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SUMMARY

1.

h¢

e

The total loading of phosphorus (P) to Loch Leven, and the variocus external
contributions have been assessed: of the results relating to run-off, sewage
and industrial effluents, rain and wildfowl, only those con rain are
seriously in question - as over estimates.

The history of anrichment of the loch iz reviewed using literature on algal
remains in the sediments, on plLankten records and on rooted aguatic
vegetation. Eutrophication trends are outlined with special reference L0
algal blooms, reduction in clarity and shifts in chemical quality of the
water; these developments have had deleterious effects on the loch as a
source of water for domestic and industrial use, on its trout fishery, its
amenity {(tourism) value and its international conservation status. Concern
aver these issues led to the present study.

Full details are given in the report on (i} field and analytical methods,
(ii) data handling procedures and {iii) the calculation of flows,
concentrations and lcadings. An attempt is made, throughout, to demonstirate
that the data make sense and justif'y the conclusions drawn from them.
Reasons for discarding the spurious results cn rain P are given.

The total external loading of phosphorus in 1985 was 20.5 tonnes (as total P
- TP); run-off contributed 39.6%, treated sewage 25.9%, industry (woollen
mill) 30.8%, rain falling on the loch surface 2.0% and roosting geese ca
1.8%. Equivalent figures for the soluble reactive fraction (SRP) available
for algal growth are: total 12.3 tonnes tc whichh run-off contributed 28.7%,
sewage 31.4%, industry 36.8%, rain 1.6% and wildfowl ca 1.5%.

Of the loading originating,at the sewage treatment works (5323 kg TP ann 1
including 3847 kg SRP ann |}, Kinross North contributed 38.7% of TP (ang

44 8% of SRP), Kinross South 26.2% of TP (17.2% of SRP), Milnathort 25.9% TP
{28.9% of SRP) and Kinnesswood 9.2%qofTP (3.1% of SRP). The TP loads are
equivalent to 1.77 - 2.42 g person d

The mean, volume-welghted, concentration of P in water_entering the loch is
2.4 times the mean in-loch concentration of 63 ug TF 1 ; this suggests that
internal loading of P from the sedimentsz is relatively unimportant over the
year as a whole. Indeed, the loch retains phosphorus: the amounts leaving
via the outflow are equivalent to only 40% and 12% of the inputs of TP and
3RP respectively.

As a result of high rainfall in 1985 (1250 mm), flushing was high [ >2.54
loch volumes). The fotal input of water was 134.4 x 100m3 {1245 x 100m™ in
run-of f and 9.9 x 1050 in direct rainfall); this compares well with the
estimated export of 130.8 x 10°m~.

Relationships between the 1985 estimates of P loading (1540 mg m-z) and P

{63 ug 1 J and chlorophyll (21 ug 1 ) in the lach fit closely to those
predicted bty certain eutrophication models, which also highlight the
importance of flushing rate. Information extending back to 1937 on flushing
rate has teen used (1) to forecast its likely range and frequency, and (ii)

Lo assess itz effect on predicted P loadings and on P and chloropnyll
concentrations, assuming a range of P reduction situations. This analysis
indicates 2 major points. The First assumes that nc control is exercised over
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P supplies, and point-sources remain at present levels of ca 12 tonnes

ann . Total loading would then be reduced purely as a result of the
expected natural variation in flushing rate; at the most, however, the
reduction would be only one-tenth in, on average, one out of 4 years. The
second point assumes removal of 80% of P in mill effluent; this would reduce
annual mean chlorophyll in the loch in, on average, 9 cut of 10 years to
levels such that water clarity would increase. As a ceonsequence, the spread
of rooted macrophytic vegetation and the development of asscciated
invertebrate populations would be enhanced. Following a P control strategy,
concentrations in the loch weuld fall to within 5% of predicted decreases in
0.6-1.6 y at the long-term mean annual flushing rate of 1.388 y.

It is recommended that:

(a] immediate attention be given to preventing P-rich industrial effluent
entering the loch; a consent recently set by the FRPE on this
discharge, is intended to reduce loadings from this source by 8C% from
1 May 1987.

(b) a programme of P loading and in-loch nutrient and chlerophyll
surveillance be started as s00n as possible; models predict that the
reduction referred to above, should have a significant effect on these
factors and, through expected increases in water clarity, on macrophyte
distribution.

{¢) strict control on increases in P in treated sewage be maintained; the
necessity for removal of P from this source, however, would be
determined by the monitoring programme - in any event, P stripping
would not be logistically feasible bhefore 1990.
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TNTRODUCTION

1.1 Aims and scope of this report

The main aim of this report is to present the findings of a 2-year study of
the inputs of phosphorus (P) to the shallow eutrophic Loch Leven. A number
of external sources were investigated in order to assess (1] the total
input, and, {ii} the contribution from each scurce. These are, In
decreasing order of relative impcrtance according to earlier work {Holden &
Caines 1974; Bailey~Watts 1983): point-sources of treated sewage effluent
and industrial waste; non-point (diffuse) socurces in run-off (mainly
stream-borne water), in rain falling directly on the loch surface, and in
the droppings of wildfowl. An internal supply of P - via recycling from the
sediments of the loch itself - was not investigated, but its general
significance was judged by comparing P masses in inflow, loch and sediment
interstitial waters., In addition to demonstrating how the work was done,
and the main features of the data c¢ollected, the information is interpreted,
where apprepriate, with special reference to the feasibility of controlling
the eutrophication of the loch by reducing the P supply. For the 1985 data,
relationships between P loading, P and chlerophyll in the loch, ang factors
such as flushing rate, fit very closely to those predicted by certain
eutrophication models. The models highlight the important influence of
flushing rate and data extending back tc 1937 on this factor are used (i) to
ferecast its likely range and frequency, and {ii) to assess its effect on
predicted P loadings and on P and chlorophyll concentrations in the loch,
assuming a range of P reduction situations. Some aspects of the history of
research on Loch Leven are reviewed first, placing into context the focus on
nutrient loadings, concern over needless enrichment, and the raticnale for
the present study. While the report contains numerous illustrations of
seasonal variation in water discharges, P concentrations and loadings, the
main digest of information refers to annual figures. Further analyses of
fhe data will focus con seascnality. Phosphorus data are exhibited with
reference mainly to TP and SRP figures, althcugh neither PP nor SURP
information is completely ignored.

The nutrient enrichment (eutrophicaticn) of f{reshwaters has interested
aquatic ecologists for many vears {Hasler 1947; Vollenwider 1968; Milway
1970). There was already an enormous literature on the subject some 15
years ago (Lund 1972), reflecting the major ecological and economic
significance of the enrichment process - in particular those undesirable
effects resulting from enhanced industrial (including agricultural]
activities of man (Lund 1980; Greene & Hayes 1981 and, for Scotland, Greene
in press}.

In spite of the widespread appreciaticn of the importance of nutrient
supplies to the functioning of aquatic systems (Jorgensen 1969; Le Cren &
Lowe-McConnell 1980), the maiority of works on sutrophicaticn focus on lake
chemistry and biology, eg on Loch Leven chemistry, Holden and Caines {(1974)
and Bailey-Watts (1986) and its phytoplankton, Bailey-Watts (1974, 1978,
1982, 198&). The actual process of enrichment and the rates of supely of
nutrients to the receiving basins have been assessed {or rather Few waters,
Notable examples include Lake Mendota, Wisconsin, U.3.4., (Brock 1885} where
studies of this type have been attempted since the 1940s, and Lake Dillon,
Colorade (Lewis et al '984) where nutrient inputs have been assesssd for the




first time, 20 years after the formation of the lake by impoundment in 1363.
There are good examples too from Europe. Yet, even in Switzerland, the
country with arguably the most experience in this field, there are lew
thorough investigations - with short interval sampling and clesely
integrated flow gauging and chemical programmes - and, of these, the
majority focuses on events following P reduction {Ambuhl 19813 Marsden 1986
and Mr. M. Marsden pers. comm.). In this respect, and taking the UK as an
example, the new loading study on Loch Leven 1s paralleled only by
investigations on Lough Neagh {(Smith & Stewart 1977) and the Norfolk Broads
{Osborne 1981), _

Leadings of nitrogen and phosphorus to Loch Leven were estimated earlier
{Holden & Caines 1974: Holden 1976); the results provide a background to the
recent work but are based on a less intensive sampling programme than the
one adopted now. In any event, in the 14 years that have elapsed since that
assessment, inputs of nutrients have altered considerably: the character and
intensity of agriculture have changed (Cuttle 1982), production of P-rich
effluent by a loch-side industry nas fluctuated {Bailey-Watts 1983) and the
P loading in treated sewage effluent has increased as the number of people
residing in the catchment has grown.

1.2 The history of Loch Leven research with special reference to
eutrophication and the role and significance of phosphorus (P)

Loch Leven became more eutrophic, as do all lakes, with gradual in-filling
from the time of its formation. Bearing in mind the important influence of
lake morphometry on eutrophy (Rawson 1960}, it is probable that the early
geologically-mediated reduction in water depth and the later man-made
lowering of water level by 1.9 m in between 1830 and 1832 (Kirby 1974)
enhanced the effects of the enrichment process. Shallow lakes, as a
consequence of their more favourable light regime, are generally more
productive per unit (mass) of nutrients supplied than deeper waters (see
Sakamoto 1966; Hutchinson 1967).

It is the later stage cof the enrichment process, assoclated with human
cultural activities, that is the concern of this study. Evidence of this
phase of eutrophication cver more recent times comes from a number of
studies. TFirst, the stratigraphy of diatoms in the sediments shows changes,
hecoming more like the current eutrophic assemblages (Haworth 1972).
Second, shifts in the population densities of other microscopic algae and of
rociad macrophytes, including large algae {Charales), are documented.
Bailey-Watts (1374) reviews key papers extending back to the turn of the
century illustrating an increase in phytoplankton productivity
{Wesenberg~Lund 190%; Bachmann 1905; Rosenberg 1938; Brook 1358, 196%).
Jupp, Spence and Britten (1974) similarly cover information on macrophytes
which have declined in abundance. During the approximately 25-year period
for which nutrient data are available, concentrations of nitrate-N in the
loch and its inflows also reflect the eutrophication trend (Holden & Caines
1974; Bailsey-Watts & Maitland 1584). The situation as regards P is not so
clear; this may reflsct the contrasting positions of N and P in respect of
the likslihood of their limiting phytoplankton growth {see belowl.
Balley-Watfts and Maitland (1984) illustrate a relatively unchanging pattern
of total P concentration in the loch {using data for 1977 to 1976, 1982 and
1683) in spite of marked fluctuations in the concentrations of P in one of
its largest and heaviest P-laden inflows.




1.3 Major events leading to a desk study (1983), its main findings
and the rationale for a new assessment of phosphorus inputs and the
feasibility of controlling the loading

In common with studies on nutrient loadings elsewhere, the current work on
Loch Leven was largely initiated by concern about undesirable changes in
water quality associated with eutrophication. Similarly, interests in a
freshwater fishery provided the stimulus for the studies cn Lough Neagh
(Smith 1983), and concern about effects of algal blooms on macrophyte growth
stimulated work on the Norfelk Broads {Moss 1977). The nature and density
of phytoplankton at Loch Leven led tc its being considered unsuitable on
economic grounds as-a supply of potable water (Johnson, Farley & Youngman
1974} ; the serious consequences of eutrophication for other drinking water
reservoirs elsewhere are widely reported (Greene & Hayes 1981).
Furthermore, the chemical and biological quality of Loch Leven water has
given rise to concern about the effects con tourism in the area and on the
requirement for quality water by downstream paper mills.

As a result of the developments at this National Nature Reserve, the Nature
Conservancy Council commissioned a desk study (Bailey-Watts 1983) to review
the situation with regard Zo P inputs: had the total leading increased since
the early 70s, where was the P coming from, and would control of the inputs,
if feasible, be effective? The study concluded that the majority of P
entering the loch from cutside did so {rom point sources, the main
significance of this suggestion being that peint effluents are controllable,
and a considerable reduction in the % of P loading could be achieved. If,
as is thought to be the case with N, the greater part of the loading (mainly
in the form of nitrate) had been considered to cccur via diffuse run-off and
land=-drains {Holden 1976; Cuttle 1982), such effective c¢ontrol could not be
50 easily envisaged. The review alsc suggested that if a large percentage
of P could be prevented from entering the loch, the incidence of algal
blooms would be appreciably reduced. This is because the population maxima
of the densest crops of phytoplankton appeared to be zlready controlled,
{that is, limited from proliferating further) by the present P levels. A
partial reduction in industrial P inputs to the loch in the 1970s nad been
paralleled by a decrease in algal biomass, indicated by falling mean annual
concentrations of chlorophyll (Bailey-Watts 1§78). In contrast, although N
appears to fall to algal growth-limiting levels in summer, it is present
well in excess of reguirements throughout most of the rest of the year
{Balley-Watts 1986). Furthermore, some of the particularly unsightly algal
aggregations consist of certain specles of blue-green 'algae' -
cyanobacteria ~ which are not sclely dependent on nitrate as a source of
inorganic N (Carr & Whitten 1982). As a consequence, even if a large
reduction in the N lcading could be achieved, it would prcbably not effect a
corresponding decrease in algal biomass. As these views rested on
essentially 'old' loading data, the desk study also emphasised the need for
up-to-date guantitative information on P loading - hence the current
programme .




THE STUDY SITE

2.1 Loch Leaven and its catchment

As the site of a UK main contribution to the International Biological
Programme from 1966 to 1972 (Golterman 1875; Le Cren 1976; Le Cren &
Lowe=McConnell 1980}, many features of Loch Leven are well-documented., Of
special relevance to the present study are papers on the geomorphology of
the loch (Kirby 1974), its physical environment, structure and internal
physical conditions (Smith 1974), the distribution of 1ts hottom sediments
{Calvert 1974) and its nutrients {(Holden & Caines 1374).

Q
The loch iSéoWO'N, 3730'W) was formed 16000 years ago by the advance of an
ice-sheet into a natural bedrock basin overlying Oid Red Sandstcne. Kirby
{1974} discusses the formation in detail. Being now of large surface area
{1330 ha, Table 1, Fig. 1), small mean depth (2.9 m) and situated in an
exposed maritime zone on the eastern edge of the Atlantic Ocean, the loch is
usually well-mixed and unstratified (Smith 1974).

Valugs,for the average annual inflow and mean renewal time in Table 1 {120.7
x 10 m and 5.2 months respectively) are for the period 1959-1969 and based
on rainfall reccrds for 1916-19%0, information on changes in loch storage
for 1959-1969, and evaporation data for 1950-1964. The throughput value
will be compared belcw to that estimated from the present study. On the
basis of the long-term records, Smith (1974) and Bown and Shipley (1982)
commented on the more or less even distribution of rainfall throughout the
year. Monthly valuesg 1968 to 1983, however, reveal considerable variation
between eg 24 mm in June 1968 and 197 mm in October 1968, and 15 mm in
fugust 1976 and 19C mm in October 1976. Over the period 1968 to 1983, the
annual rainfall ranged from 640 mm (1975) to 1190 mm (1968) and
precipitation in any one month varied considerably; eg for April, 5 mm
(1980) to 136 mm (14$73) and, for December, 22 mm (1975} to 176 mm (1978).
Marked seasonal and annual differences in temperature have aiso been
recorded. Since the loch comprises a broad expanse of shallow water, its
temperature closely parallels that of the air (Smith 1974).

Figure 2 shows the loch in relation to its catchment; for the purposes of
analysing water discharge, P concentration and P loading data (see below),2
the watershed is sub-divided as shown. The total catchment area is 145 km,
consisting largely of land used for crops and grass {£1%) and rough grazing
(21%).

The main drainage courses comprise 4 systems: North Queich, South Queich,
Pow Burn and the Gairney water. As will be demonstrated later, these
together drain 24% of the total catchment. Nevertheless, minor water
courses draining about 3 of the remaining 16% of the watershed were alsc

gauged.

2.2 Sampling sites

Sites chosen for the gauging of water flows and collection of samples for P
analvsis are included in Figure 1.




2.2.1 Rivers and streams

By adopting the sampling coverage shown above, an attempt was made to
account for all the water entering the loch; in addition to the major
stream systems, a number of smaller water courses was investigated,
including the Camel Burn {Ca) and drainage channels (Ba and Da) which
nass through agricultural land. Phosphorus lcsses from sectors of land
abutting the loch but apparently not drained by well-defined water
courses, were calculated, assuming P loss/catchment area relationships
obtained from adjacent (gauged) areas (see section 3.1.2). Inscfar as
such sectors are areas of particle deposition rather than erosion -
because there is no water course of high velocity and, therefore, with
substantial carrying capacity - the method of calculation will lead to
cverestimated P losses. However, the areas amount t¢ only 6% of the
total catchment.

2.2.2 Point sources of phesphorus

Earlier studies {Holden & Caines 1974; Bailey-Watts 1983) suggested
that, taken together, the point supplies of P comprise a much greater
source than diffuse river-borne inputs of the nutrient to Loch Leven.
In view of their likely ceontinued significance, and bearing in mind
that they could be controlled, a considerable amount of time has been
spent investigating them. In this area, scurces of P~rich liquor arise
from & sewage treatment works and from one industrial concern; the
positions of their discharges are indicated in Figure 1.

a. Effluent from sewage treatment works (STWs)

A total of 4 works serve the towns of Kinross and Milnathort and the
village of Kinnesswcod. These are as follows:

(1) Kinross North STW is a modern works utilising an oxidation ditch
and clarifier. It serves an estimated population of 3,200 and
discharges directly to the lech at a peint on its west side.

{ii} Kinross 3South septic tank provides only rudimentary sewage
treatment. It serves an estimated population of 2,100 and alsc
discharges directly to the loch -« just south of the South Queich.

{iii) Milnathort 3STW is an older, percolating filter, works serving an
estimated population of 1,950. The effluent from here discharges
tc the North Queich between sampling sites Nb and N¢ on that
river.

{iv) Kinnesswood STW is also a percolating filter works and serves an
estimated population of 555. It discharges to the loch via a
samall ditch on the N.E. shore.

A1l these works serve combined sewerage systems. This means that foul
sewage and surface water are carried by one sewer. The population

figures gqucted abcve were supplied oy the Water Services Department of
Tayside Regional Council.

o. Industrial effiuent




Phosphorus=-rich effluent from a woollen mill enters the Scuth Queich
near its confluence with the loch, ie between sampling points 3a and Sc
on this stream.

2.2.3 OQther sources of phosphorus
a. Rain falling directly on the loch surface

Because Loch Leven 1s broad and shallow, the volume of rain falling
directly on its surface can be quite significant in terms of the (mean)
loch volume. For example, over a mean depth of 3.9 m, even a moderate
annual rainfall of 1,000 mm (= 1 m} represents a gross input of 25%.
While ceorrections for evaporative losses reduce the net input of water,
they do nct affect the amounts of P introduced. It was considered
important, therefore, to assess the concentrations of P in rainwater;
if these proved to be high, the background P loading from this source
could be appreciable.

b. Wildfowl

The large water surface, islands for nesting, extensive shallows and
rich adjoining farmland make Loch Leven a very suitable site for
wildfowl {Allison & Newton 1574). It often supports the largest
concentration of breeding ducks in Britain, including tufted duck,
mallard, gadwall, wigeon, shelduck, shoveller and teal. More
important, in the context of eutreophication and P inputs to the loch,
are the rocsting in winter of many thousands of Greylag (Anser anser
{L.)) and Pinkfooted (A. brachyrhynchus Baillon) geese. AS a result,
waterfowl numbers may exceed 20,000 in autumn.

It is largely on the strength of these wildfowl populations that the
lochk was given national and international conservation status. In
March 1964 it was declared a National Nature Reserve by the Nature
Conservancy (now Nature Conservancy Council) under an agreement with
the owner. It was also included In the first list of internaticnally
important sites drawn up at the International Conference on the
Conservation of Wetlands and Wildfowl held at Ramsar, Iran in 1971
{Morgan 13741} .

No new research was done to estimate the inputs of P to the loch in
wildfowl faeces. Instead, the loadings were calculated from seasonal
counts of geese and published figures for outputs of P by geese (see
sections 3.2.4, 4.5.3 and 5.3.3).

¢. Sediments

There is constant exchange of P (and other nutrients) between the water
mass and the bottom sediments. Of special importance in determining
the dynamics of P, is knowledge about recycling. Phosphorus may te
released into the water column from sedimented particulate material
originating outside the loch or forming (eg as plankfon) within the
loch. The measurement of the processes involved and the many, complex
factors controlling them, are beyond the remit of the s:tudy. Some
attention nad to bte given to this aspect of the loch's ecology however,
as there is general concern that the internal lcading of P from the
sediments would not only continue, but possiply increase, after
external scurces wers reduced.
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On the practical side, the magnitude of the 'reservoir' of scluble
reactive P in the surface sediments has been assessed from preliminary
analyses of interstitial water (secticns 5.2.5 and 5.3.5). 4 guide to
the importance of internal loading relative toc external supplies on an
annual basis, is gained by comparing the mean in-loch ccacentraticn of
B-with the mean ? concentration of water entering the loch (section
6.7). After the completion of this report, a detaziled, seascnal budget
of P inputs to, and outputs from Loch Leven will be attempted from the
data now available. Until that analysis is completed, no internal
loading can be calculated. However, previously published work on Loch
Leven and elsewhere will be discussed {(alsc section 6.7) in order to
identify the conditions associated with P release and consider how
important the process is and whether it is likely to change, in the
event of a reduction in external loading.

2.2.4 Tne loch and its outflow

In order to maintain observations to the extent indicated by the
distribution of sampling sites in Figure 1, work on the loch itself was
kept to a minimum., In this respect, it was considered unnecessary to
devote valuable time and resources to sampling the open water area.
Previous work shows that nutrient concentrations and algal pepulation
densities usually reflect minor differences between different areas of
the loch. The outflow site (sluices) is particularly representative of
open water (Balley-Watts 1974, 1978, 1382); measurements there,
together with discharge records, also provide information on theée volume
of water and the amounts of chemical and biological material leaving
the loch. For these reasons, staticn L in Figure 1 was used.




3  FIELD METHCDS

Hydrology

3.1.1 Rivers and streams

The Forth River Purification Board (FRPB) operates 3 gauging stations
in the Loch Leven catchment: on the South Queich at Kinross (N.G.R. NO
118 Q16), on the North Queich at Lathro (N.G.R. NO 114 042) and on the
Greens (Pow) Burn at Killyford Bridge (N.G.R. NO 115 C53). These
gauges {(included in Figure 1) are all velocity area stations in which a
calibration i1s derived by current metering over the range of river
level and used to convert a level record into discharge. This process
is described in section 4.1. River level is recorded at half-hour
intervals at these stations and each recerding is converted to
discharge before processing to produce daily means, flow extremes and
so cn. The calibraticn is checked by current metering at regular
intervals, usually menthly, and corrections applied as necessary.

Most of the sites used in the study were at locations away from
permanent gauges so temporary stations were required. Gauge boards
were installed at most of the river chemical sampling points {Figure
1}, with the exception of the small ditches on the N.E. shore of the
loch (see below), and calibrations obtained for the site by current
metering. These gauge boards were read at the time a sample was taken
and the level reading converted into discharge using the derived
calibration. The system worked well for all sites except the North
Queich at Burgher Bridge, where a lew recordings were affected by a
high level in the loch.

Four small ditches running through agricultural land on the N.E. shore
of the loch had to be dealt with in a different way; they were often
only a few millimetres deep, and their mobile sandy beds made the use
of calibrated gauge boards unreliable. Flow at these points was
therefore measured by current meter on 2 cccasions, near the time of
peak flows in many of the other (routinely gauged) rivers. They were
sampled for chemical analysis from April 1985, not January as in the
case of the other sites. To put them in perspective, it should be
noted that they drain <4% of the catchment.

3.1.2 Point-source discharges

The point-scurce discharges gauged were the woollen mill (site Sm in
Figure 1) and the sewage discharges at ¥Xinross South septic tank, and
the Kinross North, Milnathort and Kinnesswocd STWs. Af each of these a
flow gauging structure was installed and continuocus level records
obtained. These were ceonverted to discharge using the known
calibration of the structure. Whilst a permanent level recorder was
installed at the woollen mill, recorders were installed only during the
intensive sampling periods at the 3TWs.




The discharge at the woollen mill was gauged after the final mixing
tank, immediately befcre discharge to the South Queich. A glass-fibre
trapezoidal flume was installed aleng with a wet well and reccrder
house to enable accurate measurement of the turbulent flow. This level
was recorded on a weekly chart, wnich was replaced by a daily chart for
a short period to allow a better resclution of the rapid fluctuation in
the preocess water.,

At all STWs except Kinross North, 'V' notch weirs were installed and
levels were recorded by ultrasonic detectors recording on a daily
chart. At Kinross 3South and Kinnesswood the recorder was installad on

“the outflow from the works, so any storm overflow was not included. At

Kinross North the cutflow channel was not hydraulically suitable so the
inflow was measured; it was possible however to measure storm overflow
drainage here too. In centrast to the other works, gauging was done
with fleat level reccrders at rectangular sections.

The situation at Milnathort is more complicated in that 2 of the 3
filterbeds discharge to one drain and the third to a separate drain.
'V' notches were placed on both these chanrnels and the flows recorded
simultaneously. Because this STW is very low lying, the outflow from
the drains frequently backed up into the works; however, valid data
were obtained for 2 weeks here.

3.1.3 Rain falling on the loch surface

An astimate of the volume of rain falling on the loch surface was
cbtained from 4 rain gauges deployed in the Loch Leven catchment (see
Figure 1). Other indications of the volume of rain water entering the
loch in this way were derived from the water collectors referred to in
section 3.2.3.

3.17.4 Leoch volume

A depth/storage relationship was derived for the loch, from 2 published
sources of widely differing age. A report to the Loch Leven Trustees
by John Sang (Sang 1872) gives details of the acreage of the loch at
spillway level, shortly after completion of the construction work at
the existing sluice gates. A recent bathymetrical study (Kirby 1971)
allowed the area of the loch to be calculated at different depths.
These 2 surveys showed excellent agreement despite the long pericd
between them.

The volume of the loch at different levels was calculated from the area
at 50 mm increments of loch height, assuming a uniform slope between

egach increment. The depth/storage curve so derived is very smooth,
lending confidence to the assumption of uniform slope over small

increments. Smith (1974) also calculated the volume of the loch using
an equation derived from bathymetric data published by Kirby (1974) and
from additional, unpublished morphometric data supplied 5y Kirby. This
eguation relates loch level (H, in metres A.0.D) and volume (¥, in
millions of cubic metres) as follows:

¥V =2 12,12 H - 1.2429
(Mr I R 3mith pers. comm.}. Figure 5 (the volume-depth curve) of Smith

(1974) shows that changes in volume are linearly related to changes in
depth, particularly at the high levels.
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3.7.5 The outflow

The vclume of water leaving the loch via its outflow was calculated
from daily mean discharges derived from sluice height and gauge
readings recorded continuously (i-hourly intervals).

Chemistry

3.2.1 River and stream waters

Water samples for chemical analysis were taken at 8-day intervals in
duplicate at each site (Figure 1). This regime was adopted because the
chemical quality of certain water courses - especially those receiving
industrial or sewage effluent - was expected (and indeed was later
shown) to vary according to the day of the week. Half-litre
polyethylene sample bottles were first rinsed in the waters; the
samples were then ccllected by dipping the bottles ca 20 cm below the
water surface, with their inlets facing upstream. Water temperature
was recorded at the time of sampling by means of a mercury-in-glass
thermometer calibrated to 0.1 Celsius degrees.

3.2.2 Point-source discharges [treated sewage and industrial
effluents)

The sampling programme was designed to take account of the anticipated
variatiens in the P loading in each discharge. In addition to random
variations, the foilowing cyclic variations weould be expectad:

DAILY - Likely to give the greatest variatien.

WEEKLY - Showing the influence of a Mcnday washing day etec.

ANNUAL -~ Showing the effect of eg seascnal population increase with
tourism, seasonal variation in rainfall, and seasonal effects on the
sewage treatment process.

It was thus decided fo mount 7-day monitoring runs using 24-hr
automatic samplers. Experience from a previous exercise suggested a
sampling interval of not more than approx. 30 minutes. It was
originally hoped to carry cut 4 runs on each werks covering spring,
summer, autumn and winter, but in the event this did not prove
possible.

Samplers were loaned, principally by Tayside Regional Council:
Warren-Jones samplars; these were set to take 1 sample every 15

minutes, combining 4 samples in 1 bottle, ie 1 bottle per hour for each
24 hour pericd. Samples were taken virtually instantaneously by a
small submerged centrifugal pump.

Epic 1010 samplers; these held 12 bottles and were set to take a

sample every 30 minutes and 4 samples per bottle ie 1 bottle every 2
hours, 3Samples were taken virtually instantanecusly but by a
peristaltic punp.

For both samplers, high density polyethylene bottles were used with no
preservative added. Samples were returned tc the laboratory as scon as

possible after the completion of each 24-ar sampling run.
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For the majerity of runs, flow-related composite samples were prepared
to cover each 24~nr periecd. They were prepared by firstly calculating
a figure proportional to the average flow for the duration of sampling
of each bottle in the automatic sampler, then taking a velume from each
bottle in proporticn to this figure to prepare the composite. In crder
to estimate diurnal variatiens in loading, individual samples were
analysed for some runs on Milnathort and Kinnesswocd works.

The information obtained from this part of the study is sufficient for
assessing the likely export of P from 3TWs, and, therefore, their
importance relative to the other supplies. However, considerable
problems were occasionally experienced. These were due to, for
example, exceptionally high flows and breakdcwn of automatic samplers.

Routine samples of the industrial effluent were taken on the 8-day
schedule in the manner described in section 3.2.1 for the 'natural'’
streams. In addition, an intensive study was carried out over a
24-hour period on 2-3 December 1985 in an attempt to assess short-term
variation in the export of P from this source. Samples of the effluent
issuing from the pipe were collected hourly. The time of collection
was recorded and levels of P concentration were related later to the
corresponding instantaneous flow values read from the chart recorder
referred to above. ‘

3.2.3 Rainfall

Collections of rain for chemical analysis were made in 1986, there
being little time for this in 1985, whilst laboratory and field work on:
the inflows was carried ocut. Four collectors were deployed - 2 near
the N.W. shore of the loch and Kinross (Kennel Cottage and Factor's
Pier) and 2 near the S.W. shore and the cutflow ie at Larch Cottage and
VYane Farm (see Figure 1),

Each collector consisted of a 20-cm diameter polyethylene funnel, with
a 1-litre bottle attached to its stem. The bottle was supported in a
50 cm length of spirally-reinforced tubing, ltself mounted on a wooden
post so that the top of the funnel was 2 m above the ground. In an
attempt to dissuade birds from perching on the funnels, a network of
wire spikes was clamped outside the funnel; the spikes protruded some
15 <m beyond the upper (sharpened} edge of the funnel, but, in
fcllowing the contours of the funnel, did not occlude its opening.

Two types of problem were encountered in the cellection of rain. One
related to the swarming of midges over the collectors and insects
drepping into the water. The cther concerned the behavicur of the
collectors at the sites chosen, ie how suitable they were as recorders
of 'open-water' precipitation chemistry and volume, and how they
compared to standard Msteorological Office rain gauges. These issues
will be considered later {section %.2.4).

3.2.4 Wildfowl inputs
Numbers of wildfowl associated with the loch and its adjacent fields

were counted at mcathly intervals September to March. For the slrposes
of the present study, numbers of Pinkfcoted and Greylag geese for the
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periods January to March and September to December 1985 have been used;
these were extracted from standard forms issued by the Wildfowl Trust
(Slimbridge, Gloucester! listing the figures obtained by the NCT Senior
Warden's team at Loch Leven.

3.2.% Loch sediments

A Jenkin sampler was used to obtain undisturbed cores of muddy sediment
and overlying water - at 4-m and 10-m sites - on various dates between
24 April and 30 June 1986. 0On shore, water within 20 cm of the bottom
deposits was withdrawn by siphoning into plastic tubs and stored in a
cocl-box until later preparation and chemical analysis. One- or
two-centimetre slices of mud were alsc withdrawn from the core from the
sediment surface to between 5 and 10 ¢m depth into the depecsits, and at
15 cm depth. The material from each slice was transferred to a plastic
Sterilin tube and then stored in a cocl-box for laboratory analysis.

3.2.6 The loch and its outflow
Loch water was collected near the outflow (see section 2.2.4) in the
same manner as described in secticn 3.2.1 for river and stream waters.
3.3 Phytoplankton
Samples of water for phytoplankton studies were taken in parallel to those

collected from staticn L (the loch near its outflow) and used for chemical
analysis (see section 3.71.2).
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ANALYTICAL METHODS

4.1 Derivation of river neight-discharge relationships (rating curves)

A1l the priver sites relied upon the calibration of channel sections to
derive a height-discharge relationship. These were produced by combining
current meter gaugings over a range of {lows by means cof an iterative
best-fit algoritnm. This assumes a relationship between discharge (Q) and
water level (H) of the following type for.each calibration:

Q=b (H+ al
The program assumes a value for a and calculates b and ¢ for a best it
line. The standard error of the mean relationship is czlculated for the
line produced and ancther value of a is chosen and the process repeated.
The new standard error is compared te the previcus one and the next value of
2 1s chosen 30 as to optimise the standard error. When the standard error
is at a minimum the final equation is output.

The value of the optimised standard error is used as a guide to the need for
mare current meterings at a particular site. In general the standard error
of the mean relationship is accepted if it is less than 1.0; permanent river
gauges are usually calibrated to a standard well above this. £ the error
is greater than 1.0, more gaugings are required to preduce a useable
calibration.

4,2 Chemical analytical methods

4.2.1 Analytical GQuality Contrel (AQC), precision and bias testing

{a} Design of programme

The Loch Leven project invelves the analysis of large numbers of
samples by 2 laboratories, so it i1s necessary to check comparability of
the results and their accuracy. The AQC programme which has been
implemented, fulfils both of these functicns and is based on the
protocol used extensively by the Water Research Centre (Wilson 1379).
The various stages of the programme are as follows:

{1) Establish working group, to plan and co-ordinate all
subsequent activities.

{ii} Define determinands and required accuracy, to ensure clear
specification of analytical requirements.

(1ii) Choose analytical methods capable of the required accuracy.

(iv) Ensure unambiguous descripticn of methods, to ensure that the
chosen methods are preperly followed.

(v) Estimate within-laboratory precision, to ensure that each
laboratory achieves adequate precision.

{vi) Ensure accuracy of standard solutions, to eliminate this source
of bias in each laboratory.

{vii) Set up quality-contreol charts to maintain continuing check of
precision in each labcratory.

(viii)Check between=-laboratory tias, to ensure that =ach laboratery
achieves adequately small bias: tests to be repeatad at regular
intervals to maintain a continuing check on bias.
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Three labgratories took part in this exercise: those of the Freshwater
Biological Investigation Unit (Co. Antrim, N. Ireland), the Forth River
Purification Board (Stirling, Scctland) and the Institute of
Terrestrial Ecclogy (Edinburgh, Scotland}. The determinands examined
were total phosphorus (TP) and soluble reactive phosphorus (SRP) and
all 2 labcoratories used very similar analytical metheds.

Targets for precision and bias were set in terms of both percentage and

an absolute target.

Ranges: River waters {ITE and FBIU) 0 - 500 ug P‘l_}
Sewage effluents {FRPFB) 0D - 5000 ug P.1

Targets for maximum total eyxror (95% confidence level):
20% or 10 ug P.1 {whichever was the greater}

The total error target was divided equally between precision and bias.
Within-laboratory precision testing was done first. This resulted in
the following targets: precision,_gtandard deviation of 5% or 2.5

pug P 1, bias, 10% or 5.0 ug P 1 . The next stage {comparison of
standard sclutions) was omitted, as it was unlikely to cause errors.
The final stage was the between-laboratory blas test.

ib} Tests of precision and bias

Two replicate determinations were made, in randem order, on each of the

following solutions, on each of 10 days:-

{i) A blank solution, ie the appropriate volume of water from the
batch used to prepare the standard solutions (ii} and (1ii),
which were subjected to the same analytical procedures as samples
and standards.

{ii) Standard solution of high concentration

(iii) Standard soluticn of low concentration

(iv) A natural water sample of similar compesition and TP
concentration to those encountered in the Loch Leven work.

{v) The naturzl waters samples in (iv) above, spiked with z known
amount of P, added as a known volume of a standard scluticn.

The volumes of each of these solutions taken for analysis were the same
as the volume taken in the method or, if the method allows for a
variation in the sample volume taken, the volume used should be that
applicable to the lowest concentration range of the method.

The standard sclutions (ii) and (iii) were prepared prior toc the batch
of analysis in the same way as normally used in preparing calibration
standards. The low concentration was approximately cne-tenth of the
upper limit of the range used and the high concentration approximately
nine-tenths of this limit.

The natural water sample was of similar compositicn and determinand
concentration as those of routine interest. The spiked natural water
was prepared freshly for each batch of analyses using an aliquot of
natural water taken from the sub-sample also analysed iIn that batch.
The concentration to which the water was spiked was approximately C.5
of the upper limit of the ranges used.

For bias testing 3 samples were distributed to each laboratory: a
standard sclution, and tigh and low ccncentration real samples. Each
sample was analysed 5 times, in order to provide a check on precision.
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(c) Calculations

The precision tests enabled the separate measurement of within- and
between-batch standard deviations. Between-batch standard deviations
were not calculated for the real sample and spiked real sample because
of actual variations in ccncentrations between bafches in some of the
tests. A figure cbtained from the standard soluticns was used in
calculating the total standard deviation. The results of the tests
were entered on a worksheet which was then returned to the FRPB (see
section 5.2.1).

4.2.2 Routine phosphorus anaiyses

Phosphorus determinations on all stream waters, loch (outflow) water
and mill effluent, commenced within one hour of ccllecting samples at
the last site on the sampling tour {total time 4}-5 hcurs).
Bailey-Watts {1588) and Bailey-Watts et al. (1987} describe the
analytical methods based on the procedures described by Murphy and
Riley (1962). Total amounts of P (TP}, and the total soluble fraction
(TSP) were each analysed in addition to the soluble reactive fracticn
(SRP). Unfiltered subsamples were used for TP and filtered subsamples
for TSP and SRP. Concentrations of particulate phospheorus (PP} and
soluble unreactive ("dissolved corganic"} P (SURP) were calculated
according to:

PP = TP - TSP and

SURP = TSP - 3SRP
The relationship between the different P {ractions and how they are
analysed, is outlined further in Appendix I.

Scluble P concentrations in water overlying mud cores, and in the
interstitial water of the core sections of muddy sediment, were
analysed as above. The interstitial (pore) water was obtained by
centrifuging the wet mud, siphoning off the supernatant and filtering
this through a Whatman GF/C pad. Especially in the case of the deeper
mud sections, the amounts of water so obtained were often very small,
eg 1 -~ 2 ml. However, this water was commonly very rich in dissoclved
P, so dilution with distilled water prior to adding chemical reagents
for analysis was necessary; sufficient volume of sample was thus
produced. In order to assess the 'standing stock' of dissolved P in
the surface muds, aliguots of fresh mud were weighed, and then dried to
constant weight at 80 C; this enabled the pore-water volume per unit
volume of sediment to be calculated. The product of pore-water volume
and P concentration is the mass of dissolved P.

Analytical methods used for determining P levels in sewage effluents
were similar to those used for other waters. These are as indicated in
the previous section.

4.3 Phytoplankton species composition and abundance

Plankton, concentrated by sedimentaticrn after fixing with Lugel's iodine,
has been examined and counted in order to estimate the population densities
of the different species. Bailley-Watts (1374, 1973} and Railey-Watts =t al.
(1987) describe the procedures in detail, and cite taxonomic literaturs
consulted for identification of :the algae. For :he present study, densities
of cnly the dominant forms were assessed. A measure of species diversity,
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including rarer forms, was obtained, however, during routine monitoring of
the size distribution of the assemblages. For this purpose, the longest
axis of normally 30 or 50 randomly chosen phytoplankton individuals was
measured; Balley-Watts and Kirika {1981) and Bailey-Watts (1986) give
details of the methods used.

Chlorophyll concentration was used as an index of total algal biomass. For
this purpose, the pigment was extracted with 90% methanol from phytoplankton
concentrated by filtration onto Whatman GF/C glass-fibre discs. The
equaticn proposed by Talling and Driver (1963) was used to convert
spectrophotomstric absorbances to concentrations of chlorophyll - NoO
corrections were made for the presence of breakdown products of this pigment
- eg pheophytina-

4.4 The calculation of loadings

4.4.1 River and stream systems

The seasonal information developed {rom the 8-day records of stream
discharges (Q) and P concentrations ([P]) as described in sections
3.1.1, 3.1.5, 3.2.%1 and 3.2.6, allow instantaneous loadings of P in
run-off (PL ! to be calculated, ie:

i a x [P] = PL
A mean loading over, for example, ar%ear, is the average of the
instantaneous products (46 in the case of a ygar); whilst this can
still be expressed in unitsg of u§ (or mg) P 8 (because flows are
commonly expressed in 1 s~ or m s™1) the values are normally
converted to units of kg ann”

As will be demonstrated later, loading data of this type were obtained
for water courses draining 88% of the total catchment area. Loadings
based cn regular (8-day) chemiczal analyses, but on only 2 flow
measurements (the means of which have been applied to the whole year's
results) were alsc obtained for the small drainage channels reférred to
in section 2.1.1 and draining a further 4% of the catciment. The
remaining 8% of the watershed comprises: (1) sectors of land not
drained by well-defined water courses {'Cavelstcne’, 'Vane Farm' and an
area near sites Ca and Wa shown in Figure 2); (ii) the area {alsoc shown
in Figure 2) drained by the Clash Burn (Ha in Figure 1) and the Wood
Burn (Wa) which, though sampled regularly for P analysis, were not
gauged. Phosphorus loadings from these zones were computed, using the
relationships between drainage area, flow and P levels {and thus P
losses) found for adjacent {(gauged) areas.

Mathematical relationships between flows and measured concentrations,
and thus loadings, of P were used to generate loadings for times at
which only flow data were available. For the inflow sites Nd, Pc and
Sc (in Figure 1) for which flows were recorded every day at 3-hourly
intervals, 'continuous' P loadings were generated in this way. The
areas drained by these 3 systems together constitute 48% of the total
catchment. 3imilar, daily, loading values were derived for 3 other
sites - Gb, Nh and Ua in Figure 7. As fiows, measured at the instant
of sampling every 3 days at these sites, were nighly correlated with




17

those measured at cne or other of the sites for which continuous flows
were available, daily flows were generated. Daily P loadings were
derived as before. The 3 additional sites together drain 28% of the
total watershed. Thus, 'continucus' and 'instantanecus' lcading
information is available for water ccocurses draining scme 76% of the
Loch Leven catchment. In calculating the annual P loadings based on
the derived daily values, the correcticns proposed by Ferguson (71986)
were made. The continucus values probably provide the better
indications of P loading, as the 8-day figures are likely to
underestimate the inputs, by missing important, shert-lived, episodes
of high flows (see eg Smith & Stewart 1977).

4.4,2 Point-sources

-1
Loadings {L, in kg P ie_the products of concentration C, inmg P 1

and mean flow Q, in 1 3 ) from the 3TWs were calculated for each
pericd covered by a sample, as follows:

24=hour compesite samples L=¢CxQx 0.0864
samples covering 2 hours L=0CxQx 0.0072
samples covering ! hour L =CxQx 0.00386

Missing data were estimated only where it was likely to yield useful
information without significantly lowering the accuracy of the final
results. Occasions when sewage was discharged via storm water
overflows were also taken into account at Kinross North works, although
it was not possible to estimate the contributicn from this source for
the other 3 works. From the individual sample pericd results, mean
daily, weekly and annual lcocadings and per capita loadings were
calculated. The export of P from the woollen mill was also estimated
from short-time interval (eg hourly) measurements over 24-hr periocds,
giving informaticn on diurnal variaticn. Another estimate was made
from measurements incorporated into the routine 8-day schedule operated
for the streams - for information on seascnal variation. As results
from these exercises showed little evidence of regular diurnal or
seasonal patterns of discharge, P concentration or lcading, a third
approach is under censideration; this will take account of the
production schedules operated by the mill, and the records of its
purchases of the P-containing chemicals.

There was little opportunity for generating 'continuous' loading
figures for these point-sources; this is because, in contrast to the
stream systems, there was little relationship between loading and flow
from which to derive the continucus lcading figures - even in the case
of the industrial discharge for which continucus {low measurements were
available.

4.,4.3 Rain falling on the loch surface

The amounts of P introducsd in precipitation were calculated frcm the
products of nutrient concentraticn and the volume of rain fzlling
during the various sampling intervals. The values included <ry
deposited P. As the main aim of this part of the work was to assess
whether rain P was comparable to the cther sources of the nutrient, =
range of likely inputs is presented which use Meteorological Cffice
rainfall figures {see section 3.1.4) and P zoncentrations commensurate
with theose measured.




4.4.4 Wildfowl

Loadings from wildfowl were calculated by taking the products of geese
numbérs (obtained as outlined in section 3.2.4) and figures published
by Cocke (1976) and Hancock {1982) on P outputs in geese droppings.

£.4.5 Contributions from all sources - the total lcading

The P ceontributions from all sgurces were summed to give an estimate of
the tatal locading. Of greater significance, however, is how the
contributions compared: only after this is established, can sensible
decisions be made on their control. For this purpeose, in addition to
using the loading results obtained from the present study, it has been
thought instructive to consider cther possible situations, especially
for inputs that are likely to be strongly influenced by, for example,
the weather conditions prevailing in a particular year. These thoughts
are developed further in later sections.

4.5 The calculation of losses of phosphorus via the outflow

Instantaneous values for the rate of export of P from loch via its outflow,
were estimated from the product of the P concentration and the daily mean
discharge on the day of chemical sampling. As there was little relationship
between P concentraticn or lcading and flcow, 'continuous' export estimates
of the type discussed in relation to the inflows were not possible. If
changes in P concentration were assumed to be regular vetween each sampling
day, then dgily export values could be derived. For present purposes,
nowever, it is thought that the instantaneous values (n = 46) suffice.
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5 RESULTS
5.1 Water volumes

5.1.1 HRiver and stream inputs

The annual mean flows of the feeder waters studied ranged over nearly 2
orders of magnitude, ie ca. 0.02 - 1.50 cumecs (Figure 3). Variation
in instantaneous f{lows of at least the larger water courses (Q of > 0.1
cumecs} was also considerable (see below). Four systems come inte this
category, and, as Table 2 illustrates, they comprise 86% of the total
estimated input of river-borne and run-coff water to the loch; the table
alsc shows that this percentage 1s matched almost exactly by that based
on the proportion of the Loch Leven watzrshed drained by these rivers
(cf. Figure 2). It is not surprising, therefore, that flows exhibit a
high positive correlation with their corresponding drainage areas
(Figure 4). This observaticn is gratifying, hut may relate to the fact
that the annual mean discharges calculated from the 3-day instantaneous
flow values are - in the cases of the 3 sites for which the extra data
are available ~ very similar to the values based on daily flows. Table
3 compares - for stations Nd on the North Queich, Pc on the Pow Burn
and Sc on the South Queich - annual mean flows estimated by the 2
methods referred to abeove; it also gives figures derived by a third
method, ie on the basis of the daily mean fleows calculated {rom the
continuous (i-hourly) records for the sampling days (which are at 8-day
intervals!. The close correspondence petween the different sets of
results deces not imply that continuous flow gauging operations can be
dispensed with. Indeed, the agreement in the data is a chance one;
preliminary calculations of mean flows based on other 8-day sampling
schedules, commencing on eg 4 January, 5 January and so on, instead of
3 January as in the case of this study, produced quite different
values, which do nct match as well with those based on the [(385) daily
records. The convenient conformity of the present set of instantaneocus
flow records to the continuous discharge data, also relates to their
similar frequency distributions. Figure 5a shows that, in common with
gereral findings on river flows, the flows in the Loch Leven feeder
waters approximated to log normal. These plets zre similar to those of
daily values for the sites referred to above; Flgure 5b comparses the 2
data sets for site Sc on the South Queich as an example. In other
words, the basic field data reflected well the spread of flow values
and the relative occurrence of low and high flows. This is an
extremely important finding when interpreting information on <ontinuous
loadings derived from the measured (instantanecus) estimates. One of
the main concerns in studies of this type, is that sampling at regular
intervals can lead to an underestimation of the {(important} influence
of high flow episcdes.

Fach inflow exhibited similar seasonal patterns of variation in water
discharge. TFilgure 6 1llustrates this with information on a river of
relatively large propertions, one of small dimensicons and one of
intermediate size. In relation to these Cindings, and although the
authors are not generally in favour cof presenting correlation matrices
without the graphs of the source data, Tablie 4 illustrates 2 main
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points. First, it can be seen that most of the (linear} correlation
coefficients using logw Q data - are high; for streams referred to in
Figure 6, Table 4 indic3tes that S80% of variation in flow in one
stream was associated with variation in flow in the other two. As a
resuit, 1t has been ccnsidered reasconable t2 derive daily flows, and,
in turn, daily P lcadings fcor some of the sites not gauged continuously
(see section 5.3.7{(c)). Second, the table illustrates the
contrastingly weaker associations involving discharges that (a} did not
exhibit 'natural’® seascnality in flow and/or (b) were of significant
size relative to the receiving water, =g sites on the Kinnesswood Burn
(Ka, Kb) which received an intermittent piped discharge (Kp) which, on
occasions, reached 100% of the 'natural' stream volume.

The sum of the flcws estimated from the 8-day staff gaugg Eeadings {see
Table 2) gives an annual input to the loch of 110.5 x 10°m~., The
estimated discharge from the sga%l drainage channels on the N.E. shore
raises the input to 114.6 x 10 m~. If the remaining ungauged area of
the catchment (7.9% of the total) lost the same amount of gager per
unit area, the estimated toga% run-off would be 124.5 x 10°m”~ - similar
to the figure of 120.7 x 10 m™ derived by Smith (1974) and listed in
Table 1.

5.1.2 Point-source effluents

The volumes of point-source effluents were small in comparison to the
'natural’ inflowa. Typical rates of discharge from, for example, the
mi}l and Kinross North and Kinress South STWs lay between 10 and 20 1
S .

5.1.3 Rain falling on the loch surface

One millimetre of water falling over a square metre is equivalent to 1
ligre. S0, an angugl rainfall of 1250 mm over the.loch surface of61 .3
km (ie 13.3 x 10 m } gives a volume of 1562% x 10 1 or 16.63 x 10 m .
This input, not corrected for losses in evaporation, was equivalent to
nearly cne-eighth of the total run-off (a net input) and one-third of
the mean loch volume (see helow).

5.1.4 The loch

Thg olume of the loch at the modal water level was taken as 52.4 %
10 m - as calculated by Smith (1974 - see Table 1).

5.17.5 The outflow

The mean rate of export of water from the lcch via the cutflow,
estimated from the mean daily flows on each of the 4665§m9119$ days,
was 4,1478 cumecs. This is equivalent to 130.81 x 10™m ang ., a value
enly slightly less than the annual input (I) of 134.40 x 10™m
calculated from

I =R+ [P ~-E_} 5 3
where R is the annual run-off (124.47°% 10°m° - see section 5.1.1) ,
PS is annual rainfall over the loch surface {(16.83 ¥ 107m~ ~ szee
séction 5.1.3) and E is annual evaporation over the loch surface
{taken as 1.2 times Fhe evaporation rate of64§O mm given by Smith
1974); thisgresults in a valge,of 6.70 x 10m™; so I = 124,47 « (16.63
- 5,70)3.70°m° = 134.40 x 0 m .




5.2

Water chemistry

5.2.1 Analytical Quality Control (AQC]

The results of the AQC precision tests ¢n cur procedurss for
determining TP and SRP concentrations are shown in Table 5. It can be
seen that ITE were well within targets for all solutions for both 3RP
and TP. FBIU were similarly well within all targets except for the
spiking recovery for TP which was on the limit of the acceptable range.
For FRPB, testing was carried out on higher concentration samples, of
the type expected in the sewage works monitoring programme. Results
were well within targets for all solutions.

The results from the bias tests are given in Table 6. All results were
well within the targets with the exception of FBIU for TP. The fact
that these were s¢ far out probably indicates a simple error rather
than a consistent bias of this magnitude in routine analytical results.
Contrastingly, the ITE and FRPEB results.indicate that more stringent
total error targets of 10% or 5 ug P 1 would probably have been met.

The control of analytical errors and comparability of analytical
results between ITE and FRBP has thus been satisfactorily demonstrated.

5.2.2 Inflows

Concentrations of TP at feeder water sites above ipdustrial or treajed
sewage discharges ranged cverall from <10 ug P.1 to ca 4 mg P.1
(Figure 7). The lower values were recorded in upper reaches of the
larger rivers whilst the highest values were more characteristic of the
small 'natural' streams (eg Ury Burn, Camel Burn! and the
agriculturally-influenced drainage courses (eg sites Ea, Ba);
comparatively invariable levels of TP in the loch itself are also well
illustrated here. Figure 8 highlights this loch/inflow distinction and
shows the considerable differences in TP concentrations, in spite of
the general similarity in seasonal patterns of stream flow (c¢f. Figure
6). Firstly, the timing of annual maxima and minima varied; note, as
examples, the late maxima in the Pow and Ury Burns and the early
maximum in the Gairney Water, and contrast the April minimum in the
South Queich with that for June in the Ury Burn, Differences in
frequency distributions of TP concentrations in these waters are
reflected in Figure 8; for instance, the flat 'base' to the plot for
the Pow Burn contrasts with the trough for that of the Ury Burn. Such
differences are more plainly demonstrated however in Figure 9, which
also highlights departures from log normality in the inflow values and
again, the relatively narrow range of values recorded in the loch. In
addition to different degrees of skewness, a number of modes is
indicated.

?

It is important to consider the composition of the TP ie the
propertions of soluble and particulate components. This is because,
while virtually all fractions of P may eventually be utilised by algae,
SRP iz considered to represent the nutrient pocl most immediately
available for uptake (Kuhl 1974, and Jordan, in Smith 1983 for general
considerations, and Stewart % Alexander 1971, and the present authors!
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unpublished observations for work with Loch Leven phytoplankton).
X¥nowledge of the compositicn of the P is also important, because the
fractions differ in (i) concentrations and their seasonal changes, (1i)
loadings, (iii} the relationships between concentrations, loadings and
flow, and (iv) susceptibility to run-off from land. These issues will
be considered in detail elsewhere, but for present purposes it is
sufficient to demeonstrate that feeder waters varied in their
composition. The proportions of the different fractions are shown in
Figure 10, where points near the apices of the triangles reflect a high
propertion of particulate P (PP), and those near the bases indicate
high proportions of the soluble fractions - SRP if they lie in the
left-hand corner and SURP if they fall in the right-hand corner. It is
evident that the composition fluctuated seascnally within each river
aystem, but the different waters varied alsc in the general balance
tetween PP and SRP; SURP contributions were comparatively invariable
and generally low {(in contrast to the effluent referred to in section
5.2.3). On this basis, the triangular plots have been arranged in
Figure 10 to give examples of sites where PP > SHP are at the top
(Camel Burn and upper S. Queich) and those in which PP < SRP are at the
bottom {Ury and Pow Burns).

The concentrations of TP in some rivers increased with increasing {low
(Figure 11). However, linear corrglation coefficients between the 2
parameters were low; the highest r values of 0.56 and 0.57 were
obtained for the Ury Burn and upper South Queich sites respectively; TP
levels and discharge of the Pow Burn exhibited even less asscciation.

5.2.3 Point-source =ffluents

Phosphorus concentrations in the point-source effluents entering the
Loch Leg@n system,_yere extremely high, being more commonly expressed
inmg 1 (cf pg 1 in run-off waters). As examples, th§1annual mean
levels of TP in the woollen mill effluent, was 12.85 mg 1 (from the
8-day routine sampling - see Figure 12 which also demonstrates
day-of-the-week variaticon in P concentration) and 16.78 mg 1 from the
24=-nour study 2-3 December 1985; Milnathort STW effluent contains
typically 5-10 mg TP.1 . As a consequence, P concentrations were
considerably elevated in the waters receiving these wastes. This is
even the case where the river is quite large, as for example, the North
Queich, which carried the effluent from Milnathort STW (Figure 13a),
and the South Queich, which took mill effluent (Figure 13Db).

In addition to their being of high P content, the effluents were often
especially rich in solutle P. In the case cf treated sewage, this is
manifest in the SRP results; Figure 14 illustrates the distinct
frequency distributicons of 3RP concentrations, between reaches above
and telow the input of sewage effluent, and Figure 15a the increase in
the % SRP/TP (shift of points to the lower left hand corner ¢f the
triangular plot of the lower reach datal. Figure 15b illustrates the
relative proportions of the different P fractions from the sewage
works. It shows the typically high proportion ¢f SRP from works with
biological treatment and the more squal proportion of all 3 fractions
from those without biclogiczl treatments. The occasional points
cutside the main groupings were obtained during aigh flows. The mill
effluent is unusual, with its high % TSP/TP; the annual mean
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B .
concentration from the 8-day sampling schedule is 8. Qg mg 1 (cf 12.85

mg TP 1 above) and 12.62 mg 1 (cf 16.78 mg TP 1 . It is also
unusual in that the major part of the TSP was the soluble organic
fraction (SURP), and not the inorganic fraction (SRP) - see Figure 16.

However, earlier analyses (Bailey-Watts 1982) indicated that much of
this SURP is likely to be rapidly transformed to SRP in the receiving
waters, and indeed levels of the inorganic fracticn in the South Quelch
below tne outfall were generally much higher than those above 1t
{Figure 17).

One of the effects of the ingress of rich, point-sources of P to the
natural stream systems, was on the relationship between nutrient
concentraticn and flow. For example, upriver of the outfall of
Milnathort 3TW effluent on the Noréh Queich, TP concentration was
positively correlated with flow (r~ for log-log plot is 0.626), whereas
downatream of the inpgt the {commonly higher) concentraticons of TP
generally declined (r 0.444) with increasing flow {Figure 18). This
may have been due to the nigher % SRP/TP in STW effluent (cf. run-off
water - Figure 15); Stevens and Smith (1978) found that log SRP
concentration in the River Main, Co. Antrim, showed a statistically
significant negative correlation with log flow (although r was only
=0.73).

5.2.4 Raln water

Bailey-Watts (1983) considered that, in contrast to values gqueted from
widely different geographical sources, the earlier (DAFS) estimates of
P entering Loch Leven in rain falling directly over its surface were
remarkably high. A4An earlier estimate of the annual mean concentrg;ion
of TP in rain collections (including dry deposition) was 355 ug 1
in contrast to prellmlnary analyses of freshly fallen rain, giving
values of ca 25 pg 1 . Yet, values {pot volume-weighted) from the
1986 study are alsc high,_je 312 ug 1 (Vane Farm site), 341 pg 1~
{Larch Cottage!, 3§] ug 1 (Tarr Hill) and, at the site least affected
by trees, 174 ug 1 (Private Pier}. One explanation for what are
still considered misleadingly high values, relates to interference by
midges (see section 3.2.3) and the siting of 3 of the ceollecting
funnels too near trees. Filgure 19 shows the high P concentration in
mid-May to mid-June and in COctober corresponding to the occurrence of
midges in the samples. If these values are excluded from the analyses,
th mean concentration of TP and SRP from all collections, are 174 ug
and 94 ug 1 respectively.

Even these figures appear to be inordinately high. It is hoped that
more work can be done on this aspect of the study: in the absence of
expensive and sophisticated rain ceocllection apparatus, analyses will be
confined to recently fallen rain. (NB: Analysegs of this type doge in
1987 give typical concentrations of 25ug TP 1 and 10 ug SRP 1 ).

5.2.5 Sediment pore water

Dissolved P concentrations in the interstitial waters (Figure 20 uses
data for the 4-m sampling site) were often > 20 times those of the
overlying water, even in the top centimetre slice. Greater
concentrations were found at greater depths. The maximum concentration

could occur at any of the sampled depths below the sediment-water
interface, ie anywhere between 1 cm and 10 cm, or at 15 cm.
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Maxima were commonly hundreds of micrograms of P per litre April to May
but, in June especially, concentrations an crder of magnitude greater
than this were found. However, there was no clear relationship between
the overall amcounts of P in soluticn and the temperature of the
overlying loch watar; note (Figure 20) the contrasting P profiles of 19
May and 5 June when prevailing temperatures were the same, and the
average cogcentrations of P over the uppermost i0 cm of deposits on 5
June (17.5 C} which were marginally greater than those on 30 June

(20.5 C}. This preliminary investigation also detected no consistently
greater P concentrations in mud below 10 m of water.

5.2.6 The loch and its outflow

Phosphorus levels in the loch {and thus the water passing through the
sluice gates) during part of 1986 have been indicated in the preceding
section which refers to water above the sediment sampled at that time.
These are generally low. So too ars the concentrations that prevailed
in 1985 (Figure 2]}. The TP levels varied little more than 4-fold
{minipum 29 pg 1 , maximum 134 ug 1 ) with a mean for the year of 63
ug 1 ; contrastingly, SRP varied much more (0.5 to 37.9 ug 1 ) around
a mean of 9.2 ug 1 ~ the range being largely accounted for by the
shif't asscciated with phytoplankton growth in late-winter to
early-spring. )

Phosphorus loadings (L) from individual sources

5.3.1 River systems (run-off loadings)
(a) General features

Seasonal fluctuations in TPL varied between the rivers (Figure 22), but
there were broadly similar patterns of change in water courses of
comparable size {dischargs). Thus, the data for the two Queichs
{Figure 22a) and the Gairney Water (Figure 22b) each show peaks in
March, July, September and December., 3imilarly-timed pulses occurred
in the Pow Burn (Figure 22b}, zlthough the summer peaks there
represented considerably smaller loads than the winter ones. Two of
the smaller streams - the Camel and Ury Burns (Figure 22c) - exhibited
other types of seasonality, the former showing a very restiricted range
of lcadings and the latter a series of values ranging over 3 orders of
magnitude.

Whilst this report concentrates mainly on the annual loadings of P, a
point on seasonality in leading is of interest here. Data also plotted
in Figure 22(d-f) show the rates at which the loadings accumulated
through the year. Contrasts in seascnality between streams, and the
influence of apisodes of increased loading are now evident.

In the case of the Gairney Water, 3 records (in August, September zand
December) accounted for ca 45% of the annual input and ca 50% of the
anrual supply from the Pow Burn entered thne loch between 14 and 20
December 1985.
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4 generally close relationship between instantaneous loadings and flow
was found (Figure 23), with some small streams (eg Ury Burn) behaving
similarly to some larger rivers (eg North Queich); Table 7 gives
statistics from linear correlation and regression analyses cf these
data.

{b) Run-off loadings estimated {rom instantaneous measurements

~

of flow and P concentration

Annual loadings from the products of instantaneous flows and
instantanecus concentrations of TP are sheown in Table 8, with the
calculated rates of loss of TP from the catchments. In general, the
water courses draining the larger areas contributed the greater loads,
but losses per unit area of catchment varied. This is especially
noticeable in the case of the small channels on the north-east border
of thgqloch; the high gmnual loss rates fopy'B', 'D', and 'E' (1.67 kg
TP ha , 1.20 kg TP ha and 2.72 kg TP ha ) reflect the influenca of
agricultural activity, and contrast with site 'F' losing only 0.39 kg
TP ha

It is worth commenting on the approximate contributicns of particulate
and soluble fractions of P to the inputs. Although the mean values for
the contributions of these fractions (Table 9) provide only a general
impression of the situation in the different water coursss, some
contrasts are evident. The Pow Burn and 2 of the 4 small channels to
the east of it were relatively the most particle-iaden. The small
channel ('B'}, along with the Ury Burn and tributary Gt of the Gairney
Water, was characterised by higher proportions of soluble P. In the
Camel Burn and the 3 main feeder waters however (the North Queich at Nd
and ¥h, the South Queich at 3¢ and the Gairney Water at Gb), the mean
proportions of particulate and dissolved material were approximately
the same. Consegquently, the TSP lcading from the sites listed in Table
9 {together draining 84% of the total catchment) represented
approximately one-half of their TP loading, ie 46%. Whilst it is
likely that the majority of this soluble fraction was potentially
utilisable by algae for growth, the measured soluble reactive
(inorganic) P component, which was immediztely available, represented
only 32% of the TP loading.

There are 3 ungzuged streams which, together with sectors of land
lacking an identifiable water course, represent 18%of the total
watershed. FHowever, nearly one~half of this % relates tc the Fochy
Burn - a tributary of the North Queich - for which the annuzl TP
lecading has been estimated by subtracting from the loading measured zt
the mouth of the Queich, the sum of the loads associated with the
Hatton Burn, the upper reaches of the North Queich itself and
Milnathort STW. This, however, has resulted in a suspiciously high
loss rate of 1.607 kg TP ha . On the basis of P concentration data in
the 3 ungauged waters, the proportions of PP, TSP and SRP were,
respectively, .66, C¢.34 and 0.25 {Ha), 0.38, 0.52 and C.48 (Nf) and
0.31, 0.89 and 0.62 {Wal.
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{c) Run-off loadings estimated from continuous flow data and

derived figures for continucus P loadings (Lcr)
Table 10 lists, for sites not affected by important point-sources of
pelluticen and which together account for 78% of the total catchment,
annual loadings (TPL__ and SRPLC ) calculated from 365 daily figures
derived as described~”in secticn 5.4.1. As also outlined in that
section, for sites wnich were not continuously gauged, continuous flow
values had to be derived before the TPL__ figures could be generatad.
The flow data on which the information ?gr sites Gb, Nh, Pt and Ua in
Table 10 are based, were obtained from the following equations of
measured flows (log,.d) there, regressed on those at either Nd or Pc,
for which continuocus " flows were also available:-

log, O, = 0.8661 log, Qy, = 0.2531 (< z 0.908)
log,,Qu, = 1.2213 lOSTOQNd - 1.7904 {r2 = 0.967)
log,Qpy, = 0-8121 log @, + 0.6363 (r° 2 0.974)
logTOQUa = 0.8074 log1OQNd - 1.002% (ra = 0.802}

Continuous loading values corrected as proposed by Ferguson (1988) are
also given in Takle 10, along with instantaneous loading estimates for
comparison.

Assuming that the 'c¢ontinuous’' data provide the better estimates of
loadings, it appears that the information from the discrete samplings
would over-estimate the inputs (¢f views expressed in section 4.4.1).
This is especially so in the cases of the Pow and Hatton Burns for TFL
but only for the Hatton Burn is the gver-estimation large for SRPL.

Future analyses of the data will provide estimates of the loadings for
other compeonents of TP ie PP and SURP (in addition to SRP! and compare
the sums of these with the direct estimates of TPL. Studies of the

Louvgh Neagh feeder waters suggest that prediction of TF concentration
may be mere reliably achieved by the addition of TSP and TP

concentrations predicted separately.

5.3.2 Point-sources

fa} 3TWs (L )

sew
From the products of 24-hourly mean flows and P ceoncentrations in
samples collected during the intensive studies of the STWs, the
following 7-day loads were obtained. For Kinross North, 36.89 kg TP of
which 78% consisted of 3RP, 92% TSP, and 42.28 kg TP (88% SRP, 56%
TSP). The Kinress 3Scuth Works produced 264.39 kg TP {47% SRP, 81% TSP}
and 29.02 kg TP (48% SRP, 82% TSP}. The Milnathort effluent contained
28,22 kg TP (82% SRP, 87% T3P) and 25.38 kg TP (81% SRP, 87% T2P}. The
loads measured at the smallest Works -~ Kinnesswood - wers 8.15 kg TP
(&7% SRP, 89% TSP! and 10.68 kg TP {74% SRP, 852% TSP).
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Extrapolation of the mean values for these sampling runs, results in
yearly TP loadings of 2064 kg for Kinress Nerth, 1392 kg for Kinross
Scuth, 1376 kg for Milnathort and 491 kg for Kinnesswood. Daily TP
loads per capita of population served by these works are 1.77 g for
Kinross North, 1.82 g for Xinross South, 1.93 g for Milnathort and 2.42
g for Kinnesswood.

Diurnal variation in P loading was estimated for Milpathort {2-hcurly
composite samples) and Kinnesswoed (hourly compesite samples). Typical
results are plotted in Figure 24. Points to note are the marksd
difference in the degree of variation which prcbably reflects the
difference in quantity of surface and ground water reaching the works;
the timing of the peaks - late morning and mid-evening for Kinnesswood
and early morning and mid-evening from Milnathert - and the consistency
in the ratic of SRP to TP.

As indicated in section 3.1.2, figures were obtained for the loading of
P entering the Kinross North werks. An estimate of P removal is thus
af'forded.

Percentage removal varied considerably on a daily basis. This was
probably due to the residence time of sewage through the works with
treated szewage discharged teing derived from influent sewage received
in the works several hours previously. Ccupled with fluctuations in
daily loading this could produce the variation observed. It was not
possible to take account ¢f the residence time in calculation of the P
removal as it would vary considerably with flow. It seems likely that
this effect would average out over the weekly monitoring runs and
therefore not reduce the accuracy of the estimate of P removal to any
great extent.

Percentage removal of TP was 39.6% (average of 2 weekly runs). This
figure is higher than would be expected for a typical sewage works and
is likely to be due both to the design of the works and the fact that
it is at present hydraulically underloaded. As a consequence, it
cannot be assumed that this efficiency would be sustained if the
loading on the works were increased - as will be the case when sewage
presently treated by the South works is transferred to the North works.,

{b} Industry {Lind}

As already indicated, estimates of P supplied to the loch in weollen
mill waste vary according tc the available data sets. An intensive
study of the effluent cver 24 hours suggests a2 week-day loading of 35
kg TP. Cn the basis of spot chemical analyses and flow readings taken
every 8 days in conjunction with the stream samples, a figure of > 100
kg TP wk 1s calculaied. Indeed, TPL, and TSPL, s values of
7956 and 5303 kg ann  respectively we%g_gétained. The"8ite sa is on
the South Queich ¢a 50m below the outfall of industrizl effluent and
represents the input from ail of that river system. 3y subtracting
from it, the estimated load passing site Sc (data in Tables 10 and 11},
a cg?tribution from the mill of 5287 kg TP ann , including 4519 kg TSP
ann  (or 126 kg TP and 90 kg TSP per week) is obtained.
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5.3.3 Rainfall (Lrain)

It is suggested that the results of the rainwater P analyses are
misleadingly high, even excluding the figures on samples visibly
affected by midges.

As a comsequence, very high leading estimates are obtained ie 2883 kg
TP ann and 1363 kg SRP ann . That these figures make little sense
is evident from the following considerations. Expressed as losses of P
per unit areaz of the atmosphere {in this case 1330 ha - the surface
area of the loch) the loadipgs giye the loss rates of:-

289371330 or 2.18 kg TP ha amn

and -1 -1
1563/1330 or 1.18 kg SRP ha ann

These values are higher than the majority of those describing P loss

rates from land {cf Table 8). As these data are so plainly ocut of
order, they have been excludg from further con?ideration. Instead,
concentrations of 25 ug TP 1 and 12 ug SRP 1 - as typically found

in samples of freshly-fallen rainwater - have been used. On the
assumption that these levels are representative of agnual rainfall,
(125¢ mm in 1985) revised loadings of 416 kg TP ann  and 20C kg SRP
ann are calculated.

fys
5.3.4 Wildfowl (Lwild)

The numbers of the 2 dominant goose species that rcost on Loch Leven
(Greylag and Pinkfooted) varied considerably in abundance. Monthly
counts for two, T-month pericds (September 1984 to March 198% and
September 1985 to March 1986) ranged from ca 50 to 300 Greylag and 600
to 12700 Pinkfocted. The average monthly counts of Greylag for the 2
periods were alsc very different - 220 in 1984/85 and 1740 in 1985/86,
but those of Pinkfooted were closer, at 6330 in the earlier period and
5760 in the later one. As, at present, seasonality of potential
loading from wildfowl is not being assessed, the following calculations
use the mean of each of the pairs of values just quoted, ie 980 Greylag
and 5045 Pinkfooted; while these represent the average size of roosting
populations for only 7 months of the year, the estimated P inputs from
them are also annual figures.

According to Cocke (1978) the dalily output in droppings per goose is 7C
g of which 0.43% is P, ie 301 mg P. As he also assumes that the geese
roost on the water for 16 hours per day, the daily output is c¢a 200 mg
P. On this basis, a total of 7025 geese (980_¢ 6045) would intreoduces:
7025 x 200 = 1.405 x_108,mg P.d
= 1.405 kg P.d

which 1is equivalent to 295.05 kg P in 7 months (and is also the total
for the year).

In a more recent study, Hancock (1982) feund that, on the Loch of
; Strathbeg in Aberdeenshire, these 2 types of goose differed in their
daily export of P. The production also varied accerding to whether
they had previously fed on barley_gr on grass. His estimates,lor geese
| feeding on barley were 332 mg P d {Greylag) and 234 mg,? d
{Pinkfooted) and for birds feeding on grass, 211 mg P d {Greylag) and
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172 mg P cl-1 (Pinkfooted). Assuming that the geese associated with
Loch Leven fed mainly on barley (to give what is likely to be a liberal
estimate of their contribution to the P loading) the input for Greylag
is:
980 x 332 = 0.33 x 10?1mg P.a
= 0.33 kg P.d
which 1s equivalent to 69.30 kg P in the over-wintering pericd {(and the
year) and for Pinkfooted: 6 -
6045 x 234 = 1.41 x 10 _mg P.d
= 1.21 kg P.d
or 297.05 kg P in the year.
The estimated total annual 'loading' of P in goose droppings is thus
366.35% kg.

1

5.3.5 Sediments

Information con pore-water chemistry provides a basis for a number of
questions on internal P leading to be addressed. For example, now did
the amounts of P in the sediments and in the overlying water column
compare? For the 2 amounts to be the same - and assuming a column
depth of 4.0m - the concentration in the interstitial water integrated
over sediment depth (in cm! needed tc be 400 {number of centimetres in
4m} % 0.9 {the fractional volume of sediment occupied by pore water] ie
444 times the concentration in the column above. In a few instances, a
single centimetre slice of sediment contained the requisife amount, eg
tgg 2-3 cm layer on 29 May (with 540 x the loch concggtration of 4.1 ug
1 ) and the 1-2 cm layer on 10 June (445 x 2.5 pg 1 ). Usually,
however, a greater depth of mud had to be incorporated bhefore its
interstitial P equalled the water column P. Indeed, during much of the
period up te the end of May, SRP in the column exceeded that in the
uppermcst 10 cm of sediment, ie the average concentration in each of
ten 1-cm slices was < 44.4 times that in the overlying water. In June,
however, 2 general increase in pore water SRP concentrations was
recorded. As the absolute maximum concentration also appeared to move
gradually nearer the surface (ref. Figure 20), amcunts of P eguivalent
to those in the loch column were found in the top 4 to 5 cm of the
deposits. Unfortunately, the sediment sampling could not be continued
further into the summer: the developments reccorded in June - suggesting
that desorption of P from sediment particles tock place - probably
continued throughout the summer. As a conseguence of these changes,
gradients in P c¢oncentration were established. These comprise
pre-conditions for diffusion of SRP - from zones of higher
concentration {sediment) to the more dilute water above. In spite of
these changes, which probably cccur every summer, SRP concentrations in
the loch were low in that season of 1985 (the main year for the P
loading investigaticons).

5.4 Losses of phosphorus via the outflow (LOut)

Mean 8-daily rates of export of TP and SRP in the outflow during 1985 were
260.0 mg.s and 45.9 mg.s respectively, ie 819%.4 kg and *447.5 kg
annuslly.
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5.5 Phytoplankton

Figure 25 uses chlorcphyll a concentration to lllustrate fluctuaticns in
total phytoplankton abundance during 1985. There were 3 similar peaks in
biomass. Two of these comprised assemblages dominated by unicellular
centric diatoms, although the species commeon in March differed from those
prominent in December. The other chlorophyll z maximum -~ recorded in August
- correspended to a far more diverse assemblagg; the most prominent within a
very mixed array of types were Asterionella formcsa Hass., (a colonial
pennate diatom}, Closterium strigosum Bréb., Staurastrum plankionicum
Teiling (both desmids) and Anabaena flos-aquae Born. et Flah., {a
filamentous 'blue-green alga' or cyancbacterium).

The triple-peak pattern of blomass changes is similar to that recorded in at
least some previous years. One example is 1979 (Bailey~-Watts 1982), but
even in that case, the chlorophyil a concentrations were considerably higher
than those found in 1985: the mean value ip,the earlier year was 40.7 pg

1 , nearly double the figure of 21.71 ug 1  calculated from the 1385 data.
In both years, however, unicellular Centrales dominated the late
winter-early spring plankton, as they have done in most years, although the
component species differed - Bailey-Watts 1987). Mereover, in 1979, as in
the present year, Anabaena was prominent in late summer; however, in 197% A.
spiroides was important, and, in addition to A. flos-aquae, was especially
abundant in late autumn as well. Seo, in terms of even the dominant forms,
there are detailed differences in phytoplankton periocdicity between two,
otherwise generally similar, years. This feature of inter-annual
variability appears to be a characteristic of phytoplankton development in
Loch Leven (Bailey-Watts 1978, 1982, 1986). A certain degree of year to
year similarity is revealed, however, when the populaticn changes are
expressed in terms of the sizes of crganism present. Thus, as in 1979 to
1982, and as resclved by Bailey-Watts {1986}, small algae predeminated in
the early months and in the late menths of 1979, whilst larger species
became relatively more asbundant in summer. Such 2 pattern appears to
reflect, in part, the seasconally shifting intensity of grazing by
zecoplankton, which prefer small algal cells.
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LOADING OF PHOSPHORUS FROM EXTERNAL SOURCES, LOSSES VIA THE CUTFLOW
AND SOME THOUGHETS ON INTERNAL LOADING - AN EVALUATICON CF THE DATA

This section considers separately, first for each external socurce of P, and
second for the total input, the validity of the raw data on which they are
based. AS part of the exercise, it alsc examines the results in relation to
the literature; only in this way can the assessment of nutrient inputs be
improved and the understanding of eutrophication processes be increased,
However, compariscns must be treated with cauticon, because studies usually
concern watersheds diffsaring in geology, tepography, land-use and thusy
hydrology. In addition, and partly as a result of this variabillity,
investigative methods will differ, eg in the intensity in time and space of
sampling and recording, and in whether the studles refer to 'natural’ or
experimental (eg lysimeter) systems.

6.1 Run-off (L and Lc )

ir r

From Table 8 (section 5.3.1) the estimated total TPL, 13 %393 kg ann 1.
The sum of L, values correspogging to sites for whithk L values have zlso
been estimat 5, is 6226 kg ann , whereas the sum of those L values 1s
5389 kg ann  {and not}Lir as might have been expected - sée sections
4.4.1 and 5.3.1(c¢)). A proporticnal reduction of the 9393 figure (ie by,
multiplying it by 5389/6226) gives an annual total TPL__ of 8130 kg ann .

4 similar handling of the data for SRP loads gives a t8Fal SRPL,  of 3561 kg
ann” (38% of TPL, ) and a total SRPL_, of 3523 kg ann™  (43% of’PTPLcr,J.

As far as can be judged at the time of writing, the informatien on which
these run-off estimates are based i1s sound. For example, the inflow and
outflow figures make sense: 8-daily measurements of water entering the loch
in run-off (together with precipitation minus evaporation over the loch
surface) gave an annual (1985) input which 1s only 2.7% greater than the
estimated output. What is more, the run-off values for different sectors of
the watershed related streongly to their corresponding sub-catchment areas.
Similarily, the results of the AQC precision and bias tests suggest that the
determinations of P concentrations are satisfactory. HRelationships between
P levels and flows and between P lecads and flows were found, for the cases
of many water courses sampled, to be very robust; indeed, they facilitated
the derivation of 'continuous' flows and locadings for stream systems
representing 77% of the Loch Leven watershed.

The current estimate (of TPL__} to Loch Leven is ca 3 times the figure of
2784 kg TP calculated by Baifgy-Watts (1983} ,based on the following annual
rates of loss of P from land: 0.25 kg TP ha  arable lagq (taken as
representing ca2 65% of the catchment) and 0.07 kg TP ha non-arable land
{35%) as found by Cocke and Williams (1973, see_also Cooke 1376) in their
studies in 5. England. 4 value of 0.2%5 kg P ha  was obtained by
Kolenbrander (1972) for land under arable crops in the Yetherlands, and by
Burteon and Hook {1979) for hefercgenous sandy soils in high rainfall areas
near the Oreat Lakes. Much higher (annual) values have Teen estimated
2lsewhere, however, and these are comparable to measured values ranging
between 0.42 and }.10 kg T? ha of major parts of the Loch Leven watershed:
eg 0.41 xg TP ha”  for z land drain in managed grassland, Antrim, Northerm
Irgland (Stevens & Stewart 1981; Jordan & Smith 1985), 0.83 - 1.05 kg TP
na  from the peaty catchment of Lough Leane (Casey et al 1981) and those
generally within the range 0.1 to 3.0 kg TP ha'1 from agriculturally
affected sandy loams in New Jersey (Ryden et al 1973).
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Many authors (eg Sharpley & Syers 1979; Cooke 1876) comment on the
importance of PP, &g scll particles in the P transported inte running water
and lake basins. In most of the water entering Loch Leven, the
concentrations of the particulate fraction represented 50% of TP. As
already discussed, it is the remaining soluble component that is of more
significance - especially SRP. Losses of this portion in run-off (azs shown
by data in Tables 8 and 9) are more closely comparable to those guoted
elsewhere. For example, sstimates of annual losses,f{rom the major
sub=-catchments around Loch Leven are {as kg SRP ha J: 0.16 (South Queich at
S¢), 0.15 {North Queich at Nd) and 0.12 (Gairney Water at Gb). These match
closely the figures of 0.17 kg SRP ha reported by §;evens and Stewart
{(1981) in the study quoted above, and 0.14 kg SRP ha obtained from the y
intercept in a P export/population multiple regression analysis of Lough_j
Neagh data by Foy et al. (1982); they consider a value of 0.22 kg SRP ha
more applicable, hdWever. Steenvoorden and Oosterom (1979) quote losses of
0.25 kg PO~P ha from Netherlands cropland, The present study also
produced a similar figure of 0.28 kg SEP ha in the Pow Burn drainage area
which appears to be the richest of the 4 'major' sub-catchments,

Nevertheless, higher loss rates are indicated for other, generally smaller,
areas of the Loch Leven catchment. Examples reflecting localised intsnsive
fagming agtivity or septic tank discharges are 0.44, 0.86, 0.92 (kg 3RP

ha ann ) for drainage sites 'Da', 'Ea' and 'Ba' respectively, and 0.54
for the Ury Burn (Ua). _Jofdan and Smith (1985} attribute the high losses of
0.45 and 0.70 kg SRP ha  of Lough Neagh sub~-catchments (cf 0.17 of Stevens
and Stewart (1987) quoted above) to floods in 1981 and 1982 respectively.
Stream-borne inputs of SRP to Loch Leven are generally commensurate with the
moderaée levels found elsewhere. Detaliled information on agricultural
statistics for the watershed remains to be analysed. Preliminary findings
based on figures alloted to only 4 sub-divisicns of the area, the 2 Queichs,
the Gairney Water and the Pow Burn, suggest that the Pow is the most heavily
fertilised; it is also the area with the greatest % of land under arable
crops and grass. Nevertheless, the estimated loss of TP, over the whole area
represents only 5% of the approximately 21 kg P,0.-P ha applied to crops
and grass per year. In this respect, many of olur data support the

of ten-expressed view that P losses from agricultural land are "trivial" or
"minor" (Cocke & Williams 1979; Armitage 1974; Holden 19765 Hay 1981
Bailey-Watts 1983).

There is, however, cne water course for which_a suspiciously high TP
loading, and thus loss rate, of 1.10 kg TP ha ann , was obtained. This
is the Feochy Burn which, though draining 955 ha, and constituting the
largest of the tributaries of the North Queich, was not flow gauged. As a
consequence, the loading figures were derived from differences in measured
loadings on the North Queich above and below the point at which it receives
the Fochy Burn. This matter will be referred tco again in connection with
the inputs from STWs, because the result depended in part on the estimated
lcading cbtained for the Milnathort works.

6.2 STWs (L)
sew

Wnilst more series of intensive sampiing runs than the number actuaily
achieved would nave been ideal, the similarity in the results for L f'rom
separate runs on individual works is encouraging. The sum of the e2¥¥nates
for all works gives annuzl inputs of 5323 kg TP of which 63% (3847 kg) 1=
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SRP. Kinross North works supplied g¢a 39% of TPL__ - and 45% of the SRPLse :
whilst the Kinross South plant contTibuted 26% of Fhe TP load and 17% of the
SRP load. Milnathort works, lLike Kinross South, supplied 26% of the TP leoad
but a proportionally much greater contribution of the SRP leoad - 29% - than
Kinross Scuth. Kinnesswood contributed approximately 3% of both TPLsew and
SRPLsew-
The loads, expressed as a function of the size of populations contributing
to them, are f{gasible (see eg Alexander & Stevens 1976): per capita figures
- in g.person d - are 1.77 for Kinross North, 1.82 for Kinross South,
1.93 for Milnathort and 2.42 for Kinrnesswood. Indeed, a considerably higher
value of 3.26 g TP.person = d was predicted for Milnathort works before
the actual results were available., This estimate - L - was obtained
from measured TP loadings (TPLiP) at sites Na, Nd, NhSQHaMNf on the North

Queich system acceording to:

2 - TP TP
TPLgewatt © Tlipga = lipnd ¥ T Riaonn T Ptipye]

' -1
where, in kg ann , TPLi a is 4793, TPLir- is 1395, and TPL, .. is 571;
assuming a TP loss rate Frof the catchment (ggB ha) drained by § ?ghg1Fochy
Burnl), equivaleng to the average calculgted fop Nd (0.532 kg ha ann ) and

Nn [9.788 kg ha ann ) ie 0.660 kg ha ann , TPL, NE is 208 kg TP
ann . So: b=
TPL = 4793 - (1395 +,571 + 508)

sew-Ml . 2319 kg amn

This output represents an average daily per capita contribution {from 1950
persons} of 3.26_g. For the present, the measured value of

1.93 g persen d is taken in favour of this, high, predicted figure. As a
consequence, in the absence of measurements of P_loadings in the Fochy Burn,
a correspondingly high loss rate of 21 kg TP ha ann has to be accepted
(see section 6.1). (NB: note added in press: the Fochy Burn receives
effluent from the smell treatment plant serving the Ochill Hills Hospital -
Mr I Fozzard, pers. comm.).

6.3 Industry (Lind)

Until a sounder understanding of the schedules of processes affec;}ng P
losses from the_pill is achleved, the estimates of 6287 kg TP ann  and

4519 kg T3P ann have to be taken. In this connection, further
investigations, by way of short-term intensive sampling over long periods
must be considered. In the Z4-<hour study briefly referred to in section
5.3.2(b), the concentrations of TP and SRP in the effluent at 1800h on day !
were, respectively, 37 timeés and 10 times greater than the concentrations at
1800h on day 2.

6.4 Rainfall (L, }

Anrual inguts of P in rain were likely to be high irn 1985 tecause it was a
generally wet year {see section 7). Reasons for disgarding the very nigh
concentration estimates obtained in 1986 have been argued in previous
secticns. As 3 result, annual loading values of 416 kg TF and 200 kg 3RP
are used in subsequent sectiocns of this report {see sspecially 6.6 and 7).
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6.5 Wildfowl (Lwild)

A liberal estimate cof 366 kg TP was obtained for the annual input from the 2
most numerous types of gocse.

.6 The tectal input from outside the loch (LLOtJ
L

From the values c¢btained for each of the external sources of P reviewed

above, Lt ¢ is calculated as follows:
o]
(i} for TPLtot:- .
=z TPL + TPL TPL + TPL + TPL
TPLtot cr sew " ind rain wild
that is:
TPLtot = 8130 + 5323 + Q%BT + 416 + 366

i H

20522 kg ann  _,
20.5 tonnes ann

This represents an average wgﬁkly_}oading of 394.7 kg TP, and a specific
areal leading of 1.54 g TP m ann

(11) for SRPLtot:-

« SRPL__. + 3RPL
rain

SHPLtot = SRPLcr + SHPLseW + SRPLind wild
i i b s d SRPL | i
which, assuming that SRPLind S the same as TSPLind and S Lw1ld s
one-half of TPLwild:-
SRPL, , = 3523 + 3847 + 4579 + 200 + 183
St 2 12272 ke ann -1
“ + 12.F tonnes ann

This is equivalent to an average weekly,lcading of 236.0 kg SRP and a
specific areal loading of 0.92 g SRP m ann  (60% of the total P lcading).
Results on the various inputs of P are included in Figure 26.

6.7 Losses of phosphorus via the outflow and some thoughts on the
influence of the sediments on the phosphorus budget

The estimated rates at which P is supplied to the loch {summarised in the
previous section) are compared, in the form of a bar chart in Figure 26, to
the losses of P via the outflow. From this dizgram, it appears that there
was a large annual net retention of P by the loch. The amount of TP passing
down the outflow (Lout) was well below one-half of that entering the loch

) ie
(Ltot
= 0.40 TP
TPLout 0.40 T Ltot
H i 1 =3 = hs] i
where TPLout i3 3199 kg {section 5.4) and T‘Ltot is 20522 kg.
Contrastingly, the figure for SRPLout is a little more than one-tenth of

SRPLtot ie

‘ SRPLOUt = 0.12 SRPLtot
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where SRPLout is 1448 kg and SRPL is 12272 kg.

Lot
An zlternative interpretation is based on the assumption that, as much of
the PP passing out of the loch iz in the form of phytoplankton, it
represents an equivalent amount of P originally in the form of SRP coming
into the lech. So, if 3RPL eguals the measured TPL , the %

SRPL /SRPL is increasefYto §7%, reducing the appaggﬁt retention of SRP

by tﬁ%tloch %gom 88% to 33%.

These considerations allow the importance of sediments - an internal source
of P to the loch - to be put into some perspective. The factor central to
this exercise is the ratic of the mean in-lake concentration of, in this
case, P ([P],) to the mean inflow concentration ({P] }. OECD (1382)
cutlines reasSons for this ratio being of considerapld a priori value for
assessing whether an internal loading is an important source of P. Under
normal conditions, the ratic in question for a non-conservative

substance is <1. The ratio can be > 1 when internal loading is important,
unless external lcadings have been considerably underestimated and/or
in-lake concentrations considerably overestimated.

From the data now available for the Loch Leven system, a low [TP],:{TP],
ratio of 63:153 or .41, suggests that sediment release is of reldtively
minor importance cver the year as a whole; this has been calculated as
follows: [TP], from TPL divided bg he total vo%yme of water passing out
of the loch i% 8199 kg fB%130.8 x 10°0° or 63 pg L ; (TP], from TPL,  (ie
including fractions of TPL that enter the loch directly} divided E? the
total,volume of water entePifig the loch ie 20522 kg TP/134.4 x 10°m° or 153
ug 1 .« The manner in which outflow losses contribute to the P budget is
also summarised in Figure 26,

There is no evidence yet to rule out the possibility that considerable
amounts of P were released from the sediments; if correspondingly nigh

~fluxes of P back into the depcsits occurred, no net gain of P by the water

column would be detected. Long-term observations on physical and chemical
factors at Loch Leven, however, suggest that release of the nutrient would
not be important in 1985. Firstly, for rapid releases, high temperatures
and low nitrate concentraticns and calm conditions must prevail
(Bailey-Watts 1986, Bailey-Watts, Wise & Kirika 1987). In 1985, the maximum
temperature was only 15.3°C and on,.this and only one other occasion - in
July - were temperatures of M5.C C recorded. 3econdly, in some hot
summers, massive and rapid increases in SRP in the loch are recorded, but
the nutrient subsequently decreases, mainly due to re-adsorption by the
sediments. For example, no remarkably dense pepulations of phytoplankteon
were observed in 1880, following an internal loading of ca 2.4 tonnes SRP
within a 2-week pericd in August.

If control of external inputs of P to Loch Leven is considered appropriste,
and the supplies are reduced, subsequent internal loadings would naturally
consititute g relatively greater factor in the P pudget. Studies elsewhere,
however, suggest that while waters differ in the time of response to
reductions in external nutrient loadings, internal releases eventually
subside (see eg Moss st al 1986, Welch et al 1986},
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INTERPRETATION COF THE RESULTS: THE RELATIVE IMPORTANCE OF THE DIFFERENT
SQURCES OF P, WATURAL VARTATION AND MANAGEMENT POSSIBILITIES

Tre purpose of this concluding section is to examine, firstiy, the various
inputs of P as percentages of the total. This will ldentify the major
sources af the nutrient. Secondly, the relevance of the 1985 findlngs to
the future is assessed. In this connection, relationships between P
loading, and P concentrations in the loch in 1988 are compared with those
predicted by eutrophication models selected from the literature. As the
relationships between these variables are controlled to a considerable
extent by flushing rate, historical data on this facter are used to
illustrate how it is likely to vary from year to vear, and thus modify the
results of controlling the P loading, should this be considered appropriate.
Indeed, withcout this interpretative exercise, the relative merits of
alternative control measures and their effect on P and chlorophyll levels in
the loch could not be established. Measures include that relating to a
consent zet in April 1987 by the FRPB on P loading from the mill.

7.1 The relative contributions of the different P sources to the
total loading

Results on the various sources of P entering the loch are summarised in the
form of a pie-chart in Figure 27. This shows the % contributicns from the
various diffuse and point-sources to the total loadings of both TP and SRP.
Features of immediate relevance to the discussions that follow are (i) as a
consegquence of the wet 1985, the high contributions in run-off - ca. 42% of
TP and 30% of SRP, and (ii}, in spite of the high rain-related loadings, the
major contribution in peint-source effluents, ie a2 total of ca. 57% to TP
and &8% to SRP.

7.2 Loading and in-lake P concentration - relationships in 1985
compared with predictions from eutrophication models

General ecological models of the type developed s¢ far in the field of
eutrophication must be interpreted with care, when viewed in relation to the
functioning of a.particular lake. Nevertheless, they provide a useful
framework for examining relationships between different factors in the mcdel
equations; 2 models have been used for the purposes of handling the Loch
Leven data, each attempting to predict the TP concentration in lakes ([TP]IJ
from loadings. One of these was developed by Dillon and Rigler (1974)
although it draws on concepts introduced earlier by Vollenwelder (1969).
Their equation is as follows:

— L {1-R)

[Tpl, = g . D

where L is lcading {1540 mg m‘a in 1985 at Loch Leven), R is the phosphorus
retention coefficlient or fraction of L retained by the loch {(0.60), & is the

mean depth {3.9 m) and p is the flushing rate cr the annual volume of water
passing through the loch expressed ag ngmber of loch volumes (2.57 if the
< B

inflow volume estimate of 124.4 x 10° m” is used, 2.50 irf the estimated

outflow dischagge is used). This results in predicted {TP]. values of 21.3
and 53.3 mg m {= ug 1 ) which are extremely.close to the observed value
of 62.7 wg L . A similar value of 64.5 mg m results if no estipate of

\
-‘ 3
) A
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the losses of P down the cutflow is made, and R is calculated according to
Kirchner and Dillen (1975); ie in terms of an areal water loading - g
which iz the lume of watér,entering the lake divided by its surfacs ares,
ie 134.4 x 10%m3/13.3 x 10 or 1C.11 m ann ~ for Loch Leven in 1985, The
value R 1is then given by:

!
=0.27 =0, a4

and in this case, 0.58 which 135 close to the measured value of 0.60.

In a number of respects, therefore, the present dataz on loading and in-lake
P fit this model. 3trictly speaking, however, the Dillon and Rigler
equation predicts lake P at spring overturn - ie within a few days of ice
melt on the Canadian lakes sampled in formulating the model. Plainly, in
the highly variable climate of Northern Britain, changes in temperature and
stratification of the shallow, broad expanse of water in Loch Leven are not
as regularly timed as those of lakes on the large continents. Indeed, in
many winters, Loch Leven does not freeze over and s0 the phenomena of 'ice
melt' and 'spring-overturn' do not constitute the cardinal p01nts that
control many annual events in other types of lake.

In spite of these reservations, the extremely good fif of the current data

to the postulates of the model suggests that it could be instructive to use
it in a predictive sense - see section 7.4. The same conclusion is drawn,

on fitting the present datz to models developed by QECD (1382). These take
the general form:

(771, = allTFl/ (1 + /TG )10

where a and b are constants, T(w) is the water residence time in years - the
reciprocal of p as defined above - and [TP]. and [TP], are as defined in
section 6.7. For example, where a is 1.55 and b is 0.82, as in the eguation
combining all data contrl?utlng to the QECD study, the model predicts a
[ij value of 64.4 pg 1

7.3 The relevance of 1985 findings tc the prediction of Loch Leven P
balances in the future - the influence of flushing rate

The highly variable climate controlling Loch Leven has already been
mentioned. It results in considerable differences from year to year in the
rates of environmental processes and in the succession- and performance of
the organisms. As a consequence, the findings of a one~year ecological
study, such as this P loading investigation, are not likely to represent
very closely situations obtaining in other years. One of the most highly
variable factors of interest, in assessing the wider relevance of the 1985
results, is rainfall - through its effect on flushing rate, which, as D or
its reciprocal, T(w), has been shown to feature prominently in loading
models.

dpart frem the obvicus influence on the amcunts of nutrients running off the
land, flushing controls the time during which water entering the loch
remains there (before passing down the outflow): it thus determines, for how
long aigae, and other biological manifestations of nutrient loadings, have
the opportunity to utilise the nutrients.
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In order tc assess long-term variation in p or T(w), rainfall records would
normally be used. Problems arise in doing this, as precipitation records
corresponding tc the region of interest may not describe adequately the
rainfall regime of a particular lake watershed. Furthermore, blanket
corrections for evagporation must be made before a run-off estimata is
obtained. The authors are particularly fortunate, therefore, to be able Lo
draw on a 150-year record of water discharge from Loch Leven. Dr D Ledger
{see also Ledger & Sargent 1984) has kindly made these data available, and,
for present purposes, information dating from as far back as 1937 has been
consulted. From the original run-off figures, annual values (r, in mm) have
been used to calculate flushing rate (p, as defined above) as follows:

. r ¥ A
P = 100 ST
where 4 1s the combined area of thg %och and its catchment (159 x 106m2)
and V i§ the loch volume (52.4 x 10m™). From this equaticn p i3 1 when r
is 330 mm. For 1985, Ledger gives an r value of 802 mm (p = 2.43}); this
compares very favourably with values of 823 mm and 845 mm, correspending
respectively to p estimates of 2.50 and 2.57 discussed in section 7.2.

However, as p is part of the denominator in the Dillen and Rigler equation,
a lower estimate of it results in a higher estimate of [TP]l see belaw!.

Figure 28 shows that values for p over the last 50 years have varied from
0.97 to 2.76 {x = 1.89). Whilst it is not the purpose here to discuss
trends in annual run-off, the high peosition in the ranking of the 19885
datum, as recorded by Ledger, is of note and emphasises how extraordinarily
wet that year was. Of greater relevance to the present exercise is that the
values as a whole describe a frequency distribution approximating to normal.
Assuming that, in the long-term, values will be similarly distributed, the
probabilities of occurrence of different annual flushing rates can be
readily estimated. These probabilities are indicated as % chances in Figure
28. As a reference point, it would appear that a year wet or wetter than
1985, has a 5 or 6% chance of occurrence.

Armed with this knowledge on likely variation in flushing rate, and using
the P loading-P concentration relationships, which for 1985 correspond
closely to those predicted by the models, a spectrum of predicted P
loadings, g_ values (and thus R values) and in-lake P concentrations can be
generated. "Before presenting (in section 7.4) the results of this exercise,
it is worth considering briefly the influence of flushing rate (p} on
retention coefficient (R} and the combined effect of altering these factors
on P lecading. For present purposes it is assumed that rain-related P
inputs, ie those introduced in run-off and in rain falling directly on the
loch surface, vary with rainfall (and thus flushing rate) pro rata. The
assumption is supported by a preliminary anaiysis of the relationship
between monthly loadings and monthly mean flows calculated from the derived
daily leading values and continuously measured daily flows at station Nd on
the North Queich (Figure 29).

The nature of the relaticnship between R and p is illustrated in Figure 30.
As rain-related P inputs are taken to vary pro rata with p (see above),
predicted loadings of TP vary linearly with 3. Tigure 31 shows now the
loading t£o Loch Leven is likely to vary, purely as a result of natural
shifts in annual flushing rate, ie with no alteration in pcint~source
inputs. Indeed, 1if the line described by the data plotied in Figure 31 is
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extended to a point at which p is 0 - representing a completely dry,year -
it would intercept the vertical axis at a value of 11776 kg T? ann  Which
is the total of the estimated inputs of P from industry (6287 kg), sewage
(5323 kgt and wildfowl (366 kg). Incorporating the same data into the
Dillon and Rigler equation, Figure 32 shows that the form of the
relationship between predicted P concentrations in the loch, and p, is.
similar to that between R and p. Note thatqpredicted [TP], <orresponcing to
a p value of 2.57 (as measured) is 71 ug.} . Reasons for”this being higher
than the measured concentration (63 pg 1 ) have already been given.

7.4 Some options for the control of P inputs to Loch Leven: recommendations
based on model predictions of the effects on loading and in-take P and
chlorophyll concentrations

Using the models referred to above, this section examines firstly, the
effects on loading, of reducing the P content of peint-source effluents to
various degrees. That these effluents comprise ca two-thirds of the total
loading (see section 7.1) is reason enough te consider contrelling them;
various policy issues relating to the feasibility of doing this at Loch
Leven will be highlighted. The effects of different loading controls on
in-loch P and chlorophyll concentrations will be assessed. Finally, the
mest appropriate coursgs of action will be identified and a broad schedule
for a P reduction programme will be recommended.

There are numerous means by which the external supply of P to Loch Leven
could be recuced. The effects of & chosen control options are considered
here; in each case, the intention would be to prevent the stated amounts of
P reaching the loch and these are labelled as follows in the corresponding
Figures - in addition to 'A' for the current situation:-

B B0% of the P in sewage effluent {rom Kinross North and Kinross South
works

50% of the P in mill effluent

80% of the P in mill effluent

Both B and C above

Both B and D above

411 P in effluent from all 3TWs plus 100% of P in mill effluent

QMmoo O

From what has been discussed previously, the focus on controlling P in
peint-source discharges makes good sense, There are special reascns too for
the emphasis on effluents from industry and the Kinrsoss STWs.

The first reason concerns action already taken by the FRPB in setting a

censent on P in mill effluent. As a result, froem 1 March 1987

concentrations and loadings should be reduced so that a mean weekly loading

of 25 kg P would be achieved. This represents an 80% reducticn of the

current input and correspends te control option D above. It is thought that

this situation, and the arbitrarily chosen value of 50% reduction - control

option C - are relatively =2asily attainable, iIf due attention is paid to

preventing spillage of P-rich powders and liquids; moreover, by 1990, the

intention is that mill effluent will be routed through the Kinrcss North

3TWs. - -
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The second reason for highlighting the importance of the Kinross 3TWs is
that the North works, completed in 1980, have been designed with the spare
capacity to accept the mill effluent referred to above, and the sewage
currently received by the South works. The latter comprise an old septic
tank which iz grossly cverlcaded hydraulically. Thus, by the end of the
decade, the majority of the sewage produced in the Loch Leven catchment (as
far as present population numbers indicate) would be handled by a single,
nodern works. Then, if it were considersd appropriate (see section 8},
additional P-stripping facilities could be incorporated. Removal of 80% of
P in the effluent corresponds to control situation B above. However, in
view of the schedule for cleosure of the Kinross South septic tank, it is
unlikely that any extension to the North works in regard tc P removal, could
be envisaged before 1390. It is thus more sensible to view option B (sewage
control} in combination with option D (mill control) ie the situation
referred to as ¥ in Figures 33-35.

The predicted outgome of each of the reduction situations on annual loading
of TP and of 3RP is plotted in Figure 33; this includes, for comparison, a
re-plot of the data in Figure 31 corresponding to the range of loading
possibilities, assuming nc future change in supplies that are independent of
rainfall and river flows, ie point-source and wildfowl inputs. In this
graph, the predicted lcading values, following remcval of all sewage and
mill effluent {line G, achieved by eg diversion arcund the loch), represent
P sources that cannct be readily controlled, ie in run-off, in rain falling
directly on the loch surface and in wildfowl dreppings. The marked,
predicted, effect of controlling the mill effluent alone (line D) is of note
vis a4 vis considerations about logistics and costs of P removal. It should
be borne in mind too, that the chances of flushing rates as high as that
recorded in 1985 occurring in the future, are limited; as a resulf, loadings
of around 13 tonnes TP ann  corresponding to average flushing rates might
be expected, compared with 21 tonnes in 1385. By the same token, 3RP
loadings of about 7 tonnmes would be the expected norm compared with 12
tonnes in 1985,

As already explaired in connection with the derivation of values plotted in
Figure 32, predicted concentrations of F in the loch exhibit a more complex
relationship with flushing rate; the line described by these values is
included in Figure 34 along with the curves corresponding to the predictions
of both the Dillon and Rigler and the OECD mcdels discussed above. In
essence the 2 sets of results are not markedly different, each showing the
change in the form of the curve as the amount of P removed - and thus the
ratio of diffuse inputs to total inputs - increases. The diagram also
highlights the ameliorating effect of high flushing rates (such as that
observed in 1985} on P concentrations in the loch, while point-source inputs
are large. Again, as a consequence of the probability distribution of
annual flushing rates, there is a far greater chance of the loch exhibiting
higher mean levels of P than measured in 1985, than lower concentrations
than this (even if no control on loading is exercised). It is also
interesting to note the suggsstion that the input of P could be reduced to a
point after which only minor annual differences in P concentration would
accur regardless of rainfall or flushing rate. The Dillon and Rigler model
predicts that this would require the removal of 80% of ? in 2oth mill, and
combined Kinress North and Scuth sewage effluents (line F).
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A4 similar pattern of results to those shown in Figure 34 is derived in
Figure 35 for chlorophyll concentrations predicted by another QECD (1982)
model to which the 1985 value fits very closely., As in the case of the OECD
P concentration model, this equation predicts annual mean pigment
concentraticns [Chl] from flushing-corrected TP loadings, ie

[c_nfa] = 0.43 [ﬁ}in /m +  JTiw) jD'BS

Substituting the ?9@? values of 153 pg l"1 fg; [f?jin and 0.3838 y for T(w),
[chl] is 23.47 ug 1 compared to 21.02 ug 1 measiired.

The advantage of considering predicted chlorcphyll levels over P
concentrations is that the pigment indicates biomass of algae - and these
organisms rather than P per se cause the problems associated with

eutrophication.

4s with the predicted P concentraticns (Figure 34} the situations described
by lines D and F in Figure 35 are of major note. Not only dees the
'cost-effectiveness’ of option D make it an attrggtive propesition; it could
reduce pigment levels to commeonly around 20 ug 1 - a concentration still
characteristic of sutrophic waters in general {0ECD 1982) pbut not typical of
rich lakes as shallow as Loch Leven. (bservaticns on the relationship
between chlorophyll concentrations and water clarity at Loch Leven (Figure
36) are of furiher relevance here. In reducing mean annual concentrations
to ca 20 ug 1 , elimination of 80% of industrially-derived P takes pigment
levels into the range where the rate of increase in water clarity per unit
decrease in chlorephyll itself increases. These arguments lend considerable
support for the action taken by FRPB in setting its consent - to achieve the
situation predicted by option D.

The second possible option relates to line F in Figures 33-35 ie, removal of
B0% of the P in a combinred Kinross North and South STWs effluent, as well as
80% of the industrial P. According to the piots in Figures 34 and 35, this
procedure would lead to P and chlorophyll levels effecting an even greater
increase in water clarity {(Figure 36). This second opticn should alsc be
considered carefully, particularly if further housing development in the
Loch Leven catchment is considered and loads to the sewage works increase.
In view of the impending developments relating to the control of industrial
effluent (option D), its effects can, and should, be assessed long befcre
action for contrcl options B, and thus F, could be contemplated.



CONCLUSIONS

The aim of a P control strategy 1s to increase water clarity and macrophyte
and ilnvertebrate diversity, developments desired by industrial users of L.
Leven water, by tourists, conservationists and anglers. To this end, the
preventicn of entry of P in mill effluent to the loch should be given
serious, and lmmediate, consideration. Following FRPB action in setting its
censent, 1t geems likely that an 80% reduction in P loading from this scurce
will soon be achieved. The time the loch would take to respond to the
change, and reach within 5% of the predicted P {or chlorophyll) level - the
95% response time - approximates to 3T(w); thus.ca 1.6 y for the long-term
average value of 0.53 y {1/p or 1/1.88). OQECD (1982} include a correcticn
using R, the P retention ceoefficient discussed above, so that the 95%
response time becomes 3T(w)x(1-R); where R is 0.6, this product beccmes

0.64 y. A significant lowering of P and algal concentrations should thus be
detected, after a periad of between 8§ and 19 months from the time the
reduction comes intoc force (1 May 1087). It is absolutely essential that
the situation is monitored. Only in this way can {i) the effects of this
single control measure be assessed - by 1990, additional effects of the
closure of Kinrcss South 3TWs would have to be taken into account, (ii)
comparisons of observed and predicted changes in P loading, P and
chlorophyll concentrations and macrophyte distribution be made, and (1ii)
our sclentific understanding of the eutrophication process and ways to
manage it be improved.

While the present study suggests that control cof mill P would significantly
reduce the level of the nutrient in the loch, concentrations would still be
characteristic of eutrophic waters {cf. OECD 1$82), though not of rich,
shallow lakes. Further improvement would require greater contrel of P
loading - and by 1990, P-stripping at Kinress North STWs would he
logistically feasible. By then, however, the monitoring programme should
determine whether this is necessary.

In reflecting the general current state of the art on nutrient 1lgad
modelling, the present study gives all too scant consideration to the
undoubtedly important influence of seasonal changes in loadings,
concentrations and flushing rate - and, therefore, algal abundance and
species composition. For instance, had the rainfall in 1985 been
distributed over the year, in the manner in which it was in the more or less
equally wet 1984 (Figure 37 compares the 2 years and shows the enormous
contrast in summer rainfall), the blue-green algal species recorded may well
have attained much higher population densities.
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APPENDIX 2
GLOSSARY

Names of sampling sites:

Two=-letter codes are used, with cne exception - 'L' for the loch near its
cutflow. The first letter, in upper case, refers to the stream or stream
system, while the second letter, in lower <ase, indicates the position
relative to others {where there is more than cne station), with 'a’ being
nearest the loch, and 'b', '¢' and sc on being furthest upstream. Examples
are Na, Gc. For many streams the capital letter is the initial of the name:

- Camel Burn

- Gairney Water

= Kinnesswood Burn
North Queich

- Pow Burn

- South Queich

- Ury Burn

Sz "_O0
]

Exceptions are B, D, E and F for small drainage channels on the North-East
shore, and H and W for 2 burns entering the loch a few hundred metres north
of the South and Nerth Queichs respectively.

Phosphorus fractions:

P - phosphorus

TP - total phosphorus

T3P - total soluble fraction

PP - particulate fraction

SRP - soluble reactive fraction
SURP - scoluble un-reactive fracticn

Phosphorus concentrations:

(TP], [SRP] etc. - total, soluble reactive phosphorus concentraticns

[TP]l - concentration in the loch
[Tp]in - concentraticn in the inflows

A bar over 'TP! etc. eg [Eﬁ]l denotes mean concentration

=1 -1 =1
Concentrations are expressed in ug 1 cr mg 1 eg pg SRP 1,
mg TP 1

Phosphorus lcadings:

TPL, SRPL etc. - loadings of TP, SRP etc.

Where appropriate, subscripts are used to indicate the source of tne
loading:

ir = from run-off - values derived from instantaneous flow data
cr - from run-off - values derived from ceontinuocus flow data
ind - from industry

sew - from sewage treatment works




rain -~ from rain falling directly on the loch surface

In addition, subscripts 'tot' and 'out' refer, respectively, to the total
loading and the loading exported from the loch via its ocutflow.

B . T SREL , PPL

xamples: LPLCP: sew out.

As loadings are rates_¢f entry,or expert of P, units coptain a time _,
component. Thus ug s . mgs , &S , kg wk , kg ann , tonnes ann ,
and, where it_jis neg$ssary tg _expregss loadings per unit area of loch
surface, mg m ann or g m ann

Physical features:

2 2

4 - loch area (m , km )
- 3
v - loch volume (m )

Z - loch mean depth (m)

=1 3 -1
Q - flow rate (1 s , m s or cumecs)

R - retention ceefficient (nec units, being the fraction of waier or
of P entering the loch that is retained by the loch - usually
over 1 year)

=1
flushing rate {per annum, .ann , the vclume of water entering
the loch divided by V above)

Tiw)

water residence time {years, y, the reciprocal of p above, ie
the theoretical time that water equivalent to V above remains in
the loch)

l b -




o s

Table 1. (Fram Smith 1974)

Morphometry of Loch Leven

Mean depth 3.9m
Maoeimm depth 25.5m
Surface area 13.3 km®
Volune 52.4 x ].O6 m3
Length 5.9 km
Breadth ‘2.3 km
Length of shore line 18.5 km

° Shore-line development 1.43
Water Balance:
Anmual average inflow 120.7 x 10° m°

. Mean renewal time 5.2 months




Table 2.

Group

IT

IITa

Armual mean instantanecus flow rates (Q) at sites in the
Loch Leven watershed (see Figqure 1 for locations).
I. major sites recorded at 8-day intervals throughout a
12-month period; II. small drainage chamnels gauged
only twice; III. ungauged hurms (a} and areas of land
with no well—defined drainage course (b): annual
discharges fram these sites arebased on the discharge/
catchment area relationship found for the gauged sites
carbined. The percentages that the flow and catchment
area of each group of sites comprise of the whole water-
shed are also indicated (% Q/Qtot and % A/Atot) .
= -1
Site Q (Z.s ) % Q/Qtot % A/Atot
ERPR Na 1452.0 o
sa 960.0 JIi-F2
Ga 767.0
Pa 199.0
Ca 55.1
Ka 47.6
Ua 22.8
Sub~Total 3503.5 88.8 88.5
Ea 44,2
Fa 34.6
Ba 33.1
Da 19.8
Sub~Total 131.7 3.7 _ 3.6
Ha
Wa
Cavelstcne
Vane Farm
Remainder of
sector including
Wa and Ca
Sub~Total 31l.6 (7.9) 7.9
Total 3946.8 100 100



Table 3.

Recording
Station

Pc

Annval (1985) mean flows (L.5 1) estimated by 3 methods
for each of 3 stations on feeder streams to Loch Leven.
Methods: (i) from instantaneous records at the time of
water sampling every 8 days; (ii) from the continuous
(5 hourly) records for those sampling days, and
(1ii) from the continuous records for 365 days.

1985 mean flow (L.s"]‘)
- Methed (1) Methed (ii) Method (iii)
900 875 878
119 115 115
9360 913 94¢
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Table &. Results of analytical biazs testing for the determination of SRP and
TP by the Forth River Purification Beard (FRPB!, the Institute of
Terrestrial Ecology (ITE) and the Freshwater Zioclogical
Investigation Unit (FBIU). Figures are expressed as concentrations
or percentages as apprepriate.

Sample Natural Water A Natural Water B Standard Solution
‘ SRP
Concentration (pg 17 74.3 328.4 200.0
j Maximum possible bias:
\ ITE 0.95 ug 17 -0.79% -1.08%
| FBIU 2.37 pg 17 1.07% 2.50%
\ FRPB 2.00 ug 17 -0.62% 2.31%
} TP
‘ Concentration {ug 17 88.3 408.5 250.0
| Maximum possibie bias: o *
ITE 1.78 ug 1 -2.23% -1.37%
FBIU 36.82 ug 17 34.14% 63.79%
FRPB -1.54 ug 1™ 1.74% -1.73%



Table 7.

Water course

Upper North Q
Hatton Burn {
Upper Scuth Q
Pow Burn (Pb)
Pow Burn {PFc)
Gairney Water

site

site

site
Camel Burn (C
Ury Burn (Ua)

# See Flgure

gquations from linear regressicns of 1og,q instantanecus loadings

1

of total P (ug TP 5'1,y) on logig flow {1 s7 ,x) of scme feeder

streams to Loch Leven; r2 values indicate the preoporticn of

2 values (listed

variation in v accounted for by variation in x; s
only for sites for which continuous P loadings are eventually
derived - see Table 10) are the squares of the standard deviation

of y about the regression lines.

and site® Regression equation re 52

ueich (Nd) y = 1.4068x%x + 0.2389 0.866 0.0664

Nh) y = 0.8803x + 2.2554 0.813 0.0753

ueich (3c) y = 1.,6382x - 0.3619 0.897 0.0530
v = 1.3965x + 1.0264 0.729 0.0665
y = 1.2057% + 1.5882 0.808 0.0469

(Ga) y = 1.2700x + 0.8868 0.889 -

Gb y = 1.1182x + 1.3453 0.845 0.03%96

Ge y = 1.3094x + G.7449 0.828 -

Gt v = 1.4063x +« 0.8905 0.865 -

a) y = 1.0047x + 1.5804 0.550 -
y = 1.6741% + 1.0373 0.872 0.0644

1 for location.




Table 8. Loadings of phosg rus_(kg TPL, .ann—l) and rn—off loss

rates (kg TP ha~i.ann~1) from Lites draining sub-

catchments of the Loch Leven watershed not affectad by
marked point-source pollution.

*
Drainage system ‘Subcatchment area TPLir -1 ™ lofi rat?l
(km?) (kg. aan™)  (kg.ha T.amn )
Upper S. Queich (Sc) 33.82 1669 0.493
Upper N. Queich (Nd) 26.20 1395 0.532
Hatton Burn (Nh) 7.25 571 0. 788
Ury Bum (Ua) 1.73 131 Q.757
Clash Burn (Ha) 2.36 1792 0.7572
Fochy Burn (Nf) 9.55 15350 1.6Q7k
Gairney Water (Gh) 30.71 1303 0.424
Gaimmey Tributary (Gt) 2.58 158 0. 805
Vane Farm sector 4.39 2165 o.492§
Cavelstcone sector 2.58 156 0.605
Pow Bum (Pb) 10.5%0 1157 1.1c2
Carel Bum {Ca) 1.24 51 0.411
"Wood' Burn (Wa) 0.50 13° 0.260°
remainder of sector 'Ca £ £
% Wa' 1.44 59 0.411
Drainage channel B .70 284 1.671
n " D Q.50 60 1.200
" " E 2.00 423 2.115
" " F 0.90 35 0.389
TOIAL B, D, E & F 5.10

see Figurs 1 for the positicns of these stations. 5
a assumes that the P loss rate from catchment area 'Ha & Ua' (4.09 km®)
is the same as that calculated from loadings measured at Ua.
b calculated frar the difference between the loading at the mouth of the
North Queich (Na) and the sumed loadings at N4, Mh and Milnathort

STW

c uses the loss rate calculated for a catchment of generally similar
land use - Sc - and relates this to sector area.
d as ¢ but uses value for Gt.

e assumes load is ca. 25% of that calculated for Ca;

in camparison,

measured TP concentrations are similar in Ca and Wa but the flow in
Cais visually estimated to be ca. 25% of that measured at Wa.

area-based estimate as with ¢ and d above but applying the loss-rate
calculated fram loadings measured at Ca.



Table 9, The mean % contributions of particulate and soluble
fractions of P to the total P loadings at gauged sites
on water courses entering Loch lLeven; these together
drain 84% of the total watershed.

Stream System Sub—catchment area 3PP % TSP % SRP
(k) of TP loading.
South Queich
Upper 5. Queich (Sc) 33.82 53 47 32
North Queich
Upper N. Queich (NJ) 26.20 52 48 29
Hatton Burn (Nh) 7.25 45 55 44
Ury Bum (Ua) 1.73 21 79 71
Gairney Water
Main Stream (Gb) 30.71 50 50 29
Tributary (Gt) 2.58 40 60 40
Pow Burm .
Main stream (Pb) 10.50 68 32 25
Camel Burn (Ca) 1.24 51 49 33
Channel B (Ba) 1.70 40 60 35
" D (Da) 0.50 61 39 37
" E (Ea) 2.00 65 35 31
" F (Fa) 0.90 79 21 10

See Figqure 1 for locations

?



Tabhle 10.

Stream system*

South Queich

Upper S. Queich (S¢)

North Queich

Upper N. Queich (N4)
Hagton. Burn (Nh)
Ury Burn (Ua)

Gairney Water

Main stream (Gb)
Pow Burn

Upper section (Pc)
Lower section (Bb)

by e2.655

y (log, TPL, )
in Table 7.

Continuous loadings of P (TPLcr and SRBLC } based on

365 daily values derived as described in the text:

{(a) original estimates, (b) original astimates corrected
as proposed by Ferguson (1986) and (c) the ratio of
estimates based on (8-day) instantaneous measurements to
the values in (b).

TPL SRPL

(kg TPL%nn " (kg SRe Enn™h)

(a) (b) () (a) (b) {e)
1692 1947 0.86 558 656 0.82
1037 1234  1.13 367 470 0.85
315 384  1.49 131 143 1.74
89 106 1.24 70 87 1.07
933 1037 1.26 286 307 1.23
429 485  1.48 191 203  1.03
575 681 1.70 253 266 1.09

* See Figure 1 for location

** The correstions are made by multiplying the original estimatas (in (a))

where 52 is the square of the standard deviation of

about the line of its regression on =z (loglog) as shown
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Vane Farm

Ha & Ua flows not
Cavelstone measured

| 1 1 | 1- |
0'011 A 10 100

catchment area (A) - km?
Q=0.014 A0

Figure & The relationship between mean discharge (Q) and drainage area (4)
of various sub-catchments in the Loch Leven watershed; discharges are
| the average of instantaneous flows measured at 8-day intervals
| throughout 1985. No well-defined water courses exist in the Vane
Farm and Cavelstone areas; water losses from these catchments
{arrows) are predicted from the equation.
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Figure g Yalues Tor total phosphorus concentraticon in 198%, plotted against their
| normalised scores to illustrate the frequency distributicn in the loch and
some of its feeder waters: upper South Queich (3c¢), Ury Burn (Ua), Pow
Burn (PhH) and drainage channels 'B' (Ba) and 'F' (Fa). See Figure 5(a)
for explapation.
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Figure 10

Triangular plets illustrating annual variation in the proporticns

of soluble reactive phosphorus {(3RP), socluble unreactive phosphorus
(soluble 'organic' phosphorus - SURP) and particulate phosphorus [PP)
in the tctal phosphorus of a variety of feeder streams {Camel Burn, Ca;
upper North Queich, Nd; other waters as Figure 9 ; pcints near the

apex of the triangle correspond to high perczentages of PP, points

near the base of the triangle to high proportions of soluble P - SRP,
lef't hand corner and SURP, right hand corner.
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Fluctuations in the concentration of total phosphorus in industrial
effluent before it enters the Scuth Queich: values correspond to
instantaneous samples taken at 8-day intervals throughout the year;
note variation associated with day of the week.
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‘ Figure *3{a) Differences in total phosphorus content at sites above (Nd) and
below (Nb) the entry of Milnathort 3TW =ffluent to the North
Queich: 8-day interval sampling.
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Contrasting frequency distributions of the concentrations of
scluble reactive phospherus (3RF) recorded at B-day intervals on
tne North Queich above (Nd) and below {(Nb) the input of
Milnathort STW effluent and adjoining tributaries.
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Figure 15(a) Triangular plots (see Figure 10 for explanation’ illustrating
shifts in the propertions of different fractions of P {expressed
as concentrations) in the North Queich, between reaches above
and below the input of treated effluent from Miilnathort 3TW.
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Figure 16 Triangular plot illustrating the high % SURP/TP in industrial
effluent: compare the distribution of points in this Flgure
with that of eg Figure 15.
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Figure 22(d) Seasonal variation in the annual accumulation {cum %) of total
phosphorus loading frem the Clasn Burn to illustrate the
importance of short episcdes of high loads; loadings as defined

‘ in Figure 22{a).
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Figure 23 The relationship between total phosphorus loading and flow in

5 feeder waters of Loch Leven. Site codes as shown in previous
Figures.
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Figure 25 rluctuations in the biomass of phytoplankton as indicated by

' chlorophyll a concentration in Loch Leven 1985.
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See also Figures 30-35.
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rates for monthly periocds; calculated from continuous (daily) data
for site Nd.
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annual flushing rate (p) according to the Dillon and Rigler model,
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vertical lines indicate % chances of occurrence of p values equal
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with predicticons of the effects of 6 alternative measures of
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Figure 24 As Figure 31, but comparing for arnual mean in-lake TP
concentration, the predictions, by 2 medels, of the effects of
the 6 alternative measures of reducing P supplies to the loch
as defined in Figure 33(a).
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icch Leven area, between 1984 and 1985.
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