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An investigation of phytoplankton and zooplankton, together with 

physico-chemical parameters of water quality and periphyton, was 

undertaken from November 1980 to December 1981 at a large cage 

fish farm for rainbow trout in Loch Fad, Isle of Bute, and from 

February to December 1981 in earth ponds used for culturing 

brown trout at Howietoun Farm, Central Scotland.

Thermal stratification in Loch Fad was not observed. In Loch Fad 

pH was lower at the cage site than at a control station at the 

other end of the Loch, while at Howietoun, pH decreased as the 

water passed through the ponds. These effects were ascribed to 

the respiratory effects of the fish and the decomposition of fish 

wastes and metabolites. Inorganic nutrient concentrations were 

higher at the cage site than at the control station in Loch Fad, 

while at Howietoun they also increased from the inlet water to 

the outlet of the farm. This increase in nutrient concentrations 

was related to increased phytoplankton density at the cage site 

at Loch Fad and in the outlet water of Howietoun Farm.

A bloom of Microcystis aeruginosa was observed in Loch Fad where 

it formed 92% to 99% of the total phytoplankton and reached densities 

of 5 X 10® cells/1. At Howietoun, Cyanophyceae were also dominant 

from April to November, the most dominant species being Osci 11 atoria 

agardhi.

The zooplankton population at both Loch Fad and Howietoun displayed
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maxima during summer when the phytoplankton population was also 

maximum. Cladocera and Copepoda in Loch Fad were lower in number 

at the cage site than at the control, which might be due to predation 

by cage and wild fishes. In Howietoun all groups of zooplankton 

increased as the water passed through the farm. Common zooplankton 

species in Loch Fad were Bosmina longirostris, Daphnia longispina, 

Cyclops abyssorum and Diaptomus gracilis; while in Howietoun Farm 

common species were Bosmina longirostris, Cyclops vicinus and 

Diaptomus 1 acini atus.

Periphyton collected by using submerged wooden blocks was more 

dense at the cage site than at the control in Loch Fad. It was 

also more dense at the outlet than at the inlet at Howietoun. In 

Loch Fad, Baci11ariophyceae dominated the periphyton in contrast 

to the observed dominance in the phytoplankton of Microcysti s 

aeruginosa, which was absent in the periphyton. At Howietoun 

Cyanophyceae, especially Oscillatoria agardhi were dominant from 

April to October.
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INTRODUCTION

There has been a marked increase in the production of commercial 

fish in freshwater cages in the United Kingdom in recent years, 

and there are now at least 16 cage rainbow trout farms in Scotland 

alone. Coche (1976) defines cage culture as the "raising of a 

group of fish from the juvenile stage to the commercial size in 

a volume of water on all sides, including the bottom, while 

permitting the free circulation of water through the cage".

Expansion in this sector of the aquaculture industry is likely 

to continue, providing the economic climate is suitable. Coche 

(1976, 1977), in his reviews of cage culture, has summarised 

some of the advantages and drawbacks of cage culture. Some of 

the possible advantages of cage culture are: the use of other­

wise unmanageable open water bodies, the possibility of combining 

several types of culture within one water body, easy observation 

of fish, easier handling, easy control of competitors and predators, 

lower capital outlay and operating costs, and it allows for easier 

and complete harvesting of fish, whilst facilitating the manipu­

lation of the harvest to match market requirements. The main 

limitations of cage culture are: it is difficult to manage when 

the water surface is rough, the risk of cage damage in adverse 

weather conditions, the need for adequate water renewal in the 

cages for elimination of metabolites, fouling of cages, dependence 

on artificial food and food losses through the cage walls, 

interference from local fish and bird populations, and, most 

important of all, adverse changes in the nutrient status and 

quality of water bodies used in cage culture are likely to occur



as a result of the accumulation of wastes from cage farms

(Ki Iambi ^  1976; Korycka and Zadanowski, 1980; Penezak et a1,

1982).

Rothesay Seafoods Ltd., established a cage fish farm in Loch Fad 

(Rothesay, Isle of Bute) in late 1975. Loch Fad is a medium 

size freshwater loch, approximately 2.5 km long and 0.3 km wide, 

with a total surface area of 0.71 km2 and a maximum depth of 12m.

It is situated about 2 km to the south of Rothesay on the Isle of 

Bute which is located in the Firth of Clyde on the West Coast of 

Scotland. The fish farm cages, which produce approximately 

200 tonnes of fish per annum (mainly of rainbow trout, Sal mo 

gairdneri i) are situated at the northern end of the loch. Cages 

were used for both portion size production of fish and for on- 

growing of large fish. Stocking density was approximately 15kg/m3 

Both dry pellet food (Edward Baker Ltd.) and frozen blocks of 

trash fish were used to feed the cultured fish. Very little 

scientific data are available on the physico-chemical and 

biological parameters before the cage-fish farm was established. 

Since 1980, however, a number of research projects on the 

environmental impact of fish cage culture in Loch Fad have been 

undertaken. Beveridge (1981) in a preliminary survey found twenty 

times the concentration of bacteria under the cages compared to 

the south (control) basin. His benthic study of Loch Fad showed 

that there were distinct differences between cage and control 

sites in the numbers and types of benthic invertebrates present.

In particular the numbers of tubificid worms (very tolerant of 

high levels of organic wastes) were exceptionally high



(approximately 20 times higher than expected for a loch of this 

type) which indicates the large amounts of wastes falling onto 

the mud below the cages. He also noted the smaller and less 

persistent plankton blooms at the control site compared with the 

vicinity of the cages, and this he suggested could be the result 

of higher nutrient release around the cages. North (1983) noted 

the absence of an oxidized microzone in the sediment under the 

cages which resulted in the release of inorganic phosphorus by the 

mechanism suggested by Mortimer (1941a, 1941b). In laboratory 

simulation experiments North (1983) found that the high degree of 

organic loading to which the sediment under the cages is subjected, 

and the consequent high rates of mineralisation, are reflected 

in the release of phosphorus, even under oxygenated conditions.

He suggested a possible cause was the binding of all ferric ion 

to only some of the available phosphorus.

The effects of cage culture in Loch Fad on perch (Perea fluviati1is),

pike (Esox lucius), roach (Rutilus rutilus) and rainbow trout

(Salmo gairdneri) were assessed by Forbes (1981). His investigation

revealed that perch in the Northern basin containing the cages grew faster

in their first year after the fish farm was formed. Perch in the

Southern basin showed no such difference and it appeared that the

fish farm had not affected their growth. Roach also appeared to

have grown faster after the establishment of the fish farm but

there was no observable difference between Northern and Southern

populations of roach. This difference in growth rates between

perch and roach in the north and south basin was ascribed to the

more sedentary nature of perch. Forbes (1981) also noted the

higher density of perch, pike and feral rainbow trout around the



cages compared with the southern end of the Loch. The reason, 

he proposed, was the greater availability of food around the 

cages (higher number of plankton and the uneaten fish food). 

Phillips (1983) also noted that large rainbow trout ( 300mm)

occupied and remained confined to the area close to the cages. 

Dietary studies of these large fish showed that they were using 

the cages as feeding stations.

Pollock (1981) reported on the higher level of parasitic infection 

in fishes sampled from a stationadjacent to the cages. The 

higher density of intermediate hosts present in this area is 

suggested as a possible explanation.

In addition to cage culture in freshwater lochs, earthen ponds 

are a traditional and important system for trout culture. Pond 

culture of Salmonids in Scotland is a common practice. An 

excellent and very early example of a pond culture farm in 

Scotland is Howietoun Fish Farm, Bannockburn. Howietoun Farm 

was founded in 1871 by Sir James Maitland, and took 10 years to 

complete. This included a hatchery from which brown trout 

(Salmo trutta) eggs were produced for stocking throughout the 

world, including New Zealand in 1893. In 1966 the farm changed 

hands and gradually became run down. It was purchased by the 

University of Stirling in 1979. Renovation work has since been 

carried out and Howietoun Farm is now run as a commercial 

enterprise. The design and planning of the earth ponds are 

a masterpiece, and with little modification they are still in 

working condition. Rainbow trout (Salmo gairdneri), brown trout



(Salmo trutta) and salmon (Salmo salar) smolts are being reared in 

earth ponds using dry compounded fish food pellets (Edward Baker Ltd.)* 

Apart from some irregular measurements of physico-chemical parameters 

(pH, dissolved oxygen, ammonia) very little research has been 

undertaken on the ponds. The prime cause of poor water quality and 

discharged pollutants are unconsumed fish feed and fish faeces and 

metabolic wastes. Gibson (1981) attempted to compare the Ewos 

low pollution feed, with another commercially available trout feed 

(Edward Baker's 'Omega' range of Trout Foods, Bathgate), in order to 

assess the effects of two diets on growth performance and the resultant 

water quality in earth ponds. He noticed no marked difference in 

the food conversion ratios of the two diets used, and in B.O.D. 

between the two dietary treatments. He reported relatively 

higher nutrient concentrations in the ponds fed with the high density 

Baker diet, compared to the ponds fed the low pollution Ewos diet.

As the overflows of effluent water between the ponds could not be 

adequately controlled, it was not possible to make an accurate 

comparison of the effect of the two diets on water quality.

A brief study of physico-chemical parameters in Loch Fad was reported 

by Beveridge (1981) and seasonal changes in these were noted. 

Beveridge (1981) also reported the existence of plankton blooms 

but no detailed identifications and investigation of the seasonal 

changes were made. The freshwater lochs of Scotland have been the 

subject of a variety of research projects for well over a hundred 

years. Before the bathymetric survey of Murray and Pullar (1910) 

a number of individual papers appeared (Christison, 1871; Buchan, 

1872; Watson, 1903; Wedderburn, 1907), most of them dealing with 

aspects of physical limnology. Later papers dealing with



physico-chemical parameters in Scottish lochs have been published by 

Holden and Caines(1974), Smith (1974), Bindloss (1976), Tippet (1978), 

Bailey-Watts and Duncan (1981) and Smith (1981).

Early works on the identification and ecology of phytoplankton 

in Scottish waters are those by West and West (1903, 1905) and 

Bachmann (1907). Recently, several papers have been published 

dealing with the species composition, seasonal changes and ecology 

of phytoplankton in Scottish lochs. Some of the notable papers 

include Bailey-Watts (1974, 1976, 1978), Boney (1978), Tippet 

(1978), M a u l o o d ^ ^  (1978), Maulood and Boney (1980, 1981a,

1981b), and Maitland (1981). Maitland (1981) edited the

book "The Ecology of Scotland's Largest Lochs: Lomond, Awe, Ness,

Morar and Shiel", which covered mainly the research on land use, 

physical limnology, chemistry, phytoplankton, macrozooplankton, 

littoral invertebrates and fish. All these five lochs fall into 

the temperate oligotrophic type, but in the biological classification 

of trophic status, there are indications that Loch Lomond (in particular 

the south basin) is mesotrophic rather than oligotrophic. In the 

nutrient range of the five lochs concerned. Loch Lomond lies at the 

richer end of the spectrum. The species composition, seasonal 

cycles and ecology of zooplankton in Scottish lochs have been 

reported by Chapman (1965, 1969, 1972), Walker (1970), Goldspink 

and Scott (1971) and Johnson and Walker (1974).

It was not until 1963 that regular observations were carried out 

and chemical studies were initiated following the appearance of 

extensive algal 'blooms' in Loch Leven (Holden and Caines,1974), 

a shallow eutrophic loch. The regular and continuous observations



started as a part of the International Biological programme (I.B.P.) 

The aim of the I.B.P. project was to assess production at various 

trophic levels, to define the flow of energy in the food chains, 

and to relate these to the fish and wild fowl populations.

As part of a programme of investigations into the factors affecting 

the biological productivity of Scottish freshwater lochs, and of 

the means of increasing this productivity, several experiments 

involving the addition of various types of mineral fertilizers have 

been carried out (Brooks, 1956; Brooks and Holden, 1957; Holden, 1959) 

Brooks (1956) and Holden (1959) noticed an increase in the abundance 

of phytoplankton in enrichment experiments of Sutherland lochs with 

fertilizers. They reported that Nygaard's compound phytoplankton 

quotient also increased so that oligotrophic lochs, at least for a 

period, turned distinctly eutrophic. Brooks and Holden (1957) 

also noticed the significant increase in phytoplankton after 2 weeks 

of fertlizer application and this increase was maintained for 18 

months, and periphyton abundance also increased. They reported the 

loss of phosphorus after the enrichment was due to water dilution, 

assimilation by macrophytes, phytoplankton, periphyton, bacteria 

and fungi, and by adsorption by bottom deposits.

Very little is known about the environmental impact of fish culture 

(cage and pond culture) in Scotland. The aquaculture of Salmonids 

has undergone intensive development in recent years. There is no 

danger to the environment if this aquaculture occurs in an enclosed 

artificial situation, but often natural habitats (lakes, rivers, 

estuaries) with high oxygen content and low pollution levels are used. 

The resulting addition of bioelements (C, P, N) to water can



intensify the process of eutrophication (Colby £ t ^  1972, Kajak, 

1979). The environmental impact of cage culture has only been 

reported fragmentar!ly and to a small extent (Kairesalo, 1979;

Enell, 1981; Skogheim and Bergheim, 1981; Holm ^  1982).

Skogheim ^  ̂  (1982) reported on a Norwegian acid lake with a cage- 

fish farm and found that the levels of N-compounds, primary production 

and chlorophyl1-a were nearly doubled compared with a nearby lake.

No information on lake water quality prior to the establishment of 

the farm was available. Penczak ^  (1982), in Poland, have

reported that the cage aquaculture of rainbow trout (Salmo gairdneri) 

enriched the mesotrophic Glebokie Lake with carbon, phosphorus and 

nitrogen.

Water pollution due to fish farming activities results in the increase 

in concentrations of organic matter, suspended solids and nutrients 

when water passes through the fish tanks and ponds (Bergheim et al 

(1982). The concentration of organic components in the effluent 

from fish farms are closely associated with feeding (Markmann, 1977; 

Solberg and Bregnballe, 1977) and cleaning operations (Liao, 1970) 

due to the accumulation of food particles (Bergheim ^  aj_ 1982).

The increased concentrations of total N when water passes through a 

fish farm are generally caused by the contribution of organic N and 

ammonia and the levels of these components vary diurnally (Solberg 

and Bregnballe, 1977). Ammonia is mainly an excretion product 

(Brett and Groves, 1979) and maintains a more stable concentration level 

than the periodic feed-induced organic-N components (Markmann, 1978). 

Bergheim _a_]_ (1982) and Markmann (1977) did not notice any 

increase in NO3 to the outlet water in Norwegian and Danish 

investigations, respectively. Hinshaw (1973) referred to



significantly increased concentrations of NO^ and NO2 at some trout 

hatcheries.

The prime objective of the present research was to study the effect 

of cage culture and pond culture of fish on the ecology of phyto­

plankton and zooplankton. This included investigating the species 

composition, relative abundance and seasonal changes of plankton 

together with physico-chemical water quality parameters (viz. 

temperature, pH, dissolved oxygen, ammonia, nitrite, nitrate, 

orthophosphate, silicate and suspended solids) in the vicinity 

of the fish cages and at a control station at the Southern end of 

Loch Fad; and at Howietoun Farm as the water passes through a 

series of farm ponds. Another aim of the present investigation 

was to record the seasonal changes and relative abundance of 

periphyton and make observations on the diurnal changes in physico­

chemical parameters and plankton behaviour in Loch Fad and Howietoun 

Farm.
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2, METEOROLOGY

1981 was a year of extremes, particularly of low temperature during 

December throughout the length and breadth of the British Isles. To 

study the monthly mean maximum and minimum air temperature and total 

monthly rainfall in Rothesay and Stirling, the data from two climato­

logical stations viz.Rothesay (Isle of Bute) and Parkhead (Stirling), 

have been referred to, and are presented in Figures 1 and 2. Both 

the climatological stations are within 5 km from the sampling stations.

2.1 Rothesay : Height above sea level : 43 metres

Latitude : 55® 50' N

Longitude : 5° 3’ W

Both mean maximum air temperature and mean minimum air temperature 

rose from February reaching highest during August and then dropped 

to minimum during December. Rainfall varied quite a lot, being lowest 

during April and highest during September.

2.2 Parkhead : Height above sea level : 35 metres

Latitude : 56“ 7' N

Longitude : 3“ 57' W

Mean maximum air temperature and mean minimum air temperature followed 

the same trend as in Rothesay, maximum during August and minimum 

during December. The maximum rainfall was during September and 

October.
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AIR TEMPERATURE ( ”C ) MAX. TEMP.

Fig. i:Seasona1 changes in mean monthly rainfall and mean maximum 
and minimum air temperature at Rothesay (Island of Bute) 
during 1981



1981

Fig.2: Seasonal changes in mean monthly rainfall and mean maximum 
and minimum air temperature at Stirling during 1981
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3. SITE DESCRIPTION

3.1 Loch Fad

The loch, which is situated approximately 2 km west of Rothesay, is 

actually a reservoir which was constructed to supply the town's linen 

mills in the 18th century. It lies 12m above sea level on a N.W.- 

S.E. line, immediately south of, and parallel to, the Highland 

Boundary Fault which bisects the island. North of the loch, the 

land is dominated by metamorphic schists and quartz rocks, while to 

the south the predominant rocks are sedimentary sandstones. The loch 

is surrounded by gently sloping hills on the east and west sides, 

the slopes of the latter being largely covered by deciduous trees. 

Small plantations of both coniferous and deciduous woodland lie along 

the eastern shore. The southern end of the loch is surrounded by 

arable and pasture land.

The loch is approximately 2.5 km long by 0.3 km wide, and the total
2

surface area is 0.71 km , with a maximum depth of 12m (fig.3). There 

are one major and five minor inflows, with an outflow through a non- 

operational sluice into the Kirk Dam at the north end.

The fish farm is situated at the north end of the loch in about 11m 

of water. Since it started in 1977, production has risen steadily 

to over 200 tons in 1981-82. During the study period about 75 

Kames-type cages were in use (see Dalton 1976, for description of 

design). Each cage is 120m3 (6 x 5 x 4m) in volume, and stocking 

density was approximately 15 kg m"^. The cages were moored together 

in 6 rafts of approximately 12 cages each, and each raft was anchored
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at a single point and was thus free to rotate about that single 

point.

The loch supported an abundant phytoplankton flora of Cyanophyceae 

Chlorophyceae, and Baci 11 ariophyceae, and supported a bloom of 

Microcystis aeruginosa during the spring and summer months. The 

zooplankton population consisted of crustaceans (cladocera and 

copepoda) and rotiferans. The macrobethic fauna mainly comprised 

oligochaetes, chironomids and gastropods. The fish fauna of the loch 

was dominated by coarse species such as pike (Esox lucius L.), 

roach (Rutilus rutilus L.), but also had a large population of feral 

rainbow trout (Salmo gairdneri L.) which had escaped from the cages.

One of the six rafts was chosen as the study area (raft No.1). The 

total length of the raft is some 33m. Including the anchor chain, 

the potential area covered by this raft is a circle of radius 41m. 

Using an echo-sounder, a control site was chosen at the southern end 

of the loch in a similar depth of water (fig. 4).

3.2 Howietoun Fish Farm

The historic fish farm at Howietoun in Stirlingshire was built between 

1871 and 1885 by James Maitland (Bartt) of Sauchieburn to conduct 

experiments on fish rearing, utilizing the excellent water supply 

of the local burns and spring. It was bought by the University of 

Stirling in 1979 to supplement its facilities as a centre for aqua­

culture research and training.

The farm consists of 10.12 hectares of land, 4.05 hectares of which
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Fig.4: Location of sampling stations and fish farm in Loch Fad
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Fig.5: Plan of Howietoun Fish Farm, showing main earth ponds
and the main flow routes and location of sampling stations
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are ponds with a holding capacity of 40 tonnes of fish. The earth 

ponds at the fishery part of the farm are a masterpiece of planning 

and design, and it is a credit to the standard of workmanship that 

all the ponds are still in use today with only minor modification.

As a concession to the obvious advantages of modern plastics, the 

original wooden hatching boxes have been replaced with glass fibre 

troughs and plastic trays which can be cleaned and disinfected more 

easily. In addition to the old hatchery and earth ponds there is now 

a modern part of the farm designed for the on-growing of brown trout, 

salmon and rainbow trout in fibreglass tanks.

There are about 40 earth ponds in total, all of varying depth and sizes 

and all carefully laid out to allow each pond to be serviced by gravity- 

flow water. The total drop in elevation from the top ponds to the 

bottom ponds (a distance of 341m) is 6.39m.

There are three sources of water, a stream, a spring, and a guaranteed 

1 million gallons per day from a reservoir. The average daily 

intake of water is 2 million gallons per day, producing 20 tonnes of 

fish per year. However, it would seem that water availability is 

limiting as the farm cannot run at full capacity. The main earth 

ponds, and the main flow routes through the farm are shown in Figure 

5.

The sampling stations are shown in fig.5. The ponds 13, 14 and 15 

had submerged vegetation along the shore line. Ponds 13, 14 and 15 

also supported Lemna sp., which was especially abundant in ponds 

14 and 15 compared with pond 13.
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4. MATERIALS AND METHODS

At Loch Fad - the investigations were carried out for a period of 

14 months from November 1980 to December 1981. Two stations were 

fixed for taking all the samples, one at the cage site and the other 

at the south end of the loch, over 1.61 km from the cages. The 

water samples from the surface were taken with a plastic bucket,

while samples from the depth of 4m and 9m were collected with a

Van Dorn water sampler. For seasonal studies, the samples were 

collected at about mid-day at intervals of one month; and for the 

diurnal study in the month of April 1981, the samples were collected 

at three hourly intervals, over a period of 27 hours, from the 

surface, 4m, and 9m depths.

At Howietoun Fish Farm - the samples for the present study were 

collected for a period of 11 months, from February to December 1981. 

Six stations were fixed for collecting the samples and their 

locations are shown in Figure 5. Water samples were collected at

about mid-day from the surface with a plastic bucket at fortnightly

intervals for the seasonal study, and at three hourly intervals 

over a period of 27 hours in the month of April for the diurnal study.

Water samples collected at both Loch Fad and Howietoun Fish Farm were 

analysed for various abiotic and biotic parameters. The abiotic 

parameters were temperature, transparency, hydrogen-ion concentration, 

dissolved oxygen, ammonia, nitrite, nitrate, soluble reactive 

phosphate, silicate, chlorophyl1-a, and total solids. The biotic 

components examined were phytoplankton and zooplankton. In addition 

to these, attached periphytic algae were also studied on artificial
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surfaces, as described below.

Water temperature: Water temperature was measured with a mercury- 

in-glass thermometer.

Transparency: The transparency was measured by a standard Secchi 

disc of 40cm diameter, painted with black and white quadrants.

Hydrogen-ion concentration: Hydrogen-ion concentration (pH) was 

measured using a battery operated portable pH meter (Orion Research, 

model 201, digital read out). The instrument was calibrated at 

frequent intervals using standard buffer solutions of pH 4 and 7.

Dissolved oxygen: Samples for dissolved oxygen were taken in 125 ml

glass-stoppered reagent bottles, and dissolved oxygen was estimated 

according to the modified Winkler's method described in Strickland 

and Parsons (1972). The oxygen percentage saturation was calculated 

by Rawson's nomogram (Welch, 1948; Hutchinson, 1957; Strickland and 

Parsons, 1972).

Nutrients: Water samples for the estimation of ammonia, nitrite, 

nitrate, soluble reactive phosphate, and silicate, were collected in 

500 ml narrow mouth, screw-capped polythene bottles, and were 

immediately processed (within 4 hours after collection) after taking 

them to the laboratory.

Total ammonia was measured using Harwood and Kuhn's (1970) phenol- 

hypochlorite method described in Golterman (1978). To measure

nitrite in the water samples the sulphani1 amide plus N- (1 - naphthyl)
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ethylenediamine method was used (Golterman ^  aj_ 1978). Nitrate 

was quantitatively reduced to nitrite by a cadmium-copper couple in 

alkaline buffered solution (pH 8) as described in Golterman et al 

(1978). Nitrite was then determined as above, and the concentration 

of nitrate obtained by the difference.

The soluble reactive phosphate was measured using molybdate-antimony 

and ascorbic acid reducing agent after Olsen (1967) as described in 

Golterman (1978). Silicate was determined colorimetri cal ly

using molybdate and reducing agent according to Golterman et al 

(1978).

Total suspended solids: Total suspended solids were determined by 

filtering 500 ml of sample water through pre-weighed filter paper 

(Whatman's GF/C) and dried at 105“C.

Chlorophyl1-a: For chlorophyl1-a analysis, a 500 ml water sample 

was collected in a narrow-mouth polythene bottle to which a few drops 

of ^% MgC03 solution had been added to prevent the conversion of 

chlorophyll into phaeophytin during the sample storage time (maximum 

storage time was 4 hours). On return to the laboratory the water 

was then filtered through sartorius membrane filter paper (pore size 

0.45 micron) under vacuum pressure. The filter paper was dissolved 

in 90% acetone and placed in complete darkness in a refrigerator 

for 24 hours to facilitate complete pigment extraction. After 

24 hours, the pigment solution was centrifuged at 5000 rpm for 

20 minutes. The absorbance was measured in a spectrophotometer 

at wavelengths of 665 and 750 nm and the concentration of 

chlorophyl1-a was calculated by the following equation.



22

X = 11.9fegg5 - E75Q) (Tailing & Driver 1963)

where X = concentration of chlorophyl1 - a equivalent in the

solvent (/ug ml'^ )

and E-,cn = absorbances at 665 and 750 nm, respectively 
665 /5U

Phytoplankton: For the collection of phytoplankton, water samples 

were collected in 500 ml wide-mouth, screw capped polythene bottles. 

The phytoplanktons contained therein were fixed with acid Lugol's 

iodine immediately after collection. Algae in the iodised samples 

were allowed to sediment by stages until a 100~fold concentration had 

been achieved. From these concentrates, cells of all types were 

enumerated in a Sedgwick-Rafter counting disc. Algae were identified 

with reference to West and West (1903, 1905), Komarek and Etti (1958), 

Bourrelly (1966, 1968, 1970), West and Fritsch (1927), Lund (1971).

The results were expressed in cells per litre. The percentages 

of various species in the total phytoplankton were also calculated.

Zooplankton: For the quantitative and qualitative estimation of

zooplankton, 50 litres of water sample collected by Van Dorn bottle 

from 4m and 9m layers, while from the surface layer a plastic bucket 

was used. The zooplankton was concentrated by filtering through 

fine mesh phytoplankton net to ensure the collection of all zooplankton 

including the small ones. The sample so obtained was immediately 

preserved in 4« formalin. Zooplankton numbers were counted under 

a compound microscope using a plankton counting chamber, and the 

results were expressed in number per litre. The identification 

was according to Edmondson (1965), Scourfield and Harding (1966),
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Harding and Smith (1974), and Pontin (1978).

Periphyton: To study periphyton at Loch Fad, artificial substrates 

were used both at the cage and control site. The artificial 

substrates consisted of small ( 4 x 4  cm) blocks of wood with an 

unpolished smooth surface which were fixed to a horizontal wooden 

bar. Four such horizontal bars were fixed at depths of surface, 4m 

and 9m along a nylon rope, which was weighted at the lower end and 

suspended from a plastic float at the surface, at both cage site and 

control site. At Howietoun Fish Farm, the horizontal bars were fixed 

by the bank of the ponds so that the wooden blocks were just below 

the surface of the water at stations 1, 3 and 5. On each sampling 

occasion at both Loch Fad and Howietoun Fish Farm two wooden blocks 

were removed from each horizontal bar and immediately placed in 

specimen tubes containing 10% formalin. In the laboratory, 

periphyton from the surface area of each block was carefully scraped 

off and the surface was washed with 100 ml of tap water. Samples 

were removed for identification and counting after shaking to evenly 

disperse the organisms. Each cell of a multicellular organism was 

given a count of one and the results are expressed as the mean number 

of cells per square centimetre of substrate surface.
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5. RESULTS_________________ _________________— ------------------ —

5.1 Loch Fad

5.1.1 Water Temperature: The seasonal changes in the water temperature 

are shown in fig. 6. Thermal stratification in Loch Fad was not 

observed throughout the period of observation. The maximum temperature 

differences between the surface and 9m depth was 0.6°c at the control 

site while it was 0.5“c at the cage site. The difference of water 

temperature between the two sites at all depths was not significant 

when analysed statistically by using the t-test for paired comparisons 

(Table 1). The surface temperature at both the control and cage 

sites went on decreasing until January when a minimum of 4.5°c was 

reached, after which it increased steadily reaching its highest peak

of IT^c during July and August. Temperature then decreased steadily 

until the end of the study during December when it was 4.5“c.

5.1.2 Transparency: Loch water was clearest during the winter months. 

Secchi disc readings at both the control and cage sites being highest 

during the month of January. These then decreased gradually to a 

minimum during August before increasing until the end of the study.

The Secchi disc reading showed a wide range of fluctuation and varied 

between 2.5m and 1.0m at the control site, while it was between 2 .2m 

and 0.6m at the cage site (fig.6). Thus the Secchi disc readings 

at the cage site were significantly lower than those at the control

site (Table 1).

Transparency was inversely correlated with the total phytoplankton 

population (the correlation coefficient being -.93 at the control
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TRANSPARANCY ( m ) ----  CONTROL SITE
----  CAGE SITE

1980-81

Fiq.6 : Seasonal changes in Water temperature and Transparency
in Loch Fad at control and cage sites during 1981



Table 1: Results of the t-test for paired comparison of physico­
chemical parameters at each depth between control and 
cage sites in Loch Fad over 14 months.

Parameters

i Average 
recorded

Depths at control 
site

Average 
recorded 
at cage 

site
ts value

Temperature (°c) Surface 9.86 
4m 9.74 
9m 1 9.50

9.82
9.75
9.52

0.919
0.151
0.698

Transparency (m) 2.04 1.88 5.078***

Surface 6.86 
4m 6.83 
9m 6.76

6.82
6.81
6.69

1.601
.898

2.16*

Dissolved Oxygen
(mg/1)

Surface 9.98 
4m 9.75 
9m j 9.50

9.83
9.67
9.30

1.368
.943

4.630**

Inorganic Nitrogen 
(mg/1)

Surface 6.31 
4m 5.60 
9m 1 7.08

6.92
7.33
8.41

2.160*
2.600*
4.630**

Total Ammonia
(mg/1)

Surface .358 
4m .387 
9m 1 .425

.453

.476

.510

5.361***
8.216***
6.415***

Nitrite (mg/1) Surface .03 
4m -03 
9m 1 .04

.04

.04

.05

1.678
1.812
2.053

Nitrate (mg/1) Surface 1 5.92 
4m 6.18 
9m 1 6.62

6.43
6.81
7.86

3.105**
2.193*
5.112***

Orthophosphate
(mg/1)

Surface .045 
4m .046 
9m .048

.05

.055

.058

4.187***
7.790***
5.515***

Silicate (mg/1) Surface 3.58 
4m 3.74 
9m 1 3.89

3.60
3.73
3.87

.705

.189

.440

Total Suspended 
Solids (mg/1)

Surface 6.00 
4m 5.61 
9m 6.25

J ------------------- J-----------------------

8.29
9.21
9.32

6.313***
9.814***
9.058***

where * P <.05 ** P < .01 *** P< -001
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site and -.96 at the cage site, both highly significant at p<.001).

The transparency was also inversely correlated with total suspended 

solids, the correlation at both the control and cage sites being 

highly significant (Table 2).

5,1.3 Hydrogen-ion concentration: The seasonal fluctuations in p̂^

are presented in fig. 7. The pH of the loch water was on the alkaline 

side throughout the period of study, except at 9m where a minimum of 

pH 6.8 was recorded at both the control and cage sites. The highest 

pH was during July and August at both sites. pH was always lower 

at the cage site at all depths, the difference being not significant 

at surface and 4m depths, but at 9m it was statistically significant 

(Table 1 ).

The positive correlation between pH and total phytoplankton was 

highly significant at both the sites (Table 2).

5.1.4. Dissolved oxygen: Dissolved oxygen showed seasonal

fluctuations with a minimum in May and September and a summer increase 

in concentration at all depths at both sites as shown in fig.7.

Its concentration was always lower at 9m depth, especially at the cage 

site. The dissolved oxygen was lower at all depths at the cage site

than at the control, but the difference was significant only at 9m 

(Table 1).

Table 3 gives the percentage saturation of dissolved oxygen at 

surface, 4m, and 9m depths at both the control and cage sites. At 

both sites and at all depths saturation reached close to 100* or
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Table 2: Correlation coefficient between Phytoplankton
and other parameters in Loch Fad during 1980-81

At control At cage
Parameters site site

Total phytoplankton and transparency -.93*** -.96***

Total phytoplankton and pH +.86*** +.82***

Total phytoplankton and i norgani c
nitrogen -.80*** -.78***

Total phytoplankton and nitrate -.80*** -.78***

Total phytoplankton and phosphate -.89*** -.89***

Total phytoplankton and total solids +.92*** +.92***

Total phytoplankton and si 1icate -.49 -.51

Total phytoplankton and chlorophyl1-a +.98*** +.99***

Total phytoplankton and total zooplankton +.78*** +.79***

Total phytoplankton and total periphyton + .66* +.78***

Total Baci11ariophyceae and silicate -.84*** -.78***

where * P< .05, *** P <.001
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CONTROL SITE

Fig.7: Seasonal changes in Dissolved oxygen and pH in Loch Fad
at control and cage sites during 1980-81

( —  surface,---4m, ..  9m)
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Table 3: Showing percent saturation of dissolved oxygen at both
control and cage sites in Loch Fad during 1980-81

Control Site Cage Site

Surface 4m 9m Surface 4m 9m

Nov. 87 85 84 87 87 85

Dec, 90 87 85 86 84 84

Jan, 92 90 87 87 87 85

Feb, 87 85 82 86 86 83

Mar, 82 80 77 80 78 76

Apl. 92 90 87 85 84 82

May 92 90 87 87 86 80

June 110 105 100 110 102 98

July 107 105 105 112 110 102

Aug. 107 104 103 112 110 98

Sep. 80 77 75 75 74 70

Oct. 77 75 72 74 72 70

Nov. 84 82 78 85 85 80

Dec. 78 76 75 78 78 75
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above during June to August and was minimum at 70-77% during October.

5.1.5 Inorganic Nitrogen: Inorganic nitrogen reached a maximum

during March and then decreased to a minimum during August at both 

sites at all depths, as shown in fig 8. Its concentration was 

significantly higher at the cage site at all depths throughout the 

study period (Table 1).

Inorganic nitrogen was inversely correlated with the phytoplankton 

population, the correlation coefficient being highly significant at 

both sites (Table 2).

5.1.6 Total Ammonia: The highest concentration was during January

and decreased steadily to a minimum during June to August, before 

rising again until the end of the study at both the sites. Fig. 9 

also shows that ammonia concentration increased with depth throughout 

the year at both sites. The amount of ammonia was always higher

at the cage site than at the control, the difference in concentration 

at all depths being highly significant (Table 1).

5.1.7 Nitrite; As shown in fig. 10, the concetration of nitrite- 

nitrogen remained below .05 mg/1 at all depths at both sites except 

ciuring September-October when it rose above 0.1 mg/1. The nitrite 

concentration was higher at all depths at the cage site than at 

control, but the difference was not significant (Table 1).

5.1.8 Nitrate: Nitrate-nitrogen was found to be the dominating 

nutrient over phosphate and silicate throughout the investigation 

period. Seasonal fluctuations were the same at control and cage
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in o r g a n ic  n i t r o g e n  ( mg /  l ) CONTROL SITE

Fig.8 : Seasonal changes in Inorganic nitrogen in Loch Fad at 
control and cage sites during 1980-81

( __  surface, 4m, 9m)
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a m m o n ia  ( mg /  I ) CONTROL SITE

Fig,9: Seasonal changes in Ammonia in Loch Fad at control
and cage sites during 1980-81

( __  surface, --- Am, 9m)
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NITRITE NITROGEN ( mg /  I ) CONTROL SITE

Fig 10- Seasonal changes in Nitrite and Nitrate in Loch Fad 
at control and cage sites during 1980-81

( surface, --- 4m, 9m)
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sites with a marked minimum during May-August, but even then the 

concentrations exceeded 2.0 mg/1. Fig. 10 shows that nitrate 

concentration increased with depth at both control and cage sites and 

the mean concentration at each depth was significantly higher at the 

cage site (Table 1).

As found with total inorganic-nitrogen, the inverse correlation 

between nitrate concentration and phytoplankton population was highly 

significant at both the sites (Table 2).

5.1.9 Phosphate; Fig. 11 shows that the seasonal fluctuation of 

soluble reactive phosphate was the same at both sites with a peak 

in February—March and a minimum in July-August, a pattern which closely 

parallels the fluctuation in nitrate-nitrogen. The soluble reactive 

phosphate concentration always remained below 0.09 mg/1 being higher 

at all depths at the cage site throughout the year. Table 1 shows 

that this difference was significant.

Phosphate was inversely correlated with total phytoplankton population, 

the correlation being significant at both sites (Table 2).

5.1.10 Silicate: Fig. 11 shows similar seasonal fluctuations of 

silicate concentration at both the control and cage sites with a peak 

in January and the minimum in May-August. The concentration increased 

with depth at both the sites. The differences in silicate 

concentrations between control and cage sites were not significant 

(Table 1).

The inverse correlation between silicate concentration and total



PHOSPHATE ( mg / I  ) C O N T R O L  S I T E

Fig.11; Seasonal changes in Orthophosphate and Silicate 
in Loch Fad at control and cage sites during 1980-81

( __ surface. 4m, 9m)
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B a c i l 1a r i o p h y c e a n  p o p u l a t i o n  w a s  h i g h l y  s i g n i f i c a n t  (Table 2).

5.1.11 Total suspended solids: Fig. 12 shows that the seasonal

fluctuation was the same at both sites with a peak in August. Total 

suspended solids were always higher at the cage site than at control 

at all depths, the difference being highly significant (Table 1).

A highly significant positive correlation was found between total 

solids and total phytoplankton population (Table 2).

5.1.12 Chlorophyl1-a: Fig. 13 shows that at both the sites there

was little fluctuation of chlorophyl 1-a during November to February, 

after which it increased to a marked peak during August, The 

chlorophyl1-a concentration decreased with depth at both the sites. 

Though the chlorophyl1-a concentrations were higher at all depths

at the cage site than at control, the difference was statistically 

significant only at the surface (Table 5).

As might be expected, chlorophyl1-a concentration was very highly 

correlated positively with the total phytoplankton population (Table 2)

5 1  13 Phytoplankton: The total phytoplankton population at both

the sites showed similar seasonal fluctuations, being low during 

winter and reaching a maximum during August at the surface (fig. 14). 

Total phytoplankton cell numbers were significantly higher at the cage 

site at all depths compared with the control site, but only at the 

surface was the difference statistically significant (Table 5).

The species of phytoplankton recorded during the period of study are
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TOTAL SUSPENDED SOLIDS ( mg/l ) CONTROL SITE

Fig.12: Seasonal changes in Total suspended solids in Loch Fad 
at control and cage sites during 1980-81

( surface, ---4m, 9m)
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CHLOROPHYLL-a ( /ug /  I ) CONTROL SITE

Fig,13: Seasonal changes in Chlorophyll-a in Loch Fad at
control and cage sites during 1980-81

( __ surface. 4m, 9m)
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TOTAL PHYTOPLANKTON ( X 10 cells / I  ) CONTROL SITE

Fig.14: Seasonal changes in abundance of Total phytoplankton 
in Loch Fad at control and cage sites during 1980-81

( __ surface, ---4m, .. 9m)
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Table 4: Species of Phytoplankton recorded in Loch Fad
during 1980-81

CHLOROPHYCEAE

Ankistrodesmus falcatus (Corde) Ralfs 

Botryococcus braunii Kutz 

Closterium Kutzingi i Breb.

Eudorina elegans Ehrenb.

Gleocystis gigas (Kutz) Legarh.

Oocysti s el 1i pti ca West 

Pandorina morum (Mull.) Bory 

Pediastrum boryanum (Turp.) Menegh. 

Pediastrum duplex Meyen 

Scenedesmus abundans (Kirchn.) Chod. 

Scenedesmus quadricauda (Turp.) Breb. 

Sphaerocystis schroeteri Chod. 

Spirogyra gracilis (Hass.) Kutz. 

Staurodesmuscuspidatus (Breb.) Teiling

BACILLARIOPHYCEAE

Amphora ovali s Kutz 

Asterionei la formosa Hass.

Cyclotella comta (Ehr.) Kutz 

Cymbel1 a ventri cosa Agardh 

Gomphonema constrictum Ehrenb.

Melosira italica- (Ehrenb.) Kutz Subarctica Mull 

Meridion circulare (Greville) Agardh 

Navicula viridis Kutz
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Table 4 cont'd.

BACILLARIOPHYCEAE cont’d.

Nitzschia linearis (Ag.) W.Sm, 

Stephanodiscus astraea (Ehr.) Grunow. 

Synedra ulna (Nitzsch.) Ehrenb. 

Tabellaria fenestrata (Lyngo.) Kutz.

DINOPHYCEAE

Ceratium hirundinella (O.F.M.) Schrank. 

Peridirtium wi 11 ei Huntf. - Kass.

CYANOPHYCEAE

Anabaena flos-aquae (Lyngb.) Breb.

Coelosphaerium naeqelianum Unger 

Microcystis aeruginosa Kutz 

Osci 11atoria agardhi Gomond 

Oscillatoria 1imosa Ag.
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Table 5: Results of the t-test for paired comparison of
Chlorophyll-a and phytoplankton at each depth 
between control and cage site in Loch Fad over 
14 months.

Depths
Average 
recorded 
at control 

site

Average 
recorded 
at cage 

site

ts
val ue

Chlorophyl1-a Surface 45.71 49.86 2.160*
(mg/1 4m 37.71 38.07 0.370

9m 34.71 34.83 0.830

Total phytoplankton Surface 5.007 5.075 2.277*
(log.r> no./ml) 4m 4.941 4.970 1.119
' ^ 1 0 9m 4.876 4.878 0.083

Chlorophyceae Surface 2.627 2.710 6.097***
(log.ri no./ml) 4m 2.560 2.670 4.648***

9m 2.332 2.472 2.526*

Baci11ariophyceae Surface 2.710 2.731 1.244
(loĝ r. no./ml) 4m 2.620 2.629 0.867

9m 2.326 2.385 0.918

Dinophyceae Surface 0.892 0.898 0.858
(login no./ml) 4m 0.665 0.665 -

9m 0.511 0.512 0.048

Cyanophyceae Surface 5.003 5.071 2.257*
(login no./ml) 4m 4.937 4.966 1.733

9m 4.873 4.875 0.66

where * P < . 05, **P<.01. ***P<..001
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listed in Table 4. The group Cyanophyceae was numerically the most 

abundant, the other groups being Chlorophyceae, Xanthophyceae,

Baci11ariophyceae, and Dinophyceae.

5.1.13.1 Seasonal trend of phytoplankton:

(A) Chlorophyceae: Fig. 15 shows that the group Chlorophyceae

started increasing in number from February, reaching a maximum in July 

at both sites. Its abundance decreased with depth at both sites.

Table 5 shows that cell numbers were significantly higher at the cage 

site at all depths compared with the control site.

The group Chlorophyceae comprised 14 species as shown in Table 4.

Their seasonal fluctuation and vertical distribution are shown in 

figs. 16 to 21. Cell numbers of all the chlorophyceans were higher 

at the surface than at lower depths. Only Pediastrum boryanum, 

Pediastrum duplex, and Staurodesmuscuspidatus were present throughout 

the year. The population of these species started to increase from 

March, reaching their highest peak in July in the case of P_. duplex 

and S. cuspidatus, while P̂. boryanum was at its maximum during August. 

From the month of March, Botryococcus braunii, Eudorina elegans, 

Pandorina morum, Scenedesmus quadricauda, and Sphaerocystis schroeteri 

started appearing in the phytoplankton samples and their population 

reached the highest peak during June—July. Ankistrodesmus falcatus, 

Closterium Kutzinqii, Gleocystis gigas, and Spirogyra gracilis showed 

up from April in Loch Fad. £. Kutzi ngii and G. gigas had the highest 

peak during June while falcatus and _S. qraci1is had the highest peak 

during July. By May, Scenedesmus abundans and Oocystis elliptica were 

present, their population reaching their maxima by July and August 

respecti vely.
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TOTAL CHLOROPHYCEAE { X lO^cells /  I ) CONTROL SITE

Fig.15: Seasonal changes in abundance of Chlorophyceae in Loch Fad 
at control and cage sites during 1980-81

( __ surface, ---4m, .. 9m)
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Fig.16: Seasonal changes in abundance of Ankistrodesmus falcatus, 
Botryococcus braunii, in Loch Fad at controland cage 
sites during 1980-81

( __  surface, ---4m, .. 9m)
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CLOSTERIUM KUT2INGII (X IOcel ls / l ) CONTROL SITE

Fig.17: Seasonal changes in abundance of Closterium Kutzingii 
and Eudorina elegans in Loch Fad at control and cage 
sites during 1980-81

( __ surface, -- 4m, 9m)
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GLEOCYSTIS GIGAS ( X l O ^ e t l s / l  ) CONTROL SITE

Fig.18: Seasonal changes in abundance of Gleocystis'gigas, 
Oocystis elliptica, Pandorina morum, in Loch Fad 
at control and cage sites during 1580-81

( __ surface, ---4in, ... 9m)
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PEDIASTRUM BORYANUM ( X10 cells / I  ) CONTROL SITE

Fiq.19: Seasonal changes in abundance of Pediastrum boryanum,
Pediastrum duplex, and Scenedesmus abundans in Loch Fad 
at control and cage sites during 1980-81

( __ surface, ---4m, .. 9m)
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SCENEDESMUS OUAORICAUDA ( X 1C?cells/l ) CONTROL SITE

Fig.20: Seasonal changes in abundance of Scenedesmus quadricauda, 
and Sphaerocystis schroeteri in Loch Fad at control and 
cage sites dunng 1980-81

( __  surface, ---4m, .. 9m)
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Fig.21: Seasonal changes in abundance of Spirogyra graci|i_s_ 
and 5t.aiiiroflPsmuscusp idatus in Loch Fad at control 
and cage sitesduring 1980-81

{ __  surface, --- 4m, .. 9m)
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(B) Baci11ariophyceae: The seasonal variation of the group

Bacillariophyceae and its vertical distribution in Loch Fad 

are shown in fig. 22. The Baci11ariophycean population showed two 

marked peaks, a smaller one during April and the highest one during 

August at both sites at all depths. Abundance was mostly higher 

at all depths at the cage site compared with the control, but the 

difference was not statistically significant (Table 5).

The seasonal changes of Baci11ariophyceans are shown in fig. 23 to 

fig. 26. Of the twelve species present in Loch Fad, only Asterionella 

Formosa, Cyclotella comta, Melosira italica-subarctica, Navicula 

viridis, and Stephanodiscus astraea were present throughout the year. 

The population of A. Formosa and italica-subarctica had two peaks, 

one during April and the other during August. £. comta attained a 

maximum during November-December, while astraea's maximum was 

during September. viridis was at a maximum during July at both

sites at all depths. Gomphonema constrictum was absent only during 

January and February and had a maximum during August. Meridion 

circulare and Tabellaria fenestrata were present from January and 

were at a maximum by April. Synedra ulna was present from February 

to July with the highest number during May. Nitzschia linearis 

was also at a maximum during May and was present from March to July. 

Both Amphora oval is and Cymbella ventricosa showed their peaks during 

August.

(C) Dinophyceae: The group Dinophyceae was present from March till

October. Seasonal fluctuations and vertical distribution are 

presented in fig. 27. The total population attained its highest 

peak during July. The difference in numbers of Dinophyceans
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Fig.22: Seasonal changes in abundance of Baci11ariophyceae in 
Loch Fad at control and cage sites during 1980-81

( __  surface, --- 4m, .. 9m)





Fig.24: Seasonal changes in abundance of Cymbella ventricosa,
Gomphonema constrictum, and Melosira italica-subarcTica 
in Loch Fad at control and cage sites during 1980-51

( —  surface, ---4m, 9m)
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STEPHANODISCUS ASTRAEA ( X K J c e l l s / l  ) CONTROL SITE

Fig.26: Seasonal changes in abundance of Stephanodiscus astraea, 
Synedra ulna, and Tabellaria fenestrata in Loch Fad at 
control andcage sites during 1980-81

( __ surface, ___ 4m, 9m)



Fig.27: Seasonal changes in abundance of Dinophyceae, 
Ceratium hirundinel1 a, Peridinium wi1 lei 
in Loch Fad at control and cage sites during 1980-81

( __ surface. 4m, .. 9m)
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present between cage site and control site was not significant 

(Table 5).

The group Dinophyceae was represented by only two species in Loch Fad, 

viz. Ceratium hirundinel1 a and Peridinium willei. Their seasonal 

variation and vertical distribution is shown in fig. 27, both being 

maximutn during July at both the sites.

(D) Cyanophyceae: The seasonal fluctuation and vertical distribution

of Cyanophyceae is shown in fig. 28. Abundance was maximum during 

August at both sites, with higher numbers throughout the year at the 

cage site at all depths than at the control site. This difference, 

however, was significant only at the surface (Table 5).

Anabaena flos-aquae and Coelosphaerium naegelianum were present 

throughout the study period. A. flos-aquae was maximum during 

June-July, while naegelianum peaked during July-August (fig.29). 

Microcystis aeruginosa (fig.29) was absent for only two months at 

the beginning of the study, and its population had the highest peak 

during August at both sites. Oscillatoria agardhi was present from 

February to September with its highest peak during April, while 

Osci1latoria 1imosa was present from March to October, and was maximum 

during July (fig.30).

5.1.13.2 Relative abundance of phytoplankton:

(A) Chlorophyceae; Except during the first two months of the study 

when Chlorophyceae formed 7-23% at the control and 18-29% at the
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TOTAL CYANOPHYCEAE ( X i c / c e l l s / l  ) CONTROL SITE

Fig.28: Seasonal changes in abundance of Cyanophyceae in Loch Fad 
at control and cage sites during 1980-81

( __ surface. 4m, ....  9m)
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ANA8>»eNA FL OS -A QU A E ( X 1 C ? c e t l s / l  ) CONTROL SITE

Fig.29: Seasonal changes in abundance of Anabaena flos-aquae, 
Coelosphaerium naeqelianum and Microcystis aeruginosa 
in Loch Fad at control and cage sites during 1980-91

( __  surface, ---4m, 9m)
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OSCILLATORIA AGARDHI ( X 1 0  c e l l s / U CONTROL SITE

Fig.30: Seasonal changes 1n abundance of Oscillatoria aqardhi 
and Oscillatoria limosa in Loch Fad at control and
cage sites during 1980-81 

( __  surface, ---4m, 9m)
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cage site, this group contributed very little towards the total 

phytoplankton population during the rest of the period of study 

(fig.31).

(B) Baci11ariophyceae: Of the five groups present in Loch Fad,

Baci11ariophyceae formed the bulk of the total phytoplankton (70-92%) 

during the start of the study (November and December '80) when other 

groups were low but from January to December '81 it formed less than 

6% of the total phytoplankton at both sites (fig.31).

(C) Dinophyceae: The contribution of the group Dinophyceae

towards the total phytoplankton population was negligible, with a 

maximum of .024%. Ceratium hirundinella was never more than .008% 

while Peridiniurn wi11ei was maximum at .028%

(D) Cyanophyceae: The group Cyanophyceae was the most dominant

group during most of the study period. In fact the peaks and 

troughs of the total phytoplankton were due to fluctuations in the 

Cyanophycean population. At the beginning of the study it formed

a maximum of only 1.03%, but from January to December it contributed 

not less than 92% towards the total phytoplankton population, 

except during October-December at the control, and during December 

at the cage site, at 9m depth (fig. 31).

Microcystis aeruginosa was never below 92% when it was present and 

comprised even more than 99.5% of the total phytoplankton during its 

peak time. The contribution of other species of Cyanophyceae was 

very little, the maximum contribution throughout the study period 

being 0.57% for Anabaena flos-aquae, 0.62% for Coelosphaerium
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naeqelianum. 1.56% for Oscillatoria agardhi, and 0.28% for 

Oscillatoria limosa.

5.1.13.3 Summary of Species Succession of Phytoplankton:

During December to February, the diatoms Cyclotella comta and 

Stephanodiscus astraea were common together with Anabaena flos- 

aquae. From January Microcystis aeruginosa started appearing and 

remained the most dominant species until December, as has been 

stated earlier. By April and May, Oscillatoria agardhi with 

spring diatoms Melosira italica-subarctica, Asterionella Formosa,

Meridion circulare, Tabel1aria fenestrata and Synedra ulna were at their 

maximum. By early summer Anabaena flos-aquae was high again with 

some chlorophyceans, including Sphaerocystis schroeteri. During 

mid summer most chlorophyceans were at their highest peak together 

with Navicula viridis and Oscillatoria limosa. Late summer was 

the time of maximum for the most abundant blue-green Microcystis 

aeruginosa, together with Coelosphaerium naegelianum. This was 

also the time when Pediastrum boryanum, Scenedesmus quadricaunda 

and diatoms, mainly Asterionella Formosa, were maximum. By autumn, 

the diatom Stephanodiscus astraea was again high in number.

5.1.14 Zooplankton: The seasonal variations and vertical distribution

of total zooplankton in Loch Fad are shown in fig. 32. Zooplankton 

numbers were mostly higher at 9m and were minimum at the surface at 

both sites. During the summer months (May-July) the numbers of 

zooplankton were highest at all depths. The mean total zooplankton 

population was higher at the cage site only at the surface but the
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TOTAL ZOOPLANKTON ( nos. /  I CONTROL SITE

Fig. 32: Seasonal changes in abundance of total zooplankton 
in Loch Fad at control and cage sites during 1980-81

( __ surface, -- 4m, .. 9m)
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difference was not significant, while the population was higher 

at the control site at 4m and 9m depths, the difference at 4m 

being significant (Table 6).

Total zooplankton was positively correlated with the total phytoplankton 

and the correlation was highly significant (Table 1) at both sites.

A total of 11 species belonging to Cladocera, Copepoda, and Rotifera 

were present in Loch Fad and are listed in Table 7.

5.1.14.1 Seasonal trend of zooplankton

(A) Cladocera: The seasonal variation and vertical distribution 

of Cladocera are shown in fig.33. In vertical distribution the 

Cladocera were mostly more abundant in daytime samples at 4m than 

at other depths. The population of Cladocera reached its highest 

peak during May-June at both the sites. Cladoceran population was 

higher at the control site at all depths than at the cage site, but 

the difference was not significant (Table 6).

The group comprised 3 species in Loch Fad of which Bosmina longirostris 

and Daphnia longispina were present from March to August.

longirostris reached its maximum during May and £. longi spina 

during June. Chydorus sphaericus was absent only during December 

to February and had its highest peak during August (fig. 34)

(B) Copepoda: The seasonal fluctuation and the vertical distribution

of Copepoda are shown in fig.35. The group Copepoda reached a 

maximum during August and were mostly higher in number at 9m and
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Table 7: Species of Zooplankton recorded in Loch Fad
during 1980-81

CLADOCERA

Bosmina longirostris (O.F. Muler) s.str. 

Chydorus sphaericus (O.F. Muler)

Daphnia lonqispina O.F. Muler

COPEPODA

Cyclops abyssorum Sars 

Pi aptomus qraci1i s Sars

ROTIFERA

Ascomorpha oval is Carlin 

Conochi 1 us hippocrepis (Schrank) 

Fi1inia terminalis (Plate) 

Kellicottia longispina (Kellicot) 

Keratella cochlearis (Gosse) 

Trichocerca capucina (Wierzejski)
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TOTAL CLADOCERA ( nos. / l  ) CONTROL SITE

Fig.33; Seasonal changes in abundance of Cladocera in Loch Fad 
at control and cage sites during 1980-81

( __ surface. 4m, 9m)
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OAPHNIA L ONGI SPI NA ( n o s  / I ) C O N T R O L  SITE

( __ surface, ---4m, 9m)
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Fig. 35: Seasonal changes in abundance of Copepods in Loch Fad 
at control and cage sites during 1980-81

( __ surface, ---4m, .. 9m)
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minimum at the surface throughout the study period at both the 

sites. Though the number of copepods was higher at the control 

site at all depths, this difference was not significant (Table 6).

The representatives of copepoda were Cyclops abyssorum and Piaptomus 

graci1 is only, both of which were present throughout the study period 

and were more numerous at 9m than at other depths. Cyclops abyssorum

had its highest peak during August and Daiptomus gracilis during June- 

July (fig. 36).

(C) Rotifera: The seasonal fluctuation and vertical distribution

of the group Rotifera are shown in fig. 37. Rotiferan numbers 

increased with depth. At the cage site Rotifera were more abundant 

at the surface and 9m compared with the control site, but the 

difference was significant only at the surface (Table 6).

All Rotifera except Filinia terminalis were present throughout the 

study period. Ascomorpha oval is. Conochilus hippocrepis, Kellicottia 

longispina, Keratella cochlearis, Trichocerca capucina, had their peak 

during June-August, while Filinia terminalis was at its maximum during 

December (fig. 38).

5.1.14.2 Relative abundance of Zooplankton:

(A) Cladocera: As a percentage of total zooplankton, Cladocera

were dominant in the upper layers during March to June at both sites, 

while at the bottom it was dominant only during May-June, as shown in 

fig. 39. Daphnia lonqispina comprised more of the total zooplankton
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CYCLOPS A8YSSORUM ( nos / I  I CONTROL SITE

1980-81

Fig.36: Seasonal changes in abundance of Cyclops abyssorum 
and Diaptomus q’̂acilis in Loch Fad at control and 
cage sites during 1980-81

{ __ surface, ---4m, 9m)
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TOTAL ROTIFERA ( n o s . / I  ) CONTROL SITE

Fig.37: Seasonal changes in abundance of Rotifera in Loch Fad 
at control and cage sites during 1980-81

( __surface, ___ 4m, ...... 9m)
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Fig.39: Relative abundance of zooplankton in Loch Fad at 
control and cage sites during 1980-81

( ■  Daphnia lonqispina,
□  Chydorus sphaericus, 
@  Piaptomus qraci1is, 
H  Fi1inia terminal is.

on Bosmina lonqirostris, 
B  Cyclops abyssorum,
00 Keratel 1 a cochlearis, 
E3 other rotifers)
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at 4m depth than at other depths, with a maximum of 39% at both sites. 

Bosmina lonqirostris was the most abundant among zooplankton during 

March to June at the surface, reaching a maximum in May of 56% at the 

control and 59% at the cage site (fig. 39). Chydorus sphaericus 

reached a maximum in September of 25% at the control site and 20% 

at the cage site, when it was the only cladoceran present.

(B) Copepoda: The histograms of percent composition show that Copepoda 

dominated the zooplankton only during August to November in the upper 

layers, and during August at 9m depth as shown in fig. 39. During 

August to October, Cyclops abyssorum was the dominant species among

the zooplanktons at all depths and at both sites, maximum being 60% 

at control site and 48% at the cage site (fig. 39). Fig. 39 shows 

that Diaptomus gracilis formed 5-50% of total zooplankton at both 

sites during the period of study.

(C) Rotifera: Fig. 39 shows that the group Rotifera was abundant

in the zooplankton throughout the year at 9m, but at 4m and surface 

it was abundant only during November to February. Ascomorpha oval is

reached a maximum of 14-21% of total zooplankton. Conochilus

hippocrepis and Trichocerca capucina comprised a maximum of 25%

as shown in fig. 39. Filinia terminalis was dominant over other 

zooplankton during November to February, reaching a maximum of 56% 

to 78%. Keratel la cochleari s reached a maximum of 33% and 100% 

at control and cage sites respectively.

5.1.15 Periphyton: The attached algae on the artificial surface

(wooden blocks) showed seasonal fluctuations and decreased with depth 

(fig.40). The periphytic population started increasing from the
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Fig.40: Seasonal changes in abundance of total periphyton
in Loch Fad at control and cage sites during 1980-81

( __ surface, — 4m, — 9m)
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start of the study, reaching a maximum during July at both sites. 

Their numbers were mostly higher at the cage site at all depths 

than at the control, but the difference was significant only at the 

surface (Table 8).

Periphyton was positively correlated with the total phytoplankton 

population, the correlation coefficient being significant (Table 2),

The periphytic population in Loch Fad comprised 22 species 

representing Chlorophyceae, Baci11ariophyceae and Cyanophyceae, 

which are listed in Table 9.

5.1.15.1 Seasonal trends of periphyton:

(A) Chlorophyceae: The group Chlorophyceae were at a maximum

during June-July, as shown in fig. 41. The number was higher 

at all depths at the cage site, but the difference was significant 

only at the surface (Table 8).

The seasonal changes of individual chlorophycean species are 

shown in fig. 41 and fig. 42. Of the seven species, only 

Pediastrum boryanum and Pediastrum duplex were present throughout 

the study period and were at a maitimum during June and July-August, 

respectively. . Ankistrodesmus falcatus was present from February 

to September with a maximum during June, while Scenedesmus quadricauda 

and Spirogyra graci1is appeared by March and reached a maximum by 

June-July. Scenedesmus abundans and Closterium Kutzingi i were 

present from May with peaks during June and August respectively.
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Table 8: Results of the t-test for paired comparison of
periphyton at each depth between control and 
cage site in Loch Fad over 12 months.

Depths
Average 
recorded 
at control 

si te

Average 
recorded 
at cage 
site

ts

Total periphytic Surface 3.992 4.039 2.959**
algae - 4m 3.709 3.711 0.528
(log^Q nojcwr) 9m 2.897 2.926 0.869

Chlorophyceae^ Surface 3.164 3.245 2.790*
(log.n no./cm*^) 4m 2.950 2.959 0.109u 9m 1.491 1 .531 0.561

Baci11ariophyceae Surface 3.730 3.768 1.622
Hog.« no./cm<) 4m 3.435 3.499 0.7501 u 9m 2.816 2.848 0.555

Cyanophyceae Surface 3.475 3.521 1.588
(log.n no./cm^) 4m 3.178 3.185 0.2441 u 9m 2.017 2.817 1.593

Fungi 2 Surface 3.301 3.403 3.614**
(log.p, no./cm“̂) 4m 3.219 3.315 3.007**1 u 9m 3.176 3.292 4.098**

where * P <.05, ** P <.01
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Table 9: Periphytic algae recorded in Loch Fad during 1980-81

CHLOROPHYCEAE

Ankistrodesmus falcatus (Corda) Ralfs 

Closterium Kutzingi i Breb.

Pediastrum boryanum (Turp.) Menegh. 

Pediastrum duplex Meyen 

Scenedesmus abundans (Kirchn.) Chod. 

Scenedesmus quadricauda (Turp.) Breb. 

Spirogyra gracilis (Hass.) Kutz.

BACILLARIOPHYCEAE

Amphora ovalis Kutz.

Asterionel1 a formosa Hass.

Cyclotella comta (Ehr.) Kutz.

Cymbel1 a ventri cosa Agardh 

Gomphonema constrictum Ehrenb.

Melosira italica (Ehrenb.) Kutz subarctica Mull 

Meridion circulare (Grevi lie) Agardh 

Navicula viri di s Kutz 

Nitzschia linearis (Ag.) W.Sm.

Stephanodiscus astraea (Ehr.) Grunow 

Synedra ulna (Nitzsch.) Ehrenb.

Tabellaria fenestrata (Lyngb.) Kutz.

CYANOPHYCEAE

Anabaena flos-aquae (Lyngb.) Breb.

Osci 11atoria agardhi Gomond 

Osci 11atori a limosa Ag.
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TOTAL CHLOROPHYCEAE ( XlO^cells /  cm^

F M A M J  J A S O N D  
1 9 8 1

Fig. 41: Seasonal changes in abundance of total Chlorophyceae,
Ankistrodesmus falcatus and Closterium Kutzingii in the periphyton
at surface ( — - ( ----' & (    ] depths
in Loch Fad at control and cage sites during 1981
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J D U S T R U M  BORYANUM ( c e l l s / c ^  CONTROL SITE

C A G E  SITE

-—1'*~ I ■ I f . . .
PEDIASTRUM DUPLEX ( c e l l s / c m  )

200.
CONTROL S IT E

CAGE S IT E

SCENEDESMUS ABUNDANS (cells /cm )

200i
CONTROL SITE

CAGE S IT E

200i

SCENEDESMUS OUAORICAUOA (ce lb /cm ^)  CONTROL SITE

Fig.42: Seasonal changes in abundance of Pediastrum boryanum, 
Pediastrum duplex, Scenedesmus abundans, Scenedesmus 
quadricaug’a. and Spiroqyra qracTRs on wooden substrates
suspended at surface ( )» ( --- ) ♦ ( ••••""■ '
depths in Loch Fad at control and cage sites during 1981



85

(B) Baci11ariophyceae: The seasonal changes and vertical distribution 

of Baci11ariophyceae are shown in fig. 43. The population had its 

highest peak during August. The cell numbers of Baci1lariophyceae 

were generally higher at all depths at the cage site than at the 

control site, but the difference was not significant (Table 8).

The seasonal changes and vertical distribution of the twelve species 

of Baci11ariophyceae are shown in fig. 44 to fig. 46. The species, 

viz., Asterionel1 a formosa, Cyclotel1 a comta, Gomphonema constrictum, 

Melosira italica-subarctica, Navicula viridi s and Stephanodi scus astraea. 

were present throughout the study period, of w h i c h formosa,

G. constrictum, and astrae^were maximum during August. £. comta 

did not show any marked seasonal variation. italica-subaretica

and £. viridis had their highest peaks during July and April, 

respectively. Nitzschia linearis and Synedra ulna showed peaks during 

May-June, while peaks of Amphora ovalis and Cymbel1 a ventricosa 

occurred during August. Meridion circulare was present from January 

to July with a maximum during April.

(C) Cyanophyceae: The seasonal fluctuation in total Cyanophyceae

with two peaks, one in April and the other in July, is shown in fig.

47. The cell number was mostly higher at all depths at the cage 

site, but the difference was not significant (Table 8).

The Cyanophyceae group comprised three species, Anabaena flos-aquae, 

Osci11atori a agardhi, Oscillatoria 1imosa, the seasonal changes and 

vertical distributions of which are shown in fig. 48. Anabaena flos-

aquae was present throughout the year with the maximum in July. 

Oscillatoria agardhi was absent during November and December with a
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TOTAL BACILLARIOPHYCEAE X lO^cell s / c m ^  )

Fig.43: Seasonal changes in abundance of Baci11ariophyceae
on wooden substrates suspended at surface ( --  ),
4m ( ___), 9ni ( ....  ) depths in Loch Fad at control
and cage sites during 1981





1 9 8 1

Fig.45: Seasonal changes in abundance of Gomphonema constrictum, 
Melosira italica-subarctica, Meridion circulare on
w o o d e n  s u b s t r a t e s  s u s p e n d e d  at s u r f a c e  ( — ), 4 m  ( ---  ),
9m (.. ) depths in Loch Fad at control and cage sites
during 1981
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Fig. 46: Seasonal changes in abundance of Navícula viridis,
Nitzscia linearis, Stephanodiscus~~astraea, Synedra 
ulna. Tabellaria fenestrata on wooden substrates
suspended at surface ( ---  ), 4m ( --- ), 9m ( .... )
depths in Loch Fad at control and cage sites during 1981
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t o t a l  CYANOPHYCEAE ( x lO^cells /cm ^

Fig. 47: Seasonal changes in abundance of Cyanophyceae
on wooden substrates suspended at surface ( —  ),
4m (___), 9m ( ...  ) depths in Loch Fad at
control and cage sites during 1981
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peak in March, and £. 1 imosa was absent only during January with 

a peak in July.

(D) Fungi: Besides the attached algae, water moulds were also observed 

on the wooden collector plaques. Fig. 49 shows that fungal hyphae 

were present from June to December with a maximum during October at 

all depths at both sites. The number of fungal hyphae were higher at

all depths at the cage site than at the control, these differences 

being statistically significant (Table 8).

5.1.15.2 Relative abundance of periphyton:

(A) Chlorophyceae: Of the total periphyton, the group Chlorophyceae 

was never dominant over other groups (fig. 50), the maximum percentage 

being 35% at control and 38% at the cage site. The percentage 

contribution of Chiorophycean species towards the total periphyton 

is shown in fig. 50. Spirogyra gracilis was one of the dominant 

periphyton species, forming a maximum of 21-29% during June-July. 

Pediastrum duplex, boryanum, Scenedesmus quadricauda, abundans, 

Closterium Kutzingi i, and Ankistrodesmus falcatus never formed more 

than 4% of the total periphyton.

(B) Baci1lariophyceae: The group Baci11ariophyceae was the most 

dominant group of all, forming more than 43% of total periphyton 

at both sites at all depths, while at 9m depth they even formed a 

maximum of 100% (fig. 50). The percentage contribution to total 

periphyton by Baci11ariophycean species is shown in fig. 50. Amphora 

ovalis, Cymbella ventricosa, Stephanodiscus astraea, and Meridion 

circulare never formed more than 20% of the total, while Cyclotella

H
I
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MOULD HYPHAE XIC? c ( C O N T R O L  SITE

Fig.49: Seasonal changes in abundance of Fungi i on 
wooden substrates suspended at surface (—  ),
4m (___), 9m (....) depths in Loch Fad at
control and cage sites during 1981
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comta, Melosira italica-subarctica and Navícula viridis formed 

maxima of 24%-89%. Remaining species of Baci11ariophyceans 

were less than 12.5% throughout the study period.

(C) Cyanophyceae: Cyanophyceae mostly comprised more of the total

periphyton than Chlorophyceae, but less than Baci11ariophyceae.

The maximum contribution was 50% at the control site and 52% 

at the cage site. The seasonal changes in percentage composition 

of cyanophycean species are shown in fig. 50.

5.1.15.3 Species succession of periphyton:

As has already been stated, total periphyton had two peaks, one small 

one during spring and another high one by summer. The spring 

maxima of periphyton was due to Baci11ariophyceans and Cyanophyceans, 

mainly Stephanodiscus astraea, Cyclotella comta, Melosira italica- 

subarctica, and Meridion circulare and Osci1latoria agardhi. By the 

first half of summer most chlorophyceans were high in number, 

together with the blue-greens Oscillatoria limosa and Anabaena 

flos-aquae and the diatoms Navícula viridis, Nitzschia linearis.

Late summer was the time when other diatoms were in maxima, 

especially Stephanodiscus astraea and Asterionella formosa. With 

autumn, the periphyton decreased in number till winter.

5.1.16 Diurnal Studies: At Loch Fad diurnal study of physico­

chemical parameters, phytoplankton and zooplankton was carried out 

on 2nd-3rd April, 1981, at the cage site only (fig.51 to 54).

Water temperature rose to the highest during 13.00 hrs. at all
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Fig.51: Diurnal changes in Water temperature. Dissolved
Oxygen, Ammonia, Nitrite, and Nitrate in Loch Fad 
at cage site during 2nd-3rd April, 1981
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depths and then dropped to a minimum by 01,00 to 04.00 hrs.

before rising again. The difference between the maximum and minimum

temperatures was only 1.1°c.

pH increased until 16.00 hrs. and then started decreasing, reaching 

a minimum by 04,00 hrs., after which it increased until the end of 

study at 10.00 hrs.

Dissolved oxygen was always below 100% saturation during the period 

of study. It was highest during 16.00 hrs., being 10 mg/1 at the 

surface layer, 9.9 mg/1 at 4m, and 9.6 mg/1 at 9m. The concentration 

then dropped to a minimum between 04.00 and 07.00 hrs.

Ammonia, Nitrate and Phosphate concentrations showed a decreasing 

trend during the day and an increasing trend during the night. Nitrite- 

nitrogen and silicate concentrations, however, showed no marked diurnal 

trends.

Except Peridinium willei, all other phytoplankton did. not show any 

diel pattern in their vertical distribution in the water column; 

they were always higher in number in the upper layers than at the 

bottom. So the data of phytoplankton during diel study is not 

shown in figure form. Peridiniurn willei showed upward movement 

during the day and downward movement during the night.

All 11 zooplankton species which were recorded during the seasonal 

study were present. All zooplankton showed a downward migration 

during the day and an upward migration during the night. The maximum 

number recorded at the surface was during 01.00 hrs. to 04.00 hrs. and 

at the 9m layer it was during 13.00 hrs. to 16.00 hrs.
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5.2 Howietoun Fish Farm

5.2.1 Mater temperature: The water temperature rose from 4°c in 

February to 16°c in mid May, reaching a maximum of 17.6®c in mid July 

(fig. 55). The difference between the water temperature of different 

stations was never more than 0.5°c, which was observed during July.

5.2.2 Hydrogen-ion concentration: The seasonal fluctuation of pH 

(measured between 11.00 a.m. to 12 noon) at all the stations showed 

a similar pattern, low during winter months and high during summer 

(fig. 55). pH showed a decreasing trend during winter months from 

station 1 to station 6 but during the summer the trend was the reverse.

Highly significant positive correlation was observed between daytime 

pH and total phytoplankton population at all the stations (Table 11) 

which was probably related to the photosynthetic activity of the 

phytoplankton.

5.2.3 Dissolved Oxygen: The seasonal fluctuation in dissolved 

oxygen at all the stations is presented in fig. 56. Dissolved oxygen 

concentration decreased from station 1 to station 6, and the difference 

between stations was highly significant (P <.001) when analysed with 

two way anova (Table 12).

The percentage saturation of dissolved oxygen is presented in Table 

10. At station 1, it was more than 100% except on a few occasions, 

but at station 6 it was never more than 98%.
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WATER TEMPERATURE ( C )

Fig.55: Seasonal changes in water temperature and pH 
in Howietoun Farm at six stations during 1981
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Table 10: Showing Percent Saturation of Dissolved Oxygen at
all six stations at Howietoun Fish Farm during 1981

St.1 St.2 St.3 St.4 St. 5 St.6

Feb. 102 100 100 98 98 97

102 100 100 98 98 97
Mar. 101 100 100 98 98 96

101 100 100 97 97 95
Apr. 107 102 102 100 100 98

102 100 100 98 96 95
May 105 100 97 100 97 96

102 100 100 98 95 95
June 98 98 95 95 92 92

98 98 96 95 95 92
July 96 95 97 96 97 95

100 98 96 96 96 94
Aug. 101 100 100 100 94 95

101 98 97 96 88 86
Sep. 100 96 98 97 80 86

100 98 96 95 88 87
Oct. 98 96 97 97 97 95

102 100 98 99 96 96
Nov. 101 101 100 99 98 97

101 100 100 99 97 96
Dec. 101 100 99 100 98 96
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df SS MS ^S

Chlorophyceae
Stations 5 260.0 52.0 16.4

Error 100 316.47 3.17

Baci 11 ariophyceae
Stations 5 164.75 32.95 224.92

Error 100 14.65 .1465

Cyanophyceae
Stations 5 4528.59 905.72 22.61
Error 100 4005.49 40.06

Total Zooplankton
Stations 5 4109.59 821.918 296.72
Error 100 277.08 2.77

Cladocera
Stations 5 604.83 120.96 21.66
Error 100 558.5 5.585

Copepoda
Stations 5 269.87 53.97 9.78
Error 100 552.45 5.5245

Rotifera
Stations 5 525.7 105.14 80.36
Error 100 130.67 1.31

Total Periphyton
Stations 2 2358.71 1179.36 20.89
Error 20 1129.43 56.47

Chlorophyceae
Stations 2 38.19 19.095 13.17
Error 20 28.99 1.4495

Baci11ariophyceae
Stations 2 115.78 57.89 147.87
Error 20 7.83 .3915

Cyanophyceae
Stations 2 1020.56 510.28 11.10
Error 20 919.85 45.99
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DISSOLVED OXYGEN ( mg /  I )

Fig.56: Seasonal changes in dissolved oxygen and inorganic nitrogen 
in Howietoun Farm at six stations during 1981.

Ibll

( St.1, „St.2, __  St.3, ^ S t . 4 ,  St.5, _  St.6)



5 2.4 Inorganic Nitrogen: Inorganic nitrogen concentrations were 

high at all the stations during winter and were low during summer 

(fig. 56). The concentration of inorganic nitrogen showed an 

increasing trend from station 1 to station 6, the difference between 

the stations being highly significant (P<.001) as shown in Table 12.

The negative correlation between inorganic nitrogen and the total 

phytoplankton population was significant as shown in Table 11.

5.2.5 Nitrite: Nitrite-nitrogen was never more than .025 mg/1 at all 

the stations except during mid September at stations 5 and 6 (fig.57). 

Nitrite concentrati on increased through station 1 to station 6, the 

difference between the stations being significant (Table 12).

5.2.6 Ammonia: Seasonal fluctuations of total ammonia concentration 

were similar at all the stations, decreasing steadily from February 

to reach a minimum during July-August (fig. 57). The ammonia 

concentration increased from station 1 to station 6 and the difference 

between stations was significant (Table 12).

5.2.7 Nitrate: Nitrate-nitrogen was the dominant nutrient over 

ammonia, phosphate and silicate. Its concentration followed a 

similar pattern to that of ammonia of decreasing during the summer 

(fig. 57). Nitrate concentration increased from station 1 to station 

6, and this difference between stations was significant (Table 12).

The negative correlation between nitrate-nitrogen and total phyto­

plankton population was statistically significant (Table 11) at all 

the stations.
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AMMONIA (mg /  I )

1 9 8 1

Fig.57: Seasonal changes in ammonia, nitrite, nitrate, in 
Howietoun Farm at six stations during 1981

( . St.1, —  St.2, — St.3, —  St.4, ...... St.5, _  St.6)
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5.2.8 Phosphate: Fig. 58 shows that phosphate concentration 

followed a similar pattern to that of nitrate-nitrogen, being low 

during summer months (July-August). Its concentration also increased 

from station 1 to station 6, the between station difference being 

significant (Table 12).

A significant negative correlation between phosphate concentration 

and the total phytoplankton population existed at all the stations 

(Table 11).

5.2.9 Si 1icate: The reactive silicate concentration showed 

two peaks, a smaller one during mid March and another higher one 

during September-October (fig. 58). Unlike other nutrients, silicate 

concentration decreased from station 1 to station 6, the difference 

between stations being highly significant (Table 12).

Though silicate concentration was correlated negatively with

Baci11ariophyceae population at all the stations, this correlation was

significant only at stations 3, 4 and 5 (Table 11).

5.2.10 Total suspended solids: Fig. 59 shows two peaks of

suspended solids one in March and the other in September-October.

Total suspended solids also decreased from station 1 to station 6, 

except in August. The difference between the stations was still 

significant, though less so than with the other parameters.

The correlation between suspended solids and total phytoplankton 

was not significant at any station (Table 11). This contrasts 

with the significant positive correlation observed at Loch Fad.
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PHOSPHATE ( mg /  1 )

Fig.58; Seasonal changes in orthophosphate and silicate 
in Howietoun Farm at six stations during 1981

St.1. __St.2, —  St.3, —  St.4, ---St.5, _  St.6)

n
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Fig.59: Seasonal changes in total suspended solids and Chlorophyl1-a 
in Howietoun Farm at six stations during 1981

( S t . 1 , __ St.2, — St.3, ^  St.4, St.5, _  St.6)
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5.2.11 Chlorophyl1-a: Chlorophyl1-a concentration increased from

February, reaching its maximum in July-August (fig. 59), after which 

it decreased to the end of the study in December. Chlorophyl1-a 

concentration increased from station 1 to station 6 as shown in

fig. 63, the difference between stations being significant (Table 12)

Chlorophyl1-a concentration was positively correlated with the total 

phytoplankton, the correlation being highly significant (Table 11).

5.2.12 Phytoplankton: The seasonal variation of total phyto­

plankton at all the stations at Howietoun Fish Farm is shown in fig. 

60. The population showed its highest peak during July-August.

The cell numbers increased from station 1 to station 6, and the 

difference between stations was highly significant (Table 12).

The total phytoplankton population comprised 31 species belonging 

to the groups Chlorophyceae, Xanthophyceae, Baci11ariophyceae, 

Rhodophyceae, and Cyanophyceae. They are listed in Table 13.

5.2.12.1 Seasonal Variation of Phytoplankton:

(A) Chlorophyceae: The group Chlorophyceae increased steadily 

from the start of the study, reaching a maximum during July at all 

stations (fig. 60). Chlorophyceae also showed an increasing trend 

from station 1 to station 6, the station difference being highly 

significant (Table 12).

The group Chlorophyceae comprised 10 species, the seasonal variation 

of which is shown in fig. 61 to fig. 64. None of the chlorophycean
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TOTAL PHYTOPLANKTON ( XlO^cells/l )

Fig.60: Seasonal changes in abundance of total phytoplankton and
Chlorophyceae in Howietoun Farm at six stations during 1981

( .. St.1, __  St.2, — St.3, — St.4, ...... St.5, —  St.6)
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Table 13: Phytoplankton recorded in Howietoun Fish Farm during 1981

CHLOROPHYCEAE

Ankistrodesmus falcatus (Corda) Ralfs 

Ankistrodesmus sp.

Botryococcus brauni i Kutz 

Closterium parvulurn Naeg.

Oedogonium sp.

Pandorina morum (Mull) Bory.

Scenedesmus quadricauda (Turp.) Breb 

Scenedesmus obliquus (Turp.) Kutz 

Spirogyra varians (Hass.) Kutz 

Staurodesmuscuspidatus (Breb) Teiling

BACILLARIOPHYCEAE

Amphora ovalis Kutz 

Asterionella Formosa Hass.

Cyclotel1 a meneghiniana Kutz 

Pi atoma elongatum Ag.

Pi atoma vulgare Bory.

Gomphonema constrictum Ehrenb 

Gomphonema qeminatum (Lyngb.) Ag. 

Melosira italica-subarctica 

Meridion circulare (Greville) Agardh 

Navicula cryptocephala Kutz 

Navicula viridis Kutz 

Nitzschia linearis (Ag.) W.Sm. 

Stephanodi scus hantzschi i Grunow
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ANKISTRODESMUS FALCATUS { X 1C?cells /  I )

Fig.61: Seasonal changes in abundance of Ankistrodesmus falcatus
and Ankistrodesmus sp. 
stations during 1981

in Howietoun Farm at six

( S t . 1 , __St.2, __St.3, _  St.4, .. St.5, _  St.6)
ri
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BOTRYOCOCCUS BR/JUNII ( XlO^cells /  1 )

Fig.62: Seasonal changes in abundance of Botryococcus braunii 
and Closterium parvulum in Howietoun Farm at six 
stations during 1981

( .. St.1, __St.2, ___ St.3, --  St.4, ... St.5, _  St.6)
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OEDOGO NIUM SP { XIO^cells /  1 )

Fig.63; Seasonal changes in abundance of Oedogonium sp., Pandorina 
morum, and Scenedesmus quadricauda, in Howietoun Farm 
at six stations during T55T

( St.1, __St.2, ___St.3, .— . St.4, ...... St.5, —  St.6)
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SCENEDESMUS OBLIQUUS (X10 cells /  I )

STAURODESMUS CUSPIDATUS (X 10 cells /  I )

Fig.54: Seasonal changes in abundance of Scenedesmus obliquus
and Spirogyra varians in Howietoun Farm at six stations 
during 198i

( .. S t . 1 ,__ St.2, __ St.3, --  St.4, ...... St.5, —  St.6)
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species persisted throughout the study period. The population 

of Anki strodesmus sp. , Botryococcus brauni i, Closteriurn 

parvulum, Pandorina morum, Scenedesmus quadricauda, and Spirogyra 

vari ans had their highest peak in July, while Ankistrodesmus falcatus, 

Oedogonium sp., Scenedesmus obiiquus, and Staurodesmuscuspidatus 

had their maxima in August.

(B) Baci11ariophyceae: The group Baci11ariophyceae showed its 

highest peak in March-April at all stations (fig. 65). This group 

also showed an increasing trend in abundance from station 1 to 

station 6, the difference between stations being significant as 

shown in Table 12.

Baci11ariophyceae comprised 16 species at Howietoun, the seasonal 

variation of which is shown in fig. 65 to fig. 70. The population 

of Cycle Tel 1 a meneghiniana and Navicula cryptocephala had maxima 

during March. By Apri1-May Asterionella formosa, Melosira italica- 

subarctica, Meridion ci rculare, Synedra ulna, and Tabellari a fenestrata 

had their highest peaks. Diatoma elongatum, Diatoma vulgare,

Gomphonema geminatum, and Tabel1aria flucculosa showed their highest peak 

in June, while the maxima of Amphora oval is, Nitzschia linearis,

Navicula viridis and Stephanodiscus hantzschii occurred in July. 

Gomphonema constrictum was the only diatom to have a peak in August.

(C) Rhodophyceae: The group Rhodophyceae was present only at 

stations 1, 2 and 3, being higher in number at station 1 than at the 

other stations (fig. 71). It was present from February to August 

with the highest peak by June. This group comprised Lemanea 

mammi1losa and Chantransia pygmaea, which showed similar seasonal
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BACI LLA RIOPHYCEAE (XlO^cells  /  I )

Fig.65: Seasonal changes in abundance of Baci11ariophyceae and
Amphora ovalis in Howietoun Farm at six stations during 1981

( St.1, __ St.2, --- St.3, — . St.4, ... St.5, —  St.6)
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ASTERIONELLA FORMOSA ( X lO^ceils /  1 )

Fig.66: Seasonal changes in abundance of Asterionella formosa, 
Cyclotella meneghiniana, and Diatoma elongatum in 
Howietoun Farm at six stations during 1981

( ..... St.1, __ St.2, -- St.3, ---- St.'4, St.5. —  St.6)
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DIATOMA VULGARE ( X 10 cells /  I )

GCM PHONEMA CONSTRICTUM ( X 1C?cells /  1 )

Fig.67: Seasonal changes in abundance of Diatoma vulgare,
Gomphonema constrictum, and Comphonema geminatum 
in Howietoun Farm at six stations during 1981

( ...... St.1, __ St.2, __ St.3, --  St.4, ...... St.5, _  St.6)
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MELOSIRA ITALICA SUBARCTIC A ( X lO^cells /  I )

MERIDION CIRCULARE (X  10 cells / I  )

Fig.68: Seasonal changes in abundance of Melosira italica-subarctica,
Meridion circulare, and Navicula cryptocephala in Howietoun 
Farm at six stations during 1981

( St .1, __St.2, __St.3, -- St.4, --- St.5, —  St.6)
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NAVICULA VIRIDIS ( X 10 cells /  I )

STEPHANODISCUS HANTZSCHII ( X IC p c e l ls /  I )

Fig.69: Seasonal changes in abundance of Navícula virldis, Nitzschia
linearis, and Stephanodiscus hantzschii in Howietoun Farm 
at six stations during 1981

( St . 1 ,  St.2, --  St.3. —  St.4, St.5, —  St.6)
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SYNEDRA ULNA ( X ICpcells /  I

Fig.70: Seasonal changes in abundance of Synedra ulna, Tabel1 ari a 
flucculosa, and Tabellaria fenestrata in Howietoun Farm 
at six stations during 1981

( St.1 , St.2, __  St.3, __  St.4, ...... St.5, —  St.6)
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cycles (fig. 71).

(D) Cyanophyceae: The group Cyanophyceae showed its highest peak 

by July-August (fig. 72). Cyanophyceae showed an increasing 

trend from station 1 to station 6, and the difference between the 

stations was significant (Table 12).

The seasonal variation of Anabaena flos-aquae, Coelosphaeriurn 

Kuetzi ngi anum, and Oscillatoria agardhi are shown in fig. 72 and 

fig. 73. Anabaena flos-aquae and Oscillatoria agardhi were 

present throughout the study period and both had their peak by 

July-August. Coelosphaerium Kuetzi ngi anum was present from May

to November with the highest peak in August.

5.2.12.2 Relative abundance of Phytoplankton:

(A) Chlorophyceae: The group Chlorophyceae formed a maximum

of 7 to 36% of the total phytoplankton population during the summer 

months. Among chlorophyceans, Botryococcus braunii contributed 

most towards the total phytoplankton, while other chlorophyceans 

never formed more than 0.36%

(B) Baci11ariophyceae: The group Baci11ariophyceae was dominant 

over the other groups during February, March and December at all the 

stations. Of the total phytoplankton, it formed a maximum of 71% 

to 100% (fig. 74).

Asterionel 1 a formosa and Melosira italica-subarctica formed maxima 

of 31% to 57% and 30% to 50% respectively (fig. 74). But none of
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RHODOPHYCEAE ( c e l l s / I  )

CHANTRANSIA PYGMAEA ( cells /  I )

LEMAN EA MAMMILLOSA ( cells /  I )

1981

Fig.71: Seasonal changes in abundance of Rhodophyceae,
Chantransia pygmaea, and Lemanea mammi11osa 
in Howietoun Farm at six stations during l9S1

( .. St.1, __ St.2, __ St.3, — . St.4, ►.. St.5, —  St.6)
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CYANOPHYCEAE ( X 10 cells /

Fig.72: Seasonal changes in abundance of Cyanophyceae and
Anabaena flos-aquae in Howietoun Farm at six stations 
during 19^

( St.1, __ St.2, .—  St.3, — . St.4, ...... St.5, —  St.6)
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COELOSPHAERIUM KUETZINGIANUM ( Xt) cells / t  )

OSCILLATORIA AGAROHI ( X 10 c e l l s  /  I )

Fig.73: Seasonal changes in abundance of Coelosphaeriurn Kuetzingianum, 
and Oscillatoria agardhi in Howietoun Farm at six stations 
during 19Ó1

( ...... St.1, __ St.2, __ St.3, --  St.4, ... St.5, _  St.6)
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the other diatoms formed more than 2% each.

(C) Rhodophyceae: This group, when present, never formed more than 

0.02% of the total phytoplankton.

(D) Cyanophyceae: The group Cyanophyceae was the most dominant 

group at Howietoun Fish Farm during April to November. Of the total 

phytoplankton,Cyanophyceae formed a maximum of 79% to 90% (fig. 74).

Anabaena flos-aquae never formed more than 0.13% at all the stations, 

while Coelosphaeriurn Kuetzingianum and Osci11atoria agardhi formed a 

maximum of 21% to 35% and 63% to 70%,respectively.

5.2.12.3 Species Succession of Phytoplankton:

The seasonal cycle, together with peaks of phytoplankton, have already 

been stated. In winter and the beginning of spring Baci11ariophyceans 

were common, especially Asterionella formosa and Melosira italica- 

subarctica. By mid-summer, most of the diatoms had their maxima 

except Gomphonema constrictum which had its highest peak by August.

By July-August all blue-greens, mainly Coelosphaerium Kuetzingianum 

and Osci11atoria agardhi^together with the chlorophyceans had their 

maxima which coincided with the peak abundance of total phytoplankton.

5.2.13 Zooplankton: The seasonal fluctuation of the total zooplankton 

population at all the six stations is shown in fig. 75. The 

population increased steadily from the beginning of study in February^ 

reaching its peak during July at all the stations. The abundance 

of all groups of zooplankton was much lower at station 1 than at the
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total zooplankton (nos ' I  )

Fig.75: Seasonal changes in abundance of total zooplankton 
in Howietoun Farm at six stations during 1981

St.1, __  St.2, __St.3, __ _ St.4, ___ St.5, __ St.6)
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other stations and increased consistently to station 5, station 

differences being highly significant, as shown in Table 12.

Total zooplankton was positively correlated with the total 

phytoplankton at all the stations, the correlation being highly 

significant as shown in Table 11.

The total zooplankton in Howietoun Fish Farm comprised 9 species 

belonging to the groups Cladocera, Copepoda and Rotifera, which 

are listed in Table 14.

5.2.13.1 Seasonal variation of Zooplankton:

(A) Cladocera: The seasonal variation of total Cladocera is shown 

in fig. 76. Its population had the highest peak during May-June.

The group Cladocera comprised three species, the seasonal variation 

of which is shown in fig. 77. Alonopsis elongata was present 

from June to November at all the stations except where it was not 

recorded throughout the study period. Its population reached a 

maximum during August. Bosmina longirostris was present from the 

beginning of the study in February to July and had the highest peak 

during May at all the stations. Like elongata, Chydorus oval is 

was also absent at station 1, and was present at all other stations 

from May to October with a high peak in July.
i i

(B) Copepoda: The seasonal variation of Copepoda is shown in fig.78. 

It was presentfrom June to November at all stations with maxima during 

August.



136

Table U;
-in H o w to u n  Fish Farm d u r i n g  1981 

Z o o p l a n k t o n  r e c o r d e d  m  Howxoun

CLADOCERA

Alonopsis elongata Sars

Sosmina ìonglrostrlj. (O.F. Muler) s. str. 

Chydorus ovalis Kurz

COPEPOOA

Cyclops vicinus U1janin 

Piaptomus 1aciniatus Li 11jeborg

rotifera

Ascomorpha ecaudis Perty 

Brachionus angui ari s Gosse 

Filinia terminalis (Plate) 

tcpratella valga (Ehrb.)
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total  CLADOCERANS ( nos /  I )

Fig.76: Seasonal changes in abundance of Cladocera in
Howietoun Farm at six stations during 1981

( .. St.1, __ St.2, __ St.3, -- St.4, ---St.5, —  St.6)
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CHYDORUS OVALIS ( nos /  I )

St

Seasonal changes in abundance of Alonopsis elongata, 
Bosmina lonqirostris, Chydorus oval is, in Howietoun 
Farm at six stationsduring 1981

.1, __St.2, ._._St.3, .—  St.4, --  St.5, —  St.6)
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TOTAL COPE PODS ( nos /  1 )

CYCLOPS VICINUS ( nos / I  )

Fig.78: Seasonal changes in abundance of Copepoda and
Cyclops vicinus in Howietoun Farm at six stations 
during 1981

( S t . 1 , __ St.2, __ St.3, --  St.4. ...... St.5, —  St.6)
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There were only two species of copepods, Cyclops vicinus and 

Pi aptomus sp., the seasonal variation of which is shown in figs.

78 and 79. Both Cyclops vicinus and Pi aptomus sp.started appearing 

from June and were present until November with the highest peak 

during August at all the stations.

(C) Rotifera: The group Rotifera was present throughout the 

study period and the seasonal variation is shown in fig. 79. Its 

population was maximum during July and minimum during October.

The seasonal variation of the four rotiferan species is shown in 

fig. 80. Only Keratella valga was present throughout the study 

period. Brachionus angularis was absent only during Oecember, 

and Ascomorpha ecaudis was present from March to September. All 

three species were high in number by June-July. Filinia terminalis 

was the only winter species present.

5.2.13.2 Relative Abundance of Zooplankton:

(A) Cladocera: The group Cladocera was common during March to 

June as shown in fig. 81, forming a maximum of 63% - 73% of total 

zooplankton. Bosmina longirostris was the most common species 

when present, forming a maximum of 53% to 72% (fig. 81). Alonopsis 

elongata formed more of total zooplankton during August-September, 

forming a maximum of 22% to 36%; while Chydorus oval is formed a 

maximum of 11% to 15%.

(B) Copepoda: The group Copepoda was common in total zooplankton 

during July to October (fig. 81). Cyclops vicinus comprised a
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DIAPTOMUS LACINIATUS ( nos /  I )

TOTAL ROTIFERS ( nos /1  )

Fig.79: Seasonal changes in abundance of Diaptomus laciniatus
and Rotifers in Howietoun Farm at six stations during 1981

St.1, St.2, ___St.3, ___  St.4, ...  St.5, —  St.6)
 ̂I
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ASCOMORPHA ECAUDIS ( nos / I )

' *'

FILINIA TERMINALIS ( nos / I  )

KEPATELLA VALGA ( nos /  1 )

Fig.80: Seasonal changes in abundance of Ascomorpha ecaudis.
Brachionus angularis, Filinia terminal is, and 
keratel1a~valga in Howietoun Farm at six stations 
during 198^

( .. St.1, ___ St.2, .—  St.3, ,—  St.4 ...... . St.5, _  St.6)
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maximum of 24% to 67% of total zooplankton, while Diaptomus op. 

comprised a maximum of 33% to 40%

(C) Rotifera: The group Rotifera was most common during December 

(fig. 81). Brachionus angularis and Keratella valga were among 

the common zooplankton. Fi1inia terminalis dominated during 

December, when it formed 100% at most stations.

5,2.14 Periphyton: Total periphyton showed the highest peak

during July at all stations (fig. 82). The abundance of all groups 

except Rhodophyceae increased from station 1 to station 5, and the 

difference between stations was significant (Table 12). Periphyton 

comprised 25 species in Howietoun Fish Farm, which are listed in 

Table 15.

The total periphyton was positively correlated with the total 

phytoplankton, the correlation coefficient being significant 

(Table 11).

5.2.14.1 Seasonal Variation of Periphyton;

Chiorophyceae: The seasonal variation of Chlorophyceae 

is shown in fig. 83. It was highest in number during June-July 

at all the stations.

This group comprised 5 species, the seasonal variation of vhicn 

is shown in fig. 83 to fig. 84. Ankistrodesmus sp- and

Scenedesmus quadricauda were present from the beginning of study 

in February and were maximum during July. Ankistrodesmus falcatus.
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TOTAL PERIPHYTON { X 10̂  cells /  c )

Fiq.82: Seasonal changes in abundance of total periphyton
in Howietoun Farm at stations 1, 3 and 5 during 
1981

{ .. St.1, ___St.3, —  St.5)
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Table 15: Attached algae recorded in Howietoun Fish Farm during 1981 

CHLOROPHYCEAE

Ankistrodesmus falcatus (Corda) Ralfs 

Ankistrodesmus sp.- 

Oedoqoniurn sp.

Scenedesmus quadricauda (Turp.) Breb.

Scenedesmus obliquus (Turp.) Kutz 

Spirogyra varians (Hassall) Kutz

BACILLARIOPHYCEAE

Amphora ovali s Kutz 

Asterionel1 a formosa Hass 

Cyclotel1 a meneghini ana Kutz 

Pi atoma elonqatum Ag.

Pi atoma vulgare Bory.

Gomphonema constrictum Ehrenb.

Gomphonema qeminatum (Lyngb.) Ag.

Melosira italica-(Ehrenb.) Kutz subarcticaMuí 1

Meridion circulare (Geville) Agardh

Navicula cryptocephala Kutz

Navi cui a viridis Kutz

Nitzschia linearis (Ag.) W.Sm.

Stephanodiscus hantzschi i Grunow 

Synedra ulna (Nitzsch) Ehrenb.

Tabellari a fenestrata (Lyngb.) Kutz 

Tabellaria flucculosa (Roth) Kutz
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TOTAL CHLOROPHYCEAE ( X 1C?cells /  c )

Fig.83: Seasonal changes in abundance of Chlorophyceae,
Ankistrodesmus fa1catus, Ankistrodesmus sp* 
on wooden substrates in Howietoun Farm at stations 
1, 3 and 5 during 1981

( ..... S t . 1 , ----S t . 3, _  S t . 5)
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OEDOGONIUM SP ( X lO^cetls /cm^ )

Fiq.84: Seasonal changes in abundance of Oedogoniurn sp., 
Scenedesmus obiiquus, Scenedesmus quadricauda, 
and Spirogyra vanans on wooden substrates , 
in Howietoun Farm at stations 1, 3 and 5 
during 1981

S t . 1 , __ St.3, —  St.5)
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Oedoqonium sp., and Spiroqyra varians started appearing by April; 

the first two reached their maxima by August while varians 

was at a maximum during June. Scenedesmus obliquus was present 

only from June to October with a peak in August.

Bacillariophyceae: Seasonal variation of Baci11ariophyceae 

is shown in fig. 85. The total population reached its highest peak 

by April at all stations.

Baci 11ariophyceae comprised 16 species, the seasonal variation of 

which is shown in fig. 85 to fig. 88. Only 8 species, viz. 

Asterionella formosa, Cyclotella meneqhini ana, Gomphonema geminatum, 

Melosira italica-subarctica, Navicula cryptocephala, Navicula viridis, 

Stephanodi scus hantzschi i, and Synedra ulna were present throughout 

the study period. C. menegh i n i an a and i tali ca-subarctica had 

their highest peak during March, A. formosa and cryptocephala 

were maximum by Apri 1, G. geminatum and ulna were maximum by 

June and May respectively, while N̂. viri di s and S. hantzschi i 

had their maxima by July. The maximum number recorded of Diatoma 

e 1 onqatum and Tabe11 ari a fenestrata was during Apri 1-May; and 

Amphora ovalis, Diatoma vulqare, and Tabellaria flucculosa were 

high in number by June-July. By August, Gomphonema constrictum 

had its maximum.

(C) Rhodophyceae: The group Rhodophyceae was represented in 

periphyton only by Lemanea mammi11 osa. It was present only at 

station 1 during March, May and June (fig. 88) forming only .01% 

to .09% of total periphyton.

<1
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TO*TAL BACILLARIOPH YCE AE ( X 1o\e(l s /  cm^ )

Fig.85: Seasonal changes in abundance of Baci 11ariophyceae. 
Amphora ovalis, Asterionella formosa, and Cyclotella 
meneghini ana on wooden substrates in Howietoun Farm 
at stations 1, 3 and 5 during 1981

S t . 1 , __St.3, —  St.5)

1
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DIATOMA ELONGATUM (cells /  cirT Ì

Fig.86: Seasonal changes in abundance of Pi atonia elongatum,
Diatoma vulgare, Gomphonema constnctum, Gomphonema 
qpminatum, Aeridion circulare. Melosira italica-subarctica 
on wooden substrates in Howietoun Farm at stations 
1, 3 and 5 duri ng 1981

( .. St.1, __ St.3, —  St.5)
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NAV CULA CRYPTCXEPHALA ( X 1C? cells /  cm^ )

Fig.87: Seasonal changes in abundance of Navicula cryptocephala,
Navicula viridis, Nitzschia linearis, StepTianodiscus~ 
hantzscWii, Synedra ulna on wooden substrates in Howietoun 
Farm at stations 1, 3 and 5 during 1981

( ... S t .1 ,  __ S t . 3, — S t . 5)
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TABELLARIA FENESTRATA { c e l l s  / c m  )

1 9 8 1

Fig. 88: Seasonal changes in abundance of Tabellaria fenestrata, 
Tabellaria flucculosa, and Lemanea mammi)Iosa on 
wooden substrates in Howietoun farm at stations 
1, 3 and 5 during 1981

( .. St.1, __ St.3, -- St.5)
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(0) Cyanophyceae: Total Cyanophyceae had its highest peak during 

July at all stations (fig. 89). It comprised only Anabaena flos- 

aquae and Osci1latoria agardhi, the seasonal fluctuations of which 

are shown in fig. 89. Both were mostly present throughout the study 

period and had their maxima by July.

5.2.14.2 Relative Abundance of Periphyton:

(A) Chlorophyceae: The percentage composition of chlorophyceae 

is shown in fig. 90. Of the total periphyton, it formed a 

maximum of 9% to 23%. Ankistrodesmus falcatus, Ankistrodesmus

sp_ , Scenedesmus quadricauda, and Scenedesmus obiiquus never 

formed more than 1.5% each at all stations. Oedogonium sp. and 

Spirogyra varians formed maxima of 3% to 14% and 6% to 14% , 

respecti vely.

(B) Baci1lariophyceae: Baci11ariophyceae formed a maximum of 

46% to 55% (fig. 90). Melosira italica-subarctica was the most 

abundant diatom, forming up to 34% to 43% of the total periphyton.

The other major species were Cyclotella meneqhiniana. Navicula 

cryptocephala, and Navicula viridis, which formed maxima of

8% to 21%. Asterionella formosa, Meridion circulare. Nitzschia 

linearis, and Stephanodiscus hantzschii never formed more than 5%.

(C) Cyanophyceae: The group Cyanophyceae was dominant from April 

to October at all stations, forming a maximum of 49% to 76% of total 

periphyton (fig. 90). Oscillatoria agardhi was the most common 

species among the periphyton, forming a maximum of 20% to 70%. 

Anabaena flos-aquae formed a maximum of 5% to 10% of total 

periphyton.
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TOTAL CYANOPHYCEAE ( X lO^cells /  cm  ̂ )

Fig.89: Seasonal changes in abundance of Cyanophyceae, 
Anabaena flos-aquae, Osclllatoria agardhi, on 
wooden substrates in Howietoun Parm at stations 
1, 3 and 5 during 1981

( .. St.1, ___St.3, -- St.5)

* 1
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5.2.14.3 Summary of Species Succession of Periphyton

In the spring, periphyton bacillariophyceans, mainly Asterionella 

formosa, Cyclotel1 a meneqhiniana, Melosira i talica-subarctica 

and Navicula cryptocephala were common. By early summer Spirogyra 

varians together with diatoms were common. The two representatives 

of Cyanophyceae, Anabaena flos-aquae and Osci11atoria agardhi had 

peaks together with those of Navicula viridi s and Stephanodiscus 

hantzschii etc. by July. The late summer was the time when 

Ankistrodesmus falcatus, Oedogoniurn sp., and Scenedesmus obliquus, 

together with Gomphonema constrictum and Nitzschia linearis.had 

their peaks

5.2.15 Diurnal Studies: To study the diurnal cycle of physico­

chemical parameters, phytoplankton and zooplankton samples were 

taken from stations 4 and 5 from the surface layer on 5th - 6th 

April 1981.

The diurnal changes in the physico-chemical parameters are shown in 

figs. 91 and 92. Water temperature was highest at 16.00 hrs. and 

lowest at 01.00 hrs. The difference in the maximum and minimum 

temperature was only 2“c.

p^ was lower at station 5 than at station 4 at the start of study 

but rose to equal that at station 4 at 16.00 hrs., when it was 

maximum at both stations, after which it decreased during night hours.

Dissolved oxygen concentration was higher at station 5 than at station 

4 only during daylight hours. At both stations it showed an increasing
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WATER TEMPERATURE ( C )

6.5J
DISSOLVED OXYGEN ( mg /  I )

.01 

. 0 0 5 -
N ITRATE ( mg /  l )
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^ '=ì
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sun set sun rise

Fig.91: Diurnal changes in water temperature,
dissolved oxygen, ammonia, nitrite, nitrate 
in Howietoun Farm at stations 4 and 5 during 5th-6th 
April 1981

( __ St.4, ___St.5)
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trend during the day, reaching a maximum at 13.00 hrs. and a 

decreasing trend during the night, being minimum at 04.00 hrs.

Ammonia, Nitrate and Phosphate concentrations decreased during the 

day and increased at night at both the stations. But Nitrite and 

Silicate concentrations showed no marked pattern of diel changes.

None of the phytoplankton showed any diurnal pattern during the 

period of study, so their data is not presented.

Only four zooplankton species were present during the study 

period. Bosmina longirostris was maximum in number at 04.00 hrs. 

at station 4, and at 01.00 hrs. at station 5, but its diurnal 

variation pattern was not very marked. Brachionus angularis, 

Keratella valga, and Ascomorpha ecaudis showed diurnal variation, 

decreasing during daytime and increasing at night (fig. 92). in 

surface samples.

r-

■i.i
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6. DISCUSSION

Water Temperature:

Water temperature is one of the most studied parameters in aquatic 

biological investigations. At both Loch Fad and Howietoun Fish 

Farm the water temperature followed the same pattern as that of 

air temperature. At Loch Fad thermal stratification was never 

noticed, and the maximum temperature difference between the surface 

and bottom layers was 0.6®c. This absence of thermal stratification 

was due to the shallowness of the loch and the prevailing wind 

action which mixes the loch water thoroughly. At the cage site 

the mixing is aided by the movements of the cage rafts as they are 

anchored at one single point and free to move in a circle of 82m 

diameter according to the wind direction. At Howietoun, any 

difference of water temperature between the stations (maximum 

being 0.5°c) was mainly due to the irradiation during the period 

of sample collections.

Temperature is perhaps the factor most constant in its effect on 

the various species of phytoplankton and zooplankton. Although 

some species prefer colder temperatures, most of them show their 

highest peak during the warmer months of the year. At both Loch 

Fad and Howietoun Fish Farm the highest peak of phytoplankton and 

zooplankton were seen during the warmer months.

Transparency:

The fluctuations of transparency (Secchi disc depths) in a water
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body are indicative of either the phytoplankton population or 

the turbidity due to the colloidal soil particles and the suspended 

solids. The greater the density of either, the lower will be the 

Secchi disc readings. Chandler (1942J, Bachmann and Jones (1974), 

Dillon and Rigler (1975), Bales et ai (1980), Canfield and Bachmann 

(1981), Blaauboer (1982), etc. have demonstrated the inverse relation 

between transparency and the suspended matter (autochthonous/ 

allochthonous). The inverse relation between transparency and the 

chlorophyl1-a concentration was reported by Edmondson (1972),

Bachmann and Jones (1974), Carlson (1977), Forsberg and Ryding 

(1980), and Canfield and Bachmann (1981).

In Loch Fad the Secchi disc reading was low during summer months; 

the lowest reading coincided with the highest peaks of phytoplankton 

and the suspended solids at both the sites. The lower Secchi disc 

reading at the cage site rather than at the control site during most of 

the study period can be ascribed to the higher phytoplankton 

population, together with suspended fish faecal material and fish 

food particles. I j

In addition to other parameters, the Secchi disc transparency is 

often used for its simplicity to describe the trophic situation 

of water bodies (Rawson, 1960; Pennak, 1968). If the turbidity 

is primarily the product of autochthonous, particulate organic matter, 

living or dead, one might expect a negative relationship between 

Secchi disc values and degree of eutrophication. If, on the other 

hand, significant fractions of the turbidity are caused by
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allochthonous materials, such a relationship would not necessarily 

be in evidence. In Loch Fad, as has already been said, the 

transparency was affected mainly by the presence of the phyto­

plankton population and suspended organic materials. The contribution 

of rainfall in adding the soil particles washed from the catchment 

area did not have much effect on the Secchi disc reading, as the 

Secchi disc reading was low when the rainfall was also low.

Table 16: Suggested trophic states related to transparency
compiled from the literature

Authors
Transparency (m)

01i gotrophi c Mesotrophi c Eutrophic

U.S.E.P.A. (1974) >3.7 2.0 - 3.7 <2.0

Carlson (1977) > 4.0 2.0 - 4.0 <2.0

Rdst and Lee (1978) >4.6 2.7 - 4.6 <2.7

Forsberg and Ryding (1980) >4.0 2.5 - 4.0 <2.5

Considering the above classifications. Loch Fad could be classified 

as a eutrophic system as the Secchi disc transparency was never 

more than 2.5m and dropped to 0.6 - 1.0m during the summer months.

Hydrogen-ion concen tra t io n :

Hydrogen ion concentrations of aquatic systems are conditioned by the 

biological activity of synthesis and respiration and mineralisation.

The close link between pH and the photosynthetic activity of 

chlorophyll bearing plankton has been recorded by Juday et ^  (1924,1934),
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Ruttner (1931), Weiss and Oglesby (I960), Elwaked and Wahby (1970), 

King (1970), Sreenivasan (1970, 1976), Arumugatn and Furtado (1980), 

Bales ^  al_ (1980)PeHann (1982), Rimmon and Shilo (1982); they 

reported the photoassimilation of free CO2 caused the elevation of 

pH of water bodies. At both Loch Fad and Howietoun Farm, pH 

increase during summer months was due to the photosynthetic activity 

of the high phytoplankton population prevailing during that period.

Vertical distribution of pH is determined by the utilization of CO2 

in the trophogenic layers and its liberation in the tropholytic 

layers. At Loch Fad, pH decreased with depth, the result of 

photosynthetic activity at the upper layers and the release of CO2 

at the bottom. The lower pH values at the cage site at all depths 

than at the control site was due to the production of CO2 by 

respiratory activity of fishes and the high rate of decomposition 

of organic matter at the cage site. The greater difference between 

the p^ of surface and 9m layers at the cage site compared with the 

control site was also the result of more CO2 production at the 

bottom at the cage site.

During diurnal studies at both Loch Fad and Howietoun Farm, p increased 

during the day due to algal photosynthesis utilizing CO2, and dropped 

during the night because of community respiration; such day time 

increase and night time decrease of p^ value was also reported 

by George (1961), Michael (1964), Verma (1967), Bales ^  £i (1980), 

Rimmon and Shilo (1982).
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Dissolved Oxygen:

The concentration of no substance present in lake water, except 

perhaps in a rouQh way the hydroxonium ion, has been studied as 

much as that of oxygen. The seasonal trend of dissolved oxygen 

is under the influence of other factors such as temperature and 

rate of photosynthesis. At Loch Fad, the lower oxygen concentration 

at the cage site than at the control site throughout most of the 

study period, in spite of the higher phytoplankton population, 

was due to respiration of cage fishes and the decomposition of 

the larger quantities of organic matter at the bottom at the cage 

site. A similar lower dissolved oxygen at a cage site than at 

a control site was reported by YamagisHi (1972) in Lake Suwa

in Central Japan. The minimum dissolved oxygen concentration 

at both sites during the month of September was due to decay of 

dead phytoplankton. The percent saturation in the upper layers of 

Loch Fad was more than lOOit only during June to August, and this 

further suggests the contribution of photosynthetic activity of 

the high phytoplankton population prevailing then.

At Howietoun Farm, the decrease in the dissolved oxygen concentration 

when the water passed through successive fish ponds was caused 

by the respiration of fishes and the decomposition of organic 

matter at the bottom, despite the photosynthetic activity of phyto­

plankton. Similar results were reported by Warrer-Hansen and 

Wood-Petersen (1976) and Bergheim ^  ̂  (1982) in Danish and 

Norwegian fish ponds, respectively.

I

m

During diurnal study at both Loch Fad and Howietoun Farm, dissolved



167

oxygen increased during day time due to photosynthetic production 

of oxygen and dropped gradually during night because of respiration. 

Bohra (1976), Nasar (1977), Dwivedi et £]_ (1977), Rimmon and Shilo 

(1982), reported similar situations.

Inorganic nitrogen:

Inorganic nitrogen exists in natural bodies of water in the form 

of ammonia, nitrites and nitrates. Of these compounds, only the 

first and last have been found to be the main sources of inorganic 

nitrogen used by plankton algae. The nitrites are, as a rule, 

chemically unstable and occur in concentrations which are too low 

to be of any significance in phytoplankton periodicity. Total 

inorganic nitrogen concentration in Loch Fad and Howietoun Farm 

was high during winter and low during summer, showing negative 

correlation with the phytoplankton population, which was probably 

related to inorganic nitrogen utilization by the phytoplankton.

Total Ammonia-nitrogen;

Ammonia reaches water in fertilizers, in fish excrement, and from 

microbial decay of nitrogenous compounds. Plants rapidly absorb 

ammonia, certain bacteria oxidize ammonia to nitrate, and ammonia 

may be lost through other ways. Total ammonia concentration at Loch 

Fad and Howietoun Farm was high during winter when the phytoplankton 

population was lowest, and decreased during summer when phytoplankton 

was high in number, suggesting the utilization of ammonia by phytoplankton.
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Eppley^t ^  (1969),Strickland et ^  (1969), Prochazkova ^  Ü  (1970), 

Brezonik (1972), Bienfang (1975), Larsen (1975) and Conway (1977) 

have reported the utilization of ammonia by phytoplankton.

In water bodies where high densities of fish are fed supplemented 

feeds, ammonia concentration may increase to undesirably high levels. 

In water, unionized ammonia exists in a pH and temperature dependent 

eguilibrium with ammonium ion. Un-ionized ammonia is highly toxic 

to fish, but ammonium ion is relatively non-toxic. The 

proportion of the total ammonia nitrogen existing as un-ionized 

ammonia increases with increasing temperature and pH. The un-ionized 

ammonia concentration was very little at both Loch Fad and Howietoun 

Farm, never more than .005 mg/1, suggesting very little toxic effect 

on fishes.

The higher concentration of total ammonia at the cage site than at 

the control site at Loch Fad, and the progressive increase in total 

ammonia when the water passes through the Howietoun Farm, were the 

result of fish excretion and the bacterial decomposition of organic 

matter at the bottom.

In the diurnal study, the increase in total ammonia during the night 

and the decrease during the day might be due to its utilization by 

phytoplankton during the day, while lack of ammonia utilization 

by phytoplankton during night time resulted in the accumulation of 

ammoni a.

Nitrite-nitrogen:

litrite nitrogen usually occurs at much lower concentration than
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does nitrate nitrogen and this ion accumulates to appreciable levels 

only in low oxygen tension. Nitrite can be formed by bacterial 

activity through either the oxidation of ammonium or the reduction 

of nitrate (Goering, 1968; Carlucci and Schubert, 1969, Kline and 

Richards, 1972; Wada and Hatlori, 1972).

Nitrite-nitrogen concentration did not show any seasonal trend.

The increase in its concentration during the month of September 

at both Loch Fad and Howietoun Farm may have been due to the 

decomposition of dying phytoplankton population.

Several workers (e.g. Smith & Williams, 1974; Russo et a1, 1974; 

Konikoff, 1975; Russo and Thunston, 1977; and Tomas so ^  1979)

have reported the nitrite toxicity of fishes. The toxic nitrite 

concentrations they reported were much higher than the maximum 

concentration recorded in Loch Fad and Howietoun Farm.

Nitrate-nitrogen:

As nitrogen is transferred to higher trophic levels, particulate 

organic material such as organism fragments or faeces descends 

into deep water where the nitrogen which is not permanently 

locked up in sediments is remineralized to nitrate via bacterial 

oxidative activity (Redfield 1963; Harvey, 1966).

The high nitrate-nitrogen concentration during winter and low 

concentration during summer, was the result of biological activity 

at both Loch Fad and Howietoun Farm. The higher nitrate 

concentration at the cage site than at control was the result of
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fish waste decomposition at the cage bottom. Nitrate 

concentration also increased when water passed through the ponds 

at Howietoun Farm. A similar increase in nitrate at the 

outlet at some trout hatcheries was reported by Hinshaw (1973).

No increase in nitrate, however, was observed by Markmann (1977) 

in a Danish investigation, or Bergheim ̂  ̂  (1982) in a Norwegian 

fish farm.

Strickland et ^  (1970) observed a consistent negative correlation 

between nitrate concentration and temperature, which is also true 

in the case of Loch Fad and Howietoun Farm. This negative 

relation of nitrate and temperature was probably the result of 

utilization of nitrate by phytoplankton. In the diel study, the lower 

concentration of nitrate during daytime was also due to utilization 

by phytoplankton. Toetz (1976) in his study of diel periodicity 

in uptake of nitrate and nitrite by using technique in 

reservoir phytoplankton, reported that the rate of nitrate uptake 

generally paralleled changes in irradiance, uptake of nitrate and 

nitrite also occurring in the dark, but at low rates.

Orthophosphate:

Phosphorus occurs in the biosphere almost exclusively in a fully 

oxidized state. Orthophosphate is the form of phosphorus preferred 

by all organisms, including the phytoplankton, and in natural waters 

is the major source of this element with other dissolved forms, e.g. 

organic phosphorus compounds.

Like inorganic nitrogen, orthophosphate concentration in Loch Fad



171

and Howietoun Farm increased during winter and decreased during 

summer, these changes being due to the utilization of phosphorus 

by phytoplankton. In Loch Fad, the higher phosphate concentration 

at the cage site than at the control site could be attributed to 

excretion by fish and the decomposition of faeces and excess food 

at the cage site. In Howietoun Farm the increase in phosphate 

as the water passed through the farm was also due to the addition of 

phosphorus from the metabolic waste; a similar increase in phosphate 

concentration was also reported by Bergheim ^  ̂  (1982) in a 

Norwegian fish farm.

During diel study, phosphate concentration decreased during the 

day due to the phytoplankton utilization, and accumulated during the 

night from the fish excretion.

Numerous authors have shown that the summer chlorophyll 

concentrations in lakes are closely correlated with concentration 

of total phosphorus at the spring overturn (Sakamoto, 1966;

Edmondson, 1970; Anon, 1973; Dillon, 1975 and Schindler, 1976).

One of the most convincing relationships between the maximum phosphate 

content at lake overturn and the phytoplankton bloom has been shown 

in Lake Washington (Edmondson, 1970, 1972). During the years when 

algal density progressed to nuisance level, maximum total 

phosphorus in winter increased from 10-20 mg/1 up to 57 mg/1.

In Loch Fad the phosphate concentration reached nearly 70 mg/1 during 

winter, and was followed by a heavy phytoplankton bloom during 

summer (with maximum chlorophyl1-a concentration of 200 mg/1).
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Si 1icate:

Silicon is present in most natural waters as solid or colloidal 

silicate polymers, derived from catchment soils or recycled 

from biogenic sources (e.g* dead diatoms). Depolymerization leads 

directly to the formation of soluble monomeric orthosilicic acid 

SiflHji), the 'soluble reactive silicon' SRS) that is detected 

colorimetrically by standard analytical technique . This is probably 

the only fraction available to diatoms and other phytoplankton.

Apart from its quantitative importance, silica is of immense 

significance as one of the major nutrients for diatoms, and some 

other phytoplankton (such as yellow-brown alg^ae that form siliceous 

cysts) and siliceous sponges. Silica is present in solution 

in natural waters in the form of monomeric orthosilicic acid, 

Si(0H)^j. The silicate content of surface waters shows considerable 

variation even within a restricted region (Hutchinson, 1957). This 

variation is due to utilization by diatoms and perhaps in some 

cases by other types of precipitation in the lake. Lower silicate 

concentrations occur in temperate than in tropical regions. This 

is in line with theoretical expectation and with the averages for 

the rivers of the world.

* 'I

Pearsall (1932) first suggested that silica (at a concentration 

of approximately 500/,g Si02 (t-'') limited diatom growth in the 

English Lake District. Weimann (1933) also showed that blooms 

of Stephanodiscus hantzschii depleted silica. In Lake Windermere, 

Lund (1950), and Lund ^  al_ (1963) found that Asterionella formosa 

ceased to grow at a concentration of less than 0.5mg Si02(L-^).

i'*



Diatom population limited by the silicon supply was also reported 

by Belcher et (1966), Tessenow (1966), Happey (1970), 

Bailey-Watts and Lund (1973), Bailey-Watts (1976) and Parker 

et al (1977). In Loch Fad the lowest concentration of silicate 

was 1.6 mg/1 to 1.8 mg/1, while in Howietoun Fish Farm it was never 

below 1.6 mg/1.

Silicate concentration shows seasonal fluctuations during the periods 

of diatom growth, and tends to decline during or just after the peak 

level of diatom population (Tessenow, 1966; Bailey-Watts, 1976 a, b; 

Conway ^  1977; and Bailey-Watts and Duncan, 1981). In Loch

Fad and Howietoun Farm the silicate concentration was lowest during 

the highest peak of diatoms and was highest in concentration when 

diatoms were low; this change was mostly due to utilization of 

silicate by the diatoms present. The high peaks of silicate 

concentration at both Loch Fad and Howietoun Farm also coincided 

with the rainfall, suggesting the input of silicate by rainwater 

from the catchment area. The vertical distribution of silicate 

resembled that of other substances that can be derived from the 

sediments, being highest at the bottom.

I '.'I

Corbet et al (1980), in Lake Poukowa, New Zealand, during a 24 hour 

study have reported that silicate concentration decreased during 

the day due to more utilization of silicate by diatoms during day­

time. But in the present study at both Loch Fad and Howietoun Farm, 

no marked trend was noticed in the silicate concentration during 

the diel study.

I;! .
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Suspended Solids:

The seasonal pattern of suspended solids at Loch Fad followed the 

seasonal cycle of the phytoplankton population, being maximum 

during the summer months. The heavy rain during the month of 

September also contributed to suspended solids through the addition 

of soil particles washed down from the catchment area. The suspended 

solids were always higher at the cage site than at the control site 

because of the production of fish faeces and uneaten fish food, 

together with higher numbers of phytoplankton at the cage site.

In Howietoun Farm, the suspended solids followed strictly the pattern 

of rainfall in that area. Soil particles formed most of the 

suspended solids in Howietoun Farm which sedimented as the water 

passed through the farm, resulting in lower suspended solids at the 

outlet of the farm. Higher suspended solids at the inlet than 

at the outlet were also reported by Bergheim et £l_ (1982) in 

Norwegian fish farms.

Chlorophyl1-a:

Chlorophyl1-a is considered the most specific and versatile measure 

of algal biomass. At both Loch Fad and Howietoun Farm the seasonal 

fluctuation of Chlorophyl1-a followed that of the total phytoplankton 

population, being minimum during winter months and maximum during 

summer. Carlson (1977), Forsberg and Ryding (1980), and Canfield 

and Bachmann (1981) show the negative relation of transparency with 

chlorophyl1-a concentration in lakes, and a similar relation was
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Table 17: Suggested trophic states based on Chlorophyl1-a (mg/nr̂ )
compiled from the literature

Authors 01igotrophi c Mesotrophic Eutrophic

Past and Lee (1978) 0 - 2 2 - 6 > 6

Sakamoto (1966) 0 - 2.43 2.43 - 5 > 5

Carlson (1977) 0 - 2.57 2.57 - 6.5 > 6.5

Forsberg and Ryding (1980) 0 - 3 3 - 7 > 7

National Academy of Sciences
(1972) 0 - 4 4 - 1 0 >10

Dobson et al (1974) 0 - 4.36 4.36 - 8.71 > 8.71

U.S.E.P.A. (1974) 0 - 7 7 - 1 2 >12

Phytoplankton :

Phytoplankton encompasses a surprising range of cell size and cell 

volume from the largest forms which are visible to the naked eye, 

e.g. Voi vox (500-1500/,«.m) in freshwater, to algae as small as l^m 

in diameter and to even smaller bacteria. Phytoplankton 

constitutes the greater part of the photosynthetic producers in most 

water bodies, and the whole of the rest of the biological community 

therefore depends to a very large extent on the planktonic plants. 

The seasonal changes of phytoplankton are controlled by many 

environmental factors, the main ones being temperature, light, 

nutrient concentrations, predation and competition.

Phytoplankton populations in both Loch Fad and Howietoun Farm were 

low during the winter months and high during the warm months. Although
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temperature and light contribute to species dominance and succession, 

they do not tell the whole story because the available nutrient supply 

and other factors are also elements in the adaptation of species to 

sub- or supra-optimum temperature and light. The blue-green species 

that usually prefer warm summer temperature can apparently out-compete 

other algae for the available nutrients at that time; however, they 

can also adapt to other seasons when nutrient availability is high.

The occurrence of blue-green algae tends to be initially confined to 

late summer or autumn in moderately enriched lakes, but as enrichment 

proceeds, they begin to dominate even in spring, which is the case 

in early spring in Pine Lake, Washington, at a temperature of 8 c 

(Welch, 1980). Microcystis aeruginosa was usually the most dominant 

species throughout the year in Loch Fad,which was enriched with the 

continuous addition of fish wastes from the farm established.

Thunmark (1945) and Nygaard (1949) have suggested the classification 

of lakes based on the composition of the phytoplankton. These were 

merely numerical attempts to express the degree of oligotrophy and 

eutrophy from a consideration of species complement rather than 

from nutrient cycle. Thunmark devised an index based on the ratio 

of the number of species of chlorococcales and desmids, and Nygaard 

devised several indices, e.g. a Cyanophycean index, a diatom index, 

a Euglenophycean index, and a compound index. These indices will 

vary somewhat according to the type and time of collection, and 

Coessel (1975) warns of the dangers involved in using desmids which 

are more widely distributed in waters of all types than is usually 

recognised. In general the compound index.

Cyanophyceae + Chlorococcoi« + centric  diatoms -»■ Euglenophyceae

desmids

«•.
* ■

\

■i
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seems to be the most useful. If this is less than 0.2 it indicates 

a dystrophic state, up to 1.0 an oligotrophic water, 1.0 - 3.0 

mesotrophic, and above 3.0 eutrophic. Round and Brook (1959) combined 

the compound index with an analysis of the dominant species and 

showed the trend from Cyanophyceae in eutrophic to desmids in 

oligotrophic. In Loch Fad the compound index was 7.0 with 

Cyanophyceae as the most dominant group, suggesting the eutrophic 

nature of the loch. Brooks (1956) and Holden (1959) reported the 

change in the compound index from oligotrophic to eutrophic after the 

enrichment of Sutherland lochs with mineral fertilizers.

The representation of certain species of freshwater plankton is often 

a sensitive indicator of the trophic state. Weimann (1951), Rawson 

(1956), Liebmann (1962), Kolkwitz (1950), Sladeiek (1973), Wetzel 

(1975) and Persoone & De Paun (1979), have suggested an approximate 

distribution of algae over the range of trophic state, but their 

list is obviously not appropriate world-wide, as some species have 

a wide range, e.g. Asterionel1 a . In general, the presence and 

dominance of blue-green algae, such as Aphanizomenon. Microcystis., 

Anabaena, Coelosphaerium or Aphanocapsa, are strong indicators 

of eutrophy (Welch, 1980). In Loch Fad the phytoplankton bloom 

occurred during warmer months and Microcystis aeruginosa formed 

92 to 99% of the total phytoplankton, even throughout much of the year,

The literature concerning the growth and metabolism of blue-green 

algae is large and much of it has been described and reviewed by 

Fogg (1969), Fogg et ai (1973). Wolk (1973) and by Carr & Whitton 

(1973). The major factors that influence the growth of blue-green 

algae are the same as for other planktonic algae, viz. light.
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temperature and the chemical composition of the water. In some 

tropical lakes growth of blue-green algae can take place throughout 

the year (Burgis ^  aj_, 1973). In temperate regions, filamentous 

forms (e.g. Anabaena) appear first between April and July, while

colonial species (e.g. Microcystis aeruginosa) develop a little 

later, between June and September (Nauwerek, 1963; Reyno1(±i 1971, 

1973; Davis, 1972). In both Loch Fad and Howietoun Farm filamentous 

and colonial blue-green forms were maximum during July-August except 

Oscillatoria agardhi in Loch Fad which was maximum during April.

In some shallow, temperate lakes, subject to long periods of isothermal 

mixing in winter, small populations of Microcystis spp. (Davies, 1972; 

Reynolds, 1973) and occasionally Anabaena spp. (Reynolds, 1975) 

may be maintained in suspension throughout the winter, and may form 

the basis of a spring bloom. In Loch Fad, a small population of 

Microcystis aeruginosa and Anabaena flos-aquae was present during 

winter months. In Howietoun Farm ponds Anabaena flos-aquae and

Oscillatoria aqardhi were present in winter months as well.

; 1

Most blue-green algae grow best in the range of p 7.5 - 9.0

(Gerloff 1950; Kratz & Myers, 1955; Holm Hansen, 1968).

Shapiro (1973) found that they became dominant over green algae at

High p^ values, indicating that the algae are efficient in deriving

carbon from very low concentrations of free carbon dioxide. p
n/

values much below 6 appear to prevent blue-green algal growth 

(Allison, Hoover & Morris, 1937, quoted by Fogg ^  1973; and

Brock, 1973). Reynolds and Allen (1968) observed the formation and 

growth of blue-green algal populations in a natural lake (Oak Mere) 

after a rise in p^ from 4.7 to 6.5 In both Loch Fad and ponds at
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HHowietoun Farm p never fell below 6.7 and reached 7.5 to 8.0 during 

summer time.

.1
P

The presence of organic solutes in natural water may be of considerable 

indirect benefit to blue-green algae. Apart from maintaining trace 

elements in solution, substantital quantities of oxjdizable organic 

matter lower the concentration of dissolved oxygen, and blue-green 

algae grow and fix nitrogen more actively under such conditions 

(Topachevski i ^  ”'969? Stewart and Pearson, 1970). Organic

substances are absorbed by bacteria which frequently occur in a 

close relationship with blue-green algae (Kuentzel, 1969; Hudson 

and Marsson, 1970). Carbon phosphorus, nitrogen and perhaps other 

organically bound elements are m^bolized by the bacteria and may 

be made available to algae in exchange for photosynthetic oxygen 

(Kuentzel, 1969; Lange, 1970; May, 1972). In both Loch Fad and 

Howietoun Farm ponds organic compounds were in abundance in the form 

of fish faeces, metabolites and uneaten food, and this could be one 

of the factors for blue-green abundance.

The Rhodophyceans Chantransi a pygmaea and Lemanea mammi1losa, which 

were recorded at Howietoun Farm, are usually found attached to rocks 

or stones in rapidly flowing streams and rivers (West and Fritsch, 

1928). Its presence in small numbers in the Phytoplankton at the 

inlet, and stations 2 and 3 might be due to the presence of thallus 

detached from upstream habitats and carried into the inlet.

DinoflageMates, Ceratium hidundinella and Peridinium willei are 

regarded as typical in oligotrophic waters (Naumann, 1917; Pearsall, 

1921, 1932). HOll (1928) regarded P. willei as one of the most eurytopic
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species. Pearsall (1932) found these two dinof1agellates to be 

common only in summer and autumn in waters of the English Lake 

District, while Maulood and Boney (1981^, in Loch Ard, reported the 

maxima of these two in summer months only (July - August). In 

Loch Fad, P̂. wi 1 lei and Ĉ. hirundinel 1 a also had their maxima during 

summer (July).

Asterionella formosa is one of the phytoplanktonic species which has 

a wide range of tolerance to the trophic state of a lake. This 

is clear in the study by Round and Brooks (1959) on Irish loughs 

of various water type, where it was one of the dominant species 

in eutrophic lakes (e.g. Loughs Rea, Bunny, Cullin, Caherglassan 

Talf), in mesotrophic lakes (e.g. Lough Lerally), and also in 

oligotrophic lakes (e.g. Loughs Ardderry, and Ballynahinch). Liebmann 

(1962) considered formosa as an indicator of moderately polluted 

water, while Rawson (1956) and Sparling & Nalewajko (1970) found 

it to be common in oligotrophic waters. The timing of the 

population peak varies between Scottish lochs, being May in Loch 

Lomond, June in Loch Awe, and July in Loch Ness (Bailey-Watts 

and Duncan, 1981). Maulood and Boney (1981^ found its peak during

April in Loch Ard. In Lake Menteith it was during May and August

(Maulood and Boney, 1981»). In Loch Fad, formosa had peaks 

during both April and August, while in Howietoun Farm ponds it 

was during April only, which is similar in timing to the smaller 

shallower Scottish lake mentioned above.

Observation of a maximum number of Melosira italica-subarctica 

during April in Loch Fad and in Howietoun Farm ponds corresponds 

to that in Loch Lomond and Lake Menteith (Bailey-Watts and Duncan
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1981; Maulood and Boney, 1981î . In Loch And the peak of M. 

ital ica-subarcti ca was during June (Maulood and Boney, 1981<̂ .

Lindstrom et ^  (1973) reported Piatoma elongatum to be co­

dominant with Asterionella formosa during a bloom in a lake-river 

system in Norway. In Loch Leven, Scotland, Bailey-Watts (1976) 

observed that the maximum abundance of 0̂. elongatum occurred just 

after the decline of Asterionella formosa populations, when silicate 

concentrations were rapidly declining. Moed and Hoogveld (1975) 

reported that D̂. elongatum became dominant in Tjeukemeer, Netherlands, 

when silicate levels fell below 4uM Si02 - Si. In Howietoun Farm 

ponds £. elonqatum had its peak during May-June just after the 

peak of Asterionella formosa, when the silicate concentration was 

at its lowest (2.0 to 3.5 mg/1).

Liebmann (1962) suggested that Stephanodiscus hantzschii is an 

indicator of highly polluted waters. This species was present in 

Howietoun Farm ponds with a maximum number during July.

Rawson (1956), Liebmann (1962) and Sparling and Nalewajko (1970) 

reported that Tabellaria flucculosa is common in oligotrophic waters, 

but it was present in Howietoun Farm ponds with peak numbers during 

June-July. Maulood et ^  (1978) reported its peak in Loch Lomond 

during March, while Maulood and Boney (1981ii found its peak during 

May in Loch Ard. Tabellaria fenestrata, common in eutrophic water 

(Rodhe , 1958) was present at both Loch Fad and Howietoun Farm

ponds with a p«ak during April. In Loch Lomond and in Lake Menteith, 

however, it had a peak during July (Maulood et al, 1978; Maulood &
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Boney, 1981^,

Botryococcus braunii is considered to be characteristic of oligotrophic 

waters by Naumann (1931), Rawson (1956) and Hutchinson (1967),

braunii was present from April to November in Loch Fad and from 

March to October in Howietoun Farm ponds, with its maxima during 

July at both places. Maulood and Boney (1980) have also reported its 

peak during Junc-July in Loch Lomond, but in Lake Menteith they found 

it to be high in number by January (Maulood & Boney, 1981^.

Oocystis spp,, which were considered to be characteristic of 

oligotrophic waters by Hutchinson (1967) was present in Loch Fad with 

a peak during July-August. Moss (1973) reported that Pandorina wi11 

not grow at 5®c or below and grows optimally at temperatures between 

10°c and 20®c under laboratory conditions. In Loch Fad and 

Howietoun Farm ponds it was never recorded below 5°c and was maximum 

during July when the temperature was around 17°c. Hutchinson (1967) 

considered Pediastrum duplex to be characteristic of eutrophic waters, 

while Rawson (1956) and Persoone and De Paun (1979) considered 

it to be a mesotrophic indicator. Rawson (1956) considered 

P̂. boryanum also to be characteristic of mesotrophic waters.

Both P̂. boryanum and P̂. duplex were present in Loch Fad with 

peaks in August and July respectively.

Sphaerocystis schroeteri was common in spring and autumn in 

English Lake District waters as reported by Pearsall, in 

Hutchinson (1967). In Hogan Pond, Newfoundland, it was common in 

mid summer (Davis, 1972), and Klarer (1978) also reported its peak 

during summer in Dubh Lochan, In Loch Fad, schroeteri was
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also high (the highest peak being during July-August), but the 

results did not show any evidence of a controlling effect on 

phytoplankton by zooplankton grazing.

With enrichment of lakes and ponds an increase in the standing crop 

of phytoplankton and of the planktivores has been reported by several 

authors (Chandler, 1940; Hrbacek, 1962; Bradshaw, 1964; Davis, 1964; 

Beeton, 1965). Wiebe (1929), Mclntire & Bond (1962), Hall et aj_ 

(1970), and Boyd (1982) have reported a higher number of zooplankton 

in fertilized ponds than in unfertilized ones. Among the array of 

phytoplanktonic organisms, the blue-green algae respond most 

noticeably to enrichment. Apart from the possible chemical 

unacceptability of cells of certain blue-greens to herbivores 

(Monakov and Sorokin, 1961; Hrbacek, 1964), large colonies cannot 

be utilized by true planktonic herbivores. Saunders (1969) has 

suggested that bacteria often dominate the planktonic biomass 

during a bloom of blue-green algae and, at such times, the 

bacteria provide a concentrated and important food source for 

zooplankton. Peterson et ajl_ (1978) have shown that Daphnia do 

utilize bacteria as a food source under natural conditions.

Loch Fad and Howietoun Farm water is enriched with the uneaten fish 

food supplements and with fish waste products, and exhibited a high 

phytoplankton population with a heavy bloom in the case of Loch Fad. 

Zooplankton in Howietoun Farm increased as the water became enriched 

as it passed through the Farm. In Loch Fad zooplankton abundance 

was generally higher than those reported by Maitland ^  £i (1981) 

in oligotrophic and mesotrophic Scottish lochs (Lochs Lomond, Awe, 

Ness, Morar, and Shiel) but was lower than those found by Johnson
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and Walker (1974) in shallow eutrophic Loch Leven, Kinross.

The crustacean herbivores constitute one of the chief trophic links 

between the algae and bacteria and the fish that dominate the 

higher trophic levels of lacustrine ecosystems. Nearly all fish 

subsist on zooplankton shortly after they hatch and commence feeding. 

Some continue to find much food in the open-water zooplankton (e.g. 

roach). There are fewer obligate planktivores in freshwater than 

there are in the sea, undoubtedly because only scattered lakes can 

continuously provide an adequate supply of plankton. Most fresh­

water fish are facultative planktivores*, they feed on zooplankton 

when large forms are plentiful, but switch to some other food 

source when the supply of large zooplankton fails. Large zoo­

plankton are preferred to small ones, and Cladocera are preferred 

to Calanoid Copepods of the same size. Cyclopoids are an inter­

mediate choice (Ivlev, 1961; Berg and Grimaldi, 1965, 1966; Brooks, 

1968). In Loch Fad the cladocerans and copopods were lower 

in number at the cage site than at the control. This may have been 

due to predation by the fish population in the cages together with 

the wild fish populations of the Loch which congregate around the 

cages (principally pike, Esox lucius; perch, Perea fluviatilis; 

roach.Rutilus rutilus; and escaped rainbow trout Salmo gairdneri) 

which are attracted to the cage site by the uneaten fish food 

pellets. Forbes (1981) reported the higher density of wild fishes 

around the cages than at the southern end of Loch Fad. The gut 

content of rainbow trout, roach, young pike and fry and yearling 

of perch showed that zooplankton formed part of their diet. He 

also reported that perch fry were more abundant at the cage site, 

the primary source of these perch fry being zooplankton. Phillips
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(1983) found the cages in Loch Fad act as supplementary feeding 

points, and have a significant effect on the distribution of the 

rainbow trout within the Loch. Large fish (> 300mm) occupied and 

remained confined to the area close to the cages. The stomachs 

of these large fish contained Daphnia sp., chironomid pupae and 

unidentified insects, together with the cage food. The dietary 

components of adult trout and perch populations at Loch Leven 

have been studied by Thorpe (1974). His work has shown that when 

these fish species fed upon zooplankton, they selectively 

predated upon Daphni a hyalina and Bythotrephes longimanus.

The copepods Cyclops s. abyssorum and Piaptomus gracilis appeared 

to be insignificant in the diet. Additionally, Daphnia spp. 

were recorded in the gut contents of Loch Leven trout (Balmain and 

Shearer, 1953; Morgan, 1970).

In contrast, rotifers were more abundant at the cage site which 

might be due to their possible escape from fish predation due to 

their smaller size and to the lower number of cyclopoid copepod 

predators (Cyclops abyssorum) at the cage site. Rutkowski (1981) 

observed that Rotifera constituted the major animal group in 

the diet of Cyclops s. abyssorum in Loch Leven. In Howietoun 

Farm any predatory effect of fish on the zooplankton was not 

evident, zooplankton numbers increased as the water passed through 

the farm.

The zooplankton in both Loch Fad and Howietoun Farm belonged to 

the groups Cladocera, Copepoda and Rotifera. Though the 

composition of dominant planktonic herbivores need not reflect 

enrichment, there is always the possibility that some minor
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component of the zooplankton might be especially sensitive to some 

aspect of enrichment. Such a species might then be a biotic 

indicator of enrichment. Several studies have indicated that 

Bosmina coregoni disappears as a lake is enriched and is replaced by 

the rather smaller Bosmina longirostris (Deevey, 1942; Hasler, 1947). 

Such shifts in Bosmina species could result from changes in the level 

of predation on the zooplankton. If predation on zooplankton greatly 

increases, a population of the larger coregoni might not be able 

to persist. coregoni, which is 2 to 3 times larger than B.

lonqirostris, disappeared from the zooplankton of Crystal Lake after 

a population of Alosa aestivalis became established (Brooks and 

Dodson, 1965) and lonqirostris became the dominant planktonic 

herbivore. Thus the presence of B. lonqirostris may not indicate 

the trophic state of a water body. In both Loch Fad and Howietoun

Farm B. lonqirostris was present during spring and summer with the 

highest peak during late spring. Elgmork (1964) also reported its 

peak in spring, while Moore (1977) reported its peak during autumn.

Chydorus sphaericus was present in Loch Fad with its highest peak 

during summer when the phytoplankton, comprising 99% of blue- 

green algae, were also maximum. The large colonies of blue-greens 

cannot be utilized by true planktonic herbivores. These large 

clumps, however, produce food and substrate for £. sphaericus 

(Brooks, 1969). According to Hutchinson (1967) the species is 

generally acknowledged to be perennial in the littoral zones but may 

appear in quantity in the open water only during the summer, usually 

July and August (Birge, 1898; Wesenburg-Lund, 1904; Patalas, 1954). 

Berg and Nygaard (1929) showed that Chydorus sp. reached a peak of
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reported that in the diet of Cyclops abyssorum diatoms represented 

the major food intake (68%), the second most abundant category of food 

ingested was Chlorophyceae (16%), the blue-greens were 9% and the 

Euglenophyceae 2%. Rotifera constituted the major animal group in 

the diet of £. abyssorum. Planktonic Crustacea appears to constitute 

a relatively minor food source. In Loch Fad, diatoms and chlorophyceans 

were also high during the peak abundance of abyssorum. Cyclops 

vicinus in Howietoun Farm was present from June to October with a 

peak during August. It increased as the water passed through the 

farm, showing no evidence of fish predation. Hutchinson (1967) 

observed that Cyclops vicinus was confined to localities with small 

fish populations so that predation is avoided.

Diaptomus gracilis in Loch Fad was present throughout the year with 

a high peak in summer, which agrees with studies on Lochs Lomond,

Morar and Shiel, by Maitland ^  H  (1981), but in Loch Awe and 

Loch Ness they reported its peak during October. Johnson and 

Walker (1974) and Jones (1980, per.comm.) reported its peak during autumn 

in Loch Leven. Diaptomus laciniatus was present in Howietoun Farm 

only during summer and autumn with the highest peak in summer.

Murray and Pullar (1910) and Maitland et ^  (1981) have also observed 

the short summer season of this species in Loch Lomond and Loch Shiel, 

respectively.

Ascomorpha ecaudis was present in Howietoun Farm from March to 

October with a peak by June, and a similar cycle was reported by 

Hutchinson (1967) in the Mótala system. Brachionus angularis in 

Howietoun Farm had a peak by July, while Schuurman (1932) reported 

its high peak in August in a warm monomictic lake. Conochi 1 us
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hippocrepis was present in Loch Fad throughout the year with a peak 

during August. Pejler (1957) reported that the appearance of 

a population peak of Conochi 1 us sp. in any lake was dependent upon 

presence or absence of a phytoplankton bloom, peaks occurring in 

early summer in lakes with a bloom and in late summer in those 

without a bloom. This does not agree with the present observation 

of a peak in Loch Fad in late summer, even though the phytoplankton 

population was in bloom. Filinia terminal is is seemingly a cold- 

water species, usually recorded from waters below 20°c, and usually 

in much colder water. Typically it is present in the plankton 

of temperate lakes at all depths during winter but only in the 

hypolimnion in summer, except at extreme altitudes in which the 

water is perennially cold (Edmondson and Hutchinson, 1934; Hutchinson 

1967). As would be expected, F_. terminal i s was never present in 

Loch Fad at temperatures above IS^c, while in Howietoun Farm it was 

present only at temperatures up to 12.5°c.

Kellicottia lonqispina is the commonest planktonic rotifer in 

temperate regions and is characteristic of oligotrophic waters 

(Pejler,1957a). It was, however, recorded throughout the year in 

eutrophic Loch Fad. This species was common during summer months, 

in agreement with the studies of Pejler (1957 a & b) and Larson 

(1971). Pejler (1957b) considered it to be sensitive to high 

light levels and so confined to lower depths during summer months, 

but it was present in the surface layers in Loch Fad during summer, 

as has been reported by Klarer (1978) in Dubh Lochan.

i> .

Keratella cochlearis is likely to occur in the open water of deep
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lakes, and is a widespread temperate form (Hutchinson, 1967). In 

Loch Fad cochlearis was present throughout the year with a peak 

during summer. Eddy (1934), Larson (1971) and Doohan (1973) have 

also observed its presence throughout the year. Pejler (1957b) 

observed a similar summer peak to that in Loch Fad, but Doohan (1973) 

reported its peak only during spring, while Bricker and Gannon (1976) 

observed its peak only during autumn. iC. vaiga is characteristic 

of smaller water bodies than those in which l<. cochlear is and 1^ 

quadrata occur (Hutchinson 1967). It was present in Howietoun 

Farm throughout the year with peaks in summer, while K. cochiear_U 

was not observed.

Trichocerca spp. are considered rather generally as species of 

eutrophic waters. Like Chydorus sphaericus, some species of 

Trichocerca become planktonic at times of blue-green algal blooms 

(Hutchinson, 1967). J. capucina was present in Loch Fad through­

out the year at a ll  depths with a peak in summer when the phytoplankton 

population was in bloom.

Diurnal Vertical Migration in Zooplankton:

Diurnal variation in the self-directed, vertical positioning of 

zooplankton has evoked a relatively large number of investigations 

into its causes and adaptive significance. Initiation, control 

and direction appear to be pr'imarily regulated by exogenous changes 

in the intensity and angular distribution of light (Ringelberg, 1964; 

McNaught and Hasler, 1964) apparently based upon an endogenous rhythm 

(Harris, 1963; Enright and Hamner, 1967; Ringelberg and Servaas, 1971) 

A profusion of speculations exist as to the adaptive value of
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diurnal migration (Hutchinson 1967; McLaren 1963), often implicating 

competition (Dumont, 1972) and predation (Zaret and Suffern, 1967) 

as selective forces. In both Loch Fad and Howietoun Farm ponds, 

a single diurnal study was conducted to study the diurnal vertical 

variation of zooplankton in the month of April, but due to the 

lack of precise descriptions of vertical movement of migrating zoo­

plankton at very short time intervals, records of light intensity 

and lack of supportive laboratory experiments; the causal factors 

for the vertical migration observed in the present study could not 

be investigated.

Typical daytime downward and nighttime upward migrations were 

observed in Loch Fad by Bosmina longirostris, Chydorus^ sphaericus, 

Daphnia longispina, Cyclops abyssorum, Diaptomus graci1 is,

Ascom^orpha oval is. Conochilus hippocrepis, Filinia terminal js, 

Kellicottia lonqispina, Keratella cochlearis, Trichocer^ 

and at Howietoun Farm ponds by Ascomorpha ecaudjs, Brachionus 

anqularis and Keratella valga. Bosmina longirostrjs at Howietoun 

Farm did not show any marked trend of movement in diurnal study.

Kikuchi (1930) noticed in Bosmina longirostris and Daphnia longispina 

a slight tendency to upward movement during the night. Southern 

and Gardiner (1926, 1932) in Lough Derg reported that the young 

Daphnia lonqispina start moving upwards before or shortly after 

sunset reaching the upper layer and descend again as the sky begins 

to lighten in early morning, but adult D. longispina exhibited 

the reverse movement. Similar diurnal migration of Chydor îs 

Sphaericus to that observed in Loch Fad was reported by Berg and 

Nygaard (1929), Whiteside (1974), Buchanan (1975) and Meyers and

II .
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Strickler (1978) in their study. Hutchinson (1967) found 

Cyclops abyssorum to move from 50m up to 20m at night in Lake Lucerne. 

Kikuchi (1930), in Japanese Lake Aoki, and Schindler and Noven 

(1971) in a Canadian Lake, reported slight upward nocturnal movement 

of Keratella cochlearis, but Pennak (1944) reported its reverse 

movement in Silver Lake.

Periphyton:

Young (1945) defined the term periphyton as "The assemblage of 

organisms growing upon free surfaces of submerged objects in water . 

Periphytic algae should provide good indicators of productivity of 

the particular system because algae in such communities are fixed 

in position, unlike the planktonic algae which can easily be 

moved into and out of an area. To study periphyton, workers have 

used the natural substrata and the artificial substrata. Among the 

natural substrata, the most common substrata for periphyton in 

natural conditions are stones, wood and inorganic or dead materials 

of any kind. The other natural substrata often used in the study 

of periphyton are submerged leaves and stems of aquatic plants and 

the aquatic animals (e.g. shells of molluscs and turtles). Many 

difficulties with the quantitative removal of periphyton from uneven 

and rough surfaces of natural substrata have caused the introduction 

of artificial substrata, which can either be objects of natural 

origin with modified surfaces or artificial objects of various 

shapes, made of various materials. According to the literature, 

the most common materials are glass, wood, concrete and various 

sheets of metals and plastics.
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Smooth surfaced wooden blocks were used in the study of periphyton 

at both Loch Fad and Howietoun Farm. In Loch Fad the higher 

periphytic population at the cage site than at the control site 

presumably was the result of higher nutrient concentrations at the 

cage site, due to decomposition of cage fish faeces, metabolites and 

uneaten fish food pellets. In Howietoun, the periphyton population 

increase from the inlet of the farm to the outlet might also be the 

result of increased nutrients as the water passes through the farm.

All the algal species present in the periphyton were also represented 

in the plankton population. Though the seasonal variations of the 

periphytic algal species were mostly similar to that of the plankton 

population, the growth cycles of some periphytic species were 

either slightly lengthened or shortened. Weber and Raschke (1970) 

compared the plankton and glass-slide flora and came to the 

conclusion that the composition of the communities was very 

different throughout the entire exposure period. One of the 

possible causes of this difference could be the artificial sub­

strate. Tippett (1969, 1970) showed that, in both lakes and flowing 

waters, the seasonal succession of diatom species on natural sub­

strata and glass slides differs considerably with the growth cycles 

either lengthened or shortened, while Patrick et ^  (1954) and 

Brown & Austin (1971, 1973) reported that algal communities growing 

on glass slides and natural substrata are very similar. Foerster 

and Schlichting (1965) and Brown (1976) showed that glass slides 

support a smaller diversity of algae than the natural substrata.

In Howietoun Farm ponds, the relative abundance of algal groups 

in the periphyton was mostly similar to that in the pVtoplankton. 

In Loch Fad, however, the periphyton was dominated by the group
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Baci1lariophyceae, whereas the group Cyanophyceae dominated the 

phytoplankton throughout most of the year. This difference in 

the relative abundance was mostly because Microcystis aeruginosa, 

the most abundant phytoplankton species in Loch Fad, was absent 

in the periphytic population.

The fungal hyphae also observed on the periphyton blocks is worthy 

of comment. The stimulated organic production that accompanies 

eutrophication often manifests itself in blooms of aquatic micro­

organisms. These blooms can be particularly annoying when they 

cause taste and odour problems in drinking water and fishes. A 

wide range of taste and odour may be contributed by a variety of 

microorganisms, including Actinomycètes and specific types of algae. 

Adam (1929, 1933) apparently was the first to ascribe the problem of 

earthy odour in water to Actinomycètes. Other researchers,

Egorova and Issotchenko (1944), Ferramola (1949), and Morris (1962); 

also have come to similar conclusions. In 1965, Gerber and Le 

Chevalier isolated a strong earthy odour compound which they named 

Geosmin. Henley (1970) also isolated Geosmin from the blue- 

green algae. In Loch Fad the earthy flavour in fish has on 

occasions caused complaints from consumers. Stewart (1984) 

reported that the earthy flavour rating was low in samples taken 

in July and the beginning of August, then rose sharply to a 

peak in early September-October. This could be interpreted as 

a result of the presence of the breakdown product of algal cells, 

and was strong following the collapse of the blue-green algal 

bloom by September. Alternatively, it could have been produced 

by fungi . either in association with or independent of

the presence of dead algal materials. In the present study

i> .





A study of the plankton (phytoplankton and zooplankton) together 

with some physico-chemical parameters and periphyton was carried 

out on an intensive cage fish-farm in Loch Fad, Isle of Bute, and 

in earthen ponds at Howietoun Fish Farm, Bannockburn.

Loch Fad: This shallow, eutrophic, unstratified loch exhibited

low Secchi disc readings (0.6m to 1.0m) during summer due to the
Hhigh phytoplankton population and high suspended solids. p was 

slightly on the alkaline side of neutrality throughout most of the study 

period, and photosynthetic activity resulted in the summer elevation 

of p^ during daytime. p^ and dissolved oxygen concentrations 

were lower at the cage site than at a control station situated 

at the opposite end of the loch to the fish farm. This was due 

to the high respiratory demands of the cage fishes and high 

densities of feral fishes in the vicinity of the cages, and the 

decomposition of larger quantities of organic matter in the water 

column and on the bottom at the cage site. Nutrient 

concentrations were higher at the cage site than at the control, 

resulting from the decomposition of fish faeces, metabolites and 

uneaten fish food pellets. Nutrient concentrations decreased 

during summer at all depths, indicating their utilization by the 

growing phytoplankton population. Chlorophyl1-a concentration 

was generally high (maximum 202 mg/1), and was higher at the cage 

farm site than at the control, reflecting the denser phytoplankton 

population at this site.
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Blooms of Microcystis aeruginosa were one of the principal 

characteristics of Loch Fad phytoplankton. It formed 92% 

to 99% of the total phytoplankton cell numbers. Presumably 

because of higher availability of nutrients at the cage site, 

the total phytoplankton population density was higher there.

The other common phytoplankters were: Oscillatoria agardhi,

Osci 11 atoria 1 impsa. Asterionel1 a formosa, Melosira italica-sub- 

arctica, Botryococcus braunii, Pediastrum boryanum and Pediastrum 

duplex.

Similarly to the phytoplankton, the zooplankton population was 

maximum during the summer months. Predation by cage fish and 

wild fishes in the loch, which tended to concentrate at the cage 

site to feed upon surplus fish food, may have been responsible 

for reducing the populations of the larger Cladocera and Copepoda 

at the cage site. Rotifers, however, were higher at the cage 

site than at the control, presumably because they were successful 

in escaping from predation by fishes on account of their smaller 

size and because of the lower population density of crustacean 

cyclopoid predators (particularly Cyclops abyssorum) at the cage 

site compared with the control. The common zooplankton in Loch 

Fad were: Bosmina longirostris, Chydorus sphaericus, Daphnia 

lonqispina, Cyclops abyssorum, Diaptomus gracilis and Keratella 

cochlearis. All the zooplankton present showed the typical 

diurnal migration cycle of daytime downward and night time upward 

movements.

The development of periphytic algal populations on suspended wooden 

blocks was maximum during summer and was higher at the cage site
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than at the control, presumably due to higher available nutrient 

concentrations at the cage site. In contrast to the dominance 

of Cyanophyceae in the phytoplankton, the group Baci11ariophyceae 

was dominant over the other groups in the periphyton. The common 

algal species in the periphyton species were: Spirogyra gracilis, 

Melosira italica-subarctica, Navicula viridis. Amphora oval is,

Osci11atori a agardhi, Osci11 atori a 1imosa, Anabaena flos-aquae. 

Also a higher number of fungal ascomycete species was present at 

the cage site than at the control. The presence of ascomycetes 

in Loch Fad may have contributed to the reported earthy taint 

of farmed fish.

Howietoun Fish Farm: Water temperature ranged seasonally from 

4 °c to 16°c. Elevation of daytime pH at all the stations during 

summer was observed, due presumably to the photosynthetic activity 

of the higher phytoplankton population prevailing then. Dissolved 

oxygen concentration decreased as the water passed through the 

farm, principally because of the respiratory activity of the 

cultured fish and the decomposition of fish wastes and uneaten 

food. Ammonia, nitrite, nitrate and orthophosphate concentrations 

also increased from the water supply inlet to the farm to the outlet, 

which caused a progressive increase in the phytoplankton 

population. Suspended solids, however, decreased from the inlet 

to the outlet of the farm; this might be due to the sedimentation 

of inorganic suspended solids from the stream supply water as the 

water passed through the farm ponds.

i< .

The phytoplankton population reached a maximum during the summer.
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The group Cyanophyceae was dominant over other groups of phyto­

plankton from April to November. The most dominant species, 

however, was Osci 11atori a agardhi, as opposed to Microcystis 

aeruginosa which dominated Loch Fad phytoplankton. The other 

common species were: Coelosphiari urn Kuetzinqianum. Asteri onel1 a 

formosa, Melosira italica-subaretica, Tabel1 ari a fenestrata. 

Tabellaria flucculosa, Botryococcus brauni i and Spirogyra varians.

Total zooplankton reached maximum densities by summer and increased 

from the inlet to the outlet of the farm. The predation of zoo­

plankton by the cultured fish was not evident. The most dominant 

zooplankter was Bosmina lonqirostris, and the other common species 

^gre Cyclops vicinus and Pi aptomus laciniatus. Ascomorpha 

ecaudi s, Brachionus angui aris and Keratel1 a valga, " were present 

during a diurnal study and showed the expected daytime downward and 

night time upward movements, but Bosmina longirostris did not show 

any marked diurnal movement pattern.

The periphytic population in Howietoun Farm was also maximum during 

summer, and also increased from the inlet to the outlet of the farm, 

which could be the result of increased nutrient concentrations.

As in the phytoplankton, the group Cyanophyceae was dominant from 

April to October. Oscillatoria agardhi was the most dominant species, 

the other common species were Anabaena flos-aguae, Navicula 

crvptocephala, Navicula viridis, Melosira italica-subarctica and

Spirogyra varians.
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Concluding Remarks

Comparison of eutrophication criteria

Different criteria were considered in the above discussion to describe 

the trophic state of Loch Fad, transparency, chlorophyll-^,

phytoplankton compound index and the presence of indicator species.

All these indices pointed towards the highly eutrophic nature of the loch. 

Transparency is very often used to indicate the degree of eutrophication 

on the basis that it decreases with enrichment due to increasing 

abundance of phytoplankton. This criterion will hold good in the 

situation where transparency is mainly limited by autochthonous 

sources and organic matter, but transparency could also be affected by 

suspended soil particles washed in by rain or upmixing of the bottom 

sediments by wind action. Chlorophyl1-a concentration is a very good 

indicator of the trophic state of a particular waterbody as it is a 

simple estimator of the phytoplankton, but to compare the chlorophyll-a 

data with other lakes, it is essential to use the same techniques for 

sampling during the same period of the year and time of day. In 

trophic state classification, many workers have used various phyto­

plankton indices, using desmids as characteristic of oligotrophic lakes. 

The most common index used is the compound index, which involves 

Cyanophyceae, Chlorophyceae, centric diatoms, Euglenophyceae and 

desmids, but desmids are sometimes widely distributed in all types of 

water rather than only in oligotrophic ones. Lastly, the

indicator species criterion has also been widely used to determine 

the trophic state of lakes, but again some species have a wide range 

of distribution, making the classification difficult. In general.
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the presence and dominance of blue-green algae seems to be a strong 

indicator of eutrophy. In trophic state determination, all possible 

different criteria should be considered before reaching any conclusion. 

Perhaps the most simple and preliminary observations for alerting the 

fish farmer to increasing enrichment will be the deep green water colour, 

low transparency, high abundance of blue-green algae which could be 

detected by the naked eye with experience, and low dissolved oxygen 

during night-time.

Factors l im i t i n g  phytoplankton on f is h  farms

Temperature, light, nutrients and grazing by zooplankton are considered 

to be among the main controlling factors of phytoplankton growth. The 

metabolic response of all organisms follows a general law of doubling 

with each 10“c increase up to a certain limit. This is approximated 

in most phytoplankton studies of photosynthesis and respiration if 

other factors are not severely limiting, though certain species of 

phytoplankton are more suited to low temperatures. Phytoplankton 

growth is affected by both quality and quantity of light. In highly 

productive systems, maximum productivity is near the surface and the 

photic zone may be only a metre or two deep due to high abundance of 

phytoplankton. In such a situation the productivity is limited by 

insufficient light, or in other words limited by self-shading. One 

of the important limiting factors for the growth of phytoplankton in 

the natural environment is the nutrient availability. In both 

Loch Fad and Howietoun Farm the high nutrient concentrations were 

unlikely to limit phytoplankton growth. Zooplankton populations 

were also not in such high abundance as to limit the phytoplankton. 

Moreover blue-greens were dominant in the phytoplankton population
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in both places, which are generally unacceptable to these herbivores.

Thus water temperature and self-shading appear to play major roles in 

limiting the phytoplankton in Loch Fad. In Howietoun Farm, flushing 

might have played an important role in limiting phytoplankton. The 

greater the flushing rate, the shorter the period of time available for 

use and reuse of the nutrient income and, if the flushing rate is high 

enough, plankton buildup may be prevented because of cell washout.

Further investigation of the flow rate of water through Howietoun 

farm ponds and retention time in each pond will be of great help in 

understanding the phytoplankton dynamics in ponds.

Workers in Canada studying small eutrophic prairie lakes found that those 

which reached an algal biomass of 100 mg/1 chlorophyl 1-a had a 50% 

chance of a summer fish kill following a collapse in the algal 

population, while for those exceeding 200 mg/1 chlorophyl 1-a, the 

probability increased to above 80%. These lakes were smaller and 

shallower than Loch Fad so the conditions are not directly comparable, 

but the example highlights the serious level of eutrophication in Loch 

Fad, with summer chlorophyll-a_ levels well above 100 mg/1 for a sustained 

period and reaching a maximum of 202 mg/1.

P ra c t ic a l  lessons fo r  the f is h  farmer

The fish farmer should monitor dissolved oxygen, ammonia concentration 

and suspended solids regularly. During calm weather conditions the 

risk of low oxygen levels is greatest when algal levels are high. 

Dissolved oxygen could also drop drastically during the autumnal 

breakdown of the algal population. Un-ionized ammonia is highly 

toxic to fish, but the airononium ion is relatively non-toxic. In
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the literature, several authors have discussed the LC50 concentration 

of un-ionized ammonia in salmonids. In general, a concentration 

of more than 0.02 mg/1 of un-ionized ammonia causes significant 

depression of growth in fish. A decrease in the dissolved oxygen 

content in water increases the toxicity of several poisons to fish, 

and this has also been found for ammonia. There is no evidence that 

concentrations of suspended solids less than 25 mg/1 have any harmful 

effect on fisheries. High levels of suspended solids reduce the 

resistance of fish to diseases, poisons, or to low dissolved oxygen, 

high temperature and extreme pH values. If low dissolved oxygen, 

high ammonia concentration and high suspended solids persist for a 

prolonged period, it is advisable to employ aeration of the water, 

lower the stocking density and/or use low-pollution feeds. Low- 

pollution feeds are more digestible, have lower total phosphorus, 

and contain phosphorus in a more digestible form. These feeds are 

more expensive than the ordinary market available feeds. However, 

an economic study of low-pollution feeds and their use is required 

in order to fully evaluate profitability.

Application of a number of conventional lake and reservoir restoration 

techniques could be used for reducing net phosphorus loading. Diversion 

of wastes from the waterbody is a common method of reducing loadings.

The particulate waste faction from cages could be trapped and pumped 

out, but this method would be expensive and impractical in commercial 

scale operations. Sediment removal has also been used in restoration 

programmes. This method would cause more problems than it would 

solve in cage culture in lakes/reservoirs, as resuspension of sediments 

would stimulate algal production through increasing dissolved nutrient 

levels and destroying the thermocline. The sediment removal method.
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however, would be very useful and simple in pond culture systems as 

it is easier to manage. It is advisable to remove the pond sediments 

every two years at least. Other, more practical methods of reducing 

the environmental impact from intensive farms include removal of 

mortalities and increased harvesting pressure. Another method, given 

sufficient land area, would be to combine extensive settlement and 

oxidation ponds with intensive operation. This method is used in 

some tropical developing countries and could be used in temperate 

countries.
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Leven, Scotland. Proc. R. Soc. Edinb., B, 74, 81 luu.

Smith C.E. and W.G. Williams (1974) Experimental nitrite toxicity 
in rainbow trout and Chinook salmon. Trans. Amer_.
Fi sh. Soc., 389-390.

<;mith I R A.A. Lyle, & A.J. R o s ie ’ (1981) Comparative physica l
smuh, The ecology  of S c o t la n d 's » r p » t  o ^ :

Lomond, Awe. Ness, Morar and ShieJ^. Ed. P.5. Maitland.
Dr. W. Junk P ub lishe rs,  The Hague.

Solbera S.O. and F. Bregnballe (1977) Dambrug som forureningskilde. 
Medd. ForsiSgsdambruget, No.58, 71pp.

D anH A r Gardiner (1926) A preliminary account of 
southern, the diurnal .igratlon of the

Crustacea of the plankton of Lough Derg.
Int. Revue ges. Hvdrobiol., Hydrogr., J_5, 323-326.

.. n « « H A T  Rardiner (1932) Reports from the limnological 
southern, „  The diurnal migrations the Crustacea^

of the plankton in Lough Derg. 
121-159.



223

Sparling, J.H. and C. Nalewajko (1970) Chemical composition and
phytoplankton of lakes in Southern Ontario. Jj_r_2_shj_
Res. Bd.. Can., 27(8). 1405-1428.

Sreenivasan, A. (1970) Limnology of tropical ^
comparative study of major reservoirs in Madras State. 
Hydrobiologi a, 36(3/4), 443-460.

Sreenivasan, A. (1976) Limnological studies and primary ^  
in temple pond ecosystem. Hydrobiologi a, 48U).

Stewart W.D.P. and H.W. Pearson (1970) Effects of aerobic and
anaerobic conditions on growth 175^293-311
blue-green algae. Proc. R. Soc. Lond..B. 175, 293-311.

Strickland J.D.H., 0. Holm-Hansen, R.W. Eppley. and R.J. (1%9),Strickiano,  ̂ pUnkton ecology. I, Studies of
the growth and composition of phytoplankton at low nutrient
levels. Limnol. Oceanogr., 1̂ , 23-34.

<;trick1and J D.H., L. Solorzano and R.W. Eppley O^^O) Í'
^'^^'''"''’GeneraVintrodua^^

Lriolla, California, in the
Scripps In s t i t u t i o n  of Oceanography bul l e t j ii. H ,

T ^ .

, „ ___  T D MQ791 A oractical handbook of
S t r i c k U n d . ^J.D^H.^^and^Parsons. Board at Canada PablTTItton,

Bul1.no. »«7
T c arari H Driver (1963) Some problems in the estimation 

Tailing, J.F. and 0. nhvtoolankton Proc. conference on
S^^a)°v''°o?Si «  V ty'^ifasS «aHne and fresh-ater;
srirat uilv 51»In. 1961. U.S. Momlc Energy Con«..
TID-7633, 142-146.

Tessenow. “¿.^^M^^^^Exper^entalunter^ Arch. Hydrô
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