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Abstract
Large scale changes are being made to land use and management in the Forest of Bowland
(Lancashire) under the United Utilities Sustainable Catchment Management Plan (UU
SCaMP). These changes include moorland grip blocking, alterations in stocking density and
woodland planting, with the aim of preventing deterioration in raw water quality and improving
the condition of designated upland nature conservation sites. The changes also provide the
opportunity to analyse the effects of land use/management practices on the probability of
downstream flooding. An extensive instrumentation and monitoring programme is currently
being conducted in the upper Ribble catchment, located within the Forest of Bowland. The
aim is to improve the understanding and prediction of the local (<10 km2) and downstream
(~100 km2) flood impacts of changes in rural land use/management. This will contribute to
the development of reliable methods for predicting the downstream impacts of rural-based
flood prevention and mitigation measures, and contribute to the science base for the move
towards whole-catchment integrated approaches to flood risk management.
Introduction
Since the Second World War, the UK rural landscape has
undergone major changes as a result of a drive for self
sufficiency and the effects of the Common Agricultural
Policy (OConnell et al., 2005). There is quantifiable
evidence that modern land management practices can lead
to an increase in local scale runoff (OConnell et al.,
2007). For example, increased stocking densities
(Heathwaite et al., 1990), a shift from spring to autumn
sown cereals (Sibbesen et al., 1994) and the production of
fine seed beds (Speirs and Frost, 1985) have each been
found to reduce infiltration and increase local runoff.
However, the effects are complex, depending on factors
including soil type and wetness regime. There is also
evidence that enhanced surface runoff as a consequence of
these types of management practices can generate localscale flooding, with muddy floods affecting small
communities (e.g. Boardman et al., 2003; Evans and
Boardman, 2003; Papy and Douyer, 1991). However, there
is very little evidence that changes in local runoff
generation processes propagate through the river network
to enhance flooding at the catchment scale, or indeed
evidence to the contrary. In the most comprehensive
analysis of UK flooding trends, no significant impacts of
land-use change were detected (Robson, 2003; Robson et
al., 1998). The term impact is used here to denote a
change in the catchment hydrograph.
It is important to emphasise that a lack of evidence for
catchment scale impacts cannot be taken to imply that a
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change in flood generation has not taken place as a
consequence of modern farming practices. A lack of
detection may partly be because such evidence has rarely
been sought (OConnell et al., 2005). The over-riding
influence of year-to-year climatic variations makes trends
associated land use difficult to identify (Radziejewski and
Kundzewicz, 2004; Robson, 2003), especially in the
presence of observational errors in rainfall and runoff
records (Beven et al., 2006).
Modelling has the potential to provide an
understanding of how local scale changes in runoff
propagate through the river network to impact
downstream. However, there are serious problems with
predicting impacts using the current generation of models.
OConnell et al. (2005) concluded that the appropriate
structure of a model for the prediction of change is not
known. In particular, it is not known which processes need
to be incorporated into a model, and in how much detail,
or how the model parameters can be changed a priori to
reflect a change in land use/management. To address these
issues, data are required from catchments presently
undergoing known changes. However, there are few
datasets available and these are typically from small-scale
upland experiments, rather than for larger catchments
where economic damage occurs.
To support future research, the establishment of a
change effects database is required, providing a record of
the changes made and providing test data for changeeffects theory and modelling. Existing rainfall/runoff
records are inadequate as the associated land use changes
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are not documented (Beven et al., 2006). As catchments
are very heterogeneous, data are required for many
different types of catchment undergoing different types of
land use and management changes. It is not clear exactly
which data should be stored to support modelling and
analysis in future studies. This problem partly stems from
the fact that there is no accepted modelling approach for
predicting change. The complexity of models used in
studies available in the literature range from semidistributed conceptual models (e.g. Crooks and Davies,
2001; Nandakumar and Mein, 1997) through to physically
based distributed models (e.g. Lukey et al., 2000; Neihoff
et al., 2002), each having different data requirements and
the ability to use field measurements of soil properties and
so forth.
The Environment Agency funded project Multiscale
experimentation, monitoring and analysis of long-term
land use changes and flood risk, is being carried out by
Newcastle University in collaboration with Imperial
College London and Lancaster University. This project
will contribute to the change effects database through the
multiscale monitoring of a catchment undergoing change.
This will involve defining the data that need to be stored,
and will therefore provide a general template for the data
requirements in future field/modelling programmes. The
project will also address the following science question:
how do local scale changes in runoff production combine
and propagate through the river network to affect the flood
hydrograph at larger catchment scales?

Figure 1

Site description
The River Hodder drains an area of 260 km2 up to its
confluence with the River Ribble, located approximately
4 km southwest of the town of Clitheroe (Figure 1).
Elevation in the catchment varies between 40 mOD at the
catchment outlet and 544 mOD at the summit of White
Hill in the north of the catchment. The catchment is largely
rural with land-use dominated by livestock farming and
game rearing. The headwater areas of the Hodder are
characterised by steeply incised valleys which level off to
plateaux covered with rough moorland and blanket peat
mire at higher elevations.
Within the headwaters of the Hodder, there is a United
Utilities water supply infrastructure. This comprises
several large intake structures on major headwater rivers
(e.g. the River Dunsop, Brennand River, Whitendale
River, Langden Brook, Losterdale Brook) and Stocks
Reservoir on the River Hodder itself. Abstractions pose a
challenge in the detection of change signals at the larger
catchment scale, which has been addressed in the
monitoring design through the appropriate choice of
instrumentation sites. This problem is not unique to the
Hodder, with many upland catchments experiencing some
form of regulation. The Environment Agency maintains
four river monitoring stations in the catchment and three
tipping bucket raingauges, shown in Figure 1.

Hodder catchment, to Hodder Place
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SCaMP interventions

Dupeyrat, 2003), while the aim of the deciduous planting
being undertaken here is to improve slope stability.
Scrapes are of interest as they provide storage; given their
size, typically 100 m2, the storage potential is small, but
they may give some indication of the potential of on-farm
storage measures.
Within the wider context of the project, previous
studies of the impacts of land use and management change
have typically considered the local scale, while the aim
here is to establish how local scale impacts propagate
through the river network to impact across a range of
scales.

United Utilities, under their Sustainable Catchment
Management Plan (UU SCaMP), are implementing
restoration works within the upper Hodder catchment
(highlighted in Figure 1). These are targeted primarily
towards improving water quality, improving the status of
the ecological quality of the upland mire habitats, which
have Site of Special Scientific Interest (SSSI) and Special
Area of Conservation (SAC) status, and minimising
processes that generate colour in the waters (principally
erosion of peat which releases organic acids). The focus is
primarily towards re-wetting upland land, stabilising
erosion and working with tenant farmers to develop a
sustainable approach to farming (McGrath, 2005).
There are six principal types of land restoration works:

Monitoring approach

(1) Blocking gullies or grips (open, steep-sided ditches) to
increase the water levels in blanket peat and to reduce
the loss of peat to downstream reservoirs. The majority
of the grip blocking will take place in the Brennand
catchment (~40 km length).
(2) Reduction or relocation of sheep grazing, to restore
vegetation and reduce erosion. This is occurring across
the SCaMP area. Additionally, reseeding is being
performed on areas of bare blanket peat.
(3) Woodland tree planting, to provide bird habitat and for
slope stabilisation, is taking place in many of the river
corridors.
(4) The extent and frequency of heather burning is being
controlled, for monitoring ecological recovery.
(5) Bracken control is being conducted to provide more
desirable mire communities.
(6) Scrapes (ponds) are being created to provide wading
bird habitat.
From a flood generation perspective, those changes of
greatest interest are grip blocking, changes in stocking
density, woodland planting and scrapes. Approximately
1500 km2 of blanket peat in upland Britain is drained by
grips, with the intended purpose of lowering water tables
to improve the vegetation for grazing and grouse (Stewart
and Lance, 1983). Using a paired catchment approach in
small headwater areas, it has been found that the
hydrograph time to peak in drained blanket peat is
significantly less than that of those left intact, enhancing
flood peaks (Holden et al., 2006; Robinson, 1985).
However, other studies have shown conflicting results,
with grips suppressing water tables and decreasing
antecedent storage, thereby increasing flood peaks. Also,
the drainage patterns and moss types have been found to
be of significance (reviewed in Holden et al., 2004).
It is known that high stocking densities can cause soil
compaction, reducing infiltration and enhancing surface
runoff (e.g. Heathwaite et al., 1990). However, the
majority of the studies have been performed in the lowland
catchments, rather than the heath and peat habitats
considered here. There is significant debate on the role of
afforestation on runoff generation, due, in part, to the
complications of pre-planting drainage and forest roads
(e.g. McCulloch and Robinson, 1993). These activities are
not being performed in the Hodder. Also, the focus of the
majority of UK upland studies has been on the effect of
commercial coniferous plantations (e.g. Robinson and

Under ideal circumstances, monitoring would commence
about 10 years prior to major restoration works being
carried out, to ensure that the effects of change are fully
captured (e.g. so that data are collected for both the prerestoration and post-restoration annual maximum flood
peaks, at a range of scales). This is not possible for the
Hodder catchment, because the UU SCaMP restoration
works are already underway. The changes in stocking
density have taken place under the Defra Higher Level
Stewardship (HLS) scheme (Defra, 2005), but the majority
of the grip blocking will not commence until the winter of
2008. Even though changes have taken place, there is still
much to be learned about estimating and predicting flood
impact, even though the circumstances are not ideal. Some
pre-change data exist in the form of hydrographs from the
four EA river gauges located at various scales throughout
the catchment (Figure 1), along with rainfall records.
Additionally, the changes will have a temporal aspect. For
example, vegetation regeneration as a consequence of
stocking density reduction may take several years.
Although the project is initially funded until 2010, there is
the intention of maintaining instrumentation for a longer
period to allow long-term trends to be captured.
There are several different experimental philosophies
that could be taken to gain an understanding of the
hydrological effects of the SCaMP changes in the Hodder.
One approach would involve trying to measure and
understand the effects of land management change on the
runoff generation mechanisms at very small scales, and,
through appropriate multiscale monitoring and physicallybased modelling, to deduce and test the effects at larger
scales. This could be called a bottom up or upwards
approach. Measuring at fine scales is difficult and costly.
There is also the potential problem that the measurements
may capture the effects of heterogeneity in the landscape,
rather than differences that can be attributed to land
management practices.
An alternative is a top down or downwards
approach, where signals of change are detected at large
scales and the cause, at small scale, is inferred. The
Catchment Hydrology And Sustainable Management
(CHASM) project has instrumented four mesoscale
catchments (~100 km2), with the hydrological response
being monitored across a range of increasing scales to gain
understanding of how the factors controlling the response
change with scale (Mayes et al., 2006). A multiscale
approach to instrumentation, as taken in CHASM, can be
applied in a downward fashion. Using this approach the
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following questions will be addressed: how does the
SCaMP catchment function, especially when generating
flood peaks?; what has changed or is changing?; how can
this change affect peak flows? The challenge is to work
downwards in scale, using nested instrumentation.
However, as far as practical, the change-effects data for
the SCaMP site must also support an upwards approach,
to underpin future physically-based modelling endeavours.

Table 1

Based on experience gained in CHASM, a multiscale
monitoring design has been prepared for the Hodder, with
the instrumentation in the process of being installed. The
major hydrological response measurements to be recorded
are stream/river flow data. Additionally, automatic weather
stations, to facilitate potential evaporation estimation, and
tipping bucket raingauges are in the process of being
installed, supplementing the existing EA network.
The Hodder catchment drainage network is shown in
Figure 2, together with a schematic showing the locations
of the planned and existing flow gauges. In total, 19 sites
are to be monitored, with additional data being made
available from the four existing EA gauges. Each of the
sites has been assigned to a scale, defined in terms of the
upstream contributing area (Table 1). The mesoscale
instrumentation comprises the existing EA river gauge at
the Hodders confluence with the Ribble at Hodder Place
and a gauge on the mid-Hodder. The mid-Hodder site will

help in analysing the contributions of the ungauged area
(~40 km2) in the northern part of the catchment. There is a
further 47 km2 ungauged area between mid-Hodder and
Hodder Place.
Mini-scale instrumentation is to be deployed for
subcatchment characterisation, with all of the major
tributaries to the Hodder (>8 km2) to be monitored. This
characterisation will cover the entire SCaMP area, and thus
will account for the effects of all the SCaMP interventions.
Micro-scale instrumentation is being nested upstream of
some of the mini-scale locations to monitor areas where
there will be significant land management changes.
Particular attention has been given to the Brennand
catchment, as this is where the most extensive grip
blocking is to take place. Stocks Reservoir is of
importance due to the overriding influence of management
operations in regulating the downstream flows, which are
recorded at an EA gauge. For this reason, no smaller scale

Monitoring design

Figure 2

Scale

Definitions of scale
Definition

Mesoscale
~100 km2
Mini-scale
~10 km2
Micro-scale ~1 km2
Process-scale~100 m2

Hodder river network upstream of Hodder place (left) and simplified schematic showing instrumentation (right)
(Upstream contributing areas, km2, provided within symbols).
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monitoring is to be performed upstream of this location.
Process scale information is required to provide data
for detailed physically based modelling. Flows are being
monitored from small representative land units undergoing
change.
As changes are taking place, there is a need to provide
data from reference catchments. This issue has been
considered. For example, the mini-scale Easington Brook
has the potential to provide reference data for the analyses
of the responses of the Brennand, Whitendale and
Croasdale catchments which have similar physical
characteristics and are to undergo SCaMP changes.
Pressure transducers, measuring water depth (corrected
for barometric pressure), are to be used to record stage at
each site and hence rating curves will be required.
Hydraulic modelling will be used to obtain a preliminary
relationship at each site, using field observations of
channel roughness, slope and cross-sectional area. Current
gauging will be performed over the duration of the project
to improve on these initial estimates.
Field monitoring is of great importance, but there is
also a need to perform field walkover surveys. These are
required to provide a perceptual model of the catchments
functioning, including observing the hydraulic
connectivity of the landscape under high flow conditions,
identifying areas of saturation and identifying the principal
runoff generation mechanisms. Based on this information,
there is flexibility in the design to perform transient
monitoring in areas of interest.

Preliminary data analysis
This project is at an early stage, but it is still possible to
give a flavour of the potential of the monitoring

Figure 3

programme. Figure 3 shows a map of the instrumentation
installed in Swine Clough, a tributary to Croasdale Brook,
together with a photograph of a major grip feature. The
major grip is ~700 m in length and is fed by several minor
grips. The system drains quite a large contributing area (of
the order of 0.5 km2) and has perennial flows, so provides
the opportunity for monitoring a fairly simple network
undergoing change which may well have a signal that is
discernable in at least some downstream sample stations.
This feature is due to be blocked in the autumn 2008, so
there will be opportunity for pre-change monitoring.
Instrumentation has been installed at either the end of
the main grip (locations 1 and 2 in Figure 3), to capture the
lateral gains, at the outflow from the minor grip (3),
upstream of the confluence of the natural channel system
and the grip (4), and upstream of the confluence with
Croasdale Brook (5). Additionally, the upstream flow in
Croasdale Brook is being monitored (6). It can be noted
from the monitoring design that river flows are given
highest priority. This follows the downward experimental
philosophy, in which the detection of changes in the flow
signals is of primary importance. Traditional monitoring
approaches have concentrated on trying to establish
changes in catchment functioning using point-scale
measurements (e.g. piezometers to measure water table
depths). The rationale for the approach taken here is as
changes in flooding are of concern, the measurement of
flows is of primary interest.
Some preliminary data from the monitoring programme
are provided for a significant storm (~2-year return period)
in Figure 4. At this stage in the project, reliable rating
curves have not been developed for the monitoring sites
and hence stage measurements are provided. These data
provide valuable information regarding the timing of the
responses at varying scales. The types of questions this

Location of instrumentation in Swine Clough (left) and view along main grip from site 2 to 1 (right)
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College. FRMRC includes modelling for predicting the
effects of land use/management on the flood frequency
curve and FREE is conducting fundamental work on
modelling scale effects and complexity in extreme events.
The use of modelling over the course of the monitoring
programme will provide invaluable feedback. For example,
inadequacies in the data collection programme can be
identified, and rectified, and the perceived catchment
functioning obtained through modelling can be tested in
the field using an adaptive instrumentation approach. This
coupling of experimentalism and modelling will strengthen
the data collection programme.
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Figure 4

Stage data from Croasdale Brook. The data are
for 7 min intervals.

project hopes to address using these data include; how
does the blocking of the grip features impact on the
hydrograph at the outlet of Swine Clough (location 5) and
will a given change in the hydrograph enhance flooding by
altering the synchronisation of the peak flow contributions
with the upstream Croasdale Brook hydrograph?
Answering these types of questions throughout the
catchment, using the multiscale design (Figure 2), will
enhance the understanding of the link between the local
scale changes and catchment scale impacts.

Conclusions and discussion
The question that this project aims to address is: how do
local scale changes in runoff production combine and
propagate through the river network to affect the flood
hydrograph at larger catchment scales? To achieve this
aim, an intensive multiscale catchment monitoring
programme is being undertaken in the Hodder catchment,
north-west England. Usually, changes in farming practices
are implemented in a piecemeal fashion and also they are
rarely documented. Within the Hodder, carefully drawn-up
plans for large scale changes to land use/management have
been made, thereby providing an almost unique
opportunity to analyse downstream flooding in a
catchment undergoing known changes.
An additional outcome of the project will be a
database, encapsulating the data and knowledge gained
from the monitoring programme. This will contain hard
data, including rainfall/runoff records, and soft data, in
the form of qualitative descriptions of catchment
functioning, photographs of vegetative state and so forth.
The database will be maintained to support future research
efforts and provide sorely needed data support the
validation of future modelling work.
The data from this project are being utilised under the
FRMRC (www.floodrisk.org.uk) and FREE
(www.nerc.ac.uk/research/programmes/Free/) projects,
which are being undertaken in collaboration with Imperial
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