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ABSTRACT

Motile cells and cysts of Ceratium  were studied using

light and scanning electron microscopy. Two species, C« 

hirundinella and C. furcoides, were distinguished on the basis 

of the cell length to breadth ratio , the shape of the epitheca

and the arrangem ent of apical plates. Cysts differed in shape

and in the length of the horns. Analytical scanning electron

microscopy dem onstrated the presence of silicon in the 

m ulti-layered granular wall of the cysts of both species.

The vertical distribution of viable cysts of C. furcoides 

and C. hirundinella was studied in 8 cm cores taken over three

seasons from Esthwaite Water, Cumbria. The diatom

Stephanodiscus parvus was used as a marker species, to a ttrib u te  

a tim e scale to the cores. Some agreem ent was dem onstrated 

between cyst numbers and past populations of Ceratium  spp., 

although the majority of cysts occurred in the upper 4 cm of the 

cores. A study of the proportion of C. hirundinella to C. 

furcoides cells from 1946-1986 showed th a t the ratio of each

species changed markedly over this period. It was concluded

th a t the relative numbers of each species were determ ined by the 

proportion of cysts germinating in the spring, with parasitism 

an im portant facto r in controlling cyst viability.

Germination of the cysts of both species was induced in

the laboratory. The excystm ent of C. furcoides was achieved 

down to a depth oi 5{ cm, from cysts with an equivalent age of 

approxim ately 7 years. Cysts from sediment which had been le ft
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to dry out failed to germ inate.

The Ceratium  populations of several southern sites were 

also studied. The number of Ceratium  cells was shown to decline 

when the w ater column was disturbed, either by the input of 

w ater through high velocity je ts , or the failure to form a 

stable therm ocline. C. hirundinella was observed to be the more 

numerous of the two species in the reservoirs studied, but in 

Virginia Water Lake C. furcoides occurred in greater numbers.
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CHAPTER 1

INTRODUCTION

The large motile cells of the dinoflagellate genus 

C eratium  are a conspicuous and often major component of the

summer phytoplankton of many tem perate  lakes and reservoirs. 

For more than half a century a large number of studies have

centred on the taxonomy of the genus and on various aspects of 

the ecology and physiology of its constituent freshw ater 

species. In recent years it has become apparent th a t, despite

this extensive background of work, there  are difficulties 

concerning the taxonomic separation of certain  species. The

freshw ater species generally recognised are Ceratium  

hirundinella (O.F.Muller) Bergh., C. furcoides (Levander) 

Langhans, C. brachyceros Daday, C. cornutum (Ehrenberg)

Claparede and Lachmann and C. carolinianum (Bailey) Jorgensen, 

of which the first two and their form types have given rise to

the g rea test confusion. An additional species, C. rhomvoides 

Hickel, has recently  been proposed by Hickel (1988b).

The present work concerns only C. hirundinella and C. 

furcoides, which often occur in the same body of w ater. The 

classical work of Langhans (1925) and Entz (1927) clearly

describe the features of the motile and cyst stages of both 

species. However, there has been a tendency amongst ecologists 

and some taxonomists to combine the two species as C.

hirundinella. A possible cause of this may be the great 

variation of cell size and shape (e.g. H uber-Pestalozzi, 1950;
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Hauge, 1958; Dottne-Llndgren and Ekbohm, 1975; Krupa, 1981b). 

The phenomenon of cyclomorphosis, differences associated with 

seasonal changes of one morphological form to another, shown by 

this genus (e.g. Pearsall, 1929; Hutchinson, 1967) has also

tended to cause confusion between the species. For the purpose

of this study it was essential to establish the number of

C eratium  species present and to be able to distinguish between 

them . A detailed comparison of the taxonomic features involved 

are considered in a la te r chapter.

The life cycles of C. hirundinella and C. furcoides in

tem perate  lakes and reservoirs have been well documented (e.g. 

Hauge, 1958; Chapman, 1981; Heaney, Chapman and Morison, 1983; 

Hickel, 1985). The motile cells of both species appear in the 

w ater column in la te  spring, increasing in numbers by binary 

fission until la te  summer when extensive "blooms" may be formed. 

To date, sexual reproduction has been recorded in only three of

the freshw ater species, C. cornutum (Stosch, 1965), C. furcoides 

(Hickel, 1988a) and C. rhomvoides (Hickel, 1988b). During

September and O ctober the Ceratium  phytoplankton population 

declines, usually accompanied by the form ation of cysts which 

sink to the bottom of the w ater basin. The cysts overwinter in 

the surface sedim ent and provide an inoculum for growth the

following year. Excystm ent occurs in spring, generally when 

w ater tem peratures have exceeded 4°C (Huber and Nipkow, 1923; 

Heaney, Chapman and Morison, 1983). However, in some tem perate 

lakes the w ater tem perature never falls below 4°C, suggesting 

tha t other factors must be responsible for the timing of
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excystm ent (Heaney, Lund, C anter and Gray, 1988). In tropical 

and sub-tropical lakes C. hirundinella, with its narrow 

tolerance range for w ater tem perature, may form oversummering 

cysts in order to survive when the tem perature exceeds 25°C, as 

observed by Pollingher (1986a) in Lake K inneret, Israel.

The ecology of Ceratium  has been the subject of extensive 

study over the last 20 years. The majority of workers have 

compared seasonal abundance of C eratium  for one or two years 

with physical and chem ical environm ental factors (e.g. Hauge, 

1958; P fiester, 1971; Dottne-Lindgren and Ekbohm, 1975; Harris, 

Heaney and Tailing, 1979; Heaney and Tailing, 1980a, b; Hickel,

1985). A few studies have recorded changes over more extended 

periods of tim e (e.g. Heaney and Butterwick, 1985; Heaney, Lund, 

C anter and Gray, 1988).

The distribution of Ceratium  within the w ater column is 

influenced by the possession of flagella, which enable the 

m otile cells to undertake depth regulation through vertical

migration in response to internal physiological changes and

environm ental factors (Tailing, 1976). One such variable is the

diel light regime (Tailing, 1971). Motile cells avoid the water 

surface layers in the morning (Heaney and Tailing, 1980a, b) and

sub-surface maxima are produced (Harris, Heaney and Tailing, 

1979). Marked horizontal patchiness and local discolouration of 

the surface layers may be created  within lakes as a consequence 

of such vertical migrations coupled with horizontal w ater 

movements (Heaney and Tailing, 1980a, b).

Observations on the ra te  of population increase (e.g.

-19-



Heaney and Tailing, 1980a, b) and the determ ination of growth 

ra tes by the use of phased cell division (e.g. Heller, 1977;

Frempong, 1982; Sommer, Wedemeyer and Lowsky, 1984) have shown 

th a t populations of Ceratium  are relatively slow growing with a 

minimum population doubling tim e of about 5 days (Heaney, 1976).

Culture work (Heaney and Butterw ick, 1985) and fieldwork 

(Heaney, Chapman and Morison, 1983) have shown tha t the rate  of 

growth slowed a t tem peratures below 10°C. The slow growth rate  

prevents the rapid replacem ent of cells lost through predation, 

disease, parasitism  or via the lake outflow. Predation on 

C eratium  is generally regarded as low (Reynolds, 1986), due to 

the large size of the motile cell, but fungal parasites have 

recently been recognised as exerting a major influence on

Ceratium  population dynamics (Heaney, Lund, C anter and Gray,

1988). Aphanomycopsis cryptica C anter and Lagenidium species

parasitise the motile cells of C. furcoides and C. hirundinella,

and Rhizophydium nobile C anter the cysts of C. furcoides (Canter

and Heaney, 1984). Inbpite of these constraints very large V

populations of Ceratium  can develop. For example, in Esthwaite

Water during the 1970s the Ceratium  population exceeded 600

cells ml“  ̂ (F.B.A. data). It was suggested by George and Heaney

(1978) th a t in populations of this density self-shading may be

the limiting facto r.

Although a great deal of ecological and physiological work 

had been undertaken on the motile cells of C eratium , until 

recently  the cyst stage had been largely overlooked by 

biologists with the exception of Entz (1925) and Huber and
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Nipkow (1923) who recognised the im portance of overwintering 

cysts in providing an inoculum of motile cells to the

phytoplankton. Since then observations have been rare, possibly 

because of low numbers of cysts in the sediment and the 

difficulties involved in extracting them . Fossil marine

dinoflagellate cysts have long been studied by palynologists.

Biological in terest was renewed when a link between excystm ent 

and the timing and extent of red-tides was established

(Steidinger, 1975; Anderson and Morel, 1979).

The vertical (Livingstone, 1979) and horizontal (Chapman,

1981; Heaney, unpublished data) distribution of Ceratium  cysts 

within lake sediments had been studied previously, but in the 

past no distinction was made between C. furcoides and C.

hirundinella. The present work sought to compare the vertical

distribution of Ceratium  cysts within the sedim ent and past 

populations of motile cells, making use of long term

phytoplankton records and historic samples collected from

Esthw aite Water in the Lake D istric t. Diatom assemblages were

studied in an a ttem p t to assess the ra te  of sedim entation and

ascribe a date to sections of the core. In order to establish 

the viability of cysts below the surface sedim ent a series of 

excystm ent experim ents were conducted in the laboratory.

The original aim of this project had been to study the 

population dynamics of C. hirundinella and C. furcoides within a 

Thames Valley reservoir and determ ine the im portance of 

recru itm ent of motile cells from the overwintering cyst 

population. However, during 1984/5 a series of sites, many the

-21-



subject of extensive work, were lost due to permanent or 

tem porary drainage of w ater, as a consequence of changes in 

management policy by Thames W ater. Phytoplankton counts were 

continued on one reservoir in order to monitor the effects  of 

disturbance of the ecosystem due to w ater drainage. In addition 

a qualitative survey of the proportion of C. hirundinella to C. 

furcoides in several reservoirs and a lake in the Thames Valley 

was conducted.
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CHAPTER 2 

MATERIALS AND METHODS

2.1 Routine Sampling of Island Barn Reservoir 

General Sampling

Weekly w ater samples and ecological measurem ents were 

taken over a two year period from a boat moored a t Buoy F, 

towards the centre  of the reservoir (maximum depth a t Buoy F =

8.5 m etres). Tem perature and oxygen profiles were measured with 

a combined therm istor and oxygen electrode (Yellow Springs 

Instruments). Water samples were taken a t regular intervals 

(1 m, 3 m, 5 m, 7 m) through the w ater column and transferred  to 

the Thames Water Biological Laboratories a t Wraysbury where

chlorophyll, carbon and nutrient levels were assessed using

standard techniques. Zooplankton samples were collected by 

taking two vertical net hauls, the contents of which, together 

with two "washings", were retained. A finer phytoplankton net 

was traw led beside the boat, just below the surface of the

w ater, for between 30 seconds and 3 minutes depending on the 

abundance of the phytoplankton. The contents of the net and two 

"washings" were retained.

When conditions prevented a boat being launched, samples 

were taken from the end of a wooden pontoon extending out into 

deep w ater (maximum depth a t pontoon = 5 m etres). Low water 

levels during the period of drainage (October 1985 to April

1986) made even this restric ted  form of sampling impossible (see 

Chapter 7, page 258). Between these dates dip samples and a
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single tem perature and oxygen reading were taken from the shore.

Collection of Samples for Phytoplankton Counts

Weekly w ater samples were collected from the upper 

5 m etres of the reservoir using either a Patalas Sampler 

(Patalas, 1954), or a weighted five m etre long tube for the 

collection of integrated samples (Lund, 1949). The form er is a 

rectangular, perspex box, with an upper and lower lid which 

close when the apparatus is pulled back up to the surface of the

w ater. It has the advantage of collecting large volumes of 

w ater a t a time (7 litres). The samples, of between 3 litres 

and 15 litres depending on the tim e of year, were fixed 

im mediately with Lugol's Iodine before returning to the 

laboratory.

Lugol's Iodine, with added ace tic  acid, was chosen as a 

fixative. The cells stained brown/yellow to black, which 

enabled them to be easily distinguished for counting purposes. 

However, overstaining did on occasions obscure surface

structures and made identification more difficult. The addition 

of iodine increased the weight of the cells, thereby decreasing

the settling tim e necessary to concentrate samples by 

sedim entation. Samples preserved with iodine needed to be 

m onitored, as in time the iodine became colourless, a process 

slowed by storage in the dark.

Preparation of Samples for Phytoplankton Counts

For most of the year the number of dinoflagellates was
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less than 1 cell m l 'L  Therefore it was necessary to 

concentrate  the phytoplankton samples to enable a statistically

significant number 20) to be counted in a reasonable period 

of tim e. Several methods for concentrating phytoplankton were 

investigated and for various reasons rejected . F iltration of 

several litres of w ater through a Millipore filte r successfully

concentrated the phytoplankton. The filter was inverted into a 

petri dish of w ater and any remaining m aterial was removed with 

a paint brush in a je t of distilled w ater. The "washings" of 

the paint brush were added to the petri dish. Careful rinsing

ensured tha t the amount of m aterial lost on the filte r and the 

paint brush was low (< 5%). However, to obtain statistically

significant numbers of C eratium , particularly during the spring 

and early summer when numbers of cells were low, it was

necessary to filter large volumes of w ater, which resulted in

rapid blocking of the filter when the number of other

phytoplankton species was high. The use of two or more filters 

increased the loss of m aterial to an unacceptable level so other 

techniques were investigated. The Inverted Microscope technique 

of concentrating samples in sedim entation chambers (Lund,

Kipling and LeCren, 1958), was considered as an alternative, but

since it prevented the re-orientation of cells to assist 

identification and did not allow individual cells to be removed

for other purposes, (e.g. scanning electron microscopy), it was

also rejected .

A settling  method (Sukhanova, 1978) was selected to

concentrate the phytoplankton samples. On returning to the
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laboratory, the water sample, preserved with Lugol's Iodine, was 

vigourously shaken to reincorporate any organisms th a t had 

already sunk to the bottom of the container. Sub-samples were 

immediately transferred  to 1 litre  stoppered measuring 

cylinders, 40 cm in height. The sample was allowed to se ttle  

for one week. A rubber tube of appropriate length was used to 

siphon w ater off to within 4 cm of the base of the cylinder. A

clamp restric ted  the flow of w ater to a few drops a second. The

remaining sample was poured into a 100 ml cylinder, 20 cm in 

height. The larger cylinder was rinsed tw ice with distilled 

w ater and the "washings" added to the smaller vessel. The

sample was allowed to se ttle  for 2 days when the w ater was again 

siphoned off to within 2 cm of the bottom of the cylinder. The 

remaining sample was transferred  into a calibrated glass sample 

tube. The cylinder was rinsed twice with distilled w ater and

these "washings" were added to the sample together with a few 

drops of Lugol's Iodine where necessary. The sample was made up 

to 20 ml with distilled w ater, stoppered and stored in the dark.

The main advantage of this technique was that large

samples could be concentrated using simple apparatus and 

allowing other work to be undertaken whilst samples were

settling or being siphoned. The prime disadvantage was loss of

m aterial through either failure of cells to sink, where the 

specific weight of the cells was less than unity, or cells

sticking to the walls of the settling cylinder. The rinsing of 

the cylinders with distilled w ater reduced the possibility of 

the la tte r , but the former may have resulted in the
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underestim ation of some algal groups, in particular buoyant 

cyanophytes.

For this reason net haul samples were also examined. On 

returning to the laboratory (approximately 1 hour a fte r 

collection), the live phytoplankton net haul samples were 

examined in a petri dish using an Olympus SZH binocular

microscope. The genera present were recorded and their relative 

abundance noted (i.e. abundant, common, frequent, occasional or 

rare). This provided a useful guideline when the preserved,

quantitative samples were counted. It also gave an indication 

of those genera present in numbers too low to register in the 

less concentrated samples. A 20 ml sub-sample of the net haul 

was preserved with Lugol's Iodine and retained for further 

reference.

Counting the Phytoplankton Samples

Although a range of a lternative techniques are now 

available for estim ating phytoplankton numbers, visual counting

remains the most effic ien t and the most inform ative (Butterwick, 

Heaney and Tailing, 1982). Although more time consuming, the 

accuracy of the counts, particularly a t lower densities, and the 

knowledge of the species composition of the sample gained, 

cannot be equalled by electronic or chem ical estim ations. In 

this study the numbers of each species, particularly of the two 

dinoflagellate genera, was of prime im portance and so a visual 

counting technique was adopted.

The concentrated phytoplankton sample was resuspended by
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inverting the sample tube 20 tim es. A 1 ml aliquot was 

im m ediately withdrawn using a new, disposable calibrated pipette 

and introduced into a Sedgewick-Rafter Chamber (McAlice, 1971). 

The rectangular shaped cham ber (50 mm x 20 mm) has a depth of 

1 mm and a volume of 1 ml. The base is sub-divided into 1000 

squares each with an area of 1 mm . The depth of the chamber 

enabled the largest components of the phytoplankton to be 

studied, which was an im portant consideration in the case of 

Ceratium  cells. However, the increased depth also prevented the 

chamber being viewed a t magnifications greater than x2 0 , since 

stronger objectives were too great in length, making it 

impossible to identify smaller components of the phytoplankton. 

When a large percentage of the phytoplankton population was 

composed of small organisms a few drops of the sample were

examined on a slide under a coverslip for identification 

purposes.

It was essential th a t the contents of the aliquot were 

distributed randomly throughout the chamber, to enable only a 

fraction of the slide to be counted when dense samples were 

encountered. Filling the chamber from one corner with the

remainder of the coverslip in place, the APHA method (McAlice, 

1971), failed to give the required random distribution of cells

and often resulted in the production of a large air bubble in

the corner of the cham ber. The use of an uncovered chamber 

(Ricker, 1937) was considered im practical, since a count could 

take up to 2  hours and evaporation would have distorted the 

results. A random distribution was produced by introducing the
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sample gradually along the length of the cham ber, simultaneously 

sliding the coverslip along to cover the sample already

deposited (for s ta tis tica l analysis, see page 36).

Identification of Phytoplankton

Although this study was prim arily concerned with variation 

in C eratium  numbers, the im portance of other components of the 

phytoplankton was recognised. D inoflagellates were identified,

if possible to species level, using H uber-Pestalozzi (1950). 

Ceratium  species were determ ined using variations in morphology 

discussed in Chapter 4 (including the shape of the epitheca, the 

cell length to breadth ratio and, where visible, the arrangem ent 

of the apical plates), and by reference to Entz (1927) and the 

Fritsch collection (held a t the F.B.A.). The remaining 

phytoplankton groups were identified to generic level, with

species defined in some cases. Belcher and Swale (1976, 1979)

and Bellinger (1980) were used as general guides. Some groups 

proved difficult to identify without more detailed observations,

for example small flagellates. For the purpose of this study it 

was not regarded as necessary to separate these genera. 

Therefore, in such cases a single term  includes many taxa, for 

example small pennate diatoms.

Recording Phytoplankton Counts

A large proportion of the taxa observed take the form of

individual cells, for example C. hirundinella, Staurastrum  sp.

and Stephanodiscus as traea . Counting was therefore
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straightforw ard with the number of individuals present in a 

given volume recorded.

Colonial taxa require more data to be noted, i.e. the 

number of colonies and the number of cells in a colony. In the 

case of genera like A sterionella and Tabeilaria with only a few

cells (< 2 0 ) it is not too difficult to count the cells

individually. However, when the number of cells in a colony 

rises above 30 compromises have to be made to shorten the 

counting process. Numbers of some genera, for example

F ragiilaria, M elosira, Anabaena and Tribonema, were assessed by

counting 1 0  cells and using their combined length to estim ate 

the to ta l number of cells. Ideally the length of the chain (or

ribbon) of cells would be measured with an eyepiece graticule, 

however, the convoluted position in which many colonies were 

arranged, particularly Anabaena, made this very difficult. 

Those colonies formed of very large numbers of cells* and not

arranged in a chain, for example M icrocystis and Aphanizomenon 

were recorded as number of colonies and the percentage of the

slide (or section of the slide) th a t they occupied.

The Number of Cells Counted

The distribution of organisms within a sample, or

sub-sample, is often contagious, making estim ates of population

size based on only low cell counts unreliable. In order to

ensure an accurate  approximation of the to ta l population large 

samples would appear necessary. However, a slight increase in

sta tis tica l accuracy will not always justify the extra tim e
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taken. A compromise has to be reached between statistical 

accuracy and the tim e available (Elliott, 1983).

The problem of how many cells to count has been considered 

by a number of authors and a range of c rite ria  proposed (e.g. 

Venrick, 1978). Table 2.1 shows the number of cells from a 

random distribution tha t need to be counted in order to achieve 

the required level of accuracy (Lund, Kipling and Le Cren, 

1958).

Table 2.1 Size of counts with the corresponding accuracy 

obtained

Number of Cells Approximate 0.95 Confidence Limits

(% of Count) (Range)

4 1 0 0 0 - 8

16 50 8 - 2 4

1 0 0 2 0 8 0 -  1 2 0

400 10 360 - 440

1,600 5 1,520 - 1,680

For the purposes of this study it was decided tha t 

variation of ± 50% was acceptable (i.e. the doubling in numbers 

of a species could still be recognised), but where possible 

variation would be reduced to ±  20%. Therefore, the aim was to 

count 1 0 0  cells of the most numerous species with at least 2 0  

cells of the remaining species. In some samples this was not 

possible without a substantial increase in labour and in such 

cases only the presence or absence of a species was noted.
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The Variation between Samples from D ifferent Locations within 

the same Reservoir

It was considered necessary to assess the ex ten t to which

a sample from a single location is representative of the whole

reservoir. Water samples of 1 litre  were taken in the usual way 

from 8  sites selected a t random on Island Barn Reservoir. On

returning to the laboratory, samples were concentrated in the 

usual way (page 25). The to ta l number of colonies for the three 

most numerous genera (Anabaena, Eudorina and O sciliatoria), were 

assessed in each of three Sedgewick-Rafter Chambers for each 

location. The mean values for each site are shown in Table 2.2.

The variance to mean ratio , also known as the index of 

dispersion (I), gives an indication of the distribution 

pattern  where:-

I =_s^
X

If colonies are distributed randomly between the sites,

i.e. a Poisson distribution, the sample variance (s ) would be

expected to be equal to the sample mean (x). The expression

I(n-l) has been shown to give a good approximation to X
2

(E lliott, 1983) and was used to calculate the X  values in this 

study.

X ? = I(n-l) = s^(n-l) = (x-x)2
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Table 2.2 The mean number of colonies for th ree phytoplankton

species taken from random sites on the same

reservoir

Site Genus

Anabaena Eudorina O sciliatoria

1 . 40.3 3.0 4.7

2 . 29.7 8 . 0 2 . 0

3. 22.7 7.3 2 . 0

4. 63.7 3.7 9.3

5. 99.0 4.7 26.7

6 . 116.0 5.7 30.0

7. 117.7 4.7 35.3

8 . 79.3 7.3 16.0

X 71.0 5.5 15.7

s2 1442.1 3.4 178.2

The null hypothesis (H^) is that s = X, i.e . a random

distribution prevails. The degrees of freedom , in all three
2

calculations, is represented by (n-1), which equals 7. The X
2 2 values for Anabaena and O sciliatoria ( X ^  y = 142.09 and y =

79.2, respectively) both exceed the value of X ^q y = 18.4753

obtained from tables (White, Yeats and Skipworth, 1985). Thus

the null hypothesis is rejected a t the 99% probability level,

and the distribution must be regarded as non-random. In the
2

case of Eudorina the value of X  y = 4.3 is less than the
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tabulated value of X ^ q y (X^q y = 14.0671). The null

hypothesis cannot therefore be rejected a t the 95% probability 

level and the presence of a random distribution cannot be 

disproved.

All three genera, the only ones numerous a t the time of 

sampling, were of a colonial habit. However, it has been shown 

by some authors (e.g. George and Heaney, 1978) th a t Ceratium  is 

non-randomly distributed within a lake, although this is

disputed by Dottne-Lindgren and Ekbohm (1975). The time 

available allowed for the collection and counting of only one

set of samples each week. Therefore the non-random distribution 

of some taxa suggests th a t the data collected, although

appropriate for seasonal comparisons, cannot be regarded as

representative of the whole reservoir, and therefore should not

be used as a basis for estim ates of to ta l populations.

The Variation between Sub-Samples from the same Initial Sample

In some instances only a single sub-sample was counted for 

a given sample. It was therefore im portant to determ ine tha t

the sub-sample was representative, i.e. th a t cells were

distributed randomly in the concentrated sample. Ten

sub-samples from the same concentrated sample, taken a t the time 

of the summer maxima from Queen Mother reservoir, were counted 

in the usual way. The distribution pattern  of the counts 

obtained was assessed as previously, using the index of 

dispersion.
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= Xo

/  X

X X = 501 

n = 10  

X = 50.1 

= (x-x)^ = 58.77

(n-1)

k}  = s^(n-l) = 58.77(10-1) = 10.56

X 50.1

Degrees of freedom = (n-1) = (10-1) = 9 

g = 10.56

from tables X?Q q5  9  = 16.9190 

“ " ’̂ 1 ,9  ^ ^ 0 .0 5 ,9

. Hq cannot be rejected  a t the 95% level of probability.

Therefore the existence of a random distribution cannot be 

disproved. A single sub-sample can thus be regarded as being 

representative of the whole concentrated sample. To ensure th a t 

the sample mean (x) was representative of the population mean 

( JUl ), the 95% confidence lim its of the mean were calculated. 

The following calculation establishes the upper and lower values 

of a range within which the true population mean would be 

expected to be on 95 out of 100 occasions (Elliott, 1983). 

x ± t  /T "

J ~
where t is obtained from tables (when 2 Q = 0.05 and v = n-1).
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Therefore, for this data:-

t 2 =  2.262 5 ^  = 5.063

\i n \j 10

Confidence lim its of the mean = 50.1± 5.1

The population mean would be expected to lie between 45.0 

and 55.2 in 95 out of 100 occasions. Therefore, the 95% 

confidence limits indicate a possible deviation of ±  1 0 % from 

the sample mean. This is sta tistically  acceptable and indicates 

low variation in the number of cells between sub-samples

The Variation Within a Sub-Sample

In those samples in which the entire Sedgewick-Rafter 

Chamber was counted a non-random distribution was unim portant, 

provided it did not result in cells becoming obscured. However, 

some species were frequently too numerous to count throughout 

the whole cham ber. The concentration of a sample was determined 

by the number of C eratium  cells. For example, during the la te 

summer when Ceratium  numbers would be expected to be a t their 

maximum only low volumes of w ater (e.g. 1 litre) would be

collected, whilst during the spring and early summer when 

C eratium  numbers would be expected to be low, large volumes of 

w ater would be collected (e.g. > 5 litres). Large numbers of 

diatoms would often be present in spring samples.

Before counting fractions of a Sedgewick-Rafter Chamber it 

was necessary to ensure tha t cells/colonies were distributed 

randomly. Four genera were selected, tha t represented both 

colonial (Eudorina and Anabaena) and single cell habits
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(Ceratium  and Stephanodiscus) and were present in sufficient 

numbers. The number of each genera was recorded in 10 random 

squares, from up to 1 0  samples taken from the same sub-sample. 

Table 2.3 shows the X  values, derived from the index of 

dispersal, obtained for each cham ber.

Table 2.3 The X , values for four phytoplankton species counted 

in ten random squares of a  Sedgewick-Rafter Chamber

Genera

Ceratium

X ? Value for each Chamber

__________  4.9 10.0 15.1 9.9 7.0 9.0 12.6 5.1 24.1* 15.7

Stephano. 10.2 11.2 2.2 9.0 9.8 9.3 18.4* 14.1 16.3

Eudorina 35.1* 17.7* 14.6 10.6 9.4 7.7 16.3 7.4

Anabaena 4.2 7.7 14.6 10.6 9.4 7.7 17.8* 23.8* -

The index of dispersion shows th a t cells, or colonies, 

were distributed randomly in the majority of the slides 

(X?Q 0 5  9  = 16.92), i.e. cannot be rejected a t the 95% level 

of probability. Each genus was distributed non-randomly on a t 

least one occasion (indicated by *), but these deviations 

usually occurred in d ifferent chambers. The presence of a 

random distribution cannot therefore be disproved a t the 95% 

level of probability in most of the counts. Therefore, the 

phytoplankton cells/colonies within 1 0  random squares of a 

Sedgewick-Rafter Chamber can be regarded as being representative 

of the whole cham ber.
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2.2 Sediment Sampling from Esthw aite Water and Thames Valley

Reservoirs

Introduction

Diatoms are the most widely studied group of algae within 

the sedim ent. The high silica content of their frustules 

enables them to remain in tac t for centuries. As such they are

often used as an indication of previous phytoplankton

populations. Diatom stratigraphy used in the present study is 

detailed la te r (page 55).

Less a tten tion  has been paid to other taxa. The biggest 

difficulty to overcome when counting algae or algal remains

within the sedim ent is how to prevent other core m aterial 

obscuring the individuals to be viewed. In order to avoid 

identification problems some authors have used chlorophyll

derivatives in surface sedim ent as an indication of lake 

productivity (e.g. Gorham, I960; Gorham, Lund, Sanger and Dean, 

1974). Livingstone (1979) diluted sedim ent with w ater prior to 

examining sub-samples under a light microscope. Anderson, 

Aubrey, Tyler and Coats (1982) sonicated sedim ent samples, in 

order to break up particles, and then passed m aterial through 

two sieves. This effectively removed larger and finer m aterial 

from the sample. Heaney (1978) utilised the auto-fluorescence 

property of chlorophyll-a to count algal cultures. Chapman 

(1981) used the same technique to enum erate Ceratium  cysts.

Collection of Sediment Cores

In order to study the vertical distribution of
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dinoflagellate cysts within the sedim ent, it was essential to 

obtain sedim ent cores with minimum disturbance. The Jenkin 

Surface-Mud Sampler (Ohnstad and Jones, 1982) illustrated in 

Figure 2.1, was used to obtain undisturbed sediment cores from

the mud-water in terface. Care was taken to retain only 

undisturbed cores. Any cores in which the in terstitia l w ater

was cloudy were discarded. The cores were transferred to the 

laboratory in tac t, retained in the collecting tubes, and stored 

a t 4°C prior to extrusion to prevent the cysts becoming active

and excysting.

Hydraulic Extrusion of Sediment Cores

Although the use of the Jenkin Surface-Mud Sampler is well 

documented (e.g. M ortimer, 1971) the technique for hydraulic

extrusion of the cores (Ohnstad and Jones, 1982) is less well

known and is therefore described in detail here. The extrusion

process can be divided into three stages:-

(i) Loading of the driving piston into the sample tube

(ii) Loading the sample tube into the extruder block

(ill) Extrusion of the core by introducing w ater under

pressure into the extruder block

The upper lid (d in Figure 2.2) was removed and the

in te rs titia l w ater siphoned off, taking care not to remove any

of the sedim ent. The depression in the base of the driving 

piston (i) was aligned with the dimple on the dummy piston of 

the loading unit. Similarly the screw protruding from the lower

lid (h) of the sample tube was aligned with the depression a t
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Figure 2.1 The Jenkin Surface-Mud Sampler 
(after Ohnstad and Jones,1982)



Figure 2.2 Loading the Driving Piston into 
the S am ple  Tube 
(after Ohnstad and Jones,1982)



the top of the driving piston (i). The lower lid (h) differs

from the upper lid (d) in the possession of a removable insert 

(f), illustrated  in Figure 2.3. This passes up the sample tube

(b) with the driving piston (i) and prevents any loss of 

sedim ent (c). It was im portant to align the insert correctly

with the driving piston, since if the two became disengaged air 

bubbles could be introduced into the core causing mixing of the 

sedim ent. The "gate" (g) of the lower lid (h) which secured the 

insert (f) in place, was swung to one side and downward pressure

was applied to the handle of the loading unit (a), forcing the 

sample tube (b) and lower lid (h) down over the lid insert (f) 

and driving piston (i). The vertical rods (e) applied pressure 

to the lower lid (h), thus reducing the load and trapping the 

rubber, sealing the lid insert (f), between the tube (b) and the 

driving piston (i). A shoulder on the dummy piston (j) 

restric ted  the downward movement of the sample tube (b). The 

lower lid (h) was removed and any debris cleaned from the

outside of the sample tube (b), taking care to maintain it in an

upright position. The driving piston (i) fits tightly into the 

sample tube (b) so tha t the weight of the sedim ent (c) will not 

dislodge it.

The base of the extruder block (p in Figure 2.4) was 

bolted to the bench to ensure tha t it was undisturbed during the 

extrusion process. A nylon hose (k) was connected between the 

extruder block (m) and a w ater tap. The handle on the lid of

the extruder block (1) was opened by approximately a half turn

anti-clockw ise. The sample tube (b) was lowered into the
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upper Lid

Lower Lid

F ig u re 2.3 Upper and Lower Core Tube Lids 
Detailing Lower Lid Insert
(after OInnstad and Jones,1982)



F ig u re 2.4 Loading the Sam ple  Tube into 
the Extruder Block 
(after Ohnstad and Jones, 1982)



extruder block (m) and locked into place by turning the handle 

(1) in a clockwise direction. The w ater tap was turned on and 

both the inlet valve (n) and the outlet value (o) were opened to 

release any air trapped in the base of the extruder block (m).

Both valves were closed when a ir-free  w ater flowed out.

A plastic graduated collar (r in Figure 2.5) was clipped 

onto the side of the sample tube (b). A sample collection spout 

(q) was fitted  to the top of the sample tube (b) and secured in 

place. The inlet valve (n) was opened, introducing the 

pressurised w ater to the underside of the driving piston (i), 

thus forcing the piston and the sedim ent (c) up the sample tube

(b).

When the sedim ent (c) approached the top of the sample

tube (b), the inlet valve (n) was closed to allow the graduated

collar (r in Figure 2.6) to be aligned with one of the

horizontal divisions on the driving piston (i). By careful

operation of the inlet valve (n) the driving piston (i) can be

moved up the sample tube (b) by fixed amounts, using the scale 

shown on the collar (r). In this way the sedim ent was removed 

in 0.5 cm sections. The driving piston (i) was advanced by 0.5 

cm, the sedim ent (c) accum ulated in the collection spout (q) and 

was removed into a screwtopped jar (t) with a scraper (s). Care 

was taken to remove all sedim ent from the collection spout 

before advancing the piston to extrude the next - section. This

procedure was repeated until the top 8  cm of the core had been 

removed. The upper 8  cm of sedim ent was judged to represent the 

deposition of the previous 9-10 years (Pennington, Cambray and
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Figure 2.5 Extrusion of tine Core by the 
Introduction of Water under 
P re s su re
(a f te r  Ohnstad and Jones,1982)



Figure 2.6 Sectioning of the Sediment Core 
(after O hnstad  and Jones . 1982 )



Fisher, 1973), considered to be a suitable time span for study. 

This depth of sedim ent was also easy to obtain from the chosen 

locations and did not necessita te  the use of all the core

m aterial collected . Sediment a t the base of the core, subject

to disruption by the closure of the lower lid, was thus not 

required.

The remaining sedim ent was extruded and discarded. The

driving piston (i) was advanced until the top seal cleared the

top of the sample tube (b). The inlet valve and w ater tap were 

closed and the driving piston (i) and the lower lid insert (f), 

were removed. The ou tlet valve (o) was opened and the extrusion 

w ater drained.

Dilution of Sedim ent Samples

In order to ensure th a t the sedim ent did not dry out and

to ease the study of algal m aterial, each core section was

diluted by a standard volume (77 ml). This resulted in the

viewing of a single layer of sedim ent when sub-samples were

examined on a Lund slide (Heaney, unpublished data). In the 

case of cores to be used for excystm ent experim ents this

dilution was achieved by the addition of distilled w ater. Core

sections intended for cyst counts were preserved with 40% 

formalin (14 ml) and diluted to the standard volume with

distilled w ater (53 ml) and glycerol (10 ml), which helped to 

prevent slides drying out during counting. Unpreserved core 

sections were then stored a t a tem perature of 4°C, to prevent

prem ature germ ination of cysts. Preserved cores were stored in
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the dark, in order to  delay loss of autofluoresence.

Enum eration of C eratium  Cysts

In order to obtain an accurate  assessm ent of cyst numbers, 

cysts had to be viewed unobscured. Initial experim ents to 

reduce the quantity of unwanted sedim ent by wet sieving (Dale, 

1979) had proved unsuccessful. The upper 4 cm of an undiluted 

sedim ent core from Kempton Park West Reservoir was well mixed 

before withdrawing 3-5 g of sedim ent. The sample was made up to 

20 ml with distilled w ater. The suspension was stirred 

thoroughly then sonicated gently for 1 minute to break up 

sedim ent aggregates. Two sieves were used, an upper sieve with 

a large mesh (90 pm) which removed large particles, and a lower 

small mesh (45 pm) through which the fine silts passed. The 

m aterial collected on the lower sieve was rinsed into a 

collecting vessel, made up to 2 0  ml, and examined on a gridded 

petri dish under an Olympus SZH binocular microscope. A 

comparison of sieved and unsieved samples revealed the presence 

of a significantly lower number of cysts in sieved samples (77% 

of the number present in unsieved samples). The diam eter of the 

cysts was less than 90 pm, but the horns of the cysts, 

particularly in the case of C. furcoldes, increased the length 

and presumably prevented the passage of cysts through the upper 

sieve, unless the horns were oriented a t 90° to the mesh. 

Samples were examined from which the sm allest particles had been 

removed, with the 45 pm sieve, but visibility was impaired by 

the presence of larger particles.

-49-



The Density Gradient C entrifugation technique (Bowen, St 

Onge, Colton and Price, 1972; Price and Guillard, 1978)

separates the various components of a suspension according to 

density. Initial experim ents were made using a series of 

glucose solutions of increasing concentration, to ensure tha t

the technique was successful before investing in the more costly

recommended solutions. The technique was a partial success in 

th a t particles were separated into distinct bands. However, 

retrieval of the appropriate band of sedim ent for exam ination

under the microscope was awkward and messy and it was felt th a t 

there would be a loss of m aterial. It would appear to be a

suitable technique for concentrating cells but not for

quantita tive counts.

The counting of cysts from diluted, unsieved sedim ent with

a light microscope (Livingstone, 1979) would have been tedious 

and time consuming, and inaccuracies could have arisen through 

some cysts being obscured by other particles. However, this 

technique was used to assess numbers of unviable cysts, which 

could not be counted by the same method used for viable cysts

(see page 54).

Viable C eratium  cysts contain chloroplasts which exhibit 

red auto-fluoresence when excited with blue light (Heaney, 1978; 

Chapman, 1981). This facility enabled a combination of

fluorescence and light microscopy to be used in the counting

process. Sub-samples of 0.25-0.50 cm^ from each section of the 

core, thoroughly mixed using a m agnetic flea, were introduced

onto a Lund slide (Lund, 1959, 1962). A wide bored p ipette was
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used to ensure sedim ent particles did not cause blockages. The 

previous dilution of the sedim ent ensured tha t only one layer of 

sedim ent was viewed on the slide. The slide was examined with a 

Leitz Diaplan Fluorescence Microscope using the x25 objective. 

Two filter blocks were required; a blue narrow peak excitation

filte r with maximum transmission a t 425 nm and a red, sharp 

cut-off emission filter with maximum transmission a t 687 nm 

(Heaney, 1978). Cysts were searched for using fluorescent light, 

and, once located, were identified to species level by switching 

to transm itted  light. In this way even cysts bound in faecal

pellets or obscured by other particles could be observed. A 

comparison was made of the two techniques, counting the number 

of cysts present on a slide by light and then fluorescence

microscopy. The result showed an average of 31% more cysts

using the fluorescence technique.

Identification of Ceratium  Cysts

C eratium  cysts were identified using Entz (1927) and by 

reference to the Fritsch collection. Species were distinguished 

on the basis of morphological featu res, for exam ple, the length 

and shape of the cyst horns, and the ratio of cyst width to 

length (see C hapter 4, page 8 8 ). No other species were 

determ ined.

The Number of Cysts Counted

The same crite ria  used to determ ine the number of cells to 

be counted were applied to determ ine the number of cysts (see
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page 30). In order to achieve 95% confidence lim its of ±  20%

100 cysts had to be counted for each sample. In samples

containing a very low number of cysts, the tim e taken to achieve 

a count of this size did not justify the increased s ta tis tica l

accuracy. In such cases the initial aim was to count a t least

20 cysts. However, in a few core sections, difficulty was

experienced in attain ing  this number.

Variation between Samples from D ifferen t Locations within the

same Lake

A study of the to ta l cyst population of the lake was

beyond the scope of the present study, since too few cores were

taken a t any given tim e to establish statistically  whether cysts 

were randomly distributed.

Variation between Sub-Samples from the same Initial Sample

If a single sub-sample contained a t least 100 cysts it

would not theoretically  be necessary to count any more. It was 

therefore essential to establish whether a single sub-sample was

representative of the whole core section, i.e. were the cysts 

randomly distributed within the container? Thirty sub-samples 

each of 0.25 cm^, from a single core section, were counted in

the usual way (see page 50). The to ta l number of C eratium  cysts

for each were com pared using the index of dispersion.

H o  ! s 2  =  X

H i  : X
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I  X = 4663 

n = 30 

X = 155.4 

= 155.0

= s^(n-l) = 155.0(30-1) = 28.92

155.4

Degrees of freedom = (n-1) = (30-1) = 29 

from tables X^Q 2 9  = 42.5570

■ • ^ 1 ,2 9  ^ ^ 0 .0 5 ,2 9

cannot be rejected  a t the 95% level of probability

Therefore the existence of a random distribution cannot be 

disproved. Thus a single sample can be considered

representative of the en tire  core section.

In order to establish the variation between sub-samples 

the 95% confidence lim its were calculated. Since agreem ent with 

the Poisson series could not be disproved the following 

calculation was used:-

x l t  I X

when 2 Q = 0.05, v = n-1, t  = 2.045

X ±  2.045 / 155.4 

Nl 30

x±4.654

The population mean lies between 150.7 and 160.0 on 95% of
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occasions. This indicates very low variation between counts of 

sub-samples (< 3%).

No analysis was required of the variation within a 

sub-sample, since en tire  slides were always counted.

Counts of Non-Vlable Cysts

The fluorescence technique, although effic ien t, allows 

only viable cysts to be enum erated. In order to establish the 

numbers of non-viable and empty cysts an alternative  technique 

was required. A sub-sample of 0.25 cm of diluted sedim ent was 

made up to 20 ml with distilled w ater. The resulting suspension 

was thoroughly mixed and 1 ml withdrawn im mediately and 

introduced into a Sedgewick-Rafter Chamber. Counts of Ceratium  

cysts were made of the whole slide, recording viable, non-viable 

and empty cells separately.

D eterm ination of the Dry Weight of Sediment Samples

Since this study was prim arily concerned with the "in 

situ" distribution of C eratium  cysts, it was not considered 

necessary to express these figures as numbers of cysts per unit 

dry weight of sedim ent. However, in order to gauge the relative 

change in w ater content with depth (Chapter 5, page 130) 

m easurem ents were made on a single core. As such they are not 

intended to be representative of the lake as a whole.

An em pty porcelain crucible (with lid) was weighed on a 

balance accurate  to 4 decimal places. Diluted sedim ent from one 

core section was added until this weight was increased by
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5 gramm es. This procedure was repeated for the remaining core 

sections. The crucibles were then transferred  to a fume 

cupboard. Reweighing occurred a t intervals until a constant 

weight was atta ined . A comparison of the two sets of figures 

enabled the w ater content to be calculated.

Preparation of Slides for Diatom Counts

In some lakes sedim ent is deposited in easily discernable /y 

layers (varved sedim ent). These correspond to variation in the 

m aterial deposited or to changing conditions a t the sedim ent 

surface a t d ifferen t tim es of the year (e.g. Lake Zurich, Huber 

and Nipkow, 1922). In other lakes further investigation reveals 

annual or seasonal banding. Bodbacka (1986) used X-ray 

radiography to reveal the lam inated sedim ent of Lakes Lilia 

Ullfjarden and Stora U llfjarden in Sweden.

However, many lakes, including Esthwaite W ater, do not

produce sedim ent in d istinct layers. Therefore, in order to

assess the sedim entation ra te  in these lakes, other param eters

need to be measured. Sediment trapping assesses the rate  of

input of m aterial to the sedim ent. Although widely used (e.g.

Pennington, 1974), the technique can take no account of

compression of the sedim ent once deposited, and thus the annual

increm ent could be over estim ated . Re-suspended m aterial may

also be collected a t tim es of lake mixing increasing the

137sedim ent collected . Caesium has successfully been used as a

tracer by several authors (e.g. Pennington, Cambray and Fisher,

1973; Ritchie, McHenry and Gill, 1973; Pennington, Cambray,
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Eakins and Harkness, 1976). However, cores covering the past 25 

to 35 years are required in order to include the two peaks of 

^^^Caesium production in 1954 and 1963. Since this study was 

concerned with only the upper 8  cm of a core, a technique 

concentrating on this part of the core was considered more 

appropriate.

Diatom frustules remain well preserved in the sedim ent due 

to their high silica conten t. This facility has made them 

useful to authors studying long term  changes in the

phytoplankton of a lake (e.g. Pennington, 1943), in much the 

same way as pollen analysis indicates past populations of 

te rre stria l plants (e.g. Franks and Pennington, 1961). Diatom 

stratigraphy in recent sedim ent has also been used in 

conjunction with phytoplankton records (e.g. Haworth, 1980).

In a similar way diatoms can be used as "m arker species" 

in the sedim ent of lakes whose phytoplankton is regularly 

monitored. If a new species arises in the phytoplankton in a 

particular year, or . appears in unusually large numbers, the 

appearance of the same species in the sedim ent will be

indicative of th a t year (e.g. Haworth, 1979). Although a 

regular sedim entation ra te  can only be surmised, the presence of 

a band of cells of known age does give an indication of the 

accum ulation of sedim ent between given years. In this study use

was made of the diatom Stephanodiscus parvus (Grunow) Stoerm er

and Hâkansson (Stoerm er and Hâkansson, 1984) to determ ine the

date of s tra ta  within the sedim ent core (see Chapter 5,

page 158).
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Cleaned coverslips were placed on a labelled sheet of 

paper. A new, disposable wide-ended p ipette was used to place

0.003 cm of sedim ent from each well mixed, diluted section of 

the core onto a coverslip. Three or four drops of distilled

w ater were added to disperse the sample. Samples were covered 

with petri dishes to p ro tec t from dust and allowed to dry out 

overnight. Storax was used as a mountant, to enhance con trast of 

the silica in the frustules. Two or three drops of storax were

added to a labelled slide which was inverted over the coverslip

to avoid loss of sedim ent. The righted slide was examined under

the oil immersion lens of an Olympus BH2 microscope using 

Nomarski in terference phase contrast. Numbers of Stephanodiscus 

parvus and Cyclotella spp. were noted. Initially numbers were

counted for the whole slide but this was found to be too time

consuming, and so only 3 random transects were counted from each 

slide. The number of frustules was recorded for each taxa. 

Fragm ents g rea ter than half a frustule were included.

D eterm ination of Cyst Viability

Two techniques were employed in order to establish the 

ability of cysts throughout the sedim ent core to germ inate. The

first used slurries of sedim ent and culture medium in order to 

determ ine whether excystm ent occurred a t a particular depth, 

whilst the second enabled observations to be made on specific 

isolated cysts.
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(i) Slurry Technique

Modified Chu 10 culture medium (Appendix 2.1) was

introduced into a new petri dish. A 1 cm^ aliquot of diluted

fresh sedim ent was withdrawn from the upper section of the core 

with a sterile , disposable p ipette , and transferred  to the petri

dish. The covered dish was ag itated  gently in order to

distribute the sedim ent evenly, and was then le ft to se ttle  out 

under controlled light and tem perature conditions (24 hours 

light a t 20°C). The procedure was repeated for all sections of 

the core. Dishes were examined tw ice a day, using an Olympus

SZH binocular microscope, to monitor the appearance of motile

C eratium  cells. Observations were continued for 2 weeks, or

until fungal growth infected the dish.

(ii) W atchglass Technique

A diluted sub-sample of sedim ent from each core section 

was examined in a petri dish using an Olympus SZH binocular 

microscope. A maximum of 10 viable Ceratium  cysts of a single 

species (i.e. those in which the cytoplasm filled the cyst and 

displayed Brownian motion) were removed with a m icropipette and 

transferred  to a watchglass containing culture medium (modified

Chu 10). Each watchglass was enclosed in a sterile  petri dish

in order to reduce infection and lim it evaporation. Chambers 

were examined tw ice daily for em ergent motile cells. The number 

of em pty cysts and the number of cells were recorded in order to 

assess the ra te  of cell division. Examination was continued for 

2 weeks, or until fungal growth prevented further observations.
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Additional culture medium was added where necessary to prevent 

dessication.

Viability of Cysts following Dessication

An additional experim ent was conducted to assess the

ability of cysts to withstand a period of drying. Diluted 

sedim ent (1 cm^) was introduced into a petri dish and le ft, 

exposed to the air, until the sedim ent appeared dry. Culture 

medium was introduced, the sedim ent resuspended and then le ft to 

se ttle . The sedim ent was examined daily in the usual way (see 

page 58) for the presence of any motile cells.

2.3 Prepartion of Samples for the  Scanning Electron Microscope
3

A 1 cm sub-sample of sedim ent was added to a pe tri dish

of distilled w ater, allowed to se ttle  and examined under an 

Olympus SZH binocular microscope. Individual C eratium  cysts

were removed using a m icropipette and transferred  to a Nuclepore

filter supported in a suitable holder. Motile cells were 

collected in a sim ilar way, with individuals removed from net 

samples. The isolated samples were taken through an acetone 

series, to dehydrate them , prior to drying to the critica l point 

for liquid carbon dioxide. The filters were then transferred  

from the holder, fixed on to stubs and coated with gold 

palladium. Stubs were examined using a Jeol 25S or a Cambridge 

SI 00 scanning electron microscope (S.E.M.). In the case of 

m aterial to be used for analysis, cysts (or cells) were first 

transferred  through a series of watchglasses containing
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distilled w ater. This sought to clean them of any attached  

m aterial. The above procedure was then followed, with the

exception of the gold palladium used to coat the stubs, which 

was replaced by carbon.

2.4 Separation of the  Thecal P lates of Ceratium  Ceils

The arrangem ent of the thecal plates of C eratium  motile 

cells were examined in order to assist in the identification of 

the two species. Individual C eratium  cells were removed from

preserved net samples from Esthw aite Water with a m icropipette, 

placed onto separate slides in a drop of distilled w ater, and 

covered with a coverslip. The slide was transferred  to an 

Olympus BH2 microscope and the cell photographed. Blotting 

paper was used to draw first Lugol's Iodine across the slide, to

stain the cells, and then sodium hypochlorite (50%) to break

down the plate sutures (Taylor, 1978). Pressure was then 

applied to the slide and the cell, with its thecal plates now 

disassociated, was photographed again.
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APPENDIX 2.1 Modified Chu 10 Culture Medium

Stock Solutions

1. Ca(NO^)24H20 20.0 g f

2. MgSO^7H20 25.0 g f

3. Na2 SO^ 25.0 g r

4. KH2 PO4 6 . 2  gr

5. Na2 CO^ 20.0 g f

6. N.HCl

7. EDTA Fe Complex - 

EDTA Na^ 2g + F eC lj Ig

8. Trace Mix

H3 BO2 2.48 g f

1.39 gl-

(NH^)gMn^02^4H20 1 . 0  g i-i

9. Vitamin B^2 1.0 mgl

10. Thiamin B^ 1.0 mgl

11. Biotin 1.0 mgl'

-1 

-1

i.u mgi“ ^

* if using FeCl^éH^O then require 1.66 gl 

Method

1. Add to I litre  of distilled w ater;-

(a) 2 ml each stock solution 1 - 5 .

(b) 2 ml each stock solution 7 - 1 1 .

(c) 0.5 ml stock solution 6.

(d) 50 ml soil ex trac t.

2. Make up to 2 litres with distilled w ater.

3. Put into the oven a t 100°C to achieve a pale brown colour
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(approxim ately 1 hour litre"

4. F ilter through a GFC filte r  with the aid of a vacuum pump.

5. F ilter through a 0.22 pm membrane filter in the same way.

6. Transfer into small flasks (approx. 250 ml), plug with

cotton wool and cover with aluminium foil secured with

autoclave tape.

7. Autoclave a t 15 lb square inch for approxim ately 15 

minutes.

8. Cool before use. Store, sealed as above, in a cool place.
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CHAPTER 3 

GENERAL FEATURES OF SITES SAMPLED

3.1 Esthw aite Water

Esthw aite Water (54°21'N, 3°0'W) is a small glacial lake

situated a t an altitude of 65 m etres in the English Lake

D istric t, an area with a cool oceanic clim ate and high annual

rainfall (185 cm). The lake (area 1.0 km^, maximum depth

15.5 m, mean depth 6.4 m) is composed of th ree  basins of unequal

size (see Figure 3.1), with a mean retention tim e of 13 weeks

(Heaney and Butterw ick, 1985). It is served by six inflow

stream s, of which Black Beck, entering a t the head of the lake,

supplies half of the to tal input. The drainage basin of 17.1 
2

km , composed of gently sloping pastureland and grassland based

on rich alluvial soil, contributes to its position as one of the 

most productive lakes in the area  (Macan, 1970). The underlying 

slates and grits of the hills are younger than the silurian

rocks below the lake (Pearsall and Pennington, 1973). Further

bathym etric details are provided in Ramsbottom (1976).

In general the lake is therm ally stra tified  from April 

until October with a tem perature d ifference of up to 7-9°C

between the surface and the bottom  w aters. Anoxic conditions

can prevail in the bottom  w aters during the summer (M ortimer,

1941, 1942). In w inter the lake may be partially or totally

frozen for several weeks.

The phytoplankton population has been regularly sampled 

since 1945 (e.g. Lund, 1979). The data collected has shown th a t
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since 1963 the summer phytoplankton population has increased in 

quantity, in response to a rise in the dissolved nutrients,

particularly n itra tes  and phosphates. This is a ttribu ted  in 

part to the increased use of detergents since the 1950's, the

establishm ent in 1973 of a sewage trea tm en t plant serving

Hawkshead and discharging trea ted  effluent into Black Beck, 

increased tourism, and the application of n itra te-rich  

agricultural fertilisers (Lund, 1981). The establishm ent of 

fish farming cages in the central basin of the lake in 1981

provided an additional source of nutrients. During the la te

1970's and early 1980's the lake supported a large population of

C eratium . The numbers of C eratium , frequently co-existing with 

blue-green algae (Anabaena spp, Aphanizomenon flos-aquae and 

M icrocystis aeruginosa), increased to a level where self-shading 

was regarded as a limiting factor and chlorophyll-a values
_ ' 3

exceeded 330 mg m“ (George and Heaney, 1978).

The population cycles of a number of phytoplankton taxa, 

including C eratium , have been studied in the lake, (e.g. Lund, 

1949, 1930, 1934, 1933; Heaney, Chapman and Morison, 1983),

together with the spatial distribution of phytoplankton (e.g. 

Heaney and Tailing 1980a, b), diel variation (e.g. Frempong,

1981a, b) and photosynthesis (e.g. Tailing, 1979).

The crustacean zooplankton population was shown by Smyly 

(1972) to be composed of a few species belonging to a small

number of genera, which changed little  in composition over a 40 

year period. Studies on benthic fauna have included the ecology

of chironomids (Mundie, 1963) and tubificids (Reynoldson, 1983).
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The ra te  of sedim entation has been assessed using diatom 

stratigraphy (e.g. Haworth, 1983) and by -^'Caesium (Pennington, 

Cambray and Fisher, 1973), whilst studies of diatom assemblages 

within the sedim ent have also been conducted (e.g. Round, 1961).

The chem ical processes in the lake and its sedim ent 

include the classical studies by Mortimer (1941, 1942) and

M ackereth (1963, 1966). Recent work includes an analysis of the 

release of phosphorus from litto ra l sedim ents (Drake and Heaney, 

1987) and the determ ination of iron and manganese cycles 

(Davison, Woof and Rigg, 1982). The in teraction between 

biological, chem ical and physical factors operating within the

lake are extensively discussed in Heaney, Smyly and Tailing 

(1986), which also includes a comprehensive review of the

biological research undertaken on Esthwaite W ater.

The wealth of inform ation associated with this lake, 

particularly  the existence of long term  phytoplankton records, 

was a key factor in selecting it as a sampling site . The

ecology of C eratium  within the lake had been well documented 

(e.g. Heaney, 1976; Heaney and Tailing, 1980a, b; Heaney, 

Chapman and Morison, 1983) and provides a sound background to 

further work.

3.2 Thames Valley Reservoir Sites 

Island Barn Reservoir

The Island Barn Reservoir (31°24'N, 0°24 ’W) is a

com paratively small reservoir of 48.97 hectares situated  in the

Thames Valley to the east of Walton (see Figure 3.2). Completed
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in 1911, the reservoir is constructed in a similar way to other 

purpose built reservoirs in the area  (detailed in Chapter 7, 

page 252). Unlike the more recent reservoirs, Island Barn has 

no je tting system to artificially  mix the w ater, and a 

therm ocline may develop near the bottom  during warm, calm

w eather.

The reservoir has an average depth of 9.14 m and storage

capacity of 3.7 x lO^m^. The current Thames Water m anagement 

policy is to maintain Island Barn as a storage reservoir, i.e. 

it is not in regular use but is brought into service via the

Surbiton works when supplies in surrounding reservoirs are

depleted. Any deficit in the w ater level of the reservoir is

made up with w ater from the River Thames via Walton Pumping

Station. The reservoir had been previously stocked with fish 

for anglers and is currently  used regularly by a local sailing 

club.

The phytoplankton population of the reservoir has not been 

formally docum ented, however the Thames Water Biological Unit 

have sampled it regularly over a number of years. The general

trend is towards a large number of phytoplankton species with no 

one species gaining overall dominance. A large diatom 

population in the spring is superceded by a period of dominance

by Cyanophyceae. Colonial Chlorophyceae (Pandorina, Eudorina 

and Volvox) , are also prevalent. C eratium  may be a major 

component of the mid-summer phytoplankton maintaining a 

population until Septem ber when excystm ent occurs and a second 

diatom population dominates.
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The site  was selected with the intention of undertaking a 

study of the C eratium  life cycle (discussed fully in Chapter 7, 

page 257). It had supported an extensive population of Ceratium  

in the previous year (1984) and unlike many more recent 

reservoirs had a continuous layer of sedim ent, enabling the cyst 

population to be sampled. The reservoir was drained by several 

m etres during the summer of 1984. Levels were restored by early 

November and sampling was commenced the following February. 

Water levels were lowered again in O ctober 1985, with full 

capacity  restored by April 1986 (detailed in Chapter 7, 

page 258).

Kempton Park West Reservoir

This eutrophic reservoir (51°26’N, 0°24'W) is smaller

(combined area of west and east reservoirs is 25.09 hectares) 

and shallower (maximum depth = 6.1 m) than the other reservoirs 

in this study. Water levels are m aintained from the Queen Mary 

Reservoir. This was the site originally chosen for a 

quantitative study, since previous work (Chapman, 1981) had 

shown the presence of a large C eratium  population. Perm anent 

drainage of the reservoir in April 1984 prevented further 

sampling.

Queen Mary Reservoir

This reservoir (51°25'N, 0°28'W), com pleted in 1925, has 

the largest area  (286 hectares) of the reservoirs in this study, 

but a lower maximum depth of 11.6 m etres means th a t its to ta l
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capacity  is less than either Queen Mother or Wraysbury 

Reservoirs. Water levels are maintained from the River Thames 

a t Laleham . In common with Island Barn and Queen Mother 

Reservoirs, Queen Mary Reservoir is used by a local sailing 

club.

Queen Mother (D atchet) Reservoir

The Queen Mother Reservoir (51°29'N, 0°31'W), com pleted in 

1974, is the most recently constructed of the reservoirs 

studied, and has the g reatest w ater capacity (38.0 x lO^m^). 

With a maximum depth of 22.9 m etres the reservoir had a tendency 

to become therm ally s tra tified  during the summer. To overcome 

this, air diffusion pumps were installed to ensure th a t the 

w ater column remained mixed (detailed in C hapter 7, page 234). 

The reservoir has been stocked with trout for local anglers and 

is used for sailing. Ceratium  generally forms an im portant 

component of the summer phytoplankton, often reaching large 

populations. O ther im portant algal groups include colonial 

Volvocales (e.g. Eudorina and Pandorina) and Cyanophyceae (e.g. 

Aphanizomenon and Anabaena).

In this recent reservoir, insufficient tim e had elapsed 

for a substantial layer of sedim ent to accum ulate. Thus this 

site was unsuitable for sampling cyst populations.

Staines North and South Reservoirs

These two reservoirs (31°27’N, 0°29'W) are generally

operated together. Staines South reservoir is the larger (99.6
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hectares) and shallower (9 m etres). Water levels are maintained 

from the Rivers Thames and Wyrardisbury (Wraysbury) and Colne 

Brook. C eratium  has been observed to reach large populations in

both reservoirs. However, during the period of this study both 

reservoirs were periodically drained (almost totally), and 

refilled, making it impossible to sustain a regular sampling

programme.

3.3 Virginia W ater Lake

Virginia Water Lake, located a t the southern edge of

Windsor G reat Park (31°23’N, 0°37’W), was created  by the raising 

of the w ater level in a stream  connecting a series of small

ponds, and the construction of the outlet falls. The resulting 

lake (see Figure 3.3) is less than 2 km in length and shallow, 

never exceeding 3 m in depth. The east shore and most of the 

north shore is formed of Bagshot sand, whilst the remainder of 

the north and northw est is of London clay. The main drainage

into the lake is from the north and west, whilst the w aterfall

affords the only ou tle t. Retention tim e has varied from 10 days 

to several months (J.H. Evans, personal communication). The 

lake was drained between 1939-43, and was considerably lower

during the drought of 1976. C eratium  has been observed

regularly in the lake, but has not produced large populations in 

recen t years (J.H. Evans, personal communication).
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CHAPTER 4

TAXONOMIC OBSERVATIONS OF C. FURCOIDES AND C.HIRUNDINELLA 

Introduction

All species of C eratium , both freshw ater and marine, are 

th eca te , or arm oured, dinoflagellates, i.e. the motile cells are

covered by a series of thecal plates, believed to be composed of 

cellulose (Pearsall, 1929; Wall and Evitt, 1975). The 

arrangem ent, or tabulation, of these thecal p lates is a key 

facto r in determ ining the identity of many species. Kofoid

(1907) devised a system in which each series of p lates was given

a symbol, and each plate within the series, a number, to ease

the description process. Figure 4.1 uses a typical C. furcoides 

motile cell to dem onstrate the Kofoidian system , and to

illustrate the basic terminology referred  to in this chapter. 

The Kofoidian cell formula for marine and freshw ater Ceratium  

species was described as 4', Oa, 6", 5-6c, 6'", Ip, 1"" by

Wall and E vitt (1975). A description of the general morphology

of a C. hirundinella motile cell is given in Dodge and Crawford 

(1970).

The motile cells which form Ceratium  populations in lakes 

and reservoirs are usually heterogenous in appearance. 

Morphological variations take the form of differences in the 

overall cell size, the number, length and divergence of 

posterior horns, the shape of the epitheca and the number and 

degree of reticulation of thecal plates. The ex ten t of this 

variation has caused considerable controversy in the separation
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of the freshw ater taxa of C eratium , particularly C. furcoides 

(Levander) Langhans and C. hirundinella (O. F. Müller) Bergh. 

H uber-Pestalozzi (1950) recognised 10 formae of C. hirundinella 

(Figure 4.2), regarded by some authors as seasonal forms (e.g. 

Pearsall, 1929; Krupa, 1981b), and as d istinct species by others 

(e.g. Entz, 1927; Schiller, 1933; Skuja, 1948; Dottne-Lindgren 

and Ekbohm, 1975; Hickel, 1988a, b).

Cyclomorphosis, differences associated with the seasonal 

changes of one morphological form to another, has been widely 

studied for C eratium  (e.g. Hutchinson, 1967). Pearsall (1929) 

a ttribu ted  differences in cell length and the production of a 

third posterior horn to changes in cell metabolism. Hasle and 

Nordli (1951) suggested th a t variation in the marine species 

Ceratium  fusus and C. tripos was caused by high nutrient 

concentrations and prolonged diurnal light period. The gradual 

change in cell dimensions throughout the year noted by several 

authors (Pearsall, 1929; Dottne-Lindgren and Ekbohm, 1975; 

Krupa, 1981b) has been in terpreted  as being caused by seasonal 

ra ther than genetic factors. Dottne-Lindgren and Ekbohm (1975) 

recognised three types of C. hirundinella with corresponding 

cysts. These forms occurred together a t the same tim e, 

discounting the possibility of cyclomorphosis as the cause of 

variation.

The differences between C. furcoides and C. hirundinella 

were emphasised by Langhans (1925). He presented outline 

drawings of the two taxa and proposed tha t C. hirundinella var. 

furcoides Levander, be regarded as a separate species. The
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Figure 4.2 Form Variation in C.hirundinella 

(from H uber -Pes ta lozz i ,1950 )

1 C.hirundinella f u r c o l d e s - t v p u s 6 C.hirundinel la a r a c i l e - tv D u s

2 C.hirundinella b r a c h v c e r o i d e s - t v p u s 7 C.hirundinella  s c o t t i c u m - t v D u s

3 C. hirundinella s i l e s i a c u m - t v p u s 6 C .h irundinel la  r o b u s t u m - t v p u s

4 C.h irundinel la c a r in t h io c u m - t v p u s 9 C .h irundinel la  o ib u r a e n s e - tV D u s

5 C .h irundine l la a u s t r i a c u m  - t y p u s 10 C.hirundinella  v u n n a n e n s e - t v D u s



comprehensive account of Entz (1927) clearly illustrated  the

characteristics  of both C. furcoides and C. hirundinella, and 

their forms, including details of the tabulation of their thecal

plates. These differences are discussed la ter in this chapter 

(page 78). However, many la ter workers (e.g. Huber and Nipkow, 

1922; Schiller, 1933; H uber-Pestalozzi, 1950; Hauge, 1958) 

regarded C. furcoides as a variant of C. hirundinella 

emphasising the great variation in morphology. It is only 

recently , following more detailed ecological and taxonomic 

studies, th a t C. furcoides has again come to be regarded as a

separate  species (Dottne-Lindgren and Ekbohm, 1975; Hickel, 

1985, 1988b; C anter and Heaney, 1984; Heaney, Lund, C anter and 

Gray, 1988).

In this investigation the ability to identify reliably the 

C eratium  taxa has been an essential prerequisite to the 

quantitative aspects. It was necessary to clarify morphological 

differences and to establish whether these could be in terpreted 

as cyclomorphosis or whether they were indicative of d ifferent 

species or sub-species. For this purpose a detailed study using 

light and scanning electron microscopy was made of both the 

m otile cells and the cysts of Ceratium  from Esthw aite W ater.

Methods

Motile cells of Ceratium  collected in net samples from

Esthwaite W ater, throughout the growing season, were examined 

with an Olympus BH2 light microscope. Observations were made of 

cell morphology, ensuring th a t differences were real and not a
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consequence of cell orientation. Linear measurem ents were made 

of cells collected a t the time of the summer maxima, using an 

eyepiece graticule . The thecae of cells preserved in Lugol's 

Iodine were difficult to observe as the individual p lates tended 

to be obscured by the heavily stained cell contents. Therefore, 

the thecal plates of individual cells were separated using the 

technique described in Chapter 2 (page 60).

C eratium  cysts were isolated from diluted sedim ent samples 

from Esthw aite W ater, as outlined in Chapter 2 (page 54). Their 

morphology was also studied and length and breadth m easurements 

noted.

Both motile cells and cysts were also studied with a

Cambridge SI GO and a Jeol 255 Scanning Electron Microscope 

(S.E.M.). A description of the method used to isolate and 

prepare m aterial is included in Chapter 2 (page 59). Particular 

a tten tion  was paid to the fine detail of the cyst wall. An

analysis probe was used in conjunction with the Cambridge SI GO

S.E.M. in order to establish the composition of both cell and 

cyst walls.

Results

(i) Observations of C eratium  Motile Cells

Light Microscopy Observations

Two d istinct forms of motile cells could be distinguished.

Cells resembling C. hirundinella (Entz 1927) were characterized  

by a marked increase in diam eter around the cingulum, and a

strongly tapered epitheca which formed a convex "shoulder" above
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the cingulum (Plate 4.1, 1-3). Cells corresponding to C.

furcoides (Entz 1927) were also observed. These cells were 

characterised  by a more slender appearance, and an epitheca 

which tapered gradually, and lacked a "shoulder" (Plate 4.1, 

4-6).

Length and breadth of individual cells varied considerably 

throughout the year and between years but were generally 

consistent within a sample. Figure 4.3 shows the variation in 

the dimensions of cells of both species measured a t the tim e of 

the summer maxima. The cells can be seen to be separated into 

two distinct groups corresponding to the two species. This

apparently negative correlation between cell length and cell 

breadth was shown to be s tatistically  significant using 

Spearman's Rank Correlation C oefficient (Appendix 4.1). Length, 

breadth and the length to breadth ratio  of both taxa were 

compared using the Mann-Whitney U te s t (Appendix 4.2). The 

difference between all three variables was also shown to be

sta tistica lly  significant. Cells of C. furcoides are longer and 

narrower (mean length = 248 pm, mean breadth = 46.5 pm) than 

C. hirundinella cells (mean length = 222.7 pm, mean

breadth = 63.7 pm).

Although both taxa appeared in the same sample, to ensure 

th a t they did not represent seasonal forms, net samples for an 

en tire  season were studied (referred to in detail in Chapter 5, 

page 165). It was shown th a t generally, in samples taken during 

three separate years from Esthw aite Water (1972, 1977 and 1982) 

the proportion of the two taxa following excystm ent was
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P la te  4.1 Form V ariation in Cells of C. hirundinella and 

C. furcoides

All photographs are light micrographs of preserved m ateria l.

1-3 C. hirundinella

Cells broader and shorter, with ep itheca forming a convex 

"shoulder" above the cingulum.

1. Dorsal view of cell with th ree  posterior horns (to ta l cell

length = 136 pm; width = 40 pm). C ollected  from Island

Barn R eservoir, 31.7.1985.

2. Dorsal view of cell with shortened third posterior horn

(to ta l cell length = 132 pm; width = 44 pm). C ollected

from E sthw aite W ater, 18.8.1954.

3. Dorsal view of cell with g reatly  reduced third posterior

horn (to ta l cell length = 140 pm ; width = 36 pm).

C ollected  from  Esthw aite W ater, 26.8.1957.

4-6 C. furcoides

Cells more slender, with ep itheca tapering gradually to 

form  a concave angle above the cingulum. C ollected  from 

E sthw aite W ater during August and Septem ber.

4. V entral view of cell with th ree  posterior horns (to ta l

cell length  = 168 pm; width = 40 pm).

5. V entral view of cell lacking third posterior horn (to tal

cell length  = 152 pm; width = 36 pm).

6. V entral view of cell lacking third posterior horn (to tal

cell length  = 234 pm; width = 60 pm).

-80-



Plate 4.1

5 I y

: v % # 0 #  # g # & %



F ig u re  4.3 Variation in the  Size of Cera t ium  
Cells a t  the Time of the  Maxima
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m aintained throughout the year (illustrated  in Figure 5.10,

page 166).

In previous studies concerning seasonal form variation in

C . hirundinella most a tten tio n  was focused on overall length and 

breadth  of the  cell and the number of posterior horns. Although 

this was not the main aim of this investigation a brief

q u an tita tiv e  study was made over one season. Figure 4.4 

illu s tra te s  the varia tion  in the dimensions of cells of C.

hirundinella co llected  from Esthw aite W ater betw een May and 

August. It is apparen t th a t m otile cells becam e shorter and

narrow er as the year progressed. Appendix 4.3 (1-2)

dem onstra tes  this correlation  to be s ta tis tica lly  significant 

using Spearm an’s Rank C orrela tion  C oeffic ien t. The length and 

breadth  of C. hirundinella cells showed no co rre la tion  (Appendix 

4.3, 3), in co n trast to the earlier results (see Appendix 4.1).

Thus it would appear to indicate th a t length and breadth are

re la ted  only a t  ce rta in  tim es of the year. P la te  4.1

illu s tra te s  the considerable variation in num ber, length and

re la tiv e  angle of the posterior horns in the two taxa. Of

particu la r in te re s t was the presence or absence of the le ft

post-cingular horn, which tended to be a t its g rea tes t length

tow ards the tim e of the summer maxima (P late  4.1, 1). This

particu la r cell was isolated from a w ater sample from Island 

Barn R eservoir. No cells were observed in Esthw aite W ater

showing the sam e degree of divergence of the posterior horns,

although sim ilar cells were present in W indermere (S. I. Heaney, 

personal com m unication). This suggests th a t local variation
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exists in cell morphology.

Although the variation in the ch a rac te ris tic s  used to 

separa te  the taxa was d iscre te  and not continuous, it should be 

noted th a t a few cells could not be confidently assigned to 

e ither taxon, as they possessed morphological ch arac te ris tic s  of 

both. It should be stressed th a t such individuals were uncommon 

and not considered as e ither a separate  in term ed iate  form or as 

su ffic ien t cause to consider all the d ifferences as continuous 

variables w ithin a single form . However, it did em phasise th a t 

the separation  of form s solely by cell shape was dependent on

the judgem ent of the researcher and may be highly subjective.

Separation of Thecal P la tes

P la te  4.2 illu s tra tes  the m otile cells of C. hirundinella 

and C . furcoides photographed before and a f te r  thecal p la te  

separation . The d ifference in the length and shape of the 4' 

theca l p la te  in the two taxa is clearly  dem onstrated . P late  

4.2, (1-4) shows the  cells of C . hirundinella to have four

apical theca l p la tes  of equal length, all extending to the apex 

of the cell. In co n tra s t, the cells of C. furcoides possess 

only th ree  apical theca l p la tes reaching the apex of the cell,

whilst the  fourth thecal p la te (4') is greatly  reduced in length

(P la te  4.2, 5-6).

Scanning E lectron  M icroscopy Observations

Exam ination of m otile cells of both species with the

S.E.M. confirm ed the light m icroscope observations. No
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P la te  4.2 Separation of the Apical Thecal P la tes of the  C ells 

of C. hirundinella and C . furcoides

All photographs are  light m icrographs of preserved m ateria l.

1-4 C. hirundinella

Separation of the thecal p la tes illu s tra tes  the presence

of four apical p la tes reaching th e  top of the  ep itheca .

1. E pitheca of cell prior to thecal p la te  separation  (to ta l 

cell length = 228 pm; width = 78 pm).

2. E pitheca of cell following thecal p la te  separation , 

showing the m eeting of the four apical p la tes a t  the cell 

apex.

3. Cell prior to thecal p la te  separation , shown under phase

co n tra s t (to ta l cell length = 242 pm; width = 72 pm)

4. E pitheca of cell a f te r  thecal p la te  separation , 

illu stra ting  the presence of four apical p la tes.

5-6 C. furcoides

Separation  of the thecal p la tes illu s tra tes  the presence

of th ree  apical p la tes reaching the  top of the ep itheca  

and a fourth  p la te  much reduced in length.

5. Cell prior to  thecal p la te  separation  (to ta l cell length =

168 pm; width = 44 pm).

6 . E pitheca of cell showing the reduction in the length of 

the fourth  apical thecal p la te  (4'), shown under phase 

co n tra s t.
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additional d ifferences were observed.

In addition, m otile cells of both taxa were exam ined with 

an X-ray m icro-analysis probe linked to the S.E.M, in order to 

establish  any d ifferences in chem ical com position of the cell

wall. Figure shows exam ples of typical spec tra  produced by 

cells of the two taxa . Considerable variation  was observed

betw een d iffe ren t locations on the same cell, and betw een cells

of the sam e species. D ifferences betw een the two taxa are thus

d ifficu lt to iso la te . Calcium  reg istered  in both types of cell 

(Figure 4.5, 1 and 4) and sulphur (Figure 4.5, 1, 3 and 4).

Silicon, present in all four traces , was more plentiful in 

C. hirundinella (see page 94).

(ii) O bservations of C eratium  Cysts

Light M icroscopy O bservations

C ysts of freshw ater C eratium  re fle c t the shape of the 

m otile cells . Two d istinct form s of cyst could be clearly

iden tified . E xcystm ent experim ents, discussed in detail in

C hapter 6 , revealed th a t each cyst type produced m otile cells 

with the ch a ra c te ris tic s  described previously. Cysts of C.

hirundinella were nearly spherical in shape with shorter horns 

(P late  4.3, 1). C . furcoides cysts were more te trah ed ra l in

appearance with extended horns (P late 4.4, 1). The number of 

posterio r horns varied, as in the m otile cells. The most 

frequen t arrangem ent was a single apical horn and two posterior

horns, although th ree  posterior horns was not uncommon. In the 

cysts of C. hirundinella the cyst contents were observed to
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Figure  4.5 Analysis S pec t ra  for Cera t ium 
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extend into the horns, whilst in cysts of C. furcoides the cyst 

con ten ts  w ere rounded off a t the base of the  horns.

Cyst length and breadth  were determ ined for both taxa 

(Figure 4.6). The correlation  betw een length and breadth of

C eratium  cysts was shown to be s ta tis tic a lly  insignificant 

(Appendix 4.4), as seem ed apparent from Figure 4.6. The

d ifference  betw een cyst length, breadth  and the length to 

breadth  ra tio  of the two taxa were shown to be s ta tis tica lly  

s ign ificant using the Mann-Whitney U te s t (Appendix 4.5). Cysts 

of C. furcoides (mean length = 133 pm, mean breadth = 40.3 pm) 

w ere shown to be longer and more slender than those of C.

hirundinella (mean length = 103.2 pm, mean breadth  = 46.1 pm).

Scanning E lectron Microscopy O bservations

Cysts of both taxa  were exam ined with the  S.E.M and a

deta iled  study made of the cyst wall. The wall of C.

hirundinella cysts was covered by densely packed spherical 

granules (P la te  4.3). P la te  4.3(2) illu stra tes  differences in

the size of the spherical granules (0.07-0.27 pm in diam eter).

P la te  4.3, (3-5) shows how these granules form two layers. A

continuous lower s tra t^ ' is composed of densely packed sm aller un j/ 

p a rtic les  (0.07 pm in diam eter) arranged geom etrically , w ith an 

upper layer of larger partic les, ranging from 0 . 1 1 - 0 . 2 2  pm in

d iam ete r, located  apparently  a t random. P late  4.3(3)

illu s tra te s  clearly  the arrangem ent of the lower layer. Each 

granule appears to  be surrounded by a ring of six o thers. This

figure also shows sca tte red  denser regions, apparently  replacing
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Figure  4.6 Variation in the  Size of Cerat ium 
Cysts  from E s th w a i t e  Water
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P la te  4.3 M orphological D etails of the  C yst Wall of 

C. hirundinella

All photographs are  scanning electron  m icrographs of preserved 

m ateria l.

1. C. hirundinella cyst (maximum cyst length = 94.55 pm).

2. D etails of the cyst wall showing the d ifferences in size 

of granules (d iam eter = 0.077-0.27 pm). M agnification = 

X 26,000.

3. F urther details of cyst wall showing the geom etric  

arrangem ent of granules. M agnification = x 27,000.

4. F u rther details  of cyst wall showing the arrangem ent of

granules into a lower layer of densely packed sm aller 

granules (d iam eter = 0.07 pm) and a discontinuous upper 

layer of larger granules (d iam eter = 0 . 1 1 - 0 . 2 2  pm).

M agnification = x 27,500.

5. A dditional view of both layers. M agnification = x 20,000.

6 . D etails of the lower granular layer. The broad, dark 

irregu lar line corresponds to cracks in the cyst shown in 

(1). M agnification = x 31500.
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granules on the lower levels. These may rep resen t granules 

which have been lost. P la te  4.3(6) shows still g rea te r deta il 

of the  cyst wall of C. h irundinella. The broad dark irregu lar 

bands correspond to the cracks in the cyst wall, visible in 

P la te  4.3(1). These are caused by prolonged exposure to the 

e lec tro n  beam . It is in teresting  to  note th a t the  cracks form  

betw een granules. P a rtic le s  on e ith e r side of the  divide m atch 

like jigsaw pieces.

P la te  4.4 illu s tra te s  a sim ilar study of C . furcoides 

cysts. Although a double granular layer was also p resen t (P late 

4.4, 3-4), the  granules in the lower layer appeared less densely 

packed and lacked the geom etric  arrangem ent shown by C. 

hirundinella cysts. G ranules w ere of com parable size to those 

observed in C. hirundinella (0.07-0.22 pm in d iam eter).

An X-ray m icro-analysis probe linked to the S.E.M. was 

used to determ ine d ifferences in the com position of the cyst 

wall. "Spot analysis" enabled specific areas of the  cyst to  be 

se lec ted . F igures 4 .7-4 . 8  illu s tra te  the range of analysis 

sp ec tra  obtained for th ree  sites on a cyst of C. h irundinella. 

All tra c e s  show th a t the most sign ificant e lem en t present is 

silicon. Values varied considerably over the su rface of a cyst 

and betw een cysts, indicating th a t silicon was not necessarily  

p resen t in a uniform  layer.

Figure 4.9 shows the  equivalent spec tra  for C. furcoides 

cysts. Although still p resen t, silicon is observed in

substan tially  reduced am ounts. V ariation was less marked than 

in C. hirundinella.
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P la te  4.4 M orphological D etails of the  C yst Wall of

C. furcoides

All photographs are scanning electron  m icrographs of preserved 

m ateria l.

1. C. furcoides cyst (maximum cyst length = 132 pm).

2-6 D etails of cyst wall showing the presence of a granular

layer, but lacking the geom etric  s tru c tu re  of the cyst

wall of C. hirundinella.

2. M agnification = x 26,500

3. M agnification = x 27,000

4. M agnification = x 26,750

5. M agnification = x 27,250

6 . M agnification = x 29,500
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Figure 4.7 Analysis Spectra for C.hirundineiia
C ysts  (1 )
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Figure A.8 Analysis Spectra for C.hirundineiia
C y sts  (2)
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Figure 4.9 Analysis Spectra for C.furcoides
C y sts
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The iron and sulphur presen t in the sp ec tra  of both 

species a re  likely to be derived from the anoxic sedim ents from 

which cysts w ere isolated. Calcium , which also reg istered  in 

both species, was also p resent in C eratium  cells (see page 8 8 ).

Discussion

The morphology of the cell and tabulation  of the  thecal 

p la tes a re  the basic c r ite r ia  for determ ining the species of 

d inoflagella te  (Dodge, 1984). In the case of C eratium  the 

extensive form varia tion  (Figure 4.2, page 76) associated  with 

seasonal and regional change m akes it more d ifficu lt to separa te  

species. V ariations in the num ber, length and angle of the 

posterio r horns a re , a t f irs t sight, the most obvious 

ch a ra c te ris tic s  of a C eratium  cell. Daily (1960) separated  the 

so-called C . hirundinella populations of lakes and ponds of 

Indiana into four form s on the basis of num ber and shape of the 

horns and to ta l cell length .

D ottne-L indgren  and Ekbohm (1975) recognised th ree  forms 

of C . h irundinella , with and w ithout a le f t post-cingular horn 

and with a vestig ial le f t post-cingular horn. They showed th a t 

the form with th ree  posterio r horns appeared only when the w ater 

tem p era tu re  exceeded 12*C. This is in accordance with Huber and 

Nipkow (1923) and P earsall (1929) who observed the th ree  

posterio r horned form  a t higher tem p era tu res. Bruno (1975), 

quoted by Pollingher (1987), induced the production of a th ird  

posterior horn in C . hirundinella cells by varying tem pera tu res. 

At 15°C a large percen tage of cells had th ree  posterior horns.
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corresponding with the resu lts of the previous workers. However, 

a t  21-25°C all cells in a cu ltu re had two posterior horns. The 

superficial study undertaken here showed th a t the form with

th ree  posterior horns appeared in the phytoplankton tow ards the 

sum m er m axim a, a t  tem p era tu res  of 15-20°C. T em peratures in

excess of 21°C w ere not recorded and it was thus impossible to 

observe w hether the  form with 2  posterior horns was resto red  a t 

higher tem p era tu res .

D ottne-L indgren and Ekbohm (1975) m aintained th a t the

th ree  form s in the ir study were independent of each o ther and 

hatched  from  specific cysts. All th ree  were p resen t a t  the same 

tim e, implying th a t this was not a consequence of

cyclom orphosis. However, Happach Kasan (in a poster presented 

a t  the H exrose C onference on modern and fossil d inoflagella tes, 

Tubingen, West G erm any, 1981) isolated  four types of cell from  a 

single clonal cu ltu re  of C. furcoides, distinguished by the

num ber of posterio r horns and the angles betw een them . This 

suggests th a t one form evolved from another as outlined in the 

ea rlie r  work (e.g. P earsall, 1929; Hutchinson, 1967). Heaney, 

Jaw orski and C ranw ell (paper presented a t the  "Dino III"

C onference on modern and fossil d inoflagella tes, Egham, Surrey, 

1985) showed th a t a sim ilar sequence of events occurs in cysts. 

An iso lated  cyst with 3 posterior horns excysted  to produce a

cell which was in turn  induced to encyst. The cyst thus

produced had only two posterior horns. The d ifferences in these 

fea tu res  would appear to be seasonal or environm ental in natu re 

and th e re fo re  not a suitable basis for iden tifica tion .
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Seasonal changes in the linear dimensions of cells are

also strik ing. Krupa (1981b) showed th a t the length of the le ft 

post-cingular horn was the most variable dimension in cells

m easured throughout the year. D ottne-L indgren and Ekbohm (1975) 

and Krupa (1981b) both observed th a t cell length of C.

hirundinella decreased  from  a spring maximum to produce short

individuals during the sum m er, which corresponds with the

lim ited  da ta  presented  in the p resen t study. In con trast

Morling (1979) noted th a t in two o ther species of C era tiu m ,

C. caroiinianum  and C . cornu tum , th e re  was an increase in length 

during the  sum m er.

D ottne-L indgren and Ekbohm (1975), like Pearsall (1929)

befo re , suggested th a t the  longer w inter form of C. hirundinella 

was a consequence of m etabolic changes in the cell. Chapm an, 

Dodge and Heaney (1985) in a study of u ltra s tru c tu ra l changes

within C . hirundinella noted a decrease in sta rch , lipid,

pyrenoids and accum ulation bodies in cells co llected  betw een 

April and Septem ber, a f te r  which abundance once again increased.

Pollingher (1987) suggested th a t decreasing cell length is a 

consequence of the  increased division ra te  brought about by an

increase in te m p era tu re . E arlier observations by Serruya and 

Pollingher (1977) had noted a reduction in the body size of 

Peridinium  cinctum  in response to  an increased division ra te  in 

cells from  Lake K inneret, Israel.

P earsall (1929) com pared the  length to breadth  ratios of 

m otile cells of C . hirundinella through the year. During the 

spring the average ratio  was 3.77, falling sharply to 3.4 or
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less, in the sum m er. In the present study values reached a 

maximum of 4.3 in spring, falling to 3.6 in early  sum m er, but

increasing again in subsequent m onths. This rise indicates th a t

the  la te  sum m er cells m easured in this study were e ith er longer

or more slender than those observed by P earsall. With such 

diverse seasonal changes it is c lear th a t only when 

m orphological ch a ra c te ris tic s  rem ain constan t through the year

can they be used as a basis for iden tifica tion .

The m orphological fea tu res  used in the present study to  

distinguish betw een the two taxa have been em ployed for the same 

purpose by several previous au thors (Entz, 1927; Skuja, 1948;

C an te r and Heaney, 1984; H ickel, 1985), all of whom identified

C . furcoides as a sep a ra te  species.

The separation  of th e  theca l p la tes  revealed a major 

d iffe rence  in the tabu lation  of the two taxa. The illu stra tions

of C. furcoides in Entz (1927) correspond to the observations of 

the p resen t study, but those of C. hirundinella show the

presence of only th ree  apical p la tes . However, o ther au thors 

(H urst and Strong, 1931; H uber-Pestalozzi, 1950; Bourrelly,

1968) all c learly  dem onstra te  the presence of four apical p la tes

of equal lengthTjZ . h irundinella, as shown here . Wall and E vitt ^

(1975) illu s tra ted  the d isassociated  thecal p la tes  of a

freshw ater C eratium  cell described as C . h irundinella. However,

the  presence of a shortened 4' p la te  and the overall shape of 

the cell are ind icative of C . furcoides. A relabelled  version 

of th e  sam e cell appeared in a la te r  work (E vitt, 1985).

E xcystm ent experim ents in the present study (C hapter 6 )
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and by Heaney and Jaw orski (unpublished data) dem onstra te  th a t 

cysts of c h a ra c te r is tic  form excyst to produce m otile cells of 

the respective  taxa . Entz (1925) established th a t C.

hirundinella and C. furcoides produced specific cysts which 

resem bled the shape of the cell. He also reported  th a t the 

range in cyst size is less than th a t of the m otile stage. This 

is in ag reem en t with the da ta  presented here (com pare Figure 4.3 

and 4.6). Huber and Nipkow (1922) also distinguished th ree  

m orphologically d iffe ren t cysts, but in te rp re ted  these as 

rep resen ting  form s of th e  same species.

Chapm an, Dodge and Heaney (1982) reported  the walls of C. 

hirundinella cysts to be covered with a uniform  layer of closely 

packed silicon-containing granules. The present investigation ,

has confirm ed the  presence of a granular wall. Exam ination a t  a 

higher m agnification  enabled fu rth er details  to be e lucidated . 

X -ray m icro-analysis indicated the occurrence of high silicon 

values in C. hirundinella cysts. A second cyst type, believed 

by C hapm an, Dodge and Heaney (1982) to  be a "tem porary" cyst,

was sm ooth w alled, and apparen tly  lacking in silicon and such

granules. C an ter and Heaney (1984) in te rp re ted  such cysts as 

the overw intering cysts of C. furcoides. In this study C. 

furco ides was also shown to have a granular wall, but not as

com plex as th a t of C . h irundinella.

X-ray m icro-analysis showed the presence of silicon, in 

cysts of C . furco ides, but in re la tive ly  low er quan tities to C. 

h irundinella. This suggests the presence of some 

silicon-containing granules within the cyst wall of both

-104-



species. The closely packed lower granular layer of C.

hirundinella may con tribu te  to this higher silicon value. 

H owever, it is unclear w hether the silicon containing granules

correspond to the lower, or the upper layers described.

Chapm an, Dodge and Heaney (1982) showed th a t silicon is p resen t 

in specialised vesicles in the m otile cells of C . hirundinella 

prior to encystm en t. Following cyst form ation the silicon 

granules are  mobilised and becom e deposited as a single outer 

layer of the cyst wall. Silicon has also been identified  in the

cyst wall of Peridinium  species and the fossil cyst P erid in ites 

(E vitt, 1983). The purpose of the incorporation of silicon into 

the cyst wall is unknown.

Chapm an, Dodge and Heaney (1982) suggested th a t possession 

of a silicon layer enabled the cysts of C. hirundinella to 

survive in the sedim ent for prolonged periods. However, in 

C hap ter 6  of the  p resen t work it will be shown th a t cysts of 

both C . hirundinella and C . furcoides rem ain viable in the 

sedim ent for several years, even though the la tte r  species 

appear to have a reduced silicon layer. An a lte rn a tiv e  

explanation is th a t the silicon granules p ro tec t C . hirundinella 

cysts from p a rasitic  a tta c k  (Chapm an, Dodge and H eaney, 1982). 

The chytrid  Rhizophydium nobile C an ter is believed to be 

specific  to C . furcoides cysts (C anter and Heaney, 1984; Heaney, 

Lund, C an te r and Gray, 1988), but th e re  are  o ther fungal 

paras ites  which a tta c k  the cysts of C . hirundinella (Heaney, 

Lund, C an te r and G ray, 1988).

The d ifferences in the morphology of m otile cells and
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cysts, the arrangem ent of thecal p la tes, the com position of cyst 

walls and the specific ity  of some fungal parasites  all ind icate  

the ex istence of two genetica lly  d is tinct tax a . It is more 

d ifficu lt to establish  w hether two species, or two form s of the 

sam e species a re  involved. The ex istence of m orphologically 

d iffe re n t cysts, which excyst to produce m otile cells th a t are 

m orphologically true to form , and the fa c t th a t, of the two 

ta x a , sexual reproduction has only been observed in C. furcoides 

(H ickel, 1988a), suggests th a t the two taxa have independent 

life cycles. E ntz (1924) observed chain form ation in C. 

hirundinella and suggested th a t this could be evidence of sexual 

reproduction , how ever, no sim ilar observations have been made in 

recen t studies. The d ifficu lty  of m aintaining a laborato ry  

cu ltu re  of C . hirundinella com pared with the re la tiv e  ease of 

growing C . furco ides (G. Jaw orski, personal com m unication) 

suggests a d iffe rence  in nu trien t requirem ents or sensitiv ity  to

handling.

In all, th is inform ation would suggest th a t the two taxa 

are su ffic ien tly  d is tin c t to w arran t the growing accep tance  th a t 

they rep resen t d iffe ren t species. In some previous studies such 

d ifferences have been overlooked and both taxa  co llectively

re fe rred  to as C . h irundinella. For exam ple. Dodge and C raw ford 

(1970) used co llec tions of wild m ateria l, which w ere probably C.

h irundinella, in addition to cu ltured  m ateria l from  the  

F reshw ater Biological A ssociation, which has since been 

iden tified  as C. furco ides. In addition the diagram s of cysts 

found in F elt Lake, C aliforn ia, by Wall and E v itt (1975) are
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rep resen ta tiv e  of C. furcoides and not C . hirundinella as 

labelled.

R ecently , H ickel (1988b) has proposed th a t a taxon of 

C e ra tiu m , sim ilar in appearance to C . furcoides and C. furcoides 

f. g racile  (Bachmann) E ntz, should be recognised as a separa te  

species, C . rhom voides H ickel. Cells of this species d iffer

from  those of C. furcoides in size, shape and re ticu la tion  of 

the th e ca , and in the size and shape of the apical thecal

p la tes. A corresponding cyst was also identified  which was of

"rounded-triangular" appearance with very short horns. However, 

no evidence was given th a t the m otile cells shown excysted  from  

these cysts. Sexual reproduction was also observed to occur.

It is considered th a t the p resen t study may have included cells 

of C . rhom voides. H owever, although cells of this species bear 

a close resem blance to C. furcoides, they are m arkedly shorter, 

the length of C . rhom voides is 123-203 pm , whilst the  length of 

C. furco ides is 162-322 pm . (Hickel, 1985), and it is fe lt th a t 

such a strik ing c h a ra c te r is tic  could not have been overlooked.

C learly , in fu tu re  studies of freshw ater C eratium  care  

should be taken to identify  species co rrec tly  before proceeding 

with experim en tal work.
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APPENDIX 4.1 Calculation of the Spearman*s Rank Correlation

Coefficient to compare cell dimensions

Use of Spearman's Rank Correlation Coefficient

Spearman's Rank Correlation Coefficient (r^) is a 

non-parametric test, used to compare paired observations. Each 

set of data is ranked, from the lowest to the highest value. 

The difference between the ranks of each pair of observations 

(d) is calculation and squared (d^). The following formula is 

generally used:-

r = 1- 6Zd^ s ______
n(n^-l)

However, since the data in this study included many tied

observations the alternative formula was often used, which made

an adjustment for ties:-

r =Zx^ +Zy2 -Ed^ s ■'

where Zx^ = - N - I Tx

12

ly^ = - N - ZTy

12

N = no. of observations
3L Tx = (no. of ties at given rank) - no. of ties

12

21 Ty = (no. of ties at given rank) - no of ties

1 2
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T o  t e s t  t h e  s i g n i f i c a n c e  o f  t h e  f o l l o w i n g  f o r m u l a  w a s

used : —

t = / n-2

The figure obtained was compared with tables (Siegel,

1956).

Is there a Correlation between the Length and Breadth of 

Ceratium Cells?

I = N^-N - I  Tx 

12

I Tx = (2^-2)+3(3^-3)+(5^-5)+(7^-7)+(17^-17)+(18^-18)

12

= 937

I x^ = 60^-60 - 937 = 17058 

12

= N^-N - 1 Ty 

12

H Ty = (2^-2)+3(3^-3) + (5^-5) + (6̂ -6)-«-2(7̂ -7) + (9^-9) + ( 11^-11)

12

= 260

= 60^-60 - 260 = 17735

12

r^ = Ix^+Iy^-Id^ = 17058+17735-56873 = -0.63

2 J  17058 x 17735 

t ~ ^3 /N“2 - 0.63 I 60—2 = 6.178

l-r^Z V l-(0.63)^
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Degrees of freedom = (n-2) = 60-2 = 58 

from tables = 2.39

*̂ oC,58  ̂ '^0.01,60

The correlation between the two variables is statistically 

significant at the 99% level of probability. Therefore a 

negative correlation exists between length and breadth of cells 

of C. hirundinella.

APPENDIX 4.2 Calculation of the Mann-Whitney U Test to

compare cell dimensions

Use of the Mann-Whitney U Test

The Mann-Whitney U Test is used to assess whether two 

independent samples come from the same population (Siegel, 

1956). This non-parametric test is equivalent to the parametric 

Student's t-test. The null hypothesis (Hq ) states that variable 

A and variable B have the same distribution. Data from the two 

samples are ranked as one sample. The standard deviation (cTXc ) 

is calculated where:-

C7-U. = -ZTj

VVN(N-1)/\12 /

The inclusion in the calculation of the term IT provides 

an adjustment for tied ranks. Two possible values of U exist 

where:-

U = n^.Ug + n^Cn^+l) -

or U = nĵ .U2  + "* ^2
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The lower of the two values of U is then applied to the 

following formula:-

z = 1 /u - n^.n2  \

O I A  2 /

Tables are used to find the probability of the occurrence 

of Hq for the value of z obtained. If this tabulated

probability value is less than OC = 0.01, Hq can be rejected.

Is there a Statistically Significant Difference between the 

Length of Cells of the two Ceratium taxa?

Hq : The length of cells of the two Ceratium taxa are not 

significantly different.

H^ : The length of cells of the two Ceratium taxa differ 

significantly.

I T = 274

^  = y 30x30 \ / 60^-60  -274^= 67.1

160( 60 - 1 ) /  \  12 /

U = 30 X  30 + 30(30+1) - 1327.5 = 37.5

2

z =J__ /37.5 - 30x30\= 6.15 

67.1 V 2 /

From tables 6.15 has a 1-tailed probability under H^ of 

p<0.00003. Therefore, since this value is less t h a n  0C= 0.01, Hq 

can be rejected at the 99% level of significance. Therefore, 

the difference between the length of Ceratium cells of the two 

taxa is statistically significant.
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Is there a Statistically Significant Difference between the 

Breadth of Cells of the two Ceratium taxa?

Hq : The breadth of cells of the two Ceratium taxa are not 

significantly different.

: The breadth of cells of the two Ceratium taxa differ 

significantly.

% T  = 8(2^-2)+2(3^-3)+3(4^-4) + (5^-5) + (6^-6) + (7^-7) = 78.5

12

< ^ = 1/ 30x30 \ / (60^-60) - 78.5^= 67.49

l60(60-l) / \ 12

U = 30x30 + 30(30+1) - 1361 = 4.0

z = 1 /4.0-30 X  30 \= -6.61

67.49

From tables z> 6.61 has a 1-tailed probability under Hq of 

p<0.00003. Therefore, since this value is less than (>(= 0.01, Hq 

can be rejected at the 99% level of significance. Therefore, 

the difference between the breadth of Ceratium cells of the two 

taxa is statistically significant.

- 1 1 2 -



Is there a Statistically Significant Difference between the

Length to Breadth Ratio of Cells of the two Ceratium taxa?

Hq : The length to breadth ratio of cells of the two

Ceratium taxa are not significantly different.

H^ : The length to breadth ratio of cells of the two

Ceratium taxa differ significantly.

H T  = 8(2^-2)+3(3^-3)+2(4^-4) + (5^-5) + (6^-6) + (7^-7) = 75.5

12

00. = // 30x30 \ / 60^-60 - 75.5\= 67.5

\ I { 6 0 ( 6 0 - 1 )  J \  12 /

U = 30x30 + 30(30+1) - 1365 = 0 

2

z =  1 /0-30x30\= -6.67

67.5 \ 2

From tables z%6.67 has a 1-tailed probability under Hq of 

p<0.00003. Therefore, since this value is less than c<= 0.01, Hq 

can be rejected at the 99% level of significance. Therefore the 

difference between the length to breadth ratio of the Ceratium 

cells of the two taxa is statistically significant.

- 1 1 3 -



APPENDIX 4.3 Statistical analysis of C. hirundinella cells

sampled throughout the year using Spearman's 

Rank Correlation Coefficient

Does the Length of C. hirundinella Cells Change Significantly 

through the Year?

ETx = (2^-2)+(4^-4)+(10^-10)+3(20^-20) = 2083

12

I  x^ = 76^-76 - 2083 = 34492 

12

iTy = 7(2^-2)+5(3^-3)+3(4^-4)+(5^-5)+2(6^-6)+(11^-11)

12

= 183.5

lly2 = 76^-76 - 183.5 = 36391.5 

12

r = 34492 + 36391.5 - 118831.5 = 0.68 s -------   —  ■■ ■■ ---
2 \j 34492 X 36391.5 

= 7.98t = 0.68 76-2

1- 0 . 68 '

Degress of freedom = (n-2) = 76-2 = 74 

from tables = 2.39

" ot,74  ̂*^0.01,60
The correlation between the two variables is statistically

significant at the 99% level of probability.

Therefore the difference in the length of C. hirundinella

cells through the year is statistically significant.
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Does the Breadth of C. hirundinella Cells Change Significantly 

through the Year?

TTx = 2083

I = 76^-76 - 2083 = 34492

12

T.Ty = 860.5

ly^ = 76^-76 - 860.5 = 35714.5 

12

r^ = 34492 + 35714.5 - 106395.5 = -0.516

•I2\J 34492 X 35714.5

t = 0.516 / 76-2 = 5.18

1- 0 . 516^

Degress of freedom = (n-2) = 76-2 = 74 

from tables = 2.39

• ■ to<,74 > ‘̂0.01,60
The correlation between the two variables is

statistically significant at the 99% level of probability.

Therefore the difference in the breadth of C. hirundinella

cells through the year is statistically significant.

Is Cell Length Correlated with Cell Breadth in Cells of 

C. hirundinella throughout the Year?

I x% = 76^-76 - 860.5 = 35714.5

12

Zy2 = 76^-76 - 183.5 = 36391.5

12
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= 35714.5 + 36391.5 - 84591 = -0.173

2 N35714.5 X 36391.5

t = 0.173 / 76-2 = 1.46

Vl-0.173^

Degress of freedom = (n-2) = 76-2 = 74 

from tables tg = 2.39

' - t*,74 < ^0.01,60
The correlation between the two variables is not

statistically significant at the 99% level of probability.

Therefore, no correlation exists between length and 

breadth in cells of C. hirundinella.

APPENDIX 4.4 Statistical analysis of Ceratium cysts using

Spearman's Rank Correlation Coefficient

Is there a Correlation between Length and Breadth of Ceratium 

Cysts?

I  Tx = (2 ^ -2 )+ (6 ^ -6 )+ 2 (7 ^ -7 )+ (1 6 ^ -1 6 )  = 414

12

% x^ = 48^-48 -  414 = 8798 

12

I  Ty = 5 (2 ^ -2 )+ 2 (3 ^ -3 )+ 2 (4 ^ -4 )+ (5 ^ -5 )+ 2 (6 ^ -6 )  = 61.5

12

I  y2 = 48^-48 -  61.5 = 9150.5 

12

r  = 8798 + 9150.5 -  19440 = -0 .0 8s
2  V s 7 9 8  X 9 1 5 0 . 5
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t = 0.08 / 48-2 = 0.544

V 1- 0 . 0 8 %

Degrees of freedom = (n-2) = 48-2 = 46 

from tables = 2.42

• • ‘̂«,46 '^0.01,40
The correlation between the two variables is not

statistically significant at the 99% level of probability.

Therefore, no correlation exists between cyst length and 

breadth.

APPENDIX 4.5 Comparison of cyst dimensions using the

Mann-Whitney U Test

Is there a Difference in the Length of Cysts of the two Ceratium 

taxa?

Hq ; Length of cysts of the two Ceratium taxa are the 

same.

H^ : Length of cysts of the two Ceratium taxa differ

significantly.

X T = 61.5

28x20 U48^-48 - 61.5\ = 47.67

.48(48-l)/\ 12 /

U = 28 X 20 + 28(28+1) - 949.5 = 16.5

2

z = 1 /l6.5 - 28x20Y  -5.53

47.67 \ 2 /
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From tables z ^ 5.53 has a 1-tailed probability under Hq 

of p < 0.00003. Therefore since this value is less than

^  = 0.01; Hq can be rejected.

Therefore, there is a statistically significant difference 

between the length of Ceratium cysts of the two taxa.

Is there a Difference in the Breadth of Cysts of the two

Ceratium taxa?

Hq : Breadth of cysts of the two Ceratium taxa are the

same.

: Breadth of cysts of the two Ceratium taxa differ

significantly.

r T = 2(2^-2)+(5^-5)+(6^-6)+2(7^-7)+(16^-16) = 424

12

= // 28x20 \/48^-48 - 424 \ =46.7

.48(48-1)/ \ 12 

U = 28x20 + 20(20+1) - 628.5 = 141.5

2

z = 1 /141.5 - 28x20\ = -2.96

46.7 \ 2 /

From tables z ^ 2.96 has a 1-tailed probability under Hq 

of p < 0.0015. Therefore, since the value is less than D(= 0.01, 

Hq can be rejected.

Therefore, there is a statistically significant difference 

between the breadth of Ceratium cysts of the two taxa.
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Is there a Difference in the Length to Breadth Ratio of Cysts of 

the two Ceratium taxa?

Hq : The length to breadth ratio of cysts of the two

Ceratium taxa are the same.

H^ : The length to breadth ratio of cysts of the two

Ceratium taxa differ significantly.

I T  = 7 (2 ^ -2 )+ 3 (3 ^ -3 )+ 2 (4 ^ -4 )+ 2 (5 ^ -5 )  = 39.5

12

7^= II 28x20 \ /48^ -48  -  39.5%= 47.72

l 4 8 ( 4 8 - l ) / \  12 /

U = 28x20 + 28(28+1) -  961 = 5 .0

2

z = 1 /5 -  28x20V  -5 .7 6

47 .72  \  2 /

From tables z > 5.76 has a 1-tailed probability under Hq 

of p < 0.00003. Therefore, since the value is less than

^ =  0.01, Hq can be rejected.

Therefore there is a statistically significant difference 

between the length to breadth ratio of Ceratium cysts of the two 

taxa.
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CHAPTER 5

THE STRATIGRAPHY AND POPULATION DYNAMICS OF CERATIUM IN

ESTHWAITE WATER

Introduction

Of the 2,000 species of living dinoflagellates only 10%

are known to have a dormant cyst stage in their life cycle

(Dale, 1983). In the genus C era t ium , no cysts have been

identified for any of the large number of marine species,

although they have been recorded for several freshw ater species

C. hirundinella, C. furcoides (Entz, 1925, 1927), C.

rhomvoides (Hickel, 1988b), C. cornutum and C. caroiinianum

(Entz, 1925).

Observations of encystm ent in Ceratium  have been made by 

several authors (e.g. Entz 1925, 1927; Chapman, Dodge and

Heaney, 1982). Cysts form within the motile cell. During the 

s ta tionary  phase of growth, motile cells of C eratium  show a

marked increase of starch  and lipids, the  former causing cells 

to becom e strongly stained by Lugol's Iodine. At the same tim e

chloroplasts becom e reduced and condensed. Chapman, Dodge and

Heaney (1982) observed many vesicles containing electron-dense 

granules in cells with increased s torage products, which may be 

indicative of cells about to encyst. The flagella are shed

prior to encystm ent and the  cytoplasm withdrawn from the  cell

horns. The th eca  then separates  to release the  cyst.

The newly formed cyst is easily identified by a depression 

around the  cen tre ,  corresponding to the position of the
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cingulum, and by the rounded ends to its horns, which take time 

to condense to the charac te r is t ic  points. Cysts are generally 

brown in colour, with orange pigmented bodies throughout the 

cytoplasm , which are  thought to correspond to the accumulation 

bodies in motile cells (Chapman, Dodge and Heaney, 1982). At 

this s tage the u lt ras truc tu re  of the cyst resembles th a t  of the

motile cell a t  the s tationary  phase, but without a theca. 

Bounded by two membranes, the cyst contains an abundance of 

s ta rch  and lipids. Chapman, Dodge and Heaney (1982) 

distinguished granular and smooth walled cysts. In the form er 

granule-containing vesicles were present in cells prior to 

encystm en t.  Small spherical granules (60 nm in diam eter) were 

deposited in a uniform layer on the outer membrane of such 

cysts, beneath  which a thick wall layer developed. The cyst 

con ten ts  undergo some reorganisation, until, when fully dormant, 

the brown pigm entation is condensed a t  the cen tre  of the cyst,

with lipid globules towards the  edge.

Anderson, Lively, Reardon and Price (1985) observed th a t

encys tm en t of the marine dinoflagellates Gyrodinium uncatenum , 

Gonyauiax tam arensis  and Scrippsiella trochoidea produced cysts 

with higher densities than the motile cells. This increase was 

a t t r ib u ted  to the thick multi-layered cellulose cell walls and a

dense accumulation of s tarch . The increased density enabled 

cysts to sink rapidly to the sedim ent. The same authors 

calcu la ted  th a t  in 31% sea w ater a t  22°C the  sinking ra te  of the 

cysts listed previously, based on Stokes Law, was 0.008-0.013 cm 

s"^ (equivalent to 6.91-11.23 m d ay "^ .  In addition, cysts
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covered with many short spines (e.g. Scrippsiella trochoidea) 

were observed to descend more rapidly than cysts with no spines.

However, the adaptive significance of surface ornam entation is, 

as yet,  unknown.

The conditions triggering the onset of encystm ent in C.

hirundinella have yet to be determ ined. Chapman, Dodge and

Heaney (1982) reported the "spontaneous production" of 

smooth-walled cysts (i.e. C. furcoides) in laboratory culture . 

Some authors have successfully induced the sexual formation of 

cysts in o ther dinoflagellates by transferring  motile cells to a 

n itrogen-free  culture medium, e.g. Peridinium cinctum  (Pfiester, 

1975, 1976, 1977) and Gonyauiax tam arensis  (Turpin, Dobell and

Taylor, 1978); whilst o thers have achieved the same result using 

a nitrogen and phosphorus-free culture medium, e.g. Peridinium

cunningtonii (Sako, Ishida, Kadota and Hata, 1984), Gyrodinium 

uncatenum  (Anderson, Coats and Tyler, 1985) and Gonyauiax

tam arensis  (Anderson, Kulis and Binder, 1984). Details of the 

inclusion of a sexual stage in the dinoflagellate life cycle are  

given in C hapter 6  (page 240).

Anderson and Wall (1978) observed th a t  pellicle 

(tem porary) cysts of Gonyauiax tam arensis  and G. ex ca v a ta , could 

be produced by exposing motile cells to a tem pera tu re  reduction 

(from 16°C to 0°C), "nutrien t starvation" (transference to 

cu lture media lacking nitrogen, phosphorus, silicon and

vitamins), or toxic copper concentrations {>/ 1 0 "^*^M copper).

Schm itte r  (1979) observed th a t  cells of G. excava ta  in culture

remained motile under a wide range of tem pera tu re  and light
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conditions, including darkness a t  3-4 °C for 20 hours. However, 

when exposed to tem pera tu res  of 1-2°C in darkness for 20 hours 

87-100% of cells becam e non-motile , with 70-90% forming 

tem porary  cysts. A maximum of 26% of non-motile cells regained 

their m otility  within 70 hours of normal conditions being 

res to red . Anderson, Kulis and Binder (1984) induced encystm ent 

in G .tam arensis  by limiting phosphorus and nitrogen. They 

observed optimum cyst production over a narrow tem pera tu re  

range, and deduced th a t  the onset of encystm ent is more

sensitive to tem pera tu re  change than is the division of motile 

cells. No cysts were formed a t  those tem pera tu res  a t  which

growth of motile cells were observed.

The formation of dorm ant cysts enables some dinoflagellate 

species to survive periods unfavourable for growth, thus

providing an inoculum for growth in subsequent years. In 

te m p era te  lakes and reservoirs C eratium  cells overwinter as 

cysts when tem pera tu res  are too low (< 10°C) for significant

growth (e.g. Huber and Nipkow, 1923; Heaney, Chapman and 

M orison, 1983). However, in sub-tropical lakes, e.g. Lake

K inneret in Israel, C. hirundinella oversummers in cyst form 

(Pollingher, 1986a), avoiding the very high summer tem pera tu res  

(> 26®C), which are  also unfavourable for growth.

Not all the viable cysts produced in a given season will

germ inate  the following year once the threshold tem pera tu re  has 

been reached  (Heaney, Chapman and Morison, 1983). It is still 

uncerta in  whether excystm ent occurs within the sediment or

following the resuspension of cysts into the w ater column
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(e.g. by wave action). The cysts which fail to excyst may

correspond to those which are not resuspended. They may remain 

within the sedim ent and excyst a t  a la te r  da te ,  compensating for 

a poor production of cysts in a particu lar year. Viable cysts, 

buried several cen t im e tres  below the sedim ent surface, may be 

reintroduced to the sedim ent w ater in te rface  as a consequence of 

w ater turbulence, or the activ ity  of benthic animals. Huber and 

Nipkow (1922) sucessfully germinated C. hirundinella cysts up to 

years old from the varved sediments of Lake Zurich, 

Switzerland. Chapter 6  of the present study dem onstrates  the 

successful germination of cysts from 5.3 cm, in terpre ted  as 

7 years old. Huber and Nipkow only assessed the viability of

cysts and did not a t te m p t  an es t im a te  of cyst numbers.

Livingstone (1979) studied the vertica l distribution of C eratium  

cysts in several w ater bodies. In Esthwaite Water he observed

th a t  less than 7% of the cysts occurred below the upper 3 cm of 

sedim ent. The loss of some cysts would be expected  from the

sedim ent as a result of degeneration, loss through lake outflows 

and predation. The im portance of parasitism in the

determ ination  of the C eratium  population has been recently  

established (Canter and Heaney, 1984; Heaney, Lund, C an ter  and 

Gray, 1988) and is discussed in detail la te r .  In neither of 

these previous studies was any distinction made between

C. hirundinella and C. furcoides.

A major part  of this study was involved in establishing 

the  vertica l distribution of C. hirundinella and C. furcoides 

cysts within the upper 8  cm sedim ent of cores taken from
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Esthw aite  W ater. The sedim ent of Esthw aite Water is not 

lam inated and there fore  the age of a core section cannot be 

d irectly  established. The determ ination of core section age

based on the average ra te  of sedim entation can be highly 

specula tive and should be trea ted  with caution (see page 180). 

Therefore , in this study changes in diatom stratigraphy were 

used to a t t r ib u te  a date  to the sedim ent core. Cyst viability 

throughout the sedim ent core was assessed by inducing excystm ent 

in the  laboratory , and this is discussed in C hapter 6 .

Com paratively few research establishments have monitored 

phytoplankton changes over a long period of t im e  (i.e. decades). 

In 1945 Lund instigated a sampling programme of several lakes in 

the  Lake D is tr ic t,  including Esthwaite Water. Regular

monitoring of the phytoplankton and w ater chem istry  has been 

carried  out since then. Figure 5.1 uses this data  to show the 

C era tium  population in Esthw aite Water from 1946-1986. The

large increase in cell numbers in the la te  1970’s is a t tr ibu ted  

to  increasing nutrien t enrichm ent and the subsequent decline in

the 1980's to parasitism  (see C hapter 3.1, page 65). Initially 

all motile cells of Ceratium  were recorded as C. hirundinella, 

but a f te r  1983 C. furcoides and C. hirundinella were recorded

separate ly . The present study sought to establish

re trospectively  the rela tive  proportions of C. furcoides and C.

hirundinella for the period prior to 1983 using preserved

phytoplankton net samples. In addition to the discussion of 

long te rm  changes in the proportion of the two species, the

results obtained were used to com pare the number of C eratium
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F ig u re  5.1 Maximum Populat ion of Ceratium 
Cells in E s th w a i t e  Water
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cells In the phytoplankton with the cyst population over the 

period of t im e  covered by the sedim ent cores.

Methods

Cores were taken from the two main basins of Esthwaite 

Water, referred  to as north and south basin for convenience, 

during 1985 and 1986 from the locations indicated in Figure 3.1 

(see C hapter 3, page 64). Over the period of two seasons, cores 

were removed soon a f te r  encystm ent (October 1986), prior to

excys tm en t (March 1986) and following excystm ent (May 1985). 

Specific locations were established by alignment with 

predeterm ined fea tu res  of the landscape. In general, deep w ater 

s ites  were se lec ted  where thicker sedim ents would be expected as 

a consequence of sedim ent focusing (Davis, Moeller and Ford,

1984). The deepest part  of the lake (A in Figure 3.1), was 

avoided, since it is routinely used as a sedim ent sampling site  

by o ther workers a t  the Freshw ater Biological Association, and

it is likely th a t  any cores obtained would contain disturbed 

sedim ent. River inflows were similarly unsampled, since 

sed im entation here would not be expected  to be typical of the 

lake basin. Sampling was also not undertaken close to fish 

farming cages (indicated by B in Figure 3.1), where localised 

d ifferences  in nu trien t levels and disruption from the  anchoring 

of the  cages may have given atypical results.

Cores were withdrawn from the sedim ent using a Jenkin 

Surface-Mud Sampler (Ohnstad and Jones, 1982) and transferred  to 

the  laboratory , where they were stored a t  4°C prior to extrusion
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and sectioning a t  0.5 cm intervals (detailed in Chapter 2, 

page 39). In general, half of the cores were preserved with 40% 

formaldehyde and the rem ainder, to be used for excystm ent 

experim ents, were stored a t  4°C.

E stim ates  of viable cyst numbers were made on sub-samples 

of 0.25-0.50 cm^ which were withdrawn with a wide bored 

m icrop ipette  and introduced onto a Lund slide (Lund, 1959, 

1962). The whole slide was examined under a Leitz  Diaplan 

fluorescence microscope using blue excita tion  light, and numbers 

of viable C. furcoides and C. hirundinella cysts determ ined (see 

C hapter  2, page 50). If necessary, fu rther  counts were 

undertaken until the number of cysts counted reached a 

predeterm ined  value of 100 cysts (detailed in Chapter 2, 

page 51). Counts were made of non-viable cysts from selec ted  

cores, using an Olympus BH2 light microscope (see Chapter 2, 

page 54). In addition, counts were made of diatom numbers, 

using the technique described in C hapter 2 (page 55), in order 

to assess the ra te  of sedim entation. The dry weight of each 

core  section was determ ined for one core (Chapter 2, page 54).

Net samples, preserved in Lugol's Iodine or formaldehyde 

and stored a t  the F reshw ater Biological Association, were used 

to make a re trospec tive  study of the proportion of C. furcoides 

and C. hirundinella motile cells in the phytoplankton. Samples 

taken a t  the t im e of the summer maximum were examined for each 

of the  years betw een 1946 and 1986, excepting 1971 for which no 

sample could be traced .  A few drops of the sample were examined 

on a slide and the number of each species in random fields of
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view was recorded, until a t  least 1 0 0  cells had been counted.

The two species were distinguished on the basis of the

morphological fea tu res  discussed in C hapter 4 (page 8 8 ). It was 

necessary to ensure tha t the proportion of species during the 

summer maximum was represen ta tive  of the year as a whole. 

Therefore three  years were selec ted  to be studied in detail. In

one (1972) C. furcoides occurred in relatively g rea te r  numbers,

in another (1977) C. hirundinella was proportionally more

numerous and in the th ird  (1982) the two species were found in

approxim ately  the same numbers. For each year one sample a 

month, from May to Septem ber, was studied as outlined above.

Results

(i) The Vertical Distribution of C eratium  Cysts within

Sediment Cores 

G eneral Variation between the  Cores

If the  sedim ent had remained undisturbed from the time the 

cysts had been deposited, the base of the core would be expected 

to contain the oldest cysts and sediment nearest to the water

column, the most recen t cysts. Numbers of cysts would be 

expected  to be g rea tes t  in the upper sedim ent, particularly  in

those cores co llected  in O ctober soon a f te r  encystm ent. 

Conversely, numbers of viable cysts should decline towards the 

base of the core since losses (e.g. ingestion, disease, 

parasit ism , loss of viability) would have occurred during the 

intervening years. Those years in which the production of cysts 

was high would be most likely to reg ister in the sediment.
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However, disruption of the sedim ent does occur particularly  in 

the  upper 2 cm of the core. Here the sedim ent is highly

flocculent and cysts are liable to resuspension as a consequence 

of wave action. Subsequent redeposition of the cysts may be a t  

a d ifferen t level. In addition, the action of burrowing 

inve rteb ra tes  may be responsible for the redistributiton of 

cysts to higher or lower horizons within the sediment.

Figure 5.2 il lus tra tes  the only assessment of w ater 

con ten t within the cores th a t  was undertaken. The proportion of 

w ater  throughout the core (Core 2.4) is shown to be high 

(> 97%). This would be expected as the determ ination of dry

weight was made on samples following dilution (see C hapter 2, 

page 54). However, this figure does dem onstra te  th a t  w ater 

con ten t decreases with depth. This suggests th a t  a sub-sample 

of given volume from a section of the core near the surface, for 

exam ple 0-0.5 cm, will contain less sediment (0.46%) than a 

sub-sample of the same volume from a deeper core section, for

exam ple 7.5-8.0 cm (2.57%). This indicates th a t  the number of 

cysts near the surface of the core may be underestim ated and 

those towards the base of the core overestim ated . The use of 

this da ta  in conjunction with observed numbers of cysts is 

discussed la te r  (see page 178).

The vertica l distribution of cysts within the upper 8  cm 

of the sedim ent cores from Esthwaite Water are illustrated in 

Figures 5.3-5.5. The considerable variation shown is discussed 

with respect to certa in  variables. The Friedman Two-Way

Analysis of Variance by Ranks (Siegel, 1956) was used to
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Figure  5.2 Proportion of Sediment in e a c h  
Sect ion of an  8cm Core
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Figure 5.3 The Vertical Distribution of Viable C ertium  Cysts in 

the  Upper S cm of Sediment Cores from Deep and 

Shallow Water Sites in the North Basin of Esthwaite 

Water on 7th May 1985

Deep Water Cores - Core 1.0

Core 1.1

Shallow Water Cores - Core 1.2

Core 1.3
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Figure 5.4 The Vertical Distribution of Viable C eratium  Cysts

in the  Upper 8  cm of Sediment Cores from Deep Water

Sites in the  South Basin of Esthw aite Water on 26th

March 1986
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Figure 5.5 The Vertical Distribution of Viable C eratium  Cysts 

in the  Upper 8  cm of Sediment Cores from both Basins 

of Esthw aite Water on 25th March 1986 and 14th 

O ctober 1986

North Basin

25th March 1986 Core 2.0

14th O ctober 1986 Core 3.0

South Basin

14th October 1986 Core 3.1
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determ ine whether variation was s ta tis tica lly  significant.

Cores co llected  from similar locations on the same occasion 

(Cores 2.1 and 2.2; Cores 2.3 and 2.4) were compared and any

d ifferences  between them shown to be insignificant a t  the 9 9 %

level of probability (Appendix 5.1).

Comparison of the  Number of Cysts in Sediment Cores taken  a t

D ifferen t Times of the  Year

Cores were taken on three occasions, 7th May 1985, 

25th/26th  March 1986 and 14th O ctober 1986. Table 5.1 shows the 

mean number of cysts in the upper 2  cm of preserved deep w ater 

cores taken on the th ree  sampling dates.

Table 5.1 The mean number of C eratium  cysts  in the upper 2 cm 

of preserved deep w ater  cores

Lake Basin No. cysts cm~^sediment

7th May 1985 26th March 1986 14th October 1986 

North 856 -  4211

South 3213 4603

856 3213 4407

It clearly  i l lus tra tes  the substantially lower number of 

cysts in the core obtained in May (Core 1.1). Excystment would 

be expected  to have occurred in this core since the tem pera ture
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a t  the sedim ent surface was already in excess of 4®C (8.4 °C,

F.B.A. data). Therefore a lower number of cysts would be 

an tic ipa ted  in the upper few cen tim e tres  of the core. In 

comparison, cores taken in March (prior to excystm ent) and

O ctober (following encystm ent) should contain more cysts. Since

the  proportion of cells encysting in each year is unknown, it is

not possible to say to what ex ten t this shortfall in cyst

numbers in samples taken in May 1985 is due to excystm ent. The 

calcula tion of the Friedman Two-Way Analysis of Variance (see 

Appendix 5.2) showed the existence of a s ta tis tica lly  

significant d ifference between samples from the same lake basin

collected  a t  d iffe ren t times of the year a t  least a t  the 9 5 % 

level of significance (Cores 1.1 and 3.0; Cores 2.1, 2.2 and

3.1; Cores 1.0 and 2.0).

Some reduction in cyst numbers would be expected  during

the period betw een encystm ent and excystm ent as a result of 

dea th , parasitism , predation and redeposition in lower horizons.

These losses are re flec ted  to some ex ten t in the d ifference

between the number of cysts  observed in samples taken in March

(Cores 2.1, 2.2 and 2.3) and O ctober (Cores 3.0 and 3.1),

illustra ted  in Figures 5.4 and 5.5 respectively. The number of 

C era tium  cells a t  the tim e of encystm ent was g rea te r  in 1985 

than in 1986 (F.B.A. data). If the proportion of cells

encysting remains the same, the formation of a g rea te r  number of 

cysts could be expected in 1985 than in 1986. Thus if no cyst 

losses were experienced the cores removed in March 1986 would be 

expec ted  to contain more cysts than those taken in October 1986.
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The chytrid Rhizophydium nobile was prevalent in the autumn of 

1985 and may have been responsible for a reduction in the

C. furcoides cyst population (Heaney, Lund, C anter  and Gray, 

1988).

The ex ten t  of mixing within the sedim ent is evident by a 

comparison of the cores. None of those cores taken in May 1985 

(Cores 1.0, 1.1, 1.2 and 1.3) show a peak in cyst numbers within 

the upper 3 cm, which charac terises  the remainder of the cores 

(Figures 5.3-5.5). The cores removed in October 1986 (Cores 3.0 

and 3.1) show the most marked increase in numbers close to the

surface as would be expected. The upper 1-2 cm of the sediment 

in Esthw aite Water is flocculent and liable to resuspension, and

is generally regarded as representing the previous years

sedim entation  (Gorham, 1958). The vertica l distribution of the

cysts  may thus il lustrates  the ex ten t  of this mixing. The cysts 

within the cores taken in O ctober, soon a f te r  encystm ent, had 

l i t t le  tim e to be reworked in the sediment. The d istinct peak 

in cyst numbers close to the sediment surface reflec ts  this.

Cores obtained in March, just prior to excystm ent had been 

exposed to winter mixing. D istinct peaks in cyst numbers can

still be observed in three  of the cores (Cores 2.1, 2.2 and

2.3). However, these modal depths are  several cen t im e tres  below 

the sedim ent w ater in te rface ,  for example, 3.0-3.5 cm in

Core 2.1. Those sedim ent cores taken in May 1985 (Cores 1.0,

1 . 1 , 1 . 2  and 1 .3 ) show no distinct peak in cyst numbers in the

upper 3 cm of the core. This may re f lec t  mixing which has

occurred since the previous autumn. However, since sampling

-140-



followed excystm ent,  a maxima in cyst numbers close to the 

surface  would be expected  to have been reduced.

Comparison of the Number of Cysts in Sediment Cores taken from 

D ifferen t Basins of the same Lake

The to ta l  number of cysts found within each 8  cm core is 

detailed  in Table 5.2. A comparison was made between the

unpreserved cores from each basin taken in March 1986 (Cores

2.0, 2.3 and 2.4) and preserved cores taken from each basin in 

O ctober 1986 (Cores 3.0 and 3.1). The average value for each

basin indicated th a t  only 38% of all cysts observed in these 

cores were found in the north basin. However, if the less

reliable figures for unpreserved cores (where some cysts are 

liable to have excysted) are discounted, the proportion of cysts

in the north basin is raised to 44%. This represents  only a i  6 % 

deviation from parity , a d ifference within the range of

accep tab le  experim ental e rror. The rela tive sedim entation ra tes

for the two basins are undocum ented, and it is thus not possible 

to  deduce whether the d ifference between them is represen ta tive

of the rela tive  size of the phytoplankton population prior to

encystm en t,  the ra te  of sedim ent accum ulation, or to

topographical fea tu res .  The spatial distribution of encysting 

cells will also a f fe c t  the location of the cysts. Although

Dottne-Lindgren and Ekbohm (1975) observed th a t  the horizontal 

distribution of C eratium  cells in Lake Erken, Sweden was random,

other authors (Heaney, 1976; George and Heaney, 1978; Heaney and 

Tailing, 1980a, b) have dem onstrated  a non-uniform distribution
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Table 5.2 The to ta l  number of cysts in cores from the  north 

and south basins of the  lake

No. of Cysts cm"^ sediment (xlQ^)

May 1985 

Deep Water Sites 

Unpreserved -  Core 1.0 

Preserved - Core 1.1 

Shallow Water Sites 

Unpreserved - Core 1.2 

P reserved - Core 1.3 

March 1986 

Deep Water Sites 

Unpreserved -  Core 2.0

-  Core 2.3

- Core 2.4 

Preserved - Core 2.1

- Core 2.2

O ctober 1986 

Deep Water Sites 

Preserved - Core 3.0

-  Core 3.1

North Basin South Basin

2.2

2.3

0.5

0.6

0.6

2.6

1.8

0.7

5.0

3.7

3.3
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in Esthw aite Water. Thus the deposition of cysts would also be 

expected  to be non-random. In order to establish any

significant d ifferences between the two basins it would be 

necessary to undertake a more extensive survey than was possible 

within the cu rren t study. With the limited da ta  available, the 

calcula tion of the Friedman Two-Way Analysis of Variance 

(Appendix 5.3) showed the existence of a s ta tis tica lly  

significant d ifference in the vertica l distribution of cysts 

betw een otherw ise similar cores from d ifferen t basins of the 

lake (Cores 3.0 and 3.1; Cores 2.0, 2.3 and 2.4).

Comparison of the  Number of Cysts in Sediment Cores taken from 

Deep and Shallow Sites

Only two cores were taken from shallow w ater sites (Cores

1.2 and 1.3), both from the  north basin of the  lake. Figure 5.3

il lu s tra tes  the number of cysts found through these cores (one 

of which. Core 1.3, was only 7 cm in length) and allows

comparison with cores taken a t  the same tim e from deep water

sites in the north basin (Cores 1.0 and 1.1). In general fewer 

viable cysts were observed through the cores from shallow w ater

sites. The mean to ta l  for the  two shallow cores was 5,797 cysts

-3 -3cm" sedim ent, compared with 22,636 cysts cm" sedim ent for the

two deeper cores.

In Core 1.2 there  was a substantial increase in cyst 

numbers a t  a depth of 3.0-3.5 cm (4,851 cysts cm ^ sediment), 

which con trasted  markedly with the remainder of the core,

containing very few cysts (mean number of cysts in a core
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section  = 41 cysts cm ” sedim ent). It is possible th a t this

peak may rep resen t a sudden increase in cyst production, or a 

fa ilu re  to excyst. However, such a sharp rise in num bers, 

coupled with very low numbers in the rem ainder of the core,

suggests an accum ulation of cysts a t this depth due to some

fa c to r , possibly topographical. This is discussed in deta il in 

a la te r  section  (page 172).

The application of the  Friedm an Two-Way Analysis of 

V ariance (Appendix 5.4) showed th a t a s ta tis tic a lly  significant 

d iffe ren ce  existed  betw een the v ertica l d istribution of cysts of 

Cores 1.0 and 1.2 (unpreserved cores), but not betw een Cores 1.1 

and 1.3 (preserved cores). This varia tion  in numbers betw een

shallow and deep cores could be due to the d ifferences in the 

volum e of w ater above the sedim ent, in the ra te  of

sed im en ta tion , or to varia tion  in the  degree of sedim ent mixing. 

The la rger column of w ater above the sedim ent in deep w ater

sites will evidently  have a g re a te r  capacity  to provide m ateria l 

to  the sedim ent than the shorter w ater column in shallow sites. 

In addition, sedim ent accum ulation in shallow w aters is less 

than for deep w ater s ites, due to sedim ent resuspension focusing

to deeper regions (see page 173). T herefore , in each year less

sedim ent will be deposited below shallow w ater. Thus an 8  cm 

sedim ent core taken from such a shallow site  will rep resen t a

g re a te r  tim e span than a core of sim ilar length taken from 

deeper w ater. It follows th a t cysts a t  the base of an 8  cm core 

from  a shallow w ater site  will be older, and thus more likely to 

be non-viable, than cysts from  a corresponding depth in a deep
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w ater co re .

Com parison of the  Number of C ysts in Preserved and Unpreserved 

Sedim ent Cores

Figures 5.3-5.5 clearly  show the reduction in the number 

of viable cysts in the m ajority  of unpreserved cores. The 

d ifference  in cyst num bers betw een preserved and unpreserved 

cores taken  a t  the sam e location  on the sam e day showed g rea t 

varia tion . The number of cysts in Core 1.0 represen ted  94% of 

the  to ta l for Core 1.1 (May 1985), w hilst C ore 2.4 contained 

only 15% of the number of cysts in Core 2.1 representing  the 

b iggest d iffe rence  betw een the  cores co llec ted  in M arch 1986. 

The calcu la tion  of the Friedm an Two-Way Analysis of Variance 

showed a s ta tis tic a lly  significant d iffe rence  in cyst 

d istribu tion  betw een Cores 2.1-2.4 and C ores 1.2 and 1.3, but 

Ino t betw een C ores 1.0 and 1.1 (see Appendix 5.5).

U npreserved sam ples, packed in ice , were tran sfe rred  from 

the Lake D is tric t to  Royal Holloway and Bedford New College, 

w here all fluorescence counts were undertaken. It is possible 

th a t during this journey exposure to an increase in tem p era tu re  

(in excess of 4°C) may have in itia ted  excystm en t. In order to 

investiga te  the ex ten t of th is possible excystm en t a com parison 

was m ade of the number of viable, and non-viable and em pty cysts 

from  both preserved and unpreserved cores. Em pty C eratium  cysts 

a re  not always easy to observe since they have a tendency to 

collapse and lose the ir ch a ra c te ris tic  shape. In addition the 

frequen t loss of horns makes it d ifficu lt to  separa te  the two
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species with any reliab ility .

Table 5.3 shows th a t a higher proportion of non-viable and 

em pty cysts was noted in the upper 4 cm of the  two unpreserved 

cores studied (mean proportion of non-viable and em pty cysts in 

a 2 cm core section  = 93%) than for the  cores preserved with 

form aldehyde (mean proportion of non-viable and em pty cysts in a 

2 cm core section  = 60%). Below 4 cm the  proportion of

Table 5.3 The num ber and proportion of v iable, and non-viable 

and em pty cysts in cores from  th e  south basin of the  

lake

No. C ysts cm~^ sedim ent (xlO^)

D epth (cm) P reserved  Cores 

Core 2.1

U npreserved Cores 

C ore 2.0 C ore 2.4

a b % a b % a b

0 - 2 5.2 3.7 -

70

1 . 0 11.3 -

95

0 . 8 5.2 -

2-4 8.4 27.5 ^ 0.7 19.8 - 1 . 0 18.7 -

93

4-6 2 . 6 2 0 0 . 0  -

99

0 . 1 24.8 -

99

0.4 27.9 ■

6 - 8 1 . 8 13.4 - 0.3 9.9 - 0.4 18.3 ■

98

w here a = the  number of viable cysts

b = the  num ber of non-viable and em pty cysts 

% = the proportion of non-viable and em pty cysts to the 

to ta l num ber of cysts in a 4 cm section
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non-viable and em pty cysts was sim ilar for preserved and 

unpreserved cores (99%). This depth corresponds to the level to 

which cysts a re  able to excyst (see C hapter 6 , page 245). This 

suggests th a t in unpreserved cores the g rea te r number of 

non-viable and em pty cysts may correspond to those cysts which 

have excysted  in tran s it.

Com parison of the  V ertical D istribution of C eratium  Cysts

through th e  Sedim ent Core

There is considerable varia tion  betw een the cores in the

num ber of cysts observed a t  each depth (Figures 5.3-5.5).

However, in all co res the re  is a m arked decline in cyst numbers 

a t the sedim ent su rface . In the case of cores taken in May

1985, this reduction may rep resen t those cysts which have 

already excysted  (page 138). This explanation cannot, how ever, 

be applied to cores taken in March 1986, prior to excystm en t, or

O ctober 1986, following encystm en t. The occurrence of

resuspension and deposition of cysts in the floccu len t upper 

2  cm of the sedim ent will cause mixing of the horizons

(page 174), and is a possible cause for the reduction of numbers

a t the su rface . This may be the major fac to r responsible for

the d istribu tion  of cysts in the upper few cen tim e tres  of the

core taken  in March 1986 (Cores 2.1, 2.2, 2.3 and 2.4). The 

depth of sedim ent above the maxim a value is too g rea t to have

been deposited within six m onths. It th e re fo re  seem s more 

likely th a t cysts may have been resuspended and deposited a t a 

lower level. H owever, the cysts w ithin the cores co llec ted  in
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O ctober 1986 (Cores 3.0 and 3.1) are  unlikely to have been 

d isturbed by mixing, as they have only recen tly  been deposited.

It is also possible th a t the fall in the number of cysts 

a t  the sedim ent surface may rep resen t only an apparen t change. 

The higher w ater con ten t of the sedim ent a t the m ud-w ater 

in te rfa c e  will resu lt in the upper 0 . 5  cm section of the  core 

being m ore d ilu te than those below. The sedim ent con ten t of the

1 .5-2.0 cm core section was shown to be four tim es g rea te r , and

the 7.0-7.5 cm core section five to six tim es g rea te r, than the

0-0.5 cm core section of Core 2.4 (see Figure 5.2, page 131). 

Thus a corresponding reduction in the num ber of cysts w ithin the 

upper section  of the core would be expected , if the proportion 

of sed im ent was the only fac to r responsible (i.e. the 0-0.5 cm 

core section  would be expected  to contain  25% of the cysts 

p resen t in the  1.5-2.0 cm core section). In Cores 3.0 and 3.1 

the observed number of cysts in the upper core section exceeded 

th a t in the 1.5-2.0 cm core section . This indicated th a t if 

sed im ent con ten t was also taken into consideration, the  

d iffe ren ce  in the  num ber of cysts betw een the two core sections 

would be even g rea te r (d ifference betw een observed values = 61% 

of to ta l; d ifference  betw een values co rrec ted  for sedim ent 

co n ten t = 8 8 % of to ta l). The observed number of cysts in the

0-0.5 cm section  of Cores 2.1 and 2.2 was less than in the

1.5-2.0 cm section . However, when values for the upper section 

of both cores were co rrec ted  for sedim ent co n ten t, the number of 

cysts p resen t was shown to be g rea te r than for the 1 .5-2.0 cm 

core section . This indicates th a t the lower sedim ent con ten t in
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the 0-0.5 cm core section was responsible for an apparen t 

d ecrease  in cyst num bers. In Core 1.1 the number of cysts in 

the upper 0.5 cm rem ained lower than the rem aining core sections 

even when figures were adjusted to allow for changes in sedim ent 

c o n ten t. This im plies th a t an additional factor(s) was 

responsible for the decrease in cyst num bers a t  the sedim ent 

su rface . The number of cysts p resen t in these co res, adjusted 

to  incorpora te  the increased sedim ent con ten t with depth, are  

illu s tra ted  in Figures 5.13 and 5.14 and the use of this da ta  

discussed fu rth e r in the accom panying te x t (see page 183). Thus 

it would seem  th a t the position of the m axima just below the 

su rface  sedim ent and the sharp reduction in cyst numbers a t  the 

su rface  is, in some instances, due to an apparen t change to the 

high w ater co n ten t of the upperm ost section of the core.

All cores also show a decrease  in the numbers of viable 

cysts  in the low er portion of the core, particu larly  below 5 cm. 

Below the upper 2-3 cm ' of the core it would generally  be 

expected  th a t the cyst population would experience losses ra th e r 

than gains, although some m igration would be probable through 

the  a c tiv itie s  of burrowing in v e rteb ra tes . Parasitism ,

ingestion, degeneration  of cysts con ten ts  and redeposition to 

lower horizons due to burrowing anim als would all reduce the 

population. With l i tt le  new input, the number of viable cysts 

would be expected  to decline with increasing depth as the 

proportion of non-viable cysts increased . Large residual 

populations of cysts would be expected  to take  a longer period 

of tim e to be reduced to  low num bers and would th e re fo re  rem ain
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prom inent for some tim e.

In C hap ter 6  (page 244) th e re  is an assessm ent of the 

ab ility  of cysts from sub-surface sedim ent to excyst. Viable 

cysts  isolated  from  sedim ent below 5.5 cm rarely  germ inated in 

the labora to ry . Thus, although apparently  viable cysts were 

observed below this depth (i.e. fluoresced red under blue 

light), the ir ability  to germ inate  is questionable. Excystm ent 

from  such depths under natu ra l conditions is in doubt, due to 

the increased  d istance from the w ater column. It has not been 

determ ined  w hether cysts are  capable of germ ination "in situ" a t 

depths in excess of 2 cm below the sedim ent su rface . If this

was possible newly excysted  cells would have to  rise through the 

sedim ent to the base of the w ater colum n. A lternatively  

germ ination  of cysts from such depths would n ecessita te  the

resuspension of cysts in to  the w ater column.

In addition to a large peak in cyst num bers near to the

su rface , representing  cysts produced the previous autum n, it was

hoped th a t a second, reduced peak would be found corresponding 

to those cysts, deposited the year befo re , which had failed to 

excyst in the following spring. There was no c lear evidence of 

such a d istribu tion  p a tte rn . In Core 1.1 (Figure 5.3) the re  

appears to  be two peaks in cyst num bers. However, with just one 

lower value separating  the two groups it may only rep resen t 

local v aria tion . Cores 1.0 and 1.2 (Figure 5.3) have large 

peaks of cyst num bers below 3 cm in the sedim ent colum n. It is 

possible th a t these peaks may also rep resen t cysts deposited in 

previous years. However, the v irtual absence of cysts in the
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rem ainder of Core 1.2 (unpreserved) suggests th a t e ith e r cysts 

in the  rem aining core sections have excysted , or th a t they have 

accum ula ted  a t  betw een 3.0 and 3.5 cm .

The cores co llec ted  in O ctober 1986 (Cores 3.0 and 3.1), 

illu s tra ted  in Figure 5.5, would be expected  to show the most 

d is tin c t bimodal d istribution of cyst num bers, if such a 

phenom enon ex ists, since the tim e betw een deposition of cysts 

and observation is a t  its  sh o rtest. However, no second peak is 

ev iden t, since as in the  rem aining cores, cyst num bers reach a 

peak and then steadily  decline. T herefore the validity  of those 

cores displaying two peaks is questionable. It would appear 

th a t mixing ac tiv ity  within the sedim ent coupled with cyst 

losses d is to rts  the v e rtica l d istribution of cysts, making it 

d ifficu lt to  distinguish maximum values.

Com parison of th e  Proportion and Numbers of C . furcoides and 

C. hirundinella C ysts w ithin the  Sedim ent Cores

The proportion of C. furcoides cysts for five of the cores 

sam pled is shown in Figures 5.6 and 5.7 as a percen tage of the 

to ta l num ber of identified  cysts. The 95% confidence lim its are  

also shown, and give an indication of the  accuracy  of the  count. 

These values w ere calcu la ted  using the form ula proposed by Moore 

and Webb (1978), detailed  in Appendix 5.6. Those cores not 

illu s tra ted  (Cores 1.1, 1.2, 1.3, 2.0, 2.3, 2.4), many based on

low cell counts w ere shown to be too variab le. The re la tive  

proportion of the cysts of each species was not constan t through 

the length of the core. Peaks in the actual numbers of

-151-



Figure 5.6 The P roportion of C . ' fu rcoides C ysts (as % of the 

to ta l C eratium  spp.) in th e  Upper 8  cm of Sedim ent 

C ores from  th e  N orth Basin of E sthw aite  W ater
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Figure 3.7 The Proportion of C. furcoides C ysts (as % of the 

to ta l C eratium  spp.) in th e  Upper 8  cm of Sedim ent 

C ores from  the  South Basin of E sthw aite W ater
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c . furcoides did not always correspond to high percen tage values 

of C. furcoides (e.g. Core 2 .2 ), although num bers of C.

furcoides cysts generally rose and fell in response to changes

in the to ta l number of cysts. The ex ten t to which they follow

this general trend  determ ines the percen tage value. Several

very high values were obtained, where only C. furcoides appeared 

to be p resen t. However, all of these high percen tages were

based on very low in itia l counts (< 20 cysts observed). Such 

low values may d isto rt the apparen t proportion of the two

species, placing undue im portance on a few cysts. Although 

values of C. furcoides can reach 8 6 % of the to ta l cyst

population (Core 1.1, 0-0.5 cm ), the proportion of C.

hirundinella cysts was not observed to  exceed 73% of the to ta l 

population (Core 2.2, 7.5-8.0 cm).

The cores taken from  the south basin in March 1986 show a 

g rea t sim ilarity  in the v e rtica l distribution of C. furcoides

cysts. The calcu la tion  of the Friedm an Two-Way Analysis of 

V ariance by Ranks showed th a t varia tion  betw een the proportion 

of C. furcoides cysts in C ores 2.1 and 2.2 and Cores 2.3 and 2.4

was due to  chance alone (see Appendix 5.7). Cores 2.1 and 2.2

show a high proportion of C. furcoides cysts near the su rface,

decreasing  gradually to a much lower percen tage a t a depth of 

4-5 cm . This decline is followed by a fu rth er rise and fall in 

the proportion of C. furcoides. In the o ther cores taken a t 

th is tim e the sam e p a tte rn  can be distinguished but is more 

variab le . The core taken in the sam e location the following 

O ctober (Core 3.1) follows a d iffe ren t p a tte rn . The in itia l
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proportion of C. furcoides is lower «  45%) and is followed by a

rise and then fall in the proportion of C. furcoides cysts.

This suggests th a t the newly deposited cysts contain  a higher 

proportion of C. hirundinella than those rem aining from  the 

previous spring (see page 169).

Of the  cores rem oved from  the  north basin in May 1985, one 

(Core 1.1) shows a sim ilar v e rtica l d istribution of C. furcoides 

cysts to  th a t observed in cores taken from  the south basin in

March 1986. The rem ainder show a g rea te r degree of variab ility , 

pa rticu la rly  those cores from  shallow w ater sites  w here numbers 

of cysts w ere low. The single core rem oved from  the  north basin 

in M arch 1986 (Core 2.0) to  be studied in this co n tex t is highly

variab le , w ith proportions of C. furcoides fluctuating  from 100% 

to 0 % and, as confidence lim its were high, it was not 

illu s tra ted . The varia tion  can largely be explained by the 

sm all num bers used to  ca lcu la te  the percen tage values, and as

such is not to ta lly  reliab le .

The core rem oved from  the north basin in O ctober 1986

(Core 3.0) shows a dom inance of C. furcoides tow ards the base of 

the core (e.g. 5.5-6.0 cm). As in the core taken a t  the sam e 

tim e from the south basin it suggests th a t the cysts recen tly  

deposited  have a lower proportion of C. furcoides.

The sim ilarity  of Cores 2.1, 2.2, 2.3 and 2.4 (the la st

tw o w ere not illu s tra ted  due to high confidence lim its) suggests 

th a t in general the re  is no significant d ifference betw een the

proportion of C. hirundinella in preserved and unpreserved cores 

(see Appendix 5.7). Thus, if excystm ent had occurred in the
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unpreserved cores it can be assum ed th a t it  took place a t a 

com parable ra te  in both species. This is in ag reem en t with 

labora to ry  experim ents discussed in C hapter 6  (page 245) of the  

p resen t study, in which the germ ination ra te  of the two species

was com pared and found to  be the sam e.

A com parison of Cores 3.0 and 3.1 suggested th a t cores

taken  a t  the sam e tim e from d iffe ren t basins of the  lake are

dissim ilar (see page 141). Core 3.0 has a peak of C. furcoides 

cysts a t  a depth of about 6  cm , whilst Core 3.1 peaks betw een 

2-4 cm . This suggests some local varia tion  in the distribution 

of cysts of d iffe ren t species, as is the case for overall cyst 

num bers.

(ii) An Analysis of D iatom  S tra tig raphy  within th e  Sedim ent

C ores

Figure 5.8 illu s tra te s  the  observed proportion of 

S tephanodiscus parvus fru stu les, as a percen tage of the to ta l 

num ber of S. parvus and C yclo te lla  spp. The accuracy  of the

counts was te s ted  by the calcu la tion  of the  95% confidence

lim its, which are  also illu s tra ted  in Figure 5.8. V ariation was 

shown to be sm all, generally  less than i  1 0 % and the counts can 

thus be regarded as s ta tis tic a lly  reliab le . The general trend  

was for a decrease  in the proportion of S. parvus tow ards the

base of the sedim ent core. It was d ifficu lt to  identify  a 

prom inent maxim a in the proportion of S. parvus, which would

correspond with the large population known to have occurred in

1978 (see C hapter 2, page 56). Such peaks could be in te rp re ted
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Figure 5.8 The Proportion of Stephanodiscus parvus F rustu les in 

the  Upper 8  cm of Sedim ent C ores from  E sthw aite 

W ater
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as occurring, e.g . Core l . l  (7.0-7.5 cm); Core 1.2 (1.5-2.0 cm); 

C ore 2.1 (3.0-5,5  cm) and Core 3.1 (4.5-5.0 cm). H owever, some 

of these  rep resen t only a slight v e rtica l varia tion , and as such 

may not be sign ificant.

The numbers of S. parvus within each core w ere also 

com pared , to see if a c lea re r indication of the location of the

Stephanodiscus m arker could be obtained. The calcu la tion  of the 

Friedm an Two-Way Analysis of Variance by Ranks was used to  

determ ine w hether the number of frustu les of S. parvus from 

cores taken  a t  the sam e tim e varied significantly  (see Appendix

5.8). V ariation betw een two pairs of cores (Cores 1.0 and 1.1; 

C ores 3.0 and 3.1) were shown to be due to chance alone,

although some varia tion  was observed for a th ird  pair of cores 

(Cores 2.1 and 2.2). A com parison of all six cores using the

sam e te s t  showed a s ta tis tic a lly  significant d ifference to occur

a t the  99% level of probability . Since any varia tion  betw een 

cores taken  a t the sam e tim e is sm all, th is significant resu lt

could re f le c t the  ex istence of annual layers. V ariation in the

number of frustu les betw een preserved and unpreserved cores was 

not te sted  in this study, since no loss of m ateria l through

germ ination  was involved.

Figure 5.9 shows th a t although the to ta l numbers of 

frustu les of S. parvus varied considerably from one core to

ano ther a common trend em erged. In general, lower numbers of S. 

parvus frustu les  were found a t the top and base of the  deep

w ater sedim ent cores, with g rea te r numbers found betw een. From 

the base of the core upwards, the f irs t sign ificant rise and
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Figure 5.9 The Number of Stephanodiscus parvus F rustu les in the 

Upper 8 cm of Sedim ent C ores from  E sthw aite  W ater
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fall in S. parvus was located  within 1 cm of the 6 .0-6.5 cm 

section . This does not necessarily  rep resen t the g rea te s t value

of S. parvus but is most likely to correspond to the firs t

s ign ifican t increase in population of 1978.

In C ore 1.2, the sole shallow w ater core studied, the

maximum value for S. parvus was located  much closer to  the

surface (1.5-2.0 cm). This would be expected  since sedim ent

takes more tim e to accum ula te  in shallow w ater than in deep 

w ater.

It would be assumed th a t cores taken , for exam ple, in 

O ctober 1986 would have the  Stephanodiscus m arker a t  a g rea te r 

depth than sim ilar cores taken  in May 1985. However, as shown 

in Table 5.4 this was not always the case in this study. Thus 

in the south basin the Stephanodiscus m arker observed in the 

core taken  in O ctober was located  in the core section  below th a t 

observed in the previous M arch. However, in the north basin the 

reverse was tru e  and the maximum in O ctober was located  0.5 cm 

above th a t observed in M arch.

Such d iscrepancies may re f le c t mixing within the cores,

through wave action  or the ac tiv ity  of benthic anim als. The 

annual layers of diatom  frustu les may be disturbed, and possibly 

resuspended, prior to being redeposited . A lte rna tive ly , the

varia tion  may re f le c t sectioning erro r, which may render the 

large 1978 Stephanodiscus phytoplankton population poorly

resolved in the sedim ent cores. D ifferences betw een sites would 

also be expected  to  account for some varia tion .
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Table 5.4 The section  of the  core represen ting  the 

Stephanodiscus parvus population of 1978

D ate

Basin May 1985 March 1986 O ctober 1986

N orth 5.5 - 6.0 - 5.0 - 5.5

South - 5.5 - 6.0 6.0 - 6.5

Within the scope of this study it was only possible to 

exam ine the diatom  stra tig raphy  of the upper 8  cm of sedim ent. 

It is also possible th a t the sed im entation  since 1978 has 

exceeded 8  cm and th a t the Stephanodiscus line may occur below 

this level.

(ill) A Com parison of th e  Proportion of C. furcoides and 

C . hirundinella in P reserved  N et Samples from  1946-1986

V ariation in th e  P roportion of the  Two Species within a Y ear

Figure 5.10 shows the proportion of C. furcoides to

C. hirundinella cells through th ree  individual years (1972, 

1977, 1982) in E sthw aite W ater. It ind icates th a t w ithin a

given year the proportion of C. furcoides to C. hirundinella 

appeared to rem ain constan t, despite fluctuations in overall 

C eratium  cell num bers. The la rg est varia tion  was observed for 

1982, when both species were found in sim ilar but variable

num bers. However, the calcu lation  of the Spearm an’s Rank

C orre la tion  C oeffic ien t showed th a t the variation  was 

s ta tis tic a lly  insignificant a t  the 5% level in 1977 and 1982. A
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Figure  5.10 Proport ion of C.furcoides cel ls  
( a s  7o of total C era t ium  spp.) 
T h ro u g h  3 Y ears  in E s th w a i t e  
W ate r
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s ta tis tic a lly  significant resu lt was observed for 1972, but all 

the figures were still within 2% of the mean value (Appendix

5.9). This suggests th a t the fac to rs  prom oting, or retard ing , 

the population size of C eratium  cells would appear to be

non-specific, and th a t the in itia l proportion of each species 

arising from cyst germ ination is of g rea te r  significance.

V ariation in the  Proportion of the  Two Species over a Period of

41 Y ears (1946-1986)

Figure 5.11 shows the marked d ifferences in the re la tive  

num bers of ce lls , of C. furcoides and C . hirundinella in

E sthw aite  W ater over a 41 year period (1946-1986). Although it 

would possibly have been m ore co rre c t to  have drawn this figure 

as a bar ch a rt, it was illu s tra ted  as a single line joining a

series of points in order to show more clearly  the changes 

occurring in the proportion of C. furcoides. Confidence lim its 

w ere ca lcu la ted  as a m easure of assessing the reliab ility  of

each count (Appendix 5.10). Although not illu s tra ted , to avoid

confusion on the graph, the e s tim a te  of the  true  proportion lies 

w ithin 1 0 % of the observed value for each year (i.e. variation

is s ta tis tic a lly  accep tab le). From the s ta r t  of sampling in 

1946 until 1958, the general trend , w ith minor fluctuations, was 

tow ards a decline in the proportion of C. furcoides. From 1964 

to  1973 C. furcoides was the more abundant species, to  be 

sign ificantly  replaced by C. hirundinella from  1974 to  1982. 

Betw een 1983 and 1986 C. furcoides was once more numerous, 

although following 1984 it  was again in decline.
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Figure 5.11 The Proportion of C. furcoides Cells (as % of to ta l 

C eratium  spp.) in E sthw aite  W ater (1946-1986)

Figure 5.12 The Number of C. furcoides Cells in E sthw aite  W ater 

(1946-1986)
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Com parison of Figure 5.11 with Figure 5.1 (page 126)

ind icates th a t the variation is independent of any change in 

population size. The to ta l C eratium  cell counts from  the 0-5 m

layer for E sthw aite W ater, s ta r ted  by Lund in 1945, although 

only com prehensively sampled from 1946, and continued to the 

p resen t by o ther w orkers, were used in conjunction with the

proportions of each species (Figure 5.11) to  give a

re tro sp ec tiv e  cell count (Figure 5.12). Since 1983 the two

species have been enum erated  separate ly  a t the F.B.A. The

calcu la ted  resu lts were within 1 0 % of the  observed resu lts in 

all excep t the firs t of these years. This discrepancy in 1983

(29% d ifference) could be a consequence of F.B.A. workers

fam iliarising  them selves with the d iffe rence  betw een the

species.

Prior to 1964 maximum numbers of m otile cells of C eratium

w ere low (< 100 cells ml"^). C. hirundinella was the more

num erous of the two species. However, increases in overall

num bers were marked by increases in both species. Between 1958

and 1962 a decline in to ta l num bers was coupled with an increase

in the proportion of C. furcoides. The two peaks in overall

num bers of C eratium  cells in 1965 and 1973 w ere due to  C.

furcoides cells, w ith low values of C . h irundinella. Following

1974 C. furco ides numbers declined and a large maxima of C.

hirundinella even noted betw een 1975 and 1977. An increase in

to ta l num bers in 1982 was notable in th a t both species were

observed in sim ilar num bers. In all o ther sam ples e ither C./
furcoides or C. hirundinella was clearly  more num erous/ than the
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o ther, indicating th a t changes in re la tiv e  abundance occurred  

rapidly. The to ta l number of C eratium  fell sharply following 

1982, w ith C. hirundinella declining more than C. fu rco ides, as 

shown by the increase in the proportion of the  la t te r .  In 1984 

to ta l cell num bers reached the ir low est value since 1968 and the 

proportion of C. h irundinella, although still lower than C. 

furco ides was increasing. In addition, whilst on occasions C.

furcoides cells represen ted  99% of the to ta l identified  C eratium  

cells (1967 and 1972), C . hirundinella only reached a maximum

of 87% (1976).

The tim ing of encystm en t and excystm ent in both species is 

sim ilar. It is the re fo re  d ifficu lt to identify  the factor(s) 

responsible for the observed, a lm ost cyclical, rise and fall in 

the  proportion, and num bers, of C. furcoides if it is presum ed 

th a t the proportion of cells encysting is the sam e for both 

species. It has already been established th a t, in general,

re la tiv e  num bers of each species are m aintained throughout the 

year (see page 165). This suggests th a t those fac to rs

in itia ting  a change in the proportion of C. hirundinella and C.

furcoides a re  likely to be acting  on cyst production, survival 

or germ ination , and not on the phytoplankton production. The 

re la tiv e  num ber of cysts produced, the ir capacity  to survive in 

the sedim ent and subsequently excyst, will govern the proportion 

of each species in the phytoplankton. Both cyst production and

germ ination  can be a ffec ted  by fungal parasites . Some parasites

may a tta c k  m otile cells prior to  encystm en t, w hilst o ther

species p arasitise  the cysts. The proportion of each species
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will only be a ffec ted  if one species is more susceptible than 

the o ther. For exam ple, the chytrid  Rhizophydium nobile is 

believed to  be specific to the cysts of C. furcoides (C anter and 

H eaney, 1984). The e ffec ts  of parasitism  are  outlined more fully 

in the  discussion (page 195).

Discussion

The sedim ent deposited within a given lake basin 

orig inates from two sources, autochthonous m ateria l, produced 

within the lake, and allochthonous m ateria l, derived from 

sedim ent transported  into the  lake by stream s and tr ib u ta rie s .

The loading capacity  of these stream s, and the location of the

lake (e ither close to the river source or near to the estuary)

will govern the ex ten t of the contribution of all allochthonous 

m a te ria l (Hâkanson and Jansson, 1983).

D eposition of sedim ent does not occur evenly and thus the 

depth of sedim ent will vary throughout the  lake basin. Bloesch

and U ehlinger (1986) noted large d ifferences betw een sites, in 

sedim ent trapping investigations conducted in Lake Hallwil, 

Sw itzerland, w hilst Davis (1973) m easured varia tion  of up to a 

fac to r of 10 in Lake Frains, a s tra tif ie d  lake in Michigan. 

Pennington, C am bray, Eakins and Harkness (1976) observed changes 

in depth of sedim ent betw een sites  by a fac to r of two within 

Blelham Tarn, in the  English Lake D is tric t.

Sedim entation  is re la ted  to the topography of the lake 

basin and to hydrodynam ic flow p a tte rn s  (Davis, 1973). 

P rom ontories, em baym ents and the gradient of shorelines will
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influence the accum ulation of sedim ent. W ater depth and the 

e f fe c ts  of the prevailing wind on w ater cu rren t are  also of

m ajor im portance. A tendency has been recognised for sedim ent

to accum ula te  below deeper w ater sites  in co n tra s t to shallow 

w ater sites  w ithin the sam e lake basin. Likens and Davis (1975)

introduced the term  "sedim ent focusing" to  describe this

phenom enon. Davis, M oeller and Ford (1984) identified  two

m echanism s responsible for this process. Continuous sedim ent 

focusing involves the resuspension of the flocculent superficial

sed im ent in the shallows and subsequent deposition in deeper

w ate r. Episodic sedim ent focusing is associated  with

p articu la rly  strong winds which cause the form ation of strong

cu rren ts. Erosion is concen tra ted  in the shallows and the

sed im ent red istribu ted  in the deeper parts  of the lake. Davis

(1973) com pared the ex ten t of resuspension in a s tra tif ied

(Frains Lake, Michigan) and non -stra tified  lake (Sayles Lake, 

Michigan). In the form er resuspension occurred during the 

spring and autum n mixing, with the sedim ent well incorporated 

into the w ater colum n. In the la tte r  irregu lar resuspension 

occurred  through the year, although mixing with the w ater column 

was poor.

H ilton, Lishmann and Allen (1986) recognised a minimum of 

ten processes responsible for sedim ent d istribu tion  in small 

lakes. In a study of E sthw aite W ater these authors com pared the 

th ickness of sedim ent from a common zinc horizon with w ater 

depth , in order to  identify  the major m echanism s controlling the 

p a tte rn  of sed im entation . They observed a major trend  tow ards
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increased  thickness of sedim ent with an increased depth of 

w ate r, i.e . sedim ent focusing.

In te rm itte n t com plete mixing was determ ined to be the 

dom inant process in sedim ent d istribution . This m echanism

involves the resuspension of m ateria l from throughout the lake 

bed, followed by to ta l mixing within the w ater colum n. The

subsequent resed im enta tion  will resu lt in increased sedim ent 

accum ulation  a t  deep w ater s ite s , due to  the increased num ber of 

p a rtic le s  held in the w ater column. In addition, peripheral 

wave action  was also considered to be an im portan t determ ining 

fa c to r , in which the  action  of waves c rea ted  tu rbu lence, which 

in turn  resu lted  in the resuspension, mixing and tran sfe ren ce  of 

m a te ria l to  deep w ater s ites. Riverine plume sedim entation  was 

observed to  be responsible for localised increases in sedim ent 

accum ulation . An unaccountable proportion of the to ta l variance

was believed to  correspond to  random resuspension processes.

The position of the  cores in the p resen t study correspond

closely to four of those used by Hilton, Lishmann and Allan - 

8 D, 12B, 13G and 14H. They showed th a t in all four sites  the re  

was a close linear relationship  betw een sedim ent and w ater

depth , indicating th a t sedim ent focusing type ac tiv itie s  are  the

m ajor influences on sedim ent d istribu tion . These particu lar 

s ites  appeared to be uninfluenced by the localised d ifferen tia l 

sed im entation  c rea ted  by in let stream s and slopes with steep

g rad ien ts.

The ex ten t of resuspension of m ateria l from  shallow to 

deeper w ater sites is likely to involve the floccu len t upper
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1-2 cm of sedim ent (Gorham, 1958). Thus it is possible th a t 

resuspended m ateria l can be redeposited  down to a depth of 2  cm. 

Resuspension and redeposition will mix sedim ents of d iffe ren t

ages and from  d iffe ren t parts  of the lake, w ith no sorting of

redeposited  m ateria l (Davis, 1973). The action  of resuspension 

may be an essen tial p rerequ isite  to  the process of excystm ent. 

It has yet to  be determ ined w hether germ ination of C eratium

cysts  occurs in the surface sedim ent or following resuspension 

into the  w ater column.

Resuspension is only one of the fo rces acting  upon the 

sed im ent. Davis (1974) calcu la ted  th a t 36% of surface pollen in 

a study core was g rea te r  than 30 years old, and th a t 5% was more 

than 90 years old. Stockner and Lund (1970) observed viable 

cells to a depth of 35 cm in E sthw aite W ater, which they

in te rp re te d  as a consequence of disruption of the sedim ent core. 

This suggests th a t additional fo rces are  responsible for the 

m igration of p artic le s  up, or down, through the core.

B ioturbation would be expected  to be one of the fac to rs  

c rea ting  d isturbance within the sedim ent colum n. This involves 

the  m echanical mixing of the  sedim ent by foraging fishes and 

benthic fauna under aerobic conditions. D ifferen t benthic 

organism s, including polychaetes, o ligochaetes, bivalves, 

c ru stacean s , in sect larvae and m icro-organism s may be involved,

all unevenly d istribu ted  in space and tim e throughout the lake 

basin and with d iffe ren t behavoural ac tiv itie s  (Hâkanson and 

Jansson, 1983). In addition, the production of gas bubbles 

under anaerobic conditions may cause fu rth er d isturbances. This
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system  is thus highly com plex and as such d ifficu lt to quantify .

Hâkanson and Jansson (1983) re fe r to the work of Fisher and 

o thers who used caesiu m -137 to study the ac tiv ity  of tubificids 

in the labora to ry . They observed th a t tubificids alone were 

responsible for significant mixing of the sed im ent. The ex ten t 

of mixing decreased  with depth, down to the b ioturbation lim it. 

However, Gorham (1958) noted th a t tub ificids and the production 

of gas bubbles did not have a significant influence on the 

s tra tig raphy  of E sthw aite W ater. Pennington, Cam bray and Fisher 

(1973) deduced th a t d isturbance of the sedim ent column in

E sthw aite W ater was li ttle  influenced by b io tu rbation , or o ther

fac to rs , based on the well defined peaks of caesiu m -137.

O ther fac to rs  will specifically  a f fe c t the number of 

C eratium  cysts in the sedim ent. The action  of both resuspension 

and b io turbation  may resu lt in the redeposition of cysts below 

the  su rface  sedim ent, thus reducing the possibility of 

germ ination . A reduction in num bers could be expected  through 

the failu re  of some cysts to reach the sedim ent surface. A

num ber of recen tly  form ed cysts may be transported  from the  lake 

basin via the outflow , although this figure is judged to be low 

due to the rapid passage of cysts to  the sedim ent (Heaney, Smyly 

and Tailing, 1986). The process of excystm ent inevitably 

resu lts  in the  loss of cysts from  the sedim ent. If encystm ent 

fails to occur in any given year, excystm en t may still occur the 

following spring, through the resuspension of viable cysts into 

the w ater colum n, fu rther depleting cyst num bers from  previous 

years. Ingestion by zooplankton and benthic organism s may also
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occur (Krupa, 1981b). In some sedim ent sam ples, C eratium  cysts 

w ere observed closely bound to ge ther in w hat appeared to be 

faecal pe lle ts  (see C hap ter 2 , page 51).

Parasitism  is now known to have the po ten tia l to be a 

m ajor fac to r controlling C eratium  populations. Sommer,

W edemeyer and Lowsky (1984) observed a reduction in the 

population density of C. hirundinella in Lake C onstance, Federal 

Republic of G erm any, induced by a fungal parasite , whilst 

Boltovskoy (1984) detailed  the parasitism  of Peridinium  willei 

by ano ther fungal parasite , Aphanomycopsis perid in ie lla . C an ter 

and Heaney (1984) described a new species of chytrid , 

A phanom ycopsis c ry p tica , which parasitised  C eratium  cells, and 

was responsible for a marked reduction in the ir num bers. The 

chytrid  Rhizophydium nobile has been identified  as a specific 

parasite  of C. furcoides, while o ther, as ye t undescribed 

p arasites , have been observed for C eratium  cysts within the 

sedim ent (C an ter, 1968; C an te r and H eaney, 1984; H eaney, Lund, 

C an ter and G ray, 1988). Unlike A. c ry p tic a , R. nobile appears 

to  have li ttle  e f fe c t on reducing the size of subsequent 

phytoplankton populations (see page 195) but its influence on 

cyst num bers is largely unknown. Whilst incidents of parasitism  

and grazing would be expected  to be g rea te s t in the sub-surface 

sed im ent, loss of cysts through degeneration  would be expected 

to  increase with depth. A reduction in num bers of C eratium  

cysts a t the base of the m ajority  of the cores would appear to 

re f le c t th is.

Loss of m ateria l through procedural e rro rs could
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reasonably be expected  to be m ore or less constan t through the 

length of the  core. The a c t of sectioning a core in troduces 

a r tif ic ia l boundaries which may d is to rt the resu lts. For 

exam ple, a peak in numbers occurring a t the edge of two core 

sections will be divided betw een them  and the d iscre te  maximum 

lost. The cu tting  of thinner sections would a llev ia te  th is, but

would c re a te  additional sources of e rro r, since it is more 

d ifficu lt to  cu t sections of less than 0.5 cm accu ra te ly .

A major d ifficu lty  in in terp re ting  core d a ta  involves 

assigning a tim e scale to the vertica l profile . In this p ro jec t

the use of diatom  stra tig raphy  assessed the average deposition 

ra te  for the two basins over a two year period as 0 . 8  cm year"^. 

It should be stressed  th a t this figure rep resen ts  the average 

through the core . Com paction of the sedim ent with depth, and a 

higher w ate r co n ten t tow ards the  su rface will resu lt in I cm of 

sed im ent a t  the base of the core representing  a g rea te r period

of tim e than 1 cm of surface sed im ent (Hilton and Gibbs, 

1984).

The ex ten t of com pression is best assessed by the 

com parison of w et and dry weight m easurem ents. This 

investigation  was prim arily concerned with the "in situ" 

v e rtica l d istribution of cysts and so no com prehensive survey of 

dry w eights was undertaken. The single core th a t was analysed 

showed a m arked increase in the proportion of sedim ent with 

depth , from  0.46% a t  the su rface  to 2.57% a t  the base of the

core (Figure 5.2, page 131). Gorham (1958) observed th a t the 

upper 1.5 cm of sedim ent taken  from  E sthw aite W ater was less
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than half as dense as the following 2 . 0  cm sections down to a 

depth of 9.5 cm (0.06 g cm^ a t the surface com pared to a mean

value of 0.15 g cm^ for the lower core sections). A sim ilar 

decrease  was observed in the p resen t study, w ith the upper

1.5 cm represen ting  an average of 46% of the dry weight mean

value for each rem aining 2 . 0  cm section.

A decrease  in the number of individuals per unit volume

may not rep resen t a real decline in num bers. E ither an increase 

in the deposition of the m ineral faction , or, an increase in

w ater co n ten t could be responsible. In order to quantify  the 

e x ten t of the form er it is necessary to  express the diatom

co n ten t over an in terval of tim e, for exam ple, the number of

cells per 10 year period (Round, 1964). The la t te r  can be

assessed by the calcu la tion  of dry w eight values for each

section  of the core .

The use of diatom  stra tig raphy  to  assess the sedirnentation 

ra te s  relies upon the deposits for a given year form ing a

d isc re te  layer. As such it not only enables a specula tive date  

to be a ttr ib u te d  to a point in the core, but also provides an

indication of the degree of d isturbance within the  sedim ent

colum n. It is possible th a t the diatom s them selves may be

susceptib le to  relocation  fu rth e r down the core . Haworth (1976)

studied the v e rtica l d istribution of a species of Stephanodiscus

new to Blelham Tarn, C um bria. F rustu les of S. a s tra e a  var. 

m inutula w ere found down to a depth of 5 cm , having only 

appeared in the plankton the previous February. It was

suggested th a t the spherical shape of the diatom s enabled them
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to pass easily through the sedim ent, thus rendering them

unsuitable as a m arker species. However, a fu rther study 

(H aworth, 1979) was undertaken when S. a s tra e a  var. m inutula 

had been p resen t in the spring blooms for th ree  seasons. The

resu lts  ind icated  th a t the maximum concen tra tions of S. a s trae a  

var. m inutula w ere m aintained within the sedim ent profile. 

Com parison with phytoplankton populations indicated th a t the 

annual increm ents had not rem ained en tirely  d iscre te , and th a t 

some m ateria l from the in itia l population was p resen t in more 

recen t sedim ents, suggesting th a t resuspension had occurred. 

This may account for the lack of a prom inent Stephanodiscus 

m axim a in some of the cores in the p resen t study e.g. Core 3.0. 

Round (1961) studied the diatom  stra tig raphy  of a 5.15 m etre  

core from  E sthw aite  W ater. He observed the mixing of surface 

deposits w ith the w ater column and suggested th a t cells may be 

lost from  the  sedim ent or redeposited  a t  a lower level.

E stim ates of annual sed im entation  ra te  in E sthw aite W ater

by previous au thors have d iffered  by tenfold . Tutin (1955) used 

sedim ent trap s  to determ ine the annual increm ent in W inderm ere. 

The mean value of 0.26 cm year"^ was also believed to be

rep resen ta tiv e  of E sthw aite W ater. Stockner and Lund (1970) 

studied the diatom  stra tig raphy  of 50 cm cores taken  from 

E sthw aite W ater. They estim ated  a deposition ra te  of 0.19 cm 

year“  ̂ in the upper 5 cm and 0.12-0.15 cm year"^ through the 

whole co re . Pennington, Cam bray and Fisher (1973) m onitored the 

v e rtica l and horizontal d istribution of caesiu m -137 in cores 

from  the sam e lake. They obtained an average sedim entation  ra te
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of 0.9 cm year”  ̂ calcu la ted  from the caesium  peak associated  

with 1963. A la te r  study by Pennington (1974) again utilized 

sedim ent trapping, this tim e obtaining an average value of 2.16 

cm year"^. This substantially  higher figure was a ttr ib u ted  to 

the co llection  of resuspended m a teria l, thus e ffec tive ly  

doubling the am ount of sedim ent ac tually  deposited.

Some of the varia tion  betw een the counts can be accounted 

for by local d ifferences in sedim ent accum ulation (Gorham, Lund, 

Sanger and Dean, 1974). M erilainen (1971) observed an uneven 

d istribution  of frustu les in the recen t sedim ent of four lake 

basins. In addition, la te r  e s tim ates  of sedim ent accum ulation 

in E sthw aite  W ater, based on the upper horizons of the  sedim ent 

colum n, would be expected  to be g rea te r than ea rlie r  ones due to 

the increased  productiv ity  in the lake associated  with a rise in 

n u trien t levels in the mid to la te  1970's (see C hapter 3.1, 

page 65). The resuspension of the  floccu len t upper 2 cm of the 

sedim ent (Gorham, 1958), apparently  g rea te r than a single year’s 

deposition, suggests th a t an overlap is likely to  occur betw een 

the sedim ent of successive years (H aworth, 1979), thus 

e ffec tiv e ly  ’’averaging out’’ the  m ateria l deposited over a couple 

of years. N evertheless, the average es tim a te  of the

sed im entation  ra te  obtained in this study, 0 . 8  cm y e a r " \  is 

com parable with the figure of 0.9 cm year  ̂ obtained by 

Pennington, C am bray and Fisher (1973), and generally  regarded as 

the m ost reliab le of the values obtained for E sthw aite W ater 

(e.g. Livingstone, 1979; Pennington, 1978).

The figure of 0.8 cm year"^ can be used in conjunction
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w ith the v ertica l distribution of cysts in order to establish 

the length of tim e cysts rem ain viable within the sedim ent. 

O bservation of the cores in this study (Figures 3.3-5.5) 

suggested th a t the number of viable C eratium  cysts declined a t a 

depth of about 6  cm . This ind icates e ith e r a decrease in the 

num ber of cysts originally deposited, or, an increase in the 

m orta lity  of cysts from this depth downwards. The form er 

explanation  is explored shortly when phytoplankton populations 

are  com pared with cyst num bers. In this case, how ever, i t  would 

seem  likely th a t loss of viability is responsible for the 

decline in the cyst population, which occurs a t  around the sam e 

point in the core regardless of when the core was e x tra c ted .

If it is assum ed th a t sedim ent accum ulation occurs a t  an 

average ra te  of 0 . 8  cm year“ ^, sedim ent a t a depth of 6  cm can 

thus be te n ta tiv e ly  dated  a t  about 7 j  years. If the e s tim ate  of 

0.9 cm year”  ̂ for sedim ent deposition in E sthw aite W ater is used 

(Pennington, Cam bray and F isher, 1973), sedim ent a t  6  cm would 

be expected  to have been laid down approxim ately  years

previously. Both these figures correspond with the observations 

of Huber and Nipkow (1922), who noted th a t cysts rem oved from 

varved sedim ents of up to  6 j  years w ere still capable of 

germ ination . (The ability  of cysts from the p resen t study to 

excyst is investigated  fu rth er in C hap ter 6 ). In co n tra s t with 

these  resu lts, Livingstone (1979) observed viable C eratium  cysts 

in only the upper 3 cm of cores from E sthw aite W ater, Cum bria 

and R ostherne M ere, Cheshire although non-viable and em pty cysts 

w ere found below this depth, down to a maximum of 70 cm in the
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la t te r .  Stockner and Lund (1970) cu ltured  algal species 

(C eratium  was not m entioned) from E sthw aite W ater sedim ent down 

to a maximum depth of 35 cm . The re la tiv e  viability of 

C . furcoides and C. hirundinella are discussed in deta il in a 

la te r  section  (see page 189).

F igures 5.13-5.14 illu s tra te  the vertica l distribution of 

viable C eratium  cysts from preserved , deepw ater cores, from the 

two basins of E sthw aite W ater, w ith the corresponding maximum 

cell counts for th a t year. In co n tra s t to Figures 5 .3-5.5, cyst 

num bers w ere adjusted , using the values obtained in Figure 5.2 

(page 131), to allow for d ifferences in the proportion of 

sed im ent in each core section. Although based on only one

analysis of sed im ent con ten t it was deem ed w orthw hile to com pare 

the adjusted  d a ta  with the stra igh tfo rw ard  plots. The 

d istribu tion  p a tte rn  rem ains largely unchanged although the low 

num ber of cysts  a t  the base of the  cores are  em phasised. The 

annual sed im entation  ra te  of 0 . 8  cm year"^, estim ated  from  the

diatom  s tra tig raphy , was used to place the phytoplankton values 

in re la tion  to the num ber of cysts. D iatom  num bers were also 

ad justed  in line with sedim ent con ten t. However, since no

sign ifican t change was observed (adjusted figure = 0.87 cm

year“ b ,  the  original figure of 0.8 cm year"^ was re ta ined . The 

d ifficu lty  in com paring data  of th is kind is th a t each uses a 

d iffe re n t tim e in terval as a basis for a single count. 

Phytoplankton cells rep resen t the maximum single count for an 

individual year, w hilst cyst counts are  undertaken throughout a 

0 . 5  cm core section representing  less than an annual increm ent
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Figure 5.13 A Com parison of the  V ertical D istribution of Viable 

C eratium  C ysts in th e  Upper 8  cm of Sedim ent Cores 

from  th e  North Basin of E sthw aite W ater w ith the 

Maximum C eratium  Cell Population of th e  

Corresponding Y ear

Key to  v e rtica l axes

C ysts - depth in cm 

Cells -  tim e in years
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Figure 5.14 A Com parison of the  V ertical D istribution of Viable 

C eratium  C ysts in th e  Upper 8  cm of Sedim ent Cores 

from  the South Basin of E sthw aite W ater w ith the 

Maximum C eratium  Cell Population of the  

Corresponding Year

Key to  v e rtica l axes

Cysts -  depth in cm 

Cells - tim e in years
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(approxim ately 7 i  months), which may in turn contain  cysts from 

d iffe ren t years. In theory, it should be possible to ca lcu la te  

the num ber of cysts in a given year, by proportioning the da ta . 

H owever, this assum es th a t cysts are  d istributed  evenly within a 

core section , which need not be true . Thus, cysts could easily 

be a ttr ib u te d  to  the wrong year. The d iffe rence  in scale also 

m akes s ta tis tic a l analysis more d ifficu lt. In addition, it 

should not au tom atically  be assum ed th a t C eratium  cell numbers 

a re  d irec tly  co rre la ted  with num bers of cysts. It is known th a t

only a sm all proportion of viable cysts (0.03%) are  required to  

in itia te  a bloom (Heaney, Chapm an and Morison, 1983). However, 

to  d a te , th e re  is insuffic ien t evidence to show the proportion

of cells encysting, and the numbers of cysts reaching the

sed im ent. Mass encystm ent does not always occur, and so an 

ex tensive C eratium  cell population is not necessarily  indicative 

of the production of a large num ber of cysts. In E sthw aite 

W ater in 1973 (Livingstone, 1979) and again in 1980 (Heaney, 

Chapm an and Morison, 1983) cell lysis occurred prior to cyst 

fo rm ation , thus presum ably reducing cyst production in th a t

year. Parasitism  and disease, responsible for the  decline of

the C eratium  population in E sthw aite W ater in the 1980's may 

adversely a f fe c t the ability  to  encyst of cells which are

in fec ted  but not killed. The chytrid  Rhizophydium nobile, which 

a tta c k s  the cysts of C. furcoides, may be responsible for a

decline in the number of viable cysts reaching the sedim ent 

(C an ter and H eaney, 1984).

The vertica l distribution of cysts from cores taken from
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the south basin appear to follow the increases and decreases in 

m otile cell num bers more faithfu lly  than cores taken from the 

north basin. In the la tte r  li ttle  varia tion  in cyst numbers was 

noted through the core, with the exception of high numbers of 

sub-surface cysts in the core taken soon a f te r  encystm en t (Core

3.0). The upper half of the cores from the south basin appear to 

re f le c t the changes in the m otile cells of the C eratium  

population. All th ree  of these deep w ater cores (Figure 5.14) 

showed an increase in cyst num bers corresponding with the  1982 

increase in C eratium  num bers. The subsequent decline in numbers 

of m otile cells was also well rep resen ted  in the  cyst profile. 

H owever, the second cell maximum associated  with 1977/8 was not 

ev ident in the cyst population, which continued to  decline. It 

is possible th a t mixing, by w ater cu rren ts  and benthic

in v e rteb ra te s , may have transpo rted  cysts to lower or higher 

horizons within the sedim ent column. However, i t  would seem 

m ore likely th a t cysts corresponding to the cell maximum are  no 

longer viable. This would appear to co rroborate  the previous 

suggestion th a t cyst m orta lity  increases below 6  cm .

Figures 5.15-5.16 show the proportion of C. furcoides

cysts through the sedim ent colum n, sim ilarly adjusted for 

sedim ent co n ten t, w ith the proportion of C. furcoides as a

percen tage of the maximum to ta l C eratium  cell population in the 

phytoplankton of the  corresponding year. When com paring da ta  of 

this kind it has to be assum ed, in addition to the conditions 

already noted, th a t production of cysts occurs in the same 

proportion, with regard to the number of cells in both species.
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Figure 5.15 A Com parison of the  Proportion of C. furcoides C ysts 

(as % of the  to ta l C eratium  spp.) in th e  Upper 8  cm 

of Sedim ent Cores from  the N orth Basin of E sthw aite 

W ater w ith the  P roportion of C . furcoides C ells a t  

th e  Time of the  Maxima of the  Corresponding Y ear

Key to  v ertica l axes

Cysts - depth in cm 

Cells - tim e in years
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Figure 5.16 A Com parison of the  Proportion of C. furcoides C ysts 

(as % of th e  to ta l C eratium  spp.) in th e  Upper 8  cm 

of Sedim ent Cores from  the  South Basin of E sthw aite 

W ater w ith th e  Proportion of C . furcoides Cells a t  

th e  Time of the  Maxima of the  Corresponding Year

Key to  v e rtica l axes

C ysts -  depth in cm 

Cells - tim e in years
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and th a t the subsequent excystm ent involves the sam e proportion 

of cysts in both species. This is clearly  not always the  case.

The population maxima of m otile cells of C. furcoides 

shows m ore variab ility  than the num bers of C. furcoides cysts 

over a com parable period. The phytoplankton record for the tim e

covered by the cores shows a d iscre te  peak in the proportion of

C. furco ides cells associated  with 1984, followed by a gradual 

decline in num bers. In the m ajority  of the cores (Figure 5.15, 

C ore 3.0; Figure 5.16, Cores 2.2 and 3.1), although the

proportion of C. furcoides cysts followed the sam e p a tte rn , the 

percen tage  of C. furcoides cysts in the upper part of the core 

was low er than would be expected  from  the phytoplankton num bers. 

Sim ilarly the proportion of C. furcoides cysts in the lower part 

of the core was g rea te r than expected . The use of proportional 

d a ta  enables only re la tiv e  values to be com pared and thus an 

apparen t increase  in one species may rep resen t e ith e r an actual 

increase  or a decline in the o ther species. T herefore , these

figures may rep resen t a se lec tive  reduction of C. furcoides in 

the upper p a rt of the core, and of C. hirundinella in the lower

sections of the  core.

These apparen t d ifferences in viability  may correspond to 

the  possession by C. furcoides cysts of a g rea te r life

expectancy  or resis tance to d isease than cysts of C.

h irundinella. A t a depth of 6 cm , the horizon a ttr ib u ted  by the 

p resen t study to the onset of increased cyst m ortality , the 

proportion of C. furcoides cysts show a general decline.

H owever, since C. furcoides cells show a sim ilar decrease in
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num bers in the corresponding year, this is more likely to

re f le c t the phytoplankton than a tendency to be less res is tan t 

than C. hirundinella cysts. The chytrid  Rhizophydium nobile is 

known to be specific to cysts of C . furcoides (C anter and 

H eaney, 1984; Heaney, Lund, C an ter and Gray, 1988), although 

originally described as a parasite  of C. hirundinella (C anter, 

1968). The long term  changes in the proportion and num bers of

C. furco ides cells in the present study, discussed earlie r in 

this ch ap te r, show th a t R. nobile occurs when the number of C.

furcoides is high (Heaney, Lund, C an te r and Gray, 1988), and

appears to have li ttle  e f fe c t on the size of the C eratium  

population of the following year. The most rece n t occurrence of

R. nobile in 1983 does not appear to have had a m ajor influence

on the num bers of C. furcoides cysts in the core , which show no 

sign ifican t changes a t the corresponding depth . The chytrid 

A phanom ycopsis c ry p tica  is known to have con tribu ted  to the

decline in the num bers of C eratium  in E sthw aite W ater in the 

early  1980's (Heaney, Lund, C an ter and Gray, 1988), but is not 

believed to  a c t selec tive ly  on e ith e r species. Although several 

so far undescribed parasites  have been recognised, to  date  none 

have been observed to  be specific  to  C. hirundinella (C anter and 

Heaney, 1984). Thus it is not possible to a ttr ib u te  the low 

proportion of C. hirundinella in the lower p a rt of the cores to 

parasitism . It is also possible th a t the num bers rep resen t a

g rea te r  tendency for cysts of C . hirundinella to excyst, 

although this is con trary  to laborato ry  experim ents (see C hapter 

6, page 245).
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A lterna tive ly  the re la tive  d istribution  of C. furcoides 

and C. hirundinella may be accounted for by the occurrence of 

mixing within the sedim ent. Stockner and Lund (1970) also 

observed less d is tinct peaks in the num bers of T abellaria  in 

sed im ent cores from Esthw aite W ater, than from  phytoplankton 

sam ples from  a corresponding period, and a ttr ib u ted  this to 

mixing. However, Pennington, Cam bray and F isher (1973) deduced 

th a t d isturbance of the sedim ent of E sthw aite W ater was lim ited 

(see page 176). D isturbance of the sedim ent c rea ted  by w ater 

cu rren ts  and the ac tiv ity  of benthic in v e rteb ra tes  may be 

responsible for the downward m ovem ent of cysts to  lower sedim ent 

horizons, thus reducing the  proportion of C . furcoides cysts in 

the surface sedim ent and increasing the percen tage fu rth er down 

the  core.

The m ajority  of previous studies involving algal rem ains 

w ithin the sed im ent have concen tra ted  on diatom s, the  siliceous 

fru stu les  of which usually rem ain well preserved for long

periods of tim e. Several authors have shown the  ex istence of a 

positive co rre la tion  betw een the v ertica l d istribution of 

d iatom s and the plankton record . S tockner and Benson (1967) 

estab lished  a relationship  betw een the d istribution and species 

com position of diatom s within the sedim ent of Lake Washington, 

S ea ttle , U.S.A., w ith the p a tte rn  of sew age enrichm ent over 80 

years. S tockner and Lund (1970) showed th a t a close ag reem en t 

ex isted  betw een the proportion of four diatom  species within the 

sedim ent and the corresponding plankton record in E sthw aite

W ater. Haw orth (1980) co rre la ted  diatom  stra tig raphy  with
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phytoplankton over a 35 year period in Blelham Tarn. In 

c o n tra s t S toerm er, Wolin, Schelske and Cowley (1985) observed no 

relationship  betw een the vertica l d istribution of diatom s in a 

40 cm core from Lake O ntario , Canada/U .S.A . border and the

corresponding phytoplankton population.

Few equivalent studies have com pared the vertica l 

d istribution  of d inoflagellate cysts with past plankton

populations. Most studies, both freshw ater and m arine, have 

investigated  the capacity  for the cyst population to  "seed" the 

phytoplankton population of subsequent years (e.g. Anderson and 

Morel, 1979; H eaney, Chapm an and Morison, 1983; Lewis, T e tt and 

Dodge, 1985). Dale (1976) recognised th a t a connection existed 

betw een the num ber of cysts in the sedim ent and cells in the

plankton, recom m ending th a t cores representing  a t least five 

years w ere necessary  for any m eaningful com parison. Anderson,

A ubrey, Tyler and C oates (1982) observed a wide range of 

v e rtica l d istribu tions in the cysts of m arine d inoflagellates

Gonyaulax tam arensis , G. scrippsae , Gyrodinium uncatenum , 

Gyrodinium sp. and H eterocapsa tr iq u e tra , in sedim ent cores of 

up to II  cm from  Perch Pond (Cape Cod), M assachusetts; Buzzard

Bay, M assachusetts and the estuary  of the Potom ac River,

M aryland. Pollingher (1986b) observed no d inoflagella te  cysts 

in sedim ent sam ples from Lake K inneret, Israel, which supports 

large populations of Peridinium  cinctum  fa . w estii and C.

h irundinella. However, p reparation  of sedim ent for exam ination 

involved tre a tm e n t with hydrochloric acid , hydrofluoric acid and 

ace to lysis , which would be expected  to destroy the largely
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cellu lose cyst wall of these species.

Livingstone (1979) com pared the sedim entary  rem ains of 

several algal species, including C era tiu m , with past 

phytoplankton records. The stra tig raphy  of algae in sedim ent

cores from R ostherne M ere, C heshire, was shown to re f le c t

accu ra te ly  the past fluctuations in phytoplankton. However, the

sedim entary  record  from E sthw aite W ater was in te rp re ted  as

showing l i t t le  resem blance to the known phytoplankton history. 

D espite the presence of large num bers of C eratium  cells in

previous years, viable C eratium  cysts declined rapidly from  the 

su rface  sed im ent, with no viable cysts observed below 3 cm .

Table 5.5 shows the mean resu lts  of five of Livingstone’s

cores, w ith the figures ex trapo la ted  to num ber of cysts cm "^, in 

order to  aid com parison with resu lts from  cores in the presen t 

study taken  a t  a sim ilar tim e of year (O ctober).

It can be seen th a t despite an overall g rea te r to ta l, 

L ivingstone’s cores contained far few er cysts a t lower depths.

An average of 84% of cysts were contained in the upper 2 cm , 

dropping sharply to 0.1% in th e  low est core section , com pared to 

60% in the upper 2 cm and a steady fall to  nearly  2%, in the 

cu rren t study. This rapid reduction of cysts w ith depth , with 

no viable cysts below the su rface sedim ents, was a ttr ib u ted  by 

Livingstone to the decom position of cysts in the oxidised 

m icrozone. H owever, the presence of viable cysts in reduced, but

still sizeable num bers in the present study, through the en tire  

8 cm of the  cores suggests an a lte rn a tiv e  explanation. 

Livingstone enum erated  cysts from small sub-sam ples (0.05 cm^)
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Table 5,5 Com parison of the number of C eratium  cysts in the

D epth (cm)

upper 8 cm of cores taken  in 1976/77 and 1986 from  

E sthw aite  W ater

Mean No. of C ysts cm "^

1976/77 % of to ta l 1986 % of to ta l

0-1 6856 40.3 5987 41.0

1-2 7464 43.9 2828 19.4

2-3 1540 9.1 1655 11.3

3-4 736 4.3 1536 10.5

4-5 84 0.5 1141 7.8

5-6 120 0.7 780 5.3

6-7 172 1.0 420 2.9

7-8 24 0.1 247 1.7

w here 1976/77 values are  from  Livingstone’s cores taken  betw een 

O ctober and January

1986 values are  from  cores taken  in O ctober during the

course of the p resen t study

•3
by light m icroscopy. The larger sam ple size (0,23-0,50 cm ) and 

use of fluorescence microscopy in the cu rren t study may have

made it easie r to  observe cysts p resen t in low num bers.

A high number of C eratium  cells in the phytoplankton was 

not always ind icative of the production of a large number of

cysts (see page 183). However, a com parison of the  C eratium  

phytoplankton population 10 years prior to  the p resen t study and 

th a t of Livingstone may help to explain the d ifferences betw een
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the cores, assuming sedim entation ra te s  are  com parable in the 

tw o cores (Figure 5.1, page 126). In the p resen t study, the 

C eratium  phytoplankton population a t the tim e of the sum m er 

m axim a was very low (1986: 15 cells ml” ^), but had been preceded 

in previous years by a large population (e.g. 1982: 470 cells

ml h .  Of g re a te s t im portance, the  years corresponding to  the 

base of the cores had supported very large phytoplankton 

populations of C eratium  (1977: 880 cells ml"^). In to ta l

c o n tra s t, the earlie r study by Livingstone had been conducted a t 

a tim e when the summer maximum of C eratium  was high (1976: 632 

cells ml“ ^), following a year of low C eratium  (e.g. 1974: 79

cells ml” ^), whilst those years corresponding to  the base of the 

core had very low C eratium  phytoplankton populations (e.g. 1968: 

3 cells ml“ ^). Thus the number of cysts in the earlie r study

would be expected  to decline from  the su rface , corresponding to 

the fall in C eratium  cells in the plankton, whilst in the 

p resen t study num bers would be expected  to rise with depth , if 

no o ther fac to rs  were involved. The number of cysts in the 

upper 2 cm of the sedim ent cores described in Livingstone's 

study would be expected  to  be g rea te r than in this one since

cell num bers w ere considerably g rea te r . However, the  d ifference 

betw een the two se ts  of da ta  is less than would be expected  if

the  ra tio  of cysts produced to  the number of cells rem ained the 

sam e, i.e . the  C eratium  cell population of 1986 rep resen ts  only 

2.4% of th a t of 1976, w hilst the cyst population of the 0-2cm 

section  of the 1986 core corresponds to 61.6% of the same

stra tu m  of the ea rlie r core. It may be th a t the fluorescence
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m icroscope technique used here made it easie r to observe viable 

cysts than the previous m ethod.

The absence of viable cysts near the base of the ea rlie r 

core could correspond with the very low C eratium  cell num bers 

associa ted  with 1967-1970. H owever, this does not account for 

the very sharp decline in num bers and lack of viable cysts below 

3 cm . High numbers of C eratium  were recorded in the 

phytoplankton in 1972 and 1973 and these do not appear to be

re flec ted  in the cyst population. In 1973 a mass cell lysis was

observed in the C eratium  population just prior to encystm ent

(H eaney, Chapm an and Morison, 1983) and consequently  few cysts 

would be expected  to be produced. This would n ecess ita te  the 

rec ru itm en t of cysts from  previous years to  provide the  inoculum 

for the following years phytoplankton. Thus a  fu rther reduction 

of the  1971 and 1972 cyst population may occur as viable cysts,

which had not excysted  the previous year, seed the 1974 C eratium  

population, possibly due to resuspension. In addition, 1972 and 

1973, both years w ith a high proportion of C. furcoides, were 

associa ted  with occurrences of Rhizophydium nobile, which 

a tta c k s  and causes the death  of C. furcoides cysts (C an ter and 

H eaney, 1984). Thus although a large C eratium  cell population 

was produced in 1973 (maximum population = 1332 cells m l"h  and 

a reduced one in 1974 (maximum population = 79 cells ml"^) the  

cyst population would be expected  to be severely depleted . The 

lack of viable cysts betw een 3-6 cm in Livingstone's cores may 

correspond to this period of tim e. Below this depth the p resent 

study has shown a reduction in the  num ber of viable cysts.
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The a l te rna tive  explanation for the presence of viable 

cysts throughout the cores in the curren t work is th a t  a g rea te r  

degree of mixing has occurred, resulting in the transference  of 

recen t cysts to g rea te r  depths. However, if extensive 

disturbance had taken place the vertica l distribution of cysts 

would be expected  to be more homogenous in con tras t  to the data  

presented here, which shows a d istinct reduction in cyst numbers 

towards the base of the core.

Some correlation  was shown to exist betw een the 

distribution pa tte rn  of C eratium  cysts within a sediment core 

and the C era tium  cell population a t  the tim e of the summer 

maxima. Variation in the number of cysts was less marked, with 

the exception of the upper 1 - 2  cm of the sedim ent, than 

d ifferences  between the number of cells. This may be a 

consequence of bioturbation and resuspension, causing the 

overlap of cysts deposited in d ifferen t years and making the 

distinction of annual layers more difficult. N evertheless, the 

identifica tion  of a peak in cyst numbers corresponding to the 

1982 cell maximum in sedim ent cores from the  south basin of the 

lake, indicated th a t  despite such disturbances within the 

sedim ent the cyst population still gave some indication of past 

phytoplankton populations.

To gain a fuller understanding of the way in which cyst 

numbers re f lec t  past C eratium  cell populations a more 

com prehensive study would be necessary with more cores taken on 

a given occasion. The am ount of work entailed was beyond the 

scope of the present project but is currently  being undertaken
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a t  the F.B.A. Further investigation is also required to

establish any variation in the life cycles of C.hirundinella and

C. furcoides. The presence of a sexual stage in the  life cycle 

has been established in C. furcoides (Hickel, 1988a), but it is

unknown whether the same proportions of the two species

encys t/excyst,  or w hether one has a g rea te r  life expectancy.
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APPENDIX 5.1 Comparison of the number of viable cysts in

sediment cores taken on the same occasion 

using the Friedman Two-Way Analysis of

Variance by Ranks

Use of the Friedman Two-Way Analysis of Variance by Ranks

This non-parametric test determines whether samples come

from the same population. The test compares paired (or

multiple) data and so was a suitable choice for the current

work, where it was necessary to study core sections from

corresponding depths. The main disadvantage of this test is

that the use of ranks obscures the extent of variation between

two samples, i.e. it may show that a is greater than b, but does

not show by how much.

The data was arranged in a contingency table with N rows

(corresponding to depth of core section) and k columns

(corresponding to the number of sediment cores). The test

required the data in each row to be ranked separately. The

squared sums of the ranks for each column were then used in the

following formula:- 
2

= 12 . I  (Rj)^ - 3N(k+l)

Nk(k+1) 

where N = no. of rows

k = no. of columns

Rj = sum of ranks in jth column

The figure obtained was then compared with tabulated

values to determine the probability of occurrence.
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Comparison of Preserved Sediment Cores

Hq : All samples originated from the same population.

: The samples originated from different populations

CORE 2.1 
-3

CORE 2.2 
-3No. of Cysts (cm ) Rank 1 No. of Cysts (cm ) Rank 2

"X?roc,l

828 1 3035 2

2483 1 3448 2

3701 1 4713 2

2759 1 4736 2

3471 1 6368 2

7885 2 3977 1

9770 2 3149 1

6782 2 1632 1

3287 2 1747 1

2 0 0 0 2 805 1

1448 2 1149 1

1218 2 942 1

1517 2 414 1

920 2 506 1

1264 2 391 1

988 2 345 1
--
27 2 1

= 1 2  . I ( R j ) ^ - 3N(k+l)

Nk(k+1)

- 2 0 5 -



, = 12 . 1170 - 3x16(2+1) = 2.25X, i --------
16x2(2+1)

from tables  ̂ = 3.84

■ ■”̂ '̂̂ x,l  ̂'^0.05,1
• .Hq cannot be rejected at the 95% level of probability. 

Therefore, all samples originated from the same 

population.

Comparison of Unpreserved Sediment Cores

Hq : All samples originated from the same population.

: The samples originated from different populations.

CORE 2.3 CORE 2.4

No. of Cysts (cm Rank 1 No. of Cysts (cm Rank 2 

230 2 115

1287 2 414

3287 2 782

6046 2 759

1540 2 736

1586 2 483

851 2 759

598 1 805

506 1 644 2

506 2 322 2

437 2 276 1

299 2 230 1

2 5 3  1 3 2 2  2
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138 1 230 2

437 2 253 1

253 _2_ 207 J_

28 20

X^r = 12 - 3N(k+l)
* , 1

Nk(k+1)

12 .1184 - 3x16(2+1) = 4.0

16x2(2+1)

from t a b l e s = 3.84, 3C?o,oi,l '

■■’’̂ 0.05,1 ^'^0.01,1
.’.Hq can be rejected at the 95%, but not at the 99%, level 

of probability.

Therefore, samples cannot conclusively be shown to have 

originated from different populations.

APPENDIX 5.2 Comparison of the number of viable Ceratium

cysts in sediment cores taken at different 

times of the year, using the Friedman Two-Way 

Analysis of Variance by Ranks

Comparison of Preserved Cores from the North Basin of Esthwaite 

Water

Hq : All samples originated from the same population.

: The samples originated from different populations.
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CORE 1 . 1  CORE 3 . 0

No. of Cysts (cm Rank 1 No. of Cysts (cm Rank 2

2 

2 

2

98 1 4133

433 1 9931

1138 1 1770

1757 2 1012

1489 2 1046

1685 2 1115

2204 2 n i l
2092 2 1138

1771 2 977

1980 2 724

1076 2 1069

1729 2 621

1994 2 333

2008 2 241

1067 2 172

798 2

29

149

= 12 .I(Rj)^ 

Nk(k+1)

- 3N(k+l)

= 12 .1202 - 3x16(2+1) =

16x2(2+1)

19

from tables X? q q5 1 ~ 3.84, ^^0.01,1 ~ 6.64

' '^0.05,1  ̂*^0.01,1 
Hq can be rejected at the 95%, but not at the 99%, level
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o f  p r o b a b i l i t y .

Therefore, samples cannot conclusively be shown to have 

originated from different populations.

Comparison of Unpreserved Cores from the North Basin of 

Esthwaite Water

Hq : All samples originated from the same population.

: The samples originated from different populations.

CORE 1.0 

No. of Cysts (cm Rank 1

322

874

1448

1057

1172

966

2092

6414

3908

1310

598

621

575

207

230

1 6 1

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

1

3 1

CORE 2.0 

No. of Cysts (cm Rank 2

230 

667 

460 

851 

920 

759 

575 

322 

69 

69 

46 

115 

92 

184 

138

2 0 7  2

1 7
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< x , l 1 2  . I ( R j ) ^  -  3 N ( k + l )

Nk(k+1)

12 .1250 - 3x16(2+1) = 12.25

16x2(2+1)

from tables  ̂= 3.84, X^o.01,1 = 6.64

> T^O.01,1
• . Hq can be rejected at the 99% level of probability. 

Therefore, all samples originated from the different 

populations.

Comparison of Preserved Cores from the South Basin of Esthwaite 

Water

Hq : All samples originated from the same population.

: The samples originated from different populations.

CORE 2.1 CORE 2.2 CORE 3.1

No. Cysts Rank 1 No. Cysts Rank 2 No. Cysts Rank 3

828

2483

3701

2759

3471

7885

9770

6782

3287

2000

3035

3448

4713

4736

6368

3977

3149

1632

1747

8 0 4

1609

8276

7287

1241

1701

2758

1874

2023

1459

1 4 0 2
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1448 3 1149 2 724 1

1218 3 942 2 707 1

1517 3 414 1 783 2

919 3 506 1 621 2

1264 3 391 2 379 1

988 3 345 2 287 1

40 31 25

12 . I ( R j ) ^  - 3N(k+l) 

Nk(k+1)

12 .3186 - 3x16(3+1) = 

16x3(3+1)

7.125

f r o m  tables = 5 . 9 9 ,  X̂ o.01,2 = .̂21

.05, 2  ̂" ^ % 2  ^0.01,1
can be rejected at the 95%, but not at the 99%,

level of probability.

Therefore, the samples cannot conclusively be shown to 

have originated from different populations.

APPENDIX 5.3 Comparison of the number of viable cysts in 

sediment cores taken from different basins of 

the lake, using the Friedman Two-Way Analysis of 

Variance by Ranks

Comparison of Cores taken in March 1986

Hq : All samples originated from the same population.

: The samples originated from different populations.

-2 1 1 -



CORE 2.0 CORE 2.3 CORE 2.4

Cysts Rank 1 No. Cysts Rank 2 No. Cysts Rank 3

230 2.5 230 2.5 115 1

667 2 1287 3 414 1

460 1 3287 3 782 2

851 2 6046 3 759 1

920 2 1540 3 736 1

759 2 1586 3 483 1

575 1 851 3 759 2

322 1 598 2 805 3

69 1 506 2 644 3

69 1 506 3 322 2

46 1 437 3 276 2

115 1 299 3 230 2

92 1 253 2 322 3

184 138 1 230 3

138 1 437 3 253 2

207 1.5 253 3 207 1.5

23.0 30.5 42.5

= 12 .I(Rj) 

Nk(k+1)

 ̂- 3N(k+l)

12 .3265 

16x3(3+1)

.5 - 3x16(3+1) = 12.09

from tables 'X?0_05^2 = 5.99 » *^0.01,2 " ^.21

-2 1 2 -



Hq can be rejected at the 99% level of probability. 

Therefore, the samples originated from different 

populations.

Comparison of Cores taken in October 1986

Hq : All samples originated from the same population.

; The samples originated from different populations.

CORE 3.0 CORE 3.1

No. of Cysts (cm Rank 1 No. of Cysts (cm Rank 2

4133 2 1609 1

9931 2 8276 1

1770 1 7287 2

1012 1 1241 2

1046 1 1701 2

1115 1 2759 2

1111 1 1874 2

1138 1 2023 2

977 1 1460 2

724 1 1402 2

1069 2 724 1

621 1 707 2

333 1 483 2

241 1 621 2

172 1 379 2

149 1 287 2

19 29
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oc,l 12 X(Rj)^ - 3N(k+l)

Nk(k+1)

12 .1202 - 3x16(2+1) = 6.25

16x2(2+1)

from tables = 3.84, = 6.64

■ ■ " ^ 0 . 05,1  ‘^ ' ^ 0 . 01,1

Hq can be rejected at the 95%, but not the 99%, level

of probability.

Therefore, the samples cannot conclusively be shown to 

have originated from different populations.

APPENDIX 5.4 Comparison of the number of viable cysts in 

sediment cores from deep and shallow sites, 

using the Friedman Two-Way Analysis of 

Variance by Ranks

Comparison of Preserved Cores from the North Basin of Esthwaite 

Water

Hq : All samples originated from the same population.

H^ : The samples originated from different populations.

CORE 1.1 

No. of Cysts (cm )̂ Rank 1

98 1

432 2

1138 2

1 7 5 7  2

CORE 1.3 

No. of Cysts (cm ) Rank 2 

112  2

335 1

140 1

3 9 1  1
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1489 2 391

1685 2 752

2204 2 893

2092 2 725

1771 2 781

1980 2 697

1076 2 488

1729 2 195

1994 2 195

2008 56 

27

« , 1

Nk(k+1)

12 .954 - 3x14(2+1) = 10.3

14x2(2+1)

from tables 0 5 ^ 1  = 3 .8 4 ,  X^o.01,1 = 6.64

• • ^ "^^0 . 0 1 , 1

Hq can be rejected at the 99% level of probability.

Therefore, the samples originated from different 

populations.

Comparison of Unpreserved Cores from the North Basin of 

Esthwaite Water

Hq : All samples originated from the same population.

: The samples originated from different populations.
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CORE 1 . 0  CORE 1 . 2

No. of Cysts (cm Rank 1 No. of Cysts (cm Rank 2

322 2 46

874 2 138

1448 2 69

1058 2 69

1172 2 92

966 2 69

2092 1 4851

6414 2 23

3908 2 23

1310 2 23

598 2 46

621 2 0

575 2 0

207 2 0

230 2 23

161 2

31

0

12 .I(Rj)^ 

Nk(k+1)

- 3N(k+l)

12 . 1250 - 3x16(2+1) =

16x2(2+1)

from tables = 3.84, = 6.64

• • ' ^ ^ l   ̂%-o.oi,i
■ • Hg can be rejected at the 99% level of probability
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Therefore, the samples originated from different 

populations.

APPENDIX 5.5 Comparison of the number of viable cysts in 

preserved and unpreserved sediment cores, 

using the Friedman Two-Way Analysis of 

Variance of Ranks

Comparison of Deep Cores from the North Basin of Esthwaite Water 

Hq : All samples originated from the same population.

: The samples originated from different populations.

CORE 1.0 
-3

CORE 1.1 
-3No. of Cysts (cm ) Rank 1 No. of Cysts (cm ) Rank 2

328

874

1448

1058

1172

966

2092

6414

3908

1310

598

621

575

98

432

1138

1757

1489

1685

2204

2092

1771

1980

1076

1729

1994
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207

230

161

1

1

1

21

2008

1067

798

2

2

2

27

X ^r
0^,1

Nk(k+1)

12 .1170 - 3x16(2+1) = 2.25

16x2(2+1)

from tables = 3.84, = 6.64

 ̂%-0.05,l
• • Hq cannot be rejected at the 95% level of probability. 

Therefore, the samples originated from the same 

population.

Comparison of Shallow Cores from the North Basin of Esthwaite 

Water

Hq : All samples originated from the same population.

H^ : The samples originated from different populations.

CORE 1.2 

No. of Cysts (cm )̂ Rank 1

138 

69 

69 

92

CORE 1.3 

No. of Cysts (cm ^) Rank 2 

112 2

335 2

140 2

390 2

390 2
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69

4851

23

23

23

46

0

0

0

725

893

725

781

697

488

195

195

56

2

1

2

2

2

2

2

2

2

27

oC,l
Nk(k+1)

12 .954 - 3x14(2+1) = 10.3

14x2(2+1)

from tables  ̂= 3.84, = 6.64

• • ^ ^ 0 . 0 1 , 1

• Hq can be rejected at the 99% level of probability. 

Therefore, the samples originated from different

populations.

Comparison of Deep Cores from the South Basin of Esthwaite Water

Hq ; All samples originated from the same population.

H^ I The samples originated from different populations.
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CORE 2.1 CORE 2.2 CORE 2.3 CORE 2.4

No. No. No. No.

Cysts Rank 1 Cysts Rank 2 Cysts Rank 3 Cysts Rank ■

828 3 3034 4 230 2 115 1

2483 3 3448 4 1287 2 414 1

3701 3 4713 4 3287 2 782 1

2759 2 4736 3 6046 4 759 1

3471 3 6368 4 1540 2 736 1

7885 4 3977 3 1586 2 483 1

9770 4 3149 3 851 2 759 1

6782 4 1632 3 598 1 805 2

3287 4 1747 3 506 1 644 2

2000 4 805 3 506 2 322 1

1448 4 1149 3 437 2 276 1

1218 4 942 3 299 2 230 1

1517 4 414 3 253 1 322 2

920 4 506 3 138 1 230 2

1264 4 391 2 437 3 253 1

988 4 345 3 253 2 207 1
----- ----- -----

58 51 31 20

oC, l

Nk(k+1)

12 .7326 - 3x16(4+1)

16x4(4+1)

= 34.7

from tables X q q1 3 ” H-34 

■ • ’5̂ '̂ (<,3  ̂'*-0.01,3
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Hq can be rejected at the 99% level of probability. 

Therefore, the samples originated from different 

populations.

APPENDIX 5.6 Estimation of the 95% Confidence Limits for 

C.furcoides cysts

The confidence interval provides a measure of sampling 

error and as such the reliability of a count. Variation is 

assessed by the variance of the data, and in order to estimate 

this, replicate counts are generally required. However, in this 

example, the probability distribution of the counts can be 

regarded as binomial (Moore and Webb, 1978). Therefore, the 

variance can be estimated for the cyst counts for each core 

section. Limits give an indication of the true percentage on 95 

out of 100 occasions.

95% Con. Limits = P +AP + i \ / t
1

.  2 . 0  .
\ 1 L n  _ _ 4 r n  _

T. 1

n
where p = x

X = no. of C. furcoides cysts 

n = total no. of cysts
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APPENDIX 5.7 Comparison of the proportion of C. furcoides

cysts from similar cores using the Friedman 

Two-Way Analysis of Variance by Ranks 

Comparison of Preserved Cores from the South Basin of Esthwaite 

Water

Hq : All samples originated from the same population.

: The samples originated from different populations.

CORE 2.1 CORE 2.2

% C. furcoides Rank 1 % C. furcoides Rank 2

53 1 65 2

74 2 54 1

6 6 2 50 1

55 2 51 1

63 2 49 1

40 1 41 2

37 1 40 2

32 1 36 2

43 2 32 1

42 2 34 1

46 2 26 1

35 1 40 2

54 2 50 1

35 1 45 2

43 2 38 1

30 2

26

27 1

2 2
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" 12 .L(Rj)^ - 3N(k+l)

Nk(k+1)

12 .1160 - 3x16(2+1) = 1

16x2(2+1) 

from tables "X?q 05 1 ~ 2.84

■ ■’*'’̂o(.,l "*^0.05,1
. . Hq cannot be rejected at the 95% level of probability. 

Therefore, the samples originated from the same population 

and any variation in the proportion of C. furcoides between the 

two cores is statistically insignificant.

Comparison of Unpreserved Cores from the South Basin of 

Esthwaite Water

Hq : All samples originated from the same population.

H^ : The samples originated from different populations.

CORE 2.3 CORE 2.4

% C. furcoides Rank 1 % C. furcoides Rank 2

100 2 40 1

51 1 56 2

52 1.5 52 1.5

57 2 52 1

52 1.5 52 1.5

56 2 43 1

56 2 53 1

50 1 68 2
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48 1 58 2

36 1 43 2

37 1 38 2

38 1 43 2

54 2 43 1

40 2 33 1

47 1 62 2

36 1 57 2

23.0 25.0

= 12 jL(Rj)2 - 3N(k+l)

Nk(k+1)

12 .1154 - 3x16(2+1) = 0.25

16x2(2+1) 

from tables 1(3̂  q5 1 ^ 3.84

' ■ ^^«,1  ̂̂ 0.05,1
•. Hq cannot be rejected at the 95% level of probability. 

Therefore, the samples originated from the same population 

and any variation in the proportion of C. furcoides between the 

two cores is statistically insignificant.

Comparison of Preserved and Unpreserved Cores from the South 

Basin of Esthwaite Water

Hq ; All samples originated from the same population.

: The samples originated from different populations.
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CORE 2.1 CORE 2.2 CORE 2.3 CORE 2.4

% % % %

:.f. Rank 1 C.f. Rank 2 C.f. Rank 3 C.f. Rank

53 2 65 3 100 4 40 1

74 4 54 2 51 1 56 3

66 4 50 1 52 2.5 52 2.5

55 3 51 1 57 4 52 2

63 4 49 1 52 2.5 52 2.5

40 1 41 2 56 4 43 3

37 1 40 2 56 4 53 3

32 1 36 2 50 3 68 4

43 2 32 1 48 3 58 4

42 3 34 1 36 2 43 4

46 4 26 1 37 2 38 3

35 1 40 3 38 2 43 4

54 3.5 50 2 54 3.5 43 1

35 2 45 4 40 3 33 1

43 2 38 1 47 3 62 4

30 2 27 1 36 3 57 4

39.5 28.0 46.5 46.0

12 .r(Rj)^ - 3N(k+l)

Nk(k+1)

= 12 .6622.5 - 3x16(4+1) = 8.34

16x4(4+1)
2from tables X-0.05,3 = 7.82, -x30.01,3 " .34
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■ • ^0.05,3  ̂̂ ^oc,3  ̂^0.01,3
/. Hq can be rejected at the 95%, but not at the 99%, 

level of probability.

Therefore, the samples cannot conclusively be shown to 

have originated from different populations.

APPENDIX 5.8 Comparison of the number of Stephanodiscus 

parvus frustules from cores taken on the same 

occasion, using the Friedman Two-Way Analysis 

of Variance by Ranks

Comparison of Cores taken from Esthwaite Water in May 1985

Hq : All samples originated from the same population.

: The samples originated from different populations

CORE 1.0 

No. frustules Rank 1 

12 1

69 2

189 2

60 1

479 2

145 2

87 1

319 2

234 2

290 2

CORE 1.1 

No. frustules Rank 2 

81 2

63 1

45 1

72 2

150 1

84 1

108 2

102 1

129 1

138 1
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158

59

129

312

6

23

2

1

1

2

1

2

26

132

138

135

84

99

21

1

2

2

1

2

1

22

. s2
o<,l 12 X(Rj) - 3N(k+l)

Nk(k+1)

12 .1160 - 3x16(2+1) = 1

16x2(2+1) 

from tables q5 1 ~ 3.84

■ • ^  V,1 *-0.05,1
Hq cannot be rejected at the 95% level of probability.

Therefore, the samples originated from the same 

population.

Comparison of Cores taken from Esthwaite Water in March 1986

Hq : All samples originated from the same population.

: The samples originated from different populations.

CORE 2.1 

No. frustules Rank 1

33 1

30 1

66 1

CORE 2.2 

No. frustules Rank 2 

132 2

90 2

222 2
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138 1 330

513 2 258

990 2 414

477 2 387

483 2 288

420 2 54

402 2 1 0 2

384 2 27

456 2 90

558 2 30

348 2 1 2

159 2 36

117 2

28

24

20

x 3 r oC,l

Nk(k+1)

1 2  .1184 -  3x16(2+1) = 4

16x2(2+1)

from t a b le s  X ^o .05 ,1  °  ' ^ 0 . 0 1 , 1  '

' • *~0 .05 ,1  ^  oc,l * -0 .0 1 ,1

. Hq can be r e j e c t e d  a t  the  95%, b u t  n o t  th e  99%, l e v e l

o f  p r o b a b i l i t y .

T h e re fo re ,  the  samples cannot c o n c lu s iv e ly  be shown to 

have o r ig i n a t e d  from d i f f e r e n t  p o p u la t io n s .

-2 2 8 -



Comparison of Cores taken from Esthwaite Water in October 1986 

Hq : All samples originated from the same population.

: The samples originated from different populations

CORE 3.0 CORE 3.1

No. frustules Rank 1 No. frustules Rank :

42 2 15 1

132 2 84 1

186 2 108 1

147 1 363 2

174 1 324 2

249 2 162 1

234 2 228 1

288 1 324 2

273 2 117 1

186 1 312 2

315 2 111 1

246 2 114 1

243 1.5 243 1.5

147 2 135 1

126 2 84 1

93 2 57 1

27.5

12 X(Rj)^ -

Nk(k+1)

12 .1176.5 -

3N(k+l)

• 3x16(2+1)

20.5

= 3.1

1 6 x 2 ( 2 + 1 )
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from tables X^q 05 1 ~

• < ^0.05,1
. . Hq cannot be rejected at the 95% level of probability. 

Therefore, the samples originated from the same 

population.

Comparison of All Cores from Esthwaite Water

Hq : All samples originated from the same population.

; The samples originated from different populations.

CORE 1.0 CORE 1.1 CORE 2.1 CORE 2.2 CORE 3.0 CORE 3

1 5 3 6 4 2

3 2 1 5 6 4

5 1 2 6 4 3

1 2 3 5 4 6

5 1 6 3 2 4

2 1 6 5 4 3

1 2 6 5 4 3

4 1 6 2.5 2.5 5

4 3 6 1 5 2

4 2 6 1 3 5

4 3 6 1 5 2

1 4 6 2 5 3

2 3 6 1 4.5 4.5

5 2 6 1 4 3

1 4 6 2 5 3

2 1 6 3 5 4

45.0 37.0 81.0 49.5 67.0 56.5
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In order to accommodate the table on one page only the ranked 

data is shown.

X?r o<, 1

Nk(k+1)

12 .20086.5 - 3x16(6+1) = 22.69

16x6(6+1)

from tables 0 5 ^ 5  = U.07, %?o.01,5 = 15.09

.. Hq can be rejected at the 99% level of probability. 

Therefore, the samples originated from different 

populations.

APPENDIX 5.9 Comparison of the proportion of C. furcoides 

cells from net samples taken in three separate 

years from Esthwaite Water using Spearman's 

Rank Correlation Coefficient

1 . 1972

Date (1) % C. furcoides (2) Rank 1 Rank 2 d d%

25-4 96 1 1.5 0.5 0.25

23-5 96 2 1.5 0.5 0.25

27-6 99 3 4.5 1.5 2.25

25-7 97 4 3.0 1.0 1.00

22-8 99 5 4.5 0.5 0.25

19-9 100 6 6.5 0.5 0.25

3-10 100 7 6.5 0.5 0.25

4 .50
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I  X = N -N -  Z T x  = 7^-7 -  0 = 28 

12 12

Z y2  = n^-N -  iT y  = 7^-7 -  3 (2^-2 )  = 26.5 

12  12 12

Tg = Zx^+IyZ-IdZ = 28+ 26 .5 -4 .5  = 0 .92  

2 / lx ^ .Iy ^  2^28x26.5

Degrees of freedom = N-2 = 5

from tables r _ __ _ = 0.9s 0•05 y 5
since r c, the calculated value of r̂  can besoC,5 sO.05,5^ s
regarded as statistically significant at the 95% level of 

probability.

2. 1977

Date (1) % C. furcoides (2) Rank 1 Rank 2 d d^

23-3 33 1 9 8 64

12-4 58 2 10 8 64

10-5 17 3 4 1 1

14-6 14 4 2 2 4

12-7 17 5 4 1 1

16-8 21 6 7 1 1

3-9 17 7 4 3 9

20-9 18 8 6 2 4

27-9 13 9 1 8 64

18-10 32 10 8 2 4

216
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since no tied ranks were involved the following formula 

was usedr-

= 1 - 6Zd^ = 1 - 6x216 = -0.31

n(n^-l) 10(100-1)

Degrees of freedom = n-2 = 8 

from tables = 0.643

^s*,8 ’̂ sO.05,8
The difference between the proportion of C. furcoides 

cells through the year is not statistically significant at 

the 95% level of probability.

3. . 1982

Date (1) % C. furcoides (2) Rank 1 Rank 2 d d2

20-4 50 1 5.5 4.5 20.25

18-5 54 2 7.0 5.0 2.50

15-6 60 3 8.5 5.5 30.25

29-6 43 4 1.0 3.0 9.00

13-7 45 5 2.5 2.5 6.25

17-8 50 6 5.5 0.5 0.25

7-9 48 7 4.0 3.0 9.00

14-9 60 8 8.5 0.5 0.25

5-10 45 9 2.5 6.5 42.50

142.50

I  x^ = N^-N - i T x  = 9^-9 -  0  = 60

1 2  1 2
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= N^-N - iTy = 9^-9 - 3(2^-2) = 58.5 

12 12 12 

Tg = Ix^+Zy^-rd^ = 60+58.5-142.5 = -0.20 

2 JZx?Zy^ 2^60x58.5 

Degrees of freedom = N-2 = 7 

from tables = 0.714

S i n c e  r
s k

7  < f n nc the calculated value of r^ cannot ,7 sO.05,7' s
be regarded as statistically significant at the 95% level 

of probability.

APPENDIX 5.10 The 95% Confidence Interval of C. furcoides

cells in net samples from Esthwaite Water

Year % C. furcoides 95% Confidence Limits

Upper Limit Lower Limit

1946 65 72 57

1947 49 56 41

1948 32 51 42

1949 25 28 22

1950 28 33 23

1951 31 36 25

1952 24 28 20

1953 32 36 27

1954 32 37 27

1955 38 41 33

1956 26 32 22

1957 23 29 19
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1958 17 19 11

1959 23 28 18

1960 39 45 32

1961 39 46 33

1962 77 82 71

1963 51 55 46

1964 97 98 95

1965 96 98 91

1966 88 91 84

1967 99 100 97

1968 77 81 73

1969 98 99 95

1970 96 98 93

1971 - - -

1972 99 100 97

1973 95 97 90

1974 30 32 25

1975 21 27 17

1976 13 17 10

1977 18 21 15

1978 21 23 19

1979 17 20 14

1980 19 22 16

1981 26 29 23

1982 48 52 44

1983 57 60 54

1984 95 97 92
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1985

1986

88

70

91

75

85

64
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CHAPTER 6

THE EXCYSTMENT OF C. FURCOIDES and C. HIRUNDINELLA IN THE

LABORATORY

Introduction

In tem p era te  lakes and reservoirs the  overwintering cysts

of C era tium  excyst during the spring to produce motile cells. It 

has ye t to be determ ined whether excystm ent occurs in the 

surface sedim ent or following the resuspension of cysts into the 

w ate r  column (see C hapter 5, page 150). Early workers (Huber and 

Nipkow, 1922; Entz, 1931) co llected  cysts and induced them to

germ inate  in the laboratory by raising the am bient tem pera tu re .  

Their light microscopy observations were la te r  confirmed and 

expanded by an e lectron  microscopy study (Chapman, Livingstone 

and Dodge, 1981).

Cysts preparing to excyst can be identified by the 

presence of brown colouration throughout and Brownian m ovement

a t  the base of the horns. The firs t s tage of cell development 

(gymnoceratium) forms within the cyst before emerging through a 

slit-like aper tu re .  At this s tage the cingulum is shallow,

diagonally encircling the cell. During the following two hours 

the cell assumes a more "triangular" shape, the cingulum becomes 

more d is tinct and the horns s ta r t  to develop (preceratium ). In 

the  la te  p rece ra tium  stage thecal p la tes  can be distinguished.

Newly formed C eratium  cysts require a period of dormancy 

before germination can occur (Huber and Nipkow, 1923; 

Livingstone, 1979). The main factor initiating excystm ent in
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dinoflagellates appears to be an increase in tem pera tu re .  The 

threshold tem pera tu re ,  responsible for triggering excystm ent, is 

species specific (Anderson, in a paper presented a t  the "Dino 

III" Conference on modern and fossil d inoflagellates, Egham, 

Surrey, 1985). Huber and Nipkow (1923) and Heaney, Chapman and 

Morison (1983) showed th a t  C eratium  cysts from te m p era te  lakes 

germ inated  in the laboratory once tem pera tu res  had exceeded 4°C. 

Higher tem pera tu res  enabled excystm ent to occur more rapidly. 

At 7-9°C germ ination took 7 days, whilst a t  23-26°C, the optimum 

te m p era tu re ,  only 36 hours was required. At higher and lower 

tem p era tu res  abnorm alities in cell morphology, including split 

horns, have been shown to occur in C eratium  (e.g. Huber and 

Nipkow, 1923). Similar divided posterior horns were noted by 

Okada (1933) in natura l populations of C. hirundinella cells 

found in Hokkaido, Japan.

Sako, Ishida, Kadota and Hata (1985) observed a much 

higher te m p era tu re  threshold value, 15°C, for excystm ent in 

Peridinium cunningtonii. The optimum tem pera tu re  for

germ ination was shown to be 22°C, initiating excystm ent in 90% 

of cysts. At 18°C and 26°C excystm ent success was lower, 30% 

and 44% respectively. Eren (1969) showed th a t  excystm ent in 

Peridinium cinctum  occurred a t  tem pera tu res  of 15°C or g rea te r  

(no upper limit was given). Anderson (1980) stored Gonyaulax 

tam arensis  cysts a t  5°C and 22®C prior to incubation a t  15°C. 

Cysts kept a t  a constan t tem pera tu re  remained dorm ant, 

indicating th a t  a tem pera tu re  change is more im portan t than a 

tem p era tu re  increase. However, it is possible th a t  anaerobic
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conditions in the sediment inhibited the earlier  growth of cysts 

stored a t  22°C.

In tropical lakes, and in tem pera te  lakes where the

tem p era tu re  never falls below 4°C, the situation is d iffe ren t.  

T em pera tu re  may determ ine the time of excystm ent re la tive  to the 

period betw een cyst formation and m aturation  (Heaney, Lund, 

C an te r  and Gray, 1988). In Lake Kinneret, Israel, where summer 

tem p era tu res  exceed 26°C, C. hirundinella forms oversummering 

cysts (Pollingher, 1986a).

Unlike some dinoflagellates, C eratium  cysts do not require

light to germ inate  (Huber and Nipkow, 1923; Krupa, 1981a). In

Scrippsieila trochoidea this requirem ent can be fulfilled by low
9

photon fluences (0 . 2  ; ym  Im’ ) with an exposure t im e as short as

one second, with green light producing the best response (Binder 

and Anderson, 1986). Anderson, Taylor and Armbrust (1987) 

dem onstra ted  th a t  the cysts of Gonyaulax polyedra also require 

light before excystm ent will occur. Three other species G. 

tam arensis ,  G. verior and Scrippsieila sp. (undetermined), 

germ inated  more rapidly in the light, but were still able to 

excyst in darkness. One species, G. rugosum, was unaffected  by 

light conditions. Sako, Ishida, Kadota and H ata  (1985) reported  

th a t  germ ination in Peridinium cunningtonii was similarly 

independent of the light regime.

Anaerobic conditions have also been cited  as adversely, 

a ffec t ing  excys tm en t.  Huber and Nipkow (1923) successfully 

germ inated  C. hirundinella from culture medium stripped of 

oxygen and carbon dioxide. However, excystm ent took tw ice as
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long, four days instead of the two days in aerobic conditions. 

Krupa (1981a) observed th a t  the addition of "hydrogen sulphide 

w ater"  to sedim ent did not impair the ability of cysts to

germ inate .  However, Anderson, Taylor and Armbrust (1987) 

dem onstra ted  th a t  germination in all five species studied (G.

polyedra, G. tam arensis , G. rugosum, G. verior and Scrippsieila 

sp.) was inhibited by anaerobiosis. The authors suggested th a t  

a tm ospheric  oxygen may not have been totally  excluded in the 

previous studies.

In recen t years the existence of a sexual life cycle has

been confirm ed in 10 of the approxim ately 230 species of 

freshw ater  dinoflagellates (Hickel, 1988a). In most studies 

sexual s tages were induced using nitrogen - defic ien t culture 

medium, or short light period (e.g. P f ies te r,  1975, 1976), as

deta iled  in C hap ter  5 (page 122). The topic was comprehensively 

reviewed by Beam and Himes (1980).

Figure 6.1 (from Dale, 1983) shows a schem atic  diagram of 

the  basic sexual cycle of dinoflagellates producing cysts as 

hypnozygotes. The motile vegeta tive  cell s tage (1) produces 

gam etes  (2), which fuse to form a planozygote (3). In tim e, the

planozygote loses its motility and a cyst is formed within the 

cell (4). The cyst (hypnozygote) expands causing the

disin tegration of the cell (5), and sinks to the sedim ent

surface  (6 ). Excystm ent (7) may produce a planozygote (8 ),

com parable with (3), which by a reduction division

re-estab lishes the vegeta tive  cell s tage (1). In other species 

the reduction division is com pleted during encystm ent,  and so
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N u m b e r s  r e fer  t o  text

F ig u re  6.1 The B a s ic  Dinoflagellate 
Sexual Cycle

(from Dale,1983)



excystm en t results  in the d irec t establishm ent of the  vegeta tive  

cell ( 1 ).

The presence of sexual reproduction in C era tium  was

established by von Stosch (1964), as a result of the study of C. 

horridum and the re in te rp re ta tion  of earlier  observations 

concerning C. tripos. The same author (1965) showed the 

occurrence of a sexual s tage in the life cycle of C. cornutum . 

More recently  Hickel has described the existence of sexual

reproduction in C. furcoides (1988a) and C. rhomvoides (1988b). 

To date  the re  has been no firm evidence of a sexual s tage in the 

life cycle of C. hirundinella. Entz (1924) suggested th a t  the 

existence of chain formation in cells of C. hirundinella may be 

indicative of sexual reproduction, but this observation has ye t 

to be confirm ed. Chapman, Livingstone and Dodge (1981) found no 

evidence th a t  meiosis had occurred prior to, or soon a f te r ,

excystm ent in C e ra t iu m . Only single cells were observed to 

em erge from cysts. These authors studied only "granular walled

cysts" (see C hap ter  4, page 104).

Excystm ent has been used by some authors to establish the 

relationship betw een living and fossil dinoflagellates (e.g.

Wall and Dale, 1968) and could be used for taxonomic purposes to 

distinguish between species with similar cysts and d iffe ren t

motile stages.

One of the objectives of this study was to establish how 

long the cysts remained viable in the sedim ent, using excystm ent 

experim ents  in conjunction with the e s tim ates  of the 

sedim entation ra te  obtained in Chapter 5 (page 158). In
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addition, the rela tive  germination success of C. furcoides was 

com pared with C. hirundinella.

Methods

Initial experim ents  were undertaken to com pare the

excystm en t of C. furcoides and C. hirundinella. Individual 

cysts  were isolated from sectioned sedim ent cores from Esthw aite 

Water, which had been stored a t  4°C to prevent p rem ature  

excystm en t.  Cysts were placed in microslides or pe tri dishes,

to which culture medium had been added and transferred  to the 

cu lture  room, where tem pera tu re  (20°C) and light regime (24 hour 

light) could be m aintained. Observations were made daily for up 

to two weeks, or until fungal growth had engulfed the cyst.

In order to establish the viability of cysts with depth, 

sed im en t/cu ltu re  medium slurries were set up. Sub-samples of 

1 cm^ of diluted sedim ent were withdrawn from a l te rn a te  0,5 cm 

depth intervals of the  core from Esthw aite Water, and

transferred  to the culture room. Daily observations were made 

and the number of motile cells were noted. This technique, 

although quick to set up, had the disadvantage of not indicating 

the initial number of cysts, or the species composition.

T herefore , cysts of each species were isolated from the sedim ent 

and transfe rred  into small pe tri  dishes containing culture 

medium. Cysts of d iffe ren t species and from d iffe ren t  depths of 

sedim ent were kept separate  (details in Chapter 2, page 58).

An additional experim ent assessed the ability of cysts to 

remain viable following desiccation. Sub-samples of 1 cm of
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diluted sedim ent were introduced into pe tri  dishes and exposed 

to the air for several days until the sample appeared dry. 

Culture medium was added and observations made over the course 

of the  subsequent fortnight.

Results

G ermination of the cysts of both C. furcoides and C.

hirundinella was achieved. In both species an average of 3 days 

elapsed before m ature motile cells were observed. G rea te r  

difficulty  was experienced in obtaining motile cells of 

C.hirundineila. Excystm ent occurred, as in C. furcoides, but

developm ent frequently failed to progress beyond the

gym noceratium  stage, with cells dying before reaching m aturity .

This phenomenon was observed only once in C. furcoides.

The germ ination of cysts  of both C. hirundinella and C. 

furcoides was achieved from sub-surface sedim ent. Table 6.1

shows th a t  in slurry experim ents the  motile cells of C.

furcoides were observed to a depth of 5.0-5.5 cm. It is 

possible th a t  below 5.5 cm cysts remained viable but required a 

longer period of tim e to excyst. The germination tim e was

approxim ately  the same a t  all depths. No C. hirundinella motile 

cells were observed. It is possible th a t  C. hirundinella cysts 

may have germ inated , but failed to m ature. The large am ount of 

sedim ent in the samples precluded the observation of the

gym noceratium  stage.

Several o ther organisms successfully grew from slurries

including diatom s, colonial Chlorophyceae and Ped iastrum . Cysts
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Table 6.1 G erm ination of d inoflagella te  cysts in sedim ent

cu ltu re  slurries

Species C ore Section (0.5 cm Intervals)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1* +  +  +  +  +  +  +  +  - +  +  -  -  -  -  -

2 .  -  - .............................................................................................................. - - - - -

3. + + + + + + + + + + +

where species 1. = C . furcoides

2. = C . hirundinella

3. = Peridinium  cinctum

Table 6.2 % Germ ination of isolated C eratium  cysts from the

upper 5.0 cm of sedim ent cores

Species Maximum Depth of Core Section (cm)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

1 . 100 50 50 100 33 100 50 - 50

2 . - ............................................................................................................

where species 1. = C. furcoides

2. = C. hirundinella
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of Peridinium cinctum excysted to a depth of 5,0-5,5  cm.

Chlamydomonas was observed to grow in sedim ent from a depth of

7,0-7,5  cm , o ften  in very large numbers.

In the experim ents  involving the isolated cysts, C.

hirundinella failed to germ inate  (see Table 6.2). Cysts in core 

sections below 5,0 cm failed to form motile cells, and are 

the re fo re  not included in the table. One C. furcoides cyst 

germ inated  from the  7.0-7.5 cm section of the core, but did not 

develop beyond the gymnoceratium stage. Motile cells were

produced as a result of excystm ent,  to a depth of 4.0-4.5 cm.

In general, it was not possible to continue the

germ ination experim ents  for longer than a week, when fungal

growth set in. However, on one occasion a culture was 

maintained for 18 days. The cyst germ inated within 5 days and 

the motile cell thus produced divided within a fu rther  4 days.

Ten days a f te r  the excystm ent of the initial cell, 7 motile

cells had been formed, an average doubling tim e of 3 days.

A fter  ano ther  4 days, during which no further division occurred, 

the cu lture  medium was renewed, however, cells still failed to 

divide.

All cysts  failed to germ inate  following air drying of the 

sedim ent. The experim ent was repeated with the same result. It

is possible th a t  the com paratively thin, mainly cellulose, cyst

walls (Entz, 1925; Pearsall, 1929; Wall and E vitt ,  1975; Evitt ,  

1985) were unable to withstand the pressure imposed by 

dehydration. A lternatively  the cyst protoplast may have been 

rendered unviable during the period of air drying. It may be
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th a t  the cysts remained viable but required longer periods in 

favourable conditions before germination could occur. It was 

not possible to make observations a f te r  14 days due to extensive 

fungal growth.

Germ ination did not always occur when isolated cysts were 

introduced into a culture medium and provided with constan t 

light and tem pera tu re  conditions. In some cases the cysts 

concerned may not have been viable. When selecting cysts those 

in which Brownian motion occurred in the cytoplasm a t  the base 

of the horns were se lec ted  preferentia lly , as an indication of 

viability (Chapman, Livingstone and Dodge, 1981). However, in

some samples particu larly  in the lower sections of the core , the 

number of cysts  were so low th a t  all observed "full" cysts  were 

used.

Discussion

G erm ination success is difficult to assess for these 

experim ents. In the upper core sections, where cysts were 

numerous, those most likely to excyst were preferentially

se lec ted . Lower down the core, where few cysts were present, all 

full cysts  were included, whether or not they displayed Brownian 

motion. Under natura l conditions not all the viable cysts from 

the  previous year would be expected to germ inate . Heaney, 

Chapman and Morison (1983) showed tha t some viable cysts remain 

in the sedim ent for longer than one year.

The difficulty  in obtaining m ature motile cells of C^

hirundinella from cysts compared to C. furcoides suggests some
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difference in requirem ents, e ither physical or chem ical. An 

increase in tem pera tu re  triggers excystm ent in both species. 

However, in C. hirundinella m aturation of motile cells does not 

always continue beyond the gymnoceratium stage. This suggests 

e i ther  additional nu tr ien t requirem ents or a g rea te r  in to lerance 

of "in vitro" conditions. Heaney and Jaworski (personal 

com munication) have been unable to maintain C. hirundinella in 

cu ltu re ,  despite growing C. furcoides in culture for a number of 

years (Chapter 4, page 106).

The failure of cysts  to germ inate  from air-dried  sedim ent 

confirm s the observation of Huber and Nipkow (1922 or possibly 

1923) as reported  by Livingstone (1979). They observed th a t  

cysts were unable to withstand drought or long periods of frost. 

Evans (1958, 1959) conducted drying experim ents  and made

observations on a large number of algae. Motile cells of 

Glenodinium pulvisculus, which had survived in an encysted form, 

were noted 8  weeks a f te r  the rew etting of an air-dried  sample. 

It was deduced th a t  longer periods spent as a cyst required an 

extended am ount of tim e for germination once conditions were 

favourable. Motile cells of Peridinium were also observed, but 

the re  was no evidence th a t  their  cysts were drought resis tan t.

The long-term  viability of C eratium  cysts  within the 

sedim ent has been open to question (see also C hapter 5, 

page 146). Huber and Nipkow (1922) germ inated cysts from the 

varved sedim ents of Lake Zurich, Switzerland. They observed 

excys tm en t to occur in C. hirundinella cysts of up to 6 j  years 

old, whilst cysts of Peridinium cinctum remained viable for 16 Î
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years. Wall and Evitt  (1975) sought to confirm the potential 

life expectancy  of C eratium  cysts by determining the depth a t  

which cysts were no longer found in the varved sedim ent of the 

same lake. Livingstone (1979) noted th a t  only 7% of cysts  (full 

and em pty), from various lake basins, including Esthw aite Water,

occurred below the upper 3 cm of the sediment. In Esthwaite 

Water he observed no viable cysts below 5 cm . Only cysts from 

the  upper few cen t im e tre s  of the  core were germ inated.

In this study apparently  viable C era tium  cysts (i.e. those 

which fluoresced when excited  with blue light) were present 

throughout the en t ire  8  cm of the sedim ent cores, although less 

numerous below 4 cm (see C hapter 5, pages 132-137). However,

the successful germ ination of C era tium  and Peridinium cysts was 

alm ost com plete ly  confined to the upper 5.5 cm of the  core.

Pennington (1978) assessed th a t  the ra te  of sedim entation in

Esthw aite  W ater was equivalent to 10 cm in 11 years, a mean 

accum ulation  of 0.9 cm each year (see C hapter 5). Thus the 

upper 5.5 cm of the  core would represen t 6  years deposition. An 

investigation of diatom s tra tigraphy, included in the present 

work, indicated an average sedim entation ra te  in Esthw aite Water 

of 8 . 8  cm in 11 years, representing an annual increm ent of 

0.8 cm (see C hapter  5, page 165). Therefore , cysts  would appear 

to be able to germ inate  betw een 6  years (based on Pennington's 

observations) and 7  years (based on diatom stratigraphy in this 

study). Both these figures are  subjective and liable to some 

e rro rs . However, they correspond well with the figures of 

6 i  years obtained by Huber and Nipkow (1922) from varved
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sedim ents, which can be reliably dated.

Full and apparently  still viable cysts were present below 

the 5.5 cm level, although fewer in number (Chapter 5,

pages 132-137), suggesting th a t  many had decomposed. The 

failure of these cysts to germ inate  may be due to a requirem ent

for a longer period prior to excyst ment. However, this appears 

unlikely since all cysts above 5.5 cm germinated within the same 

period of t im e (3-4 days). Cysts a t  this depth may require a

stronger " trigger" to in i tia te  germination. It is more probable 

th a t  cysts  below this depth had lost the ability to germ inate ,

whilst retaining viable chloroplasts. O ther apparently  full 

cysts  may have become unviable as a consequence of parasitism  

(see C hap ter  5, page 195).
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CHAPTER 7

THE POPULATIONS OF C. FURCOIDES AND C. HIRUNDINELLA IN

THAMES VALLEY SITES

7.1 Periodicity  of Phytoplankton in a Thames Valley Reservoir

Preceding and Following Water Drainage 

Introduction

Reservoirs serve two main functions, th a t  of d irec t supply 

and storage prior to w ater purification (Ridley, 1970; Steel,

1975), and th a t  of river regulation, where flow is seasonal. In

addition reservoirs can provide a valuable source of

hydro -e lec tr ic  power (e.g. Llyn Celyn, Gwynedd), can be used for

fishing and other recrea tiona l pursuits (e.g. Queen Mother

Reservoir), and provide valuable roosting and breeding sites for 

w ater-fow l (e.g. Staines South Reservoir).

Reservoirs can be separated  into three groups on the basis 

of the ir  construction . Impounding reservoirs (e.g. Thirlmere), 

a re  formed by constructing a dam across an existing w atercourse, 

retain ing and controlling the flow. D irect supply reservoirs of 

this type are  generally s ituated in upland areas, from which the 

w ater  is transfe rred  to the demand area  by aqueduct. 

Impoundment reservoirs used for river regulation and 

com pensation are  much scarcer. All their w ater is released into

the  river in a controlled manner in order to overcome low summer 

flows. During the winter, in their partly drained s ta te ,  these 

reservoirs  are  able to accom m odate flood w ater.

Pumped storage reservoirs (e.g. Queen Mary Reservoir), are
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used alm ost exclusively for d irec t supply. They are  purpose 

built to accom m odate  water from a nearby river, or o ther source, 

and store i t  prior to pumping to a w ater t re a tm e n t  plant.

A third category  of reservoir are those formed by an 

es tuarine  barrage  (e.g. once proposed for Morecambe Bay). These 

reservoirs are  still rare  in this country, partly  because of the 

miles of aqueducts or underground mains required to d is tr ibute  

impounded w ater to areas of shortage and partly  due to their 

high initial cost.

All Thames Valley sites sampled in the present study are 

pumped storage reservoirs located in the lower Thames Valley 

(Figure 3.2, page 67). The design of the reservoirs utilises 

the w ater  holding capacity  of London clay (Ridley, 1964; Steel, 

1975). Ballast removed from the  site is formed into a 

continuous em bankm ent enclosing a cen tra l  region of clay from 

the  same site . The clay extends from below ground level to near 

to the top of the em bankm ent, thus uniting it with the 

underlying clay. These inner slopes are  pro tec ted  from erosion 

by concre te  slabs in the recen t reservoirs (e.g. Queen Mother 

Reservoir) and by small stone blocks in the older reservoirs 

(e.g. Island Barn Reservoir). The outer slopes of the 

em bankm ent are  generally covered with top soil and turfed. 

Reservoirs are  filled from the  River Thames, the w ater being 

re ta ined  for betw een 1 0  days to many months before being pumped 

to the t r e a tm e n t  works. The w ater is then subjected to rapid 

sand fil tra tion  or microstraining followed by slow sand 

f i l tra tion  and chlorination.
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The ever increasing demand for w ater by industrial and 

dom estic  consumers in the London a rea  has led to the 

construction  of th ree  new reservoirs (Queen Elizabeth II, Queen 

Mother and Wraysbury Reservoirs) within the last 26 years. The 

high cost and limited availability of land in the region, 

coupled with the need for increased capacity  has resulted in 

these recen t reservoirs being deeper than those built previously 

(Table 7.1).

Table 7.1 D etails  of the  key reservoirs in the  Thames Valley 

(from Steel, 1975)

Mean Maximum

Reservoir Com pleted Area Depth Depth Vol.

ha m m lO^m^

Queen Mother 1974 192 19.3 22.9 38.0

Wraysbury 1971 2 0 2 16.8 2 1 . 6 33.9

Queen 
E lizabeth II 1962 128 15.3 17.8 19.6

King George VI 1947 142 14.2 16.0 2 0 . 2

Queen Mary 1925 286 1 0 . 6 1 1 . 6 30.4

Island Barn 1911 49 7.6 9.2 3.7

Bessborough 1907 30 10.3 1 2 . 8 3.1

Knight 1906 2 1 1 0 . 0 1 2 . 8 2 . 1

Staines South 1902 1 0 0 7.9 9.0 7.9

Staines North 1902 72 1 0 . 0 11.9 7.2
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In these th ree  reservoirs submerged je tting  systems were 

installed during construction in order to impose a circu latory  

system of turbulence. Under certa in  c ircum stances growth of 

phytoplankton, particularly  Cyanophyceae, can become very dense. 

Algal blooms may develop as a consequence of e ither the onset or 

the  destruction  of the therm ocline. When algal growth becomes 

excessive, sand fil ters  in the w ater trea tm e n t  process may 

becom e blocked, toxic substances may be produced and an

increased deoxygenation of the lower w ater layers may be induced 

by dead and decaying algal cells. In addition, an unpleasant 

odour may be im parted  to the w ater, and discolouration of w ater

and the production of an unsightly scum may result. A system of 

a r ti f ic ia l  w ater turbulence was introduced in an a t te m p t  to

maintain  a mixed w ater column throughout the year and to reduce 

blooms of ce r ta in  phytoplankton, particularly  Cyanophyceae and 

Dinophyceae (Ridley, 1964, 1970; Ridley, Cooley and Steel, 1966; 

Ridley and Symons, 1972; Steel, 1975). In some cases turbulence 

may reduce growth and prevent the formation of algal blooms 

(Ridley, Cooley and Steel, 1966; Lorenzen and Mitchell, 1975).

In o ther situations it encourages growth, possibly by

introducing substances to the photic zone th a t  were previously 

absen t or by the resuspension of cells into the photic zone.

Toetz (1981) and Steinberg (1983) showed th a t  algal biomass 

rem ained the  same, or increased, a f te r  artif ic ia l

d es tra t if ic a t io n  as a result of diatoms and cryptophytes 

replacing taxa  th a t  had been reduced in number. Reynolds, 

Wiseman, Godfrey and Butterwick (1983) observed th a t
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Sphaerocystis and Anabaena in Bleiham Tarn, Cumbria grew 

re la tive ly  fa s te r  when the w ater column was unmixed. A rtif ic ial 

mixing promoted the growth of diatoms (e.g. F ragilaria) . 

Further work a t  the same site (Reynolds, Wiseman and Clarke, 

1984) showed th a t  Eudorina and Sphaerocystis declined in number 

during periods of a r tif ic ia l  mixing, whilst although growth 

ra te s  of A nabaena, C era t iu m , Volvox and Microcystis were 

reduced, biomass was generally maintained. McGill (1969) 

studied the initial e f fec ts  of the je tting systems installed in

Queen Elizabeth II Reservoir, whilst H affner (1974) and Hardy 

(1977) studied the phytoplankton populations in Wraysbury 

Reservoir, which was also subjected to the high or low velocity 

input of w ater from the River Thames. It was observed th a t  

mixing produced a vertically  homogenous tem p era tu re  and 

dissolved oxygen concen tra tion  profile and th a t  on most

occasions the  distribution of phytoplankton was also homogenous. 

Resuspension of the non-productive components of the seston from

the  River Thames was shown to be an indirect result of mixing, 

increasing turbidity  of the w ater column and thus limiting 

production.

In reservoirs with no artif ic ia l  system for c irculating

w ater  (e.g. Island Barn Reservoir) there  is usually a  natura l

developm ent of a tem pera tu re  gradient (thermocline) during the 

summer months and the supression of vertical w ater movements, 

resulting in the deoxygenation of the lower w ater layers. The

surface  of w ater  bodies heats  up more rapidly than the

underlying w ater ,  especially during the summer months. Fast
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flowing s tream s remain isothermal throughout the year as the 

w ate r  m ovement breaks down any tem pera tu re  gradient. However in 

sluggish s tream s, and in lakes and reservoirs, wind and w ater

movements are often  insufficient during the w armer months of the 

year to com plete ly  break down this tem pera tu re  gradient. Wind

mixes the heated surface w ater layers downwards, but may not be 

strong enough to extend them to the bottom of the basin. This 

results  in an upper warmer isothermal layer (epilimnion) of a

few m etres ,  or tens of m etres , in depth, which f loats  on the

cooler, denser, lower layer (hypolimnion).

A therm ocline is de tec tab le  when d ifferences between the 

two layers equal or exceed 1°C. D irect therm al s tra t if ica t ion

ceases when the w ater column is thoroughly mixed. In some

shallow lakes, where a slight increase in wind action will remix

the w ater layers, it may only be short lived (1-2 days). In 

o ther te m p era te  lakes the condition persists for the warmer 

months of the year, whilst in tropical areas it may continue

throughout the year. In tem p era te  lakes the cooling of the 

w ater  surface  and increased wind activ ity  associated  with autumn 

combine to destroy any tem pera tu re  gradients. The existence of 

a therm ocline isolates w ater in the hypolimnion from the 

atm osphere . Photosynthetic  oxygen production below the

therm ocline may becom e very low when the therm ocline is located 

below the photic zone and numbers of healthy algae are  reduced. 

However respiration of bac te r ia ,  associated with detri tus  or 

sedim ent, and benthic animals continues. Therefore the 

concen tra tion  of carbon dioxide is increased and th a t  of oxygen
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reduced, or com pletely depleted in some circum stances. In a 

reservoir, deoxygenation of the  hypolimnion renders it unusable 

for supply.

The abundance and diversity of the  phytoplankton 

population within the Thames Valley reservoirs con tra sts  

markedly with th a t  of the  River Thames, from which their w ater 

levels are m aintained. The phytoplankton of the river is

dominated by diatoms in the spring and autumn and Chlorophyceae 

in the summer, usually in association with a low zooplankton 

population. In con tra s t ,  the storage reservoirs suppport the 

abundant and varied flora and fauna associated with an enriched 

lake (Ridley, 1970). Thames Valley reservoirs as bodies of

w ater fed by a eutrophic river, provide the potential for high 

phytoplankton productivity.

The original aim of this investigation was to study the 

life cycle of the  C era tium  population in a Thames Valley 

reservoir over a two year period, paying particu lar a t ten tion  to 

the ex ten t  th a t  excystm ent influences the abundance of the 

phytoplankton population. However, a succession of sites, some 

of which had been the subject of extensive study, were lost 

through tem porary  or perm anent drainage, as a consequence of 

changes in Thames Water m anagem ent policy and a particularly  dry 

summer.

Island Barn Reservoir was selected as a suitable site (see 

C hap ter  3, page 6 6 ), since it had supported a very large 

C era tium  population in the summer of 1984, prior to the lowering 

of the w ater level by several m etres  (see C hapter 3, page 69).
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A sampling programme was in itia ted  early in 1985. On 1st

O ctober 1985 Thames Water s ta r ted  draining this reservoir in

order to undertake repairs. Initially the w ater level was 

lowered rapidly (Figure 7.1) from a valve located in the middle

of the w ater column (4.5 m etres  below the surface). Subsequent 

drainage was from a valve close to the bottom of the w ater 

column. The cen tre  of the reservoir remained covered by some

w ater throughout. Refilling commenced on 1st March 1986 and by 

1st April 1986 the reservoir was restored to full capacity . At 

this s tage it was too la te  to change site again and it was

decided to continue monitoring the reservoir and to examine the  

e f f e c t  of drainage and subsequent refilling on the phytoplankton 

in general and on the C eratium  population in particu lar.

Methods

(i) Collection of Samples

The Island Barn Reservoir was sampled routinely over a two

year period. Sampling was conducted a t  approxim ately the same 

tim e each week, in order to e lim inate  any variation due to 

diurnal changes. Weekly w ater samples, for nutrien t analysis

and de term ination  of algal numbers, and vertica l profiles of 

tem pera tu re  and oxygen were taken from a marker buoy located

towards the cen tre  of the  reservoir (sampling details in C hapter

2, page 23). Phytoplankton net tows were taken from the side of

a slowly moving boat. When inclem ent w eather made it unsafe to 

launch a boat, samples were taken from the end of a pontoon

which enabled only half the water column to be examined. These
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Figure 7.1 D e c re a s e  in the  W ater Level 
of Is lan d  Barn Reservoir 
(October 1985-J a n u a ry  1986)
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until a final volume of 2 0  ml was produced (detailed in 

C hapter  2, page 25). Sub-samples were removed and viewed in a 

Sedge wick-Raf te r  Chamber, using an Olympus BH2 microscope. 

Counts of C eratium  were made over the whole chamber, whilst 

those of other species were made from squares se lected  a t

random. Where feasible a t  least 100 C eratium  cells, and 100 

units (cells or filaments) of the most numerous taxa were

counted. Details of the technique involved and guidelines used 

in determining the number of cells to count are given in 

C hapter 2 (page 30). The number of individuals, expressed as 

units ml"^, are  given in Appendix 7.1. The '+' symbol denotes 

species for which fewer than 2 0  organisms were present in a 

particu lar sample.

Live net samples were examined in conjunction with the 

preserved quan tita tive  samples, as a useful method of detecting  

species which either do not preserve well, or fail to sink in 

the sedim entation process (see Chapter 2, page 26). Species 

observed in these samples, but not subsequently are denoted by 

'n’ in Appendix 7.1.

The duration and ex ten t of the therm al s ta t if ica tion  of 

the w ater column are  im portant factors  a ffecting  the size of the 

C eratium  population in a given lake (Heaney and Butterwick, 

1985; Heaney, Lund, Canter and Gray, 1988). Mortimer (1974) 

showed how the stability of the epilimnion, or upper mixed 

layer, can be made using the Brunt-Vaisala frequency (N).

Weekly tem pera tu re  figures for the upper 6  m etres  of the

w ater column were obtained for the period from mid-June to la te

-261-



until a final volume of 2 0  ml was produced (detailed in 

C hap ter  2, page 25). Sub-samples were removed and viewed in a

Sedge wick-Raf te r  Cham ber, using an Olympus BH2 microscope.

Counts of C era tium  were made over the whole cham ber, whilst 

those of other species were made from squares se lec ted  a t

random. Where feasible a t  least 100 C eratium  cells, and 100 

units (cells or filaments) of the most numerous taxa were

counted. D etails of the  technique involved and guidelines used 

in determ ining the number of cells to count are  given in 

C hapter  2 (page 30). The number of individuals, expressed as 

units ml“ ^, a re  given in Appendix 7.1. The '+* symbol denotes 

species for which few er than 2 0  organisms were present in a 

particu la r  sample.

Live ne t samples were examined in conjunction with the 

preserved quan tita t ive  samples, as a useful method of de tec ting  

species which e ither  do not preserve well, or fail to  sink in 

the sed im entation  process (see C hapter 2, page 26). Species 

observed in these samples, but not subsequently are  denoted by 

'n' in Appendix 7.1.

The duration and ex ten t  of the  therm al s ta t if ica t ion  of 

the w ater column are  im portant fac to rs  a ffec ting  the size of the 

C era tium  population in a  given lake (Heaney and Butterw ick, 

1985; Heaney, Lund, C an ter  and Gray, 1988). Mortimer (1974) 

showed how the stability  of the  epilimnion, or upper mixed 

layer, can be made using the Brunt-Vaisala frequency (N).

Weekly tem p era tu re  figures for the upper 6  m e tres  of the  

w ater  column were obtained for the  period from mid-June to la te

- 2 6 1 -



August from vertica l profile da ta .  These were converted  into

w ater  density values using the table in Kell (1967). Weekly 
2

values of N were calcu la ted  using the  following equation:-

=  g  X

p, Jz
where N = Brunt-Vaisala frequency

g = acce le ra tion  due to gravity 

p  ~ density of w ater

p  = average density of w ater over the relevant depth 

interval 

z = depth

Mean monthly and seasonal values were subsequently 

calcu la ted  (see Appendix 7.2). Analysis of nu tr ien ts  and the

determ ination  of carbon and chlorophyll concentra tions  were

carried  out by Thames Water using standard methods. Sediment 

samples were analysed using the technique of sonication and 

sieving detailed  in C hapter 2 (page 49).

Results 

(i) 1983

The reservoir supported a very large diatom population 

until mid-April, comprised mainly of Stephanodiscus spp. and 

A sterionella  fo rm osa, (see Appendix 7.1, 1). A maxima in

mid-March was followed by a steady decline as silica becam e

depleted. F ragilaria  spp. and Stephanodiscus cf. hantzschii 

maintained high numbers until the end of May, in association

with Tribonema, Anabaena and several Chlorophyceae (S tau ras trum ,
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Ankistrodesmus, Pandorina and Eudorina). Thermal s tra t if ica t ion  

of the  w ater column developed in early June and oxygen

concen tra tions  towards the base of the w ater column becam e low 

(2.2 mg r h .  A nabaena, Aphanizomenon, Eudorina and Tribonema 

were all numerous. Volvox dominated the phytoplankton from la te  

June and through July, with Eudorina and Tribonema as the only 

other algae observed in significant numbers. The w ater column 

becam e remixed in early August as the  w eather becam e cool and

unsettled . Possibly as a consequence of this Melosira and 

Microcystis increased in number from mid-August until early 

O ctober. Numbers of Stephanodiscus cf. hantzschii increased in 

la te  Septem ber, followed by a decline in early O ctober 

coinciding with the com m encem ent of w ater drainage. By la te

November, when the w ater level had stabilised a t  7.5 m etres  

below normal, high numbers (4 x 10^ cells ml” )̂ of S^ cf. 

hantzschii were recorded

C. furcoides and Peridinium cinctum were observed in the 

w ater column in low numbers towards the end of February. By 

mid-April C. hirundineila and Glenodinium sp. had also appeared 

in the phytoplankton. Numbers of C eratium  remained low until 

la te  June when a maximum of 13 cells ml"^ was followed by a

sharp fall in numbers. There was no evidence to suggest th a t  

this decline corresponded to cyst formation. C. hirundineila 

and C. furcoides were observed throughout the summer, although 

numbers remained low. Cysts of C. hirundineila were observed in 

the phytoplankton in la te  August, but their appearance was 

followed by a rise in numbers of C. hirundineila motile cells.
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A second lower maximum of 1.6 cells ml“  ̂ was achieved in la te  

Septem ber. A sharp decline in numbers of C. hirundineila

corresponded with the com m encem ent of w ater drainage. No cysts 

were observed in the phytoplankton and it is possible th a t  none 

were formed prior to the onset of the lowering of the w ater 

level. A cer ta in  am ount of the variability in cell numbers 

could be a t tr ib u ted  to spatial heterogeneity  (e.g. Heaney, 1976; 

George and Heaney, 1978). Thus if the  weekly figures obtained 

from one sampling station were used to e s t im a te  to ta l  reservoir 

production, large errors  would be expected.

The number of C eratium  cysts found in the sedim ent was 

very low (e.g. 50 cells in 1 g sediment). Only one or two cysts 

were present in any sub-sample counted. In order to assess

accura te ly  the size and seasonality of the  cyst population, to 

the same ex ten t  as in C hap ter 5, counts of 20-100 cysts would

have been required (Lund, Kipling and Le Cren, 1958) from 

several sampling sites both a f te r  excystm ent and following 

encystm en t.  With such low numbers involved it would have been 

necessary to count a considerable number of sub-samples. Some

of the  da ta  acquired is used in the second part  of this chap ter 

in discussing the occurrence of the two C eratium  species in 

reservoirs in the  Thames Valley.

(11) 1986

The w ater column was dominated by diatoms (Stephanodiscus 

cf. hantzschii, S. a s tra e a  and A sterionella form osa) for most of 

the year, (see Appendix 7.1, 2). Thermal s tra t if ica t ion  of the
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w ater  column occurred in mid-June, accompanied by a large growth 

of A nabaena, Tribonema and Eudorina. The refilling of the 

reservoir was resumed briefly in early July, and, coupled with a 

cool and unsettled  summer, contributed to the p rem atu re  remixing 

of the w ater column in la te  July. The phytoplankton continued 

to be dominated by A nabaena, toge ther with Melosira, until la te  

August. Various Chlorophyceae were present in low numbers (e.g. 

Eudorina and Pandorina). Stephanodiscus cf. hantzschii

increased once more in la te  August.

Numbers of C. hirundineila and C. furcoides cells remained 

low through the en tire  year. Peridinium cinctum and Glenodinium

sp. were not observed in the w ater column. C eratium  was present 

in net samples from early April, but did not appear in 

quan tita t ive  samples until early July. No dinoflagellate cells 

were observed a f te r  early O ctober. Cysts were not observed in 

the w ater  column.

(ill) Comparison of the  Two Years

The changes in abundance and composition of phytoplankton 

species, within a given body of w ater ,  over a 1 2  month period 

are  often  repea ted  in subsequent years, although this is not

always the case (Bailey-Watts, 1978). Although the timing may

vary from one year to another and an individual species may show 

considerable variation, the assemblage of species a t  a given 

tim e of the  year tend to remain the same.

In this study w ater drainage and subsequent refilling will 

inevitably have disrupted this annual cycle. Figure 7.2
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i l lu s tra tes  the  reduction in levels of chlorophyll-a in 1986 

com pared with 1985. Only two significant peaks are  recorded for 

1986 in con tras t  to seven for the previous year signifying a 

reduction in productivity. In 1986 diatoms (e.g. Stephanodiscus 

cf. hantzschii) dominated the phytoplankton for most of the 

year, com pared to 1985 when large populations were res tr ic ted  to 

spring and autumn. In addition the significant reduction of 

Chlorophyceae, particularly  the colonial Volvocales, and 

Dinophyceae in the second year of sampling suggest th a t  the main 

fac to r  influencing the 1986 phytoplankton community is 

turbulence. A cool, windy summer and disturbances caused by 

w ater drainage, and refilling, combined to produce a weakly 

s tra t if ied  w ater column, lasting only a few weeks, which

toge ther  with the availability of silica, favoured the growth of 

diatom s. Populations of C e ra t iu m , A nabaena, Microcystis, Volvox 

and Eudorina were reduced once therm al s tra t if ica tion  had broken 

down. The assessm ent of the  stability  of the  w ater column using

the  Brunt-Vaisala frequency confirm ed this speculation. Mean
2 _2 

values of N were low for both years (1985 = 3.3 x 10 s ;

1986 = 4.0 X 10“^s”^) indicating th a t  conditions were too

turbulent for C era tium  to produce large populations (see

discussion, page 273).

It is recognised th a t  variation in the chemical

composition of w ater in a lake or reservoir is an im portant 

fac to r  in the determ ination  of abundance and composition of the 

phytoplankton (e.g. Pearsall, 1930, 1932; Tilman, Kilham and

Kilham, 1982; Reynolds, 1984). Phosphorus and nitrogen are

-267-



generally recognised as the most im portant nutrien ts , with

silicon im portan t in diatoms. Figure 7.3 shows th a t

concentra tions  of orthophosphate and to ta l  available nitrogen, 

although not constan t,  remained high in the reservoir in both

years, suggesting th a t  they were not acting as limiting facto rs .  

However, silica levels, greatly  depleted in March 1985 by the 

spring diatom bloom, are  likely to have brought about the

collapse of the  diatom population.

Discussion

The phytoplankton of a w ater body following partia l

drainage and subsequent refilling is likely to be dominated by

species common in the source used to restore  w ater levels. The

Island Barn Reservoir was refilled from a eutrophic river, the 

Thames, which a t  the  tim e, near Walton, supported species which 

would be expected  in the reservoir (Stephanodiscus cf. 

hantzschii, A sterionella formosa and Aphanizomenon). In

addition, species which are able to survive unfavourable

environm ental conditions as a resting phase in the sediment

would also be expected  to be prevalent, provided th a t  suffic ien t 

cysts/spores had been produced before the onset of drainage, and 

th a t  com parable conditions were restored a f te r  refilling. The 

cysts  of C eratium  have been well studied (e.g. Livingstone,

1979; Chapman, 1981; Heaney, Chapman and Morison, 1983) and are 

discussed in detail in C hap ter 5. In addition, Anabaena and 

Aphanizomenon produce akinetes (asexual spores), Eudorina and 

Volvox sexual zygotes and Chrysophytes silic(ipus cysts, which
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are produced during or a t  the end of th e  growing season and

remain on the sediment surface until the following year. 

V egeta tive colonies of Microcystis can survive for several years 

in dark, anoxic conditions (Preston, S tew art and Reynolds, 

1980), passing into a resting stage and germinating when they 

becom e resuspended. Lund (1954, 1955) showed th a t  cells of the  

cen tr ic  diatom Melosira i ta lica  subsp. subarctica  are also able 

to overw inter on the sediment surface. Taxa apparently  lacking 

any means of perennation e i ther  produce an overwintering form 

which has yet to be identified, or have to be able to withstand 

severe winter conditions.

The exposure of surface sedim ent to the air for prolonged 

periods of t im e during drainage has been shown to adversely 

a f f e c t  the survival of C eratium  cysts (Chapter 6 , page 246).

However, although sedim ent around the periphery of the reservoir 

was uncovered for several months, most of the  sedim ent remained 

below the w ater level. Thus the actual physical process of 

drainage cannot have been solely responsible for the failure of 

C era tium  to produce a sizeable population in 1986.

C eratium  has a slow doubling tim e of 6-15 days (e.g. Entz, 

1931; Heaney, 1976; Sommer, Wedemeyer and Lowsky, 1984; Mueller 

Elser and Smith, 1985) and could be regarded as a K -stra teg is t

(Reynolds, 1986). In order to capita lise  on the favourable

environm ental conditions the timing and size of the  initial 

population (inoculum) of motile cells to the spring 

phytoplankton is c r it ica l.  This inoculum is derived from 

overwintering phytoplankton cells, generally very low in numbers
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and of limited im portance, and/or overwintering cysts. C eratium  

is found only rarely in the River Thames and thus the  number of 

cells or cysts introduced into the reservoir during refilling is 

likely to have been negligible. The introduction of

phytoplankton cells from other sources by birds has been

suggested by Atkinson (1980). However, although viable cells of 

A sterionella  formosa have been recovered from faeces, it  has

still to  be proved th a t  this is a mechanism for dispersal. In 

spite of being sensitive to desiccation  (Chapter 6 , page 246), 

it is possible th a t  C eratium  cysts could be thus transported ,

although it seems likely th a t  this would be a rare  occurrence.

In this study it is considered th a t  the contribution from the  

overwintering cyst population would outweigh any cysts /cells  

introduced in this way. Therefore , it is reasonable to assume 

th a t  the main contribution to the inoculum cam e from excystm ent.

The timing of excystm ent,  dependent on w ater tem pera tu re ,  

is im portan t, since a delay in the production of C eratium  cells

will enable o ther summer species to become established. The

earlier  the cells of C eratium  are  established the g rea te r  the 

tim e available for nu trien t uptake and growth once sufficiently 

high tem pera tu res  have been reached (Heaney, Lund, C an te r  and 

Gray, 1988). In general, excys tm ent does not occur until

tem pera tu res  exceed 4°C and vegeta tive  growth does not occur 

until tem p era tu res  reach 10°C (Huber and Nipkow, 1923; Heaney, 

Chapman and Morison, 1983), although this situation does not 

apply in some tem pera te  lakes with an oceanic clim ate  and in 

tropical lakes (Chapter 6 , page 239). Even a t  20°C, the optimum
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tem pera tu re ,  the growth in culture of C. furcoides, based on 

cell counts, was shown to be slower than O scillatoria bourreilyi 

or A sterionella formosa (Heaney and Butterwick, 1985). 

Therefore , prolonged winters will delay excystm ent until la te  

spring and would be expected to reduce the chance of a large 

C era tium  population being produced. In this study tem pera tu res  

exceeded 4°C in early March in 1985, and had already reached 7°C 

a t  the com m encem ent of sampling in 1986. In neither year did 

numbers increase markedly once tem pera tu res  had reached 10°C, 

which in 1986 was not until early  May, following a particularly  

cold w inter. Heaney, Lund, C an ter  and Gray (1988) suggested 

th a t  to achieve a mean weekly cell concentra tion  in excess of 50 

cells ml"^ in the upper 5 m etres  of the w ater column, a cell 

density of 0.1 cells ml“  ̂ must be achieved before June, although 

an early population does not guarantee  a large number of cells 

in the summer phytoplankton. In Island Barn Reservoir in 1985 

the number of cells exceeded 0 . 1  cells ml“  ̂ before the end of 

May, although a large population maxima was not a t ta ined . In 

1986 the inoculum was very low. Cells did not appear in ne t 

samples until early  July, compared to la te  February the previous 

year.

Heaney, Chapman and Morison (1983) calcula ted  th a t  only 

0.03% of the to ta l  cyst population was required to excyst to 

produce an inoculum of approxim ately 0 . 1  cells ml“ ^, the number 

considered as a basis for producing a viable population. Even 

taking consideration of the  losses through grazing, parasitism 

(Canter and Heaney, 1984) and washout during drainage, only a
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small proportion of the to ta l cyst population would be required 

to excyst to produce viable phytoplankton numbers. In Island 

Barn Reservoir the 0.1 cells ml”  ̂ value was not reached in 1986. 

The low 1985 C eratium  population, coupled with the possibility 

th a t  drainage had com menced before mass encystm ent had occurred, 

may have resulted in few cysts reaching the sediment. Cysts 

produced in previous years remain viable in the sedim ent and 

should be able to com pensate for low cyst production in a given

year (Chapter 6 , page 245). Examination of surface sedim ent 

samples (upper 1 cm) revealed low numbers of cysts despite the 

high phytoplankton population in 1984. This suggests th a t  the 

lowering of the  w ater level in 1984 may have commenced before 

encys tm en t had occurred , or th a t  cysts were lost through

parasitism  or had become buried a t  g rea te r  depths as a result of 

disturbance during drainage. A study of the upper 4 cm of 

sedim ent did not reveal an increase in the number of cysts  and 

it is unlikely th a t  redistribution would have located them  below 

this level. Low cyst numbers would reduce recru itm en t to the

phytoplankton and the inoculum would take longer to form, thus

delaying growth (Heaney, Lund, C an ter  and Gray, 1988).

Local c lim atic  conditions can profoundly a f fe c t  the ex ten t  

of a C eratium  maxima by disrupting, or strengthening, the 

therm al s tra t if ica tion  of the w ater  column. Reynolds, Wiseman 

and Clarke (1984) observed a reduction in the growth ra te  of 

A nabaena, C e ra t iu m , Volvox and Microcystis during in te rm itten t  

periods of a r tif ic ia l  mixing of Bleiham Tarn. Heaney and 

Butterw ick (1985) used the Brunt-Vaisala frequency (Mortimer,
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1974) In order to determ ine the s tability  of the epiiimnion 

during therm al s tra t if ica tion  in Esthwaite Water. During cool, 

windy summers, with only weak therm al s tra t if ica tion  

(with mean values < 5 x iO“^s“^), C eratium  failed to produce

large populations and the phytopiankton was dominated by summer

dia tom s. When summers were warm and a well developed therm al 

s tra t if ica t ion  occurred (with mean values > 5  x 1 0 “^s“^),

C era tium  was abundant and diatoms virtually absent. In this

study mean values for both years were less than 3 x lOT^s ^

(N^ = 3.3 X ICr^s'Z for 1985; = 9.0 x for 1986),

indicating th a t  conditions were too turbulent for C eratium  to 

produce large numbers. The possession of flagella enables 

C era tium  cells to regula te their depth within the w ater column 

to favourable light and nu trien t conditions (Heaney and Tailing, 

1980a, b). Any increase in w ater turbulence may prevent cells 

from maintaining their p referred  position (Heaney and 

Butterw ick, 1985). Cells may be drawn into deeper w ater due to 

the  downward m ovement of cooler, denser w ater, where light

levels are reduced and tem pera tu res  a re  lower. C eratium  cells 

respond less favourably to a reduction in light levels than 

e ither  O scilla toria  or A sterioneila (Heaney and Butterwick,

1985). Taxa able to function successfully in low light

conditions would thus be expected  to increase in numbers, whilst

those unable to do so would be reduced. Turbulence may also ac t  

d irectly  on the cell by disrupting cell division, dem onstrated

in Peridinium cinctum by Pollingher and Zemel (1981). The 

dominance of the phytopiankton of 1986 by diatoms confirms the
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observations of Toetz (1981) and Steinberg (1983). These

authors noted th a t  following the artif ic ia l  des tra t if ica tion  of 

the w ater column the phytopiankton was dominated by diatoms and 

cryptophytes.

N evertheless, o ther fac to rs  must also contribute  to the 

production of high cell numbers. Heaney, Lund, C an te r  and Gray

(1988) showed th a t  low numbers of C eratium  in Esthw aite Water

could be corre la ted  with a weak therm al s tra t if ica tion .

However, in another more sheltered lake (Blelham Tarn) in the

sam e drainage basin, warm calm summers, with therm ally

s tra t if ied  w ater columns, occurred in all but one of the 25 

years studied, when artif ic ia l mixing was induced, but large 

C era tium  populations were less frequent than in Esthw aite Water.

Parasitism  of C eratium  cells and cysts (Canter, 1968; 

C an te r  and Heaney, 1984; Heaney, Lund, C an te r  and Gray, 1988) is 

now recognised as exerting a major influence on populations of

C e ra t iu m . However, none of the docum ented parasites  were

observed on e i ther  cells or cysts of C eratium  from Island Barn

Reservoir over the two year period.

Shortage of the two major nutrien ts  (phosphorus and

nitrogen) would not appear to be a fac to r  limiting growth of 

C era tium  as both remained high through the two years of the

study. C e ra t iu m , like most algae takes up nitrogen in the form 

of NH^-N in preference to N O y N  (Heaney, Smyly and Tailing

1986). P f les ter  (1971) found th a t  n i t ra te  and phosphate had no

significant e f fe c t  on the population of C era tium  between October 

and April, whilst Reynolds and Reynolds (1985) noted th a t
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dissolved phosphorus and n itra te  were a t  their lowest annual

levels (1 yjg S R P r^ ,  2 pg Nl“ b  when C eratium  dominated the

w ater column (400 cells ml“ ^). Moore (1981) observed th a t  the

nutr ien t availability controlled the intensity but not the

timing of the C era tium  populations of six sub-arctic  Canadian 

lakes. However, Bruno and McLaughlin (1977) have shown th a t  a t  

high levels (> 7 mg N 1"^  NH^ compounds become toxic to

cu ltu res  of the so-called C. hirundinella (the photograph 

suggests tha t this species is C. furcoides). In the present 

study concentra tions of NH^ in the reservoir never exceeded 0 . 8

mg N and would not the re fore  be expected to be toxic. Bruno 

and McLaughlin also showed th a t  C eratium  growth was limited by 

levels of phosphorus less than 0.01 mg 1“^. They observed th a t

inorganic and organic sources of phosphorus promoted growth, the 

optimum being achieved with the addition of ATP a t  3-5 mg P 1“ .̂ 

In this study recorded levels of orthophosphate occurred between 

these two values, suggesting th a t  this was not a limiting 

fac to r .  Harris, Heaney and Tailing (1979) showed th a t  a fall in 

nu tr ien t availability during therm al s tra t if ica tion  was 

ref lec ted  in a decrease in cellular chlorophyll con ten ts  in

C era t iu m . Serruya and Pollingher (1977) observed a reduction in 

numbers of Peridinium cinctum following the lowering of the

w ater  level in Lake Kinneret, Israel from 26 m etres  to 3 m etres .

They suggested th a t  nu trien ts  were thus distributed in a smaller

volume of w ater ,  resulting in a net increase in the ir  

concen tra tion . Therefore , the slow growing P. c inc tum , which 

can survive a t  lower nu trien t concentra tions , was unable to
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com pete  with fas te r  growing taxa which were able to increase due

to the rise in nutrients. In this study, drainage occurred

a f te r  the decline of the dinoflagellate population (October

1985). Increases in values of to ta l  available nitrogen and 

silica were observed following the onset of drainage (see Figure

7.3). A subsequent decline in silica resulted from a

substantial increase in numbers of cen tr ic  diatoms.

It is interesting to note th a t  in 1987, a f te r  a la te

s ta r t  (motile cells were firs t noted in the phytopiankton in 

July), numbers of C eratium  in Island Barn Reservoir reached

com parable populations to 1985 (Thames Water, personal

communication). Since the C eratium  population of 1986 was very 

small any contribution of cysts to the sedim ent would have been 

negligible. Thus it seems likely th a t  the 1987 phytopiankton 

population, which reached a population maximum in August (no 

q uan tita t ive  da ta  available), was derived from cysts from

previous years. Water drainage and subsequent refilling a t  the 

end of 1986 may have disrupted the sedim ent and brought buried 

cysts to the surface , enabling them to germ inate  the following 

year. The ex ten t  of cyst viability is discussed in C hap ter 6  

(page 247).

The production of a large population of the slow growing 

C era tium  would seem to be dependent on the existence of ce rta in  

fac to rs  to enable it to com pete successfully with phytopiankton 

species with a fas te r  growth ra te .  In addition to the usual 

light, tem pera tu re  and nutrien t requirem ents, the availability 

of sufficient viable cysts is necessary, in order to produce a
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sizeable inoculum of motile cells to the phytopiankton, coupled 

with a mild spring allowing early excystm ent and subsequent

growth. Finally, a well s tra tif ied  w ater column persisting

through the summer enables the motile cells to regulate their 

position and undertake cell divisions without disruption. Mass 

excystm ent a t  the end of the  growing season ensures the 

availability of viable cysts the following spring.

7.2 The Proportion of C. furcoides to  C. hirundinella in

Thames Valley Sites 

Introduction

C eratium  is commonly represented in the freshw ater

phytopiankton and has been recorded in many studies (e.g. 

Sebestyen, 1959; P fies te r,  1971; Heaney and Tailing, 1980b; 

Chapman, 1981; Krupa, 1981a, b). Comparatively few authors,

however, have a t tem p ted  to distinguish betw een C. furcoides and 

C. hirundinella (e.g. D ottne-Lindgren and Ekbohm, 1975; C an ter

and Heaney, 1984; Hickel, 1985; Heaney, Lund, C anter  and Gray,

1988).

As par t  of this investigation the ratio  of C. furcoides to 

C. hirundinella was determ ined for several lakes and reservoirs

in the Lake D is tr ic t  and the Thames Valley. Results from the  

form er location (Esthwaite Water) are  discussed in C hapter 5 and 

only the southern sites, descriptions of which are included in

C hapter 3 (page 6 6 ), are  detailed  here.
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Methods

Net haul samples were examined in a Sedgewick-Rafter 

Cham ber under an Olympus BH2 microscope, and the number of 

C era tium  cells of each species recorded. The to ta l number of 

cells observed was o ften  low (< 2 0  cells in a sub-sample) as

species of C eratium  were rarely dominant in the phytopiankton of 

some sites. Sediment samples from various sites were also 

exam ined. Samples were sonicated and sieved (Chapter 2, page 

49) and the number of cysts of each species noted. Numbers of 

cysts  were often  low (< 1 0  cysts in a sub-sample), as in the

phytopiankton samples.

Results

In four of the  reservoirs. Island Barn, Queen Mary, Queen 

Mother and Staines South, cells of C. hirundinella were 

consistently  more numerous than C. furcoides (Table 7.2). In 

one observation from the Queen Mother reservoir (4.9.1986) this 

situation was reversed, possibly due to the earlier  encystm ent 

of C. hirundinella. It is possible th a t  the ratio  between the 

two species may vary through the year, although the results 

obtained from Esthwaite Water (Chapter 3, page 166) would

suggest th a t  re la tive  frequencies remain the same. However, the 

sam e da ta  shows how markedly proportions can change from year to 

year indicating th a t  comparisons cannot be drawn between sites 

sampled in d iffe ren t  years (Chapter 3, page 166).

In Virginia Water Lake, even making allowances for

seasonal d ifferences, it was evident th a t  the C eratium
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Table 7.2 The proportion of C . furcoides and C. hirundinella

cells from  Tham es Valley S ites

S ite

R eservoirs

Island Barn

D ate

30-3-1983

14-6-1983

20-6-1983

27-6-1983

12-7-1983 

14-6-1986

13-8-1986

No. of Cells

C .h.

193

19

13

1948

191

19

121

C .f.

3

1

3

1

1

1

Proportion 

C .f. (%)

2

3

2

0.03

0.3

3

Queen Mary 4-10-1984

8-10-1984

88

390

14

28

14

7

Queen Mother 23-9-1984

7-8-1986

14_8_1986

28-8-1986

4-9-1986

81

238

363

84

38

8

146

277

37

68

9

38

43

30

64

Staines South 3-7-1984

10-7-1984

118

1220

72

173

38

12

Lake

Virginia Water 4-10-1984 137 96
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population differed markedly from any of the four reservoirs 

sampled. Three of the four reservoirs (Queen Mary, Queen Mother 

and Staines South) were sampled in the autumn of 1984 and all 

showed a low percentage of C. furcoides (7-38%). In Virginia

Water Lake the situation was reversed with C. hirundinella

a lm ost absent (Table 7.2).

Table 7.3 dem onstra tes  th a t  a similar situation exists for 

the cyst population, with low proportions of C. furcoides in the 

reservoirs sampled (Island Barn, Kempton Park West, Queen Mother 

and Staines South), and a high ratio  of C. furcoides in Virginia 

Water Lake. The percen tage of C. furcoides cysts in the lake 

corresponds to the proportion of C. furcoides cells in the 

previous year, although this conclusion is based on only a low 

cyst count (23 cysts).

Discussion

The most obvious fea tu re  of the data  collected  is the very 

g rea t d ifference in the proportion of species between the

reservoirs and the lake. Without a long te rm  study of a given 

w ater body it is impossible to establish whether the observed

proportions are merely transitory . A study of the changes of 

the  C era tium  population in Esthw aite Water over a 41 year 

period, detailed in Chapter 3 (page 169) of the present study 

and Heaney, Lund, C an ter  and Gray (1988), suggests th a t  the 

re la tive  numbers of the two species are  unlikely to remain 

constan t .  A study by Hickel (1983) of the  C eratium  population 

in a small eutrophic lake (Plusssee, West Germany) showed th a t
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Table 7.3 The proportion of C. furcoides and C. hirundinella

cysts from  Tham es Valley S ites

Site

Reservoirs

Island Barn

Date

8-3-1983 

Spring 1983

No. of Cysts 

C.h. C.f,

1#

1

29

Proportion 

C .f.  (%)

11

17

Kempton Park West 7-12-1983 11 21

Queen Mother 17-10-1983

21-11-1983

3-12-1983

3

7

26

1

3

12

23

42

32

Staines South 3-7-1984 17

Lake

Virginia Water Autumn 1984 1 22 96
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the rela tive numbers of three species (C. hirundinella, C. 

furcoides and C. furcoides f. g rac ile , now C. rhomvoides, Hickel 

1988b), varied during the year and between years. Observations 

were made during the summers of two successive years

(June-August 1981 and July-O ctober 1982), throughout which C. 

furcoides remained the most numerous species. A decline in 

to ta l  numbers in 1982 was accompanied by a rela tive increase in 

C. furcoides f. g rac ile .

All the reservoirs sampled in the present study were 

originally supplied from a common source, the River Thames, 

whilst Virginia Water is fed by a series of small s tream s. 

C era tium  is uncommon in the river, which would suggest th a t  the

initial inoculum of cells, or cysts, to each w ater body would be 

very low. The C eratium  populations of the s tream s is unknown. 

Thus the  proportion of each species in the small initial 

population would be im portan t,  assuming requirem ents for growth 

are  the same for each species. Atkinson (1980) proposed th a t  

birds could ac t as agents of dispersal for phytopiankton (see

C hapter  7.1, page 271). However, transference  of cysts or cells 

betw een sites in this way is likely to be uncommon.

It is possible th a t  numbers of C. furcoides in the

reservoirs were originally higher and have declined as a result 

of disease or parasitism . The fungal parasite  Rhizophydium 

nobile is known to be specific to C. furcoides (Canter and 

Heaney, 1984) and to have an influence on population numbers 

(Heaney, Lund, C an ter  and Gray, 1988). However, in the 

reservoir populations no parasitised cysts were observed. It is
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possible tha t in the reservoirs the C. furcoides populations are  

recovering following a fungal a t ta c k ,  although this is unlikely

to have occurred simultaneously in all reservoirs.

The stability of the  w ater column may have some influence

on the ratio  of the two species. During the early  summer of 

1986 the Queen Mother Reservoir was strongly s tra t if ied ,

com pared to the weaker s tra t if ica tion  in Island Barn Reservoir

(detailed in C hapter 7.3, page 288). This would seem to account 

for the g rea te r  proportion of C. furcoides cells (mean number of 

cells = 44%) in the Queen Mother Reservoir, in comparison to

only 2.5% in Island Barn Reservoir. However, comparison of

w ate r  s tability  in Esthw aite Water (Heaney and Butterw ick, 1985) 

with the proportion of C. furcoides cells in the phytopiankton 

(Chapter 5, page 169), showed l i t t le  correlation  between the 

ratio  of C. furcoides and a strongly s tra t if ied  w ater column.

Moreover, it would not account for the high proportion of C. 

furcoides cells in Virginia Water Lake, which is shallow and 

thus unlikely to be strongly therm ally  s tra t if ied  during the 

summer.

7.3 Observations on a C era tium  Population in a Thames Valley

Reservoir

Introduction

Although algal "blooms" are  generally associated with the

Cyanophyceae, dinoflagellates can, under favourable conditions, 

a t ta in  very large populations. The annual occurrence of a

sizeable dinoflagellate population a t  a particu lar location has
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enabled detailed ecological studies to be undertaken on

Peridinium cinctum  in Lake Kinneret, Israel (e.g. Serruya and

Pollingher, 1971; Pollingher and Serruya, 1976) and on C eratium  

in Plusssee, West Germany (Hickel, 1985, 1988a, b) and Esthw aite 

Water, Cumbria (e.g. Tailing, 1971; Heaney, 1976; Heller, 1977; 

George and Heaney, 1978; Harris, Heaney and Tailing, 1979; 

Chapman, 1981; Frempong, 1981a, 1982, 1984; Heaney, Chapman and 

Morison, 1983, C an ter  and Heaney, 1984).

The size of such "blooms" can be extensive, discolouring 

the  w ater and imparting an unpleasant odour. The C eratium

population in Esthw aite Water during the 1970’s exceeded 600 

cells ml"^ during the  la te  summer maxima. Nicholls, Kennedy and 

H am m ett  (1980) observed a dense population of cells they

re fe rred  to as C. hirundinella (1,300 cells m l"b  in H eart Lake, 

O ntario , which reduced the oxygen concentra tion , instigating a 

fish kill. Reservoirs frequently  support still larger

populations. Herrgesell, Sibley and Knight (1976) recorded a

maximum of 2,880 cells ml"^ of Peridinium penardii f. 

californicum in a Californian reservoir (Lake Berryessa) during

the spring "bloom". Pollingher (1987), in a review of

freshw ater dinoflagellates, c ites  Nakomoto (1975) who described 

densities of dinoflagellates, mainly Peridinium c inc tum , 

reaching 93,000 cells ml’  ̂ in a Japanese reservoir.

During the course of the present investigation one

reservoir. Queen Mother (Datchet) Reservoir, supported a large

C era tium  population (during the summer of 1986). The la te

summer population decline was noted and a comparison made with
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physical and chem ical variables operating in the reservoir. 

P artia l  drainage and refilling of the reservoir was undertaken 

by Thames Water during this period. The w ater level was lowered 

by 3-4 m etres  commencing on 4.8.1986. River w ater was pumped 

back in via the je tting  system betw een 13.8.1986 and 21.8.1986.

Methods

Sampling commenced when it becam e evident th a t  a large 

C era tium  population was going to develop in the Queen Mother 

Reservoir (Thames Water -  personal communication). Water 

samples of 1 litre  were co llected  at intervals from July to

O ctober from the end of a pontoon, using a 5 m etre  long weighted 

tube. Samples were im mediately preserved with Lugol's Iodine 

and, on returning to the laboratory , concen tra ted  to 2 0  ml using 

the sett ling  technique described in C hapter 2 (page 23). Counts 

of cell numbers were made in the usual way (detailed in Chapter 

2, page 27). N utrient analysis data  and chlorophyll values were 

obtained from Thames Water. Weekly tem pera tu re  data  (collected 

by Thames Water) from mid-June to la te  August was used to

ca lcu la te  the mean Brunt-Vaisala frequency (see Appendix 7.3), 

in order to establish the stability  of the epiiimnion (detailed

in C hapter 7.1, page 261).

Results

Figure 7.4 shows th a t  during the period of sampling the 

C era tium  population reached a maxima of 237 cells ml"^ in

mid-August, followed by a marked decline in numbers. Cells
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Figure  7.4 Ceratium Population  of Queen 
Mother Reservoir (1986)

200 -

100 -

Time(M onth)

F igu re  7.5 Mean Chlorophyll-a  Values for 
Q ueen  Mother R eservo ir(1986)

oi 45-

30-
Q .

15-
JZ

Time (Month)



remained present in the phytopiankton although in low numbers 

(2 cells ml“ b  until October, when sampling was stopped. C. 

hirundinella dominated the population with lower numbers of C. 

furcoides (discussed more fully in C hap ter 7.2). Few cysts were 

observed in the autumn samples, maximum = 0.04 cysts ml"^.

O ther genera present during the summer included A nabaena, 

Aphanizomenon, F ragilaria  spp. and S tau ras trum , but the size of 

their  populations remained relatively low (e.g. Fragilaria  spp. 

remained a t  densities of less than 20 colonies m F ^ .  The fall 

in numbers of C eratium  was accompanied by a corresponding 

decline in chlorophyll-a values (Figure 7.5). However, the peak 

in numbers of C eratium  was not coupled with a marked increase in 

chlorophyll-a. The highest chlorophyll-a value (48.0 pg 1“ )̂ 

corresponded to high numbers of Eudorina and Aphanizomenon, both 

of which declined in the subsequent week to be replaced by 

F rag ilaria  spp. and Gymnodinium sp. (Thames Water data). A 

second chlorophyll-a peak in la te  Septem ber was accompanied by a 

large increase in Anabaena and Aphanizomenon.

Levels of to ta l  available nitrogen, orthophosphates and 

silica in the upper 7 m etres  of the w ater column increased as 

numbers of C eratium  fell in mid-August (Figure 7.6). However, 

this rise is likely to be a t tr ibu tab le  to the remixing of the 

w ater  column following the breakdown of therm al s tra t if ica tion ,  

as a consequence of quantities of w ater being drained and 

replaced by river w ater.
o  U “2

A mean N value of 7.4 x 10" s" was obtained as a measure 

of stability  (see Appendix 7.3), indicating th a t  the upper 6
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m etres  of the w ater column were highly stable during this period

(Heaney and Butterwick, 1985). Despite this apparent s tability  

the therm ocline was relatively short lived (mid-June to la te  

July), and would appear to have been prem aturely  disrupted as a

consequence of lowering and raising of the w ater level. The 

values of N obtained for August, during and a f te r  disturbance,

(mean value = 0.85 x 10“^s“^) were substantially lower than

for the previous month (mean value = 12.44 x 10"^s”^).

However, it is impossible to dem onstra te  whether values would 

have been reduced even without the enforced turbulence.

Discussion

Heaney and Tailing (1980a) divided the seasonal population 

cycle of C eratium  into three  stages. A fter  excystm ent, the re  is 

an early phase (March-July) of near exponential growth. There

follows a "stationary" period of high cell numbers

(July-September), with some fluctuations in cell density. In 

la te  September to October the re  is a rapid population decline,

o ften  accompanied by mass encystm ent. This would suggest th a t  

the observations in the present study did not com m ence until 

a f te r  the s ta r t  of the "stationary" phase, when the C eratium  

population was already established, and had ceased growing.

C era tium  dominated the summer phytopiankton from la te  June 

until the end of August. However, although the decline in 

C era tium  cell numbers was re f lec ted  in decreasing chlorophyll-a

values, the peaks of cell density were not aligned with 

corresponding increases in chlorophyll-a (Figure 7.5). It
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should be stressed tha t Thames Water obtained their w ater 

samples a t  a d ifferen t location on the reservoir (close to the 

inlet tower), and from deeper w ater. Although D ottne-Lindgren

and Ekbohm (1975) observed a random spatial distribution of C. 

hirundinella in Lake Erken, Sweden, o ther authors (Heaney, 1976; 

George and Heaney, 1978; Heaney and Tailing, 1980a, b), have 

recorded a non-uniform distribution for C eratium  in Esthw aite 

Water. Spatial clumping was governed by actively  moving cells 

and passive movement c rea ted  by wind curren ts. Pollingher and 

Berman (1975) also noted a patchy distribution of Peridinium in 

Lake Kinneret, Israel. It is th e re fo re  unreasonable to assume 

th a t  the C eratium  population will be the same a t  two sampling

points on Queen Mother Reservoir.

In addition, samples obtained by Thames Water for analysis 

were co llected  a t  d iscrete  intervals (a lte rna te  m etres) with a 

pa ta las  sampler, whilst the  samples for phytopiankton counts 

were continuous, collected  with a 5 m e tre  weighted tube (see 

C hapter  2, page 24). These d ifferences  would be expected to be 

re f lec ted  in the data .  The ex ten t of such variation can be

pronounced. Heaney (1976) noted a 100% difference between the 

number of cells a t  d iffe ren t sampling sites in the same lake 

(Esthwaite Water). No comparisons can be made here as Thames 

Water do not undertake quan tita t ive  phytopiankton counts. It is 

evident th a t  the da ta  should be t rea ted  with consideration for

such variations. Clearly emphasis should not be placed on 

weekly comparisons, but a t ten tion  paid instead to seasonal 

changes.
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The rapid decline in cell numbers occurred soon a f te r  

sampling had s ta r ted . Numbers of C eratium  usually remain high 

until la te  August. Therefore the reduction in numbers was 

considerably earlier  than would be expected. The stability of

the epiiimnion from mid-June to the end of August, as assessed 

using the Brunt-Vaisala frequency (mean N^ value = 7.4 x 

1 0 "^s"^), indicated a strongly s tra t if ied  w ater column which 

might be expected to promote the growth of C eratium  (Heaney and 

Butterw ick, 1985). The existence of a s table epiiimnion appears

to  be inconsistent with the expected disturbance crea ted  by the 

refilling of the reservoir following partia l drainage. However,

a  comparison of N values before (mean N value for July = 12.44

-4 -2 2X 10“ s“ ) and during drainage (mean N value for August = 0.85

X 10“^s” )̂ ind icates that the stab ility  of the w ater column was

greatly  reduced in the la te  summer, earlier  than would normally
2

be expected . The mean N value, for the  same period for Island

Barn Reservoir, where growth of C eratium  was limited, (see

C hap ter  7.1, page 267) was lower (4.0 x 10“^s"^). However, it

was still substantially higher than the August value for the

Queen Mother Reservoir.

The lowering of the  w ater level occurred before the 

com m encem ent of regular sampling and so the im pact cannot be

judged. Refilling of the reservoir, via high velocity input

je tt ing  system (13.8.1986 to 21.8.1986), appears to have 

prem aturely  mixed the w ater column, breaking down the therm al 

s tra t if ica t io n .  This resulted in the destabalisation of the

w ater  column and may have caused a decline in cell numbers of
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C era t iu m . This reduction in algal numbers following a period of 

mixing corresponds with the observations of Ridley, Cooley and 

S teel (1966) and Lorenzen and Mitchell (1975), who determ ined 

th a t  algal biomass declined following the onset of artif ic ia l  

des tra t if ic a t ion  (see page 254).

In addition to its influence on turbulence, w ater 

tem p era tu re  is generally regarded as a major fac to r  associated  

with C era tium  numbers. A threshold value of 10°C needs to be 

reached before rapid population increases can occur. Heaney, 

Chapman and Morison (1983) showed th a t  the optimal tem pera tu re  

for growth of C. hirundinella (reidentified as C. furcoides) in 

cu lture  is 20°C. In this investigation high C eratium  cell 

numbers were not associated with the highest tem pera tu res .  The 

one C era tium  count taken in July occurred when the tem pera tu re  

a t  1 m etre  was high (20.6°C) but cell numbers were relatively 

low, 45 cells ml”  ̂ compared to a la te r  peak of 257 cells ml”  ̂

when tem pera tu res  were lower (16.3°C). Both P fies te r  (1971) and 

Moore (1977) positively corre la ted  C eratium  numbers with

tem pera tu re .  P fies te r  compared the onset of excystm ent in 

C era tium  with a fall in tem pera tu re .  In Queen Mother Reservoir 

cell numbers dropped more steeply than the decline in

tem p era tu re .

Encystm ent would be expected to cause a reduction in the 

number of cells. The firs t cysts appeared in August, during the 

period of refilling of the reservoir. However, cyst production

appeared to be low, a maximum of 0.04 cysts ml"^ was recorded in 

early October. Heaney (1976) observed th a t  numbers of cysts
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increased in w ater samples co llected  a f te r  the autumnal mixing

until November when they equalled the  number of cells. However,

in the Queen Mother Reservoir both cells and cysts were low in 

numbers following the decline of cell production. Mass

encystm ent does not always occur (Heaney, Chapman and Morison,

1983), which may be the case here, e ither  as a result of a 

decline in the number of cells prior to the onset of encystm ent

or due to another undetermined fac to r .  A lternatively , the rapid

fall in cell numbers may have been accompanied by mass 

production of cysts which sank out of the  w ater column before

being de tec ted .

Levels of n i t ra te s  and orthophosphates remained high 

throughout the year and it is unlikely th a t  these nutrients  were

ever growth limiting. The increase in availability of

nu tr ien ts ,  as a result of the mixing of the w ater column in 

August, although not high enough to be toxic to C eratium  (Bruno

and McLaughlin, 1977), may have enabled the growth of other 

species, with which C e ra t iu m , with its slower doubling ra te

(7 days, Heaney, 1976) was unable to com pete.

U nderw ater light levels were not determ ined. However, the 

density of C era tium  cells, the most numerous genera, was well

below those recorded in the la te  1970's in Esthw aite Water (e.g.

Heaney and Tailing, 1980b) and would thus not apparently  be

lim ited  by self-shading.

It has been shown th a t  large populations of Cyanophytes

may secre te  dialysable m etabolites , which can inhibit or kill

algal species in culture (Reynolds, 1984). However, Krupa
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(1981a) observed th a t  although C. hirundinella cells did not

occur in large numbers when the phytopiankton was dominated by 

Cyanophyceae, the sub-dominance of C. hirundinella and 

Cyanophyceae in Bialskie Lake was followed by the dominance of 

the phytopiankton by C. hirundinella. In the present study

the re  was no corresponding increase in e ither Anabaena or 

Aphanizomenon, the two most numerous Cyanophyceae genera, a t  the 

t im e of the  C eratium  population decline.

Predation by zooplankton on C era tium  is generally regarded 

as being low, due to the large size and awkward shape of

C era tium  cells (Reynolds, 1986), although Sebestyen (1959) 

recorded  the cells re ferred  to as C. hirundinella in the bodies 

of the ro tifer  Asplanchna briRhtwellii. At the tim e of the

C era tium  decline in Queen Mother Reservoir, numbers of 

zooplankton showed no significant change, 235.6 mg haul"^ in

comparison to 295.1 ml hauF^ the previous week (Thames Water

data).

It would thus appear th a t  the refilling of the reservoir 

in mid-August (13.8.1986 to 21.8.1986) was the chief factor

responsible for the p rem ature  decline of the C eratium

2 -4 -2population. The mean N value (7.4 x 10” s“ ) indicated a

strongly s tra t if ied  w ater column with the potentia l to produce a

large C era tium  population (Heaney and Butterwick, 1985).

However, this brief period of mixing, caused by the introduction

of w ater  via high velocity je ts ,  destabalised the epiiimnion.

The changes in the physical and chem ical conditions c rea ted  by

mixing could thus be assumed to have e i ther  an adverse e f f e c t  on
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C era tium  ceils (e.g. prevents them from maintaining their

position in the w ater column, see C hapter  7.1, page 274), or a 

favourable influence on other species usually unable to develop

under the prevailing conditions (e.g. redistribution of 

nu tr ien ts  or the resuspension of cells). The reduction in 

chlorophyll-a values a t  the time of the C eratium  decline

suggests th a t  the form er explanation applies in this example.
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Key to  A ppendix 7 .1

Number Taxa

1. C. furcoides
2. C. hirundinella
3. Glenodinium sp.
4. Peridinium cinctum
5. Actinastrum
6. Ankistrodesmus
7. Botryococcus
8. Chlorella
9. Closterium
10. Coelastrum
11. Cosmarium
12. Eudorina
13. Microspora
14. Pandorina
15. Pediastrum
16. Scenedesmus
17. Staurastrum
18. Volvox
19. Tribonema
20. Asterioneila formosa
21. Cyclotella
22. Diatoma
23. Fragilaria capucina
24. Fragilaria crotonensis
23. Melosira spp.
26. Stephanodiscus astraea
27. Stephanodiscus cf. hantzschii
28. Tabellaria
29. Small penate diatoms
30. Cryptomonas
31. Anabaena
32. Aphanocapsa
33. Aphanizomenon
34. Chroococcus
35. Merismopedia
36. Microcystis spp.
37. Oscillatoria
38. Small flagellates

Figures represent the number of cells in 1 ml . In colonial 
forms the additional figures in brackets represent the mean 
number of cells in a colony.

+ denotes counts of less than 20 organisms
n denotes taxa found only in net samples
p denotes those samples taken from the pontoon
s denotes those samples taken from the shore
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APPENDIX 7.1 Phytopiankton counts from Island Barn Reservoir 

1. February to December 1985 

Taxa Date

7-2 28-2 8-3 14-3 28-3 4-4 11-4
P

1. — +(0.4) _ _ _ _ _
2. - - - - - - +
3. - - +(1.5) - - - -
4. - +(0.4) - - - - +

6. - - - - - - +(0.1)
7. - - - - - - -
8. n n n - + n +(0.4)
9. - - n +(2.5) + + (5) +(0.6)
10. - - - - - - -
11. - - - - - - -
12. - - - - - - -
13. - - - - + + -
14. - - - - n - -
15. + +(1.2) + (1) n - - -
16. - - - - - - -
17. + n +(0.5) n - - -
18. — — — — — —

19. 0.8 n + (1) n + + -

20. 0.4 300 387(7) 388(5) + (12) +(2.5) 3
21. - - n - - - —
23. - - - - - - -
24. + +(2.4) + (3) + (28) + + (22) 17
25. n n +(7.5) n n n +(0.1)
26. 0.3 132 376 1965 252 225 75
27. - - 764 1808 312 1035 -
28. - - - - - n -
29. - - n — n — —

30. - 125 82 +(2.5) - - -

31. — n + (1) - n + (28) +(0.8)
32. — - - - - - - -
33. + n 20 n n - n
34. - - - - - - -

35. - - - - — — —
36. - - - - - - -
37. - — — —

38. — — - - - - -
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A P P E N D I X  7 . 1 ( 1 )  c o n t i n u e d

Taxa Date

18-4 25-4 2-5 9-5 16-5 25-5
P

30-5

1. _ n
2. - - - - - + 0.2
3. - - - - - - -
4. - - - - + (2) - -

6. - - 3 - 262 + + (14
7. - - - - - - -
8. 8 + + n - n -
9. + +(1.4) + +(0.1) + (2) - -
10. - - - - - - -
11. - - - - - - +
12. - 5 + - 130 + (60) + (4)
13. - - - - - - -
14. - + (1) + 29 72 + (5) n
15. + +(0.2) + - + (2) n +
16. - - - - 134 - -
17. + + - - + ( 8 ) + +
18. — — — — — — —

19. + (5) + + (11) n n - -

20. + ( 2 . 2 ) +(0.4) + - - + (15) +
21. - - - - - - -
23. +(0.3) - + - + (6) - +
24. 100(13) +(4.3) + +(0.7) 210(1) + (35) + (14
25. +(0,6) + (4) + (25) n - - -
26. +(2.5) + (16) + 1 + (18) + (10) -
27. + (5 .9 ) 15 4 - + ( 2 ) 1562 + (0.
28. - - - - — — —
29. — —

30. - - - - - - -

31. + + ( 0 . 2 ) + (11) + (1) 16(18) + (90) + (9)
32. — - - - - - - -
33. - + - - n n n
34. - - - - - - -
35. - - - - - - -
36. - - - - - - -
37. - +(0.2) + (2) - 16(18) + (45) + (4)

38. + (0 .9 ) — 1 - - + (15) -
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A P P E N D IX  7 . 1 ( 1 )  c o n t i n u e d

Taxa Date

7-6 14-6 20-6 27-6 4-7 12-7 18-7

1 .
2 .
3.
4.

6 .
7.
8 .
9.
1 0 . 
1 1 . 
12 .
13.
14.
15.
16.
17.
18.

19.

20 .
2 1 .
23.
24.
25.
26.
27.
28.
29.

30.

31.
32.
33.
34.
35.
36.
37.

38.

0.02

+
+

23

+
+

+

37(17)
+
+

+

n
+

+(0.1) 13

+(1.4) +(4)

2 435
+

+ ( 0 . 1 ) + 
+(1.4) n

+(0.1) +(9)

+(1.4) +(9)

+(0.7) +(13)
+ (4)

+
+(1.3) +(80)
1 + ( 2 2 )

27(14) +(0.2) 218

n

+ (13)

+
+

n
+ (36)

+ (40) 
+ ( 1 2 2 )

+ (9)

0.9

+ (4) 
+

n
1

+ (4) 
+ ( 2 )

n
++++

84(7) 80(11) 12

+(4.4) n +

+ (33) 
n

+ (3)
+ (15)

+(13) 1(16)

+(0.1) +(27) 151(11) -

+ ( 2 )

+
0 . 1

+ ( 0 . 6 )

n
n 

+ (1 )

+ (1 )  
+ ( 0 . 6 ) 
+ ( 0 . 6 )

n
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A P P E N D I X  7 . 1 ( 1 )  c o n t i n u e d

Taxa Date

25-7 31-7 8-8 1 5 - 8 22-8 2 9 - 8 4 - 9

1 .
2 .
3.
4.

6 .
7.
8 .
9.
1 0 , 

1 1 , 

1 2 , 

13, 
14
15,
16,
17,
18,

19,

2 0
2 1 ,

23,
24,
25, 
26
27
28
29

30

31
32
33
34
35
36
37

38

0.05 0.4 n

8 + ( 8 ) 

+ ( 0 . 6 ) +

n

31(16) n

+(1) +(5)

+ (2) n

: ( i )

n

+(0.6) +(5) n
+(0.3) +(0.6) - 
+(0.3) -

n

0.4 0.4

n

+ (7)

+
n

+ (33)

+
1 . 0

183(8) 117
+ (7) n

+ (60)

n

+
0 . 2

+ ( 0 . 1 ) + 
+ ( 0 . 1 ) +

1.4
n
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A P P E N D I X  7 . 1 ( 1 )  c o n t i n u e d

Taxa Date

10-9 19-9 26-9 3-10 9-10 15-10 24-10

1 .  — +  n  +  — — —

2 . 0. 4 1. 0 1. 6 0 . 2  +

4.  0. 5 — — — — — —

7.  n  -  -  -  -  -  -
8 .  — — — +  — — —

9.  — — + + — — —

1 1 .  +  +  + ( 1 )  +  +  + ( 2 )  n

1 2 . + ( 0 . 8 ) + ( 0 . 2 ) + ( 2 ) -  -  + -
13.  -  -  -  -  -  -  -
14.  -  + -  + - - -
15.  n  +( 0. 2)  n + +(2) -  +
16. -  -  + ( 1 )
17. + n  + + +(3) -  -
18. n  + ( 0 . 2 ) n  -  -  -  -

19. -  + n  +(22) +(9) -  n

2 0 .  -  -  -  -  -  -  -

2 1 .  -  -  -  -  -  -  -

23. -  -  -  -  -  -  -
24. -  + (0 .2 )  -  -  +(1) +(3)
25. + (3 .6 )  +(3) 20(7) 48(1) 32(4) + +
26. +(1) + (0 .7 )  +(10) + + (2 .5 )  +(7)
27. +(3) + (0 .5 )  550 145 + (1 .2 )  -
28. - - - - - - -
29.  - - - - -  +( 2 )

30.  - - - - - - -

31. + (0 .4 )  + +(1) + +(4) + +
32. - - - - - - -
3 3 .  n  n  n  -  -  -  -

34.
3 5 . n  -  n

3 6 . n  + n

3 7 . -  + ( 2 ) -  -  -  + ( 2 )

38.  - - - - -  +( 8 )
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A P P E N D I X  7 . 1 ( 1 )  c o n t i n u e d

Taxa Date

28-11 5-12 19-12

1 . -  -  -
2 .  -  -  -

3. -  -  -
4 .  -  -  -

6 . -  — —
7. -  -  -
8 . -  -  -
9.
1 0 . -  -  -
1 1 . + + -
1 2 . -  -  -
13. -  -  -
14. -  -  -
15. + +
16. -  -  —
17. -  -  -
18. -  -  -

19. +(255) +

2 0 . -  -  -
2 1 .
23. -  -  +
24. -  -
25. +(10) +(20)
26. +(5) +(60) +
27. 41400 18300 +
28. -  -  +
29. + -  -

30.

31. + -  -
32. -
33. -  -  -
34.
35.
36. -  -  -
37.

38.
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A P P E N D I X  7 . 1

2. April to October 1986

Taxa Date

3-4 17-4 26-4 1-5 7-5 15-5 22-5

2. n - n n — - -

9. n - + - - - -

1 1 . -  -  -  — -  -  +
1 2 .  -  -  -  -  -  -  +

14 — — — — — +
15. — — + — — — +
16. n — n — - n n
17. - - n - — - -
18. - - - - - - -

19. - — n - - - -

20. n +(4) 115(2) n - n -
22. n - - - - - -
23. n n - n - - -
24. - + ( 2 ) n  n - -
25. n - - - - -
26. n + 435 - n - -
27. n 75 6025 n - + 85
28. n - n - - - -
29. - - - - -  + -

31. -
32. - - - - - - -
33. - - - - - - -
34. n
35. - -
36. - - n
37.

38. - - - - -  + -
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A P P E N D I X  7 . 1 ( 2 )  c o n t i n u e d

Taxa Date

29-5 5-6 10-6 17-6 26-6 3-7 8-7

2. n n n n — — —

5 . + -  -  + + + +
6. — — n n — — —
7. - - - - - n n
8. — — + — — — n
9. — + — — + — —
10. — — — — — — n
11. + + — — — — n
12. + — — + + + 13
14 . — + — + — + +
15. + — n + — + —
16. — — — — + + +
17. + — — — — — —
18. — — — — — — n

19. -  -  -  43(2) +(12) + (8 )

2 0  , +  — — — — — —
2 2 . — — — — — — —

25. -  -  n -  -  -  +(10)
26 — — + — — —
27. 173 128 164 158 -  93 129
28. — — -  — -  — -
29. -  — -  -  -  — —

31. -  -  +(10) 11(22) 262(22) 285(12) +(13)
32. -  + -  -  -  -  n
33. -  + -  -  -  n -
34. + -  — + -  -  -

36. -  -  + + -  -  -

38. -  18 + -  -  -
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A P P E N D I X  7 . 1 ( 2 )  c o n t i n u e d

Taxa Date

17-7 24-7 31-7 7-8 14-8 28-8 4-9

1 .  — — — +  +  — —

2. — - - - + - n

7. n n — n — — —
8. — n + — — — —

1 0  . +  — — — — — —
11. — — n + — + —
12. - - n — + — n
14. n n n + - -  n
15. + -  + -  + + n
16. + — — — — — —
17. — -  -  -  + — +
18. n n n n n n n

19. -  — — + -  — -

2 0 .  -  -  -  -  -  -  -

23. -  -  -  -  -  -  -

25. +(21) -  15(14) 364 106 76 + ( 6 )
26. 142 -  -  -  -  -  ' +
27. + -  + + -  590 67
28. — — — -  + -  —
29. + — — — — — —

31. +(35) n  87(29) 40(16) + (8 ) +(18) +
32. n n -  n -  -  n
33. - - - - - - -
34.  -  -  -  -  -

36.  -  -  — — + — n
37.  -  -  -  n -  -  -

38.  -  -  + -  -  -  +
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A P P E N D I X  7 i l ( 2 )  c o n t i n u e d

Taxa Date

11-9 18-9 2-10 9-10

1 .
2 .

6 . -  + + + ( 11)
7. - - n -
8 • + n - -
9 • — — — —
10. — — — —
1 1 . + + + +
12. + + - n
14. n + + n
15. + + + +
16. -  — -  —
17. — — — —
18. + n — —

19. +(38) - 12(21) -

20. - - - -
2 2 .  -  -  -  -

23. — — — —
24. - - - -
25. + 4 +(18) n
26. + + - -
27. 21 47 16 +
28. - - - -
29. - - + -

31. 21(21) 6(11) 33(19) +(9)
32. + - n -
33. - n - -
34. - - - -
35.
36. - n +
37. - - - -

38. + - - -
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A P P E N D I X  7 . 2

1 .

Assessment of water turbulence in Island Barn 

Reservoir using the Brunt-Vaisala Frequency

1985

Date Temperature (*c) Water density (xlO~^) N^CxlO 4;

Dm 6m Mean

14-6 14.8 14.4 14.6 5.7 99918.7 0.93

27-6 15.7 15.5 15.6 1 1 . 0 99903.5 1.79

4-7 19.4 16.1 17.9 60.0 99864.3 9.79

12-7 19.7 16.9 19.2 52.7 99839.5 8.60

18-7 19.2 16.7 18.9 45.9 99845.4 7.49

31-7 18.5 18.2 18.3 5.7 99856.8 0 .93

8 - 8 17.2 17.2 17.2 0 . 0 99876.8 0 . 0 0

15-8 17.2 17.1 17.1 1 . 8 99878.6 0.29

28-8 17.5 17.1 17.2 7.2 99876.8 1.18

% = 30.00 

X = 3.30
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2 .

Date

1986

Temperature ( ° c )

Om 6m Mean

17-6 19.6 14.3 16.8

26-6 19.1 16.4 18.3

3-7 20.5 18.9 19.9

8-7 19.3 18.9 19.1

17-7 20.7 19.3 2 0 . 1

24-7 18.7 18.5 18.6

31-7 17.6 18.1 18.1

14-8 18.5 18.0 18.4

2 1 - 8 17.5 17.5 17.5

28-8 15.5 15.7 15.7

Water density (xlO~^) N^(xlO~^s

f  /

91.6

49.0

32.6 

7.9

28.9

3.8

9.1

9.5

0 . 0

1 1 . 0

99883.8

99856.8

99805.3

99841.5

99821.3

99851.1

99860.6

99854.9

99871.4

99901.9

14.9

8 . 0

5.3

1.3

4 .7  

0 . 6

1.5

1 . 6  

0.0

1 . 8

21 = 39.70 

X = 3.97
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APPENDIX 7.3 Assessment of water turbulence in Queen Mother 

Reservoir using the Brunt-Vaisala Frequency 

Date Temperature (°C) Water density (xlO N^(xlO *̂s

Om 6m Mean
P

19-6 17.0 13.4 15.2 5.5 99909.8 9.0

26-6 16.4 13.8 15.6 3.9 99903.5 6.4

3-7 20.6 13.8 17.3 11.9 99875.0 19.5

10-7 18.1 15.4 17.0 4.6 99880.4 7.5

17-7 21.0 14.3 17.8 12.1 99866.1 19.7

23-7 18.8 14.6 16.5 7.1 99888.8 11.6

31-7 16.6 15.1 16.2 2.4 99893.8 3.9

7-8 15.3 15.4 15.4 0.2 99906.6 0.3

13-8 16.3 15.4 15.8 1.4 99900.3 2.3

21-8 16.2 16.0 16.1 0.3 99895.5 0.5

28-8 15.7 15:6 15.6 0.2 99903.5 0.3

81.1 

X = 7.4
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CHAPTER 8  

SUMMARY

It was established th a t  two species of C e ra t iu m , C.

furcoides and C. hirundinelia, were present in the phytoplankton 

of Esthw aite  Water, Cumbria, and in various sites in the Thames 

Valley. Identification of cells was based on the shape of the 

ep itheca , the overall linear dimensions and the number of thecal 

pla tes  reaching the apex of the cell. The number and size of 

the posterior horns were deemed unreliable taxonomic 

ch a rac te r is t ic s ,  as they displayed seasonal varia tion. Cell

length and breadth also varied seasonally, but C. furcoides 

cells were shown to always remain longer and more slender.

Cysts were similarly distinguished on the basis of morphological 

cha rac te r is t ic s .  In addition, scanning e lectron  microscopy 

indicated th a t ,  in both species, the  cyst wall was formed of a 

continuous, and a discontinuous, granular layer, found to

contain silicon. In C. hirundinelia this s truc tu re  appeared 

more highly organised, with granules tightly  packed in a 

geom etric  arrangem ent,  and registering high silicon values. The 

cyst walls of C. furcoides included granules which were less 

densely spaced, and silicon values which were considerably

lower. The possible advantages of the  incorporation of silicon 

were discussed.

A study was made of the  C eratium  phytoplankton population 

of samples covering a period of 41 years (1946-1986) taken from 

the  same lake. It was established th a t  the  rela tive  proportion
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of c .  hirundinelia and C. furcoides, although remaining constan t

through a single season, varied considerably over a longer 

period of tim e. The resulting change from dominance of one

species to the other was shown to occur rapidly. This situation 

is believed to result not from d irec t com petition, but from the 

re la tive  ability of cysts of the two species to survive.

Parasitism  of the cyst (for example, by Rhizophydium nobile) or 

of the  cells prior to encystm ent (for example, by Aphanomycopsis 

c ry p tica ), will result in a decline in the cyst population and

may a f fe c t  one species more than the  o ther.

A study of the C eratium  species present in the

phytoplankton of various Thames Valley sites was conducted over 

only one or two years and in view of the previous observations

cannot be regarded as a perm anent situation. However,^ it is 

in teres ting  to note th a t  the g rea te r  proportion of C.

hirundinelia in the reservoir sites was replaced by a large C.

furcoides population in Virginia Water Lake. No parasites  were

observed in any of the  southern sites. The size of the  C eratium

cell population in the Thames Valley sites, (no equivalent study

was made of the phytoplankton in Esthw aite Water), was shown to 

be adversely a f fec ted  by instability  within the w ater column. 

The C eratium  populations from two sites were dem onstrated  to 

decline in numbers when turbulence caused the p rem ature

breakdown of the  therm ocline, as a result of cool unsettled 

w eather or the high velocity  input of w ater .  It is uncertain

whether the decrease in the number of Ceratium  cells was due

directly  to the physical e f fec ts  of mixing, or indirectly to the
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redistribution of nu trien ts , which may favour the growth of

o ther genera.

A study of viable C eratium  cysts concen tra ted  on their 

vertica l distribution in 8  cm cores from Esthw aite Water. 

P reserved cores were shown to contain more cysts than fresh

cores, stored a t  below 4°C. The shortfall in numbers in the 

la t te r  was taken as representing cysts which had excysted whilst 

cores were transferred  from the  Lake D istric t to the south of 

England. Variation in cyst numbers was also noted between cores 

taken a t  d ifferen t tim es of the year. Clearly cores taken soon

af te r  encystm ent would be expected  to contain more cysts than 

cores taken the following spring, where cysts might have been 

lost through disease, predation or redistribution to a lower 

level. Further d ifferences were shown between cores taken from

diffe ren t basins of the lake, and from shallow and deep w ater 

sites. As would be expected , deeper w ater locations yielded

cores with more cysts, possibly as a consequence of sediment

focusing.

An approximation to the ra te  of sedim entation was 

determ ined using the  diatom Stephanodiscus parvus as a "marker" 

species. The average annual accum ulation of sediment was 

es tim ated  to be 0.8 cm year"^. Viable cysts were induced to 

germ inate  in the laboratory when introduced into a culture 

medium and exposed to an increase in tem p era tu re .  Although 

fluorescing cysts were present throughout the 8  cm cores

germination only occurred to a depth of 5.5 cm. These cysts 

would thus be expected to be up to 7 years old.
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The vertica l distribution of cysts of both species was 

com pared with the numbers of cells in the phytoplankton of what 

was judged to be the corresponding period. Some agreem ent was 

shown between the to ta l  number of cysts and the number of cells. 

However, a correlation  between the proportion of C. furcoides 

cysts and cells was less evident.
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