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ABSTRACT

The structural and functional dynamics of freshwater gastropods
at Malham Tarn are examined and detailed information is presented

with regards to two littoral species, Ancylus fluviatilis (Mil1l.)
and Planorbis contortus (Iimn.), occupying a semi-isolated part of

the Tarn,

At all levels, from whole Tarn to micro-situations the snail
populations are aggregated. Both P.contortus and A.fluviatilis are
semelparous with little overlapping between generations. Their

Phenological details may vary from year to year depending on external
conditions.

A.fluviatilis is a herbivore which feeds on epilithic algae,

particularly diatoms. P.contortus is a detrivore which is only able

to make use of the bacterial fraction of its food. The functional

ecology of these two species is considered in terms of the classical
energy budget statement and indicates that mucus secretions are

important elements of their function and functioning.

The philosophical implications of the mechano-reductionist,
energy budget statement are discussed and criticised. The Trelevance
of Control Theory and the more generalised Systems Theory are

exanined in terms of the resulits from freshwater snails. A more

realistic, holistic approach is suggested.
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PREFACE

An ecologist has two spheres of activity. He seeks to know
more about the organisms with which he operates and also more about
the general principles of his science. The former may not lead
naturally to the latter and indeed some ecologists are content to
remain with their particular animals (or plants) in preference to
exploring the wider implications of their finding. 1In this scheme,
the present work arose out of an urge to study snails and has only
developed, in its later stages, into a more broad-minded approach.
As a result, the theoretical implications of the findings presented,

are to some extent preliminary and tentative, and this is reflected
in the title of the thesis.

Ecology is a wide-ranging topic and this imposes itself on
ecological research. The current work is divided into 10 PARTS and
those presenting results (i.e. PARTS II - VIII) each deal with a
different facet of snail ecology and can either be considered as
entities in their own right, or as contributions to the theme set
forth in PART I and discussed in PARTS IX and X, It is hoped that
the format of presentation, by providing a clear distinction between

PARTS and yet maintaining some discursive fluency between them,
facilitates a dual appreciation in the terms described above.

The figures and appendices are presented in a separate volume
to enable easier cross-referencing. There are two types of appendices.
One contains raw data and is called the DATA APPENDIX and the other
contains work published or accepted for publication during the prep-
aration of the thesis and is called the PUBLICATIONS APPENDIX.

Information contained in the latter is rarely duplicated in the body
of the theslis so that the PUBLICATIONS APPENDIX should be treated as

an integral part. The papers included and the citations within them
are not re-cited in the bibliography at the end of volume I.

P.C.
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PART T

INTRODUCTION

( A Historical Perspective and Statement of Intent)
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Ecology is ultimately concerned with understanding the siructure
and functioning of ecosystems (Odum, 1962). Population ecology
operates implicitly within this framework, yet, recognising the com-
plexities of the whole, concentrates attention on the parts. Complete
wunderstaending of the whole ecosystem from a knowledge of 1its parts
seems unlikely (Friederichs, 1958) although some insight may be achieved.
There may also be some intrinsic value in a "population theory" based
on units abstracted from the ecosystem Just as there is value in a

"physiological theory" based on individuasls absiracted from populations.

Structural aspects of this ecological effort are involved with
the composition of communities, in terms of species, numbers and bio-
mass. Thelr frame of reference is both space (e.g. dispersion patterns)

and time (e.g. phenology) and a consideration of physical factors is
relevant in-so-far as these affect the biota.

Functional efforts have lead to & consideration of energy flow
through ecological systems and the concomitant circulation ofimatter.
Here time forms an all important frame of reference. The wide-spread
interest which has arisen in this field over the more recent history
of ecology is reflected in the reviews of Slobodkin (1962a), Macfadyen
(1964), Engelmann (1966), Phillipson (1966), Gates (1968), Mann (1969),
and Hunter (1970). Studies have been carried out on whole ecosystems
(eege Juday, 19403 Odum, 19573 Teal, 1957, 19623 King and Ball, 1967),
part ecosystems (e.g. Engelmann, 19613 Mann, 1964b, 19655 Ven Hook,
1971 ), and at the level of the population (e.ge Wiegert, 1964 Conmita,
19643 Saito, 19653 Varley, 19673 Hinton, 19713 Lawton, 19713 Meese,
;I.971). Not surprisingly in view of their well defined, semi-isolated
condition, lake systems have played a central role in the accu;ulation
o:f.‘ this functional énfo;ma‘l:aioo.* Soémer useful and stimuiating -
generalisations have also been forthcoming from laboratory experioent-

ation (e.g. Slobodkin, 1959, 1960, 1962 a and by 1964). The latter
pa.rallela the relationship between laboratory and field orientated

research in the structural branches (c.f. Park, 19563 and Broadhead
and Hapohe;jo, 11966).

. ~Impetus for shifting ecological attention to the dynamic functional .

properties of ecosystems came initially from the, now classica.l, paper

of Lindeman (1942) Uae of the energr concept in, a.nd aﬁolicatioﬁh of

the laws of thermodynamics to biological systems, however, ‘arose far

earlier than. this and stem ultimately from the philosophical writings

3‘3‘# - o
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of Déscartes (Traite de 1l'homme, 16643 Passions de l&me, 1649, ).
Déscartes founded the mechanistic approach to biology, drawing analogy
between physical machine and animal system ("La B&te Machine") and
opening the way for physiologists like Rubner, (1854-1932) to apply

the laws of thermodynamics. Biological energetics is at once identified
with the twin philosophies of mechanlsm and reductionism. The

energeticlst uses a machine analogy to identify his problem and reduces
the complex phenomenon of metabolism into simpler subcomponents of
anabolism and catabolism to facilitate investigation. The latter are

stated explicitly and separately in both the energy budget statement

(Phillipson, 1966) and its derivative, the Piitter growth equation
(Piitter, 1920; see also Bertalanffy, 1949, 1951).

Odum and Pinkerton (1955) have reviewed generalities in the
animal-machine analogy, particularly from an ecological viewpoint and
Scott (1965) has assessed the acquisition and use of thermodynaemics
data in ecological situations. Hubbell (1969, 1971) has criticised
the reductionist approach implicit in the energy budget statement on
the grounds that it does not account for the emergence of control in
whole, living systems. His arguments derive from the philosophical
scheme of General Systems Theory (Bertalanffy, 1971), the basic tenet

of which is that the properties of the whole are greater than the sum
of the properties of the parts involved.

Systems theory and its particular blological manifestation i.e.

Organismic biology (Bertalanffy and Woodger, 19333 Bertalanffy, 1952)
are not vitalisms. The former do not intend emergent properties as

mystical transcendental entities (c.f. the entelechy of Driesch -
Philosophie des Organischen, 1921, ) but rather as tangible outcomes
of interaction which lead to a reduction in the degrees of freedom of
the parts involved (Weiss, 1969) and allow for the possibility of
control. Since organisation and regulation are fundamental properties
of living things our understanding of blological, and in the present

context ecological, systems must embody these considerations. In this

sense the classical energy ‘budget statement is too: simplistic, and a
logicsl extension of its formulation, within the framework of a oystems”

Theory, would appear to be towards & cybernetic representation (see

1. These references are not cited in the bibliography. For a.nﬂ |
apprecistion of their impsct on biology see Coleman’ (1971)

2. This reference is not cited in the bibliography. For an appreciation
of its content and :I.mpact on 'biology see Stner (1955)
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Hubbell, Ibid.). This is not to reject either the powerful machine
analogy or the laws of thermodynamics but rather to make use of more
complex (cybernetic) machine theory and to recognise that physical

laws provide only general constraints within which biological systens
must operate (Polanyi, 1968).

The present work has been involved with both the structure and
function of freshwater gastropod populations at Malham Tarn in York-
shire. These animals are particularly convenient for ecological
research because, in the temperate world, they have an annual life
cycle with non-overlapping generations (Hunter, 1961 a and b). They
also provide few taxonomic difficulties and are easily manipulated
under laboratory conditions. Even so, although there is a large body
of information regarding their spatial distribution (e.g. Boycott,
19363 Macan, 19503 Hunter, 19573 DeCoster and Persoone, 19703 Marazanof,
19703 Morgan, 19703 Pip and Paulishyn, 1970) and some information on
their phenologies based on size frequency analyses (e.g. Berrie,1963,
1965, 19663 DeWit, 19553 DeWitt, 19553 Duncan, 19593 Hunter, 1956,
1957, 1961 a and b, 1966; Pinel-Alloul and Maghin, 1971) quantitative

information on thelr structural and functional population dynanmics
is limited.

On the structural side, apart from laboratory work (e.g. DeWitt,
1954 a and by beﬂitt and Sloan, 1958) and the quasi-field investigations
of Eisenberg (1966, 1970) only the field studies of Gillespie (1969)
and Jobin and Michelson (1967) have been truly quantitative. With
regard to the functional aspects Burky (1971) has compiled a
population budget for Ferrissia rivularis (Say) which is in terms of

carbon and Tilly (1968) for Physa integra (Say) which is in terms of
energy. The latter forms part of a wider study of a whole ecosystem

 and is necessarily superficial. Heywood and Edwards (1962) have con-

structed a partial energy budget for Potamopyrgus jenkinsi (Smith).
Two reports have been concerned specifically with freshwater snail

production in terms of mass (i.e. Gillespie, 19693 Stanczykowska et.
8ley 1971) and Mann et. 8l., 1971 (see also Berrie, 1972) have

considered this parameter as part of a study involved with a whole
ecosysten, |

PARTS III to V of .this thesis are concerned with the structural
dynamics of freshwater gastropods. These begin with the spatial
structure of gastropod populations in general, which is discussed in
terms of 'Fhe physica]‘.,ﬁ chemical and biological characteristics of
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Malham Tarn given in PART II, and end with the dynamic structural
details of two littoral species, (Anczlﬁs fluviatilis Mill.and
Planorbis contortus Linn. ), occupying one semi-isolated part of the
Tarn. The earlier PARTS (i.e. III and IV) present the logic behind
the choice of the two above-mentioned pulmonate species and provide

the necessary information for planning a sampling programme. PART V

documents and discusses the results obtained from this programme.

PARTS VI to IX consider the functional ecology of P.contortus and
A.fluviatilis. This is approached in a classical reductionist vein.
PARTS VI and VII are concerned with growth and energy inputs (anabolism),
PART VIII with energy outputs (catabolism) and PART IX with an integration
of these components into an energy budget statement. Throughout these
PARTS, however, the application of control theory to the individual

and population energetics of the two species concerned is examined.

This i1s drawn together and elaborated in PART X when the relevance of
Systems Theory to the development of a sound predictive theory of
functional ecology is discussed and a method of approach, based on the

findings reported in the earlier PARTS of the thesis and orientated
towards the population level, is suggested,
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PART 11

A DESCRIPTION OF THE HABITAT

¥
5 -
e ¥ 1I|I'--_-- ‘l
1
B . .
A
* r - w -
-F -
= ar -
sy . 1
)
-
1 " - - "
It
+ r
o - . % . .
. _ Foo E .
.
+ -
- -~ T L
o b v - £ “ - & -
. E - . «
T = ! M - i o
H ? 1. ra o ' o F x . -I i -
- . . o | * r
[ |
N,
1.-
- -
':':
F "
- -
. -
]



1. GENERAL CONSIDERATIONS

Malham Tarn is situated ca. 381m. (1250 ft.) above sea level

in the West Riding of Yorkshire. Its general geographical location

is given in FIG. 1 and geographical detalls of the area are
presented in FIG.2.

In order to appreciate either flora or fauna some knowledge
of the geology of the area is essential, Whilst its basic geology
is fairly well defined (Garwood and Goodyear 19243 O'Connor 1964)
the surface features are more complicated and only a simplified
pattern of these can be given here.

The area is trisected by the North and Middle Craven Faults,
both of which run from west to east (FIG. 2). The Tarn lies in the
most northerly sector of this systemy i.6. in a region of upland
limestone overlain by glacial scree. It owes its presence to two
factors. The first is an inlier of impervious Silurian rock agalinst
the North Fault which forms its bed and the second is a series of
morainic ridges-containing it to the south.

About 15000 years ago the Tarn covered about twice 1ts present
area of 62ha. (153 acres). During this period, however, a large
area on the western side of the Tarn became overgrown with vegetation,
passing through various stages of fen, and fencarr. and laying down
vast quantities of peat. Erosion of the containing moraine eventually
resulted in a breakthrough and the formation of a stream (Malhem
Water, see FIG. 3), which became the head waters of the River Aire.
The water of the Tarn fell by some Tm. reducing its area to one
slightly smaller than the present. The western portion beceme a
raised bog, now known as Tarn Moss (see FIG. 3).

In 1791, Thomas Lister, first Lord Ribblesdale, built a
controlled outlet at the southern end of the Tarn, thereby raising

its level about l.2m. (4ft.). This had three major effects.
Firstly there was flooding of a dug-out portion of Tarn Moss,

resulting in the formation of a distinct semi-aquatic portion
with characteristic semi-aquatic vegetation i.e. the Fen (see FIC.
3) eand secondly there was the creation of a new shoreline. On

a clear day the old shoreline is still visible, particularly on
the north and northeast shores, as a submerged hummock of large
boulders lying beneath ca. lm. of water. More will be said about
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this feature later. Thirdly, and finally, the controlled out-
flow of water from the Tarn means that its depth undergoes little
gseagonal variation and its depth range 1s limited to ca. 1l5cnms,
This is particularly convenient when considering littoral

populations, since their habitat extent can be assumed to be
relatively stable and constant.

The present Tarn, then, is 62ha in extent and very shallow
(see SECTICN 3, 1). A rough calculation of the volume of water
present has been made by Holmes (1965) and approximated to 300
million gallons. There is one major and several minor inflow
streams, and a single outflow. The short major inflow arises
from springs near the base of the Great Scar limestone and is
consequently rich in calcium, as are the waters of all inflow

streams, This feature dominates the biology of the Tarm and will
be discussed further in SECTION 3. 3.

The following sections are involved with a description of
all those features of the Tarn i.e. clinmatic (SECTION 2-),

physical, chemical and morphometric (SECTION 3.) and biological
(SECTION 4.), which either have general relevance to its ecology

or have specific relevance with regard to subsequent sections of
the thesis.
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2, CLIMATIC CONSIDERATIONS

2, 1. Temperature

Tarn temperatures were measured using Berthet's (1960)

technique which is based on the rate of inversion of sucroses

sucrose + H,0 —> Fructose + Glucose

The rate of inversion is assessed at a constant pH. and the
rotation of the solution is determined using a polarimetexr. The

inversion constant is calculated from the equation:

KlT = _}_log Asz - Bo tlttti.tttt..t.t-t.t.tlo-----.l (2-2:1) |

t A -~ B0 ‘

vheres \
t = time of exposure to temperature (days)
Ao= initial rotation value of the solution

Bo= complete rotation constant

A = actual rotation value of the sample after exposure.
T = temperature in degrees absoluie

The temperature is then calculated from the equation:

T = 3' iliilll.iil.i.!l.illiiiiiiiillll.iiiz (20201)

S g TN
o Log XK'T

where &' and o' are constants. &' is independent of pH and

Berthet's value of 5.854 was used. ¢ is dependent on pH. A
value of 19.2000 (+ 0.0073), the mean of 30 determinations,was

used here.

The sucrose solution was prepared by dissolving 400g.
sucrose in 220ml. water and 10ml. 35% formalin (as an anti-

biotio), and this solution was filtered. The buffer solution

wae prepared by adding 3.75g. KC1 to 33,9ml. of 1IN HCl, and was

diluted to 500m1. The prepered aolutione were etored at 5 C
until required. |
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Equa.l quantities of the 'I:wo eolutions were. thoroughly

mixed and .12ml..of this-.mixture were. transferred into.each of
five plastic ubes, .Two. tubes (with. solutions for determining Ao )
were immediately placed in, ’che deep freeze,. the remaining three
were transporied in 8, freezing mixture.into the field.  Location

of .these tubes within the Tarn is shown in FIG. 3 (marked T.).

They.were.placed under 30cms, of.water adjacent to.the shore.on:
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which the most detailed sampling programme was to be carried out.
After a known period of time (about a month during most of the
year, but a fortnight during the summer) the tubes were taken back
to the laboratory in a freezing mixture. The rotation of the three

solutions was measured using a Bellingham and Stanley, model D,
polarimeter.

Measurements were begun in January 1970, and continued
until August 1971. Estimated mean temperatures derived from the

average rotation of the three replicates are shown in FIG. 4.

Errors are not shown but in all cases they were less than 4%. In

months where two samples were obtained (i.e. summer months), these

have been averaged and corrected to the 28 day interval.

As Berthet (1960) points out the mean obtained from the
above method is not a true mean since the effects of higher
temperatures is more dominant than lower in obtaining the value.
This method of exponential integration is, however, of value in
ecology in that most biological reactions have a temperature
coefficient of the same order as that of sucrose (Qy= 2.0) and
the method has previously been used to advantage in energetics

studies in both freshwater (e.g. Lawton 1971) and terrestrial (e.g.

Hinton 1971) environments.

Information contained in FIG.4 will be used later for both

the interpretation of ecological information and the computation
of energy budgets.

2, 2. Wind Action

From an intuitive point of view wind action, by influencing
the direction and-intensity of water movementis, must play an
important part in determining lake habitat structure and concomitant
conmposition of zoocoenoses. .Its influence on wave action,: - :
temperature stratification, and heat production:.is well-understood,
as is its general effect,.via wave action,. on substrate composition
end. floral:and faunal distributions (- see general texts: Welch,
1935, Rutner, 1953, Macan and Worthington, 1959, Macan, 1963, -
1970). The latter, however,- has only been stated in qualitative
terms (see Macan 1970, . who. referring to Lake Windermere hag ..::- *:

suggested a Trelationship between wind direction, the distribution

of detritus,: and the occurrence of his . ."insect" and "non-inseoct"



communities).

In this section wind action in terms of the speed and
direction operating at Malham will be discussed as preliminary
to demonstrating its effects on Tarn, particularly littoral,
morphology and snail community structures. Data derives from a
2l month interval between February 1970 and August 1971, during
which time routine snail population estimates were being made.

The following data has been obtained from meteorological
records kept at Malham Tarn Field Centre. I am grateful to the
Warden for allowing me access to this information.

Table 1 indicates occurrence and direction of winds over

a 577 day interval between Feb, 1970 and Aug. 197l. Winds are
classified as either originating from compass points between
0O = 179° (N -S) or between 180 = 359° (S +N). The logic
behind this will be discussed in PART III.

TABLE l. Occurrence and direction of winds operating over a
577 day interval (Feb. 1970 to Aug. 1971) at Malham Tern.

Source N =S S N No Wind Total
(0 ~179) (180-359)
foe of days 155 356 66 577
operating
% total no. of 26,86 61.70 1l.44 100

days observed

Out of 577 days observation only 1l.44% were devoid of wind.
Most arose from the compass points between 180 - 359° i,e. blowing

:E‘rom the western sector on to the eastern shores. Mean wind speeds
were 8.290 1,085 knots (N --s) and 10,796 = 1.096 knots (§ -N).
Confidence limits are two standard errors, and means are based only
on days when winds were o'bserved. The means are not significantly
different (d = 1.149 p) 0.10) ind.icating that when winds blow at
Malha.m, their average strengths are not affected by the direction
from which they originate. From a biological viewpoint, however,
the time periods over which winds blow, particularly with respect
to those capa'ble of 1nducing significent wave action are likely to

be more relevant., Only winds exceeding 5 knots are likely to
produce waves (Meteorological Office Handbook 1956).
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TABLE 2 contains information based on a 364 day subsample
(25/7/70 - 24/7/71) derived from the total 577 day sample
described above. It summarises data on the total number of windy

days and the total number of days when winds were in excess of
5 knots,

TABLE 2 Average wind speeds, total number of windy days and
total number of days winds exceeded 5 knots at Malham Tarn
between July 1970 and July 1971 (364 days).

No. Days ¢ total days observed
Total days winds blew 329 00.4
Days winds blew from ¢
S N sector 212 58.3
N 35 sector 117 32.1
Days winds exceeding
5 knots blew from ¢
S =N gector 129 35.4} 49 .4
N «+S sector 51 14.0
Total days observed 364 100

Data from this subsample are similar to the reults

obtained from the total 577 day period (see TABLE 1) with respect
to the proportion of time winds blew, and the directions from

which they originated. Further information summarised in TABLE 2,
however, indicates that winds with critical speeds (i.e.)5 knots)

were ca. twice as prevalent from the 180 - 359° sector than from

the opposite sector. Thus, although winds blowing from each direction
do not differ significantly in thelr average speeds, they do differ

in the frequency with which those speeds are in excess of 5 knots.
From this point of view shores within the 0 - 179° sector, the

eastern shores, are likely to receilve more winds and more waves

then opposite shores. It must be remembered, however, in judging
these conclusions that observations on wind speed at Malham are

made once a day (i.e. at 9.00a.m.) and that the data presented

result from a series of samples and not & continuous record of wind

activity. Nevertheless, the general conclusions derived do
correspond with personsl observation.

FIG. > shows a monthly breakdown of information contained in
TABLE 2 in terms of average wind speeds (5a) and duration of time
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over which they blew (5b). Data for different sectors are treated
geparately and horizontal lines within blocks giving durations,
indicate number of days over .which speeds were in excess of 5 knots,
FIGC. 6 shows summed total days over which winds occurred in both

directions, and summed total days over which they exceeded the
critical value in each month.

With respect to FIG. 6, periods over which wind is experienced
at Malham show a surprising consistency from month to month (ca.
24 out of 25 days are windy). The pattern with regard to critical
wind speeds is more variable with peaks occurring between 17/10
and 14/11 (1970), 6/3 and 3/4 (1971) and 29/5 and 26/6 (1971).
Similarly the pattern is more variable when wind direction is
considered as in FIG. 5. Here peaks in terms of total no. of windy
days and numbers of days on which winds were in excess of 5 knots
occur between 17/10 and 14/11 (1970) for winds arising from the
S XN sector and between May and July, for winds arising from the
opposite sector. Strongest S N winds blow between 17/ 10 and
14/11 (1970) and strongest N -»S winds blow between 12/12 (1970)

and 9/1 (1971).

The ecological implications of these findings with regard to

Tarn morphology and snail community structures will be considered
in PART III.
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3. PHYSICAL, CHEMICAL AND MORPHOMETRIC CONSIDERATIONS

3. 1. Depth Profile of the Basin

As already noted Malham Tarn is shallow, the maximum depth
recorded being ca. 4.25m. (14ft.). Most of the offshore parts,
however, are between 2 = 3.5m. (6 - 10ft.,) deep. FIG. 3 shows the
depth contours of the Tarn and is derived from Philipson (1968).
Apart from the littoral region, most of the Tarn bottom consists of

a surface layer of flocculent, black mudy rich in organic material

and an underlying layer of cream coloured marl (Holmes 1965).

3. 2. Depth Profiles of Littoral Regsions and Neture of Substrate

The shores at Malham are varied and have been described in

detail by Holmes (1965), who gives schematic profiles of all major
types. Most shorelines described slope gently, in conformity with
the shallowness of the basin.

The north, northeast and parts of the south shores are rocky,

west shores adjacent to the "Tarn Moss" are of peat, and two

sheltered bays on the south shores have a sandy substratum. Bays
in both the northeast and northwest corners of the Tarn contain

beds of Carex rostrata (Stokes) and are surrounded by soft muds.

Immediately adjacent to the controlled outlet is an artificial dam
wall constructed of stone, and sloping steeply into the water.

Most detalled sampling of littoral snail populations has
been carried out on a portion of the east shore of the Tarnm

immediately adjacent to "Ha Mire"™ plantation and delimited by two
walls which are built into the water to a depth of ca. lm. (see
FIG. 3)s This shore is ca. 200m. long and has a solid limestone
base with a variable depth of glacial drift and weathering debris
over it. Wave action has in fact produced an extremely varied
shore composed of stones varying in size from small pebbles to

largeﬁboplde:;s. These rest loosely on top of one another.

The position and outline of this shore is depicted in FIG.7.
A broken line offshore delimits the approximate position of the old
shoreline, and two dotted lines set at right angles to the shore
indicate the inner boundaries of three sectors (A, B and C) which
are delimited for sampling purposes (see PART IV SECTION 4 )
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Size and shape frequency distributions of siones within
each sector have already been described (Calow 1972, see
PUBLICATIONS APPENDIX 11 ). FIGS.8 a, b, and ¢ show depth
profiles along three transects taken at points x, y, z (see
FIG. T7) in sectors A, B, and C respectivelye. Sector B has the
most gently sloping profile, the smallest stones and greatest
concentration of between-stone detritus. These features

presumably result from its sheltered embayed situation.

3¢ 3. Water Chemistry

Lund (1961) presents data on the concentration of the major

dissolved ions in the waters of the main inflow of the Tarn and

of the Tarn itself. As is to be expected from the geology of the
area both are highly alkaline, containing between 8 - 12 times as
much Ca?* as the North Basin of Lake Windermere (i.e. according

to Lund the Tarn contained on 18/6/58, 2.365 millequivalents Ca®'/L.).

Alkalinity of the Tarn, however, varies conslderably during
the year but is never as high as in the major inflow stream. 1In

the Tarn, the alkalinity is lowest in summer and highest in winter;

in the inflow the reverse prevalls. The detalled causes of these
cyclic changes are unknown but it is unlikely that they are entirely
due to biological phenomena and Lund (1961) suggests that

temperature differences between the Tarm and the inflow may be
involved.

Cycles also occur in dissolved nitrate nitrogen (N.NO;)
and Si0; « N.NO; pesks at ca. O.4mg./L during spring, when much
of the organic N; arising from winter mortality of plants and
e.nima.ls has been mineralised, and 'hroughe during winter months

at ca. O.lmg./L. Si0, cycles between 2.0 and O. 5mg./L with
seasonel variations in diatom. production.

+ -
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| Phosphate phosphorgius (P PO, ') is almost a.lways at
extremely 1ow concentrations and Lund (1961) ‘believee that

r

phoephor?ue ie the major element limiting primary production within
‘the Tam. #Z:h;eqe«.u . € SR S -




4., BIOLOGICAL CONSIDERATIONS

4. 1. Trophic Classification of the Tarn

Malham Tarn is not easily positioned within the usual
eutrophic/oligotrophic system of lacustrine classification. In
some respects the Tarn exhibits eutrophic features viz. a high

production of submerged macrophytic vegetation (_C_}iar_a, Potamogeton,
Myriophyllum), high nutrient status (apart from P.PO; ) and
shallow depthe In other respects the Tarn exhibits oligotrophic
features, viz. a low phytoplankton production (Lund,1961), the
absence of marginal reed beds, lack of thermal stratification

and consequently no depletion of oxygen during summer months.

As Round (1953) argues, "..es in many cases it is not possible
to divide lakes into well defined types, but only into a series

showing numerous gradations between oligotrophy and eutrophy".

Malham Tarn appears to occupy an intermediate position within
this spectrum,

de 2o A General Consideration of Organisms Present

The general ecology of both flora and fauna present within
the Tarn has been extensively reviewed by Holmes (1965). Specific
faunal works include those of Stratton (1956) on the Mollusca (see
also PARTS 1 and 111), Reynoldson (1956) on the Triclads, Fryer
(1953) on Gammarus, Wilson (1949) and Holmes (1960) on the fish,
and Williamson (1968) on the bird communities living in and
around the area. Work on the flora includes that of Lund (1961)
on the algae, Procter (1960) on the mosses and liverworts and
Sinker (1969) on the macrophytes.

In view of the altitude, Malham Tarn is extremely rich in
both flora and fauna. This reflects the varied nature of the
habitats present and also the relatively high concentration of
nutrient salts. As already noted P,P04 must be considered as one of
the major limiting factors operafing within the Tarn, but Ca?tions

are in abundance, and this is particularly advantageous from the
point of view of the molluscan fauna present.
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PART TYIIY

THE SPECIES COMPOSITION OF GASTROPOD
"COMMUNITIES", IN MALHAM TARN

- _ -
3 ! _ .
* -
4 - -
H - ’ 2 - k
X1 S - # -
1 '
1 [
- -
o+ L) 13 - - - \
— - 1
L - % - . + s i iﬂ*? - . - T - ' -
'-'I.ti:' - -
£ e f . __1_ Fe %
]
=
o - L ! - o
L] 3 A T * - - e ar
= f . E - 1?{ y, T -"LF’“ N - ‘-‘S_F ! :: * ? n
;i n F oLy - T - _ b 4~ Ty -
o T
L L - o o + . 5 o Y 0
* . o4 o i e - ! * h *
s -l B — i-.-. ' - L | .IJ_ - E =y

-



1, INTRODUCTION

A review of work relating to the general ecology of fresh-
water molluscs has been given in PART 1., Briefly, Boycott (1936)
has surveyed thelr distributional ecology throughout Britain,
whereas Macan (1950) has made & more detailed study in a single
area. Other geographical surve?ys have been made in other parts
of the world e.g. Baker (1928) in Wisconsin, Frdmming (1936, 1938)
in northern Europe, Alsterberg (1930) and Hubendick (1947) in
Sweden, Hunter (1957 .) in Scotland and Benthem Jutting (1959) in
the Netherlands. Fewer studies have been concerned with a
consideration of the intra- habitat distribution of the freshwater
mollusca c.f. Baker (1916, 1918 and 1927) in both Oneida Lake, New
York and White Lake, Michigan, Hunter (1957) in Loch Lomond and

DeCoster and Persoone (1970) in a swamp region near Ghent. Apart
from the latter all of these surveys are expressed solely in
qualitative terms.

The first species list for the Mollusca at Malham Tarn was -
produced by Soppitt and Carter (1888). This has subsequently been
amplified and verified by Roebuck (1890), Booth (1910), Fysher
(1929) and most recently by Stratton (1956). Boycott (1936) has
collected together the specles lists given by the earlier workers
(pe 157 of his paper) and Stratton's list exceeds the latter by

five specles only, of which two are gastropods. He describes 13
gastropod species in total.

The diversity of the mollusca at Malham Tarn is unusually
high in view of the altitude, This can be accounted for by a

high concentration of Ca?t (see PART II SECTION 3. 3.), which is far

in excess of 20mg/l quoted by Boycott (1936) as the minimum
critical level for the presence of snails.

The following sections provide semi-quantitative information
regarding distribution of gastropods in one lake. Factors
affecting distribution will be considered particularly with
reference to the 1ittoral populations and to the influence of wind
and wave action the physical aspects of which have already been
referred to in PART II, SECTION 2. 2. This information derives
mainly from an initial survey of the Mollusca at Malham begun in
August 1968, continued in July and August 1969, and aimed at

selecting those populations which would be convenient and suitable
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for more detailed dynamics studlies. Relevance of this survey to
the latter will be discussed in SECTION 6. 2.
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2. SAMPLING TECHNIGQUES

. S

The survey encompassed both the major weed beds of the Tarn
and the rocky shores. The shores have already been described
(PART II SECTION 3. 2.). The five major types of weed bed consisi
of pure .stands of Elodea canadensis or Potamogeton lucens or
Myriophyllum spictatum or Chara delicatula or Carex rostrata.

Only the latter species is emergent. Other speclies i.e. the moss

Fontinalis antipyretica L. and the stonewort Chara aspera Deth.
occur patchily on the rocky shores and were not considered.

Distribution of the weed beds within the Tarn is given in FIG. 9.
The positions of the sampling stations are also deplcted. Of the
littoral sites only station 1 has not previously been considered.

It comprises a stretch of glacial drift ca. 150 — 200m. in length
surrounded on all sides by peate.

Sampling technique varied with habitat. On the rocky shores,
50 stones were selected haphazardly at each station, snails were
removed and stored en-masse in 10% formalin for counting. All
weeds, except the sedge, were sampled by means of a grab-net,
similar to that describded by Phillipson (1968). The grab enclosed
0.25m?2 of weed bed and yielded between 100 - 500g spun-dry welght

of weed. Three samples were taken at each station, and stored in
10% formalin. Snails were subsequently extracted using a watler
flushing device like that described by Cross and Minns (1969).
Comparing the number of animals recovered by hand sorting and
extraction the latter workers found that the extractor operated at
between 96 - 1004 efficiency. Using individuals of all species,
marked with red nail varnish, I obtained.an efficiency of 100% for
all s‘amples. Sedge was sampled using a metal frame with muslin
sleove. The frame enclosed 0.25m® of bed and the sleeve projected
above the water surface. Emergent shoots were sheared to the water
surface end discarded. Submerged shoots and roots were shovelled
out of the frame and washed thoroughly in 10 litres of water,
Washings were sieved through a lmm screen and the water remaining

withih th_e mugl;h sleove was stirred and sieved with a conical

pond net (24 strgnds/ cmy pore size 300u § type B as supplied by
F.W.B.A.). Snails so obtained were bulked in 10% formalin. A

total of five samples were obtainéd, each taken at lm intervals along
a transect passing from the waters edge to the bank,
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3, A QUALITATIVE CONSIDERATION OF SPECIES PRESENT AND THEIR
DISTRIBUTICN

Table 3 shows the distribution of the gastropod species at
Malham in terms of thelr presence or absence in various habitats
and is compiled from both the 1969 survey, described above, and
from Stratton (1956). The latter worker considered only one shore
in detail i.e. station 2, but was able to take samples from the
north-west sedge bed. Access to this region is now restricted for
conservation purposes, though casual observation was possible.
Results from the survey in 1968 are identical to those from 1969
and are not includede NoO gastropod molluscs were recorded either
from the sandy bays on the southern shores, or from the peat shores
of Tarn Moss or from silt accumulated around the sedge beds.
Absence from silt and sand is almost certainly a result of snail
sensitivity to the fouling of thelr respiratory surface, whereas
absence from peat probably results from the reduced pH. A complete
species list of gastropod molluscs present at Malham, together with

dates on which they were first recorded, is given in DATA
APPENDIX II.

A general comparison of Stratton's results with those of
the present survey indicates a reduction in number of species,
particularly operculates, on the rocky shores but an increase in
the number in the weed beds. The total number of species present
in the Tarn remains the same. The sedge beds and some of the

littoral stations seem to present the most restricted faunsa.

At present the most ubiquitous species is P.contortus
which ranges throughout all habitats. Moquin-Tandon (1855)
describes it _as living in still waters on aquatic plants whereas
Boycott (1936) agsoclates it both with running and with stagnant
situations. Its ubiquity may be a function of its feeding habits
since it appears to eat detritus and attached bacteria (see PART VII
SECTION 4 ) which are likely to occur in most habitats. Lymnaea
stagnalis is also fairly wide ranging being absent only from the
rather restricted Elodea, and sedge beds. Its size is significantly
larger in the weed beds than on the rocky shores, (sse TABLE 4)
and & similar phenomenon is found in L.pereger.

I
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TABLE 3. A Qualitative Iliustration of Distribution of Gastropod
Species in Malham Tarn.

Station

Number 1 2 4 5 6 8 10 11 12 13 Rarq:fe
Pulmonata

A.fluviatilis + =x+ + o+ 4 + 8
P.contortus + X+ + + 4 + + 4+ + + 13
P.albus + X+ + + +  + + -8
P.crista + X+ + + + 4+ + T
P.leucostoma + 1
L.pereger + X+ + + o+ X [
L.stagnalis + X+ + + o+ + Xt X+ X+ X 11
L.palustris X + + 4+ X 4
Ph,fontinalis + + X+ X+ o+ 4

Prosobranchia

B.tentaculata X + + X X+ X+ 5
Ve.cristata X + 1
Ve.piscinalis X X+ X+ X+ o+ 4
P, jenkinsi X

Total No. of

Species * 6

7(11) 4 5 3 6 3 4 8 (3)9:(4)9 (4)8 4(3)

¥ Strattonts results are in parenthesis

*% Refers only to the 1969 sampling survey
x Compiled from Stratton 1956

+ Fljom 1969 su:ﬁrey
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TABLE 4. Comparison of Shell Length (S 1*) of L.stagnalis +
L.pereger Taken from Weed Beds and Rocky Shores in August 1969,

Shores Weeds
(Samples summed from (Samples summed from
all shores) all shores)
L.stagnalis
MEAN 8¢4mm 21.3mm
No. observed 41 5T
Fiducial Limits 2elmm 3,3mm

(2X standard error) i

+ d ..ll.ii........llll.'..lI'Ill.i.4l77

P 00000000000 000060000000000600000 0-001

L.pereger

MEAN 4o1mm 8.5mm
Noe. observed 33 39
Fiduclial Limits 1le3mm 1,6mm

(2X standard error)

d ...l.f.l....ll.lilllll.Iil.il.l‘2.78

p "N EFE N EFEEFEEEEEENEERENBNNE NN N B N B I I N N N B 0I01

Holmes (1965) explains -I:hese differenoea in terms of food supply
whereas Hunter (1961 a, b) who noticed dwarfism in populations of
L.pereger in the rocky littoral situatiqn of Loch Lomond suggested
that 'both foodJ supply and}qugen limitations, during summer months,
were proba‘bly the cause. The variety of L.stagnalis previoﬁsly
Qited as peculiar to Malham ('I‘aylor 1895) with a small, delicate,
trm;versely ba.nded shell was not taken in 1969. This appa.rently
fluctuates in a‘bundance from year to year (Holmes 1965)

taken ,were of variety ovata (Drapernaud)

NN Fam e "'-'-ﬁ'l-'l.l"' _j'. '~'.-

Eereger

A.fluviatilis is limited-to. the rocky. shores where it is
found.at-all-stations. This species.is usually associated with
lotic hablitats, :though-it has repeatedly been described from the -

* Terminology from Hunter.(1961a) -..: - . .. .+ s

+ significance test.based on'two:large samples (n>30) see Bailey
(1959)

= -?HI'
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rocky littoral situations of lakes (see review by Berg 1952, Pe.264,
and also Geldiay 1956, and Hunter 1957).

P.leucostoma i1s the most restricted species of pulmonate
being limited to the sedge beds. Stratton (1956) also noted its
restriction at Malham, although he was unable to find it in the
north-east sedge bed, Casual observation has indicated that it
is still present in the north-west sedge bed. Boycott (1936) lists
it as characteristic of stagnant situations.

Of the operculates, only B.tentaculata was found on the

rocky shores in 1969. V.:cristata and P.jenkinsi have the most

restricted distribution being limited to Chara and Elodea
respectively.

* The case of P.Jjenkinsi is an interesting one. It is the

most recent molluscan colonist of fresh waters, making the

transition from its original brackish location around the turn of
the century. Robson (1923) has discussed reasons for this
transition and its history of colonisation is well documented

(see Robson 1923 and Boycott 1936 for England, Hunter and Warwick
1957 for Scotland, Bondeson and Kaiser 1949 for Denmark and
Hubendick 1950 for the whole of Europe). There are probably

several distinct races within the species (Warwick 1944, 1952).
Potamopyrgus was not recorded in Malham Tarn until 1950 (Stratton
1956) although it had been found in Coniston Tarn, 6.5 miles south
of Malham in 1928. Reduced dispersal of this species seems to be
typical of highland regions (Hunter and Warwick 1957). Its
subsequent course of colonisation in the Tarn is given by Holmes
(1965). By 1954 it had become very abundant on the north shores

and in the Chara beds. In 1958 and 1959 its densities fell
severely, but since then and up ‘to Holmes' publication in 1965 it
was apparently undergoing slow recovery and recolonisation. There
are no further records after 1965 until the present survey, when
Potamopyrasus was found to be strictly limited to Elodea. ‘During

the intervening period its densities must again have fallen. This
pattern of rapid invasion followed by dramatic reductions in density
and resirictions in distribution seems to have been typical (Boycott

* The following paragraphs to the end of section 3 have formed the

basis of a note to the Naturalist (Hull). See PUBLICATIONS
APPENDIX V
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1936, Macan, 1950) and may be characteristic of any new colonists
whilst finding their ecological place within the indigenous fauna

(Elton, 1958).
The present association between Potamopyrgus and Elodea may be

significant. The invasion of freshwater in Britain by both these
species seems to be related, and Robson (1923) suggests that Elodea

may have prepared the wgy for Potamopyrgus by contributing some factor
to its food supply. It should be noted, however, that Elodea appeared

within the Tarn in 1962 after the initial invasion of P.jenkinsi

(Holmes, 1965) and that Potamopyrgus does not eat Elodea tissue
directly, only the encrusting epiphytes (Robson, 1923). The latter
behaviour is similar to L.pereger on Elodea (Calow, 1970, see
FUBLICATIONS APPENDIX I). It seems likely, therefore, that Elodea

merely provides a suitable refuge for Potamopyrgus either from the
direct action of predators or from competition with other snails.,

Although other species of snail do occur on Elodea at Malham, P.
jenkinsi is by far the most abundant, (see DATA APPENDIX IIIA) and
some snails apparently find Elodea toxic (Gaevskaya, 1966).




-26=

A, BETWEEN HABITAT SIMILARITY OF SNAIL COMNUNITIES

Various computational methods are available for comparing
fauna in different habitats. These have been reviewed by Mount-
ford (1962) and Southwood (1966). The method used here is the
Index of Similarity, I, (Mountford 1962) because it is least
sensitive to sample size. A comparison 1s made between the latter
and Sﬁrensen's (1948) Quotient of Similarity, QS, which suffers
from the disadvantage of being affected by sample size (Mountford,
1962). The Quotient of Similarity is defined as:

QS = _2L oooooncooo-oootto.oittooo-wtooo.oool (30 4.)
a+b

wvhen a = number of species in one habitat

P = number of species in other habitat

J = number of speclies in common

and ranges in value from O when there is absolutely no relation-

ship between fauna 4, to 1 when the correlation is perfect.

Mountford'!s index is defined as:

Il = 2.! ©00000000000000000000000000000C (3- 4)
2ab-(a+b) I

whereterminology is as in equation 1 (3. 4.) above and ranges
f
between O for no relationship 10 +« for a perfect relationship.

This index requires random sampling, and this has been assumed.

The trellis diasgram (TABLE 5) shows the Similarity Indices
obtained from equation 2 (3. 4.) between all possible pairs of
habitats sampled at Malham. FIG. 10 shows the relationship
between QS and I for equivalent habitat pairs from the survey, and
indicates their non linear relationship. Apart from the
theoretical difficulties in applying QS to data obtained in the
present context (because of non uniformity in sample size), I has
the advantage of increasing the resolution between habitats of

close similarity. The non finite end point in Mountford's index
is inconvenient.

The dendrogram (FIG.1l) is constructed from values given
in TABLE 5, according to the method of Mountford (1962), It

clearly distinguishes between two clusters of habitats, the weed
beds and the rocky shores, and suggests a tighter clustering in

the shore than the weed bed stations. In other words the variation




TABLE 5.

Station
Number

10
11
12

13

O~ OO H W

Similarity Indices Between Sampling Stations at Malham,

27—

as Judged by Mountford's I.

. 286
560
375
100
« 200
154
.100
146
.051
« 200
051
039

10

889
169
087
303
«400
.182
o125
133
167

o133
0182

11

9 889

e333
«303
«333
182
«235
133
303
133
130

12

214
.182
.270
.100
171
154
. 385
154
214

13

059

.118 2.00
,082 1.00

.065
118

«053
.118

«H00
666

«333
666

.082 1.00

660

«364 2.00

500 2,00 1,00

417 1.00 500 ,T50
eH00 2,00 1,00 4 =
o660 4750 462 2,00 1,00 2,00

660




28

over shore stations is less than that over the weed bed stationse.
The distinction between shores and weed beds results mainly from

the absence of A.fluviatilis from the latter and restriction of
L.palustris and most operculates to weed beds.

Reasons for restriction of A.fluviatilis to rocky shores have
been discussed by Berg (1952) and are apparently more related to its
sensitivity to sediment accumulation than its requirement for either
simulated lotic (wave action), or oxygen saturated conditions.
Absence of both L.palustris and most operculates from the shore

stations is not consistent with Strattori's (1956) results (see TABLE
3) and cannot be explained.,

Use of either QS or I, when sample components can be expressed
in terms of relative abundance loses information, since both are
based on presence and absence data only. The following SECTION
considers habitat comparisons based on the semi-~-quantitative
information of relative abundance. Since the present analysis, how=-
ever, has indicated a clear distinction between weed bed stations and

rocky shores these will be considered separately.

1 -~ -

E
!
!
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He A SEMI-QUANTITATIVE CONSIDERATION OF DISTRIBUTION

DATA APPENDIX ITY describes the distributlion of snails through-
out the weedbed sampling stations(IIIa) and littoral stations (IIIDb)

in terms of their relative abundance. Relative abundance is

calculated ass

Total no. of a particular species in sample . 100 400 2(3.5.)
Total no. of all species in sample 1

All samples from each weedbed station have been conflated to
produce the abundance estimate, since ranking concordance between
samples as measured by the Kendall Coefficient of Concordance, W
(Siegel 1956) is goode (Weobea = 0,565 N = 3, P 0,013 WcHara =
0.62, N = 3, p {0.013 Wwvr = 0,59, N = 3, p{0.01l3 Wror = 0,65,

N = 3, p>0,01; Wearex = 0.47, N = 5, p- = 0,05).

5¢ le Snail Communities in the Weed Beds

TABLE 6 contains the order of abundance of snail species
in different habitats derived from DATA APPENDIX IITA, information

on the contribution of molluscs to the total fauna present

(derived from Holmes 1965), and average densities of molluscs at

each station expressed in terms of the numbers Kg™ spun-dry welght
of tfeéds-

Apart from stations 10 and 11 the most abundant species varies
with station and this presumably reflects habitat differences,
variation in the requirements of the snalls and possibly competition
phenomena., It should be noted, that information contained in TARBLE
6 derives from samples taken at one time of year only and that

relative abundances mey vary with season. Since all species of
snail so far investigated, however, are annual and tend to breed

approximately in phase (Hunter 1961a) their order of abundance is
1ike1y to be the ‘same throughout the year. o

ﬂ-

» 1 Statione 10 and 11, Chera and M

""4‘.:

io 1lum, ahow greatest
aimilarit'y in teme ,gf the moat abundant anail ( .atagr_mlia),

relative abundance of mollusca in the total fauna and total snail
densities. Mountford's (1962) method also distinguishes these

habitats as being most similar (see F1G.11), although there is
some difference in relative abundance of non-dominant forms. It

is interesting to riote that Chara and Myriophyllum are dissimilar
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TABLE 6, Ranks of Snails in the Various Weed Bed Stations at
¥Yalham. Information Derived from DATA APPENDIX IIIA.

Weed Species Elodea Chara Myrlio- Potamogeton Carex
canadensis phyllum rostrata
Station No. 9 10 11 12 13
P.contortus 4 3 8 5 -
P.albus 5 T 3 1 3¢5
P.crista 2 2 T 8 -
P.leucostona - - - - 1
L.pereger 6 45 4 - -
L.stagnalis - 1 1 4 -
L.palustris 8 8.5 5 6 -
Ph.,fontinalis - 8.5 6 3 3.5
B.tentaculata T - 9 2 -
Vecristata - 6 - - -
V.piscinalis 3 445 2 T 2
P, jenkinsi 1 - - - -
% Mollusc of
(exprossed tn 45.9%
nos of individuals - (85%) 52% 24% -
in each*weed.bed) - ,
Ave Density
Molluscs No/Kg. 1024 464 446 47 15
spun dry wte. of

weed.

* HData.fromiHolmes (1965) derived.from samples between.July*and
Sep‘bember (1958 ~ 62).

+ Figure ingparenthesis includes bivalves(Sphaerium corneum.L )
which _Were extremely'rare in all other samples.i

iy T
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in the sense that they are from different taxonomic groups (the
Charophyta, or stoncworts, and Hydrophyta, or angiosperms,
respectively), but are similar in the sense that thelr resultant
weed beds are dense and thus provide good shelter from wave action.
Furthermore, "leaf" structures of these two planis are analogous,

in that they are both plumose and spicate. Snail affinities, there-

fore, seem to depend on the structural rather than the taxonomic
similarities of their weed bed habitats, and this conforms to the
contention of Shelford (1918) that squatic macrophytes are of
importance to animals only in terms of the substrata they provide
(cef. Frohne, 19563 Gaevskaya, 1966). "Leaf" structure:also seems
to be important for other aquatic, weed-dwelling animgls and weeds

with more finely divided "leaves" generally tend to support the

densest faunes (e.g. Krecker, 19393 Andrews and Hasler, 19423 Entz,
19473 and Rosine, 1955 for freshwater; Weiser, 1951 for the marine
environment). The fact that the Myriophyllum bed sampled is surrounded
by Chara may also be significant. The Elodea bed is similarly dense,

and also protected in location from wave action. Here, densities of
snails are extremely high although ca. 60% are the dominant species,
Potamopyrgus. This has already been discussed in SECTION 3.

In contrast, beds of Potamogeton are more diffuse, and plant
leaf structures are truly laminate (i.e. flat and large) so that

less protection is offered against waves. Consequently, snail

density both in absolute terms and also relative to total fauna
becomes dramatically reduced, (see TABLE 6).

As already noted, the most specialised weed hablitats are
the sedge beds. Here the dominant species occupies 95% of the total
snall commmity, and snail densities &are lowest. DBoth sedge beds
are dense, they contain an abundance of decaying material and the
water surrounding them is relatively still and stagnant. It is -
not eurﬁrieing, then, that a Planorbis, with haemoglobin in its
blood, should dominate this situation. FIG. 12 shows the distribution
of P.leucostoma along the'transect taken through the N.E. sedge bed.
Clearly its peak density occurs centrally and this may represent
some compromise between protection from wave action, and escape
from fouling and,/or terrestrial conditions.

Finally, it ehould be noted that all the weed beds except
Chara die down during the winter months, re-emerging in spring, and

thus neoeesitating annua.l recolonieation by both sna:lla a.nd other
4 .
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animals. What happens to the snails during this period is not
known, though Cook (1949) for Viviparus viviparus (L.), Lilly
(1954) for B.tentaculata and Cleland (unpublished work cited in

Lilly 1954) for Valvata cristata indicate that these species migrate
to and live submerged in mud during winter months.

D¢ 2. Snall Communities on the Rocky Shores

The dendrogram in FIG. 1)l indicates a complex picture of
classification amongst the faunas of the various littoral stations.
Exanination of the most abundant species at each station, however,
indicates a primary dichotomy which has blological relevance.
Information in DATA APPENDIX 3B indicates that either P.contortus

or A.fluviatilis is dominant on all shores and demonstrates the

complete contiguity of similar shore types.This 1s depicted

schematically in FIG. l3,wvhere the line AB separates "Ancylus" from
"Planorbis" shores.

The line of demarcation passes through a sedge bed in the north
east and a sandy bay in the south west, thus providing discontinuity
in the sense that these regions will form barriers to lateral
migrations of both P.contortus and A.fluviatilis. Furthermore,
division of the Tarn into two sectors by AB roughly corresponds to
the division made on the basis of wind end wave action (see PART II

SECTION 2. 2.). Thus shores to the south of AB can be considered as

more exposed than shores to the north.

This division provides some difficulties in interpretation,
because the limpet is obviously better adapted to exposure than

P.contortus. Wind action does, however, have & measurable

blological effect in that annual, primary, epilithic algal production
is reduced by a half on station 6 when compared with station 2 (see
PART II SECTION 2.2 ), and this can be attributed to the scouring

action of waves. Since A.fluviatilis is a microherbivore feeding

on epilithic algae (see PART VIIISECTION 3), shores to the north of
AB are likely to favour its existence. P.contortus, on the other

hand, feeds on detritus and epilithic bacteria, (see PART VIT

SECTION 4 ) and elthough there is no significant difference in
bacterial production, at least in terms of quantity, between stations
2 and 6 (see PART VII.SECTION 6) there is no e-priori reason for

co_nsidering that food supply would prevent its colonisation of
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shores to the south of AB. It tends to avoid wave action by

1iving on the undersides of stones in cracks and crevices (see
PART IV SECTION 6 ).

Thus wind action, by influencing wave action and consequently
epilithic primary production, may influence the distribution of
A.fluviatilis, limiting it to shores characterised by stations 1 - 4.

Avsence of Ancylus from shores characterised by stations 5 = 8 seems
to allow dominance of P.contortus. These relationships will be

considered in greater detail in PART VII SECTION 6, but as further
corroborative evidence it is worth noting that detritus (i.e.

decaying plant partss both allochthonous and autochthonous) can

collect in various isolated pockets on "Ancylus shores", covering

stones and obviously reducing algal production. In these regions
P.contortus dominates (see TABLE 7).

That the "Planorbis shores' are dstritus dominated (TABLE 7)
is obvious from the vast accumulation of decaying debris which

collects here by wind/wave action. The food Chains in this region
are likely to be detritus orientated and it is significant that
both detritophage tubificid annelids, and chironomids are far more

abundant here than on the "Ancylus shores". On these shores,
Ancylus is most abundant at station 6, 1.e. Ha Mire Shore. The

reason for this seems to be a greater variation of the shore line

at this point and this will be discussed in more detail in PART 1V
SECTION 4 .



TABLE 7.
"Ancylus Shores".
Haphazardly in September 1969.

Stations

A.fluviatilis

P.contortus

staegnalis

ZeB50E2NG 218

L.pereger
P.albus

19.27
65.14
T34

459
3.66

Relative Abundance of Snails on Stones Under Detritus on

Results from ca. 20 Stones Collected

1l.3

2e3
1246

= ray ——
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6, DISCUSSION

6. 1. General

The general picture of the molluscan communities at Malham
emerging from the above is one of stability. Only 5 species (of
which 2 are gastropods) have been added to the list over the past
70 - 100 years (see PART 1) and of the 2 gastropod additions, 1
may have been overlooked by the earlier workers. Only Potamopyrgus
jenkinsi can be considered as a genuine innovation. This stability
18 unusual in that one of the most obvious characteristics
(secondary adaptations according to Hunter, 1957) of hololimnic fauna
18 their tendency towards passive dispersal and colonisation of new

situations, (Hubendick 1962). This follows from the usual transitory

nature of freshwater bodies when compared with terrestriesl and
marine environments. That snails conform to this general rule of

dispersal and colonisation has been demonstrated by both Boycott
(1928) and Hubendick (1962).

From this point of view Malham must be considered as
exceptional and this probably derives from its relatively high
location. Hunter (1957), for example, has already shown that the

dispersal of molluscs through the highlands of Scotland is occurring
at & slower rate than in England, and is not complete.

If the comparison between my survey and that of Stratton
(1956) is velid, however, there appears to have been considerable

fluctuation in snail distribution patterns between habitats within
the Tarn. Here the picture of stability is different. The repeated
dying down of weed beds in winter may contribute to this feature as

may the progressive maturation of the Tarn itself., Of course, human
intervention via field courses cannot be excluded,

The Mountford (1962) method of classification indicated &
clear distinction between the weedbed and 1littoral faunas, and &
consideration of relative abundance indices has suggested a

separation of faunas both within the weeds and on the shores which
seems to depend primarily on wave action and thus ultimately on wind,
This influence is probably not 1imited to the molluscan fauna and

in the littoral regions appears to affect the form of foogd chains.
Similar observations have been made by Macan (1970) for Lake

Windermere, and Slack (1957) for loch Iomond. Wind via wave action
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then, is probably one of ithe major physical influences in most

large bodies of freshwater, particularly with regard to littoral
and presumably planktonic associations.

6o 2. With Regard to Species and Site for More Detailed Sampling

Weed beds are relatively inaccessible to quantitative

sampling and most are inconvenient because of their temporal
discontinuities. Attention has therefore been focused on the rocky
littoral situations. Here station 1 is peculiar because of its peat
bed surrounds, stations 2 and 3 are heavily worked by field courses
and stations 4, 5, 7, and 8 are accessible to either the general
public and/or cattle and sheep. Station 6, Ha Mire Shore is,
however, more or less isolated from students, the general public

and domestic animals. It is also conveniently delimited laterally,
by two walls which are built into the Tarn %o a depth of ca. 1lm and
of all shores shows the least differential in density between the
dominant P.contortus and A.fluviatilis. More will be said about
these two features later.

Detailed sampling conslderations have, therefore, been limited

to Ha Mire, and consequently to the two speclies present in greatest
abundance, l.e. P.contortus and A.fluviatilis.
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PART IV

THE DISPERSION PATTERNS OF ANCYLUS FLUVIATILIS AND
PLANORBIS CONTORTUS WITH PARTICULAR REFERENCE TO HA
MIRE SHORE




1. INTRODUCTION

PART IXII was concerned with the major distribution patterns

of all gastropod species in the Tarn. Atiention was focused on two

species, A.fluviatilis and P.contortus, at one locus, i.e. Ha Mire

shore. The morphometry of this site has already been discussed in
PART II, SECTION 3. 2- Of 'the ‘bhEBiB.

The following sections are involved with a more detalled

consideration of the dispersion patterns of the two major species,
SECTION 3 is concerned with vertical,and SECTION 4 with lateral

patterns., Thelr purpose is & definition of the overall habitat
extent of A.,fluviatilis and P.contortus, and they are based on a
quadrat sampling technique,

Various methods are available for sampling the fauna in stony

littoral situations. Calow (1972; see PUBLICATIONS APPENDIX II) has
discussed thelr deficienclies and limitations, and has proposed a new
technique, based on the individual stone as the sampling unit, and

resulting in a density expression in terms of stone surface area.

Subsequent analysis of data obtained from Calow's method requires
some knowledge of the between-stone dispersion patterns of the

population(s) involved, and this is considered in SECTION:5.

" SECTION 6 considers the on-stone dispersion pattern of snails
from the point of view of their effective stone habitat. It defines
that part of the stone surface on which snalls live and completes

the distribution hierarchy study which began with the whole Tarn
distribution patterns in PART III.

The results are discussed generally in SECTION 7. 1 and with

particular reference to more detailed sampling procedures in SECTION
Te 24




2. SAMPLING TECHNIQUES

2. 1o Vertical Dispersion Pattern

Sampling was undertaken between August - September 1969,
using an interrupted belt transect procedure. Transects, positioned
perpendicularly to the bank,were taken at regular intervals on all
the shores considered (i.e. 15 on Ha Mire and 3 on other shores;
see FIG. 14). Samples were removed from O (£ 5cm.), 15, 30, 45, 60,

and 75cm. beneath the water surface on all transect lines.

Beneath the 0 - 30cm., depth contours a 0.25111? quadrat was
placed on the Tarn bottom, stones enclosed were extracted, and
snails were removed for counting. Between the 45 - TS5cm. contours
all contiguous stones at a particular depth location were carefully
extracted by means of a standard pond net (specifications as in PART
IITI, SECTION 2) and after removing snails the bed was reconstructed
within the quadrat (0.25m.® ) on the bank. Sampling continued until
the quadrat was full. This procedure is essentially similar to that
of Hunter (1953a). 1

Systematic sampling beyond the 75cm. contour was lmpossible.
Stones were removed from this region haphazardly throughout the
year by means of a tong device (made out of two rakes). Only depths

between 90 - 100cm. were considered and ca., 250 stones were collected
in this way. All were taken from regilons immediately off Ha Mire

shore.

Sampling errorssdue to loss of snalls from stones in transit
through the water (at all depths),will have been greatest for
P.contortus, since the limpet always adheres strongly to rock
surfaces. Nevertheless thls 1s probably not a serious source of

erTror since even P.contortus appears to attach tightly when disturbed.

Transect sampling was repeated on Ha Mire in November 1970 to

investigate seasonal changes in vertical distribution pattems.

2 2¢ Lateral Dispersion Pattern

Information regarding lateral dispersion patierns on Ha Mire
i.es in terms of sectors A, B, and-C (defined in PART II SECTION 3. 2.)
has been obtalned from.the sampling procedures, described in SECTION
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2. 1 above. Recognising the possibility of seasonal variations,
however, some information has been extracted from data derived from
the monthly sampling programme, described in PART V SECTION 2.

Here individual stones were selected at random from each sector,
once every 28 days (see DATA APPENDIX 1). Data encompassing 20

consecutive samples, each of 100 stones (40 from A and 30 from B
and C respectively), between M2 — A2l, were used.

2¢ 3« Between - stone Dispereien Pattern

The most detailed information regarding between-stone
dispersion patterns was obtained from a single sample made in
August 1971, on Ha Mire shore. Stones were initially and arbitrarily

classified into 5 size classes on the basis of their longest length
dimension i.e.

1Longest Length. (cm.)

Very Small O -5
Small 6 - 10
Medium 1l - 15
Large 16 - 20
Very Large 21 - 25

Twenty five individuals from each size class were collected at

random from sector C only, and all the snails were removed. Randonm
colleoting points were designated on the basis of twenty five
rendom co-ordinates (see PART V,SECTION 2 ), not extending beyond

the 45 cm. contour of depth. Five stones, one of each size class y
were collected from each point so that the effects of lateral and

vertical aggregation patterns were effectively removed and samples
from each stone size class are directly comparable.

As in SECTION 2, 2 above, comparative seasonal data were
obtained from the monthly sampling programme, and compara.tive
regional data i.e. with respect’ te station 2 (see FIG. 14), by
repeating the above procedure at this 1ocation.

- 1
i# 1«7;

The rela.tionehip between stone size (expreseed 1n terms of
longest length, Ly largeet perimeter, P, and LP) and snail densities

was aeeeseed frem en 1ndependent eample taken from eector C on Ha Mire

in August 1969. Thirty etones of approximately similar size and

represeniing each of four size classes, L = 8.5, 10,5, 15 or 20cm,
and P = 27.3y 30y 45 or 50cm. were sampled at random in the »
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way described above. Mean densities together with variances, for

numbers of snails within each stone size class were computed.

2. 4o On-—-stone Dispersion Patternms

The position of snails on stones was considered with regard
to depth, time of day, and time of year. Depth information was
obtained from the transect work described in SECTION 2. l. The
position of snails removed from each stone was recorded. Four stone
positions were recognised i.e. top (T), top~side (TS), bottom-side

(BS), bottom (B), and reasons for this classification will be given
later. Diurnal variations were investigated by comparing the above
information with data derived from a sample of 25 stones teken
between 11.00pm. and midnight on the same dates. Collections were
limited within the 0 - lHcme contour. Seasonal variations have been
considered with regard to the monthly sampling programme where stone
rositions of snails were also recorded. Here 10 monthly samples
have been considered i.e. N11 = J20 (see DATA APPENDIX 1).

Floral variations on different parts of the stones were also
investigated. Ten stones from each of the three depth zones (0 - 15,
15 - 30, 45 - 60cm.) were collected haphazardly from sector A in .
September 1969. A small saraping of epilitha was removed from each
of the 4 stone positions and stored separately in Lugol's fixative
(Saraceni and Ruggui, 1969). Samples from the same stone position
in all ten stones were bulked. Different depth samples were stored
separatély. The extent of the tufal encrustation was also recorded.
(Tufa is a calcareous deposition formed on stones usually as a

result of the activity ofblue-green algae e.ge. Rivularia - see Lund
1961).

After thorough stirring (by a magnetic flea) of the algal
samples, a drop from each was transferred to a haemocytometer, and
the number of quadrats containing each of the following components,
1.8 diatoms,blue-green algae, other algal types and detrital
particles, was .recorded. . Twenty aliquots from each separate sample
were treated in this way, the total number of haemocytometer quadrats

containing each algal group in each sample was calculated, and
groups were ranked according to this value.




el D
3. VERTICAL DISPERSION PATTERNS

3. 1« Results and their Statistical Treatment

FIGs 15 shows the effect of depth on the mean density of the
Ha Mire populations of both P.contortus (15A) and A.fluviatilis
(153). Density is in terms of numbers per 01....25111.....2 and vertical
lines represent confidence limits (i.e. ts/Yn, where t = 2,145, for
14 degrees of freedom at the 54 level). Out of the 250 stones

sampled haphazardly beyond the 75cm. contour, none bore snails.

All confidence limits in FIG. 15 overlap, so that the mean
densities at different depths are not significantly different. The
large confidence limits probably result from errors associated with
variation in total stone surface area contained within each standard

quadrat in different shore positions (see Calow 1972 3 PUBLICATIONS
APPENDIX II). Nevertheless,a trend towards a general reduction in

density with increasing depth is apparent and confidence in this
interpretation is increased by a consideration of concordance of the
ranks of depths, at all stations, in terms of snail densities. This
has been investigated using the Kendall Coefficient of Concordance
(Siegel 1956) which enables a measure of the association of k sets

of rankings of N observations and provides an expression for "true"

ranking order, from the sums of ranks in each sample,

Results are presented in TABLES 8A and B for A.fluviatilis

and P.contortus respectively. Between-transect comparisons at most

stations are significantly concordant and indicate a reduction in
density with depthe. The "true" and significant ranking classification
obtained from the various sums of ranks for all samples in the Tarn
underlines the generality of this statement. Most individuals of
both species occur in the shallows and least under 60cm. of water.

TABLE 9 shows the "true" ranks of the various depth zones on
Ha Mire in terms of snail densities as determined in November 1970.
Concordance among samples is significant, and the results indicate
an offshore movement of both populations with respect to August -

September samples. Pesk densities no longer occur at the edge but

at 15cm. in Ancylus and 45cme. in P.contortus populations.
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TABLE 8A. The "true" ranks of Tarn depths in terms of the density
of A.fluviatilis.

Depth | |
cns.,
% 0 15 30 45 60 W P X
1 1 2 3 4 - 0.64 * +
2 1 2 3 4 - 0.78 *% +
3 1 2 3 4 - 1.00 *¥ +
4 1 2 3 4 - 0.46 % +
6 1 2¢5 2¢2 4 5 0.44 ** ++
8 1 2eD 2¢5 4 - 0.24 * +
All Shores 1 2 3 4 - 0.59 *% +4++

TABLE 8B. The "true" ranks of Tarn depths in terms of the density

of P.contortus

Depth
\ns.

Station O 15 30 45 60 o W P

k

1 1 2 3 4 - 0,68 *3% +

2 1 2 3 4 - 0.70 Ll +

3 1 2 3 4 - 0.60 * +

4 1 2 3 4 - 0.83 *% 4
6 1 2.5 245 4 5 0,33 « *% - 44

8 , 1 2 3 4 - 0.80. %% 4
All Shores 1 2 3 4 - 0,69 *% g

* p> 0,055 #% p o 0.05,’ "N = 4 for all stations excezjt 6, where ﬁN - 5
+ k = 3% ++ Kk = 153 +++ k = 133, T ) h |



Y-

TABLE 9. '"True" ranks of depth zones on Ha Mire with regard to
densities of A.fluviatilis and P.contortus in Nov. 1970 (k = 153
N = 5).

depth
sp;:;EE‘Efgg. 0 15 30 45 60 H P
A.fluviatilis 2 1 4 5 .62 0.05
P.contortus 3 2 4 5 57T 0,05
3¢ 2 Discussion

The results indicate a general reduction in snall density with

depth in the August - September samples and an extinction point at

ca. T5cm. A similar negative correlation between numbers and depth

for these species has been demonstrated elsewhere by Geldiay (1956)
and Macan (1970) for A.fluviatilis in Lake Windermere, and Humphries

(1936) for P.contortus in the same location.

The depth effect seems

to have applicability to snails in particular (Boycott 1936, p. 144)
and littoral species in general (Krecker and Lancaster 1933, Welch

1935, Humphries 1936, and Moore 1950),

Vertical zonations of the above type usually result from

vertical gradients in physical conditions and Krecker and Lancaster

(1933) consider the gradients of wave action and concomitant

distributiqn of sediment to be the effectlive agents in freshwater.

They propose the following system of classification:

Depth
O = 6" (cae 15cm,)

18" (ca. 45cm.)

3t  (ca. 90cm.)

6 (ca- 1800111.)

Effect

Constant lapping even on calmest
days results in absence of

gediment accumulation.

Ordinary dey to day waves prevent
all but & slight trace of sediment.
Strong washing effect from waves

is .only experienced on rough days -
sedimentation is pronounced.

Markedly. disturbed only in times

of severe storm - maximum

~ sedimentation,

Thus animals sensitive to accumulation of sediment will become less

frequent as depth increases,: the favoured region occurring between



-5

O - 45cm. where there 1is most waler movement and least sediment. It
should be noted, however, that these values are not constant but will
depend both on shore morphometry and degree of exposure. Krecker
and Lancasters! classification was intended specifically for Westernm
Lake Eerie. That an actual increase in sediment with depth occurs

on Ha Mire, however, is shown in FIG., 16. Results were obtained from

a series of perspex boxes (plan area, 200cm?), planted along transect
1 (see FIG, 14) in August 1970. Boxes were left in the Tarn over a
two day intervel, lids were replaced before box removal, contentis
were ultimately filtered through weighed filter papers, and dried at
40° C to constant weight. Allowance for loss in weight of filter

papers on drying wes made by the use of conirols. Boxes could not
be planted within the O - 5cme. contour so that data for this region
is lacking. The graph shows a general increase in sediment
accumulation in the boxes with depth, and also the point (determined
on a calm day) when the Tarn bottom was no longer visible. This

point moves shorewards on rough days when sediments become stirred

UPe

Snall sensitivity to sediment accumulation is suggested by
thelir complete absence from regions of the Tarn where fine sediments

form the major component of the substratum (see PART III SECTION 3).
A.fluviatilis appears particularly sensitive to these conditions

(Boycott 1936) and Verdcourt (1949) suggests that it is the absence
of sediment, rather than the presence of lotic or wave swept
conditions which determines its distribution.

A further effect of increase in depth, and the resultant
increase in both sediment and {turbidity is a reduction of net,
primary, epilithic algal production (see PART VII: SECTION6) .Ancylus
feeds on algae (see PART VII“SECTION3) and reduction in primary
production may act in conjunction with sediment accumulation in
determining its vertical distribution pattern at Malham. In contrast,
P.contortus is a detritophage which appears able to make use only of

the bacterial fraction of its food supply (see PART VII SECTION 4).
Since the bacterial production does not decrease with depth (see

PART VII_SEUTION 6) sedimentation must be invoked  as a primary cause
of vertical limitations,

The vertical extent of both snail populations at Malham is
less than in Windermere, where A.fluviatilis penetrates to ca. Sme

(Geldiay 1957, Macan 1970) and P.contortus to ca, 3m. (Bumphries
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1933). These differences probably result from greater sediment

production and thus accumulation within the more eutrophic Tarn

conditions.

Although sedimentation and primary production are clearly
involved in determining vertical distribution patterns in Malham
Tarn,y other factors must also be involved and probably show seasonal
variation in their importance. Thus the offshore movements of
A.fluviatilis and P.contortus populations in November 1970 probably
represent an escape from exposure, since wave action on Ha Mire was
greatest during this period. The greater offshore movement in
P.contortus reflects its greater sensitivity to wave action (see
PART II, SECTION 2. 2.). Eggleton (1931) has demonstrated seasonal
variation in vertical patterns for other littoral species in other
lakess Geldiay's (1957) data suggest an offshore movement of
A.fluviatilis in winter which he interprets as avoidance of edge-
freezing and Hunter (1953a) has shown shoreward movements of adult
L.pereger populations in lLoch Lomond in summer. The latter represents
& response to reduced oxygen tension with high summer temperatures,
facilitating aerial breathing by bringing individuals closer to the

surfaece., Reduced oxygen tension is not likely to affect the
roprulations under consideration here since A.fluviatilis cannot

breathe air and P.contortus does not apparently do so (see PART VIIIX
SECTION2.3d). Furthermore, conditions in the wave swept 1littoral

regions at Malham are probably always oxygen saturated.




—d) T

4. LATERAL DISPERSION PATTERN

4. 1. Results and their Statistical Treatment

FIG. 17A & B show the percentage proportion of P.contortus

and A.fluviatilis respectively, collected from sectors A, B, and C

in the transect samples taken in August - September 1969. The
histograms were produced by summing the number of individuals
collected from all quadrats on each of the five intra-sector transects,
and dividing by the total number of individuals collected from all
fifteen transects taken over the whole shore. In this way samples
from each sector can be considered equivalent with regards to the
account they make of vertical zonation patterns. All proportions

are presented as percentages and suggest that P.contortus was

aggregated towards sectors B and C whereas A.fluviatilis aggregated
in sectors A and C.

Seasonal variations in latteral patterns were investigated with

respect to the monthly sampling programme described in SECTION 2 above.
Here numbers of snalls collected during each sampling period from each

sector were expressed as a percentage of the total number of snails

collected from the whole shore during the same sampling period.
These values were transformed to arcsines following Fisher & Yates

(1953) using the expression:

P = SIn @ ceecescececcccscsccccscecsccccssssceccoses 1(4e 4s)

wheres Sin @ (at 90°) = 1004

P = percentage observed.

prior to an analysis of variance (ANOVAR). Percentages and ratios
follow rather unusual distributions which are approximately

normalised by arcsine transformation. Normal distribution is
a.ssumed’in ANOVAR. Data from sector A were based on a sample of 40

stones (cf. 30 for B and C) and were corrected to 30 before the

eanalysis. Transformed values are given in DATA APPENDIX IV.

The ANOVAR indicates whether between-sector variances are

significantly greater than between-month variances i.e. whether
density levels in each sector remain consistent and independent of

time of year. 1In all cases the 5% level of significence was accepted.
Overall significance indicated by the ANOVAR does not necessarily

imply significant differences in selected pairs of values within the
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total number considered. Here the RANGE SIMULTANEOQUS TEST
PROCEDURE (RANGE-STP) of Sokal & Rohlf (1969) has been used i.e.t-

LSR Q V MS residual iilllllllililit..iiiiil....ie(d-t 40)
¢!

where Q = critical value of the "studentized range" derived from
the tables of Rohlf & Sokal (1969).
MSresiduar = the mean square of the residual variance.

n = no, of replicates.

L SR = least significant renge i.e. the range between any pairs
of values must exceed LSR to be significant at the chosen
level which is fixed by choice of Q. 5% was used here.

The variance ratio test (F) indicates that the between position
variance is significantly greater than between month variance
(F(P.contortus) = 8,70, p (.01; F(A.fluviatilis) = 5.92, p{.01).

L S R values are 5.16 and 10.5 for P.contortus, and A.fluviatilis
respectively. The mean proportions (in arcsines) for all months
are plotted in FIGS 18A and B, and indicate on the basis of the LSR

values that density levels in each sector with respect to both snail

species can be summarised as:

B = C> A for P.contortus
A=aC>B for A.fluviatilis

These results are consistent with those based on & single independent

sample taken at one time of year (see FIGS 17A and B), providing
further confidence in the interpretation, and suggesting that under-
lying lateral patterns of aggregation are seasonally invariant,

Ae 2 Discussion

The lateral dispersion patterns of both species are
heterogeneous, and remain seasonally constant.This is not surprising
in view of the lateral heterogeneities shown in the morphometry of
the shore line itself. Each sector is characterised by a distinct
profile (see FIG., 3), a distinct size frequency distribution of
constituent stones (Calow 1972, see PUBLICATIONS APPENDIX II ) and
g fairly distinct shape frequency distribution of the latter (Calow
Ibid.). Furthermore, FIG.19 shows that textural differences in

stone surfaces occur between sectors and that there are also

differences in the degree of detritus accumulation. Textural
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differences in stone surfaces were assessed using the same method
as for the size and shape frequency distributions discussed above
(see Calow, Ibid.), the stones being subjectively classified as
having either predominantly rough (R) or smooth (S) surfaces.

Sediment accumulation was assessed during the transect sampling of
August-September, 1969, by kicking the bed at the 15cm. contour on

each transect for 30 seconds, and collecting a 250cc, sample of

water over the kicked region. Each sample was subsequently filtered
through pre-weighed filter paper and dried at 40°C to constant weight.
Loss of weight of filter paper during drying was estimated using
conirols, and dry weight of sediment on each sample was calculated.

As will be discussed in SECTION 5 below, A.fluviatilis

requires smooth whereas P.contortus prefers rough stone surfaces for

existence. This may, therefore, account for the aggregation of
P,contortus in sector C and A.fluviatilis in sector A. Similar
aggregations of A.fluviatilis in sector C cannot be explained in
these terms, but may result from increased primary production there.
Certainly stones in this reglon have a richer algal cover than else-
where on Ha Mire shore,(and this may result from the wave shelter
provided by the southern wall).

A casual, subjective comparison of Ha Mire with other
"Planorbis" shores suggests that the above morphometric heterogeneity
is peculiar to the former. This probadbly results from the more
varied shape of the Ha Mire shoreline (see FIG. T) providing regions

of both extreme exposure and relative shelter and thereby conditions
sultable for the existence of both species of snail.
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5¢ BETWEEN-STONE DISPERSION PATTERNS

S5 1le¢ IResults and their Statistical Treatment

FIGS 20A and B show plots of the mean number of snails per
stone (P.contortus in 20A; A.fluviatilis in 20B) for each size

class considered, against thelr sample variance, S%2, Line P

indicates the expected relationship between means and variances,
assuming random dispersion, and is derived from the Poisson distribution
where means are equal to variance. Actual data for snails show a
departure from the Poisson expectation and indicate a disproportionate

rise in variance with increases in the mean. As might be expected

means increase with increasing stone size.

Mean=variance relationships in Aug_ust 1971 are linearised when
means are plotted against ¥ 8%, (see FIGS 21A and B), so that the-mean
numbers of snalls per stone are linearly related with their standard
deviations, S. Regression coefficients are b (P.contortus) = 1.07
(p<0.05), b (A.fluviatilis) = 1.33 (p< 0.05) when the regression
lines are forced througli the origins. “Also’inéluded in FIGS 21A

and B, but not used in the regression analysis,are data derived

from station 2. These points correspond to slopes based on the Ha
Mire samples. _

As noted in SECTION 2 above, seasonal variation in dispersion
has been investigated with reference to the data derived from the
monthly sampling programme. Three distinct periods have been

considered, each of which are thought to have some biological relevance,
viz:

* M2 - A3 - roughly representing the period when copulation

” occurs.
6 - J7 - the ovipoei'tion period.
I)l2 - the overw*intering period.

The period of poet emergence ie repreeented by 'l'.he August eample
described abor:e. Peoling of data Mz = My, and Je¢ - J7 4 was

necessary becauee of the low numbers recorded 'through these months.

* See DATA APPENDIX I.

¥ Y =g ‘1% 'I-—} :'i
.
' Ao a2 . . L4
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Tnformation on numbers of snails per stone for each month has been
reorganised into the same stone classes described above, and means
and variances for snails within each group were computed., It
should be noted in these instances, however, that there are no a -
priori grounds for considering that each group is equivalent with
regard to either vertical or lateral distribution patterns (cf.

August samples where all stones in each sample were effectively

derived from the same place). Nevertheless means versus YS?

plots, FIGS 22A and Bsare essentially linear and closely approximate
to the slopes derived from the August samples which are also included
on the graphs.

5¢ 2o Underlying Nature of the Between-stone Dispersion Patterns

Analyses on dispersion patterns can be motivated either by
statistical necessity and/or a genuine interest in the aggregative
tendencies of individuals in a population. The present work was
undertaken primarily for statistical purposes (see SECTION I) and

has lead, secondarily, to a consideration of the nature and causes

of underlying dispersion patterns.,

Non random and particularly aggregated (contagious) patterns
are the rule rather than the exception in nature (Cole 1946), and
may arise from eithexr:~

i) Patchiness of the habitat g.:nd/or

1i) Behaviour of the organisms themselves and/or
iii) The sampling method chosen

Groups i and ii correspond to Feller's (1943) category of "true
contagion", and are, by defini'bion, conirary to assumptions
embodied wifthin the Poisson ?dist:;ibgﬂtion. Group ili corresponds
to Feller'sﬁ (1943) category of "apparent contagion";” o

In samples obtained from natural populations all sources of
contagion are possible. Various tests and measures of ggéregation
have been proposed, a'nglu the simplest is.ihe Variance: Mean Ratios
(also called Coefficient of .Dispersion, .Blackman 1942, and Relative
Veriance, Claphem 1936). This test has been used here (see FIGS
20A and B) and.has shown that both populations of snail are

contagiously distribu’ced on Ha. Mire and also the other shores at
Malham (FIGS 22A“‘“and B) e

The positive cufvilinearity apparent in FIGS ZOA and B could
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be interpreted as representing a disproportionate increase in
aggrogation as stone size increases, but this is complicated

because data are based on stones ‘of different sizes and thus both

on- different sized sampling units, and on different levels of
population density. These factors can affect the variance to mean
ratio independently of any real change in underlying aggregation
patterns (Waters and Henson, 1959, Southwood, 1966, Elliot, 1971).
This results from the reduced chance of finding any individuals with-
in samples when either the populations are sparse or the sampling

unit is very small.

All the above considerations are implicit to the power law of
Taylor (1961), which essentially states that variance is proportional

to some fractional power of the mean, or that variance rises dis-

proportionately with the mean i.e.

0 = aX ©0000000000000000000000000000000000000060080000 1(4-5-)

Since by rearrangements

A

§_ 0000000000000 00000006006000600000606006006000008 000060 2(4-5-)
a

then the linear relationship shown between VS? and means in FIGS 21

A and B suggests conformity to the power law (with b = 2). This
implies that the underlying aggregation pattern is constant and that
changes in contagion with density and stone size are apparent rather
than real (Feller, 1943). Furthermore, the power b appears relatively
independent of both spatial and temporal changes. A power value of

2 suggests contagion (Taylor, 1961) and an underlying log-normal
distribution pattern (Elliot, 1971).

5¢ 3. TFactors Affeoting Between-atone Dispersion Patterns

Stones are not homogeneous units but vary in both physical
(i.e« with regard to shape, texture and size) and biological (i.e.
with regard to the other flora and fauna they support) terms.

Preference of snails for stones of a particular texture has already

been suggested (see SECTION4. 2) and this has been inveetigated
further by a considera'bion of the ratios

mean nos. of snaile[smooth etones = svececccee 34e 54)

mean nos. of snails/rough stones

over a 12 month period (F1 - D12; see DATA APPENDIX 1). The
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information required was derived from the monthly sampling programme
and here it was assumed that each random sample of 100 stones from
Ha Mire, contained an equal number of rough and smooth stones of the
same size frequency distribution. Approximate equality in each
sample of stones of different textures is demonstrated in FIG 23A.

FIG. 23B shows that » for A.fluviatilis remains relatively
constant throughout the year and is biassed towards smooth surfaces

(1.0. for every limpet found on rough stones, 4 were found on smooth).
This is correlated with the shell and foot width of this species

being generally greater than width of stone crevices, and the fact

that a smooth surface is required to provide uninterrupted contact

between the shell margins and the stone during periods of heavy wave
action. It should be noted, however, that A.fluviatilis (and
Acroloxus... lacustris L.)have a thin, flexible, uncalcified outer

edge to their shell which allows them to conform to the irregularities
of the surfaces on which they live (Hunter, 1961b). Nevertheless,
this "skirt" is only & few millimetres wide in A.fluviatilis so that

it cannot account for violent stone irregularities,

FIG 23B shows thatar values for P.contortus are generally
biassed towards rough stones. This species is not as well adapted
(in shell streamlining) as the limpet and presunmably seeks out the
cracks and crevices of rough surfaces for protection against wave
action, Here the shell and foot widths are smaller than stone
crevices. In P.contortus, however, a shows some tendency towards
seasonal change and apparently increase during oviposition and
emergence periods, suggesting migration on to smooth stones. This
is correlated with oviposition site requirements and will be
discussed in detail in PART V SECTION 4.4. Since the migration is
not monitored by the mean-variance analysis given in the precéding

sections, it must either cause no change in underlying contagion or
only slight changes which cannot be detected.

The results lead to the conclusion that although A.fluviatilis

m

and P.contortus populations both live in Ha Mire, their habitats are
spatially distinct, at least until oviposition.

FIGS 24 and 25 show a linear relationship between mesn snail
density and various indices of stone size (L, P, LP). Lines are

fitted by eyes This implies no snail selection for stones of a
particular size class. Extrapolation of lines to zero snail density,
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however, suggests absence of snails from stones less than ca. 6cm.

long (or ca. 25cm. P§ or ca. 100cm., LP) and this has been confirmed

by casual observation. It probably results from the greater

mobility of small stones during rough conditions, which could have

either a crushing and/or a scouring effect on organisms present.
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6, ON-STONE DISPERSION PATTERNS

6. 1. Floral Variations with Stone Aspect

FIG. 26 shows a generalised stone from Ha Mire., Although
there is considerable inter-stone variability (see SECTION 5,a'bove)
most can be divided into four distinct zones, top (T), top-side (TS),
bottom-side (BS), and bottom (B). The boundary between TS and BS
corresponds to the point of contiguity between adjacent stones.

Each zone is readily distinguished by its colour:s

T - green to blue-green
TS - green to brown

BS -~ brown

B - chocolate brown

and this reflects an. underlying variation with stone aspect in the
epilithic, flora. Floral changes also vary with depth, and both

effects are shown in the table associated with FIG. 26. Results are

derived from the sampling procedure already described, and concordance

between samples in each group has been investigated using Kendall's
Coefficient of Concordance (Siegel, 1956). All are significant at

the 5% level. No concordance analysis was underteken when there were

two groups of cover or less.

Moving from T to B there is a general reduction in both the
quantity and quality of flora and this is probably a function of --
reducing light intensity. The Jjunction between TS and BS is
particularly distinct and represents a point where shading from
adjacent stones will markedly reduce the light intensity below. In
zones T and TS diatoms are dominant in shallow regions but are re-
placed by the blue-green algae as depth increéses. Blue=greens never
penetrate below TS whereas-diatoms, although considerably reduced in
abundance, are able to exist there and this appears to agree with
the contention that diatoms are relatively insensitive to light
(Prescott, 19693 Hynes, 1970). No algae are ever found at B, since
light intensity is presumably zoero, though some fungal h&phae were
observed, Oj:herwise sstone bottoms are - -exclusively covered with a

chocolate brown detrital f£ilm. This will be desctibed in greater

Tufa 1s not-surprisingly absent from B and BT wliere the blue-

1. This term is discussed and defined in PART VIT SECTION 6
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greens are also absent. It occurs on TS and T but increases in
extent with depth, beginning first on the sheltered stone sides
(TS) and expanding to envelope both T and TS at depths beyond 45cm.

The degree of encrustation seems to be a function of wave action.

6, 2. Other Encrusting Organisms

In the shallow regions, tops of stones may be overgrown with

the freshwater moss Fontinalis antipyretica. Attached to the under-
gsides of smooth stones,colonies of the freshwater sponge, Spongilla
fluviatilis L., and the encrusting polyzoan, Plumatella repens L.
may be locally common. These species increase in abundance with
depth. Less frequent and more patchily, collections of Hydra oli-

gactis. . Pallas may also be observed, and these are occasionally
found attached to snail, particularly limpet, shells,

6. 3. On-stone Dispersion Patterns of Snails

TABLE 10 shows the on-stone position of both P.contortus and

A.fluvietilis with respect to depth. The majorlty of both species
occur on either the stone sides or bottoms. For A.fluviatilis TS

is preferred in the shallows whereas BS is preferred at depths

greater than 1l5cm. This species grazes on algae and prefers diatoms
(see PARTVTISECTION 3 ) so that the vertical shift in eggregation
can be correlated with similar shifts in diatom abundance (see FIG.
26 ). Furthermorestufal encrustations providing violently creviced
surfaces make conditions unsuitable for Ancylus in this region (see
SECTION 5 above). For P.contortus TB is preferred in the shallows,
vwhereas B is favoured at depths greater than 15cm. This species is
a detritophage (see PARTVIISECTION 4 ) so that an algal supply is

not essential, furthermore, conditions below the TS ~TB junction are
probably sheltered against wave action. Reasons for downward

migrations with depth are unclear, though spatial interactions with
Ancylus may be involved. It should be noted, however, that these

two populations are partially isolated on stones of different texture
(see SECTION 5, 3.)e Neither species occur to any appreciable extent

on stone tops, and this may represent a negative response to wave
action.

TABLE 1l compares dispersion patterns on stones within the




TABLE 10,

Depth

(cm.)

TS

BS

Total

A.fluviatilis
0-15 15-30
8e3 8.6

T84 3 11.4
10.2 78.2

362 1.8

105 109

-5 T

45-60

0.0
8e3
83.4
8e3
11

0=15

0.0

0,0

9343

142

P.contortus

15-30

241
6.1
3163
4045

121

The proportions of snails (%) on various stone aspects

at various depths of submergence in September, 1969.

45-60

2.0
Te2
24.6 |
5642

63




TABLE 11.

T
TS
BS

B-

N

A comparison between the dispersion patterns of snails,
expressed in relative abundance (%) on the surfaces of

stones, during the day and night.

A.fluviatilis
Day Night
8.3 10.4
78#3 65'3
10,2 2443
3.2 -
> 100 63

N = mumber of snails involved

P.contortus
Day Night
G3e3 876
6T 12.4
5100 89
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0 - 15¢m contour at different times of the day. No diurnal variations

are apparent.

‘Seasonal variations in dispersal patterns have been investigated
by reference to data from the monthly sampling programme (N11 -~ J20).
The percentage proportion of snails present on each aspect was
calculated for each of the ten month periods, transformed to arcsine
(see equation 1 (4. 4.))and subjected to ANOVAR. RANGE-STP (Sokal
and Rohlf, 19693 see equation 2 (4. 4.)) has been used to compare
individual pairs of data. A 95% level was accepted in both the
ANOVAR and RANGE-STP. DATA APPENDIX V contains the transformed dqta.

Discussion of each species will be treated separately.

A. ANCYLUS FLUVIATILIS:

In considering the whole 10 month interval, the between position
variance is greater than the between month variance (F = 4.54,

0.01< p< 0.,05) so that there must be some real difference in the
preference shown by snails for particular stone aspects. TABLE 12,
column 1 shows the mean proportions of snails on each aspect (in
arcsines) computed for the whole period, together with the L S R

and suggests that although F 1s significant, only T is significantly

different from the other positions. It bears less snails.

On the basis of the September sample, no significant difference
should be expected between proportions on TS and BS since in the

present instance no distinction was made between stones collected
from different depth positions. Lack of significance between

proportions on B and the stone sides is surprising, however.

There is some evidence to suggest that Ancylus prefers the
bottoms of stones for egg laying (see PART V SECTION4.4). This
would result in downward migrations during oviposition and could
account for the lack of significance hetween B, ST and SB described
above. If eggs are layed at B, spat will also emerge onto this
position. To investigate this effect data from periods including
oviposition and emergence (M17 - J20)were extracted from the total
10 month interval, and subjected to independent ANOVAR. Here
between position variance is significantly greater than the residual
(F = 23.90, p> 0.001). Mean proportions and LSR for this four month
period are contained in TABLE12, column 2 and indicate,as predicted
from the oviposition 'activity,a significant polarity towards stone
bottoms., Extraction of data from remaining months, and ANOVAR,




TABLE 12,

Zone

T
TS
BS

B
LSR

The proportion of snails (in arcsines) on various stone

aspects. The data are derived from & 10 month survey

(see text).

column 4 to P.contortus,

6432
33.09
36.10
32.91
2479

Columns 1-3 refer to A.fluviatilis and

3.09

16.07
33.71

48,20
15.09

TT0

76.09

2T+36
8.403

1,10
13.81
35.61
47.80

9.63
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however, suggest a lack of concordance between individual monthly
samples (F = 2.99; p> 0.05). Inspection of data suggested that

this was almost certainly due to variations in proportions between

TS and BS. Reasons for this have already been discussed.
Combination of TS and BS improves concordance (F = 208.89; p < .,001)
and the total period means (TABLE 12, column 3) indicate. aggregation
on stone sides in this period which conforms with results from the
September sample (see TABLE 9).

B. PLANORBIS CONTORTUS:
In this species, ANOVAR over the whole 10 months interval

indicates that between position variance is significantly greater
than between month variance (F = 42.71, p<0.01). Mean proportions
of snails within each zone are shown in TABLE 12, column 4, to-
gether with LSR and suggest ,as with the September sample, a polarity

towards stone bottoms, This can, therefore, be considered as

seasonally invariant.

On-stone locations of snails indicate some spatial separation

between A.fluviatilis and P.contortus which reinforces separation

based on the between-stone patterns. P.contortus prefers stone
bottoms, whereas A.fluviatilis prefers stone sides, at .least until
oviposition when it migrates on to the bottoms. Habitat overlap
between P.contortus and A.fluviatilis is greatest during the breeding
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7. DISCUSSION

7 ° le General

Dispersion patterns at all levels of the distribution hier-
archy from major distribution within the whole Tarn to micro-
distribution on individual stones show heterogeneitiies, and
aggregations. This situation is typical of natural situations where
aggregation seems to be the rule rather than the exception (see
general texts of Odum,1953, Macfadyen, 1963, Grieg-Smith, 1964,
Elton, 1966). Similar detailed studies on snails in particular and
freshwater littoral forms in general are lacking, (Elliot, 1971).

Factors affecting aggregation at all levels seem to stem
ultimately from wind and thus wave action, and act via either food
supply or the deleterious effects of sediment accumulation. The
importance of wave action in large bodies of freshwater has already

been noted, and the effects of food supply will be considered in
greater detail later (see PART VII SECTIONG ),

The microdistribution patterns of P.contortus and A.fluviatilis
are different. P.contortus lives predominantly on the bottoms of
rough stones, whereas A.fluviatilis prefers the sides of smooth
stones. This means that although both species live in a common
najor location (Ha Mi_.re), they are to some extent spatially distinct.
This picture changes during oviposition and post-reproductive
intervals when P.contortus migrates on.to the smooth stones, and
A.fluviatilis migrates om"tothe stone bottoms. During this period

the habitat space requirements of both species are the same, and

interaction may occur.

Te 2 Relevance of the Results in Terms of More Detailed Sampling

Procedure

Vertical dispersion patterns studied in SECTION 3. 2. indicate
that neither P.contortus, nor A.fluviatilis populations extend beyond

the 75cm. contour. This, therefore, represents the offshore habitat
1imit of these species and is approximately and conveniently de-

limited by the old shoreline (see PART II, SECTION 3. 2.). The
majority of both species, however, occur within the 45cm. contour

and it ;s this poﬁrtli:_og which will be considered in greater detail
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later.

The walls situated at both ends of Ha Mire shore are built
into the Tarn to a depth of ca. lm. (see FIG. 4) so that in view of
the TScm. limitations described above, they effectively provide
lateral barriers to both immigration and emigration of snails.
Similerly, both the old and new shores can be considered as dispersion
barriers, since landward migrations are unlikely and lakeward
migrations, although possible (e.g. via floating weeds), can probably
be ignored. Thus, A.fluviatilis and P.contortus populations within

the-walls are effectively isolated and are, therefore, extremely

convenient from the viewpoint of a dynamics study, i.e. immigration
and emigration can be ignored.

Lateral heterogeneities between sectors requires a laterally
stratified sampling regimen if a true estimate of snail densities
on all Ha Mire is to be considered, (Yates and Finney, 19423 Healy
1962). Furthermore since strata (i.e. sectors) vary in their length
ratios i.e. approximately 4A ¢ 3B : 3C, stratification must also be

affected in these proportions (Wadley, 1952). This procedurs is
termed self weighting.

The power law value (b = 2) obtained in SECTION 5. 2. indicates
between-stone aggregations and suggests an underlyling log-normal
pattern. In these circumstances logarithmic transformation provides
approximate linearity (Elliot, 1971). Calow, (1972, see PUBLICATIONS
APPENDIX II) however, has suggested & more direct manipulation of
raw data derived from a sampling programme using individual stones
as the sampling unit which provides a valid estimate of means and

variences. Calow (Ibid.) showed that when standard deviation is

linearly related to the mean, sampling statistics are computed as
follows:s

'i = E‘x{a! ©00000000000000000s00000000000000000s000e L (4- 7)
k

A\
VaXIre = _L 0 00000000000000000800000000000000000008 O (40 7)
k

where x/a = no. of snails/unit observed stone size

k = sample number

X = mean no. of snails/unit observed stone size

var.= variance

)\
@ = constantg

1 as defined in Calow 19723 PUBLICATIONS APPENDIX II
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These statistics will be used in the definitive sampling programme
described in the following sections.

On-stone aggregations of both P.contortus and A.fluviatilis
have been shown in SECTION 6. Neither species occupies the total

stone surface, only selected portions. If populations are biassed

towards certain situations, but samples are taken randomly SYSTEMATIC
ERRORS will arise (LeRoux and Reimer, 1959). Similarly,if
distributions are zggregated, and sample numbers are expressed in
terms of a habitat parameter bearing no relationship to the region
of aggregation further SYSTEMATIC ERRORS will arise.

All easily measured linear stone parameters (longest length Lg
largest perimeter P3. L x P) however, are highly correlated (r(L v P) =
0.853 r(L v LP) = 0.80;3 (P v LP) = 0.82). There is also a linear
relationship between snail density and these linear stone sigze
parameters, (see FIG 25 and 26). All parameters can, therefore, be
considered as being correlated to the effective habitats of the

snails concerned, i.e. B and BS in P.contortus and BS and TS in

A.fluviatilis so that the parameter chosen for the density expression
will be of little consequence.



PART V

THE DETATLED DYNAMIC STRUCTURAIL
ASPECTS OF POPULATICNS OF PLANORBIS
CONTORTUS AND ANCYLUS FLUVIATILIS ON HA MIRE
SHORE




1, INTRODUCTION

PART 1 highlighted the lack of quantitative information
regarding the structural ecology of freshwater snails. The fact that
most species inhabit complex macrohabitats, in which there is tremendous
underlying microhabitat variability, seems to have been instrumental.
These places, e.g. weeds and rocky shores, provide technical difficulties
in obtaining quantitative samples, and theoretical difficulties in
their interpretation. Consequently, quantitative information regarding
the invertebrates living in these habitats is generally sparse when
compared with equivalent work carried out both in the plankton and

on organisms occupying the bottom silts. The latter habitats represent

far more simple situations, but are generally devoid of snails. (see
PART III, SECTION 3).

Methods of extracting samples from stony substrata have been
reviewed by Macan (1958), Cummins (1962) and Schwoerbel (1970).
Most techniques suffer from the disadvantage of relating density of
organisms to the area of the bottom, not to the actual area available
in terms of stone surface. Although snails do not occcupy total

available stone surfaces (see PART 1V, SECTION 6. 3.), their densities
(and thus their effective habitats) are related to stone linear

parameters (see FIGS. 24 and 25) and these in turn to stone surface
area (Calow, 1972, see DATA APPENDIX II). Because the stone surface

area contained within a standard square metre of the bottom may vary

haphazardly from place to place, expression of density in these terms

automatically introduces an extra element of variance. This
phenomenon probably applies to all samples of stone-dwelling

invertebrates (Usinger and Needham, 1954) and the sampling variances
80 introduced are neither of interest nor are usually identifiable.

Calow (Ibid.) has suggested a new technique which allows
relatively simple and rapid estimation of true stone surface area.

On the basis of this method a sampling technique using the individua.l
stone as the sampling unit was suggested, and this in conjunction

with detailed information on microdispersion patterns (e.g. PART 1V

SECTIONS 7. 2.) allows truly quantitative density estimates to be
mades

Similar trends towards quantzfying the effective habitat have
also been made in weed bed situations. Thus Krecker (1939) expressed

density in terms of plant length, Entz (1947) in terms of a quotient
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related to plant surface and Rosine> (1955) in terms of actual

surface area.

The following sections present quantitative information
regarding the structural <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>