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Summary
The trophic status (measured by the summer phosphorus content) of a broad
spectrum sample of 26 Scottish lochs (Volume I), generally correlates well (r?
= 0.71) with annual mean, lake-wide, flushing-corrected P levels predicted

from:

{i) land use and human occupancy of the catchments, combined with
appropriate (published) P export coefficients for estimating loadings

from e.g. arable land, forest areas, rural communities, and fish farms.

(ii) information on rainfall over the catchments, for flushing rate

calculations,

The measured and predicted values do not correspond so well for every loch

sampled. Various reasons for this are discussed (Volume II).

In arriving at these conclusions, the project has generated an extensive body
of new limnological information for Scotland. It examined a range of waters
varying in orders of magnitude in terms of biological, chemical (water and

sediments) and physical features.

The various issues, analyses and interpretations covered in this
eutrophication study, are presented with reference to the -following

relationship:
pressures x sensitivity factors = responses

Pressures concern the {predicted) burdens of P. Sensitivity factors include .
loch size (especially the mean depth) and flushing rate. The responses of
major interest here are nutrient levels and the abundances and species
composition of the phytoplankton, although patterns of rotifer species

occurrence which relate to summer P concentrations have also been found.

The majority of the waters examined are at least tending towards the eutrophic

state, although indications of ‘chemical eutrophy’ are not always accompanied



by signs of 'biological eutrophy’.

The study assesses to what extent the P retaining capacity of lochs lying in

the catchment of others, protect the downstream waters.

Few, strong relationships have been found so far, between measures of sediment

P content, and predicted P loads, but further analyses of the data are still

needed.

The individual physical characteristics of a waterbody influence strongly the

relationship between summer phytoplankton biomass and predicted annual P

burden.

The study shows that the desk approach can provide a credible assessment of
loch trophic status, and give meaningful clues to the likely levels of
nutrients and plankton, and to the general balance between the planktonic
flora and the communities of rooted/attached plants. As such, it should
attract much interest from planners, developers, conservationists and fishery

managers and the like.

Much work is still needed to improve on the estimates of nutrient losses from
different types of land. Seasonal variation in #ressures, sensitivity

factors and responses also needs to be more adequately assessed.

Other .issues requiring new work are listed, and these range from further
analyses'of the existing data and material, to extra field studies, and from

mathematical modelling to basic biclogical taxonomy.



1. INTRODUCTION

1.1 Aims

This eutrophication study was initiated in April 1991. It followed the
completion of the first phase of work which reviewed the reports on previous
case studies funded by the Nature Conservancy/Nature Conservancy Council over
the last 25 years (Bailey-Watts and May 1991). The aims of the present work

are as follows:

- to assess in broad terms, through analysis of map information on e.g. land
use, topography and rainfall, the phosphorus lcadings (as a major indication
of eutrophication pressures on ca 30 lochs; this group of waters was chosen
by NCCS as representative of Scottish waters already exhibiting signs of

accelerated enrichment, or considered to be imminently threatened by such

enrichment.

- to adjudge the general sensitivity of each waterbody to the perceived
pressures, by examining factors which determine the extent to which enhanced
supplies of nutrients are likely toc be manifested in, for example,
accumulations of troublesome plants, and planktonic algae in particular;
sensitivity factors which can also be drawn from maps include the catchment-
to-loch area ratio and flushing rate, while at least one field reconnaissance
. is necessary for data on water clarity, thermal and chemical stratification
of the water column, and an indication of the availability of nutrients such

asg silica (Si0,), as well as nitrogen (N) and phosphorus (F).

- to examine, by means of a single reconnaissance and analysis of water and
sediments, features indicating the net effect of pressures and sensitivity,

ie the responses of the waters.

— to test the usefulness of this approach by comparing the annual mean, lake-
wide P levels calculated from the loadings predicted by the desk analyses, to

an index of actual P content - and a single summer value is used for this



purpose.

The results are reported in two waya. Volume I looks at the relationships
between the various factors over the whole spectrum of waters; this is with
the view to furthering knowledge of the extent and consequences of
eutrophication in Scotland. By contrast, WVolume II jis a series of
limnological profiles of each loch. These provide more details about
eutrophication and P in particular, and, where appropriate, make
recommendations on future research, monitoring and management as far as

nutrient enrichment is concerned.
1.2 Background and rationale

The earlier review (Bailey-Watts Qnd May 1991) highlighted 3 main issues that
have influenced the planning and execution of the present phase: (i) the
overall importance. of eutrophication in freshwater ecology*, (ii) the
individuality of lake systems, and (iii) the complexity of freshwater
communities in regard to temporal changes and the multifactorial structure of

the environment controlling these changeq.
1.2.1 Eutrophication as a major factor in limnology

Quantitative understanding of the causes of eutrophication, and its effects
on the dynamics of freshwater ecosystems, is vital for the improved management
of these systems for conserving species and communities, for improving the
quality of water destined for potable supply and irrigation, for sustaining
commercial fisheries, and for accommodating a variety of recreational
activities. The work is also fundamental to planners’ requirements for
effective assessments and predictions of the impacts of town and country
development on the freshwater networks; this recognises that standing waters

in particular, are major depositories of wind- and

*This point is also stressed by Rarper (1992) in his fine book that appeared during the latter

stages of the preparation of thia 'report.



water-borne substances derived from the land. Phase II reflects this
thinking by considering lochs as an integral part of a broader unit - the

freshwater catchment.
1.2.2 The individuality of lake systems

The individual structure and functioning of a lake system is emphasised by the
earlier review. This led to major differences in the scope of, and
approaches adopted by, the major case studies (of the Bosherston Lakes,
Esthwaite Water, Loch Eye, Loch Leven, Malham Tarn and the Norfolk Bx-'oadland) .
Indeed, there were few determinands common to all of these studies: for
example, actual P loading figures were not universally available. As a
result, an original intention to examine spectra of values for =such
determinands was thwarted(1!}. The conclusien of major relevance to the
planning of work on further catchments, was that a uniform approach should be

adopted - and this was adopted in Phase II.
1.2.3 Temporal and structural complexity of freshwater ecosystems

The long-term studies reviewed in Phase I revealed the highly complex nature
of the aquatlic biota, and the multi-factorial structure of the environment
controlling, and in part controlled by, temporal and spatial variation in
these organisms.  Two considerations stemming -from these findings were
incorporated in the preparations for Phase II. The first concerns the
fluctuations, over various timescales, in a wide range of physical, chemical
and biological factors which are important in explaining their causal
interrelationships. Indeed, the identifying of this complex temporal
‘behaviour’ of aguatic ecosystems is what illustrates the value of the long-
term sampling schedules which characterise the major case studies. Plainly,
however, to cover an envisaged 30 sites, an alternative strateqy for each site
was needed, and this reflects what is likely to be a continuing requirement.
Many custodians of the freshwater environment, including planners, have
neither the time, nor funds to support more long-term studies - however

necessary such investigations still are. Phase II thus tailored its approach
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to rapid assessments, by combining desk studies with single field surveys of

each catchment.
1.2.4 The main appreocach - pressures, sengitivity and responses

The ‘new’ approach tested during Phase II makes considerable use of the data

and the experience of the previous work. Three areas are of importance in

this connection:

- the basic framework: investigating pressures on the system, the factors
determining the sensitivity of the (standing) water to those pressures, and
some of the responses of the system, ie the combined impact of the pressures

and the sensitivity factors.

- the choice of factors for assessing pressures, sensitivities and responses,

ie the key determinands (summarised below).

- the assessment of eutrophication per se, ie the likely ratea of loss of
nutrients from land under differelxzt uses, such as forestry, and cereal
production, and other activities likely to cause eutrophicatidri,. e.g. fish~
farming and sewage effluent disposal; the best information on nutrient export

coefficients, ie losses in e.g. kg ha™? yr!, stem from the long term studies.

Information on factors determining the eutrpphication pressures was drawn
largely from maps é.lthough- NCCS staff were consulted on details about the
catchments. The maps were analysed with the view to estimating the areas of
catchments and lochs, and approximate indices of the annual runoff of water
and P. A general guide to P loadings was then obtained by assigning the
appropriate export coefficient to (i) areas of land under a particular use,
and (ii) sewage treatment works and fish farms, according to, respectively,

the numbers of people served, and the annual weights of fish produced.

Maps were also evaluated with the view to estimating the factors important in

determining the sensitivity of the lochs to the nutrients they receive. These
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include (i) catchment-to-loch area ratios, (ii) the ratio of the annual runoff
volume to loch volume (for calculating mean annual flushing rate, p, in loch
volumes), and (iii) the areal water loading, g, (in m y*), which is the annual
throughput of water (in m’) divided by loch surface area, A, (in m?); from this
an index of the retention coefficient of P (R,) can be obtained. Chemical
factors influencing the sensitivity of waters, include soil and geological
features, but these have not been examined. However, an index of total
ionicity in feeder stream and loch waters has been obtained by measuring the
electrical conductivity. pH has been measured as a further descriptor of the

general chemical environment.

Other sensitivity factors include features of the standing water bodies
themselves. Flushing (p) is again of paramount importance, along with
bathymetry and the tendency to stratify; theée affect ’(i) the degree of wind-
induced vertical mixing, and thus the light climate of planktonic organisms,
and (ii) thg fluxes and vertical distribution of chemical and biolegical
materials. ~ Indeed, the outcome of the interaction between depth features,
stratification patterns and p, is possibly the major determinant of the
response of any system to jite nutrient income. For example, conceptual
models of nutrient dynamics, and changes in phytoplankton abundance and
species composition, have been markedly improved by incorporating info@tion
on p into the database on Loch Leven (Bailey-Wattsa, Kirika, May and Jones
1990). As this is a broad, shallow and essentially unstratified system, it
migh{: be expected to be especially sensitive to changes in flushing in any
event. However, deep waters which stratify in summer can be considered as
becoming shallow as far as a number of features important for phytoplankton |
growth are concerned. It is thus conceivable that these summer populations,
when largely entrained within the upper, epilimnetic 2zone, are especially
susceptible to increased flushing in wet summers. This is because while the
volumes of runoff are, as year-round, derived from the large catchments
normally associated with large-volume waters, only the surface watérs and the
algae therein are washed out; in this otherwise'favourable, shallow, lit zone,
algae have to either grow or aggregate rapidly to build up significant

concentrations (biomass}).



Within a waterbody, p is also of paramount importance in controlling the time
periods over which a number of developments are likely to take place -
‘unhindered’ that is, until the flushing regime alters. Included here are
the accumulations of nutrients released from sediments, and the build-up of
phytoplankton cells, that can proceed during periods of low flushing, but
which are curtailed during spells of high flushing and the washing out of
tﬁese nutrients and cells. Indeed, the changing conditions as regardp
flushing are likely to have a sorting effect on phytoplankton - with slow-
growing species being able to become prominent only during periods of low
flushing. In addition, p is an important consideration when impacts of
different sources of nutrients are being assessed. It plainly controls the
rates of transport, ie loadings, of materialse in runoff, while it only affects
the concentrations of runoff-independent inputs from e.g. STWs, over-wintering

wildfowl, and fish cages.

The amounts of dissolved, coloured material and particulate matter also Affect
the underwater light climate, and how much primary production will result per
unit of nutrient supply. In the most productive waters, much of the

particulate matter consists of the algae themselves (Bindloss 1976).

While in-loch nutrient levels can be classified as sensifivity factora,lit is
convenient to consider them under ‘responses’ (see belbw). However, $£i0,
could be treated as’a_special case, as its availability will determine very
mucﬁ the quality of the plant response to the enrichment with the ‘classic’
nutrients,‘ie N and P. Plainly, the diatom contribution to phytéplankton and
benthic algal productivity is affected by SiO, availability (Bailey-Watts
1976a, b), but so are the performances of Chrysophyceae (McGrory and
Leadbeater 1981) and numerous higher plants (Lewin and Reimann 1969; Simpson

and Volcani 1981}.

The * ‘responses’ aspect of the work focuses primarily on nutrient and
biological features of the open water column - although many of the
determinations were also carried out on water sampled from the outflow of each

loch. However, sediment cores down to ca 10 cm, and the water immediately
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overlying these deposits, were also collected, primarily for P analysis.

The summer was chosen for the fieldwork, because it is a key time for
obtaining information likely to provide clues to the functioning of a other
tﬁan the actual moment of sampling. In this connection, vertical profiles
of physical and chemical features - and, not least, the bottom water
temperatures - give clues to the duration of the stratification.

Summer-time sampling is also important, as the potential for a water to
exhibit major accumulations of planktonic and/or attached algae, or growths

of rooted hydrophytes, is likely to be greatest at this time of the year.

Plainly, the data obtained from the surface waters are of the ‘snapshot’ type,
although some assumptions about conditions relating to periods cutside the
sampling time can be made. For example, knowledge of the likely rates of
increase of an alga that is recorded, facilitates some assessment of the time
that must have been required for that species to achieve the population
density estimated. Also, much of the information gained from the sediments
is probably representative of a considerable timescale. While phytoplankton
population densities can change 2- or 3-fold in a week, the total
concentrations of P in surface sediments, for example, are not likely to
. change significantly over a yéar; what is more, data collected, though not
reported here, on the vertical distribution of nutrients in the bottom
deposits, can give clues to eutrophication trends over decades (Mess 1980,

Haworth 1984).
1.3 General features of the sites studied

Approximately 60 aquatic SSSIs were proposed by NCCS for consjderation in the
current programme. This list was reduced, in consultation with NcCS, to 30;
the main criteria for choosing this number were (i) that neither funds nor
time (within a single summer) would probably allow greater coverage, but (ii)
that something approximating to 30 sites was necessary to build up a database
of a statistically.acceptable size, and one which would also be considered a

reasonable ‘sample’ of Scottish catchments. As a result, a good deal of



valuable information can be gained on not only the assessment and management
of eutrophication and the specific problems at each site (Volume I1), but also
the interrelationships between spectra of values for a range of physical,
chemical and biological factors (Volume I); the latter is likely to prove

especially significant in furthering our understanding of the issues nation-

wide.

In the event, 31 catchments were considered, 26 of which were visited between
mid-June and late August 1991. The 31 included 30 chosen by NCcS, plus the
Loch of Cliff (Shetland), which was sampled during August, along with 4 other
Shetland lochs, i.e. Spiggie, Brow, Tingwall and Asta. The 5 waters missed
out (though in terms of a field reconnaissance, not desk analysis), were
Duddingston (Edinburgh), Castle Loch (Lochmaben), Cran and Flemington (both
near Nairn) and cCarlingwark (Castle Douglas}. Also, at the Mill Loch
(Lochmaben) sampling was limited to duplicate dip samples from open water, for
nutrient and phytoplankton analysis. All 31 waters - comprising 46 basins -
are listed in Appendix I with the dates of sampling and their locations are

shown in FPigure 1.

Geographical coverage spans nearly 6 degrees of latitude, from Carlingwark at
'54°56'N and Branxholme Easter (elsewhere in this report referred to as.
Branxheolme) at 55°24‘N in the south of the country, to the Loch of Cliff at
60°47'N on Unst, Shetland (Pigure 2). Along with the Loch of Cliff, 2 of the |
other 4 Shetland waters studied, Spiggie and Brow, lie between 1 and 2 m
a.s.l., while Lindean and Branxholme are in the Selkirkshire hills at 268 and
262 m a.s.l respectively (Figure 3). The average annual rainfall over the
sites ranges from ca 670 mm over the South Bast, near-coast sites Coldingham
{Berwickshire), Kilconguhar (Fife) and Duddingston, to 2600 mm at Shiel in the
north-west. Catchments range from comparatively pristine landscapes in the
north-west, albeit affected now by forestry operations, to urban areas e.q.

Duddingston, Mill and Kilconquhar.

The waterbodies themselves exhibit order-of-magnitude ranges in the following

physical features: mean depth (z) from < 1.0 m to 40 m (Figure 4), maximum



depi:h (2..;) fromca 1.0 m to 128 m (Figure 5), surface area (A,} from 6 ha to

1959 ha (Figure 6), and volume (V,) from 13 x 10' m’ to 79 x 10" m* (Pigure 7).

. Superimposed on these spectra of physical attributes, are considerable ranges
in the summer water chemistry as exemplified by the minimum and maximum values
of pH (Figure 8) - 6.0 (e.g. Veyatie) and 10.3 (Brow) - and of conductivity

(Figure 9) - ca 40 puS cm* (shiel) and 595 uS cm™ (Spiggie).



2. INVESTIGATIVE METEODS
2.1 Desk studies
2.1.1 Map analysis of the catchments

1:25 000 scale maps giving information on topography, rainfall, potential
evaporation and land-use have been examined to assess the pressures and some
of the sensitivity factors identified above. The exercise was aided by a
questionnaire which was sent to NCCS regional staff for their assessment of
land-use features and urbanisation. An example of what can be done with a
full set of information, using preliminary Geographical Information Systems
(GIS) techniques is presented in Appendix II; however, only a few catchments
are documented to the extent necessary for such a display, but work along
these lines is continuing. For present purposes, an approach that is
compatible with a number of previocus studies carried out by this laboratory
has been adopted (eg Maitland, Smith, Jones, East, Morris and Lyle 1981).
Major patterns of land use have been assessed on the basis of the distribution
of altitude in the drainage areas, and four altitude classes have been
identified; theég correspond as follows to different ;ypéé of potential land

use - although latitudinal and iongitudinal variations occur within Scotland:

(i) < 15 m a.s.1l.; this is considered to be on flood plains and therefore

susceptible to marine influences; non-arable.

(ii) 15-183 m a.s.l.; this is the main agricultural zcone and where arable

farming and forestry is likely to be concentrated,

(iii) > 183 - 610 m a.s.1l.; in this band the land is rarely ploughed, though

afforestation and rough grazing can be extensive.

(iv) > 610 m a.s.l.; the 610 m contour (ca 2000‘) is taken to be the upper

limit of tree growth.
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Table 1. Phosphorus losses (in kg ha! yr unless otherwiso stated) from

various types of land,

Land Use

P losses

Reference source

heathland and woodland:

in N. America and Switzerland 0.05 - 0,15 TP

woodland-dominated catchment:
Loch of the Lowes, Scotland
non-arable land:

Southern EBngland
low intensity agriculture:
N. America and Switzerland
improved grassland:

N. America

Scotland

H. Ireland {Lough Neagh)
intensive agriculture:

H. America and Switzerland

Scotland

- {Loch Leven)
N. Ireland (Lough Neagh)
Coniferous forest fertilised
within 3 years:
S$.B. Scotland
mid-Scotland (Loch Ard)

general agricultural catchments:

Loch Leven (S.B. Scotland)

Loch Bye (N.E. Scotland)

Lough Neagh (N Ireland)

Balgavies Loch (mid-Scctland)

mixed arable and urban sub-
catchment: .

Loch Leven (S.E. Scotland)
arable land:

S.E. England

Southern England
Netherlands

urban areas:

Loch Leven sub-catchment
North America
mid-Scotland (Forfar Loch)
STWs - Loch Leven catchment

Loch Neagh catchment
general

rural areas (septic tanks)
N. America

over-wintering wildfowl:

England

Loch of Strathbeg, Scotland
cage-farmed trout : )
cage-reared salmon: )
smoltg: }

0.15 - 0.18 SRP
0.07 TP
0.10 - 0.40 TP

0.10 - 0.50 TP
0.25 TP

"0.41 TP, 0.17 SRP

0.20 - 0.60 TP

2.0 TP
0.28 SRP
0.22 SRP

2.0 TP
2.2 TP

0.41 - 1.67 TP
0.12
0.18 - 0.22 TP

0.10 - 0.12 SRP
0.04 PP :
0.14 - 0.22 SRP
0.11 - 0.27 SRP

|
o
S
-4}
»
R

1.10 TP

0.60 TP
0.25 TP
0.25 SRP

0.83 TP
0.50 - 5.0 TP
2.8 - 9.0 TP

1.77 - 2.42 TP g per

person d-!

0.65 - 0.88 per person

yrt

0.50 TP (human waste)
0.70 TP (detergents)}

0.3 - 1.8 kg P per
person yr~!

200 mg bird-'d?

239 - 330 mg bird'd?

10-30 kg TP tonne-!
fish produced

1,2,10,12,24,31
13,14

7.8

10,31

10, 31
17
18, 30

10, 12, 25, 26,
3

17

4, 6

11

20
16

4, 6

4, 6

5

5

5

11, 19, 27
15

21 .
7, 8
29

10
15

9, 15
9, 15

22, 23

7, 8

18, 28
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The information from this classification is compared with data on numbers of
peocple, and the extents of forest, improved grassland, arable crops etc., to
improve the assessment of land-use. These data are then used in conjunction
with the nutrient export coefficients discussed next, to gauge the total
phosphorua burden and the relative importance of the different sources of this

nutrient to each waterbody.

2.1.2 Assessment of the extent and relative importance of different nutrient

sources

The strategy adopted for this whole study draws heavily on the experiences
gained from the long-term eutrophication programmes. Limnological knowledge
accrued, over the last 20-25 years in particular, has defined what are now
considered to be the key determinands for assessing freshwater systems.

However, the nutrient export éoefficients obtained from the major, intensive
studies, perhaps comprise the most crucial data for estimating nutrient
bﬁrdens in the absence of further schedules of long-term, shortwtime'intefval
sampling. Table 1 lists a number of coefficients relating to different types
of land-use practices, to treated sewage discharges and cage-fish farms. It
also includes information on the outputs of nutrients from septic tank
systems, although there are no UK figures for this. Small sewage handling
units of this fype prevail in many rural areas in Scotland, including a number
of the catchments studied here. In Northern Ireland, septic tank effluent
generally drains direct to water courses, while in EBire, soil-soak systems
predominate (Patrick 1988); curiously, administrative factors, not

differential soil conditions, are the cause of this dichotomy.

There are likely to be large error bands surrounding the values estimated by
the studies reviewed in the Table (Stevens and Stewart 1981). What is more,
loadings of diffuse, runoff-derived material will vary with different annual
rainfall regimes between the localities, not least due to the effect on the
transport of particulate P (see Jordan and Smith 1985; Bailey-Watts and
Kirika, 1987). Nevertheless, there is a fair consistency in the findings

from generally similar catchments. It thus seems reasonable for the purposes
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of the present study, to assign the following TP loss rates to the various

land types:
- 0.07 kg ha* y' to the high ground, devoid of agricultural development

- 0;10 kg ha y! to the areas of low intensity, non-arable farming, to
woodland, and to rough grazing land; for coniferous forest, values of
2.0 kg ha"' y* over 3 years, or 0.4 kg ha! y!, are appropriate for
plantations s 15 years old, while 0.2 kg ha™ y- is assigned to older
lplantations.

- 0.25 kg ha™ y' for land put over to arable agriculture

- 0.40 kg ha™ y!' for improved grassland.
imp

Indoor rearing of animalé has been ignored for present purposes. Where
recordable numbers of people are resident, a per capita figure of 1.0 kg

TP y! aﬁpears to be appropriate for rural communities on septic tanis, while
an export coefficient of 0.75 kg TP y! is probably the more appropriate

figure for sewer-served populations.

Where numerous geese over-winter, the likely yearly inputs are 250 mg bird?
or 0.04 kg y' assuming a residence period of 5 months. Finally, a figure of
20 kg TP t*! of fish produced is used where salmon smolts or rainbow trout are

reared in cages suspended in a loch, or in bankside tanks.
2.1.3 Estimation of flushing rates

In the present study, the attention to flushing has been limited to estimating
the annual average value for each catchment. . Thus, while seasonal
differences in this factor are of major importance (Bailey-Watts, Kirika, May
and Jones 1990; Bailey-Watts and Kirika 1991b; Bailey-Watts, May and Ririka,
1991), the analysis of the weekly rainfall records to assess these is outwith
the scope of this study. Equally, for present purposes, each annual value

refers to an entire loch, regardless of whether this consists of more than 1

basin.

The rates have been calculated from information derived from a variety of
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sources, but especially from the bathymetric data produced by Murray and
Pullar (1910) who surveyed 25 of the gites studied here. However, while
their information on lake morphometry (e.g. surface areas, depths and volumes)
remains invaluable, checks on their figures for catchment areas, against our
planimetry of current maps, revealed some considerable differences. We
attribute these to the availability of the more recent and detailed maps and
better planimetric instrumentation. There has been a change due to water
transfer into the Loch Insh catchment. Additional sources of information
that were consulted, include, for example, Bailey-Watts, Lyle, Kirika and Wise
(1987) for Coldingham Loch, Bancock (1982) on Strathbeg, and unpublished
reports by Bailey-Watts (1973) on Branxholme Easter, and by Maitland (1980)
on Lindean. The method of catchment runoff calculation was that described
by the Institute of Hydrology (1980). Average rainfall and evaporation-
corrected values are derived from the relevant Meteorological office maps
(period 1941-70). The product of the resulting annual net precipitation and
the areas of the catchment and loch {evaporation from the loch surface being
taken as 1.2 times that from land is the total runoff. When this is divided
by the loch volume, an annual flushing rate (p) is obtained. The reciprocal
of p is the theoretical retention time - in units of years, although it is

often expressed in days.
2.1.4 Estimation of the phosphorus retention coefficients

It is important to gauge how much of the P entering a system is retéined, as
this fraction may be recycled from the sediments (‘internal locading‘), to
cause eutrophication problems even when the rate of input of P from the
catchment is reduced - see section &.6. The P retention coefficients (R)
have been calculated according to the empirical model of Kirchner and Dillon
' (1975). This model was based on observations on 17 Canadian lakes varying
considerably in physical and chemical features. Certainly, data based on
extensive, close-time interval sampling and P loading estimations at Loch
Leven in 1985, fitted this model very closely (Bailey-Watts, Sargent, Kirika
and smith 1987). It is now known, however (Bailey-Watts, May and Kirika

1991), that the wet summer in the year of sampling was very significant in
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this respect, because recycling of P from the sediment was minimal. Had it
been a dry summer, net gains of P by the water column due to recycling from
the deposits, would have resulted in an export of P (via the outflow) much
higher than predicted by the model. As a consequence, R would have been much
" lower than pfedicted. Indeed, any marked lack of fit to the Kirchner and

Dillon equation is often indicative of significant sediment release.

The central term of the model is gq,, the ‘areal water lcading’, in units of
m y'; this is the volume of water entering a lake, V,, (m' y'} divided by the
surface area of the lake, A, (in units of m?),. The model then predicts R

from g, according to:

R = 0.426e!"°-3M4g) + (,574e(-0-0%%ag)
2.1.5 Estimation of the tendency to stratify

As already suggested, the influence of flushing rate on phytoplankton
populations may be considerable under {summer) stratified conditions. At the
same time as establishing whether a waterbody stratifies, by t;he temperature
profiling work (see section 2.2.3 below), an estimate of the likelihood of .
stratification was examined using the following relationship suggested by
Hanna (1990), between thermocline depth {2, in metres) and lech area (A, in
km?) in temperate lakes:
log 'zt = 0.185 log A, + 0.842 (r = 0.91)

The calculated 2, was compared to the mean depth (z) and maximum depth (z_.)

of each loch, which_could then be allocated to one of three categories, as

follows:

(1) if 2z, > z_,, the loch is assumed never to stratify

(ii) if 2z, > z > z, the loch may occasionally stratify but probably only
in deep basins

¢(iii) if z, < z, the loch should exhibit marked stratification which will
strongly affect the hydrodynamic functioning of the site and the

effective flushing rate for that period.
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2.1.6 Water circulation and mixing

Important, but not within the practical scope of this study, are water
circulation and mixing patterns within the lochs. For example, where an

isclated basin exists, this is noted, since it affects the validity of the

calculated mean annual 'flushing rate.
2.2 Fieldwork

2.2.1 catchment assessments

Field assessment of catchment characteristics was limited mainly to noting the
general features of the terrain leading up to the edge of the lochs. However,
this facilitated checks on the suitability of sampling locations - previously
chosen from maps. ' Areas of forest-felling, for exaﬁple, were avoided, in

aiming to collect sediment material most representative of a particular basin.

2.2.2 sSampling and recording at the inflows

It was not possible to visit all of the approximately 220 feeder waters
featured on the maps referred to in section 2.1.1. At one extreme, Loch
Shiel has 111, although at the other, Lindean and Kilconquhar, for example,
have no well-defined inflows. Thus, a total of 80 waters considered
sigﬁificant in terms of (i) the-proportions of the total loch catchments that
they drain, and/or (ii) ‘hot spots’ of nutrient pollution, were sampled.

This number included .all inflows for most of the lochs fed by s 3 streams, and
a selection of these where > 3 waters enter, e.g. 11 of the 22 draining into

Loch Veyatie, 10 of the 43 feeding Loch Eck, and 8 of the 13 passing into St

Mary's Loch.

- These waters were sampled a few metres above their confluences with the lochs
primarily for information on nutrients. However, a Corning ’Check Mate’ field

probe system was used to measure the following:
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- dissolved oxygen content, to check whether any streams were organically
polluted to the extent of severe oxygen depletion at their mouths.

- electrical conductivity, as an indicator of overall ionicity.

- PpH as a basic descriptor of the acid-base status.

- water temperature, for comparison with the values obtained in the

open waters.

In the event, no waters appeared to be severely polluted, and there were no

features of major relevance to this study as regards conductivity, pH and

temperature.

In common with all of the wa-ter collection during this study, the following
procedures were observed: duplicate samples were taken; polyethylene bottles
that had been acid-washed and repeatedly rinsed in hot tapwater were used
throughout, and just prior to taking the samples, these were rinsed in the
stream or loch water; samples were also kept as cool as possible, and in the
dark until further processing. In the case of the feeder stream samples, k-

litre bottles were immersed in the water with their open ends facing upstream.

Filtering, sub-sampling etc. was often done at the loch side. Unfiltered
aliquots of water were stored for the analysis of total phosphorus (TP) and
turbidity measurement, while subsamples filtered under vacuum through Whatman
GF/C discs were saved for the determinaticns of total soluble P (TSP), soluble
reactive P (SRP), nitrate (NO,.N), dissolved silica (Si0,) and dissolved
colour. [Additiona; subsamples have been treated for major ion and metal

analysis, but the results of these aspects are not reported here].
2.2.3 Sampling and recording in open water

a. surface water collections: Open water sampling was limited to a single
site at or near the deepest point, in each basin; at sites < 2.5 m deep, 3-
to 4-litre volumes of water were collected by plunging wide-mouthed aspirators
under the surface. At sites greater than 2.5 m in depth, a 2-m length of 6-

cm diameter, ‘Marley’ drain pipe was lowered vertically into the water, until
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its upper end was just under the surface; a tight fitting rubber bung was
then pushed into this end, and the whole tube was raised until the lower end
was just below the water surface and could be closed by hand. The 2-m column

of water was then lifted ocut of the loch and transferred to a plastic bucket.

Extra phytoplankton material was collected {for taxonomic studies) by towing
a 28-um mesh, silk net through the water for a few minutes (the time depending
on the general abundance of plankton). Quantitative samples of rotifer and
micre-Crustacean plankton were collected by means of vertical'hauls.with
respectively, 28-pm and 118-pum mesh tow nets, over measured depths e.g. from
3.5 m or 5.0 m to the surface. In shallow waters, where vertical net-tows
were not possible, water was collected in plastic aspirators as above, and

measured volumes poured through the nets to concentrate the animals.

Onshore, subsamples were taken for nutrient determination and the colour and
turbidity measurements as described in section 2.2.2. Additional sub-samples
were saved for chlorophyll a analysis and for phytoplankton species

composition and abundance work.

Two 50-ml aliquots of water were taken from each basin for phytoplankton
analysis; each of these was fixed with ca 0.25 ml Lugol’s lodine (a saturated
solution of iodine in a saturated agueous solution of potassium iodide).
‘Half-litre samples kept for rotifer analysis were fixed meedlately with 0.5
procalne—hydrochlorlde {see May 1985), and then, after 24 hours, with
formalin to a final strength-of 4%. The concentrates of micro-Crustaceén.
zooplankton were fixed immediately with formalin to give a final strength of

ca 4%. [N.B. The Crustacea samples have not yet been analysed].

b. vertical profiling: the main points of focus of this aspect of the work,
which was also carried out at or near the deepest point in each basin, were
the distributions of temperature with depth, and associated vertical patterns
of oxygen concentration - each giving a measure of mixing depth. With the
‘Windermere Profiler’ instrument which was used in most of the 1échs, pH and

conductivity levels were also recorded simultaneously. Water clarity was
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assessed by Secchi disc transparency. All data recorded with the ‘Profiler’
were stored in a Husky rHunter' logger connected to the surface unit of the
system. At the end of each day, this information, along with records of other
field observations that were entered into the 'memo’ facility in the logger,

was printed out on a portable, Kodak ‘Dicnix’ ink-jet printer.

For the field trip covering the 5 Shetland lochs (Spiggie, Brow, Tingwall,
Asta and Cliff) and the northernmost loch on the Scottish mainland (St John’s)
surface water and sediment-overlying water temperatures, dissolved oxygen
contents, conductivities and pH values were measured with the ‘Check Mate’
probes; the results indicated that only one of the Shetland basins (Tingwall

South - maximum depth 16.5 m}, was stratified to any marked extent.

c. bottom water and sediment studies: Sediment cores were collected from
a single site in each of a total of 2% basins. In an attempt to obtain
information most representative of each waterbody, the echo-sounder was used
~to find;as flat an area of sediment as possible, rather than a deep ‘pot’.
At each site, 6 cores wére collected with a Jenkin Surface Mud sampler. Water
overlying the 2 cores with the most level surfaces, was siphoned off for later
analysis, and the muds were extruded. The top centimetre and each 2-cm slice
down to 9 cm depth from each core were stored separately in polythene bags.
These bags were immediafely sealed by knotting, in an attemét to minimisé
oxygenation of the material and chemical changes in e.g. the phosphate
adsorpfion atatus; however, we are well aware that such changes érobably did
take place - although to what extent is not known -~ but it was impossible
during this campaign to use the otherwise ideal, ‘glove-box’ techniques and
process the muds under an atmosphere of e.g. nitrogen. The only subsample
of mud removed from each slice during the extrusion stage was 0.1 - 0.2 cm’

for diatom analysis, but the results of this aspect of the work are not

reported here.

The ‘Check Mate’ instrument was used to measure the temperature, dissolved
oxygen content, conductivity and pH of the water taken from within 10 cm of

the sediment surface. Subsamples of this water were also filtered in the
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field, through whatman GF/C discs for analysis of TSP, SRP and sio0,.

[Surface material from another core was kept for rotifer resting egg hatching
experiments (see May 1987), and the uppermest % cm of a 4th core was
transferred to a plastic Freeman jar and fixed with formalin for later
analysis of the macro-invertebrate assemblages. However, these aspects are

not reported here].
2.2.4 sampling and recording at the outflows

The work done at the outflows was the same as that carried cut for the
surface, open waters (section 2.2,3a), except that (i) dip, rather than 2-m
tube samples were taken for chemistry, phytoplankton and rotifers, and (ii)

no micro-Crustacea samples were taken, nor any other collections involving net

hauls.
2.3 Laboratory analyses
2.3.1 Chemistry

a inflows, open waters and outflow waters: nitrate, phosphorus fractionms, -

dissolved silica, colour and turbidity were all determined by absorption

spectroscopy using the following methods.

Nitrate was analysed by this laboratory‘s modification of the cadmium
reduction method (APHA 1976). The procedure is a combination of two methods,
modified as a batch process (as opposed to either a reduction column or an
automated method). Nitrate reduction to nitrite was achieved using copper-
cadmium in ammonium chloride soclution; the nitrite was then determined by
addition of hydrochloric-acidified sulphanilamide solution, followed by N-{1-
Naphthyl)-ethylenediamine dihydrochloride (N.E.D.). The optical density of
the resulting solution at 543 nm was measured in a Philips PU 8670
spectrophotometer and converted to concentrations determined from a

calibration against various dilutions of a standard solution containing 500
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ug NO,.N. Samples analysed by this method need to be within a pH range of
5 to 9. None of our samples had a pH of < 5 units, and all of those
originally > 9 {Checkmate field reading) and freeze stored (at -4°C in screw-
top polypropylene tubes) were found to . be < 9 pH (~ 7) due to absorption of
€O, and loss of NH,. For scluble reactive P (SRP) - the fraction of P most
immediately available for algal growth - the spectrophotometric method
described by Murphy and Riley (1962) was used; while it was suspected that
some of the concentrations of SRP would be around a few microgrammes per
litre, no prior concentration of the phosphate (in e.g. hexanol) was done.
Instead, the aliquots and proportions of molybdate reagent were modified, and
- 4-cm éath length cuvettes were used, to obtain absorbance readings such that
differences ca 3 pug P 1! could be considered significant. Soluble reactive
silica (sio,}, which is an important nutrient for diatoms a;ud many
chrysophyceén algae - was determined using the method of Mullin and Riley
{1955) and adopting the procedures outlined in Golterman, Clymo and Olmstad
(1978); the limit of detection is 50 pg Sio, 1. Determinations of the
levels of totai P (TP) and the total soluble fraction {TSP) was alsoc carried
out, in triplicate, on each sample. TP concentrations constitute a useful
index of trophic status, while a measure of TSP provides information on the
levels of soluble un-reactive P (SURP or dissolved ‘organic’ P) from:
SURP = TSP - SRP
Similarly, the difference between TP and TSP gives the concentration of

particulate P (PP).

b sediment interstitial waters: TSP, SRP and Si0, were detérmined on the
sediment pore waters from each of the depth slices, by the spectrophotometric
methods already outlined for loch and inflow waters. Pore water was obtained
by firstly centrifuging the wet sediment and decanting the supernatant, and

secondly, vacuum-filtering the supernatant through Whatman GF/C pads.

¢ sediments per se: the immediate focus is on the total P content of the
sediments. This was determined as for TP in the waters, but on a known
weight of wet sediment (ca 0.2 g) from each core slice. This was later

diluted with distilled water to S0 ml; this was mixed by means of a magnetic
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stirrer, and while the mixing was in progress, a l-ml aliquot was withdrawn

and transferred to a reagent tube.

At varicus stages of handling the sediments, the weights and volumes of
material originally obtained, and those of the various subsamples taken for
total sediment and pore water analyses, were recorded. The wet and dry
weights of the material remaining after that needed for the nutrient analyses
had been removed, were also measured. Thus, all concentrations of P, for
example, can be expressed on a dry weight, wet weight or volume basis. The
intention is to determine the ash and organic contents of the sediments, so

that the nutrient levels can be expressed ags a function of these parameters .

as well.
2.3.2 Biology - open water and outflow plankton

a Algae: an index of total phytoplankton biomass was obtained by measuring
the concentration of chlorophyll a. The algae from known volumes of water
(eg 100 ml where the crops were dense, and 400-500 ml where sparser
populations prevailed), were concentrated by filtration onto Whatman GF/C
discs which were then steeped in 90% methanol overnigl_it‘ at ca 4°cC. The
resulting extracts were centrifuge-cleared, before transferring to a
spectr.;ophotometer cuvette. Optical densities of the extracts were then read
in a Cecil 303, grating spectrophotometer, against solvent standards at 665
nm and, for turbidity correction, 750 nm. The equation dérived by Talling
and Driver (1963) was used ffo convert the readings to concentrations of
chlorophyll a. Note that as no correction was made for pheophytin a - a
breakdown product of chlorophyll a with a peak absorbance very near 665 nm -
the values obtained are likely to overestimate the actual amounts of ‘healthy’

chlorophyll present.

The population densities of a number of the most prominent species of
phytoplankton were estimated by counting. The algae in the 50-ml iocdised
samples were first concentrated 10-fold by centrifugation. A Lund

nanoplankten counting chamber was then filled with the (well-mized)
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concentrate. A number of algal types differing considerably in both size and
general abundance were assessed by examining the assemblages at a range of
magnifications from 40x to 600x on a Vickers Photoplan microscope (see Bailey-
Watts 1978). At the lower power (ie using a x4 objective in combination with
x10 eyepieces), the whole chamber was scanned with the view to enumerating the
relatively large species, although much smaller forms can often be discerned
if the crop is generally sparse. Since the volume of the chamber ﬁsed
throughout this study is 0.45 ml, the effective volume of water scanned is 4.5
ml, because the algae were concentrated 10-fold. This means that organisms
ags rare as ca 2 per 10 ml can be recorded. At pregressively higher
magnifications, the attention is on progressively smaller species. Thus, at
the highest power adopted here (x50 objective - x10 eyepiece combination)
nanoplankton (= 15 pm) and even picoplanktonic forms (ca 2 pm) can be
assessed, but on the basis of random quadrats (defined by a square
incorporated into an eyepiece graticule), rather than whole chamber coverage.

In order to estimate the population of at least the most numerous species in
the sample, with 95% confidence limits of ca t 20%, ; approximately 100
specimens of that alga were counted. Usﬁally, but not universally, small
organisms are considerably more abundant than large forms in phytoplankton
assemblages, and in the present arrays, populations exceeding 10° ml™ have

been occasionally estimated.

Even though the study was confined to ‘summer’ sampling, an enormous variety
of ‘species’ has been recorded; many of the forms have ‘proved difficult to
identify, however - not least, because they were rare and very few individuals
were seen. For present purposes, therefore, the focus has been more on the
composition of the crops in terms of the different morpholegical types present
{e.g. large vs small forms (see e.g. B.ailey-Watts 1986), heavy diatoms vs
buoyant blu.e-green algae, and motile forms (flagellates) vs non-motile types],
and exploring the distribution of algae differentiated on this basis, in .

relation to lake type and water quantity (see also Reynolds 1984; 1990).

b Rotifera: samples for rotifer analysis were concentrated by sedimentation

in glass measuring cylinders for 24 h and siphoning off the overlying water.
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Each concentrated sample was then placed in a microscope sedimentation chamber
and allowed to settle. The bottom of the chamber was scanned with a Wild M40
inverted microscope at x 100 magnification. Where possible, all of the

rotifers in each chamber were identified and counted.

Where identificationa wereé uncertain, specimens collected by 23 um-mesh net
tow were examinéd more closely under a Vickers M15c binocular microscope at
magnifications of up to x 400. Even then, some animals could be identified
only to. genus level and a few remained unidentified. Rotifers are
notoriously difficult to identify, especially when dealing with preserved
material. This is because many of the diagnostic.featurés of soft-bodied
forms are often lost or distorted by the preservation process. Further
identification of these animals (especially Polyarthra spp., Asplanchna spp.,
Synchaeta spp. etc.) would have required very detailed analyses of the
material collected, including size measurements and scanning electron
nicroscopy of the mouthparts (trophi) (Roste & Shiel 1989, Sonoamuang 1992).
This would have been very time—consumin§ and could not have been carried out
'within the time limits imposed on this project. Nevertheless, of almost
12,500 animals examined in this survey, less than 1% could not be identified
to genus level, at least. Rotifer identifications were carried out according

to the nomenclature of Koste (1978).
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3. RESULTS AND DISCUSSION I: THEE PRESSURES ~

FACTORS DETERMINING THE LIRELY EXTENT OF NUTRIENT ENRICHMENT
3.1 The nature of the catchments

3.1.1 size, use and human occupancy

The area of catchment, usage, and level of human occupancy are the 3 major
factors determining the potential external loadings of nutrients to a standing
waterbody. The catchments included in this study ranged over 3000-fold
(Figure 10), from the 32 ha draining into Coldingham to the 82 .x 10’ ha
associated with Loch Insh (Inverness-shire). Even excluding these extremes,
the areas associated with Branxholme (41 ha}, Lindean (54 ha) and Duddingston
(98 ha) contrast considerably with the north western sites Shiel (23 x 10°
ha), Veyatie (12 x 10® ha), and Eck (10 x 10’ ha), and St Mary’s in the
_Borders (11 x 10° ha). ©n this basis, the external burdens of nutrients can
be expected to increasé through the series, from Coldingham Loch to Loch Insh.
However, this would only be the case if both land use and the level of human

occupancy were uniform, and if areal loss rates of materials were the same

throughout the country.

Altitude distribution gives a first indication of the likely variation between
catchments as regards land use and the density of people. From Table 2 the
followimj catchments can be considered to have high eutrophication potential
because all, or a great majority of, the drained land lies below 183 m:
Coldingham, Kilcongquhar, Linlithgow, Rescobie, Strathbeg, Mill, Spiggie, Brow,
Tingwall, St Jchn’s, cliff, cCastle, Cran and Flemington. These would
contrast with the other areas, a considerable proportion of which lie at
higher levels; of particular note are the following, in that > 40% of their
catchments are situated above 1832 m: Davan, Eck, Shiel, Cclunie, Butterstone,

Lowes, Craiglush, Veyatie and Insh.
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Table 2, Catchment areas and the percentages of land (ie exc. standing
waters) within four altitude bands (m.a.s.l.)

Catchment ha <15 m 15-<183 m 183-610 m > 610 m
Coldingham 33 0 100 0 0
Lindean 54 o 0 100 0
Branxholme 41 0 0 100 0
St Mary’s 10638 0 0 [0 10
Kilconguhar 109 0 100 0 0
Linlithgow 476 0 100 0 ]
Balgavies 2360 0 89 11 0
Rescobie 2015 o 93 7 0
Marlee 7318 o 47 49 o
Clunie 5732 o 38 59 0
Butterstone 2149 0 37 56 o
Lowes © 1386 0 37 60 0
Craiglush 973 0 26 74 0
Strathbeg 5297 20 80 0 0
Davan 3472 0 21 78 1
Eck 9890 0 27 71 2
Shiel 22961 4 35 54 7
Mill 172 0 99 o 0
Spiggie 1418 17 81 2 0
Brow 392 21 77 2 0
Asta 455 10 79 0 0
Tingwall 267 10 S0 0 0
st John’s 4137 ] 100 0 (4]
Veyatie 11610 0 34 61 1
Insh 81952 0 0 17 22
Cliff - 2930 6 90 2 0
Duddingston 98 0 85 15 0
Castle 689 0 86 0 0
Carlingwark 1183 o 54 46 0
Cran 822 26 74 0 0
Flemington 851 0 100 0 0

A somewhat similar split between the sites is obtained when those in which the
majority of the land is put over to agriculture and/or improved grassland, are
compared with those in which rough grazing is important (Table 3). Included
in the first group are Kilconquhar, Balgavies, Mill and Castle {with > 60% of
their areas covered by agriculture and/or improved grass), while in the

second, are Clunie, Butterstone, Craiglush, Shiel, Veyatie and Insh (> 40%

rough grazing).
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Table 3. Catchment areas and the approximate percentages of land under forest,
arable agriculture, rough grazing and improved pasture (ie excluding open
water and land dominated by buildings)

Catch. no. ha t forest % arable % rough % improved
Coldingham 33 S 29 24 45
Lindean 54 6 0 93 0
Branxholme 41 4 40 56 0
St Mary’s 10638 8 2 87 0
Kilconquhar 109 24 76 0 0
Linlithgow 476 1 40 0 10
Balgavies 2360 8 80 4 6
Rescobie 2015 11 67 10 12
Marlee 7318 13 25 42 8
Clunie 5732 22 15 52 4
Butterstone 2149 42 8 41 3
Lowes 1386 48 6 - 39 3
craiglush 973 49 1 48 0
Strathbeg 5689 4 26 8 37
Davan 3472 . ¥ 35 35 18
Eck 9890 37 23 30 10
Shiel 22960 20 1 . 75 4
Mill 172 2 29 7 55
Spiggie 1418 o 2 89 9
Brow 392 0 28 51 21
Asta 455 0 27 49 23
Tingwall 267 0 2 68 30
St John's 437 0 33 33 33
Veyatie 11610 1 9 85 0
Insh 81952 2 1 97 0
Cliff 2930 v] 10 87 0
Duddingsten 98 ¢ 0 50 25
Castle 689 7 31 0 58
Carlingwark 1183 1 20 30 48
Cran B22 50 25 0 25
Flemington 851 30 40 0 30

The calculations have not yet taken account of the possible impacts of people
or overwintering wildfowl on the potential export of nutrients from

the catchments. Yet, there are a few sites-in which these are likely to be .

significant (Table 4).
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Table 4. Catchments in which the numbers of people and/or overwintering gease
are likely to contribute significantly to the overall nutrient burdens to the

receiving waters.

‘Pecple catchments’ 'Gaese catchments’
(> 0.25 people/ha) (> 1 bird ha'')
Coldingham (0.60) _ Balgavies (1.70)
Kilconguhar (0.27) Strathbeg (4.13)
Linlithgow (16.83)* Davan (6.34)

Mill (1.74) Castle (10.16)

Duddingston (4.10)
Ccastle (1.39)
Carlingwark (1.64)
Flemington {0.28)

*this high value assumes that a large urban area is included in the catchment;
some high concentrations of P in the feeder streams suggest that waste from
it reaches the loch.

These lists include the following waters which have already been adjudged high
in terms of likely eutrophication pressures - on the basis of both altitude
and landuse: Coldingham, Kilcongquhar, Linlithgow, Mill, Castle, Flemington
and Strathbeg. What is more, the Castle Loch at Lochmaben (which in past
Years was an important Vendace site - Maitland and Lyle 1990) ranks high in

both lists in Table 4.

3.1.2 The potential losses of phosphorus, and the relative importance of

different external sources

The total inputs of P to each of the waters can now be estimated by assigning
to the areas of each landuse or altitude class, the P export coefficients
discussed in section 2.1.2. The ranking of the catchments is then as shown
in ?iguré 11 which also highlights the similarity between the two sets of
results. The relative positions of scme of the waters in these arrays
differs considerably, however, from those suggested on the bgsis of the
altitude and landuse percentage figures. This is because the actual areas
of the catchments have now been accounted for. Thus, Veyatie and Insh, which
are good examples of catchments that consist of relatively pristine

landscapes, are nevertheless likely to export considerable amounts of material
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by virtue of the large areas involved.

Naturally, the systems identified in Table ¢ with significant numbers of
people and/or overwintering wildfowl, move up through the rankings when the
P export potential of treated sewage, of septic tank waste and of the roosting

birds is included; compare thus, their values in Figure 12 with those in

Figufo 11.

The values plotted in Pigure 12 incorporate data on Yet another putrient-
enriching actilvity - fish-farming. -Only 4 lochs in this series are affected,
and 3 of these are associated with catchments that so far have been viewed as
relatively nutrient-poor, i.e. Butterstone (5.1 t rainbow trout y'), Shiel
(80 t salmon smol-ta) and Veyatie (possibly 5.0 t salmon smolts);
contrastingly the Loch of Cliff (producing a total of ca 46 t salmon smolts
Yy but only ca 10 t in a floating cage) has been considered a relatively rich

" system on the basis of its altitude distribution. ';
The relative importance of the various sources of P to the estimated total

burdens to each loch is shown in Table 5. Plainly each system is individual,

but the following géneral features are evident:
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Table 5. The percentage contributions of forestry land, rural and urban
communities, arable agriculture, rough grazing and improved
pasture land, to the total phosphorus loading predicted from
land use, and the numbers of people, wildfowl and caged fish
in 31 catchments.

catchment % forestry % rural & urban % agric- % rough % improved
(septic (sewage culture :
tanks) works)
Coldingham <1 28 0 21 7 43
Lindean 25 0 0 0 75 0
Branxholme 33 0 0 44 22 0
St Mary’'s 17 10 0 5 &7 0
Kilconquhar 1 86 0 8 5 0
Linlithgow <1 8 0 2 0 74
Balgavies 2 36 0 43 1 3
Rescobie 4 44 o 39 2 11
Marlee 15 20 o 29 13 14
Clunie 19 17 0 19 18 14
Butterstone 34 12 0 9 13 6
Lowes 54 8 0 9 15 6
Craiglush 71 5 0 1 22 0
Strathbeg 1 31 0 11 1 26
Davan 9 7 0 17 5 14
Eck 36 4 0 29 11 20
Shiel 22 13 0 3 23 5
Mill 3 26 0 17 1 53
Spiggie 0 69 0 1 19 11
Brow 0 52 0 19 9 21
Asta 0 20 0 27 14 3
Tingwall 0 26 0 2 20 52
St John’s 0 28 0 25 7 40
Veyatie 2 11 0 22 56 0
Insh 7 15 17 <1 60 0
Cliff 0 19 0 17 41 0
Duddingston 0 0 ¢ 0 23 77
Castle 3 14 0 9 0 27
Carlingwark 1 18 65 3 1 12
Cran 37 17 0 15 1 30
Flemingten - 12 46 "0 19 0 23

(i) there are 7 catchments in which a single landuse type contributes more
than two-thirds of the predicted total input of P: Duddingston and Linlithgow
for improved grassland; Lindean and St Mary's with rough grazing (although
values of 56% and 60% are obtained for Veyatie and Insh respectively);

Craiglush with forestry; Kilconguhar and Spiggie with the rural communities;

(i1i) while 6 lochs - Linlithgow, Mill, Duddingston, Carlingwark, Cran and
Flemington are situated in heavily ‘urbanised catchments, it appears that
treated sewage passes only into Carlingwark, and here, this source of
nutrients could supply some 65% of the total P load. The only other system

where STW effluent is likely to contribute a significant proportion of the
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total P load, is Insh, for which a value of 17% has been estimated.

(iii) agriculture, excluding improved grassland contributes various
percentages to the total loads, ie from < 5% in e.g. Lindean and Shiel, to >

40% in Branxholme and Balgavies.

{iv) the corresponding highest percentages for improved grassland are 77 at

Duddingston, and 74 at Linlithgow.

(v) for the 4 catchments with over-wintering geese densities of > 1 ha! (see
Table 4), the birds appear to contribute significantly to the total annual P
loadings, ie Davan with 48%, Castle with 23%, Strathbeg with 30% and Balgavies

with approximately 15%.

(vi) the predicted amounts of P exported from fish farms in Lochs Cliff,
Butterstone and Shiel are also significant, ie 23%, 25% and 33% respectively,
of the estimated total loads. The tanks associated with the main inflow to
the only other loch in this series where fish are farmed - Loch Veyatie -~
would seem to contribute < 10% of the likely P exported from its large
catchment; however, the valué of 5 t for the annual fish production

attributed to the farm at Veyatie, is a guess.

(vii} if the whole set of catchments is considered as one unit, diffuse
sources of P far outweigh the inputs from point-socurces - and especially so
if rural community export in septic tank discharges is conaidered a non-point
source; as noted under (ii), only in Carlingwark is it likely that the point-

source component exceeds the diffuse loading.
3.1.3 The nitrogen situation: contrasts with phosphorus

This report is not paying as much attention to N as it is to P, because for
much of the year in the vast majority of temperate waters, P is likely to be
the major plant growth-limiting nutrient (see eg. Bailey-Watts, Kirika and

Howell 1988). However, N can be important in this respect in summer (Bailey-
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Watts 1988; Bailey-Watts 1990, 1992); indeed, the prominence of atmospheric
N-fixing cyanobacteria may well be due to reduced availability of nitrate at

this time (see also Horne and Commins 1987).

In general, the specific areal losses of N from land, are often more than 10
times those of P, and where intensive agriculture features, 100 times or more
(Rarper and Stewart, 1987; Holden 1975; Foy, Smith and Stevens 1982;
authors’ unpublished data). The K-to-P loading ratios for many waters are
thus greater than the ratio of the plant growth requirements for these
nutrients (Bailey-Watts 1988 gives cell N and cell P data for diatom plankton
as an example). After secondary treatment, sewage effluent is likely to

contain only 3 times as much N as P, however {(e.g. Deevey and Harkness 1973}.

3.2 The transfer of nutrients from catchments to lochs
"3.2.1 Rainfall regimes and runoff

Average annual rainfall over these catchments is lowest at ca 700 mm near the
south-east coast, ie Duddingston, Kilconquhar and Coldingham, and hear the
north-east coast, ie Cran and Flemington. Highest values are 1600 mm at St
Mary’s (Borders Region), and 1950 mm at Veyatie, and 2600 mm at Eck and Shiel
{all in the north-west of the country). ©On the basis of the data for the 29
catchments included here, there appears to be very little correspondence
between rainfall and altitude, and there are no obviocus trends in rainfall or

in altitude, either along, or across the country.

On the Easis of a log-log linear regression, some 95% of the variation in the
estimated evaporation-corrected volume of water running off a catchment, is
associated with variation in catchment area, whereas only 51% of this
variation is associated with the variation in rainfall per se {(ie annual
amounts in mm); thus, the influence of size of catchment on runoff volume
{the latter being a measure of the water available for transporting materials

from the catchment), is much greater than the influence of the rain regime.
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As a result, if eutrophication per se was measured purely in terms of the
amounts of runoff water (= the annual flushing volume), the lochs receiving
greatest burdens of nutrients would be: Shiel (51 x 10" m’) > Insh (27 x 10’
m*) > Bck (22 x 107 m’) > Veyatie (18 x 10" m') and St Mary’s (10 x 107 m?®).

At the other end of the spectrum, the following are likely to export the lower
amounts of material as they have the smallest runoff volumes: Coldingham {8
¥ 10* m’) < Lindean {21 x 10* m’) < Branxholme and Duddingston (25 x 10' m’

each) < Kilconquhar (26 x 10' m'}.

3.2.2 Rainfall-dependent and rainfall-independent exports of nutrients from

catchments

Ignoring for present purposes the dry-deposited, aeolian inputs of nutrients
directly inte standing waters, only wildfowl faeces of the various types of
nutrient source considered so far, require no runoff water for their transport
from the catchment. Fish cages can be viewed in a similar light, with the
continual ‘rain’ of faeces and waste feed into the water column. Sources
from agricultural areas, forests, soakaway and septic tank discharges, all
enter the surface water network strongly influenced by rainfall-runoff.

Contrastingly, peoint scurces of nutrients which, in the present study appear
to be comprised solely of the effluents from sewage treatment works (STWs),

enter lochs in a manner more-or-less independent of ‘seasonal runoff patterns.

It is important to distinguish between the various nutrient inputs on this
basis. Above all, the runoff-controlled inputs will exhibit erratic patterns
of delivery in keeping with varied weather regimes, while the supplies from
STWs will show relatively stable, if cyclical, loading patterns (Bailey-Watts
and Kirika 1987; Bailey-Watts, Sargent, Kirika and Smith 1987; Bailey-Watts
1990, 1992). This contrast alone would lead to different responses by a
loch, even if_the-total annual lcading and the r’cocktail’ of nutrients
remained unchanged. As it happens, the different sources tend to contrast
also in terms of the N:to P ratio, the mix of other chemical constituents, and

the volumes and concentrations (Bailey-Watts 1990, 1992).
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on the basis of the information on catchment areas, P loss coefficients and
estimated P loads discussed above, the majority of the waters covered by this

study are likely to be dominated by diffuse inputs of nutrients.
3.2.3 Summer nutrient levels in the inflows

In general, the number of feeder streams increases with size of catchment.

Hence, the large number entering shiel, Eck and Veyatie; however, water from
the largest catchment - that of Loch Insh - reaches the loch at relatively few
points, and primarily via the Spey River, although also through an extensive,
marshy area. At the other end of the scale, a number of small systems appear

to have no well-defined feeder channels e.g. Branxholme Easter, Lindean and

Kilconquhar.

Table 6 shows that, of the 22 sets of feeder streams, very few were at this
time more or less pure, ie with 'univgrsally' < 10 TP pg 171, The only 2
systems where concentrations of 10 pg TP 1 or less ‘prevail’, ie Coldingham
and Branxholme - with only one inflow each, anyway. However, only 1 stream
cut of the B8 sampled at St Mary‘’s exhibited a higher figure, (and this was
only marginally higher than 10 pg 1°'); Asta and Erow are similar to St Mary’s
in this respect. At least one inflow to each of the other relatively
‘pristine’ sites gave considerably higher values, ie 17 pg 1 at Veyatie, 22
at Davan, 59 at Eck, 25, 94 and 135 at shiel, 137 at Tingwali and 167 at
Lowes. A third group of catchments comprises the remaining 11 sites. All
of these appear to be universally rich in P, but especially Linlithgow,
Rescobie, Strathbeg, Spiggie, Tingwall and Marlee: Tingwall with values of
> 100 pug 1, and Marlee with a value of > 1 mg 1™ are of particular interest.
Corresponding analyses of soluble P show that, in all cases, this fraction
contributes the major proportion (ca 70%) of the total amounts of P; what is
more, at least 60% of this is soluble reactive P (SRP). Certain farm
effluents constituting agricultural point-sources of P, could explain the high
values, but in some situations, e.g. Linlithgow and Rescobie and the other
lochs on the Lunan system, sewage effluent of various types is a possible

additional cause.
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Human influence in the form of waste from hotels, caravan parks etc. may also
explain the ‘hot-spots’ around Loch Eck, for example. Otherwise, values of
ca 50 pg TP 1! are similar to the mean concentrations measured over the year
in the major inflows draining agricultural land surrounding Loch Leven (e.g.
1-3 m® s! annual mean flows), and equivalent figures of 100-300 ug 1
correspond to small farm ditches and drainage channels (< 0.01 m’ 3! annual

mean discharge) in that catchment (Bailey-Watts and Kirika 1987).

Nitrate concentrations (Table 7) were often very different between streams
flowing into the same loch; the two streams entering Clunie, for example,
gave values of 0.29 and 2.9 mg N 1. Nevertheless, Shiel and Veyatie
exhibit low values more or less all round the catchment (generally

< 20 ug N 1'), while St Mary’s has higher concentrations of up to 400 pg
12, These contrast considerably with the more intensively developed
catchments of Linlithgow (0.49 - 1.3 mg N 1°!), Rescobie (0.74 to 4.1 mg 1)
and Marlee (0.16 to 4.7 mg 17'). The overall range of N concentrations is
some isoo-fold, from ca 7 ug N 1! in Asta, Spiggie and veyatie to 9.8 mg 1

in the small, piped inflow to Coldingham Loch.
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4. RESULTS ARD DISCUSSION II: THE SENSITIVITY FACTORS

DETERMINING THE IMPACT OF NUTRIENT INPUTS ON LOCH WATER QUALITY

So far, the pressures by way of general nutrient burdens have been considered
separately from the waters receiving them. This section examines certain
relationships between the lechs and their catchments as well as features of
the lochs themselves; it is these factors which determine the impacts of the
nutrient supplies. Plainly, a large number of physical and chemical factors
are involved, and the relative importance of any one factor varies between
waterbodies, and also temporally (eg seasonally), within a system. Here,
lochs with features enhancing the conversion of nutrients to aquatic plants

are contrasted with the systems that appear not to possess these features.

4.1 The relationships between predicted phosphorus 1loading and loch

morphology

The combination of the size of the lochs and the amounts of phosphorua
entering them, indicates how pressured the waters are. Figure 13 uses data on
surface area, mean depth and volume as indices of size, and the P loadings
predicted from landuse and the numbers of people in rural and urban

communities, of overwintering geese, and of caged fish.

The lines superimpcosed on these plots show that most of the waters lie within
100-fold bands in terms of P load on these size parameters, ie 0.001 t - 0.1
t ha', 0.01 £t - 1.0 t m?*, and 0.01 t - 1.0 £t 10°* m’. From Bailey-Watts,
Sargent, Kirika and Smith (1987), the corresponding values for Loch Leven are
0.015 t ha!, 5.4 t m* and 0.42 t 10°% m'. on this basis, Loch Insh - which
gives the highest load-to-area ratio (Figure 13a) - is under considerably
greater pressure than Leven; other waters with a larger load-to-area ratio
than 0.015, include Balgavies, Carlingwark, Cran, Davan, Strathbeg, Clunie and
Marlee (which are the 2 lowest lochs in the lower Lunan series). By
contrast, Brapxholme, Duddingston, Lindean, Coldingham, Tingwall, Lowes, St

Mary’s and St John’s are the least pressured on this basis.
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Oonly one of these waters, however, compares with Loch Leven, in terms of the
tonnages of P per metre mean depth; this is Strathbeg (Figure 13b) - another
broad shallow system, although one in which rural communities and wildfowl are
the main sources of P, rather than urban communities and, in 1987, industry
as at Leven (see Bailey-Watts, May and Kirika, 1991). wWhile this result is
not surprising, because the eutrophication of the Strathbeg system is
reasonably well-documented, it adds credibility to the strategy adopted for

the present study.

Moving away from the extreme value for t P m', the next most pressured
systems on this basis, are Davan and Insh followed by a similar list of waters
to those considered most burdened on the basis of the wvalues for t P ha™l,

Again too, the waters judged as being under least pressure in terﬁs of t P

m!, ie Branxholme, Lindean, Coldingham, St Mary’'s and Tingwall, also featured
in this category in terms of t P ha™!, although St John’s moves up the series
with a value of ca 0.1 t m. The dispersion of the points in Figure 13c¢

differs from those in Figures 13a and 13b, although e.g. Strathbeg, Insh,
Balgavies, Carlingwark and Linlithgow again appear at the upper end of the
scale. Values for these, p;us e.g. Kilconguhar, Brow and the Lochmaben
waters, are similar to, or exceed that for Loch Leven; this is 0.42 t P 10-¢
m*, which would produce a theoretical lake-wide, annual mean P concentration

of 420 pg 1 - not corrected for flushing rate (see below).

A further assesément of trophic status can be ﬁade by calculating, from the
déta.in Figure 13a, the specific afeal loadings of P (ie units of g m?) and
relating these to mean depth (Figure 14) according to ﬁhe models of
Vollenweider (1968), and OECD (1982). Certainly, the intensive studies at
Loch Leven (Bailey-Watts and Kirika 1987; Bailey-Watts, Sargent, Kirika and
Smith 1987) produced results on inflow and in-lake P concentrations, and on
the loading and the P retention coefficient, which fitted very clesely to
these models. On the basis of Figure 14 (on which the Leven value would come
just to thg right of the point for Rescobie (‘Re’}), none of the Scottish
waters would be classed as oligotrophic. 1Indeed, apart from St Mary’s Loch,

Loch shiel, the two small, high altitude Selkirkshire lochs, and possibly
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Tingwall, this set appears to be receiving quite unacceptable, even
‘dangerous’ loadings of P. Many of them would rank with the most ‘notorious’
of Europe’s waters, prior to the P reduction programmes carried out on them
(Sas 1989). However, for reasons outlined below, it is unlikely that, in
spite of increased loadings, deep waters would exhibit ’'pro rata’ increases
in phytoplankton biomass; hence our positioning of the ‘eutrophic’ and

‘oligotrophic’ labels on Figure 14.

The impact of a given loading of nutrients depends to a considerable extént
on the general morphology of the loch basin. Thus, a deep waterbody of small
surface area would respond in a very different way to a broad, shallow expanse
of water. Not least, mixing and thus the light climate of photosynthetic
organisms would be different, as would the availability of lit substrates for
colonisation by hydrophytes and attached algae. 1Ideally, the area-depth and
volume-depth curves should be assessed for this purpose, but time does not
allow this to be deone at present. Instead, the relationships between factors
that determine the nature of these curves ie A,, 2z and V, are examined. From
Figure 15 the potential contrasts in the types of plant communitf that are
likely to capitalise on the nutrient supplies, can be identified. Each of

. the plots serves to distinguish between 4 major forms of basin. These are:

- from the plot of A, on z (Figure 15a):

(i) large, shallow waters of which Strathbeg is the most striking example

(ii) relatively large, deep lochs eg Shiel, Eck, St Mary’'s and Veyatie

(iii) relatively small, but deep waters, of which Mill is the only
‘outlier’

(iv) relatively small, shallow systems such as Branxholme and Lindean.

"~ from the plot of V, on A, (Figure 15b), Mill Loch is identified as the
relatively largest volume-smallest area water, and Strathbeg is prominent as
the smallest volume-largest area system. However, this graph is
characterised primarily by the axis passing from the points for the group of
small volume-small area waters (Branxholme, Duddingston, Coldingham, Lindean,

Asta and Brow), to those corresponding to the waters that are large in terms
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of hoth volume and area, ie Shiel, Eck, St Mary’s and Veyatie.

- from V, plotted on z (Figure 15¢)}, a relationship which is similar to that
between V, and A, emerges. However, it differs from the plot in Figure 15b,
in the position of some of the waters lying cn the (limited) axis passing from
top left to bottom right of the graph; this highlights a contrast between
e.g. Mill and Strathbeg, in that the former is much the deeper, and the latter

much the broader expanse of water.

By virtue of its large area and extreme sﬁallowness, Strathbeg is likely to
support an important community of attached plants. The balance between
rooted hydrophytes and associated epiphytic algae on the one hand, and
unattached ie planktonic, algae, on the other, will vary with season, and with
degree of sediment resuspension. Under proionged periods of calm weather,
relatively dense stands of motile and/or buoyant, phytoplankton per unit of
nutrient supply can be expected. Contrastingly, in rougher weather (heavier)
diatoms may predominate as long as (i) silica is available (see below, and
(ii) the sediments are not of the flocculent type that would be easily re-
suspended and occlude light to the point of advantage to emergent macrophytes,

or other hydrophytes that grow up to, or near, the water surface.

Relatively large wafers (in ﬁerms of ﬁolume/area) which ;re of moderate depth
e.qg. 3-5 m can be expected to exhibit a relatively efficient conversion of
nutrients to phytoplankton year-round; included here would be Coldingham,
Balgavies, Rescobie, Butterstone, Cliff and Spiggie. Plant production is
also likely to be high - given suitable nutrient resources - in somewhat
deeper waters in summer if they stratify; here the potential examples are

Craiglush, Tingwall, Mill, Lowes, Marlee and Clunie.

Contrasting with all of the abéve types of basin, are the sites that resemble
most closely the ‘classic’ type of Scottish loch, ie. the large, deep waters
e.g. Shiel, Eck, St Mary’'s and Veyatie. Except during prolonged periods of
calm weather when shallow stable epilimnia may develoﬁ, these are unlikely to

be highly productive as regards photosynthetic plants - even if nutrient
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burdens are high.

4.2 Flushing rate

Another point about the early Vollenweider models is that they did not take
account of water renewal (or flushing rate, p). If this is not incorporated
into the analysis, quite misleading conclusions will be drawn. Consider for
example, the potential, lake-wide, annual mean P concentrations that would
result if the prédicted P loads were distributed in just a volume of water
equivalent to each loch (Figure 16)}. Even taking into account likely losses
due to sedimentation, these values are plainly nonsense. It is for this
reason that Vollenweider and others developed new models which incorporated

flushing rate, and the findings from the present study are considered below

in the lidht of these.

There are reasons why the importance of p cannot be over-emphasised, and
Bailey-Watts, Kirika, May and Jones (1990) discuss a number of aspects of the
ecology of freshwater phytoplankton influenced by p. It determines not only
the loadings from many of the diffuse sources of nutrients, but also the time
available for phytoplankton to-capitalise on these resources and produce more
cells. In this way, seasonal variation in p within a waterbody, and
differences in the general regime between waters, are likely to have strong
influences on sequences of phyteplankton; only the relatively rapid-growing
species can establish themselves (in the absence of other losses incurred
through sinking and/or grazing) under high flushing cénditions; otherwise,
only rooted, or other attached plants can flourish. Regardless of whether
an environment has the potential to favour, and indeed exhibit, high plankton
productivity (see eg Brook and Woodward 1956}, through being, for example,
moderately shallow and well-fed with nutrients, this potential will not be
realised as high biomass, if the water is rushing through the system such that

heavy losses by washout are incurred.

- Good examples of waters that receive large amounts of P, but are also rapidly

flushed, are Insh, Strathbeg and Carlingwark with estimated P locads of 9.1,
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3.2 and 1.9 t respectively and annual p values of 21.4, 14.5 and 11.7 loch
volumes respectively (Figure 17). However, if the results on long-term
variation in p at Loch Leven are applicable to other Scottish waters, there
is a 5% chance of flushing rates varying from -60% to +60% of the ‘average’
values. Then, if the values plotted in Figure 17 are accepted as averages,
the theoretical retention time of a system such as Strathbeg, could vary from

10 to 40 days; plainly, the responses of phytoplankton would differ as a

result.

A further obvious, but often neglected point about p, is that it defines the
volume of ’‘new’ water'entering a system in say, a year. By introducing it
into considerations about the likely in-lake P levels that would result from
the estimated loadings, a quite different array of wvalues to those presented
in Figure 16 is obtained. As the correction is l/P, the point in Figure 18a
for Davan, for example, corresponds to a P concentration less than one-
twentieth of that plotted in Figure 16, while that for Coldingham Loch is some
3 times greater than the cofresponding value in Figure 16, Nevertheless,
many waters still register predicted values of > 100 pg P 1, and should
therefore be considered eutrophic. But, by comparing the values in Figure
18a, with the OECD boundary system of lake classification, few waters fall

within the hYpertrophic category - see inset Figure 18a.

Figure 18b shows how the lochs can be categorised when the predicted annual
P loads are related to the product of mean depth and flushing rate (or =z
divided by !/,) following Vollenweider (1975). This exercise emphasises that
the flushing volume (V,) of a system rather than the loch volume per se should
be examined when assessing the likely impacts of (applications for) fish farm
installations, or for any catchment development likely to increase nutrient
burdens to a waterbody. The two parameters are plotted in Figure 19, while
Table 8 highlights the contrasts in the V; values of pairs of lochs of similar
V, and identifies another water whose V, is similar to these V; values. The
common message from these considerations is that the siting of say, a fish
farm on a watérbody with a V, of x is 1likely to cause less serious

eutrophication problems, than its siting in a waterbody with a VvV, of x.
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Table 8. Comparisons and contrasts between selected lochs on the basis of
their physical volumes (V,) and the flushing volumes (V,) ie the product of V,
and p; all values in units of 10' m',

Pair of waters Vv, v, Another water with
of similar V, Vv, similar to V,
Coldingham 25 10 Duddingston (11)
Lindean 24 24 -
Branxholme 13 57 -

Brow 14 302 Spiggie (314)
Craiglush 139 612 Lowes (630)
Strathbeg 151 21%0 Rescobie (2014)
Lowes 630 1008 Insh (1285)
Marlee 550 3740 Veyatie (3007)

Similarly, while Loch Insh (V,, 1285 x 10‘' m’) is some '/, the size of Loch
shiel (V,, 79 x 10" m’), the annually renewed volume of water in the Insh

system (27 x 10" m’) is some 50% of that in the slow-flushed larger loch (55

x 10" m').

Plots of p on z, and on V, (Figure 20) contrast the systems in which attached
plants are likely to dominate primary photosynthetic biomass, with those in

which the planktonic flora is more favoured.
4.3 Likely seasonal patterns of input to nutrients from the different sources

The sampling strategy adopted for this study cannot assess seasonal variation
in nutrient inputs. However, it is important to appreciate fhat temporal
patterns in the delivery of N and P will vary according to source. In this
way alone, the different sources will impact differently on the receiving

waterbodies.

The dependence on p is a useful basis on which to distinguish external
sources, in this connection -~ and Bailey-Watts and May (1992) demcnstrate the
contrasting patterns of loadings and concentrations that result, according to
nutrient source. As examples, flushing-dependent (runoff-related) inputs
from rough grazing will vary with rainfall patterns, while. the various

schedules of fertiliser application to different arable crops, forest areas
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and improved grassland, will also affect the loading seasonhality.

Contrastingly, the STW-derived inputs will vary according to day-of-the-week
but, setting aside the influence of stormwater overflows, they will not be so
closely linked to rainfall. Nevertheless, influ#es of tourists in summer
and/or winter in some of the areas included in this study, will also affect
the patterns of nutrient export from urban and rural sources. Still
different loading regimes will be associated with overwintering wildfowl, and

with fish farms.
4.4 Stratification

If a thermally stable column of water develops with well-defined epilimnion,
thermocline and hypolimnion, algal growth is likely to be enhanced even in
deep, oligotrophic systems; also, certain motile and buoyant phytoplankton
forms are probably advantaged over say, ‘heavy’ diatoms. Under such
conditions however, this otherwise favourable, surface epilimnetic zone, is
the most affected by flushing; the throughput of water can be thought of as
being more ‘focused’ on this upper layer at this time. By the same token,
the hypolimnion is characterised by a longer residence period than at other
times of the year when the water column is mixed throughout its depth. Then,
material raining down into the deeper zone, or released from the sediments at

its base, can accumulate (see next section).

Of the 36 basins in which temperature profiles were recorded, 13 appeared to
be more or less isothermal over the whole column, 7 exhibited a slight and/or
general decrease in temperature wifh depth, while the remaining 16 showed
clear thermal layering of the water (Table 9). Figure 21 illustrates scme
of the striking profiles obtained. The grouping of the lochs in terms of the
field data on stratification, compared reasonably with the situation suggested
by Hanna‘s (1990) equation discussed in section 2.1.5, and the relationships
between predicted thermocline depth {z.) and the 2z and 2z, values for the

basins.
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Table 9. Waters grouped on the basis of the extent of thermal stratification

summer 1991

Isothermal waters

Waters exhibiting * ‘classic’
3-layer structure:

Coldingham
Lindean
Branxholme
Kilconguhar
Rescobie west
Strathbeg east
" west
Spiggie
St John's
Veyatie east
Veyatie central
ClLiff central

Waters exhibiting a general
decrease in temperature
with depth, but no sharp

Balgavies east
" west
Rescobie east
Marlee east
" west
Clunie
Butterstone
Lowes
Craiglush
Eck north (2 major discontinuities)
"  south
Shiel north
" south
Tingwall north#*
Veyatie west
Insh east

discontinuities: Cliff armr
Cliff entrance to arm*

S5t Mary’s

Linlithgow

Davan *agsumed from differences between
Brow surface and bottom temperatures,
Asta but no profiles taken

Tingwall south

Insh West

4.5 Phosphorus retention and the potential for release of phosphorus from the

sediments

Phosphorus retention values (R, - shown in Figure 22), derived from the areal
water loading (g, section 2.1.4), ranged from just under 0.1 (Loch Insh) to
over 0.9 (Kilconguhar and Coldingham); in other words, the study includes
waters in which the amounts of P they retain each year approximates to betweén
10% and 90% of the annual loadings received. The indications are, however,
that many of the waters are likely to retain between 40% and 50% of what they
receive, and only the very highly flushed waters retain such smaller
proportions, and only very low-flushed systems retain much larger proportions.
Note in Figure 22, however, that some shallow lochs e.g. Coldingham,

Kilconquhar and St John’s feature at the upper end of the R, spectrum -,

because they are also low-flushed.

Where a standing water lies within the catchment of another loch, it can be
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considered as ameliorating the potential effects of catchment eutrophication,

by ‘absorbing’ a certain amount of the P otherwise destined for the lower
loch. In this regard, a propertion of the losses of P from the Balgavies
catchment does not reach that loch because Rescobie intervenes; similarly,

Tingwall retains some of the P heading for Asta. However, the Lunan series
of lochs provide a marvellous example of a cascade of waters - 5 in all,

starting with Craiglush and ending with Marlee (Appendix II). A preliminary
investigation of the cumulative effects of the series on the P loading te
Marlee loch (Winkler 19%91), distinguishes between the ‘immediate’ catchment
of each loch, and the portion of the catchment draining them via the preceding
water(s). It can be calculated that, if there were no gains in land
catchment area from loch to loch, virtually none of the P coming into
Craiglush (R, 0.47) would reach Marlee. As it is, the land area doces
increase via Lowes, Butterstone, and Clunie, and P is lost from these areas;

thus, while still only a small fraction of P entering Craiglush is likely to
reach Marlee, the loading to Marlee is considerable. The loadings discussed.
earlier for each loch are corrected for the P-retaining capacity of standing
waters in their catchments and the effects of deing this are discussed in the

accounts of each of the waterbodies in Volume II.

In most waters, the amounts of P measured are not solely derivéd from recent
inputs from the catchment. The water columns of both shallow lakes (e.g.
Loch Leven - Bailey-Watts, Kirika, May and Jones 1990), and deep systems
(Mortimer 1942) can gain P at rates far in excess of those explainable by
external scurces, and this is due to release of P - primarily in the form of
phosphate or soluble reactive P (SRP) - from sediments. There are a number
of release mechanisms; wind-induced mixing of deposits and P-rich interstitial
water can take place in shallow waters (Drake and Heaney 1987), while redox-
contrelled desorption of phosphate ions from iron and manganese hydroxides,
for example, occurs especially in deep, decxygenated waters (Mortimer 1941,
1942, 1971). However, evidence from a column circulation experiment at
Coldingham Loch (Bailey-Watts, Wise and Kirika 1987) and the long-term
surveillance of Loch Leven, suggests that shallow, warm sediments may release

. P, even though the water to within a few millimetres of the sediment surface
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is reasonably well-oxygenated. ‘Thus, sites in which P release could be
important, include not only the thermally well-stratified waters which
exhibited near, or virtual anoxia near the sediments, but also a number of
shallow lochs that were isothermal, but warm. 1In shallow, productive syatemsa
too, photosynthesis-induced increases in pH can also lead to enhanced P

mobility. The total list is as follows:

a: thermally-stratified columns, near anoxia at depth

Balgavies (both basins) Butterstone
Rescobie (east) Lowes
Marlee (both basins) Craiglush
Clunie

b: more or less isothermal, but warm columns

Kilconguhar (17.4°C) Brow (17.6°C)
Rescobie (west basin 17.4°C) Asta (17.1°C)
Strathbeg (west basin 18.8°C) . .Cliff {all 3 basins -

18.0°c, 17.2°C,

17.8°C)

Notable exclusions from these lists are the well-stratified waters, in which
bo;tom water temperatures are low and dissolved oxygen levels are at least
60% saturationg
St Mary’'s (7.9°C @ 44 m)
Eck - north basin (8.3°C 8 42 m)
~ south basin (11.9°C € 21 m)
Shiel - north basin (6.5°C @ 100 m)
- south basin (11.8°C @ 31 m)
Veyatie - west basin (9.0°C @ 10 m)

Insh -~ east basin (9.4°C @ 22 m)

‘The bottom water temperatures vary inversely with loch depth, but none of
these lochs is a classic, dimictic water, in which the bottom water remains
at ca 4°C in summer. This is because either the water masses are so enormous

that heat cannot be lost rapidly enough for temperatures to fall as low as

51



this (as in the case of Shiel - Smith, Lyle and Rosie 1981), or the basins are
gsufficiently shallow to remain more-or-less well mixed until ‘summer’
temperatures prevail and the associated higher density-intergrades bring about

meore permanent stratification {Hutchinson 1957).
4.6 Light penetration, water colour and turbidity

The present study has not categorised the waters on the basis of colour or
turbidity, but these can affect the extent to which nutrients are taken up by
e.g. phytoplankton, in 2 ways. One effect is on the penetration of light,
and thus, the climate for photosynthesis. In many of the lochs, the depth
at which light in the photosynthetically active radiation band (400-700 nm}
is reduced to 1% of the surface values, is 5 m to 12 m. The main exception
is Réscobie in which a very dense crop of a picoplanktonic cyancbacterium was
present; this, rather than the intrinsically clear water itself, was the
major light-attenuating factor - a situation well-documented for Loch Leven
(Bindloss 1974, 1976) where ’'self-shading’ of phytoplankton (see Talling 1960)
used to exert an important control on the biomass maxima (Bailey-Watts 1988).
Dissolved yellow (humic) substances also absorb light (Kirk 1983), but there

are no exéeptionally peaty waters in this study.

The second effect on phytoplankton production potential, also concerns humic
content. It may affect primary production by sequestering phosphate and
thereby rendering it less immediately available to algae {Jones, Salonen and

de Haan 1988).
4.7 Conductivity and pH

The spread of conductivity and pH values has already been noted (Figures 8 and
9). Within both of these arrays, the dilute, deep systems plainly contrast
with rich, shallow, and especially near-coast waters; indeed, the 2 rankings
are generally similar, such that variation in pB is associated with 60% of the

variation in (log) conductivity {(Figure 23).
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Far from pondering on simply the potential effects of enhanced nutrient
enrichment, the main concern with many of these waters is the existing high
levels of eutrophication pressure. Indeed, the prevailing concentrations of
nutrients (see below) and associated plant biomass, presumably contribute to
the higher conductivity and pH values recorded. Nevertheless, given
favourable physical conditions (e.g. long residence time, clear water, and
suitably shallow mixing depth), the addition of nutrients to even the lowest
conductivity systems is likely to result in increased algal and/or hydrophyte
productivity and, usually, biomass ag well (Bailey-Watts, Kirika and Howell,

1988).
4.8 Silica concentrations

Plainly, the more plentiful the dissolved silica, the greater the likelihood
of diatoms as well as other algae, capitalising on the (enhanced)} supplies of
other nutrients - although again physical conditions will determine the actual
extent to which biological uptake'bf this nutrient takes place. Thus, from
Table 10 diatoms would be expected to be more prominent in e.q. Linlithgow,

Balgavies, Rescobie and most of the lochs on the River Lunan system, than in

e.g. Veyatie.
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5. RESULTS AND DISCUSSION I1l: TEE RESPORSES - THE COMBINED
EFFECTS OF PRESSURES AND SENSITIVITIES AS INDICATED BY

WATER QUALITY IN SUMMER 1991
5.1 Nutrient status of the open and outflow waters

A number of features can be established from the results on the nutrient
content of open waters (including the water immediately above the sediments)

and of the corresponding outflows:

- relative trophic status
- <c¢lues to horizontal mixing and/or changes taking place within the loch
basin

- indications of whether P is being released from the sediments.

Further comparisons with the data on the feeder streams can give information

on the degree of net losses of nutrients to, or from the sediments.

The range of open water TP levels measured in summer, are shown in Figure 24.
This suggests that‘Kilcdnquhgr is by far the richest water, although with
values exceeding 50 pg P 1-', Mill, Rescobie, Balgavies and Strathbeg are
still eutrophic. At the other end of the range are Eck, Shiel (north basin),

St Mary's (north basin) and Veyatie with levels of < 10 pg 1.

One of the most exciting findings of this study -~ because it supports a
*hunch’ that the strategy adopted in this work would be appropriate - is
embodied in Figure 25a. This shows a tolerably gocd relationship over the
whole spectrum of waters studied, between the desk-predicted annual P loading
expressed as a flushing-corrected P concentration, and the single measure of
actual P level, ie the summer concentration. Indeed, a log-log linear
regression analysis shows that 70.1% of the variation in one variable is
associated with the variation in the other variable (ie the coefficient of
variafion, r?, is 0.709, where n = 26). However, the value for Kilconquhar

{‘Rq’) is highlighted as having a large standard residual value and a large
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influence on the regression. The lower panel of Figure 25a plots the data
excluding Kq; more exploratory analysis is necessary, but the indications are
that by discounting, in addition to Kq, the data for Branxholme (’Be’) and
Mill ('Ml‘), an even stronger relationship between the 2 variables would
result. An immediate conclusion to draw from these results, is that the desk

analysis is an appropriate method for categorising waters over a broad

spectrum of trophic status.

It is important to stress, however, that the similarity between the predicted
and measured values for any system is coincidental. Even if the P loadings
and the annual mean, lake-wide, flushing-corrected concentrations derived from
them were ‘right’, there are numercus reasons why they need not equal the P
levels measured in summer. First, P levels fluctuate seasonally - albeit
less so in large oligotrophic waters than small éutrophic systems; the
predicted values could then either exceed, of fall below the measured value.
A second reason for the discrepancy between predicted and measured values,
concerns the line shown in Figure 25 for y (log measured summer P
concentration) = x (log annual mean lake-wide P level predicted from the desk-
estimated loadings) « and this concerns the varying proportions of the P
entering a basin that are lost to the sediments. In this case, the desk-
predicted loadings and concentrations would be-expected Fo exceed any measured
values - and indeed, Figure 25a shows this is so with most of the present
summer values. Losses to the sediments is a factor accounted for by the
model of Dillon and- Rigler (1974) -~ to which incidentally Loch Leven
measurements fitted extremely closely. This model predicts the mean annual
in-lake P concentration ([TP), in ug 1°'), from the P retention ccefficient
(R), the P lecading (L, in mg m? y!), lake mean depth (é, in m) and the
flushing rate (p in lake volumes y'}, as follows:
[TP], = L{I - R)
zZXp

wWhen the values predicted for I, R and p, together with information collated
for z, are related in_this way, and the P concentrations measured in the
Scottish lochs in summer [TP], are regressed on the predicted [TP], figures,

the following equation is obtained:
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log [TP], = 0.756 [TP), + 0.483
(n = 26, ¥’ = 0.49).
Thus only 49% of the variation in one variable is associated with the
variation in the other - although again, the 'aberrant’ results for Branxholme
have a large standard error, while the Kilcongqubhar figures have a large

influence on the equation.

Figure 25b shows the graphs from this analysis; note that the y = x line now

passes through the main group of peints.

A third area relevant to the differences between predicted and measured P
levels relates to the fact that the summer P concentration in particular may
well be higher than the annual average concentration, (i) if algae constitute
the major compcenent of the P and/or (ii) if P is released from the sediments.
Finally, low P concentrations in a loch may under-represent the water column
per se, as they ignore rooted plants and periphytic algae; indeed, the water
of the ’'weedy’ Linlithgow Loch - an intrinsically quite rich waterbody, was
extremely clear, with the highest recorded Secchi disc reading of this study,

i.e. 5.6 m (FPigure 26).

Table 11 shows that there are only slight horizontal differences in TP in the
surface waters, although this does not necessarily mean that the P comprises
the samé proportions of dissolved and particulate fractions throughout a
waterbody.- Héwever, there are a large number of lochs where SRP levels in
the bottom water are significantly higher than those found at the surface, but
still moderate i.e. < 8 pg SRP 1! as in e.qg. Cluﬁie, Butterstone, and the
north basins of Eck and shiel. In others, the near-sediment concentratians
are high by any standards, as in e.g. Linlithgow, Balgavies, Davan, Brow and

Asta.
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Table 11. Surface open-water (op), outflow (ou) and sediment-overlying
(ov) concentrations of total phosphorus (TP) and the total
soluble (TSP) and soluble reactive (SRP) fractions, recorded in
1 loch basins during summer 1991.* denotes no data. N = north
basin, 8 = south basin, E = East basin, W = West basin, ¢ =
Central basin and A = 'Arm’

Basin cp TP op TSP op SRP ou TP ou TSP ou SRP ov SRP
Coldingham 49.5 28.1 4.5 31.0 28.1 4.5 4.8
Lindean 13.8 8.5 2.5 13.3 8.5 2.1 4.3
Branxholme 15.7 7.1 1.7 25.7 8.5 2.1 2.5
St Mary’'s N 8.2 3.6 1.3 7.7 4.1 0.4 2.0
St Mary’'s S 12.3 5.5 0.9 7.7 4.1 0.4 *
Kilconguhar 1252.3 1163.6 1133.2 1263.6 1097.7 1088.4 1151.8
Linlithgow E 26.8 19.5 3.4 23.6 18.2 3.4 28.4
Linlithgow W 38.6 27.7 8.5 * * * *
Balgavies E 57.1 45.0 24.0 64.3 55.3 36.6 71.0
Balgavies W 61.9 30.3 14.8 * * * *
Resccbie E 79.5 14.2 4.4 63.8 11.8 3.0 5.7
Resacobie W 85.2 12.8 3.0 * - * *
Marlee E 26.2 10.4 3.0 19.0 10.4 2.6 7.8
Marlee W 19.5 8.5 2.6 * * * *
Clunie 11.4 8.0 2.6 15.7 8.5 2.6 7.2
Butterstone 23.8 10.4 3.0 21.9 9.5 3.0 6.3
Lowes 15.7 10.9 3.5 19.0 11.8 3.5 22.2
Craiglush 11.4 6.1 2.2 15.2 8.5 3.0 3.2
Strathbeg E 61.1 16.0 3.7 63.4 13.4 2.9 *
Strathbeg W 57.8 13.8 2.9 * * * *
Davan 32.8 23.2 11.6 32.3 20.5 8.7 50.7
Eck N 8.1 4.3 1.8 6.7 3.3 1.8 4.3
Eck S 6.2 3.8 * * * * *
Shiel N 7.1 3.3 1.8 6.7 3.3, 2.2 6.3
Shiel s 12.4 3.3 2.2 * * * *
Mill 92.4 13.4 3.3 * * * *
Spiggie 22.8 8.9 2.5 19.5 8.0 2.9 2.7
Brow 26.6 7.1 4.1 29.0 8.0 4.1 i1.8
Asta 16.2 6.2 3.7 10.5 5.8 3.3 10.6
Tingwall N 17.6 9.8 3.3 11.4 5.3 2.1 6.8
Tingwall S 10.9 5.3 2.5 11.4 5.3 2.1 3.5
St John's 16.6 8.5 2.9 20.4 9.8 3.3 3.3
Veyatie E 10.3 7.1 4.5 7.9 6.2 4.0 3.6
Veyatie C 9.3 6.2 2.7 * * * *
Veyatie W B.4 5.7 K | * * * 3.3
Veyatie A 4.7 4.3 2.2 * * * 2.0
Insh E 14.6 3.5 3.2 13.1 8.8 2.9 *
Insh W 13.3 9.9 3.0 * * * *
Cliff c 16.2 9.8 2.1 * * * 2.3
Cliff E 39.9 16.5 4.5 * * * 3.7
Cliff A
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All of the sediments of these waters must be suspected of releasing phosphate,
and most of them exhibited near-anoxic conditiong at depth (cf. section 4.6).
However, Linlithgow and Davan are major exceptions, while the results from Eck
and Shiel may well reflect the greater utilisation of SRP by algae in the
surface waters, rather than any wvigorous desorption of phosphate from the

bottom deposits.

A comparison between these in-lake P concentrations, with the values obtained
at the inflows (where these feeder streams exist), suggests that the water
columns of Coldingham, Davan, Brow and Asta may gain extra P from their
sediments, while there is a marked net flux of P from the water columns of
Linlithgow and St John’s (due to rcoted hydrophytes and epiphytic algae?), and
from those of Balgavies, Marlee, Clunie, Strathbeg and Tingwall (to the
sediments?). In the absence of more detailed information on the sub-
catchments associated with each of the inflows sampled, the ;emaining waters
show no evidence of marked flux of P to, or from, the sediments (ie St Mary’s,

Rescobie, Butterstone, Craiglush, Eck, Shiel, spiggie, Veyatie and Insh).

Table 12 shows that the outfiows and open waters of the following lochs_are
reasonably similar in nitrate content: Lindean, Branxholme, Linlithgow,
Balgavies, Butterstone, Eck, Shiel, Brow, Tingwall, St John’s and Veyatie.

Contrastingly, the open water levels exceed the cutflow concentrations in the
following systems: Coldinéham, Kilconquhar, Marlee, Clunie, Lowes, Créiglush,
Strathbeg, Davan and Asta. only in 4 of the waters are the outflow
concentrations significantly higher than the open water values ie St Mary's,
Rescobie, Spiggie and Insh. A preliminary assessment of these results
suggests few consistent associations between the relationship of open and
outflow nitrate levels, but over a total range of 3-2115 pug N 1! in the open
waters, the lower values tend to correspond to the very shallow lochs (Figure
27). This is in keeping with observations on the shallow Loch Leven, where
summer nitrate minima can be explained by the high rates of bacterial de-
nitrification at the {(warm) sediment surface (Bailey-Watts, kirika} May and

Jones 1990).
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The higher the nitrate concentrations in open water - even in summer, when in
many temperate waters the nitrate minimum occurs - the lesser the likelihood
of N-fixing cyanobacteria being prominent. However, this does not mean that

the species that often fix atmospheric N under conditions

Table 12. HRitrate concentrations (ug N/1) in the surface open water (op),
the outflow (ou) and the sediment-overlying water (ov) of 41
loch basins sampled in summer 1991, *denotes no data. North,
South, Bast, West and Central basins are denoted by H, S, E, W
and C respectively while side arms are indicated by A.

basin op ou ov
Cecldingham 71 37 - 74
Lindean 19 18 21
Branxholme 24 22 21
St Mary's N 162 200 167
St Mary’s S 198 . * *
Kilcongquhar 10 70 10
Linlithgow E 31 315 , 289
Linlithgow W . 341 * *
Balgavies B ) 187 188 241
Balgavies W 190 * *
Rescobie B 33 . 94 55
Rescobie W 30 . *
Marlee E 2115 1629 2062
Marlee W 2000 * *
Clunie 687 294 884
Butterstone 95 96 90
Lowes 143 72 146
Craiglush 88 10 162 .
Strathbeg E 8 4 *
Strathbeg W 8 * *
Davan 132 112 132
Eck N 147 162 192
Bck S 156 * 195
Shiel N 39 42 92
Shiel s 43 * 89
Mill 168 * *
Spiggie 3 i3 6
Brow 9 8 7
Asta 14 5 6
Tingwall N 6 4 9
Tingwall S 5 * 75
St John‘’s 8 9 7
Veyatie E 18 20 18
Veyatie C 18 * *
Veyatie W 22 * 42
Veyatie A 35 * 32
Insh E 79 92 *
Insh W * ¥ *
Cliff cC 2 * 6
Cliff E 16 * 18
£ 11

Cliff A 9
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of low NO,.N are any less likely to appear; their success then depends more
on physical conditions and the situation as regards grazing zooplankton

{Bailey-Watts 1986}).
5.2 Phosphorus levels in the sediments
5.2.1 Sediment interstitial water

Pore water SRP concentrations averaged over the uppermost 5 cm of the
sediments ranged from ca 4 pug 1" to 300 pg 1%, The richest sites on this
basié include those with the largest catchments ie Insh, Shiel and St Mary’s,
but also Lowes, Linlithgow and Coldingham (Figure 28a) - an enormously
disparate group of waters in terms of many of the physical and chemical
characteristics discussed so. far. The lowest concentrations were also
recorded in‘a mixed set of systems including the high-pH Asta and Brow and the
low-pH western arm of Loch Veyatie. There would thus appear to be little
correspondence between this ranking, and the general order based on any other

single determinand - even degree of anoxia, or warmth of bottom waters (see

Section 4.6).

However, if just 3 of the systems are excluded from the analysis, there is a
reasonable correspondence between interstitial SRP and the predicted P loads
to the lochs expressed as t P y*' (Figure 28b). The 3 main outliers are
Coldingham, Branxholme and Lindean; why this is so has not yet been
investigated. Curiously, there is little semblance of a relationship such
as shown in Fiqure 28b, where the loading is expressed either as g P'm*, or
as the P retention coefficient-corrected values for loading or specific areal

loading. Why this is so also requires further investigation.

Numercus studies have shown that the amounts of P dissclved in the pore waters
represent but a minor fraction of the total P in the sediment (Bostrom,
Jansson and Forsberg 1982; see also Bailey-Watts 1990 for previoug information
on the Loch of Ccliff, Bailey-Watts, May and Kirika 19%1 on Loch Leven, and

Bailey-Watts and Kirika 19%9la on Loch Eye). It is probable therefore that
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if sediment P reflects eutrophication pressures at all strongly, it will more
likely do so in the total P content, and this is examined in the following

section.
5.2.2 Particulate matter

The ordering of the basins in terms of the total P in the top 5 cm of the
sediments (Figure 29a) suggests that the depesits in Lowes and at the
confluence of the arm with the main basin of the Loch of Cliff (Unst,
shetland) are the richest in P. The latter record is of note, in that
effluent from a bankside fish farm used to be piped out to this point (Bailey-
Watts 1990). Contrastingly, the value for Lowes is larger than those
obtained from the 3 waters below it in the Lunan series. What is more, apart
from Lowes, the sediment content increases down that system, i.e. Craiglush
< Butterstone < Clunie < Marlee. This suggests that any supposed cumulative
retention of P down the cascade (see section 4.6) is offset by the pressures

from the immediate catchments of each water.

The sediﬁents in which P comprises > 0.3% con a dry-weight basis include - in
addition to the lowest 2 Lunan lochs - Linlithgow, Balgavies, Spiggie and
Insh, and all of these have been classified as representing the richer end of
the spectra of various other trophic pressure indicators. KNevertheless, as
with the results on pore water P levels, waters of gquite different character
can be grouped closely together on the basis of % P per unit dry weight;
compare for example the relative positions here with those based on e.g.
predicted P loading (Figures 18 and 25) of Davan and Kilconquhar, Branxholme
and Brow, and Tingwall and Rescobie. Alse, while on the basis of predicted
annual mean and measured summer P concentrations in the water column, St.
John’s comes more-or-less in the middle of the range, its sediments éppear to
be the poorest in P. Many of these values, however, lie within the range 0.1
to 0.2% P of dry-weight, which is commonly found for gutrophic muds (see e.dg.
survey by Bostrom, Jansson and Forsberg 1982), but sites in Loch Leven gave

values ranging from 0.1% to 0.4% (Bailey-Watts, May and Kirika, 1991).
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The conclusion drawn from this aspect of the work is that while conceptually,
the P content of the muds would be expected to reflect external P load;,
neither the predicted load expressed as t P y* or g P m™ nor the products of
these values and the calculated P retention coefficients show any consistent

relationship with surface sediment P content. Figﬁre 29b illustrates this

with the figures for t P y'.
5.3 Phytoplankton abundance and species composition
5.3.1 chlorophyll a concentrations

Phytoplankton biomass varied over 2 orders of magnitude - from a few
microgrammes chlorophyll a per litre in Asta, Lindean, Shiel, St Mary'’'s, Bck,
and Insh, to 145 pg 1 in Mill. The distribution of values is considerably
skewed, so the concentrations are plotted on a logarithmic scale in Figure 30.
With the vast majority of the basins supporting less than 10 pg 17! in
summer, the set of waters as a whole would appear to be of little concern.
Nevertheless, these values represent the outcome of the combined results of
phytoplankton biomass production and 1losses due t? e.g. grazing and
sedimentation. of-interest is the relative similarity in algal levels in
waters of markedly different mean depthﬁ e.g. the shallow Kilconquhar and St
John’s on the one hand, and Insh and Eck on the other. One way of viewing
this is that higher plants may be stemming phytdplankton—production in e.qg.
St John’s, and =zooplankton grazing is depressing algal levels in e.g.
Kilconquhar; as a result, these intrinsically rich watera appear
oligotrophic. Another view might be that ‘classically’ nutrient-poor, deep
envircnments like Shiel and Eck, are showing signs of eutrophication by
producing - under summer,_stratified conditions - crops comparable to those

in the richer, shallow lochs.

Although the overall levels of algae are low, there is a good relationship
between the log-transformed values and water clarity measured as Secchi Disc
transparency (Figure 31}). This suggests that in general, much of the

variation in water clarity is associated with algal bicmass, and not dissolved
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coloured material or detrital particles.

These summer pigment levels do not relate in a consistent way to mean depth,
but three groups of waters can be discerned (Figure 32). Group I consists
of Mill and Rescobie comprising the major outliers with chlorophyll
concentrations of ca 145 and 80 pug 1l respectively. The second group
consists of 7 waters of which 5 are between 1 m and 2 m mean depth, and
therefore potentially very ‘weedy’ - at least in summer. The third group,
which is comprised of the other 17 lochs, describes a faifly atrong

chlorophyll-loch depth relationship.

Algal biomass is related somewhat similarly to the mixed depth (or epiliﬁnion
depth - Figure 33) as to mean depth. Unfortunately, no temperature prof;les
were taken at Mill Loch but the prominent cyanobacterial bloom (see below)
corresponded to very hot calm weather - indeed, a surface value of 19.4°C was
recorded. So, not only was the column likely to have been very sharply
stratified but the mixed depth (z,,) wés also probably wvery shallow. It is
thus quite reasconable to expect that the point for Mill Loch would have lain
as indicated in Figure 33 ie corresponding to a 2z, value of ca 0.5 m. oy It
would then have éxtended' the reasconably consistent chl;;oﬁhyll-zq¢
relationship described by the systems referred to as group III in Figure 33.
As with the biomass-mean depth plot, Rescobie remains an outlier, suggesting
a very efficient build-up of algal biomass. In relative terma, Coldingham
Loch aﬁd the eastern and central basins of Veyatie can be considered similarly
efficien£. The shallow waters referred to as group II in Figure 32, occupy
a relatively similar area of Figure 33, but are ’'joined’ by Clunie, Craiglush
and Insh. Under summer stratified conditions, epilimnetic populations of
algae are 1likely to incur enormous losses by washout. Hence, the

predominance of benthic Oscillatorias and diatoms in Insh {Watson 1991).

The overall relationship between summer algal biomass and the predicted P load
is poor (Figure 34). However, the foregoing considerations allow reasonably
confident statements to be made as to why a particular water occupies the

position shown. For present purposes, let the major factors determining the
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position of the systems within the area to the right of the line drawn on this
Figure be assessed. On the basis of the summer chlorophyll values, each of
these waters appears to be low in algae per unit of P load - relative to the
remaining 6 waters, ie Branxholme, Lindean, Coldingham, Brow, Rescobie and

Mill:

a. a group of lochs in which algél biomass is likely to be limited by low P
levels -~ ie dilution of the P load, whatever this burden may be; examples are

the large lochs 5hiel, Eck and St Mary's.

b. a group in which, whatever the P load or [P] achieved, the physics of the
systems mediate against achievement of high phytoplankton biomass; examples
are firstly, the deep waters including Shiel, Eck, St Mary's and Pingwall,
secondly, the very shallow systems such as St John‘s and Kilconguhar, and
thirdly, the highly flushed waters such as Ihsh, Davan, Strathbeg,
Butterstone, Asta and Balgavies - all of which have p values of = 8 ;och

volumes y* (compared to the value of 1.8 for Loch Leven).

c. a group of waters in which the physics are again important, but this time
by way of small mean depth which enhances the success of rooted hydrophytes
and attached algae, and offers these commnities a competitive edge over the

phytoplankton; examples are St John's, Linlithgow and Strathbeg.

Plainly where a waterbody is listed in more than one of the categories above,
the cumulative effect of low nutrient levels and shallowness, and possibly
high flushing too, is likely to be evident; Davan would appear to be the best

example of such a situation.

§.3.2 oQualitative features of the phytoplankton and associations with the

loch environment

The total number of species recorded exceeds 100, even in this set of
seasonally restricted samples. This may reflect the generally low biocmass

levels, and of note in this connection are too contrasting situations, i.e.
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(i) the more or less pure stand of ca 12 x 10° colonies ml™* Microcystis
aeruginosa Kiitz emend. Elenkin, corresponding to 145 ug chlorophyll a 1 in
Mill Loch, and (ii) the dense crops of 0.45 and 1.2 % 10° cells ml™* of a leas-
commonly recorded Synechococcus {near S. plankticus Drews, Prauser and Uhlmann
1968) in the Rescobie basins where values of 76 and 81 #g chlorophyll a were
recorded. The actual number of species is not known, however, because many
of the types have not yet been assigned with any confidence to the ‘species’
level. Indeed, in the case of the majority of the many nanoplanktonic algae
including chryscflagellates no greaier than 5 um, and all of the picoplankters
(< 2 pm - see Sieburth, Smetacek and Lenz 1978), the question of identity
focuses on whether an organism is, for example, a chlorophyte, a cyanophyte
or chrysophyte. A number of these small organisms are not likely to be
noticed by a less experienced observer, yet these algae and cyanobacteria (see
Carr and Whitton 1982) can be very numerous. Starting witﬁ the picoplankton,
the following paragraphs attempt to associate thevdiffering phytoplankton
assemblages with characteristics of the variocus loch environments. In
addition to overall trophic status (as indicated in Figuré 18), mean and mixed
depths (Figurqs 20 and 24), flushing rate (Pigure 20), the levels of nitrate
and SRP related as shown in Pigure 35 are taken into account; this is because

the ratio of N to P can be an important determinant of aigél quality.

The Synechococcus that was abundant in Rescobie was also pfesent (thonéh at
densities of only 10° - 10* ml*') in the more highly flushed Balgavies -into
which Rescobie water eventually flows. This cyanobacterium, which can be
classed as 'picoplankton’ even though the cell length exceeds 2.0 um (see e.q.
Bailey-Watts and Komarek 1991), is thus associated with the relatively highly-
enriched waters, of ’ideal’ mean depth, and cnes which, in any case, stratify
te preduce a warm shallow layer. Partly as a result of the growth of the
Synechococcus, nitrate-N and phosphate-P levels are low in summer, although
a .favourable weight ratio of ca 10N:1P is maintained. ‘True’ picoplankters
je s 2 pm in all dimensions, were present in prodigious numbers in a wide
range of waters. These include what may well be single cells of the colonial
cyanobacterium Aphanothece clathrata W. et G.S. West (see below). Population

densities tended to increase with general richness ie from ca 10 ml- in
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Lindean and Branxholme to > 10° ml™ in Strathbeg and Brow. However, 10° to
10* ml™! were estimated in the samples from the ’'oligotrophic’ Eck and Shiel,
and from Davan which is a potentially rich system but one in which high
flushing mediates against major planktonic algal biomass accumulation. In

this respect, Davan resembles Loch Dee in Galloway (Bailey-Watts and Kirika

1991b).

Aphanothece clathrata as somewhat larger aggregations/loose colonies but still
mostly < 40 pm, was observed in almost all of the waters, but the higher
densities were recorded in Strathbeqg (2.2 x 10°ml-'}, Rescobie (0.1 x 10°ml-)
and Balgavies (25 x 10° ml). Notably however, the chemically and
morphometrically oligotrophic Tingwall gave values of ca 2 x 10° colonies ml-*.
Tingwall was also special in being the only léch in which abundant
Rhabdoderma lineare Schmidle and Lauterborn was noted, ie 40 x 10* ml. This
organism is similar to Aphanothece in the delicate; loosely structured,
mucilaginous ‘colonies’, but differs in that the cells are relatively long and
narrow, ie 4 or 5 um by ca 1 um, while those of Aphanothece are generally 1-2
um and spherical (except during cell division). A second colonial
cyanof:acterium which was also recorded in any major abundance in onIy 1 loch
is Merismopedia Meyen; :i.t.- was found in Strathbeg where the estimated
population density was ca 25 x 10 ml. This shallow loch ie perhaps not
surprising as a Merismopedia‘ site in that the plate-forming colonies are
likely to be suited to a surface-sediment existence as much as to the water

column itself.

The only remaining ceolonial cyanobacterial of major note in the present study
(ie excluding the bloom-forming Microcystis in Mill Loch itemised above) is
Gomphosphaeria Kiitz. It is somewhat similar to Micfocystis except that (i)
there are strands of dense mucilage which radiate from the centre of the.
colonies, {ii) cells divide longitudinally, not cross-wise, and are especially
prominent at the outer edges of the colony and (iii) the colonies rarely
exceed say, 60 um in breadth, whereas Microcystis aggregations can reach
millimetres. The sp'ecies.recorded is near 6. naegeliana {Ung.) Elenk. but

the taxonomy of it and similar-looking algae is under review (Komarek and
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Hindak 1988). One of its features is that the colonies often fragment in
Lugol’s Iodine; thus, as a colony may contain many thousands of cells, it is
not surprising that it has been recorded as single cells in many of the waters
here, ie ca 10° ml* in Marlee, Clunie and Tingwall, ca 10* Butterstone and
Lowes, and 45 x 10' in Spiggie. Nevertheless, it plainly formed a minor
background to the Microcystis in Mill Loech, (ca 50 colonies ml') and was

important also in Cliff (40 ml™') and Spiggie (ca 700 ml™').

Filamentous cyanobacteria of note in this study, include Aphanizomenon and a
range of straight or more-or-less curved, as well as coiled, species of
Anabaena. The Aphanizomenon (almost certainly A. flos-aquae Ralfs ex. Born.
et Flah.) was recorded in only 1 water -~ Kilconguhar. This is notable in
that Kilconquhar has been grouped with Coldingham on the basis of the
combination of shallowness and low flushing, and prior to mixer installation
in the Berwickshire Loch, it produced substantial blcoms of this alga {Bailey-
Watts 1987). What is more, while the NO,-N to SRP weight ratioc in summer in
Coldingham Loch is noﬁ around 10:1-20:1, it used to be ca 0.2:1 due to massive
release of phosphate from the sediments, and associated (2 microbial)
denitrification. 1In this respect it then resembled the current condition of
Kilcongquhar where the summer N-to-P ratio is very much in favour of P ie
0.004:1 (Figure 35), although as argued in the limnological profile on this
loch (Volume II) sediment release is probably not the main cause of the high
P levels in Kilconquhar. Unaer such a regime it is not surprising that the
incidence of N-fixing cells ('heterocysts’ - see Fay, stewart,'Walsby and Fogg
1968) in the Aphanizomenon was high, i.e. ca 30% of the filaments bore at

least one heterocyst.

Thére is however, another feature of the situation at Kilcongquhar which raises
an issue af considerable importance in the general interpretation of algae-
environment asscociations - and this is grazing by zooplankton. A number of
authors have noted that in many temperate waters, large algae (such as bloom-
forming cyanobacteria) are relatively more abundant in summer than winter,
and, by.the same token, smallialgae are the more prominent at the beginning

and end of the year. Plainly, physical factors such as the development of
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a stable water column in summer are involved, and indeed, the Microcystis
bloom in Mill Loch and the larger Aphanothece colonies elsewhere, are
reflections of this. However, the additional influence of grazing
zooplankton should not be overlooked. Certainly, the explanation of a number
of long-term and seasonal changes in the phytoplankton of Loch Leven is
improved when fluctuations in the abundance of e.g. Daphnia are taken into
account (Bailey-Watts 1978, 1982; Bailey-Watts and Kirika 1981; Bailey-Watts
1986). Similarly, the situation at Kilconguhar is more explicable, bearing
in mind that it was the only water visited in which many large filter-feeding
cladocera were cbserved. These are known to be very efficient grazers - on,
primarily, small algae (e.g. Gliwicz 1980). Time has not yet permitted
analysis of the crustacean zcoplankton samples collected during this study,
but the intention is to look at this aspect. The final point to be made
regarding the Kilcongubhar results, is that the large-bodied (ie 2-3 mm)
Daphnia observed there, indicate low predation by fish - a ’top down’ effect
on the structure of the pelagic system (Northcote 1988).  This fits with

anecdotal accounts of 'no fish in this loch’.

Other than in Mill and Kilconquhar Lochs, there were no massive blooms of
large cyanobacteria. Nevertheless, Anabaena flos-aquae {Lyngb.) Breb., was
numerous.enough to be noticed with the unaided eye in Eck, Spiggie and st
John’s (10-20 colenies ml-'), Brow (ca 50 ml™') as well as Coldingham (ca 100
ml?} - the latter being sampled in mid-June when the temperature was still
only 11°cC. The record for Eck indicates that not only are blue-green algae
by no means the preserve of rich shallow waters, but that a classic
*‘eutrophic’ genus such as Anabaena, can appear in an ostensibly oligotrophic,
large, deep loch - other physical factors permitting. This suggests that
these lochs are not as bereft of nutrients as might be generally thought.

In this connection, it is important to note the presence of Anabaena(s) albeit
at densities of < 10 ml-!, in the relatively oligotrophic Branxholme, Veyatie,
Lowes and Craiglush, as well as those waters which are thought of as more

eutrophic eg Butterstone.

The other group of cyanobacteria of note in this sample of waters, includes
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the narrow (ca 1-3 um) Oscillatoria species of e.qg. of the 0. limnetica Lemm.,
0. planctonica Wolosz., and O. redekei Van Goor types (also under taxonomic
review - Meffert 1988), and the morphclogically similar Pseudanabaena
(likewise being re-classified -~ Anagnostidis and Komarek 1988). These are
non-heterocystous, and are more-or-less confined to the richer shallow lochs,
ie strathbeg (6 x 10° of 0. limnetica and of Pseudanabaena), Brow (300

Paseudanabaena ml-*) and Asta (60 Pseudanabaena ml™') which were, at the time‘

of sampling, nevertheless, :elatively low in inorganic N and P content.

Diatoms were prominent in rather few waters, but this is not surprising, since

these algae are more commonly associated with spring and autumn; their main

incidences are as follows:

- Asterionella formosa Hasa. (> 100 cells ml'): St Mary’s (both basins) and
Veyatie (east, central and west basins); these records are important in
showing an association between an alga indicative of mild eutrephication, and
(i) the first-mentioned loch in the catchment of which forestry has increased
and the Hegget.reservoir was constructed over recent years, and (ii) the

latter loch on the main inflow of which a fish farm is situated.

- unicellular centric diatoms (> 100 ml'): Rescobie (east), Mérlee (both
basins), Strathbeg, Veyatie (the western arm) and Cliff. The inclusion of
Veyatie in this group is puzzling in that this ‘arm is so unlike the other
waters; however, the species of diatom is different - ie Cyclotella comensis
Grunow as opposed to forms of C. comta (Ehrenb.) Kutz. and Stephénodiscus

hantzschii Grunow (see Bailey-Watts 1988).

This list of ’'diatom waters’ does not correspond very well to the group
identified on the basis of ‘inflow Si0, levels (section 4.9), but that view
refers to the relative likelihood of diatoms being prominent over the year as
a whole - not just the summer. Indeed, the general lack of diatoms in the
present samples probably reflects the overall thermaliy stable columns than
any marked unavailability of silica - since many of the 1§chs contained =z 1

mg Si0, 17! (Figure 36).
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Green algae were recorded in all of the waters, but in the context of
eutrophication the abundances of Chlorococcales are of greatest significance.
These include a diverse assemblage of unicellular types (both non-motile and
flagellate forms), colonial species in which a mucilage investment is
prominént, and coenobial forms. They were generally most abundant in the
waters that have been ranked the richest on the basis of predicted loadings
etc. ie Balgaviea, Rescobie and Strathbeq. However, they contributed moderate
proportions of the populations found in cliff, Tingwall and Spiggie, as well

as those in the 'oligotrophic’ sites Eck, Shiel and Branxhclme.

The remaining species of algae that were recorded, fall into one of two major
groups - the cryptoflagellates and the chrysoflagellates. These were
represented in every loch but, at present, there seems to be no clear
association between their abundance and any major featureas of these loch
environments. For example, the summer numbers of Rhodomonas and Cryptomonas
{Cryptophyceae) were by far the highest in the west basin of Rescobie (ca 22
x 10° ml™), while populations of between 2 x 10° m1* and 4 10° ml* were
recorded in 3 very contrasting waters - Rescobie east, the arm of Cliff, and

Davan. .

This preliminary examination of the phytoplankton in general and the last
comments regarding crypto-flagellates in particular, highlight the need for
further énalysié,'and one which looks at a number of physical and chemical

features of the loch at one and the same time.

5.4 Rotifer compeosition with reference to special indicators of trophic

status
5.4.1 Species composition and abundance

Almost 50 species of rotifer could be distinguished in -the samples collected.
Of these, 2@ were identified to species level, 12 to genus (Table 13) and the

remainder were classified as unidentified.

71



Total rotifer densities ranged from relatively low values in Kilconquhar (2
ind 1') and St Mary‘’s (64 ind. 1) to fairly high values in Cliff (2136 ind.
1-*y and Brow (2174 ind. 1) (FPigure 37). It is misleading to draw too many
conclusions from these data alone, as the values are based on a single visit
to each site. Rotifer population densities can change very rapidly because
of their high reproductive rates and short lifespans, so it should be borne
in mind that a repeat visit just a week later could have given very different
results in terms of absolute numbers. However, in relative terms, the
abundant populations would still have been abundant, while the low numbers
would still have been low. Bearing this in mind, the data suggest that
higher rotifer densities occurred in smaller, shallower lakes with low water
transparency (Secchi disk) rather than larger, deeper, clearwater lakes
(Figures 38-40). They also tended to be more abundant in warmer waters

{Pigure 41).

The only species which was found at almost every site was Keratella
cochlearis. This was absent only from Kilconquhar and Linlithgow. Other
commonly occurring species included Keratella quadrata (12 sites), Polyarthra
dolichoptera and Kellicottia longispina (11 sites),‘Sy?gbgfggﬁékitinq.(Q
sitesj and Polyarthra vulgaris (8 sites). The remaining sééciea were found

at a very small number of sites (< 6).

Rotifer abundance varied greatly from species to species, the highest
densities being recorded for KReratella cochlearis (2108 ind. 1°') in Brow,
- Polyarthrh vulgaris/dolichoptera (1128 ind. 1') and Trichocerca pusilla (792
ind. 1) in the arm of Cliff, and Trichocerca similis (466 ind. 1°') in
Butterstone. Most other rotifers were present in very low numbers often less

than 100 ind. 17!, and frequently less than 10 ind. 1-'.

The occurrence of Ascomorpha ovalis (8 ind. 1°') in Asta is of particular
interest because this species feeds almost exclusively on the dinoflagellate
Ceratium which was also found in abundance at this site. Similarly, Gastropus
stylifer, which feeds predominantly on dinoflagellates, was usually found in

association with Ceratium. The relative abundance of Polyarthra
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vulgaris/dolichoptera (112 ind. 1°') in the arm of Cliff is also worthy of
note because Polyarthra generally feed on small flagellates, especially
Cryptomonas and Rhodomonas, and large numbers of these flagellates were found

at this site.
5.4.2 Rotifers as environmental indicators

Perhaps the more important feature of these rotifer sampies is spgcies
composition. Most rotifer species produce resting eggs which are resistant
to desiccation and are easily dispérsed by a variety of agents, such as the
wind and migratory birds. So, their presence or absence at different
locations within a small geographical area, such as Scotland, probably
reflects their environmental preferences. Many species are very sensitive
to environmental conditions and can only establish a population where
conditions are favourable. Because of this, it has been suggested that many
species may have value as environmental indicators'(Thumark 1945; Berzins
1949; Lillieroth 1950; Jirnefelt 1952; Pejler 1957, 1965, 1983; Radwan
1976, 1984; Gannon and Stemberger 1978; Berzina and Pejler 1989; Pontin and

Langley 1992).

Many people‘have suggested that rotifers may be good indicators of the trophic
status of waterbodies (e.g. Gannon and Stemberger 1978; Berzins and Pejler
1989). of the 23 speciés identified during this survey, 19 are considered
to be potential xndlcators of lake trophy and 15 have been asaigned a trophic
rankxng number, based on their occurrence in Swedish lakes, by Berzins and

Pejler (1981) (Table 13).

The presence or absence of each of these latter 15 species in each of the
survey lochs is shown in Table 14. The rotifers are ordered according to
their trophic ranking number (Pejler 1989), while the lochs themselves are
ranked according to measured open-water, total phosphorus levels. Even with
this incomplete data set, there was a tendency for ‘oligotrophic’ species to
be more common in lochs with low total P values, such as Shiel, Eck and st

Mary's, while ’‘eutrophic’ species were more often found in lochs with much
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Table 13. Species list of rotifers found during the survey of Scottish lochs.
Those considered to be indicators of the trophic status are
indicated with an asterisk (*) and those which have been given a
trophic ranking number by Pejler (1989) are indicated with a (+).

Brachionidae
+ * Brachionus angularis
+ * Reratella cochlearis

+ * Reratella quadrata

+ * Rellicottia longispina

Anuraeopsis sp.

Lecanidae
+ * Lecane lunaris
Lecane ?opias

Lecane spp.

Trichocercidae
Trichocerca similis
Trichocerca ?inermis

*-Trichocerca pusilla

Trichocerca sp.

Gastrobidae

+ * Ascomorpha ovalis

+ * Ascomorpha ecaudis
Ascomorpha sp.

+ * Gastropus stylifer

Asplanchnidae
" Asplanchna spp-
Synchaetidae
Synchaeta ?kitina
Synchaeta Poblonga
* Synchaeta spp.

* ploesoma hudsoni

+
»

Polyarthra vulgaris

+
»

Polyarthra dolichoptera
+ * Polyarthra euryptera

Polyarthra spp.

Testudinellidae
+ * Pompholyx sulcata

+ * Filinia longiseta
Conochilidae
+ * Conochilus unicornis

Conochilus sp.

Collothecidae

* (Collotheca sp.
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genera Polyarthra, Asplanchna, Synchaeta, etc. In addition, some Kkey
indicator species may have been overlooked by sampling each site only onée,
as many rotifer species are seasonal in occurrence. An attempt was made to
improve this situation by collecting samples from the lake bottom so that
‘out-of-season’ species lying dormant in the sediments could be added to the
species list for each loch (May 1986). However, insufficient time was

available for these samples to be examined in detail.

75



Table 14.

Rotifer indicators of trophic status in relation to measured open water P
concentrations of the 25 lochs visited.

Ca - Conochilus unicornis
Ac - Ascomorpha ecaudiy
Gs - Gastropus stylifer

- Ed - Ewchlanis dilatate

Ps - Pompholyx suicata
Ba - Brachionus axgularis

Pv - Polyarthra wigaris
Pd - Polyarthra dolichoptera
Ke - Keratella cochlearis

Kl - Kellicottia longispina Kq - Keratella quadrata Pe - Polyarthra eurypicra
Ao - Ascomorpha ovalis F1 - Filinia longiseta L1 - Lecame hunaris
Opex Rotifers - Trophic indialor species
wler
ey Otigotroptic > Extrophic
Loch Glafa|[o|a]mw Ke U i [l |n
Shiel () 71
¥ b o) 81
St Mary's (N) 82
Veyatie (C) 93
Clanie 114 g
Craiglush 114 :
Lindean 138 E
5 S
Brascholme Easter 157 : : A
Lowes 15.7 7
Asta 162 ;
St John's 16.6 2
| Tigunll {N) 176
Spiggic ns
Batierstone ns .
Marlee (E) 22
Brow 266
Davan 28
Lintithgow (W) 386
CUft (A) 399
CoMingham 493
Bulgavies (E) 511
Stratbbeg (E) 811
Rescobie. (E) 5
Ml 924
12523




6. RESULTS AND DISCUSSION IV: OVERVIEW

The aim of this section is to draw together the findings of the study in two
ways. The major characteristics and special features of each of the
waterbodies examined - site ‘profiles’ - are presented in Volume II. The
other part of the overview is presented below and looks at the set of
catchments as a ‘sample’, perhaps representative of the sScottish loch

environment as a whole, and the eutrophic waters in particular.

The study illustrates well the enormous variety of waters to be found in
Scotland. The range in size and chemical character is considerable, even
if, for example, the smallest and largest systems, the most acid and the most
alkaline, and the most and least enriched are ignored. Stratification
patterns differ from loch to loch according to local weather and the specific
dimeqsiona of the basins, but the lack of ‘classic’ hypelimnia with bottom
temperature of around 4°C, undoubtedly reflects the highly variable, oceanic
climate of Scotland. What is more, Scotland has good examples of small, i.e.
shallow and low-volume systems, which are also low-flushed. - The tendency is
to associate low flushing seolely with large waters_in Temperate éegions. The
prominence of a picoplankton in this set of waters is notablé. - However, in
contrast to the physical and chemical features highlighted so far as being.ﬁff
particular importance in Scotland, the presence of these minute algae is not
-likely.to-prove so special. The more probable explanation is that these

smaller elements are generally overlooked.

Turning to eutrophication issues; very varied mixtures of nutrient éources
have been identified. Superimposed on the range of systems described, these
inputs have - not surprisingly - produced a variety of chemical and bioclogical
responses. Nevertheless, diffuse sources of nutrients outﬁeigh point sources
by far, even setting aside the large, reasonably 'wild’, catchments, such as
that of Insh - the.drainage area of which is approﬁimately the same as all of
the other catchments put togethe;. Indeed, the predominance of non-point
inputs of nutrients to the surface water network, suggests that considerations

about the assessment, control and prevention of eutrophication should now
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focus more on diffuse enrichment, e.g. from rural developments.

Because the study concerns eutrophication, the selection of lochs is biased
towards nutrient-enriched systems. It is not surprising, therefore, that at
least some of the (predicted) phosphorus loadings are very high. That many
of these certainly exceed the values measured at Loch Leven, i.e. 0.015 t per
ha of surface, 5.4 t per metre mean depth, and 0.42 t per 10* m* volume, is
perhaps disturbing. However, when the study waters are examined in terms of
the relationship between specific areal loading of P (ie g m?) and the
product of mean depth and flushing rate, a different perspective is gained.

Then, oligotrophic, mesotrophic and eutrophic lochs are broadly identified as

follows:
oligotrophic mesotrophic eutrophic
Branxholme Cliff Craiglush
Lindean Clunie Balgavies
increasing Insh Asta castle
P status Veyatie Marlee Brow
St Mary’s Duddingston Mill
Shiel Coldingham Davan
Eck Butterstone Linlithgow
Tingwall Lowes Rescobie
© 8t John’s Strathbeg
Spiggie Carlingwark -
‘ Kilconguhar

Only ca 3 of ‘these waters would be judged more eutrophic than Leven -
Kilconquhar, Strathbeg and Carlingwark. These, and a number of other
‘chemically eutrophic’ systems need not always be Beén as seriously affected,
however, unless they also appear to be 'biologically eutrophic’ i.e. with
blooms of algae, or overgrowths over other plants. Chapter 7 suggests that
the present data should be analysed further, in relation te other criteria,

and other models for ranking waters in terms of trophic status.

The project as whole highlights the importance of the generally wet weather
in Scotland in ameliorating, through its effects on flushing rates, the

biclogical results of nutrient enrichment. The situation would be quite
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different if continental rather than oceanic weather regimes prevailed. Even
if total annual rainfall remained unchanged, prolonged hot, dry summers would
effect many more instances of dense (c¢yanobacterial) blooms. still, the
Scottish environment exhibits numerous chemical signs of eutrophy, such as
hypolimnetic de-oxygenation, and evidence of phosphorus release from
sediments. Also, while ;eal ‘hot-gpots’ in the way of thick aggregations of
algae are few in this series of waters, P-rich feeder streams are not rare,
and waters in which dense macrophytic growths and attached algae (as opposed
to phytoplankton) predominate, are common. As emphasised again below, the
albeit sparse populations of 'eutr&phic' algae in such waters as Eck and
Veyatie, should be carefully noted, and the condition of these and many othér

waters, monitored.
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7. EVALUATIOK OF THE STRATEGY ADOPTED FOR ASSESSING FRESHWATER
CATCEMENTS, AND SOME VIEWS ON MONITORING EUTROPHICATION TRENDS

IN LOCHS

The results suggest that the general programme of catchment analysis combined
with limnologiqal reconnaissance is appropriate. Plainly, some very valuable
information has been gained, and this has enhanced our quantitative
understanding of the factors determining some of the responses of lake systems
to eutrophication pressures. This particular astudy has also been inatructive
in covering such an enormous variety of catchmenta. BEspecially encouraging
are (i} the correspondence found between predicted loadings of P and the
summer measure of nutrient status, and (ii) the information tha£ has
facilitated reasonably sensible interpretations of the varied responses of
phytoplankton between the different systems. However, improvements to the
appreoach are necessary, and some suggested modifications are outlined later,
and include immediate requirements for assessing and monitoring sites. There
are other issues that the work has identified as worthy of further atiention,

and these include:

(i) multivariate analysis of the data - much of the'progfess so far being

based on bivariate analyéis.

{ii) formulation of models that may describe better the ’'Scottish-
gituation with regard to relationship.between e.g. stratification
patterns and lake form, and P loadings and in-lake P levels; at

present, only existing models have been used.

(iii) development of models taking account of the cumulative P retention
capacity of standing waters on the same river system; the Craiglush
to Marlee chain would provide a very good system on which to base

further work of this type.

(iv) incorporation of seasconal loading patterns into the ‘pressures -

sensitivity - responses’ theme; in common with much of the
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eutrophicatjon literature world-wide, the present study has limited

the analyses to annual mean values for e.g. P loadings.
{(v) basic biological studies on picoplankten.

(vi) the extent and occurrence of sediment P release in certain shallow
waters which, while stratifying only intermittently, have warm bottom

deposits in summer.
(vii) the use of rotifer assemblages as trophic indicators.
{viii)further analysis of sediment data.

(ix) further analysis of chemical and biological material already
collected, and interpretation alongside the existing database; major
opportunities exist for ’‘mapping’ the distribution of planktonic micro-
Crustacea, and the stratigraphy of diatom fruéfules, heavy metals and
radionuclides in the sediments.

{x) examination of schemes additional to those covered by thié r;port,
for rénking waters in terms of trophic status (’oligotrophic’,
'meéotrophic' étc); there is a need to highiight even further the
difference between models focusing on chemi031 eutrophy and those

concerned with biological eutrophy {Bailey-Watts 1990b).

As to improving the present strategy for assessing nutrient loadings, (but
still focusing primarily on desk analysis rather than detailed field work),
more up-to-date censuses of land use and population numbe?s Are needed, Maps
are scon outdated in these respects, and even local authorities have
difficulty in maiﬁtainipg records on housing, for example. While still not
advocating intensive sampling programmes, a winter-time collection of water
from main inflows and the outflow of each waterbody would enhance the work;
chemical and biological analyses would then indicate the standing stock of

nutrients, for example, at the start of the year, and the over-wintering
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plankton populations.

Other work needed to improve the assessments of nutrient loadings, concerns
intensive studies on losses from land areas limited to a single, well-defined
use. Data on P and N loss coefficients for specific forage crops and
vegetables are needed. More information is also required, on the impact of
rural communities - through the behaviour of septic tank effluents on soakaway
systems in different scils - on the nutrient status of surface waters. 1In
this connection, ‘hot spots’ of high N éndlor P concentrations in the inflows

already obtained, would be worth investigating further.

Although primarily a reflection of time availability, there are a number of
omissions from the current analysis on the factors controlling the sensitivity
of a waterbody to its nutrient burden. Firstly, more detailed exploration
of lake bathymetry ie lake ‘'form’ would facilitaté more gquantitative
predictions about the balance between hydrophytes and other rooted/éttached
plant communities on the one hand, and the planktonic flora on the other.

Secondly, there is considerably more to be obtained from the existing data
set, if a number of features could be considered basin by basin; rather:than
on jpst a loch basis. Important here, are physical parameters e.g. p, z and
Z...s and values such as P retention coefficients derived from them, as well

as nutrient loadings.

For monitoring the condition of the present sample of waters, and indeed of
any new sites, a summer sampling reconnaissance of the type described in this
report, combined with a wintertime visit, would be very valuable. Certainly,
attempts should be made to measure oxygen levels in the hypclimnia of
stratifying waters once per year. Of course, the more intense the sampling
(in time and space), the greater the amount of information obtained.

However, experience of the present programme and a number of previous studiés
carried out by this laboratofy, suggests that duplicate samples for chemical
and biological anal&sis, taken from 1 open water site, a major inflow and ghe
outflow at ca 6-weekly intervals would usually be adequate. Adjustments

would need to be made according te loch; large, deep systems tend to change
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more sldwly than smaller shallow systems, due to the differing susceptibility

to changing weather patterns.
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Appendix I. Letter codes, the names of the lochs, and the sampling dates
{’'*’ denctes sediment sampling as well as water collections)

Co - Coldingham ' 11 June *
Li - Lindean 13 June *
Be - Branxholme Easter 13 June *
Myn - St Mary’s (north} 18 June *
Mys - St Mary’s (south) S 18 June

Kgq - Kilconquhar _ 25 June *
Lle -« Linlithgow (east) 26 June
Llw - Linlithgow (west) . 26 June *
Bve - Balgavies (east) 2 July +
Bvw - Balgavies (west) 2 July
Ree - Rescobie (east) 2 July
Rew - Rescobie (west) 2 July +*
Mre - Marlee (east) ' 3 July *
Mrw - Marlee (west) 3 July

Cu - Clunie 4 July +»
Bu - Butterstone 5 July =
Lw - Lowes 6 July *
Ccg - Craiglush 6 July *
She - Strathbeg (east) 16 July
Sbw ~ Strathbeg {(west) 16 July

Dv - Davan : 17 July
Ekn - Eck (north) | 23 July *
Eks - Eck (south) 24 July =~
Shn - Shiel (north) 24 July ~
shs - shiel (south) 25 July *
Ml - Mill (open water dip only) 31 July

Sp - Spiggie 5 August *
Br - Brow 5 August *
As - Asta 6 August =
Twn - Tingwall (north) 6 August *
Tws - Tingwall (south) 6 August =*
Sj - st John’'s 10 August *
Vye - Veyatie (east) 21 August *
Vyc - Veyatie {central) 21 August
Vyw - Veyatie {(west) . 21 August *
Vya -~ Veyatie (arm) . 21 August
Ine - Insh (east) ' . 18 July +
Inw - Insh (west) 18 July »
Cfc - Cliff (centre) 7 August *
Cfa - Cliff (arm) 7 August *
Cfe - Cliff (c/e confluence) - © 7 August *
Du - Duddingston not sampled

Ca - Castle not sampled

Ck - Carlingwark not sampled

cn -~ Cran not sampled

Fm - Flemington not sampled






APPENDIX II
An example of a GIS-based, digitised catchment
Redrawn with annotations from Ordnance Survey

1:25 000 Map Sheets numbers NO 05/15, NO 04/14,
and 1:50 000 Map Sheet No 53
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Figure Legends

Each legend includes a table of the 2- and 3-letter codes and the full
names of the catchments, and the date(s)} on which they were sampled. *
indicates the waters from which sediment samples were also taken. Some
co-ordinates are so similar that the code labels overlap, making them
difficult tc read; this Table thus indicates by means of vertical bars,
the sites for which similar values were measured.



Figure la. The locations of the lochs sampled on the Scottish mainland

Co - Coldingham 11 June =*
Li - Lindean 13 June «*
Be - Branxholme Easter 13 June *»
Myn - st Mary’s (north) ) 18 June *
Mys - St Mary'’s (south) 18 June
Kq - Kilconquhar 25 June =
Lle - Linlithgow (east) 26 June
Llw - Linlithgow (west) 26 June *
Bve - Balgaviesa (east) 2 July *
Bvw - Balgavies (west) 2 July
Ree - Rescobie (east) 2 July
Rew - Rescobie (west) 2 July *
Mre - Marlee (east) 3 July +*
Mrw - Marlee {west) 3 July
Cu - Clunie 4 July «
Bu - Butterstone 5 July *
Lw - Lowes 6 July *
Cg - Craiglush 6 July «*
Sbe - Strathbeg (east) 16 July
Sbw - Strathbeg (west) 16 July
Dv - Davan. 17 July +
Ekn - Eck (north) 23 July *
Eks - Eck (socuth) 24 July »
Shn - Shiel (north) 24 July *
Sshs - Shiel (south) 25 July +
M1 - Mill (open water dip only) 31 July
Sp - Spiggie 5 August *
Br - Brow : 5 August *
As - Asta ) : 6 August *
Twn - Tingwall (north) : 6 August *
Tws - Tingwall (south) 6 August *
53 - st John’'s 10 August *
Vye — Veyatie (east) 21 August *
Vyc - Veyatie (central) - 21 Aungust
Vyw - Veyatie (west) .21 August *
Vya - Veyatie (arm) 21 RAugust. *
Ine~ Insh (east) 18 July *
Inw-~ Insh (west) 18 July *
Cfc ~ Cliff (centre) 7 August *
cfa - Cliff (arm) ’ 7 August *
Cfe - Cliff (c/e confluence) 7 August *
Du - Duddingsten not sampled -

Ca - Castle . not sampled

Ck - carlingwark not sampled

cn - Cran not sampled

Fm - Flemington- not sampled
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Figure 1b. The locations of the lochs sampled on the Shetlarnd Isles

Co - Coldingham 11 June +
Li - Lindean 13 June =+
Be ~ Branxholme Easter 13 June «
Myn - St Mary's {(north}) . 18 June «
Mys - St Mary'’'s (south) 18 June
Kgq - Kilcongquhar 25 June «
Lle - Linlithgow (east) 26 June
Llw - Linlithgow (west) 26 June «
Bve - Balgavies (east) 2 July »
Bvw - Balgavies (west) 2 July
Ree - Rescobie (east) 2 July
Rew - Rescobie (west) 2 July *
Mre - Marlee (east) 3 July «
Mrw - Marlee (west) 3 July
Cu - Clunie 4 July ~
Bu - Butterstone 5 July «
Lw - Lowes 6 July »
‘Cg - cCraiglush 6 July *
Sbe - Strathbeqg (east) 16 July
Sbw - Strathbeg (west) 16 July
Dv - Davan : 17 July +*
Ekn - Eck (north) 23 July «~
Eks - Eck (south) 24 July =*
Shn - Shiel (north) 24 July ~
Shs - Shiel (south) 25 July *
Ml - Mill (open water dip only) 31 July
Sp - Spiggie 5 August
Br - Brow 5 August *
As - Asta 6 August r
Twn - Tingwall (north) 6 August *
Tws - Tingwall (south) ’ 6 August «
Sj - St John‘’s ) 10 August *
Vye - Veyatie (east) ’ 21 August +*
Vyc - Veyatie {central) 21 August
Vyw - Veyatie (west) _ 21 August *
Vya - Veyatie (arm) : . 21 August *
Ine- Insh (east) 18 July +
InW- Insh (west) 18 July *
Cfc - Cliff (centre) . 7 ‘August *
Cfa - Cliff (arm) 7 August *
Cfe - Cliff (c/e confluence) 7 August *
Du - Duddingston not sampled
Ca - cCastle .not sampled
Ck -~ Ccarlingwark not sampled’
cn - Cran not sampled
Fm -~ Flemington not sampled

\






Figure 2,
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Li -
Be -
Myn -
Mys -
Kq -
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Llw
Bve
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Ree
Rew
Mre
Mrw
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Bu -
Lw -
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Shw
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Eks
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Shs
M1

Sp -
Br -
As -
Tvn -
TwWs -
5 -
Vye -
Vyc -
Vyw -
Vya -
Ine-
Ind-
cfc -
cfa -
Cfe -
Du -
Ca -
Ck -
Ccn
Fm -
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St Mary‘’s (south)
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Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)

Marlee (east)

Marlee (west)

Clunie

Buttersteone

Lowes

Craiglush

Strathbeg (east)
Strathbeqg (west)
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Eck (north)

Bck (south)

Shiel {north)

Shiel {south)

Kill (open water dip only)
Spiggie

Brow

Asta .
Tingwall (north)
Tingwall (south)
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Veyatie (east)

Veyatie (central)
Veyatie (west)

Veyatie (arm)

Insh (east)

Insh (west)

Cliff (centre)

Cliff (arm)

Cliff (c/e confluence)
Duddingston not sampled
Castle not sampled
Carlingwark not sampled

- Cran not sampled

Flemington not sampled
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Figure 3.
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Mys
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Cfc -
Cfa -
Cfe -
Du -
Ca
ck
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Coldingham
Lindean
Branxholme Easter
St Mary’s (north)
St Mary’s (south)
Kilconguhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)
Marlee (east)
Marlee (west)
Clunie
Butterstone
Lowes

Craiglush
Strathbeg (east)
Strathbeg (west)
Davan

Eck (north)

Eck (south)

Shiel (north)
Shiel (south)
Mill (open water dip only)
Spiggie

Brow

Asta

Tingwall (north)
Tingwall (south)
St John's
Veyatie (east)
Veyatie (central)
Veyatie (west)
Veyatie (arm)
Insh (east)

Insh (west)
Cliff (centre)
Cliff (arm)

Cliff (c/e confluence)
Duddingston not sampled

Castle not sampled
Carlingwark not sampled
Cran not sampled

Flemington not sampled
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Figure 4.
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St Mary’s (south)
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Strathbeg (east)
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Veyatie (central)
Veyatie (west)
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Insh (west)
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Cliff -(arm)

Cliff (c/e confluence)
Duddingston not sampled

Castle not sampled
Carlingwark not sampled
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Lochs ranked on mean depth
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Figure 5,
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Clunie
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Shiel (south)
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Cliff (c/e confluence)
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Carlingwark not sampled
Cran not sampled
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Lochs ranked on maximum depth
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Figure 6,
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St Mary’s (south)
Kilcongquhar
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Balgavies (west)
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Rescobie (west)
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Tingwall (south)
St John’'s
Veyatie (east)
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Lochs ranked on surfa'ce_ area (exc. Shiel @ 1960 ha)
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Loch basins ranked according to opén water

pH measured in summer 1991
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Figure lla.
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Figure 11b.
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Figure 12a.
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Lochs ranked on P load prediéfed from altitude plus

the nos. of people, wildfowl and caged fish
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Figure 12b.
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Lochs ranked on P load predicted from land use plus

the nos. of people, wildfowl and caged fish
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Figure 1l3a.
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Figure 13b.

Co -
Li -
Be -
Myn

Mys

Kq -
Lle
Llw
Bve
Bvw
Ree
Rew
Mre

Mrw
Cu

-

Coldingham
Lindean
Branxholme Easter
St Mary's (north)
St Mary's (south)
Kilcongquhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)
Marlee (east)
Marlee (west)
Clunie
Butterstone

Lowes

Craiglush
Strathbeq (east)
Strathbeg (west)
Davan

Eck {north)

Eck (south)

Shiel (north)
Shiel (south)

*Mill (open water dip only)

Spiggie

Brow

Asta

Tingwall (north)
Tingwall (south)

St John’'s

Veyatie (east)

Veyatie (central)
Veyatie (west)

Veyatie (arm)

Insh (east)

Insh (west)

Cliff (centre)

Cliff (arm)

Cliff (c/e confluence)
Duddingston not sampled

Castle not sampled
Carlingwark not sampled
Cran not sampled

Flemington not sampled

[ el
N O DWW

LSRN
o h

NN WWNMODNDOND

5 August
5 August
6§ August
6 August
6 August

18

June
June
June
June
June
June
June
June ¥
July «
July
July
July
July
July
July
July
July
July
July -
July
July
July
July
July
July
July

* * % W

»

* %

L B B B * % % »

* % %=

August *
August *
August
August
August *
July =
July .

7 August *
7 August *
7 August «



W — yjdep ubpsw yoso|

001 0s ol K- g0
: ! L . I - ..._ : moo.
‘ o aeo.o\\ .
o3 N na—" L0
w v e -
. 69 \_m.\..m '

(A/4) ppo| d4 pajoipaud

\

| yjdep ubaw yo0| o4 paypja.
*0}8 @sn pup| wou} pajojpasd sppoj 4



Figure 1l3c,

Co -
Li -~
Be -
Myn
Mys

Kq -
Lle

Llw
Bve

Bvw
Ree
Rew
Mre
Mrw
Cu

Bu -
Lw -
Cg -
Sbhe
Sbhw
Dv

Ekn
Eks

Shn

Ine-~
Inw-
Ccfc
cfa
Cfe
Du
Ca
ck
cn

t ettt

—

tt i

Coldingham
Lindean
Branxholme Easter
St Mary‘’s (north)
St Mary’s (south)
Kilconquhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)

"Marlee (east)

Marlee {west)

Clunie

Butterstone

Lowes

Craiglush

Strathbeqg (east)
Strathbeqg (west)

Davan

Eck (north)

Eck (south)

Shiel (north)

shiel (south)

Mill (open water dip only)
Spiggie

Brow

Asta

Tingwall (north)
Tingwall (south)

St John'’s

Veyatie (east)

Veyatie {central)
Veyatie (west)

Veyatie (arm)

Insh (east)

Insh (west)

Cliff (centre)

Cliff (arm)

Cliff (c/e confluence)
Duddingston not sampled

Castle . not sampled
Carlingwark not sampled
Cran not sampled

Flemington not sampled

e BN B b s s e
OB WWNRNRNAGOSNU® DWW -

June
June
June
June
June
June
June
June ¥
July *
July
July
July
July
July
July
July
July
July
16 July
16 July
17 July
23 July
24 July
24 July
25 July
31 July
S5 August
5 August
6 August
6 August
6 August
10 August
21 August
21 August
21 August
21 August
18 July +
18 July +
7 RAugust *
7 August *
7 August ¢

* % % »

* % % % 8 * % % % LA 2 L 4

* % % % »



M 0] — dWn|oA Yoo

0001 001 0} L 10 1o
L L 1 ] moo.

- 10° m _

o

.m,o. o

®

1* a

-

e

L 2

e >

us ~
01

8WIN|OA U20| 0} payb|ad
“*0}@ asn pup| wou} pajolpasd spoo| 4



Figure 14,

Co -
Li ~
Be -
Myn
Mys
Kq -~
Lle
Llw
Bve
Bvw
Ree
Rew
Mre
Mrw
Cu
Bu -
Lw -
Cg -
She
Sbw
Dv
Ekn
Eks
Shn
Shs
M1
.—Sp -
Br -
As ~
Twn
Tws
sj
Vye
vyc
vyw
Vya
Ine-
Inw-
Cfc
cfa
cfe
Du
Ca
Ck
cn
Fm

L I S R O A I |

-—

-

Coldingham
Lindean
Branxholme Easter
5t Mary‘s (north)
St Mary’s (south)"
Kilconquhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)
Marlee (east)
Marlee (west)
Clunie
Butterstone

Lowes

Craiglush
Strathbeg (east)
Strathbeqg (west)
Davan

Eck (north)

Eck (south)

Shiel (north)
Shiel (south)
Mill (open water dip only)
Spiggie

Brow

Asta

Tingwall (north)
Tingwall (south)
St John's

Veyatie (east)
Veyatie (central)
Veyatie (west)
Veyatie (arm)
Insh (east)

Insh (west)

Cliff (centre)
Cliff (arm)

Cliff (c/e confluence)
Duddingston not sampled

Castle not sampled
Carlingwark not sampled
Cran not sampled

Flemington not sampled

June
June
June
June
June
June
June
June +*
July «
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July

* %%

-

» »

L 2N 3N 2

LN R BF B

5 August
5 August
6 August
6 August
6 August

18

August
August
August
Augqust
August
July »
July *

* % % % »

7 August *
7 Augqust *
7 August *

L 3



W — yjdep ubaw yoo|

00l  of o g _ 0

. 1 1 1 ! O.
\ . F
| / @
Y oy ng 9
e %\ . | Is m. ml
o owos®® e AT 4 dgv 09 U
Y oo N n m m
By © I g ] 0
o_ Q.
R ) % _

%9 _

ur / 9&0&&0 w
o i O —‘ N

Yjdep ubaw yoo| o4 paypjad **94a asn
PUD| WoJ} pajoipaid sppo| 4 |pasp o14l0ads




Figure 15a.

Co -
Li -
Be -
Myn
Mys
Fq -
Lle
Llw
Bve
Bvw
Ree
Rew
Mre

Inw

Cfa
. Cfe
Du
Ca
ck
Cn

-

Coldingham
Lindean
Branxholme Easter
St Mary’s (north)
St Mary‘’s (south)
Kilconquhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)
Marlee (east)
Marlee (west)
Clunie
Butterstone
Lowes

craiglush
Strathbeg (east)
Strathbeg (west)
Davan

Eck (north)

Eck (south)

Shiel (north)
Shiel (south)
Mill (open water dip only)
Spiggie

Brow

Asta

Tingwall (north)
Tingwall (south)
St John’s
Veyatie (east)
Veyatie (central)
Veyatie (west)
Veyatie (arm)
Insh (east)

Insh (west)
Cliff (centre)
Cliff (arm)
Cliff (c/e confluence)
Duddingston not sampled

Castle not sampled
Carlingwark not sampled
Cran not sampled

Flemington not sampled

11 June
13 June
13 June
18 June
18 June
25 June
26 June
26 June *
2 July +
2 July
2 July
2 July
3 July
3 July
4

5

&6

6

* % % »

»

* %

July

July

July

July
16 July
16 July
17 July
23 July
24 July
24 July
25 July
31 July
5 August
5 August
6 August
6 August .
6 August
10 August
21 August
21 August
21 August
21 August
18 July =«
18 July =«
7 August +
7 BAugust =
7 August *

* % % N » % % % n

e % on

*
*

*
*



(w) yydep unsw *bHo

S

() o

! _ 0
| , L [
. o8
oy "d
IN 44 g
A
6o . ‘
-
.km M n_mu#vo_ IS
Uy
AN . qs

SYO0| Ysiioos 67 4o yidap
upsw sy} 0} palb|ss DBID 80DLINS

T
—

N

(py) poup *Boj

N

T




Figure 15bhb,.

Co -
Li -
Be -
Myn -
Mys -
Kg -
—~Lle -
\\Llw -
Bve
Bvw
Ree
Rew
Mre
Mrw
Cu
Bu -
Iw ~
Cqg -
She
Sbw
Dv
Ekn
Eks
shn
Shs
Ml
sSp -
Br -
A8 -
Twn
Twa
53
Vye
vyc
vyw
Vya
Ine
-Inw
Cfc
Cfa
Cfe
Du
Ca
L_Ck
cn
Fm

[ I I IO N T B |

LI O N N N A O I NN IR RO IO N S N |

Coldingham
Lindean
Branxholme Easter
St Mary’'s (north)
St Mary‘’s (south)
Kilconguhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie {west)
Marlee (east)
Marlee (west)
Clunie
Butterstone
Lowes

Craiglush
Strathbeg (east)
Strathbeg (west)
Davan

Eck (north)

Eck (socuth)

Shiel (north}
shiel (south)

Mill (open water dip only)

Spiggie

Brow

Asta

Tingwall (north})
Tingwall (south)
st John’s
Veyatie (east)
Veyatie (central)
Veyatie (west)
Veyatie (arm)
Insh (east)

Insh (west)

Cliff (centre)
Cliff (arm)

Cliff (c/e conflu
Duddingston - not

Castle not
Carlingwark not
Cran not

Flemington not

ence)

sampled
sampled
sampled

sampled
sampled

=t b ot
NAOAO VB WWNNNN

MO N
o L

25
31

5 August
5 August
6 August
6 August
6 August

10
21
21
21
21
18
18

June
June
June
June
June
June
June
June *
July +
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July

* & %

*»

* *

¥ % % % » LA B

* % % % %

August *
August *
August
August
August *
July «
July *

7 RAugust *
7 August *
7 August



(py) peup *Boj

(

Ys

N

2 _
N H
_ 1 1 Dowm
1 1 | Lm |
Sy 15
by A
. >Q. .
S N
IS am_, 65
qs S
13S s

uy

AL
SY90| Ysi}4oos 6
oﬁo:mf O} pajp|ad saWN|OA

N

M

(gwQ00 01 ur) swnjoa "60j
g .

ﬁ.

Q]



Figure 15¢.
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Co -
JLi -
Be -~
Myn
Mys
Kq -
Lle
Llw
Bve
Bvw
Ree
Rew
Mre

naottwn
UQQGSE
(1]

1t

Shw
Dv

Ekn
Eks
shn
Shs
M1l

Sp -
Br -
AS -

Tws
S
Vye
Vyc
Vyw
Vya
Ine -
Inv-
cfc
cfa
cfe
Du
Ca
ck
Cn

L I RO I O OO I |

Coldingham
Lindean .
Branxholme Easter
St Mary’'s (north)
§t Mary's (south)
Kilconquhar
Linlithgow (east)
Linlithgow (west)
Balgavies (east)
Balgavies (west)
Rescobie (east)
Rescobie (west)
Marlee (east)
Marlee (west)
Clunie
Butterstone
Lowes

Craiglush
Strathbeg (east)
Strathbeg (west)
Davan

Eck (north)

Eck (south)

shiel (north)
Shiel (south)
Mill (open water dip only)
Spiggie

Brow

Asta

Tingwall (north)
Tingwall (south)
st John’s

Veyatie (east)
Veyatie (central)
Veyatie (west)
Veyatie (arm)
Insh (east)

Insh (west)

Cliff (centre)
Cliff (arm)

Cliff (c/e confluence)
Duddingston not sampled

Castle not sampled
Carlingwark not sampled
Cran not sampled

Flemington not sampled

June
June
June
June
June
June
June
June
July «
July -
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July

LA ] * » * % % %

* % % %

¥ % % % %

5 August
5 Auqust
6 August
6 August
6 August

10

21

21
21
21
18
18

Augqust
August
August
August
August
July *
July

L B I B

7 August *
7 August *
7?7 August *



Loch basins ranked on open water P levels measured in

summer 1991
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measured summer P related to the mean annual P
calculated from the loading predicted from land use
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Figure 25h.
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measured summer P related to the predicted mean annual P
corrected for P retention according to Dillon & Rigler
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Figure 27.
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Loch basins ranked on surface water nitrate

concentrations measured in summer 1991
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Figure 28a.
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Loch basins ranked on sol.react.P level in the
pore water of the top 5cm of sediment (summer 1991)
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Figure 28b.
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Figure 29a.
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Figure 29b.
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Figure 31.
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Figure 34.
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Figure 36.
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Loch basins ranked on open water silica concentrations

measured in summer 1991
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Pigure 37.
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FIGURE 38
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FIGURE 39
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FIGURE 40
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" FIGURE 41
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