcatchment
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Fig. 1. Site location map for the Windrush catchment showing subcatchment divisions and sampling sites.
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Fig. 1). The Windrush flows south-eastward down the Cotswold dip slope to join the
Thames at Newbridge (National Grid Reference SP 404 014). The rocks of the
cat&rent are mainly Jurassic Limestone, with the lower Windrush excavated in
Oxford Clay. Mean annual rainfall in the cat&rent ranges from 810 mm in the
north-west plateau area to 680 mm at the catchment outflow at Newbridge in the southeast of the catchment.
The highly hydrologically and chemically reactive nature of this drainage system to
rainfall means that there is little time-lag in changes in agricultural practice in the catchment effecting a response in nutrient concentrations in the River Windrush (Johnes, 1990).
Typically, nutrient concentrations in groundwater sources respond within a year to marked
changes in land use and land management. This short time-lag in hydrological response,
and hydrochemical reactivity, has been similarly reported by Haycock (1991) in a separate
study for the River Leach, adjacent to the Windrush and sharing many common hydrogeological characteristics. The hydrology of the Windrush is dominated by a highly
reactive, well-fissured limestone aquifer which is in intermittent hydraulic contact with
the River Windrush along its length (Morgan-Jones and Davies, 1987). The river also
passes over two extensive zones of Lias Clay bedrock in its middle and lower reaches, and
in these areas a greater proportion of the river flow derives from surface and near-surface
flow, rather than from groundwater. As a result, there are marked spatial variations in
water quality in this catchment, with notably higher mean annual concentrations of nitrate
(NOs-N) and lower mean annual concentrations of phosphate (Pod-P) in waters flowing
from groundwater sources than in the River Windrush as it flows over clay bedrock
(Johnes, 1990; Johnes and Burt, 1991; Heathwaite and Johnes, 1996). This might be
assumed to indicate that the annual nutrient loading in the Windrush is ultimately
determined by the hydrological flow pathways linking the land to the stream, and the
associated transport of nutrients along these pathways. However, although the
hydrological flow pathways were found to be the key factors determining seasonal
variations in nutrient chemistry, the annual loads of total nitrogen and total phosphorus
show little spatial variation associated with hydrological flow pathways from source to
stream (Johnes, 1990; Heathwaite and Johnes, 1996). Any variations in observed total N
and total P concentrations along the course of the Windrush were found to be most
strongly linked to variations in land use and land management in the cat&rent
above this point, which in turn are determined by topography, geology and soil type.
Seasonal hydrological variation cannot be reliably accounted for using the export
coefficient modelling approach, and therefore the model can only be run on a 1 year
time step.
Thus, the hydrological characteristics of the Windrush catchment allow the assumption
that, on an annual basis, the total load of N and of P exported to the River Windrush is
largely determined by the type of land use and management in the catchment above the
sampling point, rather than the relative proximity and connectivity of each nutrient source
in the catchment to the surface drainage network. In a catchment with an impermeable
bedrock, the proximity of source areas to a water body, and of distant sources well
connected to a water body, will be important in determining the rate of nutrient export.
This has been assessed by application of this technique to the catchment of Slapton Ley,
south Devon.
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Fig. 2. Site location map for the Slapton catchment showing subcatchment divisions and sampling sites.
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2.2. The Slapton catchment

The catchment of Slapton Ley in south Devon (National Grid Reference SX 825 439)
drams an intensively farmed area of 46 km’, which receives a mean annual rainfall of
1035 mm, and has a mean annual runoff of 550 mm (Fig. 2). The catchment is underlain
by a sequence of impermeable metamorphic rocks, comprising in the north the Dartmouth
Slates, with the less resistant Meadfoot Beds in the lower south of the cat&rent. Catchment topography comprises flat-topped ridges dissected by narrow valleys with steep sides
and narrow valley bottoms. As such, the Slapton catchment provides a marked contrast in
catchment size, geology and hydrology to the Windrush catchment.
Land use in the Slapton catchment is predominantly intensive dairy and beef cattle production on heavily fertilised areas of permanent and temporary grass, with the few areas of arable
cultivation restricted to the flatter ridges, predominantly in the south of the catchment. Woodland and rough grazing are retained in the valley bottoms and on the steeper slopes.
The hydrology of the catchment is dominated by its impermeable bedrock, with its
characteristic freely drained acid brown earths on the ridges, with surface water gleys
developed on the alluvium in the valley bottoms. The annual flow regime of streams
draining the Slapton cat&rent is more extreme than that of the Windrush catchment.
The higher rainfall, combined with the absence of a groundwater store, means that streams
respond quickly to rainfall events, particularly during the winter, when high antecedent
moisture conditions prevail. Water moves from the land to the streams predominantly
along surface and near-surface lateral flow pathways. This favours the transport of sediment-associated forms of nitrogen (lV&-N) and phosphorus (Pod-P) to surface waters
during storm events, but tends to derive from near-stream source areas, as sediment loads
transported along surface flow pathways are soon trapped by surface vegetation. Nitrogen
is also transported to the streams along near-surface lateral flow and throughflow pathways
in the form of nitrate (NOa-N). These transport mechanisms are, by definition, slower and
will incorporate source areas at some distance from the stream, with nitrogen exported
from arable land in the plateau areas running along throughtlow pathways through adjacent steeply sloping areas of permanent grass before passing through the riparian land to
arrive in the stream. As such, these areas of land located at distance from the surface
drainage network may be less important in exporting nutrients to the surface drainage
network than areas of land adjacent to the water course, as there is no direct hydrological
connectivity between source area and stream which bypasses the nutrient uptake mechanisms of land lying along the hydrological tranport pathway. Any model of a nutrient export
in a catchment of this nature must take account of the inherent distance decay along the
nutrient transport pathways if it is to effectively simulate the export of nitrogen and
phosphorus to the surface drainage network.

3. Approach
3.1. Export coefficient modelling

A simple model is constructed, with the total nutrient load transported by a water body
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at any point along its length predicted as the sum of the loss or ‘export’of nitrogen and
phosphorus from each nutrient source in the catchment. Here, the original North American
export coefficient model (e.g. Reckhow and Simpson, 1980; USEPA, 1980, Beaulac and
Reckhow, 1982; Delwich and Haith, 1983; Rast and Lee, 1983) also used in Europe (e.g.

Vollenweider, 1968; Jorgensen, 1980; Johnes and O’Sullivan, 1989) has been modified to
take account of variations in nutrient export from different agricultural land uses and
livestock production systems. The North American model assumes one general export
coefficient for all agricultural land. This has been found to be insensitive to the spatial
heterogeneity in land use, stocking densities and land management practice inherent inUK
agricultural systems, and thus limits the degree to which the model can respond to the
expansion and intensification in agriculture which has occurred in this country, notably
since 1945, and again, once the UK had joined the European Community (EC) in 1972.
The single agriculture coefficient also denies the possibility, where appropriate, of using
the model to assess the effects of spatial relocation of agricultural nutrient sources within
the catchment upon water quality. The model presented by Johnes and O’Sullivan (1989)
was further modified by Johnes (1990) to take into account a number of nutrient export
factors: inputs of nitrogen to the catchment through nitrogen fixation by each agricultural
crop, areas of semi-natural vegetation and woodland; whether human settlements were
connected to a main sewage system, or used a septic tank system; notable land management practices which are known to cause increases in nutrient export, such as the direct
grazing of fodder crops on the fields by livestock (Heathwaite et al., 1990) and the
cultivation of oilseed rape (Addiscott et al., 1991). This modified model is outlined as
follows:
L=

i$E,[AiViJI+P

where L is loss of nutrients; E is export coefficient for nutrient source i; A is area of
catchment occupied by land use type i, or number of livestock type i, or of people; Z is
input of nutrients to source i; p is input of nutrients from precipitation.
The export coefficient (Ei) expresses the rate at which nitrogen or phosphorus is
exported from each land use type in the catchment. For animals, the export coefficient
expresses the proportion of the wastes voided by the animal which will subsequently be
exported from stock houses and grazing land in the catchment to the drainage network,
taking into account the amount of time each livestock type will spend in stock housing, the
proportion of the wastes voided which are subsequently collected and applied to the land
in the catchment, and the loss of nitrogen through ammonia volatilisation during storage of
manures. For human wastes, the export coefficient reflects the use of phosphate-rich
detergents and dietary factors in the local population, and is adjusted to take account of
any treatment of the wastes before discharge to a water body using the following equation:
Eh=DcaxHx365xMxBxR,xC

where Eh is annual export or N or P from human population (kg year- 3, D, is daily output
of nutrients per person (kg day- ‘), H is number of people in the catchment, 365 is days
per year, M is a coefficient for mechanical removal of nutrients during treatment (range
0.85-0.9, reflecting removal of lo-15% of the nutrient load), B is a coefficient for
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biological removal of nutrients during treatment (range 0.8-0.9, reflecting removal of lo20% of the nutrient load), R, is retention coefficient of the filter bed (range 0.1-0.8,
reflecting retention of 20-90% of the nutrient load), and C is a coefficient for removal
of P if phosphorus stripping takes place (range 0.1-0.2, reflecting removal of 80-90% of
the P load).
The nutrient sources in the catchment (Ai) comprise the area of each land use type, the
number of each type of livestock, and the number of people in the catchment. Nutrient
inputs (Zi)to each nutrient source (Ai) are the inputs of nitrogen and phosphorus to each
land use type (i) through fertiliser applications and nitrogen fixation, and the nutrients
voided per animal for each livestock type (i) and for each person. The nutrient loads
exported to the drainage network from nutrients input to the catchment through precipitation @) are calculated as
p=cxaxQ
where C is concentration of nutrient in precipitation (g ms3), a is amount of rainfall per
year (in m over the catchment) multiplied by the total area of the catchment (in m2) to give
rainfall in cubic metres, and Q is percentage of total annual rainfall lost to runoff.
For example, for any one land use type, the total export of nitrogen and of phosphorus is
calculated on a field-by-field basis as the area of each field, multiplied by the input of
nutrients to that field from fertiliser applications and nitrogen fixation, then multiplied by
the export coefficient selected for that nutrient source type. Calculations for each livestock
type are conducted on a farm-by-farm basis, assuming that the livestock are equally
distributed over the grazing land on the farm, and taking into account whether manure
collected in stock housing is stored before application to the land. Calculations for the
human population are conducted for each separate sewage treatment or septic tank system
within the catchment, taking account of the degree of sewage treatment before discharge,
following the calculation outlined above.
3.2. The modelling procedure
The procedures and data involved in the construction, coefficient selection, calibration
and validation of the model are outlined in Fig. 3. In the first phase of modelling, three data
collection programmes are conducted. The first programme requires a questionnaire
survey of all land-owners in the catchment to establish the area and spatial location of
each land use type on a field-by-field basis, the application rates of fertiliser to each, and
the number of each livestock type on each farm. The second involves a literature survey to
establish the rates of input of N and P to the catchment from atmospheric sources (e.g.
Soderlund et al., 1982; Royal Society, 1983; Jassby et al., 1994), the number of people in
the catchment and the type and degree of treatment of sewage before discharge to the
aquatic environment. In the third data collection programme, a field monitoring programme is conducted to establish the total nitrogen and total phosphorus loads annually
transported in the water body at the catchment outflow. These data are used to construct
the export coefficient model to determine the total load of N and of P input to the catchment in the present year. An export coefficient is then selected for each nutrient source in
the catchment relating to the annual rate of loss of nitrogen or phosphorus from that source
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to the drainage network of the catchment. These have been reviewed by Johnes et al.
(1994b), who divided the coefficients derived from each published study into groups
according to the environmental characteristics of the site. These are defined as
being characteristic of catchments which are underlain by either permeable or
impermeable bedrock, in predominantly upland or lowland regions, with intensive
or extensive farming, high or low human population density, and by farming type
region as defined in the Ministry of Agriculture, Fisheries and Food (MAFF) Surveys
of Fertiliser Practice (MAFF, 1969, 1974, 1976, 1980, 1985). For example, Group 1
comprises coefficient ranges derived from studies for lowland catchments with intensive
mixed arable farming and sheep rearing, in areas underlain by permeable bedrock (Jurassic
Limestone or Chalk). Group 2 comprises coefficients for catchments in intensive dairying
and beef cattle farming areas in the lowland regions of the western UK. The export
coefficient group initially selected for a study catchment is chosen using information
on cat&rent hydrology and geology, agricultural practice, livestock and human population densities, and sewage treatment collected in the farm questionnaire and literature
surveys.
The model is then calibrated against the observed total nitrogen and total phosphorus
load determined in the field monitoring programme, and the accuracy of the predicted
nutrient loads is assessed. If the predicted nutrient loads deviate by more than f5% from
the observed nutrient loads for the study site, then a sensitivity analysis is conducted to
determine which of the model parameters (the export coefficients) exert greatest influence
over model output. The prediction of nutrient export from each nutrient source is, in turn,
adjusted by an arbitrary HO% while exports from all other sources are held constant, and
the overall change in model predictions of nitrogen and phosphorus export is assessed
(after Jorgensen, 1980; Crow et al., 1983; Kirkby et al., 1987). This information can then
be used to revise the selection of those export coefficients exerting greatest control over
model output. A new selection of export coefficients can then be made, within the published range for the coefficient group selected for the study catchment (see Johnes et al.,
1994b, 1996). The model is then run again with the new export coefficients and calibrated
against the data from the field monitoring programme until the model predicts within
f5% of observed loads.
In the second phase of the modelling procedure, the validity of the calibration procedure
is assessed by running the model over a longer period of time using independent data on
changing land use, agricultural practice and water quality specific to the study catchment
(see Kirkby et al., 1987; James, 1993). The export coefficients finally derived for the
model in the calibration step are applied to nutrient input, land use and land management
input data derived from independent data sources (e.g. Population Census, OPCS, 1921,
1931, 1951,1961,1971,1981, 1991; Annual Agricultural Census, MAFF, 1866 to date) to
give a prediction of nutrient loading delivered to the water body for a longer time period.
This is then compared with a second independent data set of changes in water quality over
the validation period (Water Authority Archives). This procedure allows objective assessment of the sensitivity of the export coefficients selected in the model calibration step to
changes in land use and management in the study catchment as a function of observed
water quality. The model can be accepted as valid if the overall degree of accuracy for the
validation period does not exceed flO% of observed nutrient loads, and if the model can
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respond accurately both to long-term trends in water quality and shorter-term extreme
variations on an annual basis.
In the final phase, the validated model can be used in the forecasting step to evaluate a
range of potential management strategies, to determine the likely impact on the nutrient
loading delivered to the water body from its catchment before implementation.

4. Results
4.1. Model construction and validation for the Windrush catchment
In the Windrush catchment, information on land use, livestock numbers and fertiliser
practice were collected for the year 1989 in a survey of all 150 farmers and land-owners in
the catchment. All completed a questionnaire. This information was also used to produce a
map of land use in the catchment (Fig. 4). The spatial distribution of land use varies
markedly in the Windrush catchment, and is strongly linked to variations in topography,
soils and drainage density (Johnes, 1990). The land uses with the greatest nutrient export
potential (the arable land) are located on the soils with the lowest intrinsic nutrient retention capacity with a low cation exchange capacity in areas which are well connected to the
surface drainage network through the groundwater system. The land with the highest
intrinsic nutrient retention capacity (the alluvial and heavier clay soils) is located in the
river corridors, the areas of the catchment with the shortest hydrological pathways linking
the land to the surface drainage network, and is used for land uses with a lower potential
for nutrient export (permanent grassland and rough grazing).
The human population of the catchment was established for 1989 by interpolation of
population trends for the parishes of the Windrush catchment presented in the parish
summary publications of the Office of Population Censuses and Surveys for the period
1921-1991. Inputs of nutrients through atmospheric deposition, and nitrogen fixation for
each land use type in the catchment, were derived from a variety of literature sources (e.g.
Soderlund et al., 1982; Royal Society, 1983). The nutrient content of livestock and human
wastes input to the catchment, and the number of homes on septic tank or sewage systems
were similarly derived, the latter including inputs of nutrients both from human sewage
and from detergent use (Vollenweider, 1968; Devey and Harkness, 1973; Cooke, 1976;
Alexander and Stevens, 1976; Gostick, 1982; Royal Society, 1983; Thames Water Authority Archive).
The rates of nutrient input to each nutrient source in the catchment were then applied to
the area of each land use, the number of people and the number of each type of livestock, to
calculate the nutrient loads input to the Windrush catchment in 1989. These are presented
in Table 1. The total load of nitrogen input to the catchment in 1989 was 6600 tonnes, of
which the key contributors were cereal cropping (2440 tonnes), permanent grass
(1100 tonnes) and cattle (809 tonnes). For phosphorus, the total load input to the Windrush
catchment in 1989 was 741 tonnes, of which 340 tonnes were input by cereal crops, with
94 tonnes input by sheep and 88 tonnes by cattle.
A field monitoring programme was also conducted to determine the total nitrogen and
total phosphorus loads transported in the Windrush in the present day to allow calibration

Fig. 4. Land use in the Wiidrush

catchment, 1989.

Vegetables and market gardening

Oilsaad rape

Cereals

Urban and gravel pits

Woodland

Rough grazing and set aside

Permanent grass

Root crops
I
ullmll Temporary g-s

I_

6007.6 ha
1591.6ha
12936.2 ha
596.1 ha
773.6 ha
1700.5 ha
2815.oha
1175.9 ha
27596 ha
17650
11520
120
62906
168098
691

Permanent grass
Temporary grass
Cereals
Roots
Field vegetables
oilseed rape
WoodJand
Rough grazing
Rainfallb
People
Cattle
Pigs
Sheep
Poultry
Horses
Total input

50
30
4
10
50
4
20
10
20

N

0.15

P

N fixation and
rainfall inputs
(kg ha-l)b

135
212
185
85.1
21.9
27
0
0

N

Fertiliser
inputs
(kg ha-‘)’

6.9
22.0
26.3
7.6
26.5
29.4
0
0

P

3.94
70.2
18.7
8.9
0.30
76.8

N

1.16
7.65
5.63
1.50
0.20
11.4

P

Inputs from
animal wastes
(kg ha-‘)d

1110
385
2440
57.2
55.6
392
56.3
11.7
552
69.5
809
2.24
560
50.4
53.1
6600

N

4.14
20.6
88.1
0.68
94.4
33.6
7.88
741

0
0

41.4
35.0
340
4.53
20.5

P

Total input of
nutrients 1989
(tonnes)

55.6
19.3
293
11.4
11.1
118
36.6
1.45
203
34.5
131
0.32
95.2
7.72
8.57
1030

N

0.601
0.477
8.41
0.477
0.503
1.105
0.056
0.024
1.52
3.78
2.51
0.017
2.83
0.910
0.224
23.4

P

Total export of
nutrients 1989
(toMes)

’Amount refers to the area of each land use type, and the number of people and livestock.
b The figure given for rainfaR in the ‘Amount’ c&mm refers to the area of the rural catchmeot above Worsham: data available for nutrients in rainfaR are given in
kilograms per hectare of catchmeot. Export of nutrients from urban areas includes rainfaR input to urban areas, human sewage, and domestic detergent use.. Data on
nutrient content of rainfall are derived from Reckhow and Simpson (1980), Soderlund et al. (1982) and Royal Society (1983). Data on nitrogen tixatioo rates for different
land use types are derived from Royal Society (1983).
’Fertiliser input data are derived from the 1989 Windrush questionnaire survey.
dAnimats include people and all livestock types. Data on the nutrient content of human wastes include inputs from human sewage and from detergeot use (Royal
Commission on Environmental Pollution, 1972, Alexander and Stevens, 1976; Jorgensen, 1980, Reckhow and Simpson, 1980). Data on the outrieot content of animal
wastes are from VoUenweider (1968), Cooke (1976) and Gostick (1982).
AR data are reported to three sign&ant figures.

Amount”

Nutrient source

Table 1
Nutrient inputs to and exports from the Windrush catchmeot above Worsham: 1989
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of the export coefficient model. The main sampling sites in the catchment are shown in
Fig. 1, with daily samples collected at Worsham and at a second upstream site at Rissington over the period April 1987-October 1989, covering two complete water years (October-September). Continuous records of discharge were collected at both sites. Annual
loads of total nitrogen and total phosphorus were interpolated for the River Windrush at
Worsham for the year 1988-1989 from the observations of instantaneous total nitrogen
and total phosphorus concentrations and of mean discharge determined for the period
between samples (48 h) from the continuous records of discharge, following the preferred
method of Walling and Webb (1982) (Johnes, 1990; Johnes and Burt, 1991; Heathwaite
and Johnes, 1996).
Export coefficients for each nutrient source were then derived from published literature.
The export coefficients finally selected for the Windrush catchment fall into coefficient
Group 1 and are presented in Table 2. The model was constructed for the year 1989 to give
initial predictions of the total nitrogen and phosphorus loads delivered to the Windrush at
Worsham in 1989. These predictions were then compared with the observed loads at this
site determined from the field monitoring programme.
Table 2
Export coefficients selected for the Windrush catchment
Nutrient source

Export coefficients for nitrogen

Export coefficients for phosphorus

Permanent grass
Temporary grass
Cereals
Root crops
Field vegetables
Oilseed rape
Rough grazing
Woodland
Cattlea
Pigs”
Sheep*
Poultrya
Horsesa
Humans:
sewage systemsb
septic tanksb
RaitlfalP

5%
5%
12%
20%
20%
30%
13 kg ha-’ year“
13 kg ha-’ year“
16.2%
14.5%
17%
15.3%
16.2%

0.1 kg ha-’ year-’
0.3 kg ha-’ year-’
0.65 kg ha-’ year-’
0.8 kg ha-’ year-’
0.65 kg ha-’ year-’
0.65 kg ha“ year-’
0.02 kg ha-’ year-’
0.02 kg ha-’ year-’
2.85%
2.55%
3%
2.7%
2.85%

2.14 kg ca-’ year-’
2.49 kg ca-’ year-’
36.7%

0.38 kg ca-’ year-’
0.24 kg ca-’ year-’
36.7%

Sources: VolJenweider (1968); Royal Commission on Environmental Pollution (1972); Cooke (1976); Alexander and Stevens (1976); Jorgensen (1980); Reckhow and Simpson (1980); Gostick (1982); Heal et al. (1982);
Royal Society (1983).
a The export coefficients for livestock derive from standard figures of 17% nitrogen loss and 3% phosphorus
loss, taking into account the percentages of manure voided that is applied to the laud after storage losses. The
percentage rates for each livestock type are: 95% for cattle; 85% for pigs; 100% for sheep; 90% for poultry; and
95% for horses (Vollenweider, 1968; Gostick, 1982; Johnes and O’Sullivan, 1989). The coefficients are expressed
to three significant figures.
b The export coefficients selected for human sources assume that all sewage receives primary and secondary
treatment, and that all septic tanks discharge periodically.
’The export coefficient for rainfall is the 35 year mean percentage of rainfall lost to runoff.
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The predictions of the export coefficient model initially run for the Windrush catchment
above Worsham were compared with the observed loads for the Windrush at Worsham to
give an initial calibration of the model. The initial predictions were within 4% of the
observed nitrogen load and 12% of the observed phosphorus load. A sensitivity analysis
was then run on the model, taking into account the particular conditions of the Windrush
catchment: the area of each land use type, the fertiliser application rates to each crop, and
the size of the human and livestock populations. Nitrogen concentrations in the River
Windrush were found to be most strongly determined by the exports from cereal and
oilseed rape cultivation, and the cattle and sheep in the catchment. In-stream phosphorus
concentrations were found to be controlled largely by exports from the human, sheep and
cattle populations, and the cultivation of cereal crops in the catchment. This information
was used to formulate a basin-specific management strategy for the Windrush catchment,
subsequently evaluated as Option 5 in the model forecasting step.
In the calibration step the export coefficients were adjusted only within the range of data
published for study sites in northern temperate latitudes, falling in export coefficient
Group 1 (Johnes et al., 1994b), so that the export coefficients finally selected were likely
to be suitable for UK catchments. The calibrated model predicted mean annual total
nitrogen concentrations within 2% of those observed in the Windrush at Worsham, and
within 0.5% for total phosphorus.
The calibrated model was then used to predict the relative contribution of each nutrient
source in the catchment to the total nitrogen and total phosphorus load delivered to the
Windrush at Worsham in 1989 (Table 1, for comparison with rates of input). The greatest
contributions towards the total annual nitrogen load delivered to the River Windrush are
derived from cereal cultivation, atmospheric deposition, cattle production and oilseed rape
cultivation. For phosphorus, the load delivered to the Windrush in 1989 is derived largely
from cereal cultivation and the discharge of human wastes, with a further important
contribution from cattle and sheep. These results were used to inform the selection of
suitable management strategies for the Windrush catchment in the model forecasting step.
The Windrush model was validated for the period 1925-1989 using independent
records of changes in the input data for land use, livestock numbers, fertiliser application
rates, the human population, atmospheric inputs of nitrogen and phosphorus, and water
quality in the Windrush catchment above the catchment outlet at Newbridge, using the
export coefficients derived through calibration of the model for the catchment above
Worsham (see Table 2). Information on land use and livestock populations in the catchment for this period were derived from the parish summaries of the Ammal Agricultural
Census Returns stored at the Public Records Office, Kew (MAFF, 1866 to date). Past
fertiliser practice was established from a range of sources and publications (e.g. MAFF,
1968; Church and Webber, 1971; Cooke, 1976; Fertiliser Manufacturers Association
Statistics, published annually; Survey of Fertiliser Practice, MAFF, 1969, 1974, 1976,
1980, 1985). The human population of the catchment was established from the parish
summary publications of the Office of Population Censuses and Surveys for the period
1921-1991 (OPCS, 1921, 1931, 1951, 1961,1971,1981,1991).
Since 1925 there have marked changes in land use and management in the Windrush
catchment, with an increase in the cultivation of cereal crops since 1945, and a concomitant decrease in the area of permanent grassland, rough grazing and woodland.
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Since 1970 there has also been an increase in the cultivation of other arable crops, notably

root and field vegetable crops grown for direct grazing by sheep and cattle. The rates of
fertiliser application of both nitrogen and phosphorus to all crops and grass have also
increased markedly since 1925, increasing the overall input of nutrients to the catchment,
particularly to land uses with a greater potential for nutrient export. In addition, the
numbers of people, cattle and poultry have increased over the past 60 years, on a decreasing area of grazing land in the catchment, resulting in an increase in the intensity of
livestock production in the Windrush catchment, and increasing stress on the sewage
treatment facilities at Bourton, Burford and Witney.
The sensitivity of the calibrated model to these changes in agricultural production and
human population density was assessed by comparison of model predictions based on
these input data with observed water quality in the River Windrush at Newbridge. The
water quality record was derived from Thames Water Authority (Thames Water Plc) data
on mean annual nitrate (N03-N) and phosphate (P04-P) concentrations at the catchment
outlet at Newbridge (1973-1989) based on monthly samples, and against a trend
extrapolated for the River Windrush from the annual record for the River Thames at
Walton-on-Thames for the period 1928-1985 using regression analyses, regressing the
Walton-on-Thames record for 1970-1985 against the Newbridge record for 1973-1985
(? = 77.5%, IZ= 12, P < 0.001) (Johnes, 1990; Johnes and Burt, 1993). A comparable
record of phosphate concentrations in the River Tharnes was also available for the period
1925-1972. However, this was considered unreliable as an indicator of past phosphorus
concentrations in the River Windrush, as the Windrush catchment is predominantly
agricultural, with phosphorus concentrations in the river being largely controlled by
exports from agricultural sources. Conversely, in the River Thames at Walton, changes
in phosphorus loading over the period 1925-1972 will have been more strongly controlled
by increasing outputs of phosphorus from urban rather than agricultural sources. The
shorter record of phosphate concentrations in the Windrush at Newbridge for the period
1973-1989 .was thereforeused for the validation of model hindcasts of total phosphorus
loading delivered to the River Windrush at Newbridge.
The validity of the Windrush model calibration and the suitability of the model as a
predictive tool are illustrated in Fig. 5, which shows the mean ammal nitrate and phosphate
concentrations hindcast using the model, together with ‘observed’ concentrations of
nitrate and phosphate derived for the Windrush at Newbridge for the period 19251989. Mean annual nitrate and phosphate concentrations were derived from the model
hindcasts of total nitrogen and total phosphorus loading on the Windrush at Newbridge,
together with the 35 year mean annual discharge for the Windrush at Newbridge (UK
Surface Water Archive), using the mean ratios of nitrate to total nitrogen and phosphate to
total phosphorus established through analyses of over 2000 water samples collected from
the Windrush catchment in the period 1987-1989 where NOJ-N is 60% of total nitrogen
and PO,-P is 40% of total phosphorus (Johnes, 1990; Johnes and Burt, 1993). The model
responds both to the overall long-term increase in nutrient loading on the River Windrush,
and to shorter-term major changes in land use and management in the Windrush catchment
(see, e.g. the period 1940-1955). The mean errors in predictions of nitrogen and
phosphorus loading for the Windrush in the period 1925-1989 were 7.4% and 4.3%,
respectively.
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Fig. 5. Observed and predicted total nitrogen and total phosphorus concentrations in the River Windrush at
Newbridge, 1925-1989.

4.2. Model construction and validation for the Slapton catchment
The Slapton model was constructed using the same protocols as for the Windrush
catchment. A questionnaire survey was conducted of all 91 farmers and land-owners in
the Slapton catchment to derive the input data for the model. The spatial variations in land
use in the catchment were also mapped from the questionnaire survey. This showed a
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similar

pattern to that observed in the Windrush catchment in that the areas of arable
cultivation are restricted to the few flatter areas in the Slapton catchment on the flat-topped
ridges in the north, and in the flatter south of the catchment. The majority of the land in the
Slapton catchment is used for permanent grass or, where slope angles permit, for cultivation of more intensively fertilised temporary grass to support intensive dairy and beef
cattle production. As such, and contrary to the situation found in the Windrush catchment,
the areas of land with the greatest nutrient export potential (arable land) are located in the
areas with the greatest nutrient retention capacity, the flatter land located at distance from
the stream. Owing to the distance decay in nutrient export capacity inherent in a catchment
underlain by impermeable bedrock, this is likely to lead to lower rates of nutrient loading
on the surface drainage network. The areas of land with the highest risk of nutrient export
in the Slapton catchment are those with the shortest hydrological pathways linking the land
to the surface drainage network. In the Slapton catchment, these are the riparian zones in
which rough grazing and woodland are generally retained. However, there are areas of the
Start and Gara sub-catchments (see Fig. 2) where the riparian zone is now used for more
intensive agricultural production, and it may be these areas which are contributing the
greatest proportion of the total nitrogen and total phosphorus load delivered to Slapton
f-eY*
Information collected in the farm survey was used, together with information on the
human population in the catchment in 1986 interpolated from the Population Censuses for
Table 3
Nutrient inputs to and exports from the Slapton catchment, 1986
Nutrient source

Permanent grass
Temporary grass
cereals
Root crops
Field vegetables
Oilseed rape
Rough grazing
Woodland
Cattle
Pigs
Sheep
Poultry
Horses
Humans
Rainfall

Inputs (tonnes)

Exports (tonnes)

Nitrogen

Phosphorus

330
341
102
28.4
16.4
0
1.24
3.83
484
17.1
92.2
0.53
4.45
8.06
91.1

39.3
31.9
19.7
10.4
2.62
0
0.0031
0.0038
52.7
5.16
15.5
0.354
0.661
2.37
0.683

Total load

1520

181

Mean annual
nutrient
concentrations

mean annual runoff - 23900000 m3

Nitrogen
27.7
26.1
12.3
7.18
4.09
0
1.56
2.49
80.9
2.81
16.3
0.079
0.744
4.38
51
238
9.96 mg TN 1-t

Phosphorus
0.723
0.604
0.458
0.127
0.049
0
0.0025
0.0038
1.56
0.149
0.484
0.0098
0.020
0.777
0.383
5.35
224 pg TP 1-t

Nutrient exports were calculated using the export coefficients presented in Table 4. All data are reported to
three sign&ant figures.
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1981 and 1991 (OPCS, 1921,1931,1951,1961,1971,1981,1991),
to calculate the rates of
nutrient input to the Slapton catchment in 1986 (see Table 3), and the selection of a
suitable range of export coefficients. Initially, the export coefficients selected for the
Slapton catchment reflected a uniform rate of export for each nutrient source, regardless
of spatial location within the catchment. The output for the model using this suite of
coefficients was then compared with observed total N and total P loads delivered to
Slapton Ley in the water year 1985-1986 (see Johnes and Heathwaite, 1996) for further
details of the water quality records for this catchment). The initial calibration error was
14.5% for nitrogen and 9.12% for phosphorus. A sensitivity analysis was then conducted
to isolate the key parameters controlling the model. Taking account of the output from this
analysis, and the inherent distance decay in nutrient export in the Slapton catchment, a new
range of export coefficients was selected incorporating a distance decay function based on
location within or outside the riparian zone (defined as 50 m on either side of the surface
drainage network, on the basis of data published by Heathwaite et al. (1990)). This range
of export coefficients is presented in Table 4. The model output using the final selection of

Table 4
Export coefficients selected for the Slapton catchment
Nutrient source

Export coefficients for nitrogen
Distance from stream
<50m
>50m

Export coefficients for phosphorus
Distance from stream
<SOm
>SOm

Permanent grass
Temporary grass
Cereals
Root crops
Field vegetables
Oilseed rape
Rough grazing
Woodland
Cattlea
Pigs”
Sheep’
Poultrya
Hors&
Humansb
Rainfalp

15%
15%
24%
50%
50%
50%
13 kg ha-’ year-’
13 kg ha-’ year-’
32.3%
28.9%
34%
30.6%
32.3%
2.14 kg cd’ year-’
56%

0.5 kg ha-’ year-’
0.5 kg ha-’ year-’
0.8 kg ha-’ year-’
0.9 kg ha-’ year-’
0.8 kg ha-’ year-’
0.8 kg ha-’ year-’
0.02 kg ha-’ year-’
0.02 kg ha-’ year-’
5.7%
5.1%
6%
5.4%
5.7%
0.38 kg ca-’ year-’
56%

7.5%
7.5%
12%
25%
25%
25%
13 kg ha-’ year-’

13 kg ha-’ year-’
16.2%
14.5%
17%
15.3%
16.2%
2.14 kg ca-’ year-’
56%

0.4 kg ha“ year-’
0.4 kg ha“ year-’
0.6 kg ha-’ year-’
0.7 kg ha-’ year-’
0.6 kg ha-’ year-’
0.6 kg ha-’ year-’
0.02 kg ha-’ year-’
0.02 kg ha-’ year-’
2.85%
2.55%
3%
2.7%
2.85%
0.38 kg cd’ year-’
56%

Sources: Vollenweider (1968); Royal Commission on Environmental Pollution (1972); Cooke (1976); Alexander and Stevens (1976); Jorgensen (1980); Reckhow and Simpson (1980); Gostick (1982); Heal et al. (1982);
Royal Society (1983).
’The export coefficients for livestock derive from standard figures of 17% nitrogen loss and 3% phosphorus loss
(34% for nitrogen and 6% for phosphorus in the riparian zone), taking into account the percentages of manure
voided that is applied to the land after storage losses. The percentage rates for each livestock type are: 95% for
cattle; 85% for pigs; 100% for sheep; 90% for poultry; and 95% for horses (Vollenweider, 1968; Gostick, 1982;
Johnes and O’Sullivan, 1989). The coefficients are expressed to three signi&nt figures.
b The export coefficients selected for human sources assume that all sewage receives primary and secondary
treatment.
’The export coefficient for rainfall is the 20 year mean percentage of rainfall lost to runoff.
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export coefficients was then compared in the final calibration step with the recorded water
chemistry for the water year 1985-1986, and was found to agree within 2% of observed
total N load ‘and 2.5% of observed total P load: The predictions of nutrient export to
Slapton Ley from its catchment from the calibrated model are detailed in Table 3 (for
comparison with input rates).
In the validation step for the Slapton model, model hindcasts for the period 1925-1985
were produced based on input data abstracted from archive sources as detailed in the
modelling procedure above. These were then compared with a derived record of observed
total N for the Slapton catchment for the period 1971 to date (see Fig. 6). The record for
total P was derived for the period 1974 to date. This record was based on weekly
observations of nitrate, and intermittent periods of weekly observations of phosphate
concentrations in four streams draining the Slapton catchment: the River Gara, the Slapton
Stream, the Start Stream, and the Stokeley Barton stream (see Fig. 2). A runoff-weighted
mean record was derived for the catchment, and converted to observed total N and total P
on the basis of the mean ratio of nitrate to total N and of phosphate to total P determined
from complete analyses on 87 samples collected from 13 sites in the Slapton catchment in
1991-1992 (see Johnes and Heathwaite, 1996, for further details). The mean error for total
nitrogen hindcasts for the period 1971-1986 was 7.5%, and 3.3% for total phosphorus
hindcasts for the period 1974-1986. This compared well with the validation step for the
Windrush model, and therefore both models were used with some confidence to simulate
the likely impacts of a range of catchment management strategies on future nutrient
loadings on the River Windrush and Slapton Ley.

5. Model forecasting
5.1. Management strategies
As a preliminary step, the trends in water quality for each catchment were extrapolated
to indicate when the mean annual concentration of nitrate in the River Windrush at Newbridge, and in the Slapton streams, might exceed the EC limit for surface waters of
11.3 mg N03-N l- i. This makes the assumption that present trends in agricultural change
will continue in the future; this assumption, although perhaps unrealistic, provides a useful
index of time against which the effects of catchment-scale implementation of strategies to
reduce nutrient loading may be compared. Increases in the concentrations of phosphate
over this time period have also been predicted.
The first management option (Option 1) evaluated for the catchment was the reduction
of all fertiliser applications by 20%, a move advocated by Addiscott and Powlson (1989)
as a means of reducing nitrate concentrations in surface waters draining agricultural land.
Options 2,3, and 4 were based on the measures detailed under three options of the Nitrate
Sensitive Areas (NSA) scheme (MAFF, 1989a). Option 2 derived from the basic NSA
scheme, where farmers are required to voluntarily comply with the Code of Good Agricultural Practice (MAFF, 1990), growing cover crops in the winter and controlling the
timing and application of manure and fertilisers. Option 3 was based on the premium NSA
scheme, and assumes that all land is converted to ungrazed, unfertilised grassland. Option
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Fig. 6. Observed and predicted total nitrogen and total phosphorus concentration in the streams draining the
Slapton catchment, 1925-1986.

4 was also based on the premium NSA scheme, assuming that all land is converted to
permanent grassland which receives no more than 150 kg ha-’ of nitrogen per year. All of
the NSA options are detailed in Ml in MAFF (1989b).
The fifth management option was a basin-specific strategy for each catchment, designed
to reduce nutrient export from high-risk sources. The options were formulated from the
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results of the sensitivity analyses conducted on each model, and the agricultural regime of
the catchments determined in the farm questionnaire surveys. For the Windrush catchment, Gption 5 involved six measures: reseeding of all oilseed rape to permanent grass
with fertiliser applications of less than 150 kg ha-’ nitrogen per year; reduction of cereal
crop fertiliser applications to less than 180 kg ha-’ nitrogen per year; elimination of direct
grazing of fodder crops; reduction of the number of cattle by 25%; conversion of all
temporary grassland to permanent grassland and restriction of fertiliser applications to
less than 150 kg ha-’ nitrogen per year; connection of all human dwellings to mains
sewerage. For the Slapton catchment, Option 5 involved: conversion of all land within
riparian zone to ungrazed, unfertilised grass; reduction of the number of all livestock by
25%; phosphorus stripping at all sewage treatment works in the cat&rent.
Option 6 allowed preliminary evaluation of the likely effect of setting aside land in the
riparian zone as a buffer between intensive agricultural production in the catchment and
the surface drainage network (Pinay et al., 1992; Haycock and Pinay, 1993). This allowed
evaluation of the impact on water quality of creating a riparian buffer stip of 50 m width
on either side of the Windrush drainage network, with all land converted to permanent,
unfertilised grazed grass. For the Slapton catchment, the model structure allowed evaluation of the effects of spatial redistribution of land use such that all low-risk land uses were
located in the zone of highest nutrient export risk for this catchment (the riparian zone),
with all high-risk land uses relocated from the riparian zone to areas at distance from the
stream network. This does not, at present, take account of the buffering capacity of riparian
zones for the uptake of nitrogen delivered to the zone, and export to the atmosphere
through denitrification, as such data are not yet available as generally applicable retention
coefficients for riparian land of different hydrological regime and substrate type. In
addition, there is very little information on the role of riparian land in the phosphorus
delivery pathway, and such areas may act as sources rather than sinks for phosphorus
(Gehrels and Mulamootil, 1989; Vanek, 1991; Hughes and Johnes, 1995, and current
research). The potential of this option is therefore evaluated here only in terms of a net
land use change.
5.2. Model predictions
The extrapolation of water quality trends indicates that mean annual nitrate concentrations in the Windrush at Newbridge may reach the EC limit of 11.3 mg NOs-N 1-l by the
year 2045, and by 2060 in the Slapton catchment. This would clearly have implications for
the supply of water for domestic consumption. The projection for phosphorus is more
gradual, with the mean annual phosphate concentration increasing to 0.092 mg Pod-P 1-l
in the River Windrush, and 0.1424 mg Pod-P 1-l in the Slapton streams in the same period,
significant in terms of the impact upon the productivity of the River Windrush and Slapton
Ley, which are already eutrophic.
The likely impact of the management strategies evaluated for the two catchments on
mean annual nitrate and phosphate concentrations in the River Windrush at Newbridge
and streams in the Slapton catchment is illustrated in Fig. 7. The data are presented as the
predicted percentage change from the 1989 and 1986 baselines, respectively. option 1 has
only a small impact on stream nitrate concentrations, and no discernible impact on stream
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phosphate concentrations for a relatively sign&ant impact on the agricultural economy of
the regions in either catchment. Option 2 results in a reduction in nitrogen loading in the
River Windrush, but a very small impact on phosphorus loading, with no impact in the
Slapton catchment, where the Code of Good Agricultural Practice is already largely
adhered to, and is therefore not a suitable management option for either catchment.
Options 3 and 4 clearly produce the greatest reduction in the loading of both nitrogen
and phosphorus delivered to the River Windrush, but have a lesser impact in the Slapton
catchment, where less of the land is eligible for these schemes. These options also have the
greatest negative effect on the economy of the regions, and would largely require cessation
of viable agricultural production in the Windrush catchment. In intensive agricultural
regions such as the Cotswolds and south Devon, a suitable management strategy will
need to achieve a compromise between economic, social and environmental considerations, and will not necessarily be the cheapest option. This is a concept termed the Best
Practicable Environmental Option (BPEO) by the Royal Commission on Environmental
Pollution (1988). Ultimately, the control of nutrient loading on the River Windrush and
Slapton Ley will be best achieved through minimum agricultural change for maximum
environmental benefit. As such, Options 3 and 4 could not be deemed the BPEO for either
catchment. Option 5, the basin-specific strategy, has a marked impact on both the nitrogen
and phosphorus loadings delivered to the River Windrush and Slapton Ley, but also
requires a significant reduction in the agricultural output and efficiency of each catchment.
Option 6 perhaps provides the BPEO for both catchments, of the options evaluated here.
Although this would remove the possibility of intensive livestock enterprises in the river
corridor, at present used for cattle and sheep production in both catchments, the option
provides the potential for re-establishment of riparian wetlands of high conservation value,
with intensive agricultural production maintained in the remainder of the catchments.
However, the potential role of riparian land as a source of phosphorus export would
need further investigation before adopting Option 6 as a management strategy. All of
the management strategies proposed have the potential to maintain the River Windrush
and streams of the Slapton catchment at a level below the EC nitrate limit. The question of
which management strategy to adopt is dependent upon the degree of reduction required.

6. Conclusions
As a management tool, the export coefficient modelling approach has a number of very
clear advantages over more detailed, process-based modelling approaches, not least of
which is the simplicity of the model format, and the operation of the model using a simple
spreadsheet system. The approach relies on data from readily available databases. The
model has relatively few data requirements, and can be easily calibrated, providing a
relatively inexpensive, robust means of evaluating the impact of land use and land management on water quality for all standing and running surface freshwaters on an annual
basis. The model predicts, and is calibrated against, total nitrogen and total phosphorus
concentration data, thereby reducing the problems inherent in predicting the concentration
of individual nutrient fractions, which may be highly labile.
Naturally, there are limitations to this approach. The export coefficients selected cannot
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be verified fully for the research site without considerable expenditure on field experimental work. A further limitation on the use of export coefficient modelling is that the
importance of hydrological pathways in determining nutrient delivery to surface waters,
and the variations in available transport mechanisms over the annual water cycle mean that
the model cannot predict in real time. However, the export coefficient modelling approach
can be used to predict, on a year-by-year basis, the changes in water quality which might
be effected through the implementation of pollution control strategies at a sensible scale
for catchment management, and as such is a valuable management tool.
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