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ECOLOGY OF LAKE DISTRICT OSTRACODA

Roland N. Wood
ABSTRACT

Freshwater ostracods are potentially useful for environmental
monitoring and, since their calcified valves may be preserved in
lake sediments, are also valuable in palaeolimnological studies
of environmental pollution such as eutrophication and surface
water acidification.

To establish a data-base of ostracod ecology, biannual survey
work in 1989-1990 was performed in 75 lakes and tarns of a wide
range of physico-chemical characteristics in the Lake District in
Cumbria, ranging from large eutrophic lakes such as Windermere
and Ullswater to tiny, upland acidic tarns. pH ranged from 4.3
(Black Pool) to 8.0 (Browns Tarn). Littoral margin samples were
taken from all 75 sites and yielded 31 ostracod species, of which
8 were new to the Lake District fauna. The collection of multiple
littoral samples from two sites demonstrated that a single sample
produced an adequate faunal representation if it encompassed a
variety of microhabitats.

Statistical analysis, incorporating a multistage,
multivariate technique, has shown that 18 species make up over
99% of the data set, and that 5 species, Cypria ophthalmica,
Cyclocypris ovum, Metacypris cordata, Candona candida and
Cypridopsis vidua, dominate the community in 71% of the sites
containing ostracods, forming eight distinct assemblage groups.
No ostracods were found in 13 of the 75 sites, 11 of which were
acidic, having a pH of below 5.7.

Equations were derived to predict both species distribution
and diversity. Important predictors of community structures were
shown to be pH, [Ca] ?*, [Mg] ?*, substrate, lake size and
altitude. The equations were tested by further sampling of
additional sites in the Lake District. Predictions of total
species number and density generally provided an excellent fit to
the observed data, although individual species predictions were
poorer, especially in alkaline conditions. Substrate was not
included in the analysis, due to quantitative difficulties, but
this factor must be included in future predictive models as it
was shown to be an important parameter in determining
distribution.



Deep-water sampling was carried out in 6 lakes. 10 species
were collected, including Candona neglecta, which was absent in
the littoral samples. 9 species contributed to over 99% of the
data set, and 2, Cypria ophthalmica and Candona candida dominated
the community in 75% of the sites containing ostracods. Community
structure was predominantly determined by water depth (together
with the associated temperature effect) and substrate.

The sex ratio of Cyclocypris ovum was shown be biased towards
the female only at high alkalinities. Other species had sex
ratios biased towards the male or female, the values independent
of water quality.

Large, swimming ostracod species were absent in sites
containing fish. A series of laboratory experiments using three
species of Ostracoda, (Cypria ophthalmica, Cypricercus fuscatus,
and Eucypris virens), and a predator (Gasterosteus aculeatus)
correlated increasing ostracod size with an increased rate of
predation, suggesting that predation could limit ostracod
distribution.

From the results of principal component analysis, it was
concluded that the main characteristics that chemically
differentiate the sites are calcium, magnesium, hydrogen and
sodium ion concentrations. Toxicity tests were used to expose
selected species to a wide range of calcium, magnesium, sodium
and aluminium concentrations, at both neutral and acidic pH
levels. Aluminium was selected as it has been highlighted as a
major factor in the toxicity of acid waters. All species
tolerated a wider spectrum of ionic concentrations than those in
which they were recorded in the field, although the order of
species survival in the experiments was similar to that found in
the Lake District. It is suggested that whilst adult Ostracoda do
not suffer from the acute toxicity of pH or aluminium, they may

be unable to successfully reproduce in harsh environmental
conditions.

The waters of the English Lake District are not particularly
species-rich due primarily to low alkalinity and low levels of
dissolved cations, but also because they are cold. Only in small,
ion-enriched pools is ostracod density sufficiently high to
warrant their consideration as important detritivorous
contributors in the cycling of nutrients. The Lake District fauna

is compared with those recorded in other parts of Britain and
Europe.
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CHAPTER 1 - INTRODUCTION.

1.1 - PURPOSE OF THE PROJECT

In terms of local abundance and distribution, the Ostracoda
are an important freshwater group which have received
insufficient study and have been almost ignored in limnological
studies.

Fossil Ostracoda may record historical changes in the water
chemistry of lakes and other waterbodies, both in terms of
species diversity and in the chemical composition of their
bivalved carapaces. Ostracods have been shown to incorporate
minerals into their valves when they moult (Turpen & Angell,
1971), the subsequent valve composition reflecting the water
quality at that time. As non-marine Ostracoda differ in their
environmental requirements (Lowndes, 1952; Neale, 1964; Hiller,
1972; Fryer & Forshaw, 1979; Janz, 1983; Martens & Dumont, 1984;
Fryer, 1985; Scharf, 1988; Benzie, 1989), both live and fossil
ostracods may be used as indices of environmental parameters. To
gain knowledge of the environmental requirements of these
organisms, the tolerances of individual species must be
evaluated.

Initially, the concept of this study involved description of
the relationships between the distribution of both individual
ostracod species and communities and water quality, with special
reference to acidity. This was intended for the construction of a

data-base for using Ostracoda as indicators of surface-water



acidification due to ‘acid rain’. However, as the study
progressed, it became apparent that ostracods were usually absent
from acidic waters, hence their value as environmental indicators
of acidity was limited. Freshwater Ostracoda have a more limited
pH range than diatoms, the most commonly used group for
palaeolimnological interpretation, which include acidophilous
(acid water) species. However, the data from this study did
indicate that ostracods were useful as indicators of other
aspects of water quality.

Originally, it was intended to investigate three main
topics, with reference to acidity.

1) To survey the ecology and distribution of the ostracod
fauna within one geographical region.

2) To assess the range of tolerance of selected species to
hydrogen and metal ion concentrations in laboratory cultures.

3) To assess the relationship of valve chemical composition
to water chemistry in selected species by use of high-resolution
plasma atomic emission spectrometry. This was to have been
carried out in the manner described by Chivas et al (1986), De
Deckker & Forester (1988) and Carbonel & Farmer (1990), and would
use specimens obtained from controlled laboratory cultures as
well as those collected from the field.

As the focus of the project began to shift away from the
acid rain phenomenon, certain aspects of the ecology and
distribution of ostracods began to receive greater attention than

initially intended. Consequently, the study of valve chemistry



(topic 3) was omitted from the project in favour of spending more
time and effort on topics 1) and 2). However, the subject of
valve chemistry in relation to environmental variables is still

very important and should be studied further.
1.2 - THESIS ORGANISATION

The thesis is arranged as follows:

Chapter One introduces the Ostracoda and the topics to be
studied. Chapter Two describes the choice of sampling sites and
the techniques used in the field. Following on from this, Chapter
Three is the first to describe the results of the survey. Here,
the sites are classified and the ostracod communities discussed.
Chapter Four describes the water chemistry of the Lake District,
whilst Chapter Five describes in detail the environmental
parameters determining the distribution of individual species in
the sample area, and generates a series of predictions describing
ostracod abundance based on these parameters. Chapter Six tests
the predictions generated in the previous chapter on a new set of
data taken from the same geographical region. The next two
chapters, 7 and 8, describe important features of the life-cycles
of selected species, namely ontogeny, population dynamics and sex
ratios. Chapters 9 and 10 examine factors thought to be
potentially important in the distribution of Ostracoda, those of
predation by fish, and the influence of water chemistry. The
thesis is concluded in Chapter Eleven with a final discussion.

Acknowledgements, a full bibliography of the literature cited,



and the Appendices are also presented.
1.3 ACID RAIN

The combustion of fossil fuels such as coal and oil for the
production of both electricity and heat leads to the emission of
large quantities of gaseous sulphur and nitrogen oxide compounds
into the environment. These gases dissolve in the atmospheric
water vapour to create weak sulphuric and nitric acids which may
return to earth via wet deposition in rain or snow, or dry
deposition of dust, resulting in acid precipitation.

Since the Industrial Revolution, acid deposition has greatly
increased in several areas of northern and western Europe. The
Scandinavian countries have been particularly badly affected.
Pollutants originating from the industrial European areas are
carried by the prevailing southerly winds, to be deposited in the
form of acid rain in Sweden, Norway and Finland. By 1982, total
sulphur dioxide emissions amounted to 145.5 million tons per
annum in the northern hemisphere, and 5.5 million tons per annum
in the southern hemisphere (Baum, 1982), more than 90% of this
arising from anthropogenic origin. The precipitation of acids has
numerous environmental consequences. Increased atmospheric
acidity may corrode brickwork and limestone, destroy fabric and
paper, and causes the fading of dyes (Hultberg, 1983). It reduces
the growth of rooted plants, and is a likely cause of the
reduction (and in some cases disappearance) of lichen and

Cantharella in parts of western and northern Europe. One of the



major problems, however, concerns the acidification of
watercourses, a phenomenon which may have dire consequences for
the biota.

Certain areas are more susceptible to acidification than
others. Oligotrophic (nutrient-poor) lakes located in relatively
small basins, with bedrock composed of hard, base-poor granitic
material resistant to weathering, and situated in sparsely
vegetated areas with little soil development are susceptible to
acidification, and indeed are often naturally acidic (Welch &
Chamberlain, 1981). In these areas, where there is little or no
soil through which acid precipitation may be buffered, the lake
water chemistry is directly controlled by that of the rain. As
rain water is naturally acidic, often around pH 5.6 (Welch &
Chamberlain, 1981), the lake begins to acidify and any
buffering capacity (e.g., bicarbonate) in the water is reduced,
lowering the pH. Acidic precipitation causes changes in
freshwater chemistry by increasing mobilisation of heavy metals
in soil, rocks and sediments (Muniz, 1981). These are
subsequently leached by drainage and enter surface and ground
water. Elevated concentrations of aluminium, cadmium, lead,
manganese, zinc, copper and nickel have all been frequently
observed in acidified lakes (Muniz, 1981).

Previous work has concentrated on the toxic effects of
aluminium, especially in fish (for review, see Muniz,1983).

Toxicity appears to vary with ionic speciation, the toxic form



being the inorganic hydroxide Al(OH) %* or Al(OH),*. Presence of
the hydroxide ion itself is determined by pH, the 2* ion
occurring around pH 5. When mortality occurs at pH 4 or lower, it
is the hydrogen ion which is the toxic agent, rather than the
aluminium ion which is in the non-toxic ** form at this acidity.
It is the combination of elevated metal toxin levels and
acidified waters that creates the effects that result from acidic

precipitation.

1.4 - EFFECTS ON THE ECOSYSTEM.

r——

Acidified lakes are often characterised by extensive blankets

of Sphagnum mosses and filamentous algae, flora which relish a

bicarbonate~free medium (Muniz, 1983). Their growth is also aided
by acidification reducing both density and diversity of
zooplankton and grazing benthic invertebrates (Leivestad et al,
1976; Muniz, 1981; 1983). Dense Sphagnum beds in themselves
create poor benthic habitats, acting as nutrient traps
interfering with the sediment-water interface, and forming a poor
nursery ground for juvenile fish (Muniz, 1983). The whole process
creates an impoverished fauna, leading to reduced productivity
and lake metabolism. This may be termed an ‘acido-
oligotrophication’ (Grahn et al, 1974). This impoverishment
subsequently creates a decline in the fish fauna (through the
break in the food chain), although the acidity itself has been

shown to directly affect fish. Over 15,000 Swedish lakes had been



severely acidified by 1978 (Baum, 1982), causing a decline of the
salmonid fisheries. The elevated toxic levels of aluminium
created by increased acidity cause mucus to clog the gills,
lowering the oxygen tension in the blood to lethal levels (Muniz

& Leivestad,1980), hence causing respiratory failure and death.

1.5 - PATAEOLIMNOLOGY.

Lake sediments can provide a chronological history of
previous events. The study of the environmental history of lakes
as recorded in their sediments is known as palaeolimnology. The
microfossils contained within the sediment may provide detailed
indications of past environmental conditions, especially if they
show intra-group variability with respect to water quality.
Cladocera (Alhonen, 1970; Nilssen & Sandoy, 1990), Chydoridae,
Chrysophytes (Smol et al, 1984; Cronberg, 1990; Charles, 1990)
and Chironomidae (Renberg et al, 1990) display such a quality but
have only been sparsely studied, whilst the bulk of the work has
been focused on diatoms, the siliceous frustules (outer-cases) of
which are readily preserved in the sediment. Diatoms have been
studied extensively, the emphasis of the work being on the
reconstruction of the pH history of the waterbody. Several
techniques distribute the diatom taxa along acid-alkali
categories of pH tolerance (Hustedt, 1937-9; Nygaard, 1956;
Merilainen, 1967; Davis & Berge, 1980; Renberg & Hellberg, 1982;
Battarbee, 1986). pH reconstructions using fossilised material

are then based on regression models which are calibrated with



large data sets that relate diatoms in the sediment to lake pH.
Regression coefficients may then be used to serve as transfer
functions to derive a diatom-inferred pH from deep core data
(Davies, 1987). This approach has produced important insights
into the chronological development of lake acidification.

At present, however, the diatom work seems to have a
limitation in that it yields little information on water quality
other than pH. Ideally, a palaeolimnological tool should give
details on all water quality parameters. In practice, no ideal
organism exists, but the Ostracoda have features that could make

them a more useful group than many others.

1.6 - INTRODUCTION TO THE OSTRACODA

The Ostracoda are a class or subclass of the Crustacea.
Ostracoda are small (0.03-3.0 cm) crustaceans that inhabit
almost all waterbodies, both marine and freshwater. The majority
of freshwater species are between 0.5 and 2.5mm.

1.61 - General Morphology

Ostracods possess a bivalved carapace which is often heavily
calcified, and encloses the body. The main rdle of the carapace
is to protect the limbs (appendages) of the animal, of which the
adult has six or seven pairs, plus in some groups, paired furcae.

As the carapace is an integral part of the exoskeleton, it is
moulted 7 or 8 times during the life cycle; a new carapace of
slightly different shape and larger size being formed and

calcified each time; the rest of the skeleton remains



unmineralised. Impregnation with layers of calcite occurs during
moulting and the consequent growth process (Benson, 1981), the
layers being separated by very thin sheets of chitin.
Undercalcification can lead to valves with thin walls, and this
often occurs when the aquatic environment has a low [Mg] 2* :
[Ca] ** ratio (Honigstein, 1986). Consequently, poorly calcified
or deformed carapaces may be found in harsh environmental
conditions (for example, acidity) where the ostracods suffer
physiological stress.

Turpen & Angell (1971), using radioactive tracers, showed
that calcium is incorporated directly into the valves from the
water after moulting. Calcium is not reabsorbed from the old
valves prior to the moult, nor is a major store of calcium built
up from other sources preparatory to moulting. It is here that
the potential of ostracods in assessing past water quality lies.
The valve chemistry should be a representation of the water
quality at the time of moulting, and hence, by valve analysis it
should be possible to estimate previous levels of calcium, and
certain other ions in the waterbody. Further studies (Chivas et
al, 1986; Carbonel & Farmer, 1990) using high-resolution plasma
atomic emission spectrometry, have shown that this is indeed the
case. Like many aquatic organisms, ostracods respond to changes
in their environment, and as their calcareous valves may be
fossilised in lake sediments, it is possible that they may be

useful indicators and recorders of environmental pollution,



especially acid rain.

1.62 - Ecology

Several factors have been shown to influence the distribution
of freshwater Ostracoda. These include both biotic and abiotic
parameters. Physical and chemical factors include temperature
(Neale, 1964; Martens, 1985), regional geography (Scharf, 1988;
Henderson, 1990), water quality (Lowndes, 1952; Hiller, 1972;
Pierre, 1973; Fryer & Forshaw, 1979; Janz, 1983), water depth
(Fox, 1967; Ranta, 1979; Kempf & Scharf, 1981), substrate
(Martens & Dumont, 1984; Benzie, 1989) and lake size (Fryer,
1985) . Among the biotic factors influencing ostracod distribution
are: macrophyte presence (Martens & Dumont, 1984; Benzie, 1989;
Meisch, 1990), predation by fish and invertebrates (Benzie, 1989;
Henderson, 1990) and inter-specific competition (Scharf, 1988)

Freshwater ostracods can exist in almost all environments,
from hot springs and hypersaline lakes to temporary pools and
even water-filled ruts formed by truck tyres (McClay, 1978). The
available abundance and diversity data indicate a preference for
soft sediment and macrophytes through which the animals may swim

(e.g. Cyclocypris) or burrow (e.g. Candona).

Ostracod feeding habits cover a wide spectrum ranging from
detritivores to filterers to predators (Liperovskaya, 1948). One

species, Cyprinotus incongruens, has been shown to kill young

fish when present in sufficiently high numbers (Liperovskaya,

1948) .

Reproduction may be sexual or parthenogenetic or both,

10



parthenogenesis being favoured by species inhabiting temporary
environments as the population may be established by a single
individual. Parthenogenetic species often develop and grow in the
winter, completing their life-cycle in under six months, and
producing drought-resistant eggs which will only hatch when the
site has refilled with water (McClay, 1978).

Previous research has indicated that acidic waters are
generally unsuitable for ostracods (Fryer, 1980). Klie (1938)
stated that ostracods are excluded from all waters with a pH of
less than 6, although it has since been shown that a few species
can tolerate lower levels (Fryer & Forshaw, 1979) and some may
exist where calcium levels are extremely low (less than 1 ppm) .
However, on the whole, the group is clearly intolerant of acidic
conditions.

Most studies concerning ostracod distribution have simply
related species presence to water quality at the time of sampling
(Lowndes, 1952; Hiller, 1972), while others have related the
size of the waterbody (Fryer, 1985) and regional geography
(Scharf, 1988) to species distribution. There has been little
attempt to relate a variety of environmental parameters to the

overall community structure.

1.7 = ATMS OF THE PROJECT.

i) The most important aim of this research is to improve
knowledge of the British ostracod fauna with particular reference

to the Lake District where no systematic study has ever been

11



undertaken.

ii) As both the chemical conditions tolerated by individual
species, and the influence of water chemistry on valve
chemistry and preservation are inadequately understood, the
intention of this study is to attempt to evaluate the influence
of water quality, especially acidity, on individual species, and
on the structure of the communities. This was to be achieved by
taking seasonal samples of ostracods from a large number of sites
of varying physico-chemical parameters, and statistically
relating both individual species abundance and community
diversity to specified environmental factors. The database is
then used to generate a series of predictions describing an
ostracod fauna at a site based on given physico-chemical data.
These predictions are then tested on a further data set to check
their validity within the study area. The ultimate aim of this
process is to allow the water chemistry at a site to be predicted
from the ostracod fauna.

iii) The field data are to be supplemented by laboratory
experiments assessing the range of tolerance to specific ions of
selected species found in the study area.

These three main areas of research should yield a clear
picture relating both individual species and community structure
to water quality and permit the calibration of certain species as
recorders (in their valve chemistry) of water quality. Once these
data are available, freshwater ostracods may then be applied to

pPalaeolimnological studies investigating environmental pollution,

12



and in particular, the problem of acid rain.

13



CHAPTER 2 - SAMPLING METHODS AND SPECIES LIST

2.1 - SUMMARY

The ostracod fauna of the Lake District, Cumbria was
surveyed. Seventy five lacustrine sites were selected on the
basis of size and water chemistry. The sites selected for
sampling ranged from tiny acidic bogland pools to (Lake)
Windermere, the largest natural waterbody in England. Biannual
marginal samples were taken from most sites, and deep-water
benthic samples, using a Jenkin surface-mud sampler were taken
from six lakes. Physico-chemical data were also recorded. At most
sites, one marginal sample of ostracods was taken on each visit.
For two sites, multiple samples were collected to assess whether
this single sample produced an adequate representation of the
ostracod fauna. It was concluded that a single sample was
sufficient if it included collections from the different marginal
microhabitats present.

32 species of Ostracoda were found, 8 of which were not
previously recorded in the Lake District, and including one
previously undescribed species. A full taxonomic list is

presented.
2.2 - AIMS OF THE FIELDWORK

The study aimed to identify the environmental
characteristics that determine the ostracod community in
northern temperate lakes. This was accomplished by sampling

14



ostracods from a wide range of waterbodies encompassing the
available spectrum of physico-chemical variables in one
geographical region.

Therefore, the fieldwork aimed to produce an extensive, as
opposed to intensive, sampling program resulting in the
formation of a large database quantifying ostracod faunas

within the study area.

2.3 - INTRODUCTION

2.31 - Choice of the Study Area

The Lake District in Cumbria was chosen for a number of
reasons.

1) It holds a large number of waterbodies which cover a wide
range of size and water chemistry, and for logistical purposes,
is within a reasonably confined area. It contains sites varying
from small acidic upland bog pools and rich eutrophic tarns to
long, deep oligotrophic lakes.

2) The choice was further supported by the long-established
presence of the Freshwater Biological Association / Institute
of Freshwater Ecology laboratories on Windermere. This has
resulted in a wealth of faunal (for bibliography, see Horne &
Horne, 1985), floral (Stokoe, 1983) and chemical (Carrick &
Sutcliffe, 1982) data, aiding site selection.

3) Little is known about the ostracod fauna of the Lake

District. Horne (1988) and Horne, Horne & Horne (1990) have

15



reviewed the literature and summarised previous records, and
updated the list of known species in the area. They made no

attempt to quantitatively relate the fauna to its environment.

2.32 - Physical Geography of the Study Area

Cumbria is situated in north-west England, bordering
the Irish sea south of the Scottish border. The following
account is based upon King (1976). The central Lake District
(Figure 2.1) consists of a series of glacially deepened river
valleys radiating from the central dome-shaped highland. This
central zone is formed of Lower Palaeozoic rocks ringed by
younger Permo-Triassic and Carboniferous strata. This creates
three distinct rock belts, the central Ordovician Borrowdale
Volcanic group, the northern Skiddaw Slates and the southern
Silurian grits and shales. Large granitic intrusions are found
particularly on the west side, and a narrow outcrop of
Ordovician Coniston Limestone lies between the Borrowdale
volcanics and Silurian rocks. In the north-east, east and
south, there are marginal areas of Carboniferous Limestone,
whilst on the coastal lands and the Cumberland plain in the

north are areas of Permo-Triassic sandstones and shales.

2.33 -~ Previous Work in the Lake District

Few published data on the ostracod fauna of the Lake

District exist, and most of the available information relates

16






to the planktonic, as opposed to the benthonic Crustacea. One

site, Blelham Tarn, which is very productive, has been

extensively studied by limnologists, there being a wealth of

data especially with respect to the diatoms and chironimids.
The earliest records of Ostracoda from the Lake

District are found in Brady (1868a), Cyclocypris laevis and

Cyclocypris ovum being identified from "pools in Ennerdale",

and Cypricercus obliquus recorded from Loughrigg Tarn.

Potamocypris villosa was added to the fauna in a separate

publication (Brady, 1868b) from moorland pools near Easedale
Tarn. Further records include Cyclocypris globosa from "pools
at the head of Easedale, Westmoreland", and Cypricercus

obliguus from High Cross Tarn (near Coniston) and Derwent

Water (Brady & Norman, 1889). In 1937, Holmes described a

new species, Pseudocandona elongata, from Windermere (North

Basin), together with Cryptocandona vavrai, Candona neglecta

and a single specimen of Cytherissa lacustris. Scourfield,

(1943) and Smyly (1968, 1973) both collected Cypria

ophthalmica, it being recorded in 13 out of 17 lakes sampled
(Smyly, 1968). In addition, sixteen other species are listed

by Horne (1990), which were found by occasional sampling from
1976-1988. A total of 38 species have now been recorded including

those found in this study (see Table 2.72).
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2.4 - STTE CHOICE WITHIN THE STUDY AREA

Carrick & Sutcliffe, (1982) list 200 static waterbodies in
the Lake District for which water chemistry data are available.
The sampling of all sites was not undertaken due to time
limitations and site similarity. Hence a subset of the Lake
District waterbodies had to be selected.

The majority of the waterbodies in the Lake District 1lie
on one of the three main regions of bedrock geology, the
Borrowdale Volcanics, Skiddaw Slates and the Silurian Slates.

A few lie on the smaller granitic intrusions and Carboniferous
rocks. However, some sites are on thick Quaternary deposits which
overlie the solid geology in these regions, for example

Esthwaite Water.

A total of five different types of bedrock are present, all
of which give rise to waterbodies of differing water chemistry
(Carrick & Sutcliffe, 1982). For the purpose of the initial
subdivision, all the known lotic sites were assigned to one of
these five groups. An initial desk study categorised water-
bodies on the basis of the underlying solid geology which made
the choice of sites an easier task. At this stage, it was thought
that physical lake size, (in terms of surface area) might affect
ostracod distribution, so the sites in each of the five separate
bedrock divisions were then further divided into size classes on
the basis of their surface area. The size divisions used were

identical for each bedrock group and were based on a logarithmic
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scale.

Table 2.41 - Size Class Definition

Size Class Size Range

More than 1.0 km ?

0.1 - 1.0 km 2

0.01 - 0.1 km ?

0.001 - 0.01 km ?

Less than 0.001 km 2

After listing all the waterbodies in each group, available
water chemistry data (Carrick & Sutcliffe, 1982) were analysed,
the intention being to select sites of variable size covering as
wide a range of water chemistries as possible. To do this,
factors directly related to the acidity of a lake were chosen,
namely pH, calcium concentration and alkalinity. These factors
were thought 1likely to affect ostracod distribution.

Variation in water chemistry within the Lake District
is partly controlled by the nature of the bedrock. For
example, many of the upland tarns in the central regions of
the Lake District are situated on acidic igneous rocks, resulting
in a pH of 5 or less and low concentrations of dissolved ions
such as calcium and magnesium (Carrick & Sutcliffe, 1988).
Conversely, in the Silurian slate region there are fewer
acidic sites as alkaline earth metal ions are at greater
concentrations in the water due to their proportions being

greater in the bedrock.
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Final site choice and quantity was restricted by a number
of factors. Firstly, due simply to the limited numbers of
certain size-class waterbodies with available chemical data,
(especially those in size classes A and E), all those with
available data had to be chosen as final sites. Within the three
remaining groups, B, D and E, factors such as site accessibility
and maximum chemical variation were critical in choice. It was
attempted to obtain similar numbers of sites within each of the
15 subdivisions for the 3 major bedrock areas and fewer numbers
for the other two regions, although this was difficult in the
Skiddaw slates region, where there are fewer waterbodies.

After detailed analysis, 75 sites were chosen for

sampling, and are shown in Table 2.42.

Table 2.42 - Distribution of Sample Sites in Terms of

Size and Bedrock

SIZE CLASS
GEOLOGY CLASS A B C D E TOTAL
NUMBERS

1. Borrowdale 3 6 5 6 5 25
volcanics

2. Skiddaw 5 4 4 2 2 17
slates

3. Silurian 4 4 6 3 5 22
slates

4. Carboniferous 0] 0 1 4 1 6
series

S. Igneous 0 0 3 2 0 5
intrusions
Total 12 14 19 17 13 75
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2.5 - SAMPLING METHODS

Biannual sampling was performed on 75 sites in Cumbria during
two visits in the winter (January-February, 1989, 1990) and two
in the summer (August-September 1989, August, 1990). This
sampling programme was chosen as many ostracod species are known
to exhibit different reproductive strategies and life-cycles and
therefore occur or reach peak populations at different times of
the year (Hoft, 1943; Ferguson, 1944). Nine of the upland acidic
sites were only sampled once during the summer period and not
during the winter. This was for two main reasons: none of these
sites yielded ostracods in the summer period when most species
reach their peak abundance, and also access to the upland sites
was virtually impossible and potentially dangerous in the harsh
weather conditions experienced in the Lake District in January.

The sampling sites are listed in Table 2.51. The values in

brackets correspond to the codes used in Table 2.42.
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22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

SITE.

ESTHWAITE WATER (A3)
WINDERMERE - S.BASIN
WINDERMERE - N.BASIN
CONISTON WATER (A3)
KILLINGTON RESERVOIR
BLELHAM TARN (B3)
TARN-HOWS TARN (B3)
POAKA BECK RESERVOIR (C3)
PENNINGTON RESERVOIR (B3)
BIGLAND TARN (C3)
WITHERSLACK HALL POND (C4)
RATHER HEATH TARN (C3)
HIGH DAM RESERVOIR (C3)
YEW TREE TARN (C1)
SKEGGLES WATER (C3)
KNITTLETON TARN A (C3)
MOSS-SIDE TARN (D4)
HOLEHIRD TARN (D3)

HIGH ARNSIDE TARN (D1)
GRIZEDALE TARN (D3)
KNITTLETON TARN B (D3)
CLAY POND (E3)

(A3)
(A3)

(B3)

BARROW PLANTATION TARN A (E3)
BARROW PLANTATION TARN B (E3)
BARROW PLANTATION TARN D (E3)
BARROW PLANTATION TARN Q (E3)

HAWESWATER (A1)

WAST WATER (Al)
THIRLMERE (A1)
GRASMERE (B1)
BROTHERSWATER (B1)
DEVOKE WATER (B1)
SEATHWAITE TARN (B1)
LEVERSWATER (B1)
BURNMOOR TARN (B1)
LOUGHRIGG TARN (C1)
LITTLEWATER TARN (C1)
WATENDLATH TARN (C1)
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NO.

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

Table 2.51 - List of the Sampling Sites

SITE.

BLEA TARN (C5)
PARKGATE TARN (C5)
LOW WATER (C1)

BROWN COVE TARN (D1)
TOSH TARN (D5)
DALEHEAD TARN (D1)
LILY TARN (D1)

SINEY TARN (D5)
BLACKBECK TARN (D1)
INNOMINATE TARN (D1)
WHITE MOSS TARN (E1)
HARD TARN (E1)

HOW TOP TARN (E1)
HAYSTACKS TARN A (E1)
HAYSTACKS TARN B (E1)
ULLSWATER (A2)
BASSENTHWAITE LAKE (A2)
DERWENT WATER (A2)
CRUMMOCK WATER (A2)
ENNERDALE WATER (A2)
LOWESWATER (B1)
BUTTERMERE (B2)
OVERWATER (B2)
ARLECDON TARN (B1)
MOCKERKIN TARN (C2)
LITTLE TARN (C2)
TEWET TARN (C5)
BLEABERRY TARN (C5)
FLOUTERN TARN (C2)
HIGH NOOK TARN (D2)
BROWNS TARN (D2)

HIGH STOCK POOL (D2)
PARSONBY TARN (D4)
MANESTY PARK TARN (E2)
BLACK POOL (E2)
SKELSMERGH TARN (D4)
BOO TARN (E4)



Further details of each site may be found in Appendix 14.2.

The position of these waterbodies sampled is shown in Figure

Sampling techniques were evaluated for maximum efficiency and
to gain experience by trial with several methods on sites in the
New Forest, Hampshire. Eventually, marginal samples from the
littoral zone were found to be most suitably collected by
scooping through the sediment with a plastic pot (of volume
791 cm *), taking a constant volume of material each time.

If several microhabitats were present in a small area, such
as a small growth of Potamogeton near a patch of sand, a total of
10 pots were taken from both areas to make up a sample for that
site. This regime of attempting to collect from the maximum
number of potential ostracod habitats maximised the chances of
collecting a representation of all the ostracod species living at
a particular site. It was attempted to take an equivalent volume
from each microhabitat within a sample area at a site so that the
relative proportions of each species would reflect those found in
the waterbody.

Although not truly quantitative, the samples taken at each
site were of similar volume and were collected by the same person
using the same technique, and so may be considered to represent
comparable semi-quantitative samples. Some deeper water benthic
sampling was also performed in the Lake District, using a Jenkin

Surface-Mud sampler, lowered by hand from a boat. Four replicate
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samples were combined from each sample site to minimise the
potential of one core misrepresenting the fauna at a site.

All samples were sieved in the field using a 50 um mesh

plankton net, immediately preserved in 30% alcohol and later
washed through a series of sieves (of mesh-size 1lmm / 250um /

125 um); ostracods retained on the sieves were picked out under a
binocular microscope and placed in standard micropalaeontological
microscope slides. Only whole carapaces containing appendages
(single valves and empty carapaces were ignored) were picked

wet from the sample using a pipette, as only these could be
considered alive at the time of sampling.

Dissection of the appendages was performed by use of
entomological pins mounted in pin chucks, according to the method
described by Henderson (1990). Initially, the ostracod was
placed in a drop of water and the valves removed and mounted
dry on a separate micropalaeontological slide. A small drop of
glycerol was then added to the body and the limbs teased apart
by use of the entomological pins. Polyvinyl lactophenol (PVL)
containing the stain methyl blue was then added and a cover
slip placed over the dissection. Identification was achieved on
using valve shape, ornament and appendage characteristics,
initially using the key of Henderson (1990) ; reference was made
to other publications (eg. Klie, 1938 and Meisch, 1985) when
necessary.

Water samples were collected simultaneously with the
faunal samples and were analysed for pH and major ion content
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at both the Institute of Freshwater Ecology, Windermere and
Central Electricity Research Laboratories, Fawley. The samples
were stored in washed plastic bottles at a temperature of 4 °C in
a refrigerator and were analysed within four months of sampling.
Field notes were taken at each site on other factors potentially
affecting ostracod community structure, such as macrophyte
availability, substrate type, fish presence and land use in the
catchment area.

At most margin sample sites only a single sample was
taken, from a region which was thought most likely to yield a
good ostracod assemblage, as the study was aimed at
recognising between-site variability. However, to test whether a
sample was representative of the marginal fauna of a particular
waterbody, multiple samples were taken from two sites, High Dam
Reservoir (Site 13) and Loughrigg Tarn (Site 36). At Loughrigg
Tarn, four margin samples were taken in both the winter and
summer from different microhabitats, and two deep-water samples
were collected using the Jenkin Surface-Mud sampler in August,
1989. At High Dam Reservoir, three margin samples were taken from
different microhabitats in both winter and summer. Maps of sample

areas within both sites are shown in Figures 2.3 and 2.4.

2.6 = SUMMARY OF RESULTS

The collections from the marginal sites yielded 141 samples

from 75 sites, and a total of 18,323 individual ostracods were
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picked, representing 32 species belonging to 15 different genera.
The summer samples were taken in August-September 1989, and
August 1990, while the winter samples were taken in January-
February, 1989, 1990. The species found account for over one-
third of the total British freshwater ostracod fauna, ten of
these being new records for the Lake District, and one,
Potamocypris sp. A (ranked 22) being a species new to Great
Britain (and possibly undescribed).

The multiple samples data taken at both High Dam Reservoir

(site 13) and Loughrigg Tarn (site 36) are shown in Table 2.61.

Table 2.61 - Ostracoda from Multiple Samples

HIGH DAM RESERVOIR
SAMPLING DATES : 13.1 - 30/1/89
13.2 - 21/8/89

FAUNA :
13.11 13.21 13.12 13.22 13.13 13.23

Metacypris cordata 0 1 0 0 0 0
Cyclocypris ovum 24 62 2 7 0 0
Candona candida 7 9 0 0 0 0
Candona reducta 19 20 0 0 0 0
Candona vavrai 27 4 0 0 0 0
Cypria ophthalmica 1 1 2 1 0 0
Cypridopsis vidua 1 24 1 4 2 4
Tot /species 6 7 3 3 1 1
Tot/no. 79 121 5 12 2 4
Tot/overall species 7

Samples 13.11/13.21 were taken from a small bay containing
soft sediment underneath a coniferous tree-lined bank, and the
substrate consisted of organic silt and leaves. Samples
13.12/13.22 were taken from sandy margins with a very small
amount of fine organic sediment, while samples 13.13/13.23 were
taken from exposed rocks and gravel where there was no organic
sediment or macrophyte.
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LOUGHRIGG TARN

SAMPLING DATES : 36.11 - 31/1/89
36.21-.24 - 21/8/89
36.32-.34 - 31/1/90

FAUNA .

.11 .21 .22 .32 .23 .33 .24 .34
Cypria ophthalmica 0 2 1 2 0 0 0 0o
Cypria exsculpta 0 45 8 1 0 0 0 0
Cyclocypris ovum 0 1 2 0 0 0 1 0
Cyclocypris globosa 0 0 2 0 49 235 0 6
Candona albicans 2 0 1 0 7 4 0 0
Candona candida 1 5 20 1 117 25 7 1
Candona rostrata 1 1 6 2 70 2 0 0
Paracandona euplectella 0 5 1 0] 4 0 2 0
Cypridopsis vidua 3 25 13 1 28 0 14 2
Metacypris cordata 9 163 236 17 316 6 47 0
Candona_ vavrai 0 0 0 0 0 12 0 0
Tot /species 5 8 10 6 7 6 5 3
Tot/no. 16 246 290 24 591 284 71 9
Tot/overall species 11

Samples 36.11/36.21 were taken from the N margin of the tarn,
amongst soft sediment, lilies and Elodea.

Samples 36.22/36.32 were taken from the NW corner, underneath
overhanging trees with very boggy margins, among soft sediment
and submerged macrophyte.

Samples 36.23/36.33 were taken half way along the W margin in
marshy bogland adjoining the reedmace-fringed margin of the lake.

Samples 36.24/36.34 were taken from the SW margin among a
small amount of organic material, set in discontinuous patches,
overlying a gravel base.

2.7 - Testing for Sample Completeness

The multiple samples from both Loughrigg Tarn and High Dam
Reservoir both show a similar pattern, in that they display the
importance of substrate in controlling ostracod abundance and
diversity. It appears that for the full species complement of a
site to be obtained, a sample should be collected from an area of

soft organic mud and silt, combined with rich macrophytic growth,
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if available.

The samples collected from High Dam Reservoir showed that
both an increased species diversity, and an increase in ostracod
density was recorded from samples 13.11 / 13.21, a region rich in
soft, organic sediment, compared to samples 13.12 / 13.22 and
13.13 / 13.23, areas dominated by sand, or gravel and rock. Only
swimming ostracod species were recorded at the latter two sites;

three, C. ophthalmica, €. ovum and C. vidua at 13.12 / 13.22, and

only C. vidua at 13.12 / 13.22. The four species absent from

these two sites, M. cordata, C. candida, C. reducta and C. vavrai

are all non-swimming species that burrow in soft sediment.
Therefore, it appears that their absence is due to the lack of a
suitable substrate.

The full species complement of 11 species was not collected
from any one site at Loughrigg Tarn, although 10 species were
collected from samples 36.22 / 36.32, from an area that seemed to
contain the greatest number of microhabitats available at the

site. Only Candona vavrai was absent from this area. The

dominance of Cyclocypris globosa in samples 36.23 / 36.33 is
attributable to the nature of the substrate. The samples were
collected from marshy bogland fringing the east margin of the
lake, and C. globosa has previously been shown to demonstrate a
preference for moorland marsh habitats (Fryer & Forshaw, 1979).
A distinctly lower species number was recorded from samples
36.24 / 36.34, an area with a predominately gravel bottom, the

non-swimming forms, with the exception of Metacypris cordata,
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being poorly represented. The density of M. cordata at Loughrigg

Tarn appears to be so great, that even in microhabitats where the

species might not be expected, it tends to occur, albeit in a

reduced capacity.

2.8 - Systematics

Figure 2.5 lists the full taxonomic nomenclature, following
the usage of Henderson (1990), of the species found.

Figure 2.5 - Ostracod Nomenclature.

PHYLUM
CLASS
SUB-CLASS
ORDER
SUBORDER

SUPERFAMILY
FAMILY
SUB-FAMILY

SUPERFAMILY
FAMILY
SUB-FAMILY

SUPERFAMILY
FAMILY
SUB-FAMILY

Arthropoda
Crustacea
Ostracoda
Podocopida
Podocopina

Cytheroidea

Limnocytheridae

Metacypridinae

Metacypris cordata (Brady & Norman, 1870)

Darwinuloidea
Darwinulidae
Darwinulinae
Darwinula stevensoni (Brady & Robertson, 1870)

Cypridoidea

Ilyocyprididae

Ilyocypridinae

Ilyocypris bradyi (Sars, 1890)
Ilyocypris decipiens (Masi, 1906)
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FAMILY
SUB-FAMILY

SUB-FAMILY

FAMILY
SUB-FAMILY

SUB-FAMILY

SUB-FAMILY

SUB-FAMILY

FAMILY
SUB-FAMILY

~ Candonidae
- Candoninae

Candona albicans (Brady, 1864)
Candona candida (Miiller, 1785)
Candona compressa (Koch, 1838)
Candona fabaeformis (Fischer, 1854)
Candona neglecta (Sars, 1887)
Candona pratensis (Hartwig, 1901)
Candona reducta (Alm, 1914)

Candona rostrata (Brady & Norman, 1889)

Candona 5111guosa (Brady, 1910)
Candona vavrai (Kaufman, 1900)

Candonopsis kingsleii (Brady & Robertson,
Paracandona euplectella (Brady & Norman,

Cyclocypridinae

Cypria exsculpta (Fischer, 1855)
Cypria ophthalmica (Jurine, 1820)
Cyclocypris globosa (Sars, 1863)
Cyclocypris laevis (Miiller, 1776)
Cyclocypris ovum (Jurine, 1820)
Cyclocypris serena (Koch, 1837)

Cyprididae
Notodromatinae
Notodromas monacha (Miller, 1776)

Cyprinotinae
Cyprinotus incongruens (Ramdohr, 1808)

Eucypridinae
Eucygris virens (Jurine, 1820)
ygrlcercus fuscatus (Jurine, 1820)

Cypricercus obligquus (Brady, 1868)

Herpetocypridinae
Herpetocypris chevreuxi (Sars, 1896)
Herpetocypris reptans (Baird, 1835)

Cypridopsidae

Cypridopsinae

Cypridopsis wvidua (Miller, 1776)
Potamocypris villosa (Jurine, 1820)

Potamocypris sp. A (?)

1870)

1889)

These species, and those previously found are shown in

Table 2.81.
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Table 2.81 - Summary of Lake District Ostracoda.

Species

Cytherissa lacustris
Metacypris cordata
Limnocythere inopinata
Darwinula stevensoni
Ilyocypris bradyii
Ilyocypris decipiens
Cypria exsculpta
Cypria ophthalmica
Cyclocypris globosa
Cyclocypris laevis

Cyclocypris ovum
Cyclocypris serena

Paracandona euplectella

Candona albicans
Candona candida
Candona compressa
Candona fabaeformis
Candona neglecta

Candona pratensis
Candona reducta

Candona rostrata

Candona siliquosa
Candona vavrai

Candonopsis kingsleii
Pseudocandona elongata
Notodromas monacha

Cyprinotus incongruens
Eucypris pigra
Eucypris virens
Cypricercus affinis
Cypricercus fuscatus
Cypricercus obliquus

Psychrodromas robertsoni
Herpetocypris chevreuxi

Herpetocypris reptans
Cypridopsis vidua
Potamocypris villosa
Potamocypris sp. A ?

A

B
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Brady (1868a)

Brady (1868b)

Brady & Norman (1889)
Holmes (1937)
Scourfield (1943)

Smyly (1968)

Smyly (1973)

Horne (1990)

K. Martens (pers. comm)
Present study.
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CHAPTER 3 - COMMUNITY ECOLOGY.

3.1 - SUMMARY

31 species of Ostracoda were collected from 141 margin
samples taken from 75 waterbodies. Multiple samples collected
from two sites demonstrated the efficiency of the chosen sampling
technique; as long as a sample was taken from an area
encompassing a number of microhabitats, the full species
complement for that site could be obtained.

Cypria ophthalmica was the most common species both in

overall density and number of sites from which it was recorded.
Three species made up almost 75% of the data set, and 18
contributed to over 99% of the total ostracods identified. One
species previously undescribed was recorded.

Hierarchical Classification Analysis classified 56 of the 75
sites into eight distinct assemblage groups, the diversity of
which were controlled by five dominant species. The community
structure of the remaining 19 sites was either dominated by a
species ranked lower than 5, or by no single species.

The deep-water samples yielded 10 species of Ostracoda,

again dominated by Cypria ophthalmica, which comprised over

50% of the number of individuals identified. Hierarchical
Classification Analysis showed community structure to be
determined more by water depth (together with the associated

temperature effect) and substrate, than by water chemistry.
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3.2 - AIMS OF THE CHAPTER

e —

The intention of this chapter is to classify the ostracod
communities collected in the Lake District, both marginal and
deep-water sites.

Comparable ecological studies involving large sets of data
(Green & Vascotto, 1978; Pitblado et _al, 1980) have made use of a
multistage, multivariate statistical approach for the analysis.
This procedure, which is utilized in the present study,
incorporates two major techniques, Hierarchical
Classification Analysis and Principal Component Analysis.

This chapter is divided into two sections. The first analyses
the results from the margin samples, all of which may be thought
of as being taken from the epilimnion, the upper, warmer,
isothermal water layer (Moss,1980). The second section analyses
the data from the deep-water samples, the majority of which were
derived from the hypolimnion, the cooler, denser water lying

beneath the epilimnion.

3.3 = OSTRACOD RELATIVE ABUNDANCE IN THE MARGIN SAMPLES

Table 3.31 represents the data obtained from the marginal
sampling in the Lake District. Of the 32 species collected, 31
were found in the margins. Candona neglecta was the exception,

being collected only from deep-water stations.
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Table 3.31 - Species Abundance in the Margin Samples

SPECIES RANK NO. SITE In. % TOTAL CUMUL

PRES. NUMBERS. % .
Cypria ophthalmica 1 5909 46 8.68 32.25 32.25
Cyclocypris ovum 2 4419 42 8.39 24.12 56.37
Metacypris cordata 3 3275 9 8.09 17.87 74.24
Candona candida 4 1332 44 7.19 7.27 81.51
Cypridopsis vidua 5 958 38 6.86 5.23 86.74
Cypria exsculpta 6 548 15 6.31 2.99 89.73
Cyclocypris serena 7 305 8 5.72 1.66 91.39
Potamocypris villosa 8 250 8 5.52 1.36 92.75
Cyclocypris laevis 9 246 11 5.51 1.34 94.09
Herpetocypris reptans 10 165 15 5.11 0.90 94.99
Cypricercus obliquus 11 158 9 5.06 0.86 95.85
Candona fabaeformis 12 112 3 4.72 0.61 96.46
Candona reducta 13 104 5 4.64 0.57 97.03
Candona rostrata 14 101 7 4.62 0.55 97.58
Candonopsis kingsleii 15 84 2 4.43 0.46 98.04
Paracandona euplectella 16 71 7 4.26 0.39 98.43
Candona vavrai 17 68 9 4,22 0.37 98.80
Herpetocypris chevreuxi 18 55 1 4.01 0.30 99.10
Candona siliquosa 19 34 7 3.53 0.19 99.29
Ilyocypris decipiens 20 25 1 3.22 0.14 99.43
Cypricercus fuscatus 20 25 4 3.22 0.14 99.57
Potamocypris sp. A 22 20 1 3.00 0.11 99.68
Notodromas monacha 23 18 2 2.89 0.10 99.78
Cyclocypris globosa 24 12 5 2.48 0.06 99.84
Candona compressa 25 8 1 2.08 0.04 99.88
Darwinula stevensoni 26 7 1 1.95 0.04 99.92
Candona pratensis 27 5 2 l1.61 0.03 99.95
Candona albicans 28 4 3 1.39 0.02 99.97
Eucypris virens 29 3 1 1.10 0.01 99.98
Cyprinotus incongruens 30 1 1 0 0.01 99.99
Ilyocypris bradyi 30 1 1 0 0.01 100.00
TOTAL 31 18323 - - - 100.00

(NO = total number of specimens, adult and juvenile found in
all the marginal sites: SITE PRES. = number of sites in which
that species was found: In = natural logarithm of NO: % TOTAL
NUMBERS = % of the total ostracod numbers that the species
represents: CUMUL %. = cumulative proportion of the total
represented by that number of ranked species.)

3 species make up almost 75% of the total ostracod numbers.

Two of these, C. ophthalmica and C. ovum are among the most
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common European freshwater species (Henderson, 1990), and are the
first and third most common species in terms of the number of
sites in which they appear. The third-ranked species, Metacypris
cordata is only found at 9 of the sample sites, but often occurs
at high (to a maximum of over 1000 individuals per sample)
density. Interestingly, this is the only region of England in

which living populations of M. cordata have been found.

Figure 3.1 plots the natural logarithm of species abundance
against the rank in order of abundance for the data set. For the

Lake District, with the exception of 3 species, C. ophthalmica,

C. ovum and M. cordata which at some sites occur at high

densities, the ranked number of ostracod species is well fitted
by a straight line, giving a geometric series of abundance.

3.4 - HTERARCHTICAL CLASSIFICATION ANALYSIS OF THE MARGINAL

SAMPLE DATA.

In similar population studies incorporating large data sets
(for example, Green & Vascotto, 1978; Pitblado et al, 1980), a
method of analysis was selected which efficiently reduced the
biological data and related those reduced data to potentially
explanatory environmental variables. This was done by use of a
multistage, multivariate approach. Firstly, Hierarchical
Classification Analysis was used to divide the sites into groups
displaying similar faunal assemblages, yielding a dendrogram as a
graphical representation of this. These groups were then

subjected to Principal Component Analysis (PCA) (Hotelling, 1933)
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to correlate them with the measured physical and chemical
parameters. This procedure was chosen for this study.

For the initial section of the multistage analysis approach,
the 18 species that contributed over 99% of the total ostracod
numbers were used. Rarer species were excluded because of the
large number of zero elements they would have introduced which
would have distorted the results (Henderson, 1989), and which in
Figure 3.1 show as a long tail of infrequent species. The 13
sites that contained no ostracods were omitted at this stage, as
the Hierarchical Classification Analysis makes a measure of
similarity at each site, and all these sites with no ostracods
obviously have a 100% similarity.

The dendrogram plotted in Figure 3.2 indicates that there
are seven main groups of sites which may correspond to seven
ostracod community groups in 43 out of the 62 sites analysed, the
other 19 sites displaying little or no similarity to any other
site. A key to these 7 main ostracod groups is presented in
Figure 3.3, and incorporates an eighth group representing the 13
sites containing no ostracods. It should be noted that this key
refers only to the averages of summer and winter samples and

should only be applied to help explain Figure 3.2.
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Figure 3.3 - Key to the Community Groups.

1A..... Ostracods present.......ccceeeeee 2

1B..... Ostracods absent.......... GROUP 8

2A..... Metacypris cordata is the dominant species
and > 60% of the total numbers....GROUP 7

2B. .. .. Metacypris cordata < 60% of the total
NUMDEY S . ¢t vttt eeeoessoecoocococoasnccocncesoe 3

3A.....Cypridopsis vidua is the dominant species
and > 75% of the total numbers....GROUP 4
3B..... Cypridopsis vidua < 75% of the total
NUMD Y S . ¢ttt ettt evetocecoceccocncassscesse 4

4A..... Candona candida is the dominant species
and > 55% of the total numbers....GROUP 3
4B..... Candona candida < 55% of the total

5A..... Cypria ophthalmica is the dominant species
and > 90% of the total numbers....GROUP 1

5b..... Cypria ophthalmica < 90% of the total
UMD Y S v & ¢ e e o e v e ooeoooesocccccooecoessss 6

6A..... Cypria ophthalmica is the dominant species,
and Cyclocypris ovum (if present) < 20% of the total
NUMDEYS. ¢t i it eeeeeseeeenennnnnceses GROUP 2

6B..... Cyclocypris ovum > 20% of the total

7JA..... Cyclocypris ovum is 40-60% of the total
0100111 o 1=} of =3 GROUP 5
7B..... Cyclocypris ovum is > 60% of the total
NUMD Y S . ¢t e et e eveeeccoocosossccosnse GROUP 6
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GROUP 1

22) Clay Pond, 44) Dalehead Tarn, 57) Crummock Water
67) Floutern Tarn, 70) High Stock Bridge Pool,
71) Parsonby Tarn, 72) Manesty Park Tarn.

GROUP_ 2

6) Blelham Tarn, 9) Pennington Reservoir,
18) Holehird Tarn, 63) Mockerkin Tarn, 64) Little Tarn.

GROUP_ 3

2) Windermere (South Basin), 14) Yew Tree Tarn,
27) Haweswater, 28) Wast Water, 38) Watendlath Tarn,
56) Bassenthwaite Lake, 59) Loweswater, 69) Browns Tarn.

GROUP 4

8) Poaka Beck Reservoir, 10) Bigland Tarn,
41) Low Water, 43) Tosh Tarn, 60) Buttermere,
65) Tewet Tarn.

GROUP 5

13) High Dam Reservoir, 17) Moss-Side Tarn,
21) Knittleton Tarn B, 24) Barrow Plantation Tarn B,
45) Lily Tarn, 55) Derwent Water, 75) Boo Tarn.

GROUP 6

23) Barrow Plantation Tarn A, 31) Brotherswater,
26) Barrow Plantation Tarn Q, 32) Devoke Water,
40) Parkgate Tarn, 42) Brown Cove Tarn, 61) Overwater.

GROUP 7

36) Loughrigg Tarn, 37) Littlewater Tarn,
74) Skelsmergh Tarn.

GROUP_ 8

5) Killington Reservoir, 33) Seathwaite Tarn,
34) Leverswater, 39) Blea Tarn, 46) Siney Tarn,
47) Blackbeck Tarn, 48) Innominate Tarn,

52) Haystacks Tarn A, 53) Haystacks Tarn B,

58) Ennerdale Water, 66) Bleaberry Tarn,

68) High Nook Tarn, 73) Black Pool.
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Although 56 out of the 75 sample sites are covered by this
key, 18 sites were shown by the classification analysis to be
only poorly related to any others. There are two possible
explanations for this. Firstly, these sites may be dominated by a
species making up < 3% of the total ostracod numbers, i.e. a
species of rank > 5. The sites displaying this distribution are

listed in Table 3.41.

Table 3.41 - Sites Dominated by a Species of Rank > 5.

Site Dominant Species

3) Windermere (North Basin) Cyclocypris serena (51%)

4) Coniston Water Cyclocypris serena (74%)

7) Tarn-Hows Tarn Candona siliquosa (30%)

11) Witherslack Hall Pond Cyclocypris laevis (63%)
12) Rather-Heath Tarn Candona fabaeformis (52%)
15) Skeggles Water Cyclocypris laevis (61%)
16) Knittleton Tarn A Potamocypris villosa (41%)
25) Barrow Plantation Tarn D Paracandona euplectella (38%)
30) Grasmere Cypria exsculpta (66%)

35) Burnmoor Tarn Candona rostrata (64%)

50) Hard Tarn Candona vavrai (100%)

51) How Top Tarn Herpetocypris reptans (57%)
54) Ullswater Cyclocypris serena (47%)
62) Arlecdon Tarn Cypricercus obliquus (81%)

The second option is that the site is not strongly dominated
by any species, and possesses a community consisting of a number
of species exhibiting similar densities. These sites are listed

in Table 3.42.
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Table 3.42 - Sites not Dominated by any Single Species

Site

1) Esthwaite Water

19) High Arnside Tarn

20) Grizedale Tarn

29) Thirlmere

49) White Moss Tarn

Both possibilities could be the result of a different water
quality or substrate form than the 8 main groups classified in

Figure 3.3. This will be discussed later.

3.5 - Results - Hierarchical Classification Analysis

In group 1, Cypria ophthalmica makes up > 90% of the total

ostracod numbers. There are 7 sites in this group, 6 of which
are in the smaller size classes C,D or E. The larger site,
Crummock Water, appears limited in terms of potential faunal
diversity by its rocky substrate, with little macrophyte growth
or soft sediment, rather than by its chemistry. Floutern Tarn
however, is faunally limited by its acidity (pH 5.0), only
containing C. ophthalmica. This species is one of the few

that appears tolerant of acidic conditions, having been recorded
from a pH as low as 3.0 (Lowndes, 1952), although this value is
extremely low for the pH of natural water. The other five sites
are all quite similar, being of size class D or E, shallow (1m
maximum) and all rich in deep soft sediment and aquatic

macrophytes.

In group 2, Cypria ophthalmica is again the dominant species,
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but only makes up 30-65% of the total numbers at each site, and
Cyclocypris ovum (when present) is always < 20% of the total
numbers. All these sites are of size class B,C or D, have both
soft organic substrate and extensive macrophyte growth and are
relatively rich in dissolved ions.

Candona candida makes up > 55% of the total numbers

represented by the 8 sites in group 3. There is a bias towards
larger water bodies, five of the sites being in the largest size
class A. Fryer (1985) also noted that this species was often
found in large lakes. The five larger sites and the three
smaller ones had similar dissolved ion contents, and a substrate
of a few millimetres of soft organic detritus overlying a firm
gravel base, with little macrophyte growth. None of these sites
had a pH of less than 6.5.

The six sites representing group 4 were dominated by

Cypridopsis vidua which contributed a minimum of 78% to the total

number of ostracods collected at any site. Five sites are in
size classes C or D and are similar with respect to a marginal
substrate of rock and fine gravel with small amounts of organic
sediment but plentiful growth of macrophytes, especially Elodea
Sp. A different sampling method involving a plankton net being
towed through a bed of Elodea without touching the bottom in
Windermere (South Basin) in August 1989, yielded an ostracod
fauna of entirely Cypridopsis vidua.

In group 5, Cyclocypris ovum makes up 40-60% of the total

numbers at 7 sites and Cypria ophthalmica is always present.
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Derwent Water differs from the other sites in this group, being
of size class A, having no aquatic macrophytes and not being in
the southern half of the Lake District. Five of the other sites
were in size classes D or E, had very rich macrophyte growth,

especially Potamogeton, and areas of shallow organic detritus. a

point of note here is the high similarity of two sites within
this group, Moss-side Tarn and Barrow Plantation Tarn B, which
cluster next to each other in the hierarchical classification
analysis. These are the only two sites in the data set which
included the species Notodromas monacha in their fauna, although
this species was not used in this analysis. Both sites contain
no fish, a factor potentially important to the distribution of
this species, as it is the sole British ostracod which swims in
the upper water layers and actually feeds from the surface film,
making it susceptible to predation. However, it should be noted
that this species has been previously sampled in sites containing
fish in the New Forest (P. Henderson, pers. comnm.).

Group 6 sites are dominated by Cyclocypris ovum making up
over 60% of the total numbers at each site. It is difficult to
see any relation on the whole between these sites.

Metacypris cordata is the dominant species in the 3 group 7
sites. These sites all have high total ion contents, marshy
(boggy) margins and extensive reedmace growth, and were in size
class C or D.

The group 8 sites represent the 13 sites containing no

ostracods. 11 of these sites were acidic, while the other two,
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Killington Reservoir (5) and Ennerdale Water (58) were large
rocky lakes with no soft sediment or macrophyte growth anywhere
at their margins.

Of the 19 sites sampled that do not fit the key to the
dendrogram, five, Windermere (North Basin), Coniston Water,
Witherslack Hall Pond, Skeggles Water and Ullswater are dominated
by either Cyclocypris serena or Cyclocypris laevis, both of which
have previously been shown to exhibit a preference for larger
waterbodies (Fryer, 1985; Henderson, 1990). All three of the

sites dominated by C. serena are of the largest size class A,

which corresponds to the literature, although why other sites
within the same size class are not dominated by this species is
difficult to assess.

The other nine sites dominated by a species of rank lower
than five are all dominated by a different species, and it is
difficult to isolate any factors which may explain this
phenomenon for most of these sites.

Of the five sites not strongly dominated by any species, that
possesses a community consisting of a number of species
exhibiting similar densities, two, Thirlmere and White Moss Tarn
have very low ostracod densities, and this is a factor which
could distort the results. Grizedale Tarn (site 20), which
contained similar densities of Candona candida, Candona rostrata
and Paracandona euplectella was viewed as a peculiar site in that
it had a non-acidic pH (6.6) and a reasonable concentration of

dissolved ions, yet was set amongst coniferous forest, and had
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black water which was characteristic of many of the acidic sites

in the Lake District that contained no ostracods.

3.6 - Principle Component Analysis of the Marginal Data
Set.

Principle Component Analysis (PCA) (Hotelling, 1933) was
used to examine the relationships between the measured
physico-chemical variables and the 18 ostracod species used in
the first step of the statistical analysis. PCA is an ordination
technique which may be applied to a correlation matrix of the
number of each species between all the samples to enable a few
important dimensions to summarise the species relationships. The
total variability within the data set is measured by the sum of
the eigenvalues. Associated with each eigenvalue there is an
eigenvector which defines the orthogonal axes within which the
samples may be plotted.

The eight groups of site identified in terms of their
ostracod faunas were calculated and the data were then classified
using PCA. These new values used in the analysis are given in

Table 3.61.
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Table 3.61 - Database for Principle Component Analysis

Values for [Ca], [Mg], [K], [Na] and ALK are given in pel °,

Alt as metres above sea level.

On plotting the eigenvalues obtained from the PCA, the
orientations of groups 1 to 8 with respect to principal axes 1
and 2 could not be interpreted in terms of differences in their
ostracod faunas. Closer examination of the data revealed the
reason for this failure. The analysis exposed absolute
differences in concentration. For example, the technique
appointed less difference between the sites in group 8 (in which
ostracods are absent) and those in groups 1 to 6, than between
group 7 (which has high cationic concentrations) and the other
groups containing ostracods.

Therefore, an alternative analytical approach was
required to understand the responses of individual species to
variability in physico-chemical parameters. This will be
illustrated in Chapter 5. However, at this point, a few

qualitative observations between the group differences may be
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made.

Group 1, which was dominated by Cypria ophthalmica, had
higher average [Na] * values than the rest of the groups, while
the mean lake size was larger for those sites in group 3, which

was dominated by Candona candida. The highest mean concentrations

of Ca ?* and Mg 2*, together with high pH and overall alkalinity
were recorded in group 7, that characterised by large densities

of Metacypris cordata. Group 8 sites, those containing no
ostracods, had the lowest mean pH, Ca %', Mg ?* and alkalinity

values, together with the highest mean altitude.

3.7 = Ostracod Distribution in the Deep-Water Samples

The 14 deep-water samples taken by the Jenkin Surface-Mud
Sampler from six sites at depths of between 2 and 64 metres in
August 1989 yielded a total of 281 individuals from ten species

belonging to six genera. One species, Candona neglecta, was only

found in deep water samples, never being collected from marginal

areas.

The sample sites and descriptions are presented in Table

3.71.
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- Description of the Deep-Water Samples

Sample depth

Substrate

Esthwaite
Water

12 m

mud

Esthwaite
Water

mud

Windermere
(South Basin)

mud

Windermere
(South Basin)

mud

Windermere
(South Basin)

mud with
Elodea

Windermere
(North Basin)

mud

Windermere
(North Basin)

mud

Windermere
(North Basin)

sand

Blelham
Tarn

mud

Blelham
Tarn

mud with
Phragmites

Brotherswater

mud

Brotherswater

nud

Loughrigg
Tarn

mud with
faecal
pellets

Loughrigg
Tarn
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Table 3.72 - Species Abundance in the Deep - Water Samples.

SPECIES RANK SITE NO. IN % TOTAL CUMUL

PRES. NUMBERS. % .
Cypria Ophthalmica 1 9 142 4.96 50.53 50.53
candona candida 2 7 64 4.16 22.78 73.31
Candona neglecta 3 5 24 3.18 8.54 81.85
Ccypridopsis vidua 4 5 14 2.64 4.98 86.83
Cyclocypris serena 5 1 13 2.56 4.63 91.46
Cyclocypris laevis 6 1 10 2.30 3.56 95.02
Cyclocypris ovum 7 1 5 1.61 1.78 96.80
Metacypris cordata 8 1 4 1.39 1.42 98.22
Herpetocypris reptans 9 2 3 1.10 1.07 99.29
Cypria exsculpta 10 1 2 0.76 0.71 100.00

(NO = total number of specimens, adult and juvenile found in
all the marginal sites: SITE PRES. = number of sites in which
that species was found: In = natural logarithm of NO: % TOTAL
NUMBERS = % of the total ostracod numbers that the species
represents: CUMUL %. = cumulative proportion of the total
represented by that number of ranked species.)

These faunas are dominated by two species, Cypria ophthalmica

and Candona candida which make up almost 75% of the total

ostracod numbers. C. ophthalmica was the dominant

species in both lake marginal and deeper water benthic samples.
Figure 3.4 plots the natural logarithm of species abundance

against the rank in order of abundance for the data set. With the

exception of the most abundant species, C. ophthalmica, a

straight line fits the data well, indicating a geometric series

of abundance.

3.8 - Hierarchical Classification Analysis of the Deep-
Water Sample Data

Hierarchical Classification Analysis was used to divide the
sites into groups displaying similar faunal assemblages, yielding

a dendrogram as a graphical representation of this. This analysis
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incorporated the 9 species which comprised over 99% of the fauna,
rarer species were being again excluded due to the large amount
of zero elements they would have introduced which would have
distorted the results (Henderson, 1989). Twelve out of the 14
samples were included in the analysis, as two sites were barren
and showed, therefore, a 100% similarity and were excluded from
this stage of the analysis.

The resulting dendrogram is shown in Figure 3.5 and
indicates that eight out of the twelve sample sites are covered
by two main ostracod groups. If the three unrelated sites 5, 8
and 10, and the two barren sites fauna are also considered as
separate groups, then 13 of the 14 sites may be described. A key
to these groups is presented in Figure 3.6. This key refers only
to the summer samples and should only be applied to help explain
Figure 3.5.

Figqure 3.6 - Key to the Community Groups.

1A..... Ostracods present........c.ccoeeee 2

1B..... Ostracods absent.......... GROUP 3

2A..... Cypria ophthalmica is the dominant species
and > 65% of the total numbers....GROUP 1

2B..... Cypria ophthalmica < 65% of the total
NUMPDErS. . coveesccsscsccsscsoasoscscsscnscs 3

3A..... Cypria ophthalmica and Candona candida
both present..........ccceva... GROUP 2

3B..... Cypria ophthalmica absent......... 4
4A..... Candona candida is the dominant species
and > 50% of the total numbers....SITE 10

4B..... Cyclocypris serena is the dominant species
and > 50% of the total numbers..... SITE 5

4C..... Cypridopsis vidua is the dominant species
and > 50% of the total numbers..... SITE 8
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3.9 - Results - Hierarchical Classification Analysis

The dendrogram indicates that a relevant factor in the
analysis of the Jenkin Surface-Mud Sampler data is the depth at
which the sample was taken. This will now be briefly considered.

In the 5 samples represented by group one, samples DW1l, DW9,
DW7, DW4 and DW12, Cypria ophthalmica makes up at least 65% of
the total ostracod fauna. All samples in this group were closely
related, in that whilst they originated from different water
bodies, all were taken from regions of organic mud, and at depths
between 11 and 15 metres, the only five sites of this depth in
the data set.

Group two represented 3 sites, DW2, DWé6 and DW3, containing
both C. ophthalmica and Candona candida at similar proportions of
20-40% per sample. Sites DW3 and DWé6 were the deepest stations
sampled at 62m and 42m respectively, and also contained Candona
neglecta, a noted deep water benthic species (Munro-Fox, 1965;
Danielopol et al, 1985; Fryer, 1985). Site DW2 is more distantly

related to the other two sites, lacking C. neglecta and was

sampled at a depth of 4 metres.

The two sites in group 3, samples DW13 and DW14, both taken
in Loughrigg Tarn at depths of 8m and 10m were barren. This may
appear at first a rather surprising result when one considers the
rich marginal fauna of 11 species collected there. However, the
deep-water sediments consisted almost entirely of faecal pellets

(0.5-1mm), there being no other fauna present. This suggests

51



that possibly the environmental conditions in the profundal zone
of this lake are inimical to life due to deoxygenation of the
hypolimnion.

The samples from all of the above deep-water sites may
be considered as having been collected from the hypolimnion.
Ostracod assemblages in the remaining three samples, DW5, DW8 and
DW10, taken from shallower water can be considered as having been
collected from the warmer waters of the epilimnion. These were
shown by the analysis to differ significantly from the cold water
hypolimnion collections in their faunas.

At site DW5, Cyclocypris serena dominated, comprising 68% of
the total ostracod fauna. This sample was from Windermere
(South Basin) and differed from all other sites in that it was
taken in 3 metres of water amongst extensive growth of Elodea sp.

Site DW8 was entirely dominated by Cypridopsis vidua, the
only species present. This sample was from Windermere (North
Basin), and differed from other sites in being from a firm sandy-

gravel bottom at 3 metres depth at the delta of the River

Brathay.

Candona candida dominated site DW10, representing 86% of the
community. This site was unique, being from Blelham Tarn at 2m
depth, close to the margin of a large bed of Phragmites.

This analysis illustrates the influence of depth combined

with temperature, substrate type and macrophyte presence in

determining benthic community structure.

52



CHAPTER 4 - WATER CHEMISTRY IN THE LAKE DISTRICT

4.1 - Summary

Principal component analysis was performed on the entire
water chemistry database from the Lake District. Two principal
components accounted for over 71% of the variability within the
data set, and corresponded to the first principal component
carrying a high loading for calcium and magnesium ion
concentration, while the second principal component had a high
loading for hydrogen and sodium ion concentration. It was,
therefore, concluded that the main characteristics that
chemically differentiate these lakes are the concentrations of
these four elements.

The plot of the first two principal components of each site
identified five distinct groups of sites which were shown to
clearly correspond to a lake quality key published by the
Institute of Freshwater Ecology. Several sites not previously

classified by this key are added to it herein by the analysis.

4.2 - Aims of the Chapter

This chapter will:

Present the results of statistical analysis of the water
chemistry data by use of Principal Component Analysis. The data
obtained in the present study are to be added to those recorded
from the available literature. This method of analysis allows the

sample sites to be divided into distinct groups on the basis of
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specific chemical parameters.

4.3 - Methods

Water samples taken simultaneously with the faunal samples
were analysed at both the Institute of Freshwater Ecology,
Windermere, and C.E.R.L., Fawley. Concentrations of major cations
were measured using Atomic Absorption flame spectroscopy (Perkin
Elmer HB660). The samples were analysed at the I.F.E. by Dr. T.
Carrick, and at C.E.R.L. by the author and Dr. P. Henderson. pH
was measured using a glass electrode pH meter calibrated against
buffer solutions of pH 4 and pH 7.

Values for pH, alkalinity and major cations were selected for
the statistical analysis. Concentrations of the major ions are
expressed as micro-equivalents (uel ') per litre. Division of
such values by the ionic charge, e.g. 2 for Ca 2*, will convert

to umol 1.

4.4 - Results - Statistical Analysis of the Water
Chenmistry Data

Field data were combined with both published and unpublished
(T. Carrick, pers. comm) data to create a large data set of
variables with which the faunal data could be correlated. It is
more suitable to relate the faunal community to chemical values
known to be approximately average for that site, as opposed to
one-off readings which could create misleading results. Isolated

values may yield problems in that water chemistry may vary in

54



certain environmental conditions. After snowfall a waterbody may
take on a more acidic pH than usual. For example, in January
1984, the pH of Blea Tarn (Thirlmere) fell from 6.0 to 4.1
(Sutcliffe & Carrick, 1988) and had not recovered normal
alkalinity by June. In contrast, there may be a rise in
alkalinify at the surface of some lakes on warm, bright summer
days. This effect is most pronounced in very productive medium
hard waters, such as Esthwaite Water, where pH may rise to 10.0
due to photosynthesis by dense algal blooms, which temporarily
remove dissolved carbon dioxide from the surface water and upset
the normal pH buffering systemn.

Principal Component Analysis (Chapter 3) was used for the
data analyses.

The resultant correlation matrix from the Principle
Component Analysis of the water chemistry data from the Lake

District is shown in Figure 4.41.

Table 4.41 - Correlation Matrix derived from PCA.

H"* ca ** Mg 2* Na * K * Alk
H* 1.000 -.251 -.159 0.067 -.159 -.218
Ca * -.251 1.000 0.839* 0.309 0.487 0.969%
Mg ** -.159  0.839* 1.000 0.344 0.306 0.895%
Na * 0.067 0.309 0.344 1.000 0.477 0.194
K * -.159  0.487 0.306 0.477 1.000 0.366
Alk -.218 0.969* 0.895* 0.194 0.366 1.000
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The matrix indicates that calcium and magnesium are highly
positively correlated and that alkalinity shows a very
significant correlation with both calcium and magnesium. These
relationships have been previously recorded in the Lake District
(Carrick & Sutcliffe, 1982). Plots of these relationships may be
seen in Figures 4.1 to 4.3.

The term ‘alkalinity’ is approximately equivalent to the
concentration of bicarbonate ions (Carrick & Sutcliffe, 1982)
and this amount represents the capacity of the alkalinity in
the water to neutralise acids. As the measure of alkalinity in
itself is so closely related to the calcium and magnesium ion
concentration (Carrick & Sutcliffe, 1982), and calcium and
magnesium both most commonly exist in the form of the metal
carbonate (Carrick & Sutcliffe, 1982), the proportions in
solution must be directly related. Therefore, for the purpose
of the statistical analyses, alkalinity was removed as an
independent variable from the model at this stage.

The eigenvectors, together with the eigenvalues and the
proportion of the total variability they represent for each of
these principal components, excluding alkalinity, are

represented in Table 4.42.
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Table 4.42 - Eigenvalues, and Eigenvectors of the
Correlation Matrix.

A) Eigenvalues of the Correlation Matrix.

Eigenvalue Difference Proportion Cumulative
PRIN 1 2.45892 1.36606 0.49178 0.49178
PRIN 2 1.09285 0.26338 0.21857 0.71035
PRIN 3 0.82947 0.33547 0.16589 0.87625
PRIN 4 0.49401 0.36926 0.09880 0.97505
PRIN 5 0.12475 - 0.02495 1.00000
B) Eigenvectors

PRIN 1 PRIN 2 PRIN 3 PRIN 4 PRIN 5
H™ -0.18802 0.75850 0.52503 0.33523 -0.03585
ca 2t 0.57192 -0.18536 0.30574 0.18489° -0.71476
Mg 2+ 0.53487 -0.13153 0.51112 -0.13383 0.64611
Na * 0.38603 0.56969 -0.27130 -0.66105 -0.12590
K * 0.44995 0.22016 =-0.54407 0.63130 0.23350

The Principal Component Analysis showed that the total
variability of the chemistry set could be contained within
five principal components. By the criterion of Ibanez (1973)
only the first two principal components are interpretable as
their corresponding eigenvalues were larger than the average
eigenvalue. The first two principal components account for
about 71% of the total data set variability. This much of the
information content can be presented in a two-dimensional graph.

The values for the eigenvectors indicate that PRIN 1 is an
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axis that has a high loading for calcium and magnesium ion
concentration. High positive loadings for this axis correspond

to the greatest concentrations of calcium and magnesium in the
data set. Principle component 2, however, is more difficult to
explain. It is an axis with high loadings for hydrogen ion, and
to a lesser extent sodium ion, concentrations. The highest values
for PRIN 2 correspond to sites with the highest hydrogen ion
concentrations, but also the highest sodium ion concentrations.

The principle component values for each individual site
may be found in Appendix 14.4.

The Freshwater Biological Association / Institute of
Freshwater Ecology (I.F.E.) has categorised the majority of lakes
and tarns in the Lake District within one of five classes
(Sutcliffe & Carrick, 1988), based on alkalinity. This
classification corresponds very approximately with the aquatic
biota within the Cumbrian lakes. The I.F.E / F.B.A classification

is outlined in Table 4.43.

Table 4.43 - I.F.E. Categories of Waterbodies

I.F.E. Classification | Ssurface Water Type

1 Acid

Very soft
Soft

2
3
4 Medium hard
5

Very hard

If the I.F.E classification is applied to the sample sites in
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this survey, then the position of waterbodies of each class can
be plotted for their site on the graph representing the axes of
the significant principal component values PRIN 1 and PRIN 2. The
plot of the species axes with respect to the first two principal
components is shown in Figure 4.4. This grouping of the study
lakes in this case provides a useful framework for the
examination and comparison of chemical characteristics, and
allows the assignment of a significant ‘lake status’ to each site
previously unclassified by the key given in Sutcliffe & Carrick
(1988) .

Figure 4.4 indicates that the Principal Component Analysis
may be used to key each individual site by the I.F.E.
classification (Sutcliffe & Carrick, 1988). The five groups can
be identified on the graph, a small amount of overlap only
occurring between groups 3 and 4. The classification of the 63

sites previously classified by the I.F.E. is given in Table 4.44.
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Table 4.44 - I.F.E. Classification of the Sample Sites.

Group 1
Seathwaite Tarn (33), Leverswater (34), Parkgate Tarn (40), Siney
Tarn (46), Innominate Tarn (48), Haystacks Tarns A & B (52 & 53),
Floutern Tarn (67), High Nook Tarn (68).

Group 2
Grizedale Tarn (20), Wast Water (28), Thirlmere (29), Devoke
Water (32), Burnmoor Tarn (35), Watendlath Tarn (38), Blea Tarn
(39), Low Water (41),Dalehead Tarn (44), Lily Tarn (45),
Blackbeck Tarn (47), Hard Tarn (50), Derwent Water (56), Crummock
Water (57), Ennerdale Water (58), Buttermere (60), Arlecdon Tarn
(62), Bleaberry Tarn (66).

Group 3
Coniston Water (4), High Dam Reservoir (13), Yew Tree Tarn (14),
Haweswater (27), Grasmere (30), Brotherswater (31), Brown Cove
Tarn (42), Tosh Tarn (43), Loweswater (59).

Group 4
Esthwaite Water (1), Windermere-South Basin (2), Windermere-North
Basin (3), Killington Reservoir (5), Blelham Tarn (6), Tarn-Hows
Tarn (7), Poaka Beck Reservoir (8), Pennington Reservoir (9),
Bigland Tarn (10), Rather Heath Tarn (12), Skeggles Water (15),
Knittleton Tarn A (16), Holehird Tarn (18), High Arnside Tarn
(19), Knittleton Tarn B (20), Loughrigg Tarn (36), Littlewater
Tarn (37), White Moss Tarn (49), Ullswater (54), Bassenthwaite
Lake (55), Overwater (61), Mockerkin Tarn (63), Little Tarn (64),
Tewet Tarn (65).

Group S5

Witherslack Hall Pond (11), Moss-Side Tarn (17),
Skelsmergh Tarn (74).

Twelve of the sample sites have not previously been
assigned any I.F.E. group classification. From Figure 4.4,

these sites may be classified as following;
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Table 4.45 - Assignment to I.F.E Classification of Sites
Previously Unclassified

Site no. Site. Group Code.
22 Clay Pond 4
23 Barrow Plantation Tarn A 4
24 Barrow Plantation Tarn B 4
25 Barrow Plantation Tarn D 4
26 Barrow Plantation Tarn Q 4
51 How Top Tarn 4
69 Browns Tarn 5
70 High Stock Bridge Pool 4
71 Parsonby Tarn 5
72 Manesty Park Tarn 4
73 Black Pool 1
75 Boo Tarn 3

The mean values of the four parameters described by the
axes PRIN 1 and PRIN 2, calcium, magnesium, sodium and
hydrogen (pH) ion concentrations, for the five I.F.E. groups

are given in Table 4.46.

Table 4.46 - Mean values of chemistry data for the 5
I.F.E. Groups

Group 3

Group 4

240.67

483.37

1845.20

84.44

172.00

604.00

208.22

333.24

422.20

6.82

6.95

7.62

[ca] ?*, [Mg] ?* and pH all increase from groups 1-5 by

each incremental step. [Na] * appears to increase significantly
from group 1 only on reaching groups 4 and 5, although the data
for group 1 are somewhat distorted by the presence of two acidic

sites containing high [Na] *, Parkgate Tarn (site 40) and Black
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Pool (site 73). Indeed, if these two sites are omitted from the
data set, the mean sodium concentration for group 1 sites is
156.50, a value which would allow the sodium ion data to show the
same trend as the other three parameters. This adjusted sodium
ion value is included in the plots shown in Figure 4.5 of group
number against ionic concentration. Figure 4.6 plots pH

against group number.

4.5 - Discussion

Principal Component Analysis has proved useful for the
classification of Lake District waterbodies in terms of their
chemistry. The advantage of this technique is the reduction of a
multidimensional data set to one which may be described by a
solitary biaxial plot.

In the analysis, the first two Principal Components which
described the influence of primarily [Ca] ?* and [Mg] ?*, and to
a lesser extent pH and [Na] *, accounted for over 71% of the
total information of the entire data set, an excellent
representation of the data. As [Ca] ?* and [Mg] %' are the main
features of alkalinity (Carrick & Sutcliffe, 1982) and represent
PRIN 1, the statistic which comprises the greatest proportion
of variability within the data set, alkalinity itself is an
extremely useful criterion for classification of Lake District
waters. The plot of the first two Principal Components has shown

that the resulting cluster of five groups classified by this
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method show excellent similarities to the I.F.E. group
designations which were derived solely from the alkalinity data.
The only poorly defined inter-group boundary is that between
groups 3 and 4. This is probably due to the lack of difference in
pH between the two groups, which is only 0.13 (6.82-6.95).

There is significant chemical difference between each
group class. [Ca] 2+ approximately doubles from one group to
the next from groups 1 to 4, but then increases by a factor of
four in group 5. [Mg] %' varies in a somewhat different pattern
in that groups 1 to 3 have relatively similar concentrations,
which then doubles in group 4 and then again shows a
four-fold increase in group 5.

Two group 1 sites, Parkgate Tarn (site 40) and Black Pool
(site 73) distort the trend in what would otherwise be a linear
inter-group increase in [Na] *. Both sites have much higher ion
concentrations than are normally associated with acidic sites.
The high [Na] * of 563 wel ! in Parkgate tarn is not due to salt
originating from roads as the site is situated in dense
coniferous woodland, but could be due to the underlying bedrock,
which is a granitic intrusion. The high value at Black Pool is
difficult to explain, the site lies on the base-poor Skiddaw
Slates, but perhaps may be due to a single erroneous value (due
possibly to sample contamination) which was recorded at the site
in September 1989. This is the only time [Na] * had been measured

for this site.
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pH change between groups is most marked from group 1 to

the other groups, there being
1.51 pH units from group 1 to
pH values, and there is again
units from groups 4 to 5, the

high pH in Group 5 is coupled

an increase in alkalinity of

2. Groups 3 and 4 have similar
a large increase of 0.67 pH
latter being very alkaline. The

with elevated [Ca] ?* and [Mg] 2?*

and classifies these sites very alkaline.

In conclusion, Principal Component Analysis allowed sites

within Cumbria that had not previously been classified by the

I.F.E. kKey to be assigned a group number.
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CHAPTER 5 - INDIVIDUAL SPECIES DYNAMICS

5.1 - Summary

Using Pearson Correlation Coefficients significant
inter-specific correlations were found between 15 out of the 18
top-ranked species.In total 16 significant correlations between
ostracod species were found. Some of these relationships have
been previously recorded, while others are new.

A multistage statistical approach, incorporating correlation
analysis, and step-wise multiple regression, was used to identify
the factors which were the optimal predictors of species
abundance. Equations were derived to predict the distribution of
nine species, total species number at each site, and total
density per site. Factors identified as important predictors of
community structures were pH, [Ca] 2%, [Mg] %', substrate, lake
size and altitude.

The distribution of the species in relation to their spatial

habitats is also discussed.

5.2 - Aims of the Chapter

Chapter 3 showed that five major species dominated ostracod
community structure in most of the waterbodies in the Lake
District.

This chapter will:

A) Use statistics derived from SAS to link the distribution
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of the 18 dominant species collected from the margin samples in
the Lake District to a series of physico-chemical parameters.

B) Create a series of equations to predict an ostracod fauna
at a site, solely from known physico-chemical variables. The
predictions will be tested on a separate data set in the

following chapter.

2.3 - Pearson Correlation Data for Species Interactions

Species association in the Lake District marginal faunas
were investigated using Pearson Correlation Coefficients.

The analysis was undertaken on the commonest 18 species which
made up more than 99% of the total ostracod numbers.
Statistically significant (P < 0.05) correlations, all of which

were positive, occurred in 16 cases. These are listed below in

Table 5.31.
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Table 5.31 - Significant Species Interactions

Species Interaction Pearson Value

c.ophthalmica*C.candida 0.2537

C.ovum*M. cordata 0.4185

Cc.ovum*C.candida 0.3210

C.ovum*C.exsculpta 0.4652

C.ovun*C.reducta 0.2382

M.cordata*H.reptans 0.5213

C.candida*C.exsculpta 0.3860

C.candida*C.serena 0.3315

C.candida*C.rostrata 0.3048

Wc.exsculpta*c.rostrata 0.2214
C.exsculpta*C.vavrail 0.2285
P.villosa*H.reptans 0.2061

C.fabaeformis*C.kingsleii | 0.8863

C.reducta*C.vavrai 0.5844

C.rostrata*P.euplectella 0.6530

P.euplectella*H.chevreuxi | 0.6700

Values of greater than 0.2000 indicate a significant positive
species association.

The data shows that 15 out of the 18 species show a
statistically significant positive interaction with another
species. This will be discussed later in the chapter. No

significant negative interactions occurred.
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5.4 - The Relationship between Individual Species
Abundance and Physico-Chemical Variables

To evaluate the relationship between the measured
environmental parameters and the distribution of the individual
ostracod species, a multiple regression model was used. This
system of analysis has been used to model the population density

of Brown Trout, Salmo trutta (Milner & Varallo, 1990).

The SAS programme incorporating Principal Component Analysis
was used to predict the numbers of each ostracod species at a

site. A three stage procedure was used.

1) Correlation analysis to evaluate the significant factors
determining both the distribution and density of an ostracod
species at a site. Those factors found to significantly influence
population dynamics were further examined in stage 2).

2) This stage evaluated how the significant factors
identified in stage 1) could explain the differences in species
distribution. This was done by use of a step-wise multiple
regression analysis and allowed the ranking of significant
factors in order of increasing importance.

3) The final multiple regression model incorporated the
results of the first two stages in order to obtain predictive
equations, often by the use of a threshold model describing the
limits of the distribution of the species.

The data will be analysed species by species.
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5.4A - Cypria ophthalmica

1) The Pearson Correlation Coefficients derived from the

correlation analysis are shown below.

Parameter Pearson value P (significance)
pPH 0.13077 0.2634

[ca] ?* 0.16017 0.1699

[Mg] ?* 0.17441 0.1345

(K] * 0.15445 0.1858

[Na] * 0.47744 0.0001%%%*
Alkalinity 0.11567 0.3230

Logsize 0.30058 0.0088%*%*
Altitude -0.13095 0.2628

These values initially indicate that two factors are

important in structuring the distribution of Cypria ophthalmica,

sodium ion concentration and lake size (Logsize).

2) Step-wise regression analysis was used to then evaluate

the loadings upon each of these significant factors.

Variable entered F Prob > F
[Na] * 21.5530 0.0001
Logsize 2.7398 0.1022

Of the two factors, [Na] * was entered first into the model
and appears to exert the greatest influence on overall density

and abundance of Cypria ophthalmica.

3) The next stage of the analysis involved use of the results
from the previous two sections to create a predictive equation

for the abundance of C. ophthalmica in terms of [Na] * and

logsize. C. ophthalmica abundance was regressed against the above

69



two variables using the SAS multiple regression procedure.

The model gave a poor fit to the data. To explore the
distribution of C. ophthalmica further, plots of density against
each individual environmental parameter were formulated. An
interesting relationship that was not initially shown by the
regression model occurred between pH and species distribution, as
the species is very rarely found below a pH of 5.9 in the Lake
District, and above this value there is no relationship between
density and pH. This fact was then incorporated into a threshold
model which only included the influence of [Na] * and logsize at
sites with a pH 5.9 or greater.

This new model removed the significant effect of [Na] * on
distribution and highlighted the effect of logsize upon the

density of Cypria ophthalmica. Generally, as the size of the site

decreased, at values of pH 5.9 or greater, the density of

C. ophthalmica increased, as can be seen in Figure 5.1. The
model thus formulated was a threshold model, incorporating

logsize at pH > 5.8.
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Analysis of Variance

source D.F 8.8 M.S F-Value Prob > F
Model 1 181453.5 181453.5 9.056 0.0038%*%*
Error 61 1222215.7 20036.3

C Total 62 1403669.3

Root MSE 141.5 R-Square 0.0293 Dep Mean 47.3

Adj. R-Sq. 0.1150 C.V. 299.5

Parameter Estimates

variable D.F Parameter Standard Prob > [T]
Estimate Error

Intercept 1 245.275 68.160 0.0006%%*

Logsize 1 -42.475 14.114 0.0038%*%*

Thus, the equation predicting abundance of C. ophthalmica can

be given as;

Density
Density

245.275 - 42.475 (Logsize), when pH > 5.9.
0, when pH < 5.9.

The prediction power of this equation when tested against the
Lake District data set is shown in Appendix 14.5.

76% of the sample sites (57 out of 75) showed no significant
deviation from the model, whereas 18 did show significant
deviations (shown by the Cook’s D value) from the model. These 18
sites were then split into two groups, those in which the model
gave predicted values significantly greater than the observed
densities, and those in which the model underestimated the

observed values.
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A) Estimated values > Observed values

19) High Arnside Tarn

20) Grizedale Tarn

23) Barrow Plantation Tarn
24) Barrow Plantation Tarn
25) Barrow Plantation Tarn
26) Barrow Plantation Tarn
43) Tosh Tarn

45) Lily Tarn

47) Blackbeck Tarn

49) White Moss Tarn

51) How Top Tarn

66) Bleaberry Tarn

69) Browns Tarn

70) High Stock Bridge Pool

0 0wy

B) Observed values > Estimated values

22) Clay Pond

71) Parsonby Tarn

72) Manesty Park Tarn
75) Boo Tarn

A discussion of the suitability of the model is presented

later in the chapter.
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5.4B - Metacypris cordata

1) Stage 1 - Pearson Correlation Coefficients.

Parameter Pearson value P

pH 0.20084 0.0840
[ca] ** 0.48660 0.0001***
[Mg] ?* 0.59931 0.0001%**
(K] * 0.02387 0.8389
(Na] * -0.06556 0.5763
Alkalinity 0.58222 0.0001***
Logsize 0.04823 0.6812
Altitude -0.03374 0.7738

These values indicate that three factors are important in

structuring the distribution of Metacypris cordata, [Ca] ?2*

4

[Mg] ?* and overall alkalinity. As alkalinity itself is somewhat
of a measure of [Ca] %' and [Mg] %' (Carrick & Sutcliffe, 1982)
and shows such a high correlation between both parameters

(P = 0.0001 in both cases), it was removed from the analysis at

this stage.
2) Stage 2 : Step-Wise regression analysis.
Variable entered F Prob > F
[Mg] 27 40.9145 0.0001
[ca] ?* 10.8457 0.0015

Of the two factors, [Mg] ?* was entered first into the model

and appears to exert the greatest influence on overall density

and abundance of Metacypris cordata.

3) Stage 3 : Creation of the predictive equation describing

the abundance of M. cordata in terms of [Ca] 2?* and [Mg] 2*.
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M. cordata abundance was then regressed against the above two

variables using the SAS multiple regression procedure.

Graphs of density of M. cordata against the two significant
factors, [Ca] ?* and [Mg] 2" were plotted. Although the
significance values for these two parameters against density
showed highly significant positive correlations, the plots
indicated that only a poor overall relationship could be derived
from the total data set. However, on plotting density against pH
it was noted that this species is rarely found below pH 7.0 in
the Lake District, and above that value, there is no relationship
between density and pH. A sub-set of the data was therefore
incorporated into a threshold model consisting of density at pH
> 6.9 against [Ca) ?* and [Mg] *'. These plots, shown in Figure
5.2, indicate that both factors have a significant effect on
density. As the [Ca] ?' and [Mg] ?* increased, at a pH of > 6.9,

density of M. cordata generally increased.
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Analysis of Variance

Source D.F 8.8 M.S F=Value Prob > F
Model 2 414872.5 207436.3 7.725 0.0026%*
Error 24 644471.1 26853.0

C Total 26 1059343.6

Root MSE 163.9 R-Square 0.3916 Dep Mean 64.3

Adj. R-Sq. 0.3409 C.V. 254.9

Parameter Estimates

variable D.F Parameter Standard Prob > [T]
Estimate Error

Intercept 1 -35.562 52.383 0.5037
Magnesium 1 0.649 0.240 0.0124%*
Calcium 1l -0.072 0.099 0.4727

Thus, the equation predicting abundance of Metacypris cordata

can be given as;

Density = 0.649 [Mg] ** - 0.072 [Ca] 2* - 35.562,
when pH > 6.9.
Density = 0, when pH < 6.9.

The predictive power of this equation when tested against the
Lake District data set is shown in Appendix 14.5.

The equation provided an excellent fit to the data, with over
89% of the sites (67 out of the 75) showing no significant
deviation from the model. Only 8 deviated significantly, as shown
by the Cook’s D values, and these were again divided into two

groups, using the same nomenclature as for Cypria ophthalmica.
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A) Estimated values > Observed values

8) Poaka Beck Reservoir
9) Pennington Reservoir
11) Witherslack Hall Pond

61) Overwater
69) Browns Tarn
71) Parsonby Tarn

B) Observed values > Estimated values

36) Loughrigg Tarn
37) Littlewater Tarn

A discussion of the results, including reasons for the

deviation of some sites from the model, is given in section 5.6.
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5.4C - Cyclocypris ovum

1) Stage 1 - Pearson Correlation Coefficients.

Parameter Pearson value P

pH 0.13577 0.2455

[ca] ** 0.15452 0.1856
[Mg] 2* 0.14712 0.2078
(K] * -0.09640 0.4106

[Na] * -0.02034 0.8625

Alkalinity 0.17147 0.1413

Logsize 0.22763 0.0495%
Altitude 0.09205 0.4322

These correlation values reflect the observations made in
Chapter 3, in that it is very difficult to evaluate the
environmental conditions and the type of habitat preferred by
Cyclocypris ovum. Only one parameter, Logsize, appears to
significantly influence the distribution of this species.

2) Step-wise regression analysis was used to test the

significance of the loading upon this factor.

Variable entered F Prob > F

Logsize 3.9236 0.0514

3) Observation of the plots of the species density per site
against the environmental parameters yielded little further on
the distribution pattern of the species, except that it was
usually found in waters of pH > 6.0, and logsize < 5.5. A weak,
albeit non-significant positive correlation occurred in this
set of conditions between pH and density, while a significant

negative correlation occurred between Logsize and density.
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Density increased with decreasing Logsize, and to a minor extent,
increasing pH, at a pH level of > 6.0 and logsize < 5.5. The
relationship between density and Logsize may be seen in Figure

5.3. These observations were thus entered into a threshold model.

Analysis of Variance

Source D.F 8.8 M.S F-Value Prob > F
Model 2 60483.1 30241.6 3.994 0.0240%
Error 55 416472.5 7572.2

C Total 57 476955.6

Root MSE 87.0 R-Square 0.1268 Dep Mean 38.2

Adj. R-Sqg. 0.0951 c.Vv. 228.1

Parameter Estimates

Variable D.F Parameter Standard Prob > [T]
Estimate Error

Intercept 1 271.129 188.506 0.1560

Logsize 1 =-25.312 9.051 0.0071%%*

pH 1 -16.295 26.029 0.5339

Thus, the equation predicting abundance of Cyclocypris ovum
can be given as;

Density = 271.129 - 25.312 [Logsize] - 16.295 [pH],
when pH > 6.0, logsize < 5.5.
Density = 0, when pH < 6.0, logsize > 5.5.

The predictive power of this equation when tested against the
Lake District data set is shown in Appendix 14.5.

There was no significant deviation from the model in 55 out
of the 75 sample sites (73%), but 20 sites did significantly
deviate (shown by the Cook’s D value) from the model. These sites

are listed below.
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A) Estimated values > Observed values

14) Yew Tree Tarn

19) High Arnside Tarn

20) Grizedale Tarn

22) Clay Pond

24) Barrow Plantation Tarn B
25) Barrow Plantation Tarn D
38) Watendlath Tarn

41) Low Water

43) Tosh Tarn

51) How Top Tarn

69) Browns Tarn

71) Parsonby Tarn

72) Manesty Park Tarn

B) Observed values > Estimated values

23) Barrow Plantation Tarn A
31) Brotherswater

37) Littlewater Tarn

42) Brown Cove Tarn

44) Dalehead Tarn

61) Overwater

75) Boo Tarn

A discussion of the results, including reasons for the

deviation of some sites from the model, is given in section 5.6.
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5.4D - Candona candida

1) Stage 1 - Pearson Correlation Coefficients.

Parameter Pearson value P

pH 0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>