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ABSTRACT

This study deals with the ecology of ciliated protozoa in the

benthos of a small (10 hectares), eutrophic loch (OS ref. 808 966).

Regular sampling of the benthos and overlying wat.ez at three

markedly different sites over a two-year period was complemented

with laboratory experiments on individual ciliate species.

In part 1 of the thesis, variation in the complete ciliate

population (temporal and vertical distribution of numbers and bio-

mass) is analysed by single and multiple regression on the other

factors recorded (including redox potential, sulphide ion activity,

pH, oxygen flux, nematodes, bacteria, chlorophyll a and phaeophytin,

sediment density and organic carbon, temperature, daylength and

various aspects of water chemistry). Seasonal cycles were recorded

for ciliate number, biomass and pattern and extent of dept.h penetra-

tion. The most prominent seasonal charo.cteristic was the accumu l.a-

tion of ciliates at the sediment surface during the summer (up to
-283000 cm , > 99% being in the top lcm of sediment). This has been

explained in terms of the summer increase in benthic productivity

increasing the available food sources for ciliates at the sediment

surface, and upwards migration of the redox potential discontinuity

forcing the ciliate population into the oxidised rnicrozone.

In the second part, the distribution and abundance of individual

species has been described.

Aspidisca costata occurred on almost every sampling occasion.----------------- Large

species such as ~.A)xodesstriatus, §.Id,rostomumte~e~ and Front<wi~

leucas were more frequent and abundant during the su~~er. Species



with known or suspected tolerance of anoxia and reducing conditions,

were more common in the sub-surface sediment. Although 91 species
were identified during the whole sampling programme, the maximum

number disti.nguished on anyone occasion was 25. Computer-

assisted association analyses identified groups of similar species

and similar occasions. Species-groups composed predominantly of

large ciliates ...Jere defined for each of the tlJ)~eesites. Occasions
were sorted into seasonal groups, the species-groups composed of

large ciliates accounting for most of the coincidence with the

sununer and autumn occasion-groups. The f'actor s controlHng seasonal

variation are discussed.

Part 3 is concerned with the energetics of the complete

ciliate population and its constituent size classes.

, f d t' h' h (345 149 and 40 J ~-2 year-1est~mates 0- pro uc ~on were ~g, ~ ..

at the th~ce sites) respiratory energy losses were relatively low
-2 -1(18, 11 and 4 J cm year at the three sites with ciliates

accounting for a maximum of 3.590 of total benthic respiration).

Seasonal variation was detected in population net production

efficiencies (r,'nge63 - 98%), the lower values being more common

in the wint.er, The energetic efficiencies of the ciliate population

are considered with reference to data in theliterature for higher

organisms. The contribution made hy ciliates to energy flow

through the benthos is discussed.
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General Introduction

Ca) Historical note

"Observations communicated to the publisher by Mr. Antony
van Leeuwenhoek, in a Dutch letter of the 9th of October,
1676, here Englished, concerning little animals observed
in Rain, Well, Sea, and Snow Water, as also in Water
...zhereLn Pepper had lain infused."

Observation IV.

"June 9th, having received, early in the morning, some
rain-water in a dish, as before, and pouredit into a
very clean wine-glass, and exposed it about 8 of the
clock in the morning to the air, about the height of
the third story of my house, to find, whether the
Iittle animals would appear the sooner in the 'Viater,
thus standing in the air: Observing the same accor-
dingly the lath of June, I imagin'd I saw some living
creatures th~rein; but because they sean'd to be but
very few in number, nor were plainly discernible, I
had no mind to trust to this ~bservation. The 11th
of the same month, seeing this water move in the glass
from a stiff gale of wind (which had blown for thirty-
six hours without intermission, accompani.ed with a
cold, that I could very well endure my winter-cloaths),
I did not think I should the.nperceive any living
creatures therein; yet viewing it attentively, I did,
with admiration, observe a thousand of them in one
drop of water, which were of the smallest sort, that
I had seen hitherto."

In his series of letters to the Royal Society, Leeuwenhoek

described a variety of newly..discovered micro-organisms, includbg

the protozoa. In revealing a previously unknown.realm of life,

he initiated the science of microbiology - in his pursuit of the

'little animals' occurring in a variety of habitats, and by his

simple experiments on protozoa, he might also be christened as the

first microbial ecologist. Behind the quaint, colloquial style

of his 'Observations' there was both a sense of conviction and a

wealth of accurate description, the two occasionally combining to

make unintended contributions to ecology. For example, in his
Idenouncement of the doctri~e of spontaneous generation he unwittingly
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provided an explanation of the cosmopolitan distribution of microbial

species:

" in all kinds of water, standing in the open air,
animalcules can turn up. For these animalcules can
be carried over by the wind along with the dust
floating in the air."

Bearing in mind the problems faced by Leeuwenhoek, especially

the technical difficulties, it is surprising that 300 years later

when many such }_:!"oblemshave ceased to be important, one of the·

lamentable characteristics of the study of protozoan ecology is

still its lack of sophistication (Corliss, 1973). A great deal of

information has b~en published concerning t:he types of protozoa

found in different habitats and th8ir ranges of tolerance of

environmental factors but much of it is conflicting and it is

scattered throughout the literature. The emphasis has been placed

almost entirely on the qualitative aspects of ecology, leaving

studies in the quantitative areas sadly lacking. For instance,

almost all studies of protozoa in the freshwater benthos have produced

extensive species lists but a comprehensive study of the size, bio-

mass and production of protozoan populations has never been carried

out.

Not surprisingly, the number of published reviews of protozoan

ecology is not great. The most extensive reviews are those of

Noland and Gojdics (1967) and Faur{-Fremiet (1967) although parts

of the literature have been reviewed by Fenchel (1969), Bick and

Kunze (1971) and others. Several ecological topics were dealt with

in detail by Sleigh (1973).
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Cb) Rationale and Objectives

In this study, an attempt is made at clarifying a variety of

issues concerning the ecology of one group of protozoa - the sub-

phylum Ciliophora. Two main reasons were responsible for t.he

decision to concentrate on the ciliates. Firstly, the benthos of

a small eutrophic loch could be sampled conveniently and previous

\:Iorkhas indicated that the protozoan fauna of benthic habitats

generally is dominated by ciliates (Lackey, 1938; Webb, 1961;

Elliott and Bamforth, 1975).
,

Secondly, such a study would hopefully

complement the poineering studies of Fenchel (1967, 1968a, b, 1969)

on the ecology 0;': ciliates in the marine benthos.

The most important recent developments in protozoan ecology

will be considered below, along with a description of those char.a.:-

teristics of the free-living ci1iated.protozoa which make then an

interesting and important group worthy of study.

Firstly, because they are usually very numerous, diverse,

cosmopolitan in distribution and they have characteristically short

generation times, they warrant study for their own sake. In the

.freshwater benthic habitats investigated so far, ciliates have usua)ly

numbered several tj~ousand per square centimetre (Grabacka, 19711

Gou1der, 1971)' and the number of species recorded has rarely been

less than 50 (Noland, 1925; Wang, 19291 .Gellert and Tamas, 1959;

Small, 1973, Bryant and Laybourn, 1973) rangin9 in size from about

l5~m to over Imm, Many of the species found in the benthos of

freshwater temperate lakes have been recorned from the Arctic

(Fenchel, 1975) and f rom the Antarctic (Dillon et a:i..,1968). '!'his

. cosmopolitan distribution 15 a reflection both of the wide ranges

of tolerance and adaptability shown by most species an~ the ea~e
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with which airborne transport of cysts can deliver species from one

suitable environment to another (Maguire, 1963; Corliss and Esser,
1974). Low generation times are invariably recorded for protozoa

cultured in the laboratory (Fenchel, 1968b; Zaika, 1973). Since
these will give an indication of reproductive potential in the

natural environment, they infer that in habitats where protozoa are

numerous, their production will be great.

The second important reason fo~ studying ciliates concerns

their influence on other micro-organisms. As major consumers of

thE!benthic microflora, especially the bacteria, they can be expected

to have a major influence on this group - both as regards influenc-

ing the number of bacteria present and in selection for particular

bacterial types. One of thebetter-documented interactions of

ciliates with bacteria concerns the activated-sludge process, in

which"the predatory activity of ciliates 011 bacteria, especially

coliform bacteria, is essential for the production of a good quality

effluent (CUrds, 1973 and references cited therein).

Their relationships with higher organisms are not so wel1-

defined. Apart from predation by carnivorous ciliates, they have

been considered un,important as prey items but since they usually

leave no recognisable remains in the digestive tracts of predators,

their role as prey organisms may have been underestimated in the

past. However, other types of interaction with higher organisms

are probably important, such as competition with nematodes, r.otifers

and other microfauna for the same food sou:::-ces.

Taking their quantitative importance toget~er with their

influence on other organisms leads to the importance of ciliates in
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mineralisation processes in the sediment. There is now no doubt

that benthic micro-organisms are important in breaking down parti-

culate organic matter produced in the overlying water colunm and

releasing the constituent mineral nutrients back into the water.

The subtle interact:ions which ciliates and other protozoa have ...:ith

the micro-organisms responsible for such processes are beginning to

be understood.

Most important is the evidence that microbial g:r:azerssuch as

ciliates may stimulate.bacterial activity and thus increase the rate

of decomposition. The stimulatory effect of bacterivores was first
-)

ascribed to their regeneration of nutrients through excreti6n

(Johannes, 1965, 1968). In the absence of grazing, nutrients would

remain tied up in the bacterial bioma.ss but when they were present,

such nutrients could be released and returned to the system in

grazer excreta. More recent work (Barsdate et a.1..,1974; Fenchel

and Harrison, 1976) on phosphorus cycling indicates that the stimu-

latory effect of protozoa has little to do with their relative

importance in the direct regeneration of nutrients. For example,

in a system containing the ciliate Tetrahymena and bacteria, the

former was responsible for only 4-5% of the regeneration of phosphorus

(Fenchel and Harrison, 1976). However, the st imutacory effect of

the ciliates was still expressed - bacterial uptake and excretion was

still higher in the grazed system.

The mechanism by which protozoaotimulate bacterial activi~y

is still not known. The various suggestions include the excretion

by the grazers of growth-promoting substances {Fenchel and Harrison,

19;76) and the interaction between grazers and grazed helping to

prevent the latter from reaching self-limiting numbers {Johannes,
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1965) - the so-called maintena.nce of 'physiological youth' in the

bacterial population. There is also the possibility that the

proven selectivity of ciliates for certain bacterial species

(reviewed by Noland and Gojdics, 1967) may result in the selection

for f'aster-growing species (all experiments in the past have in cluded

several bacterial species).'

Fourthly, micro-organisms including the protuzoa are by far

the most important agents of prima~~ decomposition - mainly due to

their possession of those enzymes involved in breaking down plant

structural polysaccharides (Muller, 1967). Thus they can attack

those components of detritus not primarily available to other inver-

tebrates. As micropredators of bacteria, ciliates are particularly

important through their ability to hydrolyse such resistant struc-

tures as bacterial cell walls, and indeed use such structures as a

valuable food source. In rapidly excreting the bacterial nitrogen

as ammonia (Stout, 1973), ciliates probably make an important contri-

bution to the nitrogen cycle.

Lastly, protozoain general and ciliates in particular are

beginning to be considered as useful indicators of pollution.

~lany species have ~een accorded a saprobic classification (see

Section 2.1) based on their tolerance of an:ifrequency of occurrence

in environments having different levels of organic pollution (Curds,

1969; Bick and Kunze, 1971; Bick, 1972). The sensitivity of

some ciliates to toxic industrial discharges and the rapid change in

cell characteristics (behaviour, cytology, respiration, growth rate)

following exposure (Schultz and Dumont, 1977) indicate that thei'

will be used increasingly 1n the future to assess toxicity levels

of a variety of organic and inorganic discharges.
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These are some of the reasons for studying the ecology of

ciliates - their abundance, diversity and cosmopolitan distribution~

their many interactions with other organisms, their importance in

decomposition and mineralisation and their potential role as

valuable indicators of pollution.

The ecological topics considered in this study represent only

a small proportion of those still begging to be expl.ored , The

study has been divided for convenience into three sections, in which

different areas of ciliate ecology are examined. In the first

section, the temporal distribution of the complete bent.hdc ciliate

population is described over a period of two years. Seasonal
fluctuations and patterns of vertical distribution in the sediment

are explained in terms of combinations of factors recorded from the

benthos and overlying water. The special emphasis placed on the

me~surement of redox potential as a factor controlling the vertical

distribution patterns of ciliates stems from the proven importance

of the same factor in marine sediments (Fenche1, 1969; Elliott and

Bamforth, 1975).

The second part is concerned with the dynamics of individual

ciliate species - the number of species in the population, their

frequencies, densities, vertical distribution and patterns of

seasonal fluctuation, their associations with each other and with

the various substrate types.

In the last part, data recorded from the sampling programme

are combined with laboratory experiments on ciliate respiration and

- reproduction to provide estimates of production and respiratory

energy losses by the ciliate population. Various energetic

efficiencies are calculated for the population and the impact of

ciliates on the energetics of the benthos is discussed.
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PART 1

ANALYSIS OF THE TEMPORAL AND VERTICAL DISTRIBUTION OF THE

BENTHIC CILIATE POPULATION

1.1 Introduction

1.1.1 Temporal distribution

Mo~t investigations of ciliated protozoa in the freshwater

benthos have revealed the existence of large and diverse populations

(see general introduction above). Unfortunately, the variety of

factors suggested to control the temporal distrLbution of ciliates

is also diverse, including sunlight (Wang, 1928; Richards, 1929;

Lackey, 1938), 'climatic factors' (Bragg, 1937), quantity and

quality of available food (Noland, 1925; Webb, 1956; Bamforth,

1958; Grabacka,197l; Goulder, 1974), availability of oxygen

(Moore, 1939; Webb, 1961), pH (Wang, 1928) and rainfall (Hairston,

1967).

However, some common characteristics of ciliate distribution

have been revealed in the various studies. In particular, popu1a-

tions have been shown to fluctuate in size, often dramatically and

within.short periods of time. Superimposed on these short-term

variations are the seasonal patterns recorded by a number of workers.

The data presented by Wang (1928) for the abundance of ciliates over

a 12-month period show pronounced maxima in September and October,

the months in whi.chmax ima were also recorded by Moore (1939).

Fenchel's (1967) data from a sheltered marine benthic locality also

show a marked seasonality with population maxima occurring in early

summer. Goulder (1974) investigated the seasonal distribution of
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several large ciliates over a period of 21 months but he observed

no seaonal distribution shared by all species. However, population
maxima of all species apart from one, generally occurred when the

bottom wat.er was oxygenated, a correlation which Goulder explained

in terms of the species' requirement for oxygen and the polysaprobic

classification of the exceptional s!,ecies (Caenomorpba rnedusula)•

The dependence of the majority of ciliates on oxygen also explains

the seaeonaL distribution of ciliate number re.corded by Moore (1939).

As the summer progressed, he recorded a pronounced decreased in the

number of ciliates in the profundal zone of a stratified lake but

when the thermocline collapsed and oxygen again penetrated to the

bottom, the ciliate population showed a 50-fold increase in size,

This dependence of population size on available oxygen Cor

other factors associated with anoxia) is also apparent in the data

recorded by Webb (1961). When stagnant conditions prevailed in the

hypolimniou, the number of aerobic ciliates declined to be succeeded

by sapropelic forms. With the end of stratification in the

autumn, most of t;.heaerobic forms returned in high numbers.

In ~~hestudies of the freshwater benthos, described above,

temporal distribution in both total population size and species

composition has been attributed to reduced oxygen flux to the benthos

and indirectly, to the climatic factors causing thermal stratification.

The lake investigated in this study was relatively shallow and not

likely to stratify, in the summer. In this respect it was similar

to Loch Leven where, it was suggested (BryarJtandLaybourn, 1972/3),

the absence of marked thermal stratification might account for the

absence of seasonal variation in the ciliate conununity.
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Temporal distribution of the total ciliate number, size class

distribution and biomass, are described in this section, using data

obtained over-a two-year sampling period. The attempt has been

made to elucidate significant correlations with a variety of

physicochemical parameters including the availability of oxygen

and to determine the extent to-which combinations of factors interact

to control the distribution of ciliates.

1.1.2 Vertical distribution

In comparison with the vertical distribution of other micro-

fauna in freshwater sediments and with the distcibution of ciliates

in the marine benthos, the extent of penetration by freshwater

benthic ciliates has been shown to be extreme1ylimited. Moore
(1939j and Cole (1955) did not record ciliates deeper than Scm.

Goulder (1971) found that they were invariably r.estricted to the

surface 4cm and Bryant and Laybourn (1972/3) only rarely recorded

ciliates in a sediment fraction 4-6cm deep.

In contrast, studies on the marine and intertidal benthos have

disclosed a more extensive distribution which can apparently be

correlated with the'nature of the substrate. Fenchel (1969)

recorded ciliates at depths greater than 20cm in sandy sediments

whereas Elliott and Bcu,lforth(1975) found the ciliate population

restricted to the top 7cm in finer sediments. The data presented

by Arlt (1973) indicate that penetration increased from 3cm to ovev

lOcm as the pr.oportion of mud in a sandy substrate decreased.

Although the extent of vertical penetration is generally much

less in freshwater sediments, the form of ciliate population

dlRtribution with depth hac been shown to be similar in both the
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freshwater and the marine benthos, ,.,ith the majority of ciliates

occurring in the top lcm of sediment. Most studies of the

physicochemical factors in the benthos have revealed that they too

have a vertical zonation over the top few centimeters and the

obvious next step has been to correlate the vertical distribution

of ciliates ...lith the zonation of factors likely to affect them.

The most extensive studies of this sort have been on the marine

berrthos, the most notable being the work of Frmchel (1969) and

Elliott and Bamforth (1975). In both of these studies, sediment

structure and the redox profile were shown to be correlated with the

vertical distribution of ciliates.

Attempts at explaining the characteristic penetration of

ciliates into the freshwater benthos have been less successful,

partly because of the typically compressed vertical zonation of

physicochemical factors found in such sediments with smaller

particles and lower porosities. Goulder (1971) recorded 97% of

all ciliates .n the O-lem layer and '....as unable to isolate the

factors controlling such a restricted penetration. Among the

probable factors controlling vertical distribution he included

sediment texture and the available interstitial space, oxygen

availability and the presence of toxins associated with anoxia,

and the availability of suitable food sources.

All of these factors c::.ndseveral others have been included

in the present investi9'ation in an attempt. at explaining the pattern

of vertical distribution. In particular, Fenchel's(l969) work

on the inter-relationships between the redox profile, the factors

controlling the redox potential, and the penetration of ciliates
"

has been extended and modified to apply to the freshwater benthos.
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Map of Airthrey Loch showing the location of the

threp. sa.mpling sites ( At Bt C) and depth contours

in tr~tr0.3 ( the depths recorded being the lowest

for the year). Most of the eastern region of the

main loch was less than 1 m deep.

Emergent macrophytes are also indicated

T Typha latifolia L.
p Polygonum amphibium L.

E Eleocharus ~lustris(L.) Roemer
& Schultes

I Iris pseudacorus L.

N Nytnphoides peltata Kuntze

Nu Nuphar lutea(L.) Sm.

S Sparganium erectum L.
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1.2 Materials and Methods

The various sub-sections belo\<lcontain accounts of the materials

and methods employed in obtaining data for a variety of factors

from the sediment and overlying water. Some sub-sections are

considerably longer than others, aspec i aLl.y those on sampling and

particle size analysis which include previously Undescribed tech-

niques. The descriptions of the use of electrodes are supplemented

at the end of 'materials and methods' (1.:;:.17)with a section out-

lining the rationale behind the use made of electrodes in this study.

1.2.1 Sampling and the.sampling devj_c~~9.

Airthrey Loch (Fig.1.1) covers an area of approximately 10

2 . . 2
hectares (main loch, 90300m , small loch, 4530m ) on the University

of Stirling campus (O.S. ref 808 966). The entire water body is

shallow «Sm) and higply eutrophic, being surrounded by agricultural

land. The main water inflow is a regulated source from a hill

reservoir. Each, summer is char act.erLsed by an abundant gro\Olthof

emergent macrophytes including large beds of !ypha latifolia and

Iris pseudacorus and the development of plankton blooms (phytoflagel-

lates in the small loch, blue-green al~~e in the main loch).

In Fig.!.l the distribution and species composition of the main

emergent macrophytes is indicated, together with thE:'depth contours

for August 1976 (period of lowest water level for tha year) and t.he

Looat.Lo.i of the three sampling sites. The sampling sites selected

were representative of the diversity of benthic habitats in Airtr.rey

Loch. Site A was in shallow water «O.Sm) close to the edge of the

small loch, site B was located in the slightly deeper water (1-2re)

of the 'Typha beds' in the main loch and site C was at the deepest

point (3.8-4.8re) in the main loch.
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The. sampling device used throughout the study was a modified

version of that described by Bryant a~d Laybourn (1972/3). The

length and internal diameter remained unchanged, the only difference

·being the addition of two horizontal grooves and a perspcx strength-

enin3 block just beneath the neck (fig. 1.2)• These alterations
allowed for easier and more accurate splitting of the sediment core

into lcm thick sections.

Easy manipulat:i.onof such a sampler was no doubt aided by its

light weight and small cross-sectional area although the latter

must also bring about some degree of sediment compaction. (Tests
on the degree of compaction in the samples show~d that maximum

compression occurred when cores were reduced to 83% of their length

with removal from the benthos. Even if compaction was nil at one

site and maximal at another, the difference as regards the top 6cm

would be less than lern.)

To SO ..le extent the diameter of core samplers used by other

workers in the past has reflected tilepurpose and aim of the sampling

procedure so that samplers used to collect the smaller meiofauna

(Weiser, 1960; Hieser and Kanwisher, 1961; Arlt 1973), bacteria

(Henriei and McCoy, 1938; 7..oBel1,1938; Dale, 1974)·and protozoa

(Bryant and Laybourn, 1972/3; Elliott and Bamforth, 1975) have all

had relatively small cross-sectional areas in the range l-23.8cm2•

Many samplers used in studying aspects of benthic metabolism and

energy flow also lie within the same size range (Gr¢ntved, 1960;

Carey, 19~7; Hargrave, 1969b j Matheke and Horner, 1974; Bremner

!:!. el.., 1976). Thus the samplers used in this study, \"ith a cro!::s-
2sectional area of ll.36cm were well within the size range of thbse'

used in comparative studies.
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Figo 1.2 The Sampling Device

The sampler is basically a perspex tube (p) protected by

a brass.nozzle (B), and a water pressure - operated 'valve'

(V, rubber O-ring and acrylic plate) at the upper end which

retains the core and overlying water on retrieval of the

device from the sediment. A brass weight (W) was attached

when the sampler was lowered into the sediment at the deeper

sites. G1 and G2 are grooves cut in the perspex tube to

accommodate a'lund.ndumplates AP1 and AP2 respectively.
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Sampling beneath the shallow water of site A was achieved by

carefully pushing the sampler into the sediment and for this no

brass weight nor valve mechanism was required. Both were required

when sites Band C were sampled, the water depth at these sites

being too great to permit hand corj~g. Instead, the sampler was

carefully lowered almost to the sediment surface, then released, to

fall free into the soft sediments of these sites. The sampler

co~ld then be hauled on board, the _intdct sedlioent-core and over-

lying water trapped by the water pressure-operated valve. The

samples remained intact in the samplers until they had been trans-

ported back to the laboratory.

On most sampling dates, two such core samples vre.re taken, the

samplers being lowered as closely as possible to each other. One

core would be sectioned and examined for micro-organisms while the

other would be used to obtain electrode measurements or data on

benthic respiration. It was found nece!;sary to use two parallel-

coring samplers for several reasons:

a) Introduction of the platinum and sulphide ion electrodes into

the intact sediment core caused an inevitab~e transport of possibly

small, though unknown quantities of secdmerrt ":romthe surface to

deeper layers. If the same core was then sectiened fer analysis

of the vertical distribution of micro-organisms, accurate data

would undoubtedly not be obtained.

b) Heasurements of benthic respiration involved leaving the

sediment cores undisturbed for relatively long periods followed by

the addition of formalin to deter:!linethe extent of chemicOll oxidation.

Sinc,e the tecli:.Jques used to count the micro-organisms depended on .

their being alive, anotheL' similar if not identical core sample was

necessary.
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c) Any obvious differences in parallel-coring samplers would

indicate either that they had not penetrated the sediment in the

same manner or that the area being sampled was not homogeneous.

Although both fauna and'flora of the benthos are frequently hetero-'

geneously distributed (Arlt 1973),those areas of even distribution

are more easily discovered when two samplers remove similar cores.

An obvious case of rejection of core samples would be when one was

covered with an l!ndisturbed algal mat and the other was not.

The simple alterations made to the core aamplerfacilitated

accurate splitting of the sediment core into lcm thick sect.ions.

After siphoning off that water overlying the sediment and the intro-

duction of an aluminium plate (API) into groove 1 (Gl), a plunger

could be inserted in place of the rubber bung Dl the bottom end and

the whole core pushed up to meet the plate (fig.l.2). A second

plate (AP2) was then inserted in groove 2(G2), thus separating a

lam thick layer of sediment from the top of the core, a layer which

could then be easily removed into a plastic beaker. This procedure

was continued until the top 6cm of sediment was removed into five

beakers, the last containing a 2cm thick sediment layer from 4-6cm

depth. These were the sediment samples subsequently referred to

as the five 'depth'fractions'. The rest of the sediment core was

discarded.

1.2.2 Enumeration and identification of ciliated protozoa
and other microfauna

Sediment samples from each of the five depth fracHons were

di.Iuted approximately lOX with membrane-filtered (0.45\Jm)water

frarn'the same site as the core sample. The specific gravity of

the sediment was recorded simultaneously by carrying oct the dilution
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in a measuring cyclinder resting on a balance. Samples of this

sediment suspension were then placed on poLi.ahed slides and exami.ned,

The most convenient drop size was found to be SuL dispensed

automatically from an IEppendorffI pipette, from which five drcps

could be placed on a slide and examined in succession before evapo-

ration signficantly reduced their volume.

were examined for each depth fraction.

In all, 50 such drops

The drops of sediment suspension were examined first at a

magnification of 47x using a Gillett and Sibert binocular micro-

scope. The sedil1ent was periodically disturbed with a needle to

stimulate into motion those ciliates such as Cyclidium spp. which

are often motionless and thus difficult to detect in a sediment

suspension. With practice, most of tilelarger ciliates could be

identified at low magnification but the more difficult species often

r.equired the use of a higher magnification (up to lOOOX).

Chemicals used in arresting the motion of ciliates were found

to be effective in varying degrees depending on the species concerned

but dipping a needle in either 4% glutaraldehyde or 2% NiS04 and then

using the seeker to stir the sediment sample drop was usually effec-

tive. The only other chemical used routinely in identification

was the nuclear stain methyl green (1% in 1% glacial acetic acid).

Of the protozoa, counting and identification were performed

almost exclusively on the ciliates although the more exceptional

fluctuations of the other protozoan groups were recorded - for

example, marked changes in flagellate numbers.

Many of the smaller ciliate species could not be identified,
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especially those represented in a sample by a single individual,

but identification was always t.aken as far as possible. The keys
used were those of Kahl (1930-1935), NoLand (1959) and Bick (1972)

with additional help in identifying species from Kent (1880-2)

Wetzel (1928) Villeneuve - Brachon (1940, Heterotrichida), Borrr.~

(1963), Curds (1969), Kudo (1971), Bick (1974) and Patsch (1974).

Nomenclature and classification in the species list obtained were

as recommended hy the Committee on Taxonomy and Taxonomic Problems

of the Society of Protozoologists (Honigberg et al., 1964, and

see Jones, 1974).

Ciliates were also recorded as belonging to one of three size

classes based on cell length: <50~m, 50-150~m and >150~m. Bearing

in mind the large variation in ciliate size, this was deemed

necessary as a means of obtaining a more realistic estimate of

population biomass than the alternative of multiplying total ciliate

numbers wit.hsome mean value for cell biomass. Estimates of

population biomass were obtained by multiplying numbers in each of

the smaller size classes with values for individual cell volume -

values approximating to the mean for the size class. Ciliate

species belonging to the largest size class were treated individuaL.y,

the number of individuals in each species being multiplied by a

representative figure for the cell volume of that species. Ail

cell volumes were converted to dry weight using the conversion
-3value of 0.17 pg um of protoplasm obt.adried for the ciliate

Colpidium ~J2.ylum (Laybourn 1973).
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1.2. 3 Enumeration of viable heterotrophic bacteria

The many techiques devised to estimate the number of bacteria

in sediments can be divided into two main areas - indirect and

direct methods. The former category includes pour, plate and

dilution counts as well as techni~mes based on the determination of

benthic A.T.P. (Bancroft et al., 1976) and the correlation recently

demonstrated between muramic acid and bacterial biomass (Moriarty,

1975) • Direct methods depend on obs'?rving and enumerating either

living bacteria or those killed and stained with a fluorescent dye

and observed with the aid of a UV light source (Boh1oo1 and Scrunidt,

1973).

Initial attempts at enumeration by direct methods were abandoned

because of the usual difficulties in distinguishing detritus and

dead bacteria from living cells, although recent refinements in

direct techniques may diminish some of the problems involved (Zlirumer-

mann and Heyer-Riel, 1974).

The technique of dilution counts (Halvorson and Ziegler, 1933,

1934) was also rejected because of the amount of time required

(cleaning, sterilizing and inoculation of test tubes) and the degre~

of subjectivity in deciding whether a positive result applied to

certain dilution tubes. In addition, errors in the estimated

population size can result from the slightest cont~nination of the

high-dilution tubes - a problem which still applies to the modified

technique of Harris and Sommers (1968).

The problems associated with plate count methods were borne in

mind when the decision was made to adopt the spread-plate technique,.

in particular the tendency of plate counts to selectively under-
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estimate the actual microbial population size. In all probability,

the ideal medium for viable counts of all benthic bacteria has not

and will not be formulated - the growth requirements of such bacteria

are so diverse. However, one of the most suitable media is probably

that of Collins and Willoughby (1962) - the medium (C.P.s.) support-

1ng best growth from a variety·tested by Jones (1970).

An indication of the faith placed in plate counts can be seen

in the number of workers* still using the technique in favour of

direct counts - even when investigating marine sediments which pro-

bably lend themselves more readily to direct counts than do fresh-

water sediments.

From each of the five depth fractions, approximately Ig sediment

was removed and added to 99cm3 filtered (0.45~m membrane) sterile

(15 min, 15 lbs in2) loch water in a 0.25 litre conical flask.

These dilutions were shaken for five minutes in a wrist-action

shaker in an attempt to release most of the bacteria adhering to

Further dilutions (10-3, 10-4, 10-5) were made,organic aggregates.

shaking the dilution tubes vigorously at each step in the series.

~'rom thl'last dilution (10-5), 0.lcm3 was pipetted onto each of 10

C.P.s. plates (stored for three days at 25°C between pouring and

inoculation) and incubated for six days at 25°C. Colonies were

then counted under a binocular microscope (maximum magnification X30).

Using the same dilution for all sites and all depths rarely

resul ted in more than lOO colonies developing on C!. plate, but on some

occasions, especially at sites Band C, the use of tilisdilution

*e.cg.Dutka et al., 1974; Erkenbrecher and Stevenson, 1975;
Litchfield and Floodgate, 19751 Cook and Goldman, 1976;
Walker et al., 1976



- 22 -

resulted in less than 10 colonies developing per plate. The large

confidence limits attached to such cO'J.ntswere accepted in favour

of unknown errors introduced by plating out from different. dilutions.

le 2.q Determination of benthic chlorophyll a and.pha~hytin

Complete sediment depth fractions (usually 10-16g wet weight.)

were used fo::the extraction and quantification of chlorophyll a

and phap.ophytin. The extraction technique was based on the wozk

of Fenchel and Staarup (1971) who obtained acceptable results using

90% acetone as extractant and grinding of the sedDnent. Analysing

a sand rich in diat.oms, they obtained a constan i: extinction value

within one hour after grinding whereas up to 24h was required t(~

reach the same value in the absence of grinding (the omission of

grinding from the technique of Hickman and Round (1970) probably

accounts for the long extraction period (24h) they employed).

Afte;: adding approximately 0.2g MgC03 (prevents degradation of

chlorophyll tCJphaeophytin during the extraction) each sediment

sample was ground with 90% acetone for three minutes in a pestle

and mortar on ice. The resulting slurry was left for 2h in the

dark, then tran<=fer:.:edto a centrifuge tube where the total voLume

d 3
3 .was ma e up to Oc~ wlth acetone. The tubes were spun at 3000

3r.p.m. for two minute~ and the top l5cm of supernatant removed

for determination of extinction values. The methods of spectro-

photometric determination adopted were those described in Golterma!.

(1969), substituting sediment;weights for water volumes.



- 23 -

1.2.5 Sediment dry weight and perc;entage or<]anic carbon

After sediment samples had been :.::emov6dfrom each depth fraction

for the enumeration of microfauna and bacteria, the remaining sedi-

ment from each fraction·was poured into a porcelain crucible,

weig!1~d and then dried at 60°C until a constant weight. Percentage

dry weight of the sediment was ·then calculated.

The or~anic carbon content of the sediment was measured using

the chromic acid oxi.dat.Lontechnique of Na1k1ey and Black (1934)

as described by Buchanan (1971).

1.2.6 Redox potential (Eh)

Two main factors were instrumental in the decision to obtain

electr.::>demeasurements from intact sediment cores - the many prac-

tical difficulties attached to ~~u recording and the proximity

of the sampling sites to laboratory facilities.

The high cost of commercial platinum electrodes and the novel

specification required to obtain measurements from a sediment core

beneath a ~olumn of overlying water necessitated the construction

of a new type of electrode. The design was based on a cross-

fertilization of the electrodes described by Mortimer (1941) and

Hann and Sto1zy (1972). A measured area of platinum foil approxi-
2mately O.Scm by O.05mm thick was attached to a platinum wire and

the latter secured by a glass seal in one end of a 70cm length of

pyrex tubing. This produced the platinum 'sp.:tdo'of Mortimer's

electrodes. Half of one side of this 'spade' was then coated

liberally with fast-drying 'Araldite' glue, the other half of the

"spade ' then being bent round to form a platinum 'spearhead'. A

drop qf mercury inside the tube provided the necessary junction



with a copper wf.ze carrying the potential to a voltmeter.

of the construction are also outlined in Appendix 1.2.

Details

Platinum electrodes are notoriously susceptible to poisoning

by a variety of surface-active species (organic and inorganic) and

regular cleaning is a necessity. The problems of lengthy equili-

bration times described by Hayes et al. (1958) following cleaning

in dilute m~o3 or NaOH vzer e also encourrt ezed here and the use of

H2so4 (Golterman, 1969) provided no improvement. Mechanical

cleaning with an electrode polish (Hright's) was easier and quicker

and apparently effective. Natarajan and Iwasaki (1973) also came

to the conclusion that mechanical cleaning was the most effective

met.hod of reactivating a poisoned electrode.

'1'hecleaned electrode was clamped together with a sulphide ion

electrode in the water column overlying the sediment. It was

connected to the anode terminal of a DC mi1levoltmeter and the

circuit completed through a saturated KCl salt bridge and calomel

electrode (fig. 1.3).

An equilibration period of 10 minutes was required before

negligible drift in electrode potential was obtained. Thereafter,

two minute equilibration periods were required at each successive

depth before a steady potential was reached. The first measure-

ment; was taken with the centre of the electrode surface o. Scm above

the sediment surface - this being the reading for the overlying

\-later. Subsequent mea8urements were taken at the sediment surface

and successive O.Scm intervals to a depth of 6em, at each interval

the centre of the electrode being at the stated depth. The sum of

the measured po t.entLaI and 241mV f'or' the refe:t:'enceele_ctl:ode(see

Section 1.2.17) gave a true redox potential as recorded in the results.
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1.2.7 Sulphide ion activity

Neither the titrimetric techniques described by Golterman

(1969) nor the potentiometric titration used by Penchel (1969) are

as practical or as sensitive as ion selective electrodes in deter-
" 2- '" , d' tm1n1ng S act1v1t1es 1n se 1men s. To this end, an electrode was

designed with similar overall dimensions to those of the platinum

electrode described above. Much of the theory of the electrode

and the calibration method used were obtained from Berner (1963).

The calibration procedure was also similar to that described by

Whi tfield (1971) and Blackburn et al. (1975) for their multiple

electrodes.

The electrode was constructed by securing a length of 0.5rnm

silve~ wire in an 'Araldite' plug at one end of a pyrex tUbe (70cm)

so that about 0.6crn of wire protruded through the end of the tube

Appendix 1.2. This was cleaned, polished and immersed in concen-

trated ammonium sulphide solution until an even black layer of AgS

formed. As with the platinum electrode, a mercury junction carried

the potential to.a copper wire in the glass tube.

2-Th(~equation obtained from the calibration relating S activity

to measured potential was:

E 2-
S cal

2-= -0.863 + 0.0271 pS

where ES2- refers to the measured electrode potential (volts)
cal

2-before correction for the calomel electrode and pS = -log a52-.

This relationship Ls similar to that obtained by Berner (1963) fen:

his electrode:

ES2- = ~0.891 + 0.0294 ps2-
cal
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Derivation of H2S concentrations from electrode potentials can be

made using the procedure and equations in Appendix·l.3 which are

based on data provided by Berner (1963) and Owades et al. (1967).

In accordance with the procedure adopted by Berner (1963)

and Whitfield (1972), sulphide electrode measurements were only

recorded when Eh became negative (potentials obtained from the

sulphide el~ctrode at positive Eh values are not dependent on PS2-).

This was achieved by clamping the Eh and sulphide electrodes

together 'in parallel, (fig. 1.3) both reaching to the same depths

simultaneously.

1.2.8 Oxygen flux

The platinum electrode constructed for measuring Eh had a
2surface area large enough (0.552cm ) to measure oxygen flux by the

method described below (1.2.17). The equipment employed to

measure tilecurrent produced at the electrode surface following the

reduction of oxygen was a simple circuit based on those of Lemon

and Erickson (1952, 1955),Lemon (1952) and Poe1 (1960). A typical

oxygen polarogram was obtained in a sediment-water suspension by

traversing the ·..olt.i:l.gerange 0-1. 74V. The characteristic plateau

Occurred in the region 0.9-1. 3V and 1.OV was taken as the standard

applied voltage in all subsequent measurements of oxygen flux.

The characteristic reaction of a platinum electrode following

application of a constant e.m.f. is to register a large current

which then decay:; exponentially to yield an almost steady current

afteL 2-3 minutes (Lemon and Erickson 1952), Trials with the

elec/trode used here revealed this characteristic current-decay which

wa~ negligible after three minutes had elapsed (Appendix 1.4).
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Three minutes was taken as the standard period of equilibration for

all measurements. Oxygen flux measurements wer e taken after recor-

dingEh and Es2-, and with the same platinum electrode used to

measure Eh. The necessary precautions were taken to exclude all

disturbance and vibrations from the electrode while it was equili--

brating since the slightestmovernent increases the diffusion of

oxygen to tile platinum surface and hence increases the current

z eq Ls t.ez ed ,

Oxygen flux measurements obtained from water overlying the

sediment core were converted into oxygen concentrations by the

method described be Low (1.2.17).

1.2.9E!..

The water overlying the sediment core was siphoned off and

the pH recorded using either a Beckman Zeromatic or Corning-EEl

model 7 pb meter and an Activion electrode. The sediment core was

then divided into the usual five depth fractiol~ and the pH of each

recorded by inserting the electrode directly into the sediment.

Meas~rernents obtained in this way were reproducible to ± 0.1 pH units.

1.2.10 Sediment particle size analysis

It is unfortunate that no single technique of particle size

analysis is adequate for the whole range of particle sizes commonly

encountered in sediments. Thus, the different methods of sieving,

elutriation and sedimentation are employed for different size ranges -

sieving becoming impractical with particles of less than63~m when

elutriation and finally sedimentation separate the se::limentinto

classes as small as the clay fraction «4~m).
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In recent years, analysis of the silt-clay fraction has also

been attempted with electronic particle size counters (Tsernog1ou

and Anthony, 1971; Dale, 1974) - a technique of considerable use

in analysing sediments, especially those of the freshwater benthos

'where in many cases the majority of particles fall within the silt-

clay fraction.

Sedime~t cores from each of the three sites were split into

the normal five depth fractions and each fraction divided into two

approximately equal parts. On the first part, analysis of the raw

'untreated' sediment was performed and on the other part, analysis

of the 'treated' sediment - 'treated' implying removal of aggregates

to release the constituent particles.

'rhe 'untreated' fraction was weighted and wet-sieved using

membrane-filtered (0.4511m millipore) loch water on a 6311mmesh, the

sample retained by the sieve then being dried (60°C until constant

weight) and weighed. Data on the percentage dry weight of the sedi-

ment allowed the.proportion >6311m to be calculated. Wet-sieving was

favoured over dry-sieving in the belief that it would better prese~~e

the natu.!e and degree of particle aggregation (Morgans, 1956). In

agreement with Ward (1975) it was felt that Krumbein's (1936)

criticism of wet-sieving as a technique whereby small particles can

be trapped in a film of water on the sieve was not a serious problem

if sieving was sufficiently careful and thorough.

The 'treated' fraction was weighed and then treated for the

dissolution of particle aggregates. This involved the addition of

30\ H202 and the sample being left for 45-50h at 60°C. Thereafter,

the absence of any reaction following the addit.ion of mo:":'e112°2
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indicated that all organic matter had been oxidised. The sample

was then wet+si.eved as described above.

Samples passing through a 6311msieve were analysed further

using a Coulter Counter (model Zb) operating with a l4011morifice

tube. The instrument was calibrated by t.womethods usi.nqlatex

particles of 10.0611m diameter - the graphical'method described in

Strickland and Par sor.s (1972) and the haL'.e-count; method described

by Coulter Electronics Ltd. (1975). Calibration constants obtained

by the two methods differed by less than 3% and their mean value was

accepted. Since altering the instrument sensitivity by a fact.or

of t\lm corresponds to a 2X change in the volume of particles counted,

it was possible to follow a logarithmic scale (to base 2) of par-

ticle size by leaving the Lnst.rument,thresholds set and altering the

sensitivity. All inst.rument settings and particles counted have

been included in Appendix 1.5.

Counting was performed on sediment namples contained in EWM 60

bottles. The sediment dilutions were prepared by delivering

approximately 2cm3 of aqueous sediment suspension into 50 cm3 of

1% membrane-filtered NaCl. The numbe.r of particles within each

size range was then counted at least four times using an aspirated
3volume of 0.5cm for each range. Counting of the larger particles

(50.8-6411rn)had to be completed as quickly as possible after mixing

of the :;amplebefore these particules had time to sediment out.

However, it was found that count.s obtained in sm(\ller size ranges

increased while the sample was being left undisturbed. Eventually

the rate of increase in counts deczeased to form a plateau lasting

several minutes. During this period of maximum values four rep-

1.5) • When large corrections for coincidence were required in the

resentative counts were recorded for each size range (ses Appendix
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10\'1ersize ranger::,the sample was simply diluted in situ ·,.,ith

1% NaC1.

1.2.11 Hardness (EDTA) of overlying water
3

A lOcm water sample was buffered to pH 10 and titrated with

O.lM di-Sodium EDTA. The indicator was Solochrome Black T (0.4g

Solo chrome + 100g NaC1 ground together and kept in a screwtop

po Iyt.heue bottle). -1Results were expressed as mg1 (CaC03 + M9C03).

1.2.12 Calcium and magnesium in overlying water

Concentrations of these ions were det.erm.i.ned in water previously

membrane-filtered and stored at -20°C, using an atomic absorptl.c:1

spectrophotometer (Perkin Elmer model 103). All water samples

conduct.Lv Lty cell with cell constant (K) = 0.1. The meter was a

were diluted 1:4 with deionised water for Mg analysis and 1:19 for

Ca analysis.

1.2.13 Conduct,ivity of overlying water

Water samples were equilibrated to laboratory temperatures

(17-23°C) and conductivity determined in a Sproule electrolytic

portable conductivity meter (Electronic switchgear Ltd. model MC·-1,

mark V). Details of the calibration procedure used aregiven in

Mackereth (1963).

1.2.14 'I\lrbidityof overlying water

Turbidity was measured using a galvanometer and nephelometer

head (Evans Electroselenium Ltd.) operating with white light.

The instrument was standardised before use with a distilled H20

blank and a water-filled calibration tube (EEL Ltd.) giving a full

scale deflection of 100 units.
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1.2.15 Chlorophyll a and Phaeophytin in tho ~verl~ing water

The method outlined in C~lterrnan (1969) was adopted, using

a 0.5 litre water sample in all cases, 90% acetone as solvent,

89 and 56 as the extinction coefficients of chlorophyll a and

phaeophytin respectively and cuvet~es of lcm path length. On

those occasions in summer when a dense algal bloom was sampled, a

spatula-load of sterile finely ground sand waG added to the mortar

to facilitate effective grinding of tne algae.

1.2.16 Water temperature

At site A, temperature was measured with a mercury thermo-

meter held over the sediment and the temperature read directly.

At sites Band C, a weighted one litre bottle was lowered to rest

on the sediment surface, then filled and brought to the surface

where the temperature of the contents was recorded immediately.



- 33 -

1.2.17 Rationale behind the measurement of parameters using
electrodes

1.2.17.1 Redox potential , ~uh;hide ..ion aAS!t~j-tyand pH.

Since the work of Gillespie (1920), zedox potentials have been

used in a quantitative manner to characterise natural environments.

The importance of redox potentials in chemistry where known redox

systems are studied is well-defined but ...zha t; concerns us here is

the role played by such potentials as indicators i~ solutions

containing unknown or ill-defined redox systems. Some meaning has

been attached to such indicators in an extensive variety of solutions,

ranging from protoplasm (Needham and Needham, 1927; Chambers et al.,

1932) t.ocultures of micro-organisms (Allyn and Ba1d v/in, 1932.;

Rabotnova, 1957; Jacob, 1971) including those of protozoa (Jruln,

1933, 1935), to the many studies of freshwater and marine sediments

initiated by the work of Pearsall and Mortimer (1939) on Esthwaite

Water. The importance attached to the measurement of redox poten-

tials in sediments can be traced back to the observations of these

latter authors that potentials measurable at bright platinum elec-

trodes were correlated with chemical evidence of oxidation and

reduction. Mortimer then proceeded to make extensive use of re~ox

pOtentials in his detailed study of the release of plant nutrients

from sediments into the overlying wat.er under reducing conditions

(Mortimer, 1941, 1942).

Any extensive consideration of the theory underlying redox

potentials is ou twf th the scope of thi~ 'i:hesisbut an introductory

consider~tion is necessary if only to understand the usefulness and

limitations of redox potential data.

The presence of oXidising and reducing agents in any medium

creates the oxidation-reduction potential (redox potential). In

a sample of sediment there will be many such redox systems, for
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example oxidised and reduced forms of iron (Fe3+ and Fe2+) manganese
4+ 2+(I1n and Mn ) and perhaps more important, as discussed below,

o 2-sulphur (e.g. Sand S ).

When an inert electrode is dipped into a solution containing

one or more redox systems, it can either give electrons to the

solution or take electrons from it - the inert electrode is thus

acting ;;.sa reservoir of electrons and an exchanqe of electrons with

this reservoir forms the 'electrode potential' or redox potential.

The oxidised form of any substance will become reduced by accepting

electrons from the electrode reservoir, which is equivalent to the

electrode becoming more positive. The opposite applies to the

reduced form of the couple and its loss of electrons to the electrode

,,1111 make the electrode potential more negative. Thus the resulting

potential will be a measure of two opposing forces, 'electron suction'

on the one hand and 'electron pressure' on the other - in other words

the ratio between oxidised and reduced forms present.

H+ (aq. a = 1) + e = ~ H2 (gas, p = Latrn) (1)

The potential difference produced at such an electrode cannot

be measured without introducing a reference electrode into the

circuit. This second half-cell to which electrode potentials are

referred is the normal hydrogen electrode:

for which the potential is defined to be zero at 25°C (EO = O.OOOV).

However, it is usually more convenient to include other reference

electrodes of known potential in p1Rce of the hydrogen electrode

which is awkward and difficult to use. The saturated calomel

e1ectroc.e with a constant potential of +24lmV at 25°C is one of the

more frequently used reference electrodes.
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The potential of a redox syst:em is related to the ratio of

E = EO + RT 1.r;p n
aox
ared

(2)

oxidised and reduced forms by the equation:

where R is the gas constant, T is the absolute temperature,

F the Faraday constant, n is the number of electrons transferred

in the oxidation process and EO is the standard redox potential for

the couple involved. Converting to common logarithms and intro-

ducing the values for the constants simplifies the relationship to:

a
Eh Eo + 0.059 ox= logn ared

(3)

where Eh is the redox potential measured with respect to the stan-

dard hydrogen electrode (1).' It is evident that Eh is dependent

°on a constant, E , and on the ratio of oxidised to reduced forms of

the substance concerned. Thus for any given system, Eh may be

expected to be high and positive when the greater proportion of the

substance concerned is present in the oxidised form and lower,

becoming negative as the proportion of the reduced form increases.

It is also evident that Eh = EO when the system is half oxidised

(a = a d) and that Eh wi~l not change with dilution of the system.ox re

Equations (2) and (3) are only valid at constant pH and

measurements of the latter must also accanpany redox potential

determinations. In general, a pH var i at.Lonof one unit (e.g. pH

For this reason, attempts at obviating the depen-

7.0 to pH 6.0) causes the recorded Eh to become more positive by

about 6OmV, but mnny authors, Baas Becking et al. (1960) in parti-

cu1ar, have stressed the variation in Eh dependence on pH (59 - 237mV

per unit pH).

I

l.
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dence on pH by combining Eh and pH into a single parameter such as

rH t= Eh (V)/0.03 + 2pH) have been problematical and are n0'<1cons i.dered

to be of little use.

The apparent ease with which Eh can be measured would make it

seem an ideal and extremely useful parameter. Although it will be

contended that measurements of the parameter are indeed very useful,

the extent to vzh i.ch such measurements can be ambiguous or even

false must be considered.

Firstly, it must be emphasised that Eh is a measure of inten-

sity and not of capacity~ In this respect Eh resembles pH for

just as no measure of buffering capacity is implicit in the para-

meter of pH, so Eh is independent of its equivalent capacity term

'poising effect'. Different solutions with very low and identical

redox potentials may .each be oxidsed complet.ely by quite different

quantities of oxygen. Thus measurements made on s~1ples which have

been removed from a reduced environment and exposed to the air ?lre

of doubtful value.

Equation (3) refers to an Ldeal, solution in which the reaction

concerned is reversible and at equilibrium. But. the natural

environment is considerably more complex with nUlne::ousreactions

capable~f affecting and being affected by the redox potential and

many of these reactions will neither be at equilibrium nor produce

a reversible response at the electrode surface. Thus the situation

might arise when a quantitatively insignificant though highly

reversible system could fix the electrode potential (Peshchevitskii

et al., 1967) - a possibility that would detract from the usefulness

of Eh as an indicator of overall oxidation-reduction).
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The third major faili'ng of Eh measurements to be considered

here is the possibility of their being influenced by poisoning

phenomena - the possibility that electrodes such as those of platinum

and gold may not remain inert under all conditions. Research in

this area can be particularly usef uL in helping to interpret elect-

rode response. The work of Natarajan and Iwasaki (1967) on the

adsorption of sulphi~e species and Whitfield (1974) on oxide and

sulphide coatings is particularly impurtant in interpreting or even

rejecting measurements from the freshwater benthos. Further draw··

backs and uncertainties regarding the measurement of Eh are discussed

by Whitfield (1971).

Despite the limitations mentioned, redox potential can still

remain a useful tool of the ecologist, but measurements with this

tool taken from the natural environment cannot be interpreted vlith

nearly the same precision as those obtained from defined systems

in the laboratory (Morris and Stumm, 1967). When electrodes are

functioning with a typical accuracy of ± 50rnV (Zobell, 1946; Hayes

et al., 1958; Garrels and Christ, 1965), they cannot be expected

to reflect the more localised variations in time and space but t~ey

will record gross differences in Eh. As Zobell (1946) states,

"while the Eh values obtained for sediment samples,are more descrip-

tive than physicochemically exact, such values may prove to be a

useful means of characterising sediments".

One example of the dscriptive capacity of Eh can be seen in

the numerous measurements of surface lake waters (~ee Hutchinson,

1957, for review of early ""ork) alL lying within the relatively

narrow range of 400-500 mV.
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The usefulness of Eh data is ccrtaf.nl.y augmented when aCCOI1i-

2-panied 'VJithdata for other parameters such as pH and pS (= -log

a 2-)S • Baas Becking et al., (1960) defined the Eh-pH limits of

b:iological systems and of naturally-occurring aqueous environments

in the most comprehensive survey to date and clea.rrelationships

between Eh and ps2- have been demonstrated by a number of authors

(e.g. Berner, 1963; Fenche1,1969; Whitfield, 1971, 1972).

The large number of Eh measurements which have been taken from

the freshwater environment provide a generalised picture of the

types of changes normally recorded when sampling at increasing

depths in the wat er column, mud·-water interface and sediment. The

high values characteristic of well-oxygenated surface waters may

changb only slightly with increasing depth until a characteristic

and rapid decrease in potential occurs just be Low the sediment

surface (Hortimer, 1971). The depth at wh ich thi.s I RPD I (redox

potential discontinuity) develops is dependent on several factors

including the availability of oxygen to the sediment (or, more

specifically the.ratio of available food to oxygen flux - when oxygen

input is insufficient for the oxidation of available food, reducing

processes 'V,ill2isFlace oxidation as the principal mode of decem-

position (Fenchel and Riedl, 1970). Mortimer (194l-2) provides an

example of the autumn overturn suddenly replenishing the bottom water

with oxygen and dispelling the RPD from the water overlying the

sediment.

MoveI!'lentof the RPD into the overlying water is probably

except.Loria 1. Situated as it is normally just below the sediment

surface, it effectively delimits areas of high and low redox

potential and tiledifferent biological systems charactp.ristic of
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Low molecular weight compounds such "as CH4 and

H2S diffuse upwards across the RPD to be oxidised by chemotrophic

the two regions.

bacteria and thereby increase the redox potential. Simultaneously,

diffusion of the oxidised end pzoduc t.sof aerobic decomposition
2-(e.g. CO2, S04 ) down into the rC0uced zone completes the cycle of

energy transfer in the sediment. Such compounds are used by the

anaerobic microflora as electron acceptors in the absence of oxygen

(see Whitfield, 1971).

Thus, two regions of decomposition, spatially separated by the

RPD can be visualised in the sediment - aerobic decomposition

occurring at the surface and anaerobic decomposition at greater

depths, the two regions being linked by energy pat.hways, The

interaction of energy and nutrient cycles in the region of the RPD

are discussed by Mortimer (1941-2), Hutchinson (19S7) and Fenchel

(1969).

Correlations between species types and depth in the sediment

are not restricted to bacteria. Microfaunal species in particular,

dependent on specific bacterial food sources and tolerant in varying

degrees of reduced, toxic compounds (e~~ecia1ly H2S), might also be

expected to assort themselves in relation.to the lJrevailing conditions.

Fenchel and Jansson (l966) and Fenchel (l969) have-clearly demon-

strated such a correlation between tilemicrofauna, especially the

ciliates, and the redox profile in marine sediments. Three groups

of species could be reccgnised- those found in oxidised surface

layers, those found in the vicinity of the RPD and those in the

reduced, anaerobic layer. More recently, Elliott and Bamforth

(1975) have demonstrated a definite species stratification in salt

marsh sediment, which is correlated with the redox profile.
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Vertical stratification is also a characteristic of ciliates

in the freshltlaterbenthos but their distribution has not yet;been

interpreted in terms of the redox profile. Any demonstration of

such a relationship will certainly be hindered by a characteristic

difference between the redox profiles of the freshwater and mar L,e

benthos - although the marine RPD may be found close to the sediment

surface, it is often found at depths of up to 10cm or even deeper in

the more unstable environments such as beaches which are subject tc

tidal flushing (Fenchel, 1969; Fenchel and Riedl, 1970). In

addition, the characteristically greater mean partic~_e diameters

and sorting of marine sediments, together with their tendency to

contain lower proportions of clay ;lndorganic matter all operate

against upwards migration of the RPD in the sediment. Redox changes

occur \'liththe same order of magnitude as those in marine sediments -

the main difference is that such changes usually occur within a

relatively compressed depth range.

Freshwater ciliat-es share the same differential tolerance of

reduced compounds between species as do marine ciliates (see Bick,

1972, for summary of data on tolerance to NH4, H2S etc.) and

vertical zonation of such species would appear to be a probable

pattern for acco~nodating such a range of tolerances.

Thus considering three factors characteristic of .the freshwater

benthos mentioned above - vertical stratification of ciliates,

differential tolerance of anoxia and r-educed compounds in ciliates,

and characteristic redox profiles, relationships between all three

might be observed by combining a ciliate sampling programme with

measurements of redox potential at different depths in the sediment.

By including measurements of a suspected redox-controlling parameter

(Hydrogen sulphide) it was hoped that the dynamics of such relation-

ships would be clarified.
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1.2.17.2 OXX,gen flux

'I'heavailability of oxygen to the benthos is important in

determining the rate, extent and t.ypeof many chemical and biological

reactions. Obligate aerobes depend on a steady diffusion of oxygen

from U1e overlying water and the dynamics of the RPD are intimately

connected with the oxygen supply to the benthos.

MeasurGnents of oxygen regime beneath the sediment surface

were restricted to determining oxygen concentration, until Jansson

(l966) applied techniques previously used in the characterising of

soil aeration (Lemon and Erickson, 1952, 1954; Poel, 1960) to

determine oxygen flux in marine sediments. The technique has also

been used in a variety of aquatic environments including waterlogged

peat (Armstrong and Boatman, 1967), marine beaches (Jansson 1967,

1969), brackish water beaches (Fenchel and Jansson, 1966) and fresh-

water sediments (Goulder, 1971). Aspects of the relationship

between or.ygen flux and redox potentials have also been described

by Armstrong (1967).

Measurements of interstitial oxygen flux would appear to have

more eco10gical value than measurements of oxygen concentration -

even assuming that accurate measurements of the latter can be obtained.

The platinum elect.rode used in determining oxygen flux can be

compared to an interstitial animal reducing oxygen by .its respiration.

The diffusion of oxygen will be influenced by many characteristics

of the zediment in additio.n to the oxyq en concentration itself or,

as expressed by Jansson (1966):

Oxygen diffusion rate = diffusion + flow = oxyge1l availability
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The ease with which in situ measurements of oxygen flux can be

obtained from many aquatic environments, contributes to it.suseful-

ness in ecological research. A brief consideration of the theory

underlying the operation of the electrode is necessary to understand

how the technique has been applied in the work described below. A

more extensive treabnent of .the theory and limitations concerning

tbe use of such electrodes can be found in the review by MCIntyre

(1970).

The method involves measuring the electric current caused by

the reduction of oxygen at a metal electrode (usually platinum)

placed in the sediment or overlying water. The current produced

is proportional to the rate with which oxygen diffuses to the

electrode surface from the surrounding medium. This reduction of

oxygen is promoted by applying a voltage between the platinum

electrode (cathode) and a non-polarisible anode (usually a saturated

calomel electrode). At any given oxygen tension electrode current

varies with respect to applied voltage in a characteristic manner

(Appendix 1.4) with a plateau formed over a voltage range. It is

assumed that if the applied voltage lies within this range, the

resulting electrode current will be independent of applied voltage

and limited only by the rate of diffusion of oxygen to the elect-

rode surface.

Assuming that oxygen concentration at the electrode surface

is zero, Fick's lawsof diffusion enable the following equation to

be derived:

nFaf 0x= ,t
= nFAD (de]dx x=o,t (1)
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where it is the diffusion current in amperes at time t after closing

the electrocE circuit, n = number of electrons used per molecule of

oxygen reduced (assumed to be 4), F = the Faraday (96500 coulombs),

A = area of electrode in cm2, f 0 = flux at electrode surface at
x= ,t

tlinet (number of moles of oxygen diffusing per second at time t),
2 -1D is the diffusion coefficient of oxygen (cm sec ) and C is the

initial uniform concentration of oxygen in solution.

According to equation (1) it is possible to calculate the

number of moles of oxygen diffusing to the electrode per second.

Rewriting equation (1) with sUbstitution for n, F and the molecular

weight of O2, we have:

f =x=O,t 4 • 96500 • A (2)

When it is measured in microamperes and diffusion is calculated

over 1 minute, equation (2) simplifies to:

f =x=O,t
it • 60 • 32 • 1000
4 • 96500 • A

-2 .-1ng cm m~n (3)

and substituting a value for the electrode area (0.552 cm2) simplifies

equation (3) to:

fx=O,t = 9.011 • it -2ng cm . '-1m~n (4)

It is apparent in equation (1) that such oxygen diffusion measure-

ments cannot be used to determine the oxygen concentration in the

interstitial water since the electrode current is proportional to

both the oxygen concentration and the diffusion coefficient. Any

variable factors present which are capable of altering the diffusion

coefficient, and of which there are many in sediments (e.g. texture,

porosity, structure) will this interfere witil the diffusion of

oxygen even if the oxygen tension remains constant.
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However, the widely varying diffusion coefficients of sediments

give way to considerably less variable conditions in the overlying

water, particularly when the sediment is undisturbed. Assuming

that the variation in the diffusion. coefficient of water overlying

the bediment is relatively constant, an attempt was made to calibrate

the platinum electrode for meas.uring 02 concentration in water

samples. Such data would then supplement the oxygen diffusion

measurements already obtained and provide comparative data with

other studies for which oxygen concentration data alone is available.

Current readings obtained from loch water containing various

levels of dissolved oxygen were plotted against Winkler titration

values for the same samples (Appendix 1.1). (Different oxygen

tensions in the water were produced by bubbling variable amounts

of nitrogen gas through the water samples.) A linear dependence

of current on oxygen concentration was obtained~

(r = 0.996, n = 11)

where it is current in ~A and [02] is oxygen concentration in
-1rng 1. (It will be noticed that the regression indicates a

current cOrresF?nding to zero oxygen concentration - a phenomenon

described by Lemon ruldErickson (1955) and explained by Birkle et

al. (1964). They shcwed that such a current could be produced

after oxygen diffused into the system in the intervening time between

stopping the gas ~low and taking measurements. This intervening

period was one minute in L~e case of Lemon and Erickson and at

least that long in the experiment described here).

~1is significant relationship was used to calculate oxygen
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concentrations in water from the current values used to calculate

oxygen flux.

Many of the problems associated with using the platinum

electrode in studies of soil aeration become negligible when the

electrode is used in the freshwater benthos. 'rhese inlcude the

more serious probLems with soils of variation in moisture content

and struct.ure, However, certain problems still apply to the use

of the electrode in sediments, including the element of doubt

concerning the exact reaction taking place at the electrode, the

efficiency of that reaction and the possibility of certain

substances 'poisoning' the electrode. The particular potency of

sulphur species and compounds on the electrode will be discussed

below.

It was envisaged that the simultaneous measurement of Eh,

ES2-, pH and oxygen flux in sediments would provide enough data

to characterise some of the major properties of the environment

in which ciliates are found. The quality of the picture obtained

will depend on, amongst other things, careful interpretation of

the available data.
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1.3 Results

1.3.1 Seasonal and vertical distrib~tion of ciliates

Characteristics of the seasonal and vertical distribut:ion of

ciliates have been divided into t\OlOmain areas - (1) the distribu-

t.Lor- of the total ciliate number, and (2) the dLs t.r Ibut.Lon of

ciliate biomass and of ciliates belonging to each of the three size

classes « 50~m, 50-150~m, > 150~).

1.3.1.1 Total ciliate number

These data have been recorded in tables 1.1, 1.2, 1.3. The

most obvious characteristic of the ciliate dept~ oistribution at

all sites was a marked decrease in numbers over the top 6cm of

sediment, this rate of decrease being highest at site A. The

extent of the vertical distribution was also different at the three

sites - whLLe ciliates were recorded on several occasions :fromthe

deepest core fraction (4-6cm) at site B, ciliates at site A were

never recorded below 2-3cm with approximately 90% of the number

usually being recorded from the top centimetre of sediment.

Seasonal variation was recorded in the penetration of ciliates

into the sedime~t - at all three sites maximum penetration occurred

in the ,·lintermonths, with numbers being restricted nearer the

sediment surface during the summer. Huch of the variation in the

data for numbers at sites A and B was contributed by the sudden

appearance in large numbers of a single species, Loxocephalus plagius.

Such outbursts were recorded from site B on 18.8.75 and from site

A on 24.7.76 and 16.8.76.

Cor.fidence limits for the data in tables 1.1, 1.2, 1.3 have

been included in Appendix 1.6. The limits have been calculated
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Table 1.1 Numbers of ciliates found at successive
depths in sediment cores over the 2-year
sampling period. Values recorded for each
depth are nos. em-3 sediment. SiteA

--

Depth SumI
,

Date 0-1 1-2 2-3 3-4 4-6 -2em
--

9. 1.75 2251 336 108 0 0 2695
4. 2.75 1176 196 '0 0 0 1372
4. 3.75 2104 0 0 0 0 2104
9. 4.75 2850 168 0 0 0 3018
7. 5.75 2194 0 0 0 0 2194
2. 6.'i'5 2909 0 0 0 0 2909

11. 6.75' 3961 .0 0 0 0 3961..
9. 7.75 4878 0 0 0 0 4878

23. 7.75 804 0 0 0 0 804
11. 8.75 1536 0 0 0 0 1536
31. 8..75 31-+41 0 0 0 0 3441
17. 9.75 2729 0 0 0 0 2729
7.10.75 1705 291 0 0 0 1996

27.10.75 696 0 0 0 0 696
25.11.75 1245 0 0 0 0 1245
16.12.75 1018 112 0 0 0 1130
12. 1.76 1362 270 0 0 0 1632
10. 2.76 636 225 118 0 0 979
11. 3.76 2575 363 0 0 0 2938
15. 4.76 2030 210 0 0 0 2240
10. 5.76 1240 113 0 0 0 1353
20. 5.76 1855 0 0 0 0 1855
24. 6.76 3569 0 0 0 0 3569
5. 7.76 5692 0 0 0 0 5692

27. 7.76 50610 1827 0 0 0 52437
4. 8.76 7909 832 0 0 0 8741

16. 8.76 82895 162 0 0 0 83057
9. 9.76 7567 0 0 0 0 7567

'23. 9.76 6642 288 0 0 0 6930
12.10.76 3538 399 0 0 0 3937
6.11.;76 3282 296 0 0 0 3578
7.12.76 2759 203 0 0 0 2962
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Table 1.2 Numbers of ciliates found at successive
depths in sediment cores over the 2-year
sampling period. Values recorded for each
depth are nos. cm-3 sediment. SiteS

Depth Sum1

Date 0-1 1-2 2-3 3-4 4-6 -2cm

15. 1.75 2274 1100 708 380 294 4756
11. 2.75 1650 1210 935 704 660 5159
12. 3.75 1619 1232 1022 249 110 4232
16. It.75 2940 1617 861 1483 710 7611
14. 5.75 3164 1338 1026 579 0 6107
4. 6.75 3103 740 237 0 0 4080

18. 6.75 1812 550 220 0 0 2582
15. 7.75 1704 646 0 0 0 2350
24. 7.75 651 629 349 0 0 1629
18. 8.75 25667 986 432 0 0 27085
1. 9.75 3951 727 0 0 0 4678

22. 9.75 3298 3840 1082 0 0 8220
8.10.75 7473 2693 1683' 549 0 12398
3.11.75 5140 2346 1048 888 0 9422
8.12.75 2211 1635 602 0 0 4448

130 1.76 2367 1000 728 200 0 4295
11. 2.76 1867 1592 1245 311 0 5015
12. 3.76 3857 1497 747 176 0 6277
20. 4.76 2446 1467 1320 275 0 5508
11. 5.76 5783 2259 1018 0 0 9060
21. 5.76 3885 983 861 0 0 5729
28. 6.76 2321 845 0 0 0 3166
7. 7.76 5541 766 331 0 0 6638

28. 7.76 3937 784 176 0 0 4897
6. 8.76 2846 287 0 0 0 3133

17. 8.76 3860 938 200 ,0 0 4,798
10. 9076 2538 1004 320 0 0 3862
28. 9.76 5372 844 397 0 0 6613
13.10.76 2840 860 393 0 0 4093
9.11.76 2005 440 165 0 0 2610

21.12.76 248 248 0 0 0 496
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Table 1.3 Numbers of ciliutea found at successive
depths in sediment cores over the 2-year
sampling period. Values recorded for each
depth are nos. cm-3 sediment. Site c:

Depth SumI

Date 0-1 1-2 2-3 3-4 4-6 cm-2

20. 1.75 2024 704 264 0 0 2992
19. 2.75 1485 647 146 110 0 2388
19. 3.75 2250 550 176 0 0 2976
23. 4.75 1495 348 322 105 0 2270
20. 5.75 971 0 0 0 0 971
7. 6.75 1420 418 0 0 0 1838

23. 6.75 1481 202 0 0 0 1683
17. 7.75 1618 215 0 0 0 1833
25. 7.75 2471 0 0 0 0 2471
25. 8.75 1727 0 0 0 0 1727
4. 9.75 1616 199 0 0 0 1815

30. 9.75 656 428 0 0 0 1084
9.10.75 3576 655 0 0 0 4231

10.11.75 2098 898 1152 658 C 4806
10.12.75 1021 710 229 0 0 1960
14. 1.76 1168 904 200 0 0 2272
12. 2.76 904 319 165 0 0 1388
18. 3.76 939 363 0 0 0 1302
21. 4076 1210 420 0 0 0 1630
12. 5.76 1356 773 0 0 0 2129
25. 5.76 1591 220 0 0 0 1811
29. 6.76 1684 266 0 0 0 1950
9. 7.76 2122 ·690 0 0 0 2812

.29. 7.76 1760 275 0 0 0 2035
9. B,.76 180B 77 0 0 0 1885

1B. 8.76 2735 337 0 0 0 3072
12. 9.76 1722 660 132 0 0 2514
29. 9.76 2101 1194 94 0 0 3389
14.10.76 2686 B34 175 0 0 3695
11.11.76 1904 636 212 0 0 2752

-
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assuming a nOl~al distribution for the numbers of ciliates recorded

in 50, 5~1. drops. A more common distribution for similar data is

the Poisson but in this case , four out of five r andom.Ly selected

distributions differed significantly from a Poisson distribution.

However, 95% confidence limits calculated for the means presented

here are generally similar when they are calculated on the assumption

of either a normal or a Poisson distribution.

1.3.1.2 Ciliate size classes and biomass
The maximum number of ciliates in the largest size class

tended to occur during the summer months of ,each year (site A,

2.6.75, 4.8.76; site B, 1.9.75, 28.9.76; site C, 25.7.75, l8.8.76)

(Appendices 1.7, 1.8, 1.9). ~lis, together with higher total

ciliate numbers in the same period, produced peaks of biomass in

the summer months. ,In addition, most of the largest ciliates

occurred where the highest total ciliate number was always recorded -

at the surface of the sediment, producing a higher concentratio!1 of

biomass in this zone and a more rapid decrease in biomass with depth

compared to the rate of extinction in total ciliate number (figs

1.4,1.5,1.6).

Again, there were notable differences and similarities between

sites. The greater depth penetration of ciliates at site B

produced an extended depth distribution of biomass in contrast to

the limited penetration of ciliate biomass at site A. Seasonal

variation is still apparent in the data for all three sites - the

depth of biomass extinction tending to be greater in the winter.

Thus the general pattern of the distribution of ciliate numbers

and biomass in the sediment was for the majority to occur cl.oseto
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the surface. The extent of depth penetration varied with the site

but seasonal variation in depth distribution was characteristic of

all sites.

1.3.2 Distribution of nematodes

Total numbers of nematodes recorded from the three sites have

been presented in fig. 1.7 and the numbers recorded from each depth

fraction on eacr, dat.ehave been listed in table 1.4. Only mean

values have been recorded - 95% confidence limits were of the sa~me

order of magnitude as described above for ciliates. The most

significant d.if f erenoe between sites concerns the high numbers

recorded at site A compared to the consistently lower numbers at the

other two sites. There was no marked seasonal variation in nematode

numbers at any of the sites, although the lowest numbers at sites B

and C did tend to occur in the s~~er months.

The vertical distribution of nematodes showed some similarities

with that already described for ciliate!;;- maximum numbers were

usually found in the surface sediment and numbers decreased with

depth until they were absent below a depth of 6cm~ The rate of

decrease with depth was less than that recorded for ciliates, even

at site A, but the'more limited penetration recorded for ciliates

at this site was also found to apply to nematodes. There was no

apparent seasonal variation in the depth distribution of nematodes

at any of the sites.

1.3.3 Distribution of bacteria

These data have been presented in fig. 1.B and Appendix 1.10.

Numbers recorded at site A were eIways approximately an order of

magnitude higher than at either of the two main loch sites. The
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Numbers of nematodes recorded over 2 years

(1975 - 1976) at each of the 3 sites.

Site A solid line

Site B dotted line

Site C broken line
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Fig.1.8
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'l:~eseasonal and vertical distribution of viable

heterotrophic bacteria over the course of 1 year

(1975) at each of 3 sites ( A, top; Et middle; C

bottom).

The isopleths join values of equal magnitude. All

quantities are millions bacteria per cm3 sediment.

Depths ruld times of sampling are indicated by

black dots.
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pattern of decrease in bacterial numbers with increasing depth was

similar to that recorded for ciliates and nematodes aLrhouqh the

number did occasionally increase from the surface to the l-2cm

fraction.

The only aspect of seasonal variation apparent in the data is

the sudden increase in numbers recorded in the surface sediment

fraction at each site during the period June-August.

this increase was also recorded at greater depths.

At site A,

These counts do represent only the numbers of viable, obligate

aerobic or facultative aerobic heterotrophs and as such they will

reflect the conditions available for the growth and reproduction

of such bacteria. Thus the figures recorded will be underestimates

of the total number of bacteria present at any date and depth.

However, since the benthic ciliate fauna is probably composed mainly

of obligate and facultative aerobes (see Part 2), it is likely that

the estimates of bacterial numbers obtained will also be close to

the numbers available for predation by ciliates.

1.3.4 ~;uthic chlorophyll a and phaeophytin

Data for the quantities of chl.orophyl I a and phaeophytin

extracted from the sediment at the three sites have been recorded

in figs. 1.9, 1.10, 1.11 and Appendices 1.11, 1.12, 1.13.

Differences between sitea were again obvious - chlorophyll values

at site B were markedly higher than at the other sites, especially

in late summer and the pattern of vertical distribution also differed

from that at the other sites. Whereas at sites A and C it was

usually found that chlorophyll decreased with depth, it was exceptional

for the maximum value to be recorded from the surface s~diment at
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Fig. 1.9 Seasonal and vertical distribution of benthic
chlorophyll a and phaeophytin at site ~ 1975
Depths and times of sampling are represented
by dots.
All values are pg cm-3•
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site B. The depth of maximum chlorophyll a at this site was

variable but it could be as deep as 3-4cm (28.2.75). Maximum

values of chlorophyll a were recorded in September at site A and

in August at sites Band C.

Vertical distribution of phaeophytin was also obvious at the

three sites - values tending to be higher in regions of higher

chlorophyll. The extent to which values of chlorophyll and

phaeophytin were correlated varied between sites. At site B, the

correlation was higher (see section 1.4) and the ratio between the

two was less variable. In contrast, at site A, the more pronounced

stratification of chlorophyll close to the sediment surface and the

more even distribution of phaeophytin produced a poor correlation

between the two and a large variation in the chlorophyll to phaeo-

phytin ratio, (1.12 - 0.00).

During the course of the sampling progranune, it became apparent

that the quantities of pigments being recorded were due to different

plant sources at the different sites. Beginning in June at site A,

most of the chlorophyll extracted would have been due to the dense

growth of filamentous green and blue-green algae growing over and

within the surface sediment (hence the rapid decrease in chlorophyll

with depth). However, at site B and to a lesser extent at site C,

diatoms and desmids were abundant throughout the year and numerous

at all depths. A mat of filamentous algae attached to the sediment

surface was recorded at site B in August, represented in fig. 1.10

as sudden influ>:es of chlorophyll a and phaeophytin which rapidly

decrease \vl th depth.
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1.3.5 Sediment nercentage dry weight and organic carbon

One of the most striking differences recorded between sites

concerned the density or dry weight content of the sediment and the

related quantities of organic matter in the sediment, measured as

organic carbon. Differences in sediment type became obvious during

the drying process - sediment samples from site A always dried into

a dense and tightly-bound pellet whereas dried samples from sites B

and C were relatively light, loosely-packed and fibrous. The data

recorded in figs. 1.12, 1.13, 1.14 and table 1.5 reflect these

observations. Samples from site A were always considerably more

dense than those from the other sites and the o:::ga.niccontent was

always considerably less than at either of the two main loch sit.es.

The sediment at site B was consistently the most 'fluid' and least

dense of the t.hreeand it held the highest recorded quantities of

organic matter. Data for site C provided the intermediate values

of sediment density and organic content which made clear the recip-

rocal relationship between the two parameters at all sites.

Vertical distribution of the sediment density is clear in the

data for all sites - the density of the sediment always increased

with increasing depth. However, stratification of the quantity of

organic matter in the sediment is less obvious - only in the data

for site B (fig. 1.13) does a pattern emerge with the organic content

being consistently lower at the greatest depths. Organic content

was highest during the period June-August at all sites and all

depths.
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Site Depth Difference (jim) % organic carbon
A 0-1 6.0 3.32
" 1-2 4.8 3.'13
" 2-3 2.6 3.31
" 3-4 1.9 3.21
" 4-6 0.0 3.39
B 0-1 6.8 18.98
" 1-2 14.1 18.05
" 2-3 8.3 18.t6
" 3-4 9.9 17.37
" 4-6 7.2 12.95
C 0-1 8.4 10.68
" 1-2 8.8 10.58
" 2-3 7.8 10.20
" 3-4 3.3 11.78
" 4-6 3.1 11.88
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Table 1.5 Values for the various statistics derived from
the analysis of sediment particle size spectr.a
at each of the three sites.

Treated/
Site Untreated Depth Md~ (}UII ) Q~ Q3~ QD~ Sk ~

1 q

A Untreated 0-1 5.15 (28.1) 4.45 5.92 0.735 +0.035
" " 1-2 5.37 (24.3) 4.23 6.05 0.9'10 -0.230
" " 2-3 5.45 (22.9) 4.8 6.08 0.640 -0.010
" " 3-J+ 5.1l5 (22.9) 4.87 6.07 0.600 +0.020
" " 4-6 5.41 (23.5 4.80 6.00 0.600 -0.010

~

A Treated 0-1 5.50 (22.1) 4.75 6.35 0.800 +0.050
" " 1-2 5.68 (19.5) 5.00 6.40 0.700 +0.020
" " ;;-' 5.63 (20.3) 5.05 6.38 0.665 +0.085~ -"

" " )-4 5.57 (2100) 5.03 6.20 0.585 +0.045
" " 4·.6 5.41 (23.,5) 4.80 6.00 0.600 -0.010

B Untreated 0-1 5.55 (21.4) 4.75 6.45 0.850 -1.0.050
" " 1-2 5.27 (26.0) 4.55 6.20 0.825 +0.105
" " 2-3 5.35 (24.5) 4055 6.25 0.850 +0.050
" " 3-·4 5.35 (2405) 4.15 6.27 1.060 -0.140
" " 4.·6 5.18 (27.5) 4.00 6.00 1.000 '-0.180
B Treated 0-1 6.10 (14.6) 5.10 7.25 1.075 +0.0'15

" " 1-2 6•~.O (11.9) 5.30 7.40 1.050 -00050
" " 2-3 5.95 (16.2) 5.02 7.10 1.040 +0..110
" " 3-4 6.10 (14.6) 5.08 7.10 1.010 -0..010
" " 4-6 5.63 (20.3) 4.80 6.85 1.025 +0.195

C 'Untreated 0-1 5.63 (20.3) 4.85 6.55 0.850 +0.070
" " 1..2 5.63 (2003) 4.97 6.57 0.800 +0.140
" " 2-3 5.57 (21.0) 4.9 6.45 0.775 +0.105
" " 3-4 5.63 (20.3) 4.95 6.50 0.775 +0.095
" " 4-6 5.65 (19.9) 4.95 6.53 0.790 +0.090
C Treated 0-1 6.40 (11.9) 5.45 7.20 0.875 -0.075
" " 1-2 6.45 (11.5) 5.55 7.24 0.845 -0.055
" " 2-3 6.25 (13.2) 5.35 7.12 0.885 -0.015
" " 3-4 5.88 (17.0) 5.15 6.85 0.850 -0.120
" " 4-6 5.90 (16.8) 5.20 6.92 0.860 +0.160

(see text for explanation of terms used)
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1.3.6 Vertical distribution of redox potential (Eh)

Most other studies of benthic redox potential have recorded

a characteristic pattern of changing potential with depth. The

same characteristic was recorded throughout this study - with

Lnczeas Lnq depth in the sediment, a rapid decrease in potential

was always followed by a sLowez- rate of change. 'l'hedepth over

which the rapid change took place varied w i.th the time of year

(fig. 1.15) but it usually occurred within the top centimeter of

sediment. The range of values recorded is also similar to that

already reported in the literature although the extremely reducing

conditions recorded on 9.7.75 at site A do exte:rl the Eh-pH boundary

envisaged by Baas Becking et al., (1960 (fig. 1.16)).

A pronounced seasonal variation in Eh was recorded at all

sites - the most reducing conditions were observed in the summer

months and the highest potentials at all depths were recorded during

the winter.

The depth at which Eh = 0 (zero potential isopleth) has been

chosen as an approximate indicator of the division between oxidising

and redu~ing conditions. Seasonal variation in the depth of this

division is apparent in figs. 1.17, 1.18, -1.19, being close to the

surface in summer and disappearing to depths greater than 6cm in the

winter.

Ice covered the loch fran the end of November 1976, which

probably explains t.helew redox potentials recorded close to the

sediment surfacE: during this time at site B. It was not possible

to sample at site C after the middle of November 1976 and, following
\the pattern observed at site B, the expected upwards migxation of -the
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Fig.1•15 Depth distribution of the 4 parameters measured in

the sediment us;ng electrodes. Both Bets of data are

from site A - on 9.1.75 (Jan.) and 9.7.75 (July).

The shaded areas represent that fraction of the

top 6cm of sediment where Eh ~O.

Key
0-0 Eh in mV

0--0 °2 flux in -2 min -1,ng cm
8-·-0 pH
A·······..A E -- in mV

8
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Fig.1.16 The relationship between Eh and pH measurements

taken from the sediment and overlying water at

the 3 sites - site A (left), site B (mi.ddle) and

site C (right). The continuous broken line in

ea.ch diagram indicates the Eh - pH limits

recorded from the fresh\~ater environment by

Baas-Becking et al, (1960).
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Fig. 1.17 Depth - time cistribution of redox potential

(Eh) at site ~ • All values are + millivolts •.

The thick black isopleth indicates the depth

where Eh = 0 and arrows beneath the baseline

represent sampling occasions.
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Fig. 1.18 Depth - time distribution of redox potential

(Eh) at site BeAll values are + millivolts.

The thick black isopleth indicates the depth

where Eh = 0 and arrows beneath the baseline

represent sampling occasion,c;.
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Depth - time distribution of redox potential

(Eh) at site C. All vaL'tes are + millivolts.

The thick black isopleth indicates the depth

where Eh = 0 and arrows beneath the baseline

represent sampling occasions.
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redox potential isopleths has been indicated by broken lines. The

ice cover was broken severa.l times at site A which explains the

absence of reducing conditions close to the sediment surface during

the winter of 1976.

There was some agreement in the timing of redox changes at the

different sites. In 1975, the upwards migration of the zero

potential isopleth began at the beginning of ApriJ and fell in

September. Upwards migration also began at the beginning of April

in 1976 although at site C, only isopleths of potentials greater

than lOOmV began to migrate in the top 6cm of sediment.

1.3. 7 Hydrogen sulphide

Those potentials recorded at the sulphide ion electrode whe n

Eh = 0 have been recorded in Appendices 1.14, 1.15, 1.16. The

procedure for converting such potentials into concentrations of H2S

by incorporating data for pH has been outlined in Appendix 1.3.

Concentrations of H2S in the sediment were usually less than lOmg 1-1

with one notable example at site B on 17.8.76 when the calculated
-1concentration was 4g1 I

Differences between sites are obvious in the data. Potentials

at site B were consistently lower than at either of the other hlo

sitE's. The high concentrations of H2S implied by such low poten-

~<;'7.:f., tials and the low pH values at this s.Lt.e, correspond with the

pronounced odour of H2S invariably present when core samples from

this site were sectioned.

Potentials tended to become more negative with increasing

depth in the sediment although the low rate of change in potential
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in the top 2cm of sediment at site B would indicate significant

concentrations of H2S even closer to the sediment surface than the

0.5cm indicated. The rel~tionship between Es2- and Eh is

discussed above (1.2.17.1) •

1.3.8 l?!i

The complete data for sediment pH have bsen recorded in

Appendices 1.17, 1.18, 1.19. Unlik~ the other factors measured

using electrodes, there was no characteristic change in pH with

increasing depth which applied to all sites. Values at 4-6cm

depth at sit.eA tended to be higher than at the surface of the

sedi.:nentwhLLe the opposite was more common at site B. However,

the pH of the sediment in general was more alkaline at site A than

at site B, with values at site C being intermediate.

'l'hegreatest changes in pH were recorded in the water over-

lying the sediment surface, especially during the summer when the

pH drop over the sediment-water interface c0u1d be as great as 2.5
units. It is interesting that on the three occasions when outbursts

of the ciliate Loxocephalus plagius were recorded (B, 18.8.751

A, 27.7.76, 16.8.76), the pH values were the lOWF..3trecorded for

the depth and site concerned.

1.3.9 Oxygen flux

Oxygen· flux aLways decreased with increasing depth· (see full

data, Appendices 1.20, 1.21, 1.22) although this dacrease did not

always continue as deep as 6em. A tendency for the current to

increase at the greatest depths was observed at all sites, but it

was most pronounced at site B. Bearing in mind the readiness with
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which sulphide ions interact with and modify the response of naked

platinum electrodes, it is likely that the increased activ:i.'~yof

sulphide ions at site B was responsible for these observed increases

in current. Current readings in the region of the mud-water inter··

face will have been influenced less by sulphide activity and hcr2,

the rate of change in 02 flux was similar to the changes in Eh over

the same depth range (fig. 1.15), indicating that wh i Le lack of

oxygen may control the 02 flux current in the surface sediment,

sulphur species may be more important at greater depths, especially.;

at site B.

1.3.10 Physicochemical factors measured in the water
overlying the sedim~n~

1.3.10 .1 Temperature

The t.emperatures of the wat.er overlying the sediment. through·~

out the two year sampling programme have been recorded in fig.l.20.

Temperat.ures recor-ded during 1975 also appear in Appendix 1.23 wit.h

the other data for the overlying water taken in that year. Both

the small and the main loch were isothermal throughout the study

although temporary stratification in the main loch existed for a

few hours on the warmest days of 1976 (temperature differences of

4°C were recorded between the surface and bottom water at site C).

The summers of both 1975 and 1976 were exceptionally w~~

(water temperatures were temporarily as high as 25.SoC in mid-

afternoon) a.nd in 1976 the period of very high temperatures in July

and August coincided with a period of drought when the main loch

water level fell 85cm below the mid·-winter level - a drop of app~oxi-

mately IOcm more than the previous sununer.
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Fig. 1.20 The temperature of the water overlying the

sediment at each of the 3 sites (solid line, Site A ;

dotted line, Site B ; broken line, Site C)

Temperatures were recorded at 0930h on the days

concerned.
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The only prolonged (> 5 days) period of ice cover was in the

winter of 1976 when ice covered the main loch from the end of

November until the end of January 1977. The ice covering site A

during this period was occasionally broken and removed to alio'v'l

sampling. Sampling at site B in December 1976 was only possible

after cutting a hole in the ice through wh i.ch t.hecore sampler could

be lowered into the sediment.

1.3.10.2 Chlorophyll a, phaeophytin and pH

Phytoplankton blooms were common in the wat.er overlying t.he

sediment at all sites in the spring and summer of both 1975 and

1976. The amounts of chlorophyll a and phaeophytin extracted from

the water (fig. 1.21 Appendix 1.23) indicate the extent of these

blooms in 1975 although the exceptionally high value for chIoro-

phyll recorded on 27•.7.75 at sit.eB was mainly due to wind··blown

phytoplankton. Phytoplankton grO\vth in the small and the main

loch differed with respect to both the timing of blooms and their

species content. While an extensive bloom of phytoflagellates

(Cryptomonas spp.) developed in the spring at site A, phytoplankton

growth remained at a low level in the ~lldinloch. The peaks of

abundance in the summer were due almost entirely to phytoflagelJatec

in the small loch but to a succession of blue-greeh algae (especially

Aphanizomenon flos-aquae and Gleotrichia sp.) in the main loch.

The coincidence of high chlorophyll counts and raised pH i.s

apparent in fig. 1.21. The maximum recorded pH at any time during

the day was 9.4 which is probably the maximum possible in such waters

with a high calcium content.*
* Photosynthesis acts on the carbon dioxide-bicarbonate-carbonic acid
system (CO2 + OH ¢. BC03 ~ !-t + CO~) by utilising CO2 and BCD; and
releasing oxygen or removing hydrogen. In wa·ters with high calcium,
CaCo3 precipitates at about pH 9.4 1\nd the lack of CO2 and HCO- limits

3
photosynthesls.
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Fig. 1.21 Quantities of chlorophyll a, phaeophytin and

the pH of the water overlying the sediment at each of

the 3 sites ( Site At top; Site B, middle; Site e, bottom)

All data refer to 1975.

,
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1.3.10.3 Hardness, Calcium and Magnesium

The complete data recorded for hardness (EDTA), calcium and

magnesium in the water overlying the sediment have been recorded

in Appendix 1.23. The ranges of each were as fo110';<1s:

Hardness (CaC03 + MgC03) . Site A 123-256 -1mgl

Site 140-170 -1
B mg!

Site C 140-·170 -1mg1

Magnesium

Site A 18.7-41.2 mgl-!

Site B 15.4-24.2 -1mg1

Site C 15.6-23.8 -11\1g1

Site A 2.2-4.7 -1IUgl

Site 3.0·-5.5 -1B lUg!

Site 3.5-5.4 -1C mg!

Calcium

On the basis of these figures, the water in Airthrey Loch would be

classified as hard (121-180 mgl-1 total hardness) to very hard
-1

(> 180 mgl ), (Barnes, 1973).

Seasonal variation is apparent in the data for site A - the

highest values for hardness, calcium and magn'C!siumbeing recorded

in the winter months. The ranges of all three parameters were

also greatest at this site - probably a reflection ef the more

variable water volume in the small loch.

1.3.10.4 Conductivity'

The full data for conductivity measured in 1975 have been

recorded in Appendix 1.23. Differences are again obvious between

sites, with the range being greater at site A and the highest values
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also being recorded at this site:

Site of conductivity (umho -1
A range cm) = 194-521

Site B " " = 220-245

Site C " " = 216-258

The principal factors controlling conductivity are discussed

below (1.4) but even a cursory examination of the data reveals a

positive relationship between hardness and conductivity, a relation-

ship which is especially marked at site A.

1.3.10.5 Oxygen ?orlcentration

All values for the oxygen ccr.cerrtrat.Lonof water overlying the

sediment have been obtained by converting the current readings at

a naked platinum elec~rode by the procedure described in section

1.2.17. OXygen concerrtz-at.Lon data for 1975 have already been
-1converted to mgl (Appendix 1.23)• The raw data for both 1975

and 1976 appear in Appendices 1.20, 1.21, 1.22.

The calculated oxygen concerrt.ratd.onsindicate that the water

at eadl site was never saturated. This is not surprising since

the values do not refer to the surface water and they were obtained

at 0930h, possibly"before the nocturnal oxygen debt had been-replaced

by photosynthesis on the day of sampling. The lowest values were

recorded at the deepest site (C) where a minimum current of 2.l\lA

was recorded on 29.6.76. This is close to the current equivalent

of zero oxygen concentration - 2.408)lA (see calibration curve,

Appendix 1.1). Thus it is likely that on this date, oxygen was

absent from the bottom water at site C (upwards migration of the

redox discontinuity layer also began at about this date - see fig.

1.19).
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1.3.10.6 Turbidity

All turbidity measurements have been recorded in Appendbc: 1.23.

In this case, turbidity is a.composite measure of several factors.

On very windy days, the sediment was set in motion in both the

small and the main loch. As an example of this, the windy dayu

prior to 9 January 1975 were responsible for the high turbidity

readings on this date. In contrast , the high va lues recorded at

all sites on 27.7.75 were due almost entirely to suspended phyto-

plankton - phytof1.agellates at site A and blue-green algae at the

other two sites.

1.3.10.7 Rainfall

Rainfall calculated as 'previous five days total' has been

recorded in Appendix 1.23. All data were calculated from the

records for the Ur'iversity of Stirling campus meteorological station

(Parkhead)• The exceptionally dry summers of 1975 and 1976 led to

significant reductions in loch water level in both years (see

1.3.10.1 above).

1.3.11 Sediment Earticle size analysis

Analysis of the sediment particle size spectrum was only

performed on core samples from Harch 1975. Treated and untreated

sediment samples from the five depth fractions at each site v:ere

analysed and the results recorded in table 1.5 and figs. 1.22, 1.23,

1.24. The cumulative weight percentaye plotted against particle

diameter in phi units yielded the characteristic phi curves.

The median diameter (Md~) of sediment particles corresponds ~o

50% on the cumulative perc0ntage axis. It was read in phi units
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Fig. 1.22 Size distriiJLlti.onof the sediment particles at

site A Ln March 1975. The 5 pairs of curves refer to

Buccessive depth fractions in the sediment core.

The upper curve of each pair represents the size distribution

of untreated sediment and the lower curve, that for sediment

previously treated with H202 to remove the organic matter.

The extent of the shaded area between the 2 curves is a measure

of particle aggregation in the untreated sediment.
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Fig.1.23 Size distribution of the sediulent particles at

site B in J.1arch1975. The 5 pairs of curves refer to

successive depth fractions in the sediment core.

The upper curve of each pair represents the size distribution

of untreated sediment and the lower curve, that for sediment

previously treated with H202 to remove the organic matter.

The extent of the shaded area between the 2 curves is a measure

of particle aggregation,in the untreated sediment.
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Fig.1.24 Si~e distribution of the sediment particles at

site c: in March 1975. The 5 pairs of curves refer to
..

successive depth fractions in the sediment core.

The upper curve of each pair represents the size distribution

of untreated sediment and the lower curve, that for sediment

previously treated with H202 to remove the organic matter.

The extent of the shaded area between the 2 curves is a mea.sure

of particle aggregation in the untreated sediment.
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and then converted to a linear dimension (pm), both values being

included in table 1.5.

One measure of the slope of the curve is the phi quartile

deviation (QD¢) which may be expressed a5:

QD¢ =

where Q, ¢ t;nd Q3 ¢ are the values for the 1st and 3rd quartiles

(25% and 75% respectively on the cumulative percentage axis). The

tendency for the curve to be skewed (+ or -) between the quartiles

is indicated by the phi quartile skewness:

All of these statistics have been computed for each sediment sample

and recorded in table 1.5.

All sediment samples were com]?Osed of predominantly fine

sediment ..approximately 90% of each sample being accounted for by

the silt and clay fraction « 63pm). There was little variation in

the median particle diameter although it tended to be smaller in

the trea~ed samples from sites Band C. The most striking difference

between sites concE:~ned the varying degree of particle aggregation

(the distance between the curves in each pair in figs. 1.22, 1.23,

1.24) • Aggregation was pronounced at site B whe re there was also

li ttle var Lat.Lon"ith depth in the sediment. At site A however,

the low degree of aggr~gation in the surface sediment decreased to

zero at; 4-6crndepth.

It is expected that the degre2 of aggregation measured will

be positively re1ated to the amount of organic matter in the

untreat.cd sediment. 'I'hedifferences between the med i.anddame ters
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of treated and untreated sediment were taken as quantitative

measures of the degree of aggregation. These values have been

recorded in table 1.5 and fig. 1.14 along with the percentage

organic carbon recorded for each sediment fract.:.ion.A significant

positive relationship betwaan the two is illustrated, indicating

that the organic matter oxidised in the 'treatment process' was

responsible for binding the sediment particles into aggregates.
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1.4 Relationships behleen climatic and loch water variables

All significant associations between t.hesevariables have been

recorded in fig.l.25 as positive and negative correlations. In

several respects, all sites were similar - for example, in the

significant correlation between conductivity and hardness and the

positive association between daylength and pH. Only at one site

(C) was the bottom water oxygen concentration found to be negatively

correlated with both daylength and t.empexat.uro, This is under-

standable insofar as site C was the deepest, where bottom water

turbulence must have been limited.

The influence of phytoplankton on the pH of the water body

was less marked at site A than at either of the main loch sites

(association between chlorophyll a and pH). This may have been

due to the different species composition of phytoplankton in the

sma1l loch. The main loch phytoplankton were dominated by

blue-greell algae throughout the sampling period whereas phyto-

flagellates were always dominant in the small loch.

Water hardness was dependent on both calcium and magnesium

compounds at sites A and B. The absence of a dependence on

magnesium at site B cannot be explained. One significant

difference between the small and the main loch concerned seasonal

fluctuation in water conductivity which in turn was probably

largely dependent on water hardness. Conductivity and hardness

were both negatively correlated with daylength in the small loch,

but positively correlate;!in the main loch. 'I'hedense algal mat

lying over the sediment surface at site A and the high light perie-

tration through a shallow water column infer a high primary

productivity in the small loch and, in the pH range 7.0-9.4, a
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Fig.1.25 Association matrices between all possible lairs

of climatic and loch vater variables. Positive

and negative correlations are indicated by (+)

and (-), the number of symbols indicating the

significance of the correlations ( 1, 2 and 3

symbols implying significance at 5%, 1% and

0.1% levels respectively).

Site A (top), Site B (middle) and Site C (bottom)
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-high demand for HC03•

during the summer would thus probably have been due to increased

The drop in total hardness in the small loch

uptake of bicarbonate by the benthic algae as well as by the

phytoplankton.

In contrast, algal mats did not cover the benthos at the main

loch sites in the summer and it is likely that any changes in

calcium and magnesium caused by algae would be attributed to the

phytoplankton. However, the changes in calcium, magnesium, hard-

ness and conductivity which did occur in the main loch were not

correlated with changes in chlorophyll.

Thus, while phytoplankton and benthic algae at site A probably

made a significant impact on levels of calcium and magnesium in a

relatively shallow water column, the data do not reveal such a

correlation in the main loch where variation in the level of

nutrients was mu~h smaller in any case and the water volume was

much larger.

Most of the large variation recorded in the various chemical

parameters at site A can probably be attributed to the much smaller

volume:area rat::oof the small loch and the greater influence of

factors such as evaporation, rainfall, solar radiation and wind.
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1.5 Statistical ana~sis of ti1efactors contrqlling
a) the vertical distribution of ciliates and
b) temporal distribution of surface-sediment ciliates

1.5.1. The use of multiple regression

Multiple regression analysis was used in an attempt to improve

on the descriptive capacity of simple regressions and to provide an

intelligible description of the most important combinations of

factors involved in ausal relationships. Insofar as t.hetechnique

has not been used with similar data in the past, the object of the

multiple regression was to provide preliminary mathematical represen-

tations wh.ich will complement other studies in the future to produce

mathematical models.

There has been some discussion in the literature on the validity

of attempting multiple regression when ~ignificant correlations

exist between the independent variub les, (Mead, 1969; Yarranton,

1969). Although variables do not have to be statistically indepen-

dent to be included in such an analysis" the higher the correlation

between any pair, the less one of them will account for variation

in the dependent variable. The use of stepwise regression (see

below) may obviate some of these difficulties.

Only linear multiple regression was attempted. Some curv i>
.

linear relationship may provide a better fit for the relationship

between two variables but when a number of intereorrelated variables

in the equa t ion have different curvilinear relationships with the

dependent variable, the most appropriate .form of the multiple

regression is rarely obvious. No assumptions have been made con-

eerning the possible non-linear form of the multiple regressions and

linear equations have been fitted in all cases.
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Stepwise linear mUltiple regression analyses were carried out

using two different computer programs, both run on the lCL 4130

computer at the University of Stirling. Each progrrun pro\·j_ded

information which was complementary to the other. The first was

and ALGOL version of the Elliott Autocode Library Program (803

LM 19A) obtained from Mr. B. Sanderson of the Computing Laboratory,

UCNW, Bangor. The other program was a part of the SPSS (Statistical

Package for the Social Sciences) package in FORTRAN, a package

developed by Mr. R. Bland at the University of Stirling. Both

programs computed linear multiple regressions in a ~tepwise manner,

in which a series of equations was constructed with variables being

added one at a time. At any step, the program selected the

variable to be included next, the chosen variable contributing most

to the explanation of the remaining unexplained variance of the

dependent variable. Regressions were constructed for three levels

of significance (5%, 1%, 0.1%), and by presenting the equations at

these different levels, some indication of the relative importance

of the different I indepen.dentI variables in the equation was

obvious.
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1.5.2 ~naly!?il'!_Qfthe__faE!ors_5;o~trolling the vertical
9-istr~bution in the sediment of- ciliates, nematode~,
bacteria and redox potential

Having observed that there was usually a recognisable pattern

in the vertical distribution of benthic ciliates and that patterns

were aLso apparent in the distribution of other factors, the next

step was to attempt a statistical explanation of the former in terms

of the latter. The emphasis was laid on explaining patterns rather

than account i.nqfor absolute abundances. The technique used is best

explained using a hypothetical example in which the number of ciliates,

the percentage of the total number of ciliates and the redox poten-

tial are described at each of the depth fractions in the sediment -

one sampling occasion being in the winter and the other in the·

summer:

Winter

Depth
(cm)

0-1
1-2
2-3
3-4
4-6

Summer
Depth
(cm)

0-1
1-2

.' '..,. '.~,,_

2-3
3-4
4-6

% of total number number of
of ciliates ciliates Eh(mV)

62 1000 + 400
31 500 + 200
6 100 + 100
1 10 + 50
0 0 0

\ of total number number of
of ciliates ciliates Eh (mV)

90 9000 + 400
10 1000 0
0 0 50
0 0 - 150
0 0 - 100

Including both occasions in the analysis would reveal little corr~-

lation between the number of ciliates and the redox potential
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,(e.g. 0 ciliates = 0 mV, (winter) and 1000 ciliates = 0 mV (summer».

However, by calculating the percentage of the total ciliate number

occurring in each depth fraction, seasonal variation in the ciliate

number can be discounted to leave seasonal variation in the pattern

of v?rtical distribution. Thus data for all depth fractions and

all occasions can be included in the same analysis of the factors

controlling the vertical distribution pattern of ciliates.

Data for other' factors (nematodes, bacteria, chlorophyll a,

phaeophytin) were reduced to the same percentage basis since peaks

of bacterial nurnbers for example did not necessarily coincide with

peaks in ciliate numbers or biomass. By converting the numbers of

bacteria to percentage recorded in each depth fraction, and by

compa:t.ingsuch distribution-pattern data ...lith the distribution pattern

of ciliates, the question could then be asked:

"Considering a number of sampling occasions and all
sediment depth fractions, does the majority of ciliates
tend to occur together with the majority of bacteria?"

This is quite different to the question:

"Are the numbers of ciliates and bacteria correlated?"

whicb, if all depth fractions were included in the analysis, would

almost certainly b€ answered in the negative. Thus the depth

pattern of a factor was treated statistically as a single variable:

e.g. \ of total c.iLi.e t.esat depths 0-1, 1-2, 2-3, 3-4, 4-6 cm
~ Factor 1 (Xl or Yl); and

\ of total bacteria at depths 0-1, 1-2, 2-3, 3-4, 4-6 cm
~ Factor 2 (x2 or Y2)

Because of the tendency for percentage values not to conform to a

normal distribution, all percentage values used in the analysis were

transformed using the arcsin transformation (8 = arcsin ip, (see

Bishop, 1966».
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1.5.2.1 The correlation of the vertical distribution of sediment
factors

A total of 12 factors were included in the analysis, seven of

which were obtained over the complete two year sampling programme.

Data for the other five were only recorded in 1975. Thus two types

of analysis were performed - the first (analysis type 1) including

the 12 factors for one year only, and the second (analysis type 2)

with the seven factors measured for both years. The sediment

factors considered are listed in tables 1.6, 1.7, 1.8 and Appendices

1.24 to 1.29.

In the first stage of the analysis, all factors were regressed

against each other using the same computer programs mentioned in

1.5.1 above for the multiple regression analysis. The signifi-

cance of the regressions and the percentage variation accounted

for by each were calculated and recorded in tables 1.6,1.7,1.8.

These tables have been divided on the basis of whether or not data

were available for two years. Thus associations included in the

right hand side of the table are based on 50 cases (occasions x

depths) while those on the left have 140, 135 and 130 cases at site

A, Band C respectively. The high number of cases in each

regression are partly responsible for the large numbersof signifi-

cant associations recorded on the left hand side of each table.

These simple regressions will not be considered in detail but

it is important to draw attention to several points:

1) \\lithfew exceptions, significant negative associations were

recorded between percentage dry weight of the sediment (IDWI) and

the distribution of all other factors. As expected the relationship

was most significant at site A .....here the greatest changes in sediment
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Table 1.6 Analysis of vertical distrib~tion, Site A

The percentage variation accounted for by the re~res6ion

of each variable on all other varia.bles - data for all

depths in the sediment being included.

Asterisks (•••••• ) represent the significance of the

correlation at p = 0.05, 0.01 and 0.001 respectively.

Negative correlations are indicated by the sign (-).

Regreasions were obtained irom data for 1975 and 1976
for the parameters cil n, cil B, Nem, Eh, E --, pH,s

02 flux ruld from data for 1975 for the parameters D.W.,

Org. e, Bacteria, chI a and phaeo. Regressions based on

both years and those based on one year are separated

by the heavy black line in the table.

The parameters designated cil n, cil B and nem, represent

the percents.ges of the total ciliate numbers, ciliate

biomass and n=mat ode numbers r-eapectIveLy , found at all

depths. D.W. represents percentage dry weight and Org. C

percentage organic carbon.
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density with depth were recorded. At this site, the correlations

between 'DW' and the distributions of both ciliates and nematodes

were particularly significant.

2) The distributions of ciliates and nematodes were correlated

positively "lith 'Eh', 'Es2-' and 'Ul' (oxygen flux). Thus both

tended to be associated with the more oxidising conditions in the

sed irnerrc , The lowec significance of the associations at site B

is probably a reflection of sulphide-poisoning of the platinum

electrode used to measure '02f'. The lower significance of the

association between 'Eh' and '02f' at site B (especially in relation

to the higher significance at sites A and C), may also be a product

of electrode-poisoning at this site.

3) A particularly strong association was measured between 'Eh'

and 'Es2--' at site B. Hydrogen sulphide was probably the factor

controlling redox potential at this site.

4) Correlations ~easured between the dist~ibution of ciliat~ -

numbers ('cil n') and all other factors were almost identical in

significance to associations measured between the distribution of

ciliate biomass ('cil B') and all other factors. This was due to

the very significant positive association between the distributions

of ciliate numbers and ciliate biomass at all sites. As the numbers

of ciliates in the surface sediment increased during the summer,

the occ:..~rrence during the same period of the large ciliates contri-

buting most of the biomass, was restricted to the same sur face

sediment.

5) A much stronger correlation between the distributions of

ciliates and bacteria was recorded at sites Band C. Doubtless
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this was related to the characteristic extinction of ciliates at

site A at depths close to the sediment surface whereas bacteria

were still found in substantial numbers at a depth of 6 cm. At

sites Band C hcwever , ciliates penetrated to greater depths,

decreasing in number as tl1eydid so in phase with bacterial

population size.

1.5.2.2 ~ultipl(~_!egression analysis

In the next stage of the analys'i s, the attempt was made to

expla.in the variation in the distribution of each of five factors

by regression on .~11other factors. The five factors selected

were the distributions of ciliate :'lumber('cil nfl, ciliate biomass

(,cil B'), nematode numbers ('nem'), redox potential ('Eh ') and

bacterial number ('Bact'). Again the analysis was divided into

two parts, the first on the data for two years and the second on

the data available for one year only.

It is possible to account completely for the variation in one

factor by regression on a large enough numbe r of other variables

so some selection is usually necessary. However, with so many

significant correlations already existing between most of the

'independent' variables and the five dependent variables, any

criteria used in selection 'Would probably be as arbitrary as the

variables selected. Thus, bearing in mind the relatively small

nillr~ersof variables concerned (seven in the case of the analysis

with two year's data), each of the five dependent variables was

included in mu Lt.i.p le regression analyses with all t.heother variables.

In the case of dependent variables 'nem', 'Eh' and 'Bact', separa~e

analyses were performed with either 'cil n' or 'cil B' as the
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independent variable. When each of the latter was a dependent

variable, the other was not included in the list of independent

variables.

The multiple regression equations constructed at each of three

levels of significance (5%, 1%, 0.1%) have been recorded in Appen-

dices 1.24 to 1.29 together with the percentage variation in the

dependent variable a icount.ed forby each. A simplified description
,

of the results of the regression analys~s has been included in

tables 1.9 and 1.10 where the significant independent variables in

each regression are listed. Some of the more important results

of the regression analysis are listed below:

1) Although a maximum of ten independent variables were presented

for the equations, never more than six we re incIuded as making a

significant contribut;ion in any equation. The number usually

included was between 1 and 3. Thus, although 100% of the variation

in the dependent could probably have been accounted for by the

simultaneous entry into the equation of all ten independent

variables, highly significant multiple regressions could also be

produced by selecting, in a stepwise rn~lmer, only a few of the most

significant variables. The nematode distribution was selected out

as the only, significant variable accounting for the distribution of

both ciliate number and ciliate biomass, explaining 83% of the

variation in the latter and at site C, only three variables ('nem',

'C', 'phae') accounted for 100% of the variation in the distribution

of ciliate number.

2) The factors associated with the distributions of Ici1 n' and

'cil B' were similar at all sites and with both types of analysis.
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When the vertical di.str ibut.Lon of 'ciliates' is referred to below,

the term includes both ciliate number and ciliate biomass.

3) Considering the results of analysis type 2 and the vertical

distribution of ciliat.es, a fev'independent variables were selected

out at all sites, most notably 'nem' and 'Eh' at sites A and B,

and 'nem', 'pH' and '02f' at site C. By including more variables

in analysis type 1, sediment density ('nw') appear-ad significant at

site A, 'c' and 'Bact' appeared at site Band 'phae' at site C.

However, even with one year's data, the important relationship

between IEh' and both 'nem' and the ciliate distribution is still

evident.

4) As 'nem' was a significant independent variable in explaining

the variance of 'cil', so also was there a significant regression

of 'nem' on Icil'. Indeed, the ciliate distribution was usually

the only factor in the regression equation with 'nem' as the

dependent in analysis type 2, the exception being the significant

inclusion of 'Eh' at site B. Therefore it is likely that at site

B and to a lesser extent at site A 'Eh' was one of the main factors

controlling the similar distributions of both ciliates and nematodeE.

The nematode distr~bution was dependent on neither 'ES~' nor '02f'.

This probably reflects the greater depth penetration of nematodes

and coincides with the lower dependence on 'Eh' at the other sites

compared to the dependence shown by the ciliate distribution.

5) The regression analysis confirmed the importance of H2S in

controlling the redox potential at site B. Although 'E 2-' was
S

included in the list of significa.nt independent variables at each

site, 'Es2-' was the only variable in the site B regression at the

0.1% level:
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from analysis type 2

Dependent
Variable 5ig. level

ina'::!pendentvariables included in
the equation
Site A Site B Site C

Eh 0.1% E 2-
S

Variation accounted for
by the regression 7L.% 79% 69%

The same variable, 'Es2-' was selected in analysis type 1 as the

only significant variable at the 0.1% lev~l, in that case accounting

for 86% of the variation. The absence of '02f' from the indepen-

dents list at site B may again be a reflection of the greater

likelihood of sulphide-poisoning of the platinum at this site.

The results indicate a significant relationship between the

vertical distribution of ciliates and a combination of nematode

distribution and various factors, the indicators of benthic meta-

bolism (.Eh' at sites A and B, pH and '02f' at site C). It would

seem likely that the coincident distributions of cdli.at.es and

nematodes are largely controlled by these i:1ctors with the indication

of a greater control exercised on the distribution of ciliates,

especially by redox potential. Plausible relationships between

the different factors at two corrt.r-as t i nq sLtes (A and B) have been

simplified and presented diagrammatically below:

Site A Site B

sediment

Vertical distrjbution of

(
ciliates (and nematodes and
aerobic bacter ia) t
organic matter Eh ~ pH

~·U
E 2-
S

Vertical distribution of
ciliates (and nematodes)

controlling

densityfactors
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1.5.3 The ali.alYsisof tE!"poral distribution

In the preceding section, an attempt was made to explain

patterns of ciliate vertical distribution in terms of the vert:ical

distribution patterns of other factors. Recognisable patterns in

the abundance and population structure of ciliates have also beori

revealed and it is the aim in this section to explain such patterns

in terms of variation in the other factors measured. Since the

majority of c.i.Ld.ates were always recorded from the 0-1 cm depth'

fraction and since the factors measured in the overlying water vdll

have a more marked effect on ciliates at the sediment surface, only

data from the 0-1 cm dept.h fraction wexe included in the analysis.

Several characteristics of the ciliate population were selected

for the analysis - total ciliate number ('cil n'), percentage of

the total ciliate number recorded from the 0-1 cm depth fraction

('eil n%'), tot.al ciliate biomass ('cil B'), percentage of the total

ciliate biomass recorded from the 0-1 cm fraction ('cil B%'), the

ratio of biomass of ciliates in the largest size class to the biomass

in the smallest size class ('ratio') and the total number of ciliate

species ('n. spp.'). The number of nematodes ('nem') and the

percentage of the nematode number recorded from the 0-1 cm fraction

('nem %') were also included in the analysis, as was the fact.or

'Eh = 0', the estimated deptl1 in the sediment at which redox poten-

tial is zero. It was intended that by including the factors 'cil

n%', 'cil B%' and 'Eh = 0', the vertical distribution of ciliates

could Le analysed further.

'1'hestatistical procedure adopted was similar to that outlined

in 1.5.2., 0.1t.hough only one depth fraction was considered here.'

A matrix of associations between factors was produced, followed by

stepwise linellrmultjple regression with selected dependent variables.
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1.5.3 .1 Determination of correlations bet.ween factors

A total of 30 different factors were considered in the analysis.

Hany were measured in the wat.er overlying the sediment and their

intercorrelations have already been described (fig. 1. 25) • Most

were only measured for one year (]::75) while all the indicators of

benthic metabolism (' Eh' 'E 2-' 'pH' '0 f') were measured for, S' , 2 .

two years. 'l'hus two different analyses were performed in this

first st:ep of producing a matrix of associations - analysis type 1

incorporated the data pr eaent; for 1975 and analysis type 2 included

the ~ata available for both years (16, 15 and 15 cases at sites A,

Band C respe.ctively for analysis type 1 : 28, 27 and 26 cases

r esp=ct.LveLy for analysis type 2). The three matrices for the

different sites have been presented as tables 1.11, 1.12, 1.13.

Some of the more relevant points to be drawn from these matrices

are lh;ted below:

1) The high correlations recorded in rhe vertical distribution

analysis be tween 'cil n%' and 'cil B%' were, also recorded here,-

although the positive relation between the two was less pronounced

at site C (a coincident increase in the total number of ciliates

and the number of ciliates in the largest size c1"l.ss was recorded

at all sites but it was less marked at site C),

2) 'the absolute and relative abundances of ciliate- numbers and

biomass were positively associated with temperature and daylength

al though the correlation was stronger between both 'cil n%' and

'cil B%' and temperature at all sites. At site B, no characteristic

of the ciliate populat.io:1 was significantly correlated with day-

length although all but 'n.spp.' were positively and significantly

associated \.;i th temperature .. It is likely that there will always
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Tables 1.11
1.12
1.13

The percentage variation accounted for by the
regression of 9 variables (oblique listing) on
all other variables. All va~iables refer to the
0-1 em depth fraction in the sediment or to the
water overlying the sediment.

Asterisks (•••••• ) represent the significance of the
regressions at p = 0.05, 0.01 and 0.001 respectively.
Negative correlations are indicated by the sign (-).
All regressions to the right of the heavy black line were
obtained from data for 1975 only while those to the left
were obtained from data for 1975 and 1976.

Explanation ot variables
cil n : no. of ciliates in the 0-1 em fraction
cil n% : ~ of ciliate number in 0-1 cm fraction
cil B : total ciliate biomass in the 0-1 em fraction
ci1 ~ : ~ of ciliate biomass in 0-1 em fraction
B ratio : the ratio of biomass contributed by ciliates >15Opm

to the contribution by ciliates <50J1m
n. spp. : total no. ot ciliate species
Eh = 0 ':the depth in the sediment at which Eh = 0

, .

nem n. : number of nematodes in the 0-1 em fraction
nem n ~ :~ ot nematodes in the 0-1 cm traction ._

Variables 02,Cond. (conductivity), Hard (hardness),
Ca • Mg , Tur'o. (turbity), pH , chl a (chlorophyll),
and phaeo (phaeophytin) were measured in the water
overlying the sediment.
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be a difference between the mean maximum temperature of a water body

such as that studied here, and maximvrn daylength - the former

occurring later in the year. This is mainly due to the slow change

in water temperature in response to changes in air temperature.

3) Very strong negative correlations were revealed between all

characteristics of the ciliate population and the indicators of

benthic met~olism <:' Eh I, IES2- I, IpH I, '02f I)• Whereas the most

significant associations were with IEhI at site A, no significant

correlations were recorded with IEhl at site B. Correlations were

only significant with IEs2-1 and IpHI at site B. Seasonal

fluctuation in the depth of the redox potential discontinuity layer

(RPO) is indicated by the significant negative associations between'

'Eh ..0' and both temperature and daylength. As with the ciliates,

'Eh ..0' was more responsive to temperature than it was to dayl~ngth.

4) The number of ciliate species was positively correlated with,

'TOC' only at site A and a significant positive relationshi~ between

'ratio I and IToC' was only recorded at sites Band C.

5) No significant relationships were produced between any

characteristic of the ciliate population and the number of bacteria.

At site B however, significant positive relationships were recorded

between each of the factors 'cil n', Icil B', 'ratio I and chlorophyll

a in the sediment.

6) Seasonal fluctuations in several of the loch water parameters

coincided,with fluctuations in numbers of ciliates, resulting in

positive correlations between them which do not necessarily imply

causal relationships. Examples of this include the relationship

between IcH ntl or I'ci!B\I and water pH at sites Band C and
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the negative correlation between the same ciliate factors and water

conductivity, hardness, calcium and magnesium at site A. Decreases

during the summer of each of the latter have already been discussed

in section 1.4

1.5.3.2 Multiple regression analysis

The analysis continued with the selection by stepwise multiple

regression of the most important combinations of factors associated

with the various aspects of the ciliate population. Whereas in

the analysis of Vertical Distribution, separate analyses were

performed on the data recorded for one and for ~X)th years, in which

each dependent variable was regressed against all other variables,

several factors compel a change of approach in the analysis of

Temporal Distribution. For example, the restriction of the analysis

to data collected only for the surface sediment fraction reduces

considerably the number of data involved and the number of compari-

sons involved. Secondly, if a separate analysis was performed on _

the data for 1975 alone, the number of variables would be almost
"

double the number of occasions. Regression -of any variable on all

other vadables would result in all variation in the dependent being

Accounted 'for by the exce.ssive number of 'independent' variables.

Thus, with a few exceptions (see below), all multiple regression

analyses were confined to those variables measured over two years

'(analysis type 2).

'Analysi!';type 2

In this analysis, each of the factors on the oblique axis in

tables 1.11, 1.12, 1.13 was treated as a dependent variable and

regressed against all of the factors in the range 'Eh a 0' to
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'02f' with which significant associations were already established.

When significant associations had been determined between both

'Eh = 0' and 'Eh' or between both 'nem' and 'nem %', bnly or.eof

each pair was included in the regression, whichever accounted for

the more variation. For example, at site A, 'cil n' waS regressed

against 'ToC', 'Eh' and 'pH' together. A summary table (1.14)

has been prepared, illustrating the combinations of factors most

important in accounting for variation in the dependent variable.

One of the striking characteristics in this table is the high

frequency with which temperature ('TOC') was included in the list

of significant independent variables. Its c~bined influence

with 'Eh', 'ES2-' and 'pH' was revealed at sites A and B, it wac the

only significant factor accounting for variation in ciliate biomass

at site C and it was included with a range of intercorrelated

variables in explaining variance in 'Eh ...0'. One significant

'anission was in its accounting for variation in 'nem' and 'nem ,'.

~1 the multiple regression equations have been included in

~ndices 1.30,.1.31, 1.32, together with the percentage variation

inth~ dependent variable accounted for by each. It is interesting

that the variab!es selected to explain variation in 'Eh ·'0' were

stmi1ar at all sites and that the percentage variation accounted

for by each regression was also similar at all sites (79', 82~ and

82\ at sites A, B and C respectively). As ,a factor responding to

the same sediment variables under different conditions, 'Eh • O·

is probably a useful and under-exploited parameter.

No significant correlations were obtained between any charac-

teristic of the ciliate population and the bacterial number but
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Table 1.14 Summary table of the factors accounting f()r
variation in a) the ciliates and nematodes from the 0-1 cm
depth fraction and b) the depth in the sediment at which Eh=O.
(TEMPORAL DISTRIBUTION)
The variables included in the analysis (stepwise linear multiple
regression) all refer to the 0-1 cm depth fraction only. The
variables were: ci1 n (total number of ciliates), ci1 n%
(~ of total ciliate number), ci1 B (total ciliate biomass),
ci1 B% (%of total ciliate biomass), ratio (ratio of biomass of
ciliates in largest size class to biomass in smallest size class),
n. spp. (total number of ciliate species), Eh=O (estimated depth
in the sediment at which redox potential is zero), Eh (redox
potential), ES2- (sulphide potential), pH (pH), 02f (oxygen flux),
TOe (temperature), dl (day1ength), nem (total numbet of nematodes),
nem ~ (~ of total nematode number).
The independent variables included in the equation at each of 3
significance levels are listed. Two years' data (1975/6) were
included in the analysis (site A, d.f. = 27; site B, d.f. = 26;
eite e, d.!. = 25).
'For further details see text and Appendix



" Site A Site B Site e
Depend. Sig. Independent Yars. Independent Yars. Independent Yars.
Yare in equation in equation in equation
eil n 5% Eh pH TOe pH TOe n.s.

1% pH TOe pH TOe n.s.
0.1% n.s. pH TOe n.s.

eil n% 5% Eh ES2- 021'TOe dl ° 0·Eh=0 Es2- Toe Eh ES2- pH 021'T e dl
1% ° Eh pH 021'TOe dlEh Es2- 0:)1'T e dl Eh=0 Es2- T·e
0.1% ... ° pH TOe dlEh ES2- 02f T e dl n.05.

eil B 5% Eh pH TOe ES2- pH TOe TOe
1% pH TOe °ES2- pH T e n.s.
0.1% n.s. pH TOe n.s.

eil B% 5% Eh Es2- 02f ° Eh ES2- pH02f TOe dlEh::0Es2- T e
1% Eh °2f n.s. Eh Es2- pH TOe dl
0.1% n.s. n.s. ~s2- TOe dl

ratio 5% Eh ° TOeES2- T e
1% n.s. n.s. n.s.
0.1% n.s. n.s. n.s.

n. spp. 5% EllpH TOe dl nem% n.s. n.s.
1% °Eh pH T e dl nem% n.s. n.s.
0.1% Eh:pH ned n.8., n.s.

Eh::0 5% Eh ES2- 02.fTOe dl Eh Es2- 02.fTOe nem Eh Es2- 02! TOe dl
1% Eh Es2.-02.!TOe dl . ° Eh Es2- 02f TOe ellEh ES2- 021'T e nem
0.1% Eh ES2- 02.1'TOe ell ° 0EhES2- 02.1'T e nem Eh ES2- °2£ T e ell

nem 5~ n.s. Eh ES2- 02.! n.s.
1% n.s. Eh °2£ n.s.
0.1% n.s. n.s. n.8.

nem% 5% n.8. Eh Es2- h.8. .
1% n.s. Eh ,n.8.
0.1% n.s. n.s. n.s.

i
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correlations were significant with organic carbon at sites A and B

and with sediment chlorophyll at site B. These data, collected for

one year only,were analysed by multiple regression (analysis type 1).

At site A, ciliate biomass ('cil B', var.3) was regressed against

a combination of 'Eh' (var. 8), 'r"H' (var.10), organic carbon

('C', var.13) and temperature ('TOC', var.17). The analysis

selected organic carbon as the only significant variable:

S\ level Y3 = - 2034.6 + 11S.70xlO + l23.27x13 41\ variation
accounted for

1% level Y3 = - 1196.8 + 120.8lx13 40\ variation
accounted for

Similarly, in the regression of 'ratio' (var.S) on a combination

of 'Eh' (8) and 'Cl (13), only organic carbon was selected:

5\ level ys = - 506.96 + 49.54lx13 26\ variation
accounted for

However, with the data fOr site B,. the regression of the SaIne

dependent variables on a range of variables including organic carbon

and chlorophyll a is more complicated. The complication arises

through the influence of organic matter on the dry weight conten~

of the sediment. Variation in organic matter was evidently great

enough to influence sediment density ane in cons~quence, variatio~

in the latter was more significantly correlated with both 'cil B'

and 'ratio' than was organic matter. Nevertheless it is clear that

much of the variation in ciliate biomass can be accounted for by

variation in sediment organic matter and chlorophyll a.

The question arises as to what extent the correlation between

the indicators of benthic metabolisrn('Eh', 'Es2-', 'pH', '02f')

and characteristics of the ciliate population are due to causal

relationships between the two. Taking the case of redox potential
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for example, it was positively correlated with the relative abundance

of ciliates in the analysis of vertical Distribution - factors

causing a lowering of the redox potential tended to exclude the

ciliate population from the depth fraction concerned. However, in

the analysis of Temporarl Distribu~ion, a negative correlation was

established between 'Eh' and the abundance of ciliates. It is

conceivable that protozoa will contribute either directly or

indirectly, to a lowering of the redo~ potential, for example

through the excretion of the products of nitrogen metabolism

(probably mainly ammonia, see Kidder, 1967), but it is perhaps more

likely that the lowered potentials in the surface sediment during

the .s.mnmerare the product of the upwards migration of reducing

conditions. In that case, some other factor(s) would be responsible

for the concomitant increase in the number of ciliates. The posi-

tive correlations wi~h organic matter and chlorophyll provide an

indication that such increases were due to an increase in the benthic

productivity and hence an increase in pctential food sources.

Both factors will ultimately be controlled largely by temperature

and daylength. Thus, the increase in ciliate number and biomass

in the surface sediment during the s~er can be explained in terms

of two 'factors' - an increase in the ~vailable food resources and

upwards migration of the redox discontinuity layer· (fig. 1.26).
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Day1Jngth

Tem1rature

Increase in benthic production

!Increase in the quantity of
food sources for ciliates

~Increase in biomass and number
of ciliates in surface sediment

iUpwards migration of the
aerobic ciliate population

illlds migration ot RPD

Stimulation of'benthic 02 uptake

Fig. 1.26 Summary of events producing an abundance of ciliates
at the sediment surface in summer.
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1.6 Discussion

Variation in the benthic ciliate population was divided for

convenience of analysis into the two broad areas of temporal dis-

tribution and vertical distribution. However, the results of

that analysis indicated how simila.l"factors accounted for most of

the variation in both types of distribution and that through their

influence on the same, such factors were responsible for the

observed characteristics of variation in the ciliate population as

a ",hole. For example, factors such as daylength and temperature or

other factors partly dependent on these such as ciliate food sources,

were partly responsible for the major characteristic of temporal

distribution in the surface sediment, the-summer increase in numbers

and biomass. The same fundamental factors of daylength and tem-

perature were also directly and indirectly responsible for the major

characteristic of ver.tical distribution, namely the reduction in

depth of penetration and the increase in ciliate density in the

surface sediment during the summer. Thus, aspects of both types

of distribution contributed to the main characteristic of ciliate

distribution, the summer abundance of ciliates in the surface sediment

fraction. The extent to which season~l variation is also a

characteristic of the various components of the total ciliate

population will be considered in parts 2 and 3 belbw.

The elucidation of factors controlling the distribution of

ciliates also provides evidence of characteristics attributable to

the majority of individuals in the population. Data for the redox

profile and vertical distribution of ciliates from a single occasion

would suggest that the majority of the population was aerobic with.

an intolerance of reducing conditions. But because the electrodes
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used had a vertical extention of Smm and measurements were only

taken at 5mm intervals, there would be no certainty, on the basis

of data from one occasion only, that most of the ciliate population

was located in sediment with the physicochemical status indicated.

However, by combining all samplin~ occasions from the two year

progranune in the same analysis of vertical distribution, the proba-

bility would be greater that any relationship indicated between the

distribution of ciliates and the distribution of other sediment

factors \'10uldbe an accurate reflection of the real situation.

The results of that complete analysis reveal that the majority

of the ciliate population was always located in regions of higher

redox potential, higher oxygen flux and lower sulphide ion activity,

and thus a large proportion of the population was aerobic and

intolerant of reducing conditions.

Further circumstantial evidence of their aerobic habit and

tendency to accumulate in the oxidised lticrozone comes from the

correlation recorded, in the analysis of temporal distribution,

between the proportion of total. ciliate biomass in the O-lem depth

fraction and a rough indicator·of the ..Jiepthof the RPD, the depth

at which Eh • O. "l1lus,although it is unlikely that the bottom water

was ever anoxic, as it may have bet:ome in a larger~ stratified lake,

'the reduced and insufficient supply of oxygen to the benthos in the

Bummer was still ultimately responsible for measurable changes in

the distribution of a predominantly aerobic ciliate population. It

is important to emphasise that the analysis indicates the proba-

bility that only the majority and not the complete ciliate population

was composed of species having a preference for aerobic conditions.'

Some ciliates were always found :in anaerobic and reducing conditions,
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but the contention is that such species were always in the minority.

Fenchel (1969) discovered several more characteristics of the

relationship between the vertical distribution of marine ciliates

and the redox profile. Different groups of species were recognised _

in the ~xidised surface layer, in the vicinity of the RPD, and in

the deeper, anaerobic layers rich in hydrogen sulphide. 'lhe

greatest numbers of ciliates were also rer.orded in the viCinity of

the RPD - probably due to the high productivity of bacteria in the

same region.

The reason such relationships were not revealed in the present

study was not because the electrodes used were less precise than

those used by Fenchel (with a vertical extension of 4-amm, they were

similar to those used in'the present study), but because the redox

gradient measured in.,the freshwater benthos was characteristically

much steeper than in the marine benthos. Any demonstration of the

accumulation of ciliates at the bounda~ between oxidising and

reducing conditions in freshwater sediments will only be possible

when sediment cores can be sectioned accurately into layers less than

lan thick, and a suitable electrodec~M be designed with a much

aborter vertical extension. The tendency for some ciliate species

to occur in the sub-surface sediment and for such tpecies to fom a

group which is analagous to that characteristic of the 'sulphide

zone' (Fenchel, 1969) is considered in more detail in part 2.

In the first part of this thesis, some attempt has been made

to·describe the major factors controlling the distribution of the

complete ciliate population. Mention was made in the introduction

(1.1) of the large number of factors suggested as being important
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by other workers. This variety of factors has been retained in

the present study with two significant additions. Firstly, SOIlle
pattern of relationships is apparent in the many factors. In

particular, patterns of. interdependence have revealed a hierarchy

of factors, most of which can be 'traced back to the controlling

influence of daylength and temperature. Secondly, the relative

contributions made by different factors towards. the explanation of

variance in the ciliate population have been quantified. Both· of

these are particularly important when the results of the present

study are compared with those of other studies. For example, in

~hisanalysis of the vertical distribution of benthic ciliates in

Priest Pot, Goulder (1971) was una~le to isolate the factors con-

trollirqthat distribution. However, he did suggest probable causal

factors which included sediment texture, oxygen regime and food

supply - all 'of which were isolated in the present study and their

influence on the ciliate distribution quantified.

It is difficult to judge how far the relationships between

ciliate distributions and environmental factors indicated in this

study of a very small, shallow, eutrophic lake are applicable to

benthic habitats generally but similarities betw.een aspects of the

ciliate distribution recorded in this and other studies might also

indicate the operation of similar controlling factors. For example,.

data recorded for the size of the ciliate population, its seasonal

distribution and characteristic pattern of vertical distribution

were similar to those recorded elsewhere. In explaining vertical

distribution, Fenchel (1969) and Goulder (1971) suggested the same

controlling factors as those isolated statistically in this study.

The indication of seasonal fluctuation in other studies (Wang, 192'8,



- 123-

Moore, 1939; Fenche1, 1967; Goulder, 1974) Cl1p'ees with t.he

pronounced summermaximaof thi.s study and it :is JJ..ikelythat 'the

connection with increasing temperature, daylengtb and benthic

productivity suggested above {fig. 1.26) is also a plausiblt!

explanation for shallow benthic hE:bitats in general ..

All previous suggestions of seasonal distribution have been

tentative and based on one year·s data at ~t.. In this study,

seasonal variation has been demonstrated at each of the three sites

over a two year period, each site being analysed independently.

SOmeof the factors controlling the seasonal variation have been

identified, but these only account for the qross changes.

Resolution of the relative contributions madeby samplinq errors

and unrecorded factors to the 'peaks and trouqhs' underlying the

gross pattern must await future research.
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1. 7 Summary- P·art 1

1. The numbers and biomas.s of benthic ciliates have been investi-

gated in the benthos of a sxnall eutrophic loch over a period

of two years. 'Two characteristics of the ciliate population

were studied in detail - t:he vertical distribution pattern In

the sediment, and the temporal distribution of the surface-

sediment popuJ.ation. ~e associations between these two

characteristics and a variety of other factors recorded from

the sediment and overlying water were analysed using multiple

regression teclmi.ques.

J'

2. The different sites mvestit:]ated varied with respect to many

.factors inclueUng sed:iment density and organic carbon content,

the size of bacterial populations and the ,quantity of plant

pigmen't;S, the ~centration of E2S beneath the sediment

surface and the various pbysicoc.~emical· facto:-s recorded from

the water overlying the sediment. Similarities between sites

included the similar raDg'e5 aDd vertical distribution patterns

-of redox· potential. (Eh) and oxygen flux, aDd seasonal fluctua-

tion in almost al.! factors studied.

3. Sane characteristics of the ciliate population were also similar

at the different sites. Peaks in the total·number of ciliates

OCClUTed durin9t:he summermonths and there was a clear annual

cycle of changes in population biomass. 'l'be number of

ciliates in the largest size class (> lSOlJa) and thus the

biomass contribution fmm this size class also increased

during the summer.
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4. The majority of ciliates was always recorded from thQ surface

sediment fraction. The number decreased with increasing

depth until they were absent below a depth of 6cm. 'l'herat~

of change in ciliate number and biomass with depth varied

between sites. Both the depth to which ciliatespenetrat!"~:l

and the vertical distribution pattern varied with the time of

year. During the summer months, the ciliate population was

concentrated at the sediment surface whereas a more evenly

distributed population was characteristic of the winter.

5. Significant relationships were revealed between the vertical

distribution pattern of ciliates and the redox potential of

the, sediment - the larger ciliate populations being associated

with the regions of higher potential. Other factors such as

sediment density and organic matter, together with the climatic

factors of temperature and daylength combined with the indicators

of benthic metabolism Q!:h,sulphide ion activity, pH, 02 flux)

to account for much of the variation in the depth distribution

,of ciliates.

<6.In the analysis of temporal distribution, negativecorrelationG

were established with Eh, sulphide ion activity and oxygen

flux. It is suggested that these associations were due to

the upwards migration of reducing conditions ,and the greater

biological activity in the sediment surface during the summer.

Daylength, temperature,organic carbon and chlorophyll a were

selected' as accounting for much of the variation in ciliate

number. It is proposed that the lcu:ge increase in ciliate

number and biomass during the summer was a reflection of the .

increased productivity of the benthos as a whole .in this period.
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.PART 2

ANALYSIS OF THE DISTRIBUTION, ASSOCIATIONS AND

SPECIES-RICHNESS OF CILIATE POPULATIONS

2.1 Introduction

In the first part of this thesis the dynamics of the complete

benthic ciliate population were discussed. The investigation

continues below with a consideration of the different components of

the complete population, the individual. species and their associations.

Previous work on the benthic ciliates has indicated not only

that the total population size is often very large but also that the

assemblage is represented by a wide diversity of species. Many of

these species are only recorded for short periods of time in which

they increase rapidly in number before disappearing and giving way

to the arrival of new species. One consequence of this is that the

total number of species recorded in a sampling programme is usually

large - Webb, 1961; Wang, 1928 and Small 1973 recorded 93, 109 and

155 species respectively and most other authors have recorded at

least 50 species (e.g. Noland, 1925; Gellert and Tamas, 1959;

Grabacka, 1971 and'Bryant and Laybourn, 1973). It is probable that

the differences in the species list recorded by different authors

are a reflection of both the varying intensity and duration of the

investigations and of differences in the habitats studied.

In this section the emphasis has been removed from correlating

the distribution of' individual ciliates with environmental variables -

the conflict between such an approach and the fact that most ciliate's
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show a wide range of tolerance to many environmental factors is

discussed beLow , Instead, comparisons are made between the known

saprobic classification* of ciliates and the microhabitats in which

they are found. Species-occurrence data have also been subjected

to techniques of association analysis, providing an objective des.crip-

tion of species associations. It is envisaged that the saprobic

classification of ciliates can be combined with such techniques to

enhance the usefulness of ciliated protozoa as indicators of

pollution.

* The saprobic classification allocates a water body to one of
four categories depending on the degree of organic pollution.
These categories or zones are, in decreasing order of pollution -
polysaprobic, a-mesosaprobic, B-mesosaprobic and oligosaprobic.
For further details see CUrds, 1969 and Bick, 1972.
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2.2 Species Distribution

2.2.1 Results and discussion

A total of 91 species of ciliated protozoa from 58 genera were

identified from the sediment at the three sites. The complete list

has been recorded in Appendix 2.1 but because many of these species

were represented by a single or .a few observations only, the analysis

of the distribution of species has been confined to 29 species (or

genera in the case of Caenomorpha and Epalxell~) which were identified

with certainty in a minimum of five different sediment samples. The

selected species have been listed in Table 2.1 and Figs. 2.1, 2.2,

2.3.

Some species were considerably more common than others - Cyclidium

glaucoma for example was recorded on every sampling occasion at each

of the three sites. This species is probably one of the truly

ubiquitous ciliates, "one of the most common ciliates recorded from

the tens of natural sources" (Jankowski, 1964) - an a-mesosaprobic

indicator which is also capable of tolerating polysaprobic conditions

(Sladecek, 1969). Other very common species included Loxocephalus

plagius, Aspidisca costata and Mylestoma uncinatum, although none of

these was equally frequent or abundant at all sites.

None of those species absent from one site was common at either

of the other sites. However some species absences are notable such

as the absence of Caenomorpha spp. Ludio parvulus and Trochella

mobilis from site A. The Caenomorpha genus. included the two species

c. levanderi and C. lauterborni which could not always be distinguished,

partly because of the very low numbers recorded. Most species in the

genus are probably characteristic of reducing conditions rich in

hydrogen sulphide. Caenomorpha medusula is a polysaprobic indicator
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Table 2.1 The frequency of occurrence of the 29 most common identified
species. Frequencies refer to the number of occasions (= sampling antes)
each species was recorded in the surface sed~ment (0-1cm) and in the
sub-surface sediment (1-6cm) at each site.

Site A
0-1 1-6

Site.B
0-1 1-6

Site C
0-1 1-6 Total

Cyclidium glaucoma
Loxocephalus plagius
Aspidisca costata
Mylestoma uncinatum
Loxodes striatus
Metopus es
Metopus contortus
Epalxellaspp.
Spirostomum minus
Spirostomum teres
Prorodon teres

32 6
16 2

205
3 1
16 1
14 4
10 3
9 2

8 0
12 1

11 2
o
o
o
o
1
o
'0

o
o
:0

o
1

o
o
o
o
o
2

30 28
25 18
18 16

20 19
10 4

6 4
10 ?

8 ?
14 1
? 2

8 1

?
9
11
4
2

5
3
,2

3
2

1

o
3
2

2

o
3
o

3'

.3
4
2

0'

3
o
o
1
>()

1

o
3
o
o
o
1

o

2 0 16
s.' ..~';',~:,'14

2 0 10

4 ,1 8

30
13
8
16
12
7

5
4

6.

5

.-~.
"2

o
o

18
4

"

3
8

1

4
4

1

144
78
70
67
44

39
39
32
29
27
25
22

21
19

11

2 0 8
.2',: 0.. 8

008-
1 0 7
1 '..,.0 7
106
1 0 6
o 0 .5
1 0 .5
o 0 .5

.30
4, 0
3 3
2 .:;~"O..'

2

Frontonia leucas .8
Urosoma cienkowski 3
Coleps hirtus 2
Paramecium caudatum 8
Chilodonella uncinata 2
Caenomorpha sPE. 0
Chilodonella cucullulus 5
Plagiopyla nasuta 1
Urocentrum turbo 2
Halteria grandinellia 4
Metopus undula 6
Paramecium bursaria 5
Ludio parvulus 0
Paramecium aurelia 3
Euplotes affinis 3
Homalozoon vermiculare 5
Trochella mobilis 0
Metopus palaeformis 3

Totals 214 31
~
14.5%

213 128
'--v-"
60.1%

142 52
~
36.6%

780
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with a high tolerance of H2S (see Bick, 1972) and Fenche1 (1969)

found c. levanderi strictly confined to sediments containing H2S.

This tolerance of H2S by Caenomorpha spp. probably explains their

higher frequency at site·B, where the H2S content was often high,

and the absence of the same species at site A where the H
2
S cont ont;

was usually negligible.

The same tolerance of H2S will probably partly explain the

occurrence of L. parvulus and T. mobilis with Caenomorpha spp. at

site B and their absence from site A. Ludio parvulus has been

found in sediments rich in H2S (Wetzel, 1928; Bick, 1957) and l'lebb

(1961) found T. mobilis only in an anoxic sediment sample. All three

species are phylogenetically similar, an important consideration when

it is probable that the family they belong to contains a large number

of polysaprobic species with a high tolerance of H2S (Bick, 1972;

Webb, 1961; Fenche1, 1969). The same may also be true of the order

Odontostomatida {Fenche1, 1969) :which was represented by the genera

Epalxel1a, Mylestoma, and isolated occurrences of Discomorphella

pectinata.

Another major difference between sites concerns the extent of

vertical distribution of species. It was. shown in part I that the

total ciliate population at site B had a greater tendency to penetrate

further into the sediment than those at the other two sites. The

same characteristic is revealed :in the data recorded in Table 2.1

for the most common species. The frequency of occurrence of those

species in ~~e sub-surface sediment at site A was only 14.5\ of their

frequency in the surface sediment.

was 60.1\.

The comparable figure of site B

The species composition of the ciliates penetrating below the
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surface consisted of species always found in the surface sediment

though not vice versa - 13 species found in the O-lcm depth fraction

at site A were not found at greater depths at the same site. The

corresponding figure was·14 species at site C but it was reduced to

six species at site B. However, the species composition of the 5ub-

surface ciliates does show some similarities at the three sites.

The most frequently occurring surface ciliates (C. glaucoma, L. p1agius

and A. costata) were all recorded beneath the surface at all sites ~.

with the highest frequencies at site 'B.

Most species were more frequent below the surface at site B than

at the other sites - at first sight a reflection of the more fluid

and easily-penetrated sediment at this site. But in addition, the

increased penetration of a few species was almost certainly facilitated

by their tolerance of anoxia, reducing conditions, and a sediment rich

This probably applies to the three species mentioned above

(Caenomorpha spp., T. mobilis, L. parvu1us) and also to other species

such as My1estoma uncinatum, Epalxe11a. spp., Metopus es and Metopus

contortus. My1estoma uncinatum was particularly common beneath the

surface at site B during the summer and it can probably be classified

as an indicator of H2S - it is a representative of the Odontostomatic.:a

(see above), it was· often recorded in.sediments rich in H2S during

this study, and its close relative M. bipartitum was recorded with

other sapropelic ciliates by Webb (1961) and in the 'sulphide zone'

by Fenche1 (1969). •Similarly, M. cOlltortus is a common inhabitant

of anoxic (Webb, 1961) po1ysaprobic (Liebmann, 1962) conditions rich

in H2S (Bick, 1972) •

.The distribution of Metopuses is not so well-defined and the

high frequencies .with which it occurred in both surface and sub-surface
• Fencha1 et a1.(1977) have also demonstrated the absence of mitochcndria

and. cytochrome oxidase in this species.



- 135 -

sediments indicate that it may have a wide range of tolerance. Webb
(1961) recorded the species in both anoxic and aerobic samples and

Liebmann (1962) found it in both putrefying sludge and oligosaprobic

springs when they both contained H2S. The association with H2S

also partly explains the restricted range of pH tolerance (6.2 - 7.2,

Bick and Kunze, 1971).

In the same way that a tolerance of anoxia and reducing condi-

tions may enable some ciliate species to penetrate beneath the
•

sediment surface, the absence of such a tolerance may confine certain

species to the top of the sediment. Five species in the list of 29

were never recorded beneath the sediment surface and it is interest-

ing that at least four of them (the saprobic classification of

Homalozoon vermiculare is unknown) are mesosaprobic indicators -

Chilodonella cucullu1us (a-13M,with no tolerance of H2S, Bick, 1968,

1972), Halteria grandinellia. and Euplotesaffinis (13M,Sick and Kunze,

1971) and Paramecium aurelia (a-13M,Bick and Kunze, 1971). It would

appear as if the intolerance shown by these species towards po1ysap-

robic conditions had excluded them from the sub-surface sediment.

The saprobic classification of other species is only partly

related to their observed vertical distribution. For example, the

three large species Frontonia leucas, Spirostomum teres and Parameci~~

caudatum are all mesosaprobic indicators, but P. caudatum is not,

unknown in polysaprobic conditions (Bick, 1972), S. teres is indiffe-
-1rent to oXygen lack (Sick, 1972) and',an extreme tolerance of 5.7 mgl

H2S has been claimed for F.leucas (see Sick and Kunze, 1971).

Frontonia leucas was recorded from the sub-surface sediment on three

occasions and on only one of these was H2S detected, at a concentra-

tion of 0.3 mgl-1 (see Appendices 1,.3/14/15/16).
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It was shown in part 1 how the vertical distribution of the

complete ciliate population was correlated with several factors

including Eh and E 2- (tables 1.6/7/8 ).
R

The correlation wh Lch
Fenchel (1969) recorded between the same factors and the vertical

distribution of·individual species is also apparent in the data rrom

the present study, although only for site B. Here there was some

evidence that 'animals orientate themselves in gradients of H2S and

O2' (Fenchel op , cit.) with ciliates tolerant of reducing condd tLon,s

characteristically found at greater,depths, equivalent to Fenchel's

'sulphide zone'. Only at site B was it possible to detect a non-

random distribution of species since here they were dispersed over

a vertical distance of several centimetres. In the more compact

sediment at site A, mechanical factors were more important in preven-

ting the penetration of ciliates (table 1.6 ) and thus the arranse-

ment of different species at different depths.

Seasonal Distribution

Some degree of seasonal variation is apparent in the occurrence

of species - most species were less abundant during the winter months

and pronounced summer maxima were recorded, especially for the large'~

species. Particularly pronounced were the summer maxima of Loxodes

striatus, Spirostomum teres, Paramecium caudatum, Frontonia leucas

and Urosoma cienkowski, occurring in the period June-October in both

years. Summer maxima were less well-defined for the less ab~~dant

and less frequent larger species such as Prorodon teres, Paramecium

aurelia and Homalozoon vermiculare. Such large,summer populations

of some of the larger ciliates will have been lar·gely r'esponsible

for the summer increases in biomass recorded at all sites.
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Goulder (1974) also recorded seasonal variation in numbers of

large ciliate species although the timing of such maxima for the

species L. striatus, F. leucas, S. minus and S. teres was generally

several months earlier, ,in the period April-June. In addition,

Goulder recorded the most dense populations at the deeper sites {l4,

12 and Bm) when oxygen was available. He proposed that lack of

oxygen woul.d be a factor likely to control the abundance of such

mesosaprobic ciliates during the summer. Thus it is possible that.

the results of the present study indicate the nature and timing of

species abundance characteristic of an environment where oxygen is

always available to the benthos.

Many of the large species recorded from the benthos are also

known to be planktonic. For example, Goulder (1975) found Loxodes

spp., Spirostomum spp. and Frontonia 1eucas abundant during the

summer in the hypolimnion of a eutrophic pond (Priest Pot). From

the results of experiments on Loxodes, Gou1der suggested that high

light intensities were probably r,esponsib1e for excluding such species

from the epi1imnion of the same pond. However, he concluded that

because Loxodes did not migrate into the epilimnion at night, so~e

adverse factors other than light must be operative against the

ciliate. That conclusion corresponds with the results of the present

study - Loxodes and the other large species were particularly common

during the summer in the algal mat at site A, where the depth of
:v.: ~~.-~ . .

J,' .•.• overlying water was often less then C.Sm and light intensities would

be at least as great as in theepilimnion of Priest Pot.

There was some correlation between the timing of maxima of large

ciliate species and increases in benthic bacteria and chlorophyll

insofar as all three occurred within the summer and early autumn.
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Little correlation was recorded between population size of individual

species and the availability of food resources, with the. exception of

some of the algal feeders. For example, L. striatus_ and F. leucas

were abundant at site A when an algal mat (Oscillatoria and Spirogyra)

covered the sediment. Most of the~e ciliates contained filaments of

Oscillatoria in various stages of digestion, some filaments being

several times the length of the ciliates. Filaments of Spirogyra

were composed of cells having a much greater diameter than those of

Oscillatoria and there was no evidence that they were ingested,

probably because the cell dimater was several times greater than the

cytostome diameter in the algal feeders concerned.

The most dramatic species occurrences recorded were those of

Loxocephalus plagius when it occurred at concentrations up to 75000
-2cm , approximately two orders of magnitude higher than the abundance

of other 'common' species. Two of these outbursts occurred at site

A (27.7.76 and 16.8.76) and the other at site B (18.8.75). It is

interesting that of the 62 benthic ciliate species recorded by

Grab acka (1971)'in the period July-October, only one species, ~

cephalus sp. was included in his 'mass occurrence' class of abundance,

such outbursts occurring in July and August as th~y did here.

Grabackacorrelated these marked increases in number,with the sinking

of Daphnia from the plankton to the benthos following the period of

maximum production of the latter. His idea was that the accumulation

of dead crustaceans would stimulate bacterial growth, and since

Loxocephalus is a bacterial feeder (Kahl, 1935) population growth of

the ciliate would result. Unfortunately, no bacterial counts were

taken in 197b but the one outburst at site B in 1975 did coincide

with the maxim~~ recorded bacterial count for the year. It is ,also
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unlikely to be a coincidence that the three occasions when outstandingly

low pH values were recorded in the surface sediment (as low as 6.2

at site B) were the same occasions when outbursts of Loxocephalus

were recorded. The intensity of microbial activity on such occasions

is reelLsed ...zhen it is cons Lder ed that such decreases in sediment pH

were effected while the adjacent overlying water had a pH as high as

8.6.

Known carnivorous species of ciliate were relatively uncommon in

the sediment samples investigated, ~ost species being represented by

a single individual on one or two occasions only. This was certainly

the case with the species of Stentor, Dileptus and Didinium although

species of the genera Litonotus, Hemiophf~ and Lacrymaria were more

frequent (species could only rarely be identified and the genera

have not been included in the list of the 29 most common species).

This paucity of carnivores is partly explained by the low numbers

of appropriate prey items present on each occasion. For example

Didinium nasutum is a known predator of Paramecium caudatum and the

only occasion when the former was found was on 18.8.75 at site B when

a single individual was found. The maximum number of Paramecium

recorded at any site in the sampling period was also obtained on this

occasion when 18 individuals were counted in 50 sediment dilution drops.

A predator:prey ratio of 1:18 is well below the level for maximum

feeding rate in Didinium(Brobyn, 1970) and since the number of

Paramecium usually recorded ~as less than the number of ~his occasion,

it is likely that the numbers of selective predators such as Didinium

were limited by a lack of suitable prey items.

However, the low numbers and frequencies recorded of other, less
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selective carnivorous ciliates such as Stentor and Dileptus is diffi-

cult to explain, as is the complete absence of carnivorous species

at site A on 16.8.76 when the maximum number of ciliates was recorded

for the whole sampling programme. The majority of ciliates present

on this occasion was composed of the single species Loxocephalus

plagius mentioned above, a species whose population size fluctuates

greatly within short periods of time (c.f. abundance at site A,

27.7.76 and 16.8.76 with its virtual absence on 4.8.76). Whether

such fluctuations were caused by exce'ssive feeding by a predator or

whether the lack of a stable population of Loxocephalus prevented

the excystment and/or development of a population of carnivores,

remains unexplained.
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2.3 Association Analysis

2.3.1 Method

Two broadly-defined characteristics of the distribution of

ciliates were mentioned in section 2.2 - characten.stics which

require, and are amenable to, clarification by statistical technLques.

The first is that some species were observed to occur tog'ether more

readily in certain combinations than in others, and the second, that

there was some pattern in the seasonal variation of species and

species-groups. It was decided to attempt a more Objective analysis

of such characteristics using the techniques of association analysis -

a statistical tool which has been applied widely in plant ecology

(see reviews by Greig-Smith 1964, and Mueller-Dombois and ~llenberg,

1974).

Using presence or absence data for species, the technique has

been used in the past to identify major discontinuities between groups

of quadrats or stands ('normal analysis' sometimes referred to as the

'R-technique') and between groups of species ('inverse analysis' or

the 'Q-technique') (Williams and Lambert 1959, 1960, 1961). When

applied to the data in this study, normal ana'lysis operated on sampl-

ing occasions as opposed to quadrats, thus different occasions could

be associated when the species content recorded on each was similar.

The essence of the technique is as follCMS: some parameter of

association, I, is computed between all possible pairs of species.

When division of the species .assemblage takes place on the species

with the maximum El, the residual El in the two resulting subclasses

will be reduced to a minimum. The parameter usually employed is

chi2 or some derivative of it. Thus in the normal analysis carried
0'- .....

out here, the heterogeneity initially present in all the oampHng
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occasions was reduced firstly by division on that species with maximum

sununed chi2• Each of the two resulting groups was sub-divided on

other species with lower maximum chi2 values. Division was terminated

when all sampling occasions had been assorted into groups - each group

containing occasions with similar species content.

In inverse analysis, as the name suggests, the opposite procedure

is adopted and species are sorted into groups by d·visions on the

quadrats, or in this case, the occasions. The end result is groups

of species which tend to occur together. Continued division of the

data in both normal and inverse analysis can lead to a large number

of end-groups, some of which will have little or no ecological meaning.

Thus divisions occurring below an arbitrarily selected chi2 maximum

of 6.0 were not interpreted or included in two-way coincidence tables.

A computer programme for normal and inverse analysis was written

in ALGOL by Dr. P. Bannister of Stirling University and run on the

University's Elliott 4130 Computer. The output printed all the data

necessary to construct a hierarchy of occasions or species against an

axis of chi2 max. The output also included the mean value for all

chi2 values in the matrix - a parameter which has been used in the

past to give an efficient representation of the classification (e.g.

see Thorp 1973), especially when its use reduces the tendency for

subsequent divisions to take place at higher chi2 levels than the

s; .' previous divisions. In this study, the use of bO.thparameters
2revealed this tendency and chi max. was adopted.

The analysis was performed only on species presence or absence

data for the 0-lcm depth fraction for two reasons. Firstly, it is

likely that species occurring in sub-surface fractions will often be
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spatially separated from any communities or microbiocoenoses occurring

in the surface sediment. Including representatives of more than one

depth fraction in the same occasion may result in species-groupings

with little meaning. Secondly, no separate analysis was performed

on su~-surface ciliates because of the lower number of species present

and their lower frequencies. Even if species and occasions could be

grouped, the groupings would not be comparable with those obtained

for the 3urface sediment.

All species listed in table 2.1 were incorporated in the associa-

tion analysis, with the exception of the genus Epalxe1la which

contained an unknown number of species.

2.3.2 Results

The pathways of division of occasions and species are shown in

figs. 2.4, 2.5, 2.6. The keys to the species and occasions for each

site appear in figs. 2.7, 2.8, 2.9. The programme only operated on

species with a frequency of three or more. Less frequent and absent

species were assigned to a large end-group containing the less common

species. By way of explanation, the division of the species (inverse

analysis) and of the occasions (normal analysis) at site A is described

below.

In the inverse analysis, the first division of the 28 species
2was performed on occasion 17 (12.1.76) at a chi max. of 18.6. This

divided the species into one group of two species and another of 26

species, the former being recorded on the occasion concerned and the

26 species being absent. No subsequent significant division was

made on the group of two species and tilis formed the first end-group

(A), comprising Aspidisca costata and Cyc1idiurn glaucoma.
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Sub-division of the 26 species occured on occasion 27 (16.8.76)

at a chi2 max. of 13.0, splitting the. species into one group of 15

species which were absent on th3t occasion and 11 species which were

present. Division continued until seven end-gr9uPs were produced
2at chi max. values greater than 6.0. The end-groups A-G conta:Lned

2, 4, 5, 2, 11, 2 and 2 species respectively.

In the normal analysis, the first division of the 32 occasions

was made on species 2 (Paramecium caudatum) at a chi2 max of 18.6.

This species was present on eight occasions and absent from 24. The

eight occasions were divided into two end-groups containing summer

occasion~ exclusively while the 24 occasions were divided on Homalozoon

vermiculare (18) into a group of late summer/autumn occasions (F) and

three groups (A, B and C) containing occasions from various times ~f

the year. Division continued until six significant occasion-groups

(A-F) were separated.

With the exception of the normal analysis at site C, the degree

of sub-division and the number of end-groups formed were similar in

all cases. At sites A, B and C respectively, 7, 5 and 5 species-

groups were produced, while 6 occasion-groups were separated at site

A and 7 groups at site B. The normal analysis on the d'ata for site

C revealed a significant difference between species composition of

summer and winter sampling occasions. Division took place on

Loxodes striatus (4), a species already suspected of being a 'summer

visitor', producing two end-groups which were not divided further.

As a result, one group contained the 12 occasions when L. striatus

was present, a group covering the period from the end of May.until ..
mid-October. The other group, characterised by the absence of

L. striatus was dominated by winter sampling occasions.
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..The significance of species- and occasion-groups is better

illustrated by plotting both in a two-way coincidence tables.

Species-groups on one axis are set against occasion-groups on the

other, and species occurring in both are indicated. Coincidence

t-ables have been drawn for the date: from each site (figs. 2.7, 2.8,

2.9). Referring to fig. 2.9(C), the significance of the summer

occasion-group becomes clear - it is well represented by the species-

group consisting of Aspidisca costata, Loxocephalus plagius and

£yclidium glaucoma but it also contains a group comprising the three

large ciliates Loxodes striatus, Spirostumum teres and Spirostumum

minus and the probable polysaprobic indicator Mylestoma uncinatum~

The less common large ciliates Frontonia leucas and Prorodon teres

were also more frequent in the summer occasion-group.

Several characteristics of the classification at site Care

also apparent in the species- and occasion-groups at the other two

sites. The 'ubiquitous' species mentioned above, A. costata and

C. glaucoma were found to occur together in the same species-group

at each site. At site A they alone comprised the group while at

site C they were joined by L. plagius and at site B they were joined

by both L. plagius and M. uncinatum. This species-group traversed

the series of occasion-groups with a similar freque!1cy in each of the

latter. The equivalents of the large summer occasion-group produced

for site C are the smaller groups 0, E and F at site A and the less

well-defined groups E, F and G at site B. These three groups at

site A also span the period May-October and they are well-represented

by species-groups B, C and D - the three groups containing the

majority of the large species. This coincidence of summer groups

and large ·ciliate groups is also apparent to a lesser extent in the



i
~
s....
~u
uo

['..
•C\I

9"OCL °z~ of
9"0606 gz

J: ~"oO~oa +,~
~"·CLo" {~~,,0"·6g

+ + + + +
+ + + +
+ +

+ + +
+ + + + + +

+

u

+

+ + +

+ +

+
+

+ +
+ +

+
+

+ + +

+ +

+

9,,·g·9~a
:i 9"·lo~ +,z~"·9·~~"

+ + + + + + + + + + +
+ + + + + + + + +
+ + + + + + + +

+ +

+
+ +

+

9"·Z~·" z{
9l·~~·9 ~{
9"·6·{Z 6z
9l·9·+,Z(Z
9L·~·OZ zz
9"·~·0~~z9"0+,.~~oz

:> 9"·(·~~6~
~"·z·+' z

9l·~·Z~ l~
~l·~06 ~

+
+
+
+

+ +

+ + + +
+ + + +
+
+ + +
+ + +

+ +
+ + +
+
+ + +
+

+

+
+

+
+

+ +

+

+ +

+

+ +
+

+

9Loz·0~ g~
sz z~·9~ 9~
~lo~~·~Z ~~

II ~,,06·"~Z~
~L·9·~~ CL
~L·L·(Z 6

+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +

+ +
+

+ + +
+

+ +
+

+ +

+ +

+
+

+

+ + +
+

+

+ +

+

+

+
+
+
+
+
+

+

+ +

+ +
+ +

00'-
t\I

+ + +
+ +

+

+ +

+

+
+ +

+

+
+



9"06092 92~"·o~ogf~ ...
... ... ...

... ... ... ... ...£)

~,,06°222~
~,,06°~~~

~,,09°9~o~
... ... ...

... ...

... ... ... ...

9"0,,og2fJ2
9"0,,0"f2
9" 0 ~ °f~ 9~~"o~~of fJ~~,,0,,0~26

... ... ...
... ...

............

... ... ... ...
...

+...

...

... ... ...

...
... ... ... ...

...... ...
... ...

... ... ...

...... + ...

...... ...

... ... ...

... ... + ... ...
...

... ...
...

... ...

...

+ ...

+
...
... ... ...

a

9"·mof~ 62
9"ogo,,~92
9".9092 229,,0~0~2~2

... ... ...
... ... ...

... ... ...
... ... ...

... ... ...
...
...
+

... ...
... ...
+
...

...

+

... ... ...

+ ...+

9".909 ~2
9t'.°2°~~ t'.~

...+ +
... ... ... +

+ + ...
+

...
+ +

+
+

II

9"O~~06 of
9"ofJo026~
9"·f02~ g~
~".".~~ Q

+ ...
...+ ...
... ... +

+ ...

+

OO~~~ ~~~ N~~~~~ ~~ r~ON~~OOON~OO~~~NN ~~ r~ ~N ~~~~r~rNNNNNN._,. ._,.

y

9t'.°2~0~2 ~f
~t'.-s-oi cz
~"O~O~~ 02
~t'.·2~09 ~~
~,,09°9~"
~"·9°~ 9~"o~o~~ ~

~".~09~ ~
~"of02~ f
~,,02°~~2~"O~.~~~

+ ...
+ ......

...+ ...

... ... ...
+ + ...
+ ...
+ ...

......+ ...
+ + ...
... +
+ +

++ +
+
... + ...
+ +

+

...

+
+ ...

+
...

+ ...
+ +

..
+.. ...



o
U

Q)...."U')
oa
~
s....
IIIasooo

0\
•

C\J

g

9100~ 0t}~62
9l06°2~ l2
9log09~ 92
9log06 ~2

9lol062 t}2
9£."l06 ~2

9£."9062 22
9lo~0~2 ~2
~l06°t}~~

~lolo~2 6
~lolol~ 9
~t'.°9°~2t'.

+ +
+

+ +
+ +
+ + +

+
+ +
+ +

+
+

+ +
+ +

+ +
+ + +
+ + + +
+ +
+ + +
+ + + +
+
+
+
+ + +
+ +
+ + + +

+

+

+
+ +

++
+ + + +

+ +
+

+ +
+

+
+ +

+
+

+

y

9t'.°~~0~~o~
9t'.°6°62ge
9t'.°~oe~02
9l°t}°~26~
9lo~09~ g~
9l02°2~ l~
9lo~0t}~9~

~t'.02~om ~~
~lo~~oO~ t}~
~loo~06 (~
~t'.°6°0~2~
~logo~2 O~
~l09°l 9
~lo~ol ~

~l°t}°(2t}
~lo(06~ {
~l02°6~ 2
~lo ~002 ~

+ +
+ +

+
+ + +

+
+ +

+ + +
+ +

+ +
+
+

+ +
+ +

+
+

+ +
+

+ +

+

+

+ +
+

+
+

+

+
+ +

+ + +

+ +
+

+
+ + +

+
+ +
+

+



- 152 -

data for site B (fig. 2.8) - five of the six species in sp~cies-9roup

C were in the largest size class and maximum coincidence occurred

with occasion-group F, a small group comprising sampling dates in

August and September. The lower coincidence between the same species-

grouIJ and occasion-groups 0, E and G also reflects this tendency for

larger ciliates-to be more frequent in the summer.

One verj large species-group was produced for each site. This

group was formed not because of any marked tendency for the species

to occur together, but because the species concerned in each case

all had low frequencies - their only similarity. The tendency for

the polysaprobic indicators (e.g. Metopus spp., Caenomo!pha spp.,

Ludio parvulus, Plagiopyla nasuta, Trochella mobilis) to occur in

this class is more a reflection of the low frequency shared by such

species than any associations existing between them - probable

though such associations may be.

•
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2.4 ~ecies-richness

2.4.1 Introduction and method

Although species diversity is one of the fundamental concepts

in ecology, the interpretation of its various aspects has long occupied

the attention of both mathematicians and ecologists (e.g. Gleasco,

1922). Two aspects of species diversity have been realised - species

evenness or the numerical percentage composition, and species richness.

The former is a ~easure of the tendency for each constituent specieR

in a community to be equally represented by individuals - thus the

number of species involved is immaterial. However, species richness

is dependent on tr.e number of species present, increasing as the number

of species in the sample increases.

The various diversity indices developed are sensitive in va~'ing

degrees to richness and ev~nness (de Jong, 1975). The diversity

index discussed below, the rarefaction technique described by Yount

(1956) and Sanders (1968), is influenced mainly be species richness.

The diversity measurement of the rarefaction technique is based

on the characteristic of most communities that the number of indivi-

duals increases arithmetically while species acummulate at a decrea~-

ing logarithmic rate. The resulting curvilinear relationship is

the basis of the rarefaction method, where the shape of the curve is

related to the diversity of the community - higher rates of species

increment being equated with higher diversities. The technique is

very useful in studies such as the present one where it is easier and

more accurate to count the number of separate species in a community

than it is to obtain the additional data for the n\ln'.berof individuals

belonging to each species •

•



- 154 -

Although Sanders (1968) did refer to such rarefaction curves as

"species diversity curves", a more appropriate term is probably

"species richness curves" (Hurlbert, 1971) - one of the conventional

indices of species diversity may reveal two communities to have

identical diversities although the rarefaction curves for each

community may be radically different. Hereafter, the phrase "species-

richness curve" will be substituted in place of the terms "rara-

faction curves", "species diversity curves" and "species-individual

curves" (Yount, 1956).

Using this technique, arithmetic plots have been produced of

the number of species against the number of individuals recorded

from each sediment sample.

2.4.2 Results and Discussion

Two different types of species-richness curve were produced -

one including data only from the surface fraction of the sediment at

each site (fig. 2.10) and the other including data from all depth

fractions where ciliates were recorded (fig. 2.11). Individual

site-curves of the first type are more comparable with each other

since the equivalent sediment type is conside~ed {or each site and

the number of data for each site are approximately ~qual. The data

for all depth fractions were included in fig. 2.11 in an attempt to

set the boundaries of the species-ric~~ess curve at each site.

Since ciliate penetration was greatest at site B, data were available

for more depth fractions and thus more microenvironments. Therefore,

comparisons between the curves in fig. 2.11 are of dubious value'.

However the characteristically decreasing rate of species addition

as the number of individuals increases is evident in each of the

curves in both figures.
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Fig. 2.10 The relationship between the number of

ciliate species distinguished and the number of

individual ciliates counted. The data recorded are

for the 0-1 em depth fraction only.

Key

• SiteA n = 32
~ Site B n = 31
o SiteC n = 30
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Fig. 2.11 The relationship between the numcer of
ciliate species distinguished and the number of
individual ciliates counted. The boundaries enclose
the area of scatter of the relationship at ee.ehof
the 3 sites

Site A n = 54

Site B n = 103

Site C n = 72

The data recorded are for all depth fractions.
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The maximum number of species distinguished on anyone occasion

was 25 and visual interpolation in the range 400-900 individuals,

where no data were recorded, suggests that the maximum number of

species wou.l.dbe approximately 25.

Few differences are obvious in the species-richness curves for

the three sites although a greater spread of the data is evident

at site B, particularly in the nazrow range of 60- 70 individuals

where the corresponding number of species covers the range 9-23.

A slight tendency towards greater species-richness is apparent at

site C but this is conferred by two samples containing the highest

number of species recorded at this site and no conclusions can be

reached as the number of individuals per sample was restricted to

70. As Sanders (1968) states, the method cannot be used to extra-

polate. There was no pronounced seasonal variation in species-

richness (Appendices 2.2, 2.3, 2.4).
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2.5 General Discussion

Several characteristics of the species complement in ciliate

populations have been outlined in this section, the most fundamental

of which is the existence of recognisable patterns - patterns of

seasonal fluctuation of some species and not of others, of penet~u-

tion beneath the sediment surface of some species, of species

associations and seasonal trends in their formation and seasonal

patterns in the ~bundance of some species.

In the past, many attempts have been made at correlating the

occurrence of ciliate species with various physicochemical factors,
,

one o'fthe earliest being that of Noland (1925). In a study of

the occurrence of more than 65 species of ciliates in relation t.o

climatic and chemical factors, Noland concluded that such factors

were of secondary importance in controlling the distribution of

individual species. This lack of correlation he ascribed to the

wide rang'e of tolerance most ciliates showed towards the physico-

chemical factors he considered.

In a survey of brackish-water ciliates, Webb (1956) came to

similar conclusions - that the distribution of the commonest species

could not be related to gross changes in several aspects of the

physicochemical environment, "one would expect to look for finer

ecological boundaries than the limitations imposed by seasonal and

tidal changes".

Of course, under certain conditions, the extremes of f~~r~

such as temperature and oxygen will have a direct and selectiv~ ,.

influence on all species and the differential tolerance shown by
\

ciliates to anoxia and reducing conditions undoubtedly e~pl.i~~
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the ability of some species to penetrate the sub-surface sediment.

But for the majority of ciliate species it is known that most of

the variations in the physicochemical factors of the benthos are

accommodated by their ranges of tolerance (Bragg, 1960: Noland and

Gojdics, 1967; Faure-Fremiet, 1967: Bick and Kunze, 1971 and Bick,

1972).

The concept of communities or microbiocoenoses involving ciliated

protozoa is not a new one and the importance of factors other than

physicochemical factors in determining and maintaining the structure

of such communities was proposed by Picken (1937). Picken developed

the thesis of Noland (op. cit.) that the "amount of available food

has more to do with the distribution of the fresh water ciliates

than any other one factor" and proposed that "the assemblage of

protozoa in a drop of water •••" was "a differentiated community of

herbivores and carnivores, forming, with the basic food supply, a

closed social unit". Picken also described the tendency for proto-

zoan communities to be associated with algal growths, in particular,

the growth of filamentous blue-green algae such as Oscillatoria -

indeed he claimed that such communities could only be built up in the

presence of filamentous plant growth. Mechanl=al factors, in

particular the mucilaginous surface of the plant fi~aments and the

mucus secretions of the protozoa, were proposed as determining the

association between filaments, diatoms and ciliates such as Chilodon

(= Chilodonella). The ciliate community would then diversify as

the herbivores and carnivorous ciliates migrated towards the matrix

of filaments, algae, detritus and bacteria.

Although it is difficult to test Picken's theory of the mechanics

of community formation using the data obtained in this study, the
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emphasis he ~aid 'on mechanical factors is probably also applicable

here .•

~.1ow .•

Some .idea of the importance of such factors will be developed

li t:iliates are to penetrate beneath the surface of the sediment,

tbere :must he anade:quate interstitial space. The adaptations of

ciliates to the nature and dimensions of the3e interstices have been

studi~t1ma:inly :in tht:\· :marine and estuarine environment and although

the classi.:fication of -ciliates according to the sediment types in

whiCh they ar~ norma21y found has occasionally led into 'blind alleys'

l(see F·en:ciliel"s(2969.) discussion of Faure-Fremiet' s (1950a) micro-

:rnesr>-euryporal classliication), it is possible to predict the nature

a:na. mversity of th~ ciliate fauna in some substrate types (Borror,

.19£B).. Borror cl.ass:i:fiedthe substrates bearing high density

pop.ulations into two types: "particulate, with discontinuous but

c1oseJ.y-patik~d substrate :f.ragments,containing a labyrinth of water

passa'9'~" and :filamtmtous, with a conctnucus but narrow and entangled

Sllbstra~'" .. It is this relationship between a particulate and/or

£ilamentons substrate and a diverse, dense ciliate fauna that is of

:ii..n:lterest in the present study •

li we ::iJnagi.ll~ a sterile freshwater sediment, c;levoidof organic

matter and composed of characteristically sma.ll particles to which we

:ii..n:l't:rodnce a diverse community of ciliates together with their required

bacterial food scoroes, :most species might not be expected to exist

fer 1I.0:0g and :00 species would become very dense. There would be

sever.al reasons for such changes including a lack of heterogeneity

on the sediment surface, providing a paucity of microenvironments for

the different species to coexist and a lack of suitable interstitial

~ Which w.onld admit both bacteria and ciliates. In a hypothe-
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tical control where the sediment was not sterilised and organic

matter remained, we might expect the continued existence of a diverse

and abundant ciliate fauna dependent on the very conditions which

were absent in the sterile sediment.

The ~ajority of particles in freshwater sediment is small

(Present study and Tsernoglou and Anthony, 1971), most lying in the

silt-clay fraction, and it is likely that organic matter, forming

aggregates from smaller particles, together with plant growths and

the activities of burrowing animals, provide the interstices required

for the penetration of ciliates and the heterogeneity required for a

variety of species.

Sediments at the three sites in the present study can be classi-

fied loosely as Iparticula.te I or I filamentous I • Algal filaments of

Oscillatoria and Spirogyra were important components of the surface

sediment at site A from early summer until late autumn whereas the

degree of particle aggrega~ion was limited (see fig. 1.22). At

sites Band C growth of filamentous algae was usually poor, probably

a function of depth at site C and of the tendency for wind-blown

phytoplankton to accumulate in the surface water at site B. Howeve,:,

the degree of particle aggregation was extensive, especially at site

B where microscopic examination of the sediment revealed an abundance

of aggregates containing diatoms, sediment particles and organic

matter (see also figs. 1.2}, 1.24).

The filamentous or particulate nature of the sediment also partly

explains other characteristics of the benthos. The algal mat at

site A was restricted to the sediment surface where it would provide

a barrier to the transport of particulate organic matter across the

sediment-water interface. The absence of such a barrier at sites B
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and C would permit easier entry of organic matter into the sediment

and the accumulation of the higher amounts recorded. Thus, organic
aggregates were recorded at 4-6cm depth at site B but they were

absent from site A. The exclusion of most particulate organic

matter from the sub-surface sediment at the latter site partly

accounts for the high density sediment at this site, for the res-

triction of most ciliates to the surface of the sediment and thus,

for the development of ciliate microbiocoenoses iJ~ association with

the algal mat. The seasonal occurx;ence of such communities would

also coincide with the seasonal production of the algal mat, the

latter being most dense during the summer. No data were collected

for seasonal variation in the nature and degree of particle aggrega-

tion at the main-loch sites but it is probable that the increased

availability of organic matter during the summer would encourage the

formation of new aggregates during this period.

The importance of organic aggregates and filaments in providing

a substrate for some ciliates was apparent when observing sediment

dilutions under the microscope. In sediment from site B for example,

Aspidisca costata would remain attached to a single particle aggre-

gate for several minutes, rapidly moving over the surface. The

same species and Chilodonella would move back and forward along the

length of filaments of Oscillatoria in the sediment at site A.

Ciliates such as Aspidisca and Chilodone1la are probably depen-

dent on filaments both because they are structures which facilitate

locomotion and because they provide a food source in the form of

adsorbed organic matter and bacteria. Other ciliates such as'

Loxodes and Frontonia are directly dependent on certain filaments

as food sources but the relationship between a filamentous

substrate and some other species is less clear. For example, the
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three occasions when outbursts of Loxocephalus were recorded were

also noted for an abundance of algal filaments - the occasion at

sife B being the only time when filamentous algae were abundant at

this site.

The tendency for the temporary species groups of the summer to

be composed p"cimarily of large ciliate species is probably areflec-

tion of the increased productivity and availability of organic

matter in the summer. While the development of algal filaments and

organic aggregates increase the heterogeneity of the benthic environ-

ment in the summer, there is a simultaneous increase in the number

of microenvironments, supporting a wider range of ciliate species.

As the overall productivity of the benthos increases in the summer,

the probability is increased that these new species will be large

species. For example, the increased numbers of available bacteria

will satisfy the greater demands of the larger bacterivores, the

increased number of small ciliates will probably stimulate the

development of populations of carnivores, most of which are large

ciliates and the.summer production of filamentous algae will provide

a food source only for the larger ciliates capable of handling such

large and often unwieldy food sources. (e.g. Nassula, Frontonia,

Loxodes).

It is not inconceivable that extracellular products of algae

.." are important in determining the species canposi tion and abundance

of ciliate microbiocoenoses. Extracellular production of carbo-

hydrates,. nitrogenous compounds, enzymes, vitamins, antibiotics

and toxins have all been reported from freshwater algae (see review

by Fogg, 1971). Such products produced by the benthic algal mat

could influence the ciliates directly if the substances were growth
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promoters or inhibitors. Alternatively, the influenc:e ~bQld be

indirect through promoting or inhibiting the growth of 1ll1~.ro:fJ.'<yraJ.

food resources and/or competing ciliate species.

In conclusion, the techniques of association analysis ~fhd 'the

generation of species-richness curves have been shown to he ~Pl?l.i-

cable to data for protozoan species occurrence in the natu~al

environment. Inve%~e analysis has revealed species assoC:iations

which intuition would probably have forecast in any case, but in

relation to the potential for such a technique, the examples des-

cribed in this study are meagre indeed. A greater number of

larger-sized samples and more sophisticated techniques of identi-

fication will in the future build on the few facets of species

associations and community structure uncovered in this study.

A few species-groups have been described which are probably

characteristic of similar habitats generally (e.g. the 1ubiquitous'

group and the summer group of large species). Other groups

undoubtedly exist such as the tentatively suggested sapropelic

association.

In view of the growing importance of ciliat~s as indicators

of pollution, it is worthwhile considering how a n~ dimension can

be added to their indicator value by classifying degrees of pollution

in terms of objectively defined species-groups. Instead et relying

on a subjective decision of whether or not a large proportion ~f the

species present was characteristic of polysaprobic conditions,

classificatory techniques could indicate the presence or absence of

significant associations between known polysaprobic species.

Significant species-groups composed of r~gularly-occurrin9 poly~e·
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probes would indicate a high and stable degree of organic pollution.

Using the same data with 'normal' analysis, the similarities could

be ascertained between zones having different degrees of pollution,

on the basis of the polysaprobic indicators present in each.
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2.6 Summary Part 2

1. Ninety-one species of ciliates were identified from the sediment

at the three sites during the two year sampling progrMi~e.

Analysis of the dist.ribution of species was confined to the 28

most common species.

2. Some small species were very common, for example Cyclidi~

glaucoma. Aspidisca costata and Loxocephalus plagius,

C. glaucoma occurring on every sampling occasion.

3. There was some relationship between the known saprobic classi-

fication and ranges of tolerance of speci£s and their frequency

of occurrence in the sub-surface sediment. Some species with

a known tolerance of reducing conditions were more common below

the sediment surface at site B, where the H2S concentration was

higher than at the other sites.

4. Most species were less abundant in the winter compared to the

sununer. Summer maxima were especially pronounced in the

larger species such as Loxodes striatus, Spirostornum teres,

Pal;~ecium caudatum, Frontonia leucas and Urosoma cienkowski.

These maxilna occurred in the period June-OCtober in both years.
. -2The extraordinarily high numbers (up to 75000 cm ) of

Loxocephalus plagius recorded in the summer are also discussed.

S. Association analysis ('normal' and 'inverse' analysis) was

used to identify associations between species as well as

sfmilarities in the species content of different sampling

occasions. Species-groups composed predominantly of large

ciliates were distinguished for .each of the three sites.

Occasions were sorted into seasonal groups, the species-groups
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composed of large ciliates accounting for most of the coin-

cidence with the summer and autumn occasion-groups.

'Ubiquitous' groups of species also occurred at each site.

These were·composed of the small and common species listed

in (2) above.

6. Species-richness curves were drawn for each site. The

typical re1ati0nship between the numuer of species and the

number of individuals was revealed in each set of data - as

the number of species increased arithmetically, species

accumulated at a decreasing logarithmic rate. There was

little difference between the curves for the three sites.

The estimated maximum number of species that would occur at

each site was 25.

7. The deve1opment.of species associations is discussed, as is

seasonal variation in the population dynamics of both

individual species and ciliate microbiocoenoses.
\

the factors considered important in controlling species

Some of

populations and associations are presented diagrammatically

in figs. 2.12 and 2.13 below.



- 168 -

Fig. 2.12 Development of factors important in controlling species
populations and associations at site ~

Light transmission above light compensation
point for benthic filamentous algae (e.g.
Oscillatoria, Spir~gyra)

Development ut dense algal matiBecomes a substrate
for ciliates such
Chilodonella and
Aspidisca

Breaks up sediment
surfac~ only

Organic matter in water
trapped in algal mat

Little H S production
below se~iment surface

Little transfer of
organic matter below
sediment surface

Little aggregation of
particles involving
organic matter

Reduced interstitial
space

Sub-surface l~netration
of ci11ates restrictad to
limited penetration by
smallest ciliates

Majority of aerobic
heterotrophic bacteria
restricted to the
sediment surface

.', .~

Majority of ciliates occur
at surfaee of sediment in
association with algal mat and
adsorbed or 'attracted' food
sources. Algal mat may serve as
food for some ciliates e.g.
Loxodes, Frontonia

'Community'of ciliates lasts for as long as the algal mat (May-October) •.
Many ciliates in the 'community' are very large due to increased
productivity of the benthos in summer •

. .
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Fig. 2.13 Development of factors important in controlling species
populations and associations at sites ~ and C;

Deep water overlying benthos or over-
lying water often rich in phytoplankton

t
Light transmission to the benthos often
limited

+Only sporadic development of a benthic~
algal mat

y
Supply of organic matter Organic matter from the overlying water
to sub-surface sediment filii can fall unimpeded onto the sediment
is greater than supply surface. Aggregates form, composed of
of oxygen. Reduced compounds organic matter and sediment particles.
including H2S are formed. •I

Most ciliates penetrating Aggregates create interstitial space for
beneath the sediment

~
penetration of ciliates, mainly the small

surface are tolerant of species. Aggregates also provide substrate
reducing conditions. for such species as Aspidisca and

Chilodonella.

.t
Aggregates increase heterogeneity of both
surface and sub-surface se.diment, producing
a range of microenvironments for a variety
of ciliate species.

+
Particle aggregation greater, and sporadic
occurence of algal filaments more frequent
during summer. Species such as Loxodes and
Frontonia feed mainly on diatoms.

t
Species richness and number of individuals
greatest during summer.
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PART 3

PRODUCTION AND RESPIRA'l'ION IN 'J.'HE CILIATE POPULATION

3.1 Introduction

There is a noticeable lack of information in the literature

on the quantitative importance of benthic ciliated pro~ozoa.

Fenchel (1969) carried out the most intensive study to date of the

numbers and distribution of ciliates in the marine benthos, providing

data f oz the quantitat.ive importance of the ciliate biomass in

relation to the rest of the zoobenthos and tentative estimates of

the relative metabolic rates of the different faunal size categories,

including the microfauna. Using a combination of laboratory

experiments and field observations, the same author (Fenchel, 1975)

has est.imated the gr,azing activity of the total benthic protozoa

from which he has calculated aspects of the carbon flux through the

population. Earlier, Hargrave (1969b) had also provided approximate

values for carbon flux through the population by estimating the contri-

bution made by protozoa to total benthic respiration. Recent,

studies on the respiration of ciliates (Vernberg and Coull, 1974;

Laybourr: and Finlay 1976) have been made in an attempt to clarify

the contribution made by ciliates to total benthic metabolism. No

studies have been made of population respiration in ciliates which

afford est irnat.esof annual respiratory energy losses.

Studies on the:production of protozoa are also rare and "'ith

one exception, in which the annual production of four species 'of

loricate ciliates was estimated (schbnborn , 1977), annual production

of bent.hic ciliated protozoa has not been calculated (the estimate
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in Ankar , 1977 is tentative and includes production by bacteria) •

Estimates of annual production in benthic ciliates and micro-

organisms in general are extremely important, and in terms of tracing

energy flow through the benthos they are at least as important as

production estimates for the meio- and macrofauna - while large

invertebrates have an annual P/B ratio of about 0.5 - 1.0, it is

probable that in micro-organisms, with their high reproductive rates,

the ratio could be in excess of 100.

This section describes experiments on ciliate respiration and

reproductive rates and the combination of data obtained from these

studies with field data for the abundance of ciliates. Estim~tes

are made of population production and respiration, both in the

various size classes and for the total population. The contribution

made by ciliates to ,total benthic respiration is assessed and the

importance of the ciliate fauna in benthic energy flow is discussed.
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3.2 Individual Respiration

3.2.1 Materials and Hethods

Respiration rate and cell size were investigated in five species

of ciliate at 8.SoC, 15°C and 20°C. The species, which were selected

on the basis of size, were Tetrahymena pyriformis Ehrenberg,

Vorticella microstoma Ehrenberg, Paramecium aurelia Ehrenberg,

Spirostomum teres Claparede and Lachmann and Frontonia 1eucas

Ehrenberg.

3.2.1.1 Measurement of Oxygen Consumption

Oxygen consumption was measured by Cartesian diver microrespi-

rometry (Linderstr¢m-Lang, 1943; Zeuthen, 1950; K1ekowski, 1971).

Small stoppered divers with a gas phase of benleen 0.50 - 1.00 ~l

were used. The ciliates, which had been previously washed thr.ough

five changes of sterile soil extract medium to remove adhering

bacteria, were introduced into the diver with a fine micropipette

after the insertion of the gas phase. At 8.5°C all manipulations

were carried out with cooled media. The number of organisms per

diver varied between 2-30 depending on the size of the species under

consideration. The temperature of the water-bath in which the

diver flotation vessels Were suspended did not fluctuate by more than

O.05°C. The maximum length of any experiment was 5 h including a

l-h equilibration period. Five replicate experiments were carried

out for each species at each temperature.

OXygen consumed was converted into units of energy by means of

an oxycaloric coefficient of 4.825 kcal per litre of oxygen

(Phillipson, 1970). In this study the unit of energy used is the

joule (1 calorie = 4.184 joules).
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3.2.1.2 Culture of Ciliates and Measurement of Mean Cell Volume

The four ciliate species P. aurelia, v. microstoma, s. teres

and F. leucas were isolated from the benthos of a shallow eutrophic

loch. Mud suspensions were enriched with agar-free C.P.S. medium

(Collins and Willoughby, 1962) to stimulate bacterial growth, then

incubated in the dark at 20°C. Cultures were acclimated by

incubating at the required temperature for at least 24 h before the

beginning of each experiment. T\olO sub-samples vere then removed -

one for determination of respiration rate and one for volume
•

measurements.

Measurement:; of S. teres and F. leucas were taken using pho to-

graphy: cultures lying in a depression slide and covered \01ith a

thin layer of paraffin oil were photographed at a magnification of

400x and individual measurements taken later from the negatives.

Volume was calculated from the_nearest geometrical shape -,a cylinder

for S. teres and an elliPs~d for F. leucas.

Cell size measurements of P. aurelia and V. rnicrostoma were

taken from freshly-immobilised specimens using a microscope with an

eye piece graticule and a magnification of 400x.• Volumes were

calculated assuming the shape of P. aurelia 'to resemble an ellipsoid

and V. microstomaOan ellipsoid or sphere depending on the state of

contraction. No significant difference in volume determinations

could be fo~nd between the two methods employed.

T. pyriformis was obtained from the CUlture Centre for Algae

and Protozoa, Cambridge. It was transferred from proteose peptone

medium to standard soil extract medium, inoculated with the bact.erium

Aerobacter aerogenes and cultured in the dark at 20°C., Acclimation

to experimental temperatures was as for other species. Cell size
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measurements were taken using the same technique as for P. aurelia

and V. microstoma and volume vlaS calculated assuming cell shape to

resemble a prolate spheroid.

All volumes were converted to dry weight using the conversion
-3value of 0.17 pg ~m of protoplasm obtained for Colpidium campylum

(Laybourn, 1973).
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3.2.2 Results

The relationship between respiratory rate and temperature

varied between the five species studied: Frontonia leucas,

Spirostomum teres and Vorticella microstoma exhibited maximum

respiration at lSoc whereas maxima were at 20°C in Paramecium

aurelia and Tetrahymena pyriformis (table 3.1). The most

striking change in respiration with temperature was that recorded

for S. teres between 8.SoC and lSoC with a Q10 of 12.98. This

result, together with the change in reproductive rate for the same

species in the same temperature range indicates that this species

is probably appr~aching the lower limit of its thermal range at

8.SoC.

Linear log-log regressions have been calculated through the

data for oxygen consumption against cell size in the different

species (fig. 3.1). In addition to the data obtained from this

investigation, data obtained for the carnivorous species Stentor

cceruleus (Laybourn,1975b) and podophrya fixa (Laybourn,1976b) have

been included to produce a wider range of cell size. These data

were also obtained using Cartesian diver microrespirometry.

The significance of the regressions is high at 15° and 20°C

(p < 0.01) but low at 8.SoC (p > 0.1), the latter being due mainly

to the smaller sample size. There was little variation in the

values for the intercept of the regressions on the ordinate (0.8638 -

0.9664) compared to the larger change in slope, particularly

between B.SoC and 15°C (0.2723 - 0.4364).

Considering the limited number of temperatures at which the

relationship between respiration and cell size was investigated, it

would appear that as temperature decreases, the relative respiratory

energy loss becomes less in the larger ciliates.
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Table 3.1 and Fig. 3.1 (overleaf)
Respiratory energy losses and dry weights for the five ciliate
species at three temperatures. (the figure also contains data
for Stentor coeruleus and Podophrya fixa taken from Laybourn
(1975b) and Laybourn (1976b).~------------------~--~------------------------------------.--

Individual dry wt.
ng (nJ)

Respiratory energy
-1 -1)loss,(nJ cell h

Species

1.64 ~ 0.20 (0.033)
1.38 ~ 0.20 (0.028)
1.36 ~ 0.15 (0.027)

178.5 ~ 43.29
223.4 ~ 54.11
429.0! 54.11

8.5
15.0
20.0

Tetrahymena pyriformis
(T)

4.58 ~ 0.39 (0.092)
5.12 ~ 0.47 (0.103)
4.43! 0.44 (0.089)

247.7! 52.10
335.8! 55.01
198.4! 44.19

8.5
15.0
20.0

Vorticella microstoma
(V)

22.38! 2.41 (0.451)
32.84! 3.50 (0.662)
26.86! 2.65 (0.5i41)

489.8! 69.86
536.8 ! 106.89
669.9! 22.36

8.5
15.0
20.0

Paramecium aurelia
(Pa)

36•18! 2.78 (0.729)
35.55 ~ 3.81 (0.716)
59.29! 7.43 (1.195)

228.0 + 18.07-1207.2 ! 281.67
832.4 ! 115.39

8.5
15.0
20.0

Spirostomum teres
(Sp)

84.36 ! 10~10 (1.700)
106.60! 15.81 (2.148)
104.37 ! 22.97 (2.103)

8.5 686.7! 201.88
15.0 1161.2! 313.69
20.0 1028.6! 255.19

Frontonia leucas
(F)

(p 0.01j

(p 0.01)
( n..s.)

20.00C log R = 0.9664 + 0.4171 log W
15.0oC log R = 0.8638 + 0.4364 log W
8.50C log R = 0.8892 + 0.2723 log W

Linear regressions :
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3.2.3 .Discussion

Only three of the five species investigated (P.aurelia,

s. teres, F. leucas) were ever found in large numbers in this study

of the freshwater benthos, peaks of abundance only occurring in the

summer months. V. microstoma was often found in large numbers in

cultural mud suspensions which had developed dense microfloral

populations, a~d T. pyriformis was only rarely identified in benthos

sample ..:;.

The differences in temperature relations between species

recorded in the present investigation indicate that the types of

generalizations often applied to ciliates are perhaps not as valid

as previously assumed. Vernberg and Coull (1974) obtained a figure

for respiration in the comparatively large species Tracheloraphis sp.

at the relatively high temperature of 25°C. They proposed that

this single figure might be used in conjunction with ciliate biomass

data obtc:.inedby Fenchel (1969) from benthic localities in

Scandinavia to estimate total respiration by the ciliate fauna.

But Fenchel's biomass data were obtained from a large size range of

ciliates recorded on sampling occasions when the ambient temperature

was always less than 25°C.

The results of the present study indicate that three charac-

teristics of the ciliate response to temperature should be considered

when applying physiological results obtained in the laboratory to

ecological data; low temperature tolerance, the temperature range

of normal metabolic rate, and temperature of maximum response.

They also indicate that the use of Standard QlO values obtained

over wide temperature ranges should be approached with caution.
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A previous attempt at a comparative study of the respiration

of some free-living ciliates at 24-25°C using Warburg respirometry,

yielded results in the same order of magnitude as those obtained

in the present study (Sarojini and Nagabhushanam, 1967). However,
the variation encountered between species was great enough for

these authors to assume that there were no trends, correlations or

relationships of respiratory rate to any parameter of cell size.

When the results of Sarojini and Nagabhushanam are presented as a

double log plot some linearity is apparent, with a regression

coefficient of approximately 0.7. It must be noted that Warburg

respirometry is n technique ill-suited to accurate determination of

respiration in micro-organisms be=ause such large numbers of

organisms are required. One of the most interesting results of the

present investigation was the low regression coefficients (b) of log

respiration against log dry weight; 0.44 at 15°C, 0.42 at 20°C and

0.27 at 8.SoC. The low value at 8.SoC is in part due to the low

temperature intolerance exhibited in species such as S. teres. The

'unicellular line' plotted by Hemmingsen (1960) gives a value of

b = 0.76 when corrected to 20°C. Vernberg and Coull (1974) found a

v~lue of b = 0.74, also corrected for temperature from 25°C to 20°C.

However, Hemmingsen's (1960) data are for a variety of unicellular

organisms and Vernberg and Coull (1974) quote data for one species

only, whereas Scholander et al. (1952) working on three protozoan

species, two of them ciliates, obtained a b value of 0.55. The

lower b values obtained in the present study and the value quoted

by Scholander et al. (1952) were derived from experiments conducted

at the stated temperatures, while that quoted by Hemmingsen of 0.76

(1960) was corrected to 20°C from diverse temperatures. If the b

value of Scholander~. (1952) is truly representative of ciliate



· ;. '.~...
. ' .. _,

- 182 -

metabolism at 2'5°C, their data together ,·liththosereported here

would suggest an increase in the b exponent with temperature.

Even allowing for the low significance of the regression at

a.soc, it is proposed that the relationships obtained between log P.

and log W at the three temperatures can be used to estimate the

respiratory rate of ciliates of known size recorded in the field.

The problems attached to this procedure are dLscissed below

(3.4.2) •
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3.3 Individual Reproductive Rates

3.3.1 Materials and Methods

3.3.1.1 Sources of protozoa

The species employed in the study were; Vorticella microstoma

Ehrenberg, cyclidium glaucoma MUlJ~r, Tetrahymena pyriformis

Ehrenberg, Chilodonella uncinata Ehrenberg, Colpidium campylum Stokes,

Loxocephalus plagius Stokes, Paramecium aUlel~ Ehrenberg, Paramecium

bursaria Ehrenberg, Stentor polymorpl-.;.tsr.~Uller,and Spirostomurn teres

Claparede and Lachmann.

All species apart from T. pyriformis were isolated as described

previously (3.2.1.2) from mixed cultures developing in nutrient-

enriched mud suspensions. T. pyriformis was obtained from the

Culture Centre for Algae and protozoa, Cambridge.

3.3.1.2 Preparation of experimental cultures

Species isolated from mixed cultures were transferred to

standard soil extract medium and either fee monoxenically on the

bacterium Aerobacter aerogenes, or, in the case of the carnivorous

s. polyrnorphus, fed on the ciliate C. campylum. In the latter case,

C. carnpylurnwas itself fed on the bacterium~. aerogenes. These

stock cultures were maintained at the required experimental tempera-

ture for at least 24h before the beginning of each experiment.

The culture vessels selected for the determination of reproduc-

tive rates were Butt cavity slides of lcrn3 capacity. All slides

were treated with 36N H2S04 then washed thoroughly with distilled

water before being used.

At the beginning of each experiment, between 2 and 4 individuals
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were transferred to each of 12 Butt cavities. The volume of soil
extract medium in each cavity was variable, being proportional to

the size of the ciliate species involved. The food organisms

already introduced into the culture medium were the same as those

on which the ciliates had been feeding in the stock cultures. The

food concentration for each ciliate species was decided on the

basis of the saprobic status of the species if it was known and on

data for tolerance ranges reported in Bick. (1972). Using such

information, it was decided that the initial bacterial concentration

in each cavity culture would either be high (45.106 bacteria per
3 6 -3cm medium) or low (6.6.10 cm ). The bacteria were grown at 20°C

on CPS medium (Collins and Willoughby 1962) and in preparing them as

a food source at the beginning of an experiment they were washed off

the agar plate with sterile soil extract medium. Using a galvano-

meter with attached nephelometer head (Evans Electroselenium Ltd.),

the suspension was then diluted in a nephelometer tube, and with

reference to a calibration curve prepared for viable counts against

turbidity, the required bacterial concentration was obtained. The

only other addition to each cavity culture was a particle of sterile,

crushed rice. This provided an anchoring surface for S. polymorphus

and the slow exudation of nutrients helped maintain the bacteria in

a viable state. The concentration of C. campylum made available

to S. polymorphus was decided from the most favourable predator:

prey ratio recorded for Stentor coeruleus by Laybourn (1976a).

All experimental cultures were grown in the dark with the

exception of P. bursaria which contained symbiotic Chlorellae·.

This species was provided with a l2h photoperiod at each experimental

temperature. S. polymorphus, which sometimes contains Chlorellae
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was observed to be free of such symbionts and was :cultured -ihthe dark.

Once the ciliates had been added to the culture fluid"each

cavi ty culture was covered with a thin film of paraffi:n o:U... ''!'his

prevented evaporation of water but allowed adegu"ate -gasetms -e:XChahge

between air and culture medium.

3.3.1.3 Experimental procedure

Once the exper imental cultures had been prepared" they w'ere

incubated at one of the three temperatures;

Cultures were observed under the binocular mi.croscope at intervals

of time varying from every few hours in the case of th-e smaller

ciliates to every lS-24h in the case of the largest ciliati:$ growing

at 8.SoC. On each counting occasion the numbers of ciliates in

each replicate were counted, until the number of ciliates in each

cavity was too large to count accurately (usually> 25) or the

logarithmic phase of growth had ended. At the end of each

experiment, loglO (total cell number of all replicates) was plotted

against time and linear regressions computed for the ~onential

phase of growth in each case. Generation times W~ calculated

from' these linear regressions, all of which \7ere highly sil3Dilicant

(p < 0.01).

3.3.1.4 Measurement of mean cell volume

Measurements were taken using te~~niques already ~~cribed in

3.2.1.2. S. teres was the only species whose :measur-eme:nts w,e're

taken using photography. The vo Iumes of all species were calculated

assuming that cell shape corresponded to the nearest geometric shape r.

sphere, ellipsoid, prolate spheroid, cylinder or t::One.• .·f.leasl.1~e.me:n·t.s

were taken of cells (n > 20) from the same s't..ockculture .s.ampl-e ')..lsed

to provide individuals for the reproduction -e.lqle:r.i:ment.•
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3.3.2 Resul ts

Values for the generation time (T) :of ciliates have been used

to calculate the statistics r (intrinsic x'ate (Qfnatural increasem

= in animals dividing by binary :fissi-on:).and A, (finite rate
of increase, or the factor by which a population will multiply per,
unit time = erm), each of which will nescribeaspects of the

reproductive rates in the culture cona±tinns provided (see Appendix 3.7

3.8) • These val.ues have been recorded ±n tabl(e 3..2and figure 3.?.

There is an obvious linearity in the x€J.:ationShipbetween log T and

log V (cell volume in ~m3) at each temperature and linear regression

.equations are pr-eaerrted for each.

are both very significant (p < O.Ol)and the iower :significance of

the relationship at 8.5°C (p < 0.1) is :mainly we to the extremely

long generation time of a singlespeci-es" S..teres. The slopes of

the three regressions do not vary greatly" :indicating tha t the same

general relationship between reproductiv€ :rate a:od temperature

probably applies over the range of ciliate si:z,esinvestigated.

Similarly, a consideration of Q10 values :for the iliff,erentspecies

does not indicate any clear relationship -vtith 'Cell size: high QIO

values between 8.5°C and 15°C were obtained :for"tb€small species

v. microstoma and C. glaucoma and also :for the large species s. teres.

During the experiments, no signi:ficant di:f:ferenceswere

observed regarding the health of the different sp€cies and feeding
_',,';

individuals were observed on every or:r:as.io:nIVihe:n cel.l counts were

taken. TEdotroch formation in v.. microstorna 'was x€stricted to the

most dense cultures (> 30 per 10 ~1) when a few individuals would

become motile. The experiment was terminated when this occurred.
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Fig.3.2 The relationship between reproductive rate stati.sti'cs

( T, rm, and ~) and cell size (log10 volume :i:np?\
in ciliates at three temperatures.

log T = 0.3027 log V - 0.2381 (p 0.01)

log T = 0.44 log V - 0.807

(broken line, Fenchel, 1968)

log T = 0.2758 log V + 0.1169 (p 0.01)

log T = 0.3317 log V + 0.3615 (p 0.1)

Cg Cyclidium glaucoma

C Chilodonella uncinata

T Tetrahymena pyriformis

V Vorticella microstoma

L ·Loxocephalus plagiuB·
Cc · Colpidium ca~pylum..
S Spirostomum teres
p Paramecium bursaria

Pa Paramecium aur-e Lf.a

Sp Stentor Eol::i!!lorphus
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3.3.3 Discussion

A comparison of the data recorded here with that presented by

Fenche1 (1968b) for nine species of benthic marine ciliates indicates

several similarities. The most important similarity is that the

linearity in the relationship between log T and log V obtained by

Fenchel is also obvious in the data presented here for a different

group of species. As mentioned above, the low significance of

such a linear relationship at 8.SoC is due mainly to slow reproduc-

tion in s. teres. It is interesting to note that this species is

only rarely found in the benthos during the winter but is often

abundant during the summer (see Part 1).

The different ciliate species used by Fenchel were fed on a

variety of food sources including racteria, diatoms, living mussel

tissue and small ciliates for the carnivores. It is even more

significant then that a relatively close linear relationship should

have been obtained for the freshwater r.pecies, considering all

except S. polyrnorphus were fed on the same bacterial species. The

bacterial species used as a food source (Aerobacter aerogenes) is

probably one of the more acceptable species for bacterivorous·

ciliates. It has been found to support g000 growth in a variety

of ciliate species (Curds and Vandyke, 19661 Coler and Gunner,

19691 Taylor and Berger 1976) although Curds and Vandyke found it

unfavourable for the growth of V. microstoma. The generation time
,

record~d here for V. microstoma is very similar to values obtained

for the same species isolated from activated sludge plants by Sudo

and Aiba (1971).

The ranges of values for T, r and ~ are similar to the. m

ranges for these statistics obtained by Fenche1(1968b) but there are
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obvious differences between the QlO values presented by that author

Fenchel recorded little variation in QlO

over the temperature range 8° - 20°C, the larger increases in Q-10

and those presented here.

occurring at temperatures Lower than this range. The nur.1berof

different temperatures employed jn this study is not great enough

to drav, conclusions regarding the relationshi.p between QlO and

temperature but the results do indicate that at least in some

species (V. microstoma, C. ~laucoma, s. teres) significant increases

in QlO with decreasing temperature occurred at temperatures higher

than those indicated by Fenchel. The relationship between QlO

and temperature apparent in this study is perhaps more sinilar to

t.hat;recorded by Phelps (1946) for the freshvzat.erciliate

Tetrahymena geleii (T. pyriformis Ehrenberg). Phelps discovered

discrete temperature characteristics in the range 7.8°C - 28.6°C

with QlO values of 9,.7between 7.8°C and l2.3°C and 2.9 in the range

l2.3°C - 20°C.

The extent to which the regressions obtained in this study

can be sensibly employed in calculations of ciliate production in

the benthos depends on the differences between the conditions.

provided for the ciliates in the laboratory ctudy and those

influencing natural populations. One of the most obvious differences

concerns the stability of the temperature regime provided in the

laboratory cultures. Such stable temperatures will only rarely

occur in the freshwater benthos. Similarly, by calculating growth

rates of ciliates in isolation from predators and competing ciliate

species, such estimates can be expected to differ from those

characteristic of the natural environment.

Until a reliable method has been developed for calculating

.growth rates of populations in the wild, we cannot quantify the
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extent to which the growth rates presented here are different.

However it is probable that the data and regressions put forward

here are at least representative of.wild populations and ...zeLl,within

the correct order of magnitude. The conditions provided in the

laboratory were not necessarily optimal, for example no attempt was

made to select the food source or group of food sources ...,hich would

produce maximal growth rates. When considering the large and

constantly changing variety of potential food items characteristic

of the benthos it would seem likely that ciliates in wild populations

will similarly not always be feeding on the most suitable food

source.

It is contended then that the data presented here for fresh-

water ciliates together.with that provided by Fenchel(1968b) for

marine ciliates indicate a dependence of reproductive rate on the

cell size of the species. The data also indicate high reproductive

potentials, probably superseded only by other protozoa and the'

microflora. Considering the large numbers of ciliates characteristic

of the benthos (e.g. Fenchel, 1967, 1969, 1975; Goulder, 1~7li

Grabacka, 1971; Elliott and Bamforth, 1975 and Finlay, 1977)

production can be expected to be high. It is intended that, in

conjunction with data for numbers and sizes of ci~iates, the

regressions presented here will enable estimates ef ciliate produc-

tion to be calculated employing the formulae described in Kajak

(1967) or Zaika (1973) (3.5.1).
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3 .•,4 ~Populati.onRespira tion

:J.•4.1Materials and Methods

Linear Tog-1-og regressions between oxygen consumption and cell

'Si:ze'wereextrapolated 'and interpolated for a variety of temperatures,

:from ·there_gressions calculated for 8.5°, 15° and 20°C (3.2.2).

For the new regressions at the temperatures of 4°, 6°, 11°, 13°,

~7.•:S° and 22°C (Appendix 3.1), values were estimated for the

i,'n-beroept on the ordinate and the slope. Since there was little

wa:r:iation betw:e-.entbe .intercept values for the original three

;r,egres'si:ons :it 'was inferred that the variation in intercept values

:fnr the :newregressions would be similarly limited. Note was taken

m the large ilif:f·erence in slope of the regressions at 8.5°C and

i'S"':C ana the s±milarity of slopes at 15°C and 20°C.

'The two-year sampling programme was divided into periods for

each 'Site :sanq:>J.eo - the periods being the times between adjacent

s~J.±ng m:casions .• Each period was assigned a temperature from

the :rang·e o:f :Ili:n.e r.ecoraed above. The selected temperature was

lD'flaX-est to the :mean t.emperature for the period concerned.

''The :mean nmnber of ciliates in each of the three size classes

+(length < 30 .~. 50 - 150 ~m, 150 ~m ) was calculated for each

per.iod .. Respi:ration was calculated for each size class in each

periio:das the prod'uct of the number of individuals in the class and

the individual eell respiration for the size class. The individual

cell ~eights taken as being representative of the 1st « 50 ~m)

ana 2nd (50 - 150 lII!\)size classes were 0.6715 ng (dry weight) and

6.12 ng (d~l weight) respectively. Values for individual cell

respiration corresponding t.O these cell weights were calculated

£lr-Om ±be appropriate regression for the temperature of the period.
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'The respiration va.Iue for the largest si:z'e 'class '(> ISO um) was

calculated usin-g the mean cell weight of those 'ciliates belonging

to this si~e class :found on both .samplingoccasiolls cover-ed by the

period.
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3.4.2 Results

The estimated values for respiratory energy losses by t.he:

ciliate population have been recorded in table 3.3, figure 3.3 and

Appendix 3.2. The most obvious pattern is the pronounced

seasonality in the magnitude of population respiration - peak values

occurring during the warmer summer months and minimum values during

the winter. This effect is especially pronounced at site A, and

less 50 at the other two sites. Seasonal variation could be

generated from the regressions obtained for individual respiration

at different temperatures even if the population biomass and distri-

bution of size classes remained constant. The seasonal pattern \07i11
I

have been augmented by the seasonal distribution in the numbers of

ciliates on which population respiration was calculated.

The range of values obtained varies between the three sites

with an apparent decrease in variation as the depth of the site

increases (site A, 4.80 - 444 mJcm-2 day-I; site B, 8.53 - 146;

site C, 4.66 - 27.9). The highest peaks (site B, August 1975;

site A, July - August 1976) are associated with the sudden appearance

in large numbers of the medium-sized ciliate Loxocephalus plaqiu5 -

a species never recorded in high numbers at site C.

Several assumptions have been made in the calculation of these

values for population respiration. Firstly, daily respiration has
~~~:,.,~.' been calculated by multiplying up the figure for hourly respiration,

with the assumption that there are no significant daily fluctuations

in respiratory rate. Secondly, it has been assumed that the rate

of oxygen consumption by individual species in the ciliate population

is not dependent on the available oxygen concentration. This is

almost certainly not the case for all benthic ciliate species. For
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Fi,g..3..3 Res_piratory -energy lo.sses by the total ciliate

llo.pulati:on .at the three .sites A, B and C.
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example, two ciliates commonly found in the benthos, Paramecium and

§pirostomum, show quite different reactions to a lowering of the

available oxygen concentration (see Prosser and Brown, 1962) - while

Spirostomum is an oxygen conformer (oxygen consumption increases

linearly with increasing oxygen tension of the medium), Paramecium

and most other protozoa are oxygen regulators (as oxygen tension

of the medium decreases, oxygen consumption is regulated down to

some critical pressure below which cnnsumption decreases rapidly).

Thirdly, it has been assumed that aerobic respiration is the only

energy-yielding mechanism utilised by the benthic ciliate fauna.

It is likely that anaerobic respiration dOes occur in benthic

ciliates (see review by Noland and Gojdics 1967, of the occurrence
•of ciliates in anaerobic habitats) as it is also likely in nematodes

and other lower metazoans (Fenchel and Riedl, 1970; Ott and.

Schiemer, 1973). Anaerobiosis \llillprobably be restricted to those

species living in the anoxic layer beneath the redox discontinuity.

However it has already been demonstrated that the majority of .

ciliates are characteristically found above the redox discontinuity

layer in the oxidised microzone at the surface of the sediment (see

Parts I and II). Bearing in mind the enerq~tic disadvantages of

anaerobic metabolism, it would seem likely that the majority of

ciliates, occurring in a zone where oxygen is available, will be

respiring aerobically.

It Ls also probable that only aerobic respiration was measured

in the Cartesian divers - the maximum duration of experiments was

Sh, in which time the oxygen reserve in the divers would not be

depleted significantly. Klekowski (1971) found that in the same

period of time, Macrocyclops would reduce the oxygen reserve by
about 5\.
• see also Fenchel et al. (1977)
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Thus, energy losses due to aerobic respiration have been applied

to total ciliate populations, within which a minority of individuals

may respire anaerobically, some will be facultative anaerobes, but

in which the majority will be respiring aerobically for most of the

The fourth assumption is that the oxycalorific coefficient

applied in this study is representative of ciliates generally.

This implies that ciliates are not exceptional as regards the

proportion of energy released by the oxidation of metabolites which

is utilised in the formation of high energy chemical bonds and

subsequently stored within the cell. An increase in this proportion

would imply an overestimate for respiratory energy losses per unit

of oxyq en consumption.

The last assumption is that the respiratory rate of individuals

within a population in the natural environment is similar to that

measured for individuals in the laboratory at the same temperature.

A tendency to record unduly low respiratory rates when using

laboratory methods has been reported for a wide variety of andma Ls

(Odum ~t al, 1962; Mann, 1965; Carefoot, 1967).-- One possible

reason for law respiratory rates is that activity can be retarded

by the unnatural conditions and limited size of respirometers.

The use of Cartesian divers probably enables us to discard the size

of the respirometer as a constraint on respiratory rate - in all

cases, the volume available to ciliates for free movement was

several orders of magnitude greater than the volume of the ciliates·

themselves.

It is contended that the estimates obtained for polJulation·



- 199 -

respiration can still be usefully interpreted as close approximations

to the actual magnitude of respiratory energy losses in the natural

environment.
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3.5 Population Production

3.5.1 Materials and Methods

Population production was calculated for the same periods, with

the same temperatures,as those employed in the calculation of

poplllation respiration. Since reproductive rates of individual

species were calculated at the-three temperatures of 8.5°,15° and

20°C and log-log linear regressions were produced at these tempera-

tures (fig. 3.2), a procedure of extra/interf~lation was adopted to

produce a total of nine regressions over the required temperature

range 4° - 22°C.

Plotting the intercepts on the ordinate (log T, when log V = 2.8)

of the regressions at 8.5°, 15° and 20°C revealed an almost perfect

linear relationship from which the intercepts for regressions at

other temperatures were obtained (Appendix 3.1).

The slopes of th~ three regressions at temperatures 8.5°, 15°

and 20° are 0.3317, 0.2758 and 0.3027 respectively, with a mean

value of 0.3034. There is reason to expect that the slopes may

increase as the temperature is reduced and the larger ciliates

become .relatively more inactive (fig 3.1, App, 1.7/8/9 ). However

it is difficult to predict how the slope will vary in the tempera-

tUre range 8.5° - 20°C and since the variation is in any case

relatively small, values for the slope df regressions at all

temperatures within this range have been assumed to be equal to

the mean (0.3034).

Generation times were calculated for ciliates in each of the

three size classes for each period, using the regressions of log T

v. log V appropriate to the temperature of the period. The same
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standard individual cell sizes were taken as being representative

of the first two size classes « 50 llm, 50 - 150 llm)as were assigned

to the same size classes in the calculation of population respiration

(0.6715 ng and 6.12 ng ·dry weight respectively). The.generation

time of the largest size class (> 150 um) for each period was

calculated from the appropriate regression using the mean cell weight

of those ciliates belonging to this size class found on both

sampling occasions covered by the per Lod ,

The formula used to calculate produ.ction for each period was

that of Calkorskaja, reported in Kajak (1967) and Heal (1971):

p = 1 • t. -
T

where P is production, BO ana Bt are the initial and final biomass

values with regard to time t, the length of the period in days,

and T is generation time, in days.

The extent to which estimates of production obtained by this

method differ from estimates using the method of Zaika (1973) is

described in Appendix 3.3 with reference to a hypothetical example.

The main reason for using the method of Kajak is that it is less

likely to reflect changes in biomass with time - tending to be more
,

responsive to those peaks of biomass spread over longer periods of

time.
'''':''''

By s~~ation of the two biomass values for each size class

delimiting each period, and by incorporating these values with the

generation time of each size class in the equation of Kajak (1967)

above, the production of each size class was calculated for each
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period. Diurnal PIB ratios were obtained from the diurnal produc-

tion and the mean biomass for the period. All the steps involved

in the calculation of production and PIB have been included in

Appendices 3.4, 3.5 and 3.6.
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3.5.2 Results

Population production at the three sites has been recorded in

1:ig. 3.4 table 3.3 and ,Appendices 3.4, 3.5 and 3.6. As in the

case of population respiration, seasonal trends are again obvious,

with peaks of production restricted to the summer months.

During r~e summer of 1976 there was more agreement between

production max ima at the three sites compared to the summer of

1975 (for example, maxima at the three sites all occurring during

August in 1976). Production at the deepest site (C) tended to be

the lowest throughout the sampling period and,maximum production

never approached the magnitude of maxima at the other two sites.

As in the case of population respiration, the absence of very high

produ=tion values at site C can be associated with the absence of

an outburst of Loxocephalus plagius.

Estimates of production were derived from data for biomass

and generation time. Since generation time has been shown to be

related to temperature, and since seasonal fluctuations have been

recorded for biomass, it is likely that production also will be

depende'lt on temperature. The relationships between production

'(1og10)and temperature for each of the three sites have been

recorded in fig. 3.5 as linear regressions (p < 0.001). The

extent to which the slopes and elevations of these three regressions

differ fram each other was determined using an analysis of

covariance (see legend to fig. 3.5). The only significant

difference in slope exists between sites A and B, revealing large

differences in production at the extremes of the temperature range.

The elevation of the regression at site C is significantly lower

than that for the other two sites.
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•Fig. 3.4 Diurnal production by the total ciliate population

at the three sites A, B and C.
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Fig,.3.5 Rela+.ionship.between log10 ciliate population production (P)

and temperature (T) at the three sites.
• ••.Site A log P = 0.9799 + 0.1112T
•••Site B log P = 1.4406 + 0.0764T
•••Site Clog P = 0,7750 + 0.Q947T

Significance of the differences in slopes and elevations between
the three regressions :

B C B C

A
P< 1% n.s.

(F =7.21 (F =2.30
df=1!S? d!=1/56

n.s.
B

(F =1.88
df=1/55

A
n.s. P< 0.1%

(F :0.38 (F =16.29
M:1/57 M=1/56

P< 0.1%
B

(F =38.07
M=1/55
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The seasonality in production and biomass data is retained in

the calculated PIB ratios at all sites (fig. 3.6, and Appendices

3.4, 3.5 and. 3.6). The statistic plB is the ratio of diurnal

production to the mean value for biomass in the period (the time

between successive sampling occasions). since protozoa show l~rge

fluctuations in population biomass within a year, diurnal PIB ratios

are more meaningful than annual ratios.

The pattern of seasonal variation in PIB is similar to that

displayed in changing production (fig. 3.4) - peak values occurred

during the summer and the lowest values during the winter months.

However, there were some significant differences between sites.

Production at site C was maintained at the lowest level of all three

sites for most of the two-year period but PIB at site C was often

higher than at the other sites - especially during the winter monL~s.

The other major difference is that although production at site A in

the summer of 1976 was considerably higher than at the other sites,

PIB ratios during the same periods were very similar to those at

site B, with the highest value obtained at the latter in early July.

This discrepancy between production and PIB at sites A and B is

related to differences in the proportions of total production

contributed by ciliates in the different size classes. From the

end of June until the beginning of September, PIB at site A was

limited by the lm~ contribution from ciliates in the smallest size

class - the class with the highest PIB ratio. A larger contribution

from these ciliates during the same period at site B helped maintain

the total PIB at a high level, approximately equal to that at site A.

Seasonal fluctuation is also obvious in the contribution made to

total ciliate production by each ciliate size class (fig. 3.8).
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Fig.3.6 Diurnal p/B ratio for the total ciliate population at

the three sites A, B and C. ( = diurnal production I

mean biomass for the period)
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Fig. 3.7 Biomass of the total ciliate population at the three

sites At B and C
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Fig. 3.8 Seasonal variation in the percentage of total ciliate

production contributed by each of the 3 size classes

at each of the 3 sites.
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The larger ciliates made a greater contribution during the summer

months when they were more abundant while in the \'linter,the

majority if not all of the production was contributed by the first

two size classes « 50~m and 50 - 150 ~m). This effect was

particularly pronounced at site c.

In calculating the production of ciH&tes it has been assumed
.

that individuamrec~rded on each occasio~ were in an exponential

phase of growth. The rates of growth characteristic of this phase

were obtained from the regressions in appendix 3.1 from the known

size of the organisms. Although there is no good evidence for

the maintenance of steady-state population sizes of ciliates in the

natural environment, neither are there examples of populations

permanently growing exponentially. However, Bick (1964, 1973)

and Fenchel (1969) have demonstrated exponential growth in protozoan

successions under laborato~~ conditions, and data for numbers

and biomass in this study (figs. 3.7, tables 1.1,1.2,1.3 ) would

indicate that, even allowing for sampling ~rrors, increases in·the

ciliate population size were approximately exponential for several

periods in the year.



- 212 -

3.6 ~he Relationship between population Production and
Population Respiration

Annual production and respiration in the ciliate populations

at the three sites have been calculated by summation of the values

for successive periods during the two-year programme. These annual

values have been recorded in table 3.4, and in fig. 3.9 inconjunc-

tion with the regressions computed by McNeil and Lawton (1970) for

various groups of metazoans.

There are several points of interest in the relationship between

ciliate production and respiration, and in the relationship these

data have v,ith the regressions of McNeil and Lawton (fig. 3.9).

The points for the three sites, A, Band C obviously fall well

outside all of the three regressions and lie approximately an order

of magnitude below the regression describing equivalence of log P

and log R. In other words, the respiratory cost per unit production

is very low, even in relation to the data for short-lived « 2 years)

poikilotherms. One statistic describing the relationship between

production and respiration is the net production efficiency (K2)*

in which production is expressed as a proportion of assimilation

* One form of the equation describing the energy budget of an animal
is:- C"P+R+FU
where C is energy consumed as food, P is production, R is
respiratory energy loss and FU is egested energy.

-1 p + R Assimilation· (A) = l..ssimilationU &:: = efficiency.C C

Kl P Gross growth efficiency= =C

K2 P = Neg growth efficiency= A

(see Klekowski, 1970 and Duncan and Klekowski, 1975 for further
explanation)
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Fig.3.9 The relationship between annual production and annual

respiration by the total ciliate population at the

three sites At B and C. The other regressions are those

obtained by McNeil and Lawton (1970) for the animal

groups indicated.
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(production + respiration). The net population production

efficiencies calculated from total production and respiration for

the sampling programme are over 90% at all of the three sites

(table 3.5).

Considering the annual data as represented in fig. 3.9 it ~s

tempting to suggest that they lie on a new regression with a slope

of approximately 1.0 and an elevation considerably below those of

the regressions for poikilotherms.

Values for mean daily population production (Pd) and mean

daily population respiration (R.I.)w.ere also calculated, for each

period in the two-year programme, and for each of the sites. These

parameters are not related linearly on a log-log plot (fig. 3.10).

Although the relationship is apparently linear when Pd is high, it

becomes curvilinear when Pd is low, the latter indicating an

increasing respiratory cost per unit production.

Seasonal variation in production and respiration is also

reflected in the position of points representing different times

of the year. The data in fig. 3.10 are divided arbitrarily into

a summer group (April - September) and a winter group (October -

March) • With few exceptions the winter data are separated from

the fonner by having characteristically lower production and lower

net production efficiencies (tahle 3.-3). There is also a tendency

for the respiratory cost of production at site B to be higher than

site A when production (PJ is low (fig. 3.10).

The significance of these results is discussed below (3.8.2).
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Ts.ble 3.5 Examples of bioenergetic efficiencies for different
protozoa at various temperatures and population net
production efficiency at the three sites. (K1 = gross
production efficiency = production/consumption.100; K2
= net production efficiency = production/assimilation.
100; U-1 = assimilation efficiency = assimilation!
consumption.100. All taken to nearest whole percentage)r---------------------r----------------------,----~----~~-----

Author Species/Food item

70-98
65-97
·63-96

Stachurska
(in Klekowski, 1975)
Curds and Cockburn
(1968a)

7-32 25-52 26-71Dileptuscygnus/
Colpidium colpoda
Tetrahymena pyri-
formis/peptone

•
9 37 23

1975)
Walczak (in Klekowski, Spirostomum ambiguum/

Aerobacter aerogenes

Fischer 1971
(in Klekowski, 1975)
Heal (1967)

Proper and Garver
(1966)
Laybourn (1973)

Laybourn (1976a)

Laybourn (1976b,c)

Site A
Site B
Site C

15 55 27

Tetrahymena sp./
Azotobacter sp.
Acanthamoeba sp./
Saccharomyces cerevisiae

37 63

Colpoda steinii/
Escherichia coli

78

Colpidium campylum/
Aerobacter aerogenes

11 ·60-84 3-16

Stentor coeruleus/
Tetrahymena pyriformis

64-82 96-99 65-8}

Podophrya fixa/
Colpidium campylum

50-66 >99 50-66

• \,

41-54% when Tetrahymena
fed on Aerobacter
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Fig. 3.10 The relationchip between 10810 daily production and
10810 daily respiration by the total ciliate population
at all three sites. Each point is representative of
each period ( the time between successive sampling
occasions)

• Site A
• Site B
o Site C

.,- rr cl' points from winter sampling occasions
(October - March)

• • 0 - points from summer sampling occasions
(April - September)

•



I 0.. •• ~

•• 0 •'- .0 • .-

l- ••
~~.

~ ea· U'\• C'\J
(X) C'\J •

• • 00 B••
• ... 0 ~

• • 0
ba'

.'rM 0
0

0 0
M

l- . 'b •'t> 't> C'\J s
~'w

00 ,,..
't>e •• ~

u..... .g

'II 'e • o~o ~
~~

U'\•o· • .-

8·... ~

't>
'0 .~ 0

'b •.-

U'\•~

,".
••

U'\•o

U'\•N
o•N

U'\•.-
o•... U'\•o



- 217 -

3.7 Total Benthic Respiration

3.7.1 Materials and Methods

Intact sediment cores obtained in the normql way. (see Part I)

were returned to the laboratory. Almost all of the overyling

water was gently removed with abl1lb pipette and filtered (glass

fibreGF/C, followed by 0.45 ~m pore membrane). The mud core was

allowed to slowly slip from the bottom of rthe sampler until only the

top 12 cm was left. This fraction pr.obavly included all the benthic

invertebrates (Kajak and Dusoge 1971) and the majority of the viable

microflora (see figs. 1.8/9/10/11 for rates of depletion of viable

bacteria and chlorophyll a with depth). Approximately 200 cm3 of

the. filtered water was replaced on top of the sample, care being

taken not to disturb the integrity of the surface sediment structure.
(

The water was covered with a 5 cm thick layer of paraffin oil to

prevent gaseous exchanqe between sediment or water and the atmosphere

(a previous experiment had shown that no change in the oxygen coneen-

tration of a membrane-filtered water sample could be detected when

it was separated from the air in this way for periods of time longer

than the maximum duration of an experiment). Finally, the plastic

weight used to stir the water was low red into the water sample.

A 50 cm3 bulb pipette was inserted into ·the water sample and

attached to a water tap suction line. The pipette was left to

fill slowly and be flushed through until 100 cm3 remained ove~lying

the sediment. The pipette was removed completely full of water

and the reagents for a Winkler determination of di.ssolved oxygen

concentration (Golterman, 1969, pp.125-l28) were delivered to the.
3 3The ,reagents (0.4 cm MN S04 + 0.4 cm alkaline-water sample.

3iOdide azide solution), were slowly delivered from 1.0 em :;yringes.
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The pipette was inverted several times to ensure adequate mixing

of the contents before the sample was acidified \Olith 0.8 cm3

phosPhoric acid. The acidified sample was divided into two 25 cm3

aliquots, each of which was titrated with O.0125N Na2S203 using
30.8 ~~ starch indicator solution. The mean value for the oxygen

concentration of the two aliquots was taken as the initial oxygen

concentration of the sample.

The stirring assembly was set in motion and the complete core

sample enclosed in black polythene to prevent benthic photosynttesis

during the experiment. At the end of an experiment (usually after

4h), the oxygen concentration of the overlying water was determined

as described above and the difference from the initial concentration

attributed to benthic respiration. All experiments were carried

out in a constant temperature room at 15°C. The arrangement of the

experimental apparatus is illustrated in fig. 3.•11.

Several attempts were made at estimating oxygen uptake due to

inorganic chemical oxidation. After total oxygen uptake had been

determined from·a sediment core, formaldehyde buffered to pH 7.0

was added to the water overlying the sediment to produce a final

concentration of 10\ (V/V). The core assembly was left for 15 min

in which time all organisms were either killed or immobilised.

The method of determining oxygen concentration and the conditions

of the experiment were as described above.

Stirring of the overlying water has been shown in the past

to stimulate oxygen uptake by the mud (Edwards and Rolley, 1965:

Carey, 1967; Hargrave, 1969a; Pamatmat, 1971; Davies, 1975),

rate of oxygen uptake being positively related to stirring speed.
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Fig.3.11 Experimental arrangement used in obtaining estimates

of benthic oxygen consumption. The stirring assembly

is shown on the left and on the right, the bulb

pipette used for removing the overlying water.
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The technique of stirring used in the experiment 4escribed ~ove

could be used to vary the flow of water over the mud by altering

the height at which the plastic weight was suspended over the mud.

At the set height, the .sediment remained undisturbed. Any

increase in stirring activity would have caused the smaller

sediment particles to be raised into suspension in the overlying

water.
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3.7.2 Results

3.7.2.1 Total benthic respiration

All data for total benth:i.crespiration have been recorded in

table 3.6. Oxygen uptake by sediment cores is known to be

dependent on the available oxygen concentration, with consumption

rate decreasing markedly at low oxygen concentrations (Edwards and

Rolley, 1965; Hargrave, 1969 a, b; Pamatmat, 1971;. Edberg and

Hofstein, 1973). To obviate this complication, the initial oxygen

concentration was always high (> 8.1 mgl-l) and with one exception

(A, 4.8.76), the experiment was terminated before the final oxygen

concentration fell below 5 mgl-l• since all experiments Here

performed at the same temperature, no corrections were required to

accommodate the effect of temperature on the rate of oxygen

diffusion across the mud-water interface.

The highest total consumption values were obt.ained from site

A and the lowest from site C. The former are probably associated

with the much higher bacterial and nematode numbers at this site

(figs. 1.7, 1.8. ) although respiration by algae could also be

significant - the difference between the total values at site A

(4.8.76) represents respiration by an algal mat consisting mainly

of Spirogyra.

The data for chemical oxygen demand are more difficult to .

interpret. The contribution made by chemical oxygen demand to

total benthic respiration varies from 20% at site B (21.5.76) to

the apparentlyirnpossible figure of 193% at site C (9.7.76).

Possible reasons for these results and their implications will be

discussed below (3.7.3.1).
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3.7.2.2 The contribution made by ciliates and nematodes to
total benthic respiration

The contribution wh i ch ciliates make to total benthic respira-

tion can be calculated using data for numbers of ciliates of

different size classes present in the core sample, the regression

of respiration against cell size at l5"C and the magnitude of total

benthic respiration.

Approximate values for the cont.ribution by nematodes have also

been estimated. These values are based on the numbers of nematodes

from the same sediment sample in which ciliates were counted, and

on a relationship between nematode respiration and body weight

obt.a Lned by Klekowski, Schiemer and Duncan (in Klekowski, 1975):-

R = 1.07.WO.74

-3 -1where R = ~l °2.10 h per individual and W = ~g wet weight.

Although this relati.onship was obtained from experiments conducted

with one species'at 20°C, it also provides an approximate description

of the relationship between respiration and body weight for a large

number of marine species at 20°C (Wieser and Kanwisher, 1961) and

soil-inhabiting nematodes at 16°C (OVergaard - Nielsen, 1949).

Phillipson ~ al (1977) used a mean rt<lspirationvalue of lOOocm3
.-1 -1

02 kg h • When the formula of Klekowski ~ ~ is applied to

the mean weights of the nematode fauna on each sattlplingoccasion in

this study, the oxygen consumption varies from 940 to 1589 cm3

-1 -1
02 kg h •

The contribution made by ciliates and nematodes to total

benthic respiration on each sampling occasion has been recorded in

table 3.7. While the ciliate contribution never rose above 3.5\

of the total, the maximum estimated nematode contribution was 55\.
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This latter figure is probably exceptional, referring as it does to

the highest nematode concentration recorded throughout the two-

year sampling programme. Apart from the slightly lower values

at site C, there are no distinct differences between the ciliate

contributions at the three si.t.es, This contrasts with major

differences in the nematode contribution at the three sites - being

an order of magnitude higher at site A than at either of the other

two sites.
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3.7.3 Discussion

3.7.3.1 The interpretation of benthic respiration data'

Measurements of sediment oxygen uptake are probably of consi-

derable value as indicators of total biological activity in the

benthos. Problems with other techniques of estimating aspects of

biological activity, such as the variation between methods of

enumerating microbial population sizes, difficulties in estimating

the quantity of organic matter available to the different ccmponerrt s

of the benthic biota and difficulties in quantifying interactions

both within and between species, are to some extent compensated for

by the use of to'.a1benthic respiration as an integrative measure.

Hayes and Macaulay (1959) suggested that oxygen uptake may

also represent an integrative measure of lake productivity when

they established a positive correlation between fish catch and

oxygen uptake by lake sediments. Hargrave's (1973) study of the

relationship between primary production and benthic respiration

supported this observation. He concluded that in aquatic ecosystems

for which the inputbf organic matter is predominantly autochthonous,

primary production and fish yield can be related to oxygen consump-.

tion across an undisturbed sediment 'surface.

The possible importance of benthic respiration estimates has

stimulated a large number of studies of marine, intertidal, and

fresh\~ater sediments (see Hargrave, 1969a, 1973 and Bahr 1976 for

reviews of data in the literature) in which relationships have been

suggested with a variety of factors including degradable organic

matter (Waksman and Hotchkiss, 1938; Tea1,1962; Harqrave, 1972)'

and detritus particle size (Odum and de la Cruz, 1967; Fenchel,

1970; Hargrave,,1972). Differences in the mean particle diameter
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between sites investigated here are not great enough to correlate

with differences in sediment oxygen uptake. However, differences

in the quantity and nature of organic matter at the three. sites are

undoubtedly related to.differences in benthic respiration. The

much lower organic cQmponent of the sediment at site A is largely

due to phytoplankton fallout from the shallow overlying water

column. At sites Band C however, where the organic content is

much higher, resident diatoms and desmids are considerable more

important. At site B, the high organic content is also due to the

input from a dense growth of macrophytes, especially Typha latifolia.

Thus, since the quality and quantity of organic matter being supplied

to am remaining in the benthos varies between the three sites and

since a relationship exists between the input of oxidisable organic

matter to the benthos and benthic respiration, it is not surprising

that significant differences (p < 0.05) in sediment oxygen uptake

were observed between sites.

Another major source of variation in respiration between sites

concerns the differences in numbers of aerobic bacteria, being

considerably higher at site A (fig. 1.8 ). No attempt was made

to quantify the contribution made by bacteria to total benthic

respiration, mainly because of the marked differences in species

composition that exist between sites (evidence of colonies develop-

ing on plates) but also because of the large inaocuracy that must

be incurred in applying a single value for cell respiration to all

bacterial species.

The biological compoment of benthic respiration is usually

estimated by the procedure adopted in this study - formalin is

added to stop any oxygen consumption by living organisms leaving



- 228 -

chemical oxygen demand as the only mechanism of uptake. Formalin

itself is a reducing agent but it was not responsible for any

detectable oxygen uptake in control experiments. However, it is

likely that the partition of total respiration into biological and

chemical components is not so easily accomplished as described

above. When chemical oxidation values of nearly 200% are recorded

(site C, 9.7.76), the discrepancy cannot be explained simply in terms

of experimental error.

values be interpreted?

How then should such high chemical oxidat..i.on

Teal and Kanwisher (1961) measured oxygen uptake in well-

stirred mud samples and recorded a rapid initial oxygen uptake which

gradually decreased with time. They explained this rapid uptake in

terms of the amount of reduced material present - the more highly

reduced materials were oxidised at the beginning of the experiment,

leaving the less-readily oxidised materials contributing to the

lower chemical oxygen demand. It is possible that the intact core

experiments described above can be explained in a similar way.

While total respiration was being recorded, the majority of aerobic

organisms, occurring in the surface layer of sediment, would consume

most of the oxygen supplied to the sediment. This would effectively

maintain the redox: discontinuity layer, inhibit the diffusion of

oxygen to greater depths and suppress the chemical oxidation of

buried reduced materials. Removal of this active biological

barrier with formalin would permit dif.fusion of oxygen to greater

depths in the sediment. Thus it would be possible to obtain a

value for chemical oxidation which was independent of the so-called

'total respiration' and so not necessarily smaller than the latter.

Presumably, the rate of chemical oxidation in intact core samples
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would decrease with time in the way described by Teal and Kanwisher

(1961)•

Insofar as the'chemical oxidation rates obtained in this way

might indicate the quantity of reduced material present they are

of some use, but they probably bear little relation to naturally

occurring rates.

The contributions which ciliates and nematodes make to benthic

oxygen demand have been expressed in terms of total oxygen consump-

tion, the estimates of which are probably still representative of

benthic respiration in the natural situation.

3.7.3.2 Comparative respiration rates

A considerable amount of data has been produced for benthic

respiration rates, covering a temperature range corresponding to

that in the aquatic environment. several attempts have been made

to relate temperature and sediment oxygen consumption using

relationships of the type:·

log R = k log t - 1<1
(Hargrav.e,1969a)

where R is respirat,ion, t is temperature and k and K1 are empirical

constants; linear relationships (Pamatmat and.Banse, 1969), or

Arrhenius' empirical relationship between temperature and rate of

reaction (Fair, Moore and Thomas, 1941; Edwards and Rolley, 1965).

Hargrave ~1972)produced'an equation of the first type through

data from a variety of studies repOrted in the literature: '

loge Y = 1.74 loge x ,.1.30

where y 3 -2 -1is oxygen consumption (cm m h ) and x is temperature



- 230 ...

(OC)• .The expected oxygen consumpt Lon at 15°C is 4.33~lgcm-2 h-1.

Similarly, the linear relationship obtained by Pamatmat and Banse

(1969):

y = 3.78x - 19.17

whe~e the terms are identical to those above, yields a value of
-2 -15.362~g cm h at 15°C. Both of these values are close to the

mean value of 4.667~g cm-2 h-l obtained in the present study.

Hargrave (1969b) obtained an estimate of 2.286~g cm-2 h-l in

Marion Lake, a small (13.3 ha), shallow (mean depth, 2.2m) water

body in the Coastal Mountains of Southwestern British Columbia

(temperature range 3 - 25°C, January - July 1968). Hargrave. also

estimated the contribution made by protozoa to this figure as 12.5\

of total benthic respiration. This figure is much higher than

the 0.4 - 3.5\ obtained in the present investigation - probably

for two reasons. The first is that Hargrave's figure refers to

the contribution by total protozoa which presumably includes

flagellates, naked and testate amoebae along with the ciliates.

Secondly, he obtained a single value for individual protozoan
-3 1respiration (1.10 ).11O2 h- ) which was extrapolated from a 109-

log regression of ~acrofaunal oxygen consumption against animal dry

weight. This is a very high respiration rate for a protozoan at

l5°C being more typical of the largest ciliates (Sarojini and

Nagabhushanum,1966, 1967; Laybourn and Finlay, 1976). Since the

mean size of protozoa in the benthos will be considerably smaller

than the largest ciliate it is probable that Hargrave's.estj,mate

of individual respiration is at least an order of magnitude too

high - inferring a contribution to benthic respiration considerably

less than 12.5\. The significance of a relatively low oxygen

consumption by the protozoa will be discussed below (3.8.2).
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3.8 Discussion

3.8.1 Comparative data for production

There are few estimates of protozoan production in the litera-

ture and no results from detailed studies on the production of the

total ciliate fauna. Schonborn (1977) has recently estimated

production by loricate ciliates (4 species) to be 0.03kJ m-2 year-l

and in the same study he estimated a production of 3.SkJ m-2 year-l

for the Testacea. Production by total benthic protozoa in a
-2mesotrophic reservoir was estimated to be 20.9kJ m for the six

months from May - October (Sorokin, 1972), and Heal (1967) speculated

that production ry ~he soil amoeba, Acanthamoeba sp. could be
. -2 -1 -14030kJ m year (assuming 20.l5~Tmg dry protoplasm).

This lack of comparative data makes it difficult to put into

perspective the estimates for ciliate production obtained in this
-2 -1study (3450, 1490 and 403kJ m year at sites A, Band C

respectively) • How then do these estimates compare with production

by the zoobenthos in general?

In the most recent published study (Mason, 1977), production

by the invertebrate macrofauna in two small entrophic lakes varied
-2 -1between 99 and 276kJ m year Production studies on the

zoobenthos of nine Soviet lakes yielded a maximum of 712kJ·m-2

-1year (Winberg, 1972) and a similar study on five Polish lakes, a

maximum of 836kJ m-2 year-l (Kajak, Hillbricht-Ilkowska and

Piecznska, 1972). These values are all low in comparison with
-2 -1the approximate figure of 2500kJ m year suggested for the total

zoobenthos in Loch Leven by Morgan and McLusky (1974).

macroinvertebrate species often make an unduly large contribution

to zoobenthic production. Kimerle and Anderson (1971) for example
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reported a chironomid production of 2040kJ m-2 year-l in a 'waste

stabilization pond' •

It would appear that the ciliate production figures are at the

upper end of the range for zoobenthic production. Considering the

large numbers of nematodes recorded at site A, it is likely that

total zoobenthic production at this site in particular would be

remarkably high.

3.8.2 Energetic efficiencies and general discussion

The high values obtained for ciliate production are particularly

interesting when considered in conjunction with the very low

respiratory energy losses associated with that production. The

ranges of net production efficiencies at the three sites have been

included in table 3.5 with efficiencies from energy budgets on

individual protozuan species.

Population K2 values lie in the upper range of single species

values (table 3.5). They also lie at the upper end of the range

for invertebrates in general - a range extended by a few studies

such as those of Duncan ~~ (1974) on the nematode Plectus

palustris anq.Conover's (1962) study of calanus hyperboreus in

which the net production efficiencies were 82% and 91% respec::tively.

The tendency for lower K2 values to be obtained from winter

sampling occasions and the higher values to be more common in the

summer is a reflection of the joint action of two factors. The

first is that the proportion of ciliates in the smallest size

class « 50 ~m) increases during the winter months (appendix 3.2)

and the second, that respiratory energy losses by the smallest
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ciliates are greater in relation to larger ciliates at lower

temperatures (fig. 3.1). No significant decrease in the slope was

obtained for the relationship between log T and log V (fig. 3.2) as

the temperature was lowered. Laybourn (1973) and Laybourn and

Stewart (1975) found a similar relationship at the single specie:s

level (Colpidium campylum). As the temperature was lowered from

200 to 100, the amount of energy incorporated into production

decreased and respiratory energy losses increased.

The nature of the life cycle in protozoa probably enables

them to channel a larger proportion of assimilated food into

production. They have high growth rates and they are invariably

in a growth phase, division occurring automatically once a certain

cell size is reached. Most of the higher invertebrates however

pass through a series of larval forms before becoming adults and

capable of reproduction. There is no equivalent of the higher

invertebrate adult stage in protozoa. Thus, because of theabsenc;:e

in the protozoan life cycle of stages characterised by long periods

of minimal production and continued respiratory energy losses, net

growth efficiencies can be expected to be high.

WeIth (1968) investigated the relationships between net and

gross production and assimilation efficiencies in a variety of

animals. The most obvious aspect of the relationship between net

production and assimilation effici~ncies is that as the former'

increases, the latter tends to decrease - the smaller ,the fraction

of consumed food assimilated by an animal, the less is the proportion

of that assimilated energy going into respiration and,the greater 'is

the proportion going towards growth. The relationship would appear

to.work to an animal's advantage ,-if for example, assimilation
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efficiency is lowered because of difficulties in digesting tile

available food resources, it would be in.the interest of the an imaI

to channel an increased proportion of that assimilation into

production.

The otiler possibility is that assimilation and net production

efficiencies may be determined by consumpti~n. For ex ampIe ,

Richman (1958) and J:lekowski and Shushkina (1966) working with

crustacea, and Laybourn (1973) and Stachurska (see Klekowski, 1975)

working with ciliates, have all recorded increases in assimilation

efficiency when consumption decreased. Welch (op. cit.) has put

forward a case for changes in assimilation efficiency 'compensating'

incompletely for changes in consumption. If consumption decreases

too far to be compensated by increased assimilation efficiency,

the.remust be a concomitant decrease in the ,two components of

assimilation, production and respiration. Production can drop to

zero or become negative ~ tilusit can d~crease more tilan respiration,

leading to a decrease in net production efficiency.

This tileory has some relevance to tilenet production efficien-

cies obtained tilroughout the year - higher during the summer and

lower in winter. Consumption can be expected to be lower during

the winter, not because of any significant influertce of temperature

on consumption (Laybourn and Stewart, 1975; Laybourn,1976a) but

because of the reduced availability of food resources. In addition,

the discrepancy between summer and winter K2 values will be augmented

by the Lncxeased respiratory energy losses in winter described

aboVe.

Incorporating the data of table 3.5 in Welch's (1968) figure
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of the :relationship between net production and assimilation

efficiencies increases the vaxLat.Lon about the linear relationship

suggested by that author. However, removing the data for

carnivorous ciliates (Stachurska, Laybourn 1976 a, b, c) considerably

reduces that variation. The suggested relationship implies that

low assimilation efficiencies.will correspond to high net production

efficiencies, but these carnivores have the highest values for both

efficiencies (table 3.5).

The higher assimilation efficiencies of carnivores may be a

reflection of the nature of their food sources. Rubin and Lee

(1976) have suggested that the nutritional quality of food is a

component of energy flow through ecosystems. In studies of two

different ciliate species they discovered that reproduction was

'neither a strict function of feeding rate nor strictly coupled

with the calorific values of the food organisms themselves'. They

argue that an organism will gain an energetic advantage if it can

'recognise' the molecules it needs instead of synthesising them

from simpler metabolites at the expenditure of energy. Avoiding

the need to synthesise specific metabolites through consuming them

directly, the net energetic gain Ca saving of ATP) could be

channelled into advanced growth and/or reproduction. I Cyberneti-

cists woul.d interpret this saving of energy as a realisation of

information recognition and transfer'.

All herbivorous. ciliates destroy much of the energy encoded

in partiyular molecules and organelles of the food item and·at the

same time consume energy as they dismantle and retrieve the basic.

required metabolites. A minimal energy expenditure would be .

required if complete organelles could be incorporated from the ~ood
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item into the feeding ciliate -'any other strategy of breaking down

the components of the food source and building them up into new

structures will incur an energy loss both to the feeding ciliate

and to the food web of 'which it is a part.

However, carnivorous ciliates may have an advantage over the
herbivores. The phylogenetic similarity of predator and prey \',ill

invariably mean an increased similarity of molecular and organellar

components between the two animals - in other words, the components

of the prey will require less structural alteration before they are

incorporated into the protoplasm of the predator. The lovler

energetic cost to such a predator would be reflected'in a higher

net growth efficiency which, together with the more complete usage

of consumed energy for production, will increase the assimilation
efficiency. In this connection it is interesting to note that

carnivorous ciliates digest their food very quickly (Fenchel, 1968).

The majority of benthic ciliates are herbivores and' thus likely

to have lower assimilation efficiencies. Putting this efficiency

at 25% would make annual consumption equal to 1450, 640 and 176 J
-2 -1cm year at sites A, Band C respectively. There is very little:-.

data in the literature with which to compare even such a speculative
estimate. The estimate of consumption by benthic protozoa given

-2 .in Sorokin (1972) is 7.53 J cm for the Sl.X months l-lay- October.

Fenchel (1975) estimated consumption by the total protozoa

excluding carnivorous ciliates as 23.2 J cm-2 year-l (taking 19C

as equivalent to 10 kcal, Winberg, 1971). Goulder (1972) estimated

grazing by the algivorous ciliate Loxodes magnus on Scenedesmus spo.
-2 -1could be as high as 35090 Scenedesmus cm day Assuming the

volume of an individual Scenedesmus to be 1000~m 3 (Findenegg, ,in
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Vollenweider, 1974), a dry to wet weight ratio of 0.15 and a

calorific equivalent of 5 kcal per gram dry ",eight (Winberg, 1971) i

-2 -1consumption would be 0.067 - 0.110 J cm day - somewhat higher

than the daily rate of'consumption by the total protozoa estimated

by Fenchel (op. cit.).

Among the highest estimates for a complete and multispecific

ciliate population is that obtained by CUrds(1968b) for the ciliates

inhabiting the sludge of a small-scale and experimental activated

sludge process. 6 3 -3When ciliate biomass was in excess of 200.10 ~m cm

(biomass values often recorded in the present study) bacterial
, 6consumption levelled off to approx~mately 135.10 per l2h. Assuming

-3an individual bacterial dry weight of' 10 g (Hargrave, 1969b ) and
a, f 5 kcal g-l th'n approx~mate calorific equivalent 0 , ~s represents

cm-3 day-lor 2062 J cm-3 year-la consumption of 5.648 J

The results of this study indicate that production, consumption

and to a lesser extent respiration by the benthic ciliate fauna are

all quantities large enough to make a significant contribution to

energy and materials flow through the benthos.

Sorokin (1972) is of the opinion that the incorporation of

large numbers of protozoa in aquatic food chains lengthens such

food chains unnecessarily and lowers the overall efficiency of

biological production. Although protozoa will undoubtedly lengthen

food chains, several.other factors should be considered before

assessing their interference in the overall biological efficiency

of that food chain.

Firstly, herbivores in general (~'le1ch,1968; Ricklefs, 1973)

and ciliates in particular (Laybourn, 1973) often egest a large

proportion of consumed food. This egested material, partly broken
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down by the ciliates, often remains within the consumers food pool

and may be reingested after some modification by micro~organisms.

Secondly, because ciliates have high net production efficiencies,

respiratory energy losses are small in relation to production and

consequently the contribution they make to energy loss from the

food chain is small in relation to their contribution to total food

chain production.

Thirdly, the grazing activities of protozoa are now known to

stimulate bacterial growth and activity aridto increase rates of

saprophytic decay and mineralization (Javornicky and Prokesova,

1963; Johannes, 1965, 1968; Barsdate ~ aI, 1974; Harrison and

Mann, 1975; Fenchel and Harrison, 1976). Since primary production

in general is dependent on an adequate supply of nutrients and

since protozoa and bacteria interact to mainta.in the mineralization

processes which serve this need, protozoa will contribute indirectly

to food chain production.

Thus the energetic cost to the benthic food charn incurred by

the inclusion of protozoa must be considered in relation to the

stimulatory effects protozoa will have on the other components of

the food chain. The impact made by ciliates on the overall

biological efficiency of the benthos remains to be quantified.



- 239 -

3.9 Summary

1) Respiratory rates have been determined ill a variety of ciliate

species at different temperatures (8.5°, 15° and 20°C),

allowing regressions to be calculated between cell size and

respiration rate at each temperature. Using these 'reference'

regressions, further relationsips between cell size and

repiratory rate were inferred over .the temperature range

The total ciliate population recorded on each·

sampling occasion was divided into size classes and respira-

tory energy losses calculated for each size class and for the

total population.

2) Reproductive rates were also determined for a variety of

species at the three temperatures 8.5°, 15° and 20°C, producing

regressions of cell size against reproductive rate at these

temperatures. As in (1) above, further regressions were

produced over the temperature range 4° - 22°C. With the help

of these regressions, production was calculated for each size

class and for the total ciliate population.

3)

were high (3~5,

of production by the total ciliate population
-2 -1149 and 40 J cm year at the three sites

.While estimates

A, Band C respectively), respiratory energy losses by the.
-2 -1population were relatively small (18, 11 and 4 J cm. year ).

Estimated annual net production efficiencies at the three sites

were 95.16%, 93.09% and 91.50% at sites A, Band C respectively.

When net production efficiencies were calculated for each period

(the time between successive sampling occasions at the sam-e

site) as diurnal production/diurnal assimilation • 100, the

range extended from 63 - 98%.



- 240 -

4) Experiments were conducted to determine the contribution made

by the ciliate population to total benthic respiration. The

ciliate contribution was less than 3.5% at all sites.

5) The novelty of the data presented prevents generalizations

being made concerning the quantitative impact of ciliated

protozoa on the energetics of the benthos. However, in the

present study, the ciliate population has been shown to be

responsible for significant respiratory energy losses and a

considerably higher production. The magnitude of these two

parameters indicates that ciliates have an important part to

play in energy flow through the benthos •

. .
\
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GENERAL CONCLUSIONS AND FUTURE RESEARCH.

One product of this research has been to clarify our impressions
of the nature and function of the ciliate fauna in the freshwater
benthos. We can dispense with any ideas that the ciliate popUlation
is an homogeneous collection of simple cells, rather passively involved
in the benthic ecos;vstem. The population conaists of a diversity of
species, adapted in varying degrees to a dive.rsity of microenvironments.
The temporal and vertical distributions of ciliates are inextricably
bound up with the chemical, physical and biological characteristics
of both sediment and overlying water. They are capable of a magnitude
of production much larger than most groups in the meio- and macrofauna
and they would appear to be efficient components of the food web of
which they are a part.

If any unifying characteristics are obvious in the study, patterns
of regular seasonal fluctuation must be:among them. A marked season-
ality was recorded in almost all aspects of ciliate ecology studied -
in production, respiration and the distribution of,size classes, in the
emergence of different species and the dynamics of species associations,
and in the temporal and vertical distributi01\ of ciliate numbers and
biomass. This demonstration of seasonality and th~ suggestion of
probable controlling factors is important because it raticnalises the
broad area of protozoan distribution. Benthi>e ciliated protozoa can
be con~idered along with all the other lake factors which vary with
6easonal regularity, such as nutrient levels and density of algal
blooms. But while the factors controlling the seasonal variati'on in
density of algal blool!lsmay be relatively well,..defined(Reynolds and
'«alsby, 1975), it has required a great effort ~impIY to demonstrate



the· existence of seasonal patterns in the distribution of ciliates

and to tentatively suggest controlling factors.

Seasonal variation in phytoplankton density is largely

controlled by seasonal variation iJ.'lthe quanti ties of fact'ors required

for growth and the same is probably also true for the benthic ciliate

population. But the:growth requiremerits of ciliates are more complex

than those of algae and although the Gttceessfulculture of ciliates

now extends to several species (see Jones, 1974), the growth

requirements and feeding behaviour of ciliates in the wild are

largely unknown. Also, it is unlikely that the growth of ciliates in

sterile cultures bears much relation to their growth in the 'fiild.

The concentrations of dissolved organic matter supporting protozoan

growth in such cultures are probably much higher than those ever

available in the natural environment and in any case, all free-

living ciliates do possess a 'mouth', enabling them ,to feed on

particulate food.

Studies on the feeding behaviour of ciliates in the wild are

fraught with difficulties so that most of the data available have been

obtained by indirect means. For example, the 'date collected in the

extensive studies of Sandon (1932) and Fenchel (19,68a),were based

on observations of tho contents of food vacuoles and on observations

of feeding ciliates under the microscope. Unfortunately, not all

tood items aro digested at the same rate, nor do they all leave the

Bame type and quantity of undigested remains. While the eiUate prey

of carnivores is digested quickly, filaments of blue-green algae a,re

recognisable long after they have been ingested, the frustules of

diatoms are recognisable until the time they are discharged and
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sulphur grains may remain in the ciliate long after the sulphur

bacteria have been digested. Laboratory experiments on feeding

behaviour are thus easily misinterpreted.

There is also some evidence that the mere availability of a

known suitable food source will not guarantee that it will be eaten.

In the present study for example, a large number of loxodes striat;uB

extracted' from the sediment were observed to contain filaments of

Oseillatoriasp. of various lengths and in various stages of digestion.

Attempts at growing loxodes in the laboratory on a pure cultUre of

the alga proved unsuccessful - the conditions \"hieh stimulated loxQdes

to feed on Oscillatoria in the wild had obviously not been provided

in the laboratory.

The complexity of the relations between ciliates and their food

sources has also been highlighted recently in the experiments of

Taylor and Berger (1976). By presenting a variety of 'laboratory' and

'wild' species of bacteria to ciliates, they confirmed the hypothesis

that ciliates were specialised with respect to the bacterial species

on which they would grow. However, their results also indicated a

trend for the f~ild' bacteria to be poorer food for ciliates, a

phenomenon explained by the failure of ciliates to _ingest or digest

these species. The reasons underlying that failure are unknown but one

possibility is that 'wild' bacteria can by some mechanism discourage

predation.

Thepreoent study has suggested probable, though extre~ely wide'

limits for the quantity of food necessary to support the cilia~e

population. The nature of the food sources and their interactions

with the ciliate population cover a large area about which very little



is known. Even less is known concerning interactions between ciliates

and higher organisms. When large numbers of ciliates and nematodes

occur together in the oxidised microzone, and both probably feed on

similar, if not the Bame food sources, a wealth of interactions

must arise including the possible predation of nematodes on ciliates.

The dilemma of the unknown relationships between the behaviour

of ciliates in the laboratory and their behaviour in the wild is of

particular concern in the area of energetics. Some of the problems

and limitations accompanying the application of laboratory-determined

reproductive and respiratory rates to field data have been outlined

above, b~t the mere recognition of these problems does not in itself

improve the validity of the data. The practical difficulties attached

to the determination of production and respiratory energy losses by

the ciliate population in the field still seem overwhelming. Until

such problems can be overcome, probably through technical innovation

in the application of tracer techniques, combinations of field .and

laboratory experiments similar to those described in this study will

continue to provide the only estimates of ciliate' involvement in

energy flow.

However, the recent demonstration by Fenchel .and Thane (1977)

that marine 'sulfide ciliates' contain neither the enzyme cytochrome

oxidase nor typical ciliate mitochondria is an example of laboratory

work which is directly relevant to field data. The element of doubt

surrounding the aerobic-anaerobic habit of many ciliates in the

freshwater benthos could probably be resolved by similar, simple

experiments.

Finally, any large, scale programme involving the us~ of ciliates
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ias pollution indicators will require rigorous techniques of iden-

tification. At least two areas of research might lead to improvements

in such techniques. The first is the development of culture techniques

~or more species. Since identification is often facilitated by having

;a ~Rrgenumber of the organisms concerned and since it is common

~or only a I'IW individuals of a species to be obtained from a sediment

.'SBJIlple"cuJ.ture techniques would be extremely useful, especially for

the less common groups of species. The second major contribution to

t.he :better identification of ciliates would be the production of a

t:omprehensive key for the free-living ciliates. An updated version

t>:f :Kahl's (1930-5) monograph, with the many excellent drawings

retained"would be especially useful.

In bis introduction to a series of papers on protozoan ecology,

Corliss (1973) hailed the arrival of the 'new approach.' He envisaged

a :mored,ynamic approach to ecology in the future - an approach

stimul:atedby the indicated importance of protozoa in the natural

enviranmentand in particular by their growing importance as pollution

fumnicator.s. It is hoped that the study reported here might also be

cl.a:ssif~.ed a's an example of the 'new approach' - a study of "more than

lIIlere t'he.oreti:calinterest to man."
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Appendix 1.1 'l'herelationship between the current producp.,d .
at a polarised naked platinum electrode and the oxygen concentration
of water in which the electrode was immersed. (02 concentration
determined by Winkler titration). r a 0.996·" I = 2.408 + 1.335[02]
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(c)

(b)

I

(d)

Platinum Electrode

(a)

,
I I I
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(c)

Sulphide Electrode

Appendix 1.2 Details of the construction of the platinum and sulphide
ion electrodes usedo

Platinum electrode: the Pt foil spade (a) is bent round a'spearheadto!
Araldite (b,c) then connected to a Cu wire by a JIgjunction (d, stippled)
..Sulphide ion electrode : the Ag wire fixed in and protruding from th~ 'end
of a glass tube (a) is coated in AgS by immersing in ammonium sulphide
solution (b) then corulected to a Cu ft~reby a Hg junction (c)
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Appendix 1.3 CalibraHon curve of the silver-silver sulphide
electrode and the derivation of sulphur species
concent~ation6 from mineral equilibria.

Calibration consisted of 6imulta'\~ouB measurements ot'pH and

ES-- (the potential obtained from the electrode, not
cal.

corre~ted for the reference electrode) of solutions saturated

with H2S a~ a partial pressure of 1 atmosphere.

S2-H2S (gas) = 2H+ (aq.) +

2H+ s2-a • a
= k

aH2S (gas)

now,
a2H+ 2-

• as
= K

PH S2

and, since P = 1,
a2H+ 2- K• as =

where K is the equilibrium constant

and a is activity.

where P is partial pressure

Taking log10 both sides,
+ 2-2 loga H T logaS = logK

and, since logK = -21.9,
+ 2-2 logaH + logaS = -21.9

+logaH :: ,-pH (pH =
2-+ logaS = -21.9.

pS2- = _logaS2-,

Since

-2pH

Since

+log 1/aH ),

S2-P = 2pH



420]
~~~~--~--~--~--r-~--~--~--~--T-__~~ ~
3

740

700

660

620

580

~
E 540--,...:e:0
~

500

460

- 269 -

•

5 7 9 11 13 15 17

pS? (-log as..)

Appendix fig.1.3.\Calibration curve of the silver-silver sulphide
electrode (points and solid line). The broken lino is the
calibration obtained by Berner (1963). Calculated linear
regressions for the two calibrations appear in the appendix.



- 270 -

Plotting potentials obtained over a pH range 3.5 - 14.9 as
2-ES2- v. pS yields a linear relationship similar to

cal.
that obtained by Berner (1963) (appendix fig.1.3.1 ).
The linear regression for the relationship is :

ES2- (volts) = -0.863 + 0.0271pS2-
cal.

compared with Berner's equation:
8 4 2-ES2- . = -0. 91 + 0.029 pS

cal.

At dilute concentrations of S2- ,
_logaS2- ~ -log [s2-]

or,
pS2- ~ -log [s2-J

Assuming concentrations for activities throughout, when
++ 2H ,

= (K)

An example of the derivation of H2S concentration.

At a potential (Es2- ) of -500mV (-0.5V) and a pH of 6.5,
cal.

pS2- = 13.39 (see above).
Therefore,

[S2-J-log
[S2-J

13.39 and,
10-13•39=
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By Bubstitution,

bO-13.39] Go-6.5J2
~2sJ =

Therefore,

10-26•39

10-21•9 = = =

Concentrations of H2S have been calculated for a range of
potentials and pH values and the relationship between the
quantities represented graphically in Appendix fig.
It will be noticed that for any recorded sulphide potential,
the concentration of H2S increases as the pH decreases.
"We can be sure that the stable sulfur species under acid
reducing conditions is H2S, and that it will change to HS-
and to S2- as the pH is raised • • • ." (Garrels, 1960)
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-300 -400 ..600 -700

Appendix !ig.1.3.~The relationship between the potential
recorded at a silver-silver sulphide electrode (ES2- ),

cal.pH, and calculated 1I2S concentration.
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Appendix 1.4

(a) Current - voltage curve obtained with a
platinum electrode of area 0.552 cm2 at 150C.

(b) Current decay - time curves recorded with a
platinum electrode in mud - "Jater suspensions
of different 02 concentration (h~.ghest cone.
top curve; lowest conc. - bottom curve)
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Appendix 1.7 Percentages of total ciliate numbers recorded in
the 3 size classes c50 pm (top), 50-150)lm(middle) and >150 pm
(bottom). Site A•

. -
Depth (cm) Depth (cm)

or- N Il\ ...:t- \oD or- N Il\ ...:t- so
Date 6 I I I I Date • • I I I

or- N I'!'\ ...:t- o or- N Il\ ...:t-

9. 1.75 68 67 67 0 0 27.10.75 73 0 0 0 0
25 17 33 0 0 9 0 0 0 0
7 16 0 0 0 18 0 0 0 0

4. 2.75 78 67 0 0 0 25.11.75 58 0 0 0 0
17 33 0 0 0 11 0 0 0 0
5 0 0 0 0 31 0 0 0 0

4. 3.75 75 0 0 0 0 16.12.75 63 100 0 0 0
0 0 0 . ,

13 021 0 0 0 0
4 0 0 0 0 24 0 0 0 0

9. 4.75 57 50 0 0 0 12. 1.76 95 100 0 0 0
32 50 0 0 0 5 0 0 0 0
11 0 0 0 0 0 0 0 0 0

7. 5.75 85 0 0 0 0 10. 2.76 60 100 100 0 0
.7 0 0 0 0 10 0 0 0 0
8 0 0 0 0 30 0 0 0 0

2. 6.75 17 0 0 0 0 11. 3.76 89 100 0 0 0
20 0 0 0 0 9 0 0 0 0
63 0 0 0 0 2 0 0 0 0

11. 6.75 57 0 0 0 0 15. 4.76 87 100 0 0 0
22 0 0 0 0 10 0 0 0 0
21 0 0 0 0 3 0 0 0 0

9. 7.75 74 0 0 0 0 10. 5.76 .86 0 0 0 0
11 0 0 0 0 9 100 0 0 0
15 0 0 0 0 5 0 0 0 0

23. 7.75 71 50 0 0 0 20. 5.76 97 0 0 0 0
29 50 0 0 0 3 0 0 0 0
0 o 0 0 0 0 0 0 0 0

11. 8.75 26 0 0 0 0 24. 6.76 68 0 0 0 0
52 0 0 0 0 20 0 0 0 0
22 0 0 0 0 12 0 0 0 0

31. 8.75 86 100 0 0 0 5. 7.76 76 0 0 0 0
12 0 0 0 0 15 0 0 0 ,0
2 0 0 0 0 9 0 0 0 0

17. 9.75 81 0 0 0 0 27. 7.76 2 0 0 0 0
19 0 0 0 0 95 100 0 0 o·
0 0 0 0 0 3 0 0 0 0

7.10.75 73 50 0 0 0 4. 8.76 23 55 0 0 0
10 50 0 0 0 13 18 0 0 0
17 0 0 0 0 6', 27 0 0 0

_.------- -----
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---_._-------Appendix 1.7 (cont.)

16. 8.76 1 50 0 0 0
93 50 0 0 0
6 0 0 0 0

9. 9.76 43 0 0 0 0
21 0 0 0 0
36 0 0 0 0

23. 9.76 50 50 0 0 0
14 0 0 0 0
36 50 0 0 0

12.10.76 58 50 0 0 0
25 50 0 0 0
17 . 0 0 0 0

6.11.76 65 80 0 0 0
33 0 0 0 0
2 20 0 0 0

7.12.76 67 50 0 0 0
27 50 0 0 0
6 0 0 0 0
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Appendix 1.8 Percentages of total ciliate numbers recorded in
the 3 size elasscs<50)lm (top), 50-150)lm (middle) and >150 )lm
(bottom)• Site 13

Depth (em) Depth (cm)
~ C\I ~ .::t \D ~ N ~ .... \0-Date ~ I I ~ j Date ~ t t t J~ C\I 'I'"" C\I ~

,15. 1.75 86 80 74 100 100 13. 1.76 70 63 91 67 0
14 20 26 0 0 13 25 0 33 0
0 0 0 0 .0 17 12 9 0 0

11. 2.75' 93 71 88 88 87 11. 2.76 69 75 90 100 0
7 29 6 6 7 14 21 10 0 0
0 0 6 6 6 17 1+ 0 0 0

12. 3.75 95 89 77 100 100 12. 3.76 64 79 93 100 0
3 11 23 0 0 30 21 7 0 0
2 0 0 0 0 6 0 0 0 0

16. 4.75 84 96 100 100 100 20. 4.76' 68 86 89 100 0
16 4 o 0 0 25 14 11 0 0
0 0 0 0 0 7 0 0 o· 0

14. :5.75 91 100 100 82 0 11. 5.76 75 68 82 0 0
9 0 0 18 0 22 29 18 0 0
0 0 0 0 0 3 3 0 0 0

,4. 6.75 73 95 100 0 0 21. 5.76 75 88 79 0 0
19 5 0 0 0 21 12 21 0 0
8 0 0 0 0 4 0 0 0 0

18. 6.75' 88 77 100 0 0 28. 6.76 83 87 0 0 0
12 15 0 0 0 17 13 0 0 0
0 8 0 0 0 0 0 0 0 0

15. 7.75 73 80 0 0 0 7. 7.76 76 82 59 0 0
20 20 0 0 0 22 9 50 0 0
7 0 0 0 0 2 9 0 0 0

24. 7.75 74 64 71 0 0 28. 7.76 60 85 100 0 0
21 27 29 0 0 25 15 0 0 0
5 9 0 0 0 15 0 0 0 0

18. 8.75 14 79 90 0 0 6. 8.76 74 83 0 0 0
73 21 10 0 0 13 17 0 0 0
13 0 0 0 0 13 0 0 0 0

1. 9.75 39 100 0 0 0 17. 8.76 64 61 40 0 0
24 0 0 0 0 24 33 60 0 0
37 0 0 0 0 12 6 0 0 0

22. 9.75 54 73 83 0 0 10. 9.76 73 82100 0 .0
11 17 11 0 0 25 18 0 0 0
35 10 6 0 0 2 0 0 0 0

8.10.75 78 91 77 83 0 28. 9.76 48 71 63 0 0
7 2 12 14 0 25 29 37 0 0

14 7 11 13 0 27 0 0 0 0

~-------------------------
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13.10.76 69 65 50 0 0
22 29 50 0 0
9 6 0 0 0

9.11.76 58 50 100 0 0
27 40 0 0 0
15 10 0 0 0

21.12.76 67 100 0 0 0
33 0 0 0 0
0 0 0 0 0

I

Omitted data for 1975 :

3.11.75 66 82 100 100 0
23 11 '0 0 0
11 7 0 0 0

8.12.75 85 77 100 0 0
15 19 0 0 0
0 4 0 0 0
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Appendix 1.9 Percentages of total ciliate numbers recorded Ln

the 3 size classes <50}U~ (top), 50-150 pm (middle) and >150 pm
(bottom) • Site C.

-
Depth (cm) Depth (cm)

r C\J tt'\ ... \D r C\J tt'\ .:t \D-Date ~ I I I j Date I I I I .J.r C\I tf\ 0 r C\I tf\

20. 1.75 74 81 100 0 0 9.10.75 77 75 0 0 0
26 19 0 0 0 22 16 0 0 0
0 0 0 0 0 1 9 0 0 0

19. 2.75 70 80 100 100 0 10.11.75 75 81 69 71 0
30 20 0 0 0 18 19 31 29 0
0 0 0 0 0 7 0 0 0 0

19. 3.75 82 100 100 0 0 10.12.75 90 92 100 0 0
18 0 0 0 0 10 8 0 0 0
0 0 0 0 0 0 0 0 0 0

23. 4.75 80 83 83 100 0 14. 1.76 92 93 100 0 0
20 17 17 0 0 4 7 0 0 0
0 0 0 0 0 4 0 0 0 0

20. 5.75 87 0 0 0 0 12. 2.76 89 80 100 0 0
13 0 0 0 0 11 20 0 0 0
0 0 0 0 0 0 0 0 0 0

7. 6.75 94 100 0 0 0 18. 3.76 80 100 0 0 0
6 0 0 0 0 15 0 0 0 0
0 0 ,0 0 0 5 0 0 0 0

23. 6.75 72 100 0 0 0 21. 4.76 86 87 0 0 0
13 0 0 0 0 14 13 0 0 0
15 0 0 0 0 0 0 0 o. 0

17. 7.75 70 100 0 0 0 12. 5.76 77 100 0 0 0
13 0 0 0 0 23 0 0 0 0
17 0 0 0 0 0 0 0 0 0

25. 7.75 58 0 0 0 0 zs, 5.76 80 100 0 o. 0
10 0 0 0 0 17 0 0 0 0
32 0 0 0 0 3 0 0 0 0

25. 8.75 89 0 0 0 0 29. 6.76 78 '60 0 0 0
11 0 0 0 0 19 40 0 0 0
0 0 0 0 0 3 0 0 0 0

4. 9.75 84 100 0 0 0 9. 7.76 56 75 0 0 0
6 0 0 0 0 29 25 0 0 0

10 0 0 0 0 15 0 0 0 0

30. 9.75 75 60 0 0 0 29. 7.76 67 20 0 0 0
25 40 0 0 0 31 80 0 0 0
0 0 0 0 0 3 0 0 0 0

......---------------_. ----------
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Appendix ".9 (cont , )

9. 8.76 57 100 0 0 0
16 0 0 0 0
27 0 0 0 0

18. 8.76 51 34 0 0 0
10 33 100 0 0
39 33 0 0 0

12. 9.76 80 80 67 0 0
14 20 33 0 0
6 0 0 0 0

29. 9.76 86 76 50 0 0
10 21 50 0 0
4 3 0 0 0

14.10.76 85 93 100 0 0
10 7 0 0 0
5 0 0 0 0

11.11.76 80 87 100 0 0
18 7 0 0 0
2 6 0 0 0
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•Appendix 1.10 Numbers of viable heterotrophic bacteria
recorded at all depths in the sediment from the 3 sites
in 19750 All values are the means of 10 plate counts.

,,-'

Depth (cm) .

Date Site 0-1 1-2 2-3 3-4 4-6 Sum ! 95% c.l.
4. 2.75 A 11~.6 .122.9 48.2 33.r; 16.1 332.4 +30.8
4. 3.75 A 67.5 59.6 30.2 15.4 20.3 193.0 !29.6
9. 4.75 A 75.2 63.8 65.0 16.1 16.3 236.4 !32.5
7. 5.75 A 75.2 87.2 63.8 33.2 9.79 269.2 +39.6

11. 6.75 A 50.1 48.0 40.4 23.8 6.19 168.5 +26.9
9. 7.75 A ·168.7 158.9 90.8 71.2 17.1 505.7 +35.0

11. 8.75 A 130.5 151.0 173.3 132.2 57.6 644.6 +46.7
17. 9.75 A 74.2 . 44.9 39.5 22.3 10.3 191.2 +20.5
27.10.75 A 67.8 60.4 -42.9 15.6 9.20 195.9 :!16.3
16.12.75 A 65.1 68.8 95.6 29.9 9.25 268.7 !25.7

-: ..

11. 2.75 B 5.01 4.80 3.78 ·3.22 2.77 19.6 +3.98
12. 3.75 B 2.73 5.03 3.12 3.78 3.38 18.9 +1.85
16. 4.75 B 12.1 6.61 6.44 5.42 2.84 33.4 +7.47
14. 5.75 B 3.01 3.42 1.88 2.87 2.46 13.6 +3.43
15. 7.75 B 6.05 5.64 3.10 1.75 2.11 18.7 +4.64
18. 8.75 B 16.8 3.72 3.17 2.07 1.14 26.9 +6.23·
22. 9.75 B 8.93 8.23 ,7.38 3.59 2.24 ·30.4 +3.95
3.11.75 B 3.75 4.80 4.13 1.69 1.51 15.8 +3.62
8.12.75 B 8.40 6.30' 3.89 3.43 2.59 24.6 !:4.45 I

19. 2.75 c 7.19 4.24 2.93 1.32 1.01 . 16.7 +3.08
19. 3.75 c 6.38 3.81 3.17 4.25 1.34 19.0 +5.56
23. 4.75 c 8.33 4.74 1.89 .1.64 1.43 17.9 +4.53
20. 5.75 c 6.31 1.50 1.01 1.84 0.80 11.5 +2.42
23. 6.75 c 16.3 3.81 3.21 .,4.32 1.19 28.8 +4.17
17. '7.75 C 5.86 3.44 3.64 1.51 0.78 15.2 +4.00
25. 8.75 c 8.65 2.20 1.77 1.76 2.05 16.4 +3.56
30. 9.75 c 6.38 4.41 1.88 2.09 1.89 16.7 +3.63
10.11.75 c 11.8 8.80 5.15 4.94 2.18 32.9 +5.47
10.12.75 c 11.1 5.18 5.62 4.65 3.60 30.2 !5.,~2

• -6-3All values are x 10 bacterin em sediment.
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Appendix 1.11 Amounts of chlorophyll a and phaeophytin
extracted from the sediment at site A. All values are )lg g-1
sediment.

Depth (cm)

Date 0-1 1-2 2-3 3-4 4-6
3. 3075 1.09 0.53 0.75 0.50 0.17 chl, a

3.97 8.26 7.13 3.50 1.18 phaeo
0.27 0.06 0.11 0.14 0.14 ratio

12. 4.75 1.21 0.98 0.90 0.23 0.15
1.65 2.92 3.17 2.63 1.09
0.74 0033 0.28 0.09 0.14

11. 5.75 0.96 0.92 0.54 0.34 0.36
3.01 5.49 3.65 2.90 2.21
0032 0.17 0.15 0.12 0.16

130 6.75 1.72 0.84 0.73 0.50 0.33
2.74 2.99 3.12 2.55 1.73
0.63 0.28 0.23 0.20 0.19

100 7.75 1.89 0.85 0.36 0.82 0.00
3.10 3.17 3.45 3.59 2.25
0.61 0.27 0.10 0.23 0.00 .

12. 8.75 2.49 1.14 0.63 0.30 0.02
2.25 2.62 2.65 2.10 0.74
1.12 0.44 0.24 0.14 0.03

21. 9.75 2.58 1.24 1.02 0.5~ 0.68
3.36 2.93 2.69 1.98 1.75
0.77 0.42 0038 0.25 0.39 .

29.10.75 2•.44 1.06 0.53 0.46 0.44
4.15 3.16 2.55 2.38 1.46
0.59 0.33 0.21 0.19 0.30

5. 1.76 2.20 2.48 2.34 0.68 0.51
3.71 3.94 3.61 2.56 1.78
0.60 0.63 0.65 0.27 0.29



Appendix 1."i2Amounts of "chlorophyll a. and phaeophytin

extraoted from t.he sediment at site B. All values are pg g-1
sediment

Depth (cm)

Date 0-1 1-2 2-3 3-4 4-6
28. 2.75 4.33 5.45 6.-61 6.90 2.73 chl a

6..85 7.80 '9.86 10.56 5.54 phaeo

0.63 0.'70 0..67 0065 0.49 ratio

21. 4.75 3·.18 4.0,4 3.44 3.19 1.42
4.10 5.34 4.82 5.15 2.03
0.78 0.76 O~71 0.62 0.70

18. 5.75 3.56 4.34 4.24 3.91 2.89
4.46 5.44 5.85 5.09 2.81
0.80 0.80 0.72 0.77 1.03

17. 6.75 3.01 4.28 3.52 2.77 1.42
4.40 5.96 4.93 4.18 1.67
0.68 0.72 0.71 0.66 0.85

19. 7.75 3.71 3..52 4.16 .2.67 1.75
4.02 4.b2 4.35 3.62 2.39
0.92 0.76 . 0.96 0.74 0.73

20~ 8.75 £.29 3.80 3.97 3.71 2.16
8.42 5.51 5.71 4.26 4~84
0.7.5 0.'84 0.70 0.87 0.45

.24. 9.75 4.16 4.?2 4.17 2.98 1.91
4.42 5.'09 4.71 4.49 2.91
0.94 0.9-4 0.8'8 0.66 0.65

5.11.75 4.58 5.47 6.01 5.10 2.92
7.66 B.05 B.15 4.41 3.00
{}.50 0.,68 <c.?4 1.16 0.97

7. 1.76 5.02 5.:06 4.74 3.56 2.16
7.51 6.17 6.21 5.95 3.87
0067 0.82 0.76 0.60 0.56
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Appendix 1.13 Amounts of chlorophyll a and phaeophytin
extracted from the sediment at site C. All values are pg g-1
sediment.

Depth (cm)

Date 0-1 1-2 2-3 3-4 4-6
11. 3.75 1.03 0.65 0.95 0.39 0.31 chI a

'4.51 2.89 3.50 3025 'i.94 phaeo
0.23 0.22 0.27 0.12 0.16 ratio

26. 4.75' 0.66 0.65 0.45 0.50 0.26
2.89 1.45 1.87 1.81 0.77
0.23 0.45 0.24 0.27 0.34

24. 5.75 1.44 0.89 0.42 0.38 0.32
4.99 3.16 1.44 1.40 1.27
0.29 0.28 0.29 0.27 0,26

21. 7.75 1.04 0.80 0045 0.48 0.43
3.70 2082 1.63 1.92 2.08
0.28 0.28 0.28 0.25 0.21

27. 8.75 2.50 0.90 0.64 0.76 0.43
4.29 3.16 2.73 2.83 1.74

,0.58 0.28 0.23 0.27 0.25
2.10.75 2.07 1.29 1.05 0.47 0.78

4.84 2.62 2.64 2.57 2.98
0.43 0.49 0.40 0.18 0.26

13.11.75 2.02 1.37 0.81 . 0.56 0.86
2.98 2.94 2.49 2.29 3.02 .
0.68 0.47 0.33 0.25 0.29

8. 1.76 0.87 1.04 1.24 1.13 1.11
6.14 4.73 3.37 2.98 3.80
0.14 0.22 0.37 0.38 0.29
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Appendix 1.11• Potentials recorded from a sulphide i'on ~l'eetl"'od'e

, at successive depths in the sediment at site A.V:alu'eB ",eN only
recorded when Eh ~ 0 mV.All recorded potentials are ....mV'O

Date

9. 1.754. 2.75
4. 3.75
9. 4.75
7. 5.75
2. 6.75

11. 6.75
9. 7.75

23. 7.75
11. 8.75
31. 8.75
17. 9.75
7.10.75

27.10.75
25.11.75
16.12075

120 1.76
10. 2.76
11. 3.76
15. 4.76
10. 5.76
24. 6.76
27. 7.76
16. 8.76
9. 9. ?,6

12.10.76
6011.76
7.12.76

Depth (Gm)

11\ 11\ 0 11\ 0 11\ 0 11'\ 0 U\ 0 U'\ e
• 0 • • .. .. • • • • • .. ..
~ 0 0 r r (\J C\J ~ ~ ~ ~ 111\ 111\ \l)

I 242 240 24, 233

25 70 90 135 145 158 177 208 206 205 204
53 80 285 270 298 315 315 315 310 305 }oS

42 50 152 192290 350 361 370382 390
160 205 250 325 360 395399 402 ·408415 423 440

160 260 335 440 431 425'430 456 457 457459
t~O 240 365 400 431 465 475 11,82488 495 492 490

52 95 172190 200 258318324 330 361·390
20 82 140 200 251 263 275 328 349 371

242 351 '415 401'402 393 393 392
230265 310390440444 450.468 485 488

11 20 35 58 90 100 112 121 130
120 131 140 143 148 151

15 19 30 32

5 20 30 40 55 60 65
65 80 90 95 100,100 105 105 110 110

5 15 17 20 22 28 30
175 170 160 150 140 125 180 205205 210 210

130 150 170 190 2061~0 180 170,170 170 170 170
70'78 95 115 128 128 128 128

• 290 310 338 365 390 390 390 390'
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Appendix 1.15 Potentials recorded from a sulphide ion electrode
at successive depthB in the sediment at site B. Values were only
recorded when Eh ~OmV. All recorded potentials are -mV.

DB.te Depth (cm)

lI\•
~ o

lI\ 0• •o r

lI\ 0• •r N

lI\ 0 lI\ 0 lI\ 0 lI\ 0• • • • • • • • •N t(\. t(\ .::t .::t lI\ lI\ \0

15. 1..75
11. 2.75
12. 3.75
16. 4.75
14. 5.75
4. 6.75

18. 6.75
15. 7.75
24. 7.75
18. 8.75
1. 9.75

22. 9.75
8.10.75
3.11.75
8.12.75

495 505 509 512 511 510 510 510 511 512
5 520 518 520 521 52.2 521 521 521 520

498 505 510 510 512 512 512
490 522 530 535 538 538 539 540 540 540 540

280 542 542 540 538 538 531 536 539 540 540 541
519 519 512 512 513512 510510 510 510

530 535 532 531 531 528 525 528 530 527 527 528
520 529 524 522 521 518 514 512 510 505 503 502

486 500 522 522 522 517 511 508 504 502 500
518 523 528 528 527 526

522 521 521
175 200 228 298 350

13. 1.76
11. 2.76
12. 3.76
20. 4.76
11. 5.76
28. 6.76
28. 7.76
17. 8.76
10. 9.76
13.10.76
9.11.76

21.12.76

2 55 100 180 270 375
128 178 235 340 463

260 395 525 528 531 534 537 537 537 537 538 538
525 532 538 540 541 541 541 541

420 510 515 530 555 560 560560 560 560 560 560
270 380 470 500 520 525 530 533 535 536 537 538

610 6'10 610 605 605 590 570 555 540
280300 316 335 350 345 342 340 339 338 335 330
295 340 385 420 450 450 460 460 470 472 470485
470 480 482 482 482 482 483 '+84 485.485 487 488
110 300 410 460 482 485 485 482 482 482 '480 480
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Appendix 1.16 Potentials recorded from aaulphide ion electrode
at successive depths depths in theaediment at site C. Values were
only recorded when Eh ,,0 mV. All potentials are -mV.

Date Depth (cm)

It\ It\ 0 It\ . 0 11\ 0 11\ 0 U'\ 0 U'\ 0• • • • • .. .. .. .. • • • •(-! 0 0 ~ ~ N N '!'\ .!'\ ~ ..::t U'\ U'\ \0
-f'

20. 1.75
19. 2.75
19. 3.75
23. 4.75
20. 5.75
7. 6.75

23.6.75
17. 7.75
25. 7.75
25. 8.75
4. 9.75

300 9.75
9.10.75

10.11075
10.12575

340 380 460
80120 160 210 240 240 331

402 445469 460445 430 390 455
30 40 42 50 52 60 60. ·60 60 65 65 68

.166 191250 261270 28'1293 298310 330 358 390

14.5195 310 349 312 405442 430425 422 425 ~30
350 490 500 498 4.95498 501 501 502 499 499 500

'02 120 '35158194 209 228

14. 1.76
12. 2.76
18. 3.76
21. 4.76
12. 5.76
29. 6.76
29. 7·.76
18. 8.76
12. 9.76
14.10.76
11.1.1.76

160 18.5210 2·45:280.290 Y10 315 320 3lfO 350 370
228 2:30230 2110245 <5'92.60263 265 268 270
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Appendix 1.17 The pH of the water overlying the sediment
(+0.5 cm) and of successive depth frllctions in the sediment
at site A.

Depth (cm)

Date +0.5 0-1 1·.2 2-3 3-4 4-6
9. 1.75 7.2 7.2 7.4 7.6 7.45 7.4
4. 2.75 7.2 7.25 ~ 7.3 7.3 7.157.25
4. 3.75 8.2 7.15 7.1 7.0; 7.15 7.05
J. 4.75 7065 7.15 7.1 7.1 7.15 7.2
7. 5.75 7.6 7.05 7.05 7.1 7.15 7.2
2. 6.75 7.4 7.2 7.2 7.3 7.25 7.3
11. 6.75 7.9 7.1 7.2 7.2 7.25 7.75
9. 7.75 7.25 6.75 6.8 7.0 7.05 7.25

23. 7.75 8.4 6.95 6.8 6.95 7.05 7.25
11. 8.75 8.05 6.75 6.75 6.8 6.9 7.0
31. 8.75 7.25 7.05 7.0 7.1 7.2 7.7
17. 9.75 7.3 6.9 6.95 7.0 7.1 7.2
7.10.75 7.25 7.05 7.0 7.0 7.05 7.3

27.10.75 7.05 7.0. 7.05 .7.05 7.15 7.2
2,5.11.75 6.9 6.9 7.05 7.2 7.2 7.95
16.12.75 6.8 6.7 6.8 6.9 6.95 7.2

12. 1.76 7.05 6.75 6.8 6.85 6.95 7.1
10, 2.76 7.'1 6.75 6.8 6.9 6.95 7.0
11. 3.76 7.2 6.95 7.05 7.1 7.1 7.2
150 4076 7.7 7.0 7.05 7.1 7.15 7.2
100 5.76 7.25 7.15 7.1 7.0 7.05 7.1
24. 6.76 7.15 7.0 7.05 7.05 7.1 7.15
27. 7.76 6.9 6.5 6.7 6.8 6.9 7.05
16. 8.76 8.6 6.6 6.75 6.75 6.85 6.95
9. 9.76 7.0 6.7 6.8 6.85 7.0 .'7.05

12.10.76 7.15 6.9 6.9 6.8 6.9 6.95
6.11.76 6.95 ,6.8 6.9 6.9 6.9 6.95
7.12.76 6.9 6.7 6.75 6.8 6.95 6.95

Range 6.8 6.5 6.7 6.8 6.9' 6.95- - - - - -8.6 7.25 7.4 7.6 7.45 7.95
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'Appendix 1.18 The pH of'the water overlying the sediment
(+0.5 em) and of successive depth !raeUons in the sediment
at site B.

Depth (em)

Date +0.5 0-1 1-2 2-3 ' 3-4 4-6
15. 1.7" 702 7.1 7.0 6.9 6.75 6.6
11. 2.7:; 7.2 7.0 6.9 6.85 6.7 6.75
12. 3.,75 7.25 6.75 6.8 6.8 6.8 6.8
1C. 4.75 7.45 6.9 6.8 6.9 6.8 6.8
14. 5.75 7.3 6.9 6.9 6.95 1'.95 6.9
.4. 6075 7.25 1.3 7.0 6.9 6.9 6.8
18. 6.75 7.3, 6.85 6.75 6.85 6.85 6.85
15. 7.75 7.6 6.95 6~9 6.9 6.85 6.8
24. 7.75 8.3 6.7 6.6 6.6 6.55 6.5
18. 8.75 8.45 602 6.1 6.2 .6.4 6.6
1. 9.75 806 6.95 6.85 6.75 So? 6.7

22. 9.75 7.25 6.9 6.9 6.75 6.6 6.55
8.10.75 7.3 6.85 6.9 6.9 6.9 6.9
3.11.75 7.0 6.8 6.85 6.85 6~8 6.7
8.12.75 7.1 6;7 6.8 6.7 6.65 6.6

13. 1076 7.0 6.7 6.65 6.65 6.6 6.7
11. 2.76 7.2 6.6 6.7 6.7 6.75 6.65
120 3.76 7.6 6.85 6.9 6.92 6.85 6.8
200 4.76 7.45 6.95 6.95 6.9 6.9 6.85
110 5.76 7.4 6·95 6.95 6.95 6.9 6.9
28. ·6.76 7.15 7.0 6.9 6.95 6.95 6.&5
28. 7.76 7035 7.0 ' 6.9 6.8 6.75 6.65
17. 8.76 7.55 6.95 6.7 6,,75 6.75 6.75
10. 9.76 8.7 7.1 7.0 6.8 6.75 6~65 .
13·10.76 7.2 6.8 6.8 6.75 6.6 6.5
9.11.76 7.1 6.8 6.7 6.7 6.7 607

21.12.76 7.05 6.7 6.5 6.5 6.3 6.2

Range 7.0 6.2 6.1 6.2 6.3 6.2- - - - - -8.7 7.1 7.0 6.95 6.95 6.9
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Appendix 1.19' The pH of the water overlying the sediment
(+0.5 em) and of successive depth fractions in the sediment
at site C.

--

Depth (cm)

Date +0.5 0-1 1-2 2-3 3-4 4-6
200 1.75 7.2 7.05 ' 7.15 7.0 6.95 7.2
19. 2.7:; 7.45 6.75 6.8 6.85 6.85 6.85
19. 3.75 7.45 6.85 7.05 6.95 6.95 6.95
23. 4,,75 7.25 6.9 6.9 6.9 6.85 6.85
20. 5.75 7.2 7.1 7.1 7.1 7.05 . 7.0
7. 6.75 7.3 ,6.95 7.0 6.95 . 6.95 6.9

23. 6.75 6.9 6.8 6.8 6.8 6.8 6.8
17.'7.75 7.2 6.95 6.9 6.85 6.8 6.8
25. 7.75 8.5 7.0 6.95 6.85 6.85. 6.8
25. 8.75 8.25 6.95 6.9 6.9 .6.9 6.85
4. 9.75 8.9 7.15 7.05 ·7.0 7.0 6.85

30. 9.75 703 6.95 6.9 6.9 7'.0 6.95
9.10.75 7.2 6.9 6.95 6.95 7.0 7.0

10.11.75 7.1 6.65 6.7 6.75 6.8 6.85
10.12.75 7.15 6.65 6.65 6.65 6.75 6.85

.'
,

140 1.76 7.1 6.55 '6.6 6.65 6.7 6.75
12. 2076 7.2 6.8 6.75 6.8 6.8 6.8
18. 3.76 7.25 6.65 6.6 6.6 6.65 6.8
21. 4.76 7.1 6.85 6.95 6.95 6.95 6.95
12. 5.76 7.0 7.0 6;95 6.95 6.9 6.85
29. 6.76 6.85 6.9 7.0 7.05 7.0 '6.9
29. 7.76 6.95 6.85 6.9 6.9 6.9 6.9
18. 8.76 7.2 6.95 6.9. 6.9 6.9 6.85
120 9.76 8.55 7.2 7.0 6.85 6.9 6.8
14.10.76 7.35 7.0 7.05 7.0 7.0 6.95
11 11.76 7.35 7.0 7.0 7.0 6.9 6.85.

Range 6.85 6.55 6.6 6.6 6.65 6.75
... - - - . - -8.9 7.2, 7.15 7.1 7.05 7.2
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,Appendix1.20 O2flux measuredat successive depths in the sediment
;atsite A. Thevalues listed are the currents recorded ( )lA) which

( -2 -1)may be ~onverted to O2 flux ng em min by multiplying the
~urrent by 9.011 (aee t~xt).

Date Depth (cm)

~ ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0• ••••••••••••~ 0 0 ~ ~ N N ~ ~ ~ ~ ~ ~ ~

r--------------------------------------------------- ..---
9.. 1·.7510.1 6.0 4.2 4.0 4.0 3.9 3.9 3.8 3.8 3.8 3.6 3.5 3.2 3.2
·4.. 2,.75 9.6 5.4 409 4.8 4.1 4.0 3.6 3.5 3.2 3.1 3.0 2.9 3.0 3.0
4.. 3,.7513.9 7.9 4.5 4.1 3.7 3.7 3.9 3.9 3.9 3.8 3.8 3.8 3.8 3.8
9.. ,4..75 '11.1 9.9 4.8 4.2 3.9 3.6 3. 1 2.9 2.9 2. 7 2.6 2.6 2.6 2.6
'7.. 5.75 11.1 4.0 2.5 2.0 1.8 1.3 1.3 1.3 1.1 1.1 1.1 1.1 1.1 1.0
.2..·6,.7510.1 3•4 3•0 2.5 2.0 1.8 1.7 1.6 1.5 1.5 1.5 1.5 1.5 1.5
11.. 6..75 14.1 4.4 2.8 1.6 107 1.8 1.8 1.8 1.6 1.5 1.51.5 1.5 1.6
·9.. '7..75.12.8 1+.0 3.1 2.7 2.3 2.2 2.0 1.9 1.8 1.7 1.7 1.6 1.6 1.6
.23,.7.7512.83.7 2.9 2.4 2.2 2. 1 2. 1 2.0 2.0 1.9 1.9 1.9 1.9 1.9
11,.8 ..7510.03.8 3.0 2.7 2.5 2.2 2.1 2.1 2.0 1.9 1.9 1.9 1.9 1.9
31... 8.7.5 '10.23.6 2.9 2.4 2.0 1.9 1.9 1.9 1.8 1.8 1.8 1.8 1.8 1.8
17. 9.75 5.8 2.1 1.9 1.7 1.6 1.5 1.5 1.4 1.4 1.4 1.3 1.3 1.3 1.2
7.10..7513.8 5.8 4.5 4.0 3.5 3.1 2.8 2.6 2.4 2.3 2.1 2.1 2.1 z.o
.27.10.7510..94.6 3.2 2.8 2.3 2.0 1.8 1.7 1.7 1.6 1.5 1.7 2.0 2.0
25.11.7511.45.1 L~.1 3.2 2.8 2.5 2.3 2.0 2.0 2.0 2.0 1.9 1.9 1.9
16.12.75 '14.0.5.1 4.4 4.0 3.7 3.5 3.3 3.1 3.0 3.0 2.9 2.9 2.9 2.9

12. 1."7615.•5 5.8 3.5 2.5 2.2 2.0 2.0 1.9 1.9 2.0 2.0 2.0 2.0 2.0
10.2.76 14.7 5.9 5.3 4.7 4.3 4.0 3.7 3.4 3.2 3.0 2.8 2.7 2.6 2.5
11. 3.?-6 13,.3 4.9 4.0 3.5 3.0 2.6 2.3 2.2 2.2 2.1 2.1 2.1 2.0 2.0
1.5. 4.76 13.1 5.0 3.6 3.2 2.9 2.7 2.5 2.4 2.3 2. 1 2.0 2.0 1.9 1.9
10.. .5.7.612.14.0 3.6 3.3 3.0 2.8 2.5 2.3 2.2 2.1 2.1 2.0 2.0 2.0
24. £..'7611.8 4.0 3.6 3.3 3.0 2.9 2.8 2.8 2.7 2.5 2.4 2.3 2.2 2.1
27. 7.76 11..8 3.1 2.6 2.1 2.1 2.0 2.0 2.0 2.0 2.•0 2.0 2.0 2.0 2.0
16. ~B.7£11..9 4.23.8 3.3 3.2 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
9. 9."76 7.9 3.8 3.0 2.7 2.4 2.3 2.2 2.2 2.1 2.1 2.0 2.0 2.0 2.0

: 1.2.10.76 .,o,5 .5.1 4.0 3.2 2.9 2.6 2.4 2.3 2.2 2. 1 2. 1 2.0 2.0 1•9
6.11.76 13.5 5.6 4.2 4.0 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8
7.1.2.7.612.5 5.•4 4.2 3.8 3.4 3.1 2.9 2.8 2.8 2.7 2.6 2.6 2.5 2.5
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Appendix1.21 02 flux measured atsuecessi:ve :depths .in'the
sediment at site B. 'l.'he values l.istedare 'the'Currents re'e'orded

( ;..2 -'1
( )lA) which may be converted to O2 .fluxJllg 'cm - lmin ) by

multiplying the current by 9.011 (.see text)

Depth (cm)
~ ~ 0 ~ 0 ~ c m c m 0 ~ 0. ...........-o 0 0 r r N N ~ ~ ~ # ~ ~ ~~------~+~------------------------~~~--------~.15. 1.?5 11.1 5.3 3.9 3.5 3.2 3.1 .s,o 3·.0},.o 2.B 2.6 2.-62..6 2..6

11, 2.75 11.7 8.8 4.6 4.3 4.1 4.0 4.04~04.04.0 3.'93.9 3.93.8
12. 3.75 11.9 5.1 4.8 4.4 4.1 400 3.9 3.8 3.8 3.8 3.9 3.8 3.8 3..9
16, 4.75 12.3 5.1 3.2 3.0 2.8 2.7 2.4 2.2 ,2.22.1 2.12 ..1 2..? 3.3
140 5.75 10.9 4.7 3.1 2.9 2.7 2.62.5 2..52.5 2.7249 2..9 2.9 2.9
4. 6.75 12.8 5.8 5.5 3.2 3.2 3.1 3.1 3.0 2..9 2.8 2..'62..4 2.0 1...5

18. 6075 10.2 5.2 3.9 3.9 3.9 3.9 3.9 4.0 4.0 4.04.'0 4.0 4.0 4..0
15. 7.75 11.4 5.03.3 3.0 3.0 3.0 3.03.0 ,.0 3.1 3.1 3.1 3..1 3.1
2!t.7.75 3.3 1.6 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1..2 1.2 1.21 ..21.2
18. 8.75 14.2 6.0 3.3 3.2 3.3 3.4 3.4 3.4 '.3 3.2 3.4 4.0 4.0 4,0
1. 9.75 12.5 4.5 3.7 3.5 3.13.1 3.1 3.1 3.2 3..2 3.2 3.2 3.2 3.2

22. 9.75 7.0 3.1 2.3 2.1 2.1 2.0 2.02.0.2.02.02.1 2.1 2.2 2.4
8.10.75 11.3 5.0 4.2 4.1 4.1 4~0 3.9 3.8 3.7·3.7 3.7 3.7 3,6 3.6
3.11.'75 9,0 5.1 5.0 409 4.3 4.0 3.9 3.7 3.£ 3.5 3.5 3.5 3.5 3.5
8.12.75 13.3 5.2 ,4.33.9 3.6 3•.5 3.4 3.4 3.4 3.4 3.4 3.4 3.5 3·5

Date

13. 1.76 13.8 5.1 3.9 3.7 3.7 3.8 3.B 3.9 '.9 4.0 4.0 4.0 4.1 4.1
11. 2.?6 11.8 8.? 4.0 3.4 3.3 3.2 3.2 3.1 3.1 3.1 3..1 3.1 3.1 3.1
12. 3.76 10.9 9.4 4.1 3.9 3.8 3.6 3•.5 3,4,., ,.2 3.2 ,.1 3.0 3.0
20. 4.76 8.0 3.8 2.8 2.8 2.8 2.8 2.B 2.e 2.9 2.9 2.9 3.0 3.0 3.0

,11. 5.76 12.8 5.0 4.0 3.8 3.6 3.6 3.7 3.8 4.0 4.0 4.0 4.1 4.1 4.1
28.6.76 10.8 3.7 3.4 3.5 3•.6 3.63.7 3.B3.B 3.93.93.93.9 3.9
28. ??6 12.1 4.4 3.8 ,.6 3.8 3.9 ~~2 4., ~.5 4.5 4.6 4.7 4.7 4.8
17. 8.7.6 10.8 4.0 3.2 3.2 3.2 3.2 3.3 3.3 3.4 3.4 3.5 3.5 3.6 3.6
10. 9.76 12.6 4.8 3.4 3.2 3.1 3.1 3.0 3.0 2.9 2.7 2.6 2.5 2.4 2~3
13.10.76 11.5 3.6 3.0 3.0 3.0 3.1 3.1 3.2 3.3 3.43 ..4~3.53.5 3.6
9.11.76 9.7 4.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 3.<03.i)"",.\O 3.0 3..0

21.12.76 10.0 6.9 4.1 4.~ 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4..1
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Appendix 1.22 O2 flux measured at successive depths in the sediment

at site C. 'rhe values listed are the currents recorded ( )lA) which
( -2. -1) .may be converted to O2 flux ng c.m man by multiplying the

current by 9.011 (see text).

Date Depth (cm)

~ ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0• ••••••••••••
~ 0 0 r r N N ~ ~ ~ ~ ~ ~ ~

20. 1.75 11.4 7.9 4.2 3.8,3.1 300 2.9 2.9 2..8 2.8 2.6 2.6'2.5 2.3
19. 2.75 11.8 7.5 4.3 4.0 2.8 2.6 2.4 2.3 2.3 2.2 2.1 2.1 2.0 2.0
19. 3.75 10.9 7.9 4.0 3.1 2.8 2.6 2.5 2.2 2.2 2.1 2.1 2.1 2.1 2.1
23. 4.75 10.8 4.7 3.5 3.2 3.0 2.9 2.8 2.6 2.5 2.5 2.4 2.4 2.3 2.2
20. 5.75 8.5 3.9 2.8 2.1 1.9 1.7 1.6 1.5 1.4 1.3 1.3 1.3.1.3 1.2
7. 6.75 11.0 4.8 2.7 1.9 1.9 1.9 1.9 1.8 1.7 1.7 1.7 1.7 1.6 1.5

23. 6.75 7.9 4.0 5.5 2.9 2.7 2.42.4 2.4 2.:32.3 2.3 2.32.3 2.3
17. 7.75 5.5 3.0 2.2 1.8 1.8 1.7 1.7 1.6 1.6 1.5 1.5 1.5 1.5 1.5
25. 7.75 13.0 4.~ 3.8 3.1 2.9 2.6 2.4 2.2 2.2 2.2 2.0 2.0 2~O 2.0
25. 8.75 9.9 3.3 2.8 2.0 1.9 1.9 1.9 1.8 1.8 1.7 1.6 1.7 1.8 1.9
4. 9.75 11.2 4.2 3.0 2.8 2.3 2.2 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1

30. 9.75 12.0 5.3 4.9 4.3 4.1 3.9 3.5 3.1 3.0 2.8 2.5 2.2 2.1 2.0
9.10.75 12.0 5.6 4.5 3.9 3.5 3.2 3.0 2.9 2.5 2.2 2.1 2.0 1.9 1.9

10.11.75 14.0 6.1 5.4 5.3 5.35.3 5.3 5.2 5.2 5.1 5.1 5.0 5.0 5.0
10.12.75 14.4 6.8 5.3 5.0 4.8 4.6 4.3 4.2 4.1 4.0 3.9 3.8 3.5 3.2

14. 1i76 11.4 6.9 3.8 3.5 3.3 3.2 3.1 3.0 3.0 2.9 2.9 2.8 2.8 2.8
12. 2.76 12.0 9.9 5.2 4.3 4.2 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.5
18. 3.76 13.6 9.8 4.9 4.6 4.3 4.2 4.1 4.1 4.0 4.0 4.0 4.0 4.0 4.0
21. 4.76 7.8 3.6 3.0 3.0 2.9 2.9 2.9 2.9 2.9 2.9 2.8 2.8 2.7 2.7
12. 5.76 10.0 5.3 4.9 4.7 4.5 4.2 3.9 3.5 3.23.13.0 2.9 2.8 2.7
29. 6,,76 2.1 1.9 1.8 1.7 1.5 1.3 1.31.3 1.3 1.3 1.3 1.3 1.3 1.3
29. 7.76 6.0 3.0 2.8 2.7 2.5 2.4 2.3 2.2 2.1 2.1 2.1 2.1 2.1 2.1
18. 8.76 6.5 3.3 2.3 2.1 2.0 109 1.9 1.8 1.8 1.7 1.7 1.7 1.6 1.6
12. 9.76 13.0 4.9 4.0 3.7 3.5 3.0 2.8 2.6 2.4 2.2 2.1 2.0 1.9 1.8
14.~0.76 12~3 4.2 3.4 3.1 2.8 2.5 2.2 2.1 2.1 2.0 2.0 2.0 1.9 1.9
11.11.76 6.2 4.1 2.2 2.2 2.2 2.2 2.1 2.1 2.1 2.0 2.0 1.9 1.9 1.9
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Appendix 1.33 A note on thr: calcul:ationof the .percentage variation
accounted :for bye. :regression.------------------------------------------------------------

The percentage variation accounted :forQY the Y'e.gression of x on y ia

SSreg---';;:";:..Q_-- '. 100
SS + .SS

reg res

where SS is the sum-of-squareadue:to ·the .regression and SS ia thereg res
residual sum-of-squares (not accounted'fo:r:'Qy the regression).

Also, since b . b = r2yx.xy (Parker, 1973)

wbere byx is the regression coeffic:ient o:f:y 'upon :x and bxy is the
regression coefficient of x upon :y and r :is the 'correlation coefficient,

2and since r • 100 is the percfmtage 'v.ariatinnaccounted for by the correlation
of x and y •

b) 100
XJ'

is numerically equivalent to :

SSreg---';;:";:..Q_-- •
SS + SSreg res
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---------~--__.."'--------.-~---~~~-----Appendix 2.1 Complete Ii.;"!;of species identified fron. the sediment
in Airthrey Loch. The list also includes species found Ln sediment
dilutions (with sterile 80il extract medium or sterile CPS) "maintained
in the laboratory.

CLASS CILIATEA
Sub - Class Holotrichia
Order Gymnostomatida
Sub - Order Rhabdophorina
Family Colepidae

Col~Pb hirtus Nitzch
Coleps bicuspis Noland
Coleps tessalatus Kahl

Family Enchelyidae

Enchelys simplex Kahl
Lacrymaria ap,
Lacrymaria (aciformis 1)

Prorodon teres Ehrenberg
Prorodon ap,
Urotricha farcta Claparede & Lachmann
Chaenia spo
Ileonema ciliata Roux

Fwnily Amnhileptidae

Hemiophrys bivacuolata f. ~saprobica Kahl
Hemiophrys sp.
Litonotus fasciolaEhrenberg
Litonotus hirundo Kahl
Litonotus sp.
Loxophyllum meleagris Dujardin
Loxophyllum niemeccense Kahl

Family Didinidae

Didinium nasutum Muller
Mesodinium acarus Stein
Mesodinium sp.
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Family Tracheliidae

Dileptus sp. (lacazei 1)

Famj '.yLoxodidae

Loxodes striatus Penard
Loxodes vorax Stokes
Loxodes rostrum Kahl

Family Spathidiidae

Spathidium sp.
Homalozoon vermiculare Stokes

Family Metacystidae

Metacystis tessalata Kahl

Sub - Order Cyrtophorina
Family Chlamydodontidae

Chilodonella cucullulus Muller
Chilodonella uncinata Ehrenberg
Chilodonella. sp.

Family Nassulidae

Nassula aurea Ehrenberg
Cyclogramma trichocyst:i.s Stokes~ .

Order Trichostomatida
Family Colpodidae

Colpoda steini Maupas

Family Plagiopylidae

Plagiopyla nasuta Stein

Order Hymenostomatida
Sub - Order Tetrahymenina
Family Cohnilembidae

Uronema marinum Dujardin
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Family Tetrahymenidae

Tetrahymena pyriformis Ehrenberg
Loxocephalus plagius Stokes
Colpidium campylum Stokes
Glaucoma scintillans Ehrenberg

Unassigned tet.rahymenf.nehymenostomes sensu CorliLs (1961)

Dexiotrichides centralis Stokes
Lembadion magnum Stokes
Platynematum sociale Penard

Sub - Order Peniculina
Family Parameciidae

Paramecium aurelia Ehrenberg
Paramecium caudatum Ehrenberg
Paramecium bursaria Ehrenberg

Family Cinetochilidae

Cinetochilum margaritaceum Perty

Family Urocentridae

Urocentrum turbo Muller

Family Frontoniidae

Front~nia leu cas Ehrenberg
nisematostoma tetraedica Faure-Fremiet

Sub - Order Pleuronematina
Family Pleuronematidae

C~clidium glaucoma Muller
CristegeJ:'apenardi Penard

I,
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Sub - Class Peritrichia
Order Peritrichida
Sub - Order Sessilina
Family Vorticellidae

Vorticella microstoma Ehrenberg
Vorticella campanula ~enberg

Sub - Class Spirotrichia
Order Heterotrichida
Family stentoridae

Stentor coeruleus Ehrenberg
Stentor polymorphus Muller
Stentor roeseli Ehrenberg

Family Gyrocorythidae (= Metopidae = Caenomorphidae)

MetoEus es Muller
MetoEus contortus Quenne:rstedt
MetoEu6 attenuatus Penard
MetoEus palaeformis f. ovalis Kahl
MetoEus curvatus Kahl
MetoEus undulans f. ovalis Kahl
MetoEus caudatus Da Cunha
MetoEus striatus McMurrich
MetoEus setifer Kahl
MetoEus sE.
Caenomol'pha lauterborni Kahl
CaenomorEha levanderi Kahl
Ludio parvulus KahI
Trochella mobilis Kahl
TroEidoatractu5 acuminatus LevQnder
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Family Spirostomatidae

S;eirostomum teres Claparede & Lachmann
SEirostomum minus Roux
S;eirostomum filum Ehrenberg
BleEharisma steini Kahl
Ble;eharisma sp.
~udobleEharisma crassum Kahl

Order Oligotrichida
Family Halteriidae

Halteriagrandinella Muller

Order Odontostomatida (= Ctenostomatida)
Family Discomor;ehellidae (= Discomorphidae)

Di&comorphella ;eectin~ Levander

Family Epalxellidae (= 2Palxidae)

Epalxella sPp.
Saprodinium spP.

Family ~trlestomidae
Mylestoma uncinata Penard

Order Hypotrichida
Family Aspidiscidae

Aspidisca lynceus Ehrenberg
Aspidisca costata Dujardin

Family Euplotidae

~Elotes affinis Dujardin
Euplotes patella Muller

Familv Oxytrichidae
Tachysoma pellionella Muller
Uroleptus piscis Mutler
Urostyla gracilis yare sanguinea Entz sen.
Uro8oma cienkowski Kowalewski
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Appendix 2.2 'I'otalnumbers of ciliates recorded and species
distinguished in 50 x 5 )11 sediment dilution drops at site A.
Data have only been recorded for those depth fractions (cm) where
ciliates were present.

Date n.spp. n.ind. Depth Date ns app, n.ind. Denth.--
9. 1.75 9 41 0-1 12. 1.76 7 21 0-1

" 4 6 1-2 " 3 4 1-2
" 2 2 2-3

10. 2.76 6 10 0-1
4. 2.75 7 18 0-1 " 2 4 1....2

" 2 3 1-2
,11. 3.76 12 45 0-1

4. 3.75 11 28 0-1 " 3 5 1-2
9. 4.75 12 56 0-1 15. 4.76 11 31 0-1

" 2 2 1-2 " 2 3 1-2
7. 5.75 10 45 0-1 10. 5.76 8 22 0-1

" 1 2 1-2
2. 6.75 13 55 0-1

20. 5.76 5 33 0-1
11. 6.75 14 75 0-1

" 1 1 1-2 24. 6.76 14 60 0-1
9. 7.75 21 91 0-1 5. rl.76 20 90 0-1

23. 7.75 8 17 0-1 27. 7.76 25 977 0-1
u 2 2 1-2 " 2 21 1-2

11. 8.75 8 24 0-1 4. 8.76 17 128 0-1
" 5 11 1-2

31. 8.75 13 52 0-1
" 1 2 1-2 16. 8.76 20 1221 0-1

" 2 2 1-2
17. 9.75 13 47 0-1

9. 9.76 22 109 0-1
7.10.75 13 30 0-1

" 2 4 1-2 23. 9.76 20 112 0-1
" 4 4 1-2

27.10.75 9 11 0-1
" 1 1 1-2 12.10.76 1-7 60 0-1

" 5 6 1...2
25.11.75 8 19 0-1

6.11.76 17 66 0-1
16.12.75 9 16 0-1 " 3 5 1-2

" 2 2 1-2 I7.12.76 16 52 0-1 ~

" 4 4 1-2 ~
~
11
i!

~
)

~

ij
!!
f

.f,.
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Appendix 2.3 Total numbers of ciliates recorded and species
distinguished in 50 x 5 ~l sediment dilution drops at site B.
Data have only been recorded for those depth fractions (cm) where
ciliates were present.

--

Date n.spp. n.ind. Depth Date n.spp. n.ind. Depth
15. 1.75 12 59 0-1 1. 9.75 16 85 0-1

" 9 30 .1-2 " 3 14 1-2
" 3 10 2-3
" 2 ·8 3-4 22. 9.75 18 '71 0-1

" 2 8 4-6 " 1'7 64 1-2
" 10 18 2-3

11. 2.75 '7 30 0-1
" 5 22 1-2 8.10.75 23 61 0-1
" 5 17 2-3 " 15 45 1-2
" 4 16 3-4 " 11 26 2-3
" 5 15 4-6 " 5 12 3-4

12. 3.75 10 39 0-1 3.11.75 24 87 0-1
" '7 28 1-2 " 14 39 1-2
" 6 13 2-3 " 6 18 2-3
" 2 6 3-4 " 5 11 3-4
" 1 2 4-6

8.12.75 12 41 0-1
16. 4.75 10 49 0-1 " 11 27 1-2

" 5 25 1-2 " 3 10 2-3
" 3 11 2-3
" 3 22 3-4 13. 1.'76 15 47 0-1
" 6 12 4-6 " 9 16 1-2

" 5 12 2-3
14. 5.75 15 '70 0-1

" 4 26 1-2 11. 2.76 17 36 0-1
" 3 19 2-3 " 12 25 1-2
" 4 11 3-4 " \ 6 20 2-3

" 4 5 3-4
4. 6.75 16 79 0-1 ~

" 6 22 1-2 12. 3.76 20 73 0-1

" 3 5 2-3 " 9 24 1-2
" 5 14 2-3

18. 6.75 9 42 0-1 " 3 '3 3-4
" 7 13 1-2
" 3 5 2-3 20. 4.'76 16 60 0-1

.' " 7 28 1-2
15. 7.75 12 42 0-1 " 5 26 2-3

" 8 15 1-2 " 4 4 3-4
" 1 1 2-3

11. 5.76 20 106 0-1
24. 7.75 9 19 0-1 " 9 41 1-2

" 5 11 1-2 " 6 17 2-3
" 3 ., 2-3(

21. 5.76 16 '77 0-1
18. 8.75 20 386 0-1 " 8 17 1-2

" 8 19 1-2 " 5 14 2-3
" 4 10 2-3

~ --- ---- -- --- - _' ----- --------
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r------------------------------Appendix 2.3 (continued)

Dpte n.spp. ns i.nd , Depth Date n.spp. n.ind. Depth

28. 6.76 9 67 0-1 28. 9.76 25 121 0-1
" 6 15 1-2 " 8 21 1-2

It 7 8 2-3
7. 7.?6 13 116 0-1

" 7 11 1-2 13.10.76 21 60 0-1
" 4 4 2-3 " 8 17 1-2

" 5 8 2-3
28. 7.76 20 89 0-1

" 5 13 1-2 9.11.76 19 47 0-1
" 2 2 2-3 " 7 10 1-2

It 3 3 2-3
6. 8.76 18 61 0-1

" 4 6 1-2 21.12.76 5 6 0-1
" 5 6 1-2

17. 8.76 20 76 0-1
" 6 18 1-2
" 4 5 2-3

10. 9.76 16 52 0-1
" 6 17 1-2
" 3 8 2-3
" 1 1 3-4

I
I
I.
I,

·1

I

tr
II
I·'.~
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Appendix 2.4 Total numbers of ciliates recorded and species
distinguished in 50 x 5 pl sediment dilution drops at site C.
Data have only been recorded for those depth fractions (em) where
ciliates were present.

Date n.spp. n,indo Depth Date n.spp. ns Lnd , Depth
'-

20. 1.75 11 45 0-1 14. 1.76 7 24 0-1
" 4 16 '1-2 " 8 14 1-2
" 3 5 2-3 " 3 3 2-3

19. 2.75 8 27 0-1 12. 2.76 9 19 0:-1
" 3 15 1-2 " 5 5 1-2
" 2 4 2-3 " 3 3 2-3
" 2 3 3-4

18. 3.76 9 20 0-1
19. 3.75 12 45 0-1 II 5 6 1-2

" 6 12 1-2
" 2 4 2-3 21. 4.76 9 28 0-1

II 5 7 1-2
23. 4.75 10 25 0-1

" 4 6 1-2 12. 5.76 11 30 0-1
" 4 6 2-3 " 4 13 1-2
" 2 2 3-4

25. 5.76 9 31 0-'1
20. 5.75 6 23 0-1 " 2 3 1-2

7. 6.75 7 34 0-1 29. 6.76 12 36 0-1
" 3 10 1-2 II 4 5 1-2

23. 6.75 10 37 0-1 9. 7.76 16 45 0-1
" 1 6 1-2 " 7 12 1-2

17. 7.75 11 40 0-1 29. 7.76 13 36 0-1
" 3 4 1-2 " 4 5 1-2

25. 7.'15 13 S3 0-1 9. 8.76 15 37 0-1 I
'I

" 1 1 1-2 I
25. 8.75 13 37 0-1

18. 8.76 20 63 0-1
4. 9.75 11 31 0-1 " 4 6 1-2

" 2 4 1-2 !,

120 9.76 11 35 0-1 I
30. 9.75 8 12 0-1 " 5 15 1-2

1
" 6 10 1-2 " 3 3 2-3 I'

9.10.75 22 70 0-1 29. 9.76 13 50 0-1
" 10 12 1-2 " 7 29 1-2
" 1 1 2-3 " 2 2 2-3

10.11.75 13 40 0-1 14.10..76 13 67 0-1 i

" 7 16 1-2 " 5 14 1-2 I;
I'

" 6 13 2-3 " 2 3 2-3 II
!

" 4 7 3-4 !l11.11.76 12 50 0-1
10.12075 9 20 0-1 " 8 16 1-2 I'

" 8 12 1-·2 " 4 4 2-3 i:
4 4

1

, " 2-3 r(
l
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APPENDIX 3.1

Regressions used in the estimation of population production

and population respiration.

1) Linear reg":"essionsof log R (individual cell respiration in
-6 h-1) against log (ng dry ,..-eight)•pl02•l0 W

underlined re~ressions were those ohtained from experimental

data.

4°C log R :::: 0.86 + 0.20 log W
6°C 10g,R :::: 0.86 + 0.23 log w
8.Soe log R 0.89 + 0.27 log W
11°C log R :::: 0.86 + 0.33 log W
13°C log R :::: 0.86 + 0.38 log W
i s-c log R :::: 0.86 + 0.44 log W
l7.soe log R 0.92 + 0.43 log W
20°C 'log R :::: 0.96 + 0.42 log W
22°C log R :::: 1.01 + 0.42 log W

2} Linear regressions of log T (generati.)n time in hours against

log V (}lIn
3 cell volume)

Underlined regressions were those obtained from experimental

.data.

4°C log T = 0.37 log V + 0.52
6°C log T = 0.35 log V + 0.46
a.soe lo~ T -- 0.33 log V + 0.36
IPe log T = 0.30 log V + 0.30 'II

13°C log T :::: 0.30 log V + 0.18
15°C l~ T :::: 0.28 log V + 0.12
17.5°e log T :::: 0.30 log V - 0.09 I

20°C 102 T :::: 0.30 109: V - 0.24
22°C log T :::: 0.30 'log V - 0.36
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Note to Appendix 3.2

1) Period no. refers to the periods listed in the same sequence

in Appendices 3.4, 3.5, 3.6

2) an, bn, en refer to average numbers (n cm-2) of ciliates in

the three size classes « 50 pm, 50-150 pm, >150 pm)

in each period.

3) art br, er refer hI· t' . h fto our y respJ.ra lOll rate l.11 eac 0 the

three size classes in each period. The quantities
-6 -1 -2are pI O2 .10 h em •

.'
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APPENDIX 3.3

An example of the differences in estimated ciliate proplllation
production obtained using the methods of Zaika (1973) and that
reported in Kajak (1967)

Assuming that the population consisted of individuals all

with the same generation time (0.5days) and that the generation

times do not change throughout the period of study, the estimates

of production fer a hypothetical biomass changing with time are:

Day No. 1 2 3 4 5 6 7 8 9 10

Biomass 10 20 30 50 100 30 60 70 20 10

Diurnal prod. (Zaika) 14 28 42 69 139 42 83 97 28 14

Diurnal prod. (Kajak) 30 50 80 ISO 130 90 130 90· 30

The method of Zaika calculates production using single biomass

values and the generation time:

log 2especific production (C) = ------T (generation time)

specific production . biomass = production

In the example give, production = 1.386 x biomass.

The method of Kajak adopted in this study calculates production

between pairs of successive occasions for which biomass data are

available:

p = I
T

t

where BO and Bt are biomass values at the beginning and end of the

period concerned, T is generation time and t is the length of ~he

period. The method tends to give higher estimates of production

but it is less responsive to small-scale fluctuations illbiomass.
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Not~ to Appendices 3.4, 3.2 and 3.6

1) TOe = temperature in degrees cent i.gr-ade,

2) T (days) = generation time in days.

3) a, b and c refer to size classes <50 pm, 50-A50 ~m and >150 Fm

length respectively.

4) Biomass1 refers to biomass on the first date of the period

concerned.

Biomass2 refers to biomass on the second date of the period

concerned.

5) plB (a, b, c) is the ratio of diurnal production (p) to mean

biomass (B) for the size class concerned.

plB Sum is the ratio of diurnal production (Sum) to mean

total biomass for the period.

6) All biomass and production quantities are 1000's .)lm3wet

weight (= ng wet weight when s.g. = 1). A conversion of

20.15 J mg-1 has b d t d Th It' l' theen a op e. us, mu lp ylng ese

figures by 3.426 • 10-3 converts biomass and diurnal

-2 -2-1production to J cm and J cm day respectively.

, "
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APPENDIX 3.7

Relationships bet\'leenthe reproductive rate statistics used in
the text

When population graNth is exponential, the intrinsic rate uf

natural increase (r ) at any moment is proportional to them

population size (N) at that moment:

dN
dt = r Nm (1)

which integrates to:

(2)

where NO is the initial population size, Nt is the population

size at time t, and e is the base of natural logarithms. By

introducting a term A for the factor,by which a population

increases during each time unit (the 'finite rate of increase'),

equation (2) becomes: .

(3 )

when A = rm

The value of r can be calculated by taking natural logarith~sm

in equation (2):
r tmlog' N = loge NO + log (e )e t e

which reduces to:

loge Nt = log NO + r te m

(4 )

(5)

and can be rearranged to give:

r '"m
(6 )
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The net reproductive rate (RO) of an individual represents

its total reproduction during its generation time (Nt + TINt' .

where Nt is the number at time t and T is the generation time)

Equation (2) can be rearranged to give:

=
r tm
e (7)

and since generation time T is required for the population to

increase by the factor RO '

=
r t

eP'l (8)

Taking natural logarithms in equation (8):

log e r T
m

(9)

which rearranges to:

rm = (10)

And, since ciliated protozoa divide by binary fission, RO = 2.

Thus,

r =m
log 2e = Q.693

T
(11)

T
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