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Abstract With respect to achieving “good ecological status” (GES) for
freshwaters by 2015, ADAS has recently been commissioned by the
Department for Environment, Food and Rural Affairs (Defra) to estimate the
gap between current and target losses of suspended sediment from diffuse
agricultural sources across England and Wales. The work required a model for
predicting mean annual total suspended sediment loads (SSL) and time-
weighted mean fluvial suspended sediment concentrations (SSC). GES was
defined in terms of the guideline annual average SSC of 25 mg L™ cited by the
EC Freshwater Fish Directive. National scale sediment source apportionment
was undertaken to estimate the contributions of diffuse agricultural and urban
sector sediment losses, channel bank erosion and point source discharges to
the total SSL in all rivers. Landscape sediment retention was taken into
account. The total SSL estimated for each Water Framework Directive (WFD)
sub-catchment across England and Wales was used in conjunction with
predicted flow exceedence to derive corresponding SSC time-exceedence
plots. Baseline (year 2000) sediment load reductions required from the
agricultural sector for meeting the target threshold SSC of 25 mg L™ were
estimated at national scale. Projected change in agriculture (structural and
uptake of sediment mitigation methods) by 2015 was incorporated in the
modelling exercise to predict the associated changes in SSL and mean annual
SSC. The findings suggest that in addition to current agri-environment
schemes, e.g. Countryside Stewardship, Catchment Sensitive Farming (CSF),
further mitigation will be necessary under the River Basin Management Plans
(RBMPs) of the WFD to reduce diffuse agricultural sediment losses for
achieving GES in some parts of England and Wales.
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INTRODUCTION

The introduction of the EU WFD (European Parliament, 2000) marks an important shift
towards the effective co-ordination of water environment policy across member states for
the purpose of achieving GES by 2015. Whilst the implementation of the WFD will
ultimately rely heavily upon representative monitoring programmes for water quality,
policy makers are required to make urgent decisions regarding strategies for the
mitigation of diffuse pollution. There are a number of obstacles in association with the
identification of suitable monitoring strategies, including the absence of consistent
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methodologies and the prevalence of approaches that do not explicitly target WFD
requirements (Dworak et al., 2005). Consequently, there has been increased emphasis,
in the meantime, on the use of modelling to inform and support government decisions
on diffuse pollution issues and the delivery of appropriate abatement strategies.

Due to WFD legislation and concerns regarding issues of non-compliance in
England and Wales, the CSF initiative, representing a partnership between Defra,
Natural England and the Environment Agency was launched in April 2006. Although
this initiative is focusing upon the delivery of targeted advice to farmers on mitigating
diffuse water pollution from agriculture (DWPA) in designated priority catchments,
Defra, in relation to over-arching policy development, is supporting the identification
of policy packages for inclusion in Programmes of Measures (POMs) in RBMPs. The
POMs are targeting the mitigation of sediment, P, N and pathogens.

The need to address mitigation of sediment transfers is underscored by their wider
significance with respect to important environmental impacts. Sediment represents a
key vector controlling the transfer and fate of nutrients and contaminants (Warren et
al., 2003; Collins et al., 2005). Enhanced sediment loadings can degrade the permeab-
ility and porosity of fish spawning gravels thereby reducing egg-to-hatching success
and emergence (Greig et al., 2005) and are widely acknowledged to contribute to the
loss of macrophyte and macroinvertebrate species diversity and dysfunction of
community structure (Ward et al., 1998; Clarke & Wharton, 2001).

Given the significance of sediment fluxes for DWPA, Defra recently
commissioned ADAS to assess the gap between current and compliant losses of sus-
pended sediment from the agricultural sector across England and Wales. Comparison
of the gap with the predicted impact of policy packages permits Defra to demonstrate
intent to meet the WFD objective of GES by 2015. Accordingly, this contribution
reports the modelling methodology used to evaluate the gap between current and target
SSC and the impact of projected change in the agricultural sector associated with
structural evolution and the uptake of mitigation methods on that gap.

THE APPROACH

The modelling methodology was founded on developing a statistical relationship
between measured SSC and modelled total sediment inputs to watercourses from
diffuse and point sources. Although Naden & Cooper (1999) successfully correlated
average SSC with percentage land use in individual catchments in Yorkshire, England,
explaining 71% of the variance, the use of a similar simple regression model predicting
SSC at national scale was precluded by the spatial variability of physical processes and
controls on sediment mobilisation and delivery. As a result, a structured regression
model was used to ensure inclusion of spatially referenced and physically-based
estimates of diffuse sediment source inputs, thereby taking account of spatial variation
in sediment transfers. It was, nevertheless, acknowledged that the predictive power of
the structured model would inevitably be constrained by the emphasis on national scale.
The WFD does not establish critical SSC standards for GES, reflecting the
complexity of the relationships between sediment concentrations and biological
impacts (Swietlik et al., 2003). But, on the basis of consultation with ecological
experts regarding the critical life cycle requirements of key indicator species (e.g.
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salmon, white-clawed crayfish, freshwater pearl mussel), Smith ez al. (2003) suggested
that the annual average SSC should not exceed 25 mg L. Because this target
threshold is also cited in the EU Freshwater Fish Directive (78/659/EC), it was
conveniently adopted as the end member to represent GES in the structured modelling
exercise.

Estimating total suspended sediment inputs to rivers across England and Wales

The mean annual total suspended sediment load (SSL) delivered to all rivers across
England and Wales was estimated using a simple summation of the individual loads
predicted for the diffuse agricultural and urban sectors, eroding channel banks and
point source discharges.

Diffuse sediment loss from the agricultural sector Sediment inputs from diffuse
agricultural sources at national scale were calculated using the recently developed
prototype process-based PSYCHIC (Phosphorus and Sediment Yield CHaracterisation
In Catchments) model (Davison et al., 2007). PSYCHIC required as input, statistical
data (1 km” resolution) on climate, drainage density, slope, soil types and character-
istics, land use and cropping, livestock numbers and human population. The core of the
model is based upon the source-mobilisation-delivery conceptualisation of land to
water diffuse pollution transfers (Heathwaite et al., 2003). The hydrological module of
PSYCHIC uses the Mean Climate Drainage Model (MCDM) described by Anthony
(2003), which calculates surface and subsurface flow paths for seven key crop types
(winter cereals, spring cereals, grass, potatoes, rough grazing, woodland and bare soil).
Suspended sediment mobilisation is conceptualised at plot scale in association with
detachment and is estimated on the basis of a modified version of the Morgan-Morgan-
Finney model (Morgan, 2001) and a parameterisation of rainfall erosivity (Davison et
al., 2005). Suspended sediment inputs to watercourses via the surface runoff pathway
are calculated by attenuating mobilisation using a source-channel connectivity factor
(McHugh et al., 2002) coupled with a particle size correction factor (cf. Walling et al.,
2000). The corresponding transfers to rivers via assisted drainage are estimated by
attenuating mobilisation using a fixed connectivity coefficient of 0.9 and an allowance
for particle size selectivity (cf. Russell et al., 2001). The inclusion of the field drain
pathway in the PSYCHIC model is considered to be appropriate for the agricultural
landscapes across England and Wales. PSYCHIC assumes the presence or absence of
drains on the basis of the Hydrology of Soil Types (HOST) classification scheme
(Boorman et al., 1995). Figure 1(a) shows annual average suspended sediment delivery
to watercourses, predicted by PSYCHIC. The national mean annual total sediment
delivery to all rivers across England and Wales was estimated at 1929 kt, representing
a national average of 128 kg ha™ year™.

Diffuse sediment loss from the urban sector Suspended sediment inputs to all
rivers from diffuse urban sources were estimated using an Event Mean Concentration
(EMC) methodology. A representative EMC of 100 mg L™ was selected for urban
areas across England and Wales on the basis of measured inter-quartile ranges of
18-140 mg L' for industrial areas, 38—193 mg L™ for residential areas and 62-396 mg
L™ for major roads (Mitchell et al., 2001). The EMC was combined with calculations
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Fig. 1 Mean annual sediment delivery to watercourses from: (a) diffuse agricultural,
(b) urban, and (c) channel bank, sources; and (d) the location of consented sewage
effluent discharges.

of annual average runoff from urban areas provided by the Wallingford procedure:
L=Rx(0.829 x P+0.078 x U—-20.7) (1)
where L is annual average runoff (mm), P is proportion of impermeable land and U is
the catchment wetness index determined using annual average rainfall (Mitchell et al.,
2001). Impermeable land was determined from the density of households in the
Ordnance Survey Address Point database and assumptions used in sewer modelling
systems (Ellis, 1986). Figure 1(b) presents annual average sediment inputs to water-
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courses across England and Wales from all urban areas. The national mean annual total
sediment delivery to rivers was estimated at 147 kt, equivalent to a national average
loss of 10 kg ha™ year™.

Diffuse sediment loss from eroding channel banks Diffuse sediment inputs from
eroding channel banks (Fig. 1(c)) were estimated using a prototype national scale
index. The bank erosion index was based on the calculation of river regime and the
corresponding duration of excess shear stress. River bank shear stress for each flow
depth during the year was calculated according to Guo & Julien (2005):

T b 4 . (—ﬁ-hj 7-h (—hj
= | 1——-tan" exp ———-exXp| — 2)
p-g-sh 2-h /2 b 4.b b

where b is the channel width (m), / is the water depth (m), g is the acceleration due to
gravity (9.81 m s), p is the mass density of water (kg m™), and s is the channel slope
(m m"'). The flow exceedence distribution for each catchment was calculated
according to the model of Gustard ef al. (1992) in which standard flow duration curves
are indexed by the runoff-weighted catchment average Qos statistic. Values of Qos for
each soil series across England and Wales were identified by querying the HOST
classification (Boorman et al., 1995). Assuming a rectangular form, bankfull channel
width I (m) was estimated according to Hey & Thorne (1986):

W =433.0% 3)

where Q is the bankfull flow (m® s™), estimated as the flow exceeded 0.6% of the time
(Nixon, 1959). Accordingly, the depth of water at any flow value was determined as:

h-< (4)
w-v
where v (m s) is the flow velocity, estimated according to the general flow velocity

formula of Round et al. (1998):

V=100 _§0.283 [%) ‘ (5)

where Q is the long-term mean flow (m® s™) and Q is the instantaneous flow (m’ s)

on the day. Application of the bank side shear stress model required information on the
critical shear stress (z.) for river banks across England and Wales, which was
estimated using the relationship of Julian & Torres (2006):

7, =0.1+0.1779-SC +0.0028 - SC*> —2.34E~ - SC° (6)

where SC is the total silt-clay content of the channel banks at a given location. The
duration of excess shear stress (as a percentage of the year) was calculated for the main
river channel in each catchment across England and Wales. Channel density is also
likely to influence channel bank erosion sediment yields on account of the increased
opportunity for bank erosion associated with higher density channel systems and
because drainage density reflects a number of catchment characteristics likely to
influence bank erosion, including rainfall and flow regime. Consequently, the bank
sediment loss index also incorporated channel density. Estimates of lateral erosion rate
were converted into sediment yields using information on the total channel length and
average bank height within each catchment. The combined bank erosion index (+* =
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60%) was calibrated using sediment source fingerprinting estimates of the net sediment
loss from eroding channel banks (Walling & Collins, 2005). On this basis, the mean
annual total sediment input to all rivers across England and Wales from eroding channel
banks was estimated at 394 kt, representing a national average loss of 26 kg ha™ year™.

Point source sediment contributions Suspended sediment contributions to all
rivers across England and Wales from point sources were estimated using a database of
consented effluent discharges from sewage treatment works (Fig. 1(d)). The database
provided information on the maximum consented SSC for individual discharges (<1—
800 mg L™"). Missing data were interpolated using regional flow-weighted average
SSC. Total suspended sediment inputs from effluent works were calculated on the
basis of the relationship between measured and consented average SSC (Roberts &
Williams, 1997):

Cobserved: 0.29 x Cconsentea'+ 4.8 (7)

Using this approach, mean annual total suspended sediment loss to all rivers was
predicted at 76 kt.

The suspended sediment concentration model

In order to validate the total SSL model, the sum of the predicted sediment
contributions from the individual sources was compared with PARCOM
measurements of riverine sediment delivery (1999-2003) to the UK maritime area.
The relationship was positive (+* = 68%). Annual average SSC at a given monitoring
station was estimated as the weighted sum of the time-average annual concentrations
originating from both diffuse and point sources. Sediment loads contributed from
diffuse and point sources were diluted using predicted flow exceedence distributions
for individual catchments (Gustard et al., 1992). Optimal weightings for diffuse and
point sources (0.68 for diffuse agricultural, 0.70 for diffuse urban, 0.33 for diffuse
bank and 0.45 for point sources) were identified using a nonlinear solver function. The
calibrated model provided a realistic national scale predictive relationship (+* = 33%)
between modelled and measured annual average SSC at Environment Agency routine
water quality monitoring stations (Fig. 2). Calculation of confidence intervals
suggested that the modelled time-average SSC was required to be <19.1 mg L™ to
provide an 80% guarantee that the corresponding measured annual average SSC will
be less than the critical threshold (25 mg L") for GES (Fig. 2).

IMPACT OF PROJECTED CHANGE IN AGRICULTURE BY 2015

The modelling methodology provided a basis for predicting annual average SSC across
England and Wales due to sediment inputs from all sources and from the agricultural
sector alone (Fig. 3). These predictions reflected present day (year 2000) environ-
mental conditions and agricultural practices. Those catchments currently most at risk
of exceeding an annual average SSC of 25 mg L™ are predominantly located in SE, E,
NE and midland England as well as in the Welsh borders. Approximately 83% of the
total catchment area of England and Wales appeared to require no further reductions
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Fig. 2 The relationship between modelled and measured annual average SSC, showing
the 80% likelihood interval and the critical threshold modelled concentration for GES.
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Fig. 3 Modelled contemporary (year 2000) annual average SSC across England and
Wales due to sediment contributions from the agricultural sector only.

in sediment loss from the agricultural sector in order to meet the critical standard for
SSC. The potential impact of projected change in agriculture by 2015 on annual SSC
across England and Wales was assessed by incorporating the Business as Usual
forecast of structural evolution (University of Cambridge, 2004) and an expert
assessment of the extent and efficiency of implementation of a number of sediment
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Table 1 Estimated percentage effectiveness of mitigation methods appropriate for the reduction of

sediment losses from the agricultural sector in England and Wales.

Mitigation method

Arable

Clay
loam

Grass

Sandy Clay
loam loam

Sandy
loam

Convert arable land to extensive grassland
Establish cover crops in the autumn

Cultivate land for crop establishment in spring, not
autumn

Adopt minimal cultivation systems

Cultivate compacted tillage soils

Cultivate and drill across the slope

Leave autumn seedbeds rough

Avoid tramlines over winter

Establish in-field grass buffer strips

Loosen compacted soil layers in grassland fields
Maintain and enhance soil organic matter levels
Allow field drainage systems to deteriorate
Reduce overall stocking rates on livestock farms
Reduce the length of the grazing day or grazing season
Reduce field stocking rates when soils are wet
Move feed and water troughs at regular intervals
Fence off rivers and streams from livestock

Construct bridges for livestock crossing rivers and
streams

Re-site gateways away from high-risk areas

Establish new hedges

Establish riparian buffer strips

Establish and maintain artificial (constructed) wetlands
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Fig. 4 Diffuse agricultural sediment losses (a) and annual average SSC (b) expressed
as a percentage of the modelled baseline (year 2000) due to projected structural
evolution and uptake of sediment mitigation methods by 2015.
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mitigation methods by farmers (Table 1) into the modelling routine. The findings
suggested that reductions in total SSL (Fig. 4(a)) and annual average SSC (Fig. 4(b))
by 2015 would be small in most areas, but that the most significant reductions would at
least target some of the catchments at risk of failing the critical sediment threshold
(Figs 3 and 4(b)). Approximately 88% of the total catchment area in England and
Wales could be expected to meet the SSC criterion for GES by 2015. In addition to
existing agri-environment schemes, e.g. CSF, further sediment abatement will
therefore be required from RBMPs to reduce diffuse agricultural sediment losses
sufficiently for achieving GES in some parts of England and Wales.

CONCLUSION

The work reported in this contribution represents a preliminary attempt at modelling
the total mean annual SSL and annual average SSC in all rivers across England and
Wales. Future work will target improving the prediction of sediment losses from
specific sources, e.g. channel banks, and within specific regions, e.g. Wales. The
scenario analysis will be projected to the year 2025.
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