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CHAPTER 1



INTRODUCTION

this lake doth contain sixty islands and receiveth sixty 

rivers, albeit that but a single stream doth flow from thence into the 
sea. Upon these islands are sixty rocks plain to be seen, whereof each 

one doth bear an eyre of eagles that there congregating year by year do 

notify any prodigy that is to come to pass in the kingdom by uttering a 

shrill scream altogether in concert

Geoffrey of Monmouth 1140 

Book IX, Chapter 6 

describing Loch Lomond
* * * * * * * * * * * *

Twenty miles north-east of the city of Glasgow lies Loch Lomond, one 

of the finest of the Scottish fresh water lochs. It has frequently been 

praised for its beauty and has earned the title, given to it by many writers 

as the pride and Queen of Scottish lochs (Gregory, 1928). Lamond (1931) 

describes the change from the polluted Leven to Loch Lomond as ‘'like a step 
from a sordid slum to a fairyland.”

Loch Lomond has existed for 11,000 years (Hunter, 1971). Much of the 

lake lies in a narrow valley which was once occupied by glaciers whose 

moving mass drained towards the south-east. The ice action gouged out a 

river valley to form a deep, steep-sided trough. This may be regarded as 

a typical valley rock basin (Murray, 1910; Gregory, 1928; Slack, 1954, 

1957). In the remaining southern portion of the Loch the deep glacial 

excavation has ceased and part of the bed rock is overlain by alluvium which 

is to some extent marine in origin (Slack, 1954).

Scotland is traversed from the north-east to the south-west by a major 

dislocation in the earth's crust, the Highland Boundary Fault. This sep

arates the ancient metamorphic rocks of the Highlands from the younger and 

more easily eroded sediments of the midland valley of Scotland, This fault
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passes from Stonehaven to Kintyre, to the north of this fault the land 

rises for thousands of feet (Highlands). South of it the land subsides 

for thousands of feet (Lowlands) (Lamond, 1931). Loch Achray and Loch 

Ard lie to the north of the fault, Loch Rusky and Lake of Menteith lie to
CLVulthe south, ah the fault actually crosses Loch Lomond from Balmaha in the 

north-east to Arden in the south-west. One of the remarkable feature of 

the Highland Boundary Fault is the presence, throughout its length, of a 

band of varying width of serpentine and associated intrusive igneous rocks 

(Loch Lomond Management Plan Report, 1964).

The general direction of Loch Lomond is north to south, traversing 

three series of rocks, the northern end is gneiss, mica-schist and schistose 

quartzite. South of the line from Luss to Ross peninsula lies a band of 

non-schistose rock, slates, grits and conglomerate which are cut off 

abruptly to the south by the Highland Boundary Fault, To the south and 

east of it, the lake lies almost entirely on the sandstone and conglomerates 
of old red sandstone age.

Although Loch Lomond is often said to be the largest of Scottish lochs,

this claim is true only for  ̂superficial area. Loch Lomond is not as long

as Loch Awe nor as deep as Loch Morar, nor is it as long or as deep as Loch

Ness whose basin has the greatest capacity of all Scottish Lochs. In fact,
2Loch Lomond has a length of 22.64 miles (36.427 k m ‘), a mean depth of 121.3 

feet (36.97 metres), a capacity of 92,805 million cubic feet with a super

ficial area of 27.4 sq. miles.

The upper part is a typical highland loch, being a narrow, deep, steep

sided trough extending southwards for nearly 13 miles (20.9 km) and having a 

mean width of 1 km. In contrast the lower part of the loch is wide and 

shallow with numerous islands. In this part Loch Lomond reaches its max

imum width of about 5 miles (8,04 îcm), 3 miles above the exit of the Leven 
which drains the loch to the Clyde.

From the head of the loch southwards for nearly 2 miles (3.2 km) is
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termed the Ardlui basin (Slack, 1954, 1957; Murray, 1910). This region 

has a maximum depth of 63 metres (207 feet) and terminates at a relatively 

shallow bar where the loch reaches its narrowest point. South of this bar 

where the water does not exceed 30 metres in depth, extends the deepest 

region of the loch, the Tarbet basin. This is a narrow fjord-like basin 

with a mean depth of 100 metres and a maximum depth of 198 metres. This 

is the maximum depth of the entire loch and is located in a depression 

nearly 1 mile north-east of Tarbet Island, near Cailness. These two basins 

comprise the high land or upper loch (Murray, 1910; Slack, 1954) which has a 

total length of IB km (11 miles) and a mean width of 1 km. The metamorphic 

rocks in which the entire upper loch lies is Dalradian mica-schist.

The termination of the upper loch is marked by an outcrop of Ben Ledi 

grit, which crosses the loch from Rowardennan on the east side to Inverbeg 

on the west. This rock is more resistant to erosion than is mica-schist and 

gives rise to a shallow plateau where the maximum water depth is not more 

than 15 metres (Murray, 1910).

South of this bar the loch continues in mica-schists and schistose grit 

for another 3 km; here the loch widens slightly but only reaches 67 metres 

(220 feet) at its maximum depth. The loch widens still further beyond 

Ross Point, a promontory, formed by another outcrop of resistant grit. This 

outcrop does not cross the loch completely and south and west of it the lake 

bed lies in softer rocks, mainly the outcrop of Luss slate. This area is 

called the Luss Basin. This basin contains the first group of islands which 

lie in the form of a "u" open to the east, 1.5 km south of Ross Peninsula, in 

an outcrop of massive pebbly grit. Slack (1954) called this area the Strath- 

cashell Basin. The whole basin from Inverbeg bar to the first group of 

islands, including the Strathcashell basin is termed the Middle or Luss basin.

The expanse of the remaining part of the loch is the shallowest region 

with a maximum depth of 23 metres (75 feet). This region is referred to by 

Slack (1954) as the "Fault Basin" and by Murray (1910) as the "Balloch Basin". 

This extensive part of the loch has a maximum width of approximately five
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miles and includes the second island group. These islands lie along the 

line of resistant rock which comprises the Highland Boundary Fault, crossing 

the loch diagonally from Balmaha to Arden at the south-west. The part of 

the loch to the north of the fault lies in strata of upper old red sandstone 

and to the south the rock is mainly lower old red conglomerate. The areas 

north and south of the Highland Boundary Fault are joined by the channels, 

running between the islands. These channels are as deep as the rest of the 

profundal floor and because of this Slack (1954) includes both areas in a 

single basin - "Fault Basin".

The entire area south of the Inverbeg bar, including the Luss, Strath

cashell and Fault basins, constitutes the lower loch.

Climatically Loch Lomond has more affinities with the wet west coast 

oceanic regime rather than the east coast type. The wettest months are 

December and January while the driest months are May and June. Figures 

from the Clyde River Purification Board show that the rainfall in December, 

January and February is twice that of the months May, June and July. There 

is a relation between height location and total rainfall, the higher the 

ground and more north-westerly the area the greater the quantity of rainfall. 

Tittensor and Steele (1971) show the annual rainfall on the islands is

1,524 mm whilst the precipitation falling on Ben Lomond amounts to 2540 mm.
2The loch has a small catchment area 296.87 sq. miles (768.91 km ) in 

comparson with other Scottish lochs and the ratio of watershed to surface area 

is 10.79. The average annual volume of water passing to the Leven is 1,254 

million cubic metres. The surface area of the loch to the north of Ross 

Point is approximately one-third of the total surface area but this area 

receives almost two-thirds of the input.

The water level in the loch fluctuates between 22.86 and 32.1 feet (6.91- 

9.78 metres) with an annual mean of 25.5 feet (7.77 metres). Scott (1901) 

stated that a depression of 30 feet in the water level would admit sea water 

to Loch Lomond. In general the variation in the level of water follows the 

rainfall changes with a lag of about one month (Slack, 1957),
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The prevailing winds are from the west and south-west frequently reaching 

gale force in the winter; there are however no long-term records of wind 

strength or direction available. Buchannan (1885) noted that the prevailing 

winds tend to blow across the loch and were directed into squalls but on the 

whole the geographical position of the loch tends to neutralize the effect of 

wind. In general the climate is fairly typical of much of the west coast of 

Scotland, being rather cool and wet with temperatures ranging from zero to 

25°c.

Tittensor and Steele (1971) studied the soils in the area which were of 

two main types, Podsols and incipient podsols were found in the southern 

mainland while brown-earths and degraded brown earths were almost entirely 

restricted to northern mainland area.

The Falloch water and all other burns and rivers inflowing from the north 

of the Highland Boundary Fault flow over hard metamorphic rocks and poor 

agricultural land; this consists mainly of hill land with a natural vegetation 

of mountain pasture, acid peat bogs and woodland. The higher ground is 

grazed by hill sheep, red deer and goats (Maitland, 1972) on the other hand the 

Endrick flows over softer rocks and rich well-fertilized farmland. The in

flowing water to the loch is thus generally poor with the exception of the 

Endrick which is rich in mineral salts (Tippett, 1974).

The river Falloch traverses the Glen leading from Crianlarich to Ardlui, 

entering the head of the loch about 8 miles from its source. It contributes 

more water to Loch Lomond (22.18 than any of the other rivers (Clyde River 

Purification Board). The Endrick, which has a larger catchment area, lies 

in an area of lower annual rainfall and thus contributes less.

On the west side of the loch the Inveruglas water issuing from Loch Sloy 

enters the loch 3 miles beyond Tarbet, Douglas water enters the loch at Inver

beg forming a delta over the shallow bar of Inverbeg by the deposition of 

sediments. Two small tributaries combine to form Luss water whose total 

course is almost six miles enters the loch at Luss. The Finlas and Fruin 

follow roughly parallel courses, the latter river rising in the hills above
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Garelochhead and passes through the fertile valley of Glen Fruin to enter 

the loch almost 3 miles north of Balloch.

On the eastern side of the loch, the Inversnaid Water (Arklet Water) 

draining from Loch Arklet enters tlie loch at Inversnaid almost opposite 

Inveruglas Water. Between this and the Endrick there are few burns of any

importance. Lamond (1931) states that by the ruggeWLweathering of the hard

gneisses, clefts and gulleys rather than valleys, have been formed on both 

sides of the loch above Rowardennan and Luss where a multitude of precipitous 

torrents rather than any streams of considerable size carry the rainfall 

from the mountain tops to the lake.

The watershed of the Endrick lies almost entirely within the Midland

valley of Scotland, rising at a height of just under 500 metres above sea

level and flowing in a mainly westerly direction for a distance of 49 km to

enter Loch Lomond in its south-eastern corner (Maitland, 1966). The drainage 
2area of 297.4 km represents 35.6% of the total catchment area of Loch Lomond 

and yields a mean flow equivalent to 22.9% of the mean discharge of the loch

to the Leven (C.R.P.B.Tech. Rep. No. 12).

At present 6,500 people live in the Endrick valley and their sewage 

passes almost untreated into the river which also receives the effluent from 

a whisky distillery. The water draining the surrounding arable farmland 

also contributes to the general enrichment process (Maitland, 1966, 1972),

Although little detailed chemical analyses of river water are available, 

apart from that of the Endrick, Slack (1957) published calcium levels in the 

major rivers inflowing to Loch Lonond, These range from 15.8 and 10.3 mg/1 

in the Endrick and Fruin to 2.2 mg/1 in the Falloch with the Douglas, Luss 

and Finlas being intermediate in level. In general the more calcium and 

alkaline salts there are in highland streams and lochs the more fertile 
they are.

Maitland (1961) presents results of chemical analyses of the Endrick 
taken from the source of the river to the mouth, the calcium content and pH 

increases from the source towards the mouth (pH from 6.8 to 7.3), calcium from
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11.2 to 18,2 mg/1, while magnesium levels were about 5.5 rag/1. A detailed 

study of vertebrates and benthic invertebrate life in the Endrick has been 

made by Maitland in 1966.

Loch Lomond occupies an historic place in our knowledge of the vertical 

distribution of water temperature being among the three lochs studied by 

James Gardyne in 1012-1814, tlie first ever series of vertical temperature 

measurements* (Hutchinson, 1957). These were not published at the time but 

were printed much later by Buchan (1871). Buchan's own study in 1871 of 

vertical temperature distribution clearly showed the presence of a thermo- 

cline and hypolimnion. Prom his results he made the important conclusion 

til,at in deep water the temperature always remains at or very near 42°F 

(5.6°C).

Buchannan (1885) showed that the depth and the structure of deep water 

of uniform temperature (hypolimnion) varied with the time of year in Loch 

Lomond being one hundred feet nearer the surface in April than in November. 

He was the first to compare the depth of thermocline layer in different 

regions in Loch Lomond. He also observed that the mean temperature in the 

Ardlui basin was less than that in the Luss basin; this he attributed to 

the influence of the Falloch Water.

Murray and Pullar (1910) included Loch Lomond in their survey of 562 

fresh water lochs of Scotland. Temperature of the water was not considered 

in detail but they observed that the temperature of the large lochs has a 

small annual range rarely reaching 20°F (11.1°C). West and West (1912) 

made a few records of surface water temperature in Loch Lomond, showing that 

the annual range was from 5.0 to 13.3*̂ C.

Slack (1954-1957) in the first detailed survey of the thermal structure 

of the water in Loch Lomond, investigated the temperature gradients in the 

three main basins, Tarbet, Luss and Fault basin. He showed that each basin 

has its own distinctive thermal structure, both in range of temperature and 

vertical distribution.

The Tarbet and Luss Basins are thermally stratified for more than half
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the year, from May to January in Tarbet and from May to November in the Luss 

basin. Slack showed that a definite thermocline is initiated at a depth of 

about 6 metres, descending to about 30 metres in Tarbet basin and reaching its 

maximum development in September. As late as the beginning of January the 

thermocline may be discerned at a depth of 7o metres immediately before the 

overturn occurs. Formation and vertical translocation of the thermocline is 

closely similar in the Luss basin, but the deep hypolimnion is warmer. Both 

basins can be regarded as having a continuous epilimnion.

Stratification in the Fault basin shows no great stability although a 

transient temperature gradient may be established during the period June to 

August, Slack showed no clear separation of an epilimnion from hypolimnion 

in the Fault basin and stated that the water body in this basin cannot be con

sidered as an extension of the epilimnion of the Luss basin. The relatively 
greater exposure of the lower part of the loch allows the wind to reach its 

maximum fetch. Thus he stated any strong wind can easily overturn the whole 

water mass in this shallow region of the loch.

The lower water (hypolimnion) of the Fault basin has a large annual 

temperature range (7.6^c) while in the deep Tarbet basin the range is not more 

than (1°C); the Luss basin is intermediate between these two with a range in 

temperature of (5*̂ C).

Chapmann (1966) clearly showed the pattern of thermal stratification in 

Strath Cashell basin, but no-one, till Hunter (1971) has attempted to describe 

the water circulation type of Loch Lomond. He states that the loch is a 

typical warm monomictic lake. However, in severe winters as occurred in 

1878-1879 and 1963 the Fault basin may become frozen over, producing a reverse 

tenperature gradient. Buchan (18%6) recorded the temperature of the water in 

contact with the ice as 32°F (O^C) with the bottom temperature being 34.5°F 

(1.7^C). Thus in severe weather when the loch is frozen it is dimictlc.

The annual amount of heat received and dissipated by each basin has been 

estimated by Slack (1957) during the year 1953 and 1954. The annual quantity 

transmitted and stored through each square metre of water surface in the Tarbet
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basin was 500 Ton/calories, at Luss basin about 300 Ton/calories and 240 

Ton/calories at Fault basin. The high hills bordering the upper loch reduce 

the daily direct solar radiation from the sun, but the annual heat budget is 

twice that of the lower loch where frequent mixing occurs.

The only measurement of light penetration available are those made by 

Slack (1957) and Chapmann (1966). The latter author gave readings varying 

from 3 to 7.5 metres while the normal Secchi transparency is 5 to 6 metres 

(Maitland, 1972). Tippett (1974) estimates that light penetration in Loch 

Lomond restricts plant growth to the top 20 to 30 feet, while Slack (1957) 

states that the light penetration below 4 metres in Loch Lomond is only 

sufficient for the growth of diatoms which are adapted to light of longer 
wave lengths,

Slack (1957) and Hunter (1971) suggest that the amount of solar radiation

received in the south of Loch Lomond is much greater than that of the north.

This reduced light regime in the mountainous north was confirmed by Tippett
e.uv*Tj3(private communication)? using contour-meters to record the incident solar 

radiation, he suggests that both the steep-sided mountains and the generally 

greater cloud cover at the region are instrumental in reducing the radiation 

input,

Loch Lomond lies at a latitude of 56'N and the daylength varies from a 

minimum of 7 hours during the winter to a summer maximum of just under 18 hours.

During periods of complete circulation the dissolved oxygen levels are 

normally at or near saturation point. Slack (1954) states that oxygen sat

uration is rarely likely to fall to low levels since the volume of the hypo

limnion is great compared with the surface area. The lowest level so far 

recorded being 62% which occurred on 26th July in the Tarbet basin about 1 
metre above the floor of the loch.

Even in the profundal zone of the loch the upper layer of the sediment 

will be in an oxidised condition. Slack (1954) in his exhaustive study of the 

deposits of Loch Lomond suggested from visual evidence that the boundary be

tween the oxidised and reduced state always occurred below the surface of
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bottom sediment. Littoral cores show deep oxidation with the production of 

ferric hydroxide, but as the depth of water increases the penetration of 

oxygen into the sediment decreases.

The occurrence of iron in profundal deposits is greater in the upper 

than in the lower loch, A firm, black iron pan forms over the sand in many 

localities. This effectively seals tlie sand against the penetration of oxygen 

and prevents any exchange of the minerals between water and the sediment.

Areas of around 100 metres square have been found in a number of locations in 

the loch particularly in the south region.

Slack (1954) states that at all stations in Loch Lomond and at all times 

of the year, a surface covering of organic material will be found in the pro

fundal zone. In the Tarbet and Ardlui basin this layer is 0,3 to 0.5 cm 

thick while in the lower loch, the layer of organic material is finer in tex

ture and up to 1 cm deep. These two sediments can be easily distinguished 

by the absence of mica flakes in the latter. In general the deposits of the 

Luss and Strath Cashell basin resemble those at the Fault basin but differ 

from those of the upper loch (Tarbet and Ardlui).

The percentage of organic matter in the deposit of the lower loch increases 

from 5 to 10% as the water deepens, in the upper loch it exceeded 16% at all 

depths greater than 35 metres. In samples taken from the lower loch the 

organic matter decreases below the surface layer while in the north the reverse 

is true. The carbon and nitrogen ratio in the deposits is generally between 

11-30 in Loch Lomond; the ratio in the upper loch (Tarbet and Ardlui basin) is 
mainly around 18.

The organic debris in the upper basin is mainly of allochthonous origin 

being composed chiefly of higher plant remains containing large amounts of 

woody material. This accounts for the large quantities of lignin and low 

protein found in this detritus, and makes it less susceptible to bacterial 

decay. Decomposition in this region is also hindered by the low ambient 

temperature (4°C), the low pH from the peaty water, higher concentration of 
iron and the consequent small number of bacteria. The high C:N ratio for the
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upper loch is thus a function of the C;N ratio of terrestrial plants gen

erally lying between 25 to 40.

The preponderance of allochthonous material in the narrow northern basin 

of Loch Lomond is contrasted in the wide expanse of the southern region by 

the higher proportion of autochthonous material. The lower loch includes 

eight-tenths of the littoral area of the loch with a greater exposure to 

wind and wave action. The larger number of easily decomposed plants (benthic 

diatoms and filamentous algae) with a lower C;N ratio (between 5 to 10) 

coupled with higher average annual temperature at the bottom ll^C, increased 

water movement and higher pH results in a short decay period and a lower per

centage of organic matter in the deposit.

Frustules of the diatom Melosira were found over the entire loch to a 

depth of 152 metres but they appeared to be particularly common in samples 

taken from the deep Luss and Strath Cashell basins (Slack 1954).

The water chemistry of Loch Lomond has not been adequately investigated. 

The small amount of data which are available come from isolated and irregular 

sampling. The total mineral content of the water in Loch Lomond is about 

25 mg/1, ranging from 22 mg/1 in the upper loch to 28 mg/1 in the lower loch 

(Slack, 1957). The monovalent to divalent ion ratio (K + Na : Ca + Mg ) 

ranges from 0.33 in the north to 0.27 in the south (Slack, 1965). The mean 

amounts of calcium were 7 mg/1 in the upper loch, 9 mg/1 in the Luss basin and 

10.4 mg/1 in the lower loch. The carbon dioxide content of the water is low 

having a value of around 0.5 mg/1 (estimated as H^CO^). The water is on the 

acid side of neutrality with a mean value of pH 6.8 and varies from 6.G in the 

north to 7.1 in the south (Slack, 1957), and Brook (1964) showed that the 

alkalinity in Loch Lomond ranges from 4.4 to 9.0 p.p.m. CaCO^.

Slack (1957) stated that Loch Lomond is very low in dissolved phosphate. 

He considered in detail the role of oxygen in maintaining low levels of the 
nutrient and emphasized the necessity for the collection of quantitative data.

The amount of dissolved oxygen in the loch never falls to sufficiently 

low a level to allow the reduction of ferric ion, which exists in a colloidal
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form at the sediment surface. Phosphorus is thus precipitated as ferric 

phosphate and there is very little release of dissolved nutrients into the 

water from the bottom deposits. This fact allied with the nature of the rocks 

in the catchment area explains the natural paucity of the loch.

In tlie wide southern basin wind generatedL currents can reach velocities 

sufficient to lift bottom sediment and carry it into circulation with some 

release of contained nutrient. Lesser winds bring about the subsequent dis

tribution of phosphorus throughout the water body. Slack further speculates 

that the phytoplankton production in the ensuing year depends to a certain 

extent on the strength and frequency of winter winds.

Silicate levels in the Middle basin a$ Loch Lomond for 1955 were shown 

by Chapmann (1965) to vary between 0.37 mg/1 to 1.15 mg/1, phosphorus (quoted 

as total phosphorus) were shown to range from 0.003 mg/1 to 0.012 mg/1 and 

the variation in alkalinity was from 6.0 to 8.8 mg/1. These results, however, 

were based on only 7 samples, one per month in May, September, October,

November and January, with two samples in July 1955,

The flora and fauna of Scottish freshwater lochs were comprehensively 
studied at the beginning of this century, by Murray and Pullar 1910, Scott 

1901 and West and Nest (1903, 1905, 1909, 1912) they emphasised that the 

differences found between plankton in different areas may in part arise from 

the fact that they were examined at different seasons of the year,

Murray and Pullar obtained biological collections from nearly all of the 

562 lochs investigated in Bathymethical survey of the Scottish fresh water 

lochs, from the examination of 400 collections they listed 150 spp. of phyto

plankton, 120 of which were desmids. They stated that out of these, nine 
species of desmids and five diatoms appear to be generally distributed through

out the fresh water lochs in Scotland.

Although they could not represent the biological seasonal variation witli 

any precision, they noted that pelagic fauna and flora are of much greater 

abundance in the warm summer months than during the rest of the year. They 

also observed the large increase in diatoms and other phytoplankton in the
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Spring witli a concomitant réduction in water transparency. The phenomenon 

of flowering was associated with species not commonly predominating in the 

phytoplankton. Chlorophyceae were associated with such flowerings in shallov;, 

lowland lochs, while in northern lochs Myxophycean algae predominated; however 

West (1912) considered that blue-green algae were rare in Scottish lochs.

In contrast to the Summer or Autumn flowering, Loch Earn flowered in mid

winter? however in the largest lakes this phenomenon was not apparent at 

any season (in Loch Lomond in August 1905 Dr Buohman describes a "WasserblÜthe’' 

in which algae were seen floating scattered throughout the water).

Fundamental distinction between the Scottish and European lakes were 

made by West (1903), West and West (1909), Wessenberg-Lund (19o5) and later 

by Murray & Pullar (1910). West and West showed the effect of climatic 

differences between Scotland and Central Europe on the thermal structure of 

the lochs. Central and northern Europe have a continental climate with cold 

winters whereas Scotland has a warm temperate climate with relatively high 

winter temperatures. Many of the lochs never freeze and most of the others 

only rarely become covered with ice and then for comparatively short periods.

Host of the European lochs however freeze for long periods during the winter.

According to Murray and Pullar and Wessenberg-Lund (1910) the presence 

of certain Arctic crustacea many of which are present throughout the year is 

a peculiar feature of Scottish waters. On the other hand a number of species 

dominant in lakes of the European plain are rare or absent in Scotland. The 

abyssal fauna does not contain any peculiar forms to distinguish it from that 

of European lakes, Murray states that there is no reason for proposing any 

marine origin through the intermediary of great inland sea, as has been 

postulated for the central European lakes.
I9N

West (1903), West and West (1909 & 1912), Murray and Pullar, drew atten

tion to two features distinguishing the plankton of Scotland from that of

central Europe. First the extraordinary richness of the phytoplankton in 

species of desmids, a peculiarity shared only with the plankton of Irish 

lakes and second the absence or comparative rarity of the species which pre-
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dominate in the European flora.

They considered that Myxophycea are poorly represented in the deep lochs 

and are by no means numerous in the small shallow lakes. Consequently they 

play quite a secondary role compared with the general domination they achieve 

in the lakes of Europe. Diatoms too, though abundant, rarely occur in such 

large numbers as in Europe.

The unique abundance of desmids is coupled with a very localised dis

tinction, sometimes as many as 50 species being found together in one loch. 

There is nothing to equal this elsewhere in the central European lakes which 

are generally poor in desmids. Wessenberg-Lund attributed the rich desmid 

flora to the peaty character of the water; this is in agreement with West 

and West who attributed it to the absence of lime and the presence of humic 

acid. They further state tliat the desmids distribution corresponds very 

accurately with the areas of old geological formation, these are mostly 

mountainous districts with hard igneous rocks. Murray and Pullar consider 

that climatic factors may restrict desmids to certain regions and they corr

elate it with tie area of greatest rainfall.

In their 1909 paper West and West made the important observation that 

"it is very probably that the chemical composition of the water plays an 

important part in the distribution of phytoplankton*''. They elaborated on

this theme in their publication in 1912 in which they stated that the principle

factors controlling the abundance of desmids is the nature and the amount of 

dissolved salt in the water. Those lakes which contain the purest water are 

the only ones able to support a rich desmid population, Theje are found 

mainly in areas of old hard rock, the drainage water from which contains much 

less in the way of dissolved mineral salts, than that in areas of newer form

ation, The lime whichdecidedly unfavourable to the growth of most desmids, 

is absent from older rocks.

West and West classified areas such as Loch Lomond with a mixed population 

of diatoms and desmids, as intermediate in character with regard to dissolved 

salt level. They also observed the greater quantitative bulk of phytoplanktor
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produced in contaminated lakes and the consequent change in the dominant 

phytoplankton group from desmids to diatoms. In conclusion they stated that 

"v7ith our present knowledge of the occurrence and distribution of British 

desmids the whole matter could be definitely settled by a careful and exact 

chemical investigation of the water of the lake areas".

There have been no tliorough and systematic collections made of the fauna 

and flora of the Loch Lomond area and our knowledge is confined to specific 

areas particularly the low land part of the loch. Slack (1957) says tliat 

in general, the regional variety of fauna and flora in Loch Lomond is quan

titative rather than qualitative. Weerekoon (1953) carried out a detailed

survey of the benthic invertebrate fauna of Loch Lomond and demonstrated that 

these communities occupy five zones which are characteristic of much of tlie 

lowland loch and parts of the northern highland region. The first three 

zones are in the littoral region, an area of mud, sand and gravel which may 

be hundreds of metres wide in the shallow southern portion, while in the 

highland section this region is virtually absent.

The upper and lower loch can be further distinguished by their profundal 

fauna, there being a much greater density of animals per square metre in the 

south (400-500) than in the north (25). Mollusca have received detailed 

attention by Hunter (1957, 1959) and the fish present in the loch have been 

listed by Lamond (1931) and Maitland (1972), The latter indicates the 

presence of 15 species of fish, the largest variety of any of the Scottish 

lochs including the powan (fresh water herring) peculiar to Loch Lomond and 

Loch Eck.

The seasonal variation of the limnetic plankton was studied by Chapmann 
(1965) in the Strathcashell basin, showing maximal numbers of zooplankton in 

early summer and Autumn, Daphnla hyalina was present throughout the year 

with highest population densities in early Summer and Autumn whereas Bosmina 

was most abundant between Autumn and Spring. Details were also given of the 

seasonal cycle of Diaphomus, Mesocyclops, Cyclops, Leptodora and Bythrotrephes 

The vertical distribution of Daphnia shows a peak at the surface during
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Winter and Spring with a maximum at Twenty metres during the Summer.

Maitland (1972) states that zooplankton communities are dominated by Rotifera, 

Cladocera and Copepoda, characteristic of the oligomesctrophic conditions 

of Scottish lochs.

From September 1908 to August 1909, West and West carried out the first 

qualitative survey of the seasonal variation of phytoplankton in Loch Lomond. 

Samples were taken at monthly intervals to the north-west of Luss using a tow 

net. Their results indicated the presence of two coincident maxima for 

Asterionella and Tabellaria both becoming very common in November and June. 

Melosira granulata italica subarctica after Brook 1957) has a single peak 

in May, whereas the desmids are most abundant in September, Coelosphaerium 

and Staurastrum remain present throughout the year.

In general Loch Lomond is characterised by a mixed plankton of Chloro

phyceae and diatoms. The total number of species recorded was 50 of which 

50% were Chlorophyceae, 28% diatoms and 16% blue-green algae. The minimum 

quantity of phytoplankton is found during January and the maximum during late 
Summer.

In general West and West concluded from their extensive studies of 

British phytoplankton that the most abundant species of Tabellaria is fene

strata except in the English lakes where ]r. flocculosa is most frequent.

They also made observations of the timing of maximal number of Melosira in 

different localities. In Windermere the maximum is reached in April (1.7^C), 

in Loch Lomond between May and June (5° to 13.3^0 whilst in Lake Victoria in 

Africa the maximum was reached at 21°C. Prom these observations the conclu- 

Sion was drawn that temperature was of little importance diatoms and does 

no effect their seasonal distribution.

The occurrence of a single, annual peak of Melosira italica subarctica 

in Loch Lomond was explained forty years later by Lund (1954). He showed

its similarity to South Windermere and that isothermal condition is an 

important factor for the rnsuspension and blooming of Melosira. This con

dition cannot be found in Loch Lomond till late January. When the light is
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insufficient for appreciable growth. In general there is a direct rel

ationship between later maxima and increased depth, this illustrates how 

size alone may limit phytoplankton productivity, a condition he describes 
as morphomOtric oligotrophy.

Chapmann (1965) made a qualitative study of net phytoplankton, taking 

samples at a single station roughly once a month. She also carried out the 

first estimation of chlorophylla in Loch Lomond (Strathcashell basin) for a 

period of one year. She remarked that the flora has a mainly diatom-cyan- 

ophycean aspect and that desmids and green algae are neither varied nor a 

abundant. The most abundant algae in the Spring was Melosira which after 

April was displaced by Asterionella, Staurastrum, Tabellaria and Dinobryon. 

From late Summer onwards Oscillatoria and Asterionella were predominant 

with Coelosphaerium being readily visible in the Autumn. The Spring burst

of Melosira is reflected in the high chlorophyll level found in April
3 2(2.21 mg/m ) while the higher values found in Autumn (3.6 mg/m ) were

attributed to the amount of blue-green algae.

Tippett (1974) indicates there may be as many as 65,000 plants per

litre in Loch Lomond, Coelosphaerium is shown to occur throughout the year

whereas Botryococcus appears only in the Summer months.

The only other work on phytoplankton is that of Brook (1964, 1957) who

studied net samples taken from 200 Scottish lochs one of which was Loch Lomond,

Apart from four lochs, the study was purely qualitative and no seasonal invest

igation was attempted. For Loch Lomond the area from which the samples were

taken is not shown, and it is unlikely that they would be representative of

the whole loch since Slack (1965, 1957) states that for any limnological

study of the loch a single sample station is not sufficient.

Brook (1964) indicated the trophic status of each loch according to

Nygaard's phytoplankton quotient;
The compound auotient = .±JSl°rpjihYcea + Centrales + Eugaenineae

Desmidiaceae
which depends on the number of species present rather than on the density of 

phytoplankton. The validity of this approach was questioned by Rawson
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(1956) who started that the number of species observed will depend on the 

intensity of the research and the period of collection. He further stated

that it is rather odd to determine the trophic state of a lake from, say,

the desmids and chlorophyceae when diatoms constitute 95% of the population 

(Great Slave Lakes 1956).

A total of 37 phytoplankton are listed by Brook as occurring in Loch

Lomond; of these 12 were desmids. From the calculation of Nygaards 

quotient, Brook indicates that Loch Lomond (0.9) is mesotropic. This is in 

disagreement with Slack (1954, 1957, 1965) who classifies Loch Lomond as 

generally oligotrophia with the southern region being more a#productive than 

the north part. He attributes the oligotrophia state of the loch to the 

nature of the catchment area and morphometry of loch basin.

The whole of the upper loch lies in a drainage area of hard raetamorphic 

rocks, of Dalradian age, largely covered in peat, yielding nutrient poor 

water, the calcium content of which is generally low and the peat gives the 

water its acidic nature. The deep narrow nature of the upper basin with its 

small littoral zone and the large ratio between hypolimnion volume and surface 

area has already been remarked on. It is difficult for this volume of water 

to become deoxygenated and in general the dissolved oxygen concentration 

remains high, the lowest ever recorded being 62%. The allochthonous material 

which accumulates in the bottom deposit is highly resistant to decay, having 

low protein and a high carbon to nitrogen ratio (characteristic of higher plant 

material). The low decay rate of this type of organic material is reduced 

still further by the low temperature, low pH, large quantities of iron and 

small bacterial flora. The high level of oxygen does not permit the reduc- 

tion to the ferrous state of the colloidal ferric ion which exist sat the 

surface of bottom sediment, phosphorus is thus precipitated as ferric phos

phate and there is little or no release of nutrient from the bottom sediment. 

The topography of the northern region with its high, steep sided mountains 

tends to reduce the daily incident solar radiation. The oligotrophia nature 

of this part is further demonstrated by the sparse profundal fauna.
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Much of tlie lower loch is surrounded by rich Devonian and carboniferous 

strata yielding a greater quantity of soluble mineral salts with higher level 

of calcium than in the northern part. The catchment area contains rich, 

arable land, mostly devoted to cattle and sheep farming and market gardening. 

The largest inflowing stream to the south region is the Endrick Water which 

traverses rich farming areas. Considerable amounts of fertilizer are added 

to the grassland in its catchment area each year and the leaching of such 

material from the soil has almost certainly increased the amount of nutrient 

entering Loch Lomond from the Endrick and Fruin (Maitland, 1972).

The shallow southern region of the loch contains wide littoral and sub

littoral areas with large populations of benthic diatoms and filamentous algae. 

The accumulation of these easily-decomposed, autochthonous plant remains 

results in more rapid decay and recycling of organic material. The trans

itory nature of stratification, the effect of wind-induced currents, the 

higher pH and the greater annual range of temperature at the bottom allow 

rapid release and circulation of nutrients. This wide, open region receives 

more solar radiation than the north. These factors taken together lead 

Slack to the conclusion that the southern region is more productive than the 

northern part. The higher productivity is reflected in the greater number 
of profundal animals in this region.

Shafi and Maitland (1971) state that the designation of the northern 

loch as oligotrophia is undoubtedly true whereas the southern region is 

better described as mesotrophic . Maitland (1972) further states that 

there would have been a significant effect on the eutrophication of the 

southern region by nutrients from sewage, agriculture and industry were it 

not for the direction of main water flow of the loch. There is a continual 

tendency for the nutrient-poor water (from the north) to dilute the water, 

enriched by the Endrick in the south, which is continuously drained by the 

Leven. The northern catchment area because of its high rainfall receives 

relatively more water than the south, and its diluting effect on the south 

is greater than the relative drainags area would suggest.
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Loch Achray, Loch Ard, Lake of Menteith and Loch Rusky ail lie to 

the east of Loch Lomond in the Forth Basin. Loch Achray and Loch Ard lie 

in the area of hard crystalline schist to the north of the Highland Boundary 

Fault while Lake of Menteith and Loch Rusky lie to the South in strata of 

lower old red sandstone. Loch Achray and Loch Ard are thus Highland lochs 

and are surrounded by areas of blanket peat bogs, poor hill grazing and 

forests. Of the two lowland loclis, Lake of Menteith is bordered by fertile 

arable land while Loch Rusky lies in a poor peaty district. Both lochs are 

rich in fish unlike the other tv;o which have low populations of fish. Loch 

Achray (56^14'M 4°23'W) is situated north of the Highland Boundary Fault at 

the entrance of the Trossachs and lies in a mountainous area flanked to the 

south by Ben Venue (2,393 feet) and to the north by Ben Ledi (2,873 feet) and 

MeallGainmheich (1,851 feet). Completely enclosing the loch are forestry 

plantations which extend to a height of 1500 feet, the remainder of the land 

being peat bog and hill grazing.

Geologically (Peach and Horn, 1910) the surrounding area is hard meta- 

morphic rocks, mainly schistose grit covered with various superficial deposits 

of glacial drift. The loch itself is a true rock basin excavated in an out

crop of less durable slates during the eastward movement of the ice. Thus 

the present basin extends roughly east to west and is crossed at its head by 

a powerful fault trending north-east to south-west.

Loch Achray was one of the lochs included in the Bathymetrical Survey

of Scottish fresh water lochs by Murray and Pullar (1910). The surface

water of the loch is 276 feet above sea level and its total length is 1.25

miles (2.01 km) the mean width being 0.26 miles (0.418 km). It has a total
2surface area of 0.32 sq. miles (0.828 km ) with a mean depth of 36 feet and 

the estimated bulk of water contained is 321,000,000 cubic feet. About 70% 

of the area of the loch is less than 50 feet in depth, the region whose depth 

exceeds 90 feet lies approximately in the centre of the loch where the maxi-
2mum deptli is 97 feet. The total drainage area of 44.48 sq, miles (115.2 km ) 

is 139 times the loch area and includes Loch Katrine which feeds it via the
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Achray Water.

Loch Achray lies only 6 feet above the level of Loch Venachar into

which it drains- Successive terraces show that the two lalces originally

formed one sheet of water which stood at a somewhat higher level; however, 

they are now separated by a strip of alluvium.

Murray and Pullar (1910) made observations on the temperature of Loch 

Achray in June and November 1897 and April 1898 and showed that the surface 

temperatures were 59.5°P (15.3^c), 46°F (7.8^C) and 41°F (5.0°C) respectively, 

an intermediate observation at the depth of 30 feet on 12 June, 1897 gave 

53,5^F (12^0). The highest reading of the surface was 64.1°F (17.8°C). So

the annual temperature range is probably in excess of 32°P (17.8°C).

The mud from the deposit of Loch Achray was shown by Murray and Pullar 

(1910) to be grey-brown in colour, containing large quantities of vegetable 

and clayey matter. The mineral particles exceeding 0,05 mm in diameter 

made up between 30 to 40% of the total, some fine diatoms were noted and the 

loss on ignition after drying at 90^0 was 12.34%.

Murray and Pullar (1910) studied the biology of Loch Achray and took

tow-net samples in September, June, November and March, 1898. 12 species of

Entomostraca were recorded but only Daphnia and Bosroina were shown to be

common throughout the year. Four species of Hollusca and 50 species of 

Entomostraca were obtained by dragging the tow-net for a short distance over 

the bottom of the loch. Among them 15 species of crustacea were common in 

Loch Katrine and Loch Venacher. No specific reference is given to the phyto

plankton of Loch Achray during their survey.

West and West (1903) found 22 species of phytoplankton in Loch Achray,

14 of which were desmids while in Loch Katrine 32 phytoplankton of which 17 

were desmids. The genus Staurastrum was most commonly represented among the 

desmids. They placed Loch Achray among those lochs with a rich flora, 

according to the number of desmids found, even though the total number of 

phytoplankton species was only 22.

Brook (1959) includes Loch Achray among oligotrophic Scottish lochs and
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recorded the presence of Closterium selaceiuro and Ĉ . kutzingii in the loch.

No study appears to have been made of water chemistry of the loch or 

the inflowing water and a quantitative study of tîie biology of the loch does 
not exist.

Loch Ard (56*^11’n 4°27’W) lies north of the Highland Boundary Fault

directly to the east of Ben Lomond (3,192 feet) and is bordered on its

southern side by the large expanse of Loch Ard Forest. Like Loch Achray it
is a true rock basin (Peach and Horn, 1910) lying in an east to west direction

along an outcrop of slates but bordered by two bands of schistose grit. The

deepest part of the loch coincides with the outcrop of slates. The band of
massive (Ben Ledi) grit which forms the southern msrgin of the loch acted as

a barrier during glacial erosion. The geological structure of the basin as

well as the easterly trend of the ice have had a strong influence on the

development of the present topography.

Murray and Pullar (1910) show that the surface water of Loch Ard is

lo5 feet above sea level and it is over 3 miles in extreme length if the

eastern prolongation is included. However the body of what may be called

the loch proper is about 2.5 miles (4.02 km) in length with a mean breadth

0.67 miles (1,078 ]<m). The area of the loch surface is 0.94 sq. miles 
2(2,43 km ) witii a maximum depth of 107 feet. The mean depth of the loch is

about 44 feet and the total capacity is 1150 million cubic feet of water.

The main inflows to the loch are the Water of Chon and Ledard Burn while the

outflow joins the Duchray Water, a tributary of the Forth.

The 100 feet depression occupies a central position, is 0,75.miles long

and occupies 11% of the area of the loch. About 65% of the loch is less than

50 feet in depth. The total drainage area which includes those of Loch chon
2and Loch Dubh, is 15.97 sq. miles (41.37 km ) which is 16.99 times the loch 

area, a considerably smaller ratio than for Loch Achray.

The temperature of Loch Ard was recorded by Murray and Pullar in August

1899 and May 1900. The highest surface temperature, 64.6^P (18,3^C) was

observed in August when the whole body of water was warmer. They also



23
a temperature gradient of lO^F (5,6°C) between the depth of 30 and 50 feet 

and showed an extreme fehnge of temperature of 17^F (9.4°C) from surface to 

bottom. No steep gradient was observed in May.

Recent data (1971) on temperature and dissolved oxygen in Loch Ard from 

Mr Brian Morrison (private communication) show the highest surface temperature 

in August (17°C). His data indicate a thermocline in August from 5 to 20 

metres with a temperature gradient of 7.0^C. A similar, smaller gradient of 

5.0^0 was present in June. The annual range of surface temperature was 

from 4.5^C in February to 17.0°C in August, the loch being isothermal from 

October to April. Dissolved oxygen values show little variation with depth 

at any time of the year, the concentration at 5 metres depth ranging from 

9.9 mg/1 in September to 12.8 mg/1 in May.

Sediment samples taken from the deepest part of Loch Ard (Murray and 

Pullar, 1910) were dark grey in colour and consisted chiefly of vegetable and 

clayey matter. The mineral particles of mean diameter 0.1 mm did not exceed 

10%. The organic remains, impregnated with ferric oxide, consisted of diatoms, 

sponge spicules and skeletal remains.

Chemical and biological data are lacking, except for a short reference 

to Loch Ard by Brook (1964). He gave the pH as 6.5 to 6.8 and the alkalinity 

as lO to 15 p.p.m. CaCO^. From net samples Brook recorded 23 species of 

phytoplankton, 6 of which were desmids, 3 species of diatoms and 4 species of 

Cyanophyta. He indicated from a calculation of Nygaard's quotient (1.2) that 

the loch is mesotrophic.

Lake of Menteith (56°10'N 4°17'W) claims the distinction of being the only 

lake in Scotland. It lies south of the Highland Boundary Fault, in an area of 

old red sandstone (Peach and Horne, 1910) although the lake itself lies in 

various superficial deposits partly composed of boulder clay.

The water surface of the Lake of Menteith as shown by Murray and Pullar

(1910) is only 55 feet above sea level, its extreme length is 1.6 miles

(2.57 km) and mean width 0,64 miles (1.02 km). The water covers an area of
21,02 sq. miles (2.64 km ) and the maximum depth is 77 feet with mean depth of
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about 20 feet. The volume of water contained within the lake is estimated

as 562 million cubic feet. The lake contains one large island, Inchmahome,

and two smaller islands. The floor of the lalce is generally irregular

having three depressions greater idian 25 feet in depth. The total catchment
2are of the Lake of Menteith is 6.35 sq. miles (16.45 km ) this being 6.23 

times its surface area.

Temperature readings were taken by Murray and Pullar in May and August, 

1900. The surface temperature recorded was 63.2°P (17.2^0) in August and 

52.2^F (11.l°c) in May. The temperature decreased gradually from surface to

bottom in May, the range being 2°p (l.l^C).

There is no published biological or chemical data on Lake of Menteith 

apart from Brook (1964) who indicated from Nygaard's quotient (1,1) that the 

lake is mesotrophic and Maitland (1963) who stated that Lake of Menteith is 

“a relatively unproductive lake.”.

Mr Brian Morrison (private communication) has kindly supplied me with the 

results of water analyses from a number of samples taken during 1968, 1969 

and 1970. These show that the pH ranges from 6.94 to 7.86 and alkalinity 

from 12.8 to 21.2 p.p.m. CaCO^, The divalent cations, calcium and magnesium 

have mean values of 10.8 and 1.2 p.p.m. respectively while of the monovalent 

cations Sodium averages 4.8 p.p.m. and Potassium 0.55 p.p.m. He indicates 

the presence of thermocline in 1969 from June to August while in 1970 the 

thermocline was absent. Dissolved oxygen showed little variation with depth 

(14.4 to 11.3 p.p.m.) except during the thermocline formation when it fell to 

low level at the bottom (1.66 p.p.m.) in August, 1969.

Net samples were examined for blue-green algae during the latter half of 

1970 (B. Morrison, private communication) ; the presence of Ccelosphaerium, 

Microcystis, Anabaena spiroides and Anabaena spp. was noted. Secchi disc 

transparency was generally low ranging from 1.75 to 4.25 metres.

Loch Rusky (56^13'N 4^14'W) as shown from geological and Ordnance Survey 

maps, lies South of the Highland Boundary Fault at 445 feet above sesi level.

It is in an area of lower old red sandstone though the loch itself lies in
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various superficial drift deposits. Its catchment contains poor infertile 

land with large areas of peat, strongly contrasted with the richer farmland 

surrounding Lake of Menteith which lies only 3 miles to the south-west.

The loch has a maximum length of roughly 0.5 miles (0.8 km) and a mean width 

of about 0.3 miles (0.48 ]cm) ? its surface area is roughly 0.12 sq. miles.

Loch Rusky was not included in the Bathymetrical Survey of Scottish 

freshwater lochs by Murray and Pullar, so no depth soundings are available. 

There also appears to be a complete absence of any physical, chemical or 

biological data on the loch.

The seasonal cycle of phytoplankton and nutrient in the freshwater lochs 

in Scotland is poorly documented and truly quantitative studies are few.

The area of concern in the present study broadly defined as "Loch Lomond and 

the Trossachs” contains many areas of water of great economic importance, 

either for water supply or recreational purposes. Nevertheless they seem to 

have attracted little interest from scientific investigators who have confined 

themselves to isolated studies on particular areas.

The seasonal variation of phytoplankton and cycling of dissolved nutrients 

in Loch Lomond, Loch Achray, Loch Ard, Lalce of Menteith and Loch Rusky have 

been quantitatively studied on regular bases for the first time. Previous 

investigators have limited themselves to surface water samples taking net 

phytoplankton only, in this survey surface and depth samples have been talcen.

The sheer size of Loch Lomond and its varied topography indicate that for 

any limnological studies, a single station does not represent the whole loch.

In this survey three main stations were taken (North, Middle and South) and 

three additional stations covering the entire 23 miles length of the loch.

Tliis quantitative survey allows direct comparisons to be made of different 

regions of a single body of water or separate bodies of water lying in areas 

of different geological and topographical nature.

The paucity or complete absence of chemical data on most rivers and burns 

(streams) in the Loch Lomond watershed has in the past given rise to much 

speculation concerning the nature of this water. Regular chemical analyses of
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17 of the main inflows covering almost the entire catchment area have been 

undertaken to remedy this situation. A similar lack of information on the 

water from drainage area of Loch Achray, Loch Ard, Lake of Menteith and Loch 

Rusky has been filled by regular water analyses of 5 main inflows.

Diurnal variation of phytoplankton and nutrient for a continuous 48- 

hour period have been studied in Loch Lomond. This being the first of 

such study in any freshwater loch in Scotland,



CHAPTER 2



Map I

mm-



27

STATIONS, SAMPLING AND METHODS

The field work for the present research was initiated in October 1971 

and completed in September 1973. Although Loch Lomond was sampled from the 

commencement of the work, the quantitative ecological study of the loch 

started in March, 1972, with weekly sampling from three stations (1, 2, and 

3 on Map 2). From August 1972, 17 major rivers and burns draining to Loch

Lomond (Map 2) were sampled on a fortnightly or monthly basis. An extension 

of the research in October 1972 entailed the sampling of 3 additional stations 

in Loch Lomond (4, 5, and 6 on Map 2). At the same time sampling commenced 

in Loch Achray, Loch Ard, Loch Rusky and Lake of .Menteith which are neighbour

ing Lochs (Map 1). The four lochs and Loch Lomond were thenceforward 

sampled on alternate weeks.

Table 1. Sampling Stations in Loch Lomond

Sampling No, 
Station Map

on
i 2

Max.
Depth
(m)

Location Ordnance 
Survey 
Grid Ref.

Sampling
Commenced

North 
Bas in

1 150 Tarbet Basin, Upper Loch NN 021 341 V'larch, 197 2

Middle
Basin

2 47 Luss Basin, Lower Loch NS 937 367 March, 1972

South
Basin

3 23 Fault Basin, Lower Loch NS 905 387 March, 19 7 2

North
Falloch

4 63 Ardlui Basin, Upper Loch NN 139 327 Oct., 1972

North
Inversnaid

5 198 Tarbet Basin, Upper Loch NN 069 335 Oct., 1972

South
Balmaha

6 17 Fault Basin, Lower Loch NS 890 405 Oct., 1972

The three main stations "North", "Middle', and "South" basins were sampled 
at surface, 3m, 5m, 10 m, while North Inversnaid, North Falloch and South 

Balm alia were sampled at surface and 3 ra only.

The "North Falloch" station is situated at the northern end of the Loch 

in the Ardlui Basin, just above the narrowest point, this area being largely 

effected by the inflow from the River Falloch. On both sides of the basin the 

hills rise abruptly to over 2,500 feet. The "North Inversnaid" station lies
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in the Upper Tarbet Basin, 2 km south of Inversnaid over the deepest region 

of the entire loch. The hills still rise steeply but the loch is slightly 

wider here. The last station in tiie Upper Loch is the '*Uorth” Basin which 

is situated at the southern part of the Tarbet Basin where the loch is again 

narrow. The steep-sided hills rise to Beinn Bhreac {2,073 feet) in the west 

and to the dominating mass of Ben Lomond (3,192 feet) in the east.

The first station in the Lower Loch is the "Middle Basin" lying 1 km 

north-east of Luss in the Luss Basin. The hills in this region rise more

gently and the Loch is much broader. The other two stations of the Lower

Loch lie in the wide Fault Basin. The "South Basin" lies to the south of the 

island of Inchcruin and to the north of the Highland Boundary Fault, while 

"South Balmaha" station lies south of the chain of islands of Inchcailloch, 

Terrinch, Creinch and Inchmurrin which mark the Highland Boundary Fault.

Thus "South Balmaha" is the only true lowland station in the loch.

From August, 1972 the following rivers and burns were sampled in the 

Loch Lomond catchment area on a fortnightly or monthly basis. The Ordnance 

Survey Grid Reference locates the points from which the samples were taken.

(1) River Falloch (MN 165 315) is the largest single inflow to Loch 

Lomond and joins the loch at its northernmost point. Its catchment includes 

Glen Falloch which runs north-eastward from the head of the loch,

(2) Stuckindroin Burn (NM 151 320). The catchment of this burn extends

to Ben Vorlich (3,082 feet) on the west side of the lochf like the River Falloch 

this burn runs into the Ardlui Basin.

(3) Rubha Ban Burn (NN 120 333). This is a small burn entering the

east side of the loch at the northern end of the Tarbet Basin.

(4) Alt Ardvoriich (NN 120 324) enters the loch on the west side of Tarbet

Basin at Ardvoriich. Its catchment, like Stuckindroin Burn, lies entirely

on the slopes of Ben Vorlich.

(5) Inveruglas Water (NN 092 316) drains from Loch Sloy which lies 1000 

feet above Loch Lomond. The water enters the Tarbet Basin at Inveruglas on 

the west side of the loch.
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(6) Inversnaid {NN 088 338), The water from Loch Arklet (500 feet 

above Loch Lomond level) enters the Tarbet Basin at Inversnaid, The point of 

entry is almost directly opposite Inveruglas.

(7) Cailness Burn (NN 062 342) drains from the north-west facing slopes 

of Ben Lomond to enter the east side of the loch 2.5 1cm south of Inversnaid.

(8) Ardess Mater (NS 993 360) drains from the south-facing slopes of Ben 

Lomond entering the loch at tlie southern end of the Tarbet Basin at Rowardennan,

(9) Douglas Water (NS 979 343) has a fairly large catchment area and runs 

through Glen Douglas to join the loch on the west side of Inverbeg. The point 

of entry marks the boundary between the Tarbet and Luss basins,

(10) Coille Mhor River (NS 969 367) and (11) Coille Mhor Loch (NS 968 368)

both enter the Luss Basin on the east side of the loch within a short distance 

of each other. Coille Mhor River drains from tlie lower hills to the south of 

Ben Lomond and Coille Mhor Loch represents the outflow from the Dubh Loch.

(12) Cashell Burn (NS 946 397) drains from Beinn Bhreac and Beinn Uird 

on the east side of the loch entering the Luss Basin at the southern end of 

Rowardennan Forest.

(13) Blair Burn (NS 930 407) also drains from Beinn Bhreac and runs 

parallel to Cashell Burn to join the Luss Basin at Milarrochy.

(14) Luss Water (NS 927 357). The three burns, Glen Mollochan, Gleann 

MaCaoruinn and Auchengavin, join to form the Luss Water which has a total 

course of 6 miles^ and collects water from, the hills to the west of Luss.

This inflow joins the loch at Luss Basin.

(15) River Endrick (NS 873 472) has the largest drainage area of all the 

inflows to Loch Lomond and enters the loch at its south-east corner. This 

river is tlie largest single inflow to the Fault Basin.
(16) Finlas Water (NS 882 354) drains from the hills to the south of Luss

entering the west side of the Fault Basin at Ross Park.

(17) Fruin Water (NS 857 357) rises in the hills above Garelochhead and 

runs roughly parallel with the Finlas to join the Fault Basin 3.5 loii north of 

Balloch in the south-west corner of the loch.
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Loch Achray, Loch Ard, Loch Rusky and Lake of Menteith

All lochs were sampled fortnightly from October, 1972. A single station 

from each loch was chosen. Surface and 5 m depth samples were taken from 

Loch Achray, Loch Ard and Loch Rusky, while surface and 3 ra depth samples 

were taken from Lake of Menteith,

Loch Achray lies to the north of the Highland Boundary Fault about 17 km 

east of Loch Lomond. It is a fairly small loch (see Map 1, 3 and Table 2) 

elongated toward the east and surrounded by mountains rising to over 2,030 

feet. The main inflow, "Achray Water", drains from Loch Katrine and joins 

the loch at its western end. The outflow from Loch Achray ("Black Water") 

leaves the loch at its most easterly tip and meanders for a distance of about 

1 km before entering Loch Venacher. These lochs lie in the drainage basin 

of the River Forth.

The only sampling station was located centrally at Grid Reference 

NN 066 510 (see Map 3) over tlie deepest region of the loch. The main inflow 

was sampled at a point one third of a kilometre before it enters the loch 

(Grid Reference NM 065 504 - see Map 3), All samples were taken between 

1100 and 1400 hours.

Loch Ard. South-west of Loch Achray but still in the Highlands lies 

Loch Ard. It is longer than the previous loch (see Map 1, 3 and Table 2) and 

elongated along an east-west axis. Loch Ard is situated in a mountainous eref 

east of Ben Lomond and about 12 km easÈ of Loch Lomond. The main inflow, the

Water of Chon, drains from Loch Chon and enters the eastern end of the loch.

A secondary tributary, the Ledard Burn, has a catchment area extending to 

Beinn Bhreac and enters the loch from the north.

The sampling station at Grid Reference NN 019 465 (see Map 3) was located 

over the deepest region in the loch. The main inflow and Ledard Burn were 

sampled at the point of entry at Grid References NN 023 448 and NN 024 459 

respectively. All samples were taken between 1200 and 1600 hours.

Lake of Menteith. Lake of Menteith, the longest of these four lochs, 

lies to the south of the Highland Boundary Fault (Map 1 and 3, Table 2)
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due east from Loch Ard and about 22 km easfe of Loch Lomond. The surrounding 

land to the south.is fairly flat whereas to the north the Menteith hills rise 

to almost 1,400 feet. The main burn contributing to Lake of Menteith drains 

from the Menteith Hills and enters the lake near its north-west corner. The 

outflow is the Goodie Water which leaves south-east corner of the lake even

tually enters the River Forth,

The sampling station is located at Grid Reference NM 005 584 (Map 3) over 

the deepest accessible part of the lake, off Port of Menteith. The burn was 

Sampled at Grid Reference NN 012 571. Sampling was carried out between 0900 

and IlOO hours.

Loch Rusky. This is the smallest of the four lochs and the second low

land loch. It lies in tlie hills to the north-east of Lake of Menteith and 

28 km east of Loch Lomond. The main burn flowing into the loch - "Letter 

Burn" - drains from Ben Gullipen (1,357 feet) to the north; the outflow 

leaves the loch at its south-east corner, joining the Goodie Water which 

ultimately drains to the Forth.

Samples were taken at Grid Reference NN 036 616 (Map 3) the deepest acc

essible part of the loch. The main inflow was sampled at Grid Reference 

NN 038 614. All samples were taken between 1000 to 1300 hours.

Table 2,

Lochs o ̂•i-t o -i-J 0)nj O
Breadth
(miles)

Depth
(.feet) Q) 4-ig 14-J
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d  CD fd r-l ■p QJ -H
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JUd9 ;

Ard 105 2.3 1.1 0.41 107 43.863 1150 0.94 15.97 16.99 1
Menteith 55 1. 6 1.0 0.64 77 19.77 562 1.02 6.35 6.23 1
Rusky 445 0. 5 0.4 0.3 44 - 0.12 - t

1
Lomond 23,9 22.64
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Sampling Methods

Sampling at the various stations in Loch Lomond was carried out entirely 

from the Cattamaran 'Fiona’, belonging to the University of Glasgow Field 

Station at Rowardennan. The vessel has a hydrographic winch situated amid

ships over an opening between two fibreglass floats. This is covered whilst 

the boat is in motion, but can be rapidly uncovered when a sampling station is 

reached. The twin 20 h.p. outboard motors give the cattamaran a top speed of

8.5 knots, enabling the sampling of the entire lengtli of the loch to be 

carried out in about 8 hours.

A small, collapsible rowing boat was used on the four other lochs from 

which samples were taken (Lochs Achray, Ard, Rusky and Lake of Menteith).

On arrival at a station the boat was anchored, the oxygen-temperature proiai^ 

was connected to the meter and immersed in the lake water to equilibrate.

During this period surface and depth water samples were obtained and net 

phytoplankton was collected using a plankton net with 200 meshes to the inch. 

Surface water samples were taken using a clean polythene bucket, rinsed twice 

with loch water before filling. Five-litre samples were transferred to a 

clean, narrow necked 5 litre polythene bottle which was rinsed twice with 
sample before filling.

Depth samples of water and phytoplankton were collected using a 6 litre 

closing samples of the Van Dorn type (Van Dorn, 1956). In Loch Lomond the 

samples were lowered from a hydrographic winch fitted with a meter, in the 

other four lochs a cord marked at suitable intervals was used. When the 

sampling device had reached the desired depth closure was effected by a drop- 

weight "messenger" which slides down the supporting wire. This type of 

sampler has the advantage of being free-flushing during descent and non

contaminating (due to its chemically neutral polythene tube). The plastic 
caps drawn around to the side of the tube snap firmly to after being tripped 

by the messenger and make a watertight seal. The sampler can then be rapidly 

raised to the surface where a small volume of water is withdrawn to rinse a 

5 litre polythene bottle which was then filled. On completion of water bottle
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sampling tîie oxygen-temperature profile was recorded and the weather 

conditions- noted. Samples from rivers and burns were taken in the centre of 

the flow at a region of rapidly moving water and away from any source of 

localised pollution. All samples were taken using a clean polythene bucket 

rinsed twice in stream water. The running water was also used to wash a 

clean 5 litre narrow necked polythene bottle to which tlie bucket sample was 

then transferred.

Determination of orthophosphate

Almost all metliods for the estimation of dissolved orthophosphate are 

colorimetric and most are based on the formation, under acid conditions, of the 

yellow colloidal phosphomolybdic acid and its subsequent reduction to a blue 
heteropoly compound. Under the conditions used, combined forms of phosphate 

do not react with molybdate, these include dissolved organically combined 

phosphate and polyphosphate. Particulate phosphorus is also un-reactive,

The procedure used here is that of Murphy and Riley (1962) with the acid 

and molybdate concentrations given by -Stephens (1963) as described by Strick

land and Parsons (1968),

The sample is treated with a single reagent containing acidified ammonium 

molybdate, ascorbic acid and antimony. All reagents used were of analytical 

quality. The ammonium molybdate solution was made up freshly each week, 

ascorbic acid solution was kept frozen at -20^C between analyses but was never 

kept more tlian one month. The concentrated sulphuric acid and the solution of 

potassium antimonyl tartrate were made up in large volumes, sufficient for 
3 months.

Samples were analysed within 2-4 hours of completion of sampling, large 

pieces of debris and zooplankton were removed by filtering through a fine 
(25 y) nylon mesh,

100 ml aliquots of each sample were dispensed into 250 ml polythene 

bottles; and analysed in duplicate vhLle dmndard s and flanks vere analysed in 

triplicate. The sample aliquots for analysis vere placed in a water bath 

for 3o minutes at 20-25°C; lO ml of freshly prepared mixed reagent were
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added with mixing. After 1 hour the extinction of the blue colour was read 

at 885 my on an SP 600 spectrophotometer in 4 cm cells. Bach set of analyses 

was accompanied by standards and blanks, tlie standard being a solution of 

KH^Pq^ (3 yg atoms P/1.). This was prepared from a concentrated standard 

(kept frozen at -20*̂ 0) , the blanks being distilled water. The equation used

for calculation the calibration factor is F = — ---—  • For full des-

cription of the method see Appendix (!).

The single reagent method described above is the result of development and 

improvement made by many authors over a period of years. The addition of sul

phuric acid gives an optimum pH for the reaction of orthophosphate v/ith molyb

date even in the presence of a large excess of silicate (Burton et ̂ al., 1973). 

The use of ascorbic acid as a reductant in the analysis of fresh was has been 

recommended by Strickland and Parsons (1968), Goltermann (1969), standard

metliod of A.P.H.A. (1971) and Burton (1973) . This has many advantages over 
ostann^s chloride (Olsen, 1967) as a reducing agent, the blue colour is stable 

for many hours, there is no temperature effect between 15-30°C and there is no 

interference with arsenic, silicate, copper or iron. The ease and rapidity 

of use of a single reagent solution also recommends it. On tlie other hand, 

stannocus chloride which is recommended by Mackath (1963) is unsuitable where 

many analyses have to be carried out. The colour must be measured between 

10-12 minutes after adding the second reagent. The method is very temperature 

dependent and the addition of two solutions is involved, there is also greater 

sensitivity to interfering ions (Olsen, 1967; Burton, 1973).

The addition of antimonyl ions to the single solution (Murphy and Riley,

1962) considerably improved the rate of colour formation, which previously 

took 24 hours at room temperature (Murphy and Riley, 1958).

Extraction of the highly coloured blue complex into an organic layer 

increases the sensitivity of the method considerably, but the disadvantage of 

this procedure for the analysis of many samples lies in the demand on glass

ware, reagents, space and time (Olsen, 1967).

The most recent method of phosphate analyses described by Hasakaw and
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Ohsima (1973) utilise a single reagent which is stable in air for many months. 

Colour development takes 20 minutes at 100°C, is stable for a few months and 

does not suffer from As or Si interference. No indication is given of the 

accuracy of the method.

Determination of silicate

What is commonly termed soluble silica or silicate is almost always deter
mined by a colorimetric method involving the formation of a silicomolybdate 

complex. The yellow colour of this complex may be measured directly or tlie 

silicomolybdate complex may be reduced to a heteropoly blue. The blue colour 

is more intense than the yellow colour and provides increased sensitivity. 

According to Martin (1972) the method depends on the reaction of ortliosilicic- 

acid H^SiO^ with molybdate in the ratio 12:1 to give silico molybdic acid:- 

H^SiO^ + 2h  ̂ (SiMo^^ O^^) t Dienert and Wan^enbulcke
(1923) also claim that the reaction is given only with silicic acid. However 

Goltermann (1969) states that "the formula of tlie compounds of silicon which 

are determined by the chemical methods is not known and the terms silica and 

silicate are used only as convenient descriptions". Strickland and Parsons

(1968) consider that the term "reactive silicate" should be used since not all 

the silicic acid present was reactive, while Burton and Leatherland (1970) 

found no unreactive silicate in river water samples even with concentrations 

up to 5000 yg Si/1. Lund (1964) made the important conclusion that the 

"orthosilicate silicon" or the "silica" estimated by the standard molybdate 

method are available to diatoms, while the more highly polymerized forms are 

not.

The procedure used in the present investigation is a modification of the 

method of Mullin and Riley (1955) as described by Strickland and Parsons (1968).

The silicate samples for analysis were returned to the laboratory in poly

thene containers within 2-3 hours of the completion of the sampling. The 

analysis was commenced immediately, duplicate 25 ml aliquots of each sample be" 

ing dispensed into 250 ml narrow necked polythene bottles. These were then 

allowed to equilibrate in a water bath for about 30 minutes at a temperature
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between 18-25°C, after which 10 ml at acidified molybdate solution was 

added. The mixture was allowed to stand for 10 minutes followed by immed

iate addition of 15 ml of reducing agent consisting of metol-sulphite solut

ion, oxalic acid solution and sulphuric acid.

The solution was allowed to stand for 2-3 hours to allow the complete 

reduction of the silico molybdate complex. The extinction was then measured 

in a 4 cm Unicam glass cell against distilled water. The readings were made 

on a Unicam Sp 600 spectrophotometer using a red filter at 810 mU. Each set 

of analyses was accompanied by standards and blanks three of each being

carried through the above procedure. The silicate standard used was sodium

silico fluoride (Na^SiFG); this is an easily prepared, long-lasting standard 

which is stored as a concentrated solution and diluted to give a standard 

solution of 4 yg atoms Si/1, for immediate use. The blanks used were silic

ate-free distilled water.

All reagents used were of analytical quality, all solutions were kept in 

polythene bottles and the distilled water for making up solutions was stored 

in polythene containers. The acidified molybdate solutions were made up

freshly each week, as a white precipitate tends to form if kept longer. The

metol-sulphite solution was also found to deteriorate on keeping and v/as 

freshly prepared each week. The other reagents, oxalic acid and sulphuric 

acid, were made up in bulk, sufficient for three months.

The theoretical basis of this determination of silicate has been considered 

in detail by many autliors, the main difference between the methods lying in the 

type of reductants employed and the use of oxalic acid. According to the 
standard methods of the A.P.H.A. (1967) ammonium molybdate reacts at pH 1.2 

with silica and also with any phosphate present to produce a heteropoly acid.

The molybdophosphoric acid and any (arsenoraolybdic acid) are destroyed by
adding oxalic acid. This is, generally, included with the reducing agent
(Goltermann, 1969 used instead).

Metol-sulphite solution is commonly used as a reductant in the silicate 

analysis of fresh water (Mullin and Riley, 1955; Mackereth, 1963; Strickland
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and Parsons, 1968), while stannous chloride is recommended by Goltermann 

(1969). According to Mullin and Riley (1955) metol sulphite was chosen on 

the grounds of cost, accuracy, high stability of the reagent and stable colour 

formation. The addition of sulphite is necessary for rapid and efficient 

reduction of the silicomolybdate. The sulphuric acid prevents the reduction 

of the excess molybdate which has not been coraplexed with silica and is also 

essential for reduction of silicomolybdate to take place. Although stannous 

chloride reducing agent has a slightly greater sensitivity the molybdenum-blue 

colour is unstable and must be read between 10 and 15 minutes after adding the

reagents. The colour with the met&l sulphite reductant is stable for up to
2-f 2+ 2+ 2+24 hours, and the interference from other ions (Cu , Fe , Ca , Ni ) is

likely to be low (Mackereth, 1963),

This procedure is suitable for samples with silicate concentration in the 

range 0.1-140 yg atoms Si/1. (Strickland and Parsons, 1968) for higher concen

trations the molybdinum yellow method should be used (A.P.H.A., 1967).

For complete details of the method see Appendix (ii).

Determination of Nitrate

A large variety of methods have been used in the estimation of nitrate in 

natural waters, though these may be divided into three main categories. Col

orimetric methods reacting with nitrate directly, methods relying on the reduc

tion of nitrate to either nitrite, ammonia, or nitrosyl chloride, and methods 

giving a direct reading, including specific ion-electrodes and u.v. absorption.

The colorimetric methods are based on the formation of various coloured 

products when nitrate is allowed to react with various organic reagents such as 

Brucine (A.P.H.A., 1967) and Strychnidine (Cooper, 1932) in acid solution or 

with phenoldisulphonic acid (Mackereth, 1963) in alkaline solution. The 

brucine and strychnidine methods suffer from sensitivity to temperature, pH and 

impurities in the reagent (Martin, 1972; A.P.H.A., 1967). The phenodisul-

phonic acid procedure involves the time consuming process of evaporating 100 ml 

of sample to dryness before adding the reagent. All these procedures suffer 

from chloride and nitrite interference (Martin, 1972; A.P.H.A., 1967;
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Mackereth, 1963).

The reduction of nitrate to nitrite or nitrosyl chloride is now commonly 

used in determination of nitrate, though Goltermann (1969) describes a method 

in which nitrate is reduced to ammonia. This is a lengthy procedure involv

ing distillation of the ammonia followed by Nesslerisation, the drastic 

reducing conditions used result in the reduction of organic nitrogen compounds.

The reduction of nitrate to nitrosyl chloride in the presence of sulph

uric acid was used by Armstrong (1965) in his method of nitrate estimation.

The nitrosyl chloride was measured from its u.v. absorption at 230 my, this 

method is applicable for only high nitrate concentrations and the method is 

temperature dependent (Martin, 1972),

A sensitive method involving the reduction of nitrate to nitrite was 

described by Mullin and Riley (1955). Hydrazine acted as the reducing agent

in strongly alkaline solution, the reaction being catalysed by copper ions 
2+(Cu ). This procedure is very temperature dependent, and requires 24 hours 

for complete reduction to take place; the nitrite is then assayed by the 

Bendschneider and Robinson technique. The use of zinc powder for the reduc

tion of nitrate to nitrite (Chow and Johnstone, 1962) gives only 85-90% 

reduction and each sample has to be centrifuged and filtered, Morris and 

Riley (1963) described a method using cadmium as a reducing agent. This 

provides reproducible reduction of 91+1% nibrate to nitrite after the samples 

had been passed through a column of amalgamated cadmium filings. A later mod

ification lengthened the reducing column and included an alkaline ammonium 

chloride wash to complex the oxidised Cd ions. In a further refinement 

Strickland and Parsons (1965) replaced ammonium chloride by the tetrasodium 

salt of ethylenediaminetetraacetic acid. Wood, Armstrong and Richards (1967) 

replaced mercury as a cathode by copper providing a reproducible, quantitative 

reduction of nitrate to nitrite 99+1%. This method was used in the present 

investigation as a rapid and reproducible technique wibh high sensitivity over 

the range 0-60 yg atoms N/1. The reaction is as follows

NO3 + Cd + RDTa "̂” + H^O No2 + Cd - EDTA^” + 20H
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2+The addition of EDTA complexes the Cd ions and this prevents the precip

itation of CdfOH)^ and CdCo^ which reduce the column efficiency and decreases 

the column life (Wood, Armstrong and Richardsr 1967).

Analysis of samples was commenced immediately on return to the laboratory 

and within 3 hours of completion of sampling. 50 ml aliquots of each sample 

were, measured into two 50 ml graduated measuring cylinders; the column was 

then washed with 3-4 ml of sample, followed by the addition of the remaining 

sample to t):e column reservoir, the graduated cylinder being placed under the 

column discharge tap. The flow rate was controlled at 10-12 ml/minute and 

15 ml of column effluent was collected in the cylinder. After dilution to 

30 ml with distilled water the solution was assayed for nitrite estimation 

as described by Bendschneider and Robinson (1952) using 1 cm Unicam glass 

cell. All samples were analysed in duplicate»

The method was calibrated using a nitrate standard of 20 pg atoms N/1. 

prepared by diluting 1 ml of concentrated standard solution (5 ug atoms/ml of 
potassium nitrate to 250 ml with distilled water. Three standard solutions 

and three distilled water blanks were carried through the entire procedure v;ith 

each set of determinations The calibration factor, F, was calculated from 

the expression
20

The concentration of nitrate in any sample was then found by multiplying the 

corrected mean extinction of the sainple by the calibration factor and sub

tracting the nitrite concentration in yg atoms N/1.

For full details of the method see Appendix (iii).
Determination of Nitrite

All estimation of nitrite are based on a diazo&ization process. Under 

acid conditions the nitrite ions react with an a%5bmatic amine (R - to

form a diazo compound which is coupled with a second aromatic amine (Ar NHg) 

to form a red azo dye (Martin, 1972). The intensity of the final colour is 

proportional to the amount of nitrite present.
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The earlier method of Ê^riess-Ilosvay (A.P.H.A», 1967) recommended by 

Mackereth (1963) used sulphanilic acid as the diazotising agent and 1- 

naphthylamine hudrochloride as the coupling agent. This method suffers from 

interference with metal ions (Fê "*", Ca^^, etc.) which catalyse the decompos

ition of the diazonium salt, and is generally slow and inconsistent(A,P.H.A., 
1967).

Bendschneider and Robinson (1952) adopted a sulphanilaraide solution and 

N-(1-naphthyl)-ethylenediamine dihydrochloride solution in their improved 

method, which was described in detail by Strickland and Parsons (1968) and 

used throughout the present investigation.

The reaction is as follows;-

WH_.C^H..SO_ + NÔ_ + 2§ “V N s N CTH_.SO^ NH_ +2 6 4 2 2  2 5 4 2 2  20
diazonium ion 

NH., CH^ CH^ t N = N C^H^.SO^

NH„ CH_ CH-NH C, = N. ChH.. S0_ NIi_ + h ’''
2 2 2 J.U 6  6  4  2 2

pink azo dye

The absorbance of tlie pink azo dye is measured at 543 my. This proc

edure has the advantage of being 5% more sensitive, independent of temperature 

over a wide range, not as sensitive to interference by metal ions and more 

rapid (Martin, 1972).

Analysis was carried out within three hours, on fresh s amples, 50 ml 

aliquots of which were measured into graduated cylinders, 1 ml of sulphan- 

ilamide was added to each sample aliquot and mixed, after 2 to 6 minutes 1 ml 

of coupling reagent (N-(1-Naphthy1)-etl^ylenediamine dihydrochloride solution 
was added and mixed. The colour developed was measured after 10 minutes in 

a 4 cm Unicam glass cell at 543 ray. A Unicam SP600 spectrophotometer was 

used throughout the investigation.

A standard nitrite solution, prepared from A.R. sodium nitrite, was 
diluted to a concentration of 2 yg atoms N/1. for calibration purposes. 

Recalibration was found to be necessary except when reagents were changed 

although distilled water blanks were run with each set of determinations.
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The calibration factor was determined from the expression

2P =

the nitrite concentration of any sample being found by multiplying F by the 

corrected extinction at 543 my.

For full details of method see Appendix (iv). 

pH determination

pH is the logarithm of the reciprocal of the hydrogen ion concentration. 

The pH expectation for most natural waters lies between 6.5 and 8.5 (Welch, 

1952) though the majority of waters are slightly basic due to the presence

of carbonate and bicarbonate ions (Ruttner, 1963).

pH can be measured colorimetrically or electrometrically. The colori- 

metrècmethod suffers from interference from colour, colloidal matter, and

various oxidants and reductants. No single indicator covers the entire range

of interest and this procedure is suitable for rough estimations only. The 

electrometric method is considered standard and has high precision (Welch, 
1952).

In this investigation the pH of unfiltered samples was measured immed-; 

lately on return to the laboratory using a Pye Model 292 pH meter. The 

electrodes used with the meter were a glass indicator electrode in combination 

with a saturated calomel electrode. The glass electrode is free from inter

ference, covers the range O to 14 and has an error of -f 0.02. The electrode 

was standardized on each occasion using a buffer solution near to the expected 

pH of the sample (in this case pH 7). Since the current from the glass

electrode is temperature dependent, the temperature of the buffer was measured 

to 1°C and the instrument set accordingly. The pH of the sæ:ples were meas

ured within 3°C of this temperature.

For full details of the pH determination see Appendix (v).

Alkalinity determination

Alkalinity is the concentration of weak acid salt, largely bicarbonate, 

in natural waters. The hydrolysis in solution of the bicarbonate ion results



Fig I



42
in the production of hydroxyl ions;-

+ HCO^ + H^O + H^CO^ 4- OH*'"

By titrating the sample with standard acid {thereby removing the 

hydroxyl ions) the concentration of bicarbonate in solution can be determined. 

When the equation has moved completely to the right, only undissociated car

bonic acid and free carbon dioxide will be present. This happens below pH

4,5 and an indicator was chosen which changes colour at this pH.

The method recommended by Mackereth (1963) was used. To each 100 ml 

aliquot of sample 5 drops of B.D.H. 4.5 indicator was added followed by 

titration against standard N/lOO hydrochloric acid from a 10 ml burette. The 

sample was mixed continuously using a magnetic stirrer and titration was con

tinued till tlie colour of the solution changed from blue-grey to grey. 
Recognition of the end point was facilitated by comparison with a standard end 

point colour. The alkalinity of duplicate aliquots of each sample was 

determined.

From a knowledge of the normality of the acid, the mean titration volume 

and the volume of sample, the total alkalinity can be determined. The alkal

inity of a sample is often expressed in terras of dissolved calcium carbonate, 

by multiplying the value for rne<| HCO^/1. by the equivalent weight of calcium

carbonate (50) and expressed as mg CaCO^/1.

Pull details of the method and calculation are given in Appendix (vi).

Oxygen and temperature measurement

Oxygen saturation and temperature profiles were recorded at all stations 
using the improved dissolved oxygen meter described by Mackereth (1964). The

instrument used was supplied by The Lakes Instrument Company, Windermere,

Westmorland (see Figure 1).

The galvanic cell is protected from the external medium by a 0.003 inch 

thick polythene membrane which is permeable to gases but very little else.

When the silver and lead electrodes are connected, via the external circuit, 

the current flowing is a function of the rate of oxygen supply to the electrode 

which is dependent on the external concentration of the gas. The output
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current is measured on deck with a microammeter and the temperature is 

measured by balancing the thermistor resistance and noting the potentiometer 

reading. The galvanic cell has an output of hundreds of microamps compared 

with earlier models which produced very low current and the sensitivity is 

stable over a long period.

Two probes were used with the meter, one with a cable length of 150 m 

and the other of 20 m each was calibrated individually. Before use the 

probe was connected to the meter and immersed in the water for at least 10 

minutes. This allowed any oxygen within the electrode to be consumed and 

the output to stabilise. After anchoring the boat at a sampling station in 

Loch Lomond the long probe {150 m) was lowered by means of a hydrographic 

winch fitted with a depth meter. The oxygen temperature deptli profile was 

plotted at 1 m intervals in the epilimnion and thermocline regions while 5 m 

intervals were taken in the hypolimnion. At sampling stations in the other 

lochs the 20 metre length probe, marked at metre intervals was used, measure

ments were made at each metre interval. At each new depth the probe was 

allowed to reach a new steady state, the response time being generally less 

than one minute. On completion of the readings, the oxygen probe was wrapped 

in a wet cloth, which rapidly became deoxygenated and prevented the build up 

of oxygen in the galvanic cell.

The procedure for taking oxygen and temperature readings and calibration 

of the probe is fully described in the Appendix (vii).

Determination of Chlorophyll a

Of the spectrophotometric methods available for the estimation of chloro

phyll, modification of Richards and Thompson’s (1952) procedure, based on 

extraction in 90% acetone have been most widely followed (Tailing and Driver,

1963) , According to "Recommended procedures for measuring productivity"

(1969), 90% acetone is favoured because the extinction coefficient is higher 

than for other organic solvents, pure chlorophyll,a is more stable in acetone 

and the absorption band in the rod is sharper. The advantages of using 

methanol in the extraction of chlorophyll when certain green and blue-green
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algae are involved has been disputed by Tailing and Driver (1963) who state 

that 90% methanol has not been obviously more efficient than 90% acetone in 

this respect.

The procedure used in the present investigation is based on Richards and 

Thompson (1952) as modified by Parsons and Strickland (1963) and described in 

Strickland Parsons (1968). The volume of sample was generally 1 litre which 

was filtered without application of suction (Lund and Tailing, 1957), Glass 

fibre filters (Whatman GF/C) were used as recommended by Strickland and 

Parsons (1968). These filters give practically no turbidity blank and are 

advantageous if a grinding step is included. Magnesium carbonate was added 

at the filtration stage, to prevent the chlorophyll from becoming acid and the 

resulting decomposition to phaephytin pigment (Strickland and Parsons, 1968).

On completion of filtration the filter was ground with 2 ml of ice cold 

90% acetone to break"up the cells and to improve the extraction. A labor

atory tissue grinder was used, running for 2 minutes at 500 r.p.m. in subdued 

light. The contents of the grinder tube were transferred to a stoppered 

Centrifuge tube making sure that the total volume did not exceed 10 ml. 15 

to 20 hours were required for pigment extraction (Strickland and Parsons, 1968) 

which was carried on in tJie dark at l^C. After this period the extract was 

made up to 12 ml with 90% acetone and centrifuged for 10 minutes at between 

3,000 and 4,000 r.p.m. Because of the photosensitivity of pigment extracts 

exposure to light was as brief as possible.

The measurement of extinction was made against 90% acetone at 750, 665, 
645 and 630 my using a Unicam SP600 spectrophotometer, 545 and 630 my 

represent the absorption peaks of chlorophyll b and c respectively. Since 

small extinctions had to be measured, optical inequalities between cells were 

corrected by determining the cell to cell blank at all wave lengths used. 

Turbidity blanks were measured from the reading at 750 my where the absorption 

of light by plant pigment is absent (Strickland and Parsons, 1968), All 

readings were corrected for turbidity by subtracting the value at 750 my.

Since the glass fibre filters retain a proportion of the acetone, it was
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necessary to use 12 ml of solvent to obtain sufficient extract to fill a 

spectrophotometer cuvette. Therefore the observed extinction values were 

normalised to the values expected for 10 mis of extract by multiplying them 

by a factor of 1.2. Chlorophyll a was then calculated from the equation: 

yg chlorophyll a/1 = ~  

where (v) equals volume of water filtered in litres and (c) is a value 

obtained from the revised trichromatic equation of Parsons and Strickland 

(1963). Their equation was based on a re-evaluation of the specific absorp

tion coefficients of chlorophylls a, b and c. They showed that the values 

on which Richards and Thompson (1952) based their equations were too low and 

that pigment concentrations had been overestimated by 25%. Their revised 

equation for 90% acetone extract is as follows:-

Ca = 11.6 D665 - 1.31 D645 - 0.14 D630 

where D is the corrected extinction at each wavelength measured in a 1 cm cell,

For full details of chlorophyll a estimation see Appendix (viii).

Enumeration of phytoplankton

Direct microscopical examination is necessary both for taxonic work and 

for the quantitative assessment of phytoplankton in term of cell numbers 

(Margalef, 1971). For this purpose algae have to be concentrated. In 

general the methods used involve either filtration, sedimentation or centrif

ugation. The examination of water samples may be made using a haemocytometer, 
The choice of a counting method for the present investigation was based on a 

practical examination of the advantages and disadvantages of each procedure.

Concentration of phytoplankton by centrifugation is used both for small 

volumes (10 to 20 ml) and for larger volumes (1 litre or more) if a contin

uous centrifuge is available. This procedure allows the observation of 

living flagellates but its applicability is limited by the buoyancy of certain 

components of the phytoplankton (Margalef, 1971).

Ferguson-Wood (1962) describes a quantitative method involving the 

filtration of 5 litre of water sample through a continuous centrifuge. The 

material concentrated in 10 ml is stained with acridine orange and examined
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under ultra-violet light in a petroff-Hauser bacterial counting chamber.

A quantitative transfer of the concentrated phytoplankton to a counting 

chamber can be made, providing that certain precautions are taken (Lund and 

Tailing, 1957). Mulligan and Kingsbury (1968) have demonstrated that the 

centrifugation technique is 90% effective in removing phytoplankton in gen

eral and only 5-10% efficient in bringing down particles of 2-4 y diameter.

The errors inherent in the use of haemocytometers and other counting chambers

have been considered in detail by Lund and Tailing (1957) and by Lund,

Kipling and le Cren (1958). Replicate series of counts were always found to 

show significantly different d#y&otions, probably owing to the large size of 

some organisms, haemocytoraeters being devised for small cells (Lund, Kipling 

and Cren, 1958). McNabb (1960) states that the use of such chambers yields 

inconsistent results due to the non-random distribution of organisms on the 

mounts. Sub sampling errors are considerable and replicate series of counts 

must be made for a relatively precise estimate (Edmondson, 1971). The com

bined working depth of the liquid and the thick, optically flat cover-glass is

such that immersion lenses cannot be used for critical examination (McNabb,

1960). In general, this method is more useful for cultures of algae than for 

natural populations (Lund and Tailing, 1957).

The inverted microscope technique (Utermtthl, 1936? Lund, Kipling and 

Cren, 1958) has been widely used for the enumeration of samples sediraented with 

lugols solution. As some small plankton sink slowly, the sedimentation time 

in hours must be at least three times the height of the cylinder in centimetres 

(Margalef, 1971). Even allowing for this some colonial forms (especially 

Myxophyceae) were not sedimented in a reasonable time. Oscillatoria eryth- 

raea is an example of this and can neither be sediraented nor centrifuged when 

in the bloom stage (Ferguson-Wood, 1962). The practical disadvantages in 

this well-proven method lie in the space needed for the storage of sedimenting 

samples, the length of sedimentation time and the large number of cylinders 

which would have been required for the present study.

Partial filtration and re-suspension of the retained material in a small
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volume of water has been frequently used but separation of the organisms 

from the filter may be difficult in some cases (Margalef, 1971). Cole and 

lOiight-Jones (1949) were apparently the first to describe the technique using 

membrane filtration in the enumeration of phytoplankton. The material ret

ained by the filter was resuspended in 1  ml of water and then counted in 3 

haemocytometerS,

McNabb (1960) described a technique for the enumeration of fresh water 

phytoplankton concentrated on a molecular filter. Samples preserved with 

formalin (4 parts per 100 parts samples) were filtered through a raillipore HA 

filter. Clearing the filter was carried out in immersion oil which replaced 

the water in the interstices of the filter in twenty-four hours at room temp

erature. Algae were found to be randomly distributed on the filter. Indiv

iduals of each species are not counted but are recorded by presence or absence 

in each field. The scoring of 30 random fields was stated to be sufficient 

for this procedure. The percentage frequency can be converted to the theor

etical density according to the table given by the author. McNabb (1960) and 

Legendre and Watt (1972) demonstrated that the theoretical density closely 

approximated the actual density calculated from the more time consuming process 

of counting the number of individuals.

Holmes (1962) proposed a modification of McNabb's method, adding a stain

ing step in which the filter and retained material was dehydrated with increas

ing of ethanol and finally stained in alcoholic fast green. The filter was 

cleared in xylene or beechwood creosote and preservation was generally good for 

diatoms, dinoflagellates and chrysophyceae while naked flagellates and thin 

wall diatoms were poorly preserved. In contrast with McNabb(1960) Holmes 

found that the organisms were non-randomly distributed on the filter. De 

Moyelles (1968) devised a modified procedure based on McNabb's method using a 

microfiltration unit through which 1 to 5 ml of samples were filtered. Phyto
plankton on the filter surface were stained directly with aniline blue and 

easine y, both stains being made up in aqueous solution. This treatment was 

said to slectively stain the cytoplasm, leaving the debris unstained. The
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filter was enumerated witiiout clearing although an optional clearing step 

was included. The phytoplankton were randomly distributed on the filter and 

were enumerated either by scoring presence or absence or by direct counting 

of individuals.

Method

The membrane filtration technique of McNabb (1960) was used in the present 

study with a few modifications. Fresh samples rather than preserved ones 

were used, filtration being completed with a short time of sampling. The 

scoring of individuals by presence or absence suggested by McNabb gives an 

estimate of the actual density, called the theoretical density (Legendre and 

Watt, 1972) for tlie present study however algae were counted as numbers of 

individuals per field, a more time-consuming but more accurate process.

Several types of immersion oil were compared for cleaning efficient, the final 

choice being 'Uvinert' immersion oil.

The sample volume filtered was 2SO ml (occasionally 100 ml) which was 

passed through a 25 mm diameter Hillipore H.A. filter with a 0.45 y per pore 

size. Clearing in 'Uvinert' immersion oil was complete in 24 hours at 25°C 

in the dark. After mounting on a slide the number of each organism in 30 

random fields was counted. For full details see Appendix (ix).

A Nikon model LBR-Ke microscope was used throughout the investigation, 

for the identification of net-phytoplankton and the enumeration of organisms 
on filters. A x20 bright field objective was used for counting purposes 

(occasionally a x40 objective was used) while high power (x40) and oil 

immersion objectives were used, when necessary, for identification.

The number of algae per litre were calculated from the following equation

(Edmondson, 1971; De Noyelles, 1968; McNabb, 1960):-
c ^ . Area of filter x total count in 30 fieldsNo. of algae ner litre = ^ — -------— — -------------:------------------  ̂ ^Total area of 30 fields x volume of sample in litres

McNabb (1960) and De Moyelles (1968) demonstrated that the distribution of 

phytoplankton on the filter was random. This was confirmed in the present 

investigation. The chi squared values calculated for 5 sets of 30 counts fell
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between 14.2 to 18.1. This indicates a high probability of the distribution 

being random (p <0,02) (see Bishop (1971) Table (80)). The non-random dis

tribution of organisms described by Holmes (1962) may have resulted from the 

redistribution of organisms during the dehydration and staining steps 

involved in this method.

The enumeration of organisms on the filter is subject to the same stat

istical requirement as the scanning of sediraented organisms with the inverted 

microscope (Margalef, 1971), The statistical basis of the counting proced

ure was considered in detail by Lund, Kipling and Cren (1958) who gave 9 5%

confidence limit for various counts. This is applied to counts in the

present investigation in the following table:~

Table 3. Size of count and accuracy for present investigation

using x20 objective with 250 ml of sample filtered

Approximate 0.95 confidence limits

No. of organisms 
counted

Cells/litre Accuracy expressed 
as percentage of 

the count

Range

4 183 + 1 0 0 % O - 366
16 733 + 50% 366 - 1 1 0 0

1 0 0 4582 + 2 0 % 3666 - 5498
400 18330 + 1 0 % 16500 - 20164

1 6 0 0 73323 + 5% 69657 - 76989

McNabb (1960) investigated the errors of the technique and stated that 

the sub sampling error and the difference between separate sets of enumeration 

from the same filter were not significant. This was confirmed by Legendre 

and Watt (1972). The counting procedure applies to complete organisms which 

may be cells, filaments or colonies. Staurastrum,Peridinium, Ceratium and
Cyclotella were recorded as cells, Melosira, Tabellaria fenestrata. Asterion- 

ella and filamentous blue-green algae were recorded as chains, the total being 

multiplied by the mean number of cells per chain. The 95% confidence limits 

are applicable to these cases (Lund, Kipling and Cren, 1958), while larger,
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colonial algae, Fragilaria, Botryococcus, Coelosphaeriuin, Microcystis, 

Dinobryon, Dictyosphaerium and T. flocculosa were recorded as colonies.

The advantages of the technique of membrane filtration are considerable, 

a semi-permanent, easily stored filter retaining even the smallest organisms, 

in such a manner that they are randomly distributed, can be prepared for 

enumeration in 24 hours or less. On the other hand sedimentation takes sev

eral weeks for all the algae in 1 litre sample (de Noyelles, 1968) and makes 

no provision for the easy preparation of a permanent slide. The recent split- 

tube technique (Evans, 1972) partially overcame this problem, allowing the 

counting chamber to be covered and stored. Living and dead phytoplankton are 

easily distinguished by their natural pigmentation even after periods in 

excess of 22 months (McNabb, 1960). Furthermore there is no problem with

buoyant phytoplankton or nanoplankton, the latter being easily identified 

using oil immersion lens. Various organisms and groups of organisms respond 

differently to the treatment but generally the following groups are very well-; 

preserved: Bacillariophyceae, Dinophyceae, Chrysophyceae, Cyanophyceae and

Chlorophyceae,



CHAPTER 3
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RESULTS

(1) Orthophosphate Phosphorus

(a) Loch Lomond

Loch Lomod is generally low in phosphate. For most of the year the 

concentration at all depths sampled was less than 0.2 pg at. P/1., with the 

exception of South Balmaha, the only lowland station. The changes in phos

phate concentration follow the general pattern of nutrient cycling with high 

levels in winter and low levels in summer. This pattern is very clear in 

the South Station (see Figure 2 and Appendix Table 1), which displayed marked 

summer minima of 0.02 yg at. P/1, in both 1972 and 1973 and a prominent 

winter peak of 0,2 yg at. P/1. This represents a ten-fold range between 

maximum and minimum values of orthophosphate.

The minimum spring value at the Soutli Station in 1972 occurred on 4 May 

when levels of phosphate fell to around 0.05 at surface and depth. This level 

remained till 17 May after which a small increase was apparent at all levels 

reaching a maximum at the surface of 0.08 yg at. P/1 on 5 June, 1972, A 

decline followed with levels fluctuating slightly, to reach a minimum of 

0.02 yg at. P/1, at the surface on 10 July. Phosphate values at 3 m and 

5 m depth were also reduced reaching a minimum at both levels of 0.03 yg. at. 
P/1, on 25 July while the minimum level at 10 m (0.03 yg at, P/1.) was not 

reached until 22 August, 1972.

Surface concentration of phosphate fluctuated between 0.02 to 0.04 

yg at. P/1, until 22 August after which levels suddenly increased to give a 

significant peak at surface, 3 m and 5 m (0.12, O.10, 0.10 yg at. P/1, res

pectively) on 12 September. This was followed a week later by a similar 

increase at 10 metres depth. A decline in phosphate level followed with a 

level of 0.07 yg at. P/1, being reached at 5 m depth towards tlie end of 

October.

The winter increase started in November and attained maximum level in 

February when phosphate concentrations were 0.2, 0.2, 0.18 and 0.16 yg at. P/1, 

at surface, 3m, 5 m, and 10 m respectively. The rapid downward trend started
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at the beginning of Harch, falling to a spring minimum at surface and 3 m of 

0.08 yg at. P/1, at the end of March. A more gradual phosphate reduction at 

5 m and 10 m depth gave a final concentration of 0.1 yg at. P/1. Phosphate 

levels declined again from 12 April to the beginning of May, surface, 3 m and 

5 m depth showing similar rapid reduction to about 0 . 0 6  yg at. P/1, while the 

downward slope at 10 m was less steep (0.09 to 0.075 yg at, P/1.). The sub

sequent plateau in phosphate concentration terminated at the end of June when 

levels of this nutrient dropped to trace level (0.02 yg at. P/1.) at surface 

and 3 m. Phosphate remained almost undetectable till the end of July when a 

corresponding increase at all depths raised levels to around 0.06 yg at. P/1. 

During the summer months the phosphate concentrations at 10 m depth were 

higher than the surface while during the winter the reverse obtained.

The pattern of variation in the Middle Station of Loch Lomond (see Fig.

3 and Appendix Table 2) exhibits some similar features to the South Station,

The 197 2 spring minimum (0.04 yg at. P/1.) occurred at the surface and 3 m on 

27 April following a steep decline in phosphate levels. A similar decrease ? 

at 5 m and 10 m resulted in concentrations of 0.055 and 0.065 yg at. P/1, 

respectively. This was followed during May by an increase in phosphate con

centration to a level not exceeding 0 , 0 8  yg at. P/1, at surface and 0.085 at 

10 m. The subsequent decline to a summer minimum reduced phosphate to 0,04

yg at, P/1, during July, a level which was maintained till the beginning of

September.

The striking increase which occurred at the beginning of September 

occurred at all depths reaching a maximum of 0 , 1 1  at surface, 0 , 1  at 3 m  and 

5 m and 0.095 yg at, P/1, at 10 m. This upward trend of nutrient concen

tration was coincident with the September increase in the North and South 

Station. By 25 October levels had dropped to an autumn minimum of 0.07 

yg at. P/1. at surface, 3m, 5 in and 10 m respectively (on 15 February). Thus

the maximum quantity of phosphate is greater than that of the North and less

than that of the South Station.
A spring minimum occurred on 28 March, 1973 when phosphate concentration
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plunged to 0.065 yg at. P/1. at surface. A small increment in nutrient 

levels occurred towards the end of April when phosphate did not exceed 

0.09 yg at. P/1. at any depth. Depletion to nearly undetectable levels 

(0,02 yg at. P/1.) was reached during July. The summer minimum on 24 

July, 1973 was half tliat of the previous year, when levels of 0.04 yg at.

P/1. was recorded at all depths. The winter maximum in 1973 decreased 

from surface to depth (1 0 : m) whereas the summer minimum showed the reverse 

gradient.

In the North Station (see Figure 4 and Appendix Table 3) in 1972 a 

spring minimum was maintained throughout the month of April with phosphate 

concentration not descending below 0.03 yg at. P/1, This minimum was succ

eeded by a small increase in phosphate to a level not exceeding 0.07 yg at. 

P/1. at any depth on 5 June, 1972. These levels were maintained till the 

first week in July when the gradual downward course towards the summer min

imum began. By 1 August phosphate was present in trace amounts at all 

depths (less than 0,03 yg at. P/1,); little change occurred until 12 

September when a simultaneous, abrupt increase in phosphate concentration 

took place at all depths, reaching a maximum of 0.125 yg at. P/1. at the 

surface, declining to 0 . 0 8  at 1 0  m depth.

A steep fall in phosphate levels during the ensuing weeks reduced the 

quantity of phosphate to trace level on 25 October. These levels persisted 

with small variations till the end of December, 10 m depth concentrations 

being higher than surface concentrations throughout this period.

The winter increase began on 4 January and attained its maximum on 

1 February when phosphate was present at a concentration of 0.1 yg at. P/1. 

at surface and 3 m depth. A rapid fall in nutrient levels resulted in a 

vernal minimum on 12 April when the surface concentration was 0.035 yg at. 

P/1. The small phosphate increase following this minimum raised levels to 

between 0.05 to 0.075 yg at. P/1. on 24 May. The subsequent decline in 

phosphate concentration began a month later (24 June) at the surface followed 

(on 6  July) by a decrease at all depths, reaching almost undetectable levels
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24 July.

The summer phosphate minimum in the north was the sane in 1972 and 1973

but was reached earlier in the former year. Although phosphate levels were

generally higher in winter than in summer the abrupt increase in September,

1972 resulted in concentrations exceeding the winter maximum at surface and

3 ra depth. Comparisons between the other two stations so far described, show 

that the winter maximum was lower in the North than in the Middle which in

turn was lower than the South Station. The winter maximum was reached earlier

in the North.

The results from the North Inversnaid station (Table 4) show that the æ» 

sudden phosphate increase during September occurred concurrently with that of 

other stations in Loch Lomond. Maximum levels reached on 12 September were 

0,214 at surface and 0,185 pg at. P/1. at 3 m depth recorded. Following on

this nutrient peak, levels fell to around 0.1 yg at. P/1. at the surface and

3 m depth on 11 October. The winter nutrient increase commenced towards the 

end of November attaining a summit on 4 January (0,161 yg at. P/1. at surface 

and 0.130 yg at. P/1. at 3 ra depth), A sustained downward slope then foll

owed till the surface and 3 m depth concentration reached almost undetectable 

levels (0,02 to 0.01 yg at. P/1.) on 12 April. After these low phosphate 

values the levels fluctuated until a sudden peak occurred on 24 June reaching 

0.126 at the surface and 0.133 yg at. P/1. at 3 ra depth. By the 24 July the 

quantity of phosphate had declined to 0.02 yg at. P/1., subsequently rising to 

a high value of 0.146 at surface and 0,093 yg at. P/1. at 3 m depth on 17 

August, 1973.

The North Falloch station (see Table 4) exhibited a larger September 

increase than North Inversnaid station reaching 0.22 yg at, P/1. After this 

came an abrupt, drop in phosphate concentrations descending to around 0.026 
yg at, P/1. on 4 January at surface and 0,05 yg at, P/1. at 3 m depth. The 
maximal winter levels were observed on 1 February, these being 0.1 and 0,13 

yg at. P/1. at surface and 3 ra respectively. The spring minimum occurred 

at surface and 3 m on 12 April when only trace levels were recorded, Irreg-
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ular nutrient changes followed until 24 June when a sudden increase coinci

dent with that of North Inversnaid took place. Here the phosphate level 

reached 0.126 at the surface and 0.113 yg at, P/1. at 3 ra depth. During 

the subsequent summer depression phosphate levels fell to 0.02 yg at. P/1. 

on 24 July. By the 17 August phosphate was on the increase with concen

trations reaching 0.146 yg at. P/1.

The South Balmaha station (Table 4) shows a large upsurge in phosphate 

concentration between the 8 August (0.05 yg at. P/1.) and 6 September, 1972 

(0.287 yg at. P/1.) at the surface. This increase in phosphate levels 

occurred a week earlier and was greater than the similar increase which 

occurred throughout the loch in September. The late autumn decline reduced 

levels to 0.06 yg at. P/1. at the surface on 25 October, The highest 

winter values were recorded on 15 February when phosphate levels increased 

to 0.31 yg at. P/1, By 28 March the quantity of phosphate had decreased 

reaching 0.05 at 3 m and 0.07 yg at, P/1, at surface, this coincided with 

spring minimum in the South and Middle stations. A peak of 0.146 yg at. 

P/1, was attained at the surface on 26 April. A gradual decline followed 

with the phosphate values reducing to 0.04 yg at. P/1. at surface on 6 

July, 1973. The paucity in phosphate was maintained till the beginning 

of August when an upsurge in the nutrient took place, raising the levels to 

0.146 yg at. P/1. at surface and O.lO yg at. P/1, at 3 m depth.

The annual range of phosphate concentration is greater at South Balmaha 

station (0,04 to 0.31) than at any other station in Loch Lomond. The 

range at the surface decreases from South Balmaha (0.27) to the South 

Station (0,18), decreases still further to the Middle Station (0.14) 

reaching a minimum at the North Station (0,11), continuing n orthward the 

range increases to North Inversnaid (0,19) and further still to North 

Falloch (0.21).

The annual minimum of phosphate at each station shows a progressive 

decrease from the most southerly station in Loch Lomond (0.04 yg at. P/1.) 

to the most northerly (0.01 yg at. P/1.). The annual maximum at the sur

face is greatest at the most southerly station, South Balmaha, where a peak
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of 0.31 yg at. P/1. was recorded. The peak was less at South Station 

(0.20 yg at. P/1.) decreasing still further to the Fiddle Station (0.16 yg 

at, P/1.) with the lowest annual maximum being recorded at the North Station 

(0,12 yg at. P/1.); passing northward the maximum phosphate values increases 

to 0.214 at North Inversnaid station, a value which was just exceeded by 

North Falloch station where 0.22 yg at. P/1. was recorded.

Typically the pattern of seasonal variation at depth resembles that at 

the surface although there may be a brief lag, not exceeding a week between 

then. The magnitude of the changes is reduced at depth, giving the curves 

a smoother, more regular outline.

The winter maximum is reached concurrently in the North, North Invers

naid, and North Falloch Stations on 1 February, 1973, while the winter peak 

in the remaining stations Middle, South and South Balmaha is reached a fort

night later (15 February, 1973) .

In 1972 the minimum phosphate level at the surface occurred on 10 July 

at South Station. The summer minimum at the Fiddle Station was found on 

26 July while the lowest level in the North Station was not evident till 

15 August. In 1973 the summer minimum at South Balmaha and South Station 

occurred on 6 July while the other four stations displayed minimal levels 

on 24 July.

(b) Rivers and burns flowing into Loch Lomond

In contrast to the Loch itself the phosphate levels in the inflows (see 

Tables 5, 6 and 7 and Figures 5, 6 and 7) were irregular and varied, ranging 

from an extreme concentration of 4 yg at. P/1. in the River Endrick (8 Aug

ust, 1972) to trace^ levels found occasionally in the Falloch and several 

of the small burns. It is evident that on 8 August, 1972 phosphate levels 

were generally high in the rivers and burns south of Inverbeg bar? the 
Fruin, Finlas, Douglas Nater and Blair Burn having values of 0.39, 0.35,

0.49 and 0 , 3 8  yg at. P/1. respectively. However, in some of the smaller 

inflows in this region the le/el ranged from 0.189 and 0.15 yg at, P/1. in 

Cashell and opille Mhor Burn to 0.08 in Coille Mhor Loch water and Luss.
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The lowest phosphate value recorded on this date was 0.02 yg at. P/1, in 

the Ardess burn while the Endrick showed the highest value for any inflow 

during the entire year - 4.04 yg at. P/1.

On 15 August the inflows contributing to Loch Lomond, north of the

Inverbeg bar were examined and phosphate was found to be generally lower 

than in inflows to the south. The maximum concentration of phosphate was 

recorded in-the Inversnaid Pater (1,25 yg at. P/1; all other streams except

for Cailness (0.54 yg at. P/1.) having levels below 0.1 yg at, P/1. (Falloch,

Inveruglas, Rubha Ban, AlltArdvorlich, and Stuckindroin).

On 6  September, 1972 when the rivers below the Inverbeg bar were 

samplect, the Endrick still showed a noticeably higher concentration of phos

phate than the other inflows. The Finlas had increased by four-fold 

reaching its maximum level for the year of 1.27 yg at. P/1.? Douglas Water 

and Coille Mhor Burn increased to 0.728 and 0.18 yg at, P/1, respectively. 

Cashell and Blair Burns remained at the same level while the Fruin, Luss 

and Ardess Waters all showed reductions to 0.07, 0.02 and 0.014 yg at. P/1, 

respectively.

The rivers and burns above the Inverbeg bar all showed prominent increa

ses on 12 September except for the Inversnaid Water which declined to 0.264 

yg at, P/1. The River Falloch showed a remarkable 25-fold increase reach

ing its maximum recorded level of 1.43 yg at. P/1, AlltArdvorlich B u m  

showed a 30-fold increase reaching its recorded maximum of 1.882 yg at. P/1. 
and the nearby Stuckindroin Burn exhibited a ten-fold increase to 1.06 yg 

at. P/1. The Inveruglas water displayed a three-fold increase whereas 

Cailness and Rubha Ban doubled in phosphate concentration reaching 1.92 

and 0,182 yg at. P/1, respectively.

All seventeen rivers and burns flowing into Loch Lomond were sample^ 

on 11 October and then south of the Inverbeg bar were examined again on 25 

October, 1972. The data indicate that nearly all the rivers and burns 

which showed marked increases in phosphate in September were now drastically 

reduced while these inflows which decreased in September showed an upward
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trend in October. The Falloch and Cailness inflows both show a large 

reduction in ohosphate level, 0.126 and 0.05 yg at. P/1, respectively, while 

Ardess and Luss Water display phosphate increase to 0.183 and 0.113 yg at.

P/1. respectively.

The examination of all rivers and burns on 23 November indicated that 

phosphate levels were further diminished. In general quantities of phos

phate were less than 0.14 yg at. P/1. although Endrick exhibited its usual 
high level (1,9 yg at. P/1.).

On 7 December the inflows to the north of Inverbeg bar were examined 

while on 21 December the inflows to the south were investigated. The var

iation in phosohate level showed no consistant pattern. However, Luss 

Water showed a distinct increase to 0,145 yg at. P/1, whereas Rubha Ban 

reached its lowest recorded level - 0.02 yg at. P/1.

An investigation of all the inflows on 4 January, 1973 clearly showed 

that a general decline in phosphate concentration had taken place. The 

Endrick, Finlas and Ardess were reduced to 1.0, 0,125 and 0.13 yg at. P/I. 

respectively, all other inflows to the loch were less than 0,lyg at. P/1. with 

Falloch, Douglas and Inversnaid input reachinc almost undetectable levels. 

During the first two weeks of February all inflows were examined and a slight 

upward trend was apparent in most. The Endrick, however, showed a small 

decline in phosphate concentration to reach its lowest recorded level of 

0.096 yg at. P/1.
On 1 March rivers and burns to the north of Inverbeg bar were sampled; 

on 15 March all inflows were examined and on 26 March most of the inflows 

were examined. In general the main inflows to the Luss and Fault basins 

(Endrick, Fruin, Luss, Finlas and Douglas) were higher in phosphate than |/in 

February whereas the major inflows to the upper loch (Falloch, Inveruglas, 

Inversnaid and Cailness) showed insignificant increases. However, two 

small burns inflowing to the upper loch increased markedly; Rabha Ban 

reached its maximum level (0.97 yg at. P/1.) and Ardess rose to 0.21 yg at. 

P/1. In contrast Stuckindroin, AlltArdvorlich and Blair burn were reduced
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to trace levels on 28 March, A high level of 0.43 yg at. P/1, was re

corded in the Finlas water on 15 March while the Endrick remained constant 

at 1.32 yg at. P/1, and the Falloch was generally around 0,05 yg at. P/1.

During April samples were taken from all rivers and burns on 12 and 

26 of the month. Results indicate that the inflows to the lower loch were 

still increasing in phosphate content. The ^hlloch and Inveruglas rose 

from almost undetectable phosphate concentration on 12 April to reach almost 

0,2 yg at. P/1. on 25 Anril. Luss Water attained its maximum recorded 

level of 0,199 yg at. P/1.

Samples taken during May showed general reduction in phosphate content, 

the Endrick declined to 0.85 yg at. P/1. Nevertheless Fruin and Inveruglas 

showed peaks at 0.184 and 0,312 yg at. P/1. respectively while AlltArdvorlich 

increased to 0.06 yg at. P/1, from trace amounts.

In June samples were taken on 7 and 21 of the month. The Falloch 

showed a marked increase to 0.97 and Inversnaid Water reached its maximum 

recorded phosphate level of 1.55 yg at. P/1; the Endrick increased two-fold 

to 1.97 yg at, P/1. Data for July shows a further increase in Endrick,
LU S S  and Falloch to 2.47, 0.172 and 0.172 respectively and in
most other inflows. A small reduction in phosphate levels was observed

in Fruin, Douglas and Finlas. Samples taken on 2^August show only small 

fluctuations in phosphate concentration from the July values.

There are at least three generalizations which can be made concerning 

the seasonal variation in phosphate content in the inflows to Loch Lomond. 

First, in all the large inflows the level of phosphate is lower during the 

winter than at any other time of the year. Second, most major inflows 

showed prominent phosphate maxima during August and September including 

Endrick, Fruin, Finlas, Douglas, Falloch, Inveruglas and Inversnaid. The 

Falloch shoed a second peak in June, Third, the phosphate level in the 

Endrick was typically higher than in any of the other rivers and burns 

investigated.
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(c) The four lochs

(i) Lake of Menteith

The variation in the levels of dissolved phosphate (Figure 8  and Appen

dix Table 4) in Lake of tienteith shows a clear parallel between surface and 

3 m depth. The winter maximum is higher at 3 m depth (0,274 yg at. P/1.), 

thus at the surface (0.2 yg at. P/1.) while the summer minimum is 0.05 yg 

at,/p/1. at 3 m depth and 0.03 yg at. P/1. at the surface. The autumn min

imum at 3 m depth followed a gradual decline in the quantity of phosphate 

from 0.19 on 18 October to 0.13 yg at,P/1. on 29 November, 1972; in con

trast the surface minimum reached 0.093 yg at. P/1. on 1 November after a

rapid decline. The winter increase started suddenly at 3 m depth on 13 

December reaching a peak on 7 February, 1973 while the surface showed a 

gradual rise in phosphate attaining a maximum on 8  March.

The vernal minimum is clear at the surface where levels cf dissolved 

phosphate declined to 0.15 yg at. P/1. on 20 April. This decrease is not 

clearly shown at depth although a slight dip occurred on 26 March, This 

was followed by an upward trend with surface phosphate reaching a concen

tration equal to that of the winter maximum (0.2 yg at. P/1.). A parallel 

increase took place at 3 m depth reaching a peak of 0.25 yg at. P/1. on the 

same date as the surface (3rd May, 1973).

A gradual decrease in phosphate at surface and 3 m took place from the 

beginning of May reaching minimum level on 28 June. The initial rate of

decline at 3 m depth was greater than that at the surface with the phosphate

concentration dropping from 0.25 on 3 May to 0.14 yg at. P/1. on 17 May.

The subsequent increase in phosphate levels was more rapid at 3 m (0,053 to 

0.159 yg at. P/1.) than at the surface (0.053 to 0.137 yg at. P/1,) attain

ing a maximum on 26 July. At the beginning of August a small depression 

occurred with the phosphate concentration falling to 0.107 and 0.10 yg at. 

P/1. at surface and 3 m respectively. This reduction was short-lived being 

followed by a steady increase at surface and depth to reach respective 

phosphate concentrations of 0.16 and 0.19 yg at. P/1. on 20 September.
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The phosphate level in the Burn of Menteith (Table 8 (b) and Figure 4) 

was generally more than 0.1 ug at. P/1, The maximum recorded concentration 

was 0.85 jig at. P/1.) on 3 May while the minimirn, 0.08 yg at. P/1., was 

found on 7 June, The only distinctive feature of the ohosphate variation 

in the burn was that the content of this nutrient decreased towards the 

winter falling from 0.72 on 18 October to 0.14 yg at, P/1. on 24 January. 

Concentrations fluctuated around this level until 8  March when a steady rise 

in dissolved phosphate occurred, culminating in a peak of 0,85 on 3 May. A 

rapid decline in phosphate reduced levels to 0.15 yg at. P/1, on 17 May 

after which concentrations fluctuated between 0.1 and 0.2 yg at. P/1. until 

11 July. The sustained increase in phosphate content following this period 

resulted in a concentration of 0.63 yg at. P/1. on 20 September, 1973.

Generally the phosphate levels at 3 m depth in Lake of Menteith were 

higher and the maximum range of phosphate concentration was greater (0 .2 2 ) 

than those at the surface (0.17).

(ii) Loch Rusky

The phosphate content in Loch Rusky is generally higher than any station 

Loch Lomond or any of the other Lochs studied. There is (Figure 9 and Table 

4) no clear pattern of seasonal variation could be observed. The surface 

shows an annual maximum on 23 August of 0.59 yg at. P/1. The pattern of 
phosphate variation at 5 metres is more regular with a distinct winter max

imum on 24 January. However, there is no distinct relationship between 

surface and 5 n depth, the phosohate concentration being irregularly greater 

at one or the other. Occasionally, increases which are apparent at the 
surface are absent at 5 m depth, the larae oeak in August being a case in 

point.

The surface phosphate concentration showed a gradual increase from a 
minimum of 0.14 on 15 November to a winter maximum of 0.39 yg at. P/1. on 7 

February. This is contrasted with an abrupt increase at 5 m depth from 

0.16 to 0.36 yg at. P/1. between 2 9 November and 11 December followed by a 

slight gradient to reach a winter maximum of 0.41 yg at. P/1. The surface
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phosphate level then fluctuated around a value of 0,3 ya at. P/1. until 

3 May when a very steep decline occurred. However, during this period the 

dissolved phosphate at 5 n depth declined steadily from 7 February until 

14 June when the levels at surface and depth were 0.105 and 0.13 yg at. P/1. 

respectively.

On 28 June a small peak in phosphate occurred raising the level to 0.22 

at surface and 0.25 yg at. P/1 at depth. This was followed by a slight 

depression after which a dramatic rise in phosphate levels occurred at the 

surface to give a value of 0,59 yg at. P/1. which exceeded the winter max

imum. This increase was totally absent at 5 m depth.

The range of phosphate in the Letter burn (Table 8b) was from a maximum 

of 0.8 yg at. P/1. on 29 November falling to 0.036 yg at. P/1. on 20 April.

The level of dissolved phosphate was generally higher in winter than during 

the rest of the year. This is in contrast with most of the inflows studied,

when the minimum values were found in winter. Variation in this nutrient 

was -irregular, fluctuating between 0.1 and 0.2 yg at. P/1. from 21 
February onward.

(iii) Loch Achray

In Loch Achray (Figure 11 and Appendix Table 4) the patterns of phos

phate variation at surface and 5 m depth are similar, showing a winter peak 

and summer depression. The highest value reached at the surface (0.24 yg 

at, P/1) is only slightly less than the 5 m maximum (0.25 yg at. P/1.) 

whereas the minimum recorded value is the same in each case (0.03 yg at. P/1.).

A steep decline in dissolved phosphate took place in autumn 1972 falling 
at the surface from 0.152 on 18 October to 0.04 yg at. P/1. on 1 November.

This was followed by fluctuating levels of phosphate with a rapid rise being 

evident on 27 December reaching a maximum on 7 February at the surface and 
5 m depth.

The spring minimum (0.08 yg at, P/1.) was manifest at the surface on 

8 March following a steep drop in dissolved phosphate while at 5 m depth 

this depression appeared a fortnight later. The subsequent slight increase
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at the end of April raised the phosphate values at surface and 5 m depth to 

0,14 and 0.17 yg at. P/1. respectively.

The steep decline to 0.07 yg at. P/1. at the surface on 17 Pay was not 

apparent at 5 rn denth though a rapid reduction occurred here on 14 June to 

reach 0.03 yg at, P/1. The downward curve continued until 11 July when 

surface and depth concentration of phosphate were reduced to their lowest 

values, The suianer minimum was succeeded by a gradual upward trend in 

levels of this nutrient reaching 0.16 yg at, P/1. on 23 August, 1973.

Results from the main inflow, Achray Water, (Table 8b) shows that the 

phosphate content was at its lowest during the winter and at its peak in 

summer and autumn. From 1 November until 17 May phosphate levels did not 

exceed 0.1 yg at. P/1. During the last two weeks in May levels rose rapidly 

to 0.3 yg at. P/1. on 1 June and attained a maximum recorded concentration of 

0.33 yg at. P/1. on 28 June. A continuous reduction in phosphate level 

took place during July and by 8 August the phosphate concentration had fallen 

to 0,047 yg at, P/1. Am increase followed raising the. level of phosphate to 

0.275 and 0.232 yg at. P/1. on 23 August and 20 Seotember, 1973 respectively. 

In summary, the phosphate level in Loch Achray ranged from 0,03 in July 

to 0.24 yg at. P/1. on 7 February whereas in the Achray Water this nutrient 

ranged from almost undetectable in November to 0.33 yg at. P/1 in June, 1973.

(iv) Loch Ard

The levels of dissolved phosphate in Loch Ard (Figure 10 and Appendix

Table 4) are lower than Loch Achray, Rusky and Lake of Menteith. However,

the pattern of variation is broadly similar, with a winter peak and a summer 

depression both at surface and 5 m depth.

The phosphate during October, November and December, 1972 and from May

to October, 1973 was almost undetectable. The winter increase commenced 

on 10 Januarv while in all other lochs studied including Loch Lomond it began 

earlier. The phosphate maximum in Loch Ard was 0.125 yg at. P/1. at the 

surface on 21 February, later than in Loch Achray and Loch Rusky. slightly

lower winter peak (0.09 yg at. P/1.) was reached at 5 m depth on the same 
date.
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From 8 March a continuous downward movement of phosphate was apparent 

at the surface and a similar but more irregular change at 5 m depth. A 

minimum value was reached on 1 June, 0.03 and 0.04 yg at. P/1. being recor

ded at surface and 5 metres respectively.

The two main inflows to Loch hrd, Ledard Burn and Water of Chon (see 

Table 8(b)) showed no marked seasonal pattern of phosphate variation.

Although both are typically low in phosphate. Dissolved phosphate ranged 

from 0,01 to 0,38 in Ledard Burn and from 0,03 to 0.14 yg at. P/1. in Chon 

Water,

The Ledard Burn exhibited phosphate concentrations not exceeding 0.15 

yg at. P/1, from 18 October to 7 February while Water of Chon generally 

varied around 0.1 yg at P/1. A phosphate maximum in Ledard Burn was 

recorded (0.38 yg at. P/1.) on 21 February while Water of Chon continued at 

a low level, reaching a peak (0,13 yg at. P/1.) on 28 June following the 

maximum. Ledard Burn showed erratic variations in phosphate levels, rising 

on two occasions to 0.17 yg at. P/1.

(2) Silicate

(a) Loch Lomond

All six stations in Loch Lomond clearly show a winter maximum and summer 

minimum both at the surface and at various depths. The surface silicate 

maximum ranged from 25.3 yg at. Si/1, at South Balmaha to 15.88 yg at. Si/1, 

in North Inversnaid station while the minimum for the year varied from 5.04 

in the north station to 2,3 yg at. Si/1, at South Balmaha and South station. 

The annual range of silicate varied from about 10 yg at, Si/1, in the North 

Station to about 21 yg at. Si/1, at South Balmaha station. The changes of 

silicate levels at depth may differ from those at the surface by up to two 

weeks. A subsidiary maximum occurred in May at all stations examined in 

1973 and at the three stations investigated at this period in 1972.

In the South Station in 1972 when the winter maximum was not recorded 

(Figure 13 and Table 5 in Appendix) the annual variation of silicate ranged
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from 18.2 on 7 April to 6.1 yg at. Si/1, on 11 October at the surface. In 

1973 the range was from 21.9 on 15 February to 2.3 yg at. Si/1, on 24 July.

Three marked depressions in silicate levels occurred in 1972. The 

spring minimum followed a steep decline from 7 April to 14 April at all 

depths. Surface and 3 m silicate concentrations fell from 18.2 to 12.3 y g 

at. Si/1., a drop of almost 6 yg at. Si/1, in a week. At 5 and 10 m depth

the same decrease in level took two weeks (from 18,6 to -12.0 yg at. Si/1, at

lO m depth).

The increase towards the end of April was initiated at 10 m depth while 

the surface values were still falling, a rise in silicate at all depths was 

evident a week later. Surface and 3 m levels reached 15,2 y g at. Si/1, on 

17 May. A second decrease in silicate ensued from 4 July to 8 August when 

surface and 3 m values fell from 14.3 to 8.9 yg at. Si/1. At 5 and 10 m depth 

the concentration of silicate did not fall below 9.5 yg at. Si/1. This de

cline coincided with the minimum levels of phosphate recorded in 1972. The

downward curve of silicate continued till the minimum value for the year 

(6.05 y g at. Si/1.) was reached on 11 October. Preceding this a sudden small 

increase in dissolved silicate occurred at all,depths on 12 September with 

levels reaching 9.3, 9.7, 9.4 and 9,4 yg at, Si/1, at surface, 3 m, 5 m, and 

10 m depth respectively. This peak occurred simultaneously with the phos

phate maximum recorded at all stations in Loch Lomond on this date,

A sustained rise in silicate levels from 6.2 y g  at. Si/1, at all depths 

on 25 October resulted in a winter maximum of around 22 y g  at. Si/1, at all 

depths on 15 February'-. The subsequent decline in the silicate concentration 

led to a soring minimum of around 15.9 yg at. Si/1, at all depths on 12 April. 

This reoresents a decrease of about 6 yg at, Si/1, and occurred concurrently 

with the decline in phosphate concentrations. Till 10 May levels remain 

fairly constant although a slight upward trend was apparent at 3 ra and 5 m 

on 26 April. Thereafter the silicate levels fell dramatically to reach a 

summer minimum of 2.27 yg at. Si/1, at the surface and 3.7 at 10 ra depth on 

24 July, 1973. This was the largest single decrease recorded at this
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station {14.2 yg at. Si/l.) and occurred at the same time as the decline in 

phosphate. The subsequent increase in silicate levels during August occurr

ed a week later than the phosphate increase.

The levels of silicate at the Middle Station (Figure 14 and Appendix

Table 6) varied from 18.45 on 7 April to 7,42 on 6 September at the surface 

in 1972, having a range of 11 yg at. Si/1. In 1973 the surface silicate 1 

levels ranged from 17.89 on 1 March to 2.47 on 2 August that is a range of

15.42 yg at. Si/1. The pattern of variation was similar at all depths

though the summer minimum at 10 m depth (5.1) was more than twice that at 

surface and 3 m depth (2.5 yg at. Si/1.) during 1973.

From 7 April, 1972 to 4 May silicate levels decreased at all depths, 

falling from 18.45 to 13.66 at the surface, 18.2 to 15.3 at 3 m, 18.26 to 

16.13 at 5 m and 19.65 to 15.54 yg at. Si/1, at 10 m. This was followed by 

a small increase in levels, reaching 15.45 yg at. Si/1, at the surface on 

29 May. The silicate concentration remained around this value till 10 July 

when a gradual decrease began. An abrupt drop in silicate from 12,2 tc 9.2 

yg at. Si/1, occurred between 18 July to 1 August at the surface, whereas a 

decline from 13.8 to 10.12 yg at. Si/1, took Place at 10 m depth,

A steady decline ensued, reaching a minimum of about 7.5 yg at. Si/1, on

6 September at the surface, 3 ra and 5 m, while at 10 m depth the lowest value

was reached a week later. Silicate levels did not show any further decrease 

but remained around 8.5 yg at. Si/1, at all depths until 25 October. This 

marked the beginning of the winter increase which reached a maximum of 17.89, 

18.38, 18,31 and 17.89 yg at. Si/1, at surface, 3m, 5 m  and 10 metres 

respectively. This was 2 weeks later than phosphate maximum,

A f all in silicate of about 3 yg at. Si/1, occurred from 15 March to 

12 April reaching about 15.5 yg at. Si/1, at all depths. A slight upward 

trend in silicate was evident from 2 May to 24 May rising to a peak value of

16.7 at 3 ra depth and 16.0 yg at. Si/1, at the surface. A decline to about

13.5 yg at. Sl/1. on 7 June was followed by a steep reduction in silicate 

concentration reaching 5.6 yg at. Si/1, at the surface on 24 June. Values
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lying between 5 and 6 pg at. Sl/1. persisted at all depths till 6 July. 

Following this a further decline was apparent at surface, 3 in, and 5 m depth 

reaching 2.8, 2.4, and 3.0 pg at. Si/1, respectively on 24 July, This 

decrease was absent at 10 m depth. A summer minimum was reached at the 

surface on 2 August {coinciding with minimum levels of phosphate) while all 

other depths registered an increase. By 17 August silicate was increasing 

at all depths.

Silicate levels in the North Station (Figure 15, Appendix Table 7) 

show a smaller seasonal range than that of the Middle or South though the 

winter maximum and summer minimum were clear at all depths. The annual 

range in 1972 was about 9 pg at. Si/1, while in 1973 it was 11 pg at. Si/1.

In 1972 the spring minimum although not as distinct as at the other 

stations in the loch, can be discerned at 5 m and 10 m depth on 20 April, 

Subsequently silicate concentrations increased to reach a maximum on 4 May 

(16.02 at surface, 15.57 at 3m, 16.36 at 5 m  and 15.5 Pg at. Si/1, at 10 ra 

depth). These were the highest levels of silicate reached for the north. 

Fluctuating levels followed, showing a general downward trend in silicate

values to reach about 13.5 pg at. Si/1, at all depths on 12 June. These

concentrations persisted till 7 July.

A sustained fall ensued with the concentration of silicate decreasing 

from 13.3 at surface on 10 July to 9.37 on 1 August. A concomitant decrease 

at 3 m and 5 m was not apparent at 10 m depth.till a week later. The decline 

in silicate values continued reaching an annual minimum at the surface of 

7.83 Pg at. Si/1, on 6 September a week later than the minimum at other 

depths. A distinct upward curve was then evident, with levels rising

steadily to around 13,5 pg at. Si/1, on 23 November, A further, more

gradual increase raised the silicate content of the water to about 15 pg at. 

Si/1, at all depths on 4 January. These levels were maintained till the 

end of April, with a slight depression at surface and depth on 1 February 

and 12 April. The latter depression occurred at all depths sampled, the 

decrease .from surface to 10 m being 1, 1 , 5  and 3 pg at. Si/1, respectively;'

this fall in silicate concentration coincided with the spring phosphate
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decline. Following this depression silicate increased to a maximum on 

24 May when levels were around 16 yg at, Si/1, at all depths.

By 24 June a decrease in excess of 3 y g at. Si/1, had taken place at all 

depths. A further decline at surface and 3 m depth reduced the silicate 

concentration to its annual minimum on 2 August (5.04 and 5.72 y g at. Si/1, 

respectively). At 5 m depth the pattern was noticeably different with 

levels abruptly falling between 24 June and 6 July to reach 5.15 declining 

still further to 5.00 y g at, Si/1, on 24 July. At 10 m depth the minimum, 

5.85Ug at, Si/1, was reached on 6 July. The timing of these minimal 

silicate levels closely follows the minimum of phosphate. Increasing 

concentrations of silicate were first apparent at 10 m depth on 24 July, at 

5 m depth on 2 August and at 3 m depth and surface on 17 August. Generally 

the maximum and minimum levels of silicate show no significant differences 

between depths although depth changes may differ from those at the surface 

by up to two weeks. The minimum silicate concentration recorded at all 

depths in 1973 v/as more than 2 y g at. Si/1, lower than in 1972, The max

imum levels observed were the same in 1972 and 1973, occurring in May in 

both years.

During the months of August, September, and October 1972 the levels of 

silicate at the North Inversnaid station (See Table 4) remained between 8,1 

and 9.7 yg at. Si/1. The winter increase was apparent on 23 November when 

levels had increased by almost 2 yg at. Si/1, reaching 11.3 at the surface. 

The winter maximum was reached on 4 January when the silicate content of the 

water was 15.9 yg at. Si/1, at the surface and 14,6 at 3 m depth.

The silicate concentration persisted around 14.9 yg at, Si/1, at the 

surface and slightly less at depth till 15 March. A small drop in silicate 

level followed reducing this nutrient to 13,3 at the surface and 12.7 yg at, 

Si/1, at depth on 12 April, This reduction accompanied the spring decrease 

in phosphate at this station.

The marked increase in silicate during May coincided with that at the 

other stations in Loch Lomond attaining a peak of 15.9 yg at. Si/1, at the 

surface and 13,8 yg at. Si/1, at 3 metres on 24 May, This peak exceeded
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the winter maximum. A subsequent shallow decline (of about 2 yg at. Si/1.)

till 7 June was followed by a steep drop, reaching 5.9 at surface and 5.0 yg

at. Si/1, at 3 metres on 24 June. A continued decline reduced silicate to

3.2 y g  at. Si/1, at the surface on 24 July, the minimum recorded level.

During August silicate showed an increase at all depths reaching 6.6 yg at. 

Si/1, on 17 August.

A close similarity exists between silicate levels at surface and 3 m

depth, consequently the annual range was similar, 12.7 at surface and 12.5

at 3 ra. During August 1972 the silicate content of the water was more than 

3 y g at. Si/1, higher than in August, 1973.

The levels of silicate gradually declined from 9,9 yg at,Si/l. at sur

face at North Falloch station (see Table 4) in August to 9.1 on 11 October,

The winter increase of silicate was first apparent on 23 November increasing 

steadily to reach a winter peak of 15.5 yg at. Si/1, at the surface on 1 March 

and 15.6 at depth a fortnight later. The time of maximal winter levels of 

silicate at this station coincides with the maximum at the North station but 

occurred two months later than the winter peak at North Inversnaid station 

(4 January).

A small depression in levels during April reached 14,5 and 13.1 y g  at. 

Si/1, at surface and 3 metres respectively; this occurred concurrently with 

the spring phosphate decrease. The subsequent rise in silicate quantities 

during May raised levels of the silicate to 16 y g  at. Si/1, at surface and

15.3 yg at. Si/1, at 3 ra depth on 24 May. This exceeded the winter maximum 

by 0.5 y g  at. Si/1,

A slight decline was evident during the next fortnight succeeded by a 

rapid fall to 5.6 y g  at. Si/1, at surface and 5.7 at depth on 24 June. 

Throughout July levels continued to reduce with a recorded minimum of 3.2 at 

surface and 3.8 y g  at. Si/1, at 3 m on 24 July. The summer minimum was 

coincident with the lowest levels recorded at all other stations in Loch 

Lomond. Silicate increased during August reaching 7.8 y g  at. Si/1, on 17 

August.
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The extent of silicate variation at surface and 3 m depth was similar 

(12.7 and 11.8) with seasonal silicate variation closely following one 

another. Silicate concentrations in August, 1972 were higher than the same 

period in 1973 at this station.

Silicate concentrations in August, September and October at South Bai

rn aha station (see Table 4) were manifestly fower than levels at other stat

ions in Loch Lomond, ranging between 5.2 on 8 August and 6.1 yg at. Si/1, on 

25 October. A doubling of silicate levels from the end of October to 23 

November raised concentrations above 11 yg at. Si/1, to equal those at the 

other five stations in the Loch. The silicate levels continued rapidly up

ward to reach a winter maximum of 25.3 at surface and 24.6 yg at, Si/1, at 

3 m depth on 15 February. This was the largest concentration of silicate 

recorded at any station in Loch Lomond, and occurred concurrently with the 

peak at South Station.

A gradual decline to a level of 19.2 yg at. Si/1, on 28 March was 

followed by an abrupt drop to 8.5 yg at.Si/1, at surface and depth on 12 

April. This coincided with the general spring decrease in silicate through

out the loch and was by far the most marked (8.2 yg at. Si/1.),
A striking increase was evident by 26 April representing a doubling of

the silicate concentration, to reach 16.8 at the surface and 15.9 y g at. Si/1,

at 3 m depth. This occurred simultaneously with the silicate upsurge which 

occurred throughout the Loch in Tîay and was by far the largest.

High levels of silicate persisted till 24 May and thereafter declined 

to 10.8 y g at. Si/1, on 7 June with a further large reduction to 5.3 at the 

surface on 24 June, Silicate further diminished to a summer minimum of

2,3 yg at. Si/1. at surface and 2.08 yg at. Si/1, at 3 m depth on 24 July.

In August an increase was apparent at all depths, reaching around 5 yg at. 

Si/1, by 17 August.

In general the annual range of silicate at South Balmaha was 23 at the 

surface and 21,8 yg at. Si/1, at 3 m denth? this is greater than any of the 

other five stations in Loch Lomond, In contrast to North Falloch and North
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Inversnaid levels of silicate in August 1972 and 1973 were the same.

To Summarize the results of silicate in Loch Lomond, it is clear that 

the North Station possesses the lowest annual range of silicate. North and 

South of this station the annual range of surface concentrations increases.

The range at North station was 11.04 increasing to 12.6/lat North Inversnaid 

and reaching 12.79 at North Falloch. Passing southwards from the North 

Station the range rises to 15.4 at Middle station, increases still further 

to 19.6 at South station and reaches a maximum for the Loch of 23^^g at. Si/1, 

at the South Balmaha station.

The maximum silicate concentration recorded was at South Balmaha (25.3); 

this reduced towards the South station (21.93) and diminished further to the 

Middle station (18.45). The remaining three stations show similar maximum 

North station 16,08, North Inversnaid 15.88 and North Falloch 15.99yug at.

Si/1,

The minimum concentration of silicate was higher at the North Station 

(5,0) than elsewhere in the Loch; North Inversnaid and North Falloch both 

had similar minimum value 3.3 and 3.2y\/g at. Si/1, respectively, while 

Middle, South and South Balmaha showed the lowest concentration of silicate, 

2.4, 2,2 and 2.3yug at. Si/1, respectively. The annual minimum at the North 

station occurs a week later than at all other stations.

The three stations studied in 1972 and 1973 show a higher minimum silicate 

concentration in the fom-^er year. The lowest recorded values in 1972 were 

7.8, 7.4, and 6.1yttg at. Si/1, at North, Middle and South stations while in

1973 the minimu^ were 5.0, 2.4 and 2.3 respectively.

The maximum for the year occurred in winter at South Balmoha, South and

Middle stations while at North, North Inversnaid and North Falloch it occurred

in May.

In general the variation in silicate concentrations in depth samples 

closely follows that of the surface with a maximum delay of a week or a 

fortnight.
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(b) Rivers and burns flowing into Loch Lomond

(See Tables 6 , 7 and 9, Figures 5, 6 and 7)

Rivers and burns to the South of Inverbecr bar were sampled on 8 August, 

1972, while those to the north were investigated on 15 August. Overall, 

the inflows to the south were higher in silicate than those to the north.

The Endrick had the highest silicate content durinrf August (64.3 yg at. 5i/l.) 

while 29.3 yg at. Si/1, was recorded in the Fruin. Of the northern inflows 

only the small streams exhibited high levels of silicate, Stuckindroin,

Rubha Ban and AltArdvorlich havino levels of silicate 32.8, 32.1, 22,3 

yg at. Si/1, respectively. The remainder of the inflows had levels below

20 yg at. Si/1., the minimum concentration being recorded in the Inveruglas

Water (8.1 yg at. Si/1.).

In SeptemlDer, 1972 all rivers and burns were sar:pled on two successive 

weeks, 6 and 9 September, an increase in silicate beina apparent in most 

inflows. However, the Endrick and Fruin which were highest in August were 

reduced, the Endrick having its minimum silicate level for the year (3.72 

yg at. Si/1, on 6 September, 1972). River Douglas reached its annual max

imum of 36.9 yg at. Si/1, and liuss increased about two-fold to 29.4 yg at. 

Si/1. ’’orth of Inverbeg bar all rivers and burns showed an unward trend 

in silicate levels exceeding 25 ya at. Si/1, apart from the Inversnaid 

Water which became reduced to 8.4 yg at. Si/1.

ourincr October all 17 inflows were sampled on 11th and only those to 

the south on 25th, Little difference between inflows north and south of 

Inverbeg bar was apparent and most were still increasing. Fruin showed 

an increase on 11 October to 36.9 and decreased to its annual minimum of

3.95 yrr at. Si/1, on 25th. Cashell Burn showed a similar decline to

3.95 on 25th; on the other Coille "ihor Loch water decreased on 11 October 
rising to its annual maximum 34.4 yg at, si/1, on 25 October. The Endrick 

remained constant between 14 and 15 yo at. Si/1, throughout the month, while 
the highest silicate content was observed in Rubha Ban, 51.3 yg at. Si/1. 

Generally the remaining inflows further increased during this period, and 

most exceeded 25 yg at. Si/1,
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On 23 November the 17 rivers and burns were sampled and all were 

found to be on the increase. All inflows south of the Inverbeg bar 

exceeded 30 yg at, Si/1, and apart from Cailness all small tributaries 

to the north exceeded 30 yg at. Si/1,, including Rubha Ban which ex

ceeded 40 yg at Si/1. Larger inflows to the upper loch, Falloch and 

Inveruglas recorded levels of 22 and 28 yg at.Si/1, respectively while 

Inversnaid attained its annual maximum of 22 y g at. Si/1. To the

south the Endrick increased six-fold to reach 65.7 (maximum of any

river) and the Fruin rose to 48.18 y g at. Si/1. The lowest level of 

the north was 15.1 y g at. Si/1, in Cailness,

During the month of December inflows north of the Inverbeg bar 

were sampled on 7th and tributaries to the south on the 21st. All 

the main inflows to the south showed a further increase; Fruin, Luss 

and Finlas reaching their annual maximum of 60.4, 39.9 and 43.1 

yg at. Si/1, respectively. All other inflows generally remained at a 

high level with the Endrick again exhibiting a higher silicate concen

tration than any other inflows (75.6 yg at, Si/1,).

Samples of all 17 inflows taken on 4 January show that high

levels of silicate persisted throughout the catchment area. Generally 

the tributaries to the south exceeded 38 yg at. Si/1, while the End

rick showed a further increase to 90 yg at. Si/1., the greatest level 

of silicate recorded in January, In the north the Falloch and Inver

uglas reached high levels, 26.2 and 33 yg at. Si/1, respectively, 

while in the south Cashell attained its maximum silicate concentration 

of 51.2 yg at. Si/1,

The rivers and burns were sampled on two occasions in February 

on 1st in north and 15th in the south. Silicate levels exceeding 

35 yg at. Si/1, were maintained in the inflows to the south of Inver

beg bar. Silicate concentrations of 115 yg at. Si/1, were recorded 
for both River Endrick and Blair Burn. This was the maximum level of 

these or for any inflows to Loch Lomond. In contrast inflows to
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the north became reduced to levels below those of December. Falloch, Inver

uglas, Cailness and AltArdvorlich showed reduction in silicate to 19.9, 25,

16.4 and 21,3 yg at. Si/1, respectively; nevertheless Rubha Ban maintained 

high levels exceeding 42.6 yg at. Si/1.

Three series of samples were taken on 1 March, and inflows to the north

of Inverbeg bar were sampled on 15 March, All 17 inflows were examined

while only those to the south were sampled on 28 March. In the south there 

was a general reduction in silicate levels. The Endrick decreased from 

its February maximum to 42.6 on 15 March and further to 17.5 yg at. Si/1, on 

28 March, The Fruin showed a slight downward movement but stayed high;

Luss, Douglas and Blair showed reduction to 19, 26 and 42.6 yg at. Si/1, 

respectively, the latter falling to half its February peak. In the north 

Falloch, Inveruglas and Rubha Ban were all reduced on 1 March. By 15 March 

Falloch and Rubha Ban were all reduced on 1 March. By 15 March Falloch and 

Rubha Ban increased to reach a maximum of 26.6 yg at. Si/1, and 05.2 res

pectively, while Inveruglas attained its maximum silicate level, 38.3 yg at. 

Si/1 on 26 March, AltArdvorlich also reached its annual maximum on the 

26th following a steady increase.

In April samples were taken from rivers and burns on 12th and 26th. 

Except for Endrick, Fruin, Inversnaid and Ardess, silicate concentrations 

in the inflows diminished until 12 April and then showed an upward trend to 

26 April. A continuous decrease was shown by the Ardess burn which declined 

to 5,4 yg at. Si/1, on 26 April. The Inversnaid water fell from 13 in 

March to 1,7 yg at. Si/1, on 12 April and further still to reach a minimum 

of 1.27 on 26 April. The silicate content of the Fruin Water was reached

19 on 12 April followed by a further decline to 16 yg at, Si/1, on 26 April.

The Endrick was the only inflow which increased during this period, reaching

42.6 on 12 April followed by a fall to 23.9 yg at. Si/1, on 26 April.

The series of samples were taken in May, the entire 17 inflows being 

sampled on 24 May. Silicate changes during this month was irregular and no 

distinct pattern was clear. The Endrick, Fruin, Falloch, Coille Mhor river, 

Blair Burn and Ardess increased while Luss, Douglas, Inveruglas, Cailness,
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Cashell, Rubha Ban, Stuckindroin and AltArdvorlich showed decreases in 

silicate levels. The other remained at their previous levels. The 

Ardess Burn reached its minimum on 10 May falling to 1.4 hg at. Si/1.
All rivers and burns were sampled on 21 June while cnly those to the 

south were examined on 7 June. Generally all displayed decrease in sili

cate levels and the following inflows reached their lowest silicate levels 

on 21 June; Luss (8,1), Finlas (5.6), Douglas (6.9), Falloch (2.85), Inver

uglas (5.3), Rubha Ban (23.4), Cashell Burn (3.2), Coille Mhor River (5,0), 

Cailness (6.4), and Coille Mhor Loch water (5.9 yg at. Si/1.). Fruin fell 

to 11.1 and Endrick to 25.0 ya at. Si/1.

On 6 July the seventeen inflows were examined and all showed larae 

increase in silicate levels, in most cases more than double. The Endrick 

reached 53.7, Fruin 22.6, Luss 22.1, Finlas 15, Douglas 23 and Falloch

9.6 yg at. Si/1.

Silicate levels in samples taken on 2 August, 1973 generally showed an 

upward movement although Blair Burn was reduced to its annual minimum 6.3 

yg at. Si/1., Endrick was reduced to 6.8, and Finlas to 12 yg at. Si/1.

The maximum silicate recorded on this occasion was Doublas Water with a 

value of 34.1 yg at. Si/1.

In summary rivers and burns showed a large range in silicate concen

tration especially when samples were taken on subsequent weeks. Silicate 

levels were usually at their minimum during June while maximum levels were 

found during the winter. The maximum concentration of silicate observed was 

115 y g  at. Si/1, in the Endrick and BlairBurn. While the minimum was 1.3

yg at. Si/1, recorded in the Inversnaid Water,

The maximum annual range of silicate occurred in the Endrick (111.3) 

and Blair Burn (112.7) followed by Fruin (56.4); Falloch showed a range of 

23.7. The minimum silicate variation (21,7) occurred in the Inversnaid

Water. Apart from Rubha Ban the inflows to the north contribute less

silicate to the loch than those to the south.

In general the main rivers flowing to the lower loch, Endrick, Fruin, 

Luss and Finlas reached maximal silicate levels durina the winter while of



76
the main inflows to the upper loch, Falloch, Inveruglas, attain their max

imum in the spring. Minimum levels of silicate were apparent during June 

for most rivers and burns, though those inflows with very high levels cf 

silicate show low silicate levels during spring (Blair Burn) of autumn 

(Endrick and Fruin).

(c) The four lochs

(i) Lake of Menteith

Silicate level in Lake of Menteith (Fig, 8 and Appendix Table 8) show 

clear seasonal variation having a distinct maximum in winter and definite 

minimum in summer. The annual ranee was about 85 yg at Si/1. From October 

1972 to the end of November a decrease of more than 20 yg at.Si/l. occurred 

at surface and 3 m. This decrease in silicate (54.3 - 32.6 at surface) 

was coincident with the depression in phosphate levels durina November.

The winter rise in silicate commenced at the end of November steadily 

increasing to reach a peak of 85 yg at. Si/1, on 21 February, at the surface 

and 3 m depth.

A sudden drop in silicate values of around 30 yg at. Si/1, occurred 

between 21 February to 8 March and further decreased by 25 to reach 29.4 

yg at. Si/1, on 26 March at the surface. A further decrease took place 

till 8 April reducina silicate level by 4 yg at. Si/1, at the surface and 

3 yg at. Si/1, at 3 m depth. The concentration of silicate at 3 rn depth 

remained constant (around 26 yg at. Si/1.) till 3 May while the surface 

showed a further decline of about 5 yg at. Si/1, after 20 April. Prom 

3rd till 17th May surface and 3 m concentration were reduced to half (11.3 

and 13.1 yg at. Si/1, respectively). A subsequent continuation of this 

decline in silicate reduced levels to 1.5 at surface and 2.2 yg at. Si/1, at 

3 m depth on 1 June. A further decrease lowered the concentration to a 

critical level at 0.5 yg at. Si/1, at surface and 3 m depth on 24 June.

This depression coincides with phosphate minimum and represents the annual 

silicate minimum for Lake of Menteith,

The subsequent upward movement of silicate levels reached 36.2 yg at. 

Si/1, on 20 September with a discontinuity on 26 July when a slight trough
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was evident. Concentration of silicate in Lake of Mentieth did not fall 

below 45.8/Kg at. Si/1, during the winter months (December, January, Feb

ruary) or below 11.3 ftg at. Si/1, throughout spring (March, April, May). 

During the summer months the minimum levels were 0.5/i.g at. Si/1, at surface 

and 3 m depth while autumn values did not decline below 32.6M a  at. Si/1.

Surface and depth curves usually showed a great similarity in silicate 

concentration. However, on 1 November, 1972 the surface silicate exceeded 

depth values by 2 /Ug at. Si/1., on 15 November by 8 while on 29 November 

surface level fell below that at 3 m depth by 9M 9 at. Si/1.

The only significant tributary to Lake of Menteith is the Burn of Men

teith. There was no regular (Table 8(b)) seasonal pattern of silicate 

variation in this burn. The minimum silicate content of the inflow was 
27.7/Ag at. Si/1, on 26 July while the maximum level recorded was 93.3 Mg at. 

Si/1, on 8 March. During winter levels did not fall below 53.3 The 

autumn minimum was 43.4, and the spring minimum was 29.8 and the summer min

imum was 2 1 , 1  JÀS2 at. Si/1, Although these figures suggest a seasonal 

decline in silicate the maximum for each of these periods rises almost to 

winter level.

In general silicate levels were very high, showing the seasonal range 

less than that of the loch itself.

(ii) Loch Rusky

The general pattern of seasonal variation of silicate in Loch Rusky 

(Figure 9 and Appendix Table 8) was clear with a distinct winter maximum and 

a marked summer minimum when this nutrient was reduced to trace levels.

The annual maximum was greater than for any of the other lochs studied. A 

remarkably close correlation exists between surface and depth concentration, 

the silicate values generally being identical,

A decline in silicate concentration at surface and 5 ra death from 18 

October, 1972 to 1 November reduced silicate levels by about 6 g at. Si/1, 

to 18.5. This minimum corresponds with the depression in phosphate at this 

station, but precedes the silicate minimum in Lake of Menteith by almost 

4 weeks. The minimum persists till 15 November, the winter increase first
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being evident on 29 November (2 weeks prior to the increase in Lake of

Menteith). The upward trend in silicate levels was gradual till the 7

February when the concentration of silicate was 53 yg at,Si/1, at surface

and depth. An abrunt rise in the level of dissolved silicate follows 
kreacing a value of 85 yg at. Si/1, on 21 February and attaining a maximum 

of 93 yg at. Si/1, at surface and 5 m on 8 March. This was two weeks later 

than the maximum in Lake of Menteith.

Silicate levels then olunged by 78 yg at. Si/1, in two weeks, the 

largest single decrease recorded for any loch. The resulting concentrations 

were 15.0 at surface and 14.3 yg at. Si/1 at 5 m depth on 26 March. A 

small increment in silicate levels of 3 yg at. Si/1, occurred on 20 April, 

following which silicate decreased to a summer minimum of 0.4 and 0.5 yc at. 

Si/1, at surface and 5 m depth respectively on 1st June. A sustained rise 

in silicate ensued reaching 9.2 yg at, Si/1, on 28 June, followed by a further 

decline to a late summer minimum of 2.3 and. 3.1 yg at. Si/1, at surface and 

5 ra respectively on 26 July. These two summer minimum in silicate coincided 

with phosphate minimum at the same station. The subsequent rise in silicate 

levels reached more than 16 y g at. Si/1, at surface and 5 m depth on 20 
September.

The main inflow to Loch Rusky is the Letter Burn which, unKke the 

Burn of Menteith, displays a fairly distinct seasonal cycle o? silicate 

(Table 8(b). The maximum recorded silicate content (92.3/^9 at. Si/1.) 

occurred on 10 January following a sustained increase fr̂ "̂  15 November. 

Following this maximum, silicate showtfcla downward trett̂  reaching a summer 

minimum of 0.3 yg at. Si/1, on 14 June. An abrupt increase took place 
during the next two weeks raising silicate lev$i to 60.5 yg at. Si/1, on 
28 June. This high level persisted throughout the late summer and autumn 

but fluctuated widely.

Winter silicate levels vary betwef̂  ̂ 64 and 92 y g at. Si/1. ; thus the 

summer maximum, 60 yg at. Si/1, is less than the winter minimum. The 
annual range of silicate concentration was 92 yrr at, Si/1, which is almost 

exactly equal to that of the loch
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(iii) Loch Achray
The variation in the level of silicate in Loch Achray (Figure 11 and 

Appendix Table 8) show a distinct seasonal cycle though the magnitude of 

the changes is less than in Loch Rusky and Lake of Menteith. The range 

of silicate concentration is only 24 yg at. Si/1, which is less than one- 

third the range of the previously described lochs. The silicate changes 

at surface and depth show little similarity at certain times of the year.

From 18 October, 1972 a gradual upward trend in silicate was apparent.

A discontinuity in the pattern of increase occurred at surface and 5 m 

depth from 1 to 15 November, corresponding with the autumn minimum in phos

phate. Surface silicate levels rose, first gradually and then steeply to 

reach an annual peak of 34.4 yg at. Si/1, on 27 December. This maximum 

preceded that in the silicate content of Loch Ard, Loch Rusky and Lake of 

Menteith by-2 months and was the first nutrient to reach a maximum level in 

Loch Achray. By 24 January surface levels declined to 21.3 and persisted 

around this level till the beginning of May,

An entirely different pattern can be discerned at 5 m depth. Here the 

silicate level rose rapidly from 14.1 on 15 November to 22.3 yg at. Si/1, on 

13 December, followed by a gradual sustained increase to reach a maximum of 

28 yg at. Si/1, on 7 February. This peak is about 6 yg at. Si/1, lower 

than the surface maximum and occurred six weeks later. A rapid decline 

brings the 5 m depth concentration of silicate into line with those at the 

surface (18.9 and 19.1 yg at. Si/1, respectively).

From 8 March levels showed a slight downward tendency until 3 May which 

was followed by an abrupt drop in silicate levels falling to 8.2 yg at. Si/1, 

at both surface and 5 m depth. The lowest point of the summer depression 

is reached on 1 June when silicate levels reach 7.4 yg at. Si/1, at surface. 

This coincided with the summer minima in Loch Rusky and Lake of Menteith.

On 28 June concentrations doubled at both depths to reach 14 yg at. Si/1, and 

thereafter declined persisting around 11 yg at. Si/1, till completion of 

sampling.
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The silicate levels in the main inflow to Loch Achray, Achray Water

(see Table 8(b)) showed an irregular pattern of variation. The maximum

level recorded in the inflow was 28.3 yg at. Si/1, on 10 January; this 

was less than the annual silicate maximum in Loch Achray, the minimum 

recorded silicate content was 1.34 yg at. Si/1, on 17 May, giving an annual 

range of 27, exactly the same as for the loch itself.

General features of silicate in Achray Water are: from 1 November

to lO January levels exceeded 20 yg at. Si/1., from 24 January to 3 May 

levels usually exceeded 15 yg at. Si/I., from 17 May onward silicate was 

less than 10 yg at. Si/1.

(Iv) Loch Ard

The seasonal variation in silicate level in Loch Ard (Figure 10,

Appendix Table 8) shows a single distinct feature, the winter maximum with 

a less distinct summer minimum. The annual range at this station was from

21 .-jzé 9 yg at. Si/1, to 12 yg at. Si/1.; this is by far the smallest degree

of variation shown for any of the four lochs.

An initial decrease occurred at surface and 5 ra depth between 10 October

and 1 November; this was coincident with the autumn minimum of phosphate.

The gradual but sustained increase towards a winter maximum began on 29 

November, increasing steadily to a peak value of 21 yg at, Si/1, at the 

surface and 20 yg at. Si/1, at 5 ra depth on 21 February. This occurred 

simultaneously with the maximum in Lake of Menteith. Concentrations dec

lined at the same rate as they increased. A short plateau occurred on 

3 May following which silicate fell to a minimum of 9 yg at. Si/1, at the 

surface on 14 June and at 5 m depth on 28 June, Silicate then increased 

to reach a steady level around 10 rising further to 12.5 ycr at. Si/1, on 
2o September.

Silicate levels in the two main inflows to Loch Ard (Table 8(b)) were 

investigated. The Ledard Burn showed roughly double the silicate concen

tration of the Water of Chon. Neither displayed any consistent variation 

thouah both inflows maintained higher silicate levels from 18 October until 

3 May. The values for the Ledard Burn lay between 30-40 yg at. Si/1.
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while the Water of Chon recorded silicate levels between 15 and 25 yq at. 

Si/1. Ledard Burn reached maximum level of silicate (43.4) on 1 November 

while the Water of Chon showed a peak of 28.3 yg at. Si/1, on 24 January.

The summer minimum were recorded on 1 June in Water of Chon (2.1 yg at.

Si/1.) and on 11 July in Ledard Burn (12.6 ya at. Si/1.). The annual range 

of silicate levels in the two inflows is fairly similar, being 30.8 yg at. 

Si/1, in the Ledard Burn and 26.2 yg at, Si/1, in the Water of Chon.

3) Nitrate + Nitrite

(a) Loch Lomond

Nitrate plus nitrite in Loch Lomond was generally high throughout the 

year, never falling below a value of 4.0 yg at.N/1. The nitrite content of 

the water was always low and constituted only a small proportion of the total 

nitrate olus nitrite values. Any reference to nitrate in this section 

will be to the combined value of nitrate plus nitrite,

A clear seasonal cycle of nitrate with a distinct winter maximum and 

summer minimum was evident at the six stations in Loch Lomond. The max

imum recorded nitrate concentration and the highest range of values were 

found at the South Balmoha station while the smallest maximum and least range 

of values occurred at the three northern stations. Events at surface and 

depth generally corresponded at all stations throughout the year.

In the South station of Loch Lomond in 1972 (Figure 13 and Appendix 

Table 9) nitrate fell from its April level (18.19 y g at. N/1.) to reach

a spring depression at all depths on 4 May, 1972. This was coincident with

the spring decrease at the North and Middle stations, although values here 

did not fall below 16 y g at. N/1. The subsequent increase in nitrate 

reached 21.8 y g at. N/1. at 5 m depth at the end of May while the highest 

surface value of 19.5 yg at. N/1. was not observed till 12 June. Nitrate 

concentration at this station then showed a fluctuating downward trend 

reaching an annual minimum of around lO yg at. N/1. at surface and at 3 m

depth on 1 August. This minimum was not found at 5 and 10 m depth

until 29 August.
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A distinct nitrate increase coinciding with increased phosphate and 

silicate was apparent on 6 September, 1972, rising to a maximum cf 13.7 yg

at. N/1. at the surface and 14.1 at 5 m depth on 12 September. This
maximum preceded the September increase at the north and middle stations.

During October a fall in nitrate levels was obvious at all derths, 

reaching a minimum on 25 October, The winter increase, first became

apparent at all stations on 23 November attaining a maximum of around 22,5

yg at. N/1. at all depths on 17 January. These high levels persisted for 

a month, followed by a decline to a spring minimum of about 17 yg at. N/1.

at the surface on 28 March, and all depths a fortnight later. A subsequent

upward trend in levels produced a transient peak of 20 yg at. N/1. on 26 

Aoril. Followina this was a sudden drop to 16,0 yg at. N/1. at the surface 

on 2 May with a more gradual decline taking place at depth. Till 6 July 

levels fluctuated between 15 and 16 yg at. N/1. subsequently falling 

abruptly at surface and 3 m to 8.8 and 8.9 yg at. N/1. respectively on 24 

July. A more gradual decline to the summer minimum occurred during the 

following two weeks to reach 7.7, 5.04, 6.2 and 7.2 yg at. N/1. at surface, 

3m, 5 m  and lO m depth respectively on 2 August, This was accompanied 

by a simultaneous minimum at all stations to the north. The increase 

during August raised levels of nitrate aloove 9.5 yg at. N/1. on 17th,

Minimum nitrate levels in 1972 were two-fold hicrher (10.1) than in

1973 (5.04 yg at. N/1.). Maximum nitrate level recorded during the period 

of sampling at South station was 22.7 yg at. N/1. giving an annual range of
17.7 yg at. N/1.

The annual variation in nitrate in the Middle station of Loch Lomond 
(Figure 14 and Appendix Table 10) showed the same general features as the 
South station, although the range of nitrate concentration (19.7-4.8 yg at. 

N/1.) was less? variations at each depth generally followed each other, 

even during the summer oeriod.

The high nitrate levels recorded at all depths on 14 April, 1972 

showed a marked decline by the following week, a reduction of 19.5 to

15.6 yg at. N/1, occurred at the surface and 19.7 to 14.8 yg at. N/1. at 3 m
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depth. A decrease in nitrate concentration at 5 m and 10 m depth was not 

evident till two weeks later, when a similar reduction occurred. The 

lowest value recorded at the surface (13,2 Pa at. M/1.) occurred on 4 May 

accompanyinc the soring minimum of phosphate and silicate. From 4 May 

to 12 June an irregular rise in nitrate concentration occurred, this in

crease being most prominent at the surface where a maximum value of 18.2 

Pg at. N/1. was recorded. The change at 5 m depth was only marginal, 

rising from 15.3 to 16.9 g at. N/1., A sustained decline followed at all 

depths reaching a summer titrate minimum of 10,5, 10.1 and 11.1 pg at. N/1. 

at surface, 3 m and 5 m on 1 August. The lowest recorded nitrate concen

tration at 10 m depth (11.7) was not attained till 15 August. In contrast 

the depression of silicate was noticeably later, not reaching its minimum 

till 6 September.

During September a general increase in nitrate values was obvious at 

all depths, reaching a maximum on 11 October when the greatest concentration 

recorded was 14,8 Pg at. n /1. at the surface. This was later than the 

rise in nitrate at North and South stations. This peak was transient, and 

levels fell to 12.2 pg at. N/1. at all depths on 25 October.

A sustained increase followed, culminating in a peak on 17 January

of 18.1, 19.2, 19.1 and 18.5 yg at. N/1, at surface, 3m, 5m, and 10 m

depth respectively. This coincided with the winter maximum at the South

and North stations. The subsequent decline in nitrate levels was first

gradual and then steep, fallina to a very distinct minimum of 12.4 Pg at, 

N/1. at the surface on 1 March, A considerable increase followed at all

depths rising to a maximum of 17.6, 18.1, 16.6 and 170 pg at. N/1. at the

surface, 3m, 5 m  and 10 m denth respectively on 12 April. A neriod of 

sustained but gradual decline took place till 24 May, followed by a drop 

of 3 Pg at. N/1. to reach 13 to 13.5 pg at. N/1. on 7 June. A plateau 

in nitrate values persisted till 6 July when concentrations fell to 

between 5.5 ^c 6.0 Pg at. N/1. on 24 July, decreasing still further to

4.8 at the surface on 2 August. By 17 August nitrate was on the increase 

at all depths.



The minimum value of nitrate at this station was 10.1 pg at. N/1. in 

1972 and 4.8 in 1973; in this respect the Middle station resembled the 

South though its annual maximum (19.7 pg at. N/1.) was less.

The seasonal changes in nitrate at the North station of Loch Lomond 

(Figure 15 and Appendix Table 11) were less considerable than the variation 

recorded at South and Middle stations. Nitrate concentrations never fell 

below 7 Pg at. M/1, at any depth or rose above 16.1? nevertheless within 

this scope of variation, the annual pattern generally followed the changes 

described for the Middle and South stations. The week to week variation 

of nitrate at each depth sometimes showed little similarity with the 

surface, although the general pattern was similar.

Surface and 3 m depth sample showed a decline in nitrate concentration 

from 13.4 and 14.8 on 14 Aoril, 1972 to 10.3 and 12.3 pg at. N/1. respect

ively on 20 April. The lowest value, recorded at 3 m depth (10.08 pg at, 

N/1.), occurred on 4 May, coinciding with the sprina nitrate minimum at the 

South and Middle stations. A subsequent rise in levels was more gradual 

at the surface than depths, reaching the highest level at 3 m, 5 m  and 10 n 

denth (14,6, 13.6 and 15.0 pg at. N/1. respectively) on 29 May. The sur

face maximum (13.1) was recorded a week later; although a small trough was 

evident at the surface between 19 and 27 June, the sustained decrease shown 

at the other stations after 12 June was absent. The actual decline toward 

a summer deoression occurred between 10 July and 1 August falling by 2.9 

pg at. n /1. to a nitrate minimum of 9.8 pg at. N/1. at surface on 1 August, 
1972.

Till 12 September surface and depths nitrate values fluctuated between 

10 and 11.5 pg at. N/1. followed by an increase on 27 September to 12.7 at 

the surface and 3 m, and to around 12.2 pg at. N/1. at 5 m and 10 m deoth. 

An additional rise at 3 m, 5 m  and lO m on 11 October brought the nitrate 

concentration to 13.2 pg at, N/1. A marked decline occurred at surface,

3 m and 5 m deoth on 25 October though the nitrate value at 10 m depth 

continued to rise. By 23 November an increase in nitrate levels was appar

ent at all depths, gradually reaching a winter maximum of 16.1 pg at. N/1.
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at 3 in depth on 17 January, and 15,8 at the surface on 1 February,

Nitrate levels then showed a steady decline reaching a spring minimum

of 9.7 at surface and 9.5 vg at. N/1. at depths on 26 April. This was 

considerably later than the spring decrease in nitrate at the South and 

Middle stations but coincided with the spring minimum at North Inversnaid 

and North Falloch. Concentrations at the surface subsequently showed a 

slight increase and then remained constant (10.4 - 11.0 pg at. N/1.) till 

G July, falling steeply thereafter to a summer minimum of 7,0 pg at. N/1. ’ 

on 2 August. 5 m and 10 m depth samples exhibited a different pattern, 

rising steeoly from the sprina minimum to 14 at 5 ra depth and 12.5 pg at. 

N/1. at 10 m depth on 24 May. A steady decline ensued reaching respective

summer minima of 8 and 9 Pg at. N/1. on 2 August. By 17 August nitrate

was on the increase at surface and depths.

The minimum summer concentration of nitrate recorded in 1972 was 9.6 

while this nutrient fell to 7.0 pg at. N/1. in summer 1973. The difference 

between the two years was not as marked as it was in the Middle and South 
stations.

Generally the North Inversnaid station (Table 11) showed close simil

arities to the North station of Loch Lomond, though its maximum and minimum 

nitrate values (15.3 and 5.4 Pg at. N/1.) were slightly less than the 

corresponding values for the North station^.

The nitrate levels at this station in August and September were only 

marginally different, remaining around 11 pg at. N/1. at surface and denth.

A slight decline was evident on 11 October rising aaain on 23 November to

10.3 at surface and 10.6 Pg at. N/1. at 3 m depth. This marked the

commencement of the winter increase in nitrate. A sharn rise ensued during 

the next two weeks raising levels to 14 at the surface and 13.7 pg at. N/1. 
at depth. On 7 December a more gradual increase in nitrate levels contin

ued till 1 March when the winter maximum of 15.2 pg at. N/1. at surface 

and 15,3 at 3 m depth was recorded. This was one month later than the 

maximum at North station.
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Following this peak nitrate remained high till 15 March and then fell 

to 12.3 yg at. N/1, at the surface on 12 April. Z\ further gentle decline 

reduced levels to 11,5 yg at. N/1, on 24 May after which values increased 

to a surface maximum of 12.9 yg at. N/1. on 7 June. A downward trend 

ensued with a sustained fall at surface and depth reaching resnective summer 

minima of 5.6 and 5.4 yg at. N/1. on 2 August. This depression occurred 

concurrently with the summer minima at North, North Falloch, Middle and 

South stations. The range of nitrate values at this station was 9.9 yg at. 

N/1. showing a close similarity with the North and North Falloch stations.

The annual range of nitrate at North Falloch station (Table 11) was 

from 14.2 yg at. N/1. in March to 4.1 yg at. N/1. in August; this is 

slightly greater than that of North Inversnaid and North station. Levels 

of nitrate at this station increased from 9.5 yg at. N/1. on 15 August to 

11.4 on 12 September; this coincided with the phosphate peak. A decrease 

ensued reducing surface concentrations of nitrate to 9 yg at. N/1. on 11 

October. The sustained increase in nitrate, first anparent on 23 November, 

continued till 4 January when a value of 13.7 was recorded at the surface.

A very gradual upward trend in nitrate values followed reaching a maximum 

value of 14,2 yg at. N/1. at surface and 13.8 at 3 m depth on 15 March.

This peak was two weeks later than the winter maximum at the North Invers
naid station.

A rapid decrease in nitrate levels followed, reducing the surface level 

to 10.3 and denth to 10.4 yg at. N/1. on 12 April, A small depression of

1.5 yg at, N/1. occurred on 26 April, following which levels increased to 

12,1 at surface and depth on 7 June. This maximum coincided with the 

highest June nitrate values in the North Inversnaid station. The sub

sequent decline was ranid till 24 June (7,3 at surface) followed by a 

shallow decrease reaching a minimum of 5.2 yg at. N/1. and 4.3 at surface 

and 3 ra respectively on 2 August. This was concomitant with the summer 

minimum of nitrate throughout the loch. By 17 August nitrate was again 

showing an upward trend, reaching 7.2 yg at. N/1. on 17 August.



The nitrate concentrations recorded for the South Dalmaha station 

(TaiDle 11) exhibited a greater annual range than for any other station in 

Loch Lomond. The values varied from a maximum of 23.1 yg at. N/1. in 

February to a minimum cf 4.3 in July, a difference of 18.8 yg at. N/1.

Nitrate concentrations of 7.4 yg at. N/1. at this station in August 

were noticeably lower than levels at any other stations in Loch Lomond and 

more than 5 yg at. N/1. lower than values for the South station. By 6 

September concentrations had increased to 8.7 at the surface and 9.2 yg at. 

N/1. at 3 m depth. The gradual upward trend continued till 25 October 

raising levels to 12.4 yg at. M/1, at both denths to marginally exceed 

levels throughout the rest of the loch. On 23 November the concentration 

of nitrate was still rising steadily at 3 m depth though the surface concen

tration had only increased marinally. Nitrate values then climbed contin

uously at both deoths reaching 19.8 and 21.2 yg at. N/1. at surface and 

depth respectively on 17 January. The subsequent increase produced a win

ter maximum on 15 February of 23.1 yg at. N/1, at the surface and 22.1 at 

depth. These are the highest nitrate values recorded at any station in 

Loch Lomond. These high concentrations remained till 15 March and were 

followed by a sharp decline to 16.7 yg at, N/1. at the surface and 16.3 at 

depth on 26 March. This downward movement continued, reaching aJDOut 13.2 

yg at. M/1, at both depths on 12 April, This occurred simultaneously 

with the spring minimum of silicate at this station. An increase at 3 m 

depth on 26 April was followed by a similar increase at the surface two 

weeks later. The continual rise culminated in a surface maximum of 17.2 

yg at. N/1. on 7 June with a maximum at 3 m (18.4) on the 24 June. This 

preceded the June peak in the South station by two weeks.

An al^rupt decrease between 24 June and 6 July reduced nitrate concen

tration by almost a half, with a similar decrease taking place between 

6 and 24 July. The nitrate reached its summer minimum on this date,

5.2 yg at. N/1, at the surface and 4.3 at 3 ra depth. Both the timing of 

the decrease and the time of the minimum were 2 weeks earlier than for the 

South station.



88
In general, it is evident that the North station of Loch Lomond 

possesses the lowest annual range of nitrate. The difference between 

the nitrate maximum and minimum was 9,1 yq at. N/1. at North station 

which increased to 9.9 at the North Inversnaid station and reached 10.1 

at North Falloch station. Passing southwards (Map 2) from the North 

station the range rose to 14.9 at the Middle station, increased still 

further to 17.7 yg at. N/1. at the South station, and reached a maximum 

of 18.8 at South Balmaha. This showed exactly the same pattern as silicate.

The maximum recorded level of nitrate at each station diminished mass

ing from south to north. The highest nitrate value was observed at South 

Balmaha (23.1 g at, N/1.) while the maxima for subsequent stations were 

as follows: South (22.7), Middle (19.7), North (16.1), North Inversnaid
(15,3) and North Falloch (14,2),

The minimum concentration of nitrate was highest at the North station 

(7.0 yg at. N/1.) less at the Middle and South stations (4.8 and 5 yg at. 

N/1.) and least at the South Balmaha (4.3). Passing northward from the 

North station the minimum was less at North Inversnaid (5.4) while at the 

North Falloch station the lowest nitrate value for any station (4,1 yg at. N 

N/1.) was recorded.

The three stations studied throughout 1972 and 1973 show lower minimum 

nitrate level in the latter year. The lowest recorded levels in 1972 

were respectively 9.8, 10.1 and 10.1 yg at, N/1. in North, Middle and South 

stations while in 1973 the minima were 7.0, 4.8 and 5.0 yg at. N/1.

The appearance of the winter increase was earliest at the South Bal
maha station on 25 October. The summer minimum of nitrate occurred 

simultaneously at all stations in the Loch on 2 August.

(b) Rivers and Burns 

Generally the rivers and burns flowing into Loch Lomond show a nitrate 

content at less than 15 yg at. N/1, except for the Endrick and Fruin which 

remain at high levels throughout the year. The recorded nitrate concent

ration in the inflows (Tallies 6, 7, 10 and Fig. 5, 6, 7) range from a 

maximum of 75.9 yg at. N/1. in the Endrick and Blair Burn to trace quan-
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titles found occasionally in the Falloch and some other small burns. in 

general the small burns have the lowest nitrate levels, which usually lie 

below 5 and rarely rise a bove 10 yg at. N/1. The main inflows to the 

lower loch have slightly hiaher levels only fallina below 5 yg at. N/1. for 

a brief period in the summer. The seasonal pattern was irregular, never

theless there was a tendency for maximal nitrate value to occur in the

winter and autumn with lower levels in summer.

During August 1972 samples were taken from rivers and burns south of 

Inverbeg bar on 8th while on 15th the inflows to the north of this bar were 

investigated. Nitrate levels were generally low throughout the catchment 

area. Five of the inflows showed their minimal recorded nitrate content: 

Fruin, 9.8, Finlas 3.4, Douglas 1.9 yg at. N/1; in Cashell and Blair Burn 

nitrate was almost undetectable. The Luss Water was slightly above 

its minimum nitrate level and the Endrick also exhibited a comparatively low 

nitrate value (39.7 yg at. N/1,), Main inflowing streams to the upper 

loch were also low in nitrate, the respective values for the Falloch,

Douglas and Inveruglas being 2.3, 1.9 and 2.7 yg at. N/1.. However Allt 

Ardvorlich and Rubha Ban recorded their maxima (12.3 and 25.1 respectively). 

Two other burns, Stuckindroin and Ardess, also showed relatively high 

nitrate levels, 9.8 and 10.3 yg at, N/1. respectively.

In SGpteralDer the rivers and burns south of the Inverbeg bar were sampled

on 6th and the inflows to the north were studied on the 12th. Generally 

an increase in nitrate was apparent during this month with Douglas and 

Cailness reaching their maxima (19.3 and 13.9 yg at. N/1. respectively).

The increase in the other burns and rivers to the upper loch was only 

marginal. The main inflows to the lower loch increased by more than three 

fold; Fruin to 49.7, Luss to 12.8, Finlas to 11.8, Blair and Cashell Burn 

to 14.3 yg at, N/1. on 6 Septemîcer. The Endrick showed a slight decrease 
to 27 yg at. N/1.

All 17 rivers and burns were investigated on 11 October while only 

those to the south of the Inverbeg bar were sampled on 25 October. On 11 

October the main inflows to the lower loch were on the increase (Endrick
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47.8, Fruin 57.4) or showed little change (Luss and Coille Mhor). The 

Finlas reached its annual maximum of 22.4 yg at. N/1., while Douglas Water 

declined to 6.3 and Cashell Burn to 1,1 yg at. N/1. On 25 October Finlas 

was drastically reduced to 5.7 yg at. N/1. while Cashell and Blair Burns 

fell to trace levels, Fruin and Luss were reduced to half and Endrick 

remained constant. The rivers and burns to the north increased consid

erably, Stuckindroin reaching its hiohest level of the year (15) and the 

Falloch increased from 3.0 yg at. N/1. to 23.8. Cailness, AlltArdvorlich 

and Ardess Burns decreased to 3.0, 2,7 and 8.6 yg at. N/1. respectively.

On 23 November all inflows to Loch Lomond were sampled. Those inflows 

to the lower loch either showed an increase or remained the same. Blair, 

Coille Mhor and Cashell showed a significant increase to 4.9, 10.9 and

5.3 yg at. N/1., Douglas and Finlas doubled in nitrate concentration while 

the Endrick and Fruin showed little change. Inflowing streams to the 

north either showed no change or exhibited a decreased nitrate content, the 

most marked being in the Falloch where levels fell from 23.8 to 6.0 yg at. 

N/1. Doth AlitArdvorlich and Stuckindroin showed diminished levels of 

this nutrient and only Ru)?ha Ban increased.

During December samnles were taken from the inflows north of the 

Inverbeg bar on 7th and from those south of the V?ar on 21st. Most in

flowing streams to the upper loch showed a distinct decrease in nitrate 

levels, Inversnaid to 1.1, Cailness to 1.9, Inveruglas to 4.3, Falloch to

1.9, Douglas to 7,7 and AlltArdvorlich to 1.2 yg at. N/1. Rubha Dan

increased to 27.4 and Ardess to 8.3 yg at. N/1, In the catchment area of

the lower loch an increase in nitrate was generally apoarent. The End

rick and Fruin showed a further rise to 60 and 25 yg at. N/1. respectively,

Luss increased to 12, Cashell to 12.3, Blair Burn to 18.3 and Coille Mhor

Loch Water to 15.8 ya at. N/1.

On 4 January all rivers and burns were sampled and a general upward 

trend in nitrate levels was evident. The Inveruglas attained its annual 

maximum of 9.3 yg at. N/1. and only Rubha Ban decreased to 10.2 yg at, N/1.
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Durinc Februarv inflows to the north of Inverbeg bar were examined on 

1st while those to the south were sampled on 15th. The upward trend of 

nitrate levels continued throughout the month with many inflows reaching 

their annual maxima, Endrick (75.9), Luss (16.4), Inversnaid (6.97, Coille 

Mhor River (16.1),Cashell (20.7, Diair (75.9) and Ardess (15 yg at. N/1,),

On 1 March the rivers and burns to the north of Inverbeg bar were 

examined, on 15th all inflows were sampled and those to the south of Inver

beg bar were sam̂ -'led again on 26 ’'’arch. A general decline in nitrate levels 

was obvious, the greatest reduction being in Blair Burn which fell from

75.9 to 2.0 yg at. N/1. in four weeks. Considerable decreases in nitrate 

content were also apparent in Luss, Douglas, Falloch, Inveruolas, Coille 

Hhor Fiver and Cashell Turn. Other inflows remained constant or fluct

uated irregularly. Increases were recorded in the AlltArdvorlich, Fruin 

and Coille Mhor Loch Water which reached its annual maximum of nitrate,
20.0 yg at. N/1., on 15 March.

Some of the small burns were examined on 12 April and all inflows were 

sampled on 26 April. During this period Douglas Water increased to 12.4 

yg at. N/1. The Endrick was still increasing (56.9) and the Fruin reached 

its maximum on 26 April (61.9 yg at. N/1.). Nearly all the other inflows 

remained constant or fluctuated about a mean level except for Coille Mhor 

Loch Water which decreased to 8.2 and Ardess to 4.0 yg at. M/1.

Some of the burns and rivers were investigated on lO May while complete 

sampling of the inflowing streams was carried out on 24 May. A conspic

uous feature of this month was the marked reduction in nitrate concentrations 

with nearly all inflows approaching their minimum levels. Concentrations 

of less than l.n yg at. N/1. were found in the Falloch, Inversnaid, Cail

ness, Coille Mhor River, Blair, Cashell and Stuckindroin Burn, The End

rick declined to 33.2 yg at. N/1. and the Fruin to 36.6. A marginal 

increase was recorded in Ardess and AlltArdvorlich Burns.

On 7 June rivers and burns to the narth of Inverbea bar were sampled 

and on 21 June samples were taken from all inflows. An overall rise in
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nitrate levels was clear during this month with the exception of the Coille 

Mhor Loch î'Jater, Ardess, AlltArdvorlich and Stuckindroin Burns which 

reached their lowest nitrate values. The Fruin continued to decline while 

the Endrick reached a prominent peak at 49.0 yg at. N/l.

Samples were taken from all 17 rivers and burns on 6 July and 2 Aug

ust. Generally nitrate levels showed a small upward movement although 

the Endrick and Ruloha Ban fell to reach their annual minimum of 20.4 and

8.9 yg at. N/1, respectively. The Falloch reached a short-lived maximum 

on 6 July rising from 2.4 on 21 June to 24.F yg at, N/1. and then decreased 

again to 3.3 on 2 August. Fruin and Blair Burn showed sharp rises to

54.9 and 14.2 Mg at. N/1. respectively; Luss, Finlas and Douglas Water 

fluctuated between 6 and 9 yg at. N/1. while the small burns generally 

remained below 5.0 yg at. N/1.

In general the seasonal pattern of nitrate in the inflows from the 

Loch Lomond watershed showed a clear maximum in February and l̂arch. This 

is slightly later than the maximum observed in the North, Middle and South 

stations of the Loch. All inflows showed a depression in nitrate content 

in îiay and June with many reaching their minimum levels during this period.

The inflows to the upper loch, with the exception of Rubha Ban, poss

essed a lower average nitrate content than those to the south. Generally 

the levels were less that the corresponding levels in the loch itself, and 

rarely rose above 10 yg at. N/1. In the south the Endrick and Fruin usually 
exceeded the nitrate content of the loch, the Endrick being exceptionally 

high in this respect, never falling below 20 y g  at. N/1.

(c) The four lochs

(i) Lake of Menteith

Nitrate levels in Lake of Menteith (Table 12 in Appendix and Figure 8) 

show a range between maximum and minimum values of 16,1 yg at. N/1; this 

is similar to the nitrate variation in the South station of Loch Lomond.

The nitrate in Lake of Nenteith, however, fell to almost undetectable levels 

during the summer, a phenomenon not observed in Loch Lomond.
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The surface nitrate concentration on 18 October, 1972 was 5.7 yq at. 

N/l.f this diminished to low level on 1 November (1.4 yq at. N/1. at 

both denths). The marginal rise in nitrate at surface and 3 m depth on 

29 November marked the commencement of the winter increase. An abrupt 

upsurge in the nitrate concentration followed, reaching 7.8 at the surface 

and 7.4 yg at, N/1. at 3 m depth by 13 December, Thereafter the rate of 

increase was more gradual reaching 14.1 yg at. N/1. at the surface on 24 

January. A very slight rise in nitrate levels occurred during the 

ensuing six weeks reaching a surface maximum of 15.3 yg at. N/1. on 21 

February and a maximum at 3 m depth of 16.5 yg at. N/1. on 8 March. This 

peak coincided with the maximum recorded phosphate levels and very low 
levels of silicate.

An initial marked fall in nitrate concentrations was evident at 

surface and depth on 26 r^arch, showing a decrease of 4 yg at. N/1. at 

surface and 5 yg at. N/1. at 3 m  deoth. The rate of nitrate decrease 

then lessened slightly, falling to 6.0 yg at. N/1. at the surface on 20 

Aoril. A subsequent rapid decline reduced nitrate to low levels on 1

June when the surface nitrate concentration was 0.6 yg at. N/1, and the

3 m depth value was aliout 0.4 yg at. N/1. A slight rise in nitrate, 

raised concentrations of this nutrient to around 1 yg at. N/1. at surface 

and depth on 14 July. This was followed by a decline to 0.093 yg at. N/1. 

at 3 m denth on 28 June, the lowest level of nitrate recorded. A decrease 

at the surface subsequently occurred on 26 July, reducing nitrate to 0.78 

yg at. N/1. Increases at surface and depth during August and September

raised levels to 2.9 yg at. N/1. at surface and 2.7 at depth on 20
September.

The main inflow to Lake of Menteith, the Burn of Menteith (Table 8(a)) 

shows erratic variation in nitrate levels ranging from 7.6 to 0.22 yg at. 

N/1. A maximum was recorded on 15 November, following which levels 

remained above 3.5 yg at. N/1, till 24 January when a peak of 6.3 yg at. 
N/1. was recorded. Nitrate content then fall to 3.7 yg at. N/1. 

followed by a steady increase to a oeak of 7.6 on 20 Aoril. Values
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declined to less than 1 ycr at. N/1. on 17 May, subsequently rising to 7.3 

on 28 June. A further fall ensued reaching levels of less than 1 yg at. 
N/1. on 20 September.

(ii) Loch P.usky

The observed nitrate concentration in Loch Rusky (Figure 9 and Aonen- 

dix Table 12) ranged from 20,8 to 1.8 yg at. N/1. The largest variation

found either in the four lochs or in Loch Lomond, There was generally a

close correlation between nitrate concentration at surface and depth.

The initial level of nitrate, 7.5 yg at. N/1. at surface on 18 October, 

1972, declined to 5.2 on 1 November and remained around this level till 

29th. During this period concentration of nitrate at 5 m depth also 

stayed constant at about 6 g at. N/1. A sustained increase was evident 

on 13 December when levels had risen to 9.4 yg at. N/1. at the surface 

and 10.3 at 5 m depth, A nlateau then followed with only a marginal in- 

rement in nitrate levels, reaching 11.5 on 19 Januarv. A further abrupt 

increase resulted in a surface nitrate concentration of 16.5 on 24 January, 

a level which persisted till 21 February. 5 m denth levels during this 

period remained at a slightly higher level (between 17.1 and 18.2 yg at.

N/1.), A subsequent rise in nitrate values culminated in a winter max

imum of 19-2 at the surface and 20.8 yg at. N/1. at 5 m denth on 8 March. 

This occurred concurrently with the winter maximum in Lake of Menteith.

A rapid decline at surface and denth reduced nitrate to 15.2 and 15.6 

yg at. N/1. respectively on 26 March. This was followed bv a more gradual 

decrease at the surface, lowering concentrations to 10.0 yg at. N/1. on 29 

April and a further sharp decrease at 5 m denth in which nitrate fell to

5.9. The next fortnight saw continued decline at the surface and an 

increase to 8-0 ycr at, N/1. at 5 m denth. A snring minimum was recorded 

at surface and depth on 17 May with concentrations of 3.3 and 2.8 yg at.

N/1. respectively. This minimum coincided with a decrease in the levels 

of phosphate and silicate. 1 June saw an increase in nitrate levels to

5.8 yg at. N/1, at surface and denth; this was followed by a shallow 

decline to 3.8 yg at, N/1. at the surface and 4,5 at 5 m denth on 11 July,
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a period during which nhosohate and silicate showed an increase. The 

downward trend then became more rapid, reducing nitrate to around 2 pa at. 

M/1, at surface and denth on 26 July. These levels persisted for a month 

during which the annual nitrate minimum was recorded (2.0 pg at. N/1. at 

surface and 1.8 at 5 m  depth) on 8 August. This coincided with low levels 

of silicate, although phosphate appeared to be on the increase. From, 

this period till the completion of sampling a slight rise in nitrate was 

apparent, reaching 3.3 at the surface and 3.6 pg at. M/1, at 5 m depth on 

20 September, 1973.

The major inflow to Loch Rusky, the Letter Burn (Table 8(a), shows 

distinct seasonal characteristics. The nitrate levels were generally 

high from the end of November till the end of March and low for the rest 

of the year. Two large nitrate maxima were evident, one on 29 November 

when a value of 18.0 pg at. N/1. was recorded, and the other on 10 January 

when the value was 18.3 pg at. N/1. Between these two peaks the nitrate 

content of the water did not fall below 16 pg at. M/1. Following the 

January peak, nitrate levels showed a sustained downward trend falling to

10.3 pg at, M/1, on 8 March, then declining by almost 7 pg at. N/1. during 

the next fortnight to reach 3.6 pg at. N/1. An annual minimum of 0.5 pg 

at. n /1. was recorded on 17 May with levels remaining below 1 pg at, N/1. 

till 14 June? thereafter levels fluctuated between 1 and 3 Pg at. N/1.

The annual range of nitrate concentration in this Burn was 17.8 com

pared with 19.0 pg at. M/1, for the Loch itself. The maximal levels of 

nitrate coincided with silicate and nitrate peaks at this station.

(iii) Loch Achray

The annual range of nitrate concentrations in Loch Achray (Figure 11 

and Appendix Table 12) varied between 3.5 to 15.2 Pg at. N/1. Levels of 

nitrate both at surface and depth showed considerable fluctuations tending 

to make the pattern of seasonal variation less distinct than in the other 

lochs investigated.

At the commencement of sampling on 18 October the levels of nitrate 

were 11.3 and 11.1 pg at. N/1. at surface and depth. On 1 November a
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decline to 9.0 yg at. M/1, had been recorded. This was followed by a 

gradual upward trend in nitrate levels, culminating in a peak of 15.2 at 

the surface and 14.5 yg at, N/1. at 5 m depth on 10 January. A decrease 

followed at surface and deoth reducing nitrate values to 11.04 at the sur

face and 11,9 yg at. M/1, at depth on 7 February. The ensuing increase 

raised nitrate levels to 14.6 at the surface and 14.2 yg at. N/1. at 5 m 

denth on 8 ’̂arch, 1973.

Ain irregular decline then took nlace with nitrate concentrations fall

ing to 11,9 yg at. N/1. at surface and depth on 3 May. An abrunt drop 

reduced levels to 6,8 and 7.7 at surface and depth a fortniaht later.

This coincided with the rapid decline of phosphate and silicate. Subse

quent to a short-lived increase (to 10.5 yg at. N/1.) on 1 June, levels 

declined still further, falling to a summer minimum on 26 July. Values 

of 4.3 and 3.5 yg at. N/1, at surface and depth respectively were recorded 

on this date, coinciding with low phosphate levels and a slight decline in 

silicate. Dy 8 August nitrate had risen by about 2 yg at. N/1. at surface 

and denth to give respective values of 6.4 and 6.2 yg at. N/1. Little 

change in nitrate levels was apparent till 2o Sentember when the concen

tration was 6.0 yg at, N/1. at surface and demth.

The main inflow to Loch Achray is the achray Water (Table 8(a). The 

nitrate content of this tributary showed a distinct seasonal pattern rising 

to a maximum in the winter period and falling to low levels in the summer. 

The trace level recorded in October was followed by a large nitrate rise to

9.2 yg at. N/1. at the beginning of November. The fluctuating upward trend 

reached 10,4 yg at. N/1. on 27 December followed by a large rise to 18,3 on 

10 January. A continuation of this trend resulted in an annual maximum 

of 24.5 yg at. N/1. on 24 January. This peak was short-lived, the nitrate 

being reduced by half a fortnight later (11.4 yg at. N/1, on 7 February, 

Levels fluctuated till 20 April after which nitrate fell to 5.8 on 3 "lay. 

Levels generally remained between 6 and 8 yg at. N/1, till 8 August when 

nitrate fell to low levels. Nitrat ; was still less than 1 yg at. N/1. on 

20 September when samolina was compl ;ted.
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The range of nitrate values exhibited by this inflow, 24,4, was more 

than twice the range in the loch itself (11.7 yg at. M/1.).
(iv) Loch Ard

The observed seasonal variation of nitrate in Loch Ard (Table 12 

Appendix and Pig. 10) lay between the values of 21.1 and 4.1 ya at. M/1. 

Within this range the pattern of variation was clear, with a distinct win

ter maximum and a well-defined depression in summer.

From 18 October to 15 November nitrate levels at surface and depth

varied between 9 and 10 yg at. N/1. This date saw the initiation of the

winter increase at the surface while at 5 m depth the rise did not begin 

till a fortnight later. The upward trend continued till 27 December when

values of 12.1 and 13.3 ya at. N/1, were recorded at surface and depth.

Following a short-lived depression on 10 Januarv nitrate increased rapidly 

culminating in a neak of 20.9 yg at, N/1. at the surface on 21 February and

21.1 yg at. N/1. at 5 m denth on 8 "̂ arch. An abrupt drop in nitrate con

centrations from 8 to 26 Parch resulted in values of 10.1 yg at. N/1. at

surface and 17.5 at depth. This decrease coincided with the reduction in

phosphate and silicate levels. Concentrations of nitrate fluctuated at 

the surface with a slight depression to 9.5 yg at. N/1. being apnarent on 

17 Pay when the snrina minimum of phosphate occurred. At 5 ra depth the 

decline continued steadily from 26 March to reach 12.5 yg at. N/1. on 3 

Nay, followed by a nutrient plateau till 17 "■'?ay.

The decline in nitrate towards a summer minimum started at 5 m depth

on 1 June decreasing, with minor fluctuations, to 7.5 on 26 July. At 

the surface, following a stable neriod, nitrate fell from 10.5 yg at. N/1. 

on 14 June to a minimum of 4,1 on 26 July. During August and Sentember 

an increase was apparent reaching 10.1 yg at. M/1, at the surface and 12.5 

at depth on 20 September,

The two main inflows to Loch Ard, the Ledard Burn and Water of Chon 

(Table 8(a)) were investigated and it is clear that the Water of Chon 

possesses generally higher levels of nitrate than the Ledard Burn. Doth 

inflows exhibited marked seasonal variation in nitrate content being high
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in winter and low in summer.

The Ledard Burn had a maximum recorded nitrate level of 10,9 f \g  at.

N/1. during March and a minimum, trace level in August. From low levels 

during October (1.2 nc at. N/1.) concentrations increased to 8.4 ^g at.

N/1. on 15 November and remained above 7 till 20 April. During this 

period nitrate fluctuated erratically, although a constant level of 10.8 

to 10.9 y g at. N/1. persisted throughout 'larch. On 3 "'lay values fell to

4.1 yg at. N/1. and then remained below 5 for the rest of the sampling 

period, with the excention of two small peaks of 6,5 and 5.8 y g at. N/1. 

on 28 June and 26 July. From 23 August to 20 September the nitrate content 

of the water was almost undetectable.

The Water of Chon had an annual maximum nitrate concentration of 15.65 o 

on 27 December and a minimum of 3.45 y g at. N/1. on 18 October. Nitrate 

increased from low levels in October, 1972 (3.45) to 8.6 yg at. N/1. on 

15 of November, A further increase raised levels to 10.6 yg at. N/1. on 

29 November; from this date till 28 March nitrate never fell below 10.0.

On 3 May nitrate fell to 7,5 yg at, N/1. and subsequently fluctuated between 

7 and 10,0 till 11 July. 26 July saw a decline to 4.88 followed by a 

further decrease to 4.35 yg at, M/1, on 23 August. A slight increase was 

evident on 20 Sentember when 5.3 yg at. N/1. was recorded.

4, Nitrite - nitrogen

(a) Loch Lomond

The levels of nitrite in Loch Lomond (Table 12) were generally very low 

varying from 0.12 yg at. n /1 to almost undetectable levels (0.01). The 

six stations can be divided into two groups according to the pattern of 

nitrite variation and the seasonal range of this nutrient. The first group 

comprises the three stations of the lower loch. South Balmaha, South and 

Middle Stations, the second includes North INversnaid, North Falloch and 
North,

A prominent feature of the stations in the lower loch was their higher 

maximum levels of nitrite, ranging from 0.008 at the Middle Station to
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0.12 yg at. N/1 at the South Balmaha station. "loreover, levels of nitrite 

in the lower region of the loch did not descend below 0.023 while North 

Inversnaid and North Falloch fell to almost undetectable levels.

Nitrite concentrations at the North Falloch station showed a clear 

decline at the surface from 0.052 yg at. H/1 in August 1972 to 0.03 in 

October. Low levels persisted till December followed by a rise in concen

tration to 0.05 in February 1973. No pattern was apparent during this 

period at 3 m depth. The subsequent decline in nitrite which occurred at 

surface and deoth reduced levels to a trace in July. The maximum annual 

values of nitrite were reached at the surface (0,058) and depth (0.068) 

during August, when concentration of nitrite at this station was at its 

lowest level. The annual range of nitrite values was 0.058 yg at. N/1,

At the North Inversnaid station the amount of nitrite in the water 

declined from 0.062 yq at. N/1 at both depth in August to 0.04 and 0.058 at 

surface and depth respectively in November. Levels increased slightly at 

surface and depth in December and January. From April a steady decline 

occurred reaching a surface minimum of 0.02 yg at. N/1 in June and 0.027 at 

3 m depth in July. A rise in nitrite at both surface and depth during 

August resulted in concentrations of 0,056 and 0.041 yg at N/1 respectively. 

This pattern of variation closely paralleled that at the North Falloch 

station though the annual range of nitrite (0.043) was less. Like North 

Falloch station nitrite concentration at depth generally exceeded those at 
the surface.

The level of nitrite at the North Station was generally lower than at 

any other region of the loch. The initial low concentration of nitrite 

(0.03) during August and Sentember 1972 diminished to an annual minimum 

value of 0.02 yg at. N/1 in October. From November till the end of winter, 

values fluctuated between 0.025 and 0.03 yg at. N/1. The subsequent increase 

first appeared at 3 m depth in April, spreading to the surface during Nay 

when respective concentrations of 0.04 and 0.048 yg at. N/1 were recorded.

From June to August 197 3 levels of nitrite remained around 0.05 at depth 

while at the surface a maximum of 0,068 yg at. N/1 was recorded in August.
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The annual range of nitrite values at this station was 0,048 yg at. N/1, 

similar to the North Inversnaid station.

The seasonal pattern of nitrite variation at the Middle and South 

stations showed very close similarities. Both stations exhibited initially 

(October 1972) high nitrite values, around 0,07 yg at. N/1 at the Middle and 

0.08 at the South station. Concentrations were reduced by half in September 

to around 0.03 at both stations, followed by a further decline to a joint 

minimum during November. The lowest value recorded at the South station 

was 0.026 (at the surface) while Middle station fell to 0,023 yg at. N/1 

(at 3 m depth). Values then fluctuated between 0.023 and 0.04 yg at,N/1 

till February. An increase started during "larch culminating in a peak of 

0.058 yg at.N/1 at the Middle and 0.082 at the South during April, 'lay 

and June saw a slight decline in levels to 0.05 at the surface at both 

stations. A subsequent increase gave concentration of nitrite exceeding 

0.07 yg at. N/1 in July rising still further to attain maximum recorded 

levels during the following month. The Middle station had a nitrite 

content of 0.088 yg at.N/1 at surface and 0.082 at depth, while South station 

recorded concentrations of 0.08 at surface and 0.09 yg at.N/1 at depth in 

August 1973. The extreme range of nitrite values at the Middle and South 

stations were the same (0.064 yg at. N/1).

At the South Balmaha station the initial high nitrite values (0.08) 

found in August 1972 persisted till October and then diminished by half 

to 0.035 yg at. N/1 in November. The slight rise in levels at the surface 

in December and January was interrupted by a drop during February to the 

annual minimum of 0.032 yg at. N/1. An upward trend in nitrite values 

continued at surface and depth from March onwards, rising to 0.058 at the 

surface and 0.08 yg at. N/1 at depth in "lay, A subsequent large increase 

at the surface culminated in the annual maximum of 0.12 yg at. N/1 during 

June and July, although the depth maximum (0.09 yg at, N/1) was not reached 

till a month later. In August a decline in nitrite was evident at both 

depths. The annual range at this station was 0.08 yg at, N/1.
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(b) Rivers and Burns

The levels of nitrite in all rivers and burns inflowing to Loch Lomond 

with the exception of the Endrick and Fruin were extremely low (less than 

0.03) for most of the year. The general pattern of seasonal variation of 

this nutrient was similar for most large inflows and several of the small 

ones. Periods of high nitrite content occurred during August 1972 and 

1973 while a secondary peak during April was evident in most rivers and 

burns. Except for the Endrick and Fruin, all inflowing streams showed 

very lov/ quantities of nitrite from October to March and during May and 
June.

The River Endrick showed concentrations of nitrite lying between 0.78 

in October and November to 0.26 yg at. N/1 in February, Generally levels 

remained in excess of 0.6 yg at. N/1 during the Autumn and thereafter 

gradually declined to the February minimum. During the rest of the sampl

ing period levels fluctuated erratically between 0.3 and 0.45 yg at. N/1.

An August increase was absent in the Endrick with the nitrite content 

remaining steady at 0.33.

The Fruin showed a similar pattern, beginning with an annual maximum 

of 0.23 yg at. N/1 in August 1972 falling rapidly to 0.15 in September 

followed by a gradual decline to reach a minimum of 0.06 yg at. N/1 during 

January. A sustained increase culminated in a peak during April of 0.15 

yg at. N/1. Nitrite levels then showed a gradual decline to reach the 

lowest recorded value for the Fruin of 0.02 yg at. N/1 in August 1973.

Host other rivers and burns follow a similar general pattern of nitrite 

variation. Typically nitrite commenced on August at its annual maximum, 

Fruin 0.23/ Finlas 0.12, Douglas 0.05, malloch 0,06, Inveruglas 0.05,

Blair burn 0.09, Inversnaid 0.09, Cashell 0.12 and AlltArdvorlich 0.73 

yg at. N/1. A steep depression then occurred in all except for Douglas, 

Falloch and Biair Burn greatly diminishing the concentration of nitrite.

The decrease in the three latter inflows occurred in October. From this 

month onwards till 'arch the winter levels were less than 0.03 yg at. N/1 

in all inflows. April saw an increase in all these inflows to secondary
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maximum lying between 0.45 and 0.07 yg at. N/1. Nitrite levels then 

declined again remaining low throughout ’■■lay and June. A further increase 

ensued retaining levels to those of the previous August.

The other rivers and burns exhibited extremely low nitrite levels 

throughout the year, typically less than 0.03 yg at. N/1. No pattern of 

variation was evident in Coille Mhor, Ardess, Rubha Ban, and Cailness while 

Luss Water showed small maximum in April (0.066 yg at. N/1) and August (0.08). 

Stuckindroin showed a nitrite content of less than 0.03 yg at. N/1 during 

every month except for a striking peak of 0.116 yg at. N/1 in April.

In general the picture of seasonal variation was clear in most stations. 

The range of recorded nitrite values was less than 0.1 for all inflows except 

for the Endrick (0.52), Fruin (0.21), Cashell (0.13) and AlltArdvorlich (0.72). 

The nitrite minimum during the winter coincided with the period of maximum 

nitrate, whereas the nitrite maximum occurred simultaneously with the rise 

in nitrate, not with its minimum (i.e. after the nitrate minimum).

(c) The four Lochs

The pattern of nitrite variation in Loch Ard, Loch Achray, Loch Rusky 

and LaJte of Menteith (Table 13) shows one very conspicuous feature, a 

prominent winter maximum. This occurred in all four Lochs between 24 

January and 7 February, 1973 and distinguished these bodies of water from 

Loch Lomond where the minimum levels of nitrite occurred during tlie winter 

period. The recorded range of nitrite concentration in Loch Rusky and Lake 

of Menteith was typically greater than any region of Loch Lomond. Loch

Rusky shov/ed the largest range of nitrite values, 0.28 yg at. N/1, while

Lake of Menteith was 0.16 and Loch Ard 0.11. The smallest range of values 

was found in Loch Achray where the extreme range was 0.07 yg at. N/1.
(i) Lake of Menteith

Lake of Menteith shows variable nitrite at surface and 3 m deptii, the 

annual minimum, 0.03 yg at. N/1, being recorded on 15 November. A sustained 

upward movement of nitrite followed, culminating in the highest recorded 

value of 0.18 at surface and 0.19 yg a- . N/1 at 3 m depth on 7 February. A

rapid decline, to a minimum of 0.032 ou 26 March, was followed by a further
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increase to give a peaJc of 0.09 yg at. N/1 on 3 Nay. Subsidiary maxima 

also occurred on 26 July (0.068) and 20 September (0.066 yg at. N/1).

On 18 October and 1 November the concentration of nitrite at depth was 

double that at the surface. While on 15 November nitrite was constant with 

depth. From 29 November to 13 December the situation was reversed with 

surface nitrite being twice the depth value. Nevertheless for most of the 

year there was little to distinguish surface and depth concentrations.

The main inflow to Lake of Menteith, the Burn of Menteith (T̂ Lble 8A) 

exhibited a similar pattern of nitrite variation to the Lake. The maximum 

level (0.16 yg at. N/1) was reached on 24 January, two weeks prior to the 

winter maximum in Lake of Menteith. Subsidiary maxima in the burn occurred 

concurrently with secondary pealcs in the lake, 0.12 yg at. N/1 on 3 May, 

0.088 on 26 July and 0.086 on 20 September. The minimum nitrite value,

0.017, was noted on 13 December. Tne range of nitrite values recorded was 

roughly the same for Lake of Menteith (0.16 yg at. N/1) and its main inflow 

0.14.

(ii) Loch Rusky

Loch Rusky showed a similar pattern of nitrite changes to Lake of 

Menteith. Nitrite levels were low throughout October and November with a 

small peak of 0.12 yg at. N/1 on 15 November. Following a decline, levels 

rapidly climbed to reach a peak of 0.32 yg at. M/1 at the surface on 7 

February. This was the highest nitrite value recorded for any of the Lochs 

studied.

?in abrupt drop in nitrite took place between 21 February and 8 March 

when a level of 0.051 was observed. A further gradual decrease, reduced 

levels to a recorded minimum of 0.034 yg at. N/1 on 20 April. A doubling 

in the nitrite content was observed on 3 May to give a concentration of around 

0.07. This had persisted till 1 June when, following a transient decline, 

nitrite increased again rising to a summer maximum of 0.12 yg at. N/1 on 

26 July. No decrease was apparent till 23 August when levels fell to 0.05, 

thereafter rising slightIv to a value of 0.078 yg at N/1 at the surface and 

0.088 at denth on 20 September.
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The major inflow to Loch Rusky, the Letter Burn (Table 8A) had a 

similar range of variation (0.30 yg at. N/1) to the Loch. The peaks in 

nitrite content of the burn were roughly coincident with, or preceded the 

maxima found in Loch Rusky. 1\ nitrite level of 0.15 yg at. N/1 was 

recorded on 15 November, rising to 0.32 on 29 November. A furtlier peak 

showing the same level of this nutrient occurred on 10 January. Levels 

then declined to reach 0.2 yg at. N/1 on 21 February followed by a steep 

drop to 0.051 on 8 March. Values remained around 0.05 till 3 May, sub

sequently declining to 0.017 on 14 June. An increase ensued raising levels 

to summer maxima of 0.11 yg at. N/1 on 26 July. The nitrite concentrations 

then decline to 0.065 on 8 August and still further on 20 September.

(iii) Loch Achray

The nitrite concentration in Loch Achray was generally low, although 

conspicuous peaks were evident on 24 January and during July. From 18 

October to 13 December nitrite show little variations and did not exceed 

0.035 yg at. M/1. On 27 December concentrations of this nutrient doubled 

followed by a more gradual rise to attain a maximum of 0.09 yg at. N/1 at 

the surface on 24 January. The decline in levels which followed was 

slight, a minimum value of 0.025 yg at. N/1 being recorded on 20 April.

A minor peak occurred on 3 May followed by a period during which the nitrite 

fluctuated around 0.035 yg at. N/1. A subsequent increase which was first 

evident on 28 June gave rise to a surface maximum of 0.085 in July, A 

steady decrease followed reducing nitrite levels to 0.055 yg at. N/1 at the 

surface on 20 Sentember.

The most prominent tributary to Loch Achray, the Achray Water (TAble 

BA) showed no distinct pattern of variation although levels were generally 

higher during the winter than in summer. Prom the initiation of sampling 

on 18 October to 29 November levels remained at an extremely low level 
(less than 0.035). From 13 December to 21 February nitrite values did not 

descend below 0.065 or rise above 0.003 yg at. N/1. During March and 

April the nitrite content of the water was extremely low (less than 0.035 

yg at, N/1). An abrupt surge in nitrite levels gave the highest value
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recorded for this Burn of 0.35 yg at. N/1 on 17 ''‘ay, levels then dropped 

to the usual low values (less than 0.06). A small peak was evident on 

26 July of 0.068 yg at. N/1. The nitrite values recorded for this Burn 

approximated to the levels found in Loch Achray, with the exception of 

the single large peak, in .May.

(iv) Loch Ard

Loch .Ard exhibits a range of nitrite values (0.11) intermediate between 

Loch Achray and Lake of Menteith. As in Loch Achray the maximum levels 

only occur for a few weeks during the winter, the rest of the year being 

characterized by low nitrite values. The initial period frora October 

till the end of November was typically low in nitrite (less than 0.05 yg 

at. N/1). The increase which followed culminated in a peak of 0,14 yg at. 

N/1 on 7 February. A rapid decline followed reducing the concentration 

of nitrite to low values (around 0.03). These levels persisted till 14 

June when a marked increase occurred, giving rise to a pecik of 0.068 yg 

at. N/1 on 11 July. No decline occurred till August when levels were 

reduced to 0.03 yg at. N/1. The minimum value of nitrite (0.02) was 

observed on 17 Nay,

The two main inflows to Loch Ard, Ledard Burn and Water of Chon 
(Table 8A) were characterized by very low levels of nitrite. The Ledard 

Burn showed almost no detectable seasonal changes, with nitrite levels 

rarely rising above 0,05. The only distinctive feature was the slight 

summer rise in nitrite which was initiated on 14 June and gave rise to a 

small pealc of 0.082 yg at. N/1 during August, During the rest of the year 

levels fluctuated between 0.03 and 0.05 except for a period during May and 

June when levels were barely detectable.

The Water of Chon displayed very low levels from October to November 

not exceeding 0,03 yg at, N/1. An increase, first evident on 13 December 

gave rise to a peak at 0.23 yg at. N/1 on 24 January. Levels then fell 

by half and remained around 0.11 til]. 21 February, A subsequent decline 

reduced nitrite to less tlian 0.03 on 8 March. Low values remained till 
September with the exception of a small peak of 0.05 at the end of April,
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5. pH
(a) Loch Lomond

pH measurement in the three original stations in Loch Lomond, North, 

Niddle and South, were made from January 1972 to August 1973, while pH 

in North Falloch, North Inversnaid and South Balmaha stations were made from 

August 1972 to August 1973. Each station has its own specific range of 

pH and the pattern of variation seems to be constant from year to year.

The features of the seasonal picture of pH changes which are general to all 

stations are the annual summer maximum and winter minimum.

The maximum pH values for each station decreased from South to the North; 

South Balmaha 7,7, South 7.6, Middle 7.4, North, 7.2, North Inversnaid 7.1, 

North Falloch 7.0. The minimum pH values were found at the most northerly 

station, North Falloch, where a value of 6.3 was recorded. South Balmaha 

was the only station which never fell below pH 7.0 during the investigation. 

The annual range of pH values has a tendency to become reduced with depth.

The details of the seasonal pattern are clearly shown at the South Station 

(Fig. 16, Appendix Table 13), the surface and depth variation being distinct

ly similar. Features which are common to 1972 and 1973 are the winter 

minimum in January, the summer maximum in July and the subsidiary spring 

peak in April. The surface pH range of this station was 0.3 in 1972 and 

0.9 in 1973 with values generally remaining above 7.

The pattern of pH variation at the Middle Station (Fig. 17, Appendix 

Table 14) was broadly similar to the picture described for the South Station. 

Minimum values were recorded in January of both years while the summer max

imum occurred between July and August. A spring peak occurred towards the 

end of April in 1972 and 1973. The surface range of pH was 6.6 to 7.4 

(0.8) in 1972 and 6.5 to 7.4 (0.9) in 1973.

The seasonal change in pO at the North Station (Fig. IB, Appendix 

Table 15) still follows the same general outline. Minimum pH values were

6.5 in both years occurring later than the corresponding degression in the 

Middle and South stations. Tha spring peak was transitory and occurred 

later than at the other two stations while the summer maximum came at the
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Table 14. pH of the rivers and streams inflowing to Loch Lomond

pppra
M(U m •P 0P "r4 îS PiH Id 10 % fd•p to Si pi « CO ■H raO (Q fd Ü P (J) 0) OJ rH•rH Ü fd rH o U p rH (D fd(d ■H I—) pi rH 0) 0) 1—1 M Xi rP'O P a P 1—1 > > •iH •H to ■Qc P •H o fd P fd 0 (d pQ fn PI p., Q pH H H u U U ra

1972
8.8 7.7 7.0 6.5 6.4 5.9 - “ - — 5.7 - -

15.8 - - - - - 6.7 6.4 6.8 5.8 - - 7.2
6.9 9.1 7.3 7.8 7.3 7.2 - - - — - 6.9 -

12.9 - - - - - 6.9 7.6 6.8 6.6 5.3 - 7.5
11.10 7.1 6.9 7.1 7.6 7.4 6.4 7.1 6.5 5.3 5.6 5.3 7,8
25.10 7,2 7.3 7.8. 7.2 7.1 *• - - - 6.6 6.7 -
23.11 7.3 6.9 7.1 7.1 7.1 6.4 7.0 6.4 5.3 5.6 5.6 7.8
7.12 - - - — 6.9 6.5 7.0 6.3 5.3 - - 7.9

21.12 7.3 6.8 6.8 6.3 - - - - - 6.0 4.9 -

1973
4.1 7.3 6.8 6.7 6.4 6,9 6.4 7.0 5.9 5.6 6.0 5.1 7.8
1. 2 “ — — - - 6.4 6.9 5.5 4.7 “ - 7.6

15.2 7.2 6.7 6. 6 6.3 6.8 -• — - — 5.3 5.0 -
1.3 — — — — - 5, 6 6.1 5.3 4.9 - 6.4 7.3

15.3 7.3 7.1 7.2 6.9 7.4 6.4 7.5 6.2 5.4 5.8 6.2 7.6
26.3 7.4 7.1 7.3 6.8 7.4 - “ — 5.1 - - -
12.4 7.5 7.1 7,3 7.5 7.4 - — - 5.1 - 6.3 -
26.4 7.7 7.2 7.4 8.6 7.4 6.8 7.4 5.8 4,9 6.3 6.7 7.7
10.5 7.6 7.1 7.0 7.2 7,1 6. 3 6.9 - 5.0 5.4 5.8 -
24.5 7.4 7.0 6.6 7.0 7.0 6.5 6.8 6.1 5.0 5.3 5,6 7.4
7.6 - - — “ - 6.6 6.9 6. 8 5.8 - — 7.6

24.6 7.1 6,9 6.9 6.7 7.0 6,1 6.9 6.1 4,8 5.2 5.4 7.3
6.7 8.6 7.1 7.2 6.8 6.6 6.7 6.5 5.9 5.2 5.3 5,7 7.4
2.8 9.1 7.6 7,5 6.5 7.6 6.9 7.6 6.0 5.8 5.3 6.5 7.6
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end of July. The maximum at 10 m depth generally occurred 1 or 2 weeks 

later. The surface pH range was 6.5 to 7.2 (0.7) in 1972 and 6.5 to 7.0 

(0.5) in 1973.

Both North Falloch and North Inversnaid stations (Table 11) showed a 

pattern of pH variation similar to the north station. The maximum pH values 

recorded at North Inversnaid in 1972 was 7.1 at the surface in September 

while at North Falloch the maximum was 6.9 at the surface and 7.0 at depth in 

August. Minimum values of 6.3 and 6.6 were recorded at North Falloch and 

North Inversnaid respectively on 1 ’larch, 1973 about 2 weeks later than the 

North Station. A small spring peak was detected at both stations towards 

the end of April, following which pH increased to an annual maximum during 

August 197 3. There is a tendency for the annual pH maximum to occur later 

in these tv;o stations. Generally North Falloch and North Inversnaid have a 

low pH value only rising to neutrality on one occasion in the year.

South Balmaha (Table 11) showed close similarity with the South Station, 

with three clear peaks. An autumn maximum (7.5) occurred in September 

followed by a decline to a winter minimum of 7.1 in January. A spring 

neak followed in April and a summer maximum of 7.7 at the surface in July.

The pH at this station was generally higher than elsewhere in the Loch.

(b) Rivers and burns inflowing to Loch Lomond

The pH values of the rivers and burns inflowing to Loch Lomond (Tables 

6, 7 and 14) cover the range 4.8 to 9,1. The main inflows to the lower

loch were generally neutral or slightly alkaline while the inflows to the 

upper loch were on the acid side of neutrality. However, individual 

variations from this were observed. The Endrick showed a marked difference 

from all other inflows to the loch and never fell below 7.0; its extreme 

range was 7.1 to 9.1. The maximum pH was found in summer and early autumn 

with a minimum in winter. A similar general pattern was observed in the 

Fruin (7.6 to 6.8) and in the Luss, Douglas and Finlas Waters which fluc

tuated around neutrality.

The Falloch, Inveruglas, Inversnaid, Cailness to the north and Coil 

Mil or, Cashell, Blair Burn and Ardess to the south exhibited nil values which
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were nearly always below 7. The four northern inflows were generally 

acidic with Falloch ranging from 5.6 to 6.4. Burns to the upper loch 

which were alkaline include Stuckindroin (5.6 -* 7.9), Rubha Ban (7.3 - 7.9) 

and AlltArdvorlich (5.4 - 7.6). The pH of the inflows to the upper lochs 

was less than tliat of the loch itself while in the lower loch it was often 

greater. There was a distinct seasonal pattern of pH, most inflows reach

ing their maximur.i value during late summer and autumn and their minimum 

during tlie spring.

(c) The four Lochs

Loch Achray, Loch Ard, Loch Rusky and Lake of denteith all show a 

broadly similar pattern of variation with seasons. The conspicuous features 

of this variation were the soring and summer maximum and the winter minimum 

of pH. The only body of water which was constantly alkaline was Lake of 

denteith while Loch Achray and Loch Ard were slightly acidic; Loch Rusky 

was intermediate in this respect.

Lake of donteith (Talole 15, Figure 19) had its lowest value of pH (7.0) 

during December rising to a summer maximum of 7.7 in August. The main 

inflow, the Burn of denteith (Table BC) exhibited pH values only slightly 

exceeding those of the lake itself with low values only during the winter.

The pH readings in Loch Rusky fluctuated between 6.6 to 7.4 (Table 15, 

Fig. 20) with the lowest value during January and February and the annual 

maximum during August. The pH of the main inflow, the Letter Burn (Table 

80) extends over a wider range (5.4 - 7.5) than does the loch itself, and 

changes generally coincide with or precede those in the loch itself.

Loch Achray, unlike Loch Rusky, or Lake of denteith, remains on the 

acid side of neutrality for the entire year (Table 15, Fig. 11). The annual 

maximum of 6.7 was recorded during the summer; the lowest pH (6.1) was 

found in December. The main inflowing stream, the Achray Water, exhibited 

a larger pH range, falling to 5.1 in January and fluctuating irregularly 

for the rest of the year, with a peak of 7.0 in April.
Loch Ard showed the smallest annual range of pH (Table 15, Fig. 10) 

varying froïn 6.3 to 6.8. The season of low pH occurred during the winter
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months and the maximum between July and August.. In both Loch Ard and Loch 

Achray there was never a variation of more than 0.1 pH units with depth.

The two main tributaries to Loch Ard (Table 3C) , the Ledard Burn and Mater of 

Chon, had a manifestly wider range of pfi than the loch itself. The Ledard 

B u r n j y ^  ranged from 7.5 in August to 6.2 in April with little consistent 

pattern. The Water of Chon showed a peculiar feature of having a winter 

pH maximum (7.1) , with pH being low throughout the rest of the year witli a 

minimum of 5.3 in February and March.

6. Alkalinity

(a) Loch Lomond

In general the seasonal picture of alkalinity changes closely parallels 

the variation of pH at the same station. The same characteristic pattern is 

evident with a maximum in summer and a minimum in winter. The highest level 

of alkalinity recorded in Loch Lomond was 18,75 mg CaCO^/1 at South Balmaha 

while the lowest was 4.0 found at the North and North Inversnaid stations.

The maximum recorded alkalinity values decreased, passing northwards. The 

greatest value of alkalinity observed at the South Station was 13.5, at the 

''iddle Station 10.7 5 was recorded and at the North Station alkalinity only 

reached 9.0 mg CaCO^/l. The lowest alkalinity value was identical in the 

South and Middle Stations (7.0) while at the North Station a value of 4.0 was 

found. Surface variations are generally reflected at each depth measured, 

although the annual range decreased with increasing depth.

The curve of alkalinity variation at the South Station (TAble 16 and 

Fig, 16) clearly shows an almost identical pattern with the pH curve already 

described. The peak values occurred either at the same time or slightly 

earlier than the pH maxima. The highest recorded level in 1972 (12.5) 

occurred on 8 - 22 August, while in 1973 a value of 13 was found from 6 - 

24 July; a lesser maximum was evident on 12 April (11.0) . All these peafts 

occurred coincidentally with pH maxima; however, an increase in alkalinity 

on 12 September, 1972 toolc place over a month before the pH maximum. The 

lowest value of alkalinity (7.0 mg CaCO^/l) was found to occur a month prior 

to the annual depression of pH (21 December, 1972 to 4 January, 1973).
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The curve of alkalinity at the '-''iddle Station (Fig. 17 and Table 16) 

shows larger week to week fluctuations than the South Station though the 

sane seasonal oattern is still clear. ^Maximum surface value (1.75) 

occurred on 6 September concurrently with high pH and in July 1973 (10.5) 

slightly before the peak of pH. subsidiary maximum was evident on 28

March with 9.0 mg CaCO^/l being recorded at the surface and 10.0 at 3 m 

depth. The annual minimum of alkalinity (7.5) was observed on 7 December 

and 17 January, The seasonal variation at 5 m and 10 m depth was largely 

obscured by the magnitude of the week to week fluctuation.

The only consistent pattern which can be detected at surface and depth 

at tlie Worth Station (Table 16y Fig. 18) is a period of low alkalinity in 

the winter rising to a maximum in late summer and early autumn. Alkalinity 

reached a peak of 8.75 rag CaCO^/1 on 27 September and subsequently decreased 

to a surface minimum of 4.5 rag CaCO^/1 in Deceraber. Low levels persisted 

till February when a sustained increase was initiated rising to a spring 

and summer maximum, of 8.0 mg CaCO^/1.

At the North Inversnaid station the highest value of alkalinity (8.0 

mg CaCO,^/l) occurred during the summer and autumn. A minimum value of

5.5 rag CaCO^/1 was observed on 1 February. Although the highest level of 

alkalinity recorded at North Falloch (9.25 rag CaCO^/1) was higher than at 

North Inversnaid, the average alkalinity was less. In fact for more than 

half the year values remained at 5.0 mg CaCO^/1 while at North Inversnaid 

values exceeded 6 mg CaCO^/1 for most of the year. The alkalinity at 

South Balmaha ranged from 18.7 5 mg CaCO^/1 on 6 September to a minimum of

9.5 mg CaCO^/l recorded on 15 March.

(b) Rivers and burns inflowing to Loch Lomond (Tables 17, 6 and 7)

The alkalinity of the main inflows to the lower loch were typically 

high throughout the year, with values rarely falling below 10 rag CaCO^/l.

The maximum recorded value of alkalinity was 95.5 rag CaCO^/l in the River 
Endrick, which maintained an exceptionally high alkalinity content through

out the year. The only other large inflow which had persistently high 

levels of alkalinity was the Fruin which reached a peak of 50.0 mg CaCO^/l.



LOCH RUSKY Fig 20

Alkalinity  (Total)
pH ° -----------°

mg CaCOs / I

h  14
8.0 -

- 12 ^

- 10 2.
7.0 - /  \

6.0

Chlorophyll a ( ) jg .pe r  litre)

Total phytoplankton per l i t re  ^

18x10®

1 9 7 3
0 ' N D 

1 9 7 2



■§
§
€
S
S

5
I
G•H

I
■PU)

I
i
Q>
S
O

5
GPfHfU
M

iH

UGH ei[qny

Ttayseo

ujng aoqw 
©ITTOD

ssauxT^D

PXCUSJ0AUI

se%bnjaAui

ipoxxe^

sexGmoü

ssng

UTtiaa

ipTjçpua

I

u>

in lO
CM un CM O o O O q O O O O O1 • 11 1 • 11 • 1m () CM sSf r4 in ro CM SJ< CM SJ' ro
CM en m Vj' 'kP ro ro CM ro ■y

un un Or- CM o O o O m O O un O in
1 t . 1 • 1 1 100 si' CM CM ro CM "kî* vJ' ro ro fH

un . O un 8 o un
1 • 1CM CM fH rH CM CM

q q
in 6

in o
w

in o O O  m o o o m  O O• I * f  # # I # # # « {CV3 en m  <N (N CN r rH rHc>i

o un O00 • ! m  1 * q in ° , C  m  1 * • 1 o 1 .ro g fH d fH CM CM O un
o q

CM
q q
fH lO

00
kO

in
«3*

lO
o

o O un O O  m O Ô  in un m C• 11 • • 1! • • 11 • 1tkO CM CM CM CM CM H fH *st* ro ro CM CMfH

in o
(M CN

un o 
^ un

5 UO q O unf 1 o1d d d oô 00 qCM rH fH fH

un
p' un UO O o O• 11 •ro k£> kO un kO kO

q q
m  CN iH

m o
(N

C
cr>

O
kO

O un un O O■ 11m 00 cn fH CMCM CM

O O o (A o
I » * • I • •in r~ o 0 0 cn

unCM
kO

un unCM CM O O
cn ro sjf ci
CM rH fH fH

q q
ro CM iH iH

un un un
8BXUT& r-, r-• p" CM • » q

Ok co kO co kO kOfH CM rH fH fH

unCM un
p~ un O O O q
un rH co CO fHCM CM CM fH iH H

q
CM

m
00

s

o
r~

r4iH

O
ro

 ̂ q q q q q q
O LO un un 00 oCM rH fH rH CM

O O O O O O• I • • ( * « *q q rH rH o MfH rH iH r-4 rH rH

O O O O o o oï . • * » !  * * #p- CTi rH c CM 00 loiH rH fH I—I I—I iH CM

8  , O
unp~ o O . o o un

P- O O o O O O O O• 11 • 11 • * i1 • • 1 • 11  •  i . ii •k.0 O en o ;n CM CO P^ 00 rH en m fH 00 un OfH un •s)'un CM CM rH fH CM ro ro CM CM fH CM SI'

un
p^ un un un q , O  O fH o CM o O O O un q• 1 * 11 • î • * t • 11 1 • • 11 «co kO kO iH co co ro rH p~ CM o un un sf kO dsi' en en CO un sj* sj' un kO p- Sf -M» sP r~ cr.

CM CM CM CM CM CM CM CM CM ro ro ro ro ro ro ro ro ro ro ro ro ro roP~ P~ P- p- P^ P' P- P^ P~ p> p- P- P- P- p- p~ P' P~ P~ P P P
00 00 en 00 3 s ni 3 CMfH iH CM CM ro ro ro sr un un kO kO p CO

00 un
fH

kO CM
rH fHfH unCM

ro
CM

p- fHCM Sf fH m
rH

fH un
fH kOCM CM

rH
kOCM 3 si'

CM
P Si'

CM kû CM



Ill

The remaining large inflows to this reoion, the Luss, ^inlas and Douglas, 

displayed an almost identical range of alkalinity from 30 to 10 mg CaCO^/1.

The remaining burns draining to Loch Lomond were generally low in 

alkalinity, except for Rubha Ban and Stuckindroin which show exceptionally 

high values. These inflows fall into two groups; those in which the 

alkalinity seldom exceeds 5 rag CaCO^/l - Cashell, Inversnaid, Cailness,

Blair and AlltArdvorlich and those in which the alkalinity rarely exceeds 

10 mg CaCO^/1 - Falloch and Inveruglas.

Unlike the loch itself there was poor correlation between pH and 

alkalinity, although it is evident that single high values of alkalinity were 

often reflected in high pH readings. Overall alkalinity in inflows was 

considerably lower during the winter than in summer, a broadly similar 

pattern to the seasonal variation of pH.
(c) The four Lochs

In Lake of denteith. Loch Rusky, Loch Achray and Loch Ard, the peaks and 

depressions in tlie alkalinity curve follow those of the pH curve in each 

station. The short term fluctuation in alkalinity which tended to obscure 

the pattern in Loch Lomond was absent in these lochs. Lake of ^enteith 

Possessed the highest average alkalinity which was over twice that of Loch 

Rusky. I,ow levels of alkalinity were recorded in Loch Achray and Loch Ard. 

In general the surface and deoth readings rarely differed by more than 

1 mg CaCO^/l.

(i) Lake of Menteith

Tha alkalinity in Lake of ^lenteith (Fig. 19, Table 18) fell to a 

minimum of 20 rag CaCO^/l in Deceraber and rose to a maximum of 24 mg CaCO^/l 

in May and August. The main inflow' , the Burn of Menteith (Table 8C) , 

displayed a much wider range of alkalinity with a maximum of 80.5 rag CaCO^/1 

in October 1972, falling to a minimum of 10.0 rag CaCO^/l in January. In 

1973 a peaJc of 74 rag CaCO^/l occurred in July.

(ii) Loch Rusky (Table 18, Fig. 20)

The minimum alkalinity measured in Loch Rusky was 7.5 mg CaCO^/1 at 

surface and 7,0 mg CaCO^/1 at depth in January. A spring maximum of
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9.5 mg CaCO^/l occurred in April and a summer maximum of 14 mg CaCO^/l in 

August. This coincided with the maximum alkalinity in Lake of Menteith 

and with maximum pH in both Lochs. The main inflowing stream to Loch 

Rusky, the Letter Burn (Table OC), exhibited values of alkalinity ranging 

from 47 to 20 rng CaCO^/1 with a maximum in October 1972 and a minimum in 

December. In 1973 alkalinity reached 38,5 mg CaCO^/l on 26 July.

(iii) Loch Achray

Loch Achray displayed very low levels of alkalinity (Table 18, Fig. 11) 

ranging from 2.5 to 6 mg CaCO^/1. nevertheless a clear seasonal pattern 

was evident with a prominent winter minimum and summer maximum. The 

Achray Water (Table 8C) had only a slightly wider range of alkalinity 

(1.5 to 8.5 mg CaCO^/1) than Loch Achray with lowest value in November.

(iv) Loch Ard

Loch Ard (Table 18, Fig. 10) exhibited a similar range of alkalinity 

to Loch Achray with a minimum of 2.5 mg CaCO^/1 in winter and a maximum of

7.0 mg CaCOg/l in summer. In contrast to the loch, the alkalinity of Ledard 

Burn and Water of Chon (Table BC) occasionally rose to high values. The 

Ledard Burn had an annual range of 3 - 32.5 mg CaCO^/l while the Water of 

Chon ranged from 1.0 to 15.0 mg CaCO^/1, but generally remained low for 

most of the year.

7. Oxygen and Temperature 

(a) Loch Lomond

Oxygen and temperature profiles were recorded on a regular basis at the 

three main stations (North, Middle and South) in Loch Lomond from October 

1971 to August 1973 and on occasions from the other three stations. South 

Balmaha, North Inversnaid and North Falloch, from August 1972 to August 1973.

Dissolved oxygen was generally high throughout the loch, with levels 

generally being higher during the winter than in the summer. Even during 

the period of stagnation oxygen was not reduced to low levels and never 

fell below 72% during the sampling oeriods.

At all stations in Loch Lomond thermal stratification of the water 

column occurred at some period during the year, the only exception being
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the South Balm all a station. The duration of stratified conditions was 

found to be short (one or two months) at South and North Falloch stations, 

6 - 7  months at the Middle Station, while at the North and North Inversnaid 

Stations the water was stratified for most of the year. At no station was 

a reverse thermal gradient ever recorded.

(i) South station

The maximum surface temperature recorded at the South station (Pig. 22 

and Appendix Table 16A and 16B) in 1972 was 17.5^C on 26 July, whereas in 

1973 a maximum of 18.5*̂ C was recorded on 2 August. In both years the 

maximum recorded temperature at the bottom occurred slightly later than the 

surface maximum. In the former year 14.l'̂ C was noted on 6 September while a 

bottom maximum of 13.5^C occurred on 21 August in the latter year. The

annual minimum recorded surface temperature in 1972 was 4.1^C on 2 March 

while the lowest recorded temperature was 3.8^c at the bottom on 17 February. 

In 1973the surface and bottom minimum temperature was tlie same, 4.5^c recorded 

on 20 January and 1 February. Thus the annual range of temperature recorded 

in 1972 was 13.4 at the surface and 10.3 at the bottom while the temperature 

ranges in 1973 were 14.0^0 and 9.0°C respectively.

The highest percentage oxygen saturation recorded in 1972 was 110% at 

the surface on 17 February; in 1973 a similar surface maximum occurred.

At its minimum level oxygen fell to 78% at the bottom on 17 July, 1972 and 

82% at the bottom on 21 August, 1973.

On commencement of sampling at the South Station on 27 October, 1971

the water was nearly isothermal, with a temperature of 10.4 to 10.5°C in
o tS'

the top 5 m and 10.3 C below that the bottom (20 ra). The oxygen satur

ation was greatest between 7 m and 15 m where 98 - 99% was recorded.

On 10 November the temperature had fallen sharply, decreasing by 2°C 

at the surface and 1.5°C below 10 m resulting in a slightly higher reading 

at the bottom (8.7) than at the surface (8.5°). The oxygen saturation 

increased from 94% at the surface to 99% at 9 m depth, remained at this value 

to 17 m depth and then fell sharply at 19 ra to 94%. On 23 December 

completely isothermal conditions were observed, with a temperature of 5.3°C,
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the oxygen levels showed a considerable increase reaching 103 at the 

surface and 105 at 1 m. From 3 m depth to the bottom 100% saturation was 
recorded.

On 7 January, 1972 no significant changes were apparent, but by 20 

January the temperature had decreased by 1.3°C at all depths to 4.5*̂ C.

Oxygen values showed an overall decrease, falling to 96% at surface and 

1 m. A saturation of 102% was recorded at 3 m declining to 84% at and 

below 17 m. Two weeks later on 3 February, temperatures above 10 m had 

increased while those below 10 m had decreased. This resulted in a mar

ginal gradient from 5.1°C at the surface to 4.0 at the bottom while the 

oxygen reading of 97% was almost constant at all depths. 17 February saw 

a decline in temperature at all depths. The actual range was from 4.2^0 

at the surface declining to 3.8°C at and below 7 m; this was- the lowest 

temperature recorded at the South Station in 1972. Oxygen showed a large 

increase in the top 5 m reaching a saturation of 110% at the surface and 

105% at 5 m depth.

On 2 March the temperature had marginally increased to around 4.0^0 

at depth, while the oxygen had shown a decrease. This fall was greatest 

at the surface where a value of 99% saturation was recorded. From 1 m to 

9 m values lay between 101 - 103% while at 11 m and below 92% v;as recorded. 

Temperature showed little change on 16 ' ?arch with the surface temperature 

at 4,3^0 and a bottom value of 3.9^0. Oxygen showed its lowest value at 

the surface, 96% saturation rising to 99% below 7 m depth. On 30 March 
the water was still isothermal although the temperature had increased to 

4.6°C, while oxygen remained between 97 - 98% at all depths.

The establishment of a distinct thermal gradient occurred on 20 April 

when the range of temperature from surface to bottom was 1.5^0. In the 

upper 2 m the temperature v;as constant at 8.6°C, while from 3 to 5 m 8.4 was 

recorded. The underlying 5 m saw a steeper decline to 7.5°C which ult

imately declined to 7.1°C at the bottom. Oxygen levels generally followed 

this pattern, remaining at 95% from surface to 4 m denth and then declining 

to 91% at the bottom. On 27 Aoril little change was apparent whereas a
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slight increase in oxygen and temperature occurred on 4 {̂lay. On this date 

temperature gradually declined from 9.3 at the surface to 7.3 at the bottom. 

Oxygen declined from 97% at tlie surface to 96% at 13 m, while at the bottom 

the oxygen saturation was 92%. May 16th saw an overall increase in 

temperature and a rise in oxygen at all deoths, Temperature was constant 

(8.8 - 8.9^C) over the top 11 metres and fell to 8.1 at the bottom. Oxygen 

displayed its highest value at 1 m (104%) decreased to lOl% at 3 m depth 

and fell again to 34% below 15 m. The surface oxygen concentration was 

100%. By 29 Hay tlie water had returned to an isothermal condition and 

temperature had increased to 9.7^C at all depths. The oxygen saturation 

was 104% at the surface, declining to 100% at 6 m depth and them regaining 

constant till the bottom. Little chang^ were apparent on 5 June.

On 12 June a strong temperature gradient was apparent from 14.9°C at 
the surface to 12.0 at 2 m depth. This was accompanied by a decrease in 

oxygen saturation from 110% to 98%. Below 2 m the temperature gradually 
declined to 10.5 at the bottom while oxygen fell to 92% over the same 
distance. 19 June saw a return to almost isothermal conditions with a 
recorded temperature ranging from 12.2 at the surface to 11.B at the bottom. 

Oxygen, likewise, showed only a slight gradient from 101 at the surface to 
98 at 20 m depth with a marginal increase to 102% between 5 and 9 m. By 

26 June temperatures had risen by about 1.5°C but little gradient was evident 
with depth (13.6 - 13.7) apart from a bottom reading of 13.1^0. Oxygen had 

shown little change from the preceding date. By 10 July an unequal rise 
in temperature at all depths produced a gradient from 14.3°c at the surface 
to 13.4°c at 20 in depth. The oxygen concentration had shown an overall 

decrease, resulting in a 96% saturation at the surface declining to 93% at 
and below 11 m depth.

On 17 July the water column showed a distinct stratification, with a 

shallow epilimnion. Below this a steep temperature gradient was apparent 

from 16.1^0 at 1 m to 13.5 at 4 m, followed by a less steep gradient to the 

bottom of thermocline. The hypolimnion lay between 10 m depth and the bottom 

and had a uniform temperature of 13.0^. The minimum oxygen saturation
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occurred at the bottom where 78% v/as recorded. However, aljove 18 m depth 

the dissolved oxygen value generally exceeded 90% and had a maximum of 98% 

at 4 and 6 m depth while 88% was recorded in the upper 3 m. By 26 July 

the surface temperature had increased to its annual recorded maximum of 

17.5^C and the thermocline had widened to lie between 1 and 13 m. From 

the bottom of the thermal discontinuity to 20 m denth the temperature fell 

from 13.2 to 13,0^0. Oxygen values fluctuated between 86 and 89% over the 

upper 13 m but remained constant at 84% throughout the hypolimnion.

On 1 August the epilimnion had deepened, with tlie thermocline commencing 

at 5 m depth and continuing to 13 m. The temperature of the epilimnion was

17.0 while the hypolimnion was constant at 13.5^C, The highest saturation 

of oxygen occurred at tlie surface where 96% was recorded, while a value of

was noted at the bottom. By 8 August little change had taken place 

although temperature showed a marginal decline and oxygen had increased 
considerably below lo m depth (to 90%).

By 22 August the stratification had been replaced by a continuous 

temperature gradient which ranged from 15.5^C at tlie surface to 13.4^^ 

at the bottom. The oxygen profile was irregular, fluctuating between 91 

to 94% in the upper 3 m and 82 to 88% below that. On 29 August a thermo

cline was apparent between 9 and 11 m. The epilimnion had a constant 

temperature of 15.0^0 while the hypolimnion showed a slight gradient from

14.1 at the top 11 m to 13.0 at the bottom. In the upper 13 m of the 

water column oxygen was uniform at 93% falling irregularly to 87% towards 

the bottom of the hypolimnion. On 6 September, 1972 the thermocline was 

again initiated at a depth of 7 m and extended over tlie underlying 10 m.

The epilimnion temperature was constant at 15.8^0 while the zone of temp

erature discontinuity showed an irregular thermal gradient falling to

14.l^C at the top of the hypolimnion (19 m) where the temperature remained 

uniform. Oxygen values shouted a gradient from 93% at the surface to 82% at 

13 m depth (this reading remained constant to the bottom). 12 September,

1972 saw the return of isothermal conditions with a temperature of 13.85 

being recorded at all depths. Oxygen increased from 85% at the surface to
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39% at 11 ra and remained constant to the bottom. On 27 September both 

temperature and oxygen were constant with depth at 13,4^0 and 88% saturation. 

A slight fall in temperature was evident on 11 October, 1972 when 13.2°C was

recorded at all depths. Oxygen decreased from 91% at the surface to 88%

at 15 ra followed by a drop to 80% at 20 m d epth.

Between 25 October, 1972 and 21 December, 1972 the water column at 

South Station remained isothermal with a decline in tennerature from 11.5 

to 5.85°C and a continuous increase in oxygen saturation from 83%'jfo 110%.

The lowest recorded temperature in 1973, 4.5°C, was recorded at all 

depths on 20 January, while oxygen showed a wide range of values, from 

102% to 82%. On 1 February, 1973, the temperature remained the same (4.5°C) 

while oxygen generally increased to 99% throughout the water column. A 

rise in temperature in 1973, first apparent on 15 February, reached 5.0°C 

on 15 March whereas oxygen levels during this period varied between 93 and 

96%. Temperature rose to around 9.0^0 in April, 1973 and the first dis

tinct temperature gradient occurred in May 1973 when a range of 1.5^0 was 

recorded from surface to bottom. A gradient from 13.1 to 10.0°C was

recorded over the entire water column on 7 June, 1973 while later in the

same month the first clear stratification occurred. The presence of a 

thermocline was clear throughout July and August, 1973, and was still 

present on completion of sampling on 21 August. In general variation in 

oxygen followed the sane pattern as in 1972.

In summary the water mass at this station was found to be generally 

isothermal from September till the beginning of April although transient 

thermal gradient were occasionally set up during February and March, A 

clear stratification of the water column (with a well-defined epilimnion, 

thermocline and hypolimnion) commenced in June to July and remained till 

September although the thermal structure of the water column was still 

unstable. In fact the usually well defined layers occasionally merged to 

form a single gradient from surface to bottom. The value of oxygen 

saturation usually lay between 80 to 100% with oxygen level being generally 

higher in the winter than in the summer.
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(ii) Middle Station (Fig. 23 and Appendix Tables 17a, b and c 

The maximum surface temperature recorded in 1972 was 17.6°C on 26 

July (same day as South Station) whereas in 1973 maximum. 18.5^C, occurred 

on 21 August. The maximum recorded temperature at the bottom (10.2°C) 

occurred on 11 October, 1972; this was about one month later than the 

bottom maximum at the South Station. The annual minimum surface temper

ature in 1972 (4.0*̂ C) occurred on 2 March while the lowest recorded temper

ature (3.7^C) was recorded at the bottom on 17 February, 1972. In 1973 

the surface and bottom minimum temperature were the same at 5.0^0 on 15 

February. Thus the annual recorded temperature range in 1972 was 13.6 at 

the surface and 6.5°C at the bottom while in 1973 the recorded ranges were 

13.5^C and 5.0°C at surface and bottom respectively.

The highest percentage oxygen in 1972 was 105% recorded at the surface 

on 12 June whereas in 1973 a maximum of 103% was recorded at 3 m depth on 

10 I 'ay. At its minimum oxygen fell to 80%on 11 October, 1972 and 78% on 

21 August, 1973, both readings were taken at the bottom.

On 27 October, 1971 at the commencement of sampling the temperature was 

fairly uniform throughout the top 19 m of the water column, generally lying 

between 10,5 and lO.G^C. From 20 m downwards the temperature fell gradually 

reaching 10.2°C at the top layer of the thermocline (at 25 m), thereafter 

the temperature declined more steeply to 8.8^C at 30 m depth. The temp

erature gradually decreased till 40 m where 7.8^0 was recorded; this marked 

the top of the hypolimnion which was 10 n in depth.

In the upper 5 m oxygen saturation fluctuated between 94 to 97% and 

thereafter remained constant at about 98% to the top of the thermocline.

In the upper 5 m of thermocline the oxygen values fell steeply from 96 to 

86%, while 85 - 85% was recorded throughout the rest of the thermocline and 

hypolimnion. By 10 November the surface and bottom temperature had fallen 

slightly and the thermocline had deepened. The hypolimnion had almost 

disappeared, being replaced by a continuous gradient from 25 m to the 

bottom. In the upper 22 ra, the temperature was constant at 9.1°C declining 

to 8.2^C at 45 m below which the reading fell to 7.4°c. Oxygen values
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varied between 94 - 98% in the top 30 m, below which levels fell to 88% 

at 40 ra and below. On 23 December, 1971 the température gradient between 

surface and bottom diminished to 0.2^0 ranging from 6.2°C over the top 0 ra 

to 6.0°C below that. Oxygen levels showed an increase at the bottom 

compared with previous week, with a unifonn saturation of 91% being 

recorded.

During January 1972 completely isothermal conditions were observed, with 

a temperature (on 20th) of 5.3^C. The oxygen saturation fluctuated between 

96 to 100% in the upper 4 m and then fell gradually towards the bottom where 

81% was observed, February 1972 saw a further decrease in temperature.

From the surface to 20 n a gradient occurred (from 5,1 to 4,1°C) below 

which the water was uniform in temperature. The distribution of oxygen was 

c onstant with depth, a saturation of 96% being recorded.

On 2 Marck the lowest annual temperature (4.0°C) was recorded at the 

surface below which the water column had a uniform temperature of 4,1°C.

On 16 Parch, 1972 the temperature below 10 m fell to 4,0°C while a contin

uous gradient occurred from the surface (4,8°C) to 10 m. Completely iso

thermal conditions were re-established on 30 March when a uniform temperature 

(5,0°C) was recorded throughout the water column. During '"'arch 1972 

oxygen never fell below 91% at any depth. Oxygen content of the bottom 

water v/as 100% on 2 Parch falling to 91% on 16 and 30 March.

In April 1972 the increase in temperature continued with 5.7^C being 

recorded below 3 m on 20 April 197 2 and 7.9°C at the surface. On 27 April 
a thermal gradient v/as also apparent from 7.8*̂ C at the surface to 6.2^C at 

18 m below which a uniform temperature was recorded. Thus, during April 

1972 there was no differentiation of a well defined epilimnion and thermo

cline, although a layer of uniform temperature did occur at the bottom.

Oxygen values remained high during the first two weeks of April (90 - 100%) 

while it fell on 20 April when a saturation of 87% was recorded at the 

bottom. This period of relativelv low oxygen content ended on 27 April 

when oxygen increased to 97% at the bottom and 100% in the top 5 ra.

During May 1972 the surface temperature rose above 8.0°C and the first
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appearance of a thermocline was observed (16 ^îay). On this date the 

epilimnion covered the top 15 ro of the water column and had a constant 

temperature of 7,8^c except for the too 3 m where 8.6°C was recorded. The 

beginning of a weak thermocline was detected at 15 n , extending to 25 m 

depth where the temperature was 6.9°C. This temperature was constant 

throughout the hypolimnion. Oxygen variations corresponded with the 

thermal structure of the water. Within the eoilinnion an oxygen satur

ation of 100% or more was recorded, while within the layer of temperature 

discontinuity it varied from 95 - 100%. 94% was recorded in tlie hypolimnion.

On 12 June no distinction could be made between an epilimnion and 

thermocline, instead a continuous gradient occurred over the top 45 m with 

the temperature falling from ll.O^c to 7.5°C. Below this, a region of 

uniform temperature (7.5°C) was clear. Distinct stratification of the 

water reappeared on 26 June with an epilimnion extending to a depth of 15 n. 

The temperature remained at ll.O^C throughout the epilimnion and then fell 

steeply over the next 3 m where 10, 9,2, and 8.3°C were recorded at succ

essive metres. The thermal gradient then became more shallow till 25 n 

where 7.7*̂ 0 was recorded. Below this the temperature remained constant to

the bottom (hypolimnion). The highest oxygen saturation was on 12 June

when 105% was recorded at the surface, falling gradually to 89% at the 

bottom. On 26 Juno oxvgen was around 100% saturation within the epilimnion 

and hypolimnion whereas at the top of thermocline the minimum oxygen 

saturation was recorded, 91% and 92% at 16 n and 17 ra respectively.

In July the layer of water of uniform temperature at the bottom was 

clear while no clear distinction could be made between the epilimnion and 

thermocline, A continuous thermal gradient continued to 35 m on 17 Julv 

and to 30 ra on 26 July, However the temperature gradient at the latter 

date was less steep in the top 3 ra (17.6 - 16,7^c) than in the underlying 

5 m where a fall from 16.7 to 11.1 was recorded. Below this a shallow 

gradient occurred till 30 m. Oxygen showed its greatest percentage of 

saturation on 17 July between 2 - 5 , where around 10O% was recorded. A 

steep fall was observed in the underlying 5 m reaching 92% and thereafter
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remaining constant to the bottom. On 26 Julv the minimum oxygen saturation 

was detected in the top 5 n of the water column (86%) increasing gradually 

to 92 - 93% at the remaining depths.

Throughout the month of August distinct stratification of the water 

was clear. The epilimnion extended to about 8 - 1 0  ra depth, the hypo

limnion occupied the bottom 5 - lO m while the thermocline occunied the 

region in between. Within this region, the steenest temperature gradient 

occurred from 10 - 25 m, above and below which a small gradient was apparent. 

Between the 1st and 29th August the surface temperature gradually decreased 

from 17.4^0 to 14.7^0 whereas the hypolimnion temperature rose from 8.0°C 

to 9,6°C. The minimum value of oxygen was detected at the beginning of the 

thermocline on 1 August and at the bottom of thermocline on 8, 15 and 22 

August. This oxygen minimum continued to the bottom of the hypolimnion.

On 22 August (90%) and 29 August, 1972 (83%),

On 6 September the temperature over the entire 10 ra depth of epilimnion 

varied from 13.6 to 13.9 below which a steep temperature gradient was appar

ent to lO^C at 25 m. A subseauent gradual fall reached 9.1°C at 35 m, 

below which the temperature remained uniform. By 27 September, 1972 the 

epilimnion had deepened to 15 m and the temperature had fallen to 13.3°C 

at all depths (except for 13.0^C at the surface). Within the thermocline 

the temperature fell to 9.9°C at 22 m and thereafter more gradually to B.B^C 

at 35 ra, below which the temperature remained constant. On 12 September 

maximum levels of oxygen were found in the top lo m where values fluctuated 

between 36 - 90%, declining to 82% at 15 m and then falling further to the 
rainiraui-i annual value of 80% below 20 m. The region of rapid reduction in 

oxygen coincided with the top layer of the thermocline. On 27 September 

a similar situation was clear with a minimum value of 80% being recorded 

at the top of the thermocline. At the surface 90% was recorded while 

at the bottom of thermocline and throughout the hypolimnion 83% saturation 

was recorded. The deepening of epilimnion and thermocline on this date 

was reflected in the deepening of oxygen minimum layer.

On 11 October, 1972 the epilimnion with a uniform temperature of
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12.4^C covered the top 22 m of the water column. Below this a thermal 

gradient extended to 40 m depth where a temperature of 10.2°C was observed. 

This remained constant throughout the hypolimnion. 88% oxygen saturation 

was recorded in the epilimnion falling gradually to 82% at and below 25 lïi 

depth. On 25 October, 1972 a region of uniform temperature (10.9°C) 

extended from the surface to 10 m below which a decline took place to 13 m. 

The temperature at this depth (10.0°c) remained constant to the bottom.

Oxygen remained around 90% throughout the epilimnion layer and then fell 

gradually to 80% at the bottom of thermocline. Completely isothermal 

conditions were re-established during November 1972. A temperature of G.O^C 

was recorded on 23 November while the oxygen varied from 92 - 93%.

The water column remained isothermal throughout the winter, with the 

temperature falling from 6.65°C in December 1972 to an annual minimum of 

5,0°C recorded on 15 February, 1973. Oxygen increased during this period 

from around 90% on 7 December, 1972 to 100% on 21 December and then declined 

to 98% on 1 February, to 95% on 15 February, 1973. During March 1973 and 

t he first half of April the water column was still well mixed. Temperature 

increased to around 5.3^C on 15 March and to 6.0 on 30th while oxygen varied 

between 90 to 94% saturation.

On 24 April, 1973 a weak stratification first appeared and the oxygen 

level showed a slight decline to 98 - 88%. During May and June the water 

mass showed no distinct thermocline. Instead a continuous thermal gradient 

appeared from the surface to about 20 ra, below which a zone of constant 

temperature was apparent. By the end of June 1973 surface temperatures had 

risen to about 14.0^C and the thermal gradient was about 4.0°C with a ten

dency for thermocline formation. Throughout this period oxygen values were 

high, generally between 95 to 100% with a maximum of 103% being recorded 

on 3 May, 1973. July saw the establishment of a permanent stratification 

of the water column. In August 1973 the maximum surface temperature 

(17.G^C) was recorded on 21st in tlie epilimnion. Oxygen declined during 

this period to low values (around 80%) throughout the water column, with 

a recorded minimum of 78% on 21 August.
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In general the pattern of the two years (1972 and 1973) was similar, 

with the first appearance of stratification occurring at the end of April. 

This was followed by two months in which a layer of water of constant temp

erature was present in the lower part of the water column, with a continuous 

gradient from the surface to the top of this layer. A permanent thermo- 

cline was established during July in both years and remained till November 

when complete mixing occurred (in 1971 and 1972) . Oxygen saturation was 

higher during the winter than the summer with values generally lying 

between 80 to 100%.

(iii) North Station (Pig. 24, 25 and Appendix Table 18a, b and c)

The maximum surface temperature in 1972 (16.1°C) coincided with that 

at the South and Middle Stations (26 July) while in 1973 a maximum of 

16.6°C was recorded on 2 August. The temperature at the bottom rose to a 

maximum value of 5.9^C on 22 August, 1972 while in 1973 a similar value 

(5.8^C) was noted on 2 August. Minimum surface temperatures were 4.5^C 

on 30 March, 1972 and 4.9°C on 15 February, 1973. Whereas at the bottom 

the lowest recorded temperature was 4.1^C on 3 February, 1972 and 4.0^0 on 

15 February, 1973. Thus, this station shov^ed the lowest annual range of 

surface temperature, 11.6 in 1972 and 11.7^C in 1973. The annual range of 

bottom temperature was extremely low, 1.8^C in both 1972 and 1973,

The lowest value of oxygen saturation was 72% recorded at the bottom on 

11 October, 1972; this was the lowest level of oxygen recorded anywhere in 

the loch. The maximum oxygen content of the water in both 1971 and 1972 

occurred in December when a similar surface saturation of 110% was noted.

On 27 October, 1971 when sampling commenced there was a clear stratif

ication at the North Station of Loch Lomond, The epilininion extended to 

a depth of 2o m with a slight gradient from 9,2 at the surface to 10.2°C.

A steep thermal gradient continued to 50 m where a temperature of 5.9°C 

was recorded. Below this the gradient became less steep to lOO n which 

marked the top of the hypolimnicn. Throughout this layer to the bottom 

(150 m) the temperature was 5.1°C. The lowest value of oxygen saturation 

on this date occurred in the region of the thermocline, where 84% was
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recorded (from 25 - 35 ra) , Below this, oxygen increased to 92% in the 

hypolimnion while in the epilirnnion oxygen values fell from 96% at the 

surface to 89%,

On 10 November, 1972 the epilirnnion extended to the same depth as the 

previous sampling (20 m) while the hypolimnion had deepened to start at 

120 m. The thermocline was weaker and slightly wider. Temperature had 

fallen at all depths giving values of 7,8°C at the surface to 8.1°C at the 

bottom of epilirnnion, the hypolimnion temperature was 4.9°C. Oxygen was 

again at its lowest in the zone of temperature discontinuity where 91% was 

recorded at 35 m. Below this, oxygen was constant at 93% while in the 

upper part of the water column levels fluctuated between 92 and 96%.

By 23rd December, 1971 the depth of the epilirnnion was 19 m, throughout 

which the temperature was uniform at 6.5*̂ C (except for 6.2°C at the surface).

A continuous thermal gradient was detected over the next 80 n at the bottom 

of which a temperature of 5,1°C was recorded. The hypolimnion commenced 

at a depth of 120 m and had a constant temperature of 4.8°C. Oxygen showed 

its highest value at the surface, 110%; this fell to 92% at 5 m below which 

it was uniform to the bottom (150 ni). The fall in temperature at all depths 

continued on 20 January, 1972 when isothermal conditions were established.

The surface water (5.7^C) was 1.0°C warmer than the water at the bottom, 

while oxygen varied from 95% at 1 m depth to 80% at 60 ra depth, thereafter 

remaining constant to the bottom. On 3 February the temperature varied 

from the surface value of 5.2^C to 4.1^0 at 30 m depth, and was then uniform 

till the bottom. Oxygen showed a continuous decline from surface value of 

97% to 92% at 30 m below which no change was detected.

Completely isothermal conditions were observed on 2 March with a temp

erature of 4.9°C at all depths (except for 4.8°C at the surface)? this 

represents a decrease in temperature in the upper 5 rn and an increase 

throughout the rest of the water column. Below 12 ra depth oxygen was uniform 

at 97% while a maximum value of 10O% saturation was observed at 2 m depth.

On 16 March the surface temperature fell slightly to 4.8 and the bottom 

temperature fell to 4.1; the gradient was continuous from surface to 100 n.
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The maximum value of oxygen saturation, 100%, was found between 20 - 35 m, 

falling to 90% at 100 m depth. From surface to 2o ra depth the oxygen 

saturation increased from 96 to 100%. On 30 March the temperature over the 

top 50 ra was 4.4 - 4.5°C, falling to 4.1°C at 100 ra depth. As on the 

previous sampling date oxygen showed its maximum value between 25 - 35 m 

at 100% decreasing to 92% at the bottom, and 96% at the surface.

On 20 April, 1972 a slight thermal gradient occurred from 45 to 50 m 

with a fall in teraoerature of 0.7°C and a decline in oxygen of 4%. The 

temperature fell from 6.9^C at the surface to 6.0*̂ C at the top of thermal 

gradient, whereas below this zone the temperature fell from 5 .3 ° c  to 4 .5 °C  

at 150 m. Oxygen had a maximum value of 99% saturation near the surface, 

falling to a minimum of 88% at the bottom. On 27 April, 1972 a weaJc

thermocline was established between 10 and 12 m where the temperature fell

from 6.8 to 6.3°C. Below this region a small gradient occurred reaching 

4 .5 °C  at the bottom, while above the thermocline the temperature reached 

7.2^C at the surface. The maximum level of oxygen saturation occurred in the 

top 8 ra where 98 ~ 99% was recorded. Below this oxygen declined irreg

ularly to the bottom value of 92%.

Ho stratification of the water was apparent on 4 May, 1972 when a 

continuous gradient occurred from the surface (6.0^0 to the bottom (4.5^C). 

Oxygen declined f rora 101% at the surface to 95% at 80 ra thereafter remaining 

at 91% saturation to the bottom. Two weeks later, on 16 May, 1972, the 

surface temperature had increased by 1. 5*̂ C and the bottom temperature by

0.4^C. A weak thermocline could be detected from 6 to 9 ra where the

temperature declined from 8.0^0 to 7.4^c. Below this the temperature 

followed a continuous gradient to reach a constant 4.9°C below 80 metres. 

Oxygen showed complete constancy over the upper 35 ra of the water column 

(at 96%) and then fell to a value of 93% at 50 m.
On 12 June a f airly steep thermal gradient occurred from the surface 

to a depth of 40 ra. In the upner 20 ra temperature declined from 10.3°C 

to 9.0^C, followed by a gradient to 6.9^0 at 40 m. Below this the temp

erature fell gradually to 5.0*̂ 0 at 150 ra. Oxygen reached its highest
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values at the surface (102%) and then fell irregularly to reach a reading 

of 90% saturation at the bottom. By 26 June well defined stratification of 

the water column had taken place. The epilirnnion had a constant temper

ature of 13.0°C and extended to a depth of 5 m below which a steep thermal 

gradient continued to 20 n where a temperature of 9.4^C was observed. The 

gradient then became less steep reaching a temperature of 5.6°C at 100 m.

The hypolimnion began at 120 m with a temperature of 5.5°C. Oxygen 

saturation remained constant at 90% to a d epth of 20 n, increased to 91% 

at 25 m and then remained steady at 88% throughout the remainder of the 

water column.

On 17 July the region of most rapid thermal change occurred between 

19 and 23 m, where temperature reading fell from 11.5 to 9.2^C. In the 

6 m of water above this zone temperature v;as constant although surface 

temperature was higher (13.3°C). Below 23 m the gradient was less steep, 

reaching 5.6°c at 100 m depth below which the temperature was uniform.

By this date the overall oxygen content of the water had decreased, being 

83% at all depths below 10 m. The lowest value, 75%, was recorded at the 

surface and the maximum, 86%, at 5 m. d epth. 25 July saw the maximum 

development of the thermocline and the maximum surface temperature (16.1°C).

A well-defined epilirnnion wi-th a uniform temperature (16.1°C) extended to a 

depth of 5 m, below which a temperature discontinuity occurred reaching 

8.2^0 at 25 n, and 5.8 at 100 m where the hynolimnion commenced. The 

lowest oxygen values were found at the surface where 86% was recorded, This 

increased to 92% at 11 m and thereafter remained uniform to the bottom.

On 8 August the epilirnnion temperature had fallen to 15.7°C and the 

layer had deepened. The thermocline was initiated at lO n with a steep 

thermal gradient to 20 m where lO.S^C was recorded. Below this a gradual 

decline in temperature was evident to 5.6°c at 120 m where the hypolimnion 

began. Oxygon values in the region of the thermocline fell to 89% while 

levels were higher at the surface (91 - 93%) and at the bottom, 92%. The 

zone of temperature discontinuity was again initiated at 10 m depth on 

22 August. A rapid fall in temperature occurred from 10 m (14.1°C) to
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15 m (12.2) below which the gradient lessened reaching 5.9°C at lOO m depth. 

Oxygen showed its lowest percentage saturation, 84% at 12 m depth, increased 

to 88% at the surface while below 17 n depth the oxycren content of the water 

was 92%. On 29 August the epilirnnion had fallen in temperature to 14.4^0 

and was less deeo. The thermocline was initiated at 5 m depth below 

which a steep gradient occurred to 25 m where a reading of 10.3^0 was taken. 

The thermal gradient then became less steep, ending at 100 m where a temp

erature of 5.9^0 was recorded this value remained uniform throughout the 

hypolimnion. Oxygen reached its maximum value, 100%, at the surface 

followed by an irregular decline to 92%, recorded throughout the hypolimnion. 

An ox;>7gGn maximum (99%) V7as recorded tov/ards the bottom of the temoerature 

discontinuity (20 n). The epilirnnion deepened to 12 ra on 12 September 

and had a temoerature of 13.9°C. A steep gradient continued to 20 m where 

10.2°C was observed, the subsequent decrease was less steep, reaching 5.6^0 

at 100 m depth and remaining constant thereafter. The minimum value of 

oxygen saturation, 83%, was observed at 15 in, this increased to 89% in the 

epilirnnion, while 92% was recorded throughout the lower 80 metres. On 

27 September, 1972, the epilirnnion had deepened furtlier to 19 ra and the 

temperature had fallen to 12.7*̂ 0. The thermocline was very short, 

extending over 1 m and giving a temperature gradient of 2.5°C. The hypo- 

liranion occurred at the same depth as before (100 m) and had a temperature 

of 5.6 to 5.8°C. From the surface to 19 ra oxygen values declined from 

9 5 to 91% and then dropped by 6% in the next metre. Below 30 ra depth, 

levels were constant at 90%.

The epilirnnion attained a deeth of 20 ra on 11 October when the temp

erature was 12.1^0. Over the next 15 ra a steep gradient occurred reaching 

8.6^0, a lesser decline continued to 80 n where 5.9°C v;as recorded. This 

temperature was constant throughout the hypolimnion. Oxygen persisted 

around 92% in the unner 20 m of the water column falling to 88% in the 

thermocline. Below 80 ra the oxygen value fell from 85 to 72% the lowest 

recorded value for the North Station. On 25 October, 1972 the epilirnnion 

covered the unper 25 metres and the hypolimnion extended over the lower
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70 metres. The enilimnion temperature was 10.3^C except for a reduction 

towards the surface where 9.6°C was recorded and the hypolimnion temperature 

was 5.4°C. The zone of temperature discontinuity occurred from 25-35 m 

where a temperature fall of 3.6°C was recorded. Oxygen declined from 97% 
at the surface to 83% at 30 metres (within the thermocline) and thereafter 

increased to 90% at and below 50 m.

On 23 Novemberf 1972 and 7 December the epilirnnion deepened to 50 m 

and 75 m respectively and fell in temperature from 7.9°C to 6,7^C. The

hypolimnion commenced at a C^epth of 65 m on 23 November and at 120 m on 

7 December, with respective temperatures of 6.0 and 5.6^C. On 23 November 

oxygen was highest at the surface and fell to around 80 - 84% at and below 

20 m while on 7 December the surface value was 110% falling to a constant 

value of 92% below 4 m depth.

Isothermal conditions were re-established on 21 December with a uniform 

temperature of 5.6°C below 5 m depth and an oxygen concentration of 98%.

Both temperature and oxygen were slightly higher at the surface (6.1^0 and 

102% respectively). A decline in temperature throughout January 1973 was 

accompanied by a slight fall in the oxygen content of the water. On 1 

February, 1973 a uniform temperature of 5.5°C was recorded below 40 m while 

the overlying water varied from 5.85 to 5.6°C. Oxygen saturation was 92% 

below 25 m and was variable over the rest of water column. The annual 

minimum temperature at this station vjas recorded on 15 February when the 

water column was uniform at 4.9^C. Oxygen showed an overall increase in 

saturation to 95%.

During Narch, 1973 the water mass remained isothermal with a temperature 

of around 5.5^C. Dissolved oxygen during March was generally low varying 

from 88 to 94% saturation. April saw the first indication of thermal 

stratification (on 24th) with a small gradient occurring between 20 to 60 ra. 

Oxygen values had generally shov7n a slight rise (to 96 - 93%) while temp

eratures ranged from 7.6^C at the surface to 5.5^C at the bottom. On 10 

May the situation was similar with the epilirnnion extending to 20 m and the 

thermocline to 50 m. However, the oxygen content of the water registered
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a marginal decline.

During the rest of May and June 1973 the epilirnnion was typically 

shallow, not extending to more than 5 m in depth except for the 7 June when 

the epilirnnion and thermocline were replaced by a continuous thermal gradient. 

The thermocline laver gradually widened, reaching 130 ip depth on 21 June,

197 3, As the temperature increased in June the oxygen values fell in the 

lower part of the water column (to 88% on 21 June, 1973) while high concen

trations (generally exceeding 100%) were recorded in the upper 10 m. In 

July and August 1973 the temperature gradually increased reaching a max

imum on 21 August when the highest epilirnnion temperature (16.6°C) was 

observed. Oxygen values continued to decline falling to a minimum of 80% 
on 21 August, 1973.

In general thermal stratification of the water column occurred at some 

period of the year throughout Loch Lomond with the exception of South 

Balmaha station. The duration of stratified conditions was found to be 

short (1 or 2 months) at South and North Falloch stations, 6 - 7  months at the 

Middle station, while at the North and Worth Inversnaid stations the water 

was stratified for most of the year. At no station was a reverse thermal 

gradient ever recorded for any length of time.

At the South, Middle and North Falloch stations the period of strat

ification was interrupted by periods in which a continuous thermal gradient 

occurred from surface to bottom. At Worth and Nortli Inversnaid stations a 

permanent stratification existed from the time of formation to the end of 

the year. During this period there was a tendency for a secondary thermo

cline to form. At the South Balmaha Station no stratification occurred 

although a continuous thermal gradient was evident during the summer.

The South Balm all a and South stations showed the highest maximum surface 

temperature of 18.8°C and 18.5°C respectively. This decreased to 16.6°C 

at the North and 17.0^C at the North Falloch stations. The annual range of 

surface and bottom temperatures were also greatest at the South Station 

where 14.0 and 10.3°C was found at the surface and the bottcm respectively.

At the Middle Station the ranee was 13.6^c at the surface and 6.5^0 at the
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bottom while the North Station exhibited an annual range of surface temp

erature of 11.7°c and only 1.8°C at the bottom. Any changes in water temp

erature always became evident first at the South Station becoming progress

ively later moving northwards.

From the results of the survey it is clear that the epilirnnion, therm

ocline, and hypolimnion at each station differ from one another in temper

ature, in the strength of the thermal gradient and in the position of each 

layer on the same date. The earliest appearance of isothermal conditions 

was clearly at the South Station where a uniform temperature was recorded 

in September. At the Middle Station isothermal conditions occurred two 

months later while at the North Station a completely uniform water column was 

not apparent till January. All three stations showed isothermal conditions 

during the months January and February. The reappearance of uniform temp

erature conditions at any station usually coincided with an increase in 

nutrient throughout the Loch. This was particularly evident in May and 

September.

Oxygen saturation was generally high in Loch Lomond, never falling 

below 72% at the North Station and 78% at the "’Iddle and South Stations, 

During periods of thermocline formation the oxygen values were lowest at the 

top of the temperature discontinuity. The maximum oxygen value recorded 

at tlie South and North Stations was 110% while the highest value found at 
the Middle Station was 105%. The oxygen content of the water below 10 m 

depth was usually higher in winter than in summer, while the oxygen content 

was variable over the top 10 ra throughout the year at all stations.
(b) The four Lochs

(i) Lake of Menteith

In Lake of Menteith (Fig. 26 and Appendix Table 19a, b and c) samples 

were not taken from the deepest part of the lake, for reasons described 

earlier. Consequently, no stratification was ever detected at this station, 

although a distinct temperature gradient was apparent during the cold 

weather (January, February and March) . However, tlie weather was never 

cold enough for the lake to freeze though it may do so during ’Severe winter.



LAKE OF MENTEITH Fig 2 6

SATURATED OXYGEN and 
i __________________ T E M P ER A TU R E

CD CO

I  wÛ. _
O  C0_

œ
CL

_Ü1

O" ÇJ1 <

00_(N5

ro-
-O) : 

cn > ro-

co



f31 •
Isothernai conditions persisted throughout the rest of the year and, while 

it is possible for temoerature gradient to occur during the summer, none 

was detected on the sampling days.

The maximum temperature recorded was 20.0°C on 26 July, 1973 while the 

minimum was 3.2*̂ 0 at the bottom (7 m) on 24 January, Thus the annual 

range of temperature in this lake was 16.8°c. A high oxygen saturation was 

observed during winter while the lowest level of oxygen recorded was 77% 

on 18 October, 1972 and 17 May, 1973 at the bottom. Generally oxygen values 

were similar over the entire water column, or higher at the surface.

At the commencement of sampling in Lake of Menteith on 18 October, 1972 

the water column had a uniform temperature of 11.9°C. Conditions remained 

isothermal till 10 January by which date the temperature had fallen to 

around 4.0°C. Oxygen values at tlie surface rose considerably over this 

period increasing from 82% to 115% while the saturation of oxygen at the 

bottom rose irregularly from 77% to 103%. The oxygen gradient from surface 

to bottom was generally small though on 29 November, 1972 the surface value 

of 103% fell to 80% at the bottom, giving a large gradient of 23%. This 

gradient declined to 10% saturation (110 - 100%) on 27 December and was 

12% on 10 January (115 - 103%). On the latter date a small thermal gradient 

occurred in the upper part of the water column from 4.3^C at the surface to 

4.0^C at 3 m.

On 24 January, 1973 a distinct thermal gradient was evident, from 4.2°C 

at the surface to 3.2°C at the bottom. Uhile temperature had declined to its 

minimum, oxygen reached its annual maximum value of 124% at tlie surface and 

120% at the bottom. By 7 February, 1973 the temperature had increased below 

3 m depth to 3.4^C while oxygen had fallen to 95% at all depths. The water 

column was completely uniform on 21 February with respect both to oxygen 

(100%) and temperature (4.5°C). On 8 March, 1973 tlie bottom temperature 

had decreased to 4.0^C and the surface temperature risen to 5.1°C. Oxygen 

was on the decline ranging from 97% at the surface to 91% at the bottom.

On 26 March, 1973 oxygen showed no variation with denth (95%) while 

the temperature fell from 7.2^C at the surface to 7.0^0 at the bottom.
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From tills date onwards the water remained isothermal. By 20 April the 

temoerature continued to rise (to 9.0°C) and oxygen fell at the bottom to 

85%. During "iay 1973 the temperature marginally increased from 9.6 to 

9. 7*̂ 0. on 3 May and to 10. 8°C on 17th. The oxygen saturation on 3 May 

ranged from 96% at the surface to 90% at the bottom while on 17 May a 

marked fall had taken place at all depths. The surface and bottom min- 

imi^ were recorded on this date being 80% and 77% respectively.

On 14 June, 1973 the temperature showed an increase of 3.0^C followed 

by a further rise to 19.2°C at the surface on 28 June and 18.0°C at the 

bottom. This was the only temperature gradient observed during the 

summer at this station in Lake of Menteith. 102% saturation was recorded 

at all depths on 14 July when the temperature increased to a recorded max

imum of 20.0^0 at all depths.

By 8 August, 1973 the temperature had fallen to 16.5°C and oxygen 

showed a gradient from 88% at the surface to a fairly low value of 33% at 

the bottom. During September 1973 a decline in temperature was evident 

reaching 14.0^0 at all depths on 20th. Oxygen showed an increase at the

surface to 95% with a gradient to 80% at the bottom.

(ii) Loch Rusky

The formation of a distinct thermocline in Loch Rusky (Fig. 27 and 

Appendix Table 19a, b and c) was apparent from the end of June till 

September 1973. The. thermocline was generally shallow, not penetrating 

deeper tlian 6 m , except for 8 August, 1973 when the hypolimnion began at 

9 m depth. Throughout the rest of the year isothermal conditions prevailed, 

although small thermal gradients were occasionally apparent during this 

period.

Oxygen was generally variable with the lowest value of 70% being 

recorded at the bottom on 24 January and the highest at the surface, 115% 

on 3 May. A very large gradient was apparent from surface to bottom on

24 January when a range of 40% (110 - 70%) was recorded. The lowest

temperature noted in this Loch was 2.0°C throughout the entire water column 

(14 ra) on 24 January. The maximum temperature, 19.0°c, was observed at
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the surface on 26 July, 1973. Thus both maximum and minimum temperatures 

occurred simultaneously with those of Lake of Menteith but were lower in 

each case.

At the commencement of sampling on 18 October, 1972, the temperature 

was uniform throughout the water column at 11.0°C except for a surface 

value of 11.4°C. Oxygen was generally low, ranging from. 73% at the 

surface to 73% from 2 m at the bottom (14 in denth). By 1 November, 1972 

oxygen had increased by more than 10% at all depths while a considerable 

fall in temperature was evident. There was a tendency for a reverse ther

mal gradient to form with the temperature being cooler at the surface,

8.3°C, than at 6 m depth, 8.6^C. 15 November saw a very small thermal

gradient (0.1°C) cind a fall in temperature to around 5.0°C. Oxygen was 

constant with depth at 85% with the exception of slightly higher value 

between 4 and 6 m. At the end of November the water coluran was cooler 

at 3.4°c and oxygen had increased to 97% saturation at the surface and 

fallen to 84% from G m depth to the bottom. A further marginal fall in 

temperature occurred on 27 December, accompanied by a fairly large increase 

in oxygen saturation to 100% at all depths below 3 m and 108% at the surface. 

These conditions persisted till 10 January, 1973, although the surface oxygen 

level rose by another 4% and temperature decreased by O.9°C.

On 24 January, 1973 high levels of oxygen were evident in the upper 

2 n (110%). Below this a steep gradient occurred, reaching tlie minimum 

annual value of 70% at 5 m depth and then remaining constant to the bottom. 

This oxygen minimum also coincided with the lowest recorded temperature,

2.0°c at all depths. On 7 February a thermal gradient was apparent from 

3.95^C at the surface to 3.0^C at 5 m thereafter remaining constant to the 

bottom. Oxygen had greatly increased by 20% in the lower part of the 

water column and ranged from 96% at the surface to 90% below 6 m. The 

water column was again isothermal on 21 February at 4.5°C while the oxygen 

content of the water had fallen to low levels (75%) below 5 m depth. Little 

change in temoerature was apparent on 8 ^arch when reading fell from 4.3°C 

at the surface to 4.0^0 in the upner 6 m. Oxygen lav between 91% to 88%.
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From 26 March to 3 .May, 1973 the water column was isothermal, and increased 

in temperature from 6.8^C to 8.0°C (on 20 April) and further to around 

9.6^C on 3 ['[ay. The oxygen content of the water r emained similar from 

26 March to 2o April, with a gradient on both occasions from 93% at the 

surface to 88 - 87% in the lower 9 m of the water column. On 3 May a large 

rise in percentage saturation of more than 15% was apparent at all depths. 

Surface values reached their annual maximum of 115% while 100% saturation 

was recorded below 9 m depth.

On 17 May, 1973 a continuous thermal gradient was established from lO.S^C 

at the surface to 10.2^C at 9 m depth. This was accompanied by a consider

able fall in oxvgen values, ranging from 84 to 86%. Oxygen increased by 

about 10% on 14 June (97 - 98%) while the. water column was again isothermal 

at 12.4°C.

Stratification of the water column was first established on 28 June,

1973 when the epilirnnion covered the top 2 in and had a temperature of 19.0°C; 

the thermocline extended over the next 4 ra with a strong gradient to 12.2^c 

at the top of hypolimnion. Oxygen fell from 96% at the surface to 82% in 

the middle of thermocline and then remained constant to the bottom. A 

similar situation obtained on 11 July, the epilirnnion and thermocline occurred 

at the same depth while the temperature of the lower part of the water column 

had increased. Minimum levels of saturated oxygen 78% occurred at the 

bottom of the thermocline, while surface and bottom values were 88% and 83% 

respectively. The thermocline showed no signs of deepening on 26 July 

although the temperature throughout the water had increased by about l.o'̂ C 

or less. The maximum annual temperature, 19.0^C, was recorded at the 

surface on this date. Very low levels of oxygen (73%) were recorded at the 

bottom of thermocline while surface and bottom oxygen values were the same 

as for previous sampling. A deepening of the epilirnnion and thermocline 

layers was evident on 8 August as the temperature started to decrease. The 

epilirnnion extended to a depth of 4 m and fell to 15.5°C while the therrao- 

cline continued to 9 m at which a temperature of 12.5°C was recorded? 

oxygen levels were constant at 38% throughout the water column. Temperature
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declined to 13.8°C at the epilirnnion on 2o September and a continuous

gradient vras evident till 10 m where 9.8°C were recorded. Oxygen showed

an overall increase to 92% at the surface while 90% was recorded fraii 9 m

downward.

(iii) Loch Achrav

In Loch Achray (Fig. 28, Appendix Table 20a, b , and c) isothermal

conditions occurred from the middle of Novmber, 1972 till the beginning of

May 1973, despite the apoearance of transient thermal gradients during

Fetaruarv and March. Distinct thermal stratification of the water mass

appeared on 17 !"iay, 1973 when the thermocline was initiated at a depth of

6 ra and extended to 12 n. During June there was a corresponding decrease

in the width of epilirnnion and an increase in the width of thermocline

layer. July, August and Sentember, 197 3 and October 1972 saw an increase

in the width of hypolimnion with a consequent shortening of the thermocline.

The lowest temperature in Loch Achray occurred on 27 December and

10 January when 4.0^C was recorded at all deoths. The surface water rose

to a maximum value of 18.7°C on 28 June while the bottom maximum occurred

later on 8 August (15,0°C). Thus the range of surface temperature in

Loch Achray (14.7°C) is less than Loch Rusky (17.0^0) or Lake of Menteith

(16.8^C). The lowest level of saturated oxygen, 76%, occurred at the

bottom (20 m) on 8 March while the maximum value recorded was 112% found at

the surface on lO January, 1973. The highest value of oxygen saturation

observed at the bottom was 110% found on 24 January. In general the range

of oxygen reading from surface to bottom was small and never exceeded 16%.

The commencement of sampling on 18 October, 1972 occurred towards the

end of the period of stratification, although a temperature discontinuity

was discernable. The thermocline lav between 6 and 10 m depth, with a

temoerature gradient from 11.4°c (in the epilirnnion) to 10.8°C (in the

hypolimnion). Oxygon showed no variation with depth and gave a reading

of 84% throughout the water column (20 m). By 1 November the epilirnnion
MR;

had decreased in depth and hypolimnion had increased; the thermocline 

covered the region between 3 - 8 m depth. Oxygen showed a slight fall
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at the surface where 81% was recorded.

Isothermal conditions appeared on 15 November, 1972 when temperature 

had fallen to 6.7°C and oxygen to 81% at all depths. The temperature 

continued to fall till 21 Deceii±)er when 4.0°C was recorded, while oxygen 

continuously increased reaching 90% on 29 November and 100 - 103% on 27 

December, 1972. On 10 January, 1973 temperature remained as before while 

oxygen rose to 105% below 3 m and to 112% at the surface. A further rise 

in saturated oxygen throughout the water column (except for the surface) 

reached llO% on 24 January, 1973.

On 7 February, 1973 oxygen had decreased to 95% and was uniform with 

depth while temperature showed a small gradient from 4.5°C at the surface 

to 4.1°C at 6 m. Apart from a marginal rise in temperature (0.3 or less) 

the situation on 21 February was identical. On 8 March temperature showed 

a gradient from. 4.8*̂ C at the surface to 4.4*̂ C at 10 m , and then remained 

constant to the bottom. Oxygen showed a decrease in saturation at all 

depths and a f airly steep gradient was apparent from the surface (90%) to 

12 m (76%). A considerable rise in temperature had occurred by 26 March 

1973 reaching 6.0°C at the surface and 5.6^0 below 3m. An increase in 

oxygen content had also begun with values lying between 93% at the surface 

and 90% below 3 ra. On 2o April and 3 May, 1973 conditions were again iso

thermal and oxygen showed no variations with depth. Temperature rose from 

8.0°c while oxygen showed a slight fall in saturation from 94% to 92%.

Stratified conditions were first apparent on 17 May when the thermocline 

was initiated at a depth of 7 m and continued to the top of the hypolimnion 

at 12 m depth. The thermal gradient was 1.2°C, from lO.O^C in the epil- 

imnion to B.s'̂ C in the hypolimnion. Dissolved oxygen on the other hand, 

showed no variation with depth having a 96% saturation throughout the water 

column. On 14 June the thermocline widened greatly, extending from 3 m to 

15 m. The temperatures in the epilirnnion and hypolimnion were 13.0^C and 

8.7°c respectively, while the percentage saturation of oxygen fell regularly 

from 98% at the surface to 92% at tlie bottom. On 28 June, 1973 the epil- 

imnion shortened to 1 ra where a temoerature of 18.7^C was recorded. This
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large rise in surface temperature was not reflected at the bottom where a 

reading of 9 .0 ° c  was taken. Oxygen saturation decreased regularly from 

the surface (100%) to 84% at 11 n depth.

During July 1973 the thermocline shortened and the hypolimnion became 

much wider. On 26 the thermal gradient was initiated at a depth of 2 m 

and continued to 7 m below which a uniform temperature of 13.3°C was recorded. 

The epilirnnion on this date had a temperature of 18.6°C. The lowest value 

of saturated oxygen, 84%, was detected at the bottom of the thermocline 

while values of 88% and 92% occurred at bottom and surface respectively.

By 8 August the surface temoerature fell while the bottom temperature 

continued to rise. The thermal discontinuity layer shortened still further. 

The actual extent of the laver was from 3 to 4 m and the temperature gradient 

was from 15.5 to 15.0°C. Oxygen showed a small gradient from the surface 

92% to 88% at 11 m and then remained constant at 86%. The epilirnnion 

showed a slight rise in temperature (17.0°C) on 23 August while the hypo

limnion temperature declined to 13°c. This resulted in a larger thermal 

gradient (4.0°C) and an increase of thermocline width (2 - 8m). Levels 

of saturated oxygen generally followed the thermocline, being higher in the 

epilirnnion, 88%, than in the hypolimnion, 84%. On 20 September, 1973, the 

temperature showed an overall decline falling to 13°C in the epilirnnion and 

to 11.0°C in the hypolimnion. The thermocline vjas initiated at 5 m depth 

and extended to 7 m. Oxygen values had risen at the surface and fallen at 

the bottom with a clear gradient from 90% to 80%.

(iv) Loch Ard

In Loch Ard (Pig. 29 and Appendix Table 20a, b and c) isothermal 

conditions persisted from the middle of November 197 2 till the end of April, 

1973, although temporary thermal gradients occurred during this period. 

Stratification first appeared during ’lay when a very short thermocline was 

present. As temperatures increased the width of the gradient also increased, 

reaching its maximum development on 28 June when it extended from 1 m to 11 

m. As the bottom temperatures rose and the surface temperatures fell the 

thermocline became shorter and the hvoolimnion widened. On the latest
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date on which a thermocline could be detected, 1 November, 1972, the hypo

limnion began at a denth of 3 m.

The maximum surface temperature, 18.5°C, was measured on 28 June while

the minimum, 4.4°C, was found at all depths on 24 January. The maximum

temperature at the bottom (15.5°C) occurred considerably later than the 

surface maximum; thus the recorded annual range at surface and bottom 

temperature (14.2^C and ll.l^C) were similar to that found in Loch Achray and 

in the South of Loch Lomond. The maximum value of oxygen saturation 

recorded at this station, 112%, was found on 28 June at the surface. The 

minimum level, 68%, was the lowest recorded in any of the five Lochs 

investigated. This reading was taken at the bottom (20 m) on 18 October,

1972.

On commencement of sampling in October 1972 stratification was clear with 

the thermocline extending from 2 to 8 m. The epilirnnion and hypolimnion 

temperatures were 1 1 .9 °c  and lo.G°C respectively. Oxygen was generally 
low falling from 85% at the surface to 68% at 12 m depth and then remaining 

constant to the bottom. On 1 November, 1972 the thermocline was just 

detectable between 1 and 3 m depth. The thermal gradient was from 1 0 .7  to 

1 0 .3 °c  below which the temoerature was constant to the bottom. Oxygen was 

again low, fluctuating between 80 and 83% over the upper 4 ra tlien declining 

to 76% at 6 m depth.

On 15 November, 1972 the water column became isothermal at a temperature 

of 8.0°C and oxygen was evenly distributed. Oxygon saturation increased 

regularly during the next two months rising from 84% on 15 November to 88% 

on 29 November, and reaching 100% saturation on 27 December, 1972. Temp

erature had decreased by 29 November although a small gradient was evident 

over the top 8 m of the water coluran, with readings of 6.3^C at the surface 

to 5.4°c at depth. The temperature of the water reached 5.0 to 5.1°C on

27 December, 1972. Little overall change was evident on 10 January

although oxygen saturation had increased by 3%.

24 January saw a fall in temperature to 4.4^C and a rise in oxygen to 

the maximum recorded winter value of 110% at all deoths. On 7 February,
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1973 the temperature showed little change (4,5°C) while oxygen fell to around 

94%, A short lived stratification anpeared on 3 March with temperatures 

ranging from 4.8°c in the top 2 m to 4.4°C at 8 m. Oxygen reading also 
showed a gradient from 95% to 88% at 12 m depth. Temperatures increased 

from 6.0^C at all depths on 26 March to 7.0°C on 20 April while oxygen rose 

from 92% to 94% over the same period.

The beginning of the period of continuous stratification occurred on 

3 May, 1973 when a thermal discontinuity layer was found between 5 and 6 m. 

The epilirnnion and hypolimnion temperatures were 8.5°C and S.O^C respectively 

while the oxygen saturation showed no change from previous sampling (94%).

By 17 May the surface water had warmed while the hypolimnion had shov/n no 

change in temperature. The thermocline was still very narrow, being 

situated between 3 and 4 m where the temperature range was 0.9°C, The 

oxygen content of the water had fallen considerably and a gradient was 

evident from 93% at the surface to 76% at 8 m depth, below which oxygen 

was uniform.

The thermocline layer had widened and deepened on 14 June, 1973 with a 

gradient from 12.8°C at tlie bottom of the epilirnnion (2 m) to II.b' Ĉ at the 

top of tlie hypolimnion (10 m) . Oxygen values had shown a large increase 

at all deoths reaching 106% at the surface and 97% throughout the hypolimnion, 

A large rise in surface temperature by 28 June, 197 3 gave a reading of 18.6°C 

in the 1 m depth of the epilirnnion. Below the thermocline attained its 

maximum width of 10 '■i with a temperature gradient falling to 11.2°C at the 

top of the hypolimnion. The oxygen content of the water reached its annual 

maximum of 112% at the surface, falling regularly to 92% at 15 ra.

On 11 July, 1973 the epilirnnion remained at the same temperature and 

deepened while the hypolimnion increased in temperature by about 3.O^C.

The thermocline shortened to between 4 n and 10 ra with a thermal,gradient 

from 18.6^C to 14,0*̂ C. Oxygen readings were slightly higher at the surface 

(102%) than in the hypolimnion (98%). On 26 July, 1973 the thermocline 

became v e r y  narrow as the hypolimnion widened to be within 5 m of the 

surface. Gradient was from 18.G^C at 1 m to 15.2°C at 5 m depth. A



considerable fall in oxygen saturation was evident with values ranging from

88% in the epilirnnion to 80% throughout the hypolimnion.

On 8 August, 1973 a continuous thermal gradient was evident from the

surface (16,1°C) to 6 m (15.5°C) below this a uniform temperature was

recorded to the bottom. Oxygen values wore highest between 2 and 5 m at 96%

saturation, falling by about 2% over the rest of the water column. A

distinct epilirnnion was again apparent on 23 August, having a temperature of

18.0^C. The temperature discontinuity layer extended from 1 m to 10 m

where a temperature of 12.0^C was recorded. The lowest oxygen value, 92%,

was observed at the top of hypolimnionj this increased to 98% at the
&surface. On 20 September the temperature showed an ovwrall decline reaching 

13.8^C in the epilirnnion. Oxygen values were highest at the surface, 98%, 

falling gradually to 90% at the bottom.

8. Meteorological data

All data for this section was kindly supplied b-Y the Clyde River Pur

ification Board and the Lower Clyde Water Board. The recording stations 

in the Loch Lomond area for which regular raeterological data are available 

are as follows: Arrochymore Point (Grid. Ref. 26/415919) near the South

Station, Rowardennan (Easter Sallochy) (Grid Ref. 26/387955) near the Middle 

Station, Glen Douglas (Inverbeg) (Grid Ref. 26/344981) at the west side of 

the loch at Lower end of Tarbet basin, Rowardennan (Ardess (Grid Ref. 26/ 

360994) on tlie east side of the Loch at the lower end of Tarbet basin, and 

Inver^rnan (Grid Ref. 27/317185) at the northern end of the upper loch.

IBhe only station for which data on wind speed and direction are available 

is Arrachymore Point, where readings were taken once daily at 09.00 hrs.

The meterological station nearest Loch Achray is at Brig o' Turk (Grid ref. 
529080) while the station nearest Loch Ard is at Loch Dhu (Grid Ref. 429037). 

There were no recording stations located near Lake of Menteith or Loch Rusky.

(a) Wind velocity and direction

Wind data from Arrochymore station have been considered from January 

1972 to August 1973. During the first 18 days of January 1972 the winds
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were generally strong,north-easterly, ranging from 5 to 9 knots and reaching 

a maximum of 19 knots on 17th. The wind then came from the south-west 

quadrant for the next 8 days reaching a lesser maximum of 13 knots on 23rd. 

Winds lessened to the end of the month, again becoming north-easterly.

In February 1972 wind direction ranged from north-east to south-east, 

with the maximum strength of 19 knots being recorded on the first 2 days of 

the month. High winds (13 knots) were recorded around the middle of the 

month and also towards the end of the month (2 5 - 26th). Fairly strong 

north-east winds were recorded during the first 18 days of March 1972, reach

ing a maximum velocity of 13 knots on 12th to 13th.Fe Following a brief calm 

period, winds changed to westerly and south-westerly reaching a maximum of 

13 knots at the end of the month.

Throughout April 1972 winds were variable, though most frequently the 

direction was west to south-westerly. Velocities were generally higher 

during the first half of the month ( 5 - 9  knots) attaining a maximum of 13 

knots on the 8th. From 15th to 28th the weather was calm and winds did not 

exceed 2 knots; however, on 29th and 30th April speeds rose to 9 knots.

In the first 23 days of May winds came from the north-east to easterly 

quadrant and were generally moderate in strength. A maximum wind^ velocity 

of 13 knots was reached on 6th and 21st of the month. Direction became 

west to south-westerly towards the end of the month and wind strengthened 

with a maximum recorded speed of 13 knots on 24 and 25th Mav, 1972.

During June the prevailing wind was from the west or south-west, with 

maximum velocities (5-9 knots) occurring during tlie first 6 days of the month 

following a brief calm period, wind speeds rose on 17th to 9 knots and 

remained at this strength for a week with the exception of two less windy 

days. For the first half of July winds lay between the west and south-west 

quadrant and were generally light (around 2 knots). During the second 

half of the month the direction veered towards the south to south-east with 

a maximum speed of 13 knots recorded on 19th. The mean wind speed was 

2.8 knots.

In August, 1972 winds were variable in strength and direction, being
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light south-westerly in the first week, then increasing during the second 

week to a maximum of 13 knots on the 8th. Wind speeds were generally 5 

knots or less for the rest of the month except for a single high reading

of 9 knots on 17 August, Direction was variable moy^ing towards the
/

north generally.

Throughout September 1972 the weather was calm with little or no wind.

On the last day of September and first 2 days of October the wind speed 

reached 5 knots; this was followed by 5 days of calm weather. Following 

a high wind of 9 knots on the 8th October, conditions remained calm till 

23rd when winds again increased and became variable in direction. During 

the first 12 days of November 1972 winds were south-westerly and generally 

strong reaching a maximum of 13 knots on the 8th. A completely calm 

period followed till the 19th when winds again became strong south-westerly 

and remained so till the end of the month. Variai)le south to south-westerly

winds prevailed during the first half of December 1972 reaching 13 knots on 

1st and 13th. A calm period occurred from 15th to 22nd following which 

winds became variable, strong, reaching 9 knots and originating mainly 

from the south or easterly quadrants.

The first two weeks of January 1973 were generally calm, followed by 

3 days of windy weather (5-6 knots) from 14th to 16th, Following a further 

calm period a monthly maximum of 13 knots was noted on 20th. For the rest 

of the month winds came from the south and south-west quarter and were 

generally around 2 knots except for 26th when 9 knots was recorded. For 

the first 3 weeks of February 1973 winds came from the south and west 

while during the rest of the month, north winds predominated. The monthly 

maximum wind speed, 13,0 knots, was recorded on 6th, following which 

conditions remained calm till 21st when 3 days of strong wind (9 knots) 

occurred.

At the beginning of March 1973 winds were southerly, variable, reaching 

a maximum of 9 knots on the 5th. A long calm period followed in which 

little or no wind was recorded except for a singly high wind speed of 5 

knots on 17th. This was broken by 9 knots winds on 24 March and winds of
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a similar strength at the end of the month. During this period winds 

came from the south and west. During the first week of April winds were 

generally strong south-westerly reaching 9 knots on 1st, 4th, 5th and 6th.

From 7th onwards the wind changed direction to become mainly northerly, 

decreased in strength slightly and then varied during the rest of the month 

between 5 and 9 knots.

The first three weeks in nay showed periods of ver̂ ' high winds. During 

the first four days 13 knots was recorded. This was followed by a period 

of variable winds. Between 17th to 21st May, 1973 very strong north

easterly winds were recorded, at no time falling below a speed of 9 knots, 

and reaching a maximum of 19 knots on 20th, In the last week of ’''lay the 

weather became calmer but was still variable. During June the prevailing 

winds came from the west and were predominantly strong. A reading of 9 

knots was recorded on 1st and 2nd of the month and on the 12th, 13th, 16th 

and 29th.

During July, 1973 the winds came predominantly from the south and west 

quadrants and had a velocity of 2 knots. Only at tlie beginning of the month 

and at the middle were higher wind speeds attained, the maximum being 13 knots 

observed on 15th July. During August 1973 the weather became calmer and 

the wind became variable. South-westerly winds predominated in the first 

half of August while in the second half winds lay between north and north

east. In September 1973 winds were variable and fairly slight. During 

the first week south-westerly winds prevailed with a strength from 2-5 knots, 

while in the following lO days the wind speed increased to reach 9 knots on 

three occasions (10th, 15th and 16th). For the rest of the month the 

weather was calm and the wind direction showed wide variation.
No data on wind direction or velocity was available for any other of 

tlie four other Lochs investigated.

(b) Day length and hours of bright sunshine

Data on total hours of bright sunshine were only available for the 

Arrochymore station at the southern part of Loch Lomond, while the day 

length for this latitude (56̂ N̂) was obtained from the Astronomical Ephem-
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erics for tîie year 1971 (H?1S0, London).

During January and February 1972 the daily mean numbers of bright sun

shine increased from 1.10 to 1.44 while the day length rose from a minimum of 

7 hours at the beginning of January to 10.5 hours at the end of February.

A further increase occurred from 3.08 in March to 5.16 in April when the 

daylength was 15 hours. In May the daily average cf bright sunshine fell to 

4.14 even though the daylength (17 hours) was approaching its maximum. The 

daily average of bright sunshine reached 5.75 in June when the daylength was 

longest (17.5 hours) while the highest number of sunshine hours was recorded 

in July (6.01). In August the daily average declined slightly to 5.58 while 

the daylength fell to 14 hours at the end of the month. During September, 

October and November a regular decline was evident with the sunshine average 

falling from 5.12 to 2.13 and the daylength decreasing to 7.5 hours. The 

lowest daily average of bright sunshine occurred in December when 0.47 hours 

was recorded.

An even lower value, 0.42 hours, occurred in January 1973 increasing 

considerably to 2.97 hours in February 197 3. This was more than twice the 

corresponding value for 1972. Further increases were evident during the 

next two months, reaching 3.87 in March and 6,78 in April; this was the 

highest daily mean for 1973 and was higher than at any time during 1972.

A decline to 4.83 hours per day was apparent in May 1973 with the same value 

being reached in June. July saw an increase to a daily average of 6.27 

hours of bright sunshine declining to 4.28 in August and 3.70 in September,

1973.

(c) Air temperature

The air temperature recorded at the Arrochymore station ranged from 
-8.0°C in January and -8.4^C in February 1972 to 27.4*̂ C on 17 July, 1972.

This maximum occurred 10 days before the highest recorded water temperature in 

the southern part of Loch Lomond. Only during the months of July, August 

and September was temperature in excess of 20°C recorded while temperatures 

below freezing were occasionally found in January, February, March, April and 

October, November, December.



145
The lowest temperature in 1972 occurred during January and February 

when the monthly average was 3.9*̂ C in both cases. Temperature of air

increased to reach 7.8*̂ C in April, 9.9^C in May and 10.7°C in June while the 

maximum of 14.5°C was not recorded until July. A slight fall was evident 

in August to 13.4^C after which the decline became more rapid, dropping to 

11.0°C in September and 9.7°C in October. A considerable fall from October 

to November resulted in a monthly average temperature of 5.1°C increasing to 

5.3'̂ C in December,

In 197 3 the lowest temperature occurred in February when -8.4°C was 

recorded while the maximum 26.5°C was observed on 15 August. The lowest 

monthly mean temperature, 3.8^c, occurred in February, rising to 5.9^0 in 

March and 6.5^0 in April. A further rise of about 3.o'‘̂C per month 

occurred during May and June when a temperature of 12.9*^0 was recorded. The

highest average monthly temperature, 14.8°c was observed in July, falling 

slightly to 14.3^0 in August. An average temperature of 12,5^0 was 

recorded for September.

No data on air temperature or hours of bright sunshine were available 

for any other region of Loch Lomond or any of the other four Lochs studied.

(d) Rainfall

The recording station in tlie Loch Lomond area for which rainfall data 

are available is as follows : Arrochymore near the South Station, Easter

Sallochy near the Middle Station, Inverbeg on the west side of the Loch at 

the lower end of the Tarbet basin, Ardess opposite it on the east side of 

the Loch and Inverarnan at the northern end of the Upper Loch. In general 

all station exhibited a similar pattern of rainfall variation, although 

the actual monthly average greatly increased passing from south to north.

In fact the most northerly station, Inverarnan usually received twice as 

much rain per month as the most southerly station, Arrochymore.

In January 1972 all stations except for Inverbeg showed their annual 

maximum rainfall, with the following monthly figures: Arrochymore 173.5 mm,

Easter Sollochy 254.4 mm, Ardess 263.7 mm and Inverarnan 352,1 mm. Inver

beg had a slightly lower amount of precipitation (2)9.6 mm) than Ardess;
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this feature continued till March. By March the monthly totals had fallen 

to less til an 100 mm at all stations with the exception of Inverarnan where 

119 mm was recorded. The lowest rainfall occurred at Arrochymore (70.5 mm) 

while Inverbeg and Ardess showed similar means (around 84 mm).

In April the monthly precipitation more than doubled at most stations 

reaching its highest value at Inverarnan wliore 280.9 mm was recorded, while 

at Arrochymore 120.2 nm was recorded. During this period the rainfall at 

the west side of the loch at Inverbeg (230 mm) was higher than that of the 

east, at Ardess (204.2 mm) this feature was evident throughout the rest of 

the year. The recorded amount of precipitation increased again during May, 

reaching levels approaching the winter maximum. Most of the rainfall 

occurred during the last 10 days of the month, with more than a quarter of 

the monthly total falling on the 25th. At the Inverbeg station the monthly 

total (261 mm) actually exceeded the winter maximum. The total monthly 

rainfalls were 165.5 mm at Arrochymore, 230.0 at East Sallochy, 239 mm at 

Ardess and the highest, 287,8 mm, at Inverarnan,

In June rainfall declined at all stations but still remained above the 

level of March 1972. Easter Sallochy, Inverbeg and Ardess stations all 

recorded a total rainfall in June which was tv/ice that of March. In July 

1972 precipitation decreased lay almost half but still equalled or exceeded 

the figure for March 1972. 66.1 mm was measured at Arrochymore, 85.5 mm at

Easter Sallochy, 95,9 mm at Inverbeg, 87.0 at Ardess and 13,7 mm at Inverarnan. 

The totals for August were similar to July with a slight decline in rainfall 

evident at all stations.

September was the driest month on record, during either 1972 or 1973, 

with the lowest amount of precipitation (12.1 mm) being measured at the most 

southerly station, Arrochymore, in 1972. 13.7 mm was recorded at the Easter

Sallochy, 21.0 at Inverbeg, 14.5 ram at Ardess and 32,1 mm at Inverarnan.

A five-fold rise in the amount of rainfall occurred in October at all 

stations with most of the precipitation falling in the last third of the 

month. This was followed by a larger increase in November when the 

highest rainfall, 336.4 mm occurred at Inverarnan, while Ardess (249.8 mm)
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and Inverbeg (230.8) received considerably loss. The least rainfall was 

recorded at Arrochymore (138.9 mm).

The winter maximum occurred in December when the total monthly rain

fall generally equalled that of January or exceeded it. The only station 

to exceed 300 mm was Inverarnan where 347,4 mm of rainfall was recorded, 

most of it during the first 10 days of the month. Easter Sallochy,

Ardess, and Inverbeg all exceeded 200 nm at 248.6 mm, 257.0 nm and 272.6 mm 

respectively, while the most southerly station, Arrochymore, had a maximum 

of 165.3 mn.

The total rainfall in January 1973 was considerably less than that for 

the previous January?- at all stations except for Inverbeg where the total 

rainfall (190,6 mm) was only marginally less. Ardess exhibited a similar 

monthly total to Inverbeg, while Inverarnan still exceeded 200 mm at 

254.8 mm. Easter Sallochy and Arrochymore recorded values of 174,2mm and 

156.2 rnra respectively. February saw a slight decline in rainfall at all 

stations except for Inverbeg where the total increased to 197.2 ram-r This 

reading was higher than the corresponding station on the east side of the 

loch, Ardess (174.8 mm), a feature which continued till April 1973.

In March 1973 the amount of precipitation decreased considérai)ly at 

most stations, although Inverarnan showed only a marginal decline (to 

191.0 mm). Inverbeg and Ardess still exceeded 100 ram with totals of 125.8 mm 

and 104.6 ram respectively. The total rainfall was less than 100 mm at 

Easter Sallochy and Arrochymore where 94.7ram and 67.9 mm was received. 

Precipitation reached a spring minimum in April at all stations with the 

lowest total occurring at Arrochymore and Easter Sallochy both of which

received a])out 7o mm of rain. Figures of 87,3 and 80.0 ram were measured

at Inverbeg and Ardess while 93.8 ram of rain fell at Inverarnan,

Considera})ly wetter weather was anparent during May when all stations 

received between 100 ram and 140 mm of rain, most of which fell during the

first 12 days of the month. The highest amount (138 mm) fell at Inverarnan

while further south Ardess on the east side of the loch received more rain 

(128 ram) than Inverbeg (121.8 mm) on the west side of the loch. June saw
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a further increase in the amount of rain, equalling the total received in 

February - 117.8 mm at Arrochymore, 161.5 mm at Easter Sallochy, 132.8 mm at 

Inverbeg, 163.9 mm at Ardess and 192.7 mm at Inverarnan. At all stations m 

most of the precipitation was received during the middle of the month.

July was the driest month of the year (compared with Seotember in 1972) 

with less than 100 mm of rain being received at all stations except for 

Inverarnan 127.2 mm fell. Inverbeg and Ardess received about BO mm of 

rainfall while 76.2 mm was measured at East Sallochy and 61.3 mm at Arrochy

more. The last 10 days of the month were completely dry. In August the 

amount of rainfall almost doubled at most stations with the majority of the 

precipitation falling during the first third of the month. All stations 

recorded in excess of 100 mm with 188.1 mm falling at the most northerly 

stations, around 145 mm at Inverbeg and Ardess, 125.2 mm at East Sallochy and

112,4 at Arrochymore. This is in direct contrast with the picture in 1972 

when rainfall was still declining in August to reach a minimum in September.

In summary, the five stations considered for rainfall data in the Loch 

Lomond area maintained a constant relationship to one another in the rel

ative amount of rainfall received. The maximum monthly rainfall was always 

to be found at the most northerly station (Inverarnan) which has twice the 

annual total rainfall of the most southerly station (Arrochymore). The

actual figures for 1972 were 2559.1 mm and 1274.2 mm respectively The

annual totals^for Inverbeg and Ardess were similar although one or the other 

exhibited higher montly rainfalls at different periods of the year. In 

1972 the annual totals were 1950.1 mm and 1937.0 mm respectively, while Ardess 

showed higher monthly values from January to end of March and lower values 

for the rest of the year. The total rainfall for the year 1972 at Easter 

Sallochy (1830.9 mm) was closer to the figures for Inverbeg and Ardess 

than for the Arrochymore station.

In 1972 the. maximum rainfall was recorded in January, November and 

December. At the Inverarnan station, precipitation exceeded 300 mm, at 

the Ardess, Inverbeg and Easter Sallochy stations more than 200 mm fell, 

while at the Arrochymore station less than 200 mm was recorded. Following
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a decline in March high rainfall was recorded during April, May and June at 

all stations. The total precipitation during this period was actually 

higher than in preceding 3 months of January, February and March. Rainfall 

fell to half at all stations during July and remained constant in August and 

fell to a minimum in September. This was the driest month on record either 

in 1972 or 1973 and the driest three months (July, August and September) of 

1972. An overall increase was apparent in October reaching levels similar 

to or slightly greater than the totals for August. Rainfall doubled at 

all stations in November and further increased to a maximum in December.

In 1973 as in the previous year, rainfall was high in January, February 

and declined in riarch. This decrease continued into April when less than 

lo o  mm of rain was recorded at all stations. This is strongly contrasted 

with 1972 when rainfall started to increase in April, exceeding 100 mm at 

the two southerly stations and 200 mm at the other stations. During May 

and June, 1973 rainfall was generally much higher (between 100 mm and 200 mm 

at all stations) but was considérai)ly less than the monthly precipitation 

recorded in those months in 1972. The lowest rainfall in 1973 occurred at 

all stations in July. During this period between 60 and 80 mm fell at all 

stations except for the Inverarnan station which exceeded 100 mm. This 

minimum was not as low as the minimum observed in September 1972. August 

saw a doubling in the amount of rainfall at all stations, except for the most 

northerly station where a smaller rise was apparent. A slight decline was 

evident in September, although rainfall was still in excess of lOO mm at 

all stations.

(e) Catchment area, inflows, outflows and water level

The total catchment of Loch Lomond covers an area of 768.91 square 

kilometres and has an average annual rainfall over the whole area of 2050 mm 

(average of 3 5 years). The catchment was divided into seven zones for 

each of which the long terra average annual total rainfall was estimated.

These are: Falloch, Sloy, Luss, Balloch, Endrick, Rowardennan and Arklet.

The highest annual totals occurred in the Sloy and Falloch drainage zone which 

])oth exceeded 3000 ram per year, the lowest were found at the Balloch and
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the Endrick zones which receives 1397 nm and 1548 rnm respectively. The 

Sloy and Arklet lie opposite each other at the northern part of Loch Lomond 

and both have high rainfall. Nevertheless the zone on the eastern side of 

the Loch (Arklet) has a lower annual total (2576 mm). A similar phenomenon 

was evident in the southern portion of the loch where the Rowardennan 

drainage zone on the east side showed a smaller annual amount of precipit

ation (2090 mm) than the Luss zone in the west (2288 ram) .

Prom a calculation of annual runoff volumes it was found that the River 

Falloch contributes more water (253 racum) to Loch Lomond than the River 

Endrick (227 mcum) despite having less than half the latter’s catchment area 

(14.2% of total catchment of Loch Lomond compared with 32.5%). In fact 

the River Falloch contributes 22.18% of the annual input into Loch Lomond.

The River Endrick, Douglas, Luss and Fruin each contribute slightly less.

In general the region of the Loch to the north of Ross point, contains 

approximately one third of the total surface area of the Loch, but receives 
about two-thirds of the run off input.

The seasonal rainfall totals for each zone show a similar pattern with 

Novemloer, December and January having the highest rainfall total (677 mm 

for the entire catchment). The total precipitation is considerably reduced 

in February, March and April (420 mm) and reaches a minimum in May, June, 

and July (379 mm). An increase in rainfall occurres during August, 

September and October (574 mm). A calculation of average run-off volumes 

from 1963 to 1969 inclusive (7 years) showed that twice as much water flows 

into the loch during November, December and January (373 mcum) as in May,

June and July (187 mcum).

The average annual volume of water passing to the River Leven is 1254 

mcum (measured over a 7 year period). The average annual run-off input 
to Loch Lomond is 1142 mcum. The direct rainfall onto the surface of the 

Loch is 146 mcum, while the annual evaporation from the Loch is 28 mcum.

Hence runoff + rainfall ~ evaporation is 1260 mcum. This figure corresponds 

very closely with the observed run off data. The recorded extreme levels 

of the water surface of the Loch are 6.91 metres to 9.78 metres above sea
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In general the velocities of water in the Loch appear to be low. It 

has been shown tliat the potential movement towards the River Leven is small, 

between 50 and 260 metres per day. There is no evidence of direct movement 

of water from the Endrick to the Leven, to the south of the Island chain.

(f) The four Lochs
The only meterological data which are available for the other Lochs are 

records of rainfall, which were kindly suoplied by tlie Lower Clyde Water 

Board. The nearest recording station to Loch Achray is at Brig o ’ Turk 

(Grid Ref 529 080) while the closest station to Loch Ard is at Loch Dhu 

(Grid ref. 429 325). There were no stations in the vicinity of either Lake 

of Menteith or Loch Rusky.

(i) Loch Achray (Rainfall gauge at Brig o' Turk)

In 197 2, September was the driest month on record with a total rainfall 

of 9.8 mm and generally calm, dull weather. October was considerably wetter 

with a monthly total of 95.4 mm most of which fell during the last third of 

the month. The orevailing wind during this period was from the south-west. 

November saw a doubling of the quantity of the precipitation to 191.4 mm, 

most of which fell during the last two-thirds of the month. The winds during 

this month were variable, westerly to south-westerly. The annual maximum 

monthly rainfall, 214.3 mm, was recorded in December. Only south-west 

winds were observed during this month.

The amount of rainfall lessened in January, 1973 to 151,5 mm. The 

majority of which fell in the middle of the month. For the first 10 days 

of the month the weather was calm although during the rest of the month 

south-westerly winds prevailed. The rainfall decreased further in February 

to give a monthly total of 132.9 mm. The wind during this month was 

variable becoming northerly later. A prolonged calm day period occurred 

during March from 8th to 21st; nevertheless the monthly rainfall total 

still exceeded 100 mm (at 102.3). Apart from the beginning of the month 

tlie rainfall in April was low giving a monthly total of 78.2 mm. Winds 

were generally from the north. May was considerably wetter than April or
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March with variai)le winds and a monthly total rainfall of 121.6 irn. June 

was almost as wet as January and received a total rainfall of 145.5 mm.

The prevailing winds in June came mainly from the west and south-west.

July was the driest month of the year, receiving 73.0 mm of precipit

ation, considerably more than the driest period in 1972. Frequent calm 

periods occurred during this month. In August the amount of rainfall 

almost doubled reaching 118.9 mm. Most of this precipitation fell at 

the beginning and the end of the month with a long calm period in the middle. 

A slight drop in the quantity of rainfall was evident in September when 

109.7 mm was recorded, mostly at the beginning and the end of the month.

The weather remained generally calm from 19th to 26th of the month, with 

south-westerly winds for the rest of the period.

The annual average total rainfall for a 35 year period in this station 

is 1646.4 mm,

(ii) Loch Ard (Rain gauge at Loch Dhu)

In 1972 the driest month was September when only 12,0 mm of rain fell 

in the area. October was considerably wetter (116.6 mm) v/ith one third of 

the monthly total falling on the 8th and the rest falling during the last 

10 days of the month. The quantity of the precipitation received during 

November 1972 (211.9 mm) was almost twice that recorded in October. The 

rainfall was continuous throughout the month except for a single dry period 

from 12th to 17th. The winter maximum was observed during Decemloer when 
some rain fell on almost every day of the month, giving a total of 267.8 mm.

The amount of rainfall received at this station in January 1973 was 

100 mm lower than the total for December. In fact the first third of the 
month received very little precipitation while some rainfall occurred on 

almost every day for the rest of the month. February showed a slightly 

lower monthly total at 159.0 mm, whereas a more considerable decline was 

clear in March. During this month no rain fell at all from the 8th to 

the 21st while the total for the remaining weeks was 105.8 mm.

April was a fairly dr}/ month when only 90.0 mm of rain was received, 

mostly at the beginning and the end of the month. May was wetter with a
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monthly total of 132.6 inm; nevertheless a completely dry period occurred 

from I4th to 19th of the month. High rainfall v;as recorded in June with a 

monthly total of 161.2 mm equalling the amount which fell in February.

July was a generally dry month with prolonged periods without any rain, 

the monthly total cf precipitation was 80.9 mm.

During August the first lO days showed a high amount of rainfall while 

the next 15 days were dry. The total for this month, 132.6 mm, was mark

edly higher than the total for July. September saw a marginal increase in 

the monthly rainfall, to 135.8 mm, most of which fell in very short periods 

at the beginning of the month (3rd and 6th) and at the end (27th and 28th). 

The standard average monthly mean for this station from 1916 to 1950 is

2058.4 mm.

9. Phytop1ankton

(a) General features

From the commencement of sampling in Loch Lomond in October 1971 net 

samples were taken from the three main stations (North, Middle and South) 

for the qualitative study of phytoplankton and in March 1972 this was 

augmented by a quantitative study.

From the examination of net samples it was found that desmids and 

diatoms accompanied by blue green algae were present throughout the year at 

all three stations. Desmids were characterized by species of Staurastrum, 

Xanthidium, Arthrodesmus, Closterium, Cosmarium and Spondylosium and occ

asionally by Roya Microsterias, Eustrum and Cosmoclodium. A marked 

periodicity in diatoms was evident from the study of net phytoplankton: 

Melosira was abundant during the winter and spring while Asterionella, 

Tabellaria fenestrata, 2" flocculosa and Fragilaria were present on most 

occasions. Of the Chlorophycean algae Pietyosphaerium and Botryococcus 

were found throughout the year. Dinonhyceae were represented by Ceratium 

and Peridinium during the summer, autumn and winter. Of the Chrysophycean 

algae found Mallomonas, occurred throughout the year while Dinobryon was 

found in late summer and in the autumn. The only blue-green algal genus
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found throughout the year was Coelosphaerium; this v̂ as often accompanied 

by attached Chlorophycean and Chrysophycean epiphytes and contained within 

the colony cells cf Aphanotheca (another blue-green algae). Oscillatoria 

was noted occasionally and Anabaena was found on two occasions in July and 

August throughout the loch. Microcystis has been found in the South station 

only while Hapalosiphon has only been recorded from the North station.

Apart from nlanktonic algae a considerable number of non-planktonic type 

were recorded among them being Sv^irogyra, Stigeoclonium, Zygnema, MaUgeotia, 

Bulbochaete, Navicula, Gomohonema, Ulothrix, Oedogonium and a large variety 
of desmids,

Prom net phytoplankton Loch Lomond might be described as mainly diatom- 

desmid in nature, Whilst quantitative study of phytoplankton gave a 

different picture of ohytoplankton variation. During March and April more 

than 90% of the population in all three stations consisted of diatoms 

(Melosira, Cyclotella, Asterionella and Tabellaria). During the summer 

period blue-green algae constituted about 50% of the ^ppulation at the 

South station decreasing to around 40% at the Middle station and reducing 

still further to less than 25% in the North. The remaining quantity of 

phytoplankton at all stations consisted mainly of diatoms accompanied by 

smaller numbers of Ceratium, Peridinium, Sturastrum. Mallomonas and 

Botryococcus. In autumn the phytoplankton populations was mixed. Mallo- 

monas, which was found on all occasions from net samples, was only recorded 

in the quantitative survey in September and October. The total bulk of 

phytoplankton at tlie South Station was greater throughout the year than at 

any station (to the North). This is especially so during the spring 

increase when the South total was twice that of the Middle and more than 

10 times that of the North Station. This phenomenon was not evident from 

the examination of net samples.

Net samples were taken from the four other Lochs investigated from 

October 1972 to September 1973. In Lake of Menteith the algal composition 

from net samples was generally similar to that of Loch Lomond although 

the quantity of phytoplankton was greater. Blue-green algae were the
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dominant phytoplankton in the lake. Anabaena and Coelosphaerium were 

recorded on all occasions after obscuring the other algae present. Micro

cystis was common during October and November while Merismopedia and 

Aphanosimenon were observed occasionally. Among the green algae, Eudorina 

was common and Fediastrum was noted occasionally. Generally the phyto

plankton found in Loch Lomond v/as also recorded in Lake of Menteith with the 

exception of Dinobryon and Hallomonas. Phytoplankton from net samples in 

this lake could be described as blue-green or blue-green diatom in nature.

The general feature of net phytoolankton sampes were reflected in the 

quantitative data from Lake of Menteith. From October to January diatoms 

(Melosira, Asterionella  ̂ Fragilaria and Cyclotella) and blue-green algae 

(Coelosphaerium and Anabaena) constituted more than 99% of the total pop

ulation although Staurastrum and Botryococcus were also recorded. During 

the spring there was also a predominance of blue-green algae (Anabaena) and 

diatoms (Melosira) which together constituted the bulk of the phytoplankton. 

Staurastrum and Ceratium were found in large numbers only in July and 

August, Nevertheless they constituted less than 10% of total phytoplankton.

In Loch Rusky the net phytoplankton displayed completely different 

characteristics with season. From October 1972 when sampling commenced, 

till January the phytoplankton v/as very mixed but was quantitatively less 

than in Lake of Menteith. The population during this period was composed 

of diatoms; Asterionella, Melosira and Fragilaria, desmids such as Cosmarium., 

Xanthidium, Staurastrum, Closterium Roya and the blue-green algae such as 

Coelosphaerium and Anabaena. Hallomonas, Botryococcus, Ceratium, Peridinium 

Dictyosphaerium and Asterococcus were also found during this period.

In spring, diatom predominated with Melosira, Asterionella, Fragilaria, 

Tabellaria fenestrata and Tabellaria flocculosa. Species of desmids and

blue-green algae were also noted although diatoms tended to obscUiib the other 

phytoplankton. At the beginning of July the samples contained mainly 

desmids with a predominance of Staurastrum. Individuals of Botryococcus and 

blue-green algae were also noted.

From the end of July till the completion of sampling in September a
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variety of phytoplankton was observed, although the population was domin

ated by blue-green algae (Anabaena) . Tabellaria was very alaundant while a 

large number of other algae were also encountered, among them Ceratium, 

Peridinium, Staurastrum, Dictyosnhaerium, Xanthidium, Eustrum and Ha11a- 

inonas. However, Dinobryon was alèsent in Loch Rusky.

Prom the examination cf net samples Loch Rusky could be classified as 

having a mixture of phytoplankton, with a changing composition from season 

to season. There were also seasonal differences in the density of net 

phytoplankton samples, particularly in spring and summer.

Quantitatively, Coelosphaerium. and Anabaena were the main phyto

plankton in Loch Rusky from October to Nobember. During the spring, 

diatoms (Melosira, Asterionella, Tabellaria and Cyclotella) were the main 

components. In May and June a predominance of Staurastrum was observed 

whereas in late summer and autumn a mixed olankton was noted. The commonest 

snecies at this time were Botryococcus, Staurastrum, Anabaena, Ceratium, 

Coelosphaerium, Mallûmcnas, Peridinium, Fragilaria and Tabellaria fenestrata.

Loch Achray was characterised by a very poor net phytoplankton pop

ulation, mainly desmids and a few diatoms. Desmids generally predominated 

with Staurastrum, Cosmarium and Xanthidium,being found in all samples while 

Anthrodesmus, Spondylosium, Ankistrodesmus, Closterium and Eustrum were 

found less frequently. Large numbers of desmids were evident in August 

1973 while Dinobryon, Mallamonas were noticed in July. Diatoms were 
represented by small numbers of Melosira, Asterionella and Fragilaria.

Another feature of the net samples in this loch was the presence of large 

numbers of benthic algae among them Ulothrix, Mohge&tiia. Oedogonium and 

large numbers cf Navicula and ̂ omphonema. Thus Loch Achray can be 

characterized as being mainly desraid in nature.

From the quantitative investigation of the phytoplankton of Loch 

Achray, it was found that Asterionella and Anabaena were dominant at the 

beginning of sampling in October 1972 while desmids contributed only 1% 

or less of the population. Cyclotella and Tabellaria were common in Novem

ber. No significant increase occurred in spring but in May diatoms
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(Tabellaria, Cyclotella, Asterionella and Melosira) predominated. Blue-

green algae (Anabaena) were dominant from July till Auaust when Cyclotella

and Staurastrum became abundant.

The net phytoplankton in Loch Ard was similar to that of Loch Lomond 

and was mainly composed of diatoms and desmids which were both present 

throughout the year. The main desmids identified included Cosmarium, 

Xanthidium, Cosmocladium, Staurastrum. and Arthrodesmus while the commonest 

diatoms were Asterionella, Tabellaria with Melosira occurring from October 

to March. In spring diatoms predominated while in summer and autumn a 

mixed plankton was recorded. At the beginning of summer Dinobryon was the 

dominant phytoplankton. Blue-green algae and desmids predominated 

throughout the rest of this period. Mallomonas, Peridinium, Dinobryon 

were also recorded on all dates till the completion of sampling. Other 

algae recorded include Fragilaria, Ceratium, Eudorina, Pediastrum and 

Botryococcus. Loch Ard could be classified as being mainly diatom-desmid 

in nature.

Quantitatively diatoms with Coelosphaerium, Staurastrum and Dinobryon 

predominated in the Phytoplankton of Loch Ard at the commencement of 

sampling. Till May diatoms (Cyclotella, Asterionella, Melosira) con

stituted the bulk of the phytoplankton following which a mixed population 

(Anabaena, Coelosphaerium, Staurastrum, Peridinium, Ceratium, Mallomonas 

and Dinobryon), persisted till the completion of sampling in September 1973.

.■jin Lake of Menteith, Loch Rusky, Loch Achray and Loch Ard, apart from 

the phytoplankton, a large number of non-planktonic algae were commonly 

observed. In Lake of Menteith Gomphonema, Zygnema were common while 

Cymbella, Navicula, Gomphonema, Spirogyra, Bulbochacta were recorded from 

Loch Rusky. In Loch Achray the benthic algae exceeded the number of phyto

plankton in all net samples with the following being frequently observed: 

Mahgeot^ia, Ulothrix, Zygnema, Oedogonium, Spirogyra and large numbers of 

Navicula. In Loch Ard there were frequent observations of Spirogyra, Ulc- 

thrix, Mougeotia, Gomphonema and Navicula. Of the nlanktonic algae Oscill- 

tQria was found on occasions in all five Lochs.
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The main phytoplankton identified from the five lochs are shown in 

the following tal>le. (gee overleaf.)
For tlie purpose of identification reference was made to the following 

authors: Desikachary (1959), Prescott (1951 and 1964), Smith (1950),

West (1904 and 1916), West and Fritch (1927), Fritch (1935), Berit Asmund 

(1959), Huber-pestalozzi (1942) and Bourelly (1968).

The common phytoplankton were enumerated either as cells, chains or 

colonies for the purpose of quantitative study. Those phytoplankton which 

have been counted as cells are as follows : Melosira, Asterionella,

fenestrata, Cyclotella, Keohyrion, Ceratium, Peridinium, Anabaena, Malla- 

monas.

The phytoplankton which have been counted as chains or colonies are as 

fellows: Coelosphaerium, Dinobryon, Fragilaria, Botryococcus, T_. flocculosa,

Microcystis.

Per the purpose of enumeration Staurastrum was counted as a single unit 

(two semi-cells equalling one unit) and quoted as cells.

In the tabulating data of phytoplankton in the five lochs, Cyclotella 

(1) is C_. com ta and Cyclotella (2) is C_. glomerata. Anabaena in Lochs 

Ard, Lomond and Achray is A. ciifcinales while in Loch Rusky it is A. flos- 

aquae while in Lake of Menteith Anabaena (1) is 7̂. flos-aquae, (2) is 

A. circinales and (3) is A. spiroides. The common genera represented in the 

tables have the specific names given in Part (d) of this section (The dis

cussion of common species of phytoplankton).

(b) The seasonal variation of phytoplankton and chlorophyll

The direct enumeration of phytoplankton which was commenced in March 

1972 was augmented by chlorophyll a. estimations from 25 October, 1972 

onwards. It is clear from the graphical representation that the curves of 

total phytoplankton and chlorophyll follow each other very closely at all 

stations.

(i) South Station of Loch Lomond (Figs. 30, 31a, b and 32a, b and 

Appendix Tables 21, 23a, b , c and d)

Phytoplankton at the South Station was generally low in numbers at the



The Main Phytoplankton from the Five Lochs 
(data based on net samples)

Name of Phytoplankton 

Diatoms
1, Asterionella formosa Hassal
2. Melosira italien (EHR.) Kutz

Sub 8p. Subarctica 0. Mull.
5. Tabellaria fenestrata (Lynby) Kutz 

var. Asterionelloides Arun.
4 . Tabellaria flocculosa (Roth.) Kutz
5. Fragilaria capucina Deamaz.
6. Fragilaria crotonensis Kitton.
7. Cyclotella comta (Ehrenb) Kutz
8. Cyclotella glomerata
9. Navicula spp.

Lochs
Lomond. Menteith Rusky Achray Ard

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Blue-Rreen al^ae
1. Anabaena circinales (Robenhorst) x

ex Born, et Flah.
2. Anabaena flas-aquae (Lyngby) Breb. x
3* Anabaena spiroides Klebahn
4 .  Aphanotheca nidulanas Richter x

var. endophytic varn.
3. Aphanotheca spp. x
6, Aphanocapsa delicatissma W.SeG.S. x

West
7* Aphanoziinnon spp.
8. Coelos]^aerium spp. x
9. Hapalosiphan intricatus West x

10. Microcystis flos-aquae (Wittr.) x
Kirchner

11. Microcystis aeruginosa Kutz
12. Oscillatoria agardhii Gomont. x

X

X

X

X

X

X

X

X

X

X

X

X X

X X

X

X X

Green algae
1. Dictyosphaeriura pulchellum Wood
2. Cosmocladium saxonicum De Bary
3. Spondylosium planum Nob
4 . Ankistrodesmus falcatus (Corda)

Ralfs

X

X

X

X

X

X

X

X

X

X

X

X

X
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,5. Sphaerozosma granulatura Roy & Biss X X X

6. Pediastrum boryanum (Turp) Menegh X X X X X

7. Scendesmus bijugatus (Turp) Kutz X X

8. Botryococcus Braunii Kutz X X X X X

9. Hyalotheca mucosa Ehrenb. X X

10. Staurastrum paradoxum X X X

11. Staurastrum cingulum X X X X X

12. Arthrodesmus spp. X X

13. Xanthidium antilopaeum (Breb.) Kiitz 
var. depauperaturn W. & G.S. West

X X X X X

14. Xanthidium subjastiferum West 
var. Murrayi W. & G.S. West

X X X

15. Closterium Kutzingii Breb, X X X X

1 6 . Cosmerium spp. X X X X X

17. Chlore11a vulgaris X X X

18. Eudorina spp. X X X

19. Eustrum 

^&ther phytoplankton

X X X X X

1. Ceratium hirundinella O.P. Müller X X X X X

2. Ceratium spp. X X

3. Peridinium willei Huitf-kass X X X X X

4. Dinobryon cylindericum Imhof. var. 
divergens (Imhof.) Lemm.

X X X

5. Dinobryon spp. X

6 . Mallamonas elongate Reverdin X X

7. Mallomonas acaroides Party. X X X X

8. Kephyrion spp. X X X
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commencement of quantitative sampling with about 5oOOO units/1 at the sur

face. More than 95% of the population consisted of diatoms dominated by 

Melosira which was twice as aliundant at the surface as at 3 m depth. 

Asterionella showed five-fold increase with depth, A doubling of the total 

number of phytoplankton at the surface had taken place by 16 March and both 

Melosira and Asterionella reached their greatest abundance at 10 m depth.

The phytoplankton population exceeded 300000 units/1 on 30 March, 1972 

and rose to a oeak of more than 910000 units/1 on April the 14tli. This 

bulk was almost purely diatom in nature of which Melosira constituted more 

than 90%. By the following week phytoplankton numbers had fallen by a 

quarter followed by a rapid decline to a total of a]iout 50000 units/1 at the 

surface on 27 April. On this date most diatoms were more abundant at 

depth with Melosira showing a gradient from 27000 cells/I at the surface to 

twice this numf)er at 5 m depth, CycIctella comta shoW^A five-fold higher 

numbers at 5 m than at tiie surface. Phytoplankton remained scarce through

out May, never exceeding 40000 units/1.

The beginning of June saw the start of summer diatom increase when most 

of the phytoplankton shov;ed a considerable rise. The total population 

reached 71000 units/l at the following week, of this Asterionella and T. 

fenestrata constituted about 80%. Although there was an overall decline 

in the total number of phytoplankton on 27 June both Asterionella and Cyclo

tella comta were increasing. The latter species showed larger numbers at 

the surface than at 3 in depth.

On 18 July, 1972 a total population of 59000 units/1 was recorded.

The bulk of phytoplankton doubled by 26 July with a peak of Anabaena making 

up more than 66% of the total. On 1 August the total number of phytoplank

ton was the same but the composition had changed with Anabaena showing a 

reduction to less than 50% of the total. Little difference was apparent 

between surface and depth samoles taken on this date. . ,

On 8 August, 1972 Anabaena had totally disappeared the surface while 

20000 cells/1 were recorded at 3 m depth. Generally the population was on 

the decline with a total number of 63000 units/1 of which more than 90% was
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diatoms at the surface. Phytoplankton numbers were low at surface on 22 

August although there was a considerably higher number at 3 m deoth. On 

12 September Ĉ. comta and C_. glomerata constituted a.bout 33% of the total 

phytoplankton. Subsequently a v-rcminent increase of Tabellaria fenestrata 

was evident and contributed 7 5% of the copulation on 27 September. Aster

ionella attained its annual maximum on 11 October when it constituted almost

half of the total copulation of 180000 units/1.

At the 25 October diatoms made up more than 95% of the total phyto

plankton (112400 units/1) with a corresponding chlorophyll _a reading of 

0.09 bg/1. A continuous fall in the total number of phytoplankton occurred 

from October till 21st December when only 33600 units/1 were recorded and 

chlorophyll ^  value of 0.04 yg/1. The decrease in phytoplankton on 4 

January, 1973 to the lowest recorded total (10458 units/1) was not reflected 

in chlorophyll _a levels which remained at 0.04 yg/1.

By 1 February, 1973 the total phytoplankton had doubled with corres

ponding chlorophyll value of 0.05 yg/1. Little change was evident in the 

composition of the phytoplankton population although Melosira had increased 

by three-fold at the surface. This algae showed very marked increase with 

depth, tripling at 3 m depth and showed a five-fold increase at 5 m depth. 

The bulk of phytoplankton had almost doubled by 1 March while chlorophyll _a 

had shown a marginal decline to 0.042yg/1. The major part of surface 

phytoplankton was Melosira which showed greater numbers at depth with a 

maximum of 9 5300 cells/1 at 5 m depth.

During March 1973 most diatoms reached a spring maximum which was 

reflected in the larger total cell counts and higher chlorophyll ^  levels.

On 15 March 103900 units/1 were recorded while chlorophyll _a value was 0.15 

yg/1. This value of chlorophyll ^  was almost tripled when total numJier 

of phytoplankton increased by almost four-fold on 28 March. Although 

Melosira was the main phytoplankton as it was in 1972 but the magnitude of 

the spring increase was almost half of the previous year and two weeks 

earlier.

A rapid decline in April the I2th reduced the total phytoplankton to
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almost a quarter and chlorophyll ^  to 0.181 yg/1. The large reduction in 

Melosira which was evident at the surface was alèsent at 3 m depth. A 

reduction in numJiers continued till lo May when a total of 20670 units/1 

of phytoplankton were counted and chlorophyll ^  had fallen to 0.09 yg/1.

On 24 May, 1973 the chlorophyll a_ value was the same while total phyto

plankton counts had shown a slight increase, 9 5% of which was diatoms.

The beginning of June 1973 saw an overall increase in diatoms and 

chlorophyll ^  (0.2 yg/1). The algae showing the most rapid increase at 

this period was T. fenestrata which had increased from 3000 cells/1 to 

37600 cells/1 in two weeks. By 24 June phytoplankton had increased to 

more than 200000 units/1, more than half of which was attributed to sudden 

pulse of Anabaena. This species was almost entirely confined to the 

surface water with only a quarter of the numbers at 3 m depth and none at 

10 m depth. The peak of Anabaena occurred one month earlier than in 1972 

and was considerably larger. Chlorophyll o_ value at this time (0.35 yg/1) 

was slightly higher than the spring peak. Although the total number of 

phytoplankton in the spring was doulile the June total, the population on 

the two dates was considerably different with diatoms constituting 99% of the 

spring outburst while blue-green algae contributed more than 50% of the 

total in June.

On 6 July, 1973 total numbers of phytoplankton reached 236000 units/1, 

two-thirds of which was Tabellaria fenestrata witli corresponding chlorophyll 

a value of 0.36 yg/1. The total bubt of phytoplankton had reduced to half 

on 24 July and chlorophyll ^  value had fallen to 0.204 yg/1. Ceratium, 

Peridinium, Hallomonas and Coelosphaerium all showed pulses during July.

August 1973 was characterized by decreasing numbers of phytoplanDcton 

falling to 68800 units/1 on 2nd and further to 58000 units/1 on 17th. This 

was accompanied by a regular change in chlorophyll a. values to 0.2 yg/1 

and finally to 0.15 yg/1 on 4 September, 1973.

(ii) Middle Station, I,och Lomond (Fig. 33, 36a, b and 37a, b, Appendix 

Table 21 and 24a, b, c and d)

At the beginning of March, 1972 the total number of phytoplankton was
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less than 5(X)00 units/1. The population consisted mainly of diatoms. The 

dominant organism at tliis time was Melosira which alone made up about 90% of 

the total. During the following month a gradual rise in nuimber of organisms 

occurred, doubling in numbers by 7 April, 1972 when llOOOO units/1 were 

recorded at the surface. The dominant phytoplankton was still Melosira 

(86900 cells/1), while Cyclotella conta reached a small peak of 4701 cells/1.

C oe losph a e r ium was present, in small numbers at tlie surface and depth whereas 

Staurastrum and Botryococcus were present at the surface only.

A spring maximum in the total number of mhytoplankton occurred on 14 

April when Melosira contributed about 75% of the total 175000 units/1.

This peak of Melosira was reached on the same date as at the South Station, 

Cyclotella glomerata and |T. fenestrata also reached their spring maxima where

as the spring peak of latter organism did not occur till June at the South 

Station. There was a general decrease in the numbers of phytoplankton at 

3 m depth, Peridinium and Ceratium made their first appearance on 14th 

although they were only found in surface samples. On 20 April, 1972 the 

total phytoplankton had decreased to 120000 units/1, The only organism 

still on the increase was Asterionella which reached a peak of 7300 cells/1 

a week later than at the South Station, This snecies was aJasent at 3 m 

depth while Melosira which was declining showed a higher number below the 

surface. The magnitude of the individual peaks at the Middle Station was 

generally less than half that of the South Station, while the Melosira pulse 

was only one-sixth that of the South.

An overall fall in phytoplankton numl:ers to 84000 units/1 was evident 

on 27 April, 1972 whereas Cyclotella comta reached a peak on this date 

(-oiiout 5000 cells/1). On 4 May, 1972 the phytoplankton total was down to 

63000 units/1 of which Melosira contributed more than two thirds. Aster

ionella and Tabellaria both remained relatively high while Fragilaria 

was on the increase and the two species of.Cyclotella were falling. The 

picture at 3 m depth was similar and numbers were generally higher. On 

16 May, 1972 a small peak in the total phytoplankton was recorded (70000 

units/1); this was caused by the continuing high number of Melosira, and
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further peaks of Asterionella and Tabellaria. A. corresponding pulse of 

Asterionella occurred simultaneously at the South Station, These three 

dominant diatoms were now more frequent in surface samples than at depth.

By the end of May 1972 a general decline was clear and numbers had fallen 

to a total of 550QM units/1. This decline continued till 12 June when only

30000 units/1 were found. Melosira, Asterionella and Tabellaria were by now 

more numerous at 3 m depth while Cyclotella was commoner at the surface. In 

the South at this time a general increase in the num)i*er and type of organisms 

(which began on 16 May) had reached 68000 units/1 with clear peaks of Aster

ionella., Fragilaria and Tabellaria. However, at the Middle Station a pulse 

of Tabellaria did not occur till 19 June while Fragilaria and Asterionella 

reached their maxima on 27 June. By this time Dinobryon was present at the

surface and Peridinium and Ceratium at the surface and depth.

On 4 July, 1972 Anabaena made a sudden apoearance, simultaneously with 

that in the South Station with 16488 cells/1 being recorded at the surface,

2304 cells/1 at 3 m depth and none at 5 or 10 m depth. 50% of the population 

on this date was Asterionella  ̂ this was accompanied by Tabellaria which 

produced a further pulse of 18804 cells/1 at the surface. The total number 

of phytoplankton on this date (75000 units/1) declined to aJoout 27000 units/1 

on 10 July, although Dinobryon attained a surface maximum of 4701 colonies/1 

and Peridinium reached 1044 cells/I. The low number of organisms found at this

station was contrasted with the large nuirûDer at the South Station (87000 units

/I) where pulses of Asterionella and Fragilaria were evident. Total phyto- 

plankton at the Middle Station rose to 37000 units/I on 18 July and further to 

49000 on 26 when Anabaena reached its maximum of 28500 cells/1 at surface and 

3 m depth. The peak was observed simultaneously with maximum values of 

Anabaena at the South Station, although numbers were only one-third of those 

in the South. Another blue-green algae, Coelosphaerium, reached a maximum 

on this date accompanied by Ceratium and Staurastrum. Mallamonas made its 

first appearance in surface samples.
The total nunfier of phytoplankton reached a peak of 90000 units/1 on 

1 August, 1972, about 50% of which was Cyclotella comta and C. glomerata.
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Anabaena remained at its July peak at the surface although depth samples 

shov7ed a decline to 7609 cells/1. Botryococcus reached a surface maximum 

of 2213 colonies/1 on this date. On 8 August the two species of Cyclotella 

still dominated the population with 75% of the total phytoplankton. By 

22 August total numbers had declined to 25000 units/1 of which 40% was Ĉ. 

comta? Coelosphaerium (1044 colonies/1), Mallomonas (4701 cells/1), and 

Peridinium (2231 cells/1) all reached their highest numbers at the surface 

OR this date while a peak of Ceratium was recorded at 3 m depth on 15th.? 

Dictyosnhaerium was recorded throughout August and September.

An overall increase in phytoplanJcton was evident at the beginning of 

September when the total of around 45000 units/1 was recorded. Ceratium 

reached a surface maximum of 2000 cells/1 but was very scarce at 3 m depth, 

while Dinobryon was no longer evident. On 12 September, 1972 an autumn 

maximum of 84000 units/1 was recorded with Cyclotella comta and glomerata 

comprising more than 50% of the total. This occurred simultaneously witli 

the highest number of Cyclotella at the South Station. Tabellaria reached 

a peak on 27 September when 27000 cells/1 were found at the surface and 

depth. Asterionella produced a maximum of 42000 cells/1 on 11 October,

1972, Both these peaks coincided with maximum of the same s’̂ecies at the 

South Station but were less than half in quantity.

October 1972 saw the disappearance of several species which were 

frequently found during the summer. These include Anabaena, Mallomonas, 

Dinobryon, Ceratium and Peridinium. From 11 October onwards chlorophyll a_ 

estimations were made as an additional estimate of standing crop, a value 

of 0.1 yg/1 was recorded on this date when the total phytoplankton count 

was 77000 units/1. By the end of October (2 5th) the phytoplankton total 

had fallen by half and chlorophyll a had declined to 0.08 yg/1. The 

predominant phytoplankton on this occasion were still Asterionella and 

Tabellaria. On 23 Hovemi:ier Melosira and CoeIcsphaerium were increasing 

while other organisms had decreased in number. The total number of phyto

plankton was 40000 units/1 of which more tlian 50% was Melosira; the chloro

phyll ^  value had fallen to 0.04 yg/1. On 7 December, 1972 a small increase
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in the total phytoplankton and a rise in chlorophyll (to 0.06 yg/1) was 

due to a further increase in Melosira and Coelosphaerium, the latter 

reaching 1374 colonies/1 in this date. By 21 December Melosira reached its 

winter maximum when it constituted more than 75% of the total phytoplankton 

recorded (40,000 units/1). As in previous weeks this plant was still more 

numerous at the surface than at depth. Coelosphaeriurn had shown a consid

érai] le decline to 300 colonies/1 and the chlorophyll ^  reading had fallen 

to 0,02 yg/1. Total phytoplankton numbers fell by half on 4 January, 197 3 

while chlorophyll a showed little change at 0.025 yg/1.

The lowest total number of phytoplankton was recorded on 17 January, . 

1973 when only 10,000 units/1 was observed, 2o% of this total was made up 

by Coelosphaerium colonies which attained a winter maximum of 1814 colonies 

/I on this date. Chlorophyll _a reading showed an increase to 0.045 yg/1.

On 1 February, 1973 Coelosphaerium had declined while the total phytoplankton 

had increased to 27,500 units/1? Melosira and Tabellaria together constit

uted 75% of the total, and the chlorophyll ^ measurement was 0.06 yg/1.

Total phyto.o lank ton numbers doubled by 15 March, 1973 while chlorophyll a. 

showed little change. On this date Melosira, Asterionella and Cyclotella 

comta were on the increase.

On 28 March, 1973 chloroDhyll a had risen to 0.2 yg/1, followed by a 

slight fall to 0.17 yg when 75000 units/1 were recorded. Phytoplankton 

reached a peak of 205000 units/1 on 26 April, 1973 with a chlorophyll ^  

reading of 0.19 yg/1. This spring diatom outburst was similar in magnitude 

to that of 1972 but occurred aloout 2 weeks later; it was also later by 

almost a month than the spring pulse at the South Station in 1973, As in 

1972 at this station the predominant diatom was Melosira, alDOut 66% of the 

total phytoplankton. Melosira was accompanied by Asterionella while in 

1972 the spring pulse of Melosira was accompanied by Tabellaria. Melosira 

was considerably greater at 3 m depth whereas Asterionella was only margin

ally more below the surface.

Chlorophyll ^  levels declined to 0 .0 B6 yg/1 on 2 May, 1977 and sub

sequently to 0.059 yg/1 on 10 May when the number of phytoplankton had



fallen by half. Melosira made up more than half of the total population 

on this date while Tabellaria fenestrata and Fragilaria reached respective 

values of 21,800 cells/1 and 357 chains/1- On 24 May, 1973 Melosira had 

fallen to low numbers at the surface but was still in evidence at depth. 

Asterionella was now the dominant phytoplankton, Coelosphaerium was 

relatively high at the surface. Organisms which made their first appear

ance during this month include Mallamonas, Peridinium. The total number 

of the phytoplankton on this date was 54,000 units/1 while chlorophyll ci 

was 0.08 yg/1.

Chlorophyll ^  fell to 0.05 yg/1 on 7 June followed by a large increase 

on 21 June, 1973 to 0.12 yg/1. On this date the total number of phytopl

ankton was 64,000 units/1 of which 66% was Asterionella. Dinobryon 

reached a peaJc of 4811 colonies/1 at surface and 3 m depth. Anabaena 

made its first appearance on this date. 6 July, 1973 saw a summer maximum 

in the total number of phytoplankton (191,700 units/1) reflected in the 

high chlorophyll _a level (0.27 5 yg/1). 90% of the total was attributed

to Tabellaria fenestrata? the only other common diatom was Asterionella, 

Peridinium reached a maximum of 2213 cells/1 at the surface while it was 

abundant at 3 ra depth (1044 cells/1). An overall decline was evident 

on 24 July, 1973 when 142,000 units/1 and a chlorophyll ^  value of 0.25 

yg/1. were recorded. Anabaena attained a surface maximum on this date of 

62,691 cells/1; this was one month later than the maximum at the South 

Station and only half the magnitude. Tabellaria still made up aliout 5o% 

total quantity of the organisms. Among the other plants present, Ceratium 

attained a peak of 2213 cells/1 at the surface.

2 August, 1973 saw little change in chlorophyll ^  values while phyto- 

plankton fell by half. However, the composition of the population was 

considerably different. Peaks of colonial algae were evident with Botry

ococcus reaching 3152 colonies/1., Coelosphaerium reaching 806 colonies/1 

and Dictyosphaerium attaining a maximum of 718 colonies/I. Tabellaria 

still comprised al^out two-thirds of the total while Cyclotella comta and 

Cyclotella glomerata were both on the increase. On 17 August total phyto-
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plankton fell to 44,000 units/1 at the surface with a predominance of 

Cyclotella comta (19000 cells/1) and Cyclotella glomerata (12000 cells/1), 

Mallomonas recorded its highest number, 4701 cells/1 at 3 m depth while 

only 1644 cells/1 found at the surface. ' Chlorophyll _a values fell from 

0.104 yg/1 on this date to 0.075 yg/1 at the beginning of September 1974.

(iii) North Station, Loch Lomond (Fig. 33, 34a, b, and 35a,b; Appendix 

Table 21, 25a, b, c and d)

When sampling commenced on 2 March, 1972 the dominant phytopiankton was 

Tabellaria flocculosa, a species not found in any numl^ers at other stations. 

This species reached 11273 colonies/1 at the surface while only 357 were 

recorded at lo m depth. Other diatoms observed on this date include 

2" fenestrata (1704 cells/1) and Melosira (1510 cells/1). Cyclotella, 

Coelosphaerium and Stauras trum were the only other plants found at the sur

face, none of them exceeding 500 per litre. Asterionella was absent from 

surface samples but 1540 cells/1 was found at 3 ra depth. Throughout March 

T. fenestrata showed maximum numbers at 3 m depth whereas T. flocculosa 

exhibited maximum numbers at the surface.

During the following four weeks, numbers increased slowly to reach a 

total of 44,000 units/1 at the surface on 7 April, 1972. The dominant 

organism at the surface was Melosira (26384 cells/1) while at 3 m depth 

Tabellaria fenestrata predominated (45092 cells/1) and reached its spring 

maximum. 2* floccnlosa and Cyclotella comta also reached spring peaks at 

3 m denth on this date. By the following week (14 April, 1972) the total 

nuintjer of phytopiankton attained its maximum 80,000 units/1 of which more 

than half was Melosira. This oroanism recorded a ]peak of 54,442 cells/1 

at the surface but was reduced to 25,OOo at 3 ra and 8850 cells/1 at 5 m 

depth. This peak occurred simultaneously with the spring maximum at the 

other stations, although it was only half the size of the middle station 

peak and one-tenth that at the South Station. On 20 April, 1972 the total 

fell to 7 5,000 units/1 , although 2* comta ~ reached a peak of 4701 cells/1 
and 2- glomerata was on the increase, 27 April saw a further small decline 

in total numbers, mainly due to a fall in tire amount of Melosira to around
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25% of the total phytopiankton. This was partly compensated by an increase 
in Asterionella to reach a surface maximum of 37,608 cells/1 with smaller 

nunbers in evidence at 3 and 5 m depth. The Asterionella maximum was 

later at this station than at the Middle Station (20 April) which was in 

turn later than the pulse at the South Station on 14 April. Cyclotella 

glomerata also reached a maximum on this date with 7,064 cells/1 being re

corded at the surface.

By 16 May, 1972 the total numl^er of phytopiankton had fallen to

30.000 units/1 of which more than 50% was Melosira. The total was the 

same on 29 May although the composition of the population was altered. 

Melosira had declined tc 8412 cells/1, while Asterionella was 9128 cells/1. 

Other organisms present had shown little change. On 5 June, 1972 all 

phytopiankton except for Coelosohaerium had decreased at the surface to 

give a total of 18000 units/1. However at 3 m denth an overall increase 

was apparent and a total of 28,000 units/1 was recorded. On 12 June, 1972 

little change in the total was apparent although Melosira had almost 

disappeared and Tabellaria fenestrata had vdoubled in number to 8852 cells/1. 

On 19 June the total count was all out 30,090 units/1 of which T. fenestrata 

constituted about 40%.

From 27 June to 4 July, 1972 phytopiankton numbers were generally low,

15.000 to 23,000 units/1 although a slight increase in glomerata, 

Asterionella, and T, fenestrata were evident on tlie latter date. Some 

plants made their appearance at the surface in this period, among them 

Analiaena, Mallomonas, Peridinium and Ceratium. A large increase was evident 

on 10 July, 1972 when the total number of phytopiankton was 80,000 units/1. 

The dominant plant was Asterionella with 37,G08 cells/1 at the surface

and much lower numr^ers (6,928 cells/1) at 3 m depth. Tabellaria fenes

trata also reached a peak on this date producing a total of 18,804 cells/1. 

Anabaena had increased to 12,520 cells/1 while Dinobryon had appeared in 

surface and depth samples.
On 18 July, 1972 Fragilaria and Coelosphaerium reached respective num- 

of 1044 and 3162 colonies/1 at the surface. However the Fragilaria max-
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imum at 3 m depth was greater, 2007 chains/1. During the following week 

(26 July) Anabaena attained a maximum (17226 cells/1) at the surface and 

25102 cells/1 at 3m., simultaneously with the Middle and South Stations. 

This was accompanied by a peak of Dinobryon (4701 colonies/1) and Ceratium 

(1814 cells/1). By 1 August the total number of phytopiankton had fallen 

to around 60,000 units/1. Cyclotella glomerata predominated and reached 

maximum on this date with 22,684 cells/1 at the surface and less at depth. 

Pulses of Mallomonas and Staurastrum were also observed reaching 47ol and 

1374 cells/1 respectively. Mallomonas reached a maximum at 3 m depth one 

week earlier tlian the surface peak. Pulses of Mallomonas occurred pro

gressively later passing southwards; 22 August at Middle Station, 11 

October at South Station.

On 8 August, 197 2 Asterionella was on increase and predominated in 

the phytopiankton, comnrising about 40% of the total (55000 units/1), 

Cyclotella glomerata had fallen by half while C_. comta was still increasing. 

Asterionella reached a summer maximum on 15 August of 29,BOO cells/1 at the 

surface, whereas Cyclotella attained a maximum of 18,606 cells/1 at 3 m 

depth. A pulse of Peridinium was also observed on this date with 948 cells/ 

1 at the surface. A decline in the number of most organisms resulted in a

total population of only 30,000 units/1 at the surface on 29 August.

HOwever slightly higher numbers were recorded at 3 m depth (around 42,000 

units/1). The magnitude of the summer and spring increase at the North 

Station was less than the total number recorded at the Middle Station which 

was in turn less than the maximum at the South Station.

In September an increase in phytopiankton (to 48,000 units/1) was 

observed on 6th when a pealc of Cyclotella glomerata (18,743 cells/1) was 

recorded. Cyclotella comta had increased to more than 16,000 cells/1 and 

a small peak of Tabellaria fenestrata was noted (4564 cells/1) at the 

surface. The highest numljer of Cyclotella comta (25,663 cells/1) was 

recorded on 12 September, accompanied by a small peak of Asterionella 

(6264 cells/1). T. flocculosa also made a short reappearance at surface 

and 3 m depth. The fall in the number of total phytopiankton to 35000
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units/1 on 27 September v/as mainly due to the large decrease in Cyclotella 

comta. Tabellaria fenestrata reached a maximum on this date at 3 m depth 

(18804 cells/1) not reaching a surface maximum till the following week.

From 11 October, 1972 estimates of chlorophyll â from surface samples 

were made as an additional measurement of standing crop. On this date the 

phytopiankton total v/as 3 5 , units/1 with a corresponding chlorophyll 

value of 0.08 yg/1. The dominant organisms were Asterionella (13192 cells 

/I) and Tabellaria fenestrata (725C cells/1) which both reached further 

peaks. By 23 Novenrber, 1972 the modulation had diminished to around

14,000 units/1 and Mallomonas, Anabaena, Dinobryon, Peridinium and Ceratium 

were no longer in evidence. The dominant representative in the phyto

piankton was Asterionella which reached 10,000 cells/1 at 3 m depth.

During the following month the only species which showed an increase was 

M elosira which reached a peak of 37,344 cells/1 on 21 December. This 

organism was almost entirely confined to the surface where it represented 

more than 9 5% of the total phytopiankton. This winter maximum of Melosira 

was also observed at the Middle and South Stations but became progressively 

smaller passing southwards. Tabellaria flocculosa and Fragilaria were no 

longer in evidence on this date. The chlorophyll _a reading was 0.015 yg/1.

The population fell still further till 17 January when a total phytopi

ankton of 16000 units/1 and a chlorophyll ^  value of 0.014 yg/1 were record

ed. Melosira still dominated the population with more than 66% of the total 

and Coelospharium reached a peak of 1044 colonies/1 at the surface. The 

only other plankton to exceed lOOO cells/1 were 2* comta and 2* fenestrata.
A total of 11,500 units/1 were found on 1 February, 1973 of which 6426 was 

Melosira and 3162 was 2* cô iita. Chlorophyll 2  reading gave 0.013 yg/1.

A similar total number of organisms were found on 15 February when a rise 

in chlorophyll 2  to 0.026 yg/1 was observed.

On 1 March, 1973 both the number of organisms and the chlorophyll 2  

values had risen to 19,000 units/1 and 0.035 yg/1 respectively. More 

that three quarters of this total at the surface was contributed by Melosira 

while at 3 m depth Melosira numbers were even higher reaching 37,250 cells
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/I. By 15 March Asterionella, 2* fenestrata and Cyclotella were on the 

increase. The total phytopiankton had risen to 24,000 units/1 and chloro

phyll 2  to 0.063 yg/1. During April 1973 all the main diatoms except for 

Fragilaria shoed increases, giving a phytopiankton total of 56,000 units/1 

and a chlorophyll 2  reaching 0.13 yç/l on 12th. Peaks of Melosira 

(103,422 cells/1, Asterionella (29,800 cells/1) and 2* fenestrata (3725 

cells/1) were reacheii on 26 April, 1973 giving a total of 143,000 units/1 

and chlorophyll 2  value of 0.2 yg/1. This spring maximum occurred on the 

same date as the pulse at the Middle Station but a month later than the 

South Station peak, the total numbers also became progressively larger 

passing southwards.

By 10 May, 1973 a considerable fall in phytopiankton was evident 

reaching a total of 54,000 units/1 with a chlorophyll 2  reading of 0.078 

yg/1, Melosira was still the dominant phytopiankton although both Tabella

ria fenestrata and Cyclotella were on the increase. 24 May saw a peak of 

comta which reached 16,589 cells/1 at the surface and the first appearance 

of Fragilaria, Dinobryon, Peridinium and Ceratium was evident on this date. 

The total numbers of phytopiankton was 56,000 units/1 and the level of 

chlorophyll recorded was 0,013 yg/1. The chlorophyll 2  reading reached 

0.04 yg/1 on 7 June and declined slightly to 0.03 yg/1 on 24th, when the 

total numbers of organisms were 50,000 units/I. The population on this 

date was dominated by Tabellaria fenestrata which reached 20,347 cells/1 

while Melosira had almost disappeared. Anabaena and Mallomonas made their 

first appearance on this date.

On 6 July, 1973 several algae recorded a summer maximum among them 

Mallomonas (5,865 cells/1),Dinobryon (2007 colonies/1), Peridinium (866 

cells/1) and Fragilaria (783 colonies/1). The population was dominated 

by 2* fenestrata which was more than two-thirds of the total phytopiankton 

(176,000 units/1). The chlorophyll 2  value on this date was 0.138 yg/1.

The maximum numlier of phytopiankton was recorded on 24 July (229,000 units 

/I) with a corresponding chlorophyll 2  value of 0.2 yg/1. 2* fenestrata

was the single most important soecies (195,223 cells/1) accompanied by
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Anabaena (20,784 cells/1) and Ceratium (1814 cells/1) which also reached

its peak on this date. Anabaena showed the same number at 3 ra depth while

the other two organisms showed a decrease at 3 m and 5 m depth.

Total phytopiankton fell by half on 2 August, 1973 and chlorophyll 2

levels declined to 0.127 yg/1. Cyclotella glomerata reached a peak at the

surface (12739 cells/1). Coelosphaerium and Staurastrum, the two plants

which were always present, reached respective peaks of 1374 colonies/1 and

1814 cells/1. On 17 August the nurf>er of organisms declined to 40000 units

/I whereas chlorophyll 2  levels remained the same. C. comta predominated

with a maximum at 3 m depth of 14,619 cells/1. The numl^ers at surface,

5 m and lO m depth were around 9500 cells/1. The 4 September, 1974 saw

a decline in chlorophyll 2  levels to half the August levels (0,081 yg/1).

(c) Seasonal variations of phytopiankton and chlorophyll a in the 
four Lochs
(i) Lake of Menteith (Fig. 19, 38 a, b and 39 a , b : Appendix

Table 22 and 26 a, b)
In Lake of Menteith the quantitative phytonlankton survey was continued

from October 1972 to September 1973 and was augmented by chlorophyll 2  est

imation throughout. In October 1972 phytopiankton was relatively low with 

a total population of 422,000 units/1 and a chloroohyll 2  value of 0.138 

yg/1. The population was dominated by Anabaena flos-aquae which constit

uted more than 75% of the total, accompanied by Fragilaria, Staurastrum and 

Coelosphaerium. However these organisms were almost entirely confined to 

surface waters where they were more than ten times as abundant as at 3 m 

depth. Low numbers of phytopiankton continued till 1 November, 1972 

following which an increase occurred with 2* flos-aquae as the dominant 

organism. A total of 1.043 millions units/1 were recorded of which 85% 

was Anabaena. A small peak of Microcystis with 1695 colonies/1 at the 

surface and 4701 at 3 m depth occurred simultaneously. Chlorophyll a 

reached a peak of 0.61 yg/1 on this date (15 November, 1972). Asterionella 

increased on 29 November, 1972 (45093 cells/1) followed two weeks later by 

Melosira (413140 cells/1) accomnanied by Tabellaria fenestrata (11108 cells 

/I) and Cyclotella comta (1251 cells/1). During this period the chloro-
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phyll 2  level fell to 0.12 yg/1 and the phytopiankton total to 705,000 

units/1. The bulk of algae fell by half on 27 December, 1972 and chloro

phyll 2  drooped to its lowest recorded level (0,08 yg/1).

On 10 January, 1973 there was little change in the total phytopiankton 

(as units) although the water was visibly green and the chlorophyll 2  levels 

rose to 2.89 yg/1, the highest recorded value in this loch. This was due 

to a complete change in the composition of the whytoolankton which was now 

dominated by large colonial green and blue-green algae. Coelosphaerium 

produced a bloom of 72956 colonies/1, Botryococcus, 27037 colonies/1 while 

Microcystis fell to 1374 colonies/1 and Anabaena to 170000 cells/1. Thus 

these four algae constituted more than 90% of the total population (expressed 

in units) while Coelosphaerium, Botryococcus and Microcystis, if they had 

been expressed as cells would undouJjtedly have constituted almost 100% of 

tlie population.

Anabaena circinales (49493 cells/1) was observed on 7 February, 1973.

The dominant species at this time was Melosira (249115 cells/1). The total 

phytopiankton was down to 324,030 units/1 and chlorophyll 2  bad fallen to

0.34yg/1. The first species to contribute to the spring increase was 

Melosira which reached 940645 cells/1 on 8 March, 197 3 and constituted 

about 95% of the total phytopiankton. Cyclotella comta reached its annual 

maximum (4078 cells/1) on 26 March, 1973 and Melosira showed a slight rise. 

The chlorophyll 2  levels rose from 3.8 on 8th to 0.93 yg/1 on 26 March.

The actual peak of Melosira was not reached till 20 April, 1973 when 1.09 

million cells/1 were recorded at the surface and slightly more (1.21 million 

cells/1) at 3 m depth. Anabaena circinales reached a peak (442597 cells/1) 

concurrently with Melosira maximum while A. flos-aquae bloomed a fortnight 

later (3 May, 1973), when 1.127 million cells/1 were recorded. The total 

phytopiankton on this date reached its maximum of 2,13 million units/1 with 

a chlorophyll 2  value of 1.9 yg/1. Both Anabaena species reached a 

maximum at 3 m depth on 17 May.

Following the anpearance of Anabaena successive peaks of diatoms 

occurred starting with Asterionella followed by Fragilaria, after which
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came Tabellaria fenestrata and Cyclotella. Asterionella formed a beak 

of 186974 cells/1 on 17 Hay, 1973 when the total phytopiankton was 1.63 

million units/1 and the chlorophyll a level was 1.6 yg/1. A pulse of 

Fragilaria occurred on 1 June when 11273 chains/1 were found. The total 

phytopiankton reached a summer minimum of 85000 units on 28 June; 

chlorophyll 2  foil to 0.26 yg/1. A peak of T̂. fenestratafollowed attaining 

a maximum of 47000 cells/1 at the surface on 11 July, 1973 when the total 

population was 227000 units/1. A fortnight later a small peak of Cyclo
tella comta (1806 cells/1) was accompanied by Microcystis (17028 colonies/1, 

Ceratium (25200 cells/1) and Staurastrum (8127 cells/1). However the 

population on this date was dominated by Anabaena (2* circinales 52632 cells 

/I, A, flos-aquae 52212 cells/1, A. spiroiJes 520II cells/1). The total 

phytopiankton on this date (26 July, 1973) was 751656 units/1 with a 

corresponding chlorophyll 2  value of 0.281 yg/1.

A. flos-aquae reached a surface maximum of 65990 cells/1 on 8 August, 

1973 while A. spiroides reached a peak of 1.96 million cells/1. The 

chlorophyll a values increased to 0.96 yg/1 on this date. 23 August,

1973 saw the largest single peak (expressed as cells/1) recorded in Lake 

of Menteith when A. spiroides reached 3.24 million cells/1 and chlorophyll 

2  rose to its summer maximum of 1.96 yg/1. The Anabaena maximum at 3 m 

depth was only one-tenth of the surface numbers. The other phytopiankton 

which formed a peak was Asterionella reaching its second maximum of 

169559 cells/1. On 20 September, 1973 A. spiroides had declined to

268,000 cells/1 at the surface, a decrease of more than ten-fold from the 

previous sampling. The overall population total had declined to 558,000 

units/1 and chlorophyll 2  had fallen to o,36yg/1, although Fragilaria, 

Tabellaria, and Melosira were all on the increase. Asterionella

decreased to 52632 cells/1 at the surface while at 3 m depth the total 

numl^er of Asterionella was higher than previous sampling; 58024 cells/1.

(ii) Loch Rusky (Pig. 2o, 40 a, b and 41 a, b. Appendix Table 

22 and 27 a, b)

On 18 October, 1972 the population at the surface was dominated by
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Anabaena flos-aquae (420141 cells/1), Coelosphaerium (6003 colonies/1) 

and Asterionella (G0655 cells/1) . Generally numbers were cons icier al] ly 

reduced at 5 m depth, although Asterionella showed an increase. The total 

number of organisms found was 542000 units/ 1 which gave a corresponding 

chlorophyll 2  reading of 0.10 yg/1. The total population declined to 

105000 units/1 on 29 November, 1972 while chlorophyll 2  fluctuated errat

ically reaching 0.14yg/1. During this period small peaks of Cyclotella, 

Fragilaria, and Tabellaria occurred. Throughout the winter Melosira 

dominated the phytopiankton, never falling below 50000 cells/1. A peak 

of 212728 cells/1 was observed on 13 December when the other phytopiankton 

were Asterione1la, Fragilaria, Tabellaria, Cyclotella and Coelospharium, 

all present in small numbers. Chlorophyll 2  values declined along with 

the fall in total phytopiankton reaching 0.1yg/1 on 27 December and

0.09 g/1 on 10 January, 1973. The lowest number of phytopiankton,

62000 units/1 was found on 24 January when Melosira reached its minimum.

On 7 February, 1972 the total number of phytopiankton started to 

increase, reaching 150000 units/1 with a chlorophyll 2  value of 0.0897 

yg/1. A ten-fold increase in cell numbers was evident by 26 March when 

chlorophyll 2  levels reached 0.424 yg/1- On 20 April the spring pulse 

had almost reached its pealc with 3.24 million units/1 and chlorophyll 2  

of 1.08 yg/1 being recorded on this date. A maximum spring phytopiankton 

density of 3.32 million units/1 and the highest spring chlorophyll value 

(1.53 yg/1) were recorded on 3 May, 1973. The first species to contribute 

to the spring outburst of phytopiankton was Melosira. This organism retained 

its dominant status throughout this period, reaching a peak of 2.43 million 

cells/1 at the surface on 20 April. On 3 May, 1973 Asterionella succeeded 

Melosira as the dominant species attaining a maximum of 2.35 million cells/

1. Coelosphaerium, Anabaena, Bortyococcus and Staurastrum all showed large 

rises on this date when chlorophyll 2  reached its maximum. On 17 May,

1973 the chlorophyll 2  levels declined slightly to 1.24 yg/1 whereas the 

total population fell to 884000 units/1. However, Anabaena and Staurastrum 

displayed a further rise as did T. fenestrata which produced the final
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pulse of the spring outburst on this date (377200 cells/1).

Phytoplankton remained low throughout June 1073 and chlorophyll ^  

values persisted around 0.20 yg/l. The first sign of a summer increase 

came on 11 July, 1973 when a total of 1.01 million units/1 was recorded 

accompanied by a rise in chlorophyll to 0.7G yg/1. From this time till 

the comoletion of sampling Anabaena was by far the most abundant represent

ative of the phytoplankton. The first organisms to reach a peak during this 

period were Hallomonas (95092 cells/1), Staurastrum (17299 cells/1) and Botry- 

ococcus (11752 colonies/1) which all recorded their highest numbers on 

26 July. Little change on the phytoplankton total or in the chlorophyll 

^  levels was apparent on this date.

On 8 August, 1973 Anabaena flos-aquae showed a ten-fold increase to 

15.04 million cells/1 at the surface and 1.85 million cells at 5 m depth.

On the following sampling date, 23 August, the highest single peak in any 

of the five lochs occurred when the number of Anabaena reached 16.5 million 

cells/1 at the surface. The chlorophyll ^  levels also gave the highest read

ing ever recorded, 3.2 yg/1. During this neriod pulses of several algae ; 

were observed, with all excent for Tabcllaria reaching their annual maximum. 

The two species of diatoms which reached peaks were Fragilaria (11739 chains 

/I) and Tabellaria (296030 cells/1) although both organisms were less 

abundant at 5 m depth. Botryococcus and Coelosphaerium reached large peaks 

of 17907 and 14190 colonies/1 respectively, while of the two dinoflagellates 

commonly recorded, Ceratium reached the largest peak (148800 cells/1) and 

Peridinium rose to only 16000 cells/1. All these plants were most dominant 

at the surface. On 20 September, 1973 when the sampling was completed the 

total num]3er had fallen to 10.35 million units/1 and chlorophyll ^  to 1.9 

yg/1. This decrease was general among the phytoplankton present both at 

surface and at 5 m depth.

(iii) Loch Achray (Fig. 42 a, b and 43. Appendix Table 22 and 20 a , b)

At the commencement of sampling in Loch Achray on 10 October, 1972 the 

dominant phytoplankton at the surface were Asterionella (37608 cells/1), 

and A. circinales (24732 cells/1) which together constituted more than 80%
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of the total ponulation. At 5 m depth there was an exceedingly sparse 

population with a total of only 3090 units/1. Bv 1 November, 1972 the 

Anabaena had shown a considerable fall to 1720 cells/1 at the surface while 

Kephyrion showed a small peak (5649 cells/1). The total ponulation 

declined from 71000 units/1 in Jctolüer to 48000 units/1 at the beginning 

of November, 1972 whereas chlorophyll ^  fell from 0.04 to 0.03 yg/1. 15

November saw the appearance at the surface of Melosira which was co-dominant 

with Tabellaria fenestrata to make a total of 50000 cells/1 with a chloro

phyll ^  readino of 0.02 yg/1. The total (mainly Hclosira) fell to around 

lOOOO units/1 on 29 November and persisted at this level until January 24th; 

clorophyll _a fluctuated between 0.03 and 0.02 yg/1.

From 7 February Nelosira and 2* fenestrata started an irregular increase 

rising to 26544 and 1704 cells/1 respectively on 26 March. This was followed 

at the beginninrr of Anril by increases in Asterionella, T. flocculosa, and 

Cyclotella comta. All these organisms reached a spring maximum on 17 May 

except for T. flocculosa which continued till 1 June. During this period 

chlorophyll _a increased from 0.04 yg/1 on 2o April when the total phyto

plankton was 61536 units/1 to 0.26 yg/1 on 17 May when a maximum of 962 948 

units/1 was observed. Melosira was the predominant species with about 66%. 

of the total. Kephyrion, which made a sudden appearance, was second in ab- 

undance constituting about 10% of the total. All species showed greater 

abundance at the surface than at 5 m depth. On 1 June, 1973 a considerable 

decline was in evidence at the surface resulting in a very small population 

dominated by 2* flocculosa and Melosira. The phytoplankton total was 14000

units/1 and the chlorophyll a value was 0.06 yg/1.

On 14 June, 1973 little change in total ohytoplankton or chlorophyll a_ 

was apparent at the surface; however, the species composition had under

gone a change with Anabaena now being the predominant organism. The 

situation at 5 m depth was quite different, the population being dominated 

by 2 “ fenestrata whereas Anabaena was not in evidence. The summer increase 

of phytoplankton was first apparent on 23 June when the total had risen to 

88000 units/1. The dominating organisms were Anabaena and Kephyrion which
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\
produced a pealc at the surface on this date. The total count was 1.1 

million cells/1 of which 7o% was Anabaena and alDout 30% Kephyrion. The 

chlorophyll _a reading was 0.31 yg/1.

During August, 1973 the total numbers of phytoplankton continued to 

decline, falling by half on 8 August and still further to 179000 units/1 

on 23 August; chlorophyll declined to 0,175yg/1 at the end of August, 

Mallomonas and Staurastrum both produced pulses in August of 44118 and 11703 

cells/1 respectively and both were more abundant in the surface waters. In 

September 1973 a further decline in most species was in evidence with the 

exception of Cyclotella glomerata and Fragilaria which both produced sudden 

peaks of 5155 cells/1 and 3572 colonies/1 respectively. The phytoplankton 

total had fallen to 126000 units/1 while chlorophyll ^  ̂ ^̂ .d decreased by half 

to 0.08 yg/1.

(iv) Loch Ard (Fig. 44, 45, and 46 a, b. Appendix Table 22 and 29 a, b)

At the commencement of sampling in Loch Ard in October, 1972 the pop

ulation was dominated by Asterionella and Cyclotella comta which together 

formed 80% of the total bulk of phytoplankton (54000 units/1). At 5 m 

depth the numlDers of Asterionella were reduced while Cyclotella showed 

greater abundance. A pulse of Dinobryon occurred at the beginning of 

November when 3162 colonies/1 were recorded at the surface. However, the 

overall numbers of phytoplankton had declined by this time to 37000 units/1 

while chlorophyll ^  remained almost tlie same (0.035 yg/1,). On 15 November 

1972 T, fenestrata showed an increase reaching a maximum on 29 November 

when it was co-dominant with Asterionella and Cyclotella. A small pulse 

of T. flocculosa was also observed on this date. These phytoplankton, 

together made up 90% of the total 41000 units/1 which gave a chlorophyll a 

reading of 0.025 yg/1.

During the next two months the phytoplankton population was sparse, 

generally lying between 20 to300Q0 units/1 with chlorophyll _a values of 
0.02 to 0.03 yg/1. The dominant species at this time was Melosira which 
reached a peak on 27 December, 1972. The first sign of the spring increase 

occurred on 8 March, 1973 when the total population doubled to reach 50000
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units/1 at the surface. This rise v/as mainly due to Melosira with smaller 

numbers of Asterionella and 2* fenestrata. Melosira reached its highest 

number on 2G March, 1973 while 2* fenestrata did not display a maximum till 

3 May. Both Melosira and 2* fenestrata exhibited more than twice their 

surface nurabers at 5 n depth. The total pojmlation reached an early spring 

maximum of 103000 units/1 on 20 April with a corresponding chlorophyll 2  

reading of 0.1Ü yg/1.

By 3 May, 1973 Anabaena was on the increase at the surface and depth. ■ 

17 May saw the first peak of Anabaena with 209000 cells/1 at the surface 

and none at depth? this was accompanied by a small peaic of Coelosphaerium 

(1141 colonies/1) . The total ]-)onulation on this date was 267000 units/1 

with a chlorophyll 2  value of 0.27 yg/1. Numbers declined to 05000 on 

1 June and still further on 14 June when the chlorophyll 2  values was 0.09 

yg/1. A second, larger peak of Melosira occurred on this date constituting 

about 66% of the total. On 11 July, 1973 the total population reached a 

summer maximum of 57 5000 units/1 of which more than 90% was Anabaena. 

Chlorophyll levels reached an annual maximum of 0.35 yg/1 on this date. A 

pulse of Peridinium was also observed, reaching its greatest a}:)undance at 

5 m depth.

26 July, 1973 saw an overall halving in numbers and a reduction in 

chlorophyll 2  to 0.15 yg/1. Anabaena was considerably reduced at the sur

face while an increase was apparent at 5 m deoth. Peaks of Dinobryon and 

Fragilaria were observed at the surface. On 0 August an increase in total 

number occurred, mainly due tu 2* fenestrata which reached 176000 cells/1, 

at 5 m depth and less at the surface. The pulse of Coelosphaerium and 

Ceratium reached their greatest magnitude at 5 m decth while maximum number 

of Staurastrum occurred at the surface, Chloronhyll 2  levels rose to 0.2 

yg/1. Mallomonas reached its peak on 23 August when most other organisms 

were on the decline; .Anabaena still greatly predominated in the ponulation 

and chlorophyll 2  remained relatively high at 0.16 yg/1. At the completion 

of sampling on 20 September the only species which was increasing was 

Cyclotella comta; nevertheless the population was still dominated by
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Anabaena and 2* fenestrata and chlorophyll 2  showed little change at 
0.15 yg/1-

(d) Discussion on the seasonal occurrences of the common species of 

phytoplankton in Loch Lomond and the other four Lochs 

(i) Asterionella formosa Hassal 

Asterionella was found in all lochs examined and in each produced at 

least two clear pulses during the year. In 1972 two peaks occurred at 

the South and Middle Stations of Loch Lomond between June and July and 

from September to the end of October. However, at the North Station three 

pulses were evident from April to mid-May, thorughout July and August and 

from the end of September to mid-November. In 1973 (till September) two 

pulses were recorded at all stations in Loch Lomond. These were from 

March to April and June to July at South and Middle while at the North Station 

the spring peak occurred later, April to May, and the summer peak from June 

to July (only obvious at depth). In Loch Ard and Loch Achray an October 

pulse of Asterionella coinciding with that in Loch Lomond was observed, 

while in Lake of Menteith and Loch Rusky a relatively small peak was noted 

slightly later. In Loch Ard the spring increase occurred from March to 

May. In Loch Rusky an increase occurred from April to May while in Lake of 

Menteith and Loch Achray the increase was later from May to June, A pulse 

in February - March was clear at 3 m depth in Lake of Menteith only. A 

clear peak of Asterionella was observed in Lake of Menteith from July to 

September, 1973. Loch Rusky showed a relatively small pulse in July,

Generally the magnitude of the peaks was fairly similar in Loch Lomond 

reaching 30 to 40,000 cells/I at the North Station, 40 to 50,000 cells/1 

at the Middle Station. At the South Station numbers lay between 30 to

60.000 cells/1 with the exception of the autumn peak in 1972 which reached

90.000 cells/1 at the South Station. The peaks of Asterionella in Loch 

Achray and Loch Ard lay between 20 to 50,000 cells/1 whereas in Lake of 

Menteith numbers exceeded 150,000 cells/1. The maximum recorded abundance 

of Asterionella occurred in Loch Rusky where a peak of more than 2 million 

cells/1 was recorded.
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The domination of the population in Loch Rusky by Asterionella 

reached a maximum of 2.35 million cells/1 at the surface on 3 May. During 

this period of domination the silicate level fell from 18 to 2 yg. at. Si/1 

phosphate from 0.3 to 0.1 yg at P/1 and nitrate from 10 to 3 yg at. NO^/1. 

However, nitrite showed a rise from 0.03 to 0.08 yg at. NO^/l. As in the 

other loc^s the water during the spring increase was isothermal and the 

temperature (here) lay between 0 to lO^C. The pulse of Asterionella in 

Lake of Menteith (187000 cells/1) on 17 May coincided with a declining pop

ulation of Melosira and Anabaena and occurred at a temperature of 3 to lO^C, 

whereas the second peak on 23 August (170000 cells/1) occurred when the 

temperature was between 18 to 20°c, The first pulse was accompanied by a 

similar decline in nutrient to Loch Rusky while the latter coincided with 

a large increase in silicate and phosphate towards the end of July. The 

small May peak seen in Loch Achray (26000 cells/1) accompanied a large 

pulse of Melosira with a corresponding decrease in nutrient. The tempera

ture on this date was around 10*'̂ C with a distinct stratification of the water 

column. A second larger pulse in this loch occurred on 10 October, 1972 

(38000 cells/1) when similar water conditions prevailed; however, silicate 

was on the increase and other nutrients were declining. The main pulse 

of Asterionella in Loch Ard reached 51000 cells/1 on 20 April, 1973; the 

increase started when the water temperature was 6^C. A. smaller increase in 

October 1972 occurred when the water column was weakly stratified and the 

temperature was around 11.0^0.
The spring increase of Asterionella in Loch Lomond occurred in all 

cases when Melosira was dominating the population. The spring Maximum in 

1973 took place on 15 March in the South Station (28550 cells/1) and on 

27 April in the Middle Station (51647 cells/1) and North Station (29000 

cells/1). Respective water temperatures at the South, Middle and North 

Stations were 5, 7 and 7.0^C when the water mass was completely mixed.

The summer pulse in 1973 was clear at all stations at 3 m depth and 

coincided with large numbers of Anabaena and Tabellaria fenestrata.

At the south station the maximum number (41391 cells/1) occurred on 21
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June simultaneously with the peak at the Middle Station (40740). Nutrient 

at both stations showed a clear decline. At the North Station the pulse 

(lOOOO cells/1) occurred when T. fenestrata predominated; here the silicate 

fell from 11 to 7 yg at. Si/1, Phosphate from 0.6 to 0.2 yg at. P/1 and 

nitrate from 10 to 7 yg at. N/1. Temperature at all stations was around 

13.0^C and only the South Station was not clearly stratified. The summer 

pulse in 1972 occurred roughly at the same time and was similar in size 

(to 1973) at the South and Middle Stations but larger (30000 cells/1) at 

the North Station.

The autumn pulse (in 1972) occurred after the September increase in 

phosphate (to around 0.12 y g at. P/1 at all stations). The peak of this 

increase was recorded on 11 October throughout the Loch but the magnitude 

of the outburst decreased passing northwards. The highest number were 

recorded at the South Station (91000 cells/1) when the water was isothermal 

(ll^C). Lower numbers were found at Middle (42000 cells/1) and North 

(13000 cells/1) both of which were stratified with surface water around 12°C. 

The only station which showed a clear decrease in silicate and nitrate was 

the South Station wile all stations disnlayed a decline in phosnhate levels,

(ii) Tabellaria fenestrata var. Asterionelloides Grun.

T_* fenestrata was found in all the Lochs examined, with at least two 

clear pulses in each body of water during the year. Generally this species 

accompanied pulses of Asterionella although the initiation of the 

Tabellaria increase and the timing of the maximum were usually later by one 

or two weeks. Loch Rusky, Lake of Menteith, Loch Achray and Loch Ard 

follow this pattern although in the latter loch a third pulse of Tabellaria 

occurred during July - September, in the complete absence of Asterionella. 

Throughout Loch Lomond in 1972 two clear pulses occurred (generally 

preceding the Asterionella outburst at South Station), one in May to June 

and the other during Sentember to November (in the North Station the first 

peak occurred during April), These peaks were generally small (less than 

40000 cells/1) except for the autumn increase (at the South Station) which 

reached 94000 cells/1 on 27 September. However, in 1973 (during the period



LOCH RUSKY 5 m depth Fig 41b

Ix lO  J

Coelosphaerium
6x10 _

5x10 _

Anabaena

Staurastrum

Botryococcus

Mallomonas

0 ' N ' D



of sampling) a single large pulse was observed during the period June to 

August. On 6 July at the South Station the pulse reached 174000 cells/1 

while at the Middle Station 166000 cells/1 was observed at the same date.

The largest single peak recorded at the North Station (195000 cells/1) was 

found on 24 July (during the continuous 40 hours sampling experiment 17 to 

19 July Tabellaria attained its greatest recorded density in Loch Lomond, 

when 612000 cells/1 at 01.oo hrs on 19th July). During this period when 

Tabellaria completely dominated the population in Loch Lomond a distinct 

fall in nutrients (phosphate, silicate and nitrate) was evident.

The four other lochs all showed a small pulse of Tabellaria from

November to December, 1972 (considerably later than the peak in Loch Lomond) 

when isothermal conditions prevailed and the water was at its coldest. The 

largest winter peak (37,oog cells/1) occurred in Loch Rusky on 29 November 

where the water temperature was 3.4°C, a pulse of 16500 was found in Lake of 

Menteith on 15 November, at 5.6*̂ c while similar peaks occurred in Lochs 

Achray and Ard at 6-7^C, An overall rise in nutrient levels was occurring 

around this time in all the lochs examined.

The earliest rise in Tabellaria in 1973 occurred (during March) in 

Loch Ard reaching a peak of 28000 cells/1 on 3 May. Respective maxima of 

33000 cells/1 and 377000 cells/1 were recorded on 17 May in Loch Achray and 

Loch Rusky, tlie latter being tiie greatest recorded abundance of Tabellaria 

in any of the four lochs. The pulse of this species in Lake of Menteith 

took place between June and July reaching a maximum of 47000 cells/1 on 11 

July (two months later than the Asterionella maximum). The highest number of 

of Tabellaria was found in Loch Ard and Loch Achray when the stratification 

of the water column was first apparent and the temperature was around 10*"c.

In Loch Rusky and Lake of Menteith the water mass was unstratified when the

pulse occurred although the temperature was much higher (19°C) in Lake of 

Menteith than in Loch Rusky (lO^C). The silicate level in Loch Rusky 

during this pulse declined from 2.1 to 0.4 pg at. Si/1.

A further pulse occurred in the four lochs during August and September 
1973 when all bodies of water were at their warmest and all except for Lake
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of Menteith were still stratified. This neak was of similar magnitude 

to the summer pulse in the same loch witli the exception of Loch Achray where 
it was much smaller. Silicate was on the increase in Lake of Menteith and 

Loch Rusky during this period while in the other two lochs levels remained 

fairly constant.

(iii) Tabellaria flocculosa (Roth) Kütz.

This species was commonly found in Loch Lomond, Loch Ard and Loch 

Achray, but was only occasionally observed in Loch Rusky and was not rec

orded from Lake of Menteith. The highest numbers of |T. flocculosa were 

found at the North Station of Loch Lomond, which was characterised by a 

single pulse in the soring. This occurred during March to April 1972 and 

was the earliest phytoplankton pulse of the year whereas in 1973 it coin

cided with the spring increase of Melosira from April to May. At the 

Middle and South Stations of Loch Lomond only one pulse was observed 

throughout the period of sampling; this coincided with the outburst at the 

North Station in Spring 1972 but the numbers were less. Loch Ard displayed 

two pulses in 1973, one from May to June and the other from August to 

September (these were clear at 5 m depth). Loch Achray showed a slow 

increase from March to May 1973 when the peak was observed and another minor 

pulse in December 1972 at the surface.

The maximum numl^er of T. flocculosa in Loch Lomond (11000 colonies/1) 

was found on 2 March, 1972 at the surface at the North Station when the 

water column was isothermal and the temperature was 5.0^C. The maximum 

numbers recorded at the Middle Station was 5545 colonies/1 while at the 

South Station 4701 colonies/1 were recorded (both on 2 March, 1972).

However in 1973 3725 colonies/1 were found on 26 April at the North Station 

only when the water mass was stratified and the temperature of the surface 

water was G.O^C. The highest numloer of T. flocculosa in Loch Ard (5545 
colonies/1) was found on 1 June while a second pea]c occurred on 13 August 

(2300 colonies/1) at 3 m depth only. In both cases the water column was 

stratified and the temperature of surface water was ll^C during the first 

pulse and 15.5*^0 during the second. In Loch Achray the maximum (lOOO
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colonies/l) was found on the 1 June. By this time the loch was strat
ified with a surface temperature of about ll^C. The other peak (357 

colonies/1) was much smaller and occured on 13 December 1972 when the 

water was cold (5^C and isothermal).

(iv) Cyclotella comta (Ehrenb.) KÜts.

Cyclotella comta was found in all the lochs examined with the largest 

numbers being found in Loch Lomond and Loch Ard. Two pulses were evident 

thorughout Loch Lomond in both-1972 and 1973. A small peak occurred from 

March to April at the South Station (in both years) while at the Middle 

and North Stations the spring peak occurred slightly later. This pulse 

invariably coincided with the spring outl'Durst of Melosira and was generally 

accompanied by a pulse of C_. glomerata. The late summer increase started 

towards the end of July throughout both Loch Lomond and lasted till 

September. The accompanying phytoplankton was glomerata in all cases.

In Loch Ard only a single peak was evident, beginning in Septeml^er and 

continuing to November. Loch Achray disnlayed two pulses, one from March 

to May 1973 (with a peak in May) and a larger pulse from August to 

September. In Lake of Menteith and Loch Rusky nuinJoers of C_. comta were 

generally low with the largest pulse occurring from March to May and a 

small one during NovemJjer and December. A further pulse was observed in 

Lake of Menteith from July to August. Thus Loch Ard was the only body of 

water in which a spring peak of C_. comta was alèsent.

Generally, in Loch Lomond, the magnitude of the summer peak of c_. 

comta was greater than the spring pulse. In 1972 C_. comta reached its 

greatest abundance on 1 August throughout the loch with 3500 cells/1 at 

both the Middle and South Stations. However, the peak at the North Station 

was considérai]ly less, at 10,000 cells/1. A similar picture was evident in 

1973 when the recorded maximum occurred at all stations on 17 August 

with the largest number of Ĉ. comta being recorded at the South Station 

(25000 cells/1) less at the Middle and least at the North Station. All 

stations were warmest at this time (15 - 17^0) and were clearly strati

fied. Nutrient levels were generally less than half their maximum winter
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values, The snring peak in 1972 occurred during the middle of April through

out Loch Lomond with 25000 cells/1 at South Station and 5000 cells/1 at 

the Midd-e and North Stations, while in 1973 the spring peaks ranged from 

13000 to 17000 cells/1 with the largest number at the North Station. The 

pulse of Ĉ. comta was evident at the South Station (23 March) while in North 

and Middle it was not evident till 24 May, Temperature generally lay 

between 7 to 10*̂ C except for the South Station in 1973 where the water was 

at S^C.

The greatest abundance of C_. comta in other lochs was found in Loch 

Ard where a maximum of 27000 cells/1 were recorded at 5 m depth on 18 

October, 1972. Here the water was around 12.0°C with distinct stratific

ation and nutrients were less than half of winter maximum. A smaller pulse
ooccurred during February when the water was at its coldest, 4.5 C, and 

nutrient at the highest. In both Loch Rusky and Lake of Menteith the max

imum was recorded on 26 March, 1973 at 5 and 3 m depth respectively with 

6000 cells/1 in the former and twice that in the latter. This occurred 

simultaneously with the maximum of Melosira. Both bodies of water were 

at 7.0°C and isothermal. In Loch Achray the spring pulse occurred on 17 

May, 3000 cells/1 coinciding with maximum of Melosira, Asterionella and T. 

flocculosa. The greatest aliundance of this species was not recorded till 

20 September, 1973 (5000 cells/1) when the water was warm (15^C) and strat

ified. This was simultaneous with Fragilaria and C_. glomerata.

(v) Cyclotella glomerata. Buchmann

jC. glomerata was found throughout the year in Loch Lomond and on 

occasions in Loch Achray and Loch Ard but was entirely a)]sent from Loch Rusky 

and Lake of Menteith. Two pulses were evident throughout Loch Lomond in

1972 and 1973. An early spring pulse occurred in March - April at the South 

and Middle Stations and a little later at the North Station. A later nuise ; 

occurred in the period July to September throughout the loch. Ti-fo short

lived pulses of C_. glomerata were found in Loch Achray in Hay and September

1973 while only a single pulse was observed in Loch Ard during July to 

August. In these three lochs a pulse of C. comta was always accompanied
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by Ĉ. glomerata (either at the surface or at depth) and by Melosira in 

the spring only.

The maximum numbers of C_, glomerata (29900 cells/1) was recorded at 

the South Station of Loch Lomond on 7 April, 1972; this almost equalled 

the summer maximum of 2o00o cells/1 on 3 August. However, the summer pulse 

was larger than the s;'>ring outburst at the Middle and North Stations. At 

tlie latter station 23909 cells/1 was recorded on 1 August while the spring 

pulse reached only one third of this. The picture was similar in 1973 

with the summer oulse exceeding the spring nuise at the South Station 

whereas at the Middle and North Stations the reverse obtained. In Loch 

Ard a single pulse of glomerata of ÜOOO cells/1 was recorded in Sept

ember coinciding with the increase of C. comta. In Loch Achray two tran

sient pulses were observed reaching 4000 cells/1 in May (along with 

Melosira and Ĉ. comta) and 5 0 0 0  cells/1 on 20 September, 1973 with C_. comta 

and Fragilaria.

(vi) Melosira italica (EHR Kütz sub sp. Suharctica. O. Müll

Melosira was found in all bodies of water examined. In the three 

stations of Loch Lomond, Loch Achray and Loch Rusky a single annual pulse in 

the spring was clear. In Loch Ard M elosira displayed two periods of 

increase, one from December 1972 to January 1973 and the other from February 

till the end of June. In Lake of Menteith a pulse was observed from 

November to December 1972 and one from January to May 1973, a further increase 

began in August and September 1973. In all bodies of water, Melosira 

achieved a position of domination during the spring.

The greatest abundance of Melosira was found in Loch Rusky where 2,43 

million cells/1 was recorded at the surface and 3.04 million cells/1 at 5 m 

depth on 20 April, 1973. The increase began during November 1972, reached 

213000 cells/1 on 13 December and then fell again. From the beginning of 

March 1973 to the peak of Melosira, silicate fell by 75 yg at. Si/1, nitrate 

fell by 9 yg at. N/1 at the surface, while phosphate showed no overall change 

during this period. The temperature increased from 2^C in January to J.O^C 

in April remaining isothermal throughout. The end of the Melosira pulse
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in June coincided with the initiation of water stratification.

In Lake of Henteith a peak of 1.1 million cells/1 was also recorded 

on 2o hyrii, 1973, This increase started during Noveraber 1972 and reached 

413000 cells/1 on 13 December following a decline on lo January, 1973.

Numljers rose again and increased five-fold from 21 February to the Melcsira 

maximum. During this period silicate fell by 60 at. Si/1, phosphate from 

0.2 to 0,15 y g at. P/1 and nitrate by 11 yg at. W/1- Temperature during 

this neriod ranged from 3,4^c in December to 9^C in April and reached 

14°C in the middle of June. On all occasions the water colunm was mixed.

A further pulse of Melosira started in August and was still continuing on 

completion of sampling in September. This coincided with a considerable 

rise in silicate, phosphate and nitrate.

The greatest abundance of Melosira in Loch Lomond was recorded at 

Soutdi Station when 952000 cells/1 were recorded on 14 April, 1972 while in 

1973 only half this cuantity was observed on 29 I'tarch. The maximum at 

the Middle Station occurred slightly later with the highest recorded numloer 

being about 200000 cells/1 in 1972 (at 3 m d epth) and 137000 cells/1 in 

1973. At the North Station the respective maximum in 1972 and 1973 were 

54000 and 1030C0 cells/1 which occurred on 26 April. During the spring 

pulse of Melcsira in South Loch Lomond (400609 cells/1) silicate fell from 

22 to 16 y g at. Si/1, phosphate from 0.2 to O.OO y g at. P/1 and nitrate from. 

22 to lb p g at. N/1, whereas the nutrient decline was substantially less 

elsewhere in the Loch. Throughout Loch Lomond the pulse occurred when the 

water column was cold (4 - 7^C) and well mixed. 2\ gradual disappearance 

of Melosira was evident as the water became warmer and the water column 

stabilized.
In Loch Achray Melosira first appeared in the middle of November as the 

water ])ecame isothermal. NuiîÜDers remained low till 17 May, 1973 when an 

abrupt increase reached 700000 cells/1 simultaneously with most other 

diatoms. During this pulse silicate fell from 16 to O y g  at. Si/1, 

phosphate from 0.14 to o.07yg at. P/1 and nitrate from 16 to 3 y g  at. N/1 

(nitrite also registered a decline from 0.05 to 0.035yg at. N/1). Melosira
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disappeared from tJie water in Juno when the temperature exceeded 13^C and 

the water column became stratified. The smallest numbers of Melosira 

were found in Loch Ard, where a maximum of 05000 cells/1 (at 5 m depth) 

was recorded on 26 March, 1973. A surface maximum of 61000 cells/1 was 

reached on 14 June. The first increase in Melosira came during November 

as the water column became isothermal. At the spring maximum the water 

temperature was G.O^c while on 14 June the water had warmed to 13^C.

The rapid decline in the abundance of this snecies at the end of June 

coincided with the establishment of stratified layers.

(vll) Fragilaria crotonensis kitton

Fragilaria was found in all bodies of water examined. Throughout 

Loch Lomond and in Lake of Menteitli two pulses in a year were clear, an- 

early pulse in June - July and a later pulse in October - November.

Generally the summer peak was greater than tlie autumn maximum. The other 

lochs displayed a single clear peak in late summer or early autumn.

The greatest abundance of Fragilaria was found in Loch Rusky and Lake of 

Mentcith. In Loch Rusky llOOO chains/1 were recorded on 8 August, 1973 

when the population was dominated hy Anabaena flos-aguae. Throughout the 

period of increase the temperature ranged from 20 to 15^C and the water 

column was thermally stratified. Nutrients were generally low, silicate 

7 to 2 yg at. Si/1, Nitrate 2 to' 4 ^g at. N/1, and phosphate 0.2 to 0.1 

yg at. P/1. A small pulse in November 1972 reached 426 chains/1 when the 

water was cold, 3^C, and isothermal.
The Fragilaria maximum in Lake of Menteith reached 11300 chains/1 

on 1 June when the dominant organism was again A, flos-aquae. Nutrients 

were low at the time of the maximum (silicate 1.5 yg at. Si/1, nitrate 

0.6 yg at. N/1 and phosphate 0.15 g at. P/1). The water column was 

warm (12°C^ a n d  isothermal). The autumn pulse reached 3000 chains/1 on 

20 September, 1973 when the water temperature was falling and nutrients 

were on the increase. A single short-lived pulse of Fragilaria was 

observed in Loch Achray on 20 September when 893 chains/1 were recorded 

at the surface. This coincided with pulses of C. glomerata cind T.
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flocculosa. The only clear peak of Fragilaria in Loch Ard occurred on 

2G July when 948 chains/1 were found at the surface? this coincided with the 

peak of circinales. At this tine the water column was stratified with 

a surface temperature of around 1B°C.

In Loch Lomond the greatest abundance of Fragilaria was found at all 

stations in the summer. At the South Station 3725 chains/1 were found at 

the surface on 12 June, 1972 while in 1973 2383 chains/1 were observed on 

24 June. In both years the water was stratified with surface temperature 

between 12 - 14 Ĉ. The autumn peak occurred on 25 October, 1972 under 

isothermal conditions and reached a maximum of 3300 chains/1. At the 

Middle Station a maximum of 701 chains/1 was reached on 27 June, 1972 and 

1141 chains/1 (at 3 m depth) on G July, 1973. Both pulses occurred under 

stratified conditions. The autumn pulse reached 426 chains/lon 23 November 

when the water mass was completely mixed. At the North Station the highest 

recorded number of Fragilaria in Loch Lomond was recorded, 4700 chains/1 

at 3 m depth, on 6 July, 1973; a maximum of 2009 chains/I was recorded at 

this station on 18 July, 1972. On both occasions the water column was 

clearly stratified. Generally there was a close relationship between 

pulses of Fragilaria and Asterionella in Loch Lomond.

(viii) Dinobryon cylindricura Imhof var. divergens (Imhof) Lernm.

Dinobryon was found only in Loch Lomond, Loch Ard and Loch Achray.

In Loch Lomond and Loch Achray a single annual pulse was evident in June and 

July while in Loch Ard the largest pulse occurred in June with a small pulse 

in the autumn. Generally this organism was found in higher density at 
the surface than at depths.

The highest recorded number of Dinobryon (1C841 colonies/1) was found 

in the surface water of Loch Achray on 11 July, 1973. At this time the 

water was clearly stratified with a temperature (in the epilimnion) of 17°C. 

Phosphate reached its lowest recorded level, 0.026 yg at. P/1 on this date.

In Loch Ard the main pulse of Dinobryon reached a peak of 109 52 colonies/1 

on 1 June, 1973 and persisted till the end of August in numbers exceeding 

1000 colonies/1 (except for a fall to 137 on 28 June, 1973). Throughout
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this period phosphate lay below 0.04 y g at. P/1, falling to 0.015 on 

26 July when a second pulse was observed, 4701 colonies/1. A lesser 

peak, 3162 colonies/1, occurred on 1 NovemJjer, 1972 when phosphate reached 

its lowest recorded level {0.0125 y g at. P/1). On all occasions the water 

was warm (10 ~ IB^C) and clearly stratified.

The greatest abundance of Dinobryon in Loch Lomond in both 1972 and 

1973 was recorded at the North and Middle Stations with values of aJaout 

4760 colonies/I. However at the South Station the density of this species 

never exceeded 20no colonies/1. In 1972 the pulse of Dinobryon occurred 

throughout the loch between in and 26 July whereas in 197 3 the increase 

was earlier by about a month {from 7 June to G July). The pulse was 

evident in the South and Middle Stations before it was observed in the 

North. Generally, the pulse of Dinobryon was observed when the water was 

warm (12 - 19°C) and stratified, and when the concentration of phosphate 

was O.OG g at. P/1 or less. Dinobryon usually coincided with a pulse of 
Fragilaria.

(ix) Mallomonas acaroides perty

Mallomonas was found in Lochs Lomond, Achray, Ard and Rusky and formed 

a single annual pulse in all of them. In 1973 this pulse began in July in 

Loch Ard, Loch Rusky and Loch Achray. In Loch Lomond, however, no regular 

pattern was evident during the tvjo years.

The greatest abundance of Mallomonas was found in Loch Rusky where 

a pulse occurred from July to August, 1973 reaching a maximum of 95892 

cells/1 on 26 July. The water temoerature (19^C) was at its highest on 

this date and stratification was clear. The surface concentration of 

phosphate was almost the lowest recorded for this loch (0.11 yg at. P/1) . 

The maximum density of Mallomonas in Loch Achray was reached on 8 August 

when 44118 cells/1 were observed at the surface. This increase was 

extremely sudden since only 1200 cells/1 were recorded on 26 July, 1973.

The water column was stratified and warm (17^C) while the phosphate value 

was 0.09 yg at. P/1 at the time of the peak. In Loch Ard ( as in the 

previous two lochs) Mallomonas was present from July to September with the



maximum numbers being recorded on 23 August (4701 cells/1). Phosphate 

levels did not exceed 0.04 y g at. P/1 during this period while the temper

ature of the surface water reached 10°C at the time of the peak.

In Loch Lomond in 1972 Mallomonas first appeared at the North Station 

at the end of June, at the Middle Station at the end of July and at the 

South Station on 12 September. In each case, however, the magnitude of 

the peak was the same, 4701 cells/1, occurring on 2G July, 22 August and 

11 October, 1972 resnectivcly. The water temoerature at North and Middle 

was 15 - IS^C with clear stratification of the water mass, while at the 

South Station the water was cooler (12°C) and unstratified. Phosohate 

was 0.04 at the North and Middle Stations but reached 0.12 yg at. P/1 at 

the South Station. In 1973 Mallomonas appeared on 24 June throughout the 

loch and reached a peak on 6 July at the North and South Stations and on 

17 August at the Middle Station. Phosphate ranged from 0.n2 to 9.04 

y g at. P/1 and the water was warm (12 - 19^C) and stratified at all 

Stations. At the North Station Mallomonas generally accompanied Dinobryon

but this feature was net clear elsewhere in the loch.

(x) Kephyrion son 

Kephyrion was only recorded in abundance from Loch Achray although 

small numbers were found in Loch Ard and at the North Station of Loch 

LoBiond. In Loch Achray two pulses were evident, both of which appeared 

very suddenly, A surface maximum of 114379 cells/1 was recorded on 17 *'iay 

while on 26 July a concentration of 132200 cells/1 was found. The first 

peak occurred as the water became stratified and this species continued to 

be present throughout the period of stratification. The water during this

period had a temperature between 11 and 19^c.

(xi) Ceratium hirundinella O.F. Müller

Ceratium was found in all lochs examined with a single annual pulse in 

each of them. Maximal numbers were observed during July to August although

Ceratium appeared as early as the beginning of June (in Loch Rusky) or 

remained till October (in North, Loch Lomond). Pulses occurred during 

periods in which the water was warm (12 - 20^C) and stratified.



The greatest abundance of Ceratium was found in Loch Rusky where a 

peak of 140800 cells/1 was recorded at the surface on 8 August, 1973. A 

smaller pulse was observed on 26 July in Lake of Mentcith where 44110 cells 

/I were found at 3 m depth. In Loch Ard and Loch Achray pulses of Ceratium 

reached a maximum on 0 August when respective values of 12900 and 20769 

cells/1 were recorded.

The greatest concentration of Ceratium in Loch Lomond was encountered 

at the Middle Station where the maximum was 4701 cells/1 on 15 August, 1972 

and 2213 cells/1 on 24 July, 1973, At the North Station the maximum was 

1814 cells/1 at the end of July in both years. The lowest density of 

Ceratium,was found at the South Station where 948 cells/1 was recorded on 

8 August, 1972 and 1649 cells/1 on 6 July, 1973. It is clear that in 1973 

Ceratium made its first appearance in Loch Lomond on 7 June at the South, 

on 21 June at the Middle and did not ampear till 6 July at the North Station.

In general Ceratium came immediately after Dinobryon and was usually 

accompanied by Peridinium, Staurastrum and Botryococcus. This species 

usually reached its maximum abundance in the surface waters.

(xii) Peridinium wilier, Huilf-Kass 

Peridinium was found in all lochs investigated and had one pulse during 

the year. It generally coincided with oulses of Ceratium but was first 

apparent about a month earlier. The maximum abundance of this snecies was 

found in Loch Rusky where 16800 cells/1 were recorded at the surface on 0 

August. In Loch Ard 7905 cells/1 were found on 11 July (at 5 m depth). The 

maximum in Loch Achray was 5385 cells/1 on 23 August while in Lake of 

Menteith a peak of only 1650 cells/1 was recorded.

In Loch Lomond in 1973 the greatest abundance of Peridiniumwas found 

on the same date throughout the Loch, 6 July. This pulse became progress

ively larger passing southwards,- 1374 cells/1 at the North, 2213 cells/1 

at the Middle and 3725 cells/1 at the South Station, The pattern in 1972 

was less clear, witli the peak of the Peridinium increase occurring first 

at the North on 15 August then at the Middle on 22 August and finally at 

the South Station on 6 September. The raaanitude of the increase v;as the



same at the North and South Stations (943 cells/1) with the highest 

density being recorded at the Middle Station (2231 cells/1). Generally 

the highest numbers of this organism were found in the surface layer of 

warm, stratified bodies of water.

(xiii) Microcystis aeruginosa Kütx 

Microcystis was found in Loch Rusky and Lake of Menteith. Throughout 

the summer and autumn (June - November) Microcystis existed in Lake of 

Menteith. The main pulse observed on 26 July, 1973 (17o2S colonies/1) 

was the highest recorded number of this organism. On tliis date the water 

had reached its annual maximum (20^C) temperature at all depths. Phos

phate (0.11 yg at. P/1) and nitrate (2 yg at. N/1) were around their low

est values. A smaller pulse (1970 colonies/1) was observed on 1 November, 

1972 when tdie temperature had fallen to O.O^c at all depths. In Loch 

Rusky only a single pulse was evident on 13 October, 1972 when a total 

of 3482 colonies/1 was found, and the water temperature was ll.O^c.

(xiv) Analaaena circinales (Robenhorst) ex Born et Flah

A. circinales was found in all lochs examined. In Loch Lomond 

Anabaena appeared in both years, between the last week in June and the first 

week in July and persisted till Sentember, 1972. The maximum concentration 

was always recorded before the end of July, The earliest appearance of 

A. circinales (February 1973) and the earliest peak (April) was observed 

in Lake of Menteith. In Loch Ard circinales was first noticed in March 

and in Loch Achray in June.

The greatest abundance of A. circinales was found in Loch Achray 

where 749000 cells/1 were recorded on 26 July, 1973. This was only a 

fortnight later than the pealc in Loch Ard where Anabaena reached 

527000 cells/1, Both these lochs were stratified at this time with a 

surface temperature of around 19.0°C and very low phosphate levels. The 

pulse of A. circinales increased gradually to reach 443000 cells/1 at 

the surface on 20 April, 1973 and then persisted till September v;ith a 

further small pulse of 66000 cells/1 on 8 August. A transient pulse of 

72000 cells/1 was recorded in Loch Rusky on 26 July, 1973.



In Loch Lomond the greatest abundance of Anabaena was noted at the 

South Station in both years. In 1972, when the peak of Anabaena was 

recorded throughout the loch on the same day (2G July) 87000 cells/1 

were found at the South Station, 290000 cells/1 at the Middle and 25000 

cells/1 at the North Station. Phosphate ranged from 0,04 to 0.02 g at 

P/1 and water temperature from 16 to 18°C; all stations showed clear 

stratification of the water column. In 1973 the earliest and largest 

peak occurred at the South Station where 122000 cells/1 were recorded on 

24 July. The pulse was observed a month later at the Middle and North 

Stations where maxima of 63000 cells/1 and 21000 cells/1 were found. 

Anabaena circinales generally exhibited its greatest abundance in surface 

waters.

(xv) Anabaena flos-ague (lyngby) Breb

_A. flos-aquae was found only in Lake of Menteith and Loch Rusky often 

in very great abundance. In Lake of Menteith A. flos-aquae was present 

throughout the year with two clear pulses while in Loch Rusky A. flos-aquae 

was present from March to Noveimber with a single large pulse. Fairly 

high nuid^ers of Anabaena were present in Loch Rusky from March until the 

end of July following which a sudden bloom occurred. On G August, 1973 

15.04 million cells/1 were recorded at the surface rising to 16.5 million 

cells/1 on 23 August. During the period of rapid increase, phosphate 

rose from 0,11 to 0.22 yg at. P/1 whereas nitrate remainted constant, 

aroung 2 yg at. N/1. The loch was stratified and warm (15 - 19°C) during 

this period.

In Lake of Menteith two pulses of similar magnitude (around 1 million 

cells/1) occurred on 15 November and 3 May. The summer pulse of _A. flos- 

aquae came after the pulse of A. circinales in both bodies of water.

(xvi) Anabaena spiroides Klebhan
A. spiroides was found only in Lake of Menteith where it was present

from 28 June till the end of September 1973. A bloom of A. spiroides

was evident on 23 August, 1973 when 3.24 million cells/1 was recorded at

the surface. The water temoerature was around IG^c,



(xvii) Coelosphaerium spp.

Coe1osphaeriurn was found in Loch Lomond and the four other lochs 

throughout the period of sampling. A bloom accompanied by Botryococcus 

was clear in Lake of Menteith in January 1973 when the temperature was at 

its lowest, and in Loch Rusky the peak of Coelosnhaorium was accompanied 

by £̂. flos-aquae during August and September when the temperature was at 

its highest while in Loch Ard the accompanying algae was Staurastrum.

A pulse of Coelosphaerium observed in Loch Lomond in October 1972 while 

in Loch Achray, although this genus was present, it never produced a peak. 

Large green patches which often accumulated in the shore zones of Loch Lom

ond and Lake of Menteith during summer afternoons consisted of nothing but 

colonies of Coelosnhaerium.

West (1912) identified Ĉ. kuetzingianum NHg. in Loch Lomond. From 

an extensive study of the genus Coelosnhaerium carried out during the present 

investigation on Loch Lomond, it is clear that at least two distinctive 

forms exist which may be of species rank. The description of these will 

he published in a separate paper.

Coelosphaerium in Loch Lomond showed variations in the diameter of the 

colony and in the width and structure of the sheath? the arrangement of the 

cells within the colony, the total number of cells and their length and ; 

breadth were also variable. The individual cells varied in the numl^er 

of gas vacuoles and the thickness of the cell sheath. Various methods 

of reproduction of this colonial plant were observed and the mode of 

feeding of Vorticella upon it was recorded for the first time. There was 

also a distinct seasonal variation in the eoiphytic and endophytic algae 

associated with the colony.

The endophyte Aphanotheca nidulanus was identified within Coelosphaer

ium (in Loch Lomond) by West (1912) while Stylosphaeridium stipitatum, 

Stipitococcus apiculalus, Stipitococcus capense and Characium spp (private 

communication, Desikachary) have been identified for the first time as 

being epiphytic on Coelosphaerium in Loch Lomond, This is the first 

reported identification of the latter two algae as being epiphytic on
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Coelosphaerium (private communication, Desikachary).

Prom the study of the ecology of Coelosphaerium it was clear that the 

nuiîûjer and composition of the attached algae varied at different times of 

the year. From the end of July 1972 till January 1973 the number of 

Coelosphaerium colonies with attached Stylosphaeridiurn was more than twice 

the numbers with _S, capense. During the period January to March the number 

of Coelosphaerium colonies with the two epiphytes was similar whereas from 

April to July the numloer of colonies with caoense exceeded the number 

with attached Stylosphaeridium.

Coelosphaerium colonies in Loch Lomond may be found with or without any 

endophytic or epiphytic algae. If other algae are present all soecies or 

Some of them may be found. Generally the number of colonies with endo

phytic algae is far larger than those without, a phenomenon which was also 
evident in the other lochs studied.

In all bodies of water Coelosphaerium persisted throughout the year 

producing a single annual peak in each one with the exception of Loch Achray, 

The greatest abundance of Coelosphaerium was recorded in Lake of Menteith 

on l o  January, 1973 when 73000 colonies/1 were found at the surface at a 

time when the water was cold (4^C) and isothermal. A smaller pulse was 

observed on 18 October, 1972 (53000 colonies/1) when the water temperature 

was 12^C. Peaks of Coelosphaerium were observed in Loch Rusky and Loch 

Ard (1<'.000 and 8000 colonies/1 respectively) during August when the water 

column was stratified and warm (1C -  1 7 ^ c ). In Loch Achray the number of 

colonies never exceeded 1000 colonies/1 and a clear pulse was not apparent 

at any time.

In Loch Lomond each station had its own particular pattern which was 

different from one year to the next. The largest numbers (4701 colonies/1 

were found at the South Station on 25 October, 1972 when the water was warm 

(11.5°C) and isothermal. This was accompanied hy a pulse of Staurastrum.

A pulse of 3162 colonies/1 were recorded at the North Station on 18 July, 

1972 at the same time as Staurastrum increased. At this time the water 

column was stratified with a surface temperature of around IC^C. At the



Middle Station the numlriers of colonies fluctuated considerably with a peak 

of 1014 colonies/1 being recorded on 17 January, 1973 when the water was 

cold (5^C) and isothermal. At the rest of 1973 the maximum numbers of 

Coelosphaerium at the North and South Stations were substantially less 

than in 1972. A pulse of lC4o colonies/1 was observed at the North Station 

a peak of 2210 colonies/1 was reached on 15 March, 1973 at the surface.

(xviii) Botryococcus braunii Kütz

Botryococcus was found in all lochs investigated and was generally 

present throughout the year. A single pulse was evident at each station. 

The largest recorded pulse of Botryococcus, 27037 colonies/1, was found in 

Lake of Menteith on 10 January 1973 when tiie water column was isothermal 

and the temperature was around 4°c, The greatest density of Botryococcus 

in other lochs was found during the summer period when the water was at its 

warmest and the thermal structure had stabilized.

In Loch Rusky this species was present throughout the year with a 

single, distinct peak on 8 August, 1973 when 14000 colonies/1 were present. 

Botryococcus was intermittently oresent throughout the year in Loch Ard 

with a distinct peak of 5000 colonies/1 on 11 July. In Loch Achray it 

only appeared from June to September 1973 with a single pulse reaching 

5000 colonies/1 on C August. In the latter three lochs pulses of Botry

ococcus occurred simultaneously with peaks of Anabaena.

At all stations in Loch Lomond Botryococcus was present throughout the 

year in surface water. A single annual pulse was clear in both years 

between the last week of July and the first week of August. This peak 

generally coincided with the maximum abundance of Staurastrum. In both 

1972 and 1973 the highest numbers of Botryococcus were found at the Middle 

Station where 2213 and 3162 colonies/1 respectively were observed. The 

concentration of this algae never exceeded 2000 colonies/1 at the South 

Station or 1251 colonies/1 at the North Station.

(xix) Staurastrum cingulum var. obseura

Staurastrum was found in all bodies of water examined and was present 

throughout the year in Loch Lomond, Loch Achray and Loch Ard whereas in
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Lake of Menteith and Loch Rusky it was not in evidence during tho winter 

period. Staurastrum attained its maximum quantitative importance in 

Loch Rusky where a pulse of 17300 cells/1 was recorded on 26 July, 1973. 

While on tîie same date in Lake of Menteith a pulse of jooo cells/1 

occurred. The temperature in the two lochs was at its maximum, 19 -20^C.

A slightly larger pealc, 9400 cells/1, was observed in Lake of Menteith on 

10 October, 1972? when the water was much cooler, 12^0.

The greatest abundance of Staurastrum in Loch Achray and Loch Ard 

came during August when a pulse of 11733 was observed in the former loch 

and 5000 cells/1 in the latter. Doth lochs were stratified with the 

surface temperature between 16 and 13°C. During this period (July and 

August), all four lochs reached their lowest recorded nutrient values.

In Loch Lomond in 1972 the pulse of Staurastrum earliest at the North 

Station (1 August) later at the Middle Station (27 September) and latest 

at the South Station (25 October). The magnitude of the pulse was similar 

at the Middle and North Stations (1300 - 1400 cells/1) while the highest 

density of Staurastrum (4700 cells/1) occurred at the South Station. The 

picture was different during 1973 when all nuises were observed during 

August with numbers ranging from 1500 to 1000 cells/1. In general 

increases of Staurastrum coincided with pulses of Botryococcus.



CHAPTER 4
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Diurnal variation in Loch Lomond 

Introduction

The daily variations of light and temnerature make themselves felt in 

all but very deep water and it is to be expected that many communities 

will exhibit periodocities which are related to the 24 hour day-night period. 

Persistent patterns of diurnal variation of water chemistry, algal numbers 

and photosynthetic capacity, zooplankton numbers and physical factors have 

been reported by many authors ),otli for lotic, lentic and marine water, and 

for planktonic and benthic communities.

The diurnal rhythms of phytoplankton communities have generally been 

demonstrated from regular measurement of the role of photosynthesis (from 

Carbon 14 incorporation or oxygen light and dark battles) or from chloro

phyll estimation or by direct enumeration of phytoplankton. The smallest 

sampling interval taken was 20 minutes (Kramer, Allen, Baulne and Burns,

1970) and the largest was lo hours (Bamforth, 1962), Although diurnal 

studies on standing crop variation have often been made from chlorophyll and 

productivity measurement, fewer investigations have involved phytoplankton 

enumeration or have considered physical and chemical parameters and the 

role of zooplankton grazing.

The timing of the daily maximum phytoplankton standing crop, as 

detected by different authors is very variable and may occur at almost any 

time of the day. Nijayaraghavan (1971) in studies on Teppakulam tank 

(India) demonstrated a peak abundance of net phytoplankton and chlorophyll 

at mid-day in surface water. He further showed that Dacillarionhyceae, 

Cyanophyceae and Chlorophyceae ail attained their maximum surface 

accumulation at mid-day whilst zooplankton achieved their maximum surface 

accumulation at midnight. This inverse relatioship was attributed to the 
night-time grazing by the zooplankton. The phenomenon of night-time 

migration of zooplankton into the surface water has been described by Odum 

(1953). Ferguson Wood and Corcoran (196G) in their studies of diurnal 

variation in the sea, found that the mean chlorophyll level and phytoplank

ton count (averaged over the entire water column) reached a maximum at



mid-day. They, too, considered the fluctuation of numbers to be due to 

zooplankton grazing but added that the generation time of the smaller 

phytoplankton (nanncplankton) must be much shorter than previously thought.

Soksena and Adoni (1973) found no evidence of diurnal variation for 

Microcystis but showed a maximum of Trachelomonas at 9 p.m. due to its 

diurnal movement. Has le (1954) explained the accumulation of large numbers 

of dinoflagellates in surface waters of the Olso Fjord by phototactic 

diurnal migration. He found that they exhibited vertical migration on a 

24 hours period with a daytime maximum at the surface. On the other hand, 

Lund (1965) stated that flagellates commonly show diurnal movement, often 

migrating downward by day (in the shade of macrophytes) and return to the 

upper waters at dusk. Persistent vertical migration rhythms have also been 

reported in fresh water epipelic population (Brown, Gibby and Hickman, 1972). 

These are intertidal populations with diatoms, flagellates and blue-green 

algae reaching a maximum at the mud surface at 1000 hrs.

Doty and Oguri (1957) reported regular daily variation in the Carbon 14 

uptake of phytoplankton populations from pacific surface water with a max

imum in the morning. Although no direct measurement of standing crop was 

attempted they discounted the possibility of phytoplankton migration or 

zooplankton grazing. From further, more detailed experiments Newhouse, Doty 

and Tsuda (1967) found that the photosynthetic standing crop was maximum at 

16.00 hrs, decreasing steadily to a minimum at 06.00 - 0800 hours. Gloos- 

chenka. Curl and Small (1972) found that the chlorophyll content in surface 

marine waters was at its highest at midnight; they attributed this to leaching 

in high light intensities during the day and synthesis in the evening. On 

the other hand Lorenzen (1963) found a chlorophyll maximum at mid-day 

coinciding with the daily maximum of phosphate and minimum of nitrate.

Tailing (1966) in his studies on the English Lake district found that 

diurnal changes in photosynthetic pigments appeared to be small or absent.

In the Lake Erie time study (Kramer et al., 1970) a chlorophyll max

imum in surface waters occurred at approximately 1800 hours, simultaneously 

with the highest daily dissolved oxygen concentration. However, the
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dominant phytoplankton, Aphanizomenon, reached its greatest surface abun

dance at 1200 hours and showed a ten-fold decrease by 1700 hours. Malone 

(1971) in his study of tropical oligotrophic surface water (nitrogen 

limited) demonstrated that nanoplankton had a morning maximum in 

assimilation rates while the net plankton had an afternoon maximum. He 

explained this on the basis of different response to low nutrient regimes, 

nanoplankton should be able to photosynthesise more efficiently and attain 
a maximum earlier than the net plankton. Baker ot al. (1959) demonstrated 

that in an almost monospecific natural population of Oscillatoria aqardhii 

the maximum productivity at the surface occurred at twilight and the max

imum at 5 m depth at solar noon.

A further cause for periodic variation in cell numbers may be the 

time of cell division. Doty and Oguri (1957) recalled the frequently 

reported onset of reproductive activities in tlie evening and the termination 

of these events with the onset of grazing or daybrealc. This view is 

supported by Lund (1965) who stated that the nuclei! of many algae generally 

or almost always divide at night.

The sampling programme i% any body of fresh water usually allows for 

maximum areal coverage, but gives little indication of the dynamic phen

omenon that may occur on an hourly or even daily basis. The present study 

was initiated to ascertain the extent and the time period of the major 

chemical and biological variables in Loch Lomond. The period 18 July to 

20 July was chosen for maximum productivity and as a time in which calm 

weather interrupted by windy periods might be expected. Apart from invest

igating the diurnal changes in phytoplankton and chlorophyll in Loch Lomond 

it was also possible to study whether or not the lower part of the hypo- 

limnion which is almost always saturated with oxygen, acts as a source of 

nutrient supply to the overlying water.

Most investigators have taken samples from surface waters only over a 

period of twenty-four hours and from this, diurnal periodicities of phyto

plankton numbers, chlorophyll levels or productivity have been described. 

There are almost no reports of experiments involving samples taken at many



203

depths for two successive 24 hour periods to ascertain whether the 

described daily rhythms persist. The present investigation is the first 

field study of diurnal variation of phytoplankton, chlorophyll and chemical 

factors to be carried out in Loch Lomond or any other Scottish loch. 

Organization and sampling programme for study of diurnal variation

For the purposes of study of diurnal variation in Loch Lomond a con

tinuous 48 hours sampling programme was undertaken with the assistance of 

nine other people. The programme of intensive sampling continued from 

0000 hours on 18 July to 0000 hours on 20 July, 1973. The catamaran ‘’Fiona" 

belonging to the University of Glasgow Field Station was used as a platform 

for the present study and was anchored in 47 m of water at the Middle 

Station of Loch Lomond. This station was chosen for its proximity to the

shore laboratory (University of Glasgow Field Laboratory at Rowardennan) 

which was about 3 km away. For the purpose of transferring personnel, 

samples and equipment to and from the field laboratory two small boats 

powered with outboard motors, were used.

The special equipment on board the catamaran for tlie duration of this 

experiment included a portable 1 kw, petrol-powered generator, which 

supplied electrical power for the vacuum pump and lighting. The vacuum 

pump supplied the suction for ten filtration units. Five of these were 

used for the filtration of 1 litre samples (through glass-fibre filter) for 

chlorophyll estimation while the other five were used for the millipore 

filtration of 100 ml sample aliquots for enumeration of phytoplankton.

Two separate series of samples were taken regularly throughout the 

investigation. The first series was taken at the following discrete 

depths on a 2-hourly basis, 00cm (surface), 25 cm, 50 cm, 75 cm, and 100 cm. 

This allowed a study to be made of the variation of phytoplankton within the 

top metre of the water column (the Van Dorn sampler gives an integrated 

sample over 1 metre of the water column). The small volume bottles 

used for sampling were described by Rodina (1961) and consist of a 500 ml 
weighted bottle provided with a rubber stopper containing two holes 

through which two glass tubes, one short and one long were massed. A
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small piece of rubber tubing joins the tv/o glass tubes and is connected to 

the surface by a light weight line. When the bottle has been lowered to 

the discrete depth on a rope line, a pull on the light weight line removes 

the rubber tubing and water enters the bottle through one of the glass tubes 

Complete series of 5 samples were taken every 2 hours accompanied by 

oxygen-temperature profiles throughout the 48 hour period and filtered for 

chlorophyll and phytoplankton estimations.

The second series of samples were taken at the surface (with a bucket) 

and at 1 m, 2 ra, 10 m, 15 m, 18 m, 20 m, 30 m, 40 m and 47 m (bottom) with 

a Van Dorn sampler. Analysis (in duplicate) of major chemical nutrient 

(silicate, nitrate, nitrite and phosphate) were made for all samples, in 

addition to which the chlorophyll and phytoplankton estimations were made 

on surface, 1, 2, lo, 15 m samples to supplement the estimations made at.

25 cm intervals. These depths were chosen according to the thermal struc

ture of the water column recorded at the commencement of the continuous 

sampling periods. Surface to 2 m was the epilimnion, 10 m was the top of 

the thermocline, 15 m was the middle of metalimnion, 18-20 m was the 

clinolimnion while the hynolimnion was represented by 30, 40 and 47 m.

At the commencement of sampling 3 sets of samples were taken on an hourly 

basis, that is 0.30, 0230 and 0330 hours. These samples (30 in all) were 

then returned to the field laboratory for immediate analysis. This cycle 

of triplicate sampling repeated every eight hours, starting at 01.30 hours, 

0830, 1830 on 18 July and 0100, 0800 and 1830 on 19 July.

The organisation of manpower in the field for sample collection, the 

analysis of samples in the shore laboratory and the transportation of the 

samples required a strict integration of individual contributions to the 

overall programme. The full co-operation of the ten people involved under 

the 48 hour work plan was an essential element in the success of the 

operation.
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Results and discussion

The four days preceding the 48 hour sampling period were calm and dry

with between 3 and 9 hours of bright sunshine per day. However, a sudden

change in the weather occurred on the evening of the 17 July, when slight 

rain and light breezes were noted, the breezes were interrupted by calm 

periods and occasionally by windy weather, especially so during the 

second day. The conditions over the period of sameling were generally 

cloudy and overcast with occasional rain, except during the second day 

when a short sunny period (1,9 hours) occurred around mid-day. The air 

temperature on both days, reached a mid-day maximum of 16-17'^C falling 

to around 11-12^C at midnight, while the surface water temperature ranged 

from 1 6 . to 15.G°C respectively.

The water mass was clearly stratified for the duration of the experi

ment (Fig. 47a, 47b), The epilimnion generally fluctuated between 5 and 

10 metres in depth with a temperature around 16^C while the hypolimnion 

was initiated between 20 and 30 metres with a temperature reading of about 

9^C. Dissolved oxygen was generally steady throughout the epilimnion 

and hypolimnion while considerable fluctuations were evident in the zone 

of temperature discontinuity where the oxygen minimum was generally found. 

This negative heterograde distribution was found on all but three occasions. 

At 0930 on 18th and 0430 on 19th the oxygen maximum was at the surface, 

below which it started to decrease rapidly at the beginning of thermocline 

and suddenly changed and increased, reaching a maximum at the middle of 

the metalimnion below which a decline in oxygen occurred. The only 

occasion on which a purely positive heterograde distribution was detected



DIURNAL VARIATION F ig  4 7 b

CN-

O

V/ QC
" O ?  -00 <  

CO

-S ÏÏ
O  Z  
'00 LU U  QC

■s I  >- X—  o
O

m
■CO

CD

"O)

<N
-O

-CO

-lO
CD

CO
CDT—



206

was at 0230 on 19th when the oxygen maximum for the whole water column 

(80%) was also found at this time at the top of the thermocline layer»

The only occasions when the oxygen maximum in the epilimnion was found below

the surface was at 0630 on both days, when an increase was detected at 1 m

depth and at 0830 on the 18th when a maximum was observed at 4 m depth.

The levels of saturated oxygen in the e-ilimnion varied from 104% at 1630 

on the 18th to 90% at 0230 on the 19th and in the hyoolimnion from 81% at

0030 on the 18th to 95% at 2230 on the same day.

Silicate (Fig. 49, Table 21) shows an inverse clinograde deoth 

distribution with the bottom concentration (14.4 - 16.3 pg at. Si/1) being 

up to six-fold higher than the surface value (4,13 to 2,01 yg at, Si/1). 

Silicate was generally low throughout the epilimnion and displayed a 

rapid rise at the top of the metalimnion, with a gradual increase below 

that to the bottom. This pattern of vertical distribution has been 

described for the Nortli Atlantic ocean (Râ miont,. 1963) and by Hutchinson 

(1957) for a Japanese lake where an inverse clinograde distribution of sil
icate was also recorded.

îlitrate (Fig. 48, Table 19) exhibited a maximum at an intermediate 

depth of 30 metres, where values fluctuated between 12.4 to 15.4 y g at. N/1. 

Surface concentration of nitrate decreased from 11.8 y g at. N/1 at the 

beginning of sampling to around 5.0 at the completion of sampling programme» 

While values ranged from 13.4 to 10.9 yg at. N/1 at the bottom. The phen

omenon of a mid-depth maximum of nitrate under stratified conditions was 

described by Hutchinson (1957) for a lake in Wisconsin and by Sagi (1970) 

in the North Pacific ocean. The vertical distribution of nitrite in the 

present study (Fig. 48, Table 20) is also in accord with Hutchinson (1957) 

who shows that an increase in nitrite would be expected wherever a direct 

clinograde nitrate curve is found (that is below the nitrate maximum).

This is in fact the case, with a nitrite maximum being in evidence at a 

depth of 40 metres. The overall variation in nitrite was erratic with 

values varying from almost undetectable to 0,09 yg at. N/1.

Dissolved phosphate (Fig. 49, Table 22) displayed an inverse clino-
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grade distribution with low concentration at the surface (0.01 to 0.08 

yg at. P/1) and high levels at the bottom (0.33 to 0.9 yg at, P/1). This 

pattern of vertical distribution of phosohate with depth in stratified 

lakes was in accordance with that described by Hutchinson (1957). He 

explained that most rapid increase in phosphate levels takes place at the 

lower part of the hypolimnion, a feature which was evident from the present 

study.

The variation in the vertical distribution of nutrients during tlie 

two 24 hour periods can be partially understood in terras of fluctuation in 

the position of thermocline and partly by nutrient uptake by actively 

multiplying phytoplankton. Figures 47a, b , show that the boundary between 

the epilimnion and thermocline showed regular oscillation in its location 

below the surface. From 0000 hours (on 18th) to 0400 hours the boundary 

remained at 10 m depth, following which it gradually moved nearer the 

surface to lie at a depth of 5 ra at 1030 hours on the 18th. During the 

day it fluctuated marginally, and then fell from 5 m at 2230 to around 

10 m after midnight. This pattern was repeated on the following day.

The effect of these fluctuations on the vertical distribution of 

silicate was clear. This nutrient generally showed a much higher concen

tration at the top of the thermocline than in the overlying water (epil

imnion) , Consequently as the boundary between the two layers moved 

closer to the surface a rise in silicate was evident at 10 m depth (which 

was then included in the thermocline). In fact silicate at 10 m depth 

increased from 7.77 at 0330 to 8.94 y a at. Si/1 at 1030 on the 18th July 

while silicate in overlying waters fell by more than 1,5 yg at Si/1.

This phenomenon was also clear for nitrate which showed the largest 

discrepancy between 2 m and 10 m concentration when the boundary between 

the epilimnion and thermocline lay at 5 m depth. Consequently the nitrate 

utilization of about 1,2 yg at. n /1 found in upper 2 m between 0330 and 

0830 on 18 July was absent at 10 m depth. Phosphate concentration also 

displayed an increase at 10 m at this time.

The sinking of the thermocline (to around 10 m depth) after midnight
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accompanied by some turbulent nixing from winds may have been responsible 

for the increase in silicate observed at this time (2.21 to 2.97yg at. Si/1 

at the surface). An increase in phosphate concentration was not observed 

at the surface, till 0830 hours, whereas nitrate concentration showed a 

continual decline.

During the period of the experiment both silicate and nitrate showed a 

considerable net decrease throughout the upper 10 ra of the water column, 

whereas phosphate showed marked fluctuation but no overall change. The 

silicate curves show a large decline in concentrations in the epilimnion 

between 0330 and 0930 on both days of the survey and an increase between 

2030 and 0130 on the 19th. The latter increase has already been explained 

on a purely physical basis whereas the decline in silicate can be attributed 

to the activity of diatoms particularly tlie dominant form Tabellaria 

fenestrata.

This species shows its maximum abundance in surface waters, and showed 

a distinct diurnal variation in cell num])ers reaching a maximum at 0130 

hours of up tp 610000 cells/1 on both days. It is a well established 

fact that the division of diatoms entails the uptake of a considerable 

quantity of silicate from the water (Paean 1970; Lund 1965), in this case 

2 yg at. Si/1 were utilised between 0230 to 0830 at the surface on 18th 

and 1 yg at. Si/1 from 0230 to 0930 on the 19th. Thus the maximum util

ization of silicate occurs after the maximum number of diatoms have been 

reached. This is in agreement with Lund (1965) who states that in rel

ation to the rate of multiplication (in Melosira) silicification may not 

be completed till after the separation of the two daughter cells.

The curves of nitrate in the; upper ten metres displayed a progressive 

decline throughout the 48 hours with no evidence of a period of upwelling or 

replenishment. The overall uptake of nitrate at the surface during 48 hours 

was 6.4 y g at. N/1 (11.8 to 5.4 y g at. N/1) while the uptake at 10 m 

depth was 5.4 y g at, N/1. The nitrate decline at the bottom was only 

marginal - 1 yg at. M/1. The period of most rapid uptake occurred 

between 2030 hours and 0230 hours and corresponded with multiplication
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period of Tabellaria. A utilization of about 3 y g at. N/1 was recorded at 

the surface (8.9 to 5.96 y g at. N/1) , this process being completed before 

any uptake of silicate was evident.

The variation of phosphate during the sampling period showed a less 

regular pattern. A surface minimum of 0.014 y g at, P/1 was recorded at 

2030 hours on 18 July, during the period of diatom multiplication, other

wise phosphate levels fluctuated irregularly reaching a surface maximum 

of 0.08 yg at. P/1, Any reduction in phosphate concentration was tran

sient, indicating tliat there is a continual supply of the nutrient to the 

surface, probaJoly by upwelling. The maximum recorded phosphate concen

tration at 1 m depth was 0,1 yg at. P/1 while at 10 m this nutrient 

reached 0.137 y g  at. P/1, The only period when phosnhate oersisted at 

high levels (0.06 to 0.081 y g  at. P/1) at the surface was from 0830 to 
1830 on 19 July.

Like phosphate, nitrite displayed considerable fluctuations although 

a period of lower concentration was evident from midnight to 0330 on both 

days. Durina this time a minimal value of 0.026 was recorded on the 18th 

and 0.045 y g  at. N/1 on the 19th. The highest concentration of nitrite 

in the upper 15 m (0.083 y g  at, N/1) occurred at the surface, and was 

observed during a period of rain. Precipitation, as a source of nitrogen 

containing compounds has been described by many authors throughout the world. 

For the British Isles (Allen et ^1., 1968) the annual input of nitrogen 

from rainfall has been estimated as 8.7 to 19 kg/hectares/annum.

From Pig. 51 and Tables 25 and 25 a persistent diurnal variation of 

Tabellaria fenestrata throughout the 48 hour period is clear, with a max

imum on both days at midnight (from bucket and Van Dorn samples) and 

slightly later from the samples taken at discrete 25 cm intervals. This 

periodicity might be explained as a function of several independent inter

acting factors. The three-fold increase in cell numbers coincided with 

a decrease in nitrate and was followed by a fall in silicate. This 

suggests a period of diatom multiplication. A period of increased 

reproduction activity at the onset of darkness has been remarked on by
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several authors (Doty and Ogari, 1957j Lund, 1965), The continuous

decrease in the numbers of Tabellaria, following the maximum, may be

a function of grazing, sinking or the water flow rate. The activity of

grazing animals in reducing phytoplankton numbers has been invoked by many

authors (Wood e^ al., 1966); this would have its greatest effect at night

time. Fogg (1965) considers the movement of water as a possible factor in

the loss of phytoplankton, A further factor of great importance is the

rate of sinking of cells. Hutchinson (1967) gave the sinking rate of
“-3 -1Tabellaria (flocculosa) as 2 - 4.3 x lO cm. sec although dead or unhealthy 

cells would tend to sink faster (Lund, 1965). The sinking of T . fenes

trata can be clearly followed in Fig. 51, which shows a peak of Tabellaria 

from midnight to 0300 in the top metre column whereas a peak at 2 m is 

not apparent until 1800 hours on 18th. A persistent increase at 10 m and 

15 m Table 25) was not evident till 0930 on the second day. An investi

gation of the accuracy of the chlorophyll n estimation showed that, within 

30 random samples taken simultaneously from the loch the standard error 

was + 0.02 yg/1.

The most detailed picture of the diurnal variation of Tabellaria was 

obtained from the sampling carried out at a shorter (2 hours) time interval, 

taking 25 cm intervals throughout the top metres. Prom the curves (Fig.

51) it is clear that the actual peak of Tabellaria abundance came between 

4 and 6 hours after midnight (a period when no surface bucket samples were 

taken). At surface, 25 cm and 50 cm this diel periodicity was clear while 

at 7 5 cm and 100 cm it was less distinct. The picture was complicated at 

the latter two depths by the sinking of cells from the surface. This 

phenomenon was clearest on the second day when large peak was evident at 

all depths in the early morning followed by a secondary peak (at 50 cm and 

below). The cause of the smaller peak can probably be attributed to the 

sinking of cells from the surface or, more unlikely, to a further period 

of reproduction. This is clearest at 75 cm when numl^ers almost doubled 

(250000 cells/1 to 420000)between 1030 and 1230 of the second day.

The abundance of chlorophyll a (Fig, 50, Table 23) in surface water



DIURNAL VARIATION Fig 51
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DIURNAL VARIATION Fig 5 2
Ceratium (Cells / l )
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DIURNAL VARIATION Fig 5 3
Coelosphaerium (Colonies/l)
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DIURNAL VARIATION Fig 5 4
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DIURNAL VARIATION
C y c l o t e l l a  ( C e l l s / l )

Fig 5 5
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DIURNAL VARIATION Fig 56
Mallomonas (Cel ls / l )
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showed a regular pattern of daily variation with a single clear peak 

during each 24 hour period. Samples taken at surface and at discrete 25 

cm intervals show a surface chlorophyll peak at mid-day (0.4 y g /I) and a 

minimum (0.2 yg/1) at midnight. This is in agreement with Vijayaraghavan 

(1971) and Lorenzen (1963). However, from bucket and Van Dorn samj'les 

a maximum (0.35 yg/1) is reached between 0830 and 1030 on both days (no 

samples were taken at mid-day). Thus from both series of samples the 

highest recorded chlorophyll value came after the peak of the dominant 

phytoplankton. This is in accordance with the findings of Kramer ^  al. 

(1970) who found that the predominant organism reached its maximum abundance 

about 6 hours before the chlorophyll peak.

The clear diurnal variation of chlorophyll in the upper 50 cm of the 

water column was not evident in the underlying water. Integrated samples 

of the upper metre showed no clear periodicity whereas bucket samples 

showed a clear diurnal variation. This indicates that the bucket samples 

do not represent water below 50 cm, while the Van Dorn samples represent a 

mixture of top metre of the water column. The greatest abundance of 

chlorophyll _a was generally found in the surface samples with a maximum of 

0.38 yg/1 on both days. At 25 cm depth the chlorophyll reading did not 

exceed 0.35 yg/1. Samples taken from surface by bucket showed a maximum 

of 0.35 yg/1 on botli days whereas the top 1 m column sample (Van Dorn) did 

not exceed 0.33 yg/1. At 2 m depth chlorophyll shoed little distinct 

pattern of variation, fluctuating between 0.389 to 0.115 yg/1. At 10 m 

and 15 m depth chloronhyll values generally diminished falling to 0.060 

yg/1 at 15 m. The range of chlorophyll at 10 m depth was from 0.13 to 

O.34 y g/1.

Apart from Tabellaria fenestrata the other diatoms represented in 

figures are Cyclotella and Fragilaria. C. corata (Fig. 55) exhibited a 

large peak on the first day of the investigation between 0230 and 0430 

hours and attained its maximum density below the surface. At 25 cm, 75 cm 

and loo cm a maximum density of 11753 cells/l was observed while at the 

surface numbers never exceeded 3435 cells/l. The pulse of Cyclotella
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which occurred at the time was found in surface (bucket) , 1 n and 2 m

depth samples at 0330 with a maximum of 5500 cells/l. A peak at 10 m

and 15 ra became apparent ])y 0830 hours. Following the pulse, numl^ers fell 

rapidly throughout the water column and generally fluctuated till the com

pletion of sampling. However at 2 n depth a clear pulse (9313 cells/l) 

occurred on the second day at 1030 followed by a peak of the same magnitude

at 100 cm depth four hours later.

Fragilaria crotonensis (TaJoles 26, 27 and Fig. 54) generally dis

played its greatest abundance at the surface both from bottle samples and 

bucket samples. No diurnal periodicity was evident although on the first 

day a distinct pulse was observed at the surface around mid-day. From 

the samples taken at discrete depths a nuise of 5018 colonies/l was re

corded at the surface at 1230 hours although no change was detected in the 

underlying 100 era. The other series of samples showed a pulse of 2165 

colonies/l at 2 ra depth at 0330 followed by a peak at 2000 colonies/l at 

1 m depth at 0830 with highest numbers 3435 colonies/l at the surface at 

1030. At a depth of 10 m the numJiers of colonies were considerably 

reduced whereas at 15 m depth Fragilaria was only recorded on a few 

occasions. No clear pattern was evident on the second day.

The colonial bluc-green algae, Coelosphaerium (Fig. 53, Tables 26 and 

27) showed an irregular distribution throughout the upper metres of the 

water column reaching a maximum of 2000 colonies/l at most levels. Two 

clear pulses were evident at the surface, fran bottle samples, reaching 

peaks at 1030 on the first day and 1630 on the second day. From the 

second series of samples a pulse was evident at 2 m depth at 0130, at 1 m 

depth at L230 and finally at the surface at 1030 on the first day. On day 

two a pulse of 1065 colonies/l were recorded at 10 m, 2 m  and 1 m depth at 

1030, 1830 and 1930 hours respectively (no rise occurred at the surface). 

There was a general reduction in colony numJjers at lO m depth and very few 

at 15 ra deptli were recorded on the second day.

Ceratium hirundinella (Fig. 52 and Tables 28 and 29) was generally 

confined tr the upper part of the water column, rarely found at 10 or 15 m
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depth. Within the upper metre the maximum abundance was recorded at 25 cm. 

Here a pulse of 11753 cells/l was recorded at 1030 on the first day of 

sampling at 50, 75 and 100 cm depth; tlie magnitude of the pulse decreased 

to 5533, 3128 and 2610 cells/l respectively. Although no peak was 

observed at 00 cm the surface bucket samples showed a large pulse (9313 

cells/l); thus the bucket sample does not truly represent the surface water 

only. The Ceratium increase was reflected in the integrated 1 m sample 

(5018) and at 2 m deoth (2165), For the rest of sampling period Ceratium 

showed erratic variation with fairly low numbers.

Mallomonas (Fig, 56, Tallies 28, 29) like Ceratium, reached its max

imum numbers below the surface on the first day of sampling although the 

distribution was generally erratic. At 2 5 cm depth a pulse reaching 

11753 cells/l occurred at 1030 on the 18th while maximum at 00cm 

(9313 cells/l) occurred 4 hours later. The highest number of Mallomonas 

from surface bucket samples (9313 cells/l) was recorded at 0230 hours on 

18 July. Fairly high densities were found at 10 m and 15 depth at 1130 

on the first day where respective values of 3128 and 1753 cells/l were 

recorded, both higher than the number of Mallomonas at surface water.

The following points may be inferred from the continuous sampling 

study

(1) There is considerable variation in the number of phytoplankton 

and chlorophyll _a values at 25 cm intervals in the upper one 

metre of the water column.

(2) Large variations in phytoplankton numbers and chlorophyll values 

can be expected within a time period of 2 hours at the top one 

metre column of the water.

(3) Large variations in phytoplankton numbers, chlorophyll _a 

values and key chemical parameters (phosphate, silicate, 

nitrate and nitrite) can be found at one hour intervals 

at the same station.

(4) The variation in dissolved oxygen levels in the water column 

is greater at night than during the day.
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(5) The maximum abundance of chlorophyll (on both days) was 

found between 1000 and 1400 hours.

(6) The decrease of nitrate coincided with the increase in 

phytoplankton numbers whereas the decrease of silicate 

came after the period of increase.

(7) The therniocline moved uov;ards during the day and downwards 

at night.

(8) The hypolimnion and thermocline act as a source of 

nutrient to the eniliranion in Loch Lomond.

(9) Oxygen saturation never fell below 80% throughout the 

water column with the minimum value usually being found 

in the metalimnion.

(10) The multiplication of fenestrata took place at night.

(11) The greatest abundance of Fragilaria was at the surface,

(12) Bucket samples did not represent only surface water.

(13) TWenty-four hours sampling does not give a true feature

of diurnal variation neither for phytoolankton, chlorophyll 

nor chemical parameters,, a longer period is necessary.



CHAPTER 5
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DISCUSSION
The five fresh water lochs investigated in this survey can be class

ified according to their circulation tyne as "Halomictic" (Peschalski,

1964) since they possess one, two or more than two periods of circulation 

during the year. Hutchinson (1957) concluded from the early studies on 

seme Scottish fresh water lochs (Loch Lomond amongst them) by Jardine (1812) 

Buchan (1871, Buchannan (1887) that most are warm monoraictic in nature.

Slack (1957) clearly showed the presence of one circulation period in all 

three regions of Loch Lomond but did not classify them according to cir

culation type. However Hunter (1970) described Loch Lomond as a typical 

warm monomictic lake, although in severe winters it may become diraictic.

The results of the present investigation clearly demonstrate that the 

North and Middle regions cf Loch Lomond (Tarbet and Luss basins) are of a 

warm monomictic type. Botli regions have a single circulation period and 

are clearly stratified for more than half the year (May to October at 

Middle and April to December at the North station). For the remainder of 

the year the water mass is completely mixed. According to Welch (1952) 

and Hutchinson (1957) such bodies of water can be classified as tropic 

lakes of the second order since they have a single circulation period in 

the winter with a water temperature always remaining oĴ ove 4°C.

At the North Station, in the Tarbet basin, the thermocline was init

iated at 5 m depth in late spring and early summer whereas by.the beginning 

of December it could just be detected at 75 m. The epiliranion temperature 

ranged from about 7^C at the commencement of stratification to about 16°C 

at the end of July. The variation in the hypolimnion temperature was 

extremely small, being only l.d'̂ C. These data are closely in accordance 

with the views of Slack (1957) and Hunter (1970), At the Middle Station

in the Luss basin where the water is much shallower (50 m) and the loch 

is wider the water remains completely mixed for a longer period. Stable 

layering of the water continued from May to October with an epilimnion 

temperature ranging from 7,8 to 18.5^C. During this period the metalimnion 

was initiated at 10-15 m for much of the summer extending to a maximum depth
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of 22 m in October. Both the annual range of temperature at the surface 

(13.5^C) and in the hypolimnion (6.5^C) were greater than at the North 

Station (as indicated by Slack (1957)) but there is still one period of 

circulation.

At the South Station in the fault basin the water temperature fell 

below 4°C only in February 1972 when 3.8°C was recorded at the bottom 

(20 m). However a reverse thermocline was not recorded although this can 

happen in a severe winter, e.g. as in 1963 when the loch surface became 

frozen over with, presumably, the formation of a reverse thermal gradient. 

This region can therefore be classified as generally warm monomictic with 

the possibility of becoming dimictic in severe weather. This is in 

agreement with Hunter (1970). The circulation period at this station 

from September to May was longer than the other two main stations and the 

annual range of temperature (14°c) was greater. The maximum surface 

(18.5^C) and bottom (14°C) temperatures were only exceeded by those at the 
South Balmaha station.

The distinctive thermal characters of the three regions could be 

explained by topography cf tlie surrounding areas, morphology of the basin 

and the ratio of the surface area to volume. The lov/er loch has the 

largest surface area to volume ratio and consequently receives more radiant 

energy than the upper loch which has a small surface area and large volume. 

The greater wind exposure of the shallow southern part of Loch Lomond 

allows mixing at almost any time of the year. This was particularly 

evident in May 1973 when stable layering was a transient phenomenon, being 

replaced by isothermal conditions later in the same month. The rapid 

response of water temperature to environmental changes at the South Station 

can be contrasted with the North Station where the greater depth and 

volume of water results in a smaller annual temperature range.

The oxygen distribution in the water column in Loch Lomond with 

concentration never falling to low levels is typical of oligotrophic areas 

according to Hunter (1970). In the present survey the lowest recorded 

value was 72% although Slack (1957) recorded a mifiiraum percentage saturation



of 62%. Both values were obtained in the hypolimnion of North Station 

(Tarbet basin).

At the Middle and South Stations the persistence of high oxygen levels 

throughout the year is a consequence of the long period of circulation and 

the relatively short period of stratification combined with greater 

exposure to the wind. The alasence of stagnation at the North Station 

which is stratified for about three quarters of the year is attributed by 

Slack (1957) to the very large volume of hypolimnion making any significant 

degree of deoxygenation difficult. McColl (1972) gave a similar explanation 

for the lack of deoxygenation in the deep lakes in New Zealand. In additi

on the factor responsible for clinograde oxygen distribution (e.g. decom

position of organic matter) operates at a lower rate at the low temperature 

found in the hypolimnion in the upner loch. Animal respiration is also 

of less importance here since the number of animals per square metre of 

mud surface is less than that in the South Station (Weerekoon, 1956).

The vertical distribution of oxygen at all regions of Loch Lomond 

tends to be generally clinograde during the summer and orthograde in 

winter. During stratification a marked oxygen minimum was often observed 

in the metalimnion producing a negative heterogradc (Hutchinson, 1957) 

distribution although positive heterograde curves have also been recorded 

on occasions.

Lake of Menteith was completely isothermal for most of the year. The 

range of temperature in this body of water was from 3.2°c  to 20°C.

Although it v/as not possible to take oxygen-temperature profiles at the 

deepest point in the lake. Data for 1969 and 1970(supplied by Mr B,

Morrison - private communication) from the deepest region show that the lake 

may be classified according to Hutchinson (1957) as warm monomictic. The 

frequent freezing of this shallow lake indicates that dimictic circulation 

could be expected, altliough ice cover was not evident during the present 

survey.

The vertical distribution of oxygen was generally clinograde with 

the oxygen minimum at the bottom . Here the lowest recorded oxygen content



was 77% in May 1973 coinciding with the end of the soring outburst of 

Melosira whereas a maximum of 124% saturation was found at the surface in 

January. Oxygen super saturation of the surface water coincided with a 

bloom of Coelosbhaeriun, accompanied by Anabaena. The clingrade curve 

is a consequence of the decomposition of large quantities of phytoplankton 

(Hutchinson 1957) on the lake floor; however, the oxygen deficit would 

have been greater had it not been for the continual wind circulation of 

the water mass.

Loch Rusky is situated at higher altitude than Lake of Menteith and 

very often freezes over during the winter (Dr. Weir - private communication) 

However in 1973 the temperature of the water did not fall below 2°c and 

ice cover was not observed. The period of stratification lasted from 

July to October and the surface temperature ranged from 2-19°C making 

Loch Rusky monomictic.

Oxygen showed a significant clinograde distribution for most of the 

year in Loch Rusky with greatest percentage saturation at the surface 

between November and January, During the period of steepest gradient 

(110%at the surface to 70% at the bottom) was found on 24 January, 1973.

A negative heterograde distribution was found in July, when saturation in 

the metalimnion fell to 78% while 88% and 84% were recorded at surface and 

bottom respectively.

Loch Achray and Loch Ard are typical warm monomictic lakes, both being 

stratified from May till November. The surface temperature range in Loch 

Achray was from 4 to 18.7^C and in Loch Ard from 4.4 to 18,6°C. Both lochs 

were sampled in a water depth of 20 m, of which the hypolimnion constituted 

almost half (or slightly more in Loch Achray). The temperature range in 

the hypolimnion was very similar in both bodies of water. The distribut

ion of oxygen was mainly clinograde although an orthograde distribution 

was found during the winter. The lowest recorded value of oxygen satur

ation in any of the five lochs (68%) was found in Loch Ard while the 

minimum in Loch Achray was 76%. A negative heterograde distribution 

of oxygen was found on a single • occasion in Loch Ard with the oxygen min-



imum at the bottom of metalimnion.

A clinograde distribution of oxygen in the water column coincides 

with the end of idiy top lank ton ĵ ealcs in all five lochs and the concomitant 

increase in the biological oxidation of dead organic matter (in the lower 

cart of the water column) and result in reduction in oxygen content of the 

water (Hutchinson, 1957). A positive heterograde distribution of oxygen 

with maximum in the metalimnion resulted from the ohotosynthetic activity 

of ohyto'^lankton retarded in their descent by water of increased density. 

This stable layer would not be able to lose oxygen by turbulence. A 

negative heterograde distribution of oxygen with a minimum in the metal

imnion results from the decay of accumulated organic oarticles sinking 

from the epilimnion into the less turbulent thermocline.

The South Station of Loch Lomond and Lake of Menteith could also be 

defined as nolymictic according to the classification of Paschalski (1969); 

this applies to lakes in which the water mass may be mixed several times in 

one summer, with only short periods of stratification.

The pattern of seasonal nutrient variation in Loch Lomond and the 

other four lochs with the maximum abundance of phosphate, nitrate and 

silicate occurring in the winter and the lowest concentration in the summer 

is in accordance with the general pattern described for many bodies of 

water (e.g. Heron, 1961; Duthic, 1965; Stewart, 1974). In Loch Lomond 

nitrate and silicate were always present and never fell to undetectalole 

levels even during the summer periods. The lowest recorded surface nitrate 

value was 4.1 Pg at, d/1 at the North Falloch station while silicate reach

ed its lowest concentration at the South Station where 2.2 Ug at. Si/1 

was recorded. Dissolved phosphate only rose above 0.2 Ig at, P/1 at the 

South Balnaha Station fal-ing to trace levels throughout the loch during 

the summer. The hiahest winter levels nitrate (23.1 y g at. N/1) were 

found at South Balmaha while at the northern end of the loch the maximum 
of only 1^.2 was recorded. Silicate, at its winter peak range from 

25,3 y g at, Si/1 at the southern end of the loch to 16 y g at. Si/1 through

out the upper loch. Ni:rite was generally lev/ only varying between o .qi
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and 0.12 ug at. N/1.

The earliest maximum was that of nitrate which reached its peak con

centration between January and February at all stations closely followed 

by phosphate and silicate which attained maxima between February and rlarch.

The vertical distribution of nutrients in the upner 10 m was generally in 

accordance with that at the surface except that the minimum was generally 

greater at depth.

The seasonal distribution of nutrients in lake water can be ascribed 

to many different factors both internal and external to the body of water. 

Within the loch itself the winter rise in all nutrients is associated with 

the annual mixing cycle (Hutchinson 1957). The contribution made to nutrient 

supply by the hypolimnion became evident in Loch Lomond during the continuous 

48 hours samplina programme. Nevertheless nutrient release to the over- 

lying water from the sediment is negligible because of the high oxygen 

saturation t’ortimer 1971). The phosphate distribution in natural waters 

is determined by behaviour of other substances (Reid 1961) such as iron 

which has been shown to occur in the sediment of Loch Lomond (Slack 1957). 

Nitrate results from the nrocess of nitrification (Martin and Goff, 1972). 

External sources of supply are also of considerable importance both from 

natural and artificial sources. Each year large quantities of dissolved 

inorganic nitrogen compounds are supplied in the rainfall (Allen al.

1968) whereas the most important natural source of silicate and phosohate 

is from tlie erosion of rock mineral (Golterman 1973). In Loch Lomond 

the winter maximum of silicate is closely related to the rise in the sil

icate content of the inflowing streams. Natural terrestrial ecosystems 

also supply nutrients which reach the loch via the run off water (Allen et 

al. f 1968,* Martin and Goff? 1972; Golterman, 1973) while tlie input of 

nitrogen and phosphorus compounds from agriculture and urbanisation is of 

increasing importance in many areas (Stewart, 1968). The summer depletion 

of dissolved nutrients is a function of assimilation by ohytoplankton and 

bacteria (Stewart, 1974). Consequently the lower loch which generally 

has a higher standing crop of phytoplankton shows a greater summer nutrient
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depletion than do stations in the upner loch.

Thin ecneral pattern of events has been described for many bodies of . 

water and is generally applicable to Loch Lomond althouah a few peculiar 

features need further attention and explanation. rirstly, in 1972 a rise 

in the levels of nitrate, phosphate and silicate took place throughout the 

loch in late spring while in 1073 a sinilar increase occurred slightly 

earlier. In both years the increase coincided with an unusual pattern of 

rainfall. In 1972 foril, May and June were unusually wet and had a greater 

total amount of rainfall than January, ■̂■’cbruarv and '’arch. ' In 1973 April,

May and June became increasinrly 'vet. The nutrient data for the inflows in 

1973 show high nutrient content in the first half of March and again towards 

the end of April, The increase in phosphate and silicate in the lower loch 

tovyards the end of April coincided with the high content of these nutrients in 

most of tlie inflows. Another factor in the vernal rise in nutrient is 

the decline and decomposition of the early spring ohytoplankton outburst with 

subscauent release of nutrient to the water (Heron 1961 and Macan 1970) and 

their subsecuent distribution throughout the circulated water mass.

Secondly, in September 1972 phosphate showed a sudden and striking 

increase raniclly rising frc.m cilmost undetectable levels to more than 0.1 

yg at. P/1 at all stations. The areatost abundance of this nutrient was 

detected at both extremities of the loch, with South Balmaha reaching 0.29 

and North Falloch risin^ to 0.22 yg at. P/1, It is unlikely that this 

increase had an internal orioin for several reasons. First, the strono 

stratification at the North and "'-iddle Stations at this time would prevent ; 

the recirculation of such laroe quantities of nutrient (Hutchinson 1957). 

Second, the oxygen content of the water column (more than 2 mg/1) is suff

icient to prevent any release of phosphate from the sediment (Mortimer, 1971), 

Third, if phosphate originated biologically a simultaneous rise in other 

nutrients might be exuected (Stumm 1973). However, this was not apparent. 

Unless wo ascribe the increase to unknown sources within the loch, it is 

more likel” that the source is from outside the loch. This will )3e either
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directly from rainfall (Kramer 1973) or from the inflows to the loch.

It is unlikely that the source was from rainfall since September was the 

driest month during the two years of the survey. However, water analysis 

of all major inflows shows high levels of phosphate during August and the 

first half of September, The Endrick, Fruin and Falloch all attain their 

highest annual levels of Phosphate during this period, while Finlas, Luss, 

Douglas and most other inflows showed increases. This is evidently the 

cause of the increased levels of phosphate observed in the loch at this 

period.

In the Endrick and Fruin which flow through fertile arable land the 

increase of phosphate was accompanied by high nitrate levels. However, 

in the Falloch, Finlas and Douglas the phosphate rise was accompanied by 

an increase in silicate indicating (according to Golterman 1973) a 

geological origin of these nutrients. An additional source of phosphate 

in the upper loch is from run-off water from peat which unay contain more 

than 1 mg/1 phosphate (Golterman 1973).

The seasonal variation of nitrite in Loch Lomond was variable with 

maximum at all stations in August; this coincided with the nitrate minimum. 

Reid (1961) showed the similar situation and stated that the reason for 

this was unknown. However in Loch Lomond the nitrite maximum was clearly 

influenced by the high nitrite content of the rivers and burns during the 

summer.

The annual range of pH in Loch Lomond is small in all regions. This is 

in accordance with the small range exhibited by most large lakes (Welch 

1958). The minimum pH values were found in all cases in winter and 
could be related to the high rainfall which effectively reduces the pH 

(Welch 1952). There is also a relationship with overturn period (Welch 

1952) which leads to a reduction in pH. The increase in pH observed 

throughout the loch in summer could, to a certain extent, be related to 

the phytoplankton (Prescott 1969), However the influence of the inflows 

is also a major factor particularly in determining the high pH values in
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the lower loch and the lower overall values in the upper loch.

Alkalinity likewise, showed a small annual range generally being high 

in spring and summer and low in winter. According to Lund (1965) the pH 

reflects either high, concentration of bicarbonate or caronate (alkalinity) 

or low alkalinity, which indicates that there is little carbon dioxide 

in solution. The influence of the inflows in determining^fin the upper and 

lower loch is clear. The higher alkalinity in the lower loch is a conse- • 

quence of the main inflows, especially the Endrick which has a range of 

alkalinity from 41.1 to 96.5 mg/1 CaCO^. In the north the River Falloch 

has a generally low range of alkalinity, never exceeding 11 mg/1 CaCO^.

Nutrient variation in Loch Lomond can be contrasted with that in other 

bodies of water in Britain. In Lake Windermere a productive lake, Macan 

(1970) showed from a data of Heron (1961) that although phosphate was some 

times comnletely exhausted in surface waters nitrate did not fall below 

1 yg at. M/1; this is similar to the situation in Loch Lomond. However, 

silicate fell to undetectable levels in Windermere in summer, a situation 

never encountered in Loch Lomond. The range of pH values in Lake Winder- 

mere (6.8 - 7.5) approximates to that of the South Station of Loch Lomond 

whereas the range of alkalinity (6 - 7.5 mg CaCO^/1) is smaller.

Llyn Ogwen (Duthie 1965), a small oligotrophic lake, showed a wider 

range of silicate variation compared with Loch Lomond with a peak value of 

36 yg at. Si/1 and a minimum of less than 1 yg at. Si/1. Phosphate was 

generally very low whereas nitrate never reached the highest value found 

in Loch Lomond and never fell below the minimum value. The pH of Llyn 

Ogwen (around 6) was lower than any region of Loch Lomond, as was the 

alkalinity which never exceeded 3.5 mg CaCO^/1.

In Lough Neigh, an area which has become eutrophic (Wood and Gibson, 

1973) both nitrate and phosphate reached much higher values than the 

recorded maximum for Loch Lomond. Nitrate ranged from 6 4 - 3  yg at. N/1 

while phosphate had a peak of 2 yg at. P/1 falling to undetectable levels 

in summer. In a highly eutrophic area in Scotland such as Loch Leven
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(Bailey-Natts and Lund, 1973) very high nutrient levels were recorded with ’ 

nitrate reaching 32 y g  at, N/1, silicate reaching 350 yg at. Si/1, while 

phosphate only reached 0.5 yg at. P/1 during three months of study (August, 

September and October). Both silicate and phosphate were reduced to very 

low levels. pH in Loch Leven always exceeded 7 and reached a maximum of 

around 10 (I.B.P. Project report 1970-71).

Of the other four lochs studied it is possible to compare the nutrient 

status of Lake of Menteith and Loch Rusky (both lowland lochs) with the 

South and South Balmaha Stations of Loch Lomond and that of Loch Achray 

and Loch Ard with North of Loch Lomond.

In Lake of Menteith phosphate and silicate values showed a larger 

range than in South Station, Loch Lomond. Phosphate content varied from 

0.27 to 0.03 yg at. P/1 while silicate attained its maximum of 85/kg at. Si/1 

in the winter, falling to a transient minimum (0.5 yg at, Si/1) below the 

corresponding minimum for Loch Lomond. Nitrate only reached 15 yg at. N/1 

compared with 25.3 yg at. N/1 in Loch Lomond and fell to considerably lower 

levels (0.78 y g at, N/1), The phosphate minimum in Lake of Menteith was 

very short-lived while the values generally exceeded 0.2 yg at, P/1 for 

at least half the year (August - February). Generally Lake of Menteith 

was characterized by higher phosphate and silicate levels than Loch Lomond 

was in nitrate content.

The phosphate and silicate peaks of Lake of Menteith at the end of 

February occurred simultaneously and were of a similar magnitude to the 

levels of these nutrients in the main inflows. The nitrate content of the 

inflowing ’-rater however only reached half the maximum recorded for the 

lake itself. Generally changes in the nutrient status of the inflowing 

burn were rapidly reflected in nutrient changes in the lake. However the 

increased silicate content of the inflow in June occurred at the same time 

as values in the loch reached a minimum. This can be ascribed to the rapid 

utilization of the supply of silicate by large crops of diatoms present at 

the time (Cheng and Tyler, 1973).
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The seasonal nattern of nitrite in Lake of Menteith is quite 

different from the seasonal distribution in Loch Lomond. In Lake of 

Menteith nitrite reaches its highest value during the winter and closely 

followed the nitrate variation. This appears to be a consequence of the 

rise in nitrite in the burn.

The pH range of Lake of Menteith corresponds to the range of the 

most southerly station of Loch Lomond and followed the similar seasonal 

T>attern. The pH of the main Inflow showed a similar range {7,2 - 7.9).

The alkalinity on the other hand was higher than Loch Lomond. Again the 

inflowing water with high alkalinity (10 -18 mg CaCO^/1) has a considerable 

effect on the alkalinity of the Lake itself.

In Loch Rusky the silicate maximum (93 ug at. Si/1) is higher than

that recorded for any of the other four lochs studied. It is only

slightly higher than the maximum in Lake of Menteith, Nitrate never 

fell to undetectable levels but remained below 3 yg at. N/1 from August 

to September. As in Lake of Menteith and in contrast to Loch Lomond the 

decline of silicate and nitrate v;as continuous; however the phosphate 

levels remained high with an irregular seasonal distribution. The 

increase of phosphate in July and sudden peak in August (at surface only) 

which exceeded the winter maximum, resulted from the periodic artificial 

enrichment of the loch (Dr. Weir, private communication). The only 

nutrient which fell to almost undetectable levels in Loch Rusky was silicate 

at the end of May.

The second variation of pH in Loch Rusky was small as found in other

lochs although low levels in winter and higher levels in summer and spring

were evident. This could bo related to the rainfall and phytoplankton.

The range of alkalinity was the highest of any of the five lochs studied 

and was clearly influenced by artificial addition of lime to the burn, which 

was reflected in the periodic increase in the alkalinity in the inflow 

examined),

Loch Achray and Loch Ard show a generally similar seasonal pattern of
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nutrient variation to the North Station of Loch Lomond. The highest 

concentration of phosphate and silicate were found in Loch Achray while 

nitrate reaches its highest levels in Loch Ard, All three bodies of water 

were characterized by nitrate level never falling below 4.0 yg at. N/1 

even at the summer minimum. The highest recorded phosphate value in Loch 

Achray (0,25 yg at. P/1) was more than twice the maximum of the other two 

lochs, and silicate concentration reached 34,4 y g at, Si/1 which was much 

greater than Loch Ard or North Loch Lomond.

In Loch Achray, apart from the period of May to August when nutrients 

were clearly affected by phytoplankton, the general pattern of nutrient 

variation was extremely irregular and must have been influenced by other 

factors. The sudden pulses of phosphate in February and the beginning of 

May could possibly be related to the excretion activity of zooplankton 

(Lund 1965 snd Rigler 1961) which was clearly present (in net samples) in 

very high numbers in this loch. The lack of co-ordination between 

phosphate and nitrate changes may l)e a consequence of excretion of nitrogen 

in forms other than nitrate (Martin and Goff, 1972). Nitrogen containing 

compounds may also be released to the environment by fungi and bacteria 

(Martin and Goff, 1972). Another important factor influencing the pec

uliar nutrient variation may be the presence of Macrophytes in large 

numbers in the wide littoral zone of Loch Achray and the flooding of the 

loch over nearby land during February. De-nitrification may remove up to 

11% of the total nitrogen input to the loch (Brezonik and Lee, 1968). A 

further factor affecting the nutrient variation may be the rapid rate of 

water flow through Loch Achray (Brook 1956) which was probably greater than 

the other four lochs studied. There was no close relationship between 

the phosphate and silicate content of the main inflow and the concentration 

of these nutrients in the loch. Thus the peculiar seasonal distribution 

of nutrient in Loch Achray needs to be the subject of a further detailed 
study.

The seasonal pattern of nutrient distribution in Loch Ard followed the



227 .

general pattern being high in winter and low in summer. The rise in 

nutrients at the beginning of winter coincided with the complete mixing 

of the water column and the increase in rainfall. In Loch Ard there was 

no close relationship between the nitrate and silicate content of the 

inflows and that of the loch while phosphate showed a close parallel 

between the increase in the burns and that In the loch.

Seasonal patterns of nitrite variation showed higher values in 

winter. This is in agreement with Hutchinson (1957) who, however, found 

no explanation for this rise. In contrast the rise in nitrite occurred 

during the summer in Loch Lomond with lower concentrations than Loch 

Achray (0.09 yg at. lT/1) and Loch Ard (0.14 y g at. N/1). The pH values 

in both Loch Achray and Loch Ard were lower than those found in the upper 

part of Loch Lomond, Neither reached neutrality and Loch Achray fell 

to slightly lower values (6.1) than Loch Ard (6.3). The low pll values ; 

were a direct consequence of the low pH of the i n f l o w i n ^  water. Generally 

both lochs showed the same pattern found in North Station of Loch Lomond 

being low in winter and high in summer.

The values of alkalinity were low in both lochs with levels being 

generally less than North Loch Lomond. The influence of the main inflows 

was clear in both cases although occasionally high values of alkalinity 

were found in the inflows to Loch Ard.

The seasonal succession of phytoplankton in Loch Lomond exhibited a 

classic pattern being dominated, by diatoms in spring followed by Dinobryon 

in June in addition to Pinoflagellates, Chlorophyta and Blue-green algae in 

summer and finally being dominated by diatoms again in the autumn. This 

pattern of seasonal distribution of phytoplankton has been found in many 

lakes in the north temperate zone , among them Windermere (Macan 1970) and 

Gull Lake (Moss 1972),

Within the bounds of the general picture the seasonal succession of 

the individual species of phytoplankton may differ from one body of water 

to anothei? or even at different locations in the same body of water. In
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Loch Lomond Asterionella formosa displayed two annual pulses in spring and 

autumn 1972 and in spring and summer 1973. The first apoearance of this 

species in the spring (1972) occurred at the North Station simultaneously 

with Melosira and preceding T̂, fenestrata and Fragilaria. This pattern 

of succession for A. formosa has been described in Windermere (Lund 1949;

Heron 1961; Macan 1970) and in many other areas (Hutchinson 1967), This 

succession of species, as has been explained (-lacan 1970) is due to the more 

rapid rate of division of .Asterionella compared with Tabellaria and the 

larger initial cell population of Asterionella than Fragilaria. Thus under 

the favourable conditions in spring it will be expected that formosa 

would reach a peak before the other two species. Due to the spring peak 

of Asterionella and Melosira, the concentrations of silicate and phosphate 

were reduced. This coincided with the increase of T. fenestrata and 

Fragilaria which have been shown to have lower reauireraent for these nutrients 

(Macan 1970). The disappearance of Asterionella coincided with the establi

shment of stratification and the consequent sinking of cells beneath the 

limit of the photic zone. The absence of turbulence within the water column 

would prevent re-circulation of Asterionella (Reynolds 1973).

At the South and Middle Stations (Spring 1972) formosa reached

a peak later than at the north station and followed the pulses of T. fene

strata and Fragilaria. This is in disagreement with Lund (1949) who stated 

that Asterionella is almost always the winner in what must be a race for 

the available nutrient. This peculiar succession was also observed in 

Esthwaite Wate;: in 1949 (Macan 1970). The only explanation is that the 

circumstances were unfavourable for the growth of Asterionella as suggested 

for Esthwaite Water.

The formation of a second pulse of A. formosa at the South Station 

occurred concurrently with the period of overturn at the end of September.

This pulse reached greater magnitude than the spring peak, but disappeared 

rapidly during October when silicate concentration fell below 9 y g  at. Si/1 

(0.5 mg/1). At the North Station the second pulse occurred from Julv to
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August rapidly diminished at the beginning of September when silicate 

fell below 9 ya at. Si/1, It has been shown that below this concentration 

(0.5 mg/1 silicate become limiting fpr the growth of Asterionella formosa 

(Lund 1949/ Lund 1965, Fogg 1965).

In 1973 the spring peak of Asterionella was earliest at the South 

Station (March - April) and came before fenestrata and Fragilaria.

At the Middle Station the pulse continued from March to the end of June, 

possibly because of continuing turbulence maintaining it in the euohotic 

zone. At the North Station a single pulse of Asterionella appeared during 

April and Mny witli no evidence of second peak till September. This may 

be the result of the deeper and stronger thermal discontinuity at this 

station with turbulence being insufficient to bring cells up from the 

thermocline.

2" fenestrata produced two clear pulses in 1972 at South Loch Lomond, 

one in May to June and one in autumn. It continued to increase in Sep

tember even when silicate fell below 9 pg at. Si/1 and was not reduced 

till December when declining light and temperature made conditions unfav

ourable for further growth (Hutchinson 1967). In 1973 a single relatively 

large peak of Tabellaria occurred in July at all stations following the 

second pulse of Asterionella. Annarently silicate level was the only 

factor limiting the further increase of Asterionella and although it has been 

suggested that 0.5 mg/1 is also limiting the further increase of Tabellaria 

(Hutchinson, 1957), This was found to be untrue in the present case 

when 2* fenestrata and Fragilaria continued to increase even when silicate 

fell to less than 0.2 mg SiO^/l (2.3 yg at. Si/1). This shows that Tabell

aria and Fragilaria have the ability to utilize silicate at much lower

levels in nature than has been previously proposed. This has been inaic- 

ated by Macan (1970) who stated that T. fenestrata and Fragilaria are aĴ le

to take up phosphate and silicate at much lower concentration than A.

formosa. Alkalinity in the loch never fell below 2.1 mg CaCO^/1, the 

critical level for growth of 2* fenestrata (Knudson 1954). The relatively 

large peak of T. fenestrata record ;d cit the North Station indicates that
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even in this part of the loch large pulses may occur if physical factors 

are favourable.

Fragilaria crotonensis formed two pulses at the South and Middle 

Stations in 1972, the first peak in May to June followed Melosira while 

the second occurred during September - November following Asterionella.

The ending of the lato spring pulse could be related to the establishment 

of stratification and absence of turbulence while the further growth of 

the autumn peak would have been prevented by adverse physical conditions.

In 197 3 a spring pulse at the South and Middle Stations was evident during 

March and a larger one during June and July. At the NOrth Station a single 

pulse was evident in July in both years. The occurrence of pulses of 

Fragilaria at most times of the year in Loch Lomond indicates that this 

species has a greater tolerance to light and temperature than suggested by 

Reynolds (1973).

Cyclotella comta and Ĉ* glomerate exhibited two annual peaks at the 

South Station in 1972 coinciding with Melosira in the spring and preced

ing tlie Asterionella, Tabellaria, Fragilaria pulses in spring and summer.

One pulse was formed during isothermal conditions and one when the loch was 

stratified. According to Hutchinson (1967) temperature alone cannot be 

used to determine the time of the maximum of the species of Cyclotella.

glomerata showed the same pattern in 1973 although C_. comta showed no . 

clear spring pulse. At the Middle Station only the autumn pulse of C_* 

comta and Ĉ . glomerata was evident (in 1972) while an increase was evident 

in August 1973. At the North Station a single pulse occurred in both 

years. The wide range of physical and chemical conditions under which 

Cyclotella was found in Loch Lomond indicate the wide tolerance of the 

two species to the various parameters studied,

Melosira italica subarctica showed the neculiar feature of possessing 

only a single clear pulse throughout Loch Lomond during early spring in 

both 1972 and 1973. Its increase coincided with high silicate levels 

(Kilham 1971) increasing daily solar radiation and isothermal conditions 

which are necessary for its growth according to Lund (1954). Melosira
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has a faster rate of increase (Macan 1970) than other phytoplankton and 

consequently formed the first pulse of the year during spring. The 

presence of autumn pulse of Melosira in many other areas (Lund 1954) and 

its absence in Loch Lomond was shown more than 50 years ago by West (1912). 

Lund (1954) in describing this peculiarity related it to the nature of the 

loch itself which he referred to as morphometric oligotrophy.

Isothermal water conditions are an essential factor for the re-sus

pension and growth of this meroplanktonic organism (Fogg 1965). At the 

North Station Melosira does not appear in any number till water circulation

takes nlace at the end of December, bringing up Melosira spores from the

basin. A similar situation occurred at the Middle Station in November 

but in both cases, light was evidently insufficient for any further increase 

to take place.

The presence of complete circulation of the water mass , sufficient 

turbulence and satisfactory physical conditions at the South and South 

Balmaha stations during September and the absence of Melosira is a puzzling 

feature. There are three possible explanations for this peculiarity:-

(1) The location of South and South Balmaha stations nearer to the 

outflow of Loch Lomond (R. Leven) increases the possibility of 

the loss of phytoplankton in the outflowing water. Any Melosira 

lost in this way would not be replaced from the Middle and North

Stations both of which are still strongly stratified.

(2) The largest accumulation of Melosira spores was found at the 

bottom of the Luss basin and not at the South basin (Slack 1965). 

This suggests that the source of Melosira in Loch Lomond is 

mainly from Luss basin. Here isothermal conditions did not 

oGcur in 1972 till the end of November when physical factors 

were not favourable (Lund 1954) for the grov/th of Melosira.

(3) The levels of silicate at the South and South Balmaha stations 

during September and October were less than 9 ye at. Si/1 which 

is insufficient to support the increase of this organism.
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0.8 rag/1 (13.36 Vg at. Si/1) has been shown to be limiting 

for the growth of Melosira italica subarctica (Hutchinson 1957)^ 

Dinobryon formed a single pulse at all stations in Loch Lomond in 

both years with largest number at the North Station. The peak was 

usually reached between July and August and generally coincided with lowest 

level of nhosphate as indicated by Provasoli (1969), Lund (1965), Hutchin

son (1957, 1967). At the North and Middle Stations phosphate was almost 

undetectable while at the South Station, where the smallest pulse was 

observed, this nutrient was comparatively high.

The single annual pulse of Mallomonas observed in both 1972 and 1973 

occurred during summer or autumn in agreement with the general pattern 

described by Osmund (1959) and Hutchinson (1967). The dinoflagellates, 

Ceratium and Peridinium, produced a single pulse at all stations between 

July and September in both years. Hutchinson (1967) indicated that these 

are warm water organisms and occur when the water temperature is between 

12 and 19*̂ C as was the case in Loch Lomond.

The occurrence of Botryococcus colonies in large numbers at the sur

face at all stations could be related to the presence of large amounts of 

lipid which may be up to 30 - 40% of dry wet (Fogg 1965). In both years 

a single pulse of Botrvococcus occurred between July and August as found in 

other areas (Hutchinson 1967). In 1973 the number of Botryococcus 

colonies per litre at the Middle Station was twice the South Station total 

whereas the nutrients were generally higher at tlie South Station. Rawson 

(1956), Hutchinson (1967) indicated that this organism is characteristic 

of oligotrophic areas.

Anafoaena circinales displayed a single pulse in summer 1972 and 1973 

with the maximum abundance at the South Station. This is the first recorded 

occurrence of Anabaena in Loch Lomond and may be an indication of the onset 

of eutriphication (Wood and Gibson, 1973). Tabellaria flocculosa on the 

other hand, a species which is typical of oligotrophic areas (Toiling, 1955; 

Rawson, 1956) was almost er.tirely confined to the North Station of Loch
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Lomond. Here it formed a single pulse between February and Apr.il in both 

years coinciding with high nutrient and cold weather (Macan 1970).

The nhytoplankton of the two lowland lochs, Lake, of Menteith and Loch 

Rusky F could be compared with the South and South Balmaha Stations of Loch 

Lomond. During the late autumn of 1972 Fragilaria, Asterionellaf and 

Melosira were found in Lake of Menteith while they were absent from Loch 

Lomond and Loch Rusky. A pulse of Melosira occurred in spring in all 

three lochs, with that of Loch Rusky being the greatest. Before the 

increase of Melosira the levels of silicate were much higher than in Loch 

I.onond, exceeding 80 yg at. Si/1 in both lochs. Consequently the magnitude 

of the successive peaks of Melosira, Asterionella and Fragilaria was much 

greater than that of Loch Lomond. In Lake of Menteith and Loch Rusky 

the disappearance of Melosira and Asterionella can be related to the red

uction in the concentration of silicate which reached limiting levels (Fogg

1965) in both cases. In Lake of Menteith at the beginning of June phos

phate was sufficient for the further increase of Asterionella being 

greater than 0.03 yg at. P/1 (Fogg 1973). Nitrate and Nitrite concen

tration at this time fell below what is considered to be a limiting level 

(less than 10 yg/1 (0.7 g at. N/1)(Lund 1965)). The ration of nitrogen 

(from nitrate and nitrite) to phosphorus, less than 5:1, also suggests the 

possibility of nitrate limitation (Lund, 1965; Kramer ^t al . , 1973), How

ever considerable increase in diatoms continued indicating the presence of 

a source of nitrogen other than nitrate and nitrite. This may have been a 

consequence of a fixation of nitrogen and its liberation as ammonia by 

Anabaena flos-aquae or A, circinales which were present in large quantities. 

During the latter half of July a decline of most diatoms was evident which 

may be related to the low levels of silicate and nitrate and the absence 

of blooms of Anabaena. On the other hand concentrations of nitrate and 

silicate at the South and South Balmaha Stations of Loch Lomond never fell 

to such low levels and the N/P ratio always exceeded 50:1.

A second pulse of Tabellaria coinciding with an increase in Fragilaria
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occurred in Loch Rusky during August when silicate levels were below 

9 yg at. Si/1. However as the nutrients increased during the autumn the 

second pulses of Asterionella, Melosira, Cyclotella, Tabellaria and 

Fragilaria were evident in Lake of Menteith. The absence of the first 

three diatoms in the autumn increase in Loch Rusky may be explained by 

the low silicate levels during this period (less than 9 yg at. Si/1).

Another factor may be that Loch Rusky was still stratified at this time, 

preventing the recirculation of diatoms into the surface waters. of the 

blue-green algae, Anabaena circinales formed a peak in spring in Lake of 

Menteith and in summer in Loch Lomond but was not observed in Loch Rusky.

2- flos-aque on the other hand was present in Loch Rusky and Lake of 

Menteith and absent in Loch Lomond. The occurrence of this species may be 

related to high pH and alkalinity (McCombie 1952) , conditions not present 

in Loch Lomond. Passive numbers of this organism, exceeding 16 million 

cells per litre, were found in Loch Rusky while in Lake of "^enteith two 

pulses occurred both reaching around one million cells per litre. The 

only other species of Anabaena observed, A. spiroides, which is believed 

to be nitrogen fixing (Lund 1965), was found in Lake of Menteith only.

This organism reached a maximum of more than 3 million cells/1,

Dinobryon, which formed a single annual pulse in Loch Lomond, was not 

recorded in Lake of Menteith or Loch Rusky while Microcystis formed a 

peak in Lake of Menteith only. Mallomonas and Peridinium were absent from 

Lake of Menteith while they produced pulses in summer or autumn in Loch 

Rusky and Loch Lomond.

The phytoplankton of the two highland lochs, Loch Achray and Loch Ard, 

are comparable with the North and Middle Stations of Loch Lomond. In Loch 

Ard the seasonal pattern of succession generally followed that of Loch 

Lomond. Throughout the period of circulation in Loch Ard (December to 

June), the numbers of Melosira were high, reaching maximum abundance in June, 

In Loch Achray numbers of diatoms remained extremely low throughout the 

winter and spring, with no increase beina apparent till May, A simultan-
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eous and rapid increase took place during this month involving Melosira, 

Asterionella, Tabellaria fenestrata, T. flocculosa and Cyclotella comta.

This peculiar pattern with no indication of diatom succession in soring, 

was not found in any other lochs studied. The delay in the formation 

of the vernal diatom outburst in Loch Achray when physical and chemical 

conditions, compared with other lochs, appeared, to be satisfactory, would 

seem to be related to the al:sence of some essential but unmeasured factor 

or factors.

In Loch Ard a summer or early autumn peak of Fragilaria was followed 

by Tabellaria while in Loch Achray only Cyclotella comta formed a clear 

peak in early autumn. C. comta however showed no clear peak during the 

sampling oeriod in Loch Ard. This could be contrasted with Loch Lomond, 

where most diatoms formed two clear annual peaks, including glomerata 

which was absent from Loch Ard and on].y observed on two occasions in Loch 

Achray, Fragilaria, on the other hand, produced clear pulses in Loch Ard 

and Loch Lomond but was found only twice in Loch Achray. The absence of 

a second peak of Melosira and Asterionella in Loch Ard could be ascribed to 

low silicate levels and the lack of turbulence during stratification. The 

same reasons may apply to Loch Achray. Of the other phytoplankton, 2* 

circinales was common in all three lochs during a short period in the 

summer. Larger numbers of Anabaena were recorded in Loch Ard and Loch 

Achray than in Loch Lomond. Ceratium and Peridinium were absent in 

Loch Achray but formed nuises in summer in Loch Ard and Loch Lomond. 

Coelosphaerium reached greater abundance in Loch Lomond and Loch Ard but 

was generally scarce in Loch Achray. Kephyrion, on the other hand, was 

only found in abundance in Loch Achray while it was only occasionally 

recorded from north of Loch Lomond and Loch Ard. All three bodies of 

water showed clear peaks of Dinobryon when phosohate concentration was low.

Brock (1964) stated that most oligotrophic lochs lie to ttie north of the 

Highland Boundary Fault and most eutrophic lochs in Scotland lie to the 

south. Loch Achray was among the lochs which were classified as oligo-
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trophic (Brock 1959). Using Nygaard's compound phytoplankton quotient 

•applied to net samples. Loch Lomond and Loch Ard gave quotients of 0.9 

and 1.2 respectively, making them both mesotroohic. However, Slack 

(1954, 1957, 1965) defined Loch Lomond as generally oligotrophic with the 

south being more productive than the north. From the nature of the 

catchment area Shafi and Maitland (1971) described the upper loch as oligo

trophic and the southern region as mesotroohic.

From the chlorophyll levels and total number of phytoplankton in Loch 

Lomond it is certainly true that the South Station of the loch is more 

productive than the Middle Station while the North Station has the lowest 

productivity. The highest recorded number of phytoplankton in spring at 

the Sputh Station exceeded 900,000 units/1 in 1972 and 400,000 units/1 in 

1973. J.t the Middle Station numbers did not exceed 250,000 units/1 while 

at the North Station the- maximum recorded number of phytoplankton was less 

than 150,000 units/1. This progressive reduction from South to North was 

repeated in the autumn but with relatively smaller numbers of phytoplankton. 

Peak chlorophyll ^  values at the South Station exceeded 0,35 pg/1, the 

Middle Station never exceeded 0.96 yg/1, while the North Station lay below

0.25 yg/1.

From the study of individual species as trophic indicators, it is 

evident that Tabellaria flocculosa, a species which is found to be charac

teristic of oligotrophic areas (Telling 1955, Rawson 1956) was almost 

entirely restricted to the North Station. Dinobryon divergens, another 

oligotrophic species (Provasoli 1969) was found in greater abundance in 

the upper loch. On the other hand Anabaena, which reaches ten-fold higher 

numbers at the South Station than the North, is regarded by Prescott (1969) 

as being typical of eutrophic areas.

From the nutrient study of the loch it was clear that the winter 

maximum was less than that of the Middle and North Station. This is also 

another Indicator for the South being more productive (richer in nutrient) 

than Nort& (poor in nutrient) (iïutchinson 1967; Hunter 1970). The water
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chemistry of the catchment area shov7s that the river and burns supply a 

greater load of nutrients to the South than those inflows which drain poor 

peaty areas to the north. The Endrick for exan:ple which flows into the 

south contains an average of 40 times as much phosphate, 15 times as much 

nitrate and 4 times as much silicate as the River Falloch which flows into 

the north. The Endrick and Fruin, which drain rich agricultural land, 

clearly have an effect on the enrichment of the lower loch which may be 

the cause of the recent appearance of Anabaena in this area.

The shape of the basin which has been used by Odum (1953), Prescott 

(1969) and Hunter (1970) as a guide to the trophic state, is a typical 
eutrophic saucer shape in the south and a deep v-shaped valley (oligotrophia) 

type in the north. The oligotrophic character of the north is also 

indicated by the short (or absent) littoral zone while the large shallow 

areas in the south are eutrophic in character (Welch 1952). In all three 

basins of Loch Lomond oxygen saturation never fell to low values even at 

the bottom; Ruttner (1952) suggests that this is a feature of an oligo

trophic lake.

Another indication of the oligotrophic nature of the upper loch is 

the large depth and volume of the hypolimnion in comparison with the 

epilimnion (Welch 1952) while at the south the hypolimnion when it exists 

is relatively short. The open and exposed nature of the southern basin 

with its continual exposure to wind action may be the main factor preventing 

deoxygenatioB. This process, combined with the continuous dilution of the 

richer water inflowing to the south by the nutrient poor water from the 

north, are possibly the main factors preventing eutrophication in the lower 

loch. In tlie upper loch with its vast hypolimnion deoxugenation will be 

more difficult and it will consequently be more resistant to eutrophication 

(ncColl 1972).

Slack (1957) showed that there is an accumulation of mainly alloch- 

thonous material in the sediment, of the upper loch while in the lower loch 

autochthonous material predominates. This indicates the more productive
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nature of the southern basin of the loch. The higher alkalinity of the 

lower loch is also a pointer to greater productivity while in the upoer 

loch the pH which remains below 7.4 -s a character of oligotrophic areas 

(Prescott 1969).

A physical factor which may have a considerable effect on the pro

ductivity of the loch is the relative amount of solar radiation received 

by each region. In the upper loch the incident daily radiation is 

reduced by the mountainous topogranhy of the surrounding land, the small 

surface area of the narrow upper region and the greater amount of cloud 

cover compared with the lower loch. The reduction in the daily incident 

solar radiation in the north has been practically confirmed by Dr R.

Tippett (nrivate communication). The souther region is wide and open 

with a larger surface area and conseauently receives markedly more light 

energy per unit volume of water than the north (Hunter 1970).

From the total phytoolankton, chlorophyll and all other factors 

considered it is clear that South Station of Loch Lomond is more productive 

than the North and Middle. However, on the general eutrophic, oligo- 

tronhic scale, even the southern part of Loch Lomond is poor in nutrient and 

lov7 in chlorophyll and might be classified as oligotrophic.

In Loch Achray the total phytoplankton reached around one million per 

litre in May while chlorophyll values did not exceed 0.25 g/1. During

July to August Ke^hyrion, an indicator of oligotrophic areas (Hutchinson 

1967) made a considerable contribution to the total population. Generally 

this loch showed a lower phytoplankton productivity than the north of Loch 

Lomond and had a lower pH and alkalinity. Although the pea): chlorophyll 

value exceeded that of north Loch Lomond it did not reach the highest 

value recorded in the south. The low phosphate level could also be 

regarded as an indication of its low productivity. Compared with north 

Loch Lomond Loch Achray has a large littoral zone and is much shallower.

The hypolimnion of this body of water was found to be constantly oxygenated 

as in north Loci* Lomond. The large flow rate of Loch Achray possibly has
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a great effect on reducing its productivity.

The total phytoplankton in Loch Ard in soring never exceeded 300,000 

units/1 while in the summer it almost reached 6 0 0 , 0 0 0  units/1 and chloro

phyll had a maximum abundance of 0.34 ug/1. This loch could be regarded 

as being more productive than north Loch Lomond and almost as productive as 

the south region of Loch Lomond. Brook (1964) regarded it as being meso- 

trophic. It posses lower phosphate and higher nitrate and silicate levels 

than north Loch Lomond although it has a lower pE and alkalinity. The 

composition of phytoplankton, which is mainly diatom in nature, with larger 

araount of Dinobryon than in Loch Lomond, indicates its oligotrophic 

character. Like Loch Achray and Loch Lomond the hypolimnion when it 

exists shows no signs of deoxygenation. In regard to nutrient level and 

population composition and size, chlorophyll values and the other factors 

considered both Loch Achray and Loch Ard could be considered to be oligo

trophic.

Of the two lowland lochs Lake of rienteith possesses a nopulation 

composed mainly of diatoms and blue-green algae which is typical of eutrophic 

areas (Prescott 1969). The total phytoplankton population reaches more 

than 3,5 million per litre, more than four-fold greater than the maximum 

in the south part of Loch Lomond. Chlorophyll reached 3 pg/1 during 

January while in spring the values were five-fold higher than soutii of Loch 

Lomond. Such chlorophyll values are in accordance with the reading for 

mesotrophic lakes in Mew Zealand, Rotokakahi and Ikareka (McColl 1972) and 

some Japanese lakes (Sakamoto 1966). The nutrient levels with much higher 

phosphate and silicate and less nitrate and higher pH and alkalinity than 

Loch Lomond indicate its greater potential for productivity. This is 

borne out by tlie very large population of Melosira and Asterionella both 

of which exceed one million cells/1 almost reaching the level of Lake 

Windermere, a eutrophic area.

The greater productivity of this area is also demonstrated by the 

presence of successive pulses of blue-green algae which are eutrophic
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indicators and the absence of oligotrophic species such as T. flocculosa. 

(Tailing 1955), Dinobryon and ^allomonas (Hutchinson 1967), The shallow 

nature of the lake basin and the large littoral zone arc also characteristic 

of eutrophic areas. The great exposure to wind mixing might be the only 

reason that deoxygenation does not occur. However Mr B. Morrison,

(private communication) has recorded summer deoxygenation at its deepest 

part. From the above considerations it would apnear that Lake of ’’enteith 

might be eutrophic; nevertheless from chlorophyll values and nutrient 

status Lake of Menteith falls into the mesotrophic category.

Loch Rusky on the other hand, cannot be regarded as a natural loch 

because of the artificial fertilization of the water by the angling 

society (Dr. Weir, private communication). In comparison with the South 

Station of Loch Lomond and Lake of Menteith, the levels of phosphate and 

silicate are greater with the phosphate level being generally more than 

twice that of Loch Lomond South Station. Like Lake of Menteith Loch Rusky 

possesses large littoral zone, and is generally shallow throughout but never 

deoxygenated at any depth.

The production of a pulse of more than 2 million cells of Asterionella 

per litre, and a similar pulse of Melosira which exceeded that of Lake of 

Menteith, is an indication of high productivity, Anabaena produced the 

single largest bloom recorded, reaching sixteen million cells/1. The 

highest chlorophyll levels in anv of the five lochs were found in Loch 

Rusky where a peak of 3.2 pg/1 was recorded. This is ten-fold higher than 

that of South of Loch Lomond and exceeded the peak of chlorophyll in Lake 

of Menteith. Prom the above considerations Loch Rusky can be regarded 

as being eutrophic as far as levels of phosphate and nitrate are concerned 

(compared with data given by Thomas (1969) and McColl (1972)), and meso

trophic as far as chlorophyll concentrations are concerned (McColl 1972). 

Owing to the continual process of artificial nutrient enrichment it is 

evident that Loch Rusky is moving towards a state of eutrophication.

All lochs investigated are in areas of high amenity value and have not.
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till now, come under much environmental pressure. If they are to main

tain this role, future development of tourism, industry and water resources 

should be closely controlled. This is particularly true in the Loch 

Lomond area where any stress, especially in the upper region, might put 

considerable oressure on the capacitv of the loch to resist eutrophication. 

This study should provide a base line for monitoring any future changes 

which may take place.
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APPENDIX 1

Determination of Orthophosphate (Strickland & Parsons, 1968)

The analysis of samples were commenced not more than 4 hours after 

completion of sampling. Zooplankton and large pieces of debris being 

removed by filtration through a fine (25 ) nylon mesh.

The samples were not preserved in any way.

The following special reagents were required for the analysis and 

were prepared as follows;

(1) Ammonium molybdate solution:

15.0 gm of finely crystallin, analytical reagent quality (A.R.) 

ammonium paramolybdate (NH^)^ Mo^02^.4H,^0 were dissolved in 

500 ml of distilled water. This solution was made up freshly 

before each analysis.

(2) Sulphuric acid solution;

140 ml of concentrated A.R. sulphuric acid (Spgr, 1.82) was added 

cautiously to 900 ml of distilled water. After cooling this 

solution could be stored indefinitely in a polythene container.

(3) As ccrbi c acid :

27 gm of good quality ascorbic acid was dissolved in 500 ml distilled 

water. The solution was stored in the frozen condition in a plastic 

bottle. It was thawed when required for use and then refrozen 

immediately. Ascorbic acid stored in this fashion is stable for 

long periods but was never kept for more than 1 month.

(4) Potassium antimony1-tartrate solution;

0.34 gm of good quality potassium antimony1-tartrate were 

dissolved in 250 ml of distilled water. This solution is stable 

for many months where stored in a polythene container.

(5) Mixed reagent:

One litre of mixed reagent (enough for 100 samples) can be 

prepared by mixing 200 ml ammonium molybdate, 500 ml sulphuric 

acid, 200 ml ascorbic acid and 100 ml potassium antimony1-
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tartrate. This reagent always prepared for immediate use.

lo o  ml aliquots of each sample were measured into 2 or 3 replicate 

250 ml narrow-neck polythene bottles, which had previously been washed 

twice with the water to be analysed. These bottles were transferred to 

a water bath maintained between 20-25*^0 and left to equilibrate for 30 

minutes. After this period 10 -f 0.5 ml of freshly-prepared mixed 

reagent was added to each 100 ml aliquot from a dispenser, and thoroughly 

mixed. The bottles were then returned to the water bath, the extinction 

of the solution being measured after one hour in a Unicam 4 cm glass 

cell at a wavelength of 885 ra using red filter. The same Unicam SP600 

SDectrophotometer was used on all occasions, distilled water being used 

in the reference cell. Cell to cell blanks were determined by filling 

all 4 cm cells with distilled water, the deviations from the reference 

cell being noted. A turbidity blank was found to be unnecessary.

The reagent blank was estimated for each set of determination, 3 

100 ml aliquots of distilled water being used instead of sample. All 

the extinctions were connected for the reagent blank and the cell to 

cell blank.

The procedure was calibrated using a standard phosphate solution of 

potassium dihydrogen phosphate:

0.408 gm of A.R. anhydrous potassium dihydrogen phosphate (KH^PO^) 

was dissolved in 1000 ml of distilled water; 1 ml of this solution contains 

3 yg at. P. This standard was stored frozen solid in a plastic bottle and 

thawed before use. 1 ml of this concentrated solution was diluted to 

1000 ml with distilled water to give a final concentration of 3 yg at. P/1.

3 or 4 100 ml aliquots of this standard solution were carried through the 

phosphate determination with the samnles and blanks.

The calibrated factor (F) was calculated from the following 

expression:
3.00

^standard - ^blank
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where E  ̂ . is the mean extinction of 3 or 4 standard and E. ,standard blank
is the mean extinction of 3 blanks.

The phosphate-phosphorus concentration of any sample in y g at. P/1 

can then be determined by multiplying the factor P by the corrected mean 

extinction of the two aliquots from each sample. This factor is fairly 

constant around 13 for a 4 cm cell.

After completion of the analysis the 2 50 ml polythene bottles 

were washed well and stored filled with distilled water, the spectrophoto

meter cells being kept in a beaker of ethanol.

The minimum level of detection is 0.03 yg at.P/1. The accuracy of 

the method is + 1%.



APPENDIX 2

Determination of Silicate (after Strickland & Parsons 1968)

Analysis of samples was commenced not more than three hours after 

the completion of sampling, the samples being returned to the laboratory 

in polythene containers.

The following special reagents were required for the analysis;-

(1) Molybdate reagent:

4.0 gm of analytical reagent quality ammonium panaraolybdate 

(NH^)^Mo^O^^.4 H 2 O (finely crystalline) was dissolved in 300 ml 

distilled water. After the addition of 12 ml of concentrated 

Hydrochloric acid (Sp. gr. 1.18) the solution was mixed and made 

up to 500 ml with distilled water. This reagent was freshly 

prepared each week.

(2) Metol-sulphite solution:

6  gm of anhydrous sodium sulphite Na^SO^ A.R. was dissolved in 

500 ml distilled water followed by the addition of 10.0 gm of metol 

(p-methylaminophencl sulphate) when the metol has dissolved the 

solution was then filtered through No. 1 Whatman filter paper and 

stored in tightly stoppered polythene bottles. This solution 

tended to deteriorate rapidly and was freshly prepare each week.

(3) Oxalic acid solution:

50 gm of A.R, oxalic acid dihydrate (C0 0 H)2 -2 H 2 0  were shaken with 

500 ml of distilled water. This produces a saturated solution 

which was decanted from the crystals before use. This solution 

is stcMble indefinitely and was prepared in large quantities every 3 

montho.

(4) Sulphuric acid solution;

A 50̂': v/v solution was prepared by adding 250 ml concentrated 

(Sp. çr. 1.82) A.R. sulphuric acid cautiously to 250 ml of distilled 

water. This was cooled to room temperature and the volume made 

up t'p 6 0 0  mis with distilled water. This solution was prepared
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in quantities of 5 litres.

(5) Reducing reagent;

100 ml of metol-sulphite solution were mixed with 60 ml of 

oxalic acid solution, 60 mis of 50% sulphuric acid were then added 

slowly with mixing and the volume was made up to 300 ml with 

distilled water. The reagent was used immediately after 

preparation.

25 ml aliquots of each sample were dispensed into 2 or 3 replicate 

narrow-neck polythene bottles, which had previously been washed twice with 

the sample to be analysed. The sample solutions were then transferred 

to a thermostatically controlled water bath, maintained between 18 and 

25^0 and left to reach a constant temperature for 30 minutes.

10 ml of molybdate solution was then added to each sample and 

mixed thoroughly. The mixture was allowed to stand for 10 minutes- 

15 ml of reducing agent was then added rapidly and the solution was 

immediately mixed. To allow complete reduction of the silicomolybdate 

complex, the solution was allowed to stand for 2-3 hours, the extinction 

being measured in a 4 cm Unicam glass cell against distilled water. A 

Unicam SP 600 spectrophotometer was used with a red filter at a wave

length of 810 m. Cell to cell blanks were determined by filling all 

4 cm cells with distilled water and measuring the deviations from zero 

(reference cell). All extinctions were corrected for cell to cell blanks 

and reagent blanks, a turbidity blank was found to be unnecessary.

Reagent blanks accompanied each set of determination, three 25 ml 

aliquots of silicate-free distilled water being carried through the 

analysis procedure. Calibration standards were also included with each 

week's analysis.

Standard silicate solution: Dried A.R. sodium silicofluoride Na SiF2 6
forms a convenient standard (Strickland & Parsons, 1968). 0.960 gm of

fine powder were dissolved in 100 ml distilled water in a plastic beaker. 

The solution was then transferred to 1000 ml volumetric flask and made
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up to the mark with distilled water; this solution was rapidly trans

ferred to a polythene bottle for storage, as it rapidly picks up silica 

from glass. The solution is easy to prepare and is stable indef

initely, which is an advantage over most standards consisting of 

sodium silicate.

1 ml of this solution contins 5 yg at. Si. This concentrated stand

ard was diluted to 4 ^g at. Si/1 with silicate-free distilled water.

Three 25 ml aliquots of this standard silicate solution were carried 

through the experimental procedure with the samples and blanks.

The calibration factor, F, was calculated using the following 

expression;-
F  =  4 . 0 0

E EStandard - blank

where E _ is the mean extinction of 3 or 4 standards and E, . , isstandard blank
the mean extinction of three blanks.

The silicate silicon concentration in yg at. Si/1 of any sample can 

then be determined by multiplying the factor, F, by the corrected mean 

extinction of two aliquots from each sample. The factor generally lies 

around a value of 23,0 for a 4 cm cell.

After completion of the analysis, the polythene bottles are washed 

and stored in silicate-free distilled water, the spectrophotometric cells 

being cleaned in acetone and kept in a beaker of ethanol.

The minimum level of detection is 0.1 y g at. Si/1.



APPENDIX 3

Determination of Nitrate (Wocd, Armstrong & Richards, 1967)

Samples to be analysed were filtered through a fine nylon mesh and 

returned to the laboratory within three hours of completion of sampling. 

Analysis was then commenced immediately. The following apparatus and 

special reagents were required:- 

Apparatus :

The reducing column , was similar to the one described by

Morris and Riley (1963) and has the discharge tip at the same height as 

the top of the cadmium filings, which prevents the column from running 

dry. This precaution was essential since exposure to air rapidly reduces 

the efficiency of the column. Wood, Armstrong and Richards (1967) 

suggested a 15 cm column of copperized cadmium with an 8 mm bore for use 

with fresh water samples.

Special reagents:

(1) Sulphanilamide solution (see Appendix for nitrite).
(2) N-(1-naphthyl)-ethylenediamine dihydrochloride solution (see Appendix

for nitrite).

(3) Copper sulphate (0.08 M) : 20 gm CaSO^.SH^O was dissolved in water 

and made up to 1 litre.

(4) EDTA solution (0.1 M). 38 gm of tetra sodium salt of ethylenediamine

tetra-acetic acid was dissolved in 500 ml and diluted to 1 litre.

(5) HCl (2N) 85 ml of 12N HCl v/as diluted to 500 ml with distilled water.

(6) HCl (0.0015N) 0.125 ml of 12N HCl Was diluted to 1 lit-e with 

distilled water.

(7) HNO^ (0.3N) 10 ml of 15.4N HNO^ was diluted to 500 ml with distilled 

water.

(8) Column wash solution: 1 ml tetra sodium EDTA solution was added to
50 ml of 0.0015 HCl.

Preparation of reducing column:

(1) Coarse cadmium filings were produced from a stick of cadmium and 

sifted to obtain the fraction which passed through a 2 mm screen
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but were retained by a 0,5 mm screen. Iron contamination was 

removed by drawing a magnet through the filings.

(2) 40 gm of filings ner column were washed with 2n HCl in a separating

funnel and rinsed thoroughly with distilled water. This was 

followed by washing with 0.3N HNO^ to nit the cadmium, a distilled 

water rinse and then washing with 2N HCl to remove the nitrate ions,

(3) After a thorough rinse with distilled water the cadmium was treated

with 100 ml CaSO^ solution per 40 gm of filings in a special wash 

bottle (Fig. 2), then filings were well shaken and then flushed with 

distilled water, preventing any exposure to air.

(4) A small plug of glass wool was placed at the bottom of the column

which was then filled with distilled water. The copperized cadmium 

was introduced slowly by inverting the special wash bottle into the 

column reservoir and tapping the column to settle the cadmium,

(5) The copper and fine cadmium which settled out on top of the cadmium

column was removed by suction. A small plug of glass wool was 

placed on top of the cadmium to act as a filter.

(6) 50 ml of wash solution was used to wash the column, which was

allowed to stand for 24 hours before use with 2 or 3 changes of 

wash solution.

(7) A freshly prepared column of copoerized-cadraium only reduces 15%

nitrate to nitrite. 3-4 litres of water containing 60 g at. N/1 

+ 20 ml EDTA were nassed through a new column to condition 

sufficiently to give a uniform 98% reduction to nitrite.

Procedure

One ml of EDTA solution was added to a 50 ml aliquot of sample in a 

50 ml graduated cylinder and shaken. Replicate of each sample were ; 

taken. Any excess sample or column wash was removed from the column 

reservoir to about 0.5 cm above the cadmium and a 3-4 ml portion of sample 

was added to rinse out the previous sample. The remainder of the sample 

was then added and the graduated cylinder was placed under the discharge
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tap. The flow rate is controlled to between 10 and 12 ml/minute ,

20 ml of sample being passed through the column and used to rinse the 

cylinder. The next 15 ml of reduced sample was collected and diluted 

to 30 ml with distilled water. The samele was then treated as a nitrite 

sample. For full description of the method see Appendix for nitrite 

determination.

Extinctions wore determined within 1 hour using 1 cm Unicam glass 

cell at a wavelength of 543 m using blue filter. A Unicam Sp 600 spectro

photometer was used throughout the investigation.

The distilled water blanks and three standard accompanied each series 

of determination. A nitrate standard was prepared by dissolving 0.1264 

gm of A.R. potassium nitrate (dried for 1 hour at llO^C) in 250 ml of 

water with 2 drops of chloroform added as a preservation. 1 ml of this 

solution contains 5 yg at. A standard solution for calibration purposes 

is prepare by diluting 1 ml of the concentrated standard to 900 ml with 

distilled water, giving a final concentration of 20 yg at. N/1. 1 ml

EDTA solution was added tci 50 ml aliquots of standard and blank which were 

carried through the complete procedure. The calibration factor, F, was 

determined by calculation of the expression;-

20F = E - Estandard blank

The concentration of nitrate-nitrogen + nitrite-nitrogen in any sample in 

yg at. N/1 can be determined by multiplying the corrected mean extinction 

of the sample by the calibration factor P. In general the value of F for 

1 cm cell lies around 48.

After completion of analysis the column was filled with column wash 

solution, and the graduated cylinders were washed and filled with distilled 

water. The 1 cm cells were cleaned with acetone and kept in a beaker 

of ethanol.



APPENDIX 4

Determination of Nitrite

Samples for nitrite analysis were diltered through a 25 nylon mesh 

and returned to the laboratory within three hours of completion of 

sampling. Analysis was commenced immediately.

The following soecial reagent was required for the analysis 

( 1), Sulphanilamide solution

5o gm of sulphanilamide was dissolved in 300 ml of distilled 

water and 50 ml of concentrated hydrochloric acid (1.18 s.g.) was 

added. The final volume was made up to 500 ml with distilled

water. The solution is stable for many months and was made

up in quantities sufficient for 3 months analyses.

(2) N-(1-napthyl)-ethylenediamine dihydrochloride solution

0.5 gm of the dihydrochloride was dissolved in 500 ml of distilled 

water. The solution was stored in dark bottles and was made 

afresh each month.

Procedure

A 50 ml aliquot of each sample was measured into a 50 ml graduated 

culinder which had previously been rinsed twice with sample. 1.0 ml of 

sulphanilamide was added from an automatic pipette to each sample, followed 

by mixing. After 2-8 minutes 1.0 ml of naphthylene ethylene diamine sol

ution was added and mixed immediately. Between lO minutes and 2 hours 

afterward the extinction of the solution was measured in a 4 cm Unicam 

glass cell against distilled water at a wavelength of 543 m . A Unicam 

SP 600 spectrophotometer was used with the blue filter in place. The 

extinction was corrected by subtracting the mean distilled water reagent

blank (E.  ̂ . which was run in duplicate. A turbidity blank was foundblank)
to be unnecessary.

The nitrite-nitrogen concentration in y g at. N/1 can be calculated by 

multiplying the calibration factor, F, by the corrected extinction for 

each sample.
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A Standard solution of nitrite was prepared by dissolving 0.345 

gra analytical reagent quality sodium nitrite dried at llO^C for 1 hour 

in 1 litre of distilled water (1 ml = 5 yg at.N). Stored in the dark, 

bottles with 1 ml of chloroform preservative, the solution was stable 

for many months. For use the same day the standard solution was diluted 

to give a final concentration of 2.0 y g at. N/1. Three 50 ml aliquots 

of this standard were carried through the analysis procedure, and the 

mean extinction (E standard) was found. The calibration factor for 

the determination was calculated from the expression

F = E “ Estandard blank

The glass cylinders used in the analysis were washed after the completion 

of each set of determination and stored filled with distilled water.

The 4 cm cells were cleaned with acetone and kept in ethanol when not in 

use.



APPENDIX 5

pH determination

Imrrediately on completion of sampling, polythene bottles filled 

to the brim with sample were returned to the laboratory for pH determination, 

Sample aliquots were allowed to warm to room temperature and the pH was 

determined using a Pye model 292 pH meter.

A glass electrode in coml:)ination with a saturated calomel electrode 

was used, producing an electrical charge of 59.1 mv at 25^c for a change 

of one pH unit. The glass electrode consists of a small thin glass bulb 

0.05 ram thick which is filled with an electrolyte, the potential of this 

electrode depends on the external hydrogen ion concentration. The calomel 

reference electrode consists of mercury in a slurry of mercurie chloride; 

this was connected to the indicator electrode by a saturated potassium 

chloride bridge.

The electrode was standardized using commercially available pH buffer 

tablets having a pH near to that of the sample. The buffer solution 

used here has a pH of 6.99 at 20^C, since the potential of the electrode 

combination is temperature dependent, the temperature compensator must 

be set at the buffer temperature. Samples allowed to warm to within 

3°C of the buffer temperature before determinations were made, the 

temperature compensator being reset to the exact sample temperature.

The electrode were washed with water and dried with a tissue before 

immersion in any sample. 3 to 5 minutes was allowed for equilibration 

once the electrode were immersed in the sample. The pH was then read 

directly to an accuracy of + 0.02 units.



APPENDIX 6

Determination of Alkalinity (Mackereth 1963)

Determination were made on samoles immediately on return to the 

laboratory; the following special reagents were required;-

(1) 0.01 N Hydrochloric acid; This was prepared by diluting ION HCl

followed by standardization against freshly prepared standard 

sodium carbonate solution.

(2) Standard sodium carbonate 0.02N; Pure anhydrous Na^CO^ was dried

overnight at 110°C, 1.059 gm was dissolved in distilled water and

diluted to 1 litre. This solution rapidly -picks up carbon 

dioxide and was stored in a stoppered polythene bottle.

(3) INdicator; B.D.H. 4.5 indicator was used.

To facilitate recognition of the end-point a standard end point 

colour was prepared by adding 5 drops of indicator to 100 ml of a buffer 

solution at pH 4.5 (50 ml N sodium acetate + 50 ml N acetic acid) this 

was kept in a stoppered conical flask.

A 100 ml aliquot of sample was pipetted into a conical flask and

5 drops of indicator solution was added. Standard acid was run-in from 

a 10 ml burette with continuous mixing from a magnetic stirring bar. The 

titration was completed when the colour of the sample matched that of the 

standard end-point. Duplicate aliquots were run for each sample.

Each ml of 0.01 N acid contain 0.01 meg of acid. Thus each ml of 

standard acid used in the titration corresponds to O.Ol meg of bicarbonate 

in 100 ml of sample or 0.1 meg/1, therefore if v ml of acid is used in

the titration, the bicarbonate concentration in the sample is 0.1 x v

meg/1.

The alkalinity of natural water is generally expressed in terms of 

dissolved calcium carbonate (though it has no basis in reality), This 

figure is found by multiplying the value found for meg HCO^/1 by the 

equivalent weight of CaCO^ (50) the total alkalinity is therefore 
expressed as mg CaCO^/l.



APPENDIX 7

Saturated Oxygen and Temperature Measurement

All readings of saturated oxygen and temperature was made with the 

dissolved oxygen meter and improved galvanic cell described by Mackereth 

1964,

The oxygen electrode has an electrical output of 200 A when immersed 

in water saturated with oxygen at 15°c and atmospheric pressure. The 

sensitivity at this temperature is 22 A per p.p.m. oxygen. The electrode

and thermister were calibrated together, the probe being immersed in five

litres of water through which air was continuously bubbled from a sintered 

glass distributor. The water temperature was measured from the mean 

temperature of three accurate thermometers. Ice was added to lower the 

temperature to that at which calibration starts (2^c) and the temperature

was allowed to rise slowly. A 1*^C rise in 15 minutes allows the ox^'gen

saturation in the water to remain in equilibrium with the atmosphere. At 

each 1°C interval the thermister bridge was balanced and the potentiometer 

reading was noted. The oxygen concentration was then set to 100% satur

ation on the saturated oxygen scale by adjusting the sensitivity control, 

the sensitivity reacing was noted. Calibration tables were prepared 

showing potentiometer readings and sensitivity settings for each 0 .2 ^ c  

over the temperature range expected.

To measure oxygen percentage saturation and temperature in situ the 

probe was connected to the meter, and immersed in the water for sufficient 

time for equilibration to take place. The thermister bridge was then 

balanced and the potentiometer setting noted. By reference to the 

calibration table the temperature and corresponding sensitivity can be 

found. The sensitivity is then dialled on the sensitivity control and the 

oxygen percentage saturation is read directly on the meter scale.



APPENDIX 8

Determination of Chlorophyll a (after Richards & Thompson (1952) with
modification described by Strickland 
& Parsons (1968) using trichomactic 
equations of Parsons & Strickland (1963))

Samples for pigment determination were returned to the laboratory 

in subduced light, immediately after completion of sampling.

Apparatus

(1) Millipore filtration apparatus designed to hold 47 mm diameter

filters with a large volume reservoir,

(2) Stoppered graduated glass centrifuge tubes of 15 ml capacity.

(3) Tissue grinder.

Special reagents

(1) 90% acetone: ICO ml of distilled water was pipetted into 1 litre

volumetric flask and made up to the mark with analytical reagent 

grade acetone,

(2) Magnesium carbonate suspension; 1 gm of finely powdered (light

weight) A.R, MgCO^ was added to 100 ml of distilled water and 

shaken. This solution was dispensed from a plastic wash bottle.

A polythene bottle containing a suitable volume of sample (1 or 2 

litres) was inverted into the reservoir of the filtration apparatus fitted 

with a 4.5 cm Whatman GF/C glass fibre filter. 1 ml of magnesium car

bonate suspension was then added to the sample. Filtration was allowed 

to proceed at atmospheric pressure in the dark at about 1°C, several 

hours were necessary for completion. The filter was then removed from 
the apparatus and the excess glass fibre paper with a clean pair of 

scissors. Filters were then either stored at -20°C or extracted without 

delay.

The filter was placed in a grinding tube with 2 ml 90% acetone and 

macerated with a tissue grinder at 500 r.p.m. This procedure was 

carried out in ice cold acetone and subduced light. When the glass



fibres were thoroughly dispersed the contents of the grinding tube were 

transferred quantitatively to a stoppered 15 ml centrifuge tube, 90% 

acetone being used to rinse the grinding tube. The stoppered centri

fuge tubes were then placed in a refrigerator in complete darkness 

for 24 hours to allow the pigment to extract.
After this period the tul.̂ es were removed from the refrigerator and 

made up to exactly 12.0 ml with 90% acetone, the contents of the tubes 

were then centrifuged for 10 minutes between 3000 and 4000 r.p.m. , the 

clear supernatant liquid was decanted into a Unicam glass 1 cm

spectrophotometer cell fitted with a glass stopper. The extinction of

the solution was measured without delay against a cell containing 90% 

acetone at 750, 665, 645, 630 and 430 m . All readings were corrected 

for cell to cell blanks, measured for all cells at the five wavelengths 

used.

Before the concentration of chlorophyll a was calculated the extinc

tion coefficients were normalised to the value exnected from 10 ml of 

acetone extract, by multiplying the observed value by 1.2.

All readings were corrected for turbidity blank by subtracting the 

extinction at 750 ra . The concentration of chlorophyll a. in the water 

sample was then calculated from the expression

g chlorophyll a/1 = —j / Y

where v was the volume of sample filtered in litres and c was a value

estimated from the equation C = 11.6E_^_ - 1.51E.._ - 0.14E where665 645 630
E was the corrected extinction value at the wavelength indicated by the 

subscript.

The corrected extinction measured at 430 ra may be used in conjunction 

with the extinction at 665 ra to obtain the ratio E430:E665. This is 

referred to pigment ratio.



APPENDIX 9

Enumeration of phytoplankton

The enumeration technique used in the present study was a modif

ication of the membrane filtration technique of McNabb (1960). Immed

iately on return to the laboratory the sample (without formalin fixation) 

is thoroughly agigated and a suitable aliquot is withdrawn for filtration.

The size of this aliquot is such that the organisms are not too crowded 

to make visual separation difficult not too widely spaced to make counting 

tedious. 250 ml of sample were generally filtered though 100 ml was used 

when phytoplankton numbers were high. The aliquot was measured into the 

reservoir of a millipore filtration unit, which had been previously cleaned 

with two washes of distilled water. 25 mm diameter millipore HA filters 

with 0.45 y pore size were used on all occasions. The filter flask 
(Buchner flask) was connected to a vacuum pump and the filtration v/as 

continued till the last trace of liquid just disappeared; this process 

takes roughly ten minutes. The vacuum pump was then disconnected leaving 

the planktonic organisms as a film on the filter.

The filter disk was carefully removed from the filtration unit and 

after trimmina was placed, filtering-surface up, on a clean microscope 

slide. 3 drops of Uvinert immersion oil were added to the upper surface 

of the filter and the slide was placed in a dark incubator at room temperature 

for 24 hours. The cleared filter was then covered with a clean coverglass, 

the excess oil was removed with a tissue and the mount was sealed with clear 
nail varnish. Slides prepared in this manner have shown no signs of 

deterioration after 24 months when kept in the dark.

The enumeration was commenced by placing the slide on the mechanical 

stage which was moved so that 30 random fields were viewed. According to 

McNabb (1960) it is not necessary to count numbers of individuals but only 

to record whether a certain species is present or absent in each field. 

However, the procedure only gives an estimate of the actual density of 

phytoplankton and was not employed in this investigation. Instead the
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actual number of each species was recorded in every field. The number of 

algae per litre can then be found for any species knowing the total count 

(D) in 30 fields, the area of the filter, the area of the field and the 

number of litres filtered from the following equation:-

XT V, JT 1 -, -u. D X area of filterNumber of algae per litre = area of 30 fields x number of litres 
filtered

The enumeration of organisms on the filter is subject to the same 

statistical requirements as the scanning of sedimented organisms with 

Utermi5hl's inverted microscope technique (Margalef 1971). If the plank

tonic organisms are randomly distributed on the filter and a sufficiently 

large number of random fields (30) are enumerated, than the total count 

can be given 95% confidence limits (Legendre & Watt, 1972).

To determine whether the distribution is random, the the chi squared
2

((x ) test should be applied to several series of 30 counts from the same 
2

slide. X values of 14.2 to 18.1 were found in the present investigation 

for five replicate series of counts. These values indicate that tlie 

distribution of organisms on the filter is random (probability better than 

0.02). The distribution of organisms in fields is described by the 

Poisson distribution which has the following 95% confidence limits 

(Lund etaal., 1958)

Upper limit = x + 2.42 + 1,96 /x + 1.5

Lower limit - x + 1.42 - 1.96 /x + 0.5

If any count lies within the confidence limits of another there is no

significant difference between them; if the confidence limits do not overlap 

the counts are significantly different (see Biometrical Statistical Tables 

Vol. 1, 1954).
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