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SUMMARY .

Tellina tenuis da Costa and Tellina fabula Gmelin

(Bivalvia: Tellinacea) appear to be closely related and display
considerable internal and external similarity. They are found
together on many sandy shores in Britain and Europe; a typical
situation exists in Kames Bay, Millport, where T. tenuis is
littoral, T. fabula is sublittoral, and their ranges overlap
little. There is extensive published information to suggest
that the situation in the Bay has hardly changed over the past
50 years.

The factors which govern their distributions were in-
vestigated for two reasons. Firstly, to find the environmental
influence on the two species' ranges, and secondly, to apply
the findings to palaeoecological interpretation of fossil
mollusc assemblages in which these Tellinids occur.

Distribution, lethal tolerances, rhythms, sediment
analysis, burrowing and morphology were the factors investigated.

The distribution experiments proved that T. tenunis and
T. fabula were largely randomly dispersed with a slight ten-
dency toward aggregation, particularly in the laboratory.

Mark and recapture experiments with T. tenuis showed that
adult movement was limited to a few cm from their burrowing
start position - due, perhaps, to the angle of burrowing.
Attempts to monitor the spatfall met with little success;
coring experiments suggested that the 1+ year groups were
firmly established in their respective habitats.

T. fabula was around 5°C less tolerant than T. tenuis



to any increased temperature regime. T. fabula was also more
susceptible to changes in salinity or to desiccation, and it
appeared that T. tenuis would be more resistant than T. fabula
to any environmental stress.

Neither species displayed pronounced rhythms, but there
were slight traces of acircadian rhythm, the length of which,
in T. fabula only, was inversely correlated with day length.
The level of activity in both species was correlated with
maximum predicted tidal range during the experiment, but not
with tidal range on the day of collection. This suggested some
endogenous component in largely exogenous rhythms.

Sediment analysis showed that there was little differ-
ence in grain size composition of beach and sublittoral sand.
Sublittoral sand was, however, significantly less penetrable,
less permeable, and less porous than littoral sand.

No distinction could be made in the burrowing behaviour
(speed, digging cycles) provided that the animals were the
same size, but T. tenuis burrowed significantly deeper than
T. fabula. Burrowing of T. tenuis was affected by a change
from littoral to sublittoral sand, but T. fabula was not
affected by the reciprocal change. Size and burrowing depth
were correlated only in field populations of T. tenuis.

T. fabula may be distinguished from T. tenuis by the
presence of diagonal striae on the right valve; what purpose
they serve is unclear. The shell of T. fabula was significantly
thicker than that of similar-sized T. tenuis but it was im-
possible to identify medium sized animals on 1ength/width,

length/height, or length/weight ratios alone.



The results suggested that T. tenuis was considerably
better suited to living under adverse environmental conditions,
since it was bigger, burrowed deeper and was physically more

tolerant than T. fabula. T. tenuis may be penalised for its

adaptability by reduced efficiency, compared with T. fabula,
under optimum conditions (i.e. in the sublittoral zome).

However, the unknown effect of larval settlement patterns and
larval tolerances must be considered before drawing firm con-

clusions regarding the control of the species' distributions.



INTRODUCTION.

The factors governing the abundance and distribution of
a species are, at best, poorly understood. While it may be
known why, for example, a rock epifaunal species cannot survive
on soft mud, there are few studies of the factors which separate
the distributions of very similar species living close together

(e.g. Nprgaard, 1951). Two such species are Tellina tenuis and

Tellina fabula, which are morphologically very similar (Yonge,

1949) and are usually found in close proximity to one another as,
for example, in Kames Bay, Millport (Stephen, 1928; Watkin, 1942;
Clark and Milne, 1955). This thesis is an investigation of
various aspects of their life-style in an attempt to find out
what factors govern and separate their respective distributions.

After consultation with Dr. A.D. Ansell and Dr. P.R.O.
Barnett (Dunstaffnage Marine Research Laboratory, Oban), it was
decided that the larvae would be too difficult to rear, so
experiments were confined to adult animals. Fortunately, adults
of both species could be gathered easily and in large numbers
from Kames Bay but, since T. tenuis was more plentiful and more
7 easily collected than T. fabula, experimental techniques were
worked out first with T. tenuis.

In Kames Bay T. tenuis is found, at densities of up to
75500 per square metre, from about 3.0 M above Chart Datum to
about 0.01 M C.D. T. fabula, much less abundant than T.
tenuis, is found from 0.01 M C.D. to around the 10 M contour,
so that the two species' ranges overlap only slightly (Stephen,

1928, 1932; Watkin, 1942; Clark and Milne, 1955). The



geographical distribution of both species ranges from Norway
to Morocco (Forbes and Hanley, 1853; Jeffreys, 1863; Ockelmann,
1958; Tebble, 1966).

T. fabula is found in the early Pleistocene deposits
such as the English Red Crag, along with other Tellinids such

as Macoma obliqua, Macoma praetenuis, and Macoma calcarea, as

well as,in later deposits, (Weyboﬁrne Crag) Macoma balthica

(Norton and Spaink, 1974). T. tenuis may have arisen later
still, in the Holsteinian or Eemian depesite. Older identifi-
cations of fhese Tellinids are open to considerable doubt
(Norton and Spaink, 1974). All have been intérpreted as
littoral infaunal forms (West and Norton, 1974), but M. obligua

and M. praetenuis are extinct today, while M. calcarea is

restricted to the Arctic. The factors determining the relative
niches of these species are therefore of great interest in an
understanding of the.paleoecological as well as ecological
relationships.

The aspects investigated have been grouped under six
headings, lethal tolerances, distribution, rbythms, sediment
analysis, burrowing, and morphological characteristics, each

of which has been allocated a separate chapter.

Chapter 1. Lethal Tolerances.

The lethal tolerances investigated were the tolerance
to increased temperature, to increased and decreased salinity,
and to desiccation. The first two factors were thought to be

important because littoral species are subject to considerable



fluctuations in temperature (e.g. ﬁavies, 1970), thus re-
stricting the distribution of some species (e.g. Connell, 1961),
and it has already been found that the reduction in salinity

in some parts of Kames Bay exerts gréat influence on the dis-

tribution of the polychaete Nereis diversicolor (Smith, 1955).

On the other hand it is reasonable to assume that the infauna
of a sandy beach would not be subject to desiccation stress,
due to the presence of interstitial water. The results of
this latter investigation would, it was hoped, show whether
one species was, in general, more resistant than the other, or
whether tolerance was limited to factors actually encountered

on the beach.

Chapter 2. Distribution.

The distribution of T. tenuis and T. fabula in Kames
Bay has been so thoroughly investigated over the years (Stephen,
1928, 1932; Watkin, 1942; Clark and Milne, 1955) that it was
felt unnecessary to repeat the work by carrying out a large-scale
sampling programme. Many sedentary‘invertebrates, including T.

tenuis and T. fabula, have planktonic larvae (Thorson, 19503

Rasmussen, 1973) whose settlement preferences may largely control
the eventual distribution of the adult animals (Wilson, 19503
Meadows and Campbell, 1972 a, b). However, adult Tellina can
move through the sand, and it has been suggested (Holme, 1961)
that they have adopted a horizontal position when burrowed to
facilitate migration through the sediment. This suggestion was

supported by previous work by Holme (1950) who found that a



population of T. tenuis in the Exe estuary was overdispersed
due to the animals moving away from each other to maintain
feeding territories. Accordingly, it was decided to invest-

igate the distribution of T. tenuis and T. fabula in Kames

Bay from three angles - larval settlement, adult movement, and

adult dispersion patterns.

Chapter 3. Rhythms.

Morton (1973) suggested that littoral bivalves display
circatidal rhythms, while sublittoral (and, incidentally,
freshwater) bivalves display circadian rhythms, but recently
(Earll, 1975 b) doubts have been case not only on the existence
of such clear-cut rhythms but also on the methods used to
detect them. The best method of monitoring the activity fsS
to record the adductor muscle rhytbhms (Morton, 1973), and so

the valve rhythms of T. tenuig and T. fabula, in a steady-state

system, were recorded to see if eithe: species displayed notice-
able circatidal or circadian rhythms. Some T. tenuis were

left at the T. fabula sampling sité, and vice versa, in a
transplant experiment to ascertain whether the rhythms could be
changed, that is, if the rhythms were exogenously or endogenously
controlled, e.g. Morton (1956). The strength of the rhythms, as
well as the periodicity, was also investigated with reference to
the environmental variables of tidal rise and fall, and sunrise

and sunset.

Chapter 4. Sediment Analysis.



As has been mentioned, certain sediments are attractive
to settling larvae, and they may also be attractive to adult
animals as well (Meadows and Campbell, 1972 a, b). The physical
characteristics of sand from various sites in Kames Bay were
therefore investigated to find out not only if there were any
measurable differences, but also whether these differences could
be related to the distribution of the animals. For instance,

the distribution of the polycheate Arenicola marina has been

correlated with the hardness of the sediment (Newell and Chapman,
1948). The physical characteristics investigated were grain size

composition, porosity, permeability, and penetrability.

Chapter 5. Burrowing.

The hardness of the sediment controls the distribution of
A. marina (see above) by affecting the speed and the ease of
burrowing (Chapmen, 1949). It would appear obvious that
littoral infauna should be able to burrow again as quickly as
possible if, for example, they had been washed out of the beach
by severe wave action. Depth of burrowing may also be import-
ant with respect to predation by wading birds (Hughes, 1970).
The speed and the depth of burrowing, with respect to size, of
T. tenuis and T. fabula were monitored not only in their natural

sediments but also in the other species' sediment.

Chapter 6. Morphology.

The internal morphology of T. tenuis and T. fabula has




been extensively studied by Atkins (1937 a, b), and by Yonge
(1949), who concluded that there were no significant differences
between'the two species. The shell morpholagy, however, differs
considerably (Forbes and Hanley, 1853; Jeffreys, 1863; Tebble,
1966). An analysis of the external morphology of T. tenuis and
T. fabula was therefore designed to try to relate the various
characters to their respective life-styles (after Kauffman,

1969; Stanley, 1970).



Chapter 1

Lethal Tolerances.
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Introduction. !

The factors governing a species distribution can be
divided into two categories - biological factors and physical
factors. Amongst the most important physical factors for
littoral species are their resistance to temperature, salinity,
and desiccation. Of these factors, temperature is probably
the most influential, and will be dealt with separately.

The effects of solar irradiation leading to increased
salinity and desiccation,.and of rainfall or freshwater inflow
leading to decreased salinity, are less extreme on a sandy
beach than on the rocks. This buffering action is due to the
interstitial water, which is drawn up from the residual water
table by capillary action (Bruce, 1928; Reid, 1930).

The variations in the salinity of the interstitial
water depend largely on the influx of freshwater .either from
rainfall or from a stream flowing over the beach. Evaporation
by solar irradiation, in temperate latitudes at least, results
in at most a 1 % rise in the salinity of the interstitial
water (Southward, 1953). The salinity of the surface channel
water in the Clyde estuary around Millport varies from
31.26 % in January to 32.98 % in June (Barnes, 1955, 1961)
and in Kames Bay itself there is a considerable influx of
freshwater from two streams on the western edge of the beach.
Although Watkin (1942) suggested little variation, in places
the salinity of the interstitial water is as low as 9 %o (at

a depth of 6 inches at HWN)and lowered salinity persists even

11



below the SW at high tide.

The vertical distribution of T. tenuis and T. fabula
is well documented (Stephen, 1928; Watkin, 19423 Clark and
Milne, 1955), but nothing has been published on their hori-
gontal distribution across the Bay. However, Dr. P.R.O.
Barnett (Dunstaffnage Marine Research Laboratory personal
communication) has found that both populations are denser on
the eastern side of the Bay.

There have been few studies of resistance to desiccation
in bivalves, and thése have been concerned only with epifaunal
species (Morton et al, 1957; Kensler, 1967). Since the
presence of the interstitial water in the sand should prevent
any desiccation stress, it was felt th;t it would be interest-
ing to compare a littoral infaunal species (T. tenuis) with a
sublittoral infaunal species (T. fabula) to find out if the

littoral species has a greater tolerance to desiccation.

Materials and Methods.

In the salinity experiments, the experimental chambers
were 2 litre beakers, and in the desi¢cation'experiments they
were petri dishes with a piece of filter paper across the
bottom. The required salinity was obtained by either diluting
the laboratory seawater (salinity about 31 % ) with copper-free
freshwater or by adding "Instant Ocean" (Shirley Aquatics Ltd.,
Solihull). In this way salinities from 0% SW to 200% SW were

obtained. The water in the beakers was aerated with an airstone

12



which was regulated to give as little air as possible, in
order to obviate the possibility of the salinity being

changed by evaporation. All experiments were performed in

a 10°C constant temperature room. An experiment was also con-
ducted to find out whether T. tenuis were osmoregulators or
osmoconformers by weighing the animals before and after they
had been exposed to concentrations of 50%, 150% and 200% SW.
The criterion for death was, as for the temperature experi-
ments, that the valves should be gaping, and that they did not
move when touched.

In the desiccation experiments, uniform conditions at
the start of the experiment were obtained by soaking the
filter paper in each dish. The dishes, with the animals on
top of the soaked filter paper, were then put into 5°C, 10%
or 15°C constant temperature rooms. It was found that the
criterion for death was not particularly applicable to the
desiccation experiments. Some animals did gape, but others
remained shut until completely dried out. To overcome this
problem, subsamples were taken during the course of the ex-
periment of those animals which were not gaping. These sub-
samples were returned to sgawater at the appropriate tempera-
ture. The number of animals which recovered was noted, and
the mortality was expressed as a percentage of the subsample,
plus the number gaping.

The significance of the results was tested with the
Sign Test (Siegel, 1956) and the Spearman Rank Correlation

Coefficient (Moroney, 1951)

13



Results.

The results of the salinity experiments are shown in
Fig. 1a. T. tenuis survived concentrations of 0% to 200% SW
for around 24 hours by keeping its valves firmly closed, but
there was considerable mortality in T, fabula in the first 24
hours.

The T. tenuis which were exposed to 50% SW were signi-
ficantly heavier at the end of the experiment (N = 19, x = 1,
P > 0.01 (Siegel, 1956)), but there was no significant change
in the weight of the animals exposed to 200% SW or 150% SW
(N=11, x =4, P = 0,27 and N = 23, x = 10, P = 0.34
(siegel, 1956)).

In the desiccation experimehts, T. tenuis was more re-
sistant than T. fabula under all regimes (N = 13, x = 1,

P = 0.002 (Siegel, 1956)), and, as might have been expected,
the mortality rate was proportional to the air temperature
(F = 15.43, £, = 1.7, £, = 10.2, P > 0.001 (Moroney, 1951))

(Table 1a).

Discussion.

There appears to be a consistent difference in tolerance

between T. tenuis and T. fabula, not only to factors which they

might expect to face, such as variations in temperature and
salinity, but also to unlikely factors such as desiccation.

The results also support the theory that the tidal

14



height of an animal, i.e. the extent of the tidal range over
which it is distributed, is correlated with its tolerance to
salinity (Arnold, 1957, 1972; Morton et al, 1957; Simpson,

1976) or to desiccation (Morton et al, 1957; Kensler, 1967;
Simpson, 1976). It may be, however, that the difference in
tolerance to salinity or desiccation is due to the fact that

T. fabula is unable to clese its valves completely. T. tenuis,
like many other bivalves, can completely exclude certain adverse
conditions for a short time at least (FPreeman and Rigler, 1957T;
Morton et al , 1957; Pierce and Greenberg, 1973).

Nevertheless, both T. tenuis and T. fabula appear to be

stenohaline when compared with other marine bivalves. Castagna
and Chanley (1973) tested 29 species of which 25 survived at a

salinity of 12.5te (about 35% SW), while Mya arenaria has a

tolerance limit of 4% (Matthiessen, 1960).

The bivalve Lasaea rubra shows 100% survival after 12

hours in dry air at 30°C (Morton et al, 1957) and, while both

T. tenuis and T. fabula were able to survive for 12 hours out of

water, the maximum temperature was only 1500. However, the com-
bination of 12 hours out of water and a temperature of 15°C is
probably the most adverse set of conditions the littoral infauna
are likely to experience in Kames Bay (Watkin, 1942; Barnes,
1955) and so it seems unlikely that desiccation could be a factor
influencing their distribution.

The lowering of the salinity of the interstitial water on
the other hand may alone exclude T. fabula from the littoral zone.

Certainly, when all the factors « temperature, salinity and
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desiccation ~ are taken into consideration, it seems reason-
able to advance the argument that the relative tolerances in
general of T. tenuis and T. fabula may be the answer as to

why T. fabula is confined to the sublittoral zone.
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Table 1a. Percentage mortality of T. tenuis and T. fabula

when left out of water in 5°C, 10°C, and 15°C

constant temperature rooms.

Temp. Time (hours)
Animal | °C | 1225 3% 48 60 712 B 9%
5 0 0 0 20 30 55 70 100
T.tenuis 10 5 10 15 30 45 T0 100 -
15 0 20 57.5 90 100 - - -
5 0 0 20 30 60 100 - -
T.fabula 10 0 10 30 70 100 - - -
15 0O 70 100 - - - - -
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Fig. 1a. LD50 in days plotted against concentration

of seawater (SW)

A T. tenuis;

m T. fabulas

0 estimated (due to extreme rapidity of

mortality) LD
0% SW.

for T. fabula in

50
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Introduction.

Temperature is one of the most important abiotic
factors in an animal's envirornment, and the tolerance of a
species to tenperature will be reflected in the past and
present distribution (Hutchins, 19473 Gunter, 1957; Kinne,1963).

At Kames Bay, Millport, Tellina tenuis is found from

HWN to just below LWS, while Tellina fabula is found from LWS

to the 10 m contour (Stephen, 1928; Watkin, 19423 Clark and
Milne, 1955).

The temperature range when the animals are exposed is
proportional to their distance up the beach (Johnson, 1965;
Perkins, 1974), due partly to the amount of interstitial water
(Jansson, 1961, and also to the depth at which they live (Bruce,
1928; Southwérd, 1953; Johnson, 1965; Fenchel and Jansson, 1966;
Jansson, 19663 Hughes, 1971). When covered by the sea the tem~
perature is that of the surrounding water (Perkins, 1974). The
range of surface channel water temperatures to which they are
exposed in Kames Bay varies from a maximum of around 15.5°C in
September to a minimum of around 4°C in February (Mill, 1892-4;
Barnes, 1955).

However, both T. tenuis and T. fabula have a geographical

distribution from Norway to Morocco (Forbes and Hanley, 1853;
Tebble, 1966), so both species muet be able to withstand tem-
perature extremes outwith those which they encounter in Kames
Bay. Their present thermal niche may therefore be only part of
their theoretical or potential temperature tolerance range.

Extensive investigations have been made of the temperature
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tolerances of molluscs, at all stages from larvae to adults.
Andronikov (1975) hes reviewed the heat resistance of the
gametes and embryos, and a great deal of work has been carried
out on the lethal tolerances of the larvae (Loosanoff et al,
19513 Kinne, 1963, 196L4; Calabrese and Davis, 1970; Cain, 1973;
Diaz, 1973; Kennedy et al, 1974). Much has also been done on
the tolerances of adult molluscs (Orton, 1920; Henderson, 1929;
Evans, 1948; Gunter, 1957; Dickie, 1958; Southward, 1958;
Fraerkel, 1961, 1968; Read, 1964, 1967; Davies, 1965, 1969;
Read and Cumming, 1967; Kennedy and Mihursky, 1971; Waugh and
Garside, 1971; Boyden, 19723 Gabbot and Bayne, 1973; Widdows,
1973; Wallis, 1975), while Bayne et al (1975) observed that
stress in the adults led to diminished viability in the larvae.
This paper deals with the tolerances of adult T. tenuis
and T. fabula to increased temperatures, and attempts to relate

the results to their distribution.

Materials and Methods.

The animals were collected from Kames Bay, Millport -
T. tenuis from a site 1.5 m above Chart Datum, and T. fabula
from a site 5.0 m below C.D. They were adjudged dead if the
valves were gaping, that is, if they would not close when
stimulated, and if there was no discernible movement. The
location of the collecting sites was kept constant (Wallis,
1975) to avoid the possibility of differential environmental
acclimatization (Davies, 1965, 1967). The terms "acclimation",

"acclimatization", and "adaptation" are used throughout as
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defined by Fry (1958, 1967).

The apparatus, depicted diagrammatically in Fig. 1, was
used for all regimes except those requiring a constant 5°C or
1OOC temperature. These were carried out in constant tem;
perature aquaria.

For the first experiments, the animals were put directly
into the experimental chambers (after Precht, 1973)), and both
short-term and long-term mortality was noted (Fry et al, 1946).
In the short-term experiments, the mortality was noted after
24 hours exposure to the experimental temperature. In the
long~term experiments, the.experiments were allowed to run to
their conclusion, that is, until all the animals were dead.
When percentaze mortality was plotted against time, the char-
acteristic temperature-time curves (Orr, 1955) were obtained.
These were straightened and subsequent analysis facilitated by
plotting the mortality in probits, from the tables of Bliss
(1935), against the log of the time (Bliss, 1935; Finney, 19473
Speakman and Krenkel, 1972; Stora, 197L4).

In order to avoid the possibility of a mixed lethal
effect due to temperature shock (Hutchison, 1961), and to
investigate the effect of rate of temperature change (Cocking,
1959ab; Speakman and Krenkel, 1972), experiments were set up in
which the temperature was raised by 2% every 1, 2 or L days.
Again, the mortality in probits was plotted against log time
(Bliss, 1935; PFinney, 1947; Speakman and Krenkel, 1972; Stora,
1974) «

It has been sugrested by several authors (Brett, 194L.,

1970; Fry, 1947, 1958, 1967; Hutchison, 1961; Newell, 1970)
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that the zone of thermal tolerance of a species is best ob-
tained from acclimation experiments. Accordingly, a series
of experiments was set up in which the animals were acclimated
to different temperatures for two weeks before they were intro-
duced to the experimental temperatures. Since T. tenuis was
found to be more resistant than T. fabula, the acclimation
temperatures were SOC, 10°C, 1500, 20°C and 2500, and 5OC, IOOC,
15°C and 20°C respectively. Similarly the experimental tem—
peratures for the acclimated T. tenuis were 5°C higher than for
acclimated T. fabula, 5°C, 10°C, 15°C, 20°C, 25°C and 30°C as
opposed to SOC, IOOC, 15°C, 20°C, and 2500. The area of the
zone of upper temperature tolerance was determined from tolerance
triangles (McErlean et al, 1969).

T. tenuis was collected on various dates from January to
June, and tested at 1000 and at 2500 as in the long-term experi-
ments to determine whether there was a seasonal variation in the
mortality rate, that is, whether the animals were capable of
seasonal acclimatization. This experiment was set up with
T. tenuig alone, since it is exposed to the greater seasonal
temperature range. T. tenuis was also used in an experiment
to ascertain whether the size of the animals affected the

mortality rate.

Results.
The results of the short-term (24 hour) tolerance experi-
ments are shown in Fiz. 2. The lethal dose for 50% mortality

(LDSO) is 31.25°C for T. tenuis and 26.5°C for T. fabula.
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In the long-term experiments, it was zgain found that
T. tenuis was more tolerant, not only of high temperatures,
but also of low temperatures (Table 1). The zone of resist-
ance obtained by plotting the LD50 against the temperature
(Fiz. 3) of T. tenuis was almost three times as large as that
of T. fabula (811.91 degree days and 264.97 degree days re-
spectively). It was not possible to fit single straight lines
to the plots of mortality in probits versus log time (Figs.

L, 5), so two regression lines were calculated for each temper-
ature (Table 2). From these it is possible to estimate the
effect on either species of a given temperature for a given
length of time in the laboratory. There was no apparent
mathematical relationship between the slobes of the regression
lines at different temperatures in Fig. 4 and Fig. 5, although
obviously the higher the temperature the steeper the mortality
gradient.

From Fig. 4 and Fig. 5 it can be seen that when taken
directly from the field, the animals could resist the effects
of the higher temperatureé before they began to die. However,
when the temperature was raised gradually by 2°¢ every 1, 2 or
L days, the mortality curve, in probits versus log time, can be
represented by a single straight line (Figs. 6, 7). The equation
for each line is given in Table 3, and it is apparent that the
regression lines of the mortality under all regimes had approxi-

nately the same gradients (Table 4). The ID_. in °C was plotted

50
against LD5O in days (Fig. 8) and the areas of the tolerance
triangles of T. tenuis and T. fabula were calculated as 952.9

degree days and 498.0 degree days respectively.
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It was found that acclimation to a higher temperature
enhanced the animals' ability to withstand higher experimental

temperatures; for example, the LD_. at 3000 for 5°C acclimated

50
T. tenuis was 1.70 days, while for 2500 acclimated T. tenuis
it was 2.86 days. The upper acclimation limit for T. tenuis
and T. fabula appearsd to be Jjust below 25°C and 20°C respect-
ively, althouzh the regression line for T. fabula in Fig. 9
indicates that the acclimation limit is above 3000. This is

due to a low LT_. - 'I'a value for a Ta of 5°C, perhaps because

50
a low temperature also stresses the animals. Upper temperature
tolerance triangles (licErlean et al, 1969) were constructed
(Fig. 9), and the respective tolerance arcas were calculated.
The tolerance area of T. tenuis was L42T.32 degrees2 and of
T. fabula was 232.9 degrees2.
The results from the experiment on seasonal variation in
mortality rate are shown in Fig. 10. The extreme variability
of the results renders interpretation difficult, but there seems
to be no correlation between the tolerance of the animals and
the time of collection. The mortality rates (Fig. 11) of the
two groups of T. tenuis of different sizes (t = 14.29, P 0.0l
(Bé,iley, 1959)) tested at 30°C were not significantly different
(t = 0.04, P = 0,96 (Bailey, 1959)). It appears, therefore,
that mortality was independent of the size or age of the animals.
The results suggest that T. tenuis in particular was
capable of withstanding temperatures in excess of its normal
environmental range. T. fabula was considerably more susceptible,
its tolerance zone area generally about one-half, and its upper

limits about 5°C less under any regime, when compared with T.

tenuis.
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Discussion.

The 5°C difference in temperature tolerance observed
between T. ternuis and T. fabula in the 24 hour experiments
persists in the long-term experiments, in that the 2000 and
2500 mortality curves for T. tenuis resemble the 15°C and
ZOOC curves respectively for T. fabula. The lag period and
the resultant change in the mortality gradient in the long-
term experiments, the mixed lethal effect (Hutchison, 1961)
may be attributable to some factor related to temperature,

e.g. starvation (Newell and Bayne, 1973) rather than to temper-
ature itself. Whatever the cause, T. tenuis was much more
temperature tolerant than T. fabula.

Most species can acclimate to temperature gbove or
below the mean temperature of their environment, and the
acclimated animals show a marked change in their tolerance.

The higher the temperature to which an animal has been acclim—
ated, the higher its lethal tolerance, until a limit is reached
beyond which it is incapable of further acclimation (Prosser,
1958; Kinne, 1963). In the gradually increasing temperature
experiments, the similarity of the mortality gradients and the

fact that a faster increase led to a higher 1D 0 temperature,

5
suggested that differential acclimation, proportional to the
rate of temperature increase did not occur (Cocking, 1959 b).
On the other hand, there was acclimation when the animals, es-
pecially T. fabula, were exposed to a steady increased tempera-

ture for two weeks, and, in general, the degree of acclimation

was proportional to the increase in the acclimation temperature.
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Studies by Ansell and Trevallion (1967), Trevallion
(1971), and Trevallion et al (1973) have shown that the bio-
chemical composition of the tissues and the oxygen consumption
of T. tenuis vary throughout the year, so one might expect
that the resistance to temperature changes would alsoc vary.
However, the tolerance of T. tenuis did not appear to be
correlated with the season, and there was no evidence of
seasonal acclimatigation. Seasonal independernce in tempera—
ture tolerance has also been shown to exist in some inverte-
brates (Southward, 1958; Crisp and Ritz, 1967; Fraenkel,1968;
Foster, 1969) but not in fishes (Brett, 1944) or algae
(Parker, 1960).

The persistent difference in tolerance between T.

tenuis and T. fabula supports the theory that there is a

difference in tolerance between littoral and sublittoral
species (Henderson, 1929; Gunter, 1957; Southward, 1958;
Conrell, 19613 Davies, 1965; Fraenkel, 1968; Friedrich, 1969;
Newell, 1970; Kennedy and Mihursky, 1971). There is, however,
some doubt whether the temperature tolerance of animals of the
same species varies with their position relative to tidal
height. Various authors have found that the temperature sen-
sitivity of a species was a function of the tidal height

(Segal et al, 1953; Parker, 1960; Davies, 1965, 1967), while
Simpson (1976) found that this was not the case with Patinigera

macquariensis (Finlay). The temperature tolerance of sub-

littoral T. tenuis has been reported as being the same as
littoral T. tenuis (A.D. Ansell, Dunstaffnage Marine Research
Laboratory, personal communication).

In any species, the thermal tolerance, or indeed the
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tolerance to any environmental factor varies with the stage
in the life cycle. Diaz (1973) noted that the mortality of

Crassostrea virginica increased with the age of the larvae,

but Loveland et al (1972) found the converse with the larvae

of Mulinia lateralis. Other workers (Kennedy et al, 1974)

have obtained results similar to Loveland et al (1972) and

the more widely held view is that the early stages of mollusc
development are more susceptible to temperature extremes
(Loosanoff et al, 1951; Kinne, 1963, 196L4; Loosanoff and Davis,
19633 Goodwin, 1970). The limiting factor for a species dis-
tribution is therefore a temperature which, throughout the
year, exceeds the range for the development of the embryos
(Andronikov, 1975) and, in general, the reproductive range is
less than the total ranse (Hutchins, 19473 Kinne, 1970).

Once adult, the temperature tolerance of all age groups
of T. tenuis was constant, althouzh this does not hold for all
bivalves (Kennedy and Mihursky, 19713 Wallis, 1975). Neverthe-
less, sublethal temperatures during adult life may affect the
burrowing or mobility of an animal (Dickie, 1958; Southward,
1958; Fry, 1967) or reduce the feeding rate such that the
energy balance between food uptake and energy expenditure
becomes negative (de Wilde, 1975). The stress may also reduce
fecudity and subsequent larval survival (Bayne et al, 1975).

Fluctuations in other environmental factors such as
salinity will combine to lower the animal's resistance to
temperature changes, and tolerance will be at a maximum only
when the other environmental factors are at an optimum (Costlow

et al, 1960; Kinne, 196L4; Calabrese, 1969; Calabrese and Davis,
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19703 Biggs and McDermott, 1973). The result of these inter-
actions is that in nature thermal death itself is uncommon,
and the degree of heat tolerance of a species is proportional,
but not equal, to the environmental range (Evans, 1948;
Newell, 1970; Simpson, 1976).

The thermal tolerance of T. tenuis was greater than
that of T. fabula under any rezime, yet both species have the
same geographical range (Forbes and Hanley, 1853; Tebble, 1966),
when one might expect the species with the wider tolerance fo
have the wider range (Newell, 1970). For example, the differ-
ent geographical and intertidal distributions of Balanus

balanoides and Chthamalus stellatus are correlated with their

réspective temperature tolerances (Comnell, 1961). It may be,
therefore, that temperature is not a limiting factor‘in the
geographical distribution, or that there exists different thermal
races of the same species (Fry, 1957; Vernberg, 1969), or that

there are stages in the life cycle of T. tenuis and T. fabula

which are equally vulnerable to extremes of temperature. In
Kames Bay, however, the tolerance of the adults is reflected in
their respective littoral and sublittoral distributions, and
the species displaying the greater tolerance, T. tenuis, is
found on the shore, while T. fabula is confined to below

low water.
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Table 1.

Length of time (days) to 509 mortality

of T. tenuis and T. fabula at constant

temperatures.
Tenperature e T. tenuis T. fabula
5 - 17.50
10 - -
15 - 9.00
20 19.80 Golily
25 515 1.57
30 1.94 0.T71
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Table 2. Regression lines for mortality rates of

T. tenuis and T. fabula at fixed temperatures:

J = Percentage dead in probits
x = Log time (days) (Railey, 1959)
a) - first part of line
b) - second part.
Animal Temperature Equations
o a) y= 3.3+ 1llx
L. teruis 20°C
b) y = =0.9 + 4.7 x
o a) y = 3.4 + 1.9 x
T, tenuis 25°C
b) y = =2.6 + 9.4%
o a) y =28+ 2.2x
1. fabula 15 C
b) y = 1.3 + L. x
o a) ¥ = 3.3+ 1.6 x
T. fabula 20°C

b)y=0.2+6.0}(

31



Table 3.

Regression lines for mortality rates of

T. tenuis and T. fabula at gradually increasing

temperatures;
Animal Rate
T.tenuis 200/1 day

" 2°¢c/2 aays

T,fabula

n

2°C/h days

2°c/1 day
200/2 days

2°¢/l, days

32

notation as Table 2.

Starting
temp.

20°¢

Equation
—2.1 + 9.L|- X
ot + 9,9 x

—'Ll.o6 + 8.7 X
—2.9 + 8.9 X

-'706 + 12-3 X

-8.2 + 11.4 x



Table 4. Slope comparisons of the regression lines of

the mortality rates of T. tenuis and T. fabula

at gradually increasing temperatures under the

null hypothesis that the gradients are equal.

Experiment Number

1 1

2 0.77
3 0.70
L 0.83
5 0.17
6 0.29

0.12

0.49

0.10

0.14

33
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Fig. 1.

Experimental set-up.

AS

cC

HC

airstone
cooling coil
heating coil
specimens
seawater

waterbath
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Fig. 2. Twenty-four hour experiments;

percentage mortality versus temperature.

a T. fabula

o——0 T. tenuis

Dotted lines indicate respective LD50.
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Fig. 3.

Least square regression lines (Bailey, 1959)
and tolerance triangles of long-term experiments;

LD50 in days is plotted against temperature (OC).

a I, tenuis;

A-—-—-=-A T, fabulas

for areas of triangles, see text.
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Pig. 4. T. tenuis long-term experiments:

mortality in probits versus log time in days.

(o]
m—-20C
o - 25°C

o - 30°C

See Table 2 for equations of regression lines.
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Fig. 5. T. fabula. Long-term experimentss

mortality in probits versus log time in days

s - 15°%
o - 20°C
o - 25°C

See Table 2 for equations of regression lines.
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Fig. 6. T. tenuis. Gradual increase temperature experiments;

mortality in probits versus log time in days.

o - EXPT. 1,
s - EXPT. 2,

o - EXPT. 3.

See Table 3 for rate of increase and equations of

regression lines.
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Fig. 7. T. fabula. Gradual increase temperature experiments;

mortality in probits versus log time in days.

o — EXPT. 4,

._EXPP. 5,

0o - EXPT 6.

See Table 3 for rate of increase and equations of

regression lines.
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Fig. 8. Least squares regression lines (Bailey, 1959)
and tolerance triangles of gradual increase

experirents;

Ony - .
LD5O (°C) is plotted azainst LD50 (days).

Ao T. tenuiss

A= == =A T. fabulas

for areas of triangles, see text.
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Figs 9. Least squares regression lines (Bailey,‘ 1959)
and upper temperature tolerance triangles

(1icErlean et al, 1969), of acclimation experiments.

Ta : temperature of acclimation

. .o o
LD5O - T : difference in C between LD5O (“c)

and temperature of acclimation.

a TI. tenuis
Aw = =A T, fabulas

for areas of triangles, see text.
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Fig. 10. T. tenuis. Long-term seasonal variation experiments;
starting date of the experiment versus its LDBO

in days (10°C) or hours (25°C).

a - 10%,

s - 25°C.
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Pig. 11. T. tenuis Lethal tolerance of two groups of
T. tenuis at 30°C; mortality in probits versus

log time in hours.

Group A ( » 1.5 cm long),

Group B ( < 1.2 cm long)

The equations for the regression lines are

o - - -0(Group A) y = 0.50 + 3.12 x

" m (Group B) y = 0433 + 3.17 x
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Chapter 2

Digtribution.
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Introduction.

T. tenuis and T. fabula have been found in many places

around Britain, mainly in clean sand on fairly exposed coasts
(Ford, 1923; Stephen, 1933; Bassindale, 1940; Holme, 1949;
Southward, 1953; Perkins and Williams, 1966; McIntyre, 1970;
Perkins, 1972; Probert, 1975) and their geographical distribution
ranges from Norway to Morocco (Forbes and Hanley, 1853; Tebble,
19663 Rasmussen, 1973).

The distribution of T. tenuis and T. fabula in Kames Bay,

Millport, has been the subject of extensive investigation, partie-
ularly in the late 1920's and early 1930'3 by Stephen (1928, 1929,
1930, 1931, 1932). Later studies (Watkin, 1942; Clark and Milne,
1955) confirmed these earlier results, and it appears that popu-
lations of both species are well established in the bay.

In Kames Bay, the distribution of the two species with
regard to tidal height is quite distinct; T. tenuis is littoral,
T. fabula is sublittoral, and there is only a slight overlap
occurring just below LWS (Stephen, 1928; Watkin, 1942, Clark and
Milne, 1955).

It was decided to investigate both intraspecific and
interspecific small-scale distribution (i.e. the dispersion
patterns) of both species, in order to compare the patterns and
to find out whether one species affected the distribution of the
other. This investigation, which comprises the bulk of the chapter,
forms the subject matter of two papers "The dispersion of Tellina
tenuis da Costa from Kames Bay, Millport", Marine Biology, (1976)

31, 371-376 and "The distribution of two closely related species
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of Tellina (T. tenuis da Costa and T. fabula’Gmelin)", Under- .

water Association Annual Symposium N.5.2 1976 (in press) (see
end of Chapter).

Attempts were also made to find the settlement patterns
of the larvae of the two species. For many years marine biol-
ogists had assumed that the settlement of planktonic larvae
followed a random pattern, but experiments, particularly those
of Wilson and Day (1934), Wilson (1937, 1948, 1952, 1953 a, b,
1968) and Knight-Jones (1951), have since shown that many larvae
are capable to some extent of selecting a site for settlement
and subsequent metamorphosis.

It has been suggested (Holme, 1961) that adult T. temuis
can, by virtue of their orientation within the sediment, undertake
considerable horizontal migrations. In this way, although larval
settlement might have been random, the adults could move to their
preferred littoral or sublittoral situation. To investigate this
suggestion, the movements of marked populations of T. tenuis were

followed over a maximum period of fifteen months.

Materials and Methods.

Two methods were employed to sample the settling larvae.
The first method employed enamel dissection trays 25 cm x 20 cm
x 5 cm deep filled with different types of sediment. These were
left for one month at various sites - on the beach 1.5 m above
C.D.; in sand 5.0 m below C.D.; and on rock 8.0 m below C.D.
To assist the finding of the trays, five, each joined with 2 m

of string to its neighbour, were left at each site. The irays
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were collected underwater and put into polythene bags which
were sealed and taken back to the laboratory. The contents of
each tray were then examined under a binocular microscope for
larvae or newly settled spat.

The second method involved hand cores, taken underwater,
at three levels in Kames Bay. The levels chosen were, on the
beach, at 1.0 m above C.D.3 just below low tide, at 1.5 m below
C.Des and sublittorally near the main T. fabula collecting site,
at 5.0 m below C.D. Two cores, each sampling an area of 50 cm2
to a depth of 25 cm were taken at each site. The corers were
then sealgd and the contents examined as before in the labor-
atory. T. tenuis (size range 0.6 cm - 2.0 cm) for the mark and
recapture experiments were sieved out of the sand, dried on paper
towels, and marked with a fibre-tip magic marker (Artline 70,
Shachihata, Japan). The marked animals, 200 in the first ex-
periment and 40O in the second, were replaced inside a marked
metre square 1.5 m above C.D. on the same day as they had been
dug out. Black Perspex, 3 mm thick, was cut into rectangles
1.0 ecm x 0.5 cm and buried with the animals in the second ex-
periment to ascertain whether any animal movement observed was
due to sediment transport alone. To record the movements of
the marked animals, cores ﬁere taken at various time intervals
with a corer 12.0 cm in diameter. In the first experiment,
cores were taken from the marked metre square itself, but in
the second experiment they were taken at distances of 1.0 m,

2.0 m, and 4.0 m each orientated N, S, E and W from the centre
of the core and occasionally at the centre itself. The reason

for this was not only to record the rate of spread (if any) of
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the animals, but also to minimise disturbance of the population
within the marked metre square.

For explanation of the Clark and Evans' (1954) nearest
neighbour test used in the dispersion pattern experiments (end

of chapter), see statistical appendix.

Results.

None of the settlement trays which had been put down on
the sand, either on the beach or sublittorally in Kames Bay were
recovered, and it was presumed that they had been moved or lost
during a period of bad weather. The trays which were recovered,
from a rocky site 8.0 m below C.D. on the islands in the middle
of the bay, yielded no trace of larvae or spat. -

The results of the core samples for settling larvaé and
spat are shown in Table 1. It can be seen that the.two upper-
most sites, +1.0 m and -1.5 m, were dominated by T. tenuis, while
the lowest site, -5.0 m, was dominated by T. fabula. The
difference in numbers of T. tenuis between thé top two sites

was due principally to the large numbers of small (2.0 mm -

5.0 mm) animals (Fig. 1 and Table 2). The T. fabula shell lengths

ranged from 0.8 mm to 12.7 mm.

Mark and recapiure experiment 1 ran for only 5 days
before the marker on the beach was losts; experiment 2 ran for
nearly 15 months. The results of experiments 1 and 2 are shown
in Table 3 and Table L respectively. In experiment 1 (Table 3)

cores taken inside the marked metre square showed a significant
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change in the numbers of marked and unmarked animals recovered

(x?

= 13.31, d.f. = 5, p = 0.02 (Bailey, 1959). This change,
however, appeared to have been due to loss of animals rather
than to migration outwards, since the marked animals lost were
not found outside the marked metre square. Cores taken on

day 5 showed that there was a significant difference when the
numbers of marked and unmarked animals inside the metre square
were compared with the numbers outside (X2 = 13.79; d.fe = 1,
p = 0.0002 (Bailey, 1959)).

In the second mark and recapture experiment, no marked
animals nor any Perspex rectangles were recovered from the
sampling sites 2.0 m and 4.0 m away from the centre of the
marked metre square. These results have therefore been omitted
from Table 4. Table 4 shows that there was no significant
change in the number of unmarked T. tenuis recovered 1.0 m
from the centre of the marked metre square (X2 = 19.07,
d.fe = 27, p = 0.87 (Bailey, 1959)). Table 4 further shows
that there were very few marked animals recovered from outsidg
the marked square; in addition, no Perspex rectangles were
recovered outside the marked metre square at all. As a check
on these results, the centre of the marked metre square was
also sampled (Table 5). It was found that there was no signi-
ficant change in the numbers of marked animals to the numbers
of Perspex rectangles either overall (X2 = 2.07, d.f. = L4,

p = 0.72 (Bailey, 1959)) or comparing the first sample (7.5.75)
with the last sample (5.8.76) (p = 0.37, Fisher's Exact Probab-
ility Test (Siegel, 1956)). Likewise, there was no significant

change in the numbers of unmarked animals, marked animals, and
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.Perspex rectangles (X2 = T6y d.fe = 8, p = 0.49(Bailey, 1959)k

Discussion.

T. tenuis spawns around June (Ansell and Trevallion,
1967, Trevallion and Ansell, 1967), and according to Stephen
(1928) the spatfall of T. tenuis is deposited over a period of
2 to 3 months during the summer. In more northerly latitudes
the T. tenuis larvae all but disappear from the planktén by the
end of July (Rasmussen, 1973).

No such information is available for the spawning and
spatfall of T. fabula in British waters although Stephen (1932)
suggested it was the same as T. tenuis. However, Muus (1973)
has found that, in the Oresund, the main spatfall occurred in
August, but there were still a few newly setiled specimens in
February.

The settlement trays were recovered towards the end of
July, and so one would expect that they should have collected

some of the spatfall of T. tenuis or T. fabula. The loss of the

control trays, however, precludes drawing any firm conclusions
from this experiment.

The results from the coring experiments suggest that
T, tenuis settles exclusively from about 2.0 m below C.D.
upward, and T. fabula settles exclusively in the deeper parts
of the bay. These conclusions agree with those of Stephen (1928,
1932). Recently, Muus (1973) has cast doubt upon Stephen's

(1928, 1932) method of ageing T. tenuis and T. fabula. Muus

has suggested that the O+ year groups described by Stephen
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(1928, 1932), which were around 2.0 mm long, were in fact the
1+,year group, and that the newly-settled larvae were less
than 1.0 mm long. If this is the case, my results largely
reflect the distribution of T. tenuis and T. fabula after one
year's exposure to the environmental factors, and the lack of
newly-settled spat may have been due to natural fluctuation in
brood production (Stephen, 1938).

Adult T. tenuis do not move far from their original
positions in the sand. It has been suggested by Holme (1961)
that the Tellinidae undertook horizontal migrations within the
sediment, although earlier he had noted that some artificially
enlarged populations showed little spread (Holme, 1950).

Other littoral bivalves undertake horizontal migrations
on top of the sediment (Brafield and Newell, 1961), while
Donax migrates up and down the beach with the surf (Trueman,
1971). Such migrations may enable the animals to take ad-
vantage of new feeding grounds (Brafield and Newell, 1961),
and certainly T. tenuis can move within the sediment (see
Chapter 5). However, the animals in Kames Bay do not appear
to move, and horizontal migration within the sediment may,

if it occurs at all, be only of the order of a few centimetres.
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Table 1. Date, site height with respect to Chart Datum,

and faunal composition of cores, taken in

Kames Bay.
Site Number of molluscs
Date Hei§ht T.tenuis T.fabula QOthers

(m

+ 1.0 4 0 0

23rd July - 1.5 26 0 0

- 5.0 1 T 3

+ 1.0 11 0 0

5th Aug. - 1.5 5k 0 0

- 5.0 0 9 1

+ 1.0 8 0 0

18th Aug. - 1.5 37 0 0
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Table 2. Comparison (FPisher's Exact Probability Test

(Siegel, 1956) and X° (Bailey, 1959)) of the

siges of T. tenuis sampled 1.0 m above C.D.

and 105 m below C.D.

Collection

date Site £5.,0 mm >5.0 mm P
23rd July 0.30
L 105 m 20 8
+1.0m 5 6
5th Aug. <0.001
+10m 3 5
18th Aug. <0.001
-1.5m 23 14
+1.0m 12 11
All <0.001

-1l.5m 87 31
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Table 3. Mark and recapture experiment No. 13
200 marked T. tenuis placed inside a marked
metre équare 6¢9.Th.
Number of marked (B) and unmarked (W)
T. tenuis recovered from (a) inside the marked
metre square and (b) 1.0 m outside the marked
metre square.

Time elapsed in days.

(a) inside (b) outside

Time B W B ]
(Days)

0 12 | T 0 110

1 30 87 - -

2 16 L - -

3 17 54 0 128

L 12 5T 1 130

5 17 128 1 132
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Table 4. Mark and recapture experiment No. 2;
400 marked T. tenuis placed inside a marked
metre square 6.5.75. Date of sampling and numbers
of unmarked T. tenuis with (in brackets) numbers
of marked T. tenuis (wheh found) recovered at a
a distance of 1.0 m N, S, E and W of the centre of

a marked metre square.

Date - < Bearing . .
7.5.75 19 21 13 18
11.5.75 21 20 22 18(2)
15.5.75 23 13 2y 22(2)
29.5.75 21 19 20 18(1)
13.6.75 21 20 22 20(1)
2.7.75 18(1) 1 12 21
5.8.75 2l 18 21 15
11.11.75 17 28 17 19
18.4.76 18 13 1 19

5.8.76 21 20 16 12

56



Table 5. Mark and recapture experiment No. 2;
400 marked T. tenuis and 120 black Perspex
rectangles placed inside a marked metre square
6.5.75. Date of sampling and number of
unmarked P. tenuis (W), marked T. tenuis (B)
and Perspex rectangles (P) recovered from the

centre of a marked metre square.

Date = Category 5
T<5.75 17 13 7
10.5.75 24 16 10
11.11.75 16 10 3
18.4.75 9 6 1
5.8.76 17 L 2
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Fig. 1. Shell length (mm) and number of specimens
sampled at 1.0 m above C.D. ( N\\N )

and 1.5 m below C.D. (775 .
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DISPERSION OF TELLINA TENUIS FROM KAMES BAY, MILLPORT,
SCOTLAND.

Abstract.

The dispersion of Tellina tenuis da Costa in the

laboratory was analysed by the Clark and Evans nearest-
neighbour test and by the Kolmogorov-Smirnov one-sample test.
The dispersion was random, with a slight tendency toward
aggregation that was independent of density. In the field,
the dispersion was analysed by the Clark and Evans nearest-
neighbour test and by the X2 approximation to Fisher's co-
efficient of dispersion. The dispersion was again random,
this time with a slight tendency toward spacing out that was
independent of density. The tendency toward aggregation dis-
played in the laboratory was independent of the dispersion
pattern shown at the start of the experiment, and also un-
affected by the edge of the container. The apparent random-—
ness suggests that T. tenuis is primarily a suspension feeder,
but may be a deposit feeder under certain environmental

conditions.

Introduction.
The dispersion of a species depends both on the nature

of its environment and its behaviour. If the species is rare,

or if the environment is strongly heterogenous, the dispersion
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will tend toward aggregation, since its optimum habitat will
occur patchily (Hairston, 1959; Levinton, 1972). Aggregation
may also result from the gregarious behaviour of the species
as larvae (Meadows and Campbell, 1972) or as adults (Campbell
and Meadows, 1974). On the other hand, a negative interaction,
such as territorial behaviour, might result in an even or
wniform dispersion (Holme, 1950; Johnson, 1959; Crisp, 1961;
Connell, 1963). Random dispersion would be expected in the
absence of such behavioural patterns in a homogenous envir-
onment.

The dispersion of Tellina tenuis was studied by Holme

(1950) both from sample counts and by plotting the positions
of the bivalves within quadrats located on the shore. He

found that dispersion was uniform at moderate densities, but
became random if the density increased above h60/m2. He
suggestéd that the characteristic spacing at moderate densities
was correlated with the foraging activities of the inhalent
siphon on the soil surface, and that at higher densities the
spacing broke down owing to the confusion resulting from a
number of siphons meeting one another on the surface. Other
workers claim to have detected random or aggregated dispersions
of T. tenuis from benthic sampling investigations (Clark and
Milne, 1955; Eisma, 1966). A series of experiments was there-
fore designed to ascertain whether the dispersion of T. tenuis

was aggregated, random or uniform, under laboratory conditions.
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Materials and Methods.

Tellina tenuig da Costa is found at Kames Bay, Millport,

from 3.0 m above chart datum (high—water neap) to 0.01 m chart
datum (just below low-water spring) at densities of up to
8,000/m° (Stephen, 1928; Watkin, 1942; Clark and Milne, 1955).
Bivalves and sand were gathered from an area 1.5 m above chart
datum, roughly corresponding to Station 30 of Watkin (1942).
In the field, the top half of a dustbin, 33 cm in
diameter, was pushed into the sand to a depth of 25 cm. The
sand.around was dug away and the entire core, with the dustbin
around it, was lifted onto a polythene sheet. Cores were
taken at various heights above chart datum to provide results

for different dengities of Tellina tenuis. The lifting caused

little or no disturbance of the sand or of the bivalves, which
were found as described by Holme (1950), i.e. lying quiescent
with neither their foot nor their siphons protruding. The
sand was then carefully excavated with a teaspobn. When a
bivalve was encountered, its position was plotted on a piece
of Perspex placed over the bin and the bivalve was then re-
moved. Distances between bivalves were measured horizontally
from the centre of the bivalve, and the Clark and Evans(1954)
nearest-neighbour analysis was used to ascertain whether the
observed distances were significantly different from random.
The animals are aggregated if the statistic R, the measure of
the degree of departure from randomness, is significantly
less than 1, or spaced if R is significantly greater fhan 1,

a.t P = 00050
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Two cores, each covering 50 cm2, were also taken from
each one-metre-square in an 8 x 8 m grid, located 1.5 m above
chart datum. The counts per metre square were tested by the
X2 approximation to Fisher's coefficient of dispersion
(Blackman, 1942; Holme, 1950; Clark and Milne, 1955) for
quadrat size 1 x1my 2x2my, 4 x4 my 8x 1 mand 1 x 8 m.
The coefficient tends to unity when the dispersion is random,
is less than 1 when it is spaced out, and greater than 1 when
it is aggregated. The significance of the departure from
unity can be tested by the "index of dispersion". The index
is equal to (n -1) times the coefficient of dispersion when
n is the number of units in the sample, and is approximately
distributed as X2 with (n ~1) degrees of freedom (Clark and
Milne, 1955).

In the laboratory, circular troughs 33.5 cm in diameter
by 15.25 cm deep were filled with the sand to a depth of
around 10 cm and then topped up with sea water. Up to 350

Tellina tenuis per bowl were scattered over the surface of

the sand on the same day that they had been collected. The
experimental troughs were left at 10°C onal2h day:12 h
night light regime, and were continuously aerated with an
airstone. The slight current which was generated in the
overlying water did not cause any discernable movement or
sorting of the sand grains. After 1 week the sand was re-
moved and the positions of the bivalves plotted on Perspex
as in the field. The distances of the bivalves from the side
of the dish were measured and analysed by a Kolmogorov-

Smirnov one-sample test (Siegel, 1956). This test compares
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the observed cumulative frequency distribution of the dis-
tances with the cumulative frequency of a theoretical even

distribution.

Results.

The Tellina tenuis in all the dustbin cores were

randomly dispersed. There was some tendency toward spacing
out, as all except two of the R values were greater than 1,
but no value was significantly different from 1 (Table 1).
There was no suggestion of spacing out at low densities,
and the randomness of the dispersion was independent of the
density (r = 0.25, t = 0.T4, P> 0.05) (Bailey, 1959).
Similar results were obtained from the 8 x 8 m grid
(Fig. 1). The bivalves in the 1 x 1 m quadrat were spaced
out (P =1.7x 10—h), but those in the 2 x 2 my, 4 x 4 m,
1 x8mand 8 x1 m quadrats were randomly dispersed
(P = 0.55, 0.054, 0.46 and 0.18, respectively). Stephen
(1928, 1929, 1930) himself made no statement on the dispersion

of Tellina tenuis beyond emphasizing the variability in pop-

ulations at any one place; however, Holme (1950) examined
Stephen's results and caﬁe to the conclusion that the data
showed no evidence of uniform populations. Clark and Milne
(1955) found both random and aggregated populations, and
stated that the disagreement of their conclusions with those
of Holme (1950) was probably explained by different sample
sizes.

My results indicated, however, that the population of
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Tellina tenuis in Kames Bay was largely randomly dispersed

and that the randomness was independent of density.

There was no evidence of spacing out in the laboratory;
on the contrary the bivalves showed a tendency toward aggre-
gation. All except two of the R values were less than 1,
six of them significantly so (Table 2). Again there was no
correlation between the degree of aggregation and the density
(r = 0,11, t = 0.47, P> 0.05) (Bailey, 1959).

To ensure that the bivalves were moving during the
experiment, and that the dispersion pattern observed was not
due to the way they had been introduced into the dishes, the
following experiment was set up. In 2 dishes the bivalves
were scattered on the sand surface at random as usual, in 2
dishes they were aggregated, and in 2 further dishes they were
evenly spaced. At the conclusion of the experiment it was
found that the bivalves had aggregated in only 1 dish, into
which they had been scattered at randomj; in all other dishes
they were randomly dispersed (Table 3). Individuals had moved
between 3 and 16 cm from their original positions at the start
of the experiment.

Another experiment, in which 16 bivalves were put into
each of 2 dishes, was left in the laboratory for 1 month with
a subsand filter to keep the water clean. When the bivalves
were removed and the results analysed, the dispersion in both
dishes was found to be random (R1 = 0.89, ¢y = 0.80; Ry= 0.78,
02 = 1.70); it was therefore concluded that the bivalves had
remained randomly dispersed over this time span.

The tendency toward aggregation in the laboratory might

have been caused by a reaction to the sides of the chamber, as
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has been found with hermit crabs (Meadows and Mitchell, 1973;
Mitchell, 1975). When the Kolmogorov-Smirnov one-sample test
was applied to the measurements obtained for the bivalves'
distances from the edge, the results showed that there was
no significant correlation between the aggregation of the
bivalves and their reaction to the sides of the dish (P =
0.082) (Table 4). We can therefore conclude that their con-
finement in a closed container did not significantly affect

their dispersion.

Discussion.

The results indicate that Tellina tenuis was randomly

dispersed, with a tendency toward aggregation in the laboratory
and towards spacing out in the field. It has been suggested
by several authors (Holme, 1950; Connell, 1955, 1963; Johnson,
1959; Levinton, 1972) that the method of feeding of an animal
influences its dispersion. T. tenuis is usually classified as
a deposit feeder (Blegvad, 1915; Atkins, 1937; Yonge, 1949;
Pohlo, 1969), and Holme (1950) advanced the hypothesis that

the searching of the inhalent siphon is used to maintain feed-
ing territories.

Personal observations of actively feeding Tellina
tenuis suggest that, while the siphons are waving about, they
do not scour or draw in the sediment itself. The mode of
feeding of T. tenuis has been described by Yonge (1949), who
observed that the inhalent siphon draws in material lying
just above the sand, but does not actively pull in bottom

material. Again this description suggests that T. tenuis is
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a suspension feeder, and not a deposit feeder such as the

related Macoma balthica which has been observed actively

stirring up the sediment with its inhalent éiphon, leaving
star-shaped feeding tracks on the surface (Hulscher, 1973).
Indeed, Trevallion (1971) noted that T. tenuis can feed on
particles in suspension as well as on deposits, and that it
is found in an environment more favourable to filter feeding.

The uniform dispersion observed in many of the Bi-
valvia may be explained by competition for food (Heip, 1975),
but if there is abundant food in suspension, then they have no
necessity to maintain a feeding territory. Consequently, one
would expect suspension feeders in a homogenous environment to
be randomly dispersed.

Both random and aggregated dispersions of suspension-
feeding bivalves have been observed by Connell (1955) in

Mya arenaria and Petricola pholadiformis and by Jackson (1968)

in Mulinia lateralis, while other workers have observed such

dispersions within the Tellinidae. Gilbert (1968) found that

juvenile Tellina agilis were aggregated owing to the spatfall

being concentrated along mean low water, but that adults were
randomly dispersed. Random and aggregated dispersions of

T. fabula have been reported by Clark and Milne (1955) from
Kames Bay, by Eisma (1966) from the Dutch coast and by Probert
(1973) from Mevagissey Bay.

On the other hand, Holme (1950) found that Tellina
tenuis showed a tendency toward an even dispersion as a con-
sequence of siphonal activity during feeding, becoming random
only at higher densities. An analogous situation was observed

by Johnson (1959) in Phoronopsis viridis, which was spaced out




owing to the lophophore searching the rock. lLevinton (1972),

however, found that the deposit feeder Nacula proxima, which

works the sediment with its palps, was randomly dispersed.
The above examples show that, while it is difficult to
relate the dispersion of a species to its mode of feeding,

some correlation does exist. It may be that Tellina tenuis

can adopt either deposit or suspension feeding depending on
environmental conditions, and thus its dispersion may vary
from place to place.

In Kames Bay, Tellina tenuis was found at much higher

densities than those observed by Holme (1950). It may be that,
as found by Rosenberg (1974), high densities of a species are
positively correlated with aggregation. Rosenberg's data,
however, was analysed with the variancesmean ratio, which is
subject to the serious disadvantage that it approaches unity

as density decreases (Pielou, 1969; Heip, 1975). Nevertheless,
it is unlikely that the aggregation effect would be constant at
all densities in the laboratory. nor was aggregation detected
in the field.

The random dispersion of Tellina tenuis in Kames Bay

indicates environmental homogeneity and lack of interactions
between the bivalves as adults. The possible effect of larval
behaviour, however, on the dispersion of the adult population

remains unknown.
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Table 1, Tellina tenuis., Nearest-neighbour analysis of

dispersion in the field. R: measure of departure from

random; c¢ : standard variate of the normal curve,

No., of

Expt animals R c Distribution
1 101 0.98 0.34 Random
2 92 1.05 0.84 "

3 85 1,11 1,89 "
4 77 1,02 0.50 "
5 30 1.06 0.63 "
6 28 1,01 0.09 "
7 27 1.03 0.25 "
8 21 0.98 0.20 "
9 18 1,07 0.54 "
10 17 0.93 0.54 "
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Table 2, Tellina tenuis. Nearest-neighbour analysis of

dispersion in the laboratory.,  Lettering as in Table 1,

Expt ;\Tl?i.ma?i R c Distribution
1 332 0.98 0.57 Random
2 341 0.96 1,30 "
3 183 0.96 1.13 "
4 181 0.955 1.15 "
5 100 0.98  0.43 "
6 99 0.92 1,60 "
7 95 0.91 1.65 "
8 94 0.89 2,03 Aggregated
9 90 0.79 3.80 "
10 95 0.81 3.48 "
11 52 1.06 0.81 Random
12 55 0.97 0.37 "
13 51 0.77 3.08 Aggregated
14 .51 0,74 3.50 "
15 33 0,97 0.30 Random
16 33 0.92 0.92 "
17 16 0.73 2,05 Aggregated
18 16 0,97 0.21 Random
19 8 0,72 1,51 "
20 8 1,33 1.80 "
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Table 3, Tellina tenuis. Nearest neighbour analysis of distribution in

the laboratory when placed in bowls aggregated, random or spaced, -

orig : as put in; obs: as taken out, Other lettering as in Table 1,

No, of Orig . Obs
Expt animals R orig ¢ orig distribution R obs c obs . distribution
a 16 0.82 1,36 Random 0,73 2,10 Aggregated
I
b 16 0.86 1,07 Random 0.92 0.61 Random
a 16 0.33 5.14 Aggregated 0.85 1,13 Random
II
b 16 0.33 5.14  Aggregated 0.85 1,13 Random
a 16 1,31 2,36 Spaced 0.88 0,90 Random
II1
b 16 1,31 2,36 Spaced 1,00 0,01 Random
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Table 4.

Tellina tenuis,

Dispersion; nearest neighbour

compared to Kolmogorov-Smirnov one sample test, D =

maximum deviation of observed values from expected values;

S = gignificance of D at P = 0,05

Nearest - Kolmogorov -
Expt Neighbour D Smirmov
distribution S
1 Random 0,04 No
2 " 0.05 "
3 " 0.06 .
4 " 0.10 "
5 y 0.13 "
6 " 0.16 Yes
7 " 0.20 "
8 Aggregated 0,10 No
9 " 0.18 Yes
10 " 0,23 "
11 Random 0.13 No
12 " 0.15 "
13 Aggregated 0,15 "
14 ! 0,36 Yes
15 Random 0.51 "
16 " 0.14 No
17 Aggregated 0.45 Yes
18 Random 0.40 No
19 " 0.26 "
20 " 0,11 "
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Fig. 1

Distribution of T. tenuis within an 8 x 8 quadrat.

72




OCaB e ~ta =y

g

29

26

25

29

22

25

22

32

22

33

32

22

26

31

20

38

17

23

29

27

23

26

33

32

30

25

36

27

29

23

27

29

35

32

27

27

32

29

26

31

37

31

24

30

29

33

30

30

35

34

34

29

27

30

25

28

29

27

39

26

26

24

26

32

29

29

26

29

25

22

28

28

27

32

31

27

25

24

39

24

26

28

28

29

27

30

24

26

24

27

27

33

32

30

28

34

28

29

31

30

32

21

29

24

30

26

28

28

28

36

27

32

27

35

32

30

28

30

25

30

23

29

31

29

29

29

28

4

5

Distance (m)




THE DISTRIBUTION OF TWO CLOSELY RELATED SPECIES OF TELLINA
(2. tenuis da Costa and T. fabula Gmelin).

Abstract.

The dispersion patterns of T. tenuis and T. fabula

were studied in the field and in the laboratory. The patterns
were found to be largely random with a slight tendency toward
aggregation in the laboratory. The hypothesis that both

T. tenuis and T. fabula are suspension feeders is discussed,
along with the factors governing the separation of the two

populations in Kames Bay.

Introduction.

I have been investigating the factors which govern the
distribution of T. tenuis and T. fabula, and one of the fac-
tors I have considered is the effect that animals of one
species have on the dispersion pattern of their own and qf
the other species.

Although Holme (1950) had concluded that T. tenuis in
the Exe Estuary were largely uniformly dispersed, both aggrega-
tion and randomness were reported from field samples by Clark
and Milne (1955) in Kames Bay, and by Eisma (1966) off the
Dutch coast. There have been no intensive studies of the dis-
persion pattern of T. fabula, but Clark and Milne (1955),

Eisma (1966), and Probert (1975) all reported aggregation
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and randomness.

Morphologically, T. tenuis and T. fabula gre zlmost
identical (Yonge, 1949), but they can be distinguished by the
characteristic diagonal striations on the right valve of T.
fabula, and, with practice, by the fact that T. tenuis is
slightly bigger and less elongate.

However, the field distributions of both species are
quite distinct. IT. tenuis is the dominant animal from HWN to
around MIW, while T. fabula is dominant from LWS down to the
10m mark.

The sampling sites at Kames Bay, Millport, were marked
in such a way as to be inconspicuous to the general public, yet
easily located by me. On the beach I selected two large boulders,
about 30m apart, at 1.5m above Chart Datum, and buried a wooden
stake just below the sand mid-way between them. This was my
main shore site, and, since I sampled a grid here, it will be
referred to as "grid level',

My main underwater site, referred to as "Donaljean" was
at the end of a line leading out from the rocks fringing the
bay. These rocks were covered even at low tide. I also sampled
mid-way between "grid-level" and "Donaljean" at the children's

paddling pool.

Methods.
To record the dispersion pattern of T. tenuis on the

shore, the top half of a dustbin was pushed into the sand to a

depth of 25 cm when the tide was out. The sand around was dug
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away and the entire core, with the dustbin‘around,it,’was
lifted onto a polythene sheet. When the lifting waé done
carefully there was little or no disturbance of the sand,
which could then be spooned out, and the position of the
animals plotted on a piece of Perspex placed over the top of
the bin. Distances were measured horizontally from the centre
of the animal, and the results analysed with the Clark and Evans
(1954) Nearest Neighbour Test to ascertain whether the ob-
served distances were significantly different from random.

The animals are aggregated if the statistic R, the measure of
the departure from randomness, is significantly less than 1,
or spaced if R is significantly greater than 1, at P = 0.05.
Cores were taken at different heights above C.D. to obtain
results for different densities of T. tenuis.

On a larger scale, T. tenuis was field sampled at 1.5m
above C.D., again when the tide was out, by taking 2 cores/m2
with a corer of diameter 15 cm over an 8 x 8 grid. The results
were tested using the X2 approximation to Fisher's Coefficient

of Dispersion for the quadrat size 1 x 1my 2 x 2m, 4 x 4m,

8 x 1m and 1 x 8n. The Coefficient tends to unity when the
population is random, is less than 1 when the population is
spaced out, and is greater than 1 when the population is
aggregated. The significance of the departure from unity may
be tested by the "Index of Dispersion" (Blackman, 1942; Clark
and Milne, 1955). The Index is equal to (n-1) times the Co-
efficient of Dispersion, where n is the number of units in
the sample, and is approximately distributed as 12 with (nr1)
degrees of freedom.

The sublittoral sampling was carried out with a corer
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8 cm in diameter which was pushed 25 cm, or as deep as poss-—
ible, into the sand. The cores were sieved through a 1 mm sieve
underwater, and the animals identified and counted. Forty-five
cores were taken at the T. fabula sampling site ("Donaljean"),
L5 at the T. tenuis site ("grid level") when it was submerged,
and 45 at a site where both species were found ("paddling pool").

In the laboratory, circular troughs 33.5 cm in -diameter
by 15.25 cm deep were filled with sand to a depth of approxi-
mately 10 cm and topped up with sea water. Then, T. tenuis or
T. fabulas or both, at densities of up to 350/bow1 were counted
out and sprinkled on the surface of the sand. The sand for all
the laboratory experiments was taken from "grid level". The
experiment was set up on the same day that the animals had been
collected, and then left for one week at 10°C on a 12-hr day/
12-hr night light regime. The sand was then carefully excavated
and the dispersion pattern of the animals calculated as in the
field experiments.

To ensure that the animals were moving during the ex-
periments, and that any pattern observed was not due to the
pattern they had started with, the following experiment was
set up. In two dishes the T. tenuis were put in at random,
in two dishes aggregated, and in two dishes spaced out.

Another experiment was left for one month to find out if the
dispersion pattern changed with time.

In the analysis of his experiments, Holme (1950) ignored
the nearest neighbour distances of those animals whose position
was within one inch of the side of the quadrat. A more precise

method is to measure the distance of each animal from the edge
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to ascertain whether they were uniformly distributed with
respect to the edge. The test chosen was the Kolmogorov-
Smirnov One Sample Test (Siegel, 1956), which compared the
cumulative frequency distribution of the observed distances
with the cumulative frequency distribution of a theoretical
even distribution. |

The final series of experiments tested the dispersion
of T. tenuis and T. fabula when mixed together, and Fisher's
Exact Probability Test (Siegel, 1956) was used to ascertain
whether the dispersion pattern of either species had changed

with the introduction of the other.

Results.

At "grid level" T. tenuis occurred in numbers in excess
sf 1500/m2, but at the "paddling pool" the density was around
250/h2. T. fabula was never as abundant as T. tenuis; the
density at "Donaljean" was about 400/m2 and dropped to 280/m2
at the intermediate "paddling pool" site.

The dispersion pattern of T. tenuis in the field was
largely random, with a tendency toward spacing out (Table 1
and Table 2). There was no correlation between the degree of
spacing out, as measured by the Clark and Evans (1954) Nearest
Neighbour Test, and the density (r = 0.25, t = 0.74, P > 0.05)
(Bailey, 1959). The cores taken when the site was covered by
the incoming tide confirmed the randomness of the dispersion

(Coefficient of Dispersion = 1.1k, P> 0.05).

17



In contrast, T. tenuis in the laboratory had a tendency
toward aggregation (Table 3). The dispersion pattern was in-
dependent of the way the animals had been put in (Table L) and
of their reaction to the sides of the dish (Table 5). The
experiments which had been left for a month also displayed
randomness with a tendency toward aggregation (R1 = 6.89,

C, = 0.80; R

1 2
between the degree of aggregation and the density (r = 0.11,

= 0.78, 02 = 1.70). There was no correlation

t = 0.47, P> 0.05) (Bailey, 1959).

The dispersion pattern of T. fabula was largely random.
The analysis of the cores at the "Donaljean" site gave a Co-
efficient of Dispersion of 1.32 and although this does indicate
a tendency toward aggregation, it was not significant (P) 0.05).
In the laboratory, T. fabula was largely randomly dispersed
(Table 6), and, as with T. tenuis, there was no correlation
between the degree of aggregation and the density (r = 0.55,
t = 1.86, P> 0.05) (Bailey, 1959).

From the cores taken at the "paddling pool" the Co-
efficient of Dispersion for both species together was 1.39
(P = 0.05), for T. tenuis alone was 1.52 (P = 0.015) and for
T. fabula alone was 1.22 (P = 0.15). These coefficients in-
dicate a strong tendency towards aggregation.

When the two species were mixed in the laboratory and
the dispersion pattern of all Tellina within the dish (Table 7)
compared with the sum of the dispersion patterns of the individ-
ual T. tenuis and T. fabula experiments, there was no change in
the pattern (P = 0.60).

When each species was considered separately there was no
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difference in the dispersion of either species whether the
distances were measured interspecifically (Table 8; P (T.tenuis
= 0.37,P(T. fabula) = 0.11) or intraspecifically (Table 9;

P (T. tenuis) = 0.17, P (T. fabula) = 0.11).

The results suggest that both species are randomly dis-
persed, possibly with a tendency toward aggregation. The
pattern of the dispersion is independent of the density, nor
does the presence of one species affect the distribution of

the other.

Discussion.

The dispersion of a species within its environment
depends on the nature of the environment and on the behaviour
of the animals themselves.

If the enviromment is strongly heterogenous, the most
favourable habitat for any one species will occur patchily, and
the animals are aggregated around these patches (Hairston, 1959;
Levinton, 1972). There is also a tendency toward aggregation
with the increasing rarity of a species within the environment,
especially if the reproductive behaviour involves copulation
(Hairston, 1959; Heip, 1975).

In a homogenous environment the dispersion of a species
depends on the behaviour of the animals themselves either as
adults or as larvae. Aggregation in a homogenous environment
will only result from strong positive interactions, such as may
occur during the breeding season (Heip, 1975) or during larval

settling (Crisp, 19613 Wilson, 1968). After settling, the
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metamorphosed larvae may display negative interactions toward
each other, resulting in a spacing out (Crisp, 1961). Any
species which requires a territory, e.g. for feeding,will dis-
play negative interactions and so the individuals of that
species will be spaced out (Holme, 1950; Johnson, 1959;
ConneIl, 1963).

The dispersion of a species will be random only in a
homogenous environment and in the absence of interactions
between individuals.

Several authors have suggested that the pattern of dis-
persion of a species may be influenced by its method of feeding
(Holme, 1950; Connell, 1955, 1963; Johnson, 1959; Levinton,
1972; Heip, 1975). Both T. tenuis and T. fabula are usually
classified as deposit feeders (Blegvad, 1915; Atkins, 1937;
Yonge, 1949; Pohlo, 1969), and Holme (1950) advanced the hypo-
thegis that the foraging of the inhalent siphon of T. tenuis
was used to maintain feeding territories.

However, Yonge (1949) has described the mode of feeding
of T. tenuis in the following terms "the inhalent siphon «e....
draws in material lying upon or just above the surface of the
sand, but it does not actively pull in bottom material .eeecse.
It acts as a purely passive agent for the intake of fragments
lying on or just above the bottom." Indeed, Trevallion (1971)
noted that Tellina had the ability to feed on particles in sus-
pension as well as on the deposit, and that they were found in
an environment more favou;able to filter feeding.

Personal observations confirm this for T. fabula as well

as for T. tenuis.
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The descriptions of feeding in Tellina can be compared

with a description of the feeding habits of Macoma balthica,

whose inhalent siphon "moves about while actively drawing in
material lying on the surface of the mud" (Yonge, 1949) and
"leaves a star-shaped feeding track on the substrate"(Hulscher,

1973).

T. tenuis, T. fabula and M, balthica have all been

classified as deposit feeders, but Pohlo (1969) suggested that
deposit feeding was not universal in the Tellinacea and that
one type of feeding may intergrade with the next. It seems

reasonable, therefore, to suggest that T. tenuis and T. fabula,

from Kames Bay at least, may be primarily filter feeders.

According to Heip (1975), the uniform dispersions obser?ed
in many bivalve species may be explained by competition for food,
but if there was abundant food in suspension, the animals would
have no need to maintain feeding teritories. Consequently, one
might expect suspension feeders in a homogenous environment to be
randomly dispersed.

Both randomness and aggregation have been observed in sus-

pension feeding bivalves such as Mya arenaria (Connell, 19553

Gaucher, 1965), Petricola pholadiformis (Connell, 1955), Mulinia

lateralis (Jackson, 1968) and Mysella planulata (Franz, 1973).

Other workers have reported aggregated and random dispersions
within the Tellinidae. In America, Gilbert (1968) found that

the juveniles of Tellina agilis were aggregated because they were

concentrated around MLW by the spatfall, but the adults were
randomly dispersed.
On the other hand, Holme (1950) found that T. tenuis

showed a tendency toward spacing out because of the action of
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the inhalent siphons while deposit feeding and became random
only at hizh densities. An analgous situation was observed by

Johnson . (1959) who found that Phoronopsis viridis was spaced

out due to the action of the lophophore searching the rock.

However, the deposit feeders Scrobicularia plana (Hughes, 1970)

and Nucula proxima (Levinton, 1972) have random dispersions, so

not all deposit feeders space out.

The above examples demonstrate that while there is no
absolute agreement between feeding type and dispersion, there is
nevertheless some correlation. It may be that T. tenuis and
T. fabula can either deposit or suspension feed according to
conditions, and so we are left with the problem that the dis-
persion pattern may vary according to the habitat from which the
animals were taken!

With regard to the large scale distribution on the beach,
both species would seem to be competing for the same environ-
mental niche in the immediate sublittoral. One might expect
that one species would be dominant and that, when mixed, it
would crowd out or otherwise affect the dispersion of the other
species, as happens with certain hermit crabs. The dispersion

of Pagurus longicarpus is affected in the presence of Clibanar-

ius vittatus, and P. longicarpus is partially excluded from

the favoured areas of the experimental tanks (Mitchell, 1975).
But it seems that siphonal contact does not affect the intra-
specific or interspecific dispersion patterns of either

T. tenuis or T. fabula, so perhaps some external factor governs

their distribution.
If we examine the physical tolerances of T. tenuis and

T. fabula, we find that T, tenuis can tolerate a much wider
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variation in temperature or salinity or pH etc. The range of
these factors in the Kames Bay littoral zone is largely within
the absolute lethal tolerance of T. fabula, but it may affect
its ability to compete with T. tenuis. De Wilde (1975) has
demonstrated that, with M. balthica, the energy balance be-
tween food uptake aﬁd energy expenditure becomes negative at
higher, though not immediately lethal, temperatures. So

T. tenuis would be expected to outcompete T. fabula in the
littoral zone, but there seems no a priori reason why it should
not occupy the sublittoral as well.

Stephen (1932) found that the spatfall of T. tenuis is
deposited below LW during the summer, but by the autumn it is
also to be found in large numbers up to halftide level, and in
noticeably diminished numbers above this. Unfortunately, we
do not know how far below IW T. tenuis spat settle, nor do we
know if T. fabula spat settle above IW.

It is unlikely that those T. tenuis spat which settle
below low water migrate toward the littoral zone, and certainly
the adults do not move much after burrowing. Holme (1950)
noted that many of the Tellina in his artificially increased
populations had not spread out, and I have found that over a
period of a year or so there was little movement of the
animals outside the square metre into which they were
introduced.

The decline in the T. tenuis population below LW may
therefore be due to the fact that T. fabula can outcompete
T. tenuis in this habitat. Certainly, Stephen (1932) found
that the rate of growth of T. tenuis below LW was less than

that of T. tenuis above LW. In fact, he found that they grew
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best at the landward part of their range provided that the
beach remained uniform in nature, but he could advance no
explanation for this phenomenon.

Preliminary experiments suggest that T. tenuis can
survive when transplanted to "Donaljean", although the sub-
littoral does contain a greater percentage of fine sand.
Hoﬁever, it would be strange if a supposed deposit feeder
was excluded by a fine sand fraction comprising only 5% of
the total dry weight of the substrate.

In conclusion, the randomness of the dispersions of
T. tenuis and T. fabula indicates not only environmental
homogendty but also a lack of interactions between animals.
Eviqgnce has been presented to suggest that both species are
priharily filter feeders. The large scale distribution of

T. tenuis and T. fabula thus seems to be a consequence of two

main influences - the settling behaviour of the larvae, and

the physical tolerances of the adults.
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Table 1,

Nearest Neighbour analysis of the distribution of

T, tenuis in the field,

R = the measure of the degree to which

the observed distribution departs from random; c¢ = standard

variate of the normal curve,

Expt

W @ =3I OO O i W N ==

[y
o

No. of

animals
101
92
85
7
30
28
27
21
18
17

0.98
1,05
1,11
1,02
1,06
1.01
1,03
0.98
1,07
0.93

85

0.34
0.84
1.89
0.50
0.63
0.09
0.25
0.20
0.54
0,54

Distribution

Random

1"
1"



Table 2, X2 Approximation analysis of the field distribution of T, tenuis

within an 8 x 8 m grid.

Quadrat
Breadth

(m)

n

Probability values in brackets,

Quadrat length (m)

1 2 4 8
Spaced ‘ Random
(0. 01) (0.46)

Random
(0.55)
Random ?
(0, 054)
Random
(0,18)



Table 3. Nearest Neighbour analysis of the distribution of

T, tenuis in the laboratory,  Symbols as Table 1,

No. of

Expt animals R c Distribution
1 332 0.98 0.57 Random
2 341 0.96 1.30 "
3 183 : 0.96 1.13 "
4 181 0,955 1.15 "
5 100 0.98 0.43 "
6 99 0.92 1.60 "
7 95 0.91 1.65 "
8 94 0.89 2,03 Aggregated
9 90 0.179 3.80 "
10 95 0. 81 3.48 "
11 52 1,06 0.81 Random
12 55 0.97 0.37 "
13 51 0,77 3.08 Aggregated
14 51 0.74 3.50 "
15 33 0,97 0.30 Random
16 33 0.92 0.92 "
17 16 0.173 2.05 Aggregated
18 16 0.97 0.21 Random
19 0.72 1.51 "
20 1,33 1,80 "
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Table 4, Nearest Neighbour analysis of the distribution of T. tenuis
in the laboratory when put in with different distributions, Symbols

as Table 1; orig =as put in; obs = as taken out

No, of , . Orig Obs
Expt animals R orig ¢ org distribution Robs cobs distribution
a 16 0,82 1,36 Random 0.73 2,10 Aggregated
I
b 16 0.86 1,07 " 0.92 0.61 Random
a 16 0.33 5.14 Aggregated 0.85 1,13 Random
II
b 16 0.33 5.14 " 0.85 1,13 "
a 16 1,31 2,36 Spaced 0.88 0.90 Random
I
b 16 1,31 2.36 " 1,00 0,01 "
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Table 5, Distribution of T, tenuis in the laboratory.
Nearest Neighbour compared with the Kolmogorov-Smirnov
One Sample test. D = maximum deviation of observed

values from expected values; S = significance of D at P

= 0,05
Nearest- Kolmogorov -
Expt Neighbour D Smirnov
distribution S
1 Random 0.04 No
2 " 0.05 "
3 " 0.06 "
4 " 0.10 "
5 " 0.13 "
6 " 0.16 ~ Yes
7 " 0.20 "
8 Aggregated 0.10 No
9 " 0.18 Yes
10 " 0.23 "
11 Random 0.13 No
12 " 0.15 "
13 Aggregated 0.15 "
14 " 0.36 Yes
15 Random 0.51 "
16 " 0.41 No
17 Aggregated 0.45 Yes
18 Random 0.40 No
19 " 0.26 "
20 " 0.11 "
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Table 6, Nearest Neighbour analysis of the distribution of T, fabula -
in the laboratory. Symbols as Table 1,

Experiment No. of

No. Animals R c Distribution
1 | 109 0.98 0.48 Random

2 104 0.98 0.38 "

3 50 0.96 0.54 "

4 50 1.03 0.10 "

5 40 0.91 1.14 "

6 %4 0.90 1.13 "

7 28 0.80 2.00 Aggregated
8 28 0.96 0.38  Random

9 16 0.88 0.92 "

10 16 0.92 0.32 "
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Table 7,

Nearest Neighbour analysis of the distribution

of T. tenuis and T, fabula when mixed in the laboratory.

Expt
No.

1
2

N

No. of
animals

48
48
32
32
48
48

Symbols as Table 1

1.05
0.91
1,04
0.95
0.78
1,05

91

0.62
1.16
0.35
1.175
2.90
0.75

Distribution

Random

1"
1"

1"

Aggregated

Random



Table 8, - Nearest Neighbour analysis of the interspecific distances
of the distribution of T, tenuis and T, fabula when mixed in the
laboratory, Symbols as Table 1, -

Experiment No. of
No. Animals R c Distribution
T.tenuis 32 1.02 0.29 Random

1
T.fabula 16 1.12 1.56 "
I.tenuis 32 0.98 0.33 "

2
T.fabula 16 0.78 2.94 Aggregated
T.tenuis 16 1.39 4.18 Spaced

3
T.fabula 16 0.69 3.31 Aggregated
T,tenuis 16 1.09 1.15 Random

4
T.fabula 16 0.80 2.64 Aggregated
T.tenuis 16 0.89 1.52 Random

5 ;
I.fabula 32 0.87 1.75 "
T.tenuis 16 1.32 3.71 Spaced

6
T.fabula 32 0,92 1.04 Random
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Table 9, Nearest Neighbour analysis of the intraspecific
distances of the distribution of T. tenuis and T, fabula

when mixed in the laboratory. Symbols as Table 1

Expt No. of PR
No., animals R c Distribution
T. tenuis 32 0,97 0. 32 Random
T. fabula » 16 0.83 1.32 "
T. tenuis 32 1,02 0.20 "
T. fabula 16 0.92 0.61 "
T. tenuis 16 1,18 1,38 "
T. fabula 16 0.53 3.62 Aggregated
T. tenuis 16 0.85 1,15 Random
T, fabula 16 0,71 2.19 Aggregated
T. tenuis 16 1,19 1.46 Random
T. fabula 32 0,91 1,02 h
T. tenuis 16 0.97 0.24 "
T. fabula 32 0.76 2, 64 Aggregated
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Chapter 3

Rhythms.
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Introduction.

Many lamellibranchs possess activity rhythms of tidal or
diurnal frequency (Morton, 1973, review), although the possess-—
ion of such rhythms is by no means universal within the class
(salanki, 1966a; Hughes, 1969; Earll, 1975b). Nevertheless, in
those species in which a rhythm has been found, Morton (1973)

noted that littoral species displayed a tidal rhythm, while sub

littoral and freshwater species displayed a diurnal rhythm.

At Kames Bay, Millport, T. tenuis is largely littoral,
while T. fabula is largely sublittofal, and the ranges of the
two species overlap only slightly (Stephen, 1928; Watkin, 1942;
Clark and Milne, 1955). According to Morton's (1973) hypothesis
T. tenuis should therefore display an endogenous tidal activity
rhythm, and T. fabula an endogenous diurnal activity rhythm. If,
however, the rhythms are exogenously controlled or initiated
there will be little trace of a tidal rhythm, or the rhythm will
decay in time, under constant conditions in the laboratory
(Salanki, 1971).

Several parameters have been used to monitor the level of
activity in a bivalve, including heart rate (Coleman, 1974),
pumping rate (Rao,R.D.,1953), and valve movement (Morton, 1970).
These parameters are all interrelated (Coleman, 1974) and both
Salanki (1971) and Morton (1973) considered that the most in-
formative method of monitoring the activity was to record the
valve movements. Accordingly, experiments were carried out to
record and compare the valve movements of T. tenuis and

T. fabula under laboratory conditions and to establish, if
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possible, the nature and periodicity of their rhythms.

Materials and Methods.

Both species were collected from the middle of their
respective ranges, T. tenuis from an area l.5m above C.D., and
T. fabula from an area 5m below C.D. For the transplant ex-
periments, 12 T. tenuis were left at the T. fabula collecting
site (and vice versa with T. fabula) before they were brought
into the laboratory. The experiments were started on the same
day that the animals were collected.

The experimental design, after Morton (1970), is de-
picted diagrammatically in Fig. 1. The left valve of the
specimen (A) was glued to a watch glass with Epoxy Patch 608
quick-setting resin (Dexter Corporation, Olean, N.Y. 14,760) and
the right vaive was glued to a length of thread. The thread
was attached to an isometric force displacement transducer
(T1, T2) type D1 (Scientific Instruments Centre Ltd.,Edinburgh)
which in turn was connected to a pen recorder (PR) type LOO MD2
(George Washington Ltd., Sheerness, Kent). The experiment was
maintained at a temperature of 10°¢ by a waterbath (WB).

The data was divided uﬁ into blocks of 41.5 minutes,
since this was the length of time taken for one sheet of
recording paper to pass through the machine at its slowest
speed, 0.75 cm per minute. The number of adductions on one
sheet was taken to constitute one block of data. The blocks
of data were analysed for evidence of periodicity by periodogram

analysis (Enright, 1965; Williams and Naylor, 1967) and by
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pattern analysis (Kershaw, 1960) (see also statistical appendix).

Correlation was sought between the measured activity, in
adductions per sheet, and three envirommental variables, cal-
culated as the animal would have encountered them in the field.
These variables were tidal rise and fall, day length, and

tidal range.

Results.

The activity of 12 animals of each species was analysed
(Table 1, Table 2). In the Tables, animals number 1 to number
10 were taken from their usual position on the beach; animals
number 11 and number 12 were transplanted for the two weeks
immediately prior to the experiment.

There was little evidence of a circatidal activity rhythm
in the periodogram analysis of the activity of T. tenuis (Table
1); that is, C.V. peaks did not consistently occur at a period-
icity of 12 hours 25 minutes. However, most animals displayed
a circadian activity rhythm, although the C.V. peak varied from
around -20 hours (animal number 8) to around 27 hours (animal
number 6) (Table 1).

As with T. tenuis, the periodogram analysis of the activity
of T. fabula showed little evidence of a circatidal rhythm (Table
2). The evidence (Table 2) for a circadian rhythm was not as
strong as with T. tenuis, and only animal number 10 could be said
to show a C.V. peak of the correct circadian periodicity.

No consistent rbythm of either circatidal or circadian

frequency could be observed in the pattern analysis of the
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activity of either species (Table h).

In view of the variability of the results of the
analyses of the activity of the animals from the original
positions in Kames Bay, it was felt that no meaningful com-
parison could be made between the rhythms of these animals and
of the transplanted specimens. Therefore, although the results
from the transplanted specimens have been included in the Tables
and in Fig. 4, they have been omitted from the correlation cal-
culations.

There was considerable variation in the level of activity,
measured in adductions per sheet (41.5 minutes), not only between
individual animals, but also in the sheet to sheet record of any
one animal (Fig. 2, Fig. 3). PFig. 2 represents the activity
record of T. tenuis animal number 2, and Fig. 3 represents the
activity record of T. fabula animal number 9. Examination of
Fig. 2 and Fig. 3 revealed that the level of activity, that is,
the number of adductions per sheet, was not noticeably correlated
either with the state of the tide or with the periods of light
and darkness to which the animal would have been exposed in the
field.

However, regression analysis (Bailey, 1959) of all the
activity experiments showed that the mean activity in adductions
per sheet of each experiment was correlated with the tidal
range taken as the maximum predicted difference between high and
low tide during the experiment (Table 5, Fig. 4). There was no
significant difference between the slopes of the regression lines

of T, tenuis and T. fabula (t = 1.27, P = 0.23), and the regress-

ion line drawn in Fig. 4 is for all experiments.
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In spite of the fact that there was a correlation be-
tween the mean activity of the animals and the maximum pre-
dicted tidal range, there was no correlation between the mean
activity and the tidal range on the day that they had been
collected either in T. tenuis (r = 0.20, t = 0.58, P = 0.57)
or in T. fabula (r = 0.30, t = 0.87, P = 0.41) (Bailey, 1959).
One may therefore conclude that both species can predict the
height of the tides, and can adjust their activity accordingly.

Although the tidal range affected the animals' activity
level, it did not affect the strength of the rhythm, taken as
the maximum value of the coefficient of variability (Williams
and Naylor, 1967), and there was no correlation between tidal
range and the strength of the rhythm either in T. tenuis
(r = 0u34, t = 1.02, P = 0.34) or T. fabula (r = 0.36, t = 1.09,
P = 0.30) (Bailey, 1959).

Dipspite the fact that there appeared to be a slight

circadian rhythm in both T. tenuis and T. fabula (see page 97),

there was no correlation between mean activity and day length
(r = 0,19, t = 0.54, P = 0.60 and r = 0.06, t = 0,17, P = 0.86
respectively) nor between the strength of the rhythm and day
length (r = 0.11, t = 0.30, P = 0.77 and r = 0.27, t = 0.79,
P = 0.45 respectively) (Bailey, 1959).

An attempt was made to quantify the circadian rhythms
of both sﬁecies and to relate the periodicity of these rhythms,
that is, the C.V. peak, to the length of the periods of darkness
and daylight. It was found that the longer the period of day-
light, the shorter the period of the circadian rhythm of

T. fabula (r = 0.83, t = 3.31, P = 0.02) (Bailey, 1959) but the



periodicity of the circadian rhythm of T. tenuis was independ-
ent of the number of hours of daylight (r = 0.08, t = 0.20,

P = 0.85) (Bailey, 1959). However, it must be remembered

that positive evidence for a circadian rhythm in either species
was rather scanty (Table 1, Table 2) and the results of this
last analysis should be viewed with caution.

The results suggest that neither species possessed an
endogenous tidal rhythm, but there appeared to be evidence of
a circadién rhytbm, particularly in T. tenuis. The level of
activity in both species was correlated with the predicted
tidal range, but not with the day length which they would
have encountered in the field. The strength of the rhythm
was not correlated with either tidal range or day length.

The results further suggest that the circadian rhythm of
T. fabula may be connected to the hours of darkness, but that

there was no such correlation igygctivity rhythm of T. tenuis.

Discussion.

Although many bivalves possess endogenous activity
rhythms (Morton, 1973, Palmer, 197L4), instances have been
found of non-rhythmic activity in some species (Salanki,1966 aj
Hughes, 1969, Earll, 1975 a, b; Taylor, 1976). Endogenous
tidal rhythms exist in many other littoral animals (Naylor,
1958; Enright, 1963; Jones and Naylor, 1970; Benson and Lewis,
1976) and these rhythms can be modified of altered by various

factors in the environment (Naylor, 1960, 1963; Enright, 19653
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Salanki, 1966 b; Naylor et al, 1971; Atkinson, 1973).
The results suggest that there is no endogenous tidal

rhythm of the adductor muscles in either T. tenuis or T. fabula

" although there may be other endogenous rhythms which were not
monitored. No single méthod is sufficient to decide on the
existence or otherwise of any endogenous rhythm (Earll, 1975 b)
although in many species the activity rhythms of the various
functions are interrelated (Coleman, 197L).

In many species the physiological rhythms are reflected
morphologically by banding (Wells, 1963; Neville, 1967; House
and Farrow, 1968; Bourget and Crisp, 1975 a; Crisp and Richard-
son, 1975; Stromgren, 1976). In pelecypod shells, Barker (196L)
found fivé groups of layers, each with their own characteristic
crystal formation, lying one within the other and reflecting the
environmental periodicities. Others (Bourget and Crisp, 1975 b;
Crisp and Richardson, 1975) have related such bands directly to
one factor in the enviromment such as tidal immersion. Continuous
immersion led to two ill-defined bands per day, so it appears that
these physiological rhythms have only a weak endogenous component.

Banding exists on the shells of both T. tenuis and T. fabula
and, although they lack distinct growth rings, the bands are
clearly visible under low magnification. There are various
factors which may influence the formation of such banding rhythms.

It has been shown that the level of the water table within
the sand has a marked effect on both the adductor activity and
the heart rate (Earll, 1975 a) but of course only T. tenuis is
subject to the tidal cycle of immersion and emersion. Both T.

tenuis and T. fabula are subject to cyclic oscillations of

pressure and water flow with the tides, as well as the diurnal
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alternation between night and day. The effect of pressure

on the.rhythmic behaviour of inshore species has been reviewed
by Naylor and Atkinson (1972), and Walne (1972) found that the
rate of water flow affected both the filtration rate and the
heart rate of the bivalves. Light is an important, if not the
most important, factor in the entrainment of rhythms in many
littoral species (Enright, 1965; Jones and Naylor, 1970; Naylor
et al, 1971; Palmer, 1974; Benson and Lewis, 1976), but the

valve rhythm of the sublitteral brachiopod Terebratulina septen-

trionalis could not be correlated with light factors (McCammon,
1971). Recently Stromgren (1976) has found that Mytilus
edulis grew fastier in darkness than during the daytime, and
that this diurnal rhythm persisted even in continual darkness.

The fact that the maximum activity was correlated with
the maximum tide during the experiment, but not with the tide
at the start of the experiment, suggests that the animals are
capable of predicting the tides. High levels of activity in
the laboratory correlated with spring tides in the field have
also been noted in other species (Heusner and Enright, 1966;
Enright, 1972; Naylor and Atkinson, 1972; Benson and Lewis,
1976) resulting in a circalunar rhythm. Unfortunately, none
of my series of experiments'ran for long enough to ascertain
whether a circalunar rhythm existed in either T. tenuis or T.
fabula.

It has been suggested that tidal exposure involves little
or no stress to littoral infawma (Earll, 1975 b), and that many
species have the ability to feed at low tide in the ripples or
surface pools, or even in the interstitial water (Huzhes, 1969).

A rhythm involving inactivity at low tide would clearly hamper
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such facultative feeding, and natural selection may favour
such species as are able to take advantage of every feeding
opportunity.

In conclusion, it appears that both T. tenuis and
T. fabula have an endogenous circadian, but not tidal,
rhythm of activity. The rhythm is independent of day length
in T. tenuis, but a longer day length is correlated with a
shorter circadian rhythm period in T. fabula. Day length has
no effect on either the activity or the strength of the rhythm
of either species, but the mean level of activity in both
species was positively correlated with the maximum tidal range
occurring during the experiment. It is therefore suggested
that there may be long-term circalunar rhythms of activity,

but some other method must be devised to record them.
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Table 5. Equations and probabilities of the analysis
of mean activity versus maximum predicted tidal range
by least squares regression analysis (Bailey, 1959).

Symbols as Bailey (1959), axes as Fig L.

Animal equation T 3 P
T. tenuis y = = 24.02 + 10.95x 0.57 1.95 0.08

T, fabula y = = 70.4k + 25.03x 0.68  2.61 '0.03

all - 42,95 + 16.87x 0.61 3429 0.004

e
i



Fig. 1

Experimental design.

For explanation of symbols see text.
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Fig. 2

Record of the activity of T. tenuis
(Animal No. 2

The vertical lines indicate the number
of adductions per sheet (41.5 minutes),
the black bars the hours of darkness,
and the predicted tidal height in metres
is shown at the top.

Total experimental time - 7 days.
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Fig. 3

Record of the activity of T. fabula
(Animal No. 9)

Symbols as Fig. 2.



244158

r3——t-—-1 r~ RN P e r
o am ~ O o o



Fig. 4

Mean activity (adductions per sheet)
versus

maximum predicted tidal range during the experiment.
® T. tenuis; O T. tenuis transplant;
m T, fabulas o T. fabula transplant.

The regression equations are given ia Table 53
for clarity only the regression line for all equations

has been drawn.
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Chapter 4

Sediment Analysis.




Introduction.

Different substrates are inhabited by different fauna
and it has long been recognised that the nature of the sedi-
ment exerts great influence on the composition of the
benthos. There exist differences in faunal composition not
only between rocky bottoms and soft bottoms, but also amongst
the various grades of soft bottom. These differences are
consistent, and one faunal community is usually associated
with one particular type of sediment (Davis, 1925; Thorson,
1957) .

Various features of soft bottoms have received attention
as being of special importance in influencing animal distribu-
tion. Perhaps the most widely investigated are the physical
parameters of grain size, porosity, permeability and resistance
of the sediment to penetration (Morgans, 1956).

The size of the sand grains in a sediment not only
affects the behaviour and the distribution of adult animals
(Wieser, 1956, 1959; Webb, 1958; Webb and Hill, 1958; Williams,
1958; Meadows, 19643 Gray, 1966, 1967b; Tenore et al, 1968;
Morgan, 1970, Gale, 1971) but also is an important factor in the
settling and metamorphosis of larvae (Wilson and Day, 193L;
Wilson, 1948, 1952; Gray, 1967a). The distribution of some
species depends on both the size and the arrangement of the
sand grains (Bacescu, 1971), and the limiting factors of other
species' distributions are sediment porosity and permeability
(Webb, 1958; Jansson, 1967b) or the resistance of the sediment

to penetration (Newell and Chapman, 1948; Chapman, 1949).
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Althouzh Crisp and illiams (1971) have demonstrated that
there is no clear correlation between particle size and
porosity, grain size is the most important parameter on which
the others depend (Fraser, 1935; Webb, 1958, 1969; Jansson,
1967h). Certainly grain size is the most easily investigated
factor since, unlike the other factors mentioned, it does not
change with consolidation (Webb, 1969). However, no one
factor can be viewed independently (Bacescﬁ, 1971, Gray, 1974)
and the field distribution will be the result of the inter-
action of aIlenvironméntal factors (LaRow, 1970; Gale, 19713

Meadows and Campbell, 1972a).
Materials and Methods.

The sand was collected from Kames Bay, Millport, either
with a spade from the beach when the tide was out, or with
hand corers while SCUBA diving.

Four samples were taken from the beach, at LWS, LWN,

MTL and IS, The analysis of these samples was confined to
grain size composition only. Three samples were also taken
from my main collecting and experimental sites, "GL" (1.5 m
above C.D.), "PP" (1.5 m below C.D.), and "DJ" (6 m below C.D.).
These samples were analysed for grain size composition, porosity,
permeability, and penetrability.

The grain size composition of the sediments was obtained
in the following manner. The sands were dried for one week at
80°C vefore being placed in a nest of sieves, manufactured to
BSS 410, on a mechanical shaker. After shaking for 24 hours,

the amount retained by each sieve was weighed. For an



explanation of the analysis of the grain sigze composition
see Table 1.

The porosity of the samples is defined as the volume
of space per 100 ml of sediment (Perkins, 197&), although -
Webb (1969) has defined porosity as the volume of space per
100 ml particles (the "void space" of Perkins (1974)).

The dried sand, in a measuring cylinder, was first con-
solidated in an ultrasonic generator to obtain uniform consoli-
dation in all experiments (Webb, 1969). The volume of the
space between the grains was then obtained by gradually adding
seawater until the first traces of overlying water appeared.
The sand was then considered to be completely saturated, and
the height of the sand column was checked against the height of
the column at the start of the experiment to ensure that no
further consolidation had occurred.

The permeability apparatus, in essence a glass tube 3.14
cm internal diameter with gauze mesh apertre 70 um over one end
was modified from Webb (1958). Permeability was defined as the
length of time taken for a column of seawater to pass through a
column of sand 25 cm deep at a temperature of 22°C. The co~
efficient of permeability "p" was obtained from the equation

D= (al/AT)logé (hl/hz)cm/sec P ¢ D)
where a and A are the cross sectional areas of the water and of
the sand columns respectively, 1 is the length of the sand
column, and hl’ h2 are the heights of the water at the start,
and after time T respectively (Perkins, 19Tk, p. 108). In my
apparatus, a énd A were the same, 1 = 25 cm and h1 = 25 cm,

h, = 5 em. Equation (1) therefore becomes

2
IRV, S (2)



The penetrability of the samples was measured by the
fall cone test for the shear strength of sediments (Caldenius
and Lundstrom, 1956; Hansbro, 1957). In this test a weighted
cone is dropped on to the sedimernit surface, and the depth of
penetration by the cone can be converted into the shear
strength by the formula

1, = KQ/n®
where Tf = undrained shear strength, X = empirical coefficient
proportional to the cone angle, Q = weight of the cone, and
h = depth of penetration (Hansbro, 1957, p.19). Ten fall
cone tests were carried out for each combination of sand and
water content. Each water content was obtained from sub-
samples taken from the dish immediately prior to the experiment.

The subsamples were weighed, dried for 24 hours at 80°C, and

then reweighed.

Results.

The sand from LWS, LWN, MTL and HWS was largely composed
of grains 1.75 ¢ to 2.25 ¢ (300 pm to 200 pm) in size, and
there seemed 1ittlé difference in the grain size composition of
the samples (Fig. 1, Table 2). The ¢, of around 0.35 indic-
ates that the grains were well sorted (Folk and Ward, 1957).
The SkI of around -0.3 shows that there was a tail of coarse
grains (<24 ¢ < 2), and that the smaller particles were
better sorted than the larger (Morgans, 1956). The particles

were better sorted in the centre than at the extremes, and the



curve, with a K, of > 1.11, is leptokurtic (excessively
peaked )(Folk and Ward, 1957).

Similar results were obtained from the analysis of the
three other samples, GL, PP and DJ (Fiz. 2, Table 3). The
main differences in these samples was that the particles from

the DJ site (6 m below C.D.) were slightly finer (Md, = 2.51

@
(175 pm), less well sorted, and more leptokurtic than the
particles from GL or PP, while the particles from PP (1.5 m
below C.D.) had a tail of fine grains.

In spite of these differences among the samples, the
results (Figs. 1, 2; Tables 2, 3) suggest that there is little
variation in the grain size composition of Kames Bay from HWS
to 6 m below C.D.

The porosity of GL and PP sand (38.25% and 38.04,% re-
spectively) was considerably higher than that of the DJ sand
(31.07%), as was the permeébility (Table 4). The drainage
time of the DJ sand was around 10 times slower, and consequent-
ly the permeability 25 times less, than that of the GL or PP
sand. The "correction factor" (Webb, 1969, p.363-L4) was l.6
seconds for the total 20 cm fall in water level. It was
decided that the correction factor could not be adequately
measured for 5 cm intervals, so it has been omitted from
Table L. Since the height of sand column remained unchanged
~throughout the experiment, it was concluded that no further
consolidation of the column had occurred.

The results of the penetrability experiments (Table 5)
show that the penetrability of all three sands, GL, PP and DJ,

decreased with decreasing water content. The DJ sand was
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less penetrable than GL or DJ sand when saturated (Table 6)
but the distinction was lost when the sands were allowed to

dry out.

Discussion.

While the sand composition and character remained
fairly constant from the top of the beach down to just below
low water, there was a slight change in composition accompan-
ied by a radical change in character at the DJ site. This
conclusion emphasises the importance of investigating other
parameters than grain size, since the change in sand character
could not have been wholly predicted by particle size analysis
alone.

However, as expected (Bruce, 1928), porosity was
correlated with the degree of sorting, and the least well-sorted
sand from DJ ( oL = 0.626) had the least pore space.

The permeability of a sediment, in general, is proportion-
al to the grade of the sand, but it is only related to the
porosity when all other factors, especially grain size, are
constant (Webb, 1969; Perkins, 197L). It has been noted
(Zeigler, 19643 Steele et al, 1970; Webb and Theodor, 1972)
that decreased permeability, along with greatef depth, may
result in decreased interstitial water circulation. The con-
ditions of decreased permeability and greatest depth existed
at the DJ site suggesting, along with the presence of an
anazerobic sulphide layer, that there was a decreased inter-

stitial water circulation at this site, when compared with
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the GL or PP gites.

Both porosity and permeability are related to the thixo-
tropy or dilatancy of the sand (Perkins, 1974) which may in-
fluence the faunal composition by helping or hindering burrowing
(Newell and Chapman, 1948; Perkins, 1974). For example, the
burrowing time of Arenicola depends on the degree of thixotropy
of the sediment (Chapman and Newell, 1947; Chapman, 1949) such
that on some beaches their density is inversely related to the
hardness of the sand (Perkins, 1974). All the Kames Bay sands
were dilatant, that is, they offered increased resistance to
penetration with an increased rate of shear and the slight
difference in penetrability between GL and DJ sands does affect
the depth to which Tellina, particularly T. tenuis, will burrow.
(see Chapter 5).

There is some discussion (see Chapter 2) as to the
relative importance of deposit and filter feeding in T. tenuisg
and T. fabula. Evidence for both species as filter feeders was
gained from the fact that the optimum grain size for filter
feeders is 180 Jm (Bloonm et al, 1972). The median grain size
in Kames Bay ranges from a minimum of 175 o at DJ to 260 e at
PP. The relative coarseness of the grains may also preclude
the modification of the sediment by deposit feeding inhabitants
(Rhoads, 1974).

With regard to the beach itself, the results of the grain
size analysis agree closely with those of Watkin (1942) so the
composition seems to be fairly stable over a considerable period
of time.

Or.e may conclude that, in general, the physical parameters
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of the beach sands (GL, PP) and of the DJ sand do differ in
some respects, notably in porosity, permeability and penetrab-
ility. These differences may contribute toward the separation

of the distributions of T. tenuis and T. fabula.
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Table 2. Analysis of Beach Sand.

For explanation of symbols, see Table 1.

Symbol Position on Beach

LYS LUN MTL HWS
M¢ 2.175 2.15 2.135 2,165
oy 04344 0.429 0.360 0.282
SkI -0.269 -0.386 -0.276 -0,118
Kq 2.09 2.06 1.6l 1.23
¢5 1.02 0.82 1.20 1.58
P 1.95 1.8, 1.8, 1.91
¢50 2.18 2,22 2.18 2,18
9081+ 2.40 2.6 2.43 2442

[ ] [ ] .6 .6
¢95 2.55 2.63 2.60 2.60
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Table 3. Analysis of Beach and Sublittoral Sand.

For explanation of symbols, see Table 1.

Symbol Position in Bay
GL PP Dy
| Md¢ 2.18 1.95 2.51
Ny 2.145 1.985 2.315
o 0.377 0.318 0.626
Sky -0.203 +0.126 -0.467
Kq 1.23 1,01 2.62
¢ 1.40 1.50 0.62
P16 1.80 1.67 _ 1.80
¢5o 2,18 1.95 2.51
¢84 2.49 2.30 2.83
¢95 2.75 2.56 3.05
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Table 4. Permeability of Kames Bay sands.
Mean drainage time (minutes. seconds) taken
for water column level to fall, and coefficient

of permeability, p.

Height ( cm ) of
water column GL PP DJ
above sand.

25 = 20 1.11 1.16 10.06

20— 15 1.21 1.27 12.29

15— 10 1.35 1.40 17.42
1

o (cn/sec)  1.12 x 10~ 1,06 x 1077 .17 % 107
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Table 5. Penetrability and water content of Kames Bay sands
T, = shear strength in g/cm2 (penetrability);

water content expressed as % by weight.

A - sand saturated plus overlying water filmj;

B - sand saturated, no overlying water;

C - sand left to dry for one hour.

For explanation of symbols GL, PP and DJ see text;

X, s are the mean and standard deviation (Bailey,

1959) respectively of ten trials.

GL PP DJ
X s R s E s
Tf 8.77 0.46 9.03 0.86 9.86 0.71
A
Water Content 33,8 30.40 31.85
Tf 27.03 10.5 25.53 6.7 LL.10 15.0
B
Water Content 29.44 27.75 29,62
Tf 416.,0 14,8.4 392.0 9.7 L12.0 127.4
c .

Water Content 21.29 20.98 22.35
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Table 6. Probability values (P) for the comnarison by
t - test (Bailey, 1959) of the penetrability
of GL, PP and DJ sands.

For explanation of symbols see Table 5.

Comparison A B C
t P t P 1

GL & PP 0.84 O.41 0.38 0.71 0.43

GL & DJ L.09 <0.001 2.95 0.01 0.07

PP & DJ 2.35 0.03 3,58 0.003 0.40
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Fig. 1 Grain size composition of beach sands.
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Fig. 2 Grain size composition of beach and

sublittoral sands.
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Chapter 5

Burrowing.
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Introduction.

The Bivalvia have evolved into many varied infaunal and
epifaunal types, but they are probably best known for the variety
of species inhabiting soft substrates. Bivalves, such as T.
tenuis have filled this evolutionary niche with such success that
. they are the dominant animal on many beaches (Stephen, 19283
McIntyre, 1970), and they are absent only on beaches exposed to
extremes of wave action (McIntyre, 1970). Part of this success
is due to the bivalves' ability to penetrate and to live within
the sediment, thus escaping to some extent both predators and
adverse environmental conditions.

The process of burrowing has been studied in many species,
including members of the Solenacea (Fraenkel, 1927; Pohlo, 1963),
the Iucinacea (Allen, 1958), the Veneracea (Quaylé, 1949; Ansell,
1962; Nair and Ansell, 1968), the Mactracea (Trueman, 1968a}, the
Cyprinacea (Saleuddin, 196L; Taylor; 1976), the Arcacea (Ansell
and Trueman, 1967), the Cardiacea (Trueman et al, 1966 a, b), and
the Tellinacea (Trueman et al 1966 a, b; Nair and Ansell, 1968;
Trueman, 1968 b).

The digging cycle of Tellina, or indeed almost any bivalve,
can be divided into 6 main stages (after Trueman et al, 1966 b)

(i) foot probing followéd by pedal dilation;
(ii) siphons close;
(iii) rapid adduction of the valves along with maximum pedal
dilation and the ejection of water from the ventral
mantle marging

(iv) contraction of retractor muscles, the anterior slightly



before the posterior, resulting in a "slicing" motion;
(v) relaxation of adductor muscles, siphons re-open,

valve gape increases and pedal dilation is reduced;
(vi) static period, often marked by small probing movements

of the foot, until the next cycle begins at stage (i).

Both T. tenuis and T. fabula exhibit a preference for

burrowing on their left sides and, although this preference is
not as marked as in some other Tellinidae (Holme, 1961), they
are usually found lying in the sand on the left valve (Holme,
1950, 1961).

The two species are morphologically very similar (Yonge,
194,9; Holme, 1961) yet they have quite separate distributions
in Kames Bay (Stephen, 19333 Watkin, 1942; Clark and Milne,
1955). T. tenuis is a littoral species, T. fabula is a sub-
littoral species, and there is little overlap of the ranges.

There are some passing references (Yonge, 1949; Holme,
1950; Trevallion, 1971) to the depth to which T. tenuis will
burrow, but there are none at all for T. fabula.

It was therefore decided to investigate the depth dis-

tributions of T. tenuis and T. fabula, and also various aspects

of their burrowing behaviour, in both littoral and sublittoral

sediments.
Materials and Methods.

For the laboratory experiments, T. tenuis and littoral

sand were gathered from a site 1.5 m above C.D. (hereafter ﬂj@mﬁ&L

to as GL) and T. fabula and sublittoral sand from a site 6.0 m
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below C.D. (hereafter referred to as DJ). These were also the
principal sites for the field experiments.

The burrowing behaviour of T. tenuis and T. fabula was
studied in the following way. The animals were dug out of the
sand, their shell length was noted, and they were allowed to
burrow again as soon as possible. Animals on the beach were
placed in a pool deep enough to cover the erect shell. Three
observations were made of each animal burrowing. These were
the time taken from the animal being placed on the sand to the
start of the initial probing movements of the foot (Time to
start); the time taken’from initial probing to the animal's dis-
appearance from sight (Time started); and the number of digging
cycles the animal required to disappear beneath the sand (No.
cycles). Those animals which had not burrowed within 1 hour of
the experiment starting were discarded.

The depth distribution in the field was measured using
hand corers. The cores were cut into 5 cm lengths, and the
number and shell lengths of the animals in each 5 cm length was
noted down. More accurate measurement of the depth distribution
was not attempted since the cores, especially those taken under-
water, were subject to considerable disturbance before they could
be examined.

In the laboratory, the depth of each individual animal was
measured. The experimental chambers (2 1 beakers) were filled
with sand to a depth of 15 ecm, and topped up with seawater. 20
animals were sprinkled into each beaker and the experiment was
left for 1 week. The sand was then spooned out, and the burrowing

depth and shell length of each animal was noted. An experiment,
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using T. tenuis, was also set up to investigate the effect of
keeping the sand or the animals in the laboratory.

Attempts were also made to monitor the depth and the
movements of the animals in situ using natural sand and
x-radiography or cryolite (Josephson and Flessa, 1972) crushed
to between 125 ym and 350 pm in diameter and a time lapse cine
camera. The experimental chambers, 15 em high by 15 cm across,

for these experiments were made of transparent Perspex.

Results.

The depth at which T. tenuis and T. fabula were found

in the field are shown in Table 1. There was no significant
difference in the depth distribution of T. tenuis with the

state of the tide,(Table 1, row 1 and 2, x°

= 1.03, d.f. = 2,
P = 0.32).

There was, however, a significant difference between the
depth distributions of T. tenuig (Table 1, rows 1 and 2 com-
bined) and T. fabula (Table 1, row 3) (12 = 20,30, d.f. = 2,

P <£0.001).

The shell length of the animgls was correlated with the
depth at which they were found in T. tenuis, where the bigger
animals were found deeper, but not in T. fabula (Table 2).

In the laboratory, T. tenuis burrowed deeper than T.
fabula in GL or in DJ sand (Table 3). The burrowing of T.tenuis
in the DJ sand was significantly shallower than in the GL sand,
but the burrowing of T. fabula was not affected by the change

in sediment (Table 3). T. tenuis in GL sand burrowed significantly
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deeper than T. fabula in DJ sand (t = 10.23, P < 0.001).

It was found that three weeks storage of the sand or the
animals significantly affected the burrowing of T. tenuis.

Fresh animals in stored sand and stored animals in fresh sand
burrowed signigéantly shallower (t = 8.29, P < 0.001 and

t = 6.39, P < 0.001 respectively) (Bailey, 1959) when compared
with the results of fresh T. tenuis in fresh GL sand.

In the laboratory there was no correlation, when tested
by regression analysis (Bailey, 1959), between the depth of
burrowing and shell length with T. tenuis in GL sand (r = 0.15,
t = 0.92, P = 0.36) or T, fabula in DJ sand (r = 0.15, t = 1.32,
P = 0.19).

The burrowing behaviour observations in the field showed
that smaller animals burrowed faster and with fewer digging
cycles than larger animals in both T. tenuis (Fig. 1, Table L)
and T. fabula (Fig 2, Table 5). There was also a significant
correlation between the log of the burrowing time and the number
of digging cycles in both species in both GL and DJ sands (Fig.
3, Table 6).

The change from GL sand to DJ sand had little effect on
the burrowing behaviour of T. tenuis. Neither time started nor
No. cycles was significantly changed, although both were raised
slightly (Table 4). However, there was a significant rise in
the log time started plotted against No. cycles (Table 6)
suggesting that there was a longer pause between each of the
digging cycles.

The change from DJ sand to GL sand affected the burrowing

of T. fabula in that, in the GL sand, there was no correlation
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between shell length and time started or No. cycles (Table 5);
As with T. tenuis, the log time started versus No. cycles was
less in the GL sand, although not significantly so (Table 6).

There was no indication in either species that time to
start varied with the size of the animal (Table 4, Table 5).
However, it must be remembered that only about 2/3 of all
animals starting the experiment burrowed within the 1 hour
time limit, and sc only 2/3 of the sample were used in the
experiment.

The height up the beach at which the T, tenuis were
found did not affect the time they took to burrow (Table 7).
For this experiment the time limit was twenty minutes (the
period of exposure at the lowest position on the beach).

Although neither the x-radiography nor the time-lapse
experiments were very successful, some photographs were obtained
of Tellina burrowing and in life position. Plates 1, 2, and 3
are a sequence from a time-lapse film, total length about 24
hours, of the animals in natural sand. Plate 4 is from an

x-radiograph. For explanation of plates, see legends.

Discussion.

The burrowing behaviour of T. tenuis has already been
described by several authors (Yonge, 1949; Holme, 1961;
Trueman et al, 1966 a), and it seems, from my observations,
that T. fabula and T. tenuis perform a similar series of move-
ments. |

The depth to which T. tenuis will burrow appears to be

fairly constant at all localities. Depths down to 12 cm in
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Kames Bay (Yonge, 1949), 2-4 inches (5-10 cm) in the Exe
estuary (Holme, 1951) and down to 10 cm, depending on the
water table in Loch Ewe (Trevallion, 1971), fall well within
the range described here. Unfortunately, no such information
is available for the burrowing of T. fabula, but the magnitude
of the difference between the depth distributions of T.tenuis
and T. fabula in either GL or DJ sand suggests that T. tenuis
will always burrow deeper than T. fabula. It is worth noting,
however, tﬁat no diminution of burrowing depth with distance
down the shore, as described by Trevallion (1971) in Loch Ewe,
was observed in the T. tenuis population in Kames Bay.

The difference in the depfh distributions of T. tenuis
and T. fabula may have been due to the difference in the sigze

of the adult animals as happens with Mactra corallina and

Mactra glauca (Trueman, 1968 a). Certainly, in the field,

large T. tenuis burrow deeper than small, and although this was
not found to be the case with T. fabula, other workers have de-

scribed similar situations in Scrobicularia plana (Hughes, 1970),

Macoma inconspicua and Mya arenaria (Vassallo, 1971). The
correlation between shell length and depth of burrowing may,
however, apply only to a limited range of shell lengths (Hughes,
1970) or burrowing depths (Vassallo, 1971) while an inverse
relationship between shell length and depth of burrowing has been
reported in Macoma balthica (Hulscher, 1973).

The cessation of burrowing, and hence the depth of
burrowing, was at one time considered to be under the control
of a factor such as fatigue (Fraenkel, 1927), but this suggestion

has since been discounted (Quayle, 1949; Ansell, 1962).
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In the lucinacea, burrowing depth is allied to the length
of the foot (Allen, 1958), but it has been suggested that, in
less aberrant species, burrowing depth may be controlled by the
degree of siphon extension (Nair and Ansell, 1968; Trueman,

1968 a, 1971). Under this hypothesis, one would expect that
burrowing depth would be related to size, and that the siphon.h
tips would remain in contact with the surface (e.g. plate 2,
photographs 5, 6). However, the siphons of Tellina were not
always in contact with the surface (plate 1, photographs 2, 3),
but they could be forced back up through the sand into a fresh
position (plate 3, photograph 8). In this way, Tellina may be
able to migrate horizontally through the sand (Holme, 1961) and
to keep their depth constant by checking the degree of extension
of their siphons at each fresh position. Deeper burrowing may
be possible by the animalg using interstitial water for respira-
tion (Ansell and Trueman, 1967), such that burrowing depth is
then controlled by the porosity and permeability of.the sediment,

or by respiring anaerobically, as does Arctica islandica (Taylor,

1976).
It has been suggested that (Trueman et al, 1966 a) the

resistance of a sediment to penetration increases with depth,
and that furrowing ceases when the penetration per unit effort
falls below a minimum value (Nair and Ansell, 1968). This
mechanism may play a part in the control of burrowing depth of
Tellina, since T. tenuis burrowed significantly deeper in GL
sand which is more penetrable than DJ sand (see Chapter L).
However, it must be remembered that T. fabula did not burrow

deeper in GL sand, and that shell length and burrowing depth
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were correlated in field samples of T. tenuis. The control of
burrowing depth in Tellina may therefore result from a combina-
tion of siphon extension and sediment penetrability and permeab-
ility.

Although the burrowing depth of T. fabula was not altered
by the change in sediment, the burrowing behaviour was affected.
Both time started and No. cycles ceased to be correlated with
shell length. This may have been due to the small range of
animal sizes obtained for the experiment (0.9 cm to 1.2 cm)
and no such loss of correlation was noted in T. tenuis. The
time per digging cycle of T. tenuis, however, was significantly
slower in DJ sand, suggesting that the static period, which
incorporates the exploratory probing, had lengthened due to
the decreased penetrability of the sediment (Trueman, 1968 b).

In conclusion, the results show that T. tenuis burrowed
deeper, but not faster, than T. fabula of similar size. The
burrowing depth of T. tenuis alone was restricted by the less
penetrable DJ sand, and the time per digging cycle was

increased.
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Table 1. Depth distribution of T. tenuis and T. fabula
in the field.

Numbers per 5 cm length of core.

Depth (cm)
0-5 5-10 10-15 15-20
T.tenuis (tide out) 12 58 11 3
T.tenuis (tide in) 1 48 15 0
T.fabula 18 26 2 0
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Table 2. Comparison by t-test (Bailey, 1959) of the
mean shell lengths (em) of T. tenuis and

T. fabula in 5 cm lengths of core.

Depth (cm)
0-5 5-10 10-15
?he§.1 length
cm) mean . + + +
.‘-. standard T.tenuis 0.70 - 0.07 1.18 - 0032 101}0 - 0.20
deviation
P < 0,001 < 0.001
heJ).l length
cm) mean + . +
+ standard T.fabula 0.79 - 0.22 0.8, = 0.21 -
deviation
P 0.43
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Table 3. Comparison by t-test (Bailey, 1959) of the
depth distribution of T. tenuis and T. fabula
in different sediments in the laboratory

(both animals and sand fresh).

Sediment type
GL DJ t P

1+

Mean depth) T.tenuis 6.72
(cm)

+ standard
deviation

3,18 5.59 £ 2.2, 2.53 0.01

1+

T.fabula 2.96 % 1.45 3.17 £ 1.16 0.72 0.48

t 10.40 6.02

P < 0.001 < 0.001
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Regression analysis (Bailey, 1959) of the

burrowing behaviour of T. tenuis.

Length (cm) versus (a) number of cycles;

Equation
y= 1503+ 500 x

y = 1206 + 5.69 X

=033+ 1.0 x

Yy = -'0073 + 1061 X

Table L.
(b) time started (minutes); and
(c) time to start (minutes).
Axes as Fig. 1.
Sediment T P
GL 0.60 <0.001
(a)
Dy 0.59 <0.001
GL 0.38 - 0.015
(v)
DJ 0.70 <0.001
GL 0.26 0.10
()
DJ 0.32 0.16
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Table 5. Regression analysis (Bailey, 1959) of the

burrowing behaviour of T. fabula.
Length (cm) versus (a) number of cycles;
(b) time started; and

(c) time to start (minutes).

Axes as Fig. 2.

Sediment T P Equation

(a)

(v)

GL 0.11 0.62 -

DJ OQI+2 0.01 y = 17097 + 8.06 X

GL 0.04 0.86 -

DJ 0.36 0.03 y = —005 + 1.95 X

GL 0.13 0.59 -

o 0.08 0.6 -
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Table 6. Regression analysis (Bailey, 1959) of
log time started versus No. cycles
in T, tenuis and T. fabula.

Axes as Fig.3.

Sedi- Slope
Animal ment »r P Equation Comparison

GL 0062 <0.001 Yy = 1.2 + 00026 p <
T.tenuis P = 0.07
DJ 0.78 <0.001 y = 0.88 + 0.045 x

GL 0.,0 0.07 y=1.15+ 0.023 x
T.fabula P
DI 0.57 <0.001 y = 0.9, + 0.032 x

0.53
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Table 7. Burrowing time of T. tenuis from various

positions on the beach (Bailey, 1959).

Height above Mean Time
c.D. (minutes) t P
(m)
2.7 5+69
0.16 0.87
2.0 557 0.53

0.63
}0.97 }O-BA

0.5 6.21
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Fig. 1a. Number of digging cycles versus shell length

in a field population of T. tenuis.

m - in GL sand

x - in DJ sand.

Fig. 1b. Burrowing time once started versus shell length

in a field population of T. tenuis.

a - in GL sand

x - in DJ sand.
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Fig. 2a. Number of digging cycles versus shell length

in a field population of T. fabula.

O - in DJ sand

® - in GL sand.

Fig. 2b. Burrowing time once started versus shell length

in a field population of T. fabula.

O~ in DJ sand

® ~ in GL sand.
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Fig. 3. Log of burrowing time once started
versus number of digging cycles in
field populations of

(a) T. tenuis; (b) T. fabula.
m - T. tenuis in GL sands
x - T. tenuis in DJ sandj;
o- T. fabula in DJ sand;

e - T. fabula in GL sand.
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Plate 1. Animals in Cryolite; +time lapse.

Photograph 1. Animal No. 3 (far right) starting
to burrow. Note angle of shell

and shape of foot.

Photograph 2. Animal No. 3 burrowing (note -
straight down) and animal No. 1
(far left) starting to burrow

(note angle of penetration of foot).
Photograph 3. No. 1 now entering sand on its

RHS at an angle of about 60°.

Note siphon of No. 3.
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Plate i



Plate 2.

Animals in Cryolite; time lapse (Contd.)

Photograph 4.

Photograph 5.

Photograph 6.

No. 1 now burrowing vertically;

note siphon.

No. 1 now turning onto LHS,
siphon still in contact with
surface. No. 3 siphon

completely withdrawn.

No. 1 at an angle of l+5° on LHS,
still burrowing - note length of
siphon! Animal No. 2 (centre)
starting to burrow. No. 3 -

siphon just protruding.
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Plate 2



Plate 3.

Animals in Cryolite; time lapse (Contd.)

Photograph 7.

Photograph 8.

No. 1 and No. 3 quiescent

(no foot protruding);

exhalent siphon of No. 1 just
visible alongside inhalent siphon.

No. 2 (upper left) still burrowing.

Tank has leaked and all three
animals are quiescent.
Note final position of siphons

in Nos 3 (now in centre).



Plate 3



Plate 4. Animals in sand; x-radiographs.

Photograph 9.

Note position of siphons

of animal on right;

outline of foot just visible
in both animals.

The black blobs are air bubbles

within the sediment.

155



Plate .



Chapter 6

Morphology.
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Introduction.

At first sight, T. tenuis and T. fabula, according to

Stephen (1933) "display considerable external similarity".
As regards their internal structure, Yonge (1949) concluded
that examination of the two species revealed no significant
differences, although Forbes and Hanley (1853) suggested that
the siphons of T. fabula were slightly longer, and Atkins
(1937 a, b) noted some differences in gill and palp structure.
With practice, however, T. fabula may be distinguished
from T. tenuis by the fact that it is slightly more elongate,
and by the possession of ridges running diagonally across the
right valve (Tebble, 1966). The paper entitled "A Scanning
Electron Microscope study of the shell ornamentation of

Tellina fabula Gmelin"(to be submitted for publication) on

the form and possible function of these striations, has been
included at the end of this chapter.

According to Stanlejf(1970), the most important features
in relation to functional morphology and life habits are those
of gross shell shape, shell thickness and shell ornamentation.
This study is a comparative investigation of these features in

T. tenuis and T. fabula.

Materials and Methods.

The various physical features of the animals were defined

as follows (after Stanley, 1970); length (L) was taken as the
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maximum shell dimension parallel to the anterior/posterior
axis; height (H) as the maximum shell dimension perpendicular
to length; width (W) as the maximum shell dimension perpendic-
ular to the plane of commissure of the valves; and thickness
index (T.I.) as the ratio between the volume of shell material
and the volume of the entire animal. Total weight was obtained
by weighing the intact animal, including shell, after the out-
side had been thoroughly dried on a paper towel, while the
shell weight was obtained from the dried shells after they had
been boiled in NaOH to remove all scraps of flesh.

The linear dimensions of the animals were measured
with a vernier calliper capable of measuring to 0.01 cm, the
intact animals were weighed on a Mettler P120 balance, and the
dry shells were weighed on an EMB 1 Microbalance (Beckmann/RIIC).

Shell length was taken as the standard parameter against
which height, width,logio total weight and 10310 shell weight

were plotted.

Results.

The plots of height and width versus length (Fig. 2),
show that it would be impossible to distinguish the two species
on L/H or L/W ratios in the middle of their size ranges.
However, in the larger sizes (L) 1.0 cm) T. fabula was
considerably more elongate, and there was a significant differ-
ence in the slopes of the L/H and L/W regression lines (Table 2).
There was no significant difference in the slopes of the

regression lines for logio total weight versus length (Fig. 3,

158



Table 2), but the shell alone of T. fabula was heavier than
that of T. tenuis of the same length (Fig. 3, Table 2). This
latter result is supported by the fact that the thickness index
of T, fabula was almost one and a half times that of T. tenuis

(TI. = 0.50 and 0.355 respectively.)

Discussion.

It was surprising that the total weight of both species
was the same (if‘anything T. fabula was lighter) considering
that the shell of T. fabula was significantly heavier yet, in
the middle of the range at least, the width and the height were
the same. This apparent discrepancy may be explained by the

fact that neither T. tenuis nor T. fabula are regular geometric

figures! The increase in thickness of the T. fabula shell may
render it less vulnerable to predatory gastropods (Carriker,
1951 b). This theory is supported by Ansell (1960) who re-

ported that the maximum sizes of T. tenuis and T. fabula valves

found with Natica holes were l.43 cm and 0.94 cm respectively.
However, it must be remembered that, on average, T. tenuis is
larger than T. fabula, and there is a greater probability of
Natica finding a larger T. tenuis than vice versa, and in
Ansell's (1960) experiments there was no evidence of species
selection. In fact, one might expect that Natica would be able
to attack all sizes of T. fabula by inserting its radula into
the slight siphonal gape, and it has been suggested by K.P.

Rao (1953) that shell thickness is merely a function of tidal
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height. :

When measured by Stanley's (1970) criteria, both T.
tenuis and T. fabula are categorised as rapid burrowers in
shifting sand, although his conclusion that shell thickening
was adopted at the expense of burrowing speed does not hold
for these two species (see Chapter 5).

In conclusion, therefore, it is doubtful whether the
slight differences in their external morphology contribute
toward the regulation of the respective field distributions

of adult T. tenuis and T. fabula. The exception to this is

the presence of the siphonal gape in T. fabula which may prevent
the animal from temporarily isolating itself from adverse con-
ditions (see e.g. Chapter 1) and so T. fabula may only really
become competitive with T. tenuis in the more stable conditions

of the sublittoral environment.
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Fig. 2 . Height (cm) and width (cm) versus length (cm)

for T. tenuis (o ———a )

and T. fabula (A=---- a),

For equations of regression lines see Table 2,

plots a) and b) respectively.
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Fig. 3. Log,, total (animal plus shell) weight (mg)

and log), dry shell weight (mg) versus

length (cm) for T. tenuis (a

a)

and T, fabula (A=====-- a),

For equations of regression lines see Table 2,
plots ¢) and d) respectively.

For clarity the regression lineslfor plot c)
have been omitted since there was no significant

difference between T. tenuis and T. fabula.
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A Scanning Electron Microscope Study of the

Shell Ornamentation of Tellina fabula Gmelin.

To be submitted for publication.
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T. fabula is unique amongst the Tellinacea in having

" the oblique striae present on one valve only. In Tellina
similis, both valves are striated, but iﬁ T. fabula it is
always the right valve, and the right valve only, which bears
the striae. What purpose this ornamentation serves in T.
fabula is unclear. The present study investigated‘the mor-
phology of the striae by means of the scanning electron
microscope (SEM).

The SEM has been used to investigate the formation of
pearls and mother-of-pearl in the Pacific oyster fisheries
(Watabe, 1954; Wada, 1957 a, b, 1960; Watabe, Sharp and Wilbur,
1958; Tsujii, Sharp and Wilbur, 1958; Watabe and Wilbur, 1961).

More recently SEM studies have been made of gastropod-
radulas (Runham and Thornton, 1967; Thompson and Hinton, 1968;
Runham, 1969; Solem, 1973 a, b; Thompson and Bebbington, 1973),
and Té and Mardinly (1975) declared many previous studies ob-
solete, since the smaller cusps on the radula were not visible
by light microscopye.

The excellent resolution of the SEM has also been
utilised in studies of the shell sculpture and micro-
ornamentation (Solem, 1970; Fretter and Pilkington, 1971; Hoefs
and Sarnthein, 1971; Robertson, 1971; Bé et al, 1972; Giusti,
1973; Boltovsky, 19743 Burch, 1975; Paul, 1975).

Of these later studies, only Runham and Thornton (1967)
used the SEM to investigate functional morphology, although
Boltovsky (1974) did comment on the function of the ornamenta-

tion on some of the shells. It washoped that this study, by
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an examination of the morphology of the striae would show
whether they are endogenously or exogenously regulated (e.g.
Neville, 1967) and would find out if a relationship existed

between form ahd function.

Materials and Methods.

The specimens were obtained from a site 6.0 m below
Chart Datum in Kames Bay, Millport.

The animals were killed, and the flesh removed from the
valves by boiling in a NaOH solution. The clean shells were then
washed in distilled water and dried. The valves were then mounted
individually on a stub, using silver paint as an adhesive, and the
complete assembly was shadowed with gold.

The right and left valves of other specimens were weighed
on a microbalance (Beckman, RIIC).

Correlation was sought, using regression analysis (Bailey,
1959), between valve length and number of striae; valve length and
average distance between the striaej; and number of striase and

average distance between striae.

Results.

Photograph 1 shows the left valve of T. fabula. Photograph
2 et seq. shows the right valve. The characteristic diagonal
striations on the right valve can be clearly seen.

Fig. 1 demonstrates that there was a significant correlation
between the length of the valve and the number of striae (r = 0.63,
t = 2.42, P = 0.04). The equation for the regression line is

¥y = 18.37 + 2,24 x

where y = number of strise and x = length of valve in mm(Bailey,1959).
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There was no significant correlation between the average
distance between the striae and the length of the valve (r = 0.26,
t = 0.80, P = 0.55), nor was there correlation between the num-
ber of striae and the average distance between the striae
(r = 0,27, t = 0.84y P = 0.58). The variation in ornamentation
of valves of the same length is illustrated in photographs 3
and 4. The specimen in photograph 3 has 33 striae with an
average distance of 98 um between them, while the specimen in
photograph 4 has 20 striae with an average distance of 173 um
between them, yet both specimens were 6.4 mm long. |

The striae are not present on the early stages of the
valve, the prodissoconch II (Werner, 1939). They become
prominent only after the first growth ring and appear to
originate from the concentric rings (photograph 5). Occasionally,
they originate spontaneously and with no apparent origin
(photograph 6) or disappear at a growth ring (photograph 7).

The angle of the approach of the striae to the edge of
the valve is altered not only at the edge itself (photographs
2, 3, 4) but also at the growth rings (photograph 8), although
they subsequently resume their normal angle. They are also
much distorted around areas of damage (photograph 9).

In close-up (photograph 10), the striae appear as flat
ridges, overlapping from anterior to posterior. They have a
fairly constant height, and greatly resemble the overlapping
calcite crystals pictured in Watabe and Wilbur (1961) and
Wilbur (1964), although they are, of course, many times
larger.

The valves of 25 T. fabula were weighed individually on .
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a microbalance (Table 1). The right valve was heavier in 10
specimens, the left valve heavier in 11 specimens, and in

L4 specimens both valves weighed the same.

Discussion.

Eisma (1965) claimed that the number of ribs on Cardium
was dependent on the salinity, but Russel (1972) refuted this
claim, and added that the number of ribs has little or no
physiological significance. The situations are not truly anala-
gous, however, as the number of ribs of Cardium is not correlated
with size, while the number of striae of T. fabula increases with
age. As to the function of the striae, they may serve to
strengthen the vglve, or to assist the burrowing, or both.

The radiating ribs in Pecten may strengthen the valve
(stanley, 1970) and it has been suggested that the ribs on
pteropod shells provide strength with economy of material
(Boltovsky, 1974). However, the striae run obliquely across
part of one valve only and would therefore add strength only to
a diagonal stress. It also seems unlikely that stress would be
greater on one valve, and always the right, than on the other.

If the striae are a compensation for the asymmetry of the valves,
it is strange that nothing similar has been reported in other
agymmetric Tellinacea.

Lever (1958) postulated, from the evidence of differential
sorting of the right and left valves on the beach, that the

striae made the right valve more solid than the left, and that



the valves differed in weight. However, my results indicate
that this is not so, and the differential sorting must be due
to the effect the striae have on the movement of the valve in
a Qurrent.

The ridges of the striae have their edges aligned
roughly at an angle of 450 to the anterior/posterior axis and
are consequently parallel to the angle at which the animal
burrows (Trueman et al, 1966 b), resulting in a "ratchet" pro-
file being presented to the sand. The oblique ornamentation of

Tellina similis, in which ridges of a similar shape to those of

T. fabula are present on both valves, alternately grips and
slides past the sediment, and aids the animal's burrowing
(Stanley, 1970). In theory then, the right valve of T. fabula
should go down faster than the left, until the animal lies in
the sand with the left valve uppermost. However, I find that
T. fabula burrows at an angle into the sand, with the right
valve uppermost, and eventually comes to rest in the sand in a
near horizontal position on its left valve. In fact, they will
rarely attempt to burrow with the left valve uppermost but they
will turn over to be on their preferred side.

This preference for burrowing at an angle may result in
an unequal stress on the valves so tha£ the striae are required
to strengthen the right valve against the pull of the foot.

Tellina tenuis has been observed to burrow in a similar mahner

(Holme, 1950, 1961; Trevallion, 1971), yet no such ornamentation
exists on its right valve. The shell of T. tenuis is, however,
thicker than that of T. fabula so reinforcement may not be

necessary.
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The absence of the striae from the early stages of the
shell does not mean that they are not present in the young T.
fabulg. The umbonal region of all the specimens was considerably
worn and so any striae or other ornamentation may have been
rubbed off (House and Farrow, 1968). Fretter and Pilkington
(1971) observed that the fine detail on the larval shells was
almost invariably lost in the adult. Nevertheless, Rees (1950)
made no mention of striae on the larval T. fabula shell, and
A.D. Ansell (Dunstaffnage Marine Research Laboratory, Oban,
pwmmlwmmmnmdohuwdwutmommwmﬁmongﬁg
shells often does not develop until fairly late in the animal's
life. Similarly, van Benthem Jutting (1943) noticed that the

first traces of the ribs on Cardium do not appear until the

animal is limm long.

Occasionally the striae originate between two existing
striae, or disappear without trace, so perhaps the animal can
regulate the number of striae on its shell!l However, such fine
control is unlikely in view of the large variation in the numbers
of striae in animals of similar size, and in view of the relative
infrequency of such happenings.

It is noticeable that the striae alter shape at the growth
rings, that is, under conditions of slow or nil growth, and that
they are considerably distorted around previously damaged areas.
Many animals and plants exhibit circular growth rings of tidal
or daily or longer periodicity (Wells, 1963; Berry and Barker,
1968; House and Farrow, 1968; Bourget and Crisp, 1975 a, bs
Crisp and Richardson, 1975). These rings are modified by en-

vironmental factors such as temperature, tides or storms, and it
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seems reasonable to suppose that the striae of T. fabula will
be likewise affected.

In conclusion, we can say that the striae are a series
of oblique ridges running toward the posterior emd of the
animal. Their numbers increase roughly with the size of the
animal, but they do not appear to be present in the early
prodissoconch stages of the valve. The function of the striae

may be to strengthen the valve while burrowing.

Summary.

Scanning electron micrographs were taken of the right
valve of T. fabula. The number of striae was found to
increase with the size of the shell, but there was n§
correlation between size and inter-strial distance and between
number of striae and inter-strial distance. The function of

the striae may be to strengthen the valve.
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Table 1.

RV v
27.5 28.1
17.6  16.9

9.30  9.30

7.22  T.17
7.03 6.82

6.97 1.08

462 452

The weight in mg of right valves (RV)

and left valves (LV) of T. fabula.

RV
8.52
8.92
T.97
8.12
1.18

8.11

v

X
8.92
8.12
7.87
1.17

8.22

RV
T.92
643

10.80
6494
11.71

8.40

v
8.0
6.43

10.80
T.07

11.52

795

RV

4.95
7.78
451
L.6L
8.08

6.82

v
5.00
8.33
4.69
5014
8.05

6.72



Fig. 1. Regression analysis of the number of striae

versus shell length.
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Explanation of Plate 1

Photograph 1 Left valve of T. fabula x 24
2 Right valve x 24

3 and 4 Right valves showing variation
in the number of striae x 24
(Photograph 4 - specimen broke in
nounting, but was included as the

best specimen to show the variation).

5 Origin of striae (arrowed) x 96
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Plate 1



Explanation of Plate 2

Photograph 6

10

Spontaneous origin (arrowed)of

a stria x 192

Interruption and disappearance of
a stria (arrowed) at a growth

ring x 96

Distortion of striae at a growth

ring x 192

Distortion of striae around an

area of damage x 48

Close~-up, showing shape of

striae x 768.
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CONCLUSIONS.
Chapter 1.

The tolerance of T. tenuis was greater than that of
T. fabula in all the tolerance experiments.

The temperature tolerance of T. tenuis was consistently
higher, by about 5°C, than that of T. fabula, and this difference
is reflected in their respective littoral and sublittoral dis-
tributions, buf not in their respective geographical distribu-
tions. The zoographical range may therefore be limited by the
tolerance limits and survival raté of the larvae (Thorson, 1946,
1950, 19663 Kinne, 19703 Andronikov, 1975). However, Barnett
(1971, 1972) bas suggested that T. tenuis larvae can pass un-
harmed through a power station cooling system, and that the
heated water discharged had not affected the nearby T. tenuis
population. Unfortunately, no such data is available for the
survival of T. fabula larvae.

In their tolerance to salinity and desiccation, T.
fabula was again more susceptible, but the situation is com-
plicated by the fact that the valves of T. fabula have a
giphonal gape. T. tenuis, on the other hand, can shut its
valves completely, so the difference in tolerance may he due
to this difference in morphology. The reduction in salinity
along the western side of Kames Bay (Smith, 1955) may affect
the populations of T. tenuis and T. fabula, since both are
more abundant on the eastern side of the Bay. The interaction

of all factors (e.g. van Winkle et al, 1976) may, however,
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result in the exclusion of T. fabula from the more stressful |

zone, that is, from the shore.
Chapter 2.

The attempts to monitor the larval settlement patterns
would seem to indicate that either the larvae do select their
"habitat or the environment selects for the "suitable" species
in the first year or so of life. Many other invertebrate larvae
exhibit settlement preferences (Wilson and Day, 1934; Wilson,
1937, 1948, 1952, 1953 a,b, 1968; Knight-Jones and Stevenson,
19503 Knight-Jones, 1951; Carriker, 1961; Crisp, 1961; Bayne,
1969; Stebbing, 1972) and can delay metamorphosis to increase
their chance‘of finding the preferred substrate (Wilson and Day,
1934; Bayne, 1965). The larvae may also utilise the movement
of different strata in the water column to increase their chance
of arriving at a favourable site (Carriker, 1951 a, 1961; Hardy
and Bainbridge, 1951; Haskin, 1964; Knight-Jones and Morgan,
19663 Lough and Gonor, 19713 Wood and Hargis, 1971; Cragg and
Gruffydd, 1975), although some authors (Korringa, 1952, Verwey,
1966) have expressed doubts about this mechanism of active trans-
port. Selection may also occur due to hydrographic concentration
(Turner, 1961), in which the young post-metamorphosis bivalves
are sorted, along with sand grains of a particular size, by the
waves or currents until they are large enough to burrow into the
gediment and so escape the water movements (Kreger, 1940;
Baggerman, 1953; Carriker, 1961; Knight-Jones and Moyse, 1961;

Turner, 1961). If one accepts that the slight difference in
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grain size between littoral and sublittoral Kames Bay sands
was due to wave or current sorting, then it is possible that
waves or currents may also be able to sort out the slight
differences in size or shape of the Jjuvenile T. tenuis and
T. fabula.

With regard to the movement of adult Tellina, it appears
that the movement away from an artificial positioning was due
largely to the angle at which the animals burrowed. Once
within the sand, they moved little, if at all. This result,
and the results of the dispersion pattern experiments were
largely contrary to those of Holme (1950, 1961), but it may
be that his population had adopted a different life style,
based on deposit rather than filter feeding, from the popula-
tion in Kames Bay. The randomness of tﬁe distribution suggests
that there are neither intraspecific nor interspecific inter-

actions in T. tenuis and T. fabula, and neither species can be

said to exclude the other from the habitat by its presence

alone.
Chapter 3.

There was little trace of a consistent rhythm in either

T. tenuis or T. fabula. If anything, it was the littoral T.
tenuis which had the circadian rhythm predicted (Morton, 1973)
for the sublittoral species. The control of the short-term
rhythms in both species must therefore be almost totally
endogenous, and neither species would be restricted tp or
excluded from a habitat because of an "unsuitable" endogenous

rhythm. The lack of a marked circatidal rhythm may also
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indicate that, like Scrobicularia plana (Earll, 1975 a),

T. tenuis and T. fabula can both suspension feed or deposit

feed according to environmental conditions.

Chapter L.

The sand of Kames Bay changes little from EHWS to just
below IHS, but those sands are significantly different from the
deeper sublittoral (5.0 m below C.D.) sand. There was a greater
percentage of silt in the deeper sublittoral sand, but it seems
unlikely that T. tenuis, supposedly a deposit feeder (Blegvad,
1915; Atkins, 1937 a, b; Yonge, 1949; Pohlo, 1969), would be
excluded by such a small fraction (less than 5% of total dry
weight). However, T. fabula may be able to utilise the sub-
littoral cornditions more successfully than T. tenuis, since
Atkins (1937 a, b) considered that the gills of T. fabula were
better adapted for deposit feeding, and Stephen (1932) found

that T. tenuis grew best at the landward part of their range.
Chapter 5.

The burrowing movements of T. tenuis and T. fabula in

their respective sediments are identical, and there was no
difference between the species in the number of digging cycles
needed or the speed of burrowing. T. tenuis, however, burrowed
almost twice as deep as I. fabula. A burrowing depth of around
5 em might, if T. fabula was found on the beach, render it
vulnerable to predation by oystercatchers at low tide (Hughes,

1970). When T. tenuis was allowed to burrow in the sublittoral
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sand, which was less penetrable, more initial foot probing

was needed, and the burrowing depth was shallower than in the
littoral sand while the burrowing of T. fabula seemed unaffected
by a change from sublittoral to littoral sand. This effect on
the burrowing of T. tenuis may contribute towards its exclusion
from the sublittoral zone. The fact that burrowing depth was
correlated with size in field populations of T. tenuis suggested
that, as found by Nair and Ansell '(1968) in the Veneridae,
burrowing depth may be correlated with siphon length. It is
interesting to consider this suggestion in the light of the
observation of Forbes and Hanley (1853) that the siphons of

T. fabula might be longer than those of T. tenuis, yet T. fabula
consistently burrowed shallower than T. tenuis. This, and the
fact that T. tenuis burrowed shallower in less penetrable sand,
indicates that the major control of burrowing depth was more
probably the amount of penetration per unit effort (Nair and

Ansell, 1968).

Chapter 6.

The major morphological difference between T. tenuis and
T. fabula, the striations on the right valve of T. fabula, seem
to have no effect on the burrowing. While the striae may
strengthen the shell (Kauffman, 1969; Stanley, 1970), it is not
known why they should be needed on one valve only. The shell
of T. fabula was heavier and more solid than that of T. tenuis
in any case, and may afford it more protection against pre-

datory gastropods such as Natica alderi or Philine aperta

(Ansell, 1960).
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T. tenuis would thgrefore appear to be, on average,
bigger, more tolerant, and capable of burrowing deeper than
T. fabula, and hence one might expect that T. t?nﬁis would
exclude T. fabula where the two speciés are in direct competi-
tion. This happens only in the littoral zone, and if is
difficylt to understand how T. fabula excludes T. tenuis from
theaii;toral zone.

However, it must be remembered that such p;ovinces
exist in time as well as space.(Hedgepeth, 1957) so that the
present-day distribution may not be the same as that existing
M years ago and may be completely differeqt again from that
existing 2M years hence. The fossil record of T, tenuis (from
Heering, 1950) implies that the species has moved north from
Portugal since the Pliocene, but Heering's (1950) catalogue is
open to considerable criticism (e.g. Spaink and Norton, 1967).
Forbes and Hanley (1853) and Jeffreys (1863) both place the
origin of T. tenuis in the late Pleistocene, while West (1968)
states that the species is recognised as first appearing in
the Ipswichian faunas. Brggger (1901) considered that T. tenuis
was a boreal species which has moved west into Kristiania fjord
(South Norway) since the postglacial period, and that T. fabula
was a lusitanian species which has become extinct in Kristiania
fjord since postglacial times. The origins of T. fabula appear
to have been in the early Pleistocene (Wood, 184,8-82; Forbes
and Hanley, 1853; Jeffreys, 1863), although Moore (1970) dates
it as far back as the Miocene. It is possible, therefore,

that T. tenuis is slowly displacing T. fabula from all habitats.

There are, in addition, numerous records of other fossil
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Tellinidae which are thought to be from a habitat not unlike
that of Kames Bay (Norton, 1967; West and Norton, 1974) and
which may in turn have occupied a similar niche to that now
occupied by T. tenuis and T. fabula.

At present, however, the distribution of T. tenuis and
T. fabula would appear to be largely due to the interaction of
the physical environmmental parameters such as temperature or
salinity etc. and of sediment characteristics. The physical
parameters may act on both adults and larvae, but the sediment,
while it may influence adult feeding or burrowing, is probably
more important with regard to larval settlement. The tolerances
and behaviour of the larvae remain aﬁong the most important,
if not the most important, unknown factors governing the

species' distributions.
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STATISTICAL APPENDIX.
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i) Clark and Evans (1954) Nearest Neighbour Test.

The distance from one individual to another, its
nearest neighbour, provides a measure of the spacing which
obviates the use of quadrats and so eliminates the effect of
quadrat size.

For explanation of symbols, see Table 1.

To apply the test, a series of nearest neighbour
distances (r) is measured, using all the individuals or a
random sample of the population, and the value of the mean
nearest neighbour distance ( f‘) is calculated. The mean
nearest neighbour distance that would be expected in a random
population ( iﬁ)Aof the same density (p) is also calculated.
The ratio of the observed to the expected mean distance (R)
indicates the measure of the departure from randomness.

The significance of R can be tested by the normal curve using

the formula

where ¢ is the standard variate of the normal curve and
UTE is the standard error of the mean nearest neighbour

distance in a random population of density p.
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Example.

From Chapter 2, pages 68 and 85, Table 1,

experiment number 1.

Area sampled by dustbin =  855.6 cm’

Number of animals(measurements)N = 101

Der;sity P = 8—;%-6- = 0.118
Sum of measurements Zr = 144.1 cm
i"A =_Eﬁ:_r_ = l.43 cm
Tp = ot = 1456 cn
IEY
A S 0.98

or, = 2:28136 . 0.0758

c = 5= 0.3,

An R value of less than 1.0 indicates that the
observed nearest neighbour distances were less than those
expected, i.e. the dispersion pattern was aggreéated.
However, a ¢ value of 0.34 means that the result was not
significantly different from unity, and so the dispersion

pattern may be said to be random.
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Table 1.

:"Hl

HHI

Symbols and definitions for nearest neighbour

analysis (Clark and Evans, 1954)

number of nearest neighbour distances

measured.

distance in units between nearest neighbours.
density in indiduals per unit area.
mean of observed nearest neighbour distances.
" " expected " " "
measure of the degree of departure from

randomness of observed from expected

nearest neighbour distances.

standard variate of normal curve.

standard error of mean nearest neighbour
distance in a random population of

density p.
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2) Periodogram analysis (Williams and Naylor, 1967).

Periodogram analysis may be used in the analysis of
time series of values for any measure of the activity of an
animal to detect the existence and frequency of a rhythm.

The measure of the activity may be divided into blocks
of data (x) for any predetermined frequency (f). The blocks
of data for my experiments were 41.5 minutes long, and con-
sequently the frequencies scanned for rhythms occurred in
multiples of 41.5 minutes. The frequencies scanned were from
8 blocks (5 hours 32 miﬁutes) to 45 blocks (31 hours
7.5 minutes).

The blocks of data (xl, Xy X3 = = - xn) are divided

into f columns, and the values in each column are added thus:-

x x, -——- X,
Xrer T2 T T Top
Tore1  Tors2 =TT Zzp
Tn-fe1 Zpefy2 -7 7 X
and a mean value
obtained ¥y Yo - - - e

Lack of rhythmicity is indicated when the total values
Yy0 ¥ etc. approximately equal the‘overall mean activitye.
Rhythmicity is indicated when Y0 I etc. are distributed about
a sine curve, that is, they show extensive deviation from the

mean activity value.
The standard deviations (s) of the means of each of the

frequencies are obtained from the formula

2 1 2 1 2
5 = f -1 (zy -F (zy))
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. These values may be plotted on a periodogram to
obtain the frequency of the rhythm. It is better to
calculate the coefficient of variability (c.v.) which ex-
presses s as a percentage of overall mean activity, thus
permitting easier comparison of the results of different
experiments. The computer programme and flow diagram are

shown in Fig. 1 and Fig. 2 respectively.

Example.

From Chapter 3, Table 2, page 106, T. tenuis
animal number 2 (see also Fig. 2, page 112).
Row number 1, £ = 8

mean values = 5027’ 5.82, 5.93, 6010, 6.35,&071, 5.71{-, 6.01}

Zmeans = L45.96 2(means)2 = 265.92

standard deviation

s =\/17- (265.92 - %(u5.96)2>

0.52

mean activity

215

CeVe

0.52/5.75 x 100
9.06

L]
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Fig. 1. Computer programme for periodogram

analysis (Williams and Naylor, 1967).
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¢ M.D.BURNS ZOOLOGY GLASGOW  GBZAQ1lJ2
¢
c PROGRAMME FOR RHYTHM ANALYSIS
C WILLIAMS AND NAYLOR
c
0001 DIMENSION TITLE (20)
0002 1 FORMAT (13)
0003 2 FORMAT (4012)
0004 8 FORMAT %20A4)
0005 9 FORMAT ('1',20A4)
o
¢ PROGRAMME STOP CARD
0006 DATA BL/4H
¢
0007 INTEGER F,X(500),SUM
0008 99 READ (5,8) TITLE
¢
¢ PROGRAMME STOP CARD
0009 IF (TITLE(1).EQ.BL) CALL EXIT
¢
0010 WRITE (6,9) TITLE
0011 READ (5,1) N
0012 READ (5,2) (X(J),J=1,N)
0013 WRITE (6,3)
0014 DO100 F=8,45
0015 ANSSUM =0
0016 ANSSQ=0
0017 DO 40 L=1,F
0018 SUM=-0
0019 D020 J=L,N,F
0020 20  SUM=SUM+X(J}
¢
¢ OBTAIN SUM DIVIDE BY N/F FOR AVERAGE
¢
0021 IF(F-8)66,56 ,66
0022 56  WRITE(6,16)SUM
0023 66  CONTINUE
¢
c MAKE F,SUM,N REAL FOR CALCULATION
¢
0024 RF=F
0025 RSUM=SUM
0026 . RN=N
¢
0027 ANSSUM=ANSSUM+RSUM*RF /RN
0028 40  ANSSQ=ANSSQ+(RSUM*RF/RI)#*%2
0029 V=(ABSéANSSQ~ANSSUM**2./RF))/(RF-i)
0030 S=SQRT(V)
0031 CV=3*100,*RF/ANSSUM
0032 . . WRITE(6,4)F,ANSSUM,ANSSQ,S,CV
0033% 100 CONTINUE
0034 GO TO 99
0035 16 TFORMAT élB)
0036 %3  FORMAT ('0',T4,'F',T13,'ANSSUM!,T39,
1'ANSSQ',T53,'St,162,'CV!,//)
0037 4 TFORMAT (I5,F15.5,F25.5,F10.4,F10.2)

Fig.1



Fig. 2. Flow diagram for periodogram

analysis (Williams and Naylor, 1967).



TITLE BLANK *

2~ READ ¢N /
2~ READ IiATA X/
[ SETF =8 |

YES

F Y 45?

L =L + 1 L>F?

NO

[ SET ANSSUM = O]

v
[ SET A%?SQ = 0]

[SET L= 1 |

Ll_"‘_-] F+?L

PRINT

ANSWE?S

NO
[SET SO = 0|

SUM DATA IN
STEPS OF F

CALCULATE

ASSUM (£X)
ANSSQ (2x9)

CALCULATE
3, CV




3) Pattern analysis (Kershaw, 1960).

The pattern analysis is derived from Grieg-Smith's
(1952) technique of analysis of variance for detection of
pattern, in which the graph of mean square versus block size
rises to a peak at the block size corresponding to the
dimensions (spatial or temporal) of a "clump" or "mosaic" unit.
(See also Kershaw, 19643 Pielou, 1969, page 1043 for discussion
and criticisms.)

To apply the analysis, the scores for each unit within
the block are added together, and the total values are then
séuared and summed. The sum of the squares is then divided by
the block size. The resultant block square is subtracted from
the block square for the next block size, and divided by the
corresponding degrees of freedom to obtain the mean square
(see equation 1). The number of the degrees of freedom is
equal to the number of observations, minus 1, minus the number

of degrees of freedom already accounted for.

Mean square = Exa/ - ExZalza ............

The block sizes increase in a geometrical series
1 25 4y 8, etc., and to facilitate analysis a limit of a
block size of 256 was set on the computer programme. If the
dimensions of the data were considerably different from the
largest block size the data was divided into two parts,
a and b, e.g. a recording 90 sheets long would be divided into

part a, sheets 1 - 64, and part b, sheets 37 - 90; a recording
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LOO sheets long would be divided into part a, sheets 1 - 256,
and part b, sheets 145 - 400.
The computer programme and flow diagram are shown in

FPig. 3 and Fig. 4 respectively.

Example.

From Chapter 3, Table 2, page 106; T, tenuis

animal number 2 (see also Fig. 2, page 112) .

Number of sheets = 337

Part a sheets 1 -~ 256; Part b sheets 82 - 337

Block size = 4
, a 1]
Zx? of block size 4 = 88,226 964362
2x° of block size 8 = 166,250 181,086
d.f. (a and b same) = 64 -1 -3%‘1 = 32
88,226 _ 166,250
-MoSo (a) = Li- - . 8 = 22'82
. 32
96,362 - 181,086
M.S. (b) = L 8 = L5.46
32 -
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Fig. 3.

Computer programme for

pattern analysis (Kershaw, 1960).
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¢ ..M.D.BURNS ZOOLOGY GLASGOW GBZAO{JIW
C
¢  PROGRAM FOR RHYTHM ANALYSIS
C

0001 FORMAT (4012)

1
0002 2 FORMAT (' *,T110,10%X,2F20.4)
000% 3 FORMAT (2044)
4

0004 FORMAT ('1',20A4,//' ',5%X,'BLOCK SIZE',15X
1 *MEAN SQUARE',10X, 'ANSWER',//)
0005 9%  FORMAT (F10.5,F12.6)
c
0006 DIMENSION I(256), TITLE (20)
0007 DATA FIN / 4H /
c

C  READ TITLE
0008 10 READ (5,3) TITLE

0009 IF (TITLE (1).EQ.FIN) CALL EXIT
0010 WRITE (6,4) TITLE
C  READ DATA
0011 READ (5,1) I
¢ DO CALCULATIONS
0012 DO 100 N=1,9
0013 Y2=0
0014 JJ=2%%(M-1)
0015 . I=256/3J
C  ADD NUMBERS IN GROUP
0016 DO 40 J=1,L
0017 K2=J*JJ
0018 K1=K2~-JJ+1
0019 Y=0
0020 DO 20 K=K1,K2

0021 20 Y=Y+1 (X)

C
C PRINT INDIVIDUAL SUMS AND SQUARES
0022 WRITE(6,96)Y,Y2
c
C TFIND MEAN SQUARE
0023 40 Yo=Y24Y*¥%2
0024 SQMN=Y2/JJ
0025 I? (MeGT.1) GO TO 60
0026 WRITE (6,2) JJ,SQUN
0027 GO TO 100
0028 60 ANS=(SQ1=-SQMN)*2/L
0029 WRITE (6,2) JJ,SQMN,ANS
0039 100  SQ1=SQMN
0031 GO TO 10
0032 BND



Fig. L. Flow diagram for pattern analysis

(Kershaw, 1960).
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»READ TITLE /

YES
TITLE BLANK »END]
NO

/ READ DATA X/

v
[(SETE =71 ] '
YES ///////i\\\\\\“
M >9 72 e ’..PE-FMEI
' NO [5QT = SQMN]
[(SET Y2 =0 |
| g5 = 22| FRINT ANSWERSh-
v
[ L = 256/4]
I
CSETT =T )

[ANS = (SQ1-SQMN)*2/1L]

= K2=JJ+
[ ¥ =0 l

v
SUN DATA
Y1 4 Yyo
v
1 Y2 = Yo4Y

2
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