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Some physiological and ecological aspects of the
penetration into brackish water by certain

members of the Ophiuroidea. (Abstract)

by

Richard Michael Pagett

The problems of penetration into brackish water by
echinoderms are reviewed. A comparison is made between
Loch Etive and the Baltic Sea with respect to their individual
hydrographies. DIxperiments indicate that ophiuroids behave
as osmoconformers and that while Ophiocomina nigra is
stenohaline, Ophiura albida is potentially euryhaline. It is
argued that the perivisceral fluid of ophiuroids is similar,
ionically and functionally,to -the ambulacral fluids of
asteroids and echinoids. Salinity tolerance experiments
confirm that O.albida is potentially euryhaline. Differences
in tolerance between Q.albida and Amphiura chiajei are related
to their modes of life. lividence suggests that acclimatization
by O.albida can extend the tolerance to diluted sea water. It
is shown that O.albida, from Loch Etive, can be adapted to
full strength sea water rapidly and without subsequent
morphological deleterious effectss Possibilities resulting in
the presence and maintenance of O.albida at the head of Loch.
Etive are discussede It is considered that an increase in
the percentage of skeleton in ophiuroids is important in the
development of tolerance to reduced salinitye. A proposal that
Oealbida from the Oresund may represent a more advanced stage
than O.albida from Loch mtive in adaptation to brackish water
is mades

Evidence suggests that smaller animals have higher
Sr/Ca atom ratios than larger individuals of the same speciese
This may be manifested by a faster growth rate in young
animals or by the physical constraints of the incorporation
of the strontium ion into the calcite lattice. Data from
Q.albida (Loch Etive) demonstrates that there may be some
concentrating mechanism in these ophiuroids. Discrimination
ratios between the Sr/Ca atom ratio in ophiuroids and the
ambient medium are calculateds In an elevated ambient strontium
level ophiurocids may take up the ‘extra' available strontium
to different degrees which may partly reflect the original
ambient strontium concentration to which the particular species
are adapteds ' .
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PREFACE

"eos we creatures of the land are exiles,
displaced organisms on the way from one element
to another. VWe are still in the transit camp
waiting for our visas to come through,and when
they do and we go on out into outer space,

vhere I suspect most of the human race will live
for most of its history, we will regain most of
the freedom we lost when we left the sea - a
freedom which we try to recapture every time we
sink beneath the waves ocee

Arthur C.Clarke (1973)

, It is fitting that the above words should precede this
thesis since it was the yen for this concept of freedom which
first brought me face to face with the small, red brittlestar

known as Ophiura albidae« This creature has been the subject of

investigation for much of this thesis.

This having been said, it is also fitting to record
my thanks, appreciation and debt to those who have assisted me
in my research whether with advice and criticism, or during
fieldwork or by their examplee . '

The problems of echinoderms and the potential of some
species for penetrating waters of reduced salinity were first
brought to my attention by my supervisor, DreL.Je<Binyone
During my research he advised me of, and guided me to,the
substantial literature dealing with this subjecte As the work
progressed he suggested a number of approaches to the practical
side of the research and later, as writing up began, discussed
and criticised my drafte. It is a very great pleasure to record
my thanks to hime '

Also at the Zoology Department of Royal Holloway College
I should in particular like to acknowledge the practical assistance

from Mr.Nigel Hurley, Mrs. Christine Waite and Mr Steve Horrell.



The Botany Department kindly allowed me extensive use of their
atomic absorption spectrophotometer.

Part of the work for this thesis was carried out at
the Dunstaffnage Laboratory of the Scottish Marine Biological
Association. I am very grateful to Dr. J.D. Gage who courteously
. arranged bench space, boat - time and diving facilities for my
visitse During my dives at station I24 in Loch Etive I was
accompanied by the Chief Diving Officer of the Laboratory - Mr.
Alan Gale - to him I extend my gratitude. It was also at this
laboratory that 1 met !r. Anton Edwards who gave generously of
his time to explain the hydrography of Loch Ztive, and to provide
verbal and unpublished data of hydrographic interest. This data,
together with rainfall information provided by the Meteorological
Office, Bracknell, Berkshire, was used in conjunction with a
mathematical model constructed by Mre. Anton Edwards and his
colleague Mr. Duncan Edelsten to hindcast salinity at Borawe
during the last fifty years. The correlations between these
various groups of data were established by the efforts of Miss
Nicki Morgan. The results of her work have not been used directly
in this thesis since they are not of my compilation. However,
the information they have generated has influenced my thinking in
regard to the presence of Ophiura albida in Loch Etive.

My visits to the Dunstaffnage Laboratory have been,

without exception, happy and rewarding experiences which reflect
the friendliness and helpfulness which I was accorded upon each
occasione

Since the ability to dive has largely determined the
direction of this investigation it is a pleasure to acknowledge
the diving prowess of Mr, Brian Cumming who, by his instruction,
'patience and most of all by his example has influenced my diving
dufing the last five years. '

A special note of gratitude is extended to Miss Helen
Thomas. Helen was patient with my ramblings about brittlestars
and provided encouragement and coffee when necessary -'especially
during the writing-up stage of the thesis. ©She was also respons-
ible for the frontispiece — an impression of the sampling station
E24 at the head of Loch Etive. Her mother, Mrs. Elizabeth Thomas



very competently typed out this thesis for which I am very
grateful,

I must also thank Mr. Elvis Presley (deceased), Mr.
Bob Marley, and the Hydrographer of the Wavy. The first two
produced the broad spectrum of vocal atmospheres necessary for
my concentration, while the latter kindly gave permission
allowing me to base my map of Lochs Creran and Etive upon the

relevant Admiralty Charts.

-

Lastly, but by no means least, I must thank my parents.
My debt to them cannot be met by words. As some small token I
dedicate this thesis to them.
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INTRODUCTION

Echinoderms, by convention, are regarded as typical
stenohaline marine invertebrates. That is to say, they are
intolerant of extensive fluctuations in the salinity of their
habitat. Consequently they are not considered to be able to
penetrate brackish water to any significant degree. During the
past two or three decades there has been an increasing number of
reports, occasionally with some supporting experimental -observ—
ations, of echinoderms entering waters of reduced salinity. By
the iarge numbers of such reports describing the occurrences of
brittlestars in these environments, the Ophiuroidea are considered
to be the most euryhaline of the Echinodermata.

Despite the abundance of such papers reporting the
presence of ophiuroids in reduced salinities, such as are found
in estuaries and brackish water lochs and seas, there is a dearth
of physiolcgical and ecological observations upon which to
qguantify the potential of ophiuroids to successfully tolerate hypo-
osmotic environments. Often the size of some ophiuroid species
and their renowned fragility has precluded the use of these
echinoderms in, for instance, some of thé physiological investi-
gations which have been conducted upon some of the larger
echinoderms.

There are two main approaches to be considered in the
design of studies intended to explore thevpotential of brittle~
stars to tolerate lowered salinities. Firstly, natural distributions
of. the animals with associated limits can be assessed. Remane and
Schlieper (1971) call this the 'ecological .method' of study.
Secondly, the tolerance of animals to reduced salinity can be
experimentally determined. This has been termed the 'physiological
method' (Remane and Schlieper, 1971).

The approach of the present study has been primarily
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concerned with the latter method, though not without due
consideration to the benefits which the ecological method could
bestowe The results gained by the physiological approach have
been interpreted, closely, in terms of the ecology of the
animals under investigation.

"~ A fuller understanding of the ecological parameters
which influence the distributions of marine communities and their
continued existence has many consequencese. A not unimportant
possibility is that of predicting reactions, to some extent, in
marine animal distributions and within the organisms per se due to
the effects of processes, initiated by Man, which affect the
chemistry and hydrography of the seas.

This concept provides the raison d'&tre for the
strontium and calcium studies which comprise the latter part of
the present work. Strontium 90 (half-life : 28 years), ié a
relatively long-lived fission product of uranium and so may remain
in the environment for sufficient periods of time to be subject to
the concentrating effects of food chains. Possible sources of
oceanic contamination by strontium 90 are nuclear fallout and
limited direct disposal of reactor wastes containing fission
products (Mauchline and Templeton, 1964). Bowen (1956)
estimated that, upto 1956, the total oceanic load of strontium 90

was approximately 0.8 megaCurie. Thus, the hazard from
cohtamination of the ocean by radiocactive strontium would seem to
be fairly slight, assuming there to be a fair degree of dilution.

Since it has been demonstrated that several marine
organisms have the ability to accumulate ions to much higher
concentrations than are found in the surrounding sea water, it
would be instructive to assess this ability in terms of the
endemic total strontium. Subsequent studies could then relate
the interaction between the total strontium and radioactive
strontium to the possible effects upon marine organisms of an

increase in the oceanic burden of radioactive strontiume.
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THE PROBLEMS OF PENETRATION INTO BRACKISH WATER.
(A review with special reference to echinoderms)

Various classifications of brackish water, based on physical
considerations have been proposed, (these include Redeke, 1922, 1933;
Valikangas, 1926; Remane, 1934, 1940; Ekman, 1953). Biological
considerations have also been applied to the classification of brackish
water, (Vilikangas, 1933; Heiden, 1900)s The latter graded regions of
differing saiinity on the basis of particular assemblages of diatoms.
Recent reviews concerning the classification of brackish water have
been published, (Remane and Schlieper, 1971; Symposium on the Classi-
fication of Brackish Waters, 1959).

Following Kinne (19640), it suffices for the purposes of the
present study to term any body of water whose salinity lies between
300/00 and 0.50/00 as brackish water. Most of the work described in
this thesis considers waters whoee salinities are no lower than 120/00.
Where it is necessary, further quantitative qualification of the terms
‘brackish water! and 'waters of reduced salinity' will be given.

The problems of penetration into brackish water by marine
invertebrates have been the subject of much research in the past,

(recent reviews include Remane and Schlieper, 19721; Prosser and Brown,
1961; Kinne, 1964b ). However, most of this work has concentrated upon
phyla other than the:Echinodermata despite the number of species of this
group which appear either to live wholly or partl& in water with a
depressed salinitye Where echinoderms have been the subject of physio-
logical studies, (ASTEROIDEA - Loosanoff, 1942, 1945; Schlieper, 1957;
Binyon, 1961, 1962, 1972, 1976, 1978; Pearse, 1967; Ellington and
Lawrence, 1974; Stickle and Ahokas, 1974. ECHINOIDEA - Gezelius,

1963; Ciese and Farmanfarmaian, 1963; Lange, 1964; Stickle and Ahokas,
19743 Lawrence, 1975. HOLOTHUROIDFA . — Koizumi, 1932, 1935; Stickle
and Ahokas 1974), the Ophiuroidea appea} to have been studied very
little. , .
It would clarify the contribution of the present work by
summarising the physiological problems of survival encountered by
marine, invertebrate species during euryhaline penetration and give
some indication of previous work which has gone some way in describing
the strategies employed by those echinbderms that do occur, to a lesser

or greater degree, in waters of reduced salinity.
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Probably the fundamental principle from which physiological
problems can be considered is the é€ffect which the lowered salt content
of the environment has upon the animale. The integument of a typical
soft-bodied, marine invertebrate is permeable to water (Bethe, 1930).
The echinoderm integument is no exception. Early work by Frédéricq,
1901; Macallum, 1903; Botazzi, 1908 had shown that the surfaces of
marine invertebrates act as semi-permeable membranes. However, Bethe,
(1929) using the opisthobranch mollusc Aplysia, convincingly demon-
strated that this was incorrect and that ions could pass through the
integumental membranes.

Koizumi (1932, 1935) examined the permeability of'the body

surfaces of the holothurian, Caudina chilensis, and reported that

univalent ions permeate faster than divalent ions. This selection of
univalent ions is probably of general application (Remane, 1939).
Remane and Schlieper (1971) further suggest that the permeability of
the integument of species living in waters of reduced salinity should
be lower for single ions only would be unlikely. They further
propose that the rate of penetration of one ion should permit general
conclusions to be made regarding ion-permeability and, perhaps,.also
for the passage of water. Krogh (1939) too, considers that the inte-
gumental permeability for ions and for water may be related. Employing
sodium iodide, Ussing (1934) showed that stenohaline species are more
permeable than euryhaline speciese. Euryhaline‘species and those that
are largely independent of the external salinity'are the least permeable.
There have been few permeability studies conducted on
echinoderms. Subsequent to the studies of Koizumi (1935) the majority
of these studies concern asteroids, (Kowalski, 1955; Schlieper, 1957;
Binyon, 1961, 1962, 1972, 1976). The latter author investigated the

permeability to water of Asterias rubens from the North Sea. It was

‘demonstrated that this species is permeable to water and that this
permeability remained unchanged during the year.

When a typically marine echinoderm, isosmotic with full
strength seawater, is placed in diluted seawater, water passes through
the integument into the animal by osmosis diluting the body fluids until
a new, and lower, osmotic pressure equilibrium is achieved. It is
likely that ions in the body fluid diffuse out of the animal down the
concentmation gradient between the body fluids and the medium and that
this would also lower the osmotic pressure of the body fluid (Bethe,1930),
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So, the establishment of a new equilibrium is brobably due to water
movement into the animal and to salt movement in an opposite direction
leading to a smaller water influx than would be predicted for a given
dilution.

Kinne (1966) proposes that there are various compensatory
mechanisms available to a marine invertebrate should the ambient

salinity be depressed:-

(1) Escape

(2) Reduction of contact with the
lowered salinity

(3) Regulation
(4) Adaptation

The ability to escape w&uld require a reasonaﬁly efficient
means of detecting lowered salinity. Pearse (1936) remarks that
detection of slight changes in salinity by many aquatic invertebrates
is knowne. Loosanoff (1945) suggests that asteroids, in general, and

Asterias forbesi, in particular, are capable of such sensory ability.

Reduction of contact by echinoderms, when faced with a
lowered ambient salinity, may b= effected by, possibly at least three

methods. Firstly, the production of mucus by Asterias rubens, found

at the head of Loch Etive, may be a response to salinity (Binyon,1976).
Secondly, Stancyk (1975) proposes that Ophiothrix angulata, from the

Cedar Key region of Florida, has a shortened pelagic life which may
enable it to avoid extremes of salinity. Finally, Turner (1974)
proposes that selective post-metamorphic growth of the arms in the

ophiuroid, Ophiophragmus filograneus may permit an early descent of

the disc into the substratum, and thus remove it from contact with
water of depressed salinity present in the surface layers. It has

.beén recognised that the ability to burrow in marine invertebrates

may enable them to avoid extremes of salinity (Topping and Fuller,

1942; Kinne, 1970)e In echinoderms this method has been suggested

. for Ophiophragmus filograneus, Stancyk (personal communication)s

As yet there does not appear to be any extensive ionic or

osmo-regulatory system universal within the Echinodermata. Ellington

arid Lawrence (1974) report a degree of volume regulafion in the asteroid,

Luidia clathrata, which contrasts with the absence of any such regu—

lation in Asterias rubens (Binyén,'1961). Earlier work on Asterias
tubens (Bethe, 1934; Maloeuf, 1938) conflicts with these findings;
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however it has been suggested (Binyon, 1961) that this is due to
experimental design in the earlier work. Pearse (1967) reports some
weight regulation (via inbibition into the supradorsal cavity) in the

antarctic asteroid, Odontaster validus, while none was demonstrated by

Giese and Farmanfarmaian (1963) in the echinoid, Strongvlocentrotus

purpuratus. I?¥ has been suggested that there may be an optimal
coelomic volume to body volume ratio which would tend to be maintained
(Preeman, 1966; Binyon, 1972a).

Some degree of ionic regulation has been described in

Asterias rubens from the North Sea (Binyon 1962). There appears %o be

some accumulation and regulation of calcium ions in the perivisceral
fluid, and of potassium ions in the ambulacral fluids of the water
vascular system. Seck (1958) examined this species from the Western
Baltic Sea and did not report any accumulation of calcium ions.

Isosmotic intracellular regulation is a phenomenon whereby
cells do not take up as much water as is perhaps expected by the degree
of dilution of the medium when a soft bodied marine animal is placed
in diluted seawater.

It is thought that this is due to regulation at the cellular
level rather +than at the tissue levele This may be by a variation,
perhaps, in the selective membrane permeability or shunting of wvarious
chemical components, e.ge. amino acids, in order to maintain cellular
osmotic pressure.

A response of this type is described in Asterias rubens

CIéuniaux et al, 1962; Binyon, 1972b) where there was found to be a
smaller than expected tissue hydration during a lowering of salinitye.
This is thought to be indicative of the presence of an isosmotic
intracellular regulation. Such regulation has also been reported |
for the echinoid, Strongylocentrotus droebachiensis (Lange, 1964 )and
in the asteroid, Luidia clathrata (Ellington and Lawrence, 1974 ).

In this type of regulation it is thought that amino acids

are of paramount importance.- Marine invertebrates which have a 'free
amino acid pool' have been shown to regulate this pool in response

to salinit& change (Stephéns and Schinske, 1961)s Such responses have
been investigated by several authors (Stevens and Virkar, 1966; Emerson
1969; Stickle and Ahokas, 1974; Stickle and Denoux, 1976)e It has
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been demonstrated that the amino acid pool decreases as the ambient
salinity decreases. Stevens and Virkar (1966) proposed that this is
due to the incorporation of amino acids into polypeptides - a more
economical process than excretion. Florkin (1962) has suggested that
this represents an osmoregulatory response in the sense that a
decrease in the size of the pool 'cushions' larger fluctuations in
the other cellular constituents.

Stevens and Virkar (1966) demonstrated that the ophiuroid

Ophiactis arenosa, was capable of removing amino acids from very

dilute solutions in seawater, i.e . uptake may maintain the pool when
the latter was being drained due to salinity depression. They
suggest that the salinity decrease produces an increase in the
incorporation of free amino acids into polypeptides and this causes
a decline in the pool. Lange (1964 describes three stages in the -

isosmotic intracellular regulation of Strongylocentrotus droebach-

iensis ~ an isosmotic step, an intermediate step and, finally, a
regulatory step where the amino acid pool is utilised.

Probably the main strategy employed by echinoderms, which
penetrate waters of reduced salinity, is that of adaptation. This
enables the organism to adjust to changes in the critical salinity.
Such adaptation is of two main types: genetic and non-genetic (Kinne
1964c; Schlieper, 1967)e The former governs increases in tolerance
to fluctuating salinity where the main selection mechanism is
selection acting upon the available genetic materiale The latter,
non-genetic adaptation, involves quantitative changes iﬁ the response
mechanism of an individual which are not passed on, as such, to |
succeeding generations. These changes may lead to significént
modifications with respect to lethal limits, activity, metabolism,
reproduction and other functionse. .

Stancyk (1973) studied the ophiuroids and echinoids of
the estuary at Cedar Key, Florida. He suggests that up to 75% of
the inshore species display physiological, morphological and

behavioural adaptations in response to the estuary conditions at

Cedar Key. The ophiuroid, Ophiothrix angulata relies on high

dispersal and the ability to colonise or recolonise disturbed
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habitats after local extinction due to rapid salinity depreésion.

This is in contrast to two other ophiuroids, Ophiophragmus filo-

graneus and Ophioderma brevispinum, which show adaptations which

help the young stages avoid such stress conditions'(Stancyk, 1973).
It has been proposed that egg size, in cphiuroids,
correlates with development (Schoener, 1972) and that direct egg
development would remove larvae from possible salinity depression
in the surface waters (Pearse, 1969; Stancyk, 1973).
Schlieper (1957) compared various features — percentage
water and ash content, and rates of metabolism in some of the soft

tissues of Asterias rubens firom the Baltic Sea and from the North

Sea. He concludes that some of the differences may have arisen as

responses 1o lowered salinity. Although Asterias rubens is able to

reproduce in the depressed salinities of the Kieler Fjord, (15°/00),
in the Western Baltic Sea he is not of the opinion that this is
conclusive of a physiological race. He suggests that all the diff-
erences between Baltic and Nortﬁ Sea animals could be derived by a,
more or less, lengthy process of adaptation. It should be men-—

tioned that Asterias rubens at the extreme parts of its range in

the Baltic Sea is unable to breed (Segerstrile, 1957, citing.
Brattstrom, 1941).

The ionic composition of seawatler affecis sperm motility
and longevity. Timourian and Watchmaker (1970) used the echinoid,

Lytechinus pictus, and demonstrated that the spermatozoa are

capable of adapting to a reduction in the salt content of the
ambient medium and therefore are able to fertilize eggs in lowered
salinities. .

The echinoid, Psammechinus miliaris, exists, off the
Swedish coast, as two distinct forms - 'S' and 'Z2' - which occur
at different depths and thus live in different salinities.
Gezelius (1963) attempted to characterise the optimum salinity
regimes, of the two forms, by using the different cleavage rates
for egg development.s He demonstrated that adaptation to depressed
salinity involved changes in tolerance range and cleavage rate. It
was possible to cross-—adapt these forms to the salinity range of the

other forme. The differences between these two forms should not be
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considered as permanent modifications or hereditary characters since
they appear to be morphological forms which have developed in
response to various regimes of salinity, light and temperature at

which metamorphosis and early development occur (Gezelius, 1963 ).
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A DESCRIPTION OF LOCH ETIVE

(With special reference to similarities with the Baltic Sea)

Loch Ltive is a long, narrow sea loch situated on the
fjordic coastline of Western Scotland a few miles north of the
small town of Oban (National Grid Reference: KM 860 300). This
loch runs inland in an easterly direction for some 13 kilometres
and then bends round to the north east and continues for a further
16 kilometres (see map).

It is a triple basin system connected to the .sea by a'
sill, 4 kilometres long, 300 metres wide and 10 metres deep (Edwards
and Edelesten, 1977). The Falls of Lora mark the seaward end of
this sill, while another sill is located at Bonawe some 11 kilo-
metres further up the Loche A third sill at Achnacloich divides
the lower basin but this subdivision is considered to be of minor
importance with respect to overall hydrography of the Loch
(Edwards and Edelesten, 1977) so the loch will be treated as a
functional twin basin system in the present worke.

The elongate, upper basin has been subjected to glacial
erosion (Charlesworth, 1954) and, as a consequence, has been over—
deepened to the extent that the maximum depth-attained is 153 metres.
The lower basin has a maximum depth of T4 metres.

Gage (1972a, 1974) has described the features affecting
the hydrography of the loche The sills exert two effects upon the
tidal regime operating within the loch. One effect is to reduce
the tidal amplitude within the loch by as much as one +third in
comparison to the tides which impinge upon +the open coast in the
4 Firth of Lorne. The sills also cause a delay in tidal phase so
that the times of high and low water may be delayed by as much as
1% hours. ,

The surrounding topography Qf Loch Etive permits a rain-
water catchment, (some 1400h12) larger than any other Scottish
fjord. The principal rivers draining into the loch are the rivers

Awe, Etive and Kinglasse The River Etive enters at the head of the
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Loch while the Kinglass enters on the east side between the Etive
and the Awe (see map)s The River Awe, which enters the Loch at
Bonawe, flows through the Pass of Brander and drains Loch Awe.

The Awe flow is regulated by a hydroelectric scheme which
has the potential to significantly modify the salinity of sill
water at Bonawe and thus the renewal periodicity of the deep water
in the vpper basin of Loch Etive (Edwards, personal communication)s

The salinity regime of the deep water mass of the upper
basin has remained fairly steady with the salinity at about 270/00
to 28°/00 (Edwards and Edelsten, unpublished data). The lower
basin has a similar, or slightly higher, salinity value. Due to
the large volumes of freshwater runoff, from the Loch Etive catch-~
ment, there is a pronounced freshening effect upon the upper layers
of the water mass in the upper basin which manifests a relatively
steep density gradient from the surface of the Loch down to about
twenty metres below the surface. Gage (1972a) states that the
salinity at the surface at the head of the Loch has varied from 10/60
to 26?/00 and that the salinity tends to decrease from the seaward
end of the Loch towards the heads -

Lack of substantial tidal oscillation permits the estab-
lishment of a brackish layer of water, with a variable thickness,
overlying the more saline, deeper waters The brackish layer,
however, is not a packet of wailer where the salinity gradually
increases from the surface to the halocline and then more rapidly.
Rather, it is a layered structure comprising bands of water where
salinity decrease is gfadual,aiternating with bands where the salin-
ity changes sharply. The transition areas between these bands are
sites of arrested sedimentation which appear as sheets of suspended
particulate material which can be observed while diving throughvto
fhevmore saline, deeper water.

The bottom water of the ﬁpber basin stagnates for
varying periods; from a few weeks to a year or more (Edﬁards and
Edelsten,.1977). It is replaced by water of a greater density from
the sill region, at Bonawe, which overflows and forms a turbulent
plume and which then flows down the slope lifting the bottom water

to sill level where it gradually loses its 'bottom water features'.
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Such renewals of the deeper water hass are thought to be initiated
by very low freshwater imput to the upper basine The rate at which
such flushing occurs is determined by the rate of supply of sill
water by the flood tides. The minimum time to flush the basin
below sill level is one week at spring tides (Edwards and Edelsten,
1977)e

The high imput of freshwater to the Loch results in the
establishmént of a semi-permanent layer of brackish water which,
although the salinity difference is of a stepped nature, is a dis-
tinct layer with a steep gradient séparating it from the more saline
water below. The depth, thickness and internal gradient of this"
layer is directly controlled by the recent history of réinfall on
the Loch Etive catchment (Gage, 1972a).

. There is a long term effect on the water below the halo-
cline which has a consistently lower salinity than the open sea.
This is thought to arise through a continued association between it
and the brackish layer above. The characteristics of this more
salty water lying below the halocline are probably more permanent
(Gage, 1974 )«

The effects upon the animal communities within Loch Etive
of the salinity conditions have been discussed by Gage (1974).

The hydrographic conditions found within Loch Etive are
not as stable as those found in the brackish water Baltic Sea. They
are, also, not rapidly fluctuating systems as observed in typical '
estuaries. The Late- and Post-Glacial history of the Baltic has
included periods with fresh and marine waters (Segerstrile, 1957a).
At the present time, the Baltic Sea is classified as 'brackish'
(Segerstrile, 1957a). .

Like Loch Etive, the Baltic Sea is diluted by a large
freshwater influx from a widespread land area, via nearly 250
rivers (Segerstr&le, 1957a), which is entrained due to the presence
of narrow and shallow connections with the ocean. These areas are
equivalent in function, with respect to effects upon the hydro-
graphy of the Baltic Sea, to the sills at Comnnel and‘Bonawe'of Loch
Etives There are three outlets from the Baltic Sea; the Little
and Gréat Belts and the Sound, (Oresund). Due to the width and depth
of the Great Belt Sea there is a landward moving mass of salt water
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penetrating along the bed of the Great Belt into the Baltic. While
on the surface, there is an outflowing mass from the brackish sea.
Outflowing water also passes via the Little Belt and the Sound.
Marine incursions occasionally penetrate through the latter outlets.
The salinity of the landward flowing water does not exceed 150/00 -
20°/00, while that of the Little Belt and the Sound and the surface
of the Great Belt is between 15 /0o — 20° /oo (Segerstrile, 1957a).

Occasionally the marine influx, probably under the influence
of winds, builds up and enters the Baltic Sea beyond the thresholds
and it is thought that ‘such influxes are responsible for renewing
the deep water east of the thresholds in the Baltic proper. These
incursions have been described by Segestrfle (1957a), as 'piston
strokes' and are equivalent to the renewals of the upper basin in
Loch Etive.

The echinoderms found in the Baltic Sea may occur as
far to the east where the threshold salinities drop as low as 8°/oo.
However, though the conditions'fluctuate in the Sound and the
Belts as they do in Loch Etive, these fluctuations are by no means
as frequent as those operating in Loch Etive. This allows echino-

derms, principally, the asteroid,; Asterias rubens, and the

ophiurcid, Ophiura albida, to survive the reduced salinities,

through the development of either physiological races or resistance
to diluted seawater by the process of adaptation (Remane, 1959 ).

It has been suggested by Cage (1974) that these species in Loch
Etive are not able to tolerate such low salinities because of the
wider salinity flucfuation over time scales which would not allow

acclimatizatione.
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DISTRIBUTION OF Ophiocomira nigra and Ophiura albida

(With special reference to their relative euryhalinities)

The genus Ophiocomina is known by only one species,

- Ophiocomina nigra (Abildgaard). WMortensen (1927) has described

this species as occurring in British and European seas. In British
waters Q.nigra is common all round the south and west coasts and
down to Durham on the east coast. Interestingly, it is not recorded
from the open waters of the North Sea.

On the contirent it is distributed from the Trondheim
Fjord on the Norwegian coast down to the Azores and the Mediterra-
neén. The bathymetrical distribution is O - 400 metres, though
it is generally rare below 100 metres.

Nowhere in its range is Ophiocomina nigra reported to be

found in waters of reduced salinity or waters which may periodically
be diluted. During the following investigations described in the
present study O.nigra is used as a representative of an oceanic,
stenohaline brittlestar -~ one which does not tolerate any reduction
in the salt content of its ambient medium.

The other species which is mainly involved in the present

study is the ophiolepid, Ophiura albida (Forbes). Mortensen (1927)

describes this species as occurring around all coasts and is
distributed from East Finmark to the Mediterranean and the Azores.
It is reported from the Western Baltic Sea, though not beyond
Bornholme In the North Sea it is 'very abundant' in the central
part (Ursin, 1961). The distribution of this species has been
.exhaustively reviewed by Tyler (1976). It is a common echinoderm
.of the Oresund where its larvae are abundant in the autumn plankton.
Larvae have also been recorded from the Wadden Sea (Smidt, 1951).
Mistakidis (1951) cited by Ursin (1961) notes that O.albida occurs
in the estuary of the River Roach in Southern Fngland.

" Records have described this species from either brackish
water per se or from water which is subjected to some reduction in

salinity on a more or less regular basis. Consequently, this species
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has been used as an example of a euryhaline brittlestar since it
has a well documented ability to tolerate a reduction in the salt

content of the ambient medium.
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SOURCES OF ECHINODERM MATERIAL AND METHODS OF HUSBANDRY

Echinoderm material for experimental work, carried out at
Royal Holloway College, was obtained from a variety of sources
dependent upon the species required and/or the salinity regime

under which the species lived.

(i) oOphiocomina nigra (from full salinity

conditions:- 340/00) were sent by rail from

the Marine Biological Association, Plymouth.

(ii) Ophiura albida (from full salinity

conditions:— 33 - 340/00) were sent by rail
from the University Marine Biological Station,
Millport on the Isle of Cumbrae.

(iii) Ophiura albida, (Loch Etive), were trawled or
hand collected (SCUBA diving), and transported

by road.
See page 98 for the stations and their

respective salinities sampled.

(iv) Ophiura albida from the Oresund (about 18%°/oo) -

were sent by air preserved in 5% formalin.

"(v) Ophiura albida from the Little Belts (about
18%/00) were hand collected and subsequently

transported by road and sea.

The procedure upon receiving live material was identical
in all cases irrespective of mode of collection or transport.
The glass or plastic containers in which the animals travelled were
floated for 20 - 30 minutes in tanks containing seawater of the

appropriate salinity. These tanks were maintained at a temperature
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of about 10 - 14°C. The bases of the stock tanks were lined with

standard agquarium gravel in the case of Ophiocomina nigra; with

sandy detritus - Ophiura albida from Millport; with mud -

Ophiura albida from the Oresund and Loch Etive.

The water was circulated (30 gallons per hour) by either
Nuova or Eheim power filters. The salinity was monitored every
two days by silver nitrate titration (1975 - 1977) and by a Goldberg
Temperature-Compensated Refractometer : Model No.10419 (1977 - 1978).
The latter emplays the principle of incremental changes in the
refractive index of waters of differing salinity. The salinity
was maintained h 1.00/00. Adjustments to the salinity were made
by evaporation (to increase salinity), or by the addition of glass
distilled water (to lower salinity).

Although large aggregations of brittlestars have been
reported in the literature (see review by Reese, 1966), there was
some indication that some species of ophiuroid should be kept in
low densities in vivo. This was particularly evident with

Ophiura albida from Loch Etive. It was observed that after a

week or so many of the britilestars in the stock tank, containing
individuals from station E24, of girca 150 — 200 per 0.5m2, had
the last few distal segments, (5 - 6), of their arms missing.
Observations by SCUBA diving did not indicate large numbers of
'cropped individuals' at this station. A crude, qualitative
experiment was carried out to test the occurrence of cannibalism

in Ophiura albida.

A few completely intact specimens of 0. albida were
kept in gir for about five minutes in order to incur some degree
"of immobility in the animals from desiccation. These 'treated'
individuals were then re-introduced to the original stock tank
- containing the rest of the ophiuroids from station E24. Within
minutes, one or more of the 'normal' QO;albida had moved onto the
'treated' animals. The method of attack was the same in all.
cases. The distal segments of the arm were held by the mouth podia
of the 'normal' Q.albida. When the 'normal' Q.albida moved away

from the %reated' individuals, (after. a variable time of 5 — 30



- 41 -

minutes), the most distal (5 - 6) segments of the ‘'treated!
O.albida were clearly missing. It was observed upon two occas-
ions that all five arms of a 'treated' individual had a 'normal’

Q.albida attached to them. Possible causes of this behaviour

were not able to be testede As a result of these observations
all ophiuroids were kept in low densities -~ less than twenty per
05n°.

'Every two weeks, thawed soft tissue of Mytilus edulis

was broken up in the water whilst the circulation was switched off
for one hour, (so as to allow for settling of the fragments). A

week prior to use in experiments feeding was discontinued.

Following the above procedures ophiuroids could be

maintained for up to periods in excess of a year.
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From previous physiological studies it is possible to
derive a scheme of investigation relating to the penetration of

echinoderms into waters of reduced salinity, namely:-

1« Investigation of the ability of the
species to regulate its weight in reduced

salinity.

2. Investigation of the distribution of the
ma jor cations, sodium and potassium and of
the chloride anion in the ambulacral and
periviscéral body fluids and the subsequent

adjustment, if any, to lowered salinities.
3¢ Investigation of the tolerance of the

species under study to reduced salinity.

This scheme has largely been followed in order +to

investigate the potential which the ophiuroid, Ophiura albida,

may have to penetrate waters of depressed salinity, with

particular reference to the Scottish sea loch, Loch Etive.
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CRAPTER ONE

INVESTIGATION OF THE ABILITY OF Ophiocomina nigra and»Oghiura
albida TO REGULATE THE BODY WEIGHT IN DILUTED SEAWATER.

1«1 Introduction:

Following the course of wet weight changes, if any,
of a marine invertebrate when placed in diluted seawater permits
observation of whether the invertebfate is osmo-~conforming or
osmnoregulating when faced with dilution of its environmental
mediume.

In echinoderms, most work of this nature has been
conducted upon asteroids (Bethe, 1934; Maloeuf, 1938; Binyon,
1961; Pearse, 1967; Ellington and Laﬁrence, 1974; Stickle and
Ahokas, 1974). i

Although the results of Bethe (1934) and Maloeuf (1938)

both indicate evidence of weight regulation when Asterias rubens

was placed in diluted seawater, it is the opinion of Binyon

(1961) that this may have been due to experimental technique since
these animals become very swollen in diluted seawater and the
integument splits readily. Ellington and Lawrence (1974) consider-
ing this opinion ensure that this is not applicable to the results

of their work upon the asteroid, Luidia clathrata which indicates

a degree of volume regulation. Binyon (1961), using a cage method

of weighing Asterias rubens, reports no weight regulation down to

50% sea water. Further dilution probably damaged the integument
resulting in large salt losses producing a smaller than expected
increase in weight as suggested by Binyon (1961). Pearse (1967)
describes a regulation of coelomic water volume which maintains a

seasonal fluctuation in the asteroid, Odontaster validus. This

ability is thought to allow ‘this shallow water asteroid to withstand
hyposmotic conditions wﬁich occur when freshwater runoff enters the
shallow waters of the habitat in summer. Stickle and Ahokas (1974)
wbrking upon the asteroid, Pisaster ochraceus, the holothurian,

Cucumaria miniata and the echinoid; Strongylocentrotus droebach-




- 44 -

iepsis concluded that there is little change in the percent body
water during a twelve hour experimental tidal cycle,and suggest

that changes in perivisceral fluid osmotic pressure were mostly

due to ion movements.

It is of interest that no .such work has been reported
in the literature concerning weight change experiments using
ophiuroids. It is one of the main objects of this work to
determine whether any such weight regulation occurs when ophiur-
0ids encounter water of reduced salinity.

Comparisons were made between the wet weights of two
species, one considered to be stenchaline and one which is thought
to be euryhaline due to its occurrence in the Baltic Séé. These
were monitored during a seven hour period in varying dilutions of
seawaters

Ophiocomina nigra was employed as an example of a solely

oceanic ophiuroid, i.e. one which does not occur in reduced

salinitiess The other species was Ophiura albida which is to be

found in full strength seawater at Millport where a salinity of
330/00 to 340[00 obtainse. This species also occurs in reduced
salinities in Loch Etive (16°/oo to 28%/00).

1.2 Rationale of weighing method:

The common name for the Ophiuroidea - Brittlestars -
reflects the inherent fragility of these échinoderms. It is this
tendency to 'break up' which makes the repetitive weighing of
these animals difficult. The tips of the arms are particularly
liable to breakage and in this way leak body fluids when lifted out
of the seawater which acts as a support. Consequently, it is
desirable to be able to weigh these.ahimals with the minimum of
handling of the arms. It is'when the arms of the brittlestar are
out of the water that fracture and breakage is most likely to happen
and so one of the main criteria to be considered in a weighing

method is one which facilitates the continual support of the arms.
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A cage method seemed appropriate. This technique had been
used previously by Binyon (1961) who also recognised the need for
continual physical support when weighing the asteroid, Asterias
rubense. He used cages made of plastic which weigﬁed about 90 grams
and which, when using starfish of about 30 - 100 grams, gave results
which were not unduly affected by the 'deadweight' of the cage.

The brittlestars which were being used were, however, very much
smaller — of the order of Os1g - 2.8g ~ consequently such cage
sizes would not give a sensitive enough indication of any weight
change. '

Various materials were tested:—

- with regard to proportion of cage weight to total wéight of
cage and animal

- fér ease of drying to a constant weight

—~ for ease of handling

-~ for final reproducibility of'results.

A cage made of muslin, (mesh size: 1mm in diameter)
in which the animal was placed and the four corners of the muslin
'square' were brought together, secured by a paper clip attached
to which was a length of cotton, was found to be suitable.

The procedure for weighing an animal was as follows:

The muslin cage containing the animal to be weighed was
carefully lifted from the test solution and gently placed on a
bed of tissue paper. The clip and cotton were removed and the
muslin laid out flat on the tissue. Another tissue was used to
gently pat the animal and the upper surface of the musline The
muslin, still supporting .the animal, was carefully gathered and -
placed in a weighing boat with another, inverted, boat acting as a
lide The total weight of the boat and 1lid was 40~ 5.0 grams. -
The weighings were found to vary considerably if a lid was not
used, and this fact heavily outweighed any inaccuracy arising from
the addition of more 'deadweight' to the methode The weighings
were carried out on an Oertling balance (Model No. V 20), after
which the muslin cage was taken out of the hoat, remade with the

clip and replaced in the test solution.
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143 Test for reproducihility of weighing method.

(a) Nethod: _

A series of weighings were made with both of the species
under investigation in order to assess the reproducibility of the
methode Great care was taken not to unduly expose the specimens to
the atmosphere for any longer time than was absolutely necessary.
Only animals with completely intact arms, or arms where regeneration
had obviously resulted in a sealed apex were used. Breakage of
arms could never be entirely eliminated and any results obtained .
before a fracture in an animal was identified were subsequently
ignoreds. Animals were immersed in full strength seawater using the
above .method of caging{ removed, dried, weighed, reimmersed and the
operation repeated until one individual of each species had been
weighed, consecutively, ten times.

(b) Results:

The results of this technique assessment are displayed

in Table 1.1.

(¢) Discussion: ‘
There are two points of interest. Firstly, the method
appears to be .sufficiently reproducible despite an apparently large

weight of cage. Secondly, Opbiura albida can be weighed with a

consistently greater reproducibility than is possible with Ophiocomina
nigra. It is thought that the more prominent spines of O.nigra
would serve to entrap a more variable quantity of water than those of
O.albida which are much reduced. Since a major potential source of
error is the degree of patting which is applied, and which is
difficult to regulate consistently, one would expect a longer spined
anihal to retain more water between the spines than a shorter spined
animal after the same degree of patting had been applied to both
species under similar conditions. -

Before following the weights of animals in diluted seawater,
it was necessary to first determine whether there was any natural
oscillation in the wet weights of the twe species, O.nigra and

Q.albida in full strength sea water.
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Table 11 Reproducibility of weighing ophiurcids by a

'muslin -« cage ' methode

SPECIES Nﬁl»ﬁBER PERCIENT DIFFERENCE BETWEEN STANDARD
OF INITIAL AND SUBSEQUENT DEVIATION
WEIGHINGS | WEIGHTS AS A MEAN
Oghiura
albida 55 - - 2.l 3463
(Mi1iport)
Ophiocomina i )
nigra 55 - 151 23
(PLymouth)
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144 Test for natural oscillation of wet weight in full strength

sea water.

(a) Method: '
The wet weights of six individuals of both species were
monitored during a seven hour pcriod in salinities normal for the

particular species. These salinities were as follows:

Ophiocominag nigra - 340/00
Ophiura albida, (Miliport) - 330/00

Ophiura albida, (Loch Etive: E24) 28°/o0

Six muslin cages were weighed without and then with
specimens of the appropriate.speciess These cages were then
lowered onto the gravel bottom of a 30 litre tank containing sea
water of the appropriate salin}ty. The seawater was circulated
through a Nuova power filter and was cooled by a Churchill cooling
unit to 12°C. The salinity was checked by silver nitrate titrat-
ion, using potassium chromate indicator, at the beginning and at
the end of the experiment.

(A solution of silver nitrate containing 27.25 grams per
litre when titrated against a 10 ml. sample of seawater gives a
direct reading of salinity in parts per thousand, (°/00),)e.

Although salinity is a weight/weight relationship and
not a volumetric concept, for which minor corrections can be made,
(Farvey, 1955), it was not considered necessary to make such
adjustments, since an accuracy of more than hs 1°/oo for these
experiments was not required. Also, over the duration of this
experiment, the salinity was not found to vary significantly (i.ee
by more than = 1°/00) from the initial value and so adjustment was
not necessary.

The six animals were weighed at hourly intervals up to,
and including, five hours and then finally at the end of the
experiment (seven hours). This procedure was repeatéd with the

other species.
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Graph 1.1 Percentage weight‘fluctuatiOn in 100% sea water in
(i) Ophiocomina nigra, (ii) Ophiura albida (Millport)
and (iii) Ophiura albida (Loch Etive, E24) .
Each point represents the mean of six determinations & 1 standard deviation
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(b) Results:
From Graph 1.1 it is clear that individual fluctuation
over the seven hour period for each species, after the initial

increase, varies over the ranges:

Ophiocomina nigra:-— 1.23% £1.39 to 3.96% *1.36
Ophiura albida (Millport):- 1.42% £1.27 to 5.76% 2.70
Ophiura albida (Loch Etive)i= —4.70% £1.28 to -1.01% f2.03

The initial increase, which invariably happens, may
vary from 3.4% to 19.5% in Q.nigra; from 2.8% to 16.5% in
O.,albida (Millport); and from 0.2% to 13.2% in 0.albida (Loch
Etive). Once this initial, and often large, increase has occurred

further fluctuation is small and relatively regular.

(c) In an attempt to explain this initial weight increase,

the wet weights of five specimens of Ophiocomina nigra were recorded

after one hour immersion following the method previously described,
in water from their stock tank. The following day this procedure

was repeated with the same animals under similar conditions.

(@) Results:

With reference to Table 1.2., the wet weight of an
individual appears to change very little when weighed on consec-
utive days. The initial increase of any particular specimen after

one hour is similar on successive days.

(e) Discussion:

The above results suggest that the increase is either
indirectly of experimental origin or that it reflects some natural
voscillation of wet weight inherent in the brittlestar. It is
possible that this fluctuation in wet weight was prompted by the
handling of the brittlestar which resulted in a sudden imbibition of
water via some natural water utie pattern. Water could be taken
into the stomach or into the disc cavity. A regular 'rolling' of

the aboral disc integument of Ophiocomina nigra was observed and
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Table 1.2 The variation in wet weight of Ophiocomina nigra

when weighed on successive dayse

DAY 1 DAY 2
WET WEIGHT WET WEIGHT
(in grams) % (in grams) %
ATTER ONE|DIFF. l AFTER ONE JDIFF.
INITIAL HOUR INITIAL [ 0 o

| e e e e e

17117 107738 3463 | 108392 | 129000 [3¢31
201399 201829 [2.01 || 202944 2.3460 [2.29
300359 360932 1189 || 209920 340518 [2.00
24428 2.4999 12.34 | 205009 245641 2453

145112 146747  |10.82 1.2957 1.4025 [B8.25

9% DIFFe = % DIFFERENCE




- 52 -

recorded on a physiograph (see Figure A). This regular movement

was not apparently qualitatively related with any obvious environ-
mental variable, such as light, salinity and temperature. There was
some observation of eimilar disc integument movements in Ophiura
albida.

These movements were observed in animals that had been
kept in aquaria for at least one week without food so there is the
possibility that they are a response connected with feeding.

Gemmill (1915) found a weight increase in the asteroid, Porania
pulvillus when feeding. Pearse (1967) suggests a possible relation-
ship between the regular weight fluctuation in the asteroid,

Odontaster validus, and its flagellary-mucoid feeding activity.

In the latter case the ﬁater is known to enter a supradorsal
cavity; a structure which is not found in ophiuroids. It is also
interesting to note (Graph 1.2) that there is some evidence that
smaller animals have a greater fluctuation in wet weight than
larger animals. . Binyon (1972a) has suggested that asteroids have
an optimum coelomic fluid volume which is maintained. Pearse (1965)
reports Odontaster as holding water in the perivisceral coelom at a
slightly positive pressure and suggests that this may be a form of
coelomic fluid volume control. A4 regulation of the coelomic fluid
volume. has been reported in the holothurian, Opheodesoma_specta-
bilis (Freeman, 1966).

From these preliminary studies it would seem that ophiur-

oids can be weighed regularly and with reasonable accuracy.
However, since there is this, often large, initial rise in wet
weight any conclusions concerning possible oscillations in wet
weight of an ophiuroid, when in water of a salinity normal for the
animal, should be by comparison of such values after the initial
rise has occurred. That is to say, when the fluctuation pattern

is consistent.

1.5 To test the effect of the diluting medium upon Ophiocomina nigra.

The test solutions were made up by diluting full strength
sea water (34°/0o) with glass distilled to produce 90%, 70% and 55%
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Comparison between Ophiocomina nigra, Ophiura albida
(Millport) and Ophiura albida (Loch Etive) with

respect to relative fluctuation of wet weight in

100% sea water.

@ R = 0.8258, P
A R = 008591, P
A R = 0.0564, p

0.001 Ophiocomina nigra
0.001 Ophiura albida (Millport)
0.001 Ophiura albida (Loch Etive)

It

il

]

N 0.5 1.0 1.5 2.0

WET WEIGHT (in grams)

Bach point represents a value for one animal.
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sea water with salinities of 30.6°/0o, 23.8%°/00 and 18.7%/00
respectively. These solutions were placed in 1 litre beakers
which were floated in a bath of circulating sea water maintained
at 12°C. A set of solutions were also made up using M400 sodium
hydrogen carbonate which does not change the pH of the sea

waters, unlike glass distilled water, see Appendix % . There
was no discernible behavioural difference between animals placed
in solutions diluted by glass distilled water or by M400 sodium
hydrogen carbonate. Also, there were no obvious differences in
weight fluctuation between individuals placed in 70% sea water
diluted by the two different methods (see Table 1.3). .
Consequently, dilution by glass distilled was not considered to
havé any injurious effects when compared with a buffering dilutant
and so this, more rapid, method of preparing dilutions was adopted

throughout this study.

1.6 To test the effect of volume size of test solution upon

Ophiocomina nigra.

To ensure that the 1 litre beakers were of sufficient
capacity to preclude a large accumulation of metabolites and to
allow an adequate volume of test solution such that further aera-
tion was not nécessary during the period of the experiment a range
of animals of various sizes were kept, one per beaker, for 24 hours
under similar conditions to those of the subsequent experiment.

The condition and activity of these animals were qualitatively
compared, by observation, with control animals of similar size in

a stock tank. No obvious differences were detected between both
batches of animals and so it was considered that 1 litre beakers
were of suitable volume such that there would be no intrinsic
injurious effects upon experimental animals arising from test volume

size.

1.7 Effect of diluted sea water upon the wet weights of two

species of ophiuroid.
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Table 13 Comparison between diluting media with respect to

weight changes of Ophiocomina nipgra in 70% sea waters

PHE oo Na_fCO, GLASS
hours) DISTILLED WATER
1 663 % 1.12 | 6476 L 1.19
2 7410 % 1016. 8.05 % 0473
3 10497 % 230 | 11.66 £ 1.46 -
L 16646 £ 234 | 17.04 & 2039

5 17035 £ 181 | 1742 & 1451
7 | 17491 £ 1.38 | 18036 £ 1469
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(a) Method:

Six specimens of Ophiocomina nigra were placed, one per
beaker, for each dilution: 90%, 70% and 55% sea water. Each
animal was weighed at the following time-interval:

15, 30, 45 and 60 mins. during the first hour.

2y 3y 4, 5 and 7 hours during the subsequent six
~ hours.
At the end of this period the animals were replaced in
full strength sea water and any weight fluctuation monitored for a
variable period. .
The above experiment was repeated using Ophiura albida
from Millport and Loch Etive (station E24). The latter group of

animgls tended .ot to be as active as those from Millport and so
they were placed on small trays which were sunken into a series of
bowls, each of which contained a particular dilution of sea water.
The dilutions were made in relation to the ambient salinity from
which they were taken. Consequently, the 70% sea water which was
used for Q.nigra was 23.8°/oo which was similar to the ambient
salinity at E24. The 70% sea water dilution for O.albida, from E24,
was 16.8°/oo.

(b) Results:

When placed in 90% sea water, O.nigra increases in weight
rapidly by 9%, which subsequently fluctuates slightly. This level
is maintained until the animal is replaced in 100% sea water when
the original weight is regained (see Graph 1.3)e In 70% sea water
Oenigra increases.in weight gradually until an increase of about
17% has occurred. This level is maintained until the animal is
replaced in full strength sea water when a return to the original
weight is observed (see Graph 1.4). .
| This pattern of a more or less rapid increase in weight,
followed by a regular fluctuation about the mean of the initial
increase, and then a return to the original weight in fullvstrength
sea water holds for O.albida from Millport and from Loch Etive
(see Graphs 1.5 and 1.6)e The amount of initial increase varies

according to dilution and species, being greater in O.nigra than
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O.albida at comparable dilutions (see Graphs 1.3 to 1.6).

(¢) Discussion:

Ophiuroids appear to have a wet weight with a more or
less regular fluctuation pattern. This periodicity is not
correlated directly to any obvious environmental parameter, though
it may be a feeding response or a method of coelomic fluid volume
control.

Brittlestars appear to act as osmometers when placed in
diluted seawater. They increase in weight in reduced salinity and
this increase has not been found to be regulateds A return to the
original weight only occurs when an animal is replaced in full
strength sea water,

Ophiura albida does not increase in weight to the same

degree as Ophiocomina nigra when in comparable dilutions of sea

water. Q.albida from the head of Loch Etive, E24, does not

increase in weight as much as those from Millport, where normal
salinities (33/340/00) obtain. This may reflect the potential
salinity regimes which these species may face. For instance,
Oenigra is a typical stenohaline brittlestar and so would not
normally face any reduction in the salt content of the ambient
medium. Though O.albida from Millport is not'considered to exper-
ience lowered salinities it may have the ability to tolerate some
dilution of the surrounding sea water and must, therefore, be
regarded as potentially euryhaline. This ability is manifested as
smaller weight increases in comparison with O.nigra in comparable
dilutions.

Q.a2lbida (Loch Etive) is from a brackish water environment
“and is thus continually faced with periodic dilution & its normal
habitat. Consequently it is- thought that these brittlestars from
Loch Etive have developed the potential, which those from Millport
appear to have, to tolerate extensive reduction in the salt content
of their ambient mediume The ophiuroids from Loch Etive appear to
be subject to less osmotic stress as evidenced by smaller weight
increases than O.albida (Millport), and O.nigra in comparable

dilution.
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Graph 1.4 Percentage weight change in 70% sea water of
Ophiocomina nigra,Ophiura albida (Millport)
and Ophiura albida (Loch Etive) .
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Graph 1.5 Percentage weight change in 60% sea water of
Ophiura albida (Millport) and Ophiura albida (Loch Etive) .
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Graph 1.6 Percentage weight change in 50} sea water of
Ophiura albida (Millport) and Ophiura albida (Loch Etive) .
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CHAPTER TWO

INVESTIGATION OF THE SODIUM, POTASSIUM AND CHLORIDE COKCENTRATIONS
IN THE BODY FLUIDS OF Ophiocomina nigra AND SUBSEQUENT ADJUSTMENT
TO DILUTED SEA WATER.

2.1 Introduction:

Echinoderms are generally considered not to experience
significant dilution of the surrounding medium in their usual
marine habitats and so it is to be expected that, due to the
absence of any ohvious excretory organ, the ions in the body fluid
would be similar in composition to those in the ambient sea water.

In general, this has been confirmed by previous workers
for many species of echinoderms. Binyon (1966) lists the results
of workers who have determined osmotic pressure and/or ionic con-
centrations in the perivisceral’and/or ambulacral fluids of many
echinoderms. He notes the following points of interest:-

Firstly, with reference to the perivisceral fluid:

1) In asteroids there is usually a small rise in
the potassium concentration (9-16%) which is maintained in the more
euryhaline species and in those acclimatised fo reduced salinity.
Calcium and magnesium concentrations may increase and decrease
respectively.

- 2) In echinoids, calcium concentration increases
significantly while there is little difference, (perhaps a small
increase), in the potassium content.

3) 1In the holothurians there is little regulation

of calcium or potassium ions.

Secondly, with reference to the ambulacral fluids:
The potassium concentration has been found to be 20%
—~ 90% higher in the ambulacral fluids of three species of asteroid

and an echinoid -~ Asterias rubéns, Solaster papposus (Binyon, 1962,

1966), Marasterias glacialis (Robertson, 1949; Binyon, 1966), and
Echinus esculentus (Robertson, 1949).



- 64 -

There have been fewer studies of changes in ionic
composition in echinoderms in response to experimental dilution

of the ambient medium (Robertson, 1939; Binyon, 1962; Stickle

_and Ahokas, 1974).

Binyon (1962) employing static dilution, demonstrated

that in Asterias rubens the fluids of the perivisceral coelom

and water vascular system are isionic with the medium down to at
least 55% sea water. The regulation of potaséium ions in the ambu-—
lacral fluids is maintained above the level of the experimental
medium and falls in parallel with dilution (down to 55% sea water),
temperature (O0 - 200@), sex of the animal or during the reproductive
cycle. It was noted, however, that smaller animals have greater
concentrations of potassium ions than larger animals.

Stickle and Ahokas (1974) using three species of echinoderm

- Pisaster ochraceus, Cucumaria miniata and Strongylocentrotus droe—

bachiensis - from estuarine conditions, subjected individuals to an
experimental twelve hour tidal cycle. They demonstrated +that the
sodium and potassium concentrations in the perivisceral fluid of all
the three species declined in conformation with the ambient salinity
and subsequently returned to the original values in the asteroid and
holothurian. It is suggested by Stickle and Ahokas (1974) that the

shape of Strongylocentrotus droebachiensis does not facilitate a

rapid ionic recovery because the perivisceral fluid compartment is
located further away from the surrounding medium than in the other

two species of echinoderm. Binyon (1961) has shown, in Asterias

. rubens, that water passes very quickly from the perivisceral coelom

to the environment via the water vascular system.

One overiding feature arising from all previous work is

the lack of any data concerning sodium, potassium and chloride

concentrations in, possibly,' the most euryhaline of the echinoderms

- the Ophiuroidea.

2.2 To establish the reliability of the method for the detefmination ’

of sodium and potassium ions.

The sea water samples and the samples of ophiuroid body
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fluids were analysed for sodium and potassium ions using an

'EEL' Flame photometer (see Appendix 1 for operational details)
and a range of standard solutions containing known concentrations
of sodium and potassium ions.

In order that the galvanometer deflection of the flame
photometer would lie within the above ranges the sea water and
.body fluids were diluted 100 times for the potassium assay and a
further ten times. for the sodium determinations with glass distilled
waters The use of such dilute solutions and extensive flushing of
the atomiser of the photometer prevented the instrument becoming
blocked with deposition of encrusting cationse. The standard
solutions were used to construct calibration curves the inter-
polation of which allows the determination of unknown concen-
trations. These curves were then checked periodically but 7
insignificant drift was recorded.

-

(a) Method:
Ten, duplicated, separate determinations were carried

out on samples taken from the same sea water stock using S50 ul

pipettes. .
Errors could be incurred in the diluting procedure at

the following stages:

i) Removal of 50 ul sample with 50 ul pipette.
ii) Dilution of this sample with the use of
small (1ml and 5ml) volumetric flasks.
iii) Subsequent subdiluting of the above for the

determination of sodium iense.

(b) Results: ‘
The results are presented in Table 2.1+ The small sample
sizes (50 xl) are responsible for most of the variation which is
comparable with the standard deviations of 1 - 10% in Binyon
(1961). The increased variation in the sodium assay probably
reflectis. the additionai dilution-step which is necessary to bring

the sodium concentrations down over the range, Oppm - 20ppm, where

\




Table 201 Reproducibility of technique using a 50 /ul sample sizee

CONCENTRATION  (mM/1)
SODIUM - POTASSIUM
611 1648
622 14.3
676 1448
712 - 140
611 ‘ 1546
709 A 1543
7242 ' 1641
676 143
655 1540
698 - 143
X = 671 % = 1540

t 45.7 % 0090
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the instrument is most sensitive.

2.3 Determination of sodium and potassium concentrations in the

body fluids of Ophiocomina nigra in full strength sea water.

(a) Method:

.The body fluids were obtained by the following procedure.
The brittlestar was superficially dried, as previously described
(page 45), to remove, as far as possible, any sea water from the
surface of the integument. This would minimise the possible
contamination of the extracted fluids by the ions present in the
sea water. The arm was then severed, with a sharp scalpel, from
the disce The first few distal segments were removed from the arm
thus making the arm, in effeéf, an open-ended tube. The prepared
arm was then inserted, proximal end first, into a glass tube which
had a small hole (1mm in diameter) at the bottom. This tube was
then placed into a slightly larger, tapering, tube sealed at the
tapered end. This arrangement was then put into a plastic centri-
fuge cone and is illustrated in Figure B.

The firét tube éupported the arm during centrifugihg-
so as to preclude extensive multiple fracturing of the sample.
Also, since this tube rested on the taper of the ensheathing tube
it prevented the extracted fluid, which passes through the small
hole, from lying for any length of time in contact with any
distrupted muscle fibres or cells. The plastic centrifuge tube
ensured that the glass tube, containing the fluid, was protected
during centrifuging.

High speed centrifuging using an electrically operated
model had been found to be responsible for the disruption of the
arm integrity (Binyon, personal communication). Such disruption
would result in the release of muscle cells and fibres with their,

presumed, high concentrations of potassium ions.
" A hand propelled centrifuge (length of swing = 5.7 cm)
was used in the present study. Various speeds were assessed in
terms of the damage sustained by the arm musclature during centri-

fuging. Histological examination, using Mallory's Triple stain,
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Figure B Diagram of brittlestar preparation prior to centrifuging.

Plastic centrifuge tube

|+ e Tapered glass tube

ki
j ﬁ Glass tube with hole in base
(and containing brittlestar arm)

Hole for passage of fluid

Centrifuged body fluid
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of transverse and longitudinal sections of arms, before and after
centrifuging, was carried out in order to assess any damage due to
the action of centrifuging. It was found that by using 192 revs.
per minute sufficient fluid could be extracted after two minutes.
This speed, (192 revs per min.), was found not to disrupt the
muscle blocks of the arm (see Photographs page 70). A photograph
of a transverse section of an arm centrifuged at 480 r.p.m. is
shown for comparisone.

Another important consideration was that the glass
components in use were not cracked or chipped. High,erroneous
sodium ion concentrations were obtained occasionally and this was
thought to be due to leakage of such ions from damaged glassware.
The glassware in use was of the soda glass type and it was found
that if a few millilitres of sea water were kept in a test tube
containing a few fragments of soda glass the sodium ion concentra-
tion, analysed by the above method, of the sea water was greatly
enhanced.
Approximately 60 -~ 70 ml. could generally be obtained
from the arms of a medium-sized (3.5 — 4.0 grams) animal. If it
was necessary, depending upon what was obtainable, to use smaller
animals then two animals would be wused as one sample.

Examination of transverse sections of the arms of

Ophiocomina nigra, stained stained with Mallory's Triple stain,

showed that the diameter of the water vascular canal was considerably .
smaller than that of the perivisceral coelom (see Appendix 2).
From this observation one would expect there to be a greater volume
of perivisceral fluid than ambulacral fluid if the coeloms were of
similar lengthe It seems likely that the 'body fluid' obtained by
the method described above would mostly be of perivisceral éoelom
origin. There would, presumably, be some admixture of fluid derived
from the water vascular system in the arm.

The concentration of sodium and potassium ions in the

body fluids of Ophiocomiﬁa nigra, from full strength sea water,

was determined by applying the above preparatory and diluting pro-

cedures. Six animals were usede.



Photograph Transverse sections of the arm of Ophiocomina nigra-

Before centrifuging

After centrifuging
~ at 192 r.p.m.

After centrifuging
at 480 r.p.m.
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Table 2e2 Concentration of sodium and potassium ions in

sea water and the ophiuroid, Ophiocomina nigrae

CONCENTRATION (mM/1)
BODY FLUIDS OF
SEA WATER . . .
Ophiocomina nigra
SODIUM POTASSIUM SODIUM POTASSIUM
Lk 1046 Lz5 1.4
Lhs 1047 291 14.6
459 1045 391 1501
Ly 105 391 130
460 1045 413 1348
X = 45? X = 10e5 X = Lok X = 1402
t 9.0 f0.13 t 176 t 0.7k
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(b) Results:

The results are given in Table 2.2. The sodium
concentration of the body fluids is 404mMi17.6mM which is 11.5%
Yower than in the ambient sea water, (457mMi9.0mM). The concent-
ration of potassium ions is 14.2mMiO.74 which is some 35% higher
in the body fluids than in the surrounding sea water where it is at

a concentration of 10.5mMi0.13.

(c) Discussion:

With the exception of the echinoid, Echinus esculentus

(Bethe and Berger, 1931) and the holothurian, Cucumaria frondosa
(Parker and Cole, 1940) the fluids of the water vascular system of
echinoderms, analysed to date, have concentrations of sodium ions
lower than in the ambient sea water. The perivisceral fluids of
echinoderms are generally similar or slightly lower in sodium
concentration than sea watef; the two exceptions recorded so far

are the asteroid, Solaster papposus (Binyon, 1966) and Echinus

esculentus (Bethe and Berger, 1931).

In Ophiocomina rnigra, the sodium concentration of the body

fluid is lower than the ambient value and is thus considered to fall
into the general level found in other echinoderms. However, for
reasons discussed below, one cannot exactly equate, ionically, the
result for the sodium concentration of the ophiuroid body fluids
"with data derived either from the water vascular system or the
periviscefal coelom of other classes of echinoderm. Since it is
generally true to say that both .ambulacral and perivisceral fluids
of echinoderms which have been analysed to date have sodium con-
centrations recorded in the literature which are lower or similar
‘to the ambient medium then one can regard O.nigra as not being an
exception to this trend. ' .

' The perivisceral fluids of echinoderms vary in the amount
of potassium ions present; asteroids have 9% - 16% more than in
the ambient sea water, while in echinoids and holothurians there is
little increase; The potassium concentration in the water vascular
fluids may vary between 20% - 90% higher than in the surrounding sea

water (Robertson, 1949; Binyon, 1966). The potassium concentrations
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in the body fluids of Ophiocomina nigra were found to be 35% (14.2mM)

higher than in the medium where it is 10.5mM. They thus resemble,
ionically, the concentrations found in the ambulacral fluids of
asteroids and echinoids rather than the perivisceral fluids of
these echinoderms.

The high potassium concentration in the body fluids of

fhe ophiuroid, Ophiocomina nigra, probably reflects the contri-
bution of perivisceral fluid to these fluidse 'The volume of
ambulacral fluids available for extraction is estimated at approx-
imately 4.74ls (see Appendix 2). This figure assumes that the
extraction method for this particular fluid is 100% efficient which
is unlikely. The concentration of such fluids would héve to be of
the order of 66mM so as to produce a concentration of 14.5mM which
has been shown to occur in the above determinations of body fluids.
A concentration of 66mM for the potassium ion in the water vascular
fluids seems unlikely since this represents a six fold increase over
the value of potassium in the sea water.

The alternative possibility available, which is proposed
by the present author, is that the high concentration of potassium
is real and is due to the high concentration of this ion in the
perivisceral fluids. This concentration would, presumably, be even
higher if admixture with ambulacral fluids did not occur.

The enhanced potassium concentration of echinoid and
asteroid ambulacral fluids have been explained in terms of the‘use
of the water vascular system for locomotion via podial movements.
In O.nigra the arms are the main locomotory organs and a high
potassium concentration in the perivisceral fluids, which bathe the
arm musculature, would, if the connection befween locomotion and
potassium concentration, as described for asteroids, is correct, be
of similar importance in ophiuroids. In summary, the perivisceral
coeiomic fluid of Q.nigra can be likened ionically and fuhctionally,
(in terms of its association with the locbmotory muscles), to .the
ambulacral fluids of asteroids and echinoids rather than to the peri-

visceral fluid of these echinodermse.
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2.4 The effect of diluted sea water, (90% and 70%), upon the
sodium and potassium balance in the body fluids of Ophiocomina

nigrae

(a) Method:

Twenty four specimens of the ophiuroid, Ophiocomina
nigra were placed in 1 litre beakers, (two animals per beaker),
containing 90% seé water. The temperature of the experiment was
maintained at 12°C. Six animals were removed after:

3, 5,' T and 10 hours
The concentrations of sodium and potassium in the body fluids wefe
determined by the procédure described previously. This experiment was
repeated with 70% sea watere
(b) Results:

The results of the sodium and potassium concentrations
in the body fluids of Q.nigra after immersion in these dilutions
is given in Table 23.

When O.nigra is placed in 90} sea water, (Fa*:404mM),
the sodium content in the body fluids drops by about 36% of its
original value to 260mM i67mM. The sodium concentration gradually
increases during the next six hours reaching a level a little below
the sea water value, (Graph 2.1)s The potassium level in the peri-
visceral fluid in 907 sea water (K :9.2mM), falls, initially, by
32% in the first three hours to a value, (8.7i1.4mM), which is
slightly below that of 90% sea water (9.2mM). The level of
potassium then increases to a value, (14.0i0.9mM), which is similav
to that when the animal was in 100% sea water, (see Graph 2.2).

In 70% sea water, where the concentration of sodium ions
is 315mM, the body fluids have a concentration of this ion which has
fallen to 200mMt16mM; a fall of 50%. This is some 30% lower than in
the ambient 70% sea water. During the following few hours the
. sodium concentration increases to a value only slightly below the
70% sea water value (see Graph 2.2). | -

The potassium concentration of the body fluids falls o
10.8t0.8mM which is nearly 50% higher than the potassium concen—
tration in 70% sea water, (where it is 7.2mM). This level is main-

tained during the rest of the experimenial period, (see Graph 2.2).
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Table 243 The effect of diluted sea water upon the sodium and

potassium concentrations in the body fluids of the

ophiuroid, Ophiocomina nigra e

(mM/1)
TIME CONCENTRATION IN BODY FLUIDS OF:0phiocomina nigra
in
hours 90% Sea water 70% Sea water
Sodium Potassium Sodium Potassium
3 | 260%67 |87 1.4} 200 % 26 10.8 £ 0.8
5 349 L 48 1443 £ 1.5 || 236 £ 25 86 't 143
+
Vi 392 229 | 11.2 L 1.6 )| 262 % 32 9ol E 1.4
10 352t 4o | 14.02 0.9 || 275 % 39 1063 £ 1.3
CONCENTRATION IN AMBIENT M=DIUM  (mM/1)
90% Sea water 70% Sea water
Sodium Potassivm Sodium Potassium v
+ +
bobh L 7.9 l9.2 LT 0.3 ||315 L 46 |7.2 L 003
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Graph 2.1 Distribution of potassium and sodium ions in the body

'I' .

fluids of QOphiocomina nigra in 90% sea water.
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Graph 2.2 Distribution of potassium and sodium ions in the body

fluids of Ophiocomina rigra in 70% sea water.

Each point represents the mean of six determinations I
& 1 standard deviation
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(c) Discussion:
Binyon (1962) demonstrated that in diluted sea water
(down to 55%) the concentration of potassium ions in the ambulacral

fluids of Asterias rubens is maintained above the level of that in

the experimental mediume This level falls in conformation with the

‘dilution in the mediume. He notes that the fluids of the perivisceral

coelom are isionic with the medium down to at least 55% sea waters
Stickle and Ahokas (1974) showed, using the asteroid,

Pisaster ochraceus, the holothurian, Cucumaria miniata and the

echinoid, Strongylocentrotus droebachiensis, that the sodium and

potassium ion concentrations in the perivisceral fluid.fell in
parallel with decreases of these ions in the ambient mediume.

Results for Ophiocomina nigra are broadly similar to those

for other echinodermse The potassium concentration tends to be
maintained in the body fluid despite dilution of the ambient medium
down to at least 70% sea watere Sodium concentrations, however,
are maintained at levels a little lower than the particular ambient
level.

These results emphasise the suspected important physiological

r8le played by the potassium ion in the body fluid.
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2.5 Determination of the chloride concentration in sea water.

(a) Method:

Since only small quantities, (10pl-60 pl), of body
fluids were available (obtained by methods described previously),
a method based on Conway Microdiffusion technique (Conway, 1957)
which employs the principle of isopieistic distillation was used.
The chloride concentration of sea water, (34°/oo), was first
determined. '

A standard microdiffusion unit (see Figure C) was used.
Into the central chamber of the unit was run about 1ml. of a 20%
potassium iodide solution. About 0.2 grams of pure pofassium
permanganate was placed in the outer chamber. Then, 1ml of sea
water was run into .the outer chamber. A sguare glass 1lid with a
fixative (a mixture of paraffin wax and pure paraffin) smeared
thinly on the contact surface was placed on the unit. 1ml of
sulphuric acid solution, containing 24 - 30% by volume of pure
sulphuric acid, (specific gravity: 1.84), was then introduced rapidly
with a pipettes The 1lid was then returned to its completely sealed
position. The contents were gently swirled to assist the mixing
process and then left for one and a half hours at room temperature.
Five similar units were also set upe As a check upon the free
iodine content of the reagents used, a blank, omitting a sample
of sea water, was run.

One and a half hours is sufficient for all the chloride
in the sample to be oxidised to free chlorine. This liberated
chlorine is subsequently absorbed by the potassium iodide. This

absorption liberates an equivalent amount of iodine, see equations:

1) Sample (containing chloride) + H,80, +:KMn04

2) Sample + K;SOp + Cl, + MaSO) + H,0

2KT + Cla——) 2KC1 + 12
Titration of the liberated iodine with 0.05N sodium ¥hiosu1phate,
using a Bang 2ml micropipette and using a starch indicator, allowed

the quaatitative determination of the chloride ion.
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Figure C A microdiffusion unit for determining chloride ion

concentrations.

PLAN VIEW

Wall of outer chamber

0¢2 grams of potassium
permanganate

Wall of inner chamber

1 mle, 50 ple or 10 ul-
samples of sea water or
ophiuroid body fluidse

1 mle sulphuric acid

1 mle of 20% potassium
iodides
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(b) Treatment of data:

i) The 'blank' reading was 0.09mls. This was
the volume of sodium thiosulphate which was
required to react with the free iodine present
in the reagents using starch as an indicator.
This value was subtracted from the volume of
sodium thlosulphate which was required to react
with the 'sea water units' thus giving a
corrected volume. ‘This corrected volume was
then multiplied by the sodium thiosulphate equi-
valent for chloride. )

ii) The chloride equivalent was determined by five
separate titrations with 1ml aliquots of 0.0141N
Hydrochloric acid which contains 0.5 mg of
chloride. It was found that 0.57 mls of sodium

thiosulphate was equivalent to 1 mg of chloride.

To ensure that the small quantities of the body fluids
which were available were sufficient, chloride determinations based
on 10 pl and 50 pl samples were carried out. The results for these
small quantities were multiplied up to 1ml and compared with
values obtained by using 1ml aliquots of sea water. No signifi-

cant difference was found (see Table 2.4).

(¢c) Results:

The results for the determination of the chloride concen-
trations in 100% sea water are given in Table 2.5. Subsequent
analyses of the chloride content of a range of diluted sea waters:
90% - 60% were also made. These results are also given in Table
2.6,

The value obtained, quoted in mM/litre,-is a little lower
than most published figures. Published figures for 100% sea water
are, however, quite variable; from 492mM (Parker and Cole, 1940;
and Cole, 1940) to 633&M (Robertson 1953). It is considered in view
of the amount of variation in the literature that the current figures
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Table 2.4 Comparison of concentrations of chloride ions
in sea water as determined using 10 ul., BO/ul.

and 1 ml, sample sizese

10 pl. 50 4. 1 ml.

Lkg 451 L48

L5z 448 LiL

L7 448 LLo

Lsh ks 59

kis LL8 443

Lk 451 LL46

% =U48 |T =448 | % =048

£ 41 £ 202 t 1.7
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Table 2.5 Concentration of chloride ions in varying dilutions

of sea water o

CONCENTRATION OF

% SEA WATZR CHLORIDE ( Ln-bi/-}—)——:a
100 w8 I .2
90 kol I 5.9
80 384 L 7.0
70 319 I 8.0
60 267 % 1.9

Each value represents the mean of six determinations X 1 standard deviation
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are valid. Differences in chloride concentration in the literature
may be due to variation in the salinity of the sea waters which
have been analysed, or as a result of differences in technique

accuracye.

2.6 Determination of the chloride content of the body fluids of

Ophiocomina nigra from full strength and diluted sea water.

(2) Method: ,

1 litre beakers containing 100%, 90%, 80%, 70% and 60%
sea water sdlutions were set up in a stock bath containing
circulating sea water at 12°c.  six animals were placed in each
dilution (two per beaker). After immersion in these solutions for
ten hours the animals were removed and the body fluids extracted
as described previously. Samples of the sea waters were also taken

for analysis.

(b) Results:

The results of the analyses for the sea.water chloride
concentrations are given in Table 2.5, and for the body fluids in
Table 2.6. Reference to Graph 2.3 indicates that the chloride

concentration in the body fluids of Ophiocomina nigra is maintained

at a value slightly below the value of the comparable sea water

value.

(c) Discussion:
The concentration of the chloride ion in the body fluids
of Ow.nigra is 434 i18.4mM, which is some 3% lower than the corres-
- ponding value for 100% sea water (34.5°/00) of 448mM. It has been
stated previously (page 73) that the extracted body fluids of Q.nigra
. are mostly from the perivisceral coelom but have, in terms of cation
composition and probable function, greater analogy with the ambu-
lacral fluids of echinoids and asteroids. This can now be further
extended to consider a major anion of this fluid - the chloride ion.
The chloride concentrations of the perivisceral and
ambulacral fluids have been determined in a range of asteroids,

echinoids and holothurians by a number of workers (see review by
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Table 2.6 Concentration of chloride ions in the body fluids of

Ophiocomina nigra from various dilutions of sea water.

CONCENTRATION OF CHLORIDE. (mty/1)
SEA WATER BODY FLUIDS

448 431 I 18e4

ko3 394 L 8.8

369 349 I 6.3

318 311 I 164k

265 262 L 2.2

( Each value represents the mean of six determinations ¥ 1 standard
deviation)
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Graph 23 Relationship between chloride concentration in the body

fluids of Ophiocomina nigra and the ambient sea water .
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Binyon, 1966).
The chloride content in the perivisceral fluids of
asteroids may vary substantially. It has been recorded between

487mM (Asterias rubens) by Binyon (1962), and 659mM (Astropecten sp)

by Bialaszewicz (1933). The chloride concentrations in the ambient
sea waters were 494mM and 627mM respectively. Generally speaking,
the chloride concentrations in the perivisceral fluids of asteroids
are similar to or a little higher than the respective concentrations
in the surrounding sea water (Myers, 1920; Bethe and Berger, 1931;
Bialaszewicz, 1933; Parker and Cole, 1940; Cole, 1940; Binyon,
1962). In echinoids, the fluids generally appear to have chloride
contents very similar to the ambient medium (Bialaszewicz, 1933;

Robertson, 1949). An apparent exception to this is Echinus escu-

lentus which has been reported by Bethe and Berger (1931) as
having a concentration some 4% higher than the environmental
concentration. Such concentrations in the few holothurians which
have been sampled appear to have valves a little higher than in the
surrounding medium (Bethe and Berger, 1931; Bialaszewicz, 1933;
Koizumi, 1935; Cole, 1940; Parker and 'Cole, 1940; Robertson,
1953).

There is less data for the ambulacral fluids. Binyon,
(1962) reports a value (481mM) a little lower than the medium,
(494mM) for the asteroid, Asterias rubens. Bethe and Berger (1931)
give a figure (552mM for the chloride concentration in Echinus
esculentugse The ambient sea water was 525mM. Parker and Cole
(1940) and Cole (1940) report little difference between environ-

mental and body fluid concentrations of chloride in the holothurian,

Cucumaria frondosa.

It is cleaf that there is a large variation in the absolute
Qélues determined for various echinoderms not only between different
workers but also between the same species, which probably reflects
two considerations. Firstly, the different salinities of the
various sea waters may have different chloride concentrations.
Secondly, early workers probably used techniques for determining

this ion that are less precise than those available to later workers.
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Ophiocomina nigra, as the sole representative of the

Ophiuroidea analysed to date in terms of its body fluid chloride
concentration, appears to fall within the levels apparent in the
other echinoderms so far investigated.

ngerally speaking, with reference to the literature,
the perivisceral fluids tend to have chloride concentrations similar
to (echinoids and some asteroids) or a little higher than (holo-
thurians and some asteroids) the concentrations in the surrounding
mediume.

Although there is less data for the ambulacral fluids,
past work suggests that chloride concentrations are similar to or
a little lower (asteroids and holothurians) or slightly higher
(echinoids) than ambient concentrations.

The chloride concentrations which have been determined in

Ophiocomina nigra and which are a little lower than those in the

ambient mediuvim have some similarity with the ambulacral fluids of
asteroids and holothurians. It is considered that the above results
fit into the concept that although these ophiuroid body fluids are
almost certainly of perivisceral ofigin they have more analogy with
the ambulacral fluids of other echinoderms with respect to ionic
composition and at least some functions.

The chloride concentration in the body fluids of QO.nigra
remains slightly below the value of any given value of sea water

down to at least 60% sea water. Asterias rubens, from the North Sea,

when acclimated to Kiel salinities, has a chloride concentration in
the perivisceral and ambulacral fluids which is a little lower (2.5%)
than the concentration in the medium (Binyon, 1962)s Within the
range of sea water dilutions - 100% to 60% ~ Q.nigra fluids contain
chloride concentrations which vary no more than 5.4% from the

corresponding sea water value ( see graph 2+3 )e
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CHAPTER TEREE

INVESTIGATION INTO THE SALINITY TOLERANCE OF SPECIES OF OPHIUROID

Ophiocomina nigra, Ophiura albida and
Amphiura chiajei

.3.1 Introduction:

Determination of tolerance to lowered salinity by echino-.
derms, especially of those penetrating water of reduced salinity,
has been carried out on only a few occasions (Loosanoff, 1945;
Binyon, 1961; Thomas, 1961; Stancyk and Shaffer, 1977;). Loosanoff
(1945) using the asteroid, Asterias forbesi, determined the ability

of this species to tolerate low salinities for short and long
periods. However, he gave no indication in absolute terms of how
the death-point was determined.

Binyon (1961) applied a 14 day LDS0 to Asterias rubens

and concluded that the lowest salinity which can be tolerated was

approximately 220/00 - 240/00. This value, as was also found with

Asterias forbesi (Loosanoff, 1945), could not be extended by the

more gradual lowering of salinity by 1°/oo per daye.
Thomas (1961) reports the amphiurid brittlestar, Ophio~

phragmus filograneus, as living in 7.7°/oo in‘Whitewater Bay,

Florida though he gives no additional experimental evidence as to
absolute tolerance. More recently, Stancyk and Shaffer (1977)

conducted salinity tolerance experiments upon Ophiothrix angulata

from estuaries in Carolina and Florida. There is a greater salinity
stress in the estuary in Florida and it was concluded that this is

reflected in the greater tolerance to lowered salinity of Ophiothrix
angulata from this estuary in comparison with those from the estuary

in Carolina.
3.2 Sampling Methods:

(i) Ophiuroids
Two methods were used to obtain specimens for these experi-
“ments; trawling and SCUBA diving. Trawling has the advantage that

large numters can be obtained within a short time and it is a
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convenient way of sampling the deeper areas of the Loch. SCUBA
diving permits in situ observations and sampling in shallow water
(where a vessel may find it difficult or impossible to navigate) .
The R.V. Calanus of the Oban Laboratory of the Scottish Marine

Biological Association, was used for trawling at the following

stations within Lochs Etive and Creran (see Map page 91 ).

Loch Etive: E2, E4, E6, E11, E14, E24

‘Loch Creran: C12
Station E24 was further sampled by SCUBA diving.

An Agassiz trawl was used in both Lochs. One of the
problems associated with trawling for animals which are to be
used in salinity tolerance experiments is that of the damage that
can be sustained by the animals during capture. Diver observations
have ' shown that as a trawl is towed it bounces along the sea bed
ripping into the upper sections of the substratum and scraping up
the surface animals. Ophiuroids, especially those with long,
trailing arms such as Amphiura Epecies, are particularly prone to

damage in this way. Some amphiurids, for example Amphiurs fili-

”
formis (O.F. Muller), have a tendency to cast off the aboral
integument surface of the disc when trawled. It was for this reason

that although A. chiajei (Forbes) and A.filiformis appear to occur

synecologically only the former species was used since it tends
not to lose .its disc integument so readily. ‘
It was found, during sorting, that those animals
recovered from the innermost parts of the trawi were generally free
from any extensive'damage. This is possibly due to the support which
the surrounding trawled material e.g. mud, detritus, and so on,
would give to an animale An animal which was more or less enfirely
contained within a clump ‘of mud was noticeably less likel& to be
damaged than an animal clinging to the inside of the net meshes.
Another probiem associated with trawling concerns the
vertical, stratified salinity structure to be found in Loch Etive.
Trawling was carried out on the bed of the Loch where, in this
situation, the ophiuroids of any given section of the population
are, and have been for.some time, experiencing a specific salinity

regime. This regime may vary according to the station which is
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MAP OF LOCH CRERAN AND LOCH ETIVE ( not to scale )e

This map shows the approximate location of sills and sampling stationse.
The designations of the sampling stations follows Gage (1972). River Etive

=

E24

Loch Creran

Sill at Bonawe

E1h .
Loch Etive

9 River Kinglas
EN 2N\

Sill at Connel

S River Awe

Produced from portions of British Admiralty Charts 2814 and 2814 with the permission of the Controller,
HeMeStationery Office and of the Hydrographer of the Navye
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being sampled. When the trawl is hauled to the surface the net
is brought through the water column and the meshes of the net
permit the continuous exchange of the water into and out of the
trawl. This means that the brittlestars are subjected to rapid
changes in the ambient salinity. These changes would be more or
-less severe depending upon the station which is being sampléd.
For instance, the difference in salinity between the bhottom and the
surface waters at station E2 would be less tﬁan at station E24.
During sorting, only animals from the inner regions of the trawl
were selected, not only because they were free from damage, but
also because the surrounding detritus probably acts as a cushion
against changes in the ambient salinity.

After sorting, on board ship, the animals were placed in
large plastic bags containing water of the appropriate bottom
salinity for the return journey to the Laboratory. The interval
between capture in the Loch and the introduction to stock tank in
the Laboratory was no longer than five hours. The stock tanks were
of 30 litre capacity and contained sea water with the salinity
adjusted according to the ambient salinity of the station from where
a given batch of animals had been trawled. This water was circulated
through Eheim power filters. Deiritus collected from the trawl
lined the base of the stock bath providing a food source and
shelter,

Small, plastic buckets with snap-on lids were used when
collecting animals by SCUBA diving. Animals were carefully picked
off the mud surface and placed into the buckets. Due to the low
temperature of the waters of the Loch only 15 - 20 minutes were.

_ spent under water. After the last animal had been placed into the
bucket the lid was clipped on and this effectively prevented any
water exchange occurring dﬁring the ascent. Since Amphiura
chiajei lies just below the mud surface not only would it be diffi-
cult to locate their exact position (by the presence of arm holes
on the surface of the mﬁd) but also they would be @ifficulf to
collect due to the raising of mud clouds as the diver approaches
the surface of the mude Consequently, oniy O.albida which were on

the surface of the mud were sampled by SCUBA diving.
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(ii) Water samples.

At the stations where ophiuroids were sampled, water
specimens were collected at the sampling depth, by 5 litre water
bottle samplers on a static warp from the stern of the vessel.

The salinity of these samples was determined by an inductively
coupled salinometer.

It was necessary to assess the relative effects of
trawling and SCUBA diving as methods of capture in terms of the
damage and the deleterious salinity changes which could be sustained
by the animals. Fifty animals caught by trawling and another batch
caught by SCUBA diving, both from station E24, were kept in separate
tanks, DNearly all the hand-collected specimens survived whilst
about 10% of the trawled specimens died within a few hours after
capture. After two days there were no apparent differences between
the batches; righting reaction times were similar as was the
general level of activity. On the basis of these observations it
was considered that if animals from the inner part of the trawl were
selected and if these were kept for at least two days before usage,
then, if only fully intact animals were selected for experiment-
ation, one could be reasonably sure that only the viable specimens

were being used for the salinity tolerance experimentsa.

3,3 Determination of criteria for establishing the death-point

in ophiuroids.

As with the other classes of echinoderms, it is difficult
to determine at what point ..an ophiuroid is dead. Asteroids can
cling tenaciously to the sides of an aquarium even when the disc is
in a fairly advanced state of disintegration. Righting reaction
which has been used successfully as a measure of activity in other
echinoderms, (Percy, 1971; Ellington and Lawrence, 1974;), is not
considered a sufficiently sensitive test with which to establish
death in some ophiuroids. A small decrease in salinity, say 2°/oo
- 30/00, would almqst completely prevent righting in some ophiuroids
though it has been used for Ophiothrix ansulata by Stancyk and
Shaffer (1977). To establish a criterion or set of criteria fixing

the death-point that would refect a true picture of the point of
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death, a preliminary salinity tolerance experiment was conducted

using Ophiocomina nigra from Plymouth and Ophiura albida from

Millport. The two species differ particularly with respect to
the integrity of their integuments. One of the first signs of
potential death is the occurrence of enlarging lesions of the

Aintegument.

Nine 10 litre bowls were filled as follows:

Ophiocomina nigra Ophiura albida

1. 100% sea water (34.5 /00) 5. 100% sea water (335 °/o0)
2. 90% sea water 6. 90% sea water

3. 80% sea water T. 80% sea water

4. 70% sea water © 8. 70% sea water

9. 60% sea water

The 100% sea water bowls acted as controls. The water
was aerated continuously and partly changed every two days to
prevent the accumulation of metabolites. Five specimens of

Ophiocomina nigra were placed in each of the bowls 1-4, and five

specimens of Ophiura albida were placed in each of the bowls 5-9.

The salinity was .checked and adjusted, if necessary, every two

days. The following were observed and assessed every day:-

1. The general level of activity
24 The colour of . the integument
3. Arm breakage

4. Tube foot movements

Animals were removed when dead to prevent pollution of the water.
The sequence of events is shown in Figure D . This sequence of
events is irrespective of the species or individual under test
though the time to undergo the sequence varies presumably due to
individual variability in resistance to the effects of lowered
salinity, and the degree of dilution . of the medium.

The podia guarding the mouth on the oral surface of the

brittlestar were found to show the last sign of a response to
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Figure D Sequence of events when Ophiocomina nigra and

Ophiura albida are exposed to reduced salinity.

I. Immobility and horizontal curling of

the arm tips.

II Spine loss particularly at the base
of the arms.

III . Disc lesions which enlarge rapidly.

Iv . Colour loss which begins at the base

of arms and spreads towards the tipse
V. Breakage of the arms.
VI . Decrease in podial responses

VII o Mouth podia fail to respond to stimulis
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mechanical stimulation (by a seeker), and when they failed to
respond this was taken as the point of death. As a precaution,
the animals which had reached this stage were left for a further
week in order to ensure that there was no recovery. Such long

recovery periods are known for Ophiothrix angulata (Stancyk, 1975).

3.4 .Experimental method:

Salinity tolerance experiments have been carried out on

the asteroid, Asterias rubens,(Binjon, 1961; Erikson ¢t _al, 1975)

and on the ophiuroid, Ophiothrix angulata, (Stancyk and Shaffer,

1977). Binyon and Eriksson applied the LD50 criterion of tolerance
but there are few details available concerning the criteria used for
detefmining the death~point of the experimental animals or the
subsequent methods of analysis.

Sprague (1969) reviewed the current techniques for
measuring the lethal level of test solutions for aguatic organisms.
He recommends the incipient LC50 (lethal concentration for 50% of
the individuals on long exposure to die) as the most useful single
criterion. He suggests a standardisation of methodology and notes
that tolerance experiments commonly incorporate the following

features:

(a) A series of test containers with a different
but constant concentration of solution.

(b) At least ten specimens should be used since indi-
viduals may vary in susceptibility; It is
vbetter to measure an average respouse rather
than a2 minimum or a maximum.

(c) Observations on mortality during exposure.

(d) Results should be expressed as concentrations
tolerated by median individuals.

There are currently two main methods . of determining the

~ reaction of the median. individual. In the first meéhod the mortality

times are recorded for each individual. The time to obtain 50%

mortaiity is estimated for each test dilution. The series of median
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lethal times is generally used to estimate an appropriate thresh-
old concentration for a lethal effect. In the second method the
mortality is recorded at only the following time-intervals: one,
two and four days. The concentration lethal to half the individuals
in each of these time-intervals is estimated. The fofmer has the
advantage of complete observations and has been adopted in the
following work. ' |

The methodology of such experiments has been discussed by

Doudoroff (1950) and APHA et al (19655. There are three main
points to consiéer:

(1) There should be sufficient folume of test
solution so that there is no fouling or
oxygen depletion.

(2) Careful and accurate diluting.

(3) A period prior to experimentation for
acclimatizing so as to feduce the influence

of stress on the animals under teste.

In the following set of experiments ten litres of test
solution were used. Previous experiments have shown that such
volumes would be sufficient‘to eliminate the accumulation of toxic
excretory products and prevent the oxygen concentratidn from falling
below the level necessary for the brittlestars as long as the water
was partially changed every two days. The diluting medium was glass
distilled water and the salinity was monitored with an inductively
coupled salinometer. The ratio obtained from the salinometer was
. converted to a salinity value in parts per thousand by the use of ...
International Oceanographica} Tables. The salinity of each test .
solution was maintained within i0.50/00. All specimens to be tested
were kept for two days prior to use. This was considered to be a
reasonable time to allow for adjustment to stock tank conditions.

As far as possible there was no selection of particular individuals
other than fully intact specimens. ' .
The species used in these experiments are listed below 7

with the station of capture and the particular ambient salinity:
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0
Loch Creran - (C12); 32 /oo Amphiura chiajei

Ophiura albida

Loch Etive - Amphiura chiajeis E6, E11, E24
Ophiura albida: E2, E6, 11, Ei14, E24
B2 24.10/00

E4 26.30/00
EG 25.9%/00
EN1 29.3%/00
E14  28.5°/00
E24  24.1%/00

»

The following LD50 experiments were set up:

SPECIES STATION OF DILUTIONS TESTED
CAPTURE (% sea water)
A.chiajei c12 8o, 70, 60, 50
O.albida c12 80, 70, 60, 50
A.chiajei E24 60, 50, 40
E11 70, 60, 50, 40
E6 70, 60, 50, 40
0.albida E24 70, 60, 50, 40
E14 70, 60, 50, 40
EN 70, 60, 50, 40
E6 70, 60, 50, 40
E2 70, 60, 50, 40

The conditions of these experiments were similar to those of the
preliminary experiments except that ten specimens were used for

each dilution tested.

3¢5 Treatment of data:

If the times when individuals in given test solutions die
are recorded, data is obtained which can be expressed by a curve
relating cumulative per cent effect to time.  Such curves may or

may not be truncated depending upon whether or not all the indi-
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viduals in a given dilution react. Litchfield and Wilcoxon (1949)
end Litchfield (1949) have developed a method for the graphic
solution of such curves:-

a) Each observation time is plotted against the
cumulative per cent effect on logarithmic—
probability paper

b) A straight line is fitted to these plotted
points, particularly those between 10% and 90%.

The 'goodness of fit' can be tested by the (Chi)2
test.

c) The times which intercept 16%, 50% and 84% are
noted. The Median Effective Time is ETSO' The
times at 16% and 84% are used since, mathematically,
they can be related to a standard deviation of one.

From these times the slope function, S, can be

calculated:-
Elgy/Flog =  Floo/Elg
S = >
d) Using 'S' and the total number tested (as a per-

centage) i.e. 1005 unless not all the individuals
reacted, it is possible to derive a value, 'f', by
using a series of nomographs (given in Litchfield,
1949)s This value 'f' can be used to determine
the 95% confidence limits of the parameter, ETSOA

upper limit

so that, parameter x 'f!
lower limit

and parameter % e

e) Using 'ETSO', 'fETSO', 'S* and 'fs' for each line the
time-percent effect curves can be compared.

f) The Reaction Ratios, 'RR', can be determined thus,

RR = ET5Oi-/ ET5Oii (where ET5Oi is the larger value)

From the nomograph and uéing fETSOi and fET5oii

fRR can be read off. The value of 'RR' will exceed
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the value of fRR if the two median reaction times
being compared are significantly different. The

95% confidence limits are given by:-

RR x fR

R upper limit

]

RR - £

T Irr lower limit

3.6 Results:

Two species of ophiuroid were tested from stétion Cc12
in Toch Creran where full salinity conditions occure. Ophiura
albida appears to have a greater tolerance to diluted sea water
than Amphiura chiajei. (Graph 3e1)

O.albida, €12, and Q.albida from Millport, both from

environments with full strength sea water have similar tolerances
to lowered salinity. (Graph 3.1)
Amphiura chiajei from E24, E11 and E6 in Loch Etive were

testede Those animals from E24 show a greater tolerance than those
from E11 and E6. Individuals from E24 have a substantially greater
tolerance than those from E& with respect to 70% sea water. (Graph

3.2)
Ophiura albida from station E24 are already living at 70%

sea water and only one animal died at 60% during the experimental
periode At all other dilutions there is a decrease in tolerance to
a particular dilution over the range of animals from the stations
within Loch Etive, to the extent that animals from E24 have greater
tolerance than those from E14, E14=E11 and E11 D E6. (Graph 3.3)
Animals from E6 and E2 are approximately similar in their toleranceg
to diluted sea water. -

O.albida has a gréater tolerance at any given dilution
than A.chiajei from the same sampling station .
Data for Effective Mortality times, 'S', 'fyn ', 95% Confidence

S0
Limits, RR and fp, are given in Data Tables 5n pages 248 =~ 250.
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Comparison of salinity tolerances between Ophiocomina nigra,

Graph 3.1

Amphiura chiajei, Ophiura albida (Millport) and

Ophiura albida (Loch Creran) .

PERCENTAGE SEA WATER

90
80
70

60

50

40

Ophiocomina nigra
Ophiura albida (Millport)
Ophiura albida (Loch Creran)

®
A
a

B Amphiura chiajei (Loch Creran)
b= —— 95% Confidence Limits

e 4 i

10

—t & w e = e e e -

100 200 300 400

TIME TO REACH 50% MORTALITY (in hours)



Graph 3.2

(sanoy Ut) XITTVI¥ON ¥0G HOVEY Ol HEHIL

oL

00¢

00§

00l

002

oot

- 102 =

Comparison of salinity tolerances between Amphiura chiajei

from different stations within Loch BEtive.
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Comparison of salinity tolerances between Ophiura albida

Graph 3.3

from different stations within Loch Etive.

PERCENTAGE SEA WATER
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I
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TIME TO REACH 50% MORTALITY (in hours)
With the exception of the data for
E24, only 95% Confidence Limits for
each set of stations have been
inscribed (for the sake of clarity) .
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3.7 Discussion:

Individuals of Ophiura albida from Millport and Loch

Creran, where full salinity conditions obtain, show a greater

" tolerance to reduced salinity than others such as Ophiocomina nigra

also from full strength sea water conditions. Only the upper
layers of Loch Creran could be subject to inundation to the extent
that the surface salinity would be substantiélly depressed.

Because of the tidal nature of this Loch, Cage (1972a), there is
little likelihood that such depression would actually occur. In
the event of lowered salinity, Q.albida would probably not be
affected since this species lives or. the bottom of the Loch.
Despite this unlikely possibility of a lowering of the salt content
of the Loch waters Q.albida has the ability to tolerate some dilution
of the ambient medium. Though Q.albida from Millport would most
likely never experience diluted sea water, these animals still
appear to have a similar potential to the members from Loch Creran
where, though highly unlikely, salinity may very occasionally, be

depressede Ophiocomina nigra from Plymouth, where full salinity

also obtains, is intolerant of any extensive dilution of the medium
and is considered to have no ability to penetrate waters of reduced
salinity.

In general, the salinity of the bottom water of Loch Etive
decreases with increasing distance from the seaward entrance, Gage
(1972a). However, it must be borne in mind from what depth the
animals under test were taken. For instance, station E6 has a
salinity of 25°/oo while E11 has a salinity of 29.3°/oo. The
_ anomaly, since one would expect (see page 34 ) Ei1 to be less saline
than E6, is due to the depth at which trawling took place. E6
animals were trawled at 35 méﬁres, while those at E11 were taken
from a depth of 125 metres. ) .

~ Amphiura chiajei from stations E24, E11 and E6 have
substantially different tolerances to diluted sea wgter. Individuals
of this species from E24 (salinity of 24.40/00) are living in, more
or less, 70% sea water, and when placed in an experimeﬁtal dilution

of this strength survived for the period of the experiment - four
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weekse. A.chiajei from E11 and E6 survived 18 days and 15 days
respectively though one would expect them not to experience such
dilution, especially those from E6. Animals from E11 and E6 have
the potential to tolerate dilution whereas those from Loch Creran
do not have this ability. In the other dilutions, 60%, 50% and
40% sea water, the animals from E24 again show a greater tolerance
than animals from other stations. In the most extreme dilution,
40% sea water, the animals from E11 and E6 have a similar tolerance
while those from E24 have a higher tolérance. The animals from E24
may occasionally experience such depressed salinity while those from
E11 and E6 would nevery and this is presumably reflected in the
different tolerances to this dilution ‘by the animals from stations
E24, E11 and E6.

Inspecting the results for Ophiura albida it is clear

that, like A.chiaiei, animals from nearer the head of the Loch have
a greater tolerance to reduced salinity than those nearer the sea.
Animals from stations E11 and E14 have similar tolerances while those
from E24 have a greater tolerance. Station E24 is a much shallower
part of the Loch than E11 and E14 and experiences greater salinity
depression. Animals from E6 and E2 have similar tolerances yet are
less tolerant than those from E14 and E11. Lying between stations
E11 and E6 is one of the sills (Bonawe) and the different tolerances
of animals from E11 and E6 probably reflect the different salinity
regimes prevalent at these stations. Stations E2 and E6 are situated
in the lower basin, while E11 and E14 are located in the upper
basins. Stations E2 and E6, on the whole, would be more saline than
stations E11 and E14.

If the results for O.zalbida are compared with those for
' A.chiajei it is clear that individuals of both species, from the same
station, have different tolerances; in each case Q.albida has the
greater tolerance to reduced salinity than A.chiajei. This is
emphasised by animals from E24; Ophiura albida tolerates 60% sea

water (20.70/00) very well — only one animal died in this dilution.
In the same dilution A.chiajei has a much lower tolerance. At
station E24 there is similar salinity regime acting upon both

species on a broad scale.



- 106 =

However, the two different modes of life of these species
may result in their being subjected to different salinity regimes.

Ophiura albida is a fairly mobile, predatory species capable of

moving over the surface of the substratum (mud at station E24) and
is rarely completely buried, though the lower part of the disc may

.sometimes sink into the substratum. Amphiura chiajei generally

lies below the mud surface with only its arm tips protruding.
Looking at their relative positions at station E24 in Loch Etive

by SCUBA diving it is possible to suggest how the different toler—
ances to diluted sea water and the two modes of life of the two
species are related. OQ.albida tends to range up the sides of the
Loch, presumably in search of fdod, and thus may penet}ate water

of considerable dilution (due to the stratified nature of the water
in Loch Etive) for relatively short periods. A.chiajei is more or
less restricted in its depth distribution and would not nofmally
experience such rapid changes in salinity as Q.albida as a result
of the relative depths at which the two species occur. Also, being
buried may help A.chiajei to withstand depressed salinity by the
cushioning effect of the substratume Smith (1955) has proposed
that this cushioning effect by the substratum is an important factor
in the distribution of the errant polychaete, Nereis diversicolor,
in the intertidal muds of Kames Bay, Millport. Also, Stancyk

(personal communication) has suggested that a cushioning mechanism

is responsible for the presence of the ophiuroid, Ophiophragmus

filograneous in Whitewater Bay, Florida where very reduced salin-

ities obtain.
So, in effect, there is probably a greater salinity stress
acting upon 0O.albida than upon A.chiajei which may be reflected in
| O.albida by its greater tolerance of diluted sea water.

There is evidence to suggest that acclimatization to a
lower salinity will extend the tolerance to éxperimentally diluted
sea water. Ophiura albida 'taken from station E24 at a depth of
about 10 metres, where the salinity was 19.30/00, showed a much
greater tolerance to diluted sea water than O.albidé, also from
E24, but taken at a depth where the salinity was 24.40/00. This

acclimatization must be a fairly gradual process. At the end of
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October, 1977, diver observaéions at station E24 from O metres to

21 metres revealed very few living O.albida. There was an extensive
mortality, probably due to the recent fresh water inundation of the
Loche It had been raining almost continuously for two days prior to
the divee The River Etive, the major fresh water input to the head
of the Loch, was in full spate. Most living O.albida were found
below 20 metres. At about 12 metres there were more dead Q.albida
than at 16 metres. It is possible that at 12 metres the salinity
was lowered so quickly that it prevented any escape response by the
Q.albida at that depth. At 16 metres the salinity would not be
depressed so rapidly due to the cushioning effect of the mass of
water lying above, and thus the animals may have been able to

escape to the more favourable salinity conditions below. This
would imply some sort of sensory perception of lowered salinity -
was necesséry. It has been suggested that this is possible in the

asteroid, Asterias rubens (Loosanoff, 1945; Castilla and Crisp,

1973).

The brittlestars which were found living at the 16 metre
mark had, presumably, acclimatized or, at least, had the ability to
tolerate the depressed salinity until acclimatization was completed.
This was considered to be correct because some of these animals
remained in experimental tanks at the 16 metre salinity of 18.3°/00
for the subsequent four months. The observations were discontinued
after that period since it was thought that acclimatization was
complete. Evidence for this opinion arises from the regeneration
of broken arms which suggests that there had been no long term
deleterious effect on the brittlestars due to the extensive fresh- -
ening of the waters at the head of Loch Etive. Indeed, it is
perhaps indicative of the physiological flexibility which Ophiura
albida has and which can be employed when faced with sudden and

often extensive salinity depression.
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CHAPTER FOUR

CROSS ADAPTATION EXPERIMENTS USING Ophiura albida FROM NORMAL AND
DILUTED SEA WATER ENVIRONMENTS

4.1 Introduction:

"The differences in tolerance to hyposmotic salinity stress
in two populations of the same species from differing salinity
regimes have been considered to be "‘either due to a more or less
lengthy process of adaptation or due to the selection of favourable
mechanisms leading to the production of physiological races.

Physiological races are known for many species. These

include:-

Gasterosteus aculeatus (Feuts, 1947)

Gammarus duebeni (Beadle and Craig, 1940a)
Tisbe furcata (Battaglia, 1967)
Palaemon squilla (Pora, 1946)

Dikerogammarus haeobaphes (Beliaev and Birstein,1944)

)

The occurrence of physiological races has not yet been
convincingly demonstrated in those echinodermé which have penetrated
brackish water.

Gezelius (1962) quoting the work of Forstadius (1925) on

the echinoid, Paracentrotus lividus, notes that adaptation to differ-

ent salinity regimes has much the same characteristics as the
adaptation to new temperature ranges involving changes in tolerance -
and cleavage rate of fertilised eggs. He suggests that the two
processes facilitating such adaptations are not too distantly related
physiologically. Beadle (1943) postulates that the extension of the
~ tolerance range is due to the development of a néw mechanism not
originally functional. '

That a relatively long and gradual period of acclimatiz-
ation is reguired to a&apt a species from one salinity to another,
lower, salinity value is indicated by previous work (Loosanoff, 1945;

Schlieper, 1957; Gezelius, 1962).

ll
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Loosanoff (1945) carried out experiments on Asterias
forbesi in an attempt to acclimatize this asteroid from its usual
salinity of 270/00 to a much lower one. The tolerance, for 100%
survival, <could not be extended beyond 180/00 despite lowering
the salinity by a gradual 1.5 - 2.00/00 per day. |

Smith (1940) using the asteroid, Asterias vulgaris,

4estab1ished a lower limit of 140/00 within a 6 -~ 10 day period for
adaptation. However, Loosanoff (1945) points out that such
periods are too short.s He cites his own work as evidence in which
he maintained Asterias forbesi at 160/00 for a similar period of
adaptation 10 days, as Smith (1940). It was noted that deleterious

effects of this lower salinity only became evident after two months

at -this new salinity.
Cezelius (1962) states that about 50 days are required
to achieve a complete adaptation between the 'Z'(shallow) and 'S’

(deep) forms of the echinoid, Psammechinus miliaris. Schlieper

(1957) found that Asterias rubens can be transferred between the

Baltic and North Sea salinities by a progressive adaptation over
several weeks.

It has been recognised that adaptation to a new salinity
must be apparent in all stages of the life cycle, not merely in the
adult form. Schlieper (1957) found that -Asterias rubens could not

reproduce at the extreme parts of its range within the Baltic Sea.
The population of this species depends upon larval recruitment from
the Kattegat populations for maintaining the adult presence at these
extreme salinity limits (8°/00). :
Timourian and Watchmaker (1970) using the spermatozoa from

the echinoid, Lytechinus pictus, demonsirated that “the mobility of

the spermatozoa depended upon the salinity in which the male echinocid
had been kept. The eggs of this species could be fertilised at all
diiﬁtions in which the sea urchin could survive. FHowever, it was ‘
' the mobility of the.Spermatdzoa that was important in-determining

the success of fertilisation. Gezelius (1962) using the 'Z' and 'S’

forms of Psammechinus miliaris studied the salinity optimum and range

of stages other +than ihe adult. He found that the cleavage rate of
the egg was dependent upon the salinity at which the parent was
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adapted. He also noted that the temperature, and not the salinity,
was the major criterion determining the beginning of the reproductive
period. Davis (1958) states that the salinity range of oyster larvae
depended upon the salinity in which the maturation of the gonads had

occurred. Gezelius (1962) points out that adult Psammechinus

miliaris can only adapt within certain limits. These limits are
those to which the sex cells can adapt, though the adults of
Pomiliaris may be able to exist in areas, e.g. the littoral zone,
where they are sometimes exposed to salinities outside the tolerance
limits of the sex cells.

Much work, mostly on the Asteroidea and the Echinoidea,
has been concerned with tolerance to _differing salinities in the
assessment of whether two populations of a species are separate
physiological entities.

Schlieper (1957) states that there is no indication that

the two populations of Asterias rubens, namely from the Baltic and

North Seas, are genetically different races. He proposes that the
differences which do occur, (including: water content, body size,
ash wéight, tissue metabolism, activity and gonad development time),
are a result of a lengthy process of adaptation.

Gezelius (1962) kept 'S' and 'Z' forms of P.miliaris in
salinities of the other form for more than a year and noted that
there were no major morphological changes in habitus. He comments
that the occurrence of morphological transforﬁation between the two
forms "must be rare".

Borei and Wernstedt (1935) state that it is unlikely that
the habitat of the 'S' form is populated by individuals of the 'Z’'
form. Gezelius (1962) concludes that the two morphs, 'S' and fZ',
are developed each into its particular habitus due to the effects of
salinity, temperature and light intensity operating at the time of
metamorphosis and the subsequent early development of the sea urchine

The ultimate test of a physiological race is the production
of viable forms from the cross fertilisation of individuals of both
‘entities' since an inherent feature of speciation is that of

reproductive isolation (Lack, 1947)e
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There are differences in salinity tolerance and weight
fluctuation in reduced salinities (see Chapter 1) between Ophiura
albida from Millport and station E24 in Loch Etive. To investigate

further the nature of the population of Uphiura albida in Loch

Etive, in terms of whether these animals are tending towards a
physiological isolation distinct from the O.albida living off the
west coast of Scotland, a cross adaptation experiment was carried

oute.

(a) Method:

Twenty animals from Loch Creran, where full salinity
conditions obtain (330/00), were used in an attempt to assess
their ability to tolerate and survive an extensive reduction im
the salt content of the ambient medium. The animals were obtained
by trawling as described previously (page 89). Since the loch is
fully tidal (Gage, 1972a) the salinity is considered to be equivalent
to that off the southern.tip of Lismore (Longe. 50036'0"W, Lat.
56027'3O"N) where the nearest population of O.albida from fully
marine conditions occurs (Pearson, personal communication). Prior
to use the animals were kept in stock baths for a few days (see page
93 )e To effect the adaptation, the animals were placed in a large
stock tank filled with sea water of the appropriate initial salinity,
330/00, and aerated by two airstones. Lining the base of the tank
was various detrital material obtained from Loch Creran by
trawling.

Animals for adaptafion to full salinity conditions were
obtained from E24 by hand collection using SCUBA diving. The
relative viabilities of animals caught by diving and by trawling
" have been discussed (see page 93). Twenty animals from ~this
station, with a salinity of 24.40/00, were set up in similar
" conditions as the above. Two 20 litre bowls containing Loch
Creran animals and E24 animals were set up and acted as controls,
there being no salinity change in these bowls.

The reduction in $alinity was effected by the addition
of glass distilled water and produced a decrease in salinity of

1.4°/oo per day in . the experiment with the Loch Creran animals.
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In the experiment with the E24 animals the salinity was raised
o o
from 24.4 /oo to 33 /oo by the process of evaporation at a rate

of 1.00/00 per day.

(b) Results:

' In falling salinities, the animals from Loch Creran soon
began to show signs of stress such as curling of arms, loss of
colour and lower level of activity. They began to die at 26°/oo
(the eleventh day of the experiment) and were all dead after a
further eight days at 24.90/00.

The O.albida from station E24 at the head of the Loch
withstood the experimental increase in salinity and were main-
tained at the final slainity of 330/00, which was reached in nine
days, for a further five months to ensure that there were no long
term morphological deleterious effects (see Loosanoff, 1945).
After five months, extensive regeneration of the distal segments
of the arms had occurred and it was considered that the animals
had adapted to the new salinity.

There were no obvious morphological differences between
these animals and those which normally live in salinities of 340/00,
for example, those from Millport. Furthermore, differences in
colour and level of activity were not apparent between these newly
adapted animals and those from Millport, strengthening the evidence
leading to the conclusion that these animals had not suffered
any apparently deleterious effects due to the increased salinity.
It was not, however, possible to test whether these animals could

be reproductive in these new salinities.

" (c¢) Discussion:

From the above eiperiments it seems that the population
of O.albida from E24 are able to readjust quite quickly to fully-
marine conditions. The Loch Creran animals apparently either,
find it is impossible to survive the reduction in salinity or,
they require a substantial time and gradual salinity decline in
order to allow the adaptation to a reduced salinitye. That O.albida

from BE24 are able to .adapt quite * quickly may, perhaps, reflect
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the degree of euryhalinity that is possible in Ophiura albida

when its salinity tolerance, as instanced by its occurrence in

brackish water has, at least, been modified and extended.

4.2 A discussionconcerning the possibilities resulting in the

. presence of Ophiura albida at the head of Loch Etive.,

It is instructive, at this point, fo consider how

Ophiura albida may have become established in the Loch, particularly

at the head where very reduced salinities obtain. From the above
experiment there is an indication that relatively longlperiods of
time are required in order to allow the adaptation to reduced
salinities which occur within Loch Etive. Such periods may have
occurred during the colonisation of the Loch. The possible
routes of establishment of QO,albida within the Loch all have their
attendant problems, which will now be discussed. ‘

Thorson (1957) has discussed the importance of the
larval stage for dispersal of marine invertebrates. Larval dis-
persal is a possible method to be considered. A pelagic larva,

Ophiopluteus paradoxus, has been described by Mortensen (1927)

and is thought to be the larva of Ophiura albida. The presence of

a brackish water layer on the surface waters of Loch Etive would
seem to be an osmotic and ionic barrier to larvae. To avoid such
conditions it is possible that the larvae could travel in subsurface
currents where salinity is presumably more favourable. Gage (1972a)
has shown that the speed of the bottom currents decreases with
depth. Although Fell (1948) reports that Ophiura albida has an
eight armed larva (prior to metamorphosis) which would indicate

that it has a fairly long larva stage,and Thorson (1957) has
reported that some members of "the genus Ophiura can defer metamor—

. phosis by as much as three days, it is not considered that this

would be sufficient to allow significant penetration of the Loch.
Also, the sills would tend to reflect water of subsurface currents.
It seems likely that only surface waters, and some subsurface waters
during 'renewals' would flow over jhe sills up towards‘the inner

reaches of the Loch. The reasons QOVerning the presumed absence
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o larvae from the surface waters would, it is assumed, also apply to
potential egg transport within the surface waters. If colonisation
via larvae and/or eggs is impractical, then this would imply that
adult penetration would be necessary.

‘ There are two possible routes of colonisation of Loch
Etive by adult Q.albida. Firstly, animals from the Firth of Lorne

could establish populations of Ophiura albida progressively further

up the lower basin of the Loch. . From these stations, colonisation
could extend up towards the head of the Loch commensurate with
increases in tolerances to lowered salinities and rates of movement.
Though ophiuroids, particularly those of the genus Ophiura, are
thought to be the most agile of the echinoderms, little quantitative
work has been done on rates of movement. Most work has been confined
to the asteroids (Romanes and Ewart, 1881; Caltsoff and Loosanoff,
1939; Smith, 1940; Reese, 1966). The latter author summarises

the current state of knowledge, particularly with reference to the
motivation of certain directional movements in echinoderms. In the
asteroids, the rates of movement are very variable, and Binyon (1976)

thinks that they are not sufficient for Asterias rubens, which also

occurs at station E24, to establish a population in Loch Etive. It
seems unlikely that, relatively, a more rapid process of colonisation
could occur by Q.albida. It must be remembered, however, that a
rapid colonisation is not necessary. Indeed, a slow process of
establishment would enable a lengthy process of adaptation, which
appears to be a prerequisite for survival in the upper reaches of
the Loch, to occur. One problem with this scheme, not yet discussed,
is that of the geological barriers which are present in the Loch.
These barriers, which could hinder progreésion into and
up the Loch, are the sills; one at Connel and the other at Bonawe.
Theée sills rise to within seven and ten métres, respectively, of
the surface; a distance from the bed of the Loch to the tops of
the ridges of thirty metres at Connel and seventy-two metres at
Bonawe. Such obstacles would have to be surmounted in order to
establish populations of O.albida in the lower and .upper basinse.
Though the sill at Connel cannot be readily associated with any

particular geotectonic incident, it is clear from the survey work
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of Anderson (1937) that, at Bonawe, the sill lies along the fault
line running through the Pass of Brander.

Such obstacles are not, initially, critical problems in
the process of colonisation of the Loch by O.albida in the second
route. The second route requires that Loch Etive was, formerly,

'fully marine. As such, O.albida could be present throughout the
Loch by larval dispersal, since there would be no brackish water
layer problem. Then, geomorphic movements could upthrust the sills
thus confining the animals. Presumably it would take some consider—
able time before the upper basin waters were diluted to their present
condition since there would be renewals of marine waters from the
lower basin where, it is supposed, .dilution would take even longer.
Such long periods for dilution to have effect would allow the marine
Q.albida to withstand the lowered salinities. If glacial over- -
deepening of the upper basin had subsequently occurred, wiping out
any resident populations, re-population could take place, after
the recession of the glacier. This is speculation however.

Although it is known that glaciation of Etive occurred during

the last Ice Age (Charlesworth, 1954) it is by no means clear
whether this was pre- or post-sill appearance. One might suppose
that since it was possible to adapt the QO.albida from station E24
quite rapidly to fully marine conditions, animals at the head of
the Loch, and thus, it is likely, from witlLin the whole Loch,

have been derived fairly recently from marine stock. From this it
could be thought that the Q.albida in Loch Etive are of post-sill
appearance. This still leaves, however, the unsolved problem of

the mode of their original penetration.

4.3 A discussion concerning the possibilities resulting in the
haintenance of the presence of Ophiura albida at the head of Loch . -

Etive.

‘Maintenance of the Loch Etive Ophiura albida poses

similar problems to those of original colonisation. Such main-
tenance could be via larval and/or adult recruitment from nearby

marine waters or by the resident porulation undergoing a complete
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reproductive cycle in the reduced salinity on +the Loch floor.

Larval recruitment, which would rely upon the larvae
tolerating the lower salinity of the brackish layer of the surface
waters of Loch Etive, and upon their transfer, eastwérds, up the
Loch by the currents would mean that larvae would need to traverse
the sillse. The problems inherent in this have been discussed.
Similarly, 1arvae spawned by the resident population would need to
tolerate the salinities of the brackish water layer, or stay in the
more saline water below. Wood et al (1973) have demonstrated that
there are blooms of diatoms, dinoflaéellates and py-flagellates
occurring within the euphotic zone - the upper ten metres. So,
presumably the larvae would have to rise in order to feed upon these
phytoplankters since it may be that such micro-organisms would be
ﬁnlikeiy, due to the obvious buoyancy problems, %o penetrate and
descend below the halocline which separates the'brackish layer and
the deeper, more saline water. Also, since these plants are photo-
synthetic, there would seem little reason to descend out of the
euphotic zone.

Another method of recruitment to the populatién is that
arising from adult movements. This would need a large contingent of
adults moving into the lower basin, over the sill at Connel, and
thence into the upper basin, over the sill at Bonawe. In both
instances it would require large numbers of animals moving into, .
initially, unfavourable conditions. Not only that, the sills would
have to be traversed with an unlikely regularity.

If the lower basin animals do not reproduce then adults
would have to be recruited from the nearest Q.albida population.
The nearest population is about 12 kilometres from the entrance
narrows of Loch Etive. This distance would seem to preclude adult
recruitment. It would also seem unlikely that larvae would have a
delayed metamorphosis great enough to permit recruitment frdm this
distance. It has been estimated that a packet of water from this
area would take two or three months to reach the Bonawe narrows
(BEawards, personal communication)e v

To assess the occurrence of reproduction of Ophiura albida

within the confines of the Loch, plahkton hauls were taken at the end
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of July, 1977 when it was considered, with reference to known
breeding populations around Brtain of this species, that ophio-
plutei would be present in the plankton (Tyler, personal communi-
cation)s. It was not possible to follow the reproductive cycle

histologically. Binyon (personal communication) examined the

" gonads of Asterias rubens, from station E24, and found them ripe
and ready to discharge gametes into the water. He also.observed
that the eggs showed germinal vesicle breakdown.

Plankton hauls were taken at the following stations:
E2, E11, E24. vAt these stations oblique tows which sampled
the whole water column were taken. In case ophioplutei were at
the level just below the halocline a horizontal tow was taken at
station E24, at six metres depth.

No echinoderm larvae were found. This is inconclusive,
however, of evidence of a non-breeding population of Ophiura
albida because it is possible that trawling was carried out at the
wrong time. It has been demonstrated in some echinoderms, for

example, Ophiocomina nigra, that spawning is confined to the

production of discrete packets of gametes over a very short period
of time (Gorzula, 1976).

The presence of small specimens (4.0mm to 1.5mm in
diameter across the disc) of Ophiura albida in the trawl net at
station E24 during the Easter of 1977 suggests either thai the

breeding season was extremely early that year or that the animals

were derived from the spat of the previous year. It is known that

in some echinoderms, e.g. Asterias rabens, the occurrence in

brackish water slows down the maturation of the gonads (Schlieper,
1957). From the newly metamorphosed size and with reference to
‘reproductive studies of Q.albida off the Gower Peninsula, South
Wales (Tyler, 1977) it seems likely that these small brittlestars
‘'were spawned in the summer of 1976 and subsequently overwintered.
It seems unlikely that these small brittlestars, if spawned in the
lower basin, could move from this basin into the upper basin and
thence to station E24 at the head of‘the Loch. Assuming that as
larvae they could not tolerate the salinities of the brackish water

layer, it seems plausible that the larvae are derived from animals

within the upper basin.
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Furthermore, it is considered that, on the basis of likely
rates of movement and improbabilities of larval transport in the

surface layers, as discussed previously, Ophiura albida is capable

of reproducing at the head of Loch Etive. It is,‘perhaps, unlikely
that these small animals merely travelled up the Loch from, say,
stations E11 or E14 since, if this were so, then these young animals
with a possibly lower tolerance to reduced salinities than the

adult stages, would be moving into less favourable conditions which
seems implausible for such young, and presumably more physiolog-

ically sensitive, animals.
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CHAPTER FIVE

INVESTIGATION INTO THE ROLE OF MUCUS IN THE PENETRATICN OF LOCH
ETIVE BY Ophiura albida

5¢1 Introduction:

- The secretion of mucus is a well documented éhenomenon
found in all classes of echinoderms. These secretions may emanate
locally, or from over the whole body surface. Hyman (1955) points
out that the Ophiuroidea, in which an epidermis is generally
lacking, are unusual in that, with few exceptions, the exudation
of mucus is confined to the tube foot region. It is, perhaps
noteworthy to add thaf members of the Holothuroidea do not appear
to liberate mucus from the fube foot epidermis.

There is a vast literature concerning the work
describing the types of cells and glands which are known to
secrete mucus. Such descriptions have been summarised by
Boolootian (1966).

Many functions have been ascribed to the production of

mucus -

1. It acts as attraction or adhesive agent during

the locomotion of some asteroids (Paine, 1926).

24 It serves to trap food particles in some of the

Crinoidea and the Ophiuroidea (Nichol, 1966).

3. It acts as a lubricant for the teeth of the
Aristotle's Lantern in the echinecid, Echinus

esculentus (Reese, 1966).

4. Asteroids, echinoids and ophiuroids use it to

line their burrows (Boolootian, 1966).

Se The attachment of eggs to the adult integument
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is known in Cucumaria curata (Smith, 1962).

6. It may confer some protection from predators,
e.gs in some crinoids (Fell, 1966). It has
been suggested (Binyon, 1976) that there may be
some cause and effect relationship between mucus
in echinoderms and the apparent, virtual absence

of ectoparasites.

Te Light production, as phosphorescence, may be

related to mucus production (Gotto, 1963).

The most reecent, extensive work concerning mucus and its
occurrence in ophiuroids is that of Fontaine (1964) in which

Ophiocomina nigra was investigated. It was shown that:-

-

a) An aid to locomotion was the primary role of

mucus from the tube feet.

b) Mucus was used in the form of a mucus trap
slung between two arms and across a current

(Fontaine, 1965).

c) As has been suggested for some. of the Crinoidea
it is thought that mucus may act in a defensive
role against predation. Q.nigra is notably
absent from the list of Northeastern Atlantic
species that are preyed upon by such fish as
cod and haddocke.

Binyon (1976) has described the occurrence of mucous

glands in the integument of Asterias rubens, from the head of Loch

Etive, in Scotland. Experiments demonstrated that this secretion
did not form a permeability barrier to the lowered salinity preval-
ent at the head of the Loch. Since the Baltic Sea population of

Asterias rﬁbens, from a similar saiinity'to those from station E24
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at the head of the Loch, did not show any abundance of mucous
glands it was considered that these glands may be a response to
a less stable lowered salinity. Binyon (1976) suggests that
because the Baltic Sea population may have had a greater period of
time in which to adjust to the reduced salinity and also because
there was less seasonal fluctuation than in Loch Etive at the head,
it was possible that the number of mucous glands had declined in
the Baltié Sea animals. Schlieper (1957) has described these
latter asteroids as 's.less well sclerotisedess' ; this may mean
that they have a similar appearanCé to those from E24 in Loch
Etive (Binyon, 1976). )

To assess further whether mucous glands and reduced
salinity were comnected the following material was examined histo-

logically using Alcian blue staining techniques.
5¢2 Materials:
Ophiura albida - Millport,

- Loch Etive - E4, E6, E24

- Loch Creran - C12

Amphiura chiajei - Loch Etive - E4, E6
- Loch Creran - €12

Ophiura albida, from station E24, was subjected for twelve
days to a dilution of 40% sea water (13.60/00).- Animals were

removed at 24 hour intervals fixed and subsequently examined for

the presence of mucus.
53 Histological Procedure:

The material for sectioning was placed in Bouin's sea
water fixative for two weeks and then transferred tg 70% alcohol
for storage. Since ophiﬁroids are highly calcareous fup to 50%)
and standard sectioning methods require the complete absence of all

skeletal material it was necessary.to decalcify all material by
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immersing the ophiuroid samples in several changes of EDTA (Ethy-
lene diamine tetra acetic acid)over a period of six weeks.

The material was rendered suitable for embedding in
paraffin wax by dehydrating the samples with an ascending series
of alcohols (30% to absolute). The tissues were subsequently
cleared using several changes of toluene.

Block making and trimming were carried out using the
methods described in Mahoney (1966)s A rotary microtome set at 10mB
was used for the section cutting. Only transverse sections were
made. Attachment of sections to slides and the subsequent treatment
for storage in the unstained state followed Mahoney (1966).

The Alcian blue method of staining for acid‘mucopoly-;

saccharides as described in Gurr (1963), was used.
5¢4 Results:

No mucous cells or glands were found in Ophiura albida

from Millport or from those occurring within Loch Etive. This

absence was also noted for Amphiura chiajei from Loch Creran and

Loch Etive. Ophiura albida from the Oresund did not display any

mucous cells or glands.
There was no evidence to suggest that any development of

mucous glands or cells occurred when individuals of Ophiura albida

(E24) were kept in 40% sea water. Similar changes in the morphology
of the integument such as the appearance of lesions, loss of '
colour and general necrosis as have been described for Asterias
rubens, when placed under similar conditions (Binyon, 1976) were

observed in Ophiura albidae.

5.5 Discussion:

One might have exbected a similar presence of mucous

glands in the integument of QOphiura albida, as has been described

for Asterias rubens from Loch Etive by Binyon (1976), if a reduction -

in salinity was of absolute importance in influencing the develop-

ment of such glands in this asteroid.
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It must be remembered, however, that Asterias rubens

from the head of the Loch has a distinctly different morpho-
logical appearance in comparison with the same species from
normal salinities (340/00). These individuals are very soft and
drip with large amounts of mucus when removed from water. The
appearance of these starfish would seem to be analogous to that of

Asterias rubens from the Westgrn Baltic Sea which have been

described by Schlieper (1957) as 'vee. less well sclerotised sees
but which have relatively few mucous glands (Binyon, 1976).
There are no such differences in morphological appearance

between Ophiura albida from Millport (340/00) and those which occur

in the brackish water of Loch Etive.

I+ must be remembered, of course, that Asterias rubens

is an asteroid and an analogy between this species and the two

ophiuroids, Ophiura albida and Amphiura chiajei, in terms of pene-

tration into waters of reduced salinity, should, if at all, be drawn
with care. However, it would appear that neither Q.albida nor
A.chiajei rely upon mucus production for penetration into waters of

reduced salinitye.
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CHAPTER SIX

COMPARISON OF WATER AND ASH BETWEEN OPHIUROIDS FROM DIFFERING
SALINITY REGIMES

6.1 Introduction:

In 1953, Vinogradov exhaustively summarised the current
state of knowledge concerning the elementary chemical composition
of the phylum ~ Echinodermata. In this review, he quotes Petersen
who claimed that the water content of an echinoderm vayied from
56.6% to 757 He.gave figures for the water content of two
ophiuroids, Ophiopholis aculeata and Ophiothrix fragilis as 56.6%
and 68.8%, respectively, (Meyer, 1914; Weigelt, 1891).

Giese (1966) notes that the asteroid, Pisaster ochraceus

is 71.4% water while the Antarctic asteroid, Odontaster validus,
has a water content of 75% to 80% (Pearse, 1964).
Riley and Segar (1970) give percentage water contents.

in a range of echinoderms. A cursory examination of these data
shows that there is a wide variation between classes and between
speciess They gave a value for an unidentified ophiuroid of 46%.

Schlieper (1957) 6ompared the water contents of Asterias
rubens from the North Sea and the Baltic Sea. He quotes a figure of
83.1% and of 76.8% for animals from the Baltic and North Seas
respectively.

Thompson and Chow (1955) analysed a wide range of echino-
derms and gave values for the percentage of organic matiter in whole
~animals. There is a variable percentage of organic material present
in an echinoderm, primarily depending upon the extent of the
calcareous skeleton. The amount of organic matter ranges from
1.2% to 84% (Thompson and Chow, 1955)« The Echinoidea appear to’
have the least, presumably due to the presence of the heavy test.
Thompson and Chow (1955) gave figures for the Echinoidea - 1.2% to

9.3% (in Meterocentrotus trigonarivs and Strongylocentrotus

fragilis respectively); for the Holothuroidea - 12.2%, (Psolous

chitinoides), to 84%, (Cucumaria curata); for the Asteroidea - 19%,
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(Mediaster aequalis), to 39.4%, (Asterias forbesi); for the Ophiur-

oidea - 11%, (Ophiura sarsii), to 33.4%, (Ophiothrix spiculata).

The single crinoid analysed, Antedon sp., had an organic content of
134 3%,

Vinogradov (1953) states that nearly 50% of the dry weight
of an echinoderm is ash, except in the case of the Holothuroidea -
where, due to the rather insubstantial spicule skeleton, it is some-
what less. Mauchline and Templeton (1966) gave the ash weights as
a percentage of the dry weight and their results indicate that it is
variable with tlie echinoids having the greatest percentage, presumably
due to the presence of the extensive test.

Giese (1966) notes the.presence of a certain'variability
in the percent water content between species. Fowever, it appears
that the percent water content of analogous bodily components in
different species are similar. He gave the value for the arms of

Ophioderma_panamensis of 44.5% and that the arms constitute 78% of

the whole animal.

Often the above results have been obtained as an indirect
consequence of extensive biochemical investigationse. Since these
studies would require large animals in order to obtain sufficient
experimental material there has been a bias of results towards the
larger species and the larger individuals of these species. Even so,
it is evident that 'a representative echinoderm'y, in terms of percent

water, organic matter and ash, has very little meaning.

6.2 Materials and Methods:

The percentages of water, organic matter, skeleton and

ash were investigated in the following species:

Ophiocomina nigra ~ Plymouth
Ophiura albida - Millport, Loch Etive, Oresund
Amphiura chiajei - Loch Etive

The percentages of water and skeleton were determined by

the drying and potassium hydroxide procedures, respectively. These
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procedures have been described elsewhere (see Page 150). The
organic matter comprising salts, muscles, reproductive and
visceral material was estimated by subtraction.

For some of the determinations the animals were
partitioned into disc, arms and regenerating parts of arms. This
latter division, namely the subdivision of the arm into the older
portion and the regenerating section, was carried out for Ophio-

comina nigra only. Ophiura albida from Millport and the Oresund

were partitioned only into discs and arms. The percentages of

skeleton was determined only in Ophiura albida from Millport; and

Ophiocomina nigra from Plymouth.

Since some material was obtained in a preserved state

(Qphiura albida from the Oresund) it was necessary to assess the

effects of the preservative, (formalin), upon the water and ash
contents before using data from such sources. This is particularly
necessary in view of the possibility that formalin may, over time,
dissolve calcium carbonate skeletons.

Tor this test, twelve specimens of Ophiocomina nigra,

ranging in wet weight from 0.98 gfams to 3.67 grams were kept in
5% formalin for two months. These were then treated as for non-
preserved animals, and the percentages of water and ash determined.
These results were compared with those obtained for speci-
mens of O.nigra which had not been subject to preservation (see
Table 6.1)s The percent water content in the preserved individuals
appears to be a little higher, while the amount of ash is gbdut the
same as in the fresh material. It is considered that percehtage ash
data from animals preserved in formalin may be used in comparisons.
The value of results for water content must be assessed in the light
of the differences as shown in Table 6.1. ,
The results for all the gnalyses are presented in tabular
form and diagrammatically for ease of géneral comparison,( see

Table 6.2 and Figure E )e
6.3 Results:

Whole specimen analysis
Whole specimens of Ophiocomina nigra have a greater

percentage.water content than whole specimens of Ophiura albida
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Table 61 Comparison of percentage ash and percentage water
contents in preserved and non-preserved (fresh)

specimens of Ophiocomina nigra .

CONDITION o ASH % WATER

1848 5645

Fresh 1.3 oo
Preserved | 17+1 6046

3 0’ + [ ] i [ ]
(in 5?0rmalin> =59 2+3
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Figure E  Comparison of percentage water, skeleton, organic matter(O.M)
and ash between Ophiocomina nigra and Ophiura albida
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from Millport, (see Table 6.2).

From this Table it appears that O.nigra has a smaller
percentage of its wet weight as skeleton than is recorded for
O.albida. The percentage ash content, too, in the latter is
greater than was found in O.nigra.

. Disc analysis

The discs of O.nigra contain nearly 20% more water and
about 10% less organic mgtter than those 6f Q.albida. It was
found that 0.albida had ~ ° 7 ™'®  ash as O.nigra.

Arm analysis )

With reference to-Table 6.2, the arms of Q.nigra contain
54% water while those of Q.albida contain about half this amount —
28%. Also, O.albida has about half the organic matter when compared
with O.nigra. The larger ash content of O.albida in contrast to
O.nigra probably reflects the larger percentage of skeleton recorded
in Q.albida. '

If the disc and arms data are examined in terms of their
contributions to the total percentages of ash, water and skeleton
of the whole animal it is clear from Table 6.3 that in Ophiocomina
nigra the disc contributes 30% water, 15% skeleton and 19% ash;
while the arms contribute 70% water, 85% skeleton and 81% ash.
Ophiura albida is broadly Similar. The disc éupplies 40% water,
18% skeleton and 24% ash, while the arms contribute 59% water, 82%
skeleton and 76% ash (see Table 6.3).

Graph 6.1 shows water contents of O.albida sampled from

different stations in Loch Etive, thus representing different
salinity regimes. There seems to be little evidence of any
water changes due to the influence of different salinities. This
also applies to percentage ash as shown in Graph 6.2,

Graph 6.3 displays the water contents for Amphiura chiajei sampled
from stations E4, E6, E11 and E14 in Loch Etive, and indicates a

higher percentage of water than Q.albida. The ash content as shown

in Graph 6.4 is of a similar level to that of QO.albida - 24.3%
and 27.9% for A.chiajei and Q.albida respectively.
The O.albida from the Oresund have 35.8% water. This is

lower than in those from Loch Etiﬁe, despite possible preservative
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Table 6.2 Comparison of percentage water, skeleton, organic matter

and ash in Ophjocomina nigra and Ophiura albida (Millport).

T

Ophiocomina nigra ﬂ Ophiura albida

COMPONENT

%  }oskeldd % skel
‘ﬁwater eton | % 0.M % ashijwater | —eton{% O.M {4 ash

Whole 565 | 32:5 | 110 18¢8 ||42.7 | 47.6 | 947 | 22.0
animal HJi 2.4 ] I 4.4 Tiuafltse |t 8.2 Ty

Disc 611 | 2301} 158 | 1302|4263 | 333 j2heh (1847
2 33| T 347 AP LAY EAPY £ 5.5
Arm 2.6 Tolt] 960 | 2164 || 284 | 6647 | 4e9 23.2
g 342 g 263 T 1ed|E 6o51 L 203 T 5.2
Regenera-
t}ng part || 517 |36+0 |1243 ND ND ND ND ND
ol arm + o3 t3.9

ND ~ Not determined

OeM -~ Organic matter
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Table 63 Comparison between Ophiocomina nisra and Ophiura albida

with respect to percentage water, skeleton and ash in

the disc and in the arm .

COMPO- Ophiocomina nigra il Ophiura glbida
NENT % % skel ¢% V5 skel-

cf
=i

water | - eton|% ash ll water | eton | % ash

DISC 29656 | 14«70 19.17 ilio

. 1 451 17.80 | 24400
= h4e16 } = 3.93| = 2433 o7

q %204 % 1.6k

ARM 7040 | 85427 8080 |} 594k | 82419 | 75499
2 4a16 | 2 3.93]% 20331 % 5.54 T 2.04 T 1.6k
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Percentage water content in Ophiura albida from
different stations within Loch Etive.
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Graph 6.2 Percentage ash content in Ophiura albida from
different stations within Loch Etivee
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Graph 6.3 Percentage water content in Amphiura chiajei
from different stations within Loch Etive.
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Graph 6.4 Percentage ash content in Amphiura chiajei

from different stations within Loch Etive.
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Table 6ok Comparison of percentage water and ash between

Ophiura albida populations from Loch Etive and

the 6resund °

LOCATION |% VATER o  ASH

Loch Lo.77 . 26469 .
Etive ¥ 3.38 ¥ 448
Oresund 35427 333k
¥ L.59 I 3.48
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effects. Individuals from the Oresund have an ash content
which is greater than in the Loch Etive specimens - 32.2% and
27.9% respectively (see Table 6.4).

6.4 Discussion:
Schlieper (1957) noted differences in percentage water

and ash contents between the Baltic and Worth Sea individuals of

Asterias rubens. It would be pertinent to examine the results in

the light of the salinity regimes experienced by the various
species.
Firstly, it is necessary to compare an oceanic brittle-~

stér, represented by Ophiocomina nigra from Plymouth, with one

which is considered to be euryhaline -~ Ophiura albida from Millport.

It is immediately clear that Q.nigra has a greater water content in
the whole animal. than does C.albida , whilst it has less skeleton
and ash. From this, one might conclude that in order to tolerate
reduced salinities it would be advantageous to increase the less
osmotically active component in ofder to reduce the degree of
hydration which might result from lowered salinitye.

Ophivra albida, from Millport, has a slightly higher

amount of organic matter and 13% more skeletal material. This
additional skeletal component is presumably osmotically and
ionically inactive while the higher organic matter probably rep-
resents the additional musculature necessary to articulate the
extra skeleton. '

If this proposed correlation between salinity and the
percentage of osmotically inactive component is correct, then one
would expect to find evidence of a similar trend, at least, in

O.albida from Loch Etive and the aresund. Amphiura chiajei, too,

should show similar characteristics.
In O.albida, from Loch Etive, it is found that there is
an overall water content which is similar or slighﬁ;y lower than
in O.albida from Millport. The latter population has similar or -
slightly lesser amounts of ash than those from Loch Etive. Amphiura

chiajei, which is not considered fo experience quite the same
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degree of hyposmotic salinity stress as Q.albida (Loch Etive) has
more water than this species but less than O.nirra. This would
be consistent with the view that the Loch animals are recently
derived from a fully marine population and with the concept that
A.chiajei is less likely, by virtue of its burrowing habit, to be
subjected to the lowered salinities which may be experienced by

. The more mobile O.albida.

Ophiura albida, from the 5resund, comes from conditions

where, if is thought, the salinity reduction and fluctuation have
been over a longer time scale resulting in a greater stability in
salinity than is found in Loch Etiﬁe. These animals have less
water and more ash than the Loch Etive Q.albida. . '
One might suppose from +this that the Oresund animals
may represent a more advanced stage than the Etive animals in

adaptation to reduced salinity.

GENERAL DISCUSSION :

The Echinodermata are, perhaps, not the rigidly steno-
haline group of marine invertebrates which has been the view
concluded by the classical textbooks. There are many examples of
echinoderms which are known to penetrate or tolerate water of
reduced salinity. Most work has been confined to considerations
of the Asteroidea and the Echinoidea with some concerning the Holo-
thuroidea. However, despite the abundance of reports regarding
such penetration by ophiuroids, little work has been carried out
upon these particular echinoderms. The present study considers the
ophiuroids with respect to penetration into waters of lowered
salinity and provides a platform for future work.

Like some asteroids, for example,Asterias rubens, the

two ophiuroid species, Ophiocomina nigra and Ophiura albida,

behave as osmometers when placed in diluted sea water. However;
when in comparable dilutions of sea water the wet weight of Ophiura
albida from Millport does not increase to the same extent as that
in Ophiocomina nigra. - This is possibly a reflecti;n of the
potential of Q,albida to tolerate some decrease in salinitye.
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If the population of O.albida from Loch Etive is
considered in these terms it is clear that these ophiuroids
from brackish water have developed more fully the potential which
appears to be present in Q.albida from Millport, namely the ability
to tolerate lowered salinity. Presumably, continuous exposure to

depressed salinities could induce 0.albida from Loch Etive to

‘further develop the potential displayed by individuals of the same

species from full strength sea water.
It is proposed that in terms of euryhalinity Ophiocomina
nigra is less euryhaline than Ophiura albida from Millport which is

less than Ophiura albida from Loch Etive.

Further evidence for this view is obtained if the percent-
ages of water and ash of these ophiuroids are considered in the
light of the salinity'regimes experienced by these various speciese.
The Q.albida from Millport contain less water and a greater
percentage of skeleton than QO.nigra. This is in accord with the
present scheme that Oe.albida is more euryhaline than O.nigra. The
skeleton is presumably less osmotically active and so, if an
ophiuroid has a greater percentage of skeleton, which would reduce
the degree of hydration of the ophiuroid, then there is less
material in the body to be affected by changes in the external
osmotic pressure.

That O.albida from Loch Etive would have more skeleton
than the same species from Millport may pre-suppose a better
extraction efficiency for calcium ions. Certainly, as the ambient
salinity decreases so does the available calcium (see Table T.1).
It will be noted from Graphs 7.2 to T.36 that similar calcium
concentrations were found in all the ophiuroids assayed irrespective
of external concentration, species or bodily component analysed.

This concept of increase in percent skeleton as the
salinity falls is further supported by the data for the group of
O.albida from Loch Etive which have less water and more ash than
the O.albida from Millport. So again evidence is provided for an
order of euryhalinity between these three groups of. ophiuroids,

namely:

Q.nigra < Q.albida (Millport) < Q.albida (Loch Etive)
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In the Western Baltic Sea, Ophiura albida are found in

salinities which are generally lower than those experienced by the
same species in Loch Etive. It is of interest that the indi~
viduals from the Baltic Sea have less water and more ash than those
from Loch Etive. This is also consistent with the view that an
increase in the less osmotically and less ionically active
component of the body material and a decrease in the water content
is advantageous when penetrating brackish water. One might further

extend the scheme of relative euryhalinity thus:

O.nigra <0.albida(Millport) < O.albida(Etive) < O.albida(Baltic)

Thus, O.albida from the Baltic Sea may represent a more advanced
stage than those from Loch Etive in adaptation to a hyposmotic
environment.

Salinity tolerance experiments confirm the above scheme
in terms of the proposed relative euryhalinities. It has been
experimentally established that in order of tolerance to lowered
salinity the first three stages are correct.

It would appear that Q.albida from Loch Etive, by virtue
of their greater tolerance, have exploited the potential indicated
by the species from Millport in order to withstand the salinities
prevalent in Loch Etive. It is of interest that the lower and
upper basins of the loch have slightly different salinity regimes
and this is reflected by variation in the tolerances shown by
individuals from the lower basin (E2 and E6) and from the upper
basin (E11 and E14). These differences, however, are not reflected
by changes in percentage water and ash between the various stations
| in Loch Etive. There would seem to be at least two possibilities
related to this point. Either the differeneces in salinity between
stdions are not sufficiently defined to be associated with changés
in water and ash or, there has been an insufficient period of
sojourn under the present Loch conditions in which water and ash
changes could be developed. B

Amphiura chiajei, which would aﬁpear to occur under

similar salinity conditions as Ophiura albida in Loch Etive, has
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a different salinity tolerance when compared with the latter

which probably reflects the differences in position, within the
Lochyof these two species. Whereas Q,albida lives on the surface
of the mud, A.chiajei lies buried, often several centimetres,
within it and is thus considered to be removed from the salinity

- stresses encountered by O.albida. Turther evidence for this view
is suggested by the relative percentages of water and ash of these
two species. A.chiajei has more water and léss ash than Q.albida
from Loch Etive. There could be as much as 5 =~ 60/00 difference
between the saiinity of the water interstifially and overlying

the mud - such differences are thought to occur in Whitewater Bay,
Florida (Stancyk, personal communication); A 5 - 60/00 difference
could be sufficient to induce the water and ash differences between
A.chigjei and O.albida. '

The differences in percent water and ash, weight
fluctuation and salinity tolerance between Q.albida from normal
salinities and from Loch Etive pose the question of the existence
of a physiological race. Adaptation experiments in which Q.albida
from Loch Creran (with a salinity regime equivalent to that of
Millport) were not able to be acclimatized to a salinity equi-
valent to that of station E24 in Loch Etive. : Q.albida from E24
could be adapted, quite rapidly, to full salinity conditions which
suggests that the Loch Etive Q.albida could be derived from
populations experiencing normal salinities. Furthermore, they are
surviving the salinities of Loch Etive by adaptations which extend
those capacities present in QO.albida from normal salinities. It
is not considered that these adaptations have led to the production
of a physiological race. No cross breeding experiments between
0.albida from reduced salinities (Loch Etive) and normal salinities
(Loch Creran) were able to be carried out; such experiments would
throw more light upon whether or not the Q.albida in Loch Etive are
becoming physiologically isolated from the fully marine O.albida,
such as from Loch Creran or Millport. - .

In conclusion, penetration into the brackish waters of
Loch Etive by Ophiura albida appears to be associated with changes
iﬁ water uptake, percentages of bddy water and ash, and increases

in tolerance to reduced salinities. .
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CHAPTER SEVEN

INVESTIGATION INTO THE CONCENTRATIONS OF STRONTIUM AND CALCIUM IN

Ophiocomina nigra, Ophiura albida  AND Ahphiura chiajei.

. Te1 Introduction:

'Strontium, which was named after the village of Strontian
in Argyllshire, Scotland, where it may have been first discovered
by Kirwann and Klaproth in 1793 (Partington 1946), was later
isolated by electrolysis by Davey in 1808 (Weast, 1964). It was
shown to occur in marine organisms in the last centurf (Moretti,
1813; Vogel, 1814; Forchammer, 1852). Accurate quantitative
determination of small amounts of strontium has; however,
presented many difficulties due to the similarities between this
element and calcium which make chemical separation difficult.
Vinogradov (1953) has collected and reviewed analyses of marine
animals and plants. These data are often of limited value with
respect to strontium concentration due to the insensitive,
analytical procedures which were then available. The early specto-
graphic methods and the nitrate method (Miyake, 1939b) gave values
for strontium concentration in sea water which are now considered
to be too high, probably due to the interference effects of the

ions calcium and barium. More recent methods include:

1. Radiochemistry and flame photometry (Smales, 1951)

2. Radioactivation and ion exchange separation (B3wen,1956)

3. Isotope dilution and radioactivation techniques
(Fummel and Smales, 1956)

4. Flame photometry and oxalate preéipitation (Odum, 1957;
Sugawara and Kawasaki, 1958) '

S5 Flame photometry using an 'internal standards' technique
(Thompson and Chow, 1955) v

6. Emission spectroscopy and absorption Spec%foscopy
(Culkin and Cox, 1966; Riley and Segar, 1970; Gibbs
and Bryan, 1972). "



In this study,atomic absorption spectroscopy was
employed using lanthenum chloride to suppress the effects of
interference due to the presence of anions such as phosphates.

Data on the strontium levels in the calcareous and soft
tissues of various members of the Echinodermata have been
reported, (Banbury et al, 1950; Thompson and Chow, 1955;
Mauchline and Templeton, 1966; Riley and Segar, 1970).

" Results of strontium determinations have been
presented in two main ways - as a concentration of the element,
for example ppm/dry weight per se,or, in the form of a ratio of
the number of atoms of strontium to those of calcium. In the
latter presentation, the atomic weights of each element must be
considered. Presentation as a ratio demonstrates more clearly
the ‘'relationship of strontium to calciume Since strontium and
cakcium have similar but quantitatively different solubility
products and ionization constants, their respective behaviours
vary in many phases of their c&cles. One of the elements may act
as a control upon the other, for the ratio changes only when a
process acts upon the elements specifically and differentially,
for example during the incorporation of the ions within, say,
echinoderm ossicle. Subsequent presentation of the Sr/Ca atom
ratio in the form of an atomic accumulation or discrimination
ratios immediately allows observation as to Qhether a given
element is being concentrated or rejected with respect to the
same concentration of the element in sea water.

Black and Mitchell (1952) define an accumulation
factor (4) as -

ppm element in the dry organism

ppm element in the ambient sea water

while Spooner (1949) uses a more complex formulation based upon
the effective dilution of sea water within the element per gram

of the organism. .
Bowen (1956) defines a discrimination factor 'D' for

the uptake of a pair of related elements 'X' and 'Y' as
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X/Y in the dry organism

X/Y in the ambient sea water

so that
D (X, ¥) = A(X)/A(Y)

"Odum (1957) calculated a distribution factor but does not say what
units were used to calculate this factor.
Mauchline and Templeton (1966) use a concentration factor

derived from the expression

mg of the element/gram wet weight

mg of the element/ml of sea water

Direct comparison of earlier work is possible to a certain
extent though authors have presented data using different units.
A few authors have given accumulation factors for the organisms
they have analysed (Bowen, 1956; Odum, 1957; Mauchline and
Templeton, 1966). The latter two have reported factors for some
members of the Echinodermata. Calculations of such factors from
the data supplied by other workers is generally a little imprecise
since one has to make an assumption as to the concentration of
strontium in the water from which the organisms were sampled. This
has been done for the work of Riley and Segar (1970) and Banbury et
2l (1950).

A discrimination ratio has been employed in the present

study and is given by:

Atom ratio of Sr/Ca of the sample

Atom ratio of Sr/Ca of the sea water

so that, clearly, if the value obtained is less than one then the
tissue is rejecting strontium,and if the value is greater than one
then the tissue is selecting for the strontium ions.

Levels of strontium in ecthinoderms, which have been

reported in the literature, appear to bg fairly uniforme. Banbury
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et al (1950) provide one of the first reports of a Sr/Ca atom
ratio to be determined in echinoderms. Thompson and Chow (1955)
carried out an extensive analysis of echinoderms and report an
Sr/Ca atom ratio for the calcareous components of between 2.56 and
2.74 for the Ophiuroidea. Such figures are to be taken as meaning
that there are between 2.56 and 2.74 atoms of strontium for every
.1000 atoms of calcium,

Discrimination ratios for the hard‘tissues‘of the
ophiurcids are given as 0.30 by Thompson and Chow (1955). Odum
(1957) does not find such a uniform series of ratios for the
Echinodermata. He reports a Sr/Ca atom ratio of 3.47 and gives a
'distribution factor' of -2.6 which gives an equivalent discri-
mination ratio, using the Sr/Ca atom ratio for sea water quoted
in Odum (1957a) of 0.35.

Mauchline and Templeton (1966) present similar findings
and give a Sr/Ca atom ratio for whole echinoderms within the range
2.3 to 2.8. Concentration factors are given for strontium and
calcium which, when reinterpreted, give a ratio of 2.8 for ophiu-
roids« The mean value of Sr/Ca atom ratios for sea water cited
in their work has been used to calculate a discrimination ratio
for the ophiuroids of 0.32. )

Riley and Segar (1970) carried out multi-element
analyses of some echinoderms and noted that the strontium contents

of the two halves of the asteroid Solaster papposus were signi-

ficantly different, though the calcium concentrations were of the
same order. The Sr/Ca atom ratios of 0.54 to 1.80 are much lower
than those presented in earlier worke. Ore unidentified ophiuroid
was assayed and had a Sr/Ca atom ratio of 1.07 giving a discrimin-
ation ratio, calculated from data provided in the paper as 0.12,
which is much lower than the discrimination ratiguﬁaé been reported
previously.

Factors which may affect the Sr/Ca atom ratio and have
been investigated by many workers include:-

1. Phylogeny — Thompson and Chow (1955);

Turekian and Armstrong (1960).
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2. Skeletal mineralogy — Clark and Wheeler (1922);
Hariss (1965); Lowenstam (1954); Thompson and
Chow (1955); Odum (1957b).

3. Temperature — Pilkey and Hower (1960); Dodd
(1965); Lerman (1965); Hallam and Price (1968).

4. Salinity - Rucker and Valentine (1961); Pilkey
and CGoodell (1963).

5. Intertidal position - Pilkey and Hariss (1966).
6. Crowth rate — Swan (1956).

Despite the many factors which may influence the Sr/Ca
atom ratio of marine organisms'there seems to be some correlation
between the Sr/Ca atom ratio of the calcareous skeleton and that
of the environment, (Kulp et al 1952; Do@@, 1967; Odum, 1951a,
1951b, 1957b). '

Kulp et al (1952) state that the main factor determining

the Sr/Ca atom ratio is the Sr/Ca atom ratio of the water from

which the calcium carbonate is laid down. The ratio is ultimately
related to the source of the mineral and the salinity of the water.
However, Thompson and Chow (1955) found that the marine organisms
living in the same ecological niche accumulate calcium and strontium
in their calcareous skeletons in very different proportions. They
suggest that a very definite relationship exists between the atom
ratio and the phylogenetic classification of the organisme. They
analysed a series of echinoderms ranging from intertidal to deep
water habitats and found a variation in the Sr/Ca atom ratio from
2.63 to 2.89. This is a remarkably uniform value despite the
variation in habitats and tﬂey suggested that certain marine
organisms will have a constant Sr/Ca atom fatio in their calcareous
skeletons regardless of habitat. They do not, howe%er, provide
data concerning the ambient Sr/Ca atom ratio of the various habitats.

Odum (1957a) showed that the calcarous shell of Physa, a
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pulmonate gastropod, is directly proportional to a range of
artificial sea waters with a varying concentration of strontium.
Samples of waters from the various oceans have a constant ratio
between strontium and chlorinity and between calcium and
chlorinity. Thompson and Chow (1955) state that the Sr/Ca atom
~ratio would be constant despite the ambient salinity and suggest
that a lowering or raising of the salinity (within an acceptable
range to the organism) would not be of major importance in deter—
mining the ratio of calcarious skeletons., Gibbs and Bryan (1972),
sampling in the coastal lagoons of Barbuda showed that the ratios
vary with chlorinity according to the relative effects of fresh
water run-off and evaporation in the various localities sampled.

Riley and Segar (1970) provide the only data of strontium
concentrations which occur in the soft tissues of some echinodermse.
With the exceptions of gonad and pyloric caecae the Sr/Ca atom ratio
is fairly similar to +that which is found in the skeleton.

Besides the chemical composition of the environment, it
is considered that the mineralogical character of the species is
important to the Sr/Ca atom ratio which is developed by the animal
. (Thompson and Chow, 1955). These authors state that there is
always more strontium present in a calcarous skeleton when the
calcium carbonate exists as aragonite rather than as calcite.

Kulp et _al (1952) states that this is because the crystal lattice
of calcite is "less amenable" to strontium than the lattice of
aragonite crystals.

For instance, a pelecypod mollusc which lays down calcite
has a Sr/Ca atom ratio of 1.22, while a gastropod mollusc which
lays down aragonite has a Sr/Ca atom ratio reported as 10.0
(Thompson and Chow, 1955).

All echinoderms which have been mineralogically analysed
to date lay down calcium carbonate in the form of calcite (Thompson
and Chow, 1955)s Since only echinoderms have been considered in
the present study little attention has been paid to mineralogy
when comparing different ophiuroid species with respect to Sr/Ca

atom ratios.
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7.2 Materials:

In this study of strontium and calcium distribution in

ophiuroids the following species were used:

Ophiocomina nigra (Plymouth)

Ophiura albida (Millport, E24, E11, E4)

Amphiura chiajei (€12, E14, E11, E6, E4)

-

Stations E~ refer to the sampling stations in Loch Etive
and Station C12 refers to the sampling site in Loch Creran (see
Map, page 91 ). Water samples were obtained at these stations at

the sampling depth by the use of a five litre water bottle.
Te3 Treatment of samples prior to analysis:

Unless stated otherwise, only intact animals, i.e. those
with a full complement of entire arms, were used for these analyses.
These animals were kept for at least two days to allow a period of
~adjustment to the new conditions. This period of adjusiment
facilitates the voiding of any waste matter and digestion of food
particles present in the gut which may otherwise unduly affect or
mask the actual Sr/Ca atom ratio. Failure to do this may account
for anomalous results in previous work.

After two days, the animals for analysis were placed upon
a bed of tissue paper and lightly dabbed with another tissue to
remove excess moisture. The effectiveness of this method of
rehoving excess water has been assessed previously (Page ks )e
The animals were then weighed on an Oertling balance (Model No.V20)
to give a wet weight for the ophiuroid.

There are threé main methods for obtaining a dry weight

(Holmes and McIntyre, 1971):-

1. Heating to 100°C at atmospheric pressure



2. Drying in vacuo at 60°C
3. Freeze drying

A compromise between drying at too low a2 temperature,
“which may permit some tissues to slowly autolyse, and too high a
temperature, which may facilitate a loss of the more volatile
components of the soft, organic tissues was necessary (Paine, 1964).
Reating to 85°Q at atmospheric pressure was thought to be suitable.
Drying to constant weight was complete between ten and fifty hours
depending upon the size of the .sample under test.

The dried sample was then either sealed in plastic bags
and stored in a deep freeze at ~20°C until required, or was
immediately assayed. WMost of the Scottish sea loch and all the
Baltic Sea material was stored initially. .

The next stage in the procedure, prior to assaying, was
ashing. The samples were ashed in silica crucibles by burning
off the organic matter in a muffle furnace. Before use,the
crucibles were scraped, washed in distilled water and heated to
constant weight for six hours. Feating for six to twelve hoﬁrs
at 600°C was sufficient to render the sample in its ash form. The
actual time depended upon the initial sample size.

With the possible exception of the echinoids, the
skeleton cannot be mechanically separated from the organic fraction
so chemical separation is necessary which unfortunately destroys
the soft tissues. To obtain skeletons free of organic matter the
sample, after drying and weighing, was gently heated in a solutign
. of 107 by weight of potassium hydroxide at 90°C for thirty to
forty hours. The resulting liquor was poured off and the skeleton,
which had been reduced to individual ossicles, was washed in
distilled water and left to dry on filter paper. Any residual
organic matter, after such treatment, would be insignificant in its
effect upon the final result. "a

After muffling, the samples were left to cool and then
dissolved by adding hydrochloric acid (specific gravity 1.18) drop-

wise until dissolution was completed. The resulting sqlution was
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rinsed, with distilled water, into a volumetric flask. The
capacity of the flask was determined by the final concentration
which was required such that when the volume was made up to the *
mark with distilled water the concentration of strontium in the
unknown lay within the range Oppm - 30ppm, where the calibration
_curve was linear. Subsequent dilution brought the concentration
of the unknown within the range Oppm - 50ppm with respect to
calcium. Prior to making the volume up to the mark, a certain
volume of lanthanum chloride was added so as to produce a final
concentration 6f 6000 ppm of lanthanum chloride. A concentration
of 6000 ppm Lanthanum chloride has been found to be sufficient %o
reduce interference to negligibie proportions (Unicam.Instruments
Manual, 1966). '

Te4 Interference in atomic absorption spectroscopy

In this study, strontium and calcium ion concentrations
were determined by atomic absorption spectroscopy using an SP90
Unicam atomic absorption spectrophotometer (see Appendix 3 for speci-
fication and operational conditions).

Because no two elements have resonance lines of the same
wavelength, atomic absorption spectroscopy is one of the most
specific analytical methods. Although each element is different,
the response of one element may well be quantitatively affected by
the presence of others, particularly anions. The effect of such
interference is to decrease or increase the number of available free
atoms undergoing energy transformations (forming temperature stable
compounds) in the flame.

There are four main methods of reducing and eliminating

such interference (Unicam Instruments Manual, 1966).

1. By the addition of an element which forms a stable compound

with the interfering anion

-~

2. By the use of complex agents, such.as EDTA, which inhibit
the formation in solution of compounds stable at high

temperatures



3. By adding an excess of the interfering element to the
samples and the standard solutions and thus cancelling

the effect of interference

4. By removing the interfering constituents, for example

by an ion exchange column

Anions, such as phoshate, sulphate, silicate and
aluminate all depress the absorption and emission of the alkaline
earth metals because of the stability of their compounds. The
depressive effect is less with acetylene (used in the -present
work) than with, say, propane since the degree of dissociation
of these compounds is greater at higher flame temperatures.
However, if another element, which also forms a stable compound
with the interfering anion is added to the solution in excess,
the required element is then released as atoms which are able to
absorb their resonance ehergy. For example, if the concen-
tration of phosphate is high enough to depress the absorption of
calcium ions a large excess of lanthanum is added. Lanthanum
phoshate is more stable than calcium phosphate and is formed
preferentially preventing the depressive effect due to the
phosphate anion (Unicam Instruments Manual, 1966).

In the present study method 1 has been adopted.
However, since a high lanthanum concentration may have a slight
suppressive effect upon the absorption of calcium, lanthanum
chloride was added to both standard solutions as well as the

unknown solutionse
T.5 Preparation of standard ;olutions:

To prepare a solution containing 10ppm of strontium,
1ml from a stock solution containing 1000 ppm was pipetted into
a 100ml volumetric flask. To this flask was added x mls of
lanthanum chloride to produce a concentration of 6000 ppme The
volume was made up to the mark with glass distilled water. The

following strontium solutions were made up:-
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2, 4, 6, 8, 10, 20 and 30 ppm in 6000 ppm lanthanum

chloride.

A similar procedure was employed for the preparation of the

calcium standard solutiors which were:
10, 20, 30, 40 and 50 ppm in 6000 ppm lanthanum chloride.

These standard solutions were used to Eonstruct calibration curves.
See Graph T.1 for the amount of shift of such curves. A new curve
was drawn for every twelve samples assayed. The linear parts of
the curve were: for strontium O to 30 ppm, and for calcium O to
50 ppme The unknown samples were diluted so that the spectro-
photometer readings lay within the linear parts of both the

strontium and calcium curves.
7.6 Treatment of Data:

(a) To determine concentration of strontium in

an unknown sample.

Dry weight 6f sample = 1.7464 grams

Reading from calibration curve = 8 ppm == 8 mg
Solution of ash contains = 8mg/1

Volume of volumetric flask = 25 mls

Actual weight of strontium in ash

25 x 8=0.2nmg Sr?+
1000

1.7464 gram animal contains

__0.2_x 1000 = 114 mg/k '
1.7464

(b) To determine the concentraticn of calcium in

an unknown sample.

Reading from calibration curve = 32 mg/1.
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Graph T.1(a) Calibration curve for strontium.
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Graph 7.1(P) Calibration curve for calcium.
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Volume of volumetric flask = 50mls, containing

1 ml of the solution, above.

Actval weight of calcium in ash =

50 x 32 x 25 = 40mgCa’’
1000

1.7464 gram animal contains

40 . x 1000 = 22,904 mg/k
1.7464

(¢) To determine the strontium/calcium atom ratio

per 1000 atoms of calcium.

87.63

Atomic weight of Strontium

]

Atomic wéight of Calcium 40.08

114.52 / 87.63
22,904 / 40.08

x 1000 = 2,28

(d) To determine the Accumulation or Discrimination

ratio:

Sr/Ca atom ratio of sample

Sr/Ca atom ratio of sea water

If 'x' is greater than one then the tissues are selecting for

strontium and the converse if 'x' is less than one.

T.7 Results:

.(a) Ophiocomina nigra - analysis of the calcareous

parts showed that the Sr/Ca atom ratio is variable and is inversely
proportional to the weight of the calcareous ossicles (Graph T.2)
which suggests that as the ossicles increase in size they incorp-

orate less strontium. Comparing the contributions of the
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strontium and calcium concentrations it can be see (Graph 7.3 )
that, while the sirontium level varies inversely with the dry
weight, the calcium concentration remains fairly constant.

The arm ossicles have a Sr/Ca atom ratio which, too,
is inversely related to the weight of the ossicles (Graph 7.4).
This reflects the concentration of strontium which shows an inverse
relationship to cssicle weight while the calcium content remains
steady (Graphs 7.5).

The ossicles of the disc do not show a Sr/Ca ratio
variation in response to an increase in dry weight (Graph 7.6).
The levels of strontium and calcium are fairly uniform over the
range of dry weight sampled (Graphs 7.7).

Illustrating the above results in graphical form it is
clear that the Sr/Ca atom ratio of the arm ossicles and the
ossicles as a whole are similar if equivalently sized animals are
considereds The Sr/Ca atom ratio of the disc is a little higher.
The strontium content of similar sized animals are equivalent in
terms of whole and arm analyses. Qe.nigra generally has a similar
concentration of strontium in the disc ossicles and in arm ossicles.
The calcium contents of the arms and of the disc are of similar
values.

Analysis of whole specimens of O.nigra from which the
organic matter had not been chemically removed showed (Graph 7.8)
that the Sr/Ca atom ratio varied inversely with the dry weight of
the specimen. Strontium levels of whole O.nigra (Graph 7.9) are
also inversely related to increasing dry weight while the calcium
content is fairly uniform.

Comparison between the contribution of the disc and the.
whole animal in terms of the Sr/Ca ratio shows (Graph 7.10) that
'there is no inverse relationship with dry weight. Strontium and
calcium concentrations of the disc do not appear to be related to
dry weight (Graphs T.11).

. In contrast to the Sr/Ca atom ratio of the disc, the arms
(Graph 7.12) show a relationship with dry weight; “this reflects
the inverse relationship of the strontium concentration and the

uniform content of the calcium ions within the arm (Graphs 7.13).
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Graph T2 Sr/Ca x 103 atom ratio in Ophiocomina nigra - ossicles.
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Graph T.3
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(a) Concentration of strontium in Ophiocomina nigra
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Graph T.4 Sr/Ca x103atom ratio in Ophiocomina nigra — arm ossicles.
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Graph 7.5 (a) Concentration of strontium in Ophiocomina nigra

- arm ossiclese.
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7«7 (a) Concentration of strontium in Ophiocomina nigra

- disc ossicles.
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Graph 7.8 Sr/Ca bd 103 atom ratio in Ophiocomina nigra — without

removal of organic matter.
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(a) Concentration of strontium in Ophiocomina nigra

~ without removal of organic matter.
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Graph 7.10 Sr/Ca x 103 atom ratio in Ophiocomina nigra - disc
(without removal of -organic matter) .
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Graph 7+11 (a) Concentration of strontium in Ophiocomina nigra
~ disc (without removal of organic matter) .
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Graph Te12 Sr/Ca x 103 atom ratio in Ophiocomina nigra — arm

(without removal of organic matter) .
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Graph T+13 (a) Concentration of strontium in Ophiocomina nigra

~ arm (without removal of organic matter) .
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Where an arm has been damaged and is undergoing
regeneration it is possible to analyse the arm as a two-compartment
structure; the older portion (the basal region) and the regener-
ating part. It can be seen (Graph T+14) that the older section of .
the arm shows the familiar inverse relationship between Sr/Ca atom
ratio and dry weight. The regenerating portion, however, has a
fairly cogstant value over the range of dry weights sémpled.
Looking at these differences in terms of strontium and calcium it
is clear that the regenerating part of the arm and the older
portion (Graphs 7.15) have similar-values for calcium while the
strontium is of a uniform concentration in the regenerating parf
and inversely related to dry weight in the older secticn of the
arm,(Graph T7.16)e  In the latter, it has a slightly lower content
thaﬁ in the other younger part. It will be noticed that the
regenerating parts of the arm which were analysed were assayed
whole. That is to say, without the removal of the organic matter.
The relative amount of soft tissue to ossicle was very small and
wags not considered to affect the Sr/Ca atom ratio result if the
ratio was used to describe the situation in the calcareous parts

of the regenerating part of the arm.

(b) Ophiura albida - analysis of the ossicles of the

whole animal (Graph 7.17) in contrast to those of QO.nigra, does
not show any relationship between Sr/Ca atom ratio and ossicle
weight. However, if equivalently sized animals of the two species
are compared then similar Sr/Ca atom ratios are obtained. The
strontium and calcium contents (Graphs T7.18) are fairly uniform
over the range of weights assayed in Q.albida, and are broadly
equivalent to those found in the ossicles of Q.nigra (Graph 7.3).
The ossicles of the disc have fairly uniform Sr/Ca atom
ratios (Graph 7.19) which reflect the uniform concentrations of
strontium and calcium. These ratios are similar to those of O.nigra.
The strontium and calcium concentrations of O.albida are uniform

(Graphs 7.20) and, over the appropriate size scale, are similar to

those of O.nigra. ‘
The Sr/Ca atom ratio of the arm ossicles (Graphs 7.21) is



- 172 =

Graph T.14 (a) Sr/Ca X 103 atom ratio in Ophiocomina nigra - arm

(non—regenerating part:without removal of organic

matier).
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(a) Concentration of strontium in Ophiocomina nigra

- arm ( non-regenerating part:without removal of

organic matter) .
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Graph T.16 (a) Concentration of strontium in Ophiocomina nigra

- arm (regenerating part:without removal of organic

matter) .
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Graph T.17 Sr/Ca x 103 atom ratio in Ophiura albida (Millport)

— ossicles.
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Graph 7.18 (2) Concentration of strontium in Ophiura albida (Millport)

-~ ossicles .

. Y

51500 - 9 °

Q e e

~ ® 60 ®

2 ® e

S ° °

= ®

@1000 :

=

&

n

% .

o X = 1371

E 500 i S = 130

g

]

(&}

b=

(@]

U i
0 1.0 2.0

WEIGHT OF OSSICLES (in grams)

(b) Concentration of calcium in Ophiura albida (Millport)

~ 0ssicles.

500 |

-

=

v

= 400 ® e

é% o ®e

° e o
% ° ° °
°

300

5

Ty

3

(&)

& 200 T = 364,017
o 8 = 31,161
2

:

B 100 [

2

o

[ &)

0 1.0 2.0

WEIGHT OF OSSICLES (in grams)



- 177 =

Graph 7.19  Sr/Ca x 10° atom ratio in Ophiura albida (Millport)
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Graph 7.20 (a) Concentration of strontium in Ophiura albida (Millport)
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Graph T.21 Sr/Ca x 103 atom ratio in Ophiura albida (Millport)
- arm ossicles.
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uniform and at about the same level as the inversely dry weight—
related Sr/Ca ratio range of O.nigra within an equivalent dry
weight scale. The strontium content (Graphs 7.22) is also
uniform though it is much lower than in comparably sized samples
of O¢nigra. The concentration of calcium in the arm ossicles of
-Q.albida is a little higher than in Q.nigra arm ossicles.

The Sr/Ca ratios and the individual strontium and
calcium concentrations are similar over compérable size ranges in
O.albida. ‘

The ahalyses of O.albida specimens without the removal
of the organic matter demonstrated a tendency for the §r/Ca atom
ratio to be directly proportional to the dry weight (Graph 7.23)
which is the converse of the situation in Q.nigra (Graph 7.8).
There is an overall trend of a uniform strontium value in O.albida
(Graph T.24)y, 1in contrast to the inversely weight-related values
in Qenigra. Comparing similar sized specimens of these two
species there is evidence to suggest that Q.albida has a slightly
higher strontium concentration. Broadly speaking, the calcium
content of O.albida is a 1little higher than O.nigra.

The discs of QO.albida appear to have similar Sr/Ca atom
ratios though not as high as in O.nigra (Graph 7.25). The strontium
and calcium concentrations of both species are uniform and fairly
similar (Graphs 7.26).

The Sr/Ca atom ratios of the arms of 0O.albida do not
exhibit the same relationship to the dry weight (Graph 7.27) as do
thé arms of Q.nigra. The calcium values of both Q.nigra and
O.albida arms are similar while the strontium content is much
_higher in 0.albida (Graphs 7.28).

While the Sr/Ca atom ratio of the disc and arms of
O.albida are uniform there éppears to be a direct proportionality
between Sr/Ca atom ratio and dry weight in the whole analyses. A11
the strontium and calcium concentrations in the disc, arms and whole
animals are relatively uniform. The highest Strontéum values occur
in the arms while the disc and whole animol have similar and lower '
values. The whole animal and the arms have similar calcium

concentrations while the concentrations in the disc are somewhat

lowere.
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Graph 7.22 (a) Concentration of strontium in Ophiura albida (Millport)
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Graph T.23 Sr/Ca x 103 atom ratio in Ophiura albida (Millport)

-~ without removal of organic matter.
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Graph 7.24 (a) Concentration of strontium in Ophiura albida (Millport)

- without removal of organic matter .
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Graph T.25 sr/Ca x 103 atom ratio in Ophiura albida (Millport)

- disc (without removal of organic matter) .
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Graph 7.26 (a) Concentration of strontium in Ophiura albida (Millport)

- disc (without removal of organic matter) .
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Graph T.27 Sr/Ca x 10° atom ratio in Ophiura albida (Millport)

- arm (without removal of organic matter).
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Graph 7.28 (a) Concentration of strontium in Ophiura albida (Millport)
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With reference to Graph 7.29, Ophiura albida from Loch

Etive appears to have a fairly varied Sr/Ca atom ratio. This is
probably due to the slight variation in Sr/Ca atom ratio of the
waters from the various sampling stations (see Table 7.1)s. The
Sr/Ca atom ratio of whole analyses of QO.albida from Loch Etive
is slightly greater +than that of O.albida from Millport. The
calcium concentrations and the.strontium concentrations in those
individuals from Loch Etive are slightly higher than in those from
Millport (Graphs 7.30 and 7.31). '
Since the waters of Loch Etive have lower strontium
concentrations than fully saline waters (see Table 7.30), this
would suggest the need for an improvement in the strontium

selection mechanism in Ophiura albida. Possible natures of such

a process are discussed later.
Amphiura chiajei from Loch Etive has slightly higher Sr/Ca
atom ratio (Graph 7.32) than does QO.albdia from Loch Etive. With

reference to Graphs T.33 and T.34, this appears to be due to the
slightly lower calcium concentration to be found in A.chiajei.

Ophiura albida from the Oresund have slightly lower_Sr/Ca
atom ratios than those from Loch Etive and thus are more similar

to those from Millport, (Graphs 7.35 and 7.36).
7.8 Discussion:

Previous work on the 8r/Ca atom ratios of the calcareous
components of various members of the Echinodermata has indicated
that the ratio for a given species can be stated as a single value.
Indeed, the remarkable constancy of echinoderm calcareous Sr/Ca
ratios has been widely reported (Noll; 1934; Webb, 1937; Odum,
1950, 1951a; Thompson and Chow, 1955; Kulp gt al, 1952; Bowen,.
1956). .
The work of Odum (1957a) indicates a variable Sr/Ca
atom ratio for the phylum as a whole and also between the classes.
Mauchline and Templeton (i966) give values for several species

ranging from 2.3 to 2.8, Banbury et al (1950) analysing one

species, Echinus esculentus, report a ratio of 3.5. Calculating
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Table 7e1 Strontium, calcium and Sr/Ca x 10° atom ratio values
for waters from various stations within Loch Etive
_ CONCENTRATION (ppm) 3
STATION Strontium Calcium Sr/Ca x 10
E2 kes 310,000 664
EL bes 280,000 735
E6 k.o 285,000 6olt2
E11 ke 325,000 661
E1h ka7 315,000 6.82
E24 k.0 252,000 7:26
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Sr/Ca x 103 atom ratio in Ophiura albida from

Graph T.29

different stations within Loch Etive.
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Concentration of strontium in Ophiura albida from

Graph T7.30

different stations within Loch Etive.
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Graph Te31

Concentration of calcium in Ophiura albida from

different stations within Loch Etive .
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Graph T.32 Sr/Ca x 103 atom ratio in Amphiura chiajei from
different stations within Loch Etive.
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Graph 733 Concentration of strontium in Amphiura chiajei from
different stations within Loch Etivee.
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Graph T.34 Concentration of calcium in Amphiura chiajei from

different stations within Loch Etive .
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Graph T35 Sr/Ca x 103 atom ratio in Ophiura albida (aresund) o
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Graph 7.36 (a) Concentration of strontium in Ophiura albida (5resund) .
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Sr/Ca atom ratios from the data given in Riley and Segar (1970)

it appears that a variable ratio is indicated for the five species
assayed, «54 to 1.79. FHallam and Price (1968) found a wide range

of concentrations in the outer shell of the lameliibranch mollusc,

Cardium edule: 910 - 2660 ppm, and doubt the usefulness of

quoting a single value for any given species, except for the most
general of comparisons. The present work also suggests the
unreliabiiity of reporting just one Sr/Ca atom ratio for a species
without some qualification.

There are few reports of Sr/Ca atom ratio determinations
of ophiuroid material. Thompson and Chow (1955) quote figures of
2.63 — 2,79 for five species. Mauchline and Templeton.(1966)
report values of 2.7 and 2.8 for two species. Odum (1957a)
mentions ratios of 3.02 and 3.85 for two species. Riley and Segar
(1970) give a ratio of 1.06 for an unidentified ophiuroid. There
appears to be a number of ratigs ascribed to ophiuroids such that
it is difficult to conclude that the Sr/Ca atom ratio is constant
within this class of echinoderme. It is interesting to note that
where one or more authors have analysed specimens of the same
species a variety of atom ratios have been reported. For instance,

the values for Ophiura sarsi quoted are 3.02 (Odum, 1957a) and 2.71

and 2.65 (Thompson and Chow, 1955); for Corgoncephalus species -
3.85 (Odum, 1957a) and 2.72, (Thompson and Chow, 1955). Swan

(1956) commenting upon Sr/Ca atom ratios in bivalve molluscs, points

out that differences in Sr/Ca atom ratio between specimens of the
same species may be real and significant.
In the present work, the calcareous parts of whole

Ophiocomina nigra were analyseds It was found that the Sr/Ca atom

ratio was inversely proportional to the weight of the ossicles.
That is to say, smaller animals have higher values than larger
animals over the size range, 0.2190 grams to 2.4325 grams. A
Surveying the individual concentrations of strontium and calcium
it is clear that the calcium content remains fairly steady over the
weight range while the strontium content is inversely proportionall,
Why the concentrétion of strontium should decrease with an increase
in size is not immediately clear. One possible explanation can be

sought in the following argument.
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It is necessary to assume that an increase in size is
commensurate with an increase in age. This does not always hold

in echinoderms. Some echinoids, for example Strongylocentrotus

purpuratus, have the ability to absorb some of the test plate
material (Ebert, 1968). However, it is probably a fair assumption
~that younger ophiuroids are smaller than their older counterparts.
If this is accepted, then the next step is to state that these
younger animals have greater étrontium concentrations than the
older individuals,

A number of workers have commented upon ideas concerning
the relationship between growth rate and the Sr/Ca atom ratio.
Thompson and Chow (1955) state that the Sr/Ca atom ratio is
independent of age. Dodd (1965) showed,using Mytilus californianus,

that the concentration of strontium decreases with an increase in
size. Since bivalve molluscs grow faster in warmer water they

postulate that in Cerastoderma edule a high growth rate does not

correlate inversely with the strontium content. They suggest that
the growth rate is not a significant variable since there is no
general tendency for strontium concentration to increase with size.

Swan (1956) proposes that differences in growth rate may
be important in determining the Sr/Ca atom ratio in bivalves and
suggests that thin-shelled individuals have lower ratios than do
the thick-~shelled specimense. He points out that, from the litera-
ture, the thin-shelled animals are characteristic of rapidly growing
individuals, whereas heavier shells develop on more slowly growing
individuals. Using the work of Hallam and Price (1968) and
applying the considerations of Swan (1956) there is evidence that,
in Cerastoderma, the thin-shelled animals (and by inference, the
~rapidly growing individuals) have greater concentrations of
strontium. |

Dodd (1967) notes that a rapid growth rate would result
in a high Sr/Ca atom ratio "in those forms which discriminate
against strontium and lower ratios in those which select for stron-
tium since a rapid growth rate would mean less time would 'be
available for exclﬁsion or selectionlof strontium.

" If a value is taken from ihe Graph T.8 comparing dry




- 200 -

weight and Sr/Ca atom ratio in the whole analyses of Ophiocomina
pigra, say 1.80 for an animal of 0.4 grams dry weight, this would
give a discrimination ratio of 0.2. This figure is significantly
less than one implying that the ossicles are discriminating against
the strontium ions. ©So, if small animals had a rapid growth rate
then this would result in a higher Sr/Ca atom ratio than in larger
animals. '

Orton (1926) has pointed out that there is a decline in
growth rate with age. If this can be applied to ophiuroids then
smaller animals would have faster growth rates, and since they
discriminate against strontium ions this would explain .the invefse
relationship between Sr/Ca atom ratio and the size of the animal
which has been demonstrated in the present work. Graph 7.37 shows
ossicle weight and the wet weight of an individual are directly
proportional, so that in the above argument it is acceptable to use
the ossicle weight as a direct equivalent, in terms of size incre- |
ments, of the wet weight, and thus the size, of the animal as a
whole.

Further evidence that smaller animals are younger animals
and thus have rapid growth rates, which are coupled with lafger
concentrations of strontium, is suggested by the analysis of the
contribution of the regenerating portion to the whole arm in

Ophiocomina nigra. It is reasonable to assume that the replacement

of cast-off limbs or other parts, which are important, would
warrant a fast growth rate, especially if these organs are used as

part of a defence mechanism (such as escaping from predators) .

If the above assumption is applied to the regenerating
part of an arm then it would appear that there are two possibilities
concerning ycung individuals and their larger strontium concent-
rations in comparison with larger animals. Firstly, strontium
concentration is related to growth rate or, secondly, it is related
to the physical size of the animal pef se.

Inspecting Graphs 7.16 to assess the relative strontium !
and calcium contributions of the regenerating portion of the arm
to the entire arm, it can be seen that the calcium contents of\the

regenerating part and of the older part of the arm'are similar.
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There is, however, a higher strontium content in the regenerating
part than in the older section. This is consistent with the view
that new growth occurs at a faster rate than growth in the more
mature sections of the animal. That the Sr/Ca atom ratios of the
regenerating sections lie within that found for young animals of
vequivalent dimensions also provides evidence that Sr/Ca atom ratio
is related to the size of the animal and not only the growth rate.
" Such work also has its analogy in the molluscs where the
value of analysing animals in terms of structural components (Dodd,
1967) or mineralogy (Hallan and Price, 1968) has been stressed.
Dodd (1965) demonstrated that at lower temperatures there is a -
greater strontium concentration in the nacreous layer than in the

outer, prismatic layer of Mytilus californianus and suggests the

separate treatment of individual layers.

Separate analysis of the whole animal in terms of the
disc and arm ossicles indicates a fairly uniform and similar
concentration of calcium and strontium if equivalently sized
ossicles of the disc and arm are compared.

At first sight, the analyses of Ophiua albida, from

Millport, provide contradictory data to the scheme of strontium

distribution postulated for Ophiocomina nigra.

Taking the Sr/Ca atom ratios individually of the calcar-
eous parts of Q.albida it is seen that both étrontium and calcium
concentrations are uniform and have no inverse or direct relationship
with dry weight as is found in O.nigra. Lacking small specimens of
Oenigra it was not possible to directly compare such analyses with
those of O.albida which is the smaller species. However, if the
data for O.nigra is extrapolated so that animals of similar sizes
can be compared then the Sr/Ca atom ratios appear similar and do
not conflict with the proposed strontium distribution scheme.

Separate analyses of the discs and the arms of Ophiura
albida indicate similarities with Ophiocomina nigra. Both strontium
and calcium concentrations in the disc and in the arms are fairly
uniform and similar in equivalently sized animals. °

. It is interésting to note that, despite the wide range

of specimens sampled, the range of species and the varying Sr/Ca



atom ratio of the different habitats, there is an approximate
constancy of the discrimination ratio (see Table 7.2). The
discrimination ratios reported in the present work are of a
similar order of magnitude as those reported in the literature by
other workers.

Since the Sr/Ca atom ratio of the Loch Etive QO.albida is
higher than in similarly sized animals from Millport this suggests
that despite a lower ambient strontium concentration (252 - 325
ppm) in the bottom waters of the Loch, the animals maintain body
levels of strontium equivalent to those of the same species from
Millport where full salinity obtains and where there is a higher
Sr/Ca atom ratio in the ambient sea water. Thus, there is evidence
that the Sr/Ca atom ratio of the environment is not of absolute
importance in determining the ratio in the animal as has been
postulated by Kulp et al (1952).

It would also suggest that there is some concentrating
mechanism in these ophiuroids so that the strontium level in the
body of the animal can be maintained despite a lowering of the
ambient concentration of strontiuh.

Data for the above work have been obtained by whole or
skeletal analyses. It was not possible to separate and analyse,
in isolation, the soft tissues of these species. It is likely
(Binyon, 1978) that the soft tissues and skeletal material have
different rates of strontium equilibration since incorporation into
the skeleton would e most likely to occur (though perhaps nét to
the complete exclusion of ion exchange taking place) during growth
of the individual. The passage of the strontium ions into the soft

tissues and fluids is likely to be more rapid.
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Table 7.2 Discrimination ratiose
DISCRIMINATION
SPECIES LOCATION RATIO
= —— ——
Ophiocomina nigra
Plymouth 010 = 0630
Ophiura albida
Millport 0012 = 0037
Loch Etive
E24 | 0019 = 0035
E11 | 0022 = 047
Eh4 0:18 = 0035
Amphiura chiajei
Loch Etive E1b 0018 = 0.32
E11 | 0022 - 0.k0
E6 0026 -~ 0040
B4 0025 = 0.36
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CHAPTER EIGHT

INVESTIGATION INTO THE EFFECT UPON THE STRONTIUM CONCENTRATIONS
IN Ophiocomina nigra AND Ophiwrz albida WEEN EXPOSED TO ELEVATED
LEVELS OF STRONTIUM.

8.1 Introduction:

If, as seems likely, there is no obvious relationship
between the Sr/Ca atom ratio of the environment and the Sr/Ca
atom ratio in the whole animal inits natural habitat then it would
be instructive to examine the effects of elevating the strontium
levels experimentally upon the discriminating ability of the
organisme.

Investigations involving the immersion of marine animals
in an elevated level of strontium have been conducted only twice
previously (Cibbs and Bryan, 1972; Binyon, 1978).

Gibbs and Bryan (1972) maintained the crustacean, Carcinus
maenas, in strontium enriched sea'water. They demonstrated that the
Sr/Ca atom ratio of the exoskeleton could be increased by such
treatment. These crabs, however, only absorbed strontium after
ecdysis. It was noticed that the discarded exuviae showed a small
increase in Sr/Ca atom ratio with time.

In echinoderms, hbwever, it has been pointed out by Binyon
(1978)that since moulting is unknown a relatively long exposure to
raised strontium levels might be necessary in order to alldw the
growing calcarous ossicles to incorporate the available strontium
ions.

Consequently, Binyon (1978) analysed the soft tissues of

the asteroid, Asterias rubens, where incorporation of the ion might

be expected to occur more rapidly. It was found that strontium
in the soft tissues and coelomic fluids attained a new equilibrium

rapidly and at a level commensurate with the strontium concentration

in the medium.
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8.2 Materials:

Two species were used for the investigation of the

effects of raised concentrations of strontium upon ophiurocids:-

Ophiocomina nigra -  Plymouth

Ophiura albida - Millport, Loch Etive

8.3 Method:

A 30 litre stock tank ﬁas set up with circuléting sea
water maintained at 12°C. The strontium concentration in the
sea water was increased by the addition of 87 grams of strontium
chloride (Sr012.6H20). The salinity was not found to have altered
by the addition of this small amount of salt. Since the original
concentration of strontium in the sea water was 6.2 mg/l this
addition represents an increase of about 9 fold.

The Ophiocomina nigra were kept for one month. without

dny morphological or deleterious effects upon the activity of the
animals in this solution. After one month the animals were
removed and treated as described in chapter 7 for the assay of
strontium and calcium. A sea water sample was also taken for use
in the determination of these two ions.

The procedure was then repeated for Ophiura albida from

Millport and Loch BEtive. Since the Q.albida from the Loch are
living in a lower ambient strontium conceniration than those from
Millport the experimental solution had proportionally less strontium

chloride added.
8.4 Results:

The Sr/Ca atom ratio in whole specimens of Ophiocomina
nigra from an elevated level of strontium was approiimately 2.05
per 1000 atoms of calcium, whereas in normal sea water it was

1.0/1000 atoms of calcium for similarly sized animals of about two
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grams in dry weight (see Graph 8.1, 7.2).

Considering this increase in terms of strontium and
calcium it is clear that the calcium concentration was unaffected
by the increased level of strontium in Oe.niesra and remained
similar at 240,000 ppme The strontium concentration does, however,
varye The strontium concentration for a two gram specimen of
O.nigra from elevated levels is 1130 ppm, which represents an increase
of 105% over the concentration in an equivalent sized animal from
normal strontium levels ( see Graphs 8.2a, b). ‘

While the calcium concentration in Ovhiura albida from

Millport when placed in elevated strontium levels also does not
change, the strontium increases a little (Graphs 8+3a, b )e It rises
from 900 ppm to 1300 ppm whiéh represents an increase of 44% .

Although it was not possible to partition the animal so
that the soft tissues could be aSsayed separately, it seems likely
that the observed increases in strontium concentration of the
animal were increases due to the uptake of this ion by the soft
tissues rather than by the ossiclese During the length of the
experiment it is thought improbable that sufficient growth céuld
have occurred in order to account for the increases observed,
assuming that incorporation followed a patterﬁ similar to that in
asteroids.

Ophiura albida from station E24 in Loch Etive do not show

any notable increase in the strontium concentration of the whole

animal when placed in elevated concentrations of strontium (see Graph 8.5a).
However, since it was not possible to partition the individuals

with respect to skeleton and soft tissues it is not known whether

the above results are due to greater percentage of skeleton being

present which would mean that there would be less soft tissue available

to take up the ‘'extra' strontium available in the experimental

medium. It has been demonstrated (Graphs 6.2, 6+4) that individuals

from Millport and Loch Etive have similar ash contents in whole

animal analysese.

8¢5 Discussion:

Though the ambient strontium concentration was increased



- 203 =

Graph 8.1 Sr/Ca x 103 atom ratio in Ophiocomina nigra after

immersion in elevated strontium levels.
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Graph 8.2 (a) Concentration of strontium in Ophiocomina nigra after
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Graph 8.3 (a) Concentration of strontium in Ophiura albida (Millport)

after immersion in elevated strontium levels.
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Graph 8.4 Sr/Ca x 10> atom ratio in Ophiura albida (Loch Etive; E24)

after immersion in elevated strontium levels.
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Graph 8.5 (a) Concentration of strontium in Ophiura albida (Loch Etive; E24)

after immersion in elevated strontium levels.
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nine times, the concentration of this ion in the whole body
analyses of O.nigra and O.albida from Millport do not reflect this
increase to the same degree after one month's immersion in the
experimental solution. Q.nigra increases its strontium léad two-
fold while Q.2lbida increases by 44%.

This compares with the work of Gibbs and Bryan (1972)
~and with that of Binyon (1978) where both authors report increases
in the strontium concentrations of the species concerned after
similar treatments. '

The results for the individuals of Ophiura albida from

Loch Etive are-‘particularly interesting. These animals had
similar Sr/Ca atom ratios as the specimens from Millport though
they live in an enviromment which is consistently lower in
strontium (see Table 7.1). The implication is that O.albida can
maintain its Sr/Ca atom ratio despite a lowering of the amhient
strontium concentration.

One can speculate as to how this maintenance is possible.
There are at least two pathways by which strontium may enter the
ophiuroid body. Firstly, via a food source or water imbibition
into the stomach and thence into the perivisceral coelom,
circulation of which could distribute strontium ions throughout
the animal. Secondly, it may enter via general ion exchange
between the body surface and the surrounding sea water.

Considering the visceral pathway first, if the food or
the water were in equilibrium with the ambient medium, i.e. had
similar strontium concentrations, then it is possible that any
accumulatory or discriminatory mechanism could reside at the
stomach wall/perivisceral coelom interface. Such a mechanism
could be present at any organ/coelom interface. That is to say,
accumulatory or discriminatory behaviour could be an expression of
membrane activity.

Such a phenomenon could also utilise strontium entering
via the second possible pathway, namely via exchange between the
general body surface and the ambient sea water.

Incorporation of strontium ions into the ossicles of an -
ophiuroid may not rely upon membrane activity. The number of ions

of strontium which are incorporated into the crystal lattice of
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calcite may reflect crystallographic constraints upon packing of
calcium and strontium ions into the crystal.

It is interesting to note that the Loch Etive population
of O.albida do not show an increase in strontium concentration when
placed in elevated strontium levels., This might imply some sort
.of limit to the amount of strontium ions which can be handled by
the ophiuroids. It has been shown that these individuals from
Loch Etive maintain a strontium level similar to that of animals
from Millport despite the lower strontium concentration in the
waters of Loch Etive. The animals from Loch Etive appear not to
take up the additional strontium present in the experimentally
elevated sea water, perhaps due'to discriminatory activity at the
membrane level. It was not possible to analyse the body fluids
for strontium or calcium ions because the quantities available of

such fluids were not sufficient.
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GENERAL DISCUSSION:

Hitherto, the Sr/Ca atom ratio of echinoderms have
been presented as single values. It is considered that this may
be misleading. The present work supports the contention that such
ratios should be given with respect to some qualifying factor,
such as dry weight of the animal.

The discrimination ratios feported in +this study are
of a similar order of magnitude as those reported in the litera~
ture by other workers. It is of interest that despite variations
in Sr/Ca atom ratio of species and their environments (marine and
brackish water) the discrimination ratios are broadly equivalent.

Work upon the ophiuroid, Ophiocomira nigra, has demon-

strated that the Sr/Ca atom ratio of the calcareous parts is
inversely proportional to the'dry weight of the intact animale It
is argued that this inverse relationship is a resultant either of
varying growth rates at different developmental stages during the
life of the animal or of the physical size of the individual per se.

Work upon Ophiura albida from Loch Etive, where environ-

mental levels of strontium are lower than those of Millport and
Plymouth has shown that this species, irrespective of the ambient
strontium concentrations, is able to maintain an overall body level
of strontium equivalent to that of an individual from Millport.
This raises the question of how much of this ion an ophiuroig is
able to take upe

Studies with elevated levels of strontium have démon—

strated that Ophiocomina nigra is able to take up strontium to

reach a new equilibrium apparently consistent with the known
.variation in the dry weights of the ekperimental animals. This

is in contrast to specimens of Q.nigra from sea water carrying a
normal strontium load where younger (smaller) animals contain more
strontium than older (larger) animals. Although larger animals
appear to have less strontium this is not thought ﬁo reflect some
metabolic or physical constraint upon uptake since elevated studies
have demonstrated that additional strontium can be taken up.

Furthermore, it was shown that the final level of strontium which



was reached appears to be constant despite size. It could be
argued that this constancy is a consequence of the limited size
spectrum which was sampled. It should be noted that the size range
of the specimens used for the elevated studies was greater than
that which was used for the initial studies.

Since the elevated studies were conducted over a period
of time which is not considered sufficient for increases in growth
to occur, this uptake in the face of an elevated concentration of
ambient strontium reflects the ability of the body fluids and soft
tissues to take up the available strontiume. It would presumably
require a much longer exposure time to elevated levels in order to
allow the incorporation of the strontium ions into thé growing
ossicles. This incorporation would presumably represent a more
permanent binding of the strontium ion than would result from the
relatively rapid and potentially reversible uptake which would be
expected in the soft tissues.

That Ophiocomina nigra and Ophiura albida (from Millpdrt)

can take up additional amounts of strontium when placed in elevated
levels of this ion whilst Q.albida from Loch Etive does not appear
to do so poses an interesting probleme An explanation whiéh goes
some way towards solving this apparent anomaly may lie in possible
differences between physical incorporation of strontium ions into
growing ossicles and passage of ions into the soft tissues via,
perhaps, selective membrane activity.

From the studies pursued so far, it is proposed that
future work upon the Sr/Ca atom ratios of marine invertebrates,
particularly those of echinoderms, should present these and
concentrations of the ions, which contribute to the ratio, in
relation to dry weighte That is to say, a range of sizes of a
species should be analysed rathef than a few specimens of a similar
size spectrum. In this way a better view of the distribution of"
strontium within a species can be gained.

Furthermore, studies employing elevated concentrations of
strontium could assess the ability for strontium ion selection or
rejection. This could be of.particular significance where an invert-

ebrate is important in a food chain, in terms of the biomass consumed.
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Studies of the effects of elevated strontium levels upon invert-
ebrate tissue could, and should in future work, be augmented by
assessments of the potential interactions between radioactive
strontium and the endemic strontium in the seas. Should the world's
currents not equally distribute the salt ions in the oceans then
knowledge of potential environmental accumulations of strontium
'by marine invertebrates would be of use in predicting environ-
mental and economic consequences of local elevations of radio-
active strontium.

Although echinoderms are  subject to relatively little
predation in comparison to other invertebrates, such as some
bivalves and polychaetes, the Ophiuroidea are potentially of some
economic importance. Many species of flatfish and some species
of pelagic fish crop the populations of brittlestars in the North

Sea. Ophiura albida is a notable component of this food source

and is readily eaten by immature plaice, Pleurcnectes platesga.

It is hoped that the latter part of this thesis could

act as a platform for such future research.
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SUMMARY s

Turther evidence is presented in support of the view
that echinoderms are not the rigid, stenchaline group of invert-
ebrates as has often been emphasised by opinion during the last
- fifty or sixty years.

Ophiura albida from marine waters (Millport) have some

potentiai to tolerate some dilution of their ambient medium. This
potential has been more fully realised by the population of Ophiura
albida living in Loch Etive where fhey are subject 1o a brackish
water salinity regime. This latter group of ophiuroids have a
greater tolerance to reduced salinities than their counterparts
from marine waters. ‘It is suggested in this thesis that

variations in the percentages of water and ash between Ophiocomirna

nigra, a stenohaline brittlestar from Plymouth and Ophiura albids,

a euryhaline brittlestar from Millport, Loch Etive and the Baltic
Sea, are related to these differences. Such relationships are

drawn due to the likelihood that the skeletal material of an
ophiuroid is osmotically inactive and that increases in this
component would act as a !buffer' in the face of a reduction in

the environment of the salt content. An extension of this idea,
that an increase in skeleton reflects a decrease in ambient salinity
(in the context of the thesis), results in the possibility that the

individuals of Ophiura albida from the Baltic Sea are at a more

advanced stage in tolerance to a hypo-osmotic environment than
those from Loch Etive. Cross-adaptation experiments between
0.albida from Loch Etive and those from Millport to the salinity‘
of the other suggest that the Loch Etive group of animals are

fairly recently derived from typically marine Ophiura albida.

!
Comparisons between Ophiocomina nigra and various groups

of Ophiura albida have indicated that with an increase in the

degree of euryhalinity there is a decrease in the amount of water
taken up by a species in similar dilutions of sea water. _
No evidence was found which indicated that the production

of mucus is of importance to ophiuroids in their penetration of

brackish water.



- 219 =

The burrowing habit of Amphiura chiajei would seem to

remove it from the effects of rapidly changing salinities.
Another important point to emerge from this thesis stems

from the ionic studies carried out upon Ophiocomira nigra. These

have indicated that the perivisceral fluid in this species is
. lonically and functionally analogous to the ambulacral fluids of
echinoids and asteroids with respect to association with loco-
motor muscles. .

There are a number of routes of experimentation which
could be followed using this work as a proposed scheme concerning
ophiuroids and penetration into brackish water. Firstly, there is

the guestion of how does Ophiura albida tolerate reduced salinity.

It is unlikely that increases in the percentage of skeleton are
totally responsible. Physiologically, the presence and distri-
bution of amino acids in stenohaline and euryhaline brittlestars
would be worth investigating. Analogies with the 'cushioning'
effect of amino acids in asteroids faced with salinity fluctuations
are possible. Secondly, salinity tolerance and weight change

experiments could be conducted upon Ophiura albida from the Cresund

to identify the presence of any further variations between different
geographical groups of this species. Thirdly, it would be instruc-
tive to establish conclusively whether or not O.albida can breed at
station E24 in Loch Etive. If they cannot reproduce at this

station then one might suppose that a reasonably elaborate and
finely balanced mechanism would be required in order to maintain the
population at the head of this loch. From what has already been
discussed this would seem to be a less likely proposition.

As more physiological work is conducted upon ophiuroids
it may be shown that they are indeed the most euryhaline of the
'echinoderm groups as has been surmised by the frequency of reports
noting their presence in reduced éaiinity. In addition, there may
be many more species of echinoderms to be recorded which have the
ability to tolerate some reduction in the salt content of their
environment. Should this be the case, then the term 'stenohaline’

with regard to echinoderms will have to be applied with careful

consideration.
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With regard to the latter part of the thesis it has been
demonstrated that the Sr/Ca atom ratio is not a constant value in
ophiuroids - it appears to vary with size. This may be due to the
effect of variation in the growth rates betwean young and older
indiv¥iduals or to the physical size of a specimen per se upon
incorporation of strontium into the ossicles. It is suggested that
future work, in which Sr/Ca atom ratios are quoted for echinoderms
in general and ophiuroids in particular, should present such ratios
with qualification by, for example, dry weight.

Data from Ophiura albida (Loch Etive) indicate that

ophiuroids may have a constant strontium concentration despite
ambient levels. However, it has béen shown that body levels of
strontium in some ophiuroids can be raised if the concentration of
strontium in the environment is increased. This is true of Ophio-

comina nigra and Ophiura albida from Millport. It is not the case,

however, with Ophiura albida from Loch Etive.

Such increases are possibly a reflection of uptéke of the
strontium ion into the soft tissues and body fluids rather than into
the skeleton since the duration of the experiments was not sufficient
for an increase in the physical size of the animal to occur. Studies
of strontium, both natural and artificially elevated, particularly
in terms of uptake and/or discrimination may have much significance
with respect to food chains.

It would be instructive to investigate the relationship
between the endemic, stable strontium and radioactive strontium so’ that
the effects upon the fauna of an increase in the oceanic burden of
radioactive strontium could be assessed. At the moment, as a result
of diluting processes, it seems unlikély that the overall strontium
léad in the world's oceans has increased substantially since the
advent of nuclear fission. However, concentrating effects by local
currents should not be dismissed especially near coasts and estuaries
where differential dilution may occur. Thus it would seem that the
next step in the study of strontium distribution in marine orgénisms‘
should appraise radioactive and stable strontium interéctions in the
environment and in marine invertebrates. Those invertebrates which
are of eccnomic importance, partioulaily those which are of some import

in the support of fisheries, are an obvious choice for investigation.
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APPENDICES

Appendix 1 : "EEL" Flame photometer Mk II operational details.

Air supply - Dry air at 161bs per square inch from an

"EEL" Air compressor.

Gas supply - Mains gas.
Filters - Sodium and potassium.

Standard soiutions

These were prepared using " Analar "
grade sodium chloride and potassium
chloride. Stock solutions of

sodium ions ( 1250 ppm ) and of

potassium ions ( 1000 ppm ) were made up e

Range of sodium standard solutions :=-

2e5 , 50 , 75 , 1040 , 125 , 15:0 , 20.0 ppm

Range of potassium standard solutions :-

2.0 , 40 , 6.0 , 80 , 100 ppm
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Appendix 2 : Theoretical possibilities concerning ophiuroid

body fluids -and potassium concentrations

The volume of ambulacral fluids in the water vascular
system of an ophiuroid (of the types characterised by
Ophiocomina nigra ) may be described by the

expression,
- —
I\r h where, Iy = 3-142
r = radius of water
vascular canal
h = 1length of water

vascular canal

v

( This expression is an approximation since Woodley (1967)

has shown that the water vascular canal is not a tube of

uniform dimensions) e

Measurements upon a medium sized ophiuroid,

Ophiocomina nigra, give the following values for 'r' and 'h'.

0075 mm

R
I}

60 mm (300 mm for the five arms)

=
]

So, the volume of ambulacral fluids =

Beth2 x (212)° x 300 = 7 pls

If the total volume of body fluids obtained by the
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centifuging technique are, say, 60/u15 then it could be assumed that
the perivisceral fluid is of the order of 78% , by volume, of the
" body fluids '".

. In this example they are theoretically 55-3/Lls e« This
assumes that all the fluid is extracted which is unlikely. Consequently
this means that the potential potassium concentrations of the

ambulacral fluids have been conservatively estimated.

Assuming that the potassium concentration of the

perivisceral fluids is equivalent to sea water ( 10.5 mM/1 ) then,

the potassium concentration in the ambulacral fluid is

given by,

-

(60 x 145) - (533x10:5) _ ooy
o




Appendix 3 ¢ Unicam SP90 Spectrophotometer operational details.

Gas supply -  Acetylene supplied, via a
pressure reducing regulator,
at 5 1lbs. per sqgeine and at

a flow rate of 1.5 litres per minutee.

-

Air supply - Supplied from a compressor at a
pressure of 30 lbs/sq.ine and at

a flow rate of 5 litres per minute.
S1it width, wavelength setting, and burner height were set according

to the manufacturer's instructionse

Details of the preparation of the standard solutions and

calibration curve variation are given on page152 = 153«
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Appendix & pH values of sea waters diluted by glass distilled

water.

4

% SEA WATER pH
100 7472
90 7.78
80 7+81

70 7084
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DATA TABLES

Graph 1.1 Percentage weight fluctuation in 100% sea waters
Hours Ophiocomina nigra Ophiura albida Ophiura albida
(Millport) (Loch Etive)
1 853 & 6027 8.05 £ Lo97 3087 £ 4o81
2 6:81 % 5057 9.12 £ 6.46 -2.54 £ 2.19
3 6.24 L L4.98 10022 % 6417 ~1085 & 1.85
L 603 % 6413 9.25 T 4.38 =161 £ 0.61
5 5.94 L 6027 7+56 & 5.61 =2:67 £ 1.46
7 6.82 % 5027 9.71 % 5.98 ~3%.09 £ 0.82
102 Comparison of relative fluctuation of wet weight.

Ophiocomina nigra Ophiura albida Ophiura albida

(Millport) (Loch Etive)
1072 T 1467 3495 & 1038  =2.86 £ 1.68
2.05 % 2.13 5.56 % 1.94  ~1.68 £ 6.76
3.84 £ 1470 7.20 * 2419 ~1¢28 £ 1489
6482 % 1094 757 %337  -1.06 £ 1.95
9.40 £ 1.81 11.47 % 2.60 =085 £ 1.63
16.22 £ 2.02 18.22 = 1.49 036 £ 4.85

103 Percentage weight change in 90% sea water.

Hours Ophiocomina nigra Ophiura albida

(Millport)

1 9.19 = 6682 3.94 * 3.01

2 8+09 % 6029 hezh % Lulg

3 885 & 7.14 2:28 % 3.56

L 6.12 £ 6.86 190 & 3+59

5 7:63 £ 6457 3.61 1 3087

7 6062 £ 6040 1491 £ 2.81

15 0088 % 3010 1051 £ 5.31
20  0.52 £ 2.09 0.48 & 4.29
25 0.5 £ 1.63 0¢32 £ 4.10



Graph 1.4 Percentage weight change in 70% sea waters
Hours Ophiocomina nigra Ophiura albida Ophiura albida
(Millport) (Loch Etive)
1 6076 & 1019 4o82 T 2462 2.88 t 5.58
2 8405 % 0073 356 £ 2441 ~2¢93 £ 1,96
3 11.66 & 1.46 629 £ 2.39  -1.85 % 1.85
b 17.04 & 2.39 2.43 £ 3.18 -1.61 % 3,40 .
5 17.42 £ 1.59 380 £ L4e2q =267 & 1.46
7 18436 * 1.69 - 410 £ 6434 -3.09 t 0.82
15 361 = 4.83 3022 t 5615 -2:87 £ 5.32
20 2:26 ¥ 3.22 248 £ 5.02 2092 L 492
25 2680 £ 5.1 2.43 & L4.99 ~2.74 £ 3.46
1.5 Percentage weight change in 60% sea watere
Hours Ophiura albida Ophiura albida
(Millport) (Loch Etive)
1 1379 % 6.80 5455 £ Le75
2 12096 = 8.08 2473 & 329
3 10413 % 3.55 2¢90 & 4,48
4 9.98 £ 10+66 6.56  3.84
5  11.50 £ 9.82 . 6482 % 391
7 1163 % 8.75 5410 % 2,89
15 he32 £ 5.62 =201 % 5012
20 Le31 £ LeO1 1e2h & 4.87
25 486 £ 3.89 1030 & Loblk
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1.6 Percentage weight change in 50% sea watere

Hours

e N ) B i ¥} R

15

20 .

25

hiura albida

(Millport)
15401 = 6031
13.81 % 8+35
12.24 £ 6410
11.01 ¥ 8.21
12031 & 4.87
1443 & 456
he32 £ 2.86
2.22 £ 3.49
2045 & 3433

Ophiura albida
(Loch Etive)
5¢55 + he?75
2073 & 3,29
2.90 & L4.48
1056 % 3.84

-0e48 & 4492

=083 & 8.90

-0e76 % 3372
2025 % 3481

=0+92 £ 3.40
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Graph 2¢1 and 2,2 Distribution of potassium and sodium ions in

the body fluids of Ophiocomina nigrae

90% sea water 70% sea water
HOURS SODIUM  POTASSIUM SODIUM  POTASSIUM
3 382 748 164 1145
218 6.9 218 1002
186 1102 229 1042
2ho 8e7 218 1142
262 87 175 11.7
273 9.2 . 196 © 9.7
260 £ 67 Be? T 10k 200 £ 26 108 £ 0.8
5 Lok 1340 251 1047
327 1543 218 7.l
317 1701 240 9¢2
Lok 135 251 9.7
360 - 13¢5 196 7.9
284 1345 262 1062 |
349 & 48 4.3 £ 1.5 236 £ 25 8.6 L 13
7 Lok 1343 295 1042
393 120 284 10.2
327 117 218 8e7
371 | 8okt 284 1142
389 112 229 8e2
349 10.5 262 746
372 £ 29 112 £ 146 262 £ 22 9ult £ 1.4
10 415 TN . 327 1167
295 1208 284 115
327 1343 o 262 9.7
360 1563 305 112
349 “1k.0 253 9.2
371 ' 1440 215 - 8e7

352 £ Lo 14.0 £ 049 - 275 % 39 10:3 £ 1.3



Graph 2+¢3 Relationship between chloride concentration in the

body fluids of Ophiocomina nigra and the ambient

sea watere

% SEA WATER BODY FLUIDS SEA WATER
100 451 Llp
448 - 445
LY . 436
kL5 1k
448 448
451 Lo3
L8 & 2.2 431 £ 18.4
90 Lo5 Los
416 405
Los 291
Loo 383
Loz 391
koo 391
Lok % 5.9 394 £ 848
80 389 - 349
- 377 343
374 343
391 349
389 352
383 360
384 £ 7.0 349 ¥ 6.3
70 32l 287
326 310
30k 326
321 321
310 326
207 2% __
319 £ 8.0 311 £ 16.4
60 267 - 262
267 259
267 265
26k 265
270 262
267 ) 262

267 £ 1.9 262 £ 2.2



- 248 =

Graphs 301 to 3e3 Comparison of salinity tolerances

SPECIES DILUTION EFFECTIVE TIMES FOR CONFIDENCE LIMITS

fET

MORTALITY (in days) 2 1ower upper
8lgp  Son 6%
Aiigiélg} hogg 2435 1473 1627 10360 1+25 1o 262
50% 69  5¢9  5¢1 14163 1.095 5.4 6.3
60% 10.2 9.2 8ok 1101 14065 86 98
70% 15¢9 1500  khe2 14058 1.036 1h4e5  15e5
(E11) 04 3455 2470 1060 1501 1.29 2e1 345
50% 7445 647 6.0 1114 1,067 6.3 7.2
60% 15.4  14e7 140 1.048 1.029 1h4e3  15.1
70% 202 1942 1823 1.050 14030 18+6 19.8
(E24) Logs 545 3¢85 2093 1.371 1.21 362 k.6
50% 10+6 9.6 8.8  1.097 1.060 9.0  10e2
60% 1742 1603 1505 14053 1.032 15.8 168
70% 21t 2065 19.7 14042 1.025 20.0 21.0
Ooalbida
— 4 b1 341 204 16306 14155 247 346
(E2) S50% 8.9  8e25 7.6 1.081 1.049 7.8 8.6
60%  12+% 11075 11e1  1.056 1+030 11e4 1201
70% 1749 168 1640  1.051 1.030 16¢3  17:3
| (E6) Logs Lo5 3¢5 2085 1.256 1+15 3.0 k.o
50% 9e2-  8ek 7.7 14093 1.057 7.9 8.9
60% 1362 1204 1106 14066 1+040 119 129
70% 1707 1648 1640  1.051 1030 163 1743
Lo 5.8 5.0 4¢3 10161 14097 Le5 55
(E11) SO0 10465 9465 B8+8 14100 1.062 941 1003
60% 18425 17+3 16e3 1057 1+035 167 179
706 2647 2548 249  1.035 1.022 2502 264
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SPECIES DILUTION EFFECTIVE TIMES FOR
MORTALITY (in days)
8l 50%  16%

CONFIDENCE LIMITS
50 lower upper

Ooglbida
(E14) Lo 601 502 k45  1.16h

50% 11¢2  10+25 93  1.097
60% 18e6 1746 1607  1.054
70% 270  26.0 25.0 1.046

(an) L}O%- 9’1 8ol+ ?o? 1008?
50% 4.8  13.8 13.0 1.066

1+10 L.y 547
1.060 9¢6 1048
14033 17.0 18.2
10028 25.3  26.7

1,054 7.9 848
1:040 133  14.3

Oenigra 90% 8okt 7.8 7.0 1.094
802 6.7 6.0 5e3 1012
20% k.0 2.7 3.2 1.118

1.055 7.4 82
1+057 5.6 63
1,070  3.45 3.9

O.albida 908
(Millport) 80%

1906  18¢5 176  1.055 14033 179  19.1
130  12¢1 115 1063 1.040 116 126

70% 9e3  Be6  8Be2 1.064 1.039 8.3 | 8.9
1.040 5.3 5.8

60% 6.0 56 53 1063 .

REACTION RATIOS 'Vt !

RR re RR rr

Aochiajei E6 Eli_ E1%
N S~ z’}
Logs 1.56 140 1.42 135
50% 1¢13 & 1.0 143 1.00

60% 1459 1.0 1.10 1400
70% 1428 140 106 1000
RR rr
O.nigra O.albida (Millport)
90% . 237 -7 10
80% 2.02 : 101

700% 2432 _ 1.05

If RR is greater than rr then stations are

significantly different.



- 250 =

RR rr RR rr
O.albida E2 E6 E11 E14
—_— N/ N
Logd 1412 1.2 1.04/ 1405
50% 102 1405 1.06 - 110
60% 1005 1405 1.02 1.03
70% 1.01 1.02 1+00 101
2 RR rr RR ryr
E E11 E14 E24
N / J/
Lhogs 1042 101 1061 _ el
50% 1ok 100 1434 140
60% 1039 140
70% 1 ‘53 101
SPECIES ~ DILUTION EFFECTIVE TIMES FOR ,_,  4m CONFIDENCE LIMITS
MORTALITY (in days) ©° .““'50 lower upper
84% 506  16%
Aochiajei
50% 347 249 245 1217 14125 245 342
(c12) 60% 6.0 501 Lok 10167 1.090 k46 59
1 0% 8ot 7.7 7.0 14095 14075 7o 8.2
80% 13.0 11.0 100 14140 1.085 1001 119
Q-albida 50% 503 bk 347 14184 1.12 349 k.g
60% 7.2 6.0 51 14188 115 ~ 5.2 6.9
(c12) 70% 104 9.2 8.3 14119 1070 845 9.8
' 80% 13.1 12.0 10.8 10101 1060 1143 127




Graph 6¢1 and 6.2 Ophiura albida (Loch Etive) percentage water
and ash contentse

WET WEIGHT % WATER % ASH

- 0.0480 40.83  21.45
0.2435 4z.08 26.16
0+2139 bs.hy 27,16
03617 b6.77  26.81
02111 Lh.67  25.58
02772 k2017  27.41 .
01179 k6.31  23.40
001410 41.06 26473
001985 41.81 25413
02711 39.72 32038
0.0836 hz.k42 " 23.44
0.1916 37.89  30.12
0.2075 3951  32.67
001993 k1.59 27.99
0.2832 35¢20 3139
01554 37425 30437
041269 36417 3380
01984 41.38 27.11
0.1932 3913 30012

X = Me22 ¥ = 27.89
+ 3429 T 3.1{-2

" ENM 05035 33.03 2h.0h

0+3362 3443 3h43

03598 36076 3656

042961 33e37 23476

045395 38+23  31+52

0.4326 bh.23  27.79 .

05287 29021 30494 ~
0.7760  35.95 22.83

05213 L2.30 25.41

X = 3750 5(' = 2858
£ 3.89 ° & 4.99



Graph 6.1 and 6.2 continued.

WET WEIGHT % WATER % ASH

E2k 01420 h7.95 1978
0.0502 39.04  31.14
0.1584 48.29 20051
0.0565 39.11 2222
0.0495 bkoy62 2564
0.0927 bz 47 2505
0.0502 35483 25+78
0.1212 L7 35.45
0.0704 3806 25433
0.0948 ' ho.92 20417
00680 43.50 22467
0.0819 39031 28.67
00594 38455 7 2295
0.1088 47470 28428
0.0775 40,90 17.00
0.0665 39.84 2812
00769 Lo.53 26.46
0.0477 k.22 28423
0+1107 L5.07 314k
0.0769 26.63 2547
0.1122 43.26  33.77
061151 42439 26.06
0.0769 45.86 17.03
0.1122 k1.70 22472

X = 41074 X = 2522
t 3.73 L L4.63
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Graph 6¢3 and 6.4 Amphiura chiajei (Loch Etive) percentage

water and ash contentse

WET WEIGHT % WATER % ASH

~ Eb 0.1457 48.18 24.15
0.1892 53.01 20.98
01399 - 48.67 23+65
0.1978 5318 20487
02293 5298 22411
0. 3007 53.07 20.91
002258 5217 21492
01915 4oL 25401
0+3057 55¢21 .. 20415
0.+3291 52.56 21.05

X = 5164 X = 22.08
£ 2059 £ 1.63

6 01751 She5h 21435
01926 54,04 19.41
02609 Shesh 2058
0.1557 51.89 2ke27
02535 5745 19.37
0.2125 53431 20+75
0.2993 58430 18437
02533 5594 19477
0.2698 474326 2742
0.1479 53%+00 26491
0.1834 5556 18.15

001895  52.45 18473

X = 5403 X = 2125
¥ 2.85 t 3.20



Graph 6.3 and 6.4 Amphiura chiajei (Loch Etive) percentage

water and ash contents.s

WET WEIGHT % VIATER % ASH

BN 003295 49471 2610
0.2362 . 4L8.85 25995
0+180k Lg.50 25.99
041560 50489 27.56
002921 5104 25457
0.2472 4s.22 3143
0.2427 L4746 28.71
0.2246 Lhe70 30.63
02959 56423 2he36

X = k9.19 T = 27.36
¥ 3.26 o
E14 0.2716 53.93 22475
02207 L8.26 29458
0+2200 Lks.04 28.54
0.4185 L84 26.09
0+3223 b7.37 30.40
043301 43,68 29.86
o.ho24 - 54458 20489
0.2755 45.62 27.8%
0.2269 Ll 28.99
03933 43.07 29477

X = 47.31 X = 27.47
¥ y.29 ¥ z2.06



Graph 7.1 (a) and (b) Calibration Curves.

Strontium
CONCENTRATION A.A.S. READING
(ppm)
2 96.2 = 09
L . 93k A 1¢3
6 90.4 = 1.9
8 87.7 & 2.4
10 Blholt x 3.6
20 735 t 4o2
30 6he7 & 5.2
Calcium
10 7545 & 546
20 60.2 .2 6.7
20 - ' 49.0 £ 7.2
40 boe6 t 7.3

50 33.7 £ 7.3



Graph  7+2 and 7.3 Ophiocomina nigra - ossicles

sr®*  DRY WEIGHT Ca' Sr/Ca x10° atom ratio
627 16552 302,078 0+94
762 149692 304,692 1414
635 1.8118 324,263 089
726 145146 325,994 . 1.01
825 1+6356 359,159 105
720 1.1116 348,597 0.94
973 0.6297 277,910 1+60
671 1.6403 304,822 1401
1174 0+3619 317,767 1.69
680 148390 316,068 0498
1187 041790 296,788 1.83
1103 0.2492 321,027 1457
925 0.6081 287,682 1447
1027 © 0.2190 308,219 1+52
848 2.212k 290,705 1433
1316 02967 299,402 2.01
1208 0.2695 296,403 1.86
835 1.8719 304,471 - 1.25
930 1.6672 320,115 1433
949 17778 312,504 1439
782 1.4378 325,117 1410
872 1.2893 347,055 1.15
591 2.4325 316,515 0.85
1069 0+7050 361,418 1435
1148 049230 261,089 2401
932 1.2926 307,461 1.38
1160 02475 310,543 171
R = 0.7645 X = 312,74k R = 07730
= 04001 s = 23,379 = 0.001



- 257 =

Graph  7+4 and 7.5 Ophiocomina nigra - arm ossicles
5r°*  DRY WEIGHT  Ca®*  Sr/Ca x 10° atom ratio
801 1.9346 284,296 1429
1394 042511 298,686 213
1225 000510 306,372 1.83
797 1.6939 302,556 . 1420
885 14693 323,283 125
97 | 15264 311,190 1435
729 1.2690 328,014 1.02
818 1+1304 353,857 106
551 2.2009 318,052 0.79
1066 05773 387,968 1426
1105 07067 2h6,403 205
1087 062022 303,785 1.64
877 1.102k 358,651 111
R = 0.8855 X = 317,162 R = O.7434
p = 0.001 5 = 35,602 p = 0.005
Graph 7¢6 and 7.7 Ophiocomina nigra - disc ossicles
1078 0.2778 321,724 153
1096 0.0456 301,535 1466
1144 02185 257,437 2.03
1194 0.1780 323,034 1.69
1263 0.1979 296,867 . 1.9h
1143 0.2514 320,704 ‘ 1+63
1185 001688 303,614 1.78
1259 0.1589 298,930 1493
972 02316 302,245 1047
1077 0.1277 293,657 1.68
1271 0.2163 303,398 1491
1117 001902 294,420 1473
1380 0.0453 = 331,126 1091
1194 0.0942 278,662 196
1136 000550 218,182 1463
10kk 002872 282,90k . 1.68
1166 0.2358 251,802 2+12
X = 1159 ¥ = 300,098 % = 178
8 = 8 = 22,017 5 = 018

101
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Ophiocomina nigra - without removal of organic matter

Graph 7.8 and 7.9 August 1976
st DRY weIGHT cat Sr/Ca x 10° atom ratio
615 148195 301,571 0493
389 2+8612 2h3,657 0073
571 107057 258,295 1.01
609 09404 256,078 1.08
468 245002 2h6,358 : 0486
486 2.0492 305,532 . 0.72
bo3 | 2.6704% 251,513 0.73
690 047507 278,368 1013
679 19674 313,065 0099
726 13262 353,229 0.9k
771 08904 272,419 1.29
83k 0+3517 273,419 139
800 0.3104 269,520 1435
698 045072 247,691 1.28
605 142981 291,653 0.94
632 1.4105 302,931 0.95
591 145782 300,214 0.90
543 19245 263,720 049k
587 149587 . 274,989 0697
b72 202934 288,641 0«74

R = 0:8568, p = 0.001 X
5

261,972 R = 0.9084, p = 0001
65,339



Graph

7+8 and 7.9
September 1976

st DRY WEIGHT Ca2+ Sr/Ca x 10°  atom ratio
666 1.0493 262,080 116
517 2.5436 235,886 1.00
674 2.2243% 2hk 457 1+26
672 201419 2304519 1033
587 27189 220,676 1022
by - 200931 229,923 0095
Log 2.6450 233,933 097
661 241148 245,295 1423
621 007243 198, 467 1e43
730 14807 2l ks 1423
955 0.2878 230,195 1443
918 003234 193,143 1437
803 044386 190,187 1.90
826 0.7180 203,429 1.85
809 001099 212,551 1e7h
658 1.4305 234,106 1.28
656 147282 230,098 1430
609 2.4960 236,137 1017
550 2.4200 237,481 1.05
508 303461 2l ,122 0496

R = 08172 X = 227,706 R = 048602

p = 0.001 s = 19,050 = 0001



Graph 710 and 7011
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Ophiocomina nipgra - disc (without removal of

August 1976

organic matter).

srot DRY WEIGHT Ca°* Sr/C x10° atom ratio
kg9 044513 191,112 1419
212 0« 3554 79,135 1,22
748 002311 286,668 1019
508 004618 216,538 1.07
939 03140 378,162 1413
407 0.2426  15k4,57k 1020
875 0.5126 304,819 131
566 02850 214,904 1420 .
72k 03105 261,673 1026
6h2 04607 24k, 190 1+20
X = 612 X = 233,177 X = 119
= 220 = 83,156 5§ = 0.06
September 1976
753 0.2818 224,006 154
748 043003 191,474 1479
717 0.3832 208,768 1457
311 0.3463 754,140 1.88
833 0.3140 216,957 1476
769 02918 205,619 1+71
1003 041744 23,692 1.88
668 002617 191,058 160
665 043567 164,183 1485
772 0.4680  218,L462 1061
X = 72k X = 261,836 X = 172
s = 174 5 5 = 0013

= 174,321
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Ophiocomina nigra - arm (without removal of
Graph 712 and 713 organic matter).
August 1976

srot DRY WEIGHT ca’t Sr/Ca x 10° atom ratio
655 143682 338,036 0488
Lgs 2.2080 294,384 0+78
666 143503 305,486 - 0499
562 0.7093 267,871 0.96
Leo . 20384 253,137 0.83
Vi 1+4935 264,425 072
387 2.0175 - 27k,080 D6k
825 045081 338,325 1611
608 1.4548 316,011 0.88
769 1.0412 391,133 0489
797 045799 277,853 131
6Ll 143734 298,859 0498

R = 0+7905 X = 301,633 R = 0.9084
= 0-005 = 39,501 p = 0001

September.1976
Ls2 200959 248,403 0483
856 006906 249,386 1057
724 101989 249,279 1433
. 959 0.2472 241,574 107k

911 04161 2k3,954 1.70
853 07934 240,817 1.62
734 0.8972 223,117 150
805 141918 22k, 666 163
sh7 1.4650 204,907 1e22
528 147313 200,019 1420
433 107849 157,651 . 125
451 240901 217,691 049k

R = 0.9626 %= 225,122 R = 0.8977

p = 0:001 5 = 27,363 p = 0001
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Ophiocomina nipra = arm (without removal of

organic matter).

Graph 7«14, 7+15 and 7.16 Non-regenerating part of arm
Sr2+ DRY WEIGHT Ca2+ Sr/Ca x 103 atom ratio
L5y 2.0218 253,486 0.82
Lo6 14729 265,587 0.69
515 1.0674 kog, 874 057
630 13768 535,661 0.58
396 19197 274,650 | 0465
733 0. ltlilsq 351,836 0495
606 144396 316,925 C0.87
767 1.0365 391,942 0.89
647 0.4809 298,915 1019
509 11900 304,622 0488
R = 07139 X = 295,158 - R = 0.8608
p = 0.001 = 75,302 p = 0001

Regenerating part of arm

961 0.0166 210,929 2.08
1184 0.0206 181,949 : 2497
1321 0.0126 237,990 253
1286 040153 228,738 . 2457
1368 0.0640 253,900 2.46

878 0.0152 230,200 107k

298 040990 265,158 1.72

955 0.1834 265,805 164
1136 0,0704 250,355 2408
1220 01051 2h9,762 1074

838 00298 251,677 1452
1076 00096 201,612 2.k
1007 0.1116 252,016 1083
1074 0.0416 225,067 2018

998 000667 236,541 1093

959 00794 253,032 1473
1100 001193 238,116 . 2¢11
1107 041365 229,017 2.21

X = 1132 T = 235,49 X = 2.10
s = 266 = 22,100 § = 027



Graph 7.17 and 7018 ‘Ophiura albida (Millport) - Ossicles
sr2*  DRY WEIGHT  Ca’"  Sr/Ca x10° atom ratio

1416 01908 329,567 191
1611 001653 313,390 2435
1512 001226 340,747 2.03
1443 001573 334,599 1497
1193 01537 354,672 1454
1160 0+1401 401,499 1632
1257 01918 353,411 1462
1403 001158 377,806 1469
1302 001824 411,184 1okl
1366 001830 375,683 1.66
1295 001351 416,358 1el42
1499 041894 363,007 1.88
1376 02058 350,301 1+79

X =137 % = 364,017 X = 174

s = 130 s = 31,161 s = 0.28



Graph 719 and 7.20 Ophiura albida (Millport) disc = ossicles

Sr®  DRY WEIGHT  Ca®®  Sr/Ca x 10° atom ratio
1123 0.0445" 308,988 1.66
1655 040302 372,516 2403
2349 0.0266 . 281,955 2.81
1786 0.0238 367,647 222
1506 0.0332 338,855 2.03
1916 0.0261 383,142 2428
22h3 0.0181 408,052 251
1997 0.0199 k15,119 220
2114 0.0219 376,000 2.57
1583 0.0381 352,490 2.05
1250 0.0383 331,711 1.80
1201 0.0178 322,117 1470
1108 00191 333,629 1+52
1167 0.0223 335,331 1459
1031 0.0249 325,245 1.45
1119 040251 346,561 1448
1243 © 0+0259 330,818 1472
1168 0.0274 317,804 1468
1087 0.0282 339,921 1.46
1193 0.0293 333,220 1464
1147 0.0298 325,033 1.61
1126 0.0323 329,110 1456
1115 040340 323,007 1.58

X = 1lhs X = 343,403 X = 1492
s = k420 8 = 31,218 8 = 053



Graph 721 and 7.22 Ophiura albida (Millport) arm - ossicles.

sr2*  DRY WEIGHT Ca®®  Sr/Ca x 10° atom ratio
1323 0.1606 326,899 1485
1352 041387  324,4k1 1490
1392 0.0988 328,947 1493
- 1410 0.1241 332,393 1494
1215 01276 342,868 1462
1371 01500 333,333 1.88
1219 041083 327,404 1470
1400 01516 332,356 1495 -
1376 .0.1543 321,724 192
1255 0.1510 340,091 1469
X = 1331 % = 331,045 % = 183
s= 75 s= 6,63 s = 0«12



Graph 7-23 and 7+2% ophiura albida (Millport) without removal of

organic matter.

sr?*  DRY WEIGHT  Ca2*  Sr/Ca x 10° atom ratio
1082 03348 224,015 221
1059 0+4600 177,989 2.72
99k 02314 270,004 1.68
1037 0.2170 273,617 1473
1023 0.2249 269,564 . 1473
968 042685 221,136 2400
960 01821 305,463 1o 4k
947 001318 336,683 1¢29 -
LY 0.2029 360,397 1022
916 01475 266,948 1.57
1007 0+1611 279,329 1465
881 02213 259,828 1455
745 0184k 369,440 092
723 0e1724 362,528 0+91
688 0.2178 350,091 0.89
766 02935 293,865 1.19
738 0+2031  335,k2h 1400
936 0.1602. 355,025 1.20
933 02679 319,616 1433
1130 01769 254,381 2.03
1003 0.1496 325,869 1.40
909 0.1647 295,992 1440
909 02062 328,867 1426
1011 01669 329,538 1.40
1070 003757 321,372 152
1028 03098 . 302,179 1455
985 0.3340 325,156 138
945 001905 299,709 1ol
o 7hb 01544 314,068 1.08
1140 0.2823 276,829 1.88
1267 0.1995 310,864 1+86
1134 002038 311,432 1466



Graph 7+23 and 7«24 (continued)

sr®*  DRY WEIGHT Ca°t Sr/Ca x 10° atom ratio
1142 0+1604 339,863 1054
1227 01873 315,015 1.78
863 0.2269 323,142 1422
951 002647 320,087 135
9hy 0+3418 283,439 1.52
912 0.4053 2l1,703 1.72
733 02218 291,807 Te1k4"
810 0.2450 332,009 1¢11
846 02905 313,119 1+23
741 03431 305,989 111 .
X = 947 X = 302,225 X = 1.47
5 = 1 s = Lo,594 5 = 037



- 268 =

Ophiura albida (Millport) disc - without

removal of organic matter.

Graph 725 and 7.26 August 1976
sr?*  DRY WEIGHT  Ca®*  Sr/Ca x 10° atom ratio
657 0.0796 307,786 0497
L3 0+0794 289,671 0675
408 0.0855 274,855 0.68
334 00451 268,290 0+57
517 0.0498 288,715 0481
382 0.0394 29j,877 060
593 00548 3334111 081
Lzo 0+0574 275,810 071
495 0-0649 282,004 080
552 © 0.0697 261,231 0.97
X = 484 T = 287,335 X = 076
5= 99 s = 20,824 5 = 013
February 1977
1098 0.0656 228,658 2.19
982 040529 267,013 1.68
1058 0.0387 k2,247 . 2+00
1202 0«0L74 237,342 231
957 0.0435 251,036 _ 1474
1023 00583 247,112 | 1489
918 0+0627 263,412 1459
903 0.0727 242,001 171
1028 0.0778 250,129 1.88
1008 00794 252,447 1495
X = 1017 X = 248,139 X = 1.89
s = 88 s = 11,498 8 = 022



Ophiura albida (Millport) arm - without

removal of organic mattere.
Graph 727 and 7.28

Avgust 1976

Sr2+ 2+

DRY WEIGHT Ca Sr/Ca x 103 atom ratio

1181 02961 325,056 1466
1220 042304 306,531 1082
1181 02485 342,053 153
1135 0o 1454 309,491 1.67
871 0.1147 322,579 1423
1239 001715 313,414 181
1200 001300 288,226 1490
1061 041911 328,370 1448
1074 0.2556 293,918 1.67
1132 " 0.1134 279,456 185
X = 1129 ¥ = 310,909 X = 1+66
5 = 108 = 19,525 5 = 0020
February 1977
1163 0.2107  28k4,76k4 1.87
1307 061339 336,072 178
1159 041509 318,920 ' 1+66
1150 0.1217 359,491 1446
1214 0.1399 330,593 1+68
1251 01173 343,859 1.66
1286 0+1732 321,261 1.83
1180 '0.1881 359,117 1450
1117 0.22L0 333,244 . 1453
1391 042119 341,009 1.86
X = 1222 X = 332,833 X = 1.68
s = 5 = 21,714 8 = 015

85
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Graph 729, 7430 and 7+31 Ophiura albida(Loch Etive).
STATION Srot  DRY WEIGHT  Ca®t  Sr/Ca x 10° atom ratio

Eh 1761 0.0284 308,099 2461
1226 01386 270,562 207
1156 0.1167 299,914 1.76
1169 01925 272,727 . 1.96
1155 0.1168 278,252 1.90
1309 0.1603 288,521 2607
1263 00633 276,461 2409
962 0.0831 293,321 1450
909 041151 308,441 1035
979 041634 283,047 1+58
1004 0.0473 264,270 174
1148 01176 340,135 154
1135 0.1188 294,612 1476
1076 01255 258,963 1490
1159 0«16 279,210 1490
872 01835 286,103 139
1179 000975 269,231 2.00
1263 0.0095 289,473 " 199
1130 0.0774 282,621 1.83
989 01163 279,449 1.62

X = 1142 = 189 X = 286,170 X = 1483 & 029

£ 18,383
E11 1259 0.0298 272,650 2411 -

1779 0.0118 275,42k 2495
1431 00277 210,437 3011
1405 0+0356 245,787 261
1085 0.0645 242,248 2.0k
1139 0.0439 213,553 2.4k
1154 00866 216,512 21tk
1063 0.0987 221,630 219
1031 0.0679 220,913 . 2413
860 01309 267,380 ‘Y

X = 1220 ¥ 260 X = 238,653 X = 2435 t.o.47

¥ 25,642
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Graph 729, 7+30 and 7+31

STATION Sr2f  DRY WEIGHT  Ca°' Sr/Ca x 10° atom ratio

E2k4 1269 0.083% 352,218 1.65
887 041195 266,736 1452
1040 001019 343, b7k 1438
1014 0+0739 253,721 1.83
1307 0.0306 285,948 2.09
9kLé 0.0819 259463 1.67
1163 0.0344 254,360 2.09

1232 0.0284% 264,084 2413 |
953 0.52k 262,405 1.66
1009 00322 252,328 1483
929 040673 - 250,743 1469
1146 000436 229,357 229
1072 0+0560 245,535 2.00
1206 0.0497 264,084 2.08
1232 0.0365 273,972 2+05
966 0.0569 252,636 1475
1255 0.0458 259, 449 2.21
1250 0.0400 218,750 2461
1160 0.0452 276,549 . 1483
987 0.0608 256,990 1475
91k 0.0711 263,713 -~ 1458
1072 00653 258,423 1.90
1128 0.0kk3 254,950 ' 2.03
1021 0.0661 2bs5,84%0 1.90
9l 00532 223,215 1493
1057 00615 254,064 1490

X = 1083 £ 127 X = 262,423 X = 1.89 ¥ 0627

t 29,193



Graph 7+32, 7433 and 7+34 Amphiura chiajei ( Loch Etive).
STATION SpSt  DRY WEIGHT  Ca>®  Sr/Ca x 10° atom rdio
EL 926 0.0755 158,940 2466
1218 0.0718 248,085 2.2h
1079 0.0926 224,157 2.21
204k 0.1078 223,21k 2u1h
1027 0.1411 228,118 2.06
1018 0.1080 208,334 223
934 01007 211,023 2402
956 041369 191,745 2.28
980 001561 240,230 1.86
1057 001595 215,006 2425
X = 1024 185 % = 214,385 % = 2.19 £ 0.20
t 25,382
E6 1005 0.0796 211,996 217
988 0.0885 218,926 2.06
1054 01186 216,063 2423
1068 0.0749 175,234 2+79
1011 01087 235,739 1.96
1007 00992 233,114 1497
940 0.1248 225,360 1.90
896 0.1116 212,815 193
950 01420 253,280 1.70
1079 0.0695 243,834 2.43
1013 0.0815 191,717 2.41
1108 0.0901 194,228 2461
X =1010 % 85 X = 209,363 X = 226 £ 0448
t 29,530 :
E11 799 0.1657 226,313 - 1462
886 0.1430 240,384 1.76
92k 041354 249,261 1.69
843 041275 230,392 1467
1448 0.1242 251,610 2463
1062 01295 217,181 2423
810 02005 112,219 195
1245 0.1064 211,465 2469
750 0.1875 230,115 1.49
783 0.1543 224,099 1.60
£ =971 % 237 % = 219,304 X = 1.93 L 043

* 39,763
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Graph 732, 7433 and 7.34

STATION sret DRY WEIGHT Ca°®  Sr/Ca x 1o3 atom ratio

E1b 838 0+1251 269,785 1eli2
. 1038 01325 273,585 173
910 041209 = 279,156 1.49
857 02159 277,906 1.41
796 01696 257,960 1041
888 01859 285,772 1.42

738 002236 251,564 134"
1052 0+1498 271,195 1.77
1202 01268 251,379 2019
737 02065 263,479 1.28

% = 906 % 150 % = 268,178 % = 1.54 L 0.27

£ 11,786
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Graph 7+35 and 7.36  Ophiura albida (Oresund).

52t DRY WEIGHT  Ca°' Sr/Ca x 10° atom ratio
1170 02030 326,448 1.6k
1168 02033 313,549 1470
1162 002044 324,086 1.64
1087 041033 302,516 1.64
1014 01293 309,359 1+50
1029 0.1459 325,565 162
1131 0+2156 324,674 1.59
1035 061328 305,910 155
941 0.1063 293,979 1.46
X = 1082 X = 314,010 X = 159

I3 t 11,854 t 0.07
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Graph  7+37 Relationship between wet weight of intact animal

and ossicle weight in Ophiocomina nigras

WET WEIGHT OSSICLE WEIGHT
0.3328 0.0942
001893 0-0550
101539 002872
1.0412 0.2358
147983 - 06297
5+0079 1.6403
1+0523 043619
LaQhilily 148390
044876 - 041790
06795 0.2h92
045867 ' 042190
240527 i 047050
2+5408 0.9230
345200 1.2926
006636 0.2475
545400 1.8719
54595 1.6672
542363 17778
3.9541 1.4378
3.9442 1.2893
741560 2.4325
549247 - 2.2124
0.9962 02967

R = 09940

0-001

]
1]



Graph 8.1 and 8.2 Ophiocomina nigra in elevated strontium levelss.

sro* DRY WEIGHT  Ca2® Sr/Ca x 10° atom ratio
1144 147469 249,012 210
1002 23937 221,413 2.07
998 1.1013 227,004 ~2.01
953 247289 225,366 1.93
1077 2.1341 238,975 2406
1060  2.6888 226,868 2.13
1047 1.5041 243,000 1.97
1084 146349 263,921 1.87
987 343101 213,116 2.1
1062 049599 251,457 1093
1017 3e1249 223,649 2.07
1098 1.9489 k3,192 2.06
993 347501 251,047 1.80
1053 2688 237,409 2402
1020 0.8057 241,063 1493
1011 3.6021 247,003 1.87
1010 L.0610 237,912 1494
1034 3.4980 217,401 2.17
1061 2.4864 2ks, 849 149k
X = 1037 X = 237,087 T = 199

ts t 13,463 t 0.10
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Graph 803  Ophiura albida (Millport) in elevated strontium levels.

sret DRY VEIGHT  Ca®"  Sr/Ca x 10° atom ratio
1408 0.1065 302,413 212
1323 0+3211 319,629 1+89
1325 01311 315,021 1092
1305 0.2241 298,561 . 199
1556 0.2924 304,501 - 2433
1479 © 0e1284 300,008 2425
1217 02691 299,472 1485
1264 0.237% 305,674 1.89
1346 004301 318,520 1.93
1220 0.3742 288,493 1+93
1267 0.2687 292,376 2413
1340 0.1404 307,41k 1+99
1298 0.1967 - 306,567 193
1401 02013 294,233 217
1350 041936 288,117 21k
1349 0.1428 305, 801 2401
1420 0.2403 295,923 . 2419
1278 042761 300,401 1.94
1352 0.0543 313,007 1.97
X = 1347 X = 302,954 X = 2.03

Ye3 ¥ 9,204 Y 01k
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Graph 84 and 8.5  Qphiura albida (Loch Etive) in elevated

strontium levelse

Sr2*  DRY WEIGHT Ca°t  Sr/Ca x 10° atom ratio

1467 0.0225 2k Llk 2.7k
1286 0.0641 253,510 : 232
1386 0.0505 247,525 . 256
1245 | 0.0462 202,922 2.80
1239 0.0403 263,647 2415
1147 0.0392 255,102 2.05"
1114 0.04k9 236,637 215
1212 0.0577 227,469 2444
1096 0.0570 241,228 2.08
1285 040311 261,254 2425
1057 0.0544 218,290 2.21
1239 00666 262,762 2.15
934 0.0428 219,01 1.95
X = 1208 X = 2l 064 X = 2429

t qho t 19,271 t 0.26



Table 7.2
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Discrimination Ratios.

From Graph Data 7.8 and 7.9

Ophiocomina nigra

August 1976

0.13
0410
0«14
0015
012
0+10
0.10
0.16
0.1k
013

F3

From Graph Data 723 and 724

0+18
0+19
0.19
0.18
0+13
0413
0.12
013
0.13
0410
= 016 £ .029

Ophiura albida (Millport)

0.30
038
0.23
0.2k
024
0.27
0420
0017
0+17
0.22

X

0e23
0617
0.12
0.12
0012
0.16
0014
0.16
0418
028

= 0420 £ 0.052

0.19
0019
0417
0.19
0.21
0.21
0.19
0.20
0.15
0.26
0426

September
0416
001k
0.18
0.19
0.17
013
0.13
0.13
0.17
0.20

017
021
0+24
017
0.18
0.21
0+2k
0016
0415

017

0.15

1976
0417
0.20
0.19
026
026
0o24
0.24
0016
0¢15
0013
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Table 7¢2 Discrimination Ratios (continued)e

From Graph Data 729, 7+30 and 7.31

Ophiura albida (Loch Etive)

EL

E11

0435 0.2k 0.32
0.28 0.21 0oLl
0.2k 0e2k 0.47
0.26 0+26 _ 0039
0.26 0.26 031
0.28 0+19 0.37.
0.28 0.27 0037
0+20 027 0033
0018 0025 032
0e21 0022 0e22
X = 0.25 ¥ 0.039 ° X = 035 £ 0.071
E2k

023 0028

021 028

019 Oe2k

0+25 0+30

0.28 036

C.23 0.25

0:28 0.2k

0.29 0.21

0.23 026

025 0.28

0431 026

0+27 0+26

0426

X = 0.25 % 0.035



- 281 -

Table 7.2 Discrimination Ratios (continued)s

From Graph Data 732, 7+33 and 7.3b

Amphiura chiadei

Eh4

E11

0436

. 0e31

0.30
0.29
0.29
0.28

X

0+24
0.26
0.25
0.25
043G

% = 0.29 £ 0.071

0430
0.27
0431
0+25
0431

030 * 0.028

0.39
0029
0040
0.22
02k

(Loch Etive)e.

E6 034

0432
003k
043
030
0630

bl |
I

E1k
0.21
0025
0.22
0.21
0.21

X

0.29
0630
0.26
0437
0.37
0-40

0.33 L 0.049

0.21
0420
0+26
0+32
0.18

0s22 & 0.040



