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ABSTRACT

The River corridors of the Wensum and Bure have lost 20% and 25% of their bordering
water meadows since the 1930s. Changes have been towards arable cultivation and have
been most marked alongside tributaries. Land use change in the Bure valley has coinci-
ded with a 75% increase since 1904 in the intensity of the surface drainage network in
the catchment. There has been a 40% increase in the Wensum.

Despite these changes in the catchment, the relationship between gross rainfall and flow
over the period 1964 to 1992 has remained the same in all three Rivers. There has been
no change since 1960 in the seasonal distribution of runoff from the surface catchment.
Since 1960, there has been no evidence of a reduction in the baseflow (groundwater)
component of flows. This indicates that, over the period, the amount of groundwater
recharge has not changed. Flow volumes have thus closely followed temporal variations
in rainfall since the flow record began in the early 1960s. Changes in the catchment
since 1964 have not, therefore, had a significant influence on either flow volume or
regime. This does not imply that changes did not occur before the 1960s.

Alongside changes in the catchments, the channels of the study Rivers have been engin-
eered since Domesday times to provide the hydraulic heads needed to power water mills
and to provide navigable waterway. The greatest change in water use this century has
been the end of water milling. Although milling did not alter flow volumes, channel
shape, water depth, flow velocity and sediment transport were all influenced greatly.
Since the end of water nulling, channels have narrowed, particularly during drought
flows. This represents natural readjustment to former channel dimensions and is desir-
able because increases in local flow velocity will result.

Flow volumes have been altered by water use since the end of water milling. However,
between 1971 and 1992, the average actual losses to seven-day mean flows due to net
abstraction for all water uses have been no greater than 3%. Losses have been greatest
during dry growing seasons due to spray irrigation, and especially during the 1989-1992
drought. Flows in the Nar have been the most affected by abstractions for spray irriga-
tion, with a maximum loss of around 24% during the recent drought. Maximum losses
in both the Wensum and Bure were about 15% in the 1989-1990 drought.

The relative sizes of loss to flow in the three Rivers due to spray irrigation are consistent
with changes in the invertebrate communities of the Rivers. Since 1979, the inverte-
brates in much of the Nar have become more typical of silty and low-flow environments.
There is no evidence of a similarly persistent change in either the Bure or Wensum,
although short-term variations in community strucure, which do not oecessarly relate
directly to rainfall, have occurred.

In the Bure and Wensum, and on a catchment not local-scale, physical features of the
River channels are more important in shaping the biology of the Rivers than either
absolute water quantity or water quality. There are few past data on water plants,
although those which do exist suggest improvements in the water quality of the River
Wensum. Most of the fish species in the Rivers are less evenly distributed in the Rivers
than in the early 1980s, particularly in the Bure and Nar. Fish density is lowest where
there are the highest proportions of silty sediments in the channels. Increased external
loading of these sediments will have occurred because of the changes in agricultural land
use alongside the waterway. The present-day effect of this is most marked along tribu-
tary streams. No data on distributions of silt in the past exist. Less active transport of
sediment since the end of water milling has presumably led to the deposition and reten-
tion of silty material over an increased proportion of the main channels. This will have
reduced habitat variety and restricted the distribution of species which use clean gravel
and other faster-flowing waters.

The priority for management to enhance the biology of the study Rivers should therefore
be to prevent further consumptive water use in the Nar and, in all the Rivers, to prevent
or to intercept inputs of sediment from agricultural land or from road runoff. This is
particularly important in tributaries. Local variations in flow velocity, water depth and
bankside cover are all desirable and should be maintained and created. Shoals which
narrow the channel and thus increase flow velocity, should be allowed to form over
much of the waterway. Equally, such features could be created as part of a programme
to engineer narrower and more sinuous channels which drain, and, in suitable areas,
flood, uncultivated land.

Project report by the University of East Anglia to the National Rivers Authority, 1994,
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CHAPTER 1. INTRODUCTION TO THE PROJECT

CHAPTER 1: Section I. Terms of Reference.

The full title of the project is The Relationship between Water Resources Management
and the Ecology and Hydrology of North Norfolk Rivers. The project has a strong
emphasis on applied research and its aims are specific to the non-tidal reaches of the
Rivers Wensum, Bure and Nar in north Norfolk. The study Rivers, and also their tribu-
taries, are shown in red on the introductory map. Funding for the work has come
entirely from the National Rivers Authority (NRA) and this final Report is made to the
Water Resources section of the NRA’s Anglian Region.

The long-term aim of the NRA is to determine natural and artificial influences on the
flow characteristics, water quality and ecology of the study Rivers. An important objec-
tive within this is to identify and investigate significant relationships between water
resources management and ecological change. The NRA’s major purpose in commis-
sioning this study was to investigate claims of long-term ecological change in the study
Rivers. This project has therefore, where possible, identified historical changes in
biology and established the most likely causes of such change.

The specific objectives for the work, which were set by the NRA at the beginning of the
project, were:

1 To locate and collect data on past and present land and water resources management,
land drainage works, flow characteristics, water quality and ecology in the study Rivers
and their catchments.

2. To appraise existing data for specific cases where probable cause and effect relation-
ships between water resources, land management or any other factors and in-stream eco-
logy have been identified.

3. To define the extent of change in the water environment of the Rivers.

4. To evaluate the information collected to meet Objective 1 and to select key investiga-
tions and data which will reveal circumstantial relationships between land and water
management, catchment geology, hydrology, hydrogeology, channel morphology, water
quality and ecology.

5. To structure multi-variate data sets (where data are available) fitted for search proce-
dures which will identify variables, or groups of variables, most closely linked with
historical change in the river environment.

6. To identify the interpretive and/or controlled experimental work required to define
cause and effect relationships between land and water resources management, river flow
and quality and ecological features.

7. To identify the deficiencies of existing data which constrain its interpretation for
practical ecologically sensitive management of water resources.

1 Chapter 1:1. Terms of Reference



CHAPTER 1: Section 2. Scope of the Project.

The central aim of the work is to examine the widely held belief that there have been
long-term changes in the hydrology and biology of the study Rivers. If there is evidence

that changes are long-term, then the project aims to identify likely causes and to scale
their importance.

The catchment-scale approach of the work relies upon a range of environmental sciences
to interpret a very wide range of information. The result is an evaluation of the relative
importance for the Rivers of a large and well-mixed set of potential influences. The
corollary of this is that detail at individual sites is masked if the relative importance of
factors Is different from the overall catchment-scale. Site-specific questions need to be
answered in separate studies. Information from the project is relevant to the Yare
Catchment Plan, which includes the catchments of both the Wensum and Bure, which
has been presented recently by the NRA for public consultation (NRA, 1994).

Management of water resources is just one potential influence on the flow and biology of
the study Rivers, though has been singled out by the NRA as a topic for special study in
north Norfolk. This is because of public concern that demand for water Iin these catch-
ments is satisfied at the expense of in-river needs. The project began during the 1989-
1992 drought at a time of very low-flows in the East Anglian region. An important
working objective of the project has been to calculate, on a catchment-scale, the relative
effects on flow of low rainfall and of water abstraction.

Our approach to measuring the significance of water use for the Rivers’ environment is
to evaluate its effect against the scale of other, and perhaps longer-term influences. If
any of these influences, for example: river engineering; land drainage; sediment loading
or loading of treated sewage effluent, appear to be more significant than water resource
management, then research and management should, at first, be directed at these. The
scope of the project has to be wide and has taken account of reliable information reco-
vered on all of the listed aspects of the Rivers and their catchments.

The time series of data for analysis is unusually long. The project involves looking for
changes in the Rivers’ environment which may have occurred since the 1930s, or earlier.
This extends the interpretative part of the project to include the effects of water mills,

which have, in the past, been an important feature of water resource management in the
study Rivers.

The range of research tools used has been wide. Unstructured interviews of about sixty
project consultees with long-term local interest in the Rivers, have been analysed. Most
of the information used in the project is from data held in computerised form, though it
has also been abstracted from the much older and more cryptic records of the NRA’s
predecessors. Archives of maps, films, photographs and herbarium specimens have been
examined. Most of the historical information from old maps and from aerial photo-
graphs has been digitised using a geographical information system (GIS) which gives
numerical data as well as visual output. Hydrological analyses have relied upon a
number of computer modelling techniques and have included a resource model to natura-
lise the flow record of the Rivers.  Part of the biological analysis relies upon computer
association and ordination techniques known as TWINSPAN and DECORANA. Al-
though the terms of reference for the project did not include field work to collect new
data, sediment was collected from one of the study Rivers for biological analysis and for
preliminary clay mineralogy using X-Ray defraction techniques.

1:2. Scope of the Project 2



CHAPTER 1. Section 3. Framework of the Report.

The major environmental features of north Norfolk Rivers and their catchments are
introduced in Chapter 2.  The first aim of this is to place the Rivers and their catch-
ments in a regional and long-term context set by rainfall, geology and soils. The
second aim is to describe the present day status (taken to be somewhere between 1988
and 1991) of the study Rivers. This is done using quantitative information, much of
which has been extracted from routine NRA monitoring programmes. All the major
research topics are covered. These are: flow; water use; water quality; channel dimen-
sions and sediments; biology and land use in the River corridors. Project consultees’
perceptions of today’s status are summarised within most of the Sections.

Chapter 3 presents the main analytical output from the project. Emphasis is on time
series of quantitative information. Time scales vary widely according to the availability
of data: rainfall records go back to the 1860s; land use to the 1930s; water quality and
hydrology to the 1960s and biology, usually only to the 1980s. Where time series are
short, or where site continuity is unusually poor, other approaches are used to assess the
likelihood of long-term change. Concluding statements are made at the end of every
Section and have not, therefore, been added to the list of contents.

The interpretative part of the project is presented in Chapter 4. If persistent change in
the hydrology or biology of the Rivers has been identified, then likely explanations are
given. Explanations are, in the absence of quantitative data for the same sites or over
the same time scales, based upon collections of correlative and any other strong, uncon-
tradicted circumstantial evidence. Where persistent change has not been detected from
robust data, then key relationships which, nonetheless, have implications for river
management, are identified.

The main conclusions of the project are brought together in Chapter 5. The project is
then appraised from the point of view of its interpretative, rather than experimental,
approach. Constraints and reliability are set largely by availability of data. These con-
straints are described in relevant sections of the Report. Lastly, wider implications of
the project in terms of further research, focused monitoring programmes and recommen-
dations for improved river management are summarised.

Technical details on soil associations in the study area, analysis of rainfall records and
flow naturalisation are given in Appendices. Line maps which show each of the study
Rivers and the distributions of flow gauges and other monitoring stations are at the very
end of the Report.

The NRA have commissioned the work to answer recent questions set by the public and
by NRA managers of water resources, hydrology, biology, fisheries, water quality and
river engineering.  The Report will therefore be read by both specialists and non-
specialists in each of the subject areas covered and will be available to organisations and
individuals outside the NRA. Because of this, most of the technical terms used are ex-
plained in the main text. Where extra details and where common, as well as Latin,
names might be useful, footnotes refer to information in Appendix 4.

A short summary of the project has been produced as a separate document. This con-
tains some introductory information and the main conclusions made in Chapter 5.

3 1:3. Framework of the Report



CHAPTER 2: INTRODUCTION TO THE STUDY RIVERS

CHAPTER 2: Section 1. Introduction to Rainfall and Evaporation.

The study area lies in the east of England and so is prone to water deficit during sum-
mer. It is usual for considerable soil moisture deficit (SMD) to accumulate by the end of
each growing season and, under normal circumstances, rainfall must eliminate this SMD
before flow can be produced. The amount of water which remains after SMD has been
satisfied is called effective rainfall, and it is this, and not necessarily gross rainfall,
which eventually becomes part of total runoff (the river flow which leaves an area).
Pathways of water movement and components of river flow are illustrated in Diagram 1

The average rainfall over the study area is calculated from gauges at Cromer, Shering-
ham and Wymondham. For the period 1930 to 1992, average annual rainfall was
648mm and annual amounts varied between 469mm and 827mm.  Average monthly
amounts for the same period were spread fairly evenly throughout the year with lowest
values of around 44mm falling in late winter or early spring. The wettest part of the
year is late autumn or early winter when average monthly values are over 60mm.

Rainfall in the region is distributed fairly evenly between seasons, though during
summer losses of soil moisture to evaporation usually exceed replenishment. Potential
and actual evaporation are calculated on an areal basis by the UK Meteorological Office
who have applied their Meteorological Office Rainfall and Evaporation Calculation
System (MORECS) to data that have been collected since 1961 (Meteorological Office,
1982). Mean annual actual evapotranspiration, which includes all evaporation from soils
and transpiration from growing crops in the study area, is 460mm. Since mean annual
rainfall amounts to 648mm, it follows that the annual effective rainfall in the study area
is 228mm. This means that, on an annual basis, effective rainfall in the study catch*
ments is substantially less than the area's gross rainfall.

Rainfall patterns in north Norfolk have been examined for any changes that may have
occurred since 1930 and the results of this are given later in the Report.  Relationships
between gross and effective rainfall, groundwater and river flow in the three study
catchments have also been described. Hydrological modelling and time series analyses
have been used to show by how much these relationships have changed since the 1960s.

2:1. Introduction to Rainfall 4



CHAPTER 2: Section 2. Introduction to Geology and Hydrogeology.

Section 2.1 Geology.

The geology of north Norfolk is simple, with Cretaceous Chalk dipping eastwards and
north eastwards, overlain unconformably by Tertiary deposits dipping gently in the same
direction. A geological cross-section along an east-west line, centred on Norwich is
given in Figure 1

2. 1(i) Pre-Quaternary deposits.

The solid geology of Norfolk is shown in Figure 2(a). The Jurassic Kimmeridge Clay is
the oldest deposit exposed within Norfolk, the outcrop being limited to isolated areas
along the eastern margin of the Cambridgeshire Fens. Lower Cretaceous strata (includ-
ing die Sandringham Sands, Snettisham Clay, Gault Clay and Red Rock) are described
by Chatwin (1961) and Larwood (1961) and outcrop in west Norfolk, maintaining a
width of 10km before dipping eastwards, at approximately the same angle as the underly-
Ing Jurassic strata, below the Chalk.

The Upper Cretaceous Chalk, a fine-grained, fissured limestone, attains a thickness of
430m on the northeast Norfolk coast and is exposed in west Norfolk and along the larger
river valleys to the west and northwest of Norwich (Peake and Hancock, 1961). The
upper surface of the Chalk reaches a maximum elevation of 95m above sea level about
10km from its western margin, declining to 154m below sea level at Great Yarmouth.

The Lower Tertiary Eocene Clay (London Clay) is present in east Norfolk attaining a
maximum thickness up to 95m. This deposit thins westwards, resting directly on the
Chalk at its feather edge at a maximum of 16km from the present east coast. No Upper
Tertiary deposits occur in Norfolk (Baker, 1918).

2.1 (i) Quaternary deposits.

The succession of early Pleistocene deposits is described by Funnell and West (1977) and
includes the Crag deposits which comprise coarse shelly marine sands with clay beds and
gravelly horizons that occur in east Norfolk and range in thickness up to 30m. These
deposits are shown on Figure 2(a).

The late Pleistocene deposits of Norfolk represent a period dominated by a major ice
age. Temperatures began to fall about 700 000 years ago and the cycle of glaciations
and interglacials continued until the end of the Devensian Stage, 10 000 years ago. Pre-
Devensian glacial deposits are described by Perrin et al. (1979) and include the Chalky
Boulder Clay (Lowestoft Till) and North Sea Drift. The Chalky Boulder Clay is a
brown calcareous clay with clasts of chalk and flint and is generally between 15-30m in
thickness. The North Sea Drift is a brown or grey non-calcareous sandy or silty clay
with flint ranging in thickness up to 35m. The Chalky Boulder Clay is present in the
upper Bure, Nar and Wensum catchments, and the North Sea Drift in the north and east
of the Bure catchment. West of Norwich the boundary between the two glacial deposits
is obscured by thick fluvio-glacial deposits that extend in a line from Norwich to Hoilt.
The distributions of glacial deposits present in Norfolk are shown in Figure 2(b).

5 2:2. Introduction to Geology



The principal effect of the last glacial stage, the Devensian, was the widespread deve-
lopment of permafrost conditions (Williams, 1969). At this time, thin but widespread
near-surface windblown material, forming a uniform cover up to 2m thick, was deposi-
ted in eastern Norfolk and northeast Suffolk. This Coverloam, which is absent locally
on steeper slopes, is mainly composed of silt and is mineralogically similar to the Deven-
sian Till of northwest Norfolk, from which it is thought to derive (Catt et al., 1971).

Major melting of the last Devensian ice sheet began about 11 000 years ago with the
climate recovering during the present Flandrian interglacial. Recent deposits are shown
in Figure 2(c) and include peats, clays and alluvium which occupy the lower reaches of
the main rivers, and include the Nar Valley Clay and Nar Valley Freshwater Beds pre-
sent in west Norfolk (West and Whiteman, 1986).

Section 2.2 Hydrogeology.

A detailed description of the hydrogeology and hydrochemistry of north Norfolk is given
by Hiscock (1991 and 1993) with the salient features given here. The Chalk aquifer is
the dominant hydrogeological unit, with the Chalk groundwater catchments correspond-
ing approximately to the surface water catchments. In the east of the region the Chalk is

conf]icned by the Eocene Clay with no natural groundwater discharge from this part of the
aquifer.

Different aquifer conditions are associated with the distribution of Quaternary deposits.
Overflowing artesian conditions occur in the upper Bure catchment in regions of thick
Chalky Boulder Clay. Unconfined (water-table) conditions occur in west Norfolk and
also within the valley zones to the north and northwest of Norwich where either the
Chalk crops out or there is a thin cover of Crag or glacial sands and gravels.

Chalk transmissivity values are also controlled by .the distribution of Quaternary depo-
sits.  In valley zones values of 2000-3000 nr d are possible, whereas in interfluve
areas values of less than 100 ttr d_| are more typical. Aquifer storage coefficient values
of 0.077 and 0.064 for the Bure and Wensum catchments (Toynton, 1983) are higher
than expected when compared with an effective (fracture) porosity for the Chalk of about
1-2% and reflects the influence of the glacial deposits, particularly the North Sea Drift in
the Bure catchment, in contributing to the overall storage of the aquifer system.

Other hydrogeological units include the Crag aquifer and the Eocene Clay. In the Crag,
groundwater flow is intergranular, with groundwater yields dependent on the coarseness
of the sand and gravel fraction. At its western limit, the Crag is in hydraulic contact
with the Chalk. In contrast, the Eocene Clay is not water-bearing, forming instead an
aquitard between the Crag and Chalk aquifers.

2:2. Introduction to Hydrogeology 6



The hydrogeological behaviour of the glacial tills is important with respect to their poten-
tial for transmitting recharge, and also pollution, to the underlying aquifers. Some
horizontal and vertical transfer of %roundwater Is expected through lenses of sands and
gravels and joints within the more clay-rich till.

In describing the hydrochemistry of the Chalk aquifer of north Norfolk, a distinction is
made between Chalk groundwater in valley zones and groundwater in interfluve areas.
Unconfined Chalk groundwaters in the valley zones are calcium-bicarbonate in character
and contain relatively high concentrations or chloride, nitrate and sulphate, mainly from
agricultural sources. Tritium and carbon-14 data confirm that these groundwaters are
modern in age.

In the interfluvial areas, groundwaters are again calcium-bicarbonate in character. Chalk
groundwater from beneath Chalky Boulder Clay is distinguished from groundwater
associated with North Sea Drift by a bicarbonate concentration of 300 mg 1, with
higher values occurring beneath Chalky Boulder Clay.

Tritium and carbon-14 dating of groundwater in the interfluvial areas reveals that
groundwater beneath the more impermeable, clay-rich Chalky Boulder Clay is of the
order of 10 000 years old, and beneath the more permeable, sand-rich North Sea Drift is
typically 1000-2000 years old. These old groundwaters do not contain nitrate and
promote enrichment of the Chalk groundwater with magnesium, silica and strontium due
to long groundwater residence times.

Chalk groundwater in the east of the Bure catchment shows evidence of a saline influ-
ence, with an increase in magnesium, sodium, potassium and sulphate concentrations, as
the Eocene Clay boundary is approached. Where the aquifer is confined beneath the
Eocene Clay, the chloride content increases to several thousands of mg r* where very
old saline water is trapped in the Chalk.
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CHAPTER 2: Section 3. Introduction to Hydrology.

All three study Rivers drain lowland, predominately rural, catchments. ~The Wensum
above Costessey has the largest surface catchment with an ara of 536 km . The surface
catcEment of the River Bure above Horstead covers 313km , and the Nar to Marham,
153km2.

With a maximum catchment elevation of less than 100 mOD, channel gradients are
gentle, particularly in lower reaches. The highest gradients occur in the upper Bure with
values In excess of 2 mkm . The lower part of the River Nar, which lies below
Marham, is a typical fenland river andlas a lower gradient than both the Bure and the
Wensum which fall around 0.6 mkm’ . Except where channels have been engineered
for water milling, navigation or drainage, the Rivers and their tributaries are predomin-
antly shallow and usually slow-flowing.

Flows are gauged at three points on the River Wensum which are in the upper, middle
and near-tidal reaches. There are two gauges on the Bure which represent both upper
and near-tidal reaches. The River Nar is gauged at Marham which is approximately
mid*way between the source and the outlet to the Great Ouse at King’s Lynn. Marham
roughly marks the transition from a largely chalk fed stream to a fenland channel. The
exact locations of the gauging stations are shown in Appendix 1

Flow data since 1960, or before, are available for gauges at Costessey Mill on the
Wensum, Ingworth Bridge on the Bure and at Marham. The gauge at Horstead on the
Bure began operating during 1974. Close examination of Marham data reveals what
appears to be non-continuous recording because stage readings at this gauge were taken
manually before 1965. It appears that flow data from before 1965 are of a lower resolu-
tion than data from other stations. The flow velocity of the study Rivers has never been
rﬂ_easurgd systematically and so description of this aspect of flow is beyond the scope of
this study.

The mean flow of the Wensum at Costessey is 4.1 cumecs (nrVV*), of the Bure at Hor-
stead, 2.2 cumecs and at Marham on the Nar, 1.1 cumecs. A cumec is a unit used to
describe flow in terms of river discharge. Discharge is the volume of water (in cubic
meters) which passes a fixed point in a river, for example a flow gauge, over a standard
unit of time (per second). The size and shape of the channel control the speed of water
movement. Since flow i1s monitored routinely by the NRA in terms of cumecs, flows
described in this report refer to quantities of water and not to current velocity. The two
variables are related, sometimes on very local scales, according to physical features of
channels such as width, depth, the roughness of the banks and riverbed, the meander
pattern of the river and the presence of artificial features such as buildings. Any changes
in these physical features are emphasised in this study because of their effect on flow
velocity and, thus, on river biology.

Flow (discharge) in the study Rivers is regulated naturally by the underlying chalk aqui-
fer and overlying unconsolidated deposits of glacial and fluvial material. The degree of
regulation is controlled by the extent and hydraulic properties of the aquifer and covering
deposits. The degree of influence can be identified by the size and duration of the base-
flow component of flow.



The baseflow index (BFI) calculates the percentage, on a gross volume basis, of the
baseflow component of flow to total flow using the gauged daily mean-flow record
(Institute of Hydrology, 1980). The BFI values for the period 1960-1992, ranged
between 62% at Costessey to 83% at Marham. The regulatory influence of groundwater
is therefore considerable in all of the study catchments.

Flow behaviour can be illustrated by flow duration curves. These curves plot the recor-
ded range of flows against their frequency of exceedence for a specified time increment,
which is usually the mean daily flow. Figure 3 shows examples of flow duration curves
for the study catchments which summarise flow regime over a much longer period of
about 30 years. On these plots, the response of flows at Costessey on the River Wensum
(Figure 3(a)) to rainfall can be compared with the responses of the Nar at Marham
(Figure 3(b)) and the Bure at Ingworth, Figure 3(c). Allowing for the difference in
drainage areas, a conclusion from examining these curves is that the Wensum is more
flashy, with higher high-flows and lower low-flows. This is a reflection of the greater
proportion of less permeable glacial deposits (boulder clay) in the Wensum catchment.

Flow duration curves are useful because they describe flow in terms of both its size and
duration. They do not, however, reference time. The timing of specific fluctuations in
flow is revealed by the hydrograph. The hydrograph plots flow against time and reflects
catcgment characteristics and the nature of preceding and prevailing meteorological
conditions.

Description of the longer-term hydrology, that is the flow regime of the study Rivers,
relies mainly upon flow duration statistics. The fluctuation of flow with time relies upon
the hydrograph. The flow duration curve is not usually used as an analytical tool.
Analysis to describe the fluctuation of flows and to test for change, has relied heavily
upon flow time-series.

Historically, the flows of the study Rivers have been regulated to provide power for
water mills and to provide navigable waterways. Navigation, primarily on the Bure
between Aylsham and Horstead, was halted abrupdy by the floods of 1912. For the
purposes of this study, regulation for the provision of water power continued well
beyond 1930, and had a significant effect on local flow velocities. The Wensum was by
far the most exploited for water power. The Nar with two to three mills, was the least
exploited.

By the early 1960s, water milling was in decline and most of the mills had ceased opera-
ting in the traditional manner. The flow analysis used throughout this study (post-1960)
has therefore, through lack of data and likely impact, ignored the likelihood of occasion-
al artificial regulation by sluice operation. Water abstraction and effluent discharge can
be major influences on flow and both have increased in volume over recent decades.
The use of the water resources in the study catchments is introduced in the next section.
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By the end of 1991, the East Anglian region was in the third year of a severe drought.
Average annual gross rainfall, shown in Table 2.1, had fallen to its lowest level since the
beginning of the flow record in 1962.

Table 2.1 Rainfall statistics for the study catchments between 1962 and
1992. The average is of measurements from three gauges in north Norfolk.

YEARS AVERAGE ANNUAL RAINFALL (mm)
1962-88 658 (Range 495-827)

1989 572

1990 546

1991 468

1992 687

During 1991, mean monthly summer flow, which is normally sustained by baseflow,
also fell to its lowest value since 1962. A measure of the reduction in flow rates, seen
against 1987 and longer-term antecedents, is given in Table 2.2. Even winter flows

wereffmuch reduced, with rainfall satisfying catchment storage deficits before producing
runoff.

Table 2.2 Monthly mean flows in the study Rivers between 1962 and 1986 and
during the 1989-92 drought.

MEAN MONTHLY FLOW (cumecs)

Costessey Ingworth Marham
River Wensum River Bure River Nar
YEARS Jan July Jan July Jan  July
1962-86 6.69 231 151  0.78 149 0.89
1987 7.76  2.56 174 104 159 1.02
1989 403  2.78 108 0.70 095 0.48
1991 3.77  0.79 113 055 0.64 0.37

The high-flows of 1987 and 1988, over a time when catchment storage was unusually
high, contrast sharply with the drought flows of 1989 and 1991. A major feature of the
drought is virtual absence of high flows since 1989 and high frequency of low flows;
data which describe flow behaviour during the drought are shown in Section 3.1.

Long periods of low-flow during the early 1990s precipitated the production by the NRA
of a list of ’Forty-low-flow’ rivers. Whilst none of the study Rivers feature in this
report, our consultation exercise has revealed that low-flows are the major concern of
those with a long-standing interest in the three study Rivers. The consultation process
was undertaken during the late spring of 1992; consultees rightly identified that flows

over the previous three years had been close to, or lower than, all minima recorded since
1962.
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CHAPTER 2: Section 4. Introduction to Water Use.

Demands for water within the study catchments have increased since the 1930s when
they were based only on the needs of scattered market towns and their farming hinter-
land. The increases are due to both newer demands and intensified use of the traditional
ones. Present demands are domestic, from light industry, food processing industries,
sand and gravel extraction and for irrigation of agricultural land. The greatest increases
iﬂ demand have taken place since the Second World War, and more particularly, since
the 1960s.

Between 1971 and 1991, per capita domestic water use rose from 128 to a peak of 156
litres day . Historically, rural water use relied upon many, usually small, point sour-
ces. Discharge points were scattered similarly. Since the middle decades of the present
century, towns and villages have been connected to both mains water supply and effluent
disposal networks. Whilst farms and many rural properties, including some of the larger
industrial users, have retained private supplies, a few large-capacity abstraction points
now serve both the domestic and industrial needs of towns and villages. The use of
trunk mains allows the distancing of abstraction and use. Similarly, the construction of
rural sewage networks allows a concentration of discharges at points well removed from
abstraction points.

Most non-irrigation uses produce minimal consumptive loss. This means that the major
part of the water abstracted is returned to watercourses through effluent disposal net-
works. Increased use does not, therefore, necessarily pose a threat to catchment re-
sources and thus river flows. Rather, abstraction from groundwater can regulate flows
downstream of discharge points very effectively. However, the ability of water mains
and sewers to carry water considerable distances, means that the discharge may be made
far away from the point of abstraction. Flows may thus be reduced in one locality and
augmented in another.

One special category of resource use is the provision of water power. This is entirely
non-consumptive: water is retained within the river and none is lost from the system.
It is also different because demand for water power for milling has fallen to zero over
the time span considered in this project. In 1906 there were 72 working water mills in
Norfolk; by 1956 there were 21; and by 1969, the last mill on the River Wensum at
Elsing changed use, (Scott, 1993). The historic importance of water mills is great. Their
many legacies, mainly in the form of channel modification, have a great bearing on the
Rivers’ environment to the present day.

Agricultural use for crop irrigation is, in contrast, totally consumptive. All of the rela-
ted abstraction is eventually lost to the atmosphere during the growing season. Since
abstraction for irrigation is a function of meteorological conditions, annual use varies
markedly, with the highest consumption occurring during the driest years and during the
driest times of year.

Data relating to quantities of water abstracted for different use categories are generally
available from the mid 1960s. This coincides with the passing of fie 1963 Water Re-
sources Act and its implementation, through a licensing system by successive regulatory
authorities. Under the Act, abstractors, for most use categories, have been obliged to
complete returns giving the actual amounts abstracted (by month or year) within their
licence conditions. These data, together with estimates of subsequent discharges have
been used in analyses to determine die influence of water resource use on flows.
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Table 2.3 gives the total licensed quantities for water abstraction for the study catch-
ments for fie year ending December 1991. Values are in thousands of cubic metres per
annum (TCMA) and are divided into the main categories of water use in the catchments.
Licensed quantities for abstractions from both ground and surface waters are included.

Table 2.3 Total annual licensed quantities for water abstraction from the catchments of
the Rivers Wensum, Bure and Nar during 1991.

ANNUAL LICENSED QUANTITY (TCMA)

River Wensum River Bure River Nar
to Costessey to Horstead to Marham
USE CATEGORY

Public water supply (PWS) 3764 (*) 2845 2554
Sand/Gravel works 1329 0 60
Agriculture: general 1126 379 200
Agriculture: spray irrigation 3876 3242 3494
Industry 1423 1 56

(*) Surface abstraction for PWS moved to a point above the Costessey gauge in 1987.
Its present effect is along only a short stretch of River within the study area and is not
included in this table. This treatment is consistent with other sections of this report.
The PWS abstracted at Belaugh on the Bure is not within the study area.

The actual amounts abstracted are not necessarily the same as the total licensed quanti-
ties. For most water uses, percentage uptake does not vary greatly from year to year.
The exception to this is uptake of amounts licensed for spray irrigation. Here, water use
varies greatly according to weather conditions.

During the unusually wet summer of 1987, uptake for spray irrigation in the study area
was approximately 12% of the total licensed quantity. This compares with a figure of
64% for the drought year 1990. In contrast to public water supply, which is largely
returned to rivers as treated effluent, zero return from water used for spray irrigation Is
assumed. Since spray irrigation is potentially the largest actual use of water in fie study
catchments, variation in loss of resource between different years can be dramatic. The
difference in the actual amounts abstracted from the Bure for spray irrigation between
1987 and 1990 was 1700 TCMA. This amount therefore represents the size of water
loss from the Bure catchment due to spray irrigation during a drought year.

Abstraction for spray irrigation is a very public spectacle with abstractors spraying
plumes of water over field crops. Delivery of water for other purposes is much more
discrete. Of all comments about the Rivers’ environment made during this project’s
consultation process, 27% related to river flows. Most parties held that, at the time,
abstraction for crop irrigation compounded the effects of low rainfall on flow. During
dry summers, which are often times of water shortage, many perceived large-scale
resource losses at a time when the public are asked to conserve water. Some consultees
viewed a change in overall flow as a longer-term process associated with groundwater
abstraction and drainage of wetlands. Spray irrigation is certainly the largest use of
water in all the study catchments and is wholly consumptive; the scale of the effect of
abstraction on flow volumes and flow regimes during drought and over the longer-term,
is the subject of the catchment-scale analyses reported in Chapter 4:1.



CHAPTER 2: Section 5. Introduction to Water Quality.

Quality of river water is controlled naturally by the geology, soils and vegetation of
catchments.  Although the catchments of the study Rivers are much influenced by
humans, the Rivers should achieve and maintain National Water Council (NWC) -see
footnote- river quality Class IA along most of the waterway. Class IB is a realistic
expectation for naturally slower-flowing reaches which are further downstream. Both
Classes 1A and IB can Slﬂoport diverse biological communities, though Class 1A will
represent faster-flowing and more oxygenated water which carries little suspended mater-
lal. At best, Class 1A waters will support breeding populations of trout. Class IB is
more likely to support coarse fisheries.

Anrtificial influences on the water quality of the study Rivers are largely from agricultural
and sewage effluents with a few contributions from food processing industries. Occa-
sionally, acute toxicity occurs after pollution incidents involving spillage of liquid
ammonia.  Discharges of effluents from point sources are controlled according to their
compliance with NRA consents which detail limits to the quality and quantity of material
that can be released legally. These consents take account of both the quality of the
receiving water and its quantity and residence time because these determine scales of
dilution. Results from NRA routine monitoring of treated effluents from all discharges
are available from the Water Resources Act 1991 Register, which may be inspected by
the public at the NRA regional headquarters at Peterborough.

The availability of phosphorus for uptake by water plants and algae sets the fertility of
river water in the study area. Generally, the biological communities of the study Rivers
are likely to become less desirable as water fertility increases. Treated effluent from
sewage treatment works (STWs) contains phosphorus which is discharged into rivers,
diluted, sedimented, taken up by plants or washed further downstream.  Despite its
ecological importance for plants, NWC river quality criteria do not include phosphorus.
Changes in phosphorus concentrations since recording began for the study Rivers in the
mid 1970s, are shown in Chapter 3. As a reference point, the natural background con-
centration of total phosphorus is likely to be less than or around O.OSmgl' 1 which means
that their natural fertility is moderate to high. Concentrations greater than 0. IOmgl are
very high and usually indicate contamination by sewage effluents.

Concentrations of oxygen in water and underlying sediment are the major influence on
the animal community. Oxygen concentrations increase with increasing flow velocity
and are also affected by biological oxygen demand (BOD). A high oxygen demand by
bacterial decomposers of organic material (either natural or suspended in effluents)
removes oxygen otherwise available to fish and invertebrates.. The upstream reaches of
the study Rivers have a naturally low BOD of about 2mg O21 over 5 days. This value,
which is similar in downstream stretches which are secluded from sewage treatment
works, also gives an approximate background against which the scale of organic enrich-
ment can be measured.  Effective sewage treatment should reduce the BOD of crude
sewage from around 600mg021 to about 30mg02I" , or less, in the final effluent.

During 1990, the National Water Council scores for the study Rivers all fell within
Class 2 or above. The upper part of the Nar and most of the main channel of the Bure
are classed as IB, and the lower Nar and most of the Wensum as 1A. The tributaries
almost invariably have lower water quality than the main channel. None reached 1A
status; most were IB with short stretches of Class 2 water in the upper Nar and on the
River Tat, which is the headwater tributary of the Wensum.

footnote: The NWC system
is described in Appendix 4.
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NWC Class 2 has a low threshold for BOD (<9mgl-I) and dissolved oxygen (40% satura-
tion). Waterway failing into this category is likely to be slow-flowing with turbid water,
underlain by organic sediments with few water plants and only invertebrates tolerant of
low concentrations of oxygen. This is typical of the ecology of stretches of river which
receive discharge from STWs. The Class 2 status of the top part of the Nar is obviously
connected with effect from Litcham STW.

On each study River, biological oxygen demand, dissolved oxygen and ammonium
concentrations have been measured at up to five stations since 1966. These routine
monitoring stations are not necessarily close to effluent discharges. Although soluble
phosphorus has been measured since 1975, total phosphorus, which includes algae, detri-
tus and soil particles washed in from the catchment, has only been monitored on the
River Bure since 1986 and at Marham on the River Nar since 1989. Variables of water
quality which include major ions, trace elements, detergents and pesticides have been
measured much more recently and only at harmonised gauging stations.

Table 2.4 shows how some features of water quality inthe Rivers vary over one year and
between upper and lower reaches. Of the variables shown on the Table, BOD, total
phosphorus and water temperature are the most likely to affect the biology of the Rivers.

Table 2.4 Annual ranges of measures of water quality in upstream (u/s) and downstream
(d/s) sites in the study Rivers during 1990. Values are in /igl for phosphate and am-
monium and mg!'1 for other determinands (there are 1000/ig to Img). n.a. =not measured

River Bure River Nar River Wensum
u/s d/s u/s d/s u/s d/s
BOD 1-2.6 0.9-3.1 1-6.1 1.6-3.2 <1-3.0 <1-3.3
Orthophosphate 12-145 5-27 111-376 <60-140  <60-308  280-661
Total-P 46-273 26-7000 n.a. n.a. n.a. n.a.
Ammonium-N <40-240 <40-345 <40-160 <40-470 <40-106 <40-230
Oxidised-N 6.9-15 3.0-10 0.6-7.0 0.9-8.1 6.0-9.9 2.0-8.4
Chloride 30-79 43-81 35-50 33-49 30-41 44-55

Temperature (°C) 5.7-17.0 4.5-20.1 3.5-19.0 3.5-18.5 48-18.0 7.0-24

The values for nutrients show clearly that water receives effluents, though, except in the
Nar, values for BOD are fairly low implying that the scale of dilution is generally high.
Even the lowest BOD recorded in the Nar (at West Lexham) is much larger than the
natural BOD of chalk streams. Water temperature is included in Table 2.4 because it is a
key variable for fish populations. Temperature should be lower and more constant in
rivers with high contributions from groundwater. The small difference in temperature
between the upstream and lower site (King’s Lynn) on the Nar is therefore surprising.

Only 4% of the comments made by project consultees involved water quality. Research
on public perceptions of river quality and how this compares with actual chemical quality
has shown fairly good agreement (House and Sangster 1991). However, because of the
ecological importance of changes in water fertility or the frequency of pollution events,
the quality record has been examined so that the relative significance of chemical and
physical influences on the study Rivers can be scaled.
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CHAPTER 2: Section 6. Introduction to Channel Dimensions and Channel Sediments.
Section 6.1 Channel Migration.

The Rivers of north Norfolk drain a lowland area where only small parts of the catch-
ments are above 100m OD. The rivers have low gradients and meandering valleys drain-
ing areas of sandy and silty Quaternary and recent deposits. The Bure and the Wensum
have strong meander patterns though the Nar has a much straighter course, particularly
above Naitoorough.  None of the Rivers are expected to be creating new meanders
today. The courses of the Rivers are shown on the introductory map. Both the Wensum
and the Nar follow large valley meanders, though channel migration does not occur
toda%;. Because of this, both Rivers are considered ’underfit’ by geomorlohologists
(Richards, 1982). Their present valleys are thought to be either infilled fossil estuaries
or, and more likely, to have been carved by glacial meltwater streams. These meltwater
streams had much greater discharges than today’s Rivers and this explains why the
Rivers are small compared to the size of their valleys. The Nar valley has long attracted
the interest of Quaternary geologists because glacial and interglacial climates can be
inferred from its present-day features. The valley has been described in these terms by
West and Whiteman (1986). Today, the study Rivers have very low stream power which
makes natural bank erosion, channel migration and the formation of new alluvial mean-
ders unlikely.

Section 6.2 Channel Widths and Water Fill.

Perception of low-flows is shaped largely by the water level in river channels and the
proportion of the channel which is occupied by water. Over one quarter of the com-
ments made by this project’s wider consultees noted low-flows and around one fifth of
comments made by consultees involved channel width. Many project consultees have
reported decreases in channel width. Analyses of change in channel width have therefore
formed part of the project. Relatively few consultees made explicit mention of changes
in the proportions of sediments in the Rivers.

Estimates of widths from the NRA’s river environment surveys (REDS) of 1990 are
shown in Figure 4. Comparable information about the Nar is not available. Data for
the River Bure are available for between 20km and 40km downstream. Figure 4 also
shows widths of the wetted perimeter during 1990. These are the widths of the water
surface which occupied the channel. The water fill, which is the percentage of the
bankfull width occupied by water, increased with distance down the Bure though did not
in the Wensum. In both Rivers, the wetted perimeter during 1990 was usually between
60% and 80% of the bankfull width. Variations in water fill between Rivers or with
distance downstream may be due to variations in the cross sectional shape of the channel
or could have been due to low flow. Information on water fill in both the Wensum and
Bure is certainly consistent with this.

Since the REDS survey, the bankfull widths of the Wensum have been re-measured by
the NRA in a much more detailed and accurate ground survey which was carried out
during 1993, Figure 5. Figure 5 shows that generally the width of the Wensum varies
on a local scale much more than with distance downstream. Local and large variations
in bankfull width are also a marked feature of the River Bure.
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For both of the Rivers, mills have been the major cause of local variations in channel

width. Millponds immediately above sluice gates are three to five times greater than the

widths of plunge pools beneath the gates. An example of this is at Bintree Mill on the

upper Wensum, where the Mill pond is 25m wide and the width of the plunge pool is

Iéeﬁs than45m. The influences of past river engineering for water milling are described in
apter 4.

Section 6.3 Channel Depths.

Recent information on depths along the long profiles of the Rivers Bure and Nar is not
available. The level against Ordnance Datum of the bed of the Wensum was surveyed
during 1993 and the data are shown in Figure 6. In the upper part of the River around
Sculthorpe Mill, the River bed is 40m OD; at two points is very slightly concave, which
indicates slightly greater downcutting of the River in the upper reaches and greater
sediment deposition in lower reaches. It is a long profile typical of rivers flowing in an
area of low relief (Richards, 1982).

Between mills, each section of the Wensum appears to act as a separate system inde-
pendent of the dynamics of the entire River, The overall pattern shows that immediately
below mills, gradients are steeper than above the next mill. This is a partially engin-
eered effect, though it is also due to erosion of a lower bed because of higher flow
velocities below mill gates. In mill ponds above sluices, gradients are reduced slightly
and the channel is wider.

Section 6.4 Sediments in the River Channels.

Sediments and their relative distribution within the channels of the Bure and Wensum
were described in the 1990 REDS survey. Visual estimates were made for each of the
500m stretches surveyed. Table 2.5 summarises the information.

Table 2.5 Average % cover by silt, sand and gravel in the
channels of the Wensum and the middle Bure during 1990.

River Wensum  The River Bure below Ingworth

Mean % cover Mean % cover
n-38 n=96
Silt 49 23
Sand 25 52
Gravel 26 25

The average proportion of silt in the Wensum was about 50% during 1990 and, over the
96 stretches surveyed, ranged between 0% and 100%. The percentage cover by gravel
varied between 0% and 90%. Overall, the proportions of the different sediments in the
Wensum did not vary with distance downstream. In the Bure however, the proportions
of silt and sand in the channel increase significantly from Ingworth to the lower limit of
the study area at Horstead Mill.
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CHAPTER 2: Section 7. Introduction to Biology.

The present biological status of the study Rivers reflects conditions during drought, al-
though low flows over at least the last decade have been supposed a major influence on
riverine biology. The context of the project has largely been set by public perception
of declines in fishery status and habitat quality that are thought related to artificially low
flows. 21% of all the comments made by project consultees related to the fishery. This
was second only to the emphasis given to river flows. Many comments linked the two.

The wider biological interest of all three study Rivers is the broad range of communities
that are represented. Lower reaches are dominated by coarse fish (mostly roach, pike
and eels) and plants common in moderately fertile water (water lilies, pondweeds, water
milfoil and filamentous algae). These lower stretches generally have more species of
water plant than many other fenland rivers. Where the upper parts of the Rivers are
narrow, meandering and springfed there are low densities of native brown trout and
higher densities of stocked trout and dace. Water crowfoot, water starwort and pond-
weeds may occur, though water plants typical of fast-flowing chalk streams are generally
represented poorly. The distribution and species composition of the fish community has
been influenced by introductions (trout, chub and barbel) and stocking (roach and dace)
in both the upper and lower parts of the Rivers.

Both the Wensum and the Nar are designated River SSSIs, with part of the River Nar
classed as a high quality chalk stream (Holmes et al., 1991). Despite their designated
conservation value, naturalness is not a realistic expectation for the biology of the study
Rivers. This is because their channels, flow and sediment transport regimes have been
regulated for at least 900 years by water mills. The influence of working water mills on
the river environment has been to alternate upstream and downstream type biological
communities over distance downstream. This is reflected by benthic invertebrate
communities, and, more recently, by fish communities. Invertebrates and fish do not
show classic downstream Continua from faster-flowing headwaters to slower, more silty
and less oxygenated waters further downstream.  The pattern is much less organised
than this and reflects both artificial and more natural influences on the Rivers.

Over recent decades, riparian owners, managers and other river users have perceived
changes in both river plant and fish communities. Of the comments on the fishery made
by project consultees, most emphasised decreases in the density, condition or distribution
of coarse fish, particularly roach. Catches of trout in all three Rivers are thought to have
declined over the last few years. The reasons given involve flow, water quality and
competition between game, coarse and introduced fish. 13% of the comments suggested
declines in the biomass and species richness (which is the number of different species) of
water plants. These were associated with river management, flow and water quality.
The disuse of water mills featured very strongly in reports of change in riverine biology.
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The present status of water plants in most of the study area is consistent with rather
slow-flow and high fertility. Table 2.6 classifies a downstream series of river environ-
ments (Holmes, 1983) for each of the study Rivers and shows which water plants were
dominant during summer 1990. Filamentous algae, usually Enteromorpha, dominate
much of the River Wensum. The distribution of water crowfoot is restricted to the
middle reaches of the River Nar {Ranunculus pencillatus subsp. pseudofluitans) and to
fewer sites on the middle and lower Wensum (Ranunculus aquatalis).

Table 2.6 Downstream sequences of river environment and the dominant water plants
identified in them during NRA biological monitoring (Bure and Wensum) and during the
1990-91 English Nature survey of the Nar.

River Bure Dominant water plants in July 1990

Springfed in a clay catchment
Small chalk stream
Small chalk stream

Fen river

Callitriche Fontinalis

Callitriche Myriophyllum Potomogeton
Zannichellia

Canalised, fenland clay, sand Myriophyllum Elodea

River Nar

Springfed in a clay catchment

Dry, no plants
Small chalk stream

Callitriche Nuphar lutea Hippuris vulgaris

Small chalk stream Ranunculus

Fast-flowing on mixed substrata  Callitriche Ranunculus Hippuris vulgaris

Highly managed on unstable sand
Fast-flowing on mixed substrata

River Wensum

Springfed in a clay catchment
Fast-flowing, mixed substrata
Fen river, calcareous

Highly managed, unstable sand
Fen nver, calcareous

Fen river, calcareous
Fast-flowing, mixed substrata

Fen river, calcareous
Fen river, calcareous

Callitriche
Nuphar lutea Lemna Callitriche

Callitriche Myriophyllum Potomogeton
Enteromorpha Potomogeton

Enteromorpha Myriophyllum Potomogeton
Enteromorpha Myriophyllum Potomogeton

Enteromorpha Myriophyllum Ranunculus
Potomogeton

Fontinalis Enteromorpha Myriophyllum

The invertebrates recorded by the NRA during 1990 have been ordered into communities
using TWINSPAN analysis. Overall, the invertebrate communities of the three Rivers
were similar. The three Rivers together supported 71 families of invertebrates which
divided into two separate communities that were represented fairly equally in each River.
There is an ecological basis for the difference between the two communities. Community
1 is typical of faster-flowing waters and is dominated by insect larvae. Community 2
]glontains similar animals as well as some families which are more typical of slower-
ow.
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The fish community of each of the study Rivers has been described since 1983 by three
intensive eleOro-fishing surveys. The survey of 1990 shows that average fish biomass is
about IOgm in the upper Wensum and 25gm~z in the lower reaches. A Class A fish-
ery -see footnote- supports a total biomass of more than 20gm . Biomass is, to a
large extent, supported by stocking by the NRA: during 1988, for example, over 15,000
roach were stocked at Hellesdon Mill. Growth rates for roach are higher than national
averages set by Hickley Dexter growth curves (Hickley and Dexter, 1979). The average
density of introduced chub in the lower River Wensum is about 11gm  with strong year
classes at six year intervals. Barbel have been introduced to a restricted area in the
lower River though little recruitment to the adult population has occurred since 1976.
Brown trout represent 3% of the fish stock in the upper River. Eels dominate the fishery
of the upper Wensum (45% of the total biomass), the upper Nar (62%) and the River
Bure below Aylsham (54% of the biomass).

The River Nar supports an average fish biomass of 22gm"iE with fast growth rates of
roach, trout and dace. Dace represent 2% of this biomass. Roach account for 20% of
the total biomass, though during 1990, were found aggregated at a single downstream
site. The Nar has a reputation as a brown trout fishery which supports native fish.
During 1990, trout were found”t all six upstream sites and the average trout biomass in
this part of the River was 3gm

The upper reaches of the River Bure are managed as a trout fishery. Below Aylsham,
the River is managed by riparian owners for coarse fish. Trout represent 59% of the
average fish biomass of 13.25gm™* in the upper River. The lower River supports
IOgm’2 and is dominated by eels and pike. The growth rates of trout and dace are above
average, though the growth rate of roach is below the average for the species.

The fishery status of the study Rivers depends upon climate, the quality and availability
of spawning habitat, of food resources and of predator-free space. These aspects of the
river environment involve: water plants as spawning habitat for coarse fish; clean gravel
as spawning habitat for trout and barbel; invertebrates as a major food source and habitat
complexity (“cover”) as refuge from predatory pike, trout, chub or perch.

Most of the biological information used in this study is from routine monitoring or from
special studies carried out by the NRA and its predecessors.  Generally, quantitative
information given in standard units of density or abundance for precise sites has only
been available since the 1980s. Site continuity is poor for invertebrates because mon-
itoring effort has shifted from a larger number of sites in the early 1980s to more intense
seasonal sampling of fewer sites. Before 1990, the amount of information collected on
water plants was small and restricted to a few special surveys and casual observations.
Plant abundances are usually noted during routine biological sampling, though biological
monitoring focuses largely on benthic invertebrates and does not involve skilled plant
identification or accurate recording of percentage cover. Analysis of the water plant
community made for this study therefore relies upon species lists only.

footnote: explanation in Appendix 4.
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CHAPTER 2: Section 8. Soils and Land Use in the River Catchments.
Section 8.1 Soils Types and Land Capability.

The soils of the study area are sandy peats, loams or silts which generally have a high
potential for arable agriculture. The soil associations of the area and their suitability for
agriculture are detailed in Appendix 1. The key features of the soils which may influ-
ence the study Rivers are their permeability, the type of farming which they are capable
of supporting and their susceptibility to erosion.

Although influenced strongly by soil texture, permeability is determined largely by
underlying glacial deposits which may be clays, sands or gravels. Soils of the river
valleys, particularly in the Wensum, where coarse loams occur on clay, are poorly
drained. These areas tend to be used for grazing pasture. Where the soils have been
drained for arable cultivation, materials dissolved in drainage water are likely to perco-
late easily to river channels. The upland soils, though relatively fertile, tend to be
more sandy and so need to be irrigated to reach their agricultural potential.

The pattern in the study area is thus one of moderate to fairly high natural soil fertility.
Differences in the permeability of underlying glacial deposits mean that the distribution
of underlying deposits has a large effect on land use on the catchment. Cultivation of
soils above sands and gravels implies a high demand for irrigation water, whereas soils
overlying clay need to be drained.

The study catchments lie within the main arable area of England and Wales and irriga-
tion and drainage have become a major feature of their use for agriculture. During the
1980s, 78% of Norfolk was in agricultural use, 6% was settlement and 5% woodland.
Roads, airfields, open water and waste ground make up the remainder. These data
suggest that agriculture in the catchments, and particularly in the River corridors, is
likely to have a large effect on river environments. This is because rivers are the re-
ceiving waters for materials dissolved and suspended in water from their catchments.

Soluble agricultural effluents are likely to leach readily from ploughed land in the study
area, particularly where the soils are sandy. If these areas are underlain by sands and
gravels, the likelihood of percolation of effluent into groundwater is high. This is a
particular, and predictable, problem in Norfolk. Where unimproved pasture borders
waterway, soluble materials tend to be retained in the unploughed soils. The soil types
around the tributaries of the upper Bure and in the lower Nar are particularly susceptible
to erosion. Any changes in land use from meadow to arable cultivation therefore imply
increases in sediment loading to rivers and their tributaries. Continuous cover by
pasture grasses tends to preclude wind or gully erosion of exposed soils.

The land capability of the study area for agriculture is high and has been exploited
through widespread drainage works. These are on both field and much larger scales.
Large scale works have involved widening, straightening and deepening of tributaries
and parts of the main River channels. The effect of these engineering works is to sim-
plify biological habitats. Engineering works have also been carried out for flood alle-
viation and, in the past, to allow navigation of cargo boats as far upstream as Aylsham
on the Bure and Narborough on the River Nar. These past activities reflect the agricul-
tural history of the area.
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Section 8.2 Land Uses in the River Corridors.

Land uses alongside the Rivers Bure and Wensum have been classified from 1:10,000
colour aerial photographs taken during 1988. A GIS system has been used to digitise
ten land uses (Table 2.7) to within a ground resolution of 50- 100m on both sides of the
River channels. The number of categories has been simplified for identifying the scale
of changes in land use which are reported in Chapter 3, Section 6.

Table 2.7 Land use categories for GIS classification.

1. Arable on both banks

2. Meadow on both banks

3. Woodland on both banks

4. Arable and meadow on the opposite bank
5. Arable and woodland

6. Meadow and woodland

7. Housing on both banks

8. Arable and housing on the opposite bank
9. Meadow and housing

10. Woodland and housing

Table 2.8 shows the current (1988) pattern of land use in the corridors of the waterway
of the Rivers Bure and Wensum. The waterway includes both the main channels and
their tributaries.

Table 2.8 Land uses within 50-100m of the waterway
of the Rivers Bure and Wensum during 1988.

% of the length of the waterway
River Bure  River Wensum

Arable 30.5 29.3
Pasture 441 52.6
Woodland 23.3 16.3
Housing 1.8 17

Land use in the River corridors is very different to the pattern over Norfolk as a whole.
Approximately half of the land next to the study Rivers is pasture, compared with less
than 20% of land in the rest of Norfolk. The main channel of the Bure and its tributaries
is largely uncultivated: about 44% of the waterway is either bordered by pasture/rough
pasture or heath. The frequency of flooding in these areas probably precludes arable
cultivation. Arable land accounts for about 30% of the land use over all the River corri-
dor and woodland, for about 23%. Some sites on the main channel are wooded on one
side only. Large proportions of the banks of the major tributaries, such as Scarrow
Beck, are under arable cultivation within 50-100m of the channel. Woodland is also
common on the margins of the tributaries, for example on King’s Beck near Gunton
Park. Around 2% of the length of the Bure system is bordered by buildings.

The main channel of the Wensum is also dominated by meadow on its margins, again
presumably because of waterlogging and a risk of flooding. Approximately 29% of the
land bordering the system is arable, 53% is meadow, about 16% is woodland and 2%,
housing. The intensity of arable farming appears to be less on the margins of the
Wensum than on the Bure, although the upper reaches of all the tributaries are dominant-
ly arable on both sides. The more restricted distribution of arable land in the corridor of
the Wensum probably reflects the poorer agricultural quality of the valley soils. The risk
of flooding may well be greater in the Wensum valley because of the clayey soils.

Changes in land use in the River corridors between the 1930s and 1988 and the implica-
tions of change for soil erosion are given in the Section on land use in the next Chapter
of the Report. Changes in the intensity of surface drainage networks between 1988 and
the 1930s are also described.

21 2:8. Introduction to Land Use



CHAPTER 3: CHANGES IN THE RIVER ENVIRONMENTS
CHAPTER 3: Section 1. Hydrology.

The results given in this Chapter show if significant changes in features of the Rivers
have occurred since the beginning of data collection. In this Section, data on rainfall
and flow are used to look for long-term changes in flow behaviour, which is influenced
by catchment characteristics, and in total flows. The effects of abstractions and dis-
chgrﬁes are dealt with in the next Section on water use. The questions which are addres-
sed here are:

Has the relationship between gross rainfall and effective rainfall changed ?
Has the relationship between rainfall and flow changed ?
Has catchment land use change altered flow response ?

Have the characteristics of flow changed ?

Section 1.1 Background to Testing for Changed Flow Behaviour.

All flow in a natural system comes from precipitation falling over the catchment. There
are, however, time lags between rainfall and the response in rivers. These are due to the
storage properties and permeability of catchment soils and geology.

In the longer-term, flow (Q) is given by:
Q=P-E-Na where: P is precipitation
E is evaporative loss to the atmosphere
Na is net abstraction from surface and ground water

In the shorter-term, flow (Q) is given by: Q—P-E-Na+<5S
6S is the net change in catchment storage during the shorter-term.

Surface runoff and baseflow both contribute to riverflow in the study area, though they
follow very different routes to the river channels. Detailed analyses of the shape of river
hydrographs can indicate the relative importance for riverflow of baseflow and of surface
runoff, including the water which permeates soils. The approach has been used here to
show if the contributions of surface and of baseflow have changed over time. Rainfall
which drains into tributaries and drainage networks or which permeates soils does not
run directly to the river channel. The time lags between rainfall and its eventual contri-
bution as baseflow, are even longer. The relationships between rainfall and flow are
therefore complicated. Catchment storage may also rise and fall with time. This fur-
ther compounds the complexity of the relationship between precipitation and flow.

1.1 (i) Relationships between rainfall and flow.
Relationships vary over both the short and long-term. Although it is difficult to define

exactly what these time scales are, the difference is approximately between seasons
and, over the longer-term, periods of years.  Soil moisture status in the early spring, is
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usually at or around ’field capacity’ following winter precipitation. This means that
catchment storage in the soil Is around its theoretical maximum. The soil's full reser-
voir of soil moisture is then subject to the losses through evaporation and transpiration,
less the gains from rainfall throughout the growing season. For catchment soils there-
fore, the water year (April to March) becomes the transition from shorter to longer-term.

Following winter recharge, groundwater levels are usually at their annual maximum.
However, these can vary markedly about the mean depending on net recharge, not just
over one, but several years. In effect, groundwater levels can remain low during several
years of below average rainfall. Conversely, they can remain high during wetter per-
10ods. The baseflow component of flow, which is important in sustaining summer flows,
varies with groundwater levels and so can also fluctuate on a longer timescale. The
transition from shorter to longer timescale here, implies a period of several years.

1.1 (ii) The difference between gross and effective rainfall.

Only part of gross precipitation subsequently becomes streamflow. This is because gross
precipitation Is depleted by any prevailing and stored evaporative demand. Rainfall
normally satisfies soil moisture deficits, which may accumulate over several years,
before It can either become runoff or enter groundwater systems.  The net amount
which becomes available is the effective rainfall.

It is the amount of effective rainfall which determine long-term gross flow volumes.
The rates of flow are determined by the intensity of the rainfall event and the paths taken
by the effective rainfall to reach the river channel. Relationships between gross and
effective rainfall may therefore be affected over time by changes in soil moisture deficit
in the catchment.

1.1 (iii) The effects of water resource management.

In areas where resource development involves large scale import or export of water or a
large consumptive use of water (spray irrigation, for example), the effects of rainfall on
water volumes or rates of flow will be affected significantly. A detailed assessment of
the effects on flow of abstractions and discharges in the study Rivers is made in the next
Section. Work reported in the present Section is concerned with the influences of rain-
fall and catchment characteristics on flow.

Section 1.2 Methods used to detect Change in Flow Behaviour.

Change in flow behaviour can have two explanations. Firstly, any long-term change in
the quantity of effective rainfall received can affect flow volumes. Secondly, any
mechanism which interfered with the paths taken by effective rainfall to become flow can
affect the temporal distribution of flows. Flow behaviour can be predicted by looking at
the distribution of effective rainfall and this is the approach used here.

The two main explanations for any change in effective rainfall are:
. Change in gross rainfall received (due to changes in climate)
. Changed loss to evaporation (due to changes in catchments
or seasonal distributions of rainfall)
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1.2 (i) Changes in flow due to climate.

Gross rainfall data for the study area have been available since before 1930. Thirty-year
rainfall is the standard period for data analysis by the UK Meteorological Office.
Catchment and other areal time-series with relevant statistics have been produced for the
period 1930-92. This has enabled change in gross rainfall to be tested.

Finer details of rainfall data are available (British Rainfall Organisation, later the UK
Meteorological Office publications) either in annual (January to December) or monthly
form. From these, catchment/regional series have been produced back to 1930 both on
an annual, and, seasonal basis. Only for those gauges which have always been reported
in monthly form could water year or seasonal series be produced. Summer season in-
cludes the months of April to September, and winter, the months of October to March
inclusive. Methods used to produce the rainfall series are given in the Appendix.

Effective rainfall has been more difficult to quantify. Monthly rainfall data have been
used to infer the distribution of effective rainfall since 1930. In addition, the UK Me-
teorological Office (Meteorological Office, 1982) have produced areal data from
MORECS method which is based on meteorological data since 1961. However, an
unchanged distribution of seasonal rainfall does not guarantee that evaporative loss is
unchanged.

Since flows are a function of precipitation, and therefore also the variability of this over
time, long-term flow data have been tested statistically for any changes with time. The
relatively recent nature of flow gauging in study catchments, generally since about 1960,
does not allow the calculation of, for example, a series of thirty-year-mean flows.

1.2 (ii) Changes in flow related to changes in catchment land use.

Land use change has occurred in the study catchments. The scale and nature of changes
is described in Chapter 4.6. Intensification of agricultural production, particularly since
around 1940 has involved the increased use of inputs to enhance yields. Increased inputs
include use of: fertiliser and other chemical treatments; heavy machinery; land drainage
systems; and crop irrigation. The potential effects of catchment modification due to the
intensification of farming would be largely in the direction of altering the lags between
precipitation and flow.

Any mechanism which modifies infiltration characteristics and thus, the relative size of
groundwater to other components of flow, has the ability to alter the seasonal distribution
of flows. For example, if land use change produced a less permeable soil surface, then
direct runoff would increase at the expense of baseflow, making high-flows higher and
low-flows lower. Similarly, increased use of land drainage systems, for example, could
well affect the paths or time taken for effective precipitation to reach the river channel
and so affect the distribution of flows.

A possible exception to the effects of farming change on flow response to precipitation
would occur if higher yields transpired more soil moisture. By reducing effective rain-
fall through higher soil moisture depletion during the growing season, effective rainfall
and so gross flows would be reduced. This mechanism could operate within a stable
longer term seasonal rainfall regime.
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The questions addressed here are therefore:
. Has there been a change in the temporal distribution of flow ?

. Has there been an increase in evaporative loss to reduce gross flows ?

Riverflows have been reconstructed using gross rainfall data to test the constancy of the
relationship between rainfall and flow. Mathematical modelling, which uses monthly
increments of gross rainfall and mean seasonal loss to evaporation, is described by Jones
(1984). The use of mean seasonal evaporative losses, which are subtracted from gross
rainfall amounts, overcomes the lack of historic effective rainfall data.

By calibrating the model using data from the earliest period, the model can be run for-
ward to predict flows from gross rainfall series. Any systematic divergence between
predicted and observed flows is an indication of a changed relationship between rainfall
and flow.

The calibration of any such model needs gross rainfall and flow data for a lengthy period
which represents fairly the natural variability of climatic influence. In practice, optimal
calibration is constrained by the availability of such data. In addition, wherever artificial
influence in the form of abstraction and discharge have any significant effect on flows,
naturalisation is a pre-requisite to calibration.

1.2 (iii) Change in the temporal nature of flow.

Rainfall-runoff modelling also allows testing for the longer- term aspects of the temporal
distribution of flows. For example, if land use or farming change affected significantly
the baseflow component of flow, there would be a change in the temporal distribution of
flows on a seasonal level. This may be seen as a systematic divergence between predic-
ted and observed monthly flows.

To complement and further test for change in the relative contributions of baseflow and
surface runoff, a computerised technique has been used to estimate baseflow and non-
baseflow components of flow and to compare them volumetrically.

1.2 (iv) Changes in annual flows since 1960.

To test for fluctuation in flow since 1960, standard measures have been used to describe
the gauged daily-flow series for the study Rivers. From the statistics produced, a bal-
anced view of the fluctuation of flow over the last three decades is obtained. In addition,
any apparent trends with time can be used as indicators of change due to catchment
modification. Conversely, lack of trend implies no change.

1.2 (vii) Wider perceptions of fluctuation in weather and flow.

Despite the distinction between artificially caused change and the natural variation
possible within an unchanged climatic regime, it is necessary to connect the variability of
weather patterns and their effect on river flows with human perception of what is nor-
mal.
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The natural variability of weather pattern does not necessarily appear randomly on a
yearly basis. Weather pattern trends often span several years and may have a return
period of many decades. Inevitably, human perception of normality is coloured by the
experiences of a finite lifetime. It seems likely that human perception with regard to
changed weather-related variables will be heav