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EXECUTIVE SUMMARY
This report describes a scheme for the assessment and monitoring of water and
ecological quality in standing waters, greater than about lha in area, in England &
Wales though it is generally relevant to Northwest Europe. Thirteen hydrological,
chemical and biological variables are used to characterise the standing water body in
any current sampling. They include: lake volume; maximum depth; conductivity; secci
disc transparency; pH; total alkalinity; calcium; total N; winter total oxidised organic
nitrogen; total P; chlorophyll a; a score based on the nature of the submerged and
emergent plant community; and the presence or absence of a fish community. Inter alia
these variables are key indicators of the state of eutrophication, acidification and
infilling of a water body.
Four groups of variables were considered but not used, including oxygen profile,
benthic invertebrate community, phytoplankton community and fish community. These
were rejected for the present because of inadequacies in the existing data available,
expected great heterogeneity of the community in time or space within a Water body or
costs of sampling. The scheme is, however, not a closed one and additional variables
could be incorporated when necessary and when suitable reference data become
available.
Statistical testing on the chemical variables showed that at least six and sometimes eight
samples during a year would be needed to produce a sampling mean within + 50% of
the population mean as judged from data sets taken with high frequency. Such
sampling frequency would be necessary for any characterisation of a standing water
body, but in this scheme the choice of variables minimises logistic costs by not using
boat sampling and time costs by not demanding extensive taxonomic work.
Standing waters are classified within the scheme not in a spatial system, using a very
limited number of variables and essentially arbitrary categories, but in a state-changed
system in which the contemporary values of the variables are compared with a reference
baseline state and then placed in categories of percentage change from this baseline. A
mean percentage change in all variables can be calculated or the variables can be sub
grouped to indicate change in the directions of eutrophication, acidification, infilling, or
potentially any other impact if the appropriate variables are incorporated and can be
determined in the baseline state. The baseline state provides an objective reference also
for the determination of water quality objectives for given water bodies.
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The baseline state selected is that which reflects an agricultural land-use of the
catchment, and hence a consequent quality of the water body, determined by its natural
topography, climate aynd geology but in the absence of urbanisation. Since the Second
World War, land-use has been increasingly determined by economic instruments and
technological farming inputs, with only a secondary reference to natural features.
Before this period, land usage did reflect the nature of the catchment. The Annual
Agricultural Censuses allow a reconstruction of aspects of the the water chemistry of
appropriate baseline states for individual lakes or lakes grouped in uniform regions.
This report shows that, with export coefficient models relating total N and total P
concentrations in the delivered water to land usage and stock headage, these nutrient
variables can be predicted with a high degree of precision (± a few percent). Geological
databases are also available for determination of the conductivity in the baseline state.
Meteorological records, and the dimensions of the lake basin, allow calculation of the
retention time. From these variables, (retention time, conductivity, inflow total N and
total P), hindcasted for the pre war (1930s) period, the baseline states for the
remaining variables listed above can be calculated from a series of regression equations.
Comparisons of change from the baseline reference of specific water bodies can then be
made for any contemporary data set
The scheme is presently designed for use at about five year intervals on all lakes greater
than 2ha in area in England & Wales plus additional lakes of significant amenity or
conservation interest It incorporates a ranking scheme for aquatic plants already used
by English Nature and it has been pre-tested on a sample of 94 British lakes and shown
to give reasonable results, though the contemporary data available for these lakes
usually did not meet the standards required by the scheme. A pilot testing using
adequate contemporary data should now be done. It will also be easily possible to
computerise the system so that an operator need only enter the contemporary data set
and a grid reference for the lake for all baseline calculations and comparisons to be
carried out automatically.

KEY WORDS
Lake classification, monitoring, eutrophication, acidification, infilling, water quality,
ecological quality, state-changed schemes, export coefficient models, nutrients, aquatic
plants
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OVERVIEW
England and Wales include many standing waters, conceivably up to a quarter of a
million if small moorland pools are included, but there are about 50000 around lha or
more in area, 12500 greater than 2ha, and 1700 greater than 4ha. Collectively they
suffer a great many impacts, prime among which are eutrophication, acidification,
accelerated filling in, and, locally salinization following land drainage. A scheme is
needed to assess the water and ecosystem quality of standing waters. It should be
simple (for practicability of use), elegant (for clarity of comprehension by managers
and the public) and profound (for absolute value, longevity and acceptability to
informed opinion).
There are many outdated misconceptions persisting about lakes. The unit of
consideration is the catchment plus lake basin, not just the basin itself, for the nature of
the catchment determines what happens in the lake to a large extent. Lakes also change
continually and naturally from the time of origin of their basins. The usual pattern is
that after an initial fertile phase they become progressively less fertile (i.e
oligotrophication NOT eutrophication) though climatic change can cause reversible lake
changes to some extent in either direction, depending on whether climate changes
towards wetness or dryness. Lakes vary along many axes, which can be grouped into:
(1) those concerned with morphometry and hydrology; (2) those concerned with
nutrient loading (largely N and P) and consequently the nature and use of the
catchment; (3) those concerned with the concentrations of the major cations and anions
which determine buffering capacity, inorganic carbon availability, and salt regulation in
the fauna; and (4) those resulting from accidents of colonisation and extinction in what
are essentially 'island' ecosystems. Superimposed on all of this natural variation, and
the principle of natural change, are many different human impacts, which have occurred
at varying times and rates.
Nonetheless, despite realisation of this multivariation, and despite work in the 1920s
which demonstrated continuous variation, the powerfully simple fiction persists that
distinct lake types exist (e.g. oligotrophic, eutrophic). This is reflected in a touching
faith in the value of the OECD trophic scheme as a basis for a lake classification
although it was conceived on ideas that were abandoned by many professional
limnologists in the 1960s. Such schemes are called SPATIAL STATE SCHEMES.
They measure a limited number of variables, ignore all others and assume that all
standing waters are directly comparable in this way. As a result different schemes
classify the same lake in widely different classes depending on what variables are used,
and fall apart when an attempt is made to introduce more variables to cope with this.
R & D Note 253
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They also place in the same category lakes which are naturally very fertile and those
which have become equally fertile because of severe human impact. They are thus
useless in assessing environmental damage and the potentialities for restoration. They
also tend to imply and impose value judgements (oligotrophic good, eutrophic bad) and
because the class limits are arbitrary (there is in fact no absolute basis for the OECD
limits - they represent the average opinion of a group of people asked a leading
question) they are politically manipulable. The lack of an absolute basis also denies
credibility by informed opinion to such schemes and guarantees ephemerality for them.
All of the disadvantages of spatial state schemes are obviated, and their one advantage
of simplicity of use maintained, in STATE CHANGED SCHEMES. The essence of
these is that they compare the present state of an ecosystem with a baseline or reference
state which is determined on an individual lake basis. The unit of classification is an
objective measure of change from this state and as many variables can be included as
can be hindcasted for the baseline state. The schemes are thus flexible and can
incorporate additional information as it becomes available. Such schemes are being
widely developed for quality assessment (in, for example, USA by consultants to the
EPA, and The Netherlands (AMOEBA scheme), Sweden (Petersen scheme for stream
quality), and there are elements df such thinking in the RIVPACS scheme).
The scheme proposed here is a state changed scheme that is very easy to use. For an
operator, it will be as simple to use as any spatial state scheme. This is because the
variables measured are those which would have to be included in a spatial scheme, the
amount of sampling is also similar, and the entire mechanics of comparison would be
included in a computer package. In addition,the frustration and time needed to cope
with the cases (most of them) that fall into one class with one variable and a different
class with another, in any spatial scheme that uses more than one variable, would be
eliminated.
The outiine operation of our scheme is as follows:
(i) The operator visits the water body and measures selected variables and takes water
samples back for analysis in a central laboratory. A boat is not needed and sampling
should take less than two hours on six occasions spread over the year on a five year
cycle.
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(ii) The operator enters the National Grid Reference of the water body, estimates of
lake volume and area and extreme grid references of the catchment, plus the values of
the measured variables into a computer.
(iii) The computer program hindcasts estimates of the variables in the baseline state for
the lake using stored meteorological, land use and geological databases, prints out a
comparison of baseline and current variables, calculates and prints indices of change
and places them into a classification based on degree of change.
The basis of the scheme is considered under the following headings:(a) Variables
selected and why (b) Variables not selected and why (c) Chronology of the baseline
period (d) Determination of the baseline variables (e) Frequency of sampling (f) Indices
of change (g) Use of the scheme (h) Implementation. It was not part of the mandate of
this contract to cost the proposed scheme, but economy of use comparable with related
NRA activities has been a feature of the design. The incorporation of pumped storage
reservoirs into the scheme is problematic because their water source is not from the
immediate catchment and may be varied by management decisions.
(a) Variables selected and why
Based on the current understanding of the major DRIVING VARIABLES determining
lake ecosystem structure and function, the scheme rests on water retention time, lake
conductivity and inflow total nitrogen and total phosphorus concentrations to
characterise lake state. It then derives from these and a set of additional databases, a
further twelve variables (DERIVED VARIABLES), making a total of sixteen in all.
The driving variable of retention time represents the importance of
morphometric/hydrological features and is ultimately related to most other of them
(e.g. area, depth and potentiality for stratification). Conductivity is a good measure of
the major ion status and the potentiality for pH buffering. It reflects local geology and
marine influence and correlates well with individual major ions. Inflow nutrient
concentrations, coupled with retention time, measure nutrient status, perhaps the key
variable for many lakes. The scheme does not need to distinguish between ground
water and surface water sources.
Derived variables are selected to take in the indicators of major change, including
sedimentation, eutrophication and acidification and include: lake volume; maximum
depth; potential minimum secchi disc transparency; lake mean pH; lake total alkalinity;
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lake mean Ca concentration; lake mean total N concentration; lake winter total oxidised
N concentration (essentially nitrate); lake mean total P concentration; potential
maximum lake chlorophyll a concentration; plant ranking score (based on an existing
English Nature scheme); potentiality for existence of a fish community. All of these
variables can be satisfactorily hindcasted for the baseline state as well as quickly
measured contemporarily.
(b)Variables not selected and why
A number of variables that might seem obvious candidates have not been used. They
include oxygen profile; benthic invertebrate communities; phytoplankton and
zooplankton; and fish community. The reasons for omitting them include, inter alia, a
lack of data for calculation of baseline states for them (all), their redundancy in the face
of the other variables chosen (oxygen), the costs of adequate sampling (oxygen,
invertebrates and plankton) of highly variable communities in space or time or both
(invertebrates and plankton) and the lack of any possibility of determining the baseline
state because of multiple random or unrecorded stocking (fish). Benthic invertebrates
and plankton might ultimately be included if sufficient research can be carried out to
relate these communities to easily hindcastable chemical and morphometric variables.
However, the effort is probably not worthwhile because the variability is so great and
so affected by random accident and biotic interaction that the hindcastability will not be
high. The costs of contemporary sampling will also remain high. Oxygen profile is
potentially hindcastable from chlorophyll a, depth of epilimnion, volume of
hypolimnion,retention time and location but a sufficient database does not exist yet to
do this. The relevant variable is areal hypolimnion oxygen deficit and this would be
costly to measure contemporarily for it would involve boat use.
(c) Chronology of the baseline period
The reference or baseline state could be set at one of a number of nodal points in the
history of the oldest of our lakes. These include the pristine state immediately after
glacial retreat and settlement of the initial clay turbidity (say 9000 BC); pre the earliest
land clearances for fanning by the Neolithic invaders (3000 BC); pre the main effects of
the Industrial Revolution (1800AD); or pre the major land use changes brought about
by post war agricultural policy (1930s AD). The constraints are (i) availability of usable
data; (ii) cost of obtaining data if not readily available; (iii) political and practical
acceptability. No sufficient historic data exist before the 20th century and although
palaeolimnological techniques are advancing rapidly, the costs of obtaining, analysing
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and dating cores are high. Conversely, data exist which allow hindcasting of variables
for the 1930s and this period is politically and practicably acceptable in that it represents
a time which acknowledges that Britain is a highly populated agricultural country but
that catchment usage was then determined by the natural topography and geology of the
land rather than by the artificial intervention of economic instruments such as subsidies.
There is an element thus of wise land usage built into this choice. It is also true that
major atmospheric changes and influences on acidity in lakes have followed the post
war use of high chimneys at power stations and vastly increased car use so that there is
no particular disadvantage in setting the baseline so long after the date of the nineteenth
century local excesses of air pollution.
(d) Determination of the baseline variables
Retention time, the first baseline driving variable, can easily be determined from
meteorological records (net effective precipitation) and an estimate of lake volume. The
maps of the Geological Survey and an accumulated database relating geology to.
conductivity allow hindcasting of a range of potential conductivities for a lake. For
lakes infiltrated by sea water (a relatively few) actual historical data often exist. The
inflow concentrations of total P and total N can be hindcasted from the land usage
recorded in the Annual Agricultural Censuses which record land use, and headage of
stock on a parish basis. Actual fertilizer use is also recorded and there is an accumulated
set of coefficients which relate actual delivery of N and P to receiving waters ( export
coefficients) for different types of land use in different topographies and different types
of stock. The 1 Gold standard' for these calculations gives them on an individual
catchment basis and calibrations against actual data sets for nutrient status of British
waters show very close correspondence between the Gold standard model estimate and
the actual measurement (percentage deviations of 8.4 ± 7.6 for total N and 7.4 ± 7.8 for
total P).
However, this scale of approach is time consuming and too costly to use for the large
number of lakes to be included in this scheme. A variety of less specific compromises
has thus been tested, including an entire NRA region basis (unacceptably crude) and a
10km x 10km basis (too time consuming). The final compromise uses natural land use
regions as delimited by the Land Use Surveys of the 1930s. These have been mapped
on a county basis and with some amalgamations, there are perhaps about ten per
county. The final database will include the hindcasted annual rates of export of N and P
in kg/ha for each of these regions, as well as specific meteorological data for each
region, so that the inflow N and P concentrations will be hindcasted on a land use

region basis. This approach has been calibrated against the 'Gold standard' and found
to give estimates that correlate very closely with the 'Gold Standard' and deviate only a
little more than the latter in relation to actual measurements (total N, 9.2 ± 7.4%; total
P, 13.8 ±8.6%).
We have assembled literature data and new data from a sample of 100 British lakes to
construct a set of regression equations which determine the further twelve derived
variables from the driving variables and an estimate of lake volume. For some water
bodies a bathymetric survey will be necessary at the outset.
(e) Frequency of sampling
It is not possible to obtain values for annual averages of chemical and biological
variables from lakes to a precision of better than 50% with fewer than six sets of
samples in the sampling year. This conclusion has been derived from examination of
existing actual data sets where at least 25 samplings were annually made. Occasionally
8 samples are needed to get within the 50% error. This degree of sampling would apply
to any scheme used to characterise lakes. It is also necessary for the samplings to be
reasonably evenly spaced throughout the year.
(f) Indices of change
Baseline values will be hindcasted as ranges or point values to which an approximate
error term can be attached. It is important to realise that it is the accuracy and fixity of
the baseline value that is more important than the precision. Most of the variables vary
between lakes over several orders of magnitude. Indices of change can be calculated as
[ Current value - Hindcasted baseline value] divided by the Hindcasted baseline value
and expressed as a percentage. The change may be positive or negative. Indices can be
averaged over all variables, or variables can be grouped into those most relevant to
sedimentation, eutrophication, or acidification to give separate indications for each of
these processes. It will be up to NRA to decide its classification system but the sort of
approach used might be: Class 1- <25% change; Class2 - 26-50% change; Class3 - 51100% change; Class 4 - 101-200% change; Class 5 - >200% change. Application of the
scheme to a tranche of 94 lakes, albeit with minimal sampling frequencies, showed
nearly half in classes 4 and 5 for state of eutrophication andl6% in change class 5 for
acidification. For overall change, the distribution among classes 1-5, respectively, was
(in percentages) 6.3, 17.0, 30.9, 18.1, and 27.7.
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(g) Use of the Scheme
This R and D project has provided the NRA with a strategy for classification of lakes. It
has been developed during a period when the DOE has been formulating its plans for
water quality management and as a result will inevitably require discussion and
additional development before it can be widely used.
Its most obvious application is to provide a periodic assessment of lake water quality
(i.e. the General Quality Assessment aspect of a Water Quality Objective). This could
be presented in a variety of ways, but the approach of measuring 'change' rather than
'spatial state' would provide the NRA with a means of distinguishing lakes that would
benefit from management as opposed to those best left in a close to natural state. The
three major axes of change could be used independently to identify the major cause of
change (e.g. eutrophication, acidification) or the results can be expressed in a single
index. The data underpinning the system would of course provide spatial state
information, although we have already warned of the limitations and dangers of such an
approach.
The baseline state values, or some judgemental multiple of them, could also be used to
determine appropriate values for water quality objectives. These could be on an
individual lake basis or on a sub-regional basis. The determinands used reflect the
major pressures on lakes (enrichment, acidification) and could thus be used to set
targets that reflect general ecological quality. In lakes this is likely to be a more
appropriate approach than the use of more specific 'Use-related' targets such as the
fisheries ecosystem standards currently being proposed as a broad environmental target
for rivers. Thus the proposed approach provides the benefit of linking the General
Quality Assessment and Use-Related Targets through a combination of a restricted
number of chemical, biological and physical variables. In addition the baseline state
would provide the NRA with the means of avoiding the setting of unachievable userelated targets.
(h) Implementation
This project has provided a strategy for classification but has been able to test it with a
data set that was of less than desirable completeness. It needs to be exhaustively tested
using a full contemporary data set. In addition, for use of the scheme throughout
England and Wales, the various data bases it uses need to be compiled into userfriendly software. We suggest therefore that, if the approach we propose is accepted by
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the NRA, a pilot testing exercise on 100-200 lakes should be undertaken during
1994/95. Data from this exercise could be used to confirm or modify class boundaries
for classification and establish appropriate values for use-related standards. We
envisage that sample collection and analysis would be carried out by NRA staff, with
consultants establishing the necessary software for hindcasting and providing analysis
of data and further development of the methodology. This would allow the operational
integrity of the scheme to be assessed and allow results from some of the bettter known
lakes to be compared with local knowledge of NRA officers and other limnologists.
This operation would also assist in other NRA initiatives such as the development of
blue-green algae action plans and identification of potential 'sensitive'areas under the
Urban Waste Waters Directive.

There thus seems ample justification for use of this scheme. It is a state changed
scheme with all the advantages that carries; it is objective in output and as simple and
cost-effective to operate as any conceivable alternative. It is flexible and open and can
be added to as more information becomes available; and above all it is intellectually
sound.
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1.

INTRODUCTION

Successive bodies concerned with water quality in Great Britain have long realised the
need to monitor the state of the waters under their jurisdiction. Their preoccupations,
however, have been strongly orientated towards flowing waters and the gross effects of
organic pollution on them. The reason is historical for the nineteenth century concerns
about public health, which spawned the procession of Boards and Authorities
concerned with water, arose from pollution of the main rivers by raw sewage. The
emphases on organic pollution in flowing waters persist even to the present with the
central chemical and biological schemes for monitoring waters depending on oxygen
concentrations, BOD, ammonia concentrations and the relative susceptibilities of river
invertebrates to deoxygenation (National Water Council 1981). Standing bodies of
water, less affected in the past by gross organic pollution, and by and large not
associated with epidemic-prone centres of urban population, have been close to
ignored. However, the Water Resources Act 1991 now requires the National Rivers
Authority to maintain the quality of all standing waters in England and Wales provided
that they ultimately discharge to a controlled water. The Act also provides for any non
discharging standing waters such as pump-storage reservoirs and isolated standing
waters of particular amenity or conservation value. No minimum size of water body is
specified.
The recognition of the need to monitor standing water quality reflects the concerns of
the twentieth century just as that for flowing waters mirrored the problems of the
nineteenth. Gross organic pollution in the rivers has been largely controlled by sewage
treatment to secondary level but such treatment leaves an effluent that is rich in
inorganic nutrients. Flows of such nutrients and of soil particles also run from the
intensified agriculture that has characterised the post World-War II period; and
increases in standard of living of the population have been reflected in increases in the
fall out of acid by-products of its energy and transport uses. These nutrients, hydrogen
ions and associated anions pass down the rivers, not harmlessly, but with less obvious
effects than the organic pollutants they have replaced. With the relatively long retention
times of standing waters, their effects are readily shown in the problems of
acidification, eutrophication, and siltation. A populace, now reasonably safe from
water-borne disease, is turning to concerns of environmental quality and sees problems
not only in the large and well-known lakes it uses for recreation but also in the state of
the far greater number of small bodies - the local ponds, pools and meres close to
residential and recreational areas. One reflection of this has been the concern expressed

over potentially toxic algal blooms (NRA 1990) and the myriad warning notices that
now appear in summer by a large number of lakes.
Apart from the concerns of the NRA, other bodies have recognised the changes that
have occurred in standing water bodies. The European Community has issued
Directives on Nitrates and on Urban Waste Waters (EC 199 la,b) both of which require
the protection of waters that are eutrophicated or likely to be so. In consequence, the
Department of the Environment (DOE) with the Ministry of Agriculture, Fisheries and
Food, and the Welsh Office are seeking to define what is meant by 'eutrophic' (DOE et
al 1993). The Organisation for Economic and Co-operative Development (Vollenweider
1968; OECD 1982) recognised the problems of eutrophication some time ago
(Vollenweider 1968) and identified 'dangerous' levels of nutrient loading to lakes.
English Nature has evolved a scheme of assessing the conservation status of lakes
through their aquatic plant (macrophyte) communities (Palmer, Bell & Butterfield 1992)
and the Northern Ireland authorities have initiated a Northern Ireland Lakes Survey.
The Broads Authority has expressed much concern about the lakes in its area (Broads
Authority 1993).
/

Several of these organisations have created ad hoc schemes for classifying and
monitoring lakes. They are pragmatic and designed to serve the needs of the moment;
they also give different answers for the same lake. Oakmere, in Cheshire, for example
(Table 1.1) (Carvalho 1993), would be listed as dystrophic or oligotrophic by English
Nature and eutrophic or mesotrophic (depending on the year of investigation) on
OECD(1982) criteria, which are being used by the DOE to cope with the need to define
'eutrophic' for the Urban Wastewaters Directive. Such problems arise fundamentally
from deep-seated misunderstandings rooted in the literature, and in much elementary
teaching of freshwater ecology, about how lake ecosystems function.
They also arise from an understandable, but flawed, wish to create simple spatial
classifications that reflect the present characteristics of the system but which give
misleading information, or none, about how the state arose and what might be done
about it. There is a very high chance also that lakes, classified by a spatial state system,
will be placed in the same category because they have similar characteristics despite
very different routes by which they have acquired these features.
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Table 1.1 Classification of Oakmere, Cheshire, according to Nature Conservancy
Council and OECD schemes. Data from Carvalho (1993).

Variable

1990-1991

1991-1992

Mean total phosphorus (jig/l)

66

58

Mean chlorophyll a (jig/1)

8.4

7.0

Maximum chlorophyll a (|ig/l)

30.1

17.0

Mean pH (log units)

6.1

5.1

Mean total alkalinity (mequiv/1)

0.04

0.03

Eutrophic

Mesotrophic

CLASS (OECD 1982)

CLASS (Nature Cons. Council) Oligotrophic

Dystrophic

For example South Walsham Broad in Norfolk has very high total phosphorus , peak
and mean chlorophyll a concentrations and frequent large growths of blue-green algae.
It is heavily contaminated by sewage effluent and would have very different
characteristics were this not so as deduced from reconstruction of its history as reflected
in its sediments (Manson 1987). Whitemere, in Shropshire, has similar characteristics
(Moss et al 1992, 1994) (Table 1.2) yet it has no effluent and has probably had algal
blooms for at least a century if not much longer (Phillips 1884). It derives a significant
proportion of its nutrients from naturally rich catchment deposits. Both lakes would be
regarded as hypertrophic but although there has been a serious degradation in both
water and ecosystem quality in the former the current state of the latter is little changed
from its baseline state. To place such lakes in the same category would be unhelpful
and misleading. It may thus help to recapitulate some of the main ideas of limnology in
the context of how they have developed.
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Table 1.2 Characteristics of the naturally hypertrophic Whitemere and the
artificially hypertrophic South Walsham Broad. Data from Moss et al
(1992) and Moss et al (1982).

Variable
Main phosphorus supply

Whitemere

South Walsham Broad

Natural

Sewage effluent

Mean total phosphorus (p.g/1)

1456

. 255

Mean chlorophyll a (jig/l)

15.3

132

Maximum chlorophyll a (p.g/1)

35

428

0.54

3.65

Hypereutrophic

Hypereutrophic

Maximum nitrate-N (mg/1)
CLASS (OECD)

on

2.

A BRIEF HISTORY OF LIMNOLOGY AND LAKE
CLASSIFICATION

2.1 History
After nearly a century of accumulation of unsystematic observations, it fell to a
German, Auguste Thienemann, and a Swede, Einar Naumann, to realise by the
nineteen twenties that many features of lakes are connected in one of the most holistic
of sciences. Thienemann had seen in Alpine lakes that the bottom fauna was closely
linked with the degree of deoxygenation of the hypolimnion (Thienemann 1909,1915);
Naumann (1917) had related the nature of the phytoplankton to the geological nature of
the catchment and together they conceived the great idea of two sorts of lake oligotrophic lakes in alpine regions and eutrophic lakes in the lowlands bordering the
Baltic.
The alpine lakes were deep, had low phytoplankton crops, and well oxygenated
hypolimnia with the profundal sediments rich in the larvae of the dipteran genus,
Tanvtarsus. The Baltic lakes were shallower, had large crops of phytoplankton,
deoxygenated hypolimnia and a bottom fauna characterised by Chironomus. At an early
stage this simple classification broke down (Brinkhurst 1974) and the concept of
dystrophic lakes was added to cope with those peat-surrounded, brown-stained lakes
that had low phytoplankton crops yet deoxygenated bottom waters from mineralisation
of the organic matter washed into the lake from the peaty catchment. Thienemann,
something of a well-travelled patrician (Rodhe 1974,1975), was interested to find lakes
elsewhere in the world, particularly in Indonesia, that also had characteristics
intermediate between the two basic types (Thienemann 1931) and began to dispense
with the idea of a small number of lake types. Naumann, meanwhile, a rather dour man
who perhaps required strict order in his life, responded to the accumulating information
by creating more and more lake types - mesotrophic, acidotrophic, argillotrophic and so
on (Naumann 1931). He spawned a major school of thought that persisted into the
nineteen fifties when continental limnologists in particular regarded the major task of
limnology as the classification of lake types (Elster 1958). It is now regarded as a
particularly arid aim.
Naumann could not abandon the concept and indeed killed himself in response to mild
criticism from Thienemann (Rodhe 1974). Meanwhile, in England, Pearsall (1921)was
providing one of the first systematic sets of data that showed that lakes fell into
continua rather than discrete types. In doing so he was himself spawning a new idea,

of the process of eutrophication which was, like that of lake types, destined both to
advance understanding at first and to retard it later.
Pearsall collected data on the larger lakes of the Cumbrian Lake District and showed
that they fell into a series. This ran from those that were least fertile, had the smallest
algal crops, the least cultivable catchments and the greatest water transparencies, to
those with rather more algae, lower transparencies, more fertile water, and catchments
that already bore farmed land on account of the deeper soils that their more easily
weatherable rocks produced. Pearsall used the terms oligotrophic and eutrophic,
derived from previous studies on bog nutrition (Weber 1907) to describe the extremes
of his series. His significant contribution was to demonstrate very clearly the
impossibility of drawing a boundary at any logical point along the series that would
separate the two categories or indeed any greater number of categories less than the total
number of lakes examined.The concept of continuous variation in lakes had been bom
and proved to be a much healthier infant than that Of lake types.

2.2 The Continuum Concept
This concept is now widely accepted and underlies the modem theory of limnology. It
can be seen in the total abandonment of the lake type concept in: the literature (though it
persists in some elementary text-books for it is a useful, if lazy, pedagogic device) and
in the thinking behind the ordering of data arising from projects like the International
Biological Programme (Brylinsky 1980; Schindler 1978) and the OECD report on
eutrophication (Vollenweider 1968) as well as in scores of studies in which the
connections between variables in lakes are sought through regression and correlation
relationships. The continuum concept is, however, an unhappy one for government
organisations whose legal mandate requires them to take stock of the lake resource and
monitor change in a simple way. The lake type concept would be a much more
convenient one; alas it no longer has scientific credibility and any simple scheme based
on it would be equally invalid.
Continua can, of course be divided into chunks, but only arbitrarily and with
production of a very large number of categories even where the number of axes is
confined to three. The arbitrariness is well shown from the often quoted and used
OECD continua of chlorophyll a and total phosphorus (OECD 1982)) which are
increasingly misused. The OECD report included a set of normal curves giving the
ranges and frequencies of these variables for a set of trophic categories - ultra-
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oligotrophic to hypereutrophic. These curves represent the opinions of a group of
limnologists when asked to indicate what sort of value they would consider to typify
particular stages along the continuum. They do not represent definition by firm criteria.
However, the peak values of the curves, which have wide spreads, have been
translated into tables by various people (eg Gulson 1993), purporting to classify trophic
states and have acquired an authority which was neither intended in the original report
nor justified by the data.
Nonetheless, it has to be recognised that continua generate an infinite number of
categories if not divided arbitrarily and that this is a situation difficult to handle in a way
useful to statutory organisations. On the other hand, schemes like the concept of lake
types, that are based on imperfect understanding, although convenient to use, tidy and
simple, convey only superficial and ultimately useless information. They can have only
limited lives before the weight of considered opinion forces their abandonment
Arbitrary schemes are also politically vulnerable to manipulation. By alteration of the
boundaries of the categories used, highly contrasted glosses can be placed on the same
set of data. The challenge of designing a modem scheme for the classification of
standing waters is to find a practicable system which does not compromise the truth. To
do so is also to encourage a re-examination of the bases of schemes used for other
natural waters, such as rivers, which although widely and apparently successfully
used, may have fundamental bases so weak as to question their contemporary value.

2.3 Variables that determine lake state
Like all ecosystems,1standing waters are complex and characterized by a huge number
of physical, chemical and biological variables. All contribute to the detail but a smaller
number control distinct themes (continua) (Table 2.1) which help to structure the mass
of information. A start can be made by considering structure and function of the
system, essentially the community composition and biological productivity.
The starting point is the realisation that it is not the-body of water per se that is the
important unit but the whole catchment of which the water filled basin is physically the
lowest part The location and size of the catchment and the size of the water-filled basin
determine the flow-through of water and its retention time in the basin. In turn this
determines the potentiality for plankton production, for there is insufficient time for
much development in a rapidly flushed, riverine basin.

Table 2.1 Four themes, and some of their related variables, that characterize freshwater bodies

MORPHOMETRY,
HYDROLOGY&
GEOGRAPHY

MAJOR ION
CHEMISTRY

NUTRIENT
AVAILABILITY

RANDOM &
ACCIDENTAL &
BIOLOGICAL

Altitude

Local geology

Local geology

Presence/absence
of particular spp

Latitude

Proximity to sea

Catchment vegetation

Degree of isolation

Area, depth & volume

Climate

Land usage

Past floods .& droughts

Pollution

Pollution

Fluctuating climate

Shoreline development

Mixing regime

Mixing regime

Disturbance by natural events
and human activities

Precipitation, evaporation,
& retention time

Sediment relations

Sediment relations

Littoral to profundal ratio

Organic chelators

Retention time

Biotic interactions (predation,
symbiosis, competition,
parasitism

Catchment area to basin volume ratio

The size of the basin - its depth and area and its shape in both horizontal and vertical
planes - determine inter alia the mixing regime and whether the water mass will stratify,
the ratio of littoral to profundal habitats, the degree of wind disturbance of the bottom,
the variety of littoral habitats, and hence the potentiality for survival of particular plant
or animal species (Hutchinson 1957).
The geology and topography of the catchment will determine the chemistry of the water
that will drain from it, the land use to which it may be put and therefore the
modifications that may be made to the geochemistry by land use (Pearsall 1921; Moss
1988). In turn the water chemistry will influence the nature and productivity of the
biota, through the provision of nutrients and the effects of osmosis and salt regulation
(Schindler 1978; Aladin 1991; Remane & Schlieper 1971; Bales et al 1993). The
complexity of the water chemistry should not be underestimated - there are probably
several thousand different inorganic and organic substances present in any natural water
sample, most of them with some, albeit subtle, biological effect
Finally there is a multitude of biotic factors having a major effect on the composition of
lake communities. There is a degree of determinism by physico-chemical factors but
also an enormous influence of accidents of colonisation, past local extinction by flood
or drought, competition and predation, and human influence in changing the habitat or
in making introductions, deliberately or accidentally ( e.g. Reynoldson 1966; Hrbacek
et al 1961; Zaret & Paine 1973).
Table 2.1 summarises tjie more prominent factors that determine the structure and
function of lake systems. They are grouped into those connected with morphometry
and hydrology, with major ion chemistry, and with nutrient loading. Within these
categories there is a large degree of interrelationship and many variables are predictable
within close limits from others in the category. Within the fourth category, which
includes many biological phenomena, there is a much greater degree of independence
and unpredictability.

2.4 Lakes change with time
Lake basins are not permanent features of the landscape. They slowly fill in with fine
sediment and with coarser peat through the encroachment of vegetation at their
margins. They also respond to changes in their catchment areas in a particularly
sensitive way. Indeed perhaps the most important determinant of lake state is the nature
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of the catchment, which in turn is determined by its geographical location and,
particularly in a small country like Britain, where regional climatic change and altitude
ranges are small, by the geology, soil arid land use in the catchment. The catchment
determines the supply of nutrients to a lake and its ultimate productivity. Internal
sources of such nutrients in the lake, which may become increasingly important as a
lake shallows (Moss 1991), are also ultimately supplied to the greatest degree by the
catchment The size of the catchment in relation to the size of the basin also determines
the retention time of water in the basin and thus the effectiveness of the supplied
nutrients in determining production (Vollenweider 1975; Dillon & Rigler 1974).
Catchments continually change, even in the absence of human activity, which is
presently the greatest source of change. Catchments release lesser amounts of nutrients
and other ions if their natural vegetation is intact (Likens et al 1977), and, if the climate
remains broadly the same, with increasing age as their soils become progressively
leached out. In geologically ancient areas with long-term climatic stability, such as
many of those bearing tropical moist forests, stream waters may contain lower solute
concentrations than low grade laboratory distilled water (Moss 1988).
Many British lake basins were initially formed by glacial action. Initially their
catchments were bare and floored by much finely ground rock, presenting large surface
areas for leaching. Palaeolimnological evidence shows that the lakes were initially
rather fertile (eutrophic, in some senses of this much misused word) (Mackereth
1965,1966). As the climate ameliorated and greater vegetation development occurred
the supply of available nutrients declined and the lakes steadily decreased in fertility
over several thousand years (Haworth 1969).
This progressive oligotrophication appears to be the usual fate of lakes (Pennington
1984) and is manifested in the processes which occur following the construction of
new reservoirs (McClachlan 1974). It is the contrary process to that which many people
assume to be the case, but reflects the facts that lakes respond to changes in the
catchment and, because they are chemically open systems in all but extremely arid
climates (Kilham & Kilham 1989), do not progressively accumulate nutrients in their
waters (Lund 1975). The reverse trend of eutrophication, originally proposed by
Pearsall, is naturally possible but not common. It may sometimes occur when
catchments become drier but not so severely as to create net evaporative conditions
(Haworth 1972).
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Eutrophication is thus almost always an entirely anthropogenic phenomenon (Hasler
1947) caused by alterations in the catchment which lead to increased nutrient release by
disturbance of the natural vegetation or introduction of extraneous sources such as
sewage effluent These processes are largely separate from those associated with filling
in with sediment or peat though, in the final stages of infill, stored sources of
phosphorus in the sediment may become exploitable, creating conditions in the lake
which are proximately less dependent on the state of the catchment at the time, though
they ultimately reflect its nature. In the filling process, the decrease in water volume has
effects such as a reduction in the volume of the hypolimnion, which may become
deoxygenated to an increasing degree simply because of this and superficially acquire a
characteristic of a more fertile lake. However, in an undisturbed catchment, the
plankton production which supplies the organic matter contributing to this
deoxygenation, generally DECLINES with time so that even this superficial
eutrophication is not inevitable.
»
The fundamental point, however, is that lakes always change with time, that they start
these changes from very different initial states, dependent on the natural features of
their catchments, that they change at different rates, and may reverse the direction of
change at any time, dependent on climatic and anthropogenic influences. Thus although
existing lake conditions may be important in determining appropriate water uses, they
cannot be used in isolation to draw conclusions about their current
status or their potential for change, (both features of a useful classification
system) without reference in some way to the history of the lake. It is
meaning that is far more important than measurement per se.
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3.

CHARACTERISTICS OF A SUITABLE LAKE
CLASSIFICATION AND MONITORING SCHEME

3,1 Introduction
A suitable scheme must have particular characteristics, which may be summed up as
practicability, accuracy, flexibility and profundity - essentially the Platonic virtues of
truth, beauty and goodness! First it must be economically usable, not entailing
extensive investigation of detail, for if a water body is to be relatively frequently
monitored, little time can be allocated. There are some tens of thousands of notable
water bodies in Britain (Smith & Lyle 1979). Secondly it must use characteristics that
accurately reflect the determinants of lake systems and not those simply traditionally
used in the past and it must be capable of taking on board future increases in
understanding and information. Above all it must thirdly be a profound scheme in that it
reflects current understanding and not past presumption. It must reflect the reality of
variation in lakes along multiple axes and reject the fiction of lake types. Finally it must
recognise that different lakes have different starting points, trajectories and directions of
change and that any present state is a function of a particular history.
Only if these conditions are met will such a scheme have longevity and acceptability
both to other statutory organisations in Britain and other countries in the EC. It is
significant that thinking is already moving along these lines in The Netherlands
(Ministry of Transport, Public Works and Water Management, 1992) and the USA
(Gerritsen et al 1993) in the development of schemes for assessing the states of a
variety of ecosystems to which the characteristics of multiple variation and dependence
on history generally apply. Such schemes might be called state changed schemes as
opposed to static or spatial state scemes.

3.2

Outline summary of the scheme proposed

The scheme proposed has all of the above needs for practicability, accuracy, flexibility
and profundity. It will help if its general outline and operation are presented at this stage
followed by a detailed rationale for its development and working.
The scheme compares the present and any future state of a standing water ecosystem,
usually more than 2ha in area but smaller in selected cases, with a reference state, called
the baseline state. This is not the pristine state existing before significant human
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influence prevailed but a state which reflects a land usage in the catchment which was
determined by the natural character of the catchment geology and soils rather than a land
usage manipulated by political and economic instruments.
A set of four driving variables (retention time, conductivity, inflow concentrations of
total P and total N) is determined (hindcasted) for the baseline state from existing,
easily exploitable databases. Regression equations derived from new and literature data
are then used, together with the driving variables, to hindcast a further set of derivative
variables which include physical, chemical and biological determinands. The same
variables are measured in the contemporary assessment and compared with the values
of those hindcasted for the baseline state.Only limited taxonomic expertise is necessary.
An index of change is then calculated and used as the basis of classification. The
system is thus a value-changed system which reflects multivariateness and the need for
a comparison with a reference state.
In practical terms the scheme will be as economical to operate as any conceivable
alternative. The databases for determination of the baseline state will be incorporated in
a computer package and the operator will simply need to enter, for a given water body:
its National Grid Reference; its approximate volume; and the area of its catchment
(determined from Ordnance Survey maps). The computer program will then calculate
from stored meteorological, geological and pre-World War 2 land use data (from which
the baseline state is derived), the driving variables and the derivative variables. The
operator will then enter the values of the same variables measured currently in the lake
and the computer program will print out a comparison with the baseline, calculate
indices of change and display the class of the water body. The highest categories will
be those with the lowest degree of change.
Sampling to obtain the current variables will not necessarily require a boat and will
involve the taking of water samples from near the oudet or at the edge beyond any reed
fringe. The precision of the estimates depends on the frequency of sampling and
estimates of annual means precise to ± <50% will usually require six visits in an annual
cycle. Water analyses will be carried out by NRA laboratories and include only
variables already routinely analysed with the possible exceptions of total P and total N.
A single listing in late summer will be required for submerged and emergent plants.
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3.3

Rationale of the Scheme

An account of the rationale of the scheme is divided into the following considerations:
3.3.1 Reasons for choosing a value-changed rather than a spatial scheme
3.3.2 Chronology of the baseline
3.3.3 Reasons for the choice of the driving variables used
3.3.4 Availability of data for calculation of the driving variables in the baseline
state
3.3.5 Reasons for the choice of the derivative variables used
3.3.6 Reasons for not using certain other variables in the current version of the
scheme
3.3.1 Reasons for choosing a state-changed rather than a spatial state
scheme
This issue has been considered in detail in the introductory section but it is worth
recapitulating that spatial schemes are inherently artificial, cannot distinguish lakes that
have been severely altered by anthropogenic activities from those which have similar
characteristics for inherent reasons, and cannot incorporate more than a few variables.
Hence they give different results for different schemes using different variables. Spatial
state schemes; are closed and inflexible, are politically manipulable, do not reflect
current understanding and hence are ephemeral. State changed schemes do not fail on
any of these counts and are no more complex or costly to operate.
3.3.2 Chronology of the baseline
There are several possible general dates for use as baseline states. These are: (i)
approximately 10000-13000 years ago, with the origin of many lakes on the retreat of
the last glaciation;(ii) approximately 5000 years ago just prior to the earliest (Neolithic)
clearances for farming; (iii) around 1800 AD just prior to the start of the major
expansion of the industrial revolution in Britain and o£ significant changes in air and
precipitation quality; and (iv) the period from around 1920 to 1940 in which the
landscape was fully utilised for farming and stock-keeping but prior to the extensive
effects of subsidy-controlled agriculture on the landscape and major movement of the
population from rural areas to urban areas. Considerations in the choice of baseline date
are both practical and political.
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Theoretically it is possible to derive a picture of the past ecosystem for any of these
dates using the techniques of palaeolimnology (Moss 1988). Using diatom fossils it is
now possible to hindcast past pH (Flower 1987; Flower & Battarbee 1983) and current
work makes it likely that increasingly accurate estimates of total P might be available.
Deductions may be made from macrophyte fossils, though the selectivity of
preservation needs much further research. Hindcasting of all dates but (iv), the pre
Second World War date, would have to depend on this approach for there are no
limnological or other records of any substance prior to the twentieth century.
The disadvantage of palaeolimnology is the time and expense that is required for the
taking, processing, dating, analysis and interpretation of the sediment cores necessary
for such a study. The time scale is from weeks to months, depending on the degree of
detail sought, and the expense is commensurate.
A second approach might be to find a set of pristine lakes that have been unaffected by
human activities to any extent and use these to prepare a set of standard baseline states
for particular natural sub-regions of the British Isles. However there are few, if any,
such lakes in Britain and all likely candidates are in the remoter regions of Scotland,
where even then there are likely to have been effects of atmospheric pollution and acid
precipitation. A list (Table 3.1) of the current and impending impacts affecting Loch
Lomond, at the edge of the Scottish Highlands, is instructive. This approach is
conceivable in North America* particularly Canada, but pristine states are rare even so.
In the lowlands, it is unlikely that a pristine lake exists anywhere in the developed
world.
Thirdly, historic records exist for the earlier part of this century for many American
lakes as a result of the State Lake Surveys set up by many States ( for example those
carried out by the New York State Department of Conservation between 1926 and 1938
and published as supplements to the department’s annual reports) to catalogue their
resources but such surveys were not carried out in the UK. In any case changes in
methodology make comparisons over long periods very difficult (Likens & Bormann
1974).

Table 3.1
1988)

Existing and imminent impacts on Loch Lomond (based on Hamilton

1. Bank erosion by motor boats
2. Suspended solid pollution
3. Eutrophication (particularly from increased summer tourist population)
4. Afforestation with exotic conifers in catchment
5. Deforestation of native hardwoods
6. Water abstraction
7. Water level regulation
8. Water transfer from adjoining basins
9. Acidification of the northern inflows
10. Dumping of roadworks spoil
11. Proposed pumped storage electricity generation
12. Impacts of introduction of fish such as ruffe on the native coregonid population

A fourth way is a modelling approach by which former lake states can be determined
from records of land use and knowledge of the rates by which nutrients, in particular,
are delivered from catchments under particular land use types to streams and ultimately
to standing waters (Johnes 1990). Records are also required for calculation of water
budgets. Britain is fortunate in having very comprehensive records on land use and
stock keeping which have been gathered every year since 1866 (Clark 1982) and stored
on a Parish basis in the Public Records Office at Kew as the Annual Agricultural
Censuses. Scottish surveys are kept at the Scottish record Office in Edinburgh.
Furthermore, meteorological records for Britain are also comprehensive and long
standing. There is also an extensive literature on export coefficients from land use types
and from stock as a result of the long standing concern in Britain for efficient
agriculture (see Appendix B). The records of the Agricultural Censuses were hand
written at first, incomplete and difficult to decipher sometimes because of water
damage. Those from 1930 are easily decipherable, complete and given on a Parish
basis.
'
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In terms of practicability, therefore the pre World War II period is the only one for
which an adequate database exists and which can be cheaply exploited. This period also
bears the advantage that it is politically acceptable as a baseline state. In a crowded
agricultural country, post glacial and Neolithic baselines might be regarded as irrelevant
to modern needs and would be quite unachievable in any programme of improvement
of water quality or lake restoration. A pre-War state is an attractive alternative,
however, not for sentimental reasons but because of widespread public concern about
the depredations of subsidised intensive agriculture (Shoard 1980), and because the
pre-War use of land largely recognised the natural limitations of topography, climate
and geology which might be seen as suitable yardsticks for a future sustainable use of
land.lt might be argued that a nineteen thirties baseline is too late for detection of major
acidification changes in upland lakes. Acidification began, it is true, in the nineteenth
century but a variety of modelling and palaeolimnological studies (Whitehead et al
1988; Cosby, Whitehead & Neal 1986; Wright et al 1986) have shown that the greater
part of the change in pH has occurred in the mid twentieth century. The period of the
nineteen-thirties has thus been chosen as that for which the baseline states of standing
water bodies are determined in this scheme.

3.3.3

Reasons for the choice of the driving variables used

Driving variables are those directly calculated from the data bases. Derived variables are
those secondarily calculated from the driving variables using additional data bases. The
driving variables are: mean retention time of the water- mass, mean annual conductivity,
and the mean annual inflow concentrations of total P and total N. All of these are
hindcasted for the baseline state.
The rationale for using these variables is that each is a surrogate for a group of other
variables in categories (Table 2.1) that will be referred to as morphometry/hydrology;
major ions; and nutrient loading. There is widespread acknowledgement that major
features of lake systems are controlled by these categories (Hutchinson 1957,1967;
Schindler 1978; Moss 1988).
Morphometry and hydrology inter alia determine the replacement time of the water
mass and hence the degree to which a planktonic community of any size is allowed to
develop; morphometry determines the relative sizes of the littoral and pelagic zones, the
degree of development of the shoreline and hence the variety of shoreline habitats.
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(Shoreline development is the ratio of the length of shoreline of a lake to the
circumference of a circle enclosing an area equal to that of the lake). Morphometry also
determines the potentiality of the lake for mixing and thermal stratification, the ratio of
hypolimnial to epilimnial volume and hence, the potentiality for deoxygenation of the
hypolimnion and for the survival of cold water fish like-coregonids and salmonids. A
full discussion is given in Hutchinson (1957).
Attempts were made to produce a single formula to use as a variable which would
incorporate as many morphometric and hydrological features as possible along an axis
of sufficient spread. No such combined formula proved workable. Mean retention time,
however, had the property of combining features of the catchment such as its area (and
hence the amount of water running into a lake) and also lake volume. The greater the
volume, the longer the retention time, other things being equal). Retention time also
depends on the net precipitation and so takes into account features of geographical
position, including altitude. Lake volume also proved to have a high and significant
correlation with a large number of other morphometric variables (Table 3.2) so that the
quest for a combined formula was in effect achieved by retention time. It varies from a
week (in the definition of standing waters used in this scheme (see below) to several
years in British lakes and hence gives a continuous spread over more than two orders
of magnitude. It is easily calculable from simple bathymetric and meteorological data.
Table 3.2 Correlations between lake volume and other morphometric features (Zmax
= maximum depth; Z = mean depth; D = shoreline development [ the ratio of the length
of the shoreline to the circumference of a circle of equal area (A) to that of the lake].
Values are correlation coefficients (n = 15) with significances where these were <0.05.
** >0.02; ***< 0.001

Zmax
A
Zniax-Z
D

Volume

Zmax

A

Zmax-Z

0.60**
0.60**
0.38
0.30

0.98***
0.48
0.47

0.51
0.46

0.46

Of course retention time in a lake varies from week to week dependent on the season
and the vagaries of the weather. However, even allowing for that, there is a sustained
difference between the larger, deeper lakes that have long average retention times and
usually low catchment area to lake volume ratios and smaller pools with short retention
times, and often large catchments relative to their volumes. Lake volume and maximum
depth are also used in the scheme per se as fundamental variables. They will have
changed little in most bodies of water since the nineteen-thirties, but there are notable
examples of reservoirs, particularly in upland peaty areas where there has been
considerable erosion (Phillips et al 1981) and significant shallowing (Labadz et al
1991). For these lakes, records of the initial basin morphometry will exist and can be
used as baseline variables and to assess the extent of change in lake morphometry a
present-day detailed bathymetric survey will be needed.
Major ion status (reflecting the concentrations of sodium, potassium, calcium,
magnesium, hydrogen, chloride, sulphate, and bicarbonate and hydroxyl ions)
determines many features of the potential biological community in a lake (Mackereth
1957), such as the presence or absence of brackish water species ( Remane & Schlieper
1971; Bales et al 1993), of particular groups of organisms such as snails (Boycott
1936) which require much calcium for shell formation, and of the occurrence) of
particular species, for example of crustaceans, through influences on osmoregulation
and salt balance (Sutcliffe 1978). It also determines pH and buffering capacity, carbon
dioxide speciation, and the nature of the macrophyte and aquatic plant communities
(Madsen & Sand-Jensen 1991; Shapiro 1990). For example, desmids (Moss 1973a,b)
and isoetid plants (Keeley 1990) are largely confined to soft waters through their
inabilities to use bicarbonate ions for photosynthesis. pH has been shown to be a
significant correlate of diatom communities also. Major ion status is determined
geochemically by the local geology and by influences from the sea and atmosphere, for
rain and snow are far from distilled water. Sea spray exerts a considerable effect several
tens of km inland (Raisewell et al 1980) and some lakes are naturally infiltrated by sea
water (Pallis 1911; Innes 1911; Gurney 1911).
Because geology and proximity to the sea will not have changed over the century, the
major ion content should not have changed either. However in those lakes whose major
ion content is dominated by rain and snow, there will have been significant changes in
pH and conductivity through the effects of acid precipitation (Jenkins et al 1990), and
there are a number of coastal lakes which may have become considerably more brackish
because of land drainage around them and infiltration of sea water (for example the
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Thume group of the Norfolk Broads, Holdway et al 1984)). It is sensible, therefore, to
include a measure of major ion content, and conductivity is an easily measurable
surrogate. There is a good correlation (Rodhe 1948) between conductivity and
measures of a range of individual ions and the relative proportions of the constituent
ions change relatively steadily and systematically (Mackereth 1957) (see Appendix A in
the R & D Project record associated with this report) with increasing conductivity in the
waters of areas like the British Isles.
Thus at very low conductivities the water supply is rain dominated and sodium,
magnesium, hydrogen and sulphate are the predominant ions. As conductivities
increase and igneous and non- calcareous metamorphic rock weathering dominate the
composition of the water, hydrogen ions become less prominent and sulphate and
chloride are overtaken in importance by bicarbonate, whilst at the higher conductivities
associated with sedimentary rocks and drift, the waters are distinctly richer in calcium
and bicarbonate with increasing pH. Conductivity to some extent also acts as a
surrogate for altitude in the British Isles for virtually all high altitudes are created by
poorly weathered rocks whilst nutrient rich glacial drift or soft sedimentary rocks cover
the lowlands. Conductivity also varies only a little seasonally for it is determined by
largely conservative ions whose concentrations are high relative to the requirements for
them of living organisms in natural waters.
Nutrient loading, conditioned by retention time, has been established as paramount in
determining the productivity of the phytoplankton communities in lakes (Schindler
1978). Although a variety of factors may determine actual phytoplankton growth rates
at a given moment, it is usually the amount of phosphorus in circulation (reflected in the
total phosphorus concentration - the sum of dissolved inorganic, dissolved organic and
living and dead particulate compounds containing phosphorus, expressed as their
phosphorus content) that determines the potential phytoplankton crop size and
ultimately the productivities of dependent animal communities both in the pelagial and
profundal zones. The availability of total nitrogen may be crucial in some cases (White
1983), where phosphorus is naturally very abundant from natural sources (such as in
some of the West Midland meres (Moss et al 1992, in press).It has been argued that
because of the ability of some cyanophytan algae to fix nitrogen, nitrogen limitation
can only be a temporary situation (Schindler 1977). However, in practice, other factors
may delay or prevent development of nitrogen-fixing cyanophytes so that nitrogen
limitation persists.

Total phosphorus or total nitrogen availability correlate closely with mean
phytoplanktonic chlorophyll a and especially with maximum chlorophyll a
(Vollenweider 1968; OECD 1982). This is because the potential mean may be reduced
by processes such as zooplankton grazing. In turn, unless the water is heavily humic
stained, total P and N correlate inversely with transparency measured as secchi disc
visibility. There is probably a good correlation also with areal rate of hypolimnion
deoxygenation, a measure which allows for variation in morphometry and the ratio of
hypolimnion to epilimnion volume. Nutrient status also affects the composition of
macrophyte and algal communities because different species vary in their abilities to
compete for nutrients at low concentrations and those with low intrinsic growth rates
may easily be outcompeted by fast growers at high concentrations (Titman 1976).
Many macrophytes can use and recycle phosphorus sequestered in the sediments
(Barko et al 1991) and may respond to nitrogen supply in the water rather than
phosphorus supply.
In turn, production status, with its implications for overnight deoxygenation has
impacts on the nature of the fish community (Varley 1967) and on the profundal
benthos (Brinkhurst 1974). High production is also linked with formation of
sedimentary particles and may influence the nature of the substratum in the littoral and
its benthic animal communities.
The total phosphorus and total nitrogen concentrations in a lake are determined
ultimately mostly by their concentrations in the inflow water. However these are
modified by retention time and depth (Vollenweider 1975) so that there is an interaction
with the morphometric variables also included in the scheme. The longer the retention
time, the less the total P in the lake compared with the inflow water (OECD 1982). This
is because phosphorus is rapidly incorporated into the bottom deposits. Conversely, in
very shallow lakes (say <3m max depth) the high ratio of sediment area to lake volume,
and the often high release rates from bare sediments and those associated with
macrophytes in such lakes, may lead to much increased concentrations in summer
compared with the inflows (Moss 1991).
Both nitrogen and phosphorus exist in a large variety of combined organic, inorganic,
dissolved and particulate forms, most of which eventually become available through
mineralisation for algal growth so that measurement of any one of these forms gives an
underestimate of total availability. Measurement of all of them, as total N and total P is
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a better measure though a small fraction of the total probably is refractory and
unavailable.
Concentrations of total P and N are used in the scheme rather than available P or N also
because the latter are seasonally extremely variable and may indeed be undetectable in
summer even in very fertile lakes. However because of its importance in other ways,
winter concentrations of nitrate (the major component of the total oxidised N frequently
measured by the NRA) is also incorporated as a derived variable (see below).
The ratio of total N to total P is also a useful indicator of the pre-eminence of nitrogen
or phosphorus limitation (Redfield 1934,1958). Algae growing with a sufficiency of all
necessary nutrients need a ratio of N to P in the region of 7 (by weight) or 16 (by
atoms), though there is some variability in this for different species. As lakes become
eutrophicated by sewage or stock effluent, which have very high P to N ratios, the key
limiting nutrient for phytoplankton growth switches from P to N as the N to P ratio in
the water falls. A change in ratio from above about 7-10 (by weight) in N to P in the
water is thus a useful indicator of change. A threshold ratio of 9 has been adopted in
this scheme. A pilot test of the scheme (Appendix 5) has shown that more lakes are
limited now by nitrogen than they were in the 1930s.
3.3.4 Availability of data for calculation of the driving variables in the
baseline state
The driving variables for the baseline state are readily calculable from available
databases which will be incorporated into the computer package for the scheme and
from some simple pieces of information about the water body in question. The four
driving variables are retention time; mean conductivity; and inflow concentrations of
total P and total N.
Retention time
Retention time requires the following for its calculation: area of catchment; mean
annual net effective precipitation (mean annual actual precipitation - mean annual actual
evaporation); and lake volume. Retention time is given (in years) by:
L a k e -v a lu m e im 3)

Catchment area (m^) x net eff pptn (m a"*)
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Lake volume will change somewhat during a year but not usually by more than a few
per cent and will have to be initially determined for each lake included in the scheme.
For the better-known lakes surveys have often already been carried out. For others a
simple survey, carried out by echo-sounder, coupled with an estimate of area measured
on a 1:10500 or larger scale OS map will be adequate. For most water bodies it will not
be necessary to redetermine volume in the forseeable future but for those suspected of
rapid infill, a bathymetric re-survey will periodically be needed. Catchment area can
also be estimated from OS maps using planimetry. Lakes fed largely by groundwater
present the problem of determining the exact limits of the catchment, for their
hydrology is usually not known in any detail. For these lakes the apparent surface
catchment should be taken. As long as this is taken as fixed for calculation of baseline
state, no serious problem occurs. The reference baseline state needs to be known
accurately, but not necessarily to a high degree of precision.
1

The Meteorological Office has published a set of values for mean annual actual
evaporation (MORECS) for the average conditions over the period 1961 to 1990 based
on a 40x40 km^ grid system for the British Isles.lt has also published 30-year mean
annual precipitation data at 5x5 square kilometre intervals (Meteorological Office 1989)
This grid can be systematically aligned with the National Grid used by the Ordnance
Survey so that a computer program could easily be designed to link the two grids and
produce a value for net effective precipitation if a Grid Reference is entered.
Conductivity
There is a substantial data set gathered by the Geological Survey which relates run off
water and ground water chemistry to local rock type and to major types of surface drift
(Appendix A). There is also a range of additional data in the literature and these data
have been compiled (Appendix 1). For each rock type there is a range rather than a
single value but the ranges are narrow compared with the overall range of conductivity
in British waters. From an inspection of the Institute of Geology 1:250 000 geological
map relevant to the catchment of a particular body of water, it is possible to estimate the
proportions of major rock types in the catchment and to make a simple calculation to
estimate the baseline conductivity (see Table 4.1). However, this information also can
be incorporated into a computer program so that simple entry of the extreme Grid
References for the catchment will give this information automatically.
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Inflow total N and total P
The databases for determining inflow total N and total P concentrations include the
Annual Agricultural Census Returns carried out annually since 1866, though only those
for 1930 are used in establishing baselines. The Censuses are carried out on a farm by
farm basis but listed in the public record on a parish basis. The area of land use is given
in a large number of categories including temporary and permanent grass, cereal crops,
root crops, field crops, orchards, woodland & rough grazing. Numbers of poultry,
sheep and goats, cattle, pigs and horses are also recorded on the same basis. Actual
fertilizer use is also recorded (MAFF 1968; MAFF, NAAS and Fertilizer & Lime
Committee, 1970; MAFF, ADAS & Fertilizer Manufacturers' Association, 1974,1976,
1980). From the accumulated literature it is possible to estimate rates of input of N & P
to each of the land use types and thence also from the proportions of these nutrients
leached or excreted and defecated to establish the amounts exported to streams or
ground water. The choice of export coefficients (Appendix 2) depends not only on the
land use but the topography of the landscape and is' governed by direct calibration using
actual stream analyses made over the past fifteen years. Examples of these calibrations
are given later.
It is possible to make these calculations on a range of spatial scales, from the coarse
basis of whole NRA regions to the finest basis of an individual lake. The recommended
scale used in this scheme is an intermediate one which uses natural sub- regions, the
size of which is governed by the geology and topography. These regions were mapped
by the Land Utilisation Surveys carried out under the direction of Dudley Stamp in the
1930s and published as a monographic series (Dudley-Stamp 1941). A list of these
regions is given as Appendix C.
3.3.5 Reasons for the choice of the derivative variables used
Derivative variables are those derived from the four driving variables, additional
databases taken from the literature and from analyses made on a group of up to one
hundred lakes in Britain during this project The derivative variables for the baseline
state are hindcasted using regression equations and are, of course, those to be measured
during contemporary lake surveys. They include the following mean annual
concentrations: lake total P, lake total N, total alkalinity, calcium, together with winter
total dissolved oxidised nitrogen (effectively nitrate), maximum chlorophyll a, total N
to total P ratio in the inflow water, mean annual pH, minimum potential secchi disc
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transparency, and plant ranking score, based on a system using the aquatic plant
community developed by the former Nature Conservancy Council (Palmer et al 1992).
Contemporary measurements of the driving variables, and of depth and volume will
also be used for comparison with the baseline state. An indication can also be given as
to whether a fish community can potentially be sustained in the lake.
The reasons for choice of these variables are severalfold. First, inter alia ,they give
indices of potential eutrophication, oligotrophication, acidification, salinisation, and
sedimentation, which together comprise the major agents of change to which British
lakes are subject. Secondly with the exception of total nitrogen, they are already
conventionally measured either by the NRA or in English Nature's existing scheme for
lake assessment, and involve no additional implications for the purchase of expensive
laboratory equipment, and thirdly they include biological indicators that do not require
high taxonomic expertise. Lastly they can be measured quickly and efficiently and are
for the most part well understood by the limnological community.

3.3.6 Reasons for not using certain other variables in the initial version
of the scheme
There are a number of variables that we have chosen not to use but for which logical
arguments could be proffered. These include the oxygen status of the hypolimnion in
stratified lakes; the nature of the benthic invertebrate community; the nature of the
planktonic community and the composition of the fish community.
Hypolimnial oxygen concentration is assuredly an important characteristic, controlling
as it does, the potentiality for survival of salmonid and coregonid fish in a lake. The
concentration of oxygen in the hypolimnion steadily falls in many lakes during the
summer and is to a large extent date-specific. It is dependent on the rate of production
in the epilimnion, the temperature, and the volume of the hypolimnion relative to that of
the epilimnion. For the same lake productivity, therefore, a shallow but stratifying lake
might become severely deoxygenated whilst the accident of greater depth in another one
would obviate such a fate. Concentrations of oxygen, as such, are thus not comparable
in a standard way. The variable that might be validly compared is rate of hypolimnial
oxygen deficit in mg O2 consumed per m2 per day during the summer. This variable is
related to production variables such as total P or N, and maximum chlorophyll a and
from these and morphometric variables it would theoretically be possible to derive a
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regression equation to predict minimum oxygen concentration in the hypolimnion.
Sufficient data do not presently exist for us to be able to do this and contemporary
measurement would require the use of a boat on a series of occasions. We have
attempted to avoid this in view of the time and logistic problems that boat use creates.
However such measurements could be included once a sufficient data set has been built
up.
The omission of benthic invertebrates might seem surprising in view of the immense
advantages they appear to offer in the assesssment of stream and river quality
(Hellawell 1978,1986; National Water Council 1981; Wright et al 1984). In the latter
case, however, the habitat is much more uniform and sampling is effectively restricted
to standard stony or gravel bottomed sites where simple kick samples can be used. The
pervasive effect of a single environmental factor, unidirectional current flow, makes
physical conditions strongly deterministic of the nature of the pristine community. This
hence gives some baseline for changes in water quality, albeit confined to one major
kind of pollutant, organic matter, to be assessed. Effects of biotic interactions such as
competition and predation within the community are ignored, perhaps justifiably in
view of the physical extremity of the habitat, perhaps not (Hildrew et al 1984).
The much more variable nature of substrata in lakes, the less extreme physical
conditions, the prevalence of biotic interactions within the communities (Wetzel 1990)
and acknowledgement of the wide variety of impacts that might affect the community
composition in complex interacting ways, let alpne the issues of randomness and
accident affecting colonisation and extinction in 'island' type habitats such as lakes,
make the use of benthic invertebrates thoroughly unsuitable. A given lake may have
sandy, gravelly, silty or rocky stretches along its shoreline, most with variants
deteraiined by the patchiness of particular macrophyte species. Delineation of a
standard habitat between lakes would be very difficult The sorting of benthic samples
from stony streams is time consuming but not excessively so for the simple
examinations necessary for the operation of most stream biotic indices. The sorting of
silty material and of macrophyte-dominated samples-is extremely tedious and the
heterogeneity means that single samples would be far from representative.
These issues alone preclude the use of invertebrates, but the importance of fish and
invertebrate predation in structuring lake benthic communities (Macan 1977) is likely to
outweigh the effects of the physico-chemical environment and sufficient data do not
exist for even a first approach to be made in using invertebrates as indices of change or
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quality. In the past, the much simpler profundal community of the deep waters has been
linked with other features of the lake (Brinkhurst 1974), but the community comprises
mostly different species of dipteran larvae and oligochaete worms. The distinctions
between lakes are subtle and a finer approach to the taxonomy is required than that used
for these groups in river surveys. Furthermore, sampling would require boat use and
time consuming sieving and sorting as well as good taxonomic expertise. Some of
these problems might be obviated, by use of chironomid exuviae accumulated at the
edge of the lake but the objection of taxonomic expertise would still apply and an
operator would have little flexibility in the date of sampling for emergence occurs over a
very short period.
Most of the same objections relate to use of the plankton community. It can be easily
sampled but the phytoplankton has large numbers of species, cropping out in a pattern
that has much year-to-year variation. It is not yet possible to relate phytoplankton
species composition to water chemistry in more than a very general way (Hutchinson
1967) and relative abundance rather than mere presence or absence needs to be taken
into account. Taxonomic problems are considerable. For the zooplankters, sampling is
also easy at least at the edge of a lake but predation, particularly by fish, is by far the
strongest determinant of community composition (Hrbacek et al 1961; Hall et al 1976)),
far outweighing the subtleties of water quality.
Fish are so prominent in the public perception of the quality of freshwaters that it would
be useful to incorporate them in the scheme to a greater extent than is considered
possible. The problem lies in delineating what a 'natural' fish community might be in a
country where multiple removals and restockings, interference with migration routes
and undocumented introductions have removed all vestiges of even the grosser features
of natural patterns of distribution (Maitland 1987; Maitland & Lyle 1992). Hindcasting
of a baseline is thus largely conjectural and establishment of the contemporary
community, if it is not to rely entirely on angling anecdote, would be a costly operation
in time and resources.
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DETAILS OF THE SCHEME
Calculation of the driving variable - retention time

Details of this have effectively been given in 3.3.4 above but are repeated here for ready
reference. The Meteorological Office has published data based on the period 1961-1990
for actual evapotranspiration on a 40km x 40km basis. This variable varies only a little
across the country, but precipitation varies greatly and is the greater determinant of
differences in run off. Precipitation data thus come from a smaller grid scale of 5km x
5km (Meteorological Office 1989) based on the average between 1941 and 1971. The
difference between precipitation and actual evapotranspiration is the net effective
precipitation, or the amount of water that then runs off the catchment. This is used,
with lake volume to calculate retention time. From the net effective precipitation and
the area of the catchment, the total run off or discharge of water into a basin per year
can be calculated. The catchment area can be quickly estimated from OS maps using a
planimeter. Lake volume divided by annual discharge gives mean retention time. Lake
volume can be satisfactorily approximated from lake area determined by planimetry of
suitably large scale OS maps and either a simple bathymetric survey to give mean
depth, or failing that a knowledge of maximum depth determined by echo sounding.
Area multiplied by half the maximum depth gives a reasonable approximation of
volume.
There may even be no need to carry out field survey at all, for in a large sample of
British lakes, area and maximum depth are highly correlated ( r = 0.95, P<0.001, n =
51)) and so retention time could be calculated entirely as a desk exercise.However the
regression gives quite deviant predictions for small lakes though large glacial lakes are
well served by it. Actual survey for small bodies is thus normally to be recommended.
The calculations could be computer-automated from entry of Grid Reference and the
planimetred estimates of catchment and lake areas. Great precision is not required
because the retention time varies by several orders of magnitude for different lakes and
subsequent calculations which use it are not particularly sensitive to it. If it should
prove that climate is changing in a significant way, baseline and current data on net
effective precipitation could be used as additional variables in the scheme, using annual
Meteorological Office data.
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4.2 Calculation of the driving variable - conductivity
Hindcasts of conductivity depend on three components - the geology of the catchment,
the effects of sea spray, and the effects of marine infiltration. The former is the
dominant factor in most cases. Sea spray may be important in lakes up to 50 km or so
from the sea (Raisewell et al 1980) particularly in lakes on poorly weathered rocks to
the western seaboard. A very few lakes in the UK lie very close to the sea and
separated from it by permeable lowlands (Holdway et al 1984; Bales et al 1993) or are
linked to tidal rivers receiving shots of salt water on very high tides (Moss et al 1989).
The procedure for hindcasting conductivity is to estimate it from the geology using
geological maps and a geochemical database. No additional correction for lakes within
50 km of the western seaboard is made, for the database depends on actual
measurements in which the sea spray element will already be accounted for. For
lowland lakes likely to be more significantly influenced by the sea the situation is more
complex. There are relatively few of them, however, the Norfolk Broads being the
largest group, but isolated examples exist elsewhere. The procedure here is to estimate
the geologically determined conductivity, then to inspect historical data, which often
exist for such lakes, and determine whether the baseline conductivity is likely to have
been significantly affected by marine influence and take the greater of the two values. If
historic data do not exist then comparisons of conductivity between the baseline and
contemporary periods cannot be validly made. Conductivity is likely to have changed
greatly in such lakes since the baseline period because of intensified drainage and
increased infiltration through the catchment to the lake or through net rise in sea level in
southern and eastern England. These cases have to be treated on an individual basis.
Estimation of the geologically based conductivity is a simple matter of determining the
major features of geology for a lake catchment as a desk study, or more likely direct
from the National Grid References of the lake and its catchment and a computer
program which contains digitised data on regional geology. The conductivity is
calculated from the characteristic conductivity ranges associated with particular rock
types and the proportions of these represented in the catchment. Post-glacial drift
deposits are also included. A sample calculation is given in Table 4.1 . It is not
expected that conductivities will have changed since the baseline period in most cases
but the conductivity is used to hindcast pH, which in many upland cases will have
changed through acid precipitation (Sutcliffe et al 1982).

Table 4.1

Rock

Hindcasting of conductivity (us c m 1) from major catchm ent geology
, including a worked exam ple for Lake W inderm ere

C o n d u c t iv it y

type

RANGE

M

a jo r r o c k

TYPES IN THE
W

in d e r m e r e

CATCHMENT

P r e d ic t e d
c o n d u c t iv it y

RANGE (SUM) FROM
EACH ROCK TYPE

(us cm -1)

(% \

Igneous rock
Peat deposits

20-100

75

15-75

Pre-Cambrian and Cambrian rocks

50-150

0

0

Ordovician and Silurian rock formations
Boulder Clay and Morainic Drift deposits

70-200

25

17-50

Devonian and Carboniferous rock formations
Metamorphic sedimentary formations

150-550

0

0

New Red Sandstone: Triassic formations

250-650

0

0

New Red Sandstone: Permian formations

650-900

0

0

Jurrasic rock formations

500-950

0

0

Cretaceous rock formations
Clay with flints deposits

350-700

0

0

Tertiary and Quaternary rock formations

850-1000

0

0

Glacial Sand and Gravel deposits
River Terrace Sand and Gravel deposits
Lacustrine Clays, Silts and Sands
Brickearth, mainly loess deposits
Alluvium

800-1200

0

0

1200-15000

0

0

Waters subject to strong marine influence
(Brackish)

P r e d ic t e d

c o n d u c t iv it y r a n g e

FOR LAKE WINDERMERE (|XS cm '1)

d

p. n

0*S cm"1)

1C1

„

= 32-125

There have also been increases recently in some areas due to drier weather and reduced
run off (Table 4.2). These are small and subtle changes however and not likely to
influence the scheme in a significant way.
Table 7 Changes in the mean summer conductivities (|iS/cm) of some of the
Cheshire, Staffordshire and Shropshire meres between 1976 and 1991. Data for 1976
are largely taken from Beales (1976) and quoted by Reynolds(1979). Data for 1979 and
1987 are taken from Wigginton & Palmer (1989) and 1991 data from Moss et al
(1992).

Mere

1979

1976
292
256
94
289
373
570
406

Berrington Pool
Betton Pool
Bomere
Colemere
Crosemere
Fenemere
Hatchmere
Ossmere
Quoisley Mere
Tatton Mere
Whitemere

522
496
239

Petty Pool
Cop Mere
Combermere
Chapel Mere
Betley Mere

337
404
400
559
609

290
243 .
100
303
340
507
380
310
450
400
240

1987
415
315
145
310
390
690
460
460
600
515
315

403
361
144
248
471
736
503
476
616
514
320

-

482
488
477
705
713

-

- ■
-

1991

4*3 Calculation arid calibration of the driving variables inflow total P and total N concentrations
The steps involved in calculating these variables for a given lake in its baseline state are
as follows:
(a) Determination of the catchment area and the net effective precipitation and thus the
total water flow (m3) per year from the catchment to the lake.
(b) Determination of the proportions of different land usage and the headage of stock
(number per catchment) of various kinds in the catchment in the baseline period.
(c) Determination of the net rates of N and P export from the different forms of land use
(kg ha*1 a '*) and the different types of stock (kg head-1 a _1) and calculation of the total
annual export on a catchment basis (kg a-1) using the area of catchment (a) and the
proportions of different types of land use in.it.
(d) Calculation of mean inflow concentrations from the total annual export (c) divided
by the totalwater volume annually delivered to the lake (a).
These calculations have been calibrated against actual analytical data to ensure the
validity of the model in different geographical circumstances. The degree of precision
required for the calculations has also been examined because the most precise
calculations are time consuming to carry out. The most precise procedure and its
calibration will first be discussed followed by its modification for practicable use.
4.3.1 Calibration of the model
The model has previously been validated for two sites in southern England, Slapton
Ley and the River Windrush by Johnes (1990) and Johnes and Heathwaite (submitted)
( see also Johnes & Burt 1993), who compared the predictions made by the model with
measured data and found high correspondence. Figures 4.1 and 4.2 shows the end
result correspondence between model predictions and actual measurement for these
sites. For this project the model has been further validated for ten more sites located
over a greater proportion of England and Wales, for which recent monitoring data for
total phosphorus are available from the NRA. Total nitrogen data are not available for
any site and so total oxidised nitrogen data have had to be used with the assumption,
derived from literature studies that this constitutes 50-60% of total nitrogen.
The proportions actually used are listed in Appendix D. Steps (a) to (d) have been
carried out for each location using data for 1931,1970,1975,1980,1985, and 1988
and compared with observations made by NRA for the latter five years. In making
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these calibrations, the human population has also been included as sewage effluent can
be a major contributor to total P in particular and also to total N. It should be
emphasised, however, that human populations are not to be included in hindcasts of the
baseline state for the purposes of operational use of the L.ake Classification and
Monitoring scheme. These hindcasts establish a reference point of appropriate land
usage. The human population and its effects are superimposed on this and their
relevance is seen in the contemporary measurements to be made of water quality and the
comparison made with the reference baseline. The ten sites used for calibration and
validation are the harmonised monitoring sites for the Rivers Eastern Cleddau
(Pembrokeshire,Dyfed), Cober (Cornwall), Crake (Cumbria), Erme (Devon), Esk
(Cumbria), Meon (Hants), Midford (Somerset), Rybum (Yorks) and Waver (Cumbria)
and the Broads Research monitoring site on the River Ant (Norfolk). The details of the
calculations and results are given in Appendix 4, but the general procedures and
conclusions are dealt with here.
In general terms step (a) has been dealt with above (Sections 3.3.4 and 4.1). Step (b)
involved visiting the Public Records Office at Kew and inspecting the records of the
Annual Agricultural Censuses for the years in question for each site. Because this was a
calibration exercise rather than simply one of determining baseline state, the
contributions of the human populations to the nutrient flow had also to be included and
so the ten-year population census data for the years closest to the calibration series were
also inspected. This allowed comparison of model output with observed water quality
data for the period 1970 - 1988 and therefore proper validation of the model for each
site.
The agricultural censuses are made on an annual basis and land usage is recorded on a
parish basis in hectares (formerly acreages) in the following categories: permanent
grass, temporary grass, cereals, root crops, field vegetables, oilseed rape, small fruit,
bare fallow, rough grazing, and woodland. The headage of poultry, sheep and goats,
pigs, cattle and (formerly) horses is also recorded on a parish basis. From an inspection
of the map of the catchment a close estimate can thus be made of the proportions of it in
each of the relevant parishes and thence of the hectarage of each land use type in the
catchment of a particular lake. For each of these land use types, the input of N and P as
fertilizer has also been recorded in surveys of fertilizer practice since 1969 and on a
regional basis for the baseline period. The amounts of N fixed and of these elements
removed in crops are also known. This allows coefficients to be calculated (export
coefficients) which give the proportions of the input lost to the catchment and thus a
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value for the amount exported to streams per unit area. A variety of such coefficients is
known (Appendix B ) dependent on the local weather and topography but they do not
differ greatly for a particular land use type. Similarly the annual export due to
defaecation and excretion per body for different farm animals and for humans is
known (Appendix B) and can be used to calculate annual export to streams for these.
Values differ but not greatly for different breeds of farm stock. Export rates for upland
animals are likely to be lower than for intensively farmed lowland stock because their
body weights are lower. This has been taken account of in selecting coefficients for
upland sites.
In the preliminary phase of modelling, suitable coefficients are judgementally selected
and the calculations (a) to (d) made. These calculations are then compared with actual
data for one year and the export coefficients adjusted to give as close a comparison as
possible taking into account the general principles controlling the rates of nutrient
export from each nutrient source. The calculations are then made for a set of other
annual data without any further adjustment of the .coefficients and the calculations and
actual data are compared. Table 4.3 summarises the model predictions made for 1988
with the observed data for 1988 for total N and total P. The model predictions differed
from the observations by a mean of 8.4 ± 7.6 % for total N and 7.4 ± 7.8% for total P.
This latter calculation does not include the extremely deviant prediction for the total P in
the R.Ant, which at 225% was so different from our experience with the other sites
that we believe some special circumstance to be affecting the results.lt may be that the
very flat topography and very low flows of this region lead to negligible transport of
particulate phosphorus from the catchment to the river. Nutrient budgeting in this area
is most successful when only soluble material is considered for the diffuse loads (Moss
et al 1988). This issue is discussed in Appendix D.
Hindcasts for the concentrations found in 1931 (Table 4.4) suggest that on average
the concentrations have more than doubled (ratio of 1988 to 1931 concentrations for
total N: 2.36 ±0.87 and fro total P: 2.08 ±0.38. These represent increases by 136%
and 108% respectively and illustrate that the model predictions are likely to be good
enough for changes occurring since the baseline period to be readily detected.
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Table 4.3 Comparison between model predictions, based on individual catchment
calculations and measured values for annual mean total N and total P
concentrations in ten British catchments. Percentage deviation of the
calculated value from the measured value is given as the difference
between calculated and measured values divided by measured value and
expressed as a percentage. Concentrations are given in mg/1. Total P value
for the R. Ant has not been included in the calculation of mean and
standard deviation for reasons discussed in the text.

Catchment

Total N (1988)

Deviation

Measured Calculated

Total P (1988)

Deviation

Measured Calculated

R. Ant

10.0

9.3

-7

0.1

0.33

R. Cleddau (E)

4.3

5.18

20.5

nd

0.4

-

R. Cober

8.5

8.45

-0.6

0.4

0.38

-5

R. Crake

1.15

1.33

15.7

0.051

0.055

7.8

R. Erme

4.5

4.7

4

0.2

0.19

-5

R. Eske

1.0

1.03

3

0.043

0.040

-7

R. Meon

11.4

11.4

0

0.4

0.38

-5

Midford Brook

15.0

15.6

4

1.35

1.4

3.7

R. Rybum

5.6

5,01

-10.5

0.35

0.26

-25.7

R. Waver

7.0

8.33

19

0.28

0.28

0

Mean
SD

8.43
7.6

225

7.4
7.8

4.3.2 A lternative scales for hindcasting and their calibration
To carry out these calculations on an individual catchment basis is extremely timeconsuming and unsuitable on a routine basis. Less precise approaches have thus' been
examined and their precision compared with the 'Gold Standard' approach described
above. These bases include : entire NRA regions; sub-regions delimited by geological
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or topographical uniformity; and a 10km x 10km grid basis. For each of these scales
the approach was to examine the feasibility of calculating average export coefficients for
N and P that could be applied to any catchment within the spatial unit concerned. Thus
for a given NRA region there might be single average coefficients for N and P based
on average land use within the region and similarly for the sub regional and

100

km^

scales. These would be expressed as an average export of nutrients in kgN/ha and kg
P/ha specific to each region.

Table 4.4 Comparison between model calculations on an individual catchment basis
for total N and for total P concentrations for 1931 and 1988. Ratio is the
ratio of value in 1988 to that in 1931.Concentrations are given in mg/1.

Catchment

Ratio

TP(1931)

TP(1988)

Ratio

9.3

4.65

0.15

0.33

2.2

R. Cleddau (E) 2.47

5.18

2.1

0.15

0.4

2.67

R. Cober

5.23

8.45

1.62

0.25

0.38

1.52

R. Crake

0.75

1.33

1.77

0.032.

0.055

1.72

R. Erme

2.1

4.7

2.24

0.08

0.19

2.38

R. Eske

0.51

1.03

2.02

0.02

0.04

2.0

R. Meon

5.04

11.4

2.26

0.17

0.38

2.24

Midford Brook 5.4

15.6

2.89

0.56

1.4

2.5

R. Rybum

2.6

5.01

1.93

0.15

0.26

1.73

R. Waver

3.88

8.33

2.15

0.15

0.28

1.87

R. Ant

TN(1931) TN(1988)
2.0

2.36
0.87

Mean
SD

.

2.08
0.38

The NRA regional scale was rejected because the regions are too heterogeneous for a
single set of export coefficients to be developed and applied uniformly. The North West
region, for example, contains terrain as varied as the Cumbrian Lake District based on
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igneous and metamorphic rocks and the north Cheshire Plain with its extremely fertile
glacial drift deposits. The Welsh region similarly encompasses mountainous areas in
the north and centre and fertile lowlands in the south. Single counties within this region
such as Pembrokeshire also contain such a range within very short distances.
At the other extreme, a

100 km 2

basis was also rejected for two reasons. First such a

grid system has no natural relationship with the landscape and overlaps it in a purely
random way. In many instances development of average export coefficients for such
squares would be impossible without very large errors being attached to them.
Secondly the labour involved in determining the average export coefficients for each of
the approximately 2000 squares covering Britain is very large. It would involve
determining the proportions of different land uses in each square from the 1930-1940
Land Utilisation Survey maps of Britain by graphical methods or quite extensive
calculations and this would not be justified in view of the fundamental objection raised
to this approach.
The use of natural sub-regions, however, is a much more promising approach in that
such regions have a natural uniformity, there are many fewer of them than there are
10km x 10km squares but many more than there are NRA regions, and the task of
developing average export coefficients for each area is not a formidable one. During the
1930s the entire country was mapped in terms of its general topography and consequent
land usage on a county basis (Dudley Stamp 1941). The maps were published and
reveal a variable number of sub-regions per county each with a recognisable natural
basis (see Appendix C for a full list).In addition, detailed reports accompanied the
county maps describing the agricultural production system in place in each land-use
region at that time, providing much valuable information which can be used in the
selection of suitable export coefficients for each of these land use regions.
For the purpose of this scheme some of the sub-regions represent subtleties of farming
practice that can be combined and as a result there appear to be of the order of 5-10
such regions per county in the lowlands and rather fewer in the uplands. Determination
of export coefficients for N and P in each of these is relatively straightforward. Lake
catchments might straddle more than one region but this does not unduly complicate the
calculations. Examples of the sub-regional divisions (before any amalgamation that
might be possible for the present purposes) for a relatively simple county such as
Pembrokeshire and a more complex one such as Somerset are given in Figs 4.3 and
4.4.
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Table 4.5 Comparison between model predictions of concentrations of total N and total P for 1931 and 1988 made by individual

R

catchment and natural region approaches. Deviation (%) o f the regional approach val ues from observed values in 1988 is shown in
parentheses. Concentrations are given in mg/1, regression statistics are given with x as the catchment approach and y as the regional
approach in each case. Total P values for the R. Ant are excluded from the calculation of mean deviation for reasons discussed in the text.
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1931
TN
Catchment
Region

1988

TP
Catchment
Region

TN
Catchment

Region

TP
Catchm ent
Region

2.0

2.13

0.15

0.092

9.3

10.3(3)

0.33

0.39(290)

Cleddau

2.47

2.51

0.15

0.151

5.18

5.1(18.6)

0.4

0.4(nd)

Cober

5.23

5.03

0.25

0.24

8.45

8.08 (-5)

0.38

0.3 7 (-7.5)

Crake

0.75

0.78

0.032

0.034

1.33

1.32(14.8)

0.055

0.05 3 (-3.7)

Erme

2.1

1.64

0.08

0.06

4.7

3.5(-22.3)

0.19

0.14(-30)

Eske

0.51

0.66

0.02

0.02

1.03

1.02(2)

0.04

0.037(-14)

Meon

5.04

5.33 .

0.17

0.19

11.4

12.2(7)

0.38

0.44(10)

a

Ant

n

Midford

5.4

4.4

0.56

0.49

15.6

14.5(-3.4)

1.4

1.25(-7.5)

R yburn

2.6

3.0

0.15

0.15

5.01

5.42(-3.3)

0.26

0.28(-20)

Waver

3.88

3.44

0.15

0.15

8.33

7.93(13)

0.28

0.33(18)

(9.2)
(7.4)

Mean
SD
r
Constant
Slope
P

0.947
0.2
0.898
<0.0001

0.974
0.007
0.879
<0.0001

0.974
0.032
0.992
<0.0001

(13.8)
(8.6)
0.983
0.04
0.885
<0.0001

'

Convenience is one thing; the crucial question is to what extent do the hindcasts given
by such an approach fall short of the high precision given by the 'Gold Standard'
approach described and quantified above. We have compared the two approaches for
the same sites as used for calibration and validation above. Full details are given in
Appendix D and the broad conclusions are dealt with here. Table 4.5 compares thet
model predictions made for 1988 by the catchment basis and by the regional basis
approaches. It also compares the regional approach prediction with the actual
measurements. The mean deviation from the observed concentrations was 9.2 ±7.4%
for total N and 13.8 ±-8 .6 % for total P. These are slightly greater but are not
significantly different from the deviations found for the individual catchment approach.
The amount of change detected between 1930 and 1988 by the regional approach
averaged 108% for total N and 110% for total P, values which are closely similar to
those (111%, 107%) obtained by the catchment approach. Regression analyses run
between estimates for total N or total P calculated by the individual catchment versus
the regional approach produced very high correlations with slopes not significantly
different from unity (Table 4.5).Furthermore, in calculating nutrient exports for the ten
study catchments we found that we were able to use the same set of export coefficients
for three upland sites (Rybum, Esk and Crake), for two intensive dairying catchments
(Midford, Cleddau) and for three broadly similar sites in Devon and Cornwall (
Slap ton, Erme and Cober). We therefore conclude that the regional approach is an
acceptable alternative to the individual catchment approach and, especially in view of
the considerable amount of time that can be saved by it, we recommend its use.

4.4

Predictive equations for the derivative variables

A range of sources has been used to develop equations which hindcast the variables
used to characterise the state of the water bodies in the baseline period. Where
published relationships were not available appropriate regression equations were
developed from data collected and collated for this project. These variables are also
those which will be measured to assess the state of the water body at present and in the
future. The equations are summarised in Table 4.6 and are individually discussed
below. Numbers refer to the number of the variable in the table.
(I) and (2) Mean annual inflow concentrations o f inflow total P and total N. These are

driving variables whose derivation is discussed above.
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(3) M e a n a n n u a l lake c o n c e n tra tio n o f to ta l p h o s p h o ru s . T h is e q u a tio n is d ra w n from
th e la rg e b o d y o f d a ta a c c u m u la te d by th e O E C D (1 9 8 2 ) d u rin g th e 1970s. I t d e p e n d s
on th e in flo w c o n c e n tra tio n a n d the re te n tio n tim e o f th e lak e , t(w ) • T h e lo n g e r the
re te n tio n tim e, th e g re a te r th e p ro p o rtio n o f p h o sp h o ru s th a t is tra n sfe rre d to th e la k e
bed and so the lo w e r the c o n c en tra tio n in the lak e co m p ared w ith the inflow .

F ig . 4 .3 L a n d u se re g io n s in th e o ld co u n ty o f P e m b ro k e sh ire

F ig . 4 .3 L a n d u s e re g io n s in S o m e rse tsh ire

Table 4.6

Regression equations for derived variables

V a r ia b l e
1

Mean annual inflow Total Phosphorus (|xg r ’5)

2

Mean annual inflow Total Nitrogen (ng 1' :

3

Mean annual lake Total Phosphorus (ng 1-1)

4

Mean annual lake Total Nitrogen (fig 1-1)

5

Mean winter inflow Total Oxidised N (jig 1-1)

6

Maximum Chlorophyll a in P limited lakes
(Ugl*1)

7

Maximum Chlorophyll a in N limited lakes
(|ig 1-1)

8

Mean annual Secchi disk transparency (m )

9

Minimum Secchi Disk transparency (m)

10

Plant Ranking Score

11

Mean annual lake Calcium (m g 1-1)

12

Mean annual lake pH

13

Mean annual lake Total Alkalinity (meq 1-1)

footno tes:

q
[ep]
[EN]

t(w)
[P]j
[N]j
[p]X
[n]x,
[N]wj

= Mean annual discharge from the catchment to the lake (m3 x 106)

=
=
=
=
=
=
=
=

Total annual export o f phosphorus from the catchment to the lake (kg)
Total annual export o f nitrogen from the catchment to the lake (kg)
Retention time (days)
Mean annual inflow total phosphorus concentration (ng 1*1)
Mean annual inflow total nitrogen concentration (jig 1-1)
Mean annual lake total phosphorus concentration (jig 1-1)
Mean annual lake total nitrogen concentration ([ig 1-1)
Mean winter total oxidised nitrogen concentration (fig 1-1)

MAX

[CHL]

= Maximum annual lake chlorophyll a concentration (jig l 'l )

[s e c ]

= Mean annual Secchi disk transparency (m )

MIN
[s e c ]

=
[cond] =
[ p rs ]
=
[c a 2 + ] =
[pH]
=
[A ik ]
=

•

Minimum annual Secchi disk transparency (m)
Mean annual lake conductivity (us cm-1)
Plant Ranking Score
Mean annual lake calcium concentration (mg 1-1)
Mean annual lake pH
Mean annual lake total alkalinity (meq ]-l)

There are two equations given, one for lakes with maximum depths greater than 4m and
one for shallow lakes with maximum depths less than 4m. In the latter case the effect is
to give lower values of the lake concentration for given inflow values. This results from
the greater production expected in shallow lakes due to lesser mixing depths for the
phytoplankton and a greater potentiality for interaction of water with sediment. Greater
rates of transfer from water to sediment are thus expected. The equations do not cope
with very shallow lakes with mean depths of the order of lm in which a large;
proportion of the lake bed might normally be expected to be colonised by macrophytes
and in which the net movement of phosphorus in summer is often out of the sediment
into the water (Osborne 1980,1981). In these cases a higher lake concentration than
inflow concentration is expected.
Equations derived from work in the very shallow Norfolk Broads, most of which now
have no, macrophytes and from the shallow examples of the Shropshire/Cheshire
meres, which retain them, have been developed but do not have cross-generality. Until
sufficient data have been accumulated to cope with these very shallow lakes, the
operational scheme will flag that lake concentrations are likely to have been significantly
higher in the baseline state than hindcasted. It is likely that significant net internal
loading is a largely a function of increased external loading and so any conclusion of
major increase in the phosphorus concentration will be valid though the degree of
change may be overestimated. In such lakes, also, an extra check will be available in
that macrophytes will often have completely disappeared.
(4) Mean lake total nitrogen concentration. The basis of these equations also lies in the

OEGD data set. The form of the equations is also similar to those for phosphorus
because nitrogen is also lost with increasing retention, mainly by denitrification. There
is little problem with very shallow lakes because, although nitrogen may be internally
loaded from sediments, the quantities are low, because of denitrification at the sediment
surface and minor compared with the effects of external loads. Because of the activity
of macrophytes, and organisms associated with their debris, total nitrogen in the
baseline state in very shallow lakes may be overestimated by the existing equations and
such a possibility will be flagged.
(5) Mean winter inflow total oxidised nitrogen. Essentially this is a measure of nitrate

and is included because of the presently recognised problems of increased nitrate
concentrations. Frequently the winter nitrate concentration is used as surrogate for
nitrogen loading in temperate lakes.
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(6) Maximum chlorophyll a concentration in P limited lakes and (7) in N limited lakes.

These equations are drawn from the OECD data set and a potential maximum
chlorophyll a rather than mean annual or mean summer chlqrophyll a has been chosen.
This is because actual chlorophyll a concentrations depend not only on nutrients and
'bottom up' influences like mixing depth but also on top down processes such as
zooplankton grazing, which itself may be governed by the state of the fish community.
Variations in recruiment of the latter caused for example by year to year variations in
weather can significantly affect zooplankton and thence phytoplankton, particularly in
shallow lakes. The maximum potential chlorophyll a, however, is less sensitive to this,
being usually attained later in the summer when recruitment variations in cyprinid fish
have been muted by predation (Vanni et al 1990; Luecke et al 1990).
It is necessary to have separate equations for P and N limited lakes. Phosphorus will
usually have been limiting in the baseline state but there are some lakes which appear to
be nitrogen limited because of naturally phosphorus-rich catchments. The Shropshire
Meres are the best known examples of this (Reynolds 1979; Moss et al 1992, in press).
A convention has been established which will direct the program to use the P-limited
equation when the inflow N to P ratio by weight is greater than 9 and the N-limited
equation when it is less than 8.9. This ratio is itself used as a variable, for major
changes in a lake are signalled when the ratio falls, usually as a result of pollution with
phosphorus rich effluent.
There is a small complication again with very shallow lakes (<lm mean depth) which
are dominated by macrophytes. Very recent work (Timms & Moss 1984; van Donk et
al 1989; Scheffer et al 1993) has shown that grazing almost year around keeps
chlorophyll a concentrations very low in such lakes. The macrophytes provide refuges
against predation for the crustacean grazers and permit very high grazing rates. There
are too few data yet for an equation to be given and the scheme will thus tend to give
hindcasts for the baseline maximum chlorophyll a in such lakes that are too high. In
many such lakes changes since the baseline period will have been towards loss of
macrophytes (Bales et al 1993; Phillips et al 1978; Bronmark & Weisner 1992;
Carpenter and Lodge 1986; Irvine et al 189,1993; Moss 1989, 1990,1991,1992;
Scheffer et al 1993; Stansfield et al 1989) and thus loss of the grazer effect because
fish will have increasingly been able to exploit the grazers. The degree of change in
such instances will be large but underestimated and this will be flagged by the
programme.
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(8 )Mean annual Secchi disc transparency and (9) minimum transparency. These are

calculated from the total phosphorus and from the potential maximum chlorophyll a
respectively and may consequently appear to be redundant. They are not redundant
because turbidity changes may have occurred particularly in shallow and small water
bodies due to suspension of inorganic particles and occasioned by loss of plants and
sediment anchorage or intensive cultivation close to the water's edge. Low
transparencies can thus be associated with changes other than of nutrient loading or
may be exacerbated following increases in loading. There is a set of special cases in
which lakes with peaty catchments may be expected to have reduced secchi
transparencies due to dissolved humic materials in their waters. The expectation is that
such lakes will have transparencies perhaps about half of those hindcasted and this
adjustment will be built into the program for approprate natural regions.
(10) Plant Ranking Score. This variable depends on a large data base accumulated by

the former Nature Conservancy Council. See Appendix F for a detailed account. The
occurrence of a range of submerged, floating-leaved and emergent macrophytes was
determined in relation to conductivity and a score assigned to each species dependent on
its position within the range of conductivity. Conductivity was assumed to be directly
linked with nutrient loading. For a given lake NCC listed the plants and calculated the
mean score (the trophic ranking score). This was done separately for submerged and
floating-leaved and for emergent plants respectively. The advantage of such a score is
that it does not depend on exhaustive listing of all Of the flora, though of course it is
desirable that the bulk of the flora be found, for the more species contributing to the
average, the more representative the estimate of the index.
It is not strictly true that Conductivity is directly related to nutrient loading so we have
developed a regression equation using data collected from a tranche of British lakes
which links the trophic ranking score both to conductivity and to inflow concentrations
of total N and total P, though it is the former two variables that contribute most to the
relationship. We have found it most useful to use both emergent and submerged species
in a single estimate particularly since submerged species may be absent in heavily
eutrophicated lakes, reservoirs with severe drawdown and peaty lakes. We have
excluded certain species for which only few data were available. Hence we have called
the score the plant ranking score.
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(11) Mean annual calcium concentration and (13) mean total alkalinity. These variables

are easily hindcasted from conductivity and in this sense are redundant. However they
allow changes to be detected consequent on acidification when calcium may have been
mobilised and alkalilinity reduced without major change in conductivity because of
increases in sulphate.They also give an indication of marl lakes in which phosphorus
concentration^ may be rather lower than in comparable non-marl lakes.
(12) pH. This is clearly an important variable though it is controlled by so many

factors that hindcasting it is less straightforward than is desirable. It may be hindcasted
from conductivity with reasonable success but there is an argument for reconstructing
baseine pH from historic data as has been done, for example for the Adirondack lakes
in the USA (Likens & Bormann 1974). The problem here, however is the change in
methodology for determining pH that has characterised the last half century. Existing
palaeolimnological reconstructions may allow a minimum baseline value to be set for.
the most sensitive regions where little altered rainwater dominates the lakes. For these a
value of 5.5 which represents the pH of distilled water in equilibrium with atmospheric
carbon dioxide may be appropriate.
(13) Potentiality fo r existence o f a fish community. Only a potentiality can be

hindcasted, from considerations of calcium and pH, because some lakes may not have
been able to support a community because of geographic isolation and the impossibility
of natural colonisation. A value of pH 4.5 appears to separate fishless lakes from those
with fish (Maitland et al 1987) and between pH 4.5 and pH 5.75 any fish population
present is likely to be sparse. At pH 5.75 and above a stable abundant fish population
can be anticipated. There will be almost no lakes that could not potentially support a
community on the grounds of water quality in the baseline state and we are thus able to
hindcast whether a lake would have had the potential for a sparse or substantial
population in the baseline state. It is not possible to hindcast the nature of the
community for reasons given above. For particular lakes with long, if anecdotal
records, it will be possible to assess major changes in the community on a separate
basis.

4.5 Calculation of indices of change
The hindcasts of the variables will give either single values or, for conductivity, a
range. For comparisons, we propose that the mid point of this range be taken. For most
variables, error bars can be attached derived from the regressions used to hindcast
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them. These are listed in Table 4.6. They inform the smallest changes that are likely to
be detectable. Appendix E shows comparisons between data obtained in the early 1990s
for one hundred British lakes and their established baselines. These help establish also
the likely scales of change. The calibrations discussed in Section 4.3.1 suggest that for
nutrient-related variables there is likely to have been at least a doubling in many cases
since the 1930s.

Table 4.7 Variables incorporated in the scheme that associated with particular sorts
of change in lakes

EUTROPHICATION ACIDIFICATION

FILLING IN

SALINISATION

pH

Volume

Conductivity

Conductivity

Maximum depth

Winter nitrate

Total alkalinity

Secchi transparency

Lake & inflow

Calcium

Retention time

Inflow total P & N
LaketotalP& N

N to P ratios
Secchi transparency

Max chlorophyll a
Plant ranking score

Potential for fish
community
Max chlorophyll a
Plant ranking Score

Comparisons between contemporary data and hindcasted baselines can be made as the
difference between the contemporary and the baseline values of a variable divided by
the baseline value and expressed as a percentage. This is initially calculated for each
variable separately. Subsequently the changes can be averaged to give an overall
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estimate of change and groups of variables (Table 4.7) can be averaged to give
estimates of change in the separate categories of eutrophication, acidification and filling
in. An important issue is the extent of change that can be detected bearing in mind the
inevitable error of estimation in hindcasting the values of the variables in the baseline
state. An inspection of the data from the tranche of lakes used to illustrate use of the
scheme suggests that the range of percentage change likely to be met is up to several
hundred and this helps to guide the decision about categories of change. Changes can
then be classified and, based on the statistical and empirical considerations discussed
below, we suggest the following categories: Class 1, negative changes and positive
changes <25% ; Class 2, 26-50% change; Class 3, 51-100% change; Class 4, 101200% change; Class 5 >200% change. However, a final choice of appropriate class
boundaries would need to be determined as part of a second phase project when a pilot
classification of a series of lakes would be undertaken using a more substantial
contemporary data set than was available to this project.
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5.

OPERATION OF THE SCHEME

5.1 Number of water bodies potentially involved: definition
of a standing water body
If all small ponds and moorland pools are included there could be as many as 300 000
bodies of standing water in England and Wales and between half a million and one
million in the British Isles. However, inspection of appropriate OS maps suggests that
in England and Wales there are about 50 000 of around lha or more in area (Smith &
Lyle 1979), some 12500 greater than 2ha, and 1700 greater than 4ha. A decision has to
be made as to what minimum size of water body should be included in this scheme and
furthermore there must be a definition of what constitutes a standing water. Some slow
flowing river lengths in the lowlands are essentially lake-like in character.
The operational definition used here is that a standing water body must satisfy two
sequential criteria. It must have a mean retention time of at least seven days and if that
criterion is satisfied it must be less than twenty times as long as it is broad. This
definition should preclude slow flowing river lefigths. Some more complex riverine
lake systems, such as the Norfolk Broads may require a more pragmatic approach and
the final decision regarding this will need to be made at an NRA regional level. Inflows
can, of course be from ground or surface water or a mixture of both. Reservoirs are
included even if they were not in existence during the baseline period. Hindcasts can
still be made for the water quality in a hypothetical lake in the same catchment during
the baseline period. However pumped storage reservoirs present a particular difficulty.
The water they receive may come from distant sources with distant catchments quite
unrelated to the environs of the reservoir. The sources may vary with time and mixtures
of them are determined purely by managemental considerations. The only logical way
of incorporating them in the scheme is if they have a steady source in which case the
scheme can be applied to the source catchment. If the source is varied in an
unpredictable way, there is no logical mechanism for classifying such water bodies,
which are effectively staorage tanks rather than standing waters in the sense of all
others included in the scheme.
Discussion below will detail the minimal sampling necessary to carry out contemporary
lake assessments and this information is needed to assess the number of lakes that
could be included in the scheme. The databases and programs will all be pre-prepared
by contractors so that the investment of time required to operate the scheme is entirely
in the current sampling. In some cases a simple bathymetric survey will be needed at
the outset. The following assumptions are made: the need for a minimum of six
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samplings per lake per year (see below); conservatively that a maximum of two water
bodies could be visited and safely sampled per day by one person; that analysis of the
samples will be at a central laboratory where such analyses are routine and near
automated and that the samples from ten lakes could be processed in one person-day.
With the initial survey it is thus likely that each water body would take up to 3.5
person-days in the year of sampling. We suggest that the normal return period for
assessments should be 5 years, with 250 working days per year. There are thus 1250
days available in the quinquennial cycle. This means that about 360 water bodies could
be assessed per person per cycle. This would mean that the NRA would need to
employ about five people to cover just the larger lakes (>4ha), about 35 to cover the
medium sized water bodies (>2ha) and about 135 to cover all bodies larger than lha.
There might be some smaller bodies of particular conservation or aesthetic significance
that NRA might wish to include but with ten major regions and a far more extensive
network of river monitoring readily accepted it would seem that the 2 ha cut off point,
with an average of 3.5 staff per region required would be economically feasible.

5.2

Determination of the amount of sampling necessary for
the establishment of current status of the water body

The main considerations in designing the sampling programme, for acquisition of
contemporary data, in this scheme are that it should be representative but, out of
economic considerations, minimal. Further to these there are several other
considerations. First despite some spatial heterogeneity in a lake and in its inflows,
only a limited number of samples can be taken on any occasion. Seasonal variability,
however, in temperate lakes is always much greater than horizontal variability,
provided the lake has a single ot several freely mixing basins. If the basins are
effectively physically separated (e.g. Windermere, Lomond) they should be treated as
separate lakes. Secondly, because most variables in lakes vary considerably during the
year, single annual samples are unlikely to be representative. So how many seasonally
spaced samples are necessary to give approximations to the true mean of specified
precision? The problem is particularly acute for the non-conservative nutrient ions.
Major ions vary much less during the year.
We have tackled this problem by taking data sets from twelve lake and river sites (see
below) in which sampling has been carried out at very frequent intervals (greater than
12 per year and rather more for most). We first divided the sets into winter (Oct 1 to
March 31) and summer (April 1 to Sept 30) then randomly selected any one winter
sample and any one summer sample, then two and two, three and three and six and six.
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These are coded in the Tables 5.1 - 5.8 as Xl-l,X2-2,ete. We also subdivided the data
into four subsets (spring(Apr 1-June 30), summer (July 1-Sept 30), autumn (Oct 1-Dec
31), winter(Jan 1-Mar 31)) and randomly selected one sample date from each (XSSAW). For two determinands (soluble reactive phosphorus and nitrate-nitrogen) we
also took only the mid-winter data and randomly selected 1,2,3 and 4 data points (Xl,X-2:, etc). The mean values from the sets were calculated and compared with the
means obtained from the full sets and expressed as percentage deviation (difference
between subset mean and true mean divided by true mean). This analysis is referred to
as the empirical analysis.
We also carried out a more formal statistical analysis on the full data sets using the
formula:
n = (1.96s2)/e 2
where n is the number of samples collected, s is the standard deviation of the set of
samples and e is the acceptable imprecision of the mean (Hunt & Wilson 1988). Thus if
e were required to be not greater than 5% of the mean and s was 20% of the mean, n
would have to be 64. This allowed us to calculate the necessary sampling frequency for
four levels of imprecision 5,10,20 and 50% of the mean.The results of the calculations
are shown in Tables 5.9 - 5.16. These data were then used to plot sampling frequency
versus tolerable deviation from the mean (imprecision). The relationship between
imprecision (y) and sampling frequency (x) was logarithmic (y = ax*5). The equations
then produced were used to predict the degree of imprecision of calculated mean values
for each variable and site for a range of sampling frequencies.
The calculations were made for the following sites and water years: River Bure,
1985/86 and 86/87; River Windrush, 1987/88 and 88/89; Alderfen Broad, 1985/86 and
86/87; Hoveton Great Broad, 1978/79 and 79/80; Ranworth Broad 1979/80; South
Walsham Broad 1979/80; Betton Pool. Bomere Pool, Cole Mere, Crose Mere, Tatton
Mere, and White Mere, all 1991/92. The variables examined were total P, soluble
reactive P, nitrate N, ammonium N, total inorganic N-and, for the Windrush, total N.
Not all of these variables are used in the scheme and the reasons for not using, for
example, ammonium N and soluble reactive P depend partly on the impossibility of
obtaining reasonably precise means for them without intensive sampling. This was
revealed by the statistical analyses presently being described.
Tables 5.1 - 5.8 show the percentage deviations from the true means for the different
sampling regimes when the empirical analysis is applied. For total phosphorus (Table
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5.1) the calculated mean concentrations deviate by up to 46.9% and, if a 50% deviation
is regarded as a tolerable imprecision, mean total phosphorus may be determined
acceptably with only one winter and one summer visit per sampling year (Xl-1). The
frequency giving greatest precision was quarterly sampling (X-SSAW) with a
maximum deviation <25% of the true mean. Soluble reactive phosphate-phosphorus
variation during the year (Table 5.2) is such as to lead to much greater deviations from
the true mean and even X 6-6 gave deviations greater than 50% in one case. This
represents quite an intensive sampling programme and suggests that dissolved
phosphorus is not a suitable determinand for this scheme. The same is true of nitrate
(Table 5.3) and even more so for ammonium N (Table 5.4), though for total inorganic
N (Table 5.5), X3-3 might reliably give deviations less than 50%. Data fo,r total N
(Table 5.6) were available only from the River Windrush and, as with total P, only a
single winter and a single summer visit would give an acceptable mean. Analysis of
winter soluble phosphate and nitrate concentrations (Tables 5.7 & 5.8) indicate that at
least four visits per winter would be necessary for phosphorus but that three would be
sufficient in most cases for nitrate.
Graphical examples of the relationships obtained from the statistical analyses are given
in Figs 5.1 and 5.2 , and the percentage deviations are shown in Tables 5.9 - 5.16. If a
yardstick of an acceptable deviation of not more than 50% of the true mean is again
adopted, six visits would be adequate for total phosphorus (Table 5.9) in most cases
and eight in all, but soluble phosphate (Table 5.10) could not be adequately estimated
even in 12 visits. Nitrate (Table 5.11), ammonium (Table 5.12), total inorganic
nitrogen (Table 5.13), and winter phosphate (Table 5.15) also would require at least 12
f
visits, whilst total nitrogen (Table 5.14) would need only two. Winter nitrate (Table
5.16) would need at least six winter visits.

Table 5.1

Site

Empirical analyses of sampling frequency - Total phosphorus

W ater year

R. Bure
1985-1986
R. Bure
1986-1987
R. Windrush
1987-1988
R. Windrush
1988-1989
Alderfen
, 1985-1986
Aldeflfen
1986-1987
Hoveton Great 1978-1979
Hoveton Great 1979-1980
Ranworth
1979-1980
S. Walsham
1979-1980
Betton Pool
1991-1992
Bomere Pool
1991-1992
Cole Mere
1991-1992
Crose Mere
1991-1992
Tatton Mere
1991-1992
White Mere
1991-1992

Table 5.2

Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

n

o_ n

X-l-1
13.44
4.81
1.34
18.79
39.51
37.68
25.82
17.57
6.17
33.90
22.33
4.05
46.93
9.77
30.47
10.99

% Deviation
X-2-2
12.59
8.65
23.19
15.99
24.15
23.33
24.33
5.76
14.58
15.09
5.34
6.30
4.03
7.53
8.37
4.39

from true mean
X-3-3
X-6-6
9.71
26.49
10.43
11.70
4.51
1.13
0.81
6.41
3.63
9.30
27.03
0.98
27.86
15.85
3.93
11.73
3.88
37.01
13.53
21.71
5.00
5.14'
2.62
3.82
12.47
6.98
28.25 ■ 18.00
7.22
1.58
9.45
9.33

X-SSAW ,
5.50
1.56
1.48
18.09
. 15.76
23.70
18.51
22.05
16.52
5.08
9.97
24.66
3,58
20.50
12.34
9.01

Empirical analyses of sampling frequency - Soluble reactive phosphorus
(PO 4 -P). River Windrush= Total dissolved phosphorus
W ater year
1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

K -J

X-l-1
18.81
63.90
7.00
21.38
73.34
55.34
90.55
26.25
83.70
5.76
23.85
74.83
28.52
9.29
8.53
0.97

% Deviation
X-2-2 *
54.43'
31.00
2.95
6.21

27.53
12.08
35.59
41.00
2.19
16.49
4.97
25.18
14.58
8.33
15.97
7.57

from true mean
X-3-3
X-6-6
3.12
43.06
1.92
13.23
27.24
1.22
16.33
13.60
0.06
8.60
50.49
20.65
20.83
51.69
53.29
59.00
29.34
13.83
4.66
13.61
0.08
1.54
20.51
41.52
0.83
. 10.54
0.37
5.34
3.96
16.91
3.74
0.34

X-SSAW
10.15
6.61
7.46
7.80
15.68
10.17
66.40
111.41
26.64
1.18
20.45
3.17
6.99
9.46
6.85
3.38

Table 5.3

Empirical analyses of sampling frequency - Nitrate (NO 3 -N)

W ater year

Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
HovetonGreat
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Table 5.4
Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere „
Tatton Mere
White Mere

r» o_ T~\

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992.
1991-1992
1991-1992
1991-1992

X-l-1
12.82
30.91
5.96
5.54
54.03
19.57
30.87
78.97
58.10
40.07
80.69
46.56
39.48
97.83
64.84
84.91

% Deviation from true mean
X-2-2
X-3-3
X-6-6
92.30
18.32
27.07
22.59
6.34
5.15
2.11
5.00
9.21
12.48
6.27
0.67
59.66
19.8
20.54
: 55.71
9.24
9.24
114.58
38.97
14.93
46.93
47.95
19.92
68.22
30.43
33.18
91.69
68.90
15.10
62.99
31.34
32.68
40.62
4.99
4.50
41.12
36.30
16.67
62.58
69.27
70.17
38.86
101.01
28.91
41.16 .
14.67
3.60

X-SSAW
18.64
4.98
0.90
0.67
27.14
20.28
21.51
31.28
49.73
5.64
29.55
14.19
27.22
84.38
24.34
47.19

Empirical analyses of sampling frequency - Ammonium (NH 4 -N)
W ater year
1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

ICQ

X-l-1
73.12
74.75
43.48
9.94
54.28
35.44
88.47
35.38
27.13
46.19
27.36
68.46
7.06
60.32
37.30
41.18

% Deviation
X-2-2
60.14
24.85
23.54
21.13
12.99
41.58
28.44
101.08
30.29
44.54
41.28
25.60
2.14
22.77
9.72
16.17

from true mean
X-3-3
X-6-6
15.33
39.82
17.95
146.92
25.53
20.88
15.55
33.87
39.85
27.51
11.57
35.94
42.38
84.29
69.80
45.85
62.78
48.68
33.92
69.97
17.27
14.04
30.67
14.75
3.13
3.78
9.00
17.12
10.06
13.89
25.83
13.02

X-SSAW
12.76
69.92
50.13
64.15
40.59
10.17
96.56
55.60
61.60
65.86
18.85
7.80
12.50
27.62
4.96
11.47

Table 5.5

Empirical analyses of sampling frequency - Total inorganic nitrogen

Water year

Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Table 5.6
Site
R. Windrush
R. Windrush

£>- r \

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

X-l-1
13.48
31.53
12.83
6.46
27.26
32.77
28.16
40.93
52.01
76.30
0.25
12.51
40.11
47.97
43.24
10.32

% Deviation from true mean
X-2-2
X-3-3
X-6-6
23.43
26.94
17.67
21.89
6.50
4.32
8.22
1.36
0.89
2.80
4.34
5.89
24.70
24.99
25.81
43.98
11.15
28.30
43.62
12.38
11.09
8.81
1.42
27.23
8.06
46.03
0.95
9.59
35.54
9.97
1.16
16.44
21,34
3.75
7.31
8.19
9.44
1.72
2.98
62.76
27,00
49.65
7.48
45.39
3.36
6.17
15.44
21.17

X-SSAW
1.31
9.58
15.79
3.49
23.75
54.94
10.68

10.42
39.83
5.83
8.50
38.64
21.21

52.67
33.68
26.29

Empirical analyses of sampling frequency - Total nitrogen

Water year
1987-1988
1988-1989

O d

X-l-1
5.91
10.03

% Deviation from true mean
X-2-2
X-3-3
X-6-6
1.97
9.03
4.60
7.63
1.20
2.33

X-SSAW
9.93
11.94

Table 5.7

Empirical analyses of sampling frequency - Winter soluble reactive
phosphorus (PO 4 -P). River Windrush= total dissolved phosphorus.
* no analysis (n=4 for true winter mean for Meres)

Site

Water year

R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Table 5.8

Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

% Deviation from true mean
X-2
X-3
X-l
16.69
33.82
57.91
74.59
19.88
31.69
17.95
31.64
33,33
12.82
12.82'
38.46
21.54
0.56
43.44
20.55
61.64
92.88
62.47
1.96
100.00
231.75
54.03
82.23
95.56
80.00
15.56
22.83
32.66
' 32.35 ■
0.52
9.60
17.63
1.70
1.08
2.81
3.60
0.33
4.40
0.02
7.29
7.29
3.25
5.55
1.39
14.08
8.13
0.63

X-4
21.92
67.53
32.05
7.69
5.31
47.53
39.36
74.76
72.22
3.01
*
*
* '
*
*
*

Empirical analyses of sampling frequency - Winter nitrate (NO 3 -N)
* no analysis (n=4 for true winter mean for Meres)

Water year
1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
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X-l
44.58
26.47
18.36
42.38
39.58
14.61
9.19
46.10
59.89
32.26
13.71
37.04
12.10

• 4.13
33.06
60.33

% Deviation from true mean
X-2
X-3
9.70
5.51
21.43
18.90
3.02
2.12
2.05
12.92
11.94
49.55
26.89
2.33
57.92
29.81
32.40
49.62
2.44
0.29
39.49
62.51
15.74
0.51
18.52
9.26
5.73
12.10
1.39
4.13
25.44
21.63
38.84
31.67

X-4
25.95
18.96
0.14
5.64
15.88
4.38
41.14
26.03
21.97
57.72
*
*
*
*
*
*

5.3

Protocols for current sampling

Nutrient variables and chlorophyll a, which is strongly dependent on nutrient supply,
are in general more variable than conductivity, major ions like calcium, and pH. It thus
appears that a total of six visits, spread reasonably evenly will give acceptable means
for most determinands though an estimate of lesser precision for annual or winter
nitrate. We suggest that sampling be carried out on a total of six evenly spread
occasions over an entire year once every five years and that for greatest representation,
the sample should be taken from near the lake outflow or, if there is no discrete outflow
from a jetty or other promontory clear of the fringing macrophyte zone. For analyses of
inflow water, the main inflows should be chosen. The aquatic plant survey need be
conducted on only one or two occasions in summer and should involve a walk around
the complete perimeter of smaller lakes with the frequent use of a thrown grapnel. For
large lakes it will not be possible to cover the entire shoreline but several sites should be
visited. Windrowed weed should not be ignored. As maximum chlorophyll a
concentrations frequently occur in spring and sometimes even in late autumn, analyses
for this determinand should be carried out on all occasions except those in December
and January. Details of calculation of the plant ranking score are given in Appendix F.
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Table 5.9

Statistical analyses of sampling frequency - Total phosphorus
(results expressed as % deviation from true mean)

Site

W ater year

R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

Table 5.10

Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Sampling frequency (num ber of site visits per year)
12
8
6
4
3
2
19.06
23.35
26.96
33.02
.38.12
46.69
13.23
16.20
18,71
22.92
26.46
32.41
25.69
31.46
36.33
44.49
51.37
62.92
31.16
38.17
44.07
53.98
62.33
76.33
40.44
49.53
57.19
70.05
80.88
99.06
34.97
42.83
49.46
60.57
69.94
85.66
26.73
32.74
37.80
46.30
53.46
65.48
23.14
28.34
32.72
40.08
46.28
56.68
29.30
35.88
41.43
50.75
71.76 ’ 58.60
27.98
34.27
39.57
48.47
55.96
68.54
34.79
42.61
49.20
60.26
69.58
85.22
34.84
42.68
49.28
60.36
69.70
85.36
19.58
23.98
27.69
33.91 " 39.16
47.96
25.90
31.72
36.63
•44.86
51.80
63.44
23.89
29.26
33.79
41.38
47.78
58.52
11.35
13.91
16.06
19.67
22.71
27.81

Statistical analyses of sampling frequency - Soluble reactive phosphorus
(PO 4 -P). River Windrush= total dissolved phosphorus.
(results expressed as % deviation from true mean)
W ater year
1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

Sampling frequency (num ber of site visits per year)
12
8
6
4
50.79
62.20
71.82
87.97
101.57
124.40
54.41
66.64
94.24 ' 76.95
108.82
133.28
28.44
34.83
40.22
49.26
56.88
69.66
17.62
21.58
24.92
30.52
35.24
43.16
47.10
57.69
66.61
81.59
94.21
115.38
57.28
70.16
81.01
99.22
114.56
140.31
88.32
108.17
124.90
152.97
176.64
216.33
81.18
99.42
114.80
140.61
162.36
198.85
76.77
94.03
108.58
132.98
153.55
188.06
91.15
111.63
128.90
157.88
182.30
223.27'
45.05
55.17
63.71
78.03
90.10
110.34
58.25
71.35
82.39
100.90
116.51
142.69
24.75
30.31
35.00
42.87
49.50
60.63
33.82 . 27.61
39.05
47.83
55.22
67.64
25.58
31.33
36.17
44.30
51.15
62.65
10.61
13.00
15.01
18.39
21.23
26.00

Table 5.11

Statistical analyses of sampling frequency - Nitrate (NO 3 -N)
(results expressed as % deviation from true mean)

Site

Water year

Sampling frequency (number of site visits per year)
2

R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Table 5.12

Site

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

69.10
84.63
68.34
55.80
16.86
20.65
17.72
14.47
143.36 . 117.05
140.45
114.68
127.82
104.36
127.28
103.92
138.07
112.73
132.60
162.40
139.37
113.80
147.05
120.07
128.60
105.00
361.66
295.30
130.77
106.78
149.28
121.89

4

59.84
48.33
14.60
12.53
101.37
99.32
90.38
90.00
97.63
114.84
98.55 .
103.98
.90.94
355.74
92.47
105.56

6

48.86
39.46
11.92
10.23
82.77
81.09
73.80
73.49
79.72
93.76
80.47
84.90
74.25
208.81
75.50
86.19

8

42.31
34.17
10.32
8.86

71.68
70.23
63.91
63.64
69.04
81.20
69.69
73.53
64.30
180.83
65.39
74.64

12

34.54
27.98
8.43
7.23
58.52
57.34
52.16
51.96
56.37
66.30
56.90
60.03
52.50
147.65
53.39
60.95

Statistical analyses of sampling frequency - Ammonium (NH4 -N)
(results expressed as % deviation from true mean)

Water year

Sampling frequency (number of site visits per year)
2

R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

3

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

172.04
206.91
167.89
146.92
135.87
143.62
236.49
174.44
151.12
174.68
98.24
120.88

131.86
143.05
102.84
101.00

3

140.47
168.94
137.08
119.96
110.94
117.27
193.09
142.43
123.39
142.62
80.21
98.70
107.66
116.80
83.96
82.47

4

121.65
146.31
118.72
103.89
96.08
101.56
167.22
123.35
106.86
123.52
69.47
85.48
93.24
101.15
72.72
71.42

6

8

86.02
99.33
103.46
119.46
83.94
96.93
73.46
84.83
67.94
78.45
71.81
82.92
118.24
136.54
87.22
100.71
75.56
87.25
87.34
100.85
49.12
56.72
60.44
69.79
76.13
65.93
82.59
71.52
59.37 ■ 51.42
50.50
58.21

12

70.23
84.47
68.54
59.98
55.47
58.63
96.54
71.21
61.69
71.31
40.11
49.35
53.83
58.40
41.98
41.23

Table 5.13

Statistical analyses o f sampling frequency - Total inorganic nitrogen
(results expressed as % deviation from true mean)

Site

Water year

R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Table 5.14

Site
Windrush
'.Windrush

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

Sampling frequency (number of site visits per year)
8
2
3
4
6
12
34.58
42.35
84.70
59.89
48.90
69.16
27.69
33.91
67.83.
47.96
39.16
55.38
8.89
10.88
21.77
15.39
12.57
17.77
7.39
9.05
18.10
12.8
10.45
14.78
47.74
58.47
82.69
67.52
95.48
116.94
54.47
66.71
133.42
108.94
94.35
77.03
46.62
57.09
114.18
65.92
93.23
80.74
48.84
119.64
69.07
59.82
97.68
84.60
61.67
50.35
123.34
71.21
100.71
87.22
68.99
56.33
137.98
97.57
79.66
112.66
38.78
47.50
95.00 . 77.57
54.85
67.18
43.59
35.59
50.34
87.19
71.19
61.65
36.34
44.51
51.40
89.03
62.95
72.69
99.14
121.42
242.85
140.21
198.29
171,72
44.67
63.18
109.43
77.38
54.71
89.35
45.72
37.33
91.44
52.80
74.66
64.66

Statistical analyses of sampling frequency - Total nitrogen
(results expressed as % deviation from true mean)

Water year
1987-1988
1988-1989
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Sampling frequency (number of site visits per year)
2
3
4
6
8
12
8.85
10.84
21,68
17.70
15.33
12.52
7.91
9.69
19.38
15.82
13.70
11.19

Table 5.15

Statistical analyses of sampling frequency - Winter soluble reactive
phosphorus (PO 4 -P). River Windrush= total dissolved phosphorus,
(results expressed as % deviation from true mean)

Site
R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
. Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

Table 5.16

Site

Water year
1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

Sampling frequency (number of site visits each winter)
2
3
4
6
8
12
27.99
34.28
39.58
48.48
55.98
68.56
43.23
52.94
61.13
74.87
86.45
105.88
39.02
47.79
55.19
67.59
78.05
95.59
15.54
19.04
21.98
26.92
31.09
38.07
17.32
21.22
24.50
30.00
34.65
42.43
35.48
43.45
50.17
61.44
70.95
86.90
57.07
69.89
80.70
98.84
114.13
139.78
67.84
83.08
95.93
117.50
135.67
166.16
42.01
51.45
59.41
72.77
94.02
102.91
44.79
54.86
63.34
77.58
89.58
109.72
7.19
10.17 ' 8.81
12.46
14.38
17.62.
7.48
9.16
10.58
12.96
14,96
18.32
■
4.55
5.57
6.43
•7.88
9.10
11.14
3.44
4.18
4.82
5.92
683
8.3711.64
14.25
16.46
20.16
23.27
28.50
5.95
7.29
8.41
10.31
11.90
14.57

Statistical analyses of sampling frequency - Winter nitrate (NO 3 -N)
(results expressed as % deviation from true winter mean)

Water year

Sampling frequency (number of site visits each winter)
2

R. Bure
R. Bure
R. Windrush
R. Windrush
Alderfen
Alderfen
Hoveton Great
Hoveton Great
Ranworth
S. Walsham
Betton Pool
Bomere Pool
Cole Mere
Crose Mere
Tatton Mere
White Mere

1985-1986
1986-1987
1987-1988
1988-1989
1985-1986
1986-1987
1978-1979
1979-1980
1979-1980
1979-1980
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992
1991-1992

t - a- .

45.55 .
46.64
26.86
26.27
64.22
50.86
73.22
67.08
74.33
88.18
37.58
81.16
43.30
16.12
37.08
80.47

3

4

37.19
38.08
21.93
21.45
52.44
41.53
59.79
54.77
60.69
72.00
30.69
66.27
35.35
13.15
30.28
65.70

32.21
32.98
18.99
18.58
45.42
35.97
51.78
47.43
52.56
62.35
26.58
57.39
30.62
11.40
26.22
56.90

6

26.30
26.93
15.51
15.17
37.08
29.37
42.28
38.73
42.92
50.91
21.70
46.86
25.00
9.30
21.41
46.46

8

22.78
23.32
13.43
13.13
32.11
25.43
36.61
33.54
37.17
44.09
18.79
40.58
21.65
8.06
18.54
40.23

12

18.60
19.04
10.96
10.72
26.22
20.76
29.90
27.38
30.35
36.00
15.34
33.13
17.68
6.58
15.14
32.85

5.4 Pilot testing of the scheme
The scheme at present has been shown to be practicable and feasible. Worked examples
for a tranche of 94 lakes are given in Appendix E, which includes details of the
mechanics of the calculations. The overall statistical picture given of change in British
lakes by this exercise is probably correct, but individual estimates are subject to
reservation and should not be taken as individually meaningful. This is because the
contemporary values of the variables measured are calculated from rather fewer separate
samples than considered desirable from the analyses in 5.2 and 5.3 above. Furthermore
the export coefficients used for hindcasting the baseline variables were not so
specifically tuned to local conditions as they would be in the final version of the
scheme. Those used in the calibrations (Appendix D) that were closest in land use for
the catchments of the 94 lakes were used.
With these reservations an interesting picture is derived (Fig.5.3). Only 6.3% showed
less than a 25% overall change (Class 1) from their baseline, whilst 27.7% had
experienced greater than 200% change (Class 5). The intermediate categories of Classes
2 (26-50%), 3 (51-100%), and 4 (101-200%) contained 17, 30.9, and 18.1% of the
sample respectively. Thus nearly half of British lakes might be expected to have
experienced more than a 1 0 0 % change in the values of variables indicating
deterioration in water quality or ecological status compared with the baseline. Some of
these results might be unexpected by those wedded to spatial state schemes and in this
lies the strength and sensitivity of the value changed approach. A small absolute change
but extreme proportionate change in a naturally highly infertile lake, such as Llyn Tegid
or some of the Cumbrian lakes, would go unnoticed in a spatial state scheme but is
picked up in a value changed scheme.
The results also show a pattern in eutrophication class with modes in both the lowest
and highest classes of change. The mode in Class 5 indicates a hitherto suspected
situation that has not previously been demonstrated so graphically. Interesting trends in
the nature of the limiting nutrient are also shown ( Appendix Table E.3). The majority
of lakes (61.5%) were phosphorus limited in their baseline state and remain so, but
substantial minorities have changed from P limitation to N limitation (18%) or from
baseline N limitation to current P limitation (16.7%). These changes may have resulted
from effects of large phosporus loadings from sewage effluent or changes in
stockkeeping against a background of increasing nitrogen loading from intensified

agriculture. Only 3.9% of lakes were and remain N limited. At present 78.2% of lakes
are P limited and 21.9% are N limited.
In acidification status, lakes have undergone either very little change or very severe
change (Class 5). The proportion in the latter category may be underestimated because
of an underrepresentation of high altitude tarns and of Scottish lochs in our sample. In
addition because of the plasticity of pH in even moderately fertile lakes, acidification
changes were only calculated for lakes in areas that are vulnerable to acidification
effects owing to the poorly buffered nature of their catchment soils (the criterion for this
was a baseline pH of 6.0 or lower).Apparent increases in pH were treated as zero
chnange. pH is a logarithmic scale and so changes were calculated after conversion to
hydrogen ion concentration. Where change had occurred it was generally very great - a
fall in only one pH unit means a change in hydrogen ion concentration of 900%.
All lakes fell into Class 1 for sedimentation (infilling) variables. This category of impact
applies to only a few reservoirs , where it may apparently be very serious. However in
this demonstration of the general operation of the scheme present - day bathymetry was
not established and so for our sample tranche we have necessarily put lakes into Class 1
for depth and volume variables. Langsett reservoir, Colt Crag Reservoir, Rosebush
Reservoir and Balderhead reservoir may all be reasonably expected to have experienced
considerable infilling compared with their baselines.
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6.

CONCLUSIONS

6.1 The use of the scheme bv the NRA
The policy of the Department of the Environment on-water quality management and in
particular Water Quality Objectives has been evolving at the same time as this project
has been undertaken. This has made it impossible precisely to dovetail future NRA
requirements for monitoring lakes to the Department's strategy for Water Quality
Objectives and further discussion will be required to integrate the recommendations of
this report into an appropriate strategy for assessing and managing lake water quality.
However we set out below what we believe to be an appropriate starting point for
discussion and suggest a strategy to take this issue forward.
The most obvious use of the proposed scheme would be to provide a periodic General
Quality Assessment (GQA) of lake water quality. The purpose of GQA is to show
trends of water quality over time and to compare the water quality of different areas
(DOE & WO 1992). The nature of our proposed scheme is ideally suited to this. It
allows lakes to be banded as above, or provides a system to present changes in any or
all of the principal driving variables which reflect the major impacts on lakes
(acidification, eutrophication, sedimentary infilling) in a variety of ways. However the
data are presented, the state-change nature of the proposed scheme allows meaningful
comparisons through time and space to be made.
Unlike other similar schemes such as the Dutch AMOEBA scheme, our proposals are
restricted to a small number of variables, many of which are potentially important
determinands in any 'Use Related Objective'. The current proposals for River Quality
Objectives concentrate on Fisheries Ecosystem Standards, which are intended to serve a
wider purpose in measuring the suitability of river water for a range of aquatic life and
in doing so provide a broad assessment of environmental quality (DOE & WO 1993).
The range of variables selected for the proposed lake classification scheme would
enable similar use-related ecosystem standards to~be deduced that would reflect
appropriate lake conditions for their natural catchments. These could be linked to a
fisheries class but in the case of lakes this would seem less appropriate and a more
general ecosystem class would provide a measure of ecosystem quality. In this context
it should meet the requirements of the proposed EC Directive on Ecological Quality of
Surface Waters.
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Thus this scheme, used for a GQA provides a cross link to Use Related standards or to
EC Directives on water quality. In addition the hindcast approach means that the
likelihood of achieving particular Use-Related standards can be assessed and the NRA
will be able to avoid setting inappropriate targets. The scheme could also provide an
appropriate starting point for the identification of 'sensitive areas' under the Urban
Waste Water Directive and the development of blue-green algal action plans.
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7.

RECOMMENDATIONS

7.1 Requirements before the scheme can he put into full
operational use
Before the scheme can be put into operational use, the databases for England and Wales
must be incorporated into a computer program and the procedures automated. The
scheme will also reqiure fine tuning in the light of more precise identification of NRA
requirements and it is envisaged that this can be best achieved by a trial classification of
100-200 lakes. The data collected for this exercise will enable final decisions regarding
sampling frequencies to be made, provide the opportunity to explore a variety of ways
of presenting the classification (indices, graphs, maps etc) and the derivation of final
class boundaries. It will also enable the testing of potential use-classes for lakes.
Construction and computerisation of the appropriate databases should be undertaken by
contractors, whilst an adequate data set from selected lakes is collected by NRA
personnel. The former will involve first the establishment of a simplified list of land use
regions from the original list given in Appendix 3. This will be done by amalgamation
of some adjacent areas that had sufficiently similar land use. Then two export
coefficients - for loss of N and loss of P per hectare per year will be determined for
each region by further calibrations as used in Appendix 4. The land use region
boundaries will then be digitised onto the National Grid and a program created which
links the export coefficients, and the net annual water run off to region and therefore to
grid reference. The equations for calculation of driving and derived variables will then
be programmed in so that an operator may determine baseline state for any lake by
informing the computer program of the lake's grid reference and its volume. A further
program will allow insertion of contemporary data on the lake and calculation of indices
of change and class. The data then collected by the NRA can then be analysed with the
assistance of the contractors to produce an appropriate classification scheme. Such an
exercise will require close cooperation between the NRA and contractors, and will
allow the operational integrity of the scheme to be determined and results from some of
the better known lakes to be compared with the experience of NRA officers and other
limnologists. We anticipate that the work required to prepare the databases and assess
the data collected by the NRA will require a maximum of 4.0 person-years.
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