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FOREWORD

Living systems are open ones thermodynamically, and must obtain energy and matter to
maintain themselves through time. This is a basic principle of biology. Understanding the
ways in which living systems obtain and utilize nutrients is thus of fundamental importance.
We have taken a broad view of nutrition deliberately, not confining ourselves to the
requirements for, and utilization of nutrients. We begin with the perception of food and all
feeding, digestive, and absorptive processes which lead to the uptake of nutrients, and con-
tinue through the ecological effects of feeding. A necessary consequence of feeding is the
removal of matter and energy from the system which often involves the predation of other
animals and plants. The removal of prey individuals from the system and the change in the
physical and chemical state of biological material as a result of nutritional action both have
environmental consequences.

The purpose of this book is to present the state of knowledge concerning nutrition and
point out directions for future work for the Echinodermata, an ancient group which shows
great diversity in form and function, and whose feeding activities can have great environ-
mental impact. The echinoderm classification proposed in Moore’s Treatise on Invertebrate
Paleontology has been followed throughout this book.

We sincerely thank all the contributors for their efforts. Thanks are also due to those
who helped during the editorial work, especially N.Biot, J.Harray, and M.Klinkert (Labora-
toire de Zoologie, Université Libre de Bruxelles). We are grateful to the ‘Fondation Roi
Léopold III’ and to the ‘Ministére de PEducation nationale de Belgique’ for financial sup-
port.

The editors
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PREFACE

It is timely that a book on echinoderm nutrition should appear. In the present volume
echinoderm metabolisin and many other phases of echinoderm nutrition are summarized
and evaluated, many for the first time. A much more meaningful concept of the overall
nutrition of echinoderms will emerge from a knowledge of perception of food, environ-
mental effects of feeding, structure of the digestive organs, digestion, absorption, trans-
location and assimilation of nutrients, excretion and metabolism. The present volume
should be awaited with anticipation not only by those interested in echinoderms, but also
by those wishing to compare the nutrition of echinoderms with the nutrition of animals
in other phyla. The primitive nature of the echinoderms makes them of special interest in
this regard as a background for comparative studies on the nutrition of animals. In addi-
tion, a summary of this type will point out the deficiencies in our knowledge and thereby
bring to the attention of younger scientists some of the problems they might fruitfully
attack. There are no final answers in a treatise and part of its value is the stimulus it pro-
vides for another generation of researchers. It is my hope that this treatise will entice
others to experience the joy of collecting from the ocean, working with the organisms at
the seaside, and solving some aspect of the nutrition of echinoderms.

Arthur C. Giese
Professor Emeritus of Biology, Stanford University
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N.A.SLOAN & ANDREW C. CAMPBELL 1

PERCEPTION OF FOOD

The turbidity of inshore waters and the irregularity of much of the sea-bed limit the effect-
iveness of sight as a major sensory modality for many benthic marine invertebrates (Mackie
1975). Vision is, however, used extensively by a few specialised groups such as cephalopods
(Wells 1978) and crustaceans (Waterman 1961, Hazlett 1972). Nicol (1967) did not con-
sider that the ability to hear was widespread among marine invertebrates although some
exceptions occur amongst the crustaceans (Salmon & Horch 1972, Meyer-Rochow & Pen-
rose 1976). By contrast it seems that the transfer of information chemically either by con-
tact or by water is particularly suitable for aquatic animals. Carthy (1958) pointed out that
the usefulness of chemoreception is greatly enhanced when given directionality by current
induced gradients. A further advantage is that only minute quantities of a chemical need
be used to release a behavioural sequence (Lenhoff & Lindstedt 1974). Mackie & Grant
(1974) among others, believed that chemoreception amongst marine invertebrates was a
subject the importance of which ‘cannot be overemphasised’. Such awareness had not
escaped earlier workers, for example Pearl (1903), who wrote ‘one of the most important
factors in the sum total of activities of any aquatic organism is its reactions to chemical
substances’.

Modern techniques, particularly in the realm of electrophysiology, have led to a more
accurate analysis of the processes of transduction and integration of sensory activity in
- nervous systems, but as Ramsay (1968) pointed out, chemoreception appears to lag behind
on research effort by comparison with other sensory modalities, e.g. vision. It is encouraging
that more recently Lenhoff & Lindstedt (1974) indicated some improvement of the situation
concerning chemoreception research methods and objectives so that the paradox of inten-
sity of investigation on the one hand and biological significance on the other many be
resolving (Kittredge et al. 1974). Concerning topics of inter-specific chemoreception in
marine invertebrates generally, food detection has the best coverage (Passano 1957, Kohn
1961, Laverack 1963, Lindstedt 1971, Lenhoff & Lindstedt 1974). In a review of feeding,
digestion and nutrition of all echinoderms, however, Ferguson (1969a) devoted only a very
minor portion to ‘Chemosensitivity to food’, a measure of how poorly understood the field
of echinoderm chemoreception has been.

1. CHEMORECEPTION IN ECHINODERMS RELATED TO THEIR
STRUCTURE AND LIFE STYLE

Echinoderms have unusual anatomical arrangements linked with peculiar physiological
and behavioural ones which have considerable effects upon food perception and feeding.
The form of symmetry, especially in relation to the lack of a head, the distribution of sen-

3



4 N.A.Sloan & Andrew C.Campbell

sory and nervous elements, and the distribution of locomotor units are of paramount
importance.

There is little doubt that the first echinoderms were sedentary, if not sessile, suspension
feeders (Nichols 1969). The water vascular system with its protrusible hydraulic tube-feet
probably arose as a respiratory system which, because of its arrangement with respect to
the mouth, allowed it to fulfil a food collecting role too (Nichols 1969), as in the crinoids.
In such animals the pentameric plan is ideal and the lack of a head no disadvantage. Most
remaining extant echinoderms have undergone major evolutionary advances. These include
the inversion of their bodies with respect to the substrate and the assumption, in some
cases, of a superficial bilateral symmetry. Such developments, however, have not led to the
universal abandonment of suspension feeding. The inversion of the body allowed the water
vascular system to take on an additional function, that of locomotion. Such slow moving
or sedentary radially symmetrical animals can receive chemical stimuli emanating from all
directions equally well. Moreover, a rounded or disc-like body widely covered with receptor
units should provide an ideal mechanism for gross sensory perception and analysis by
simultaneous monitoring of stimulus intensity at different positions on its surface.

Adult echinoderms are generally sluggish and creep slowly over or through the substrate.
Sorne of these remain for a great part of the time in one place, and only a few species, all
holothuroids, have become pelagic. Judging by the success of some modern free-living
echinoderms, whose populations may dominate the environment (Nichols 1975), the penta-
meric plan has not been a serious limitation on free life. With the water vascular system
providing locomotion, free life in a number of styles (e.g. creeping, burrowing, crevice
dwelling) became possible and with this possibility the chances of filling a variety of niches
as grazing herbivores, omnivores, predators and carrion feeders. All these types of feeding
method rely to some extent on chemical or physical perception and the means to orientate
to and then take in the food.

Errant echinoderms must move to get their food. It is important that they do so effi-
ciently. This is the essence of evolutionary pressure which has produced the various habits
and life styles displayed by the errant echinoderms.

The most striking feature of the echinoderm nervous system is the lack of a brain. Sense -
organs are rare in this group and transduction of environmental stimuli is generally a func-
tion of single unspecified cells widely distributed over most of the body surface. For
example, Cobb (1968a) suggests that most epithelial cells of echinoids have neuronal con-
nections and act as transducers, but this suggestion awaits experimental proof. So far, no
specific region of the nervous system with responsibility for integration of primary sensory
modalities has been designated.

The echinoderm nervous system has been reviewed by J.E.Smith (1950, 1965) and by
Pentreath & Cobb (1972). There are three essential parts, although these may not be pre-
sent in all echinoderms. They are:

1. The ectoneural system, mainly sensory, and occurring in all classes except crinoids.

2. The hyponeural (Lange’s nerve in asteroids) lacking in echinoids and holothuroids
where its motor function is taken over by part of the ectoneural system.

3. The apical system, important in crinoids in which it is motor and innervates the vis-
cera, but poorly developed in asteroids. This system lacks in the other classes.

Prime responsibility for chemoreception is taken by the ectoneuronal system. Structurally
it is divided into two parts. Associated with each ambulacrum is a well-developed radial
nerve cord. It provides the major afferent pathways from the receptors of the test and am-
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bulacrum, and in groups where the hyponeural system is lacking it provides motor pathways
to the tube feet too. Each radial cord is connected with the others via a circum-esophageal
nerve ring which provides a route for inter-radial integrative activities. In echinoids and
asteroids, where there is a good covering of epithelial cells overlying the skeleton, a well-
developed basi-epithelial nerve plexus constitutes the second part of the ectoneural system
(Bullock 1965, Campbell 1973). The principal role of this plexus is to receive nervous
impulses arising from the multiplicity of sensory cells and to pass them where applicable
to the radial nerve cords, and to co-ordinate the activities of the test appendages. In the
remaining three classes the basi-epithelial nerve plexus is less well-developed; there are
fewer test appendages and, with the exception of holothuroids, the epithelium is often
scanty and abraded.

Analysis of sensory and motor phenomena in the plexus has been hindered by technical
difficulties. The small diameter and diffuse nature of the component axons prevent intra-
cellular recording. Also the presence of free crystals of calcite, even away from the skeleton,
makes probing with fine instruments difficult. Within the radial cords, however, some pro-
gress has been made using gross techniques such as wick electrodes (Sandeman 1965).
Electrophysiological proof for the hypothesis of chemoreception in echinoderms, therefore,
is in a state of conjecture.

The hyponeural system is found in asteroids and ophiuroids where it co-ordinates motor
activities of the tube-feet and ampullae and is important in locomotion. The locomotory
tube-feet are hydraulic organs which possess muscles allowing stepping movements and
retraction. In most asteroids, echinoids and holothuroids they are suckered which assists
with adhesion, but in ophiuroids they are suckerless and not important for movement. A
fuller account is given in Nichols (1966, 1969). Tube-feet can be intimately involved in the
feeding process. In some cases they are well-known as food gatherers. Their implication in
food detection, mentioned later in the organs of chemoreception section, is not surprising
because as extensions of the body wall they are cloaked with a basi-epithelial plexus.

The development of the anatomical resources of the various classes (compared with
their habitat, life style, and source of food in table ). suggests the potential for food detec-
tion in various echinoderm groups. Those groups which lack a well-developed sensory
component in the basi-epithelial nerve plexus may be restricted to a semi-sedentary life
like the filter-feeding crinoids or the deposit-feeding holothuroids. Interestingly, although
ophiuroids, with their relatively massive skeleton and subsequently reduced basi-epithelial
plexus, are mostly suspension-feeders, some are polyphagous (Fontaine 1965, Chartock
1972, Dearborn 1977) and responsive to chemical stimuli. The increase in the sensory com-
ponent and motor sophistication has allowed for the development first of relatively unselec-
tive omnivorous feeding as in regular echinoids, and secondly a more selective predatory
life as in some asteroids, where strong dietary preferences may be encountered.

2. PHYSICAL PERCEPTION OF FOOD AND FEEDING

Large scale movements or aggregations of asteroids and echinoids have been related to food
availability (Dana et al. 1972, Lawrence 1975a, Grassle et al. 1975, Glynn 1976, Sloan 1977,
Mattison et al. 1977, Garnick 1978), whereas the presence of suspension feeders is more
strongly related to current conditions (Warner 1971, Fedra ez al. 1976, Meyer & Lane 1976,
Meyer & Macurda 1977) which bring the food to the awaiting masses.

There are a number of instances where purely physical characteristics of the environ-
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Perception of food 1

ment control the feeding activities of echinoderms. In the case of irregular echinoids (Fer-
ber & Lawrence 1976, Gladfelter 1978) and burrowing holothuroids (Rhoads & Young
1971, Lawrence & Murdoch 1977) the quality of the substrate as an amenable burrowing
medium may affect the distribution and feeding activities of infaunal species. Wave action
can affect the distribution and feeding activities of echinoids (Dart 1972, Lawrence 1975a:
261, Russo 1977) and asteroids (Ormond et al. 1973, Menge 1974, Dayton et al. 1977), as
can exposure to air (Landenberger 1969).

The effects of physical characteristics such as shape and rugosity on highly mobile pre-
datory asteroids have been little considered. Although asteroids can demonstrate a tactile
discrimination ability (e.g. Asterias rubens: Sokolov 1961, in Valentin¢ic 1978), they are
more motivated by chemical cues than physical shapes of potential prey. In perhaps the
only prey-form recognition experiments, Valentinéi¢ (1975) could find only a limited
ability of Marthasterias glacialis to discriminate between cleaned gastropod shells and simi-
lar sized stones.

Filter-feeding echinoderms such as most crinoids, ophiuroids, and dendrochirote holo-
thuroids are markedly rheophilic. Responses to current influence population distribution
and orientation of feeding apparatus rather than a chemosensory orientation. An exception
among the dendrochirote holothuroids could be Psolus chitinoides, described as an active
suspension feeder with a potential chemosensitivity in a laboratory study by Fankboner
(1978). On the other hand in situ observations by Konnecker & Keegan (1973) on Pseudo-
cucumis mixta, by Hunter-Rowe et al. (1976) on Thyone fusus, and by Olscher & Fedra
(1977) on Cucumaria planci all suggest a strongly rheophilic component in the feeding
activities of these holothuroids. The random nature of the tentacle activity of other cucu-
marids like Cucumaria elongata by Fish (1967) and C.frondosa described by Sutterlin &
‘Waddy (1976) suggests that once the animal orientates itself (to ‘current) the actual feeding
rhythm is spontaneous and not environmentally cued, at least in the short term.

Many shallow-water unstalked crinoids (Meyer 1973a, Meyer & Lane 1976, Meyer &
Macurda 1977) as well as deep-sea stalked species (Macurda & Meyer 1974, 1976, Welsh
1978) are rheophilic in the orientation of their filtering pinnulate arms. Currents probably
are the prime stimulus to feeding in these animals as there is very little mention of
chemoreception in crinoids. Although numerous authors suggest chemoreception in filter-
feeding ophiuroids, Woodley (1975), Warner & Woodley (1975), Fedra et al. (1976) and
Wilson et al. (1977) state that current orientation is a critical factor in their feeding activi-
ties, with reference to Amphiura species, Ophiothrix fragilis, O.quinquemaculata, and
Ophiocomina nigra respectively.

The euryalous ophiuroids or basket stars, although plankton-feeders, appear less depen-
dent on current than their sieving relatives. Gorgonocephalus eucnemis (Patent 1970),
Astroboa nuda (Tsurnamal & Marder 1966) and Astrophyton muricatum (Davis 1966,
Macurda 1976, Meyer & Lane 1976) are all nocturnal feeders that extend their feeding
arms to capture large self-mobile plankters. When the plankters contact the arms a rapid
coiling action ensues and the food is transferred to the mouth in the tight coil of arms.
Feeding posture is perhaps elicited by low light intensities and food capture purely by for-
tuitous physical contact. An interesting parallel has been described by Campbell et al.
(1973) in the echinoid Echinostrephus molaris from Red Sea reefs. Here algal fragments
merely contacting spines trigger food gathering responses.

At this stage, the potentially complementary roles of rheophilic responses to the physi-
cal stimuli of current and chemical stimuli of current-born dissolved chemicals or suspended
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matter are subject to conjecture. Comparison of these types of stimuli could be a fruitful
line of research. To our knowledge, only the work of Castilla & Crisp (1970, 1973) on
Asterias rubens has attempted to examine these two stimuli simultaneously.

3. CHEMICAL PERCEPTION OF FOOD AND FEEDING

Unlike sedentary filter-feeders such as crinoids, other echinoderms which actually seek
out their food may resort to one of two methods. Either they can sense their food at a dis-
tance using olfaction, or they can rely on a chance encounter. In the latter case, feeding
may be initiated if the food is acceptable to the gustatory senses.

Work on asteroids has dominated the field of chemical perception investigations in
echinoderms (table 2). It seems certain that gustatory powers exist (Forbes 1841, Hyman
1955, Mauzey et al. 1968, Dayton et al. 1977), and all these authors report that contact
with prey evokes attack and feeding behaviour. In fact, Hyman (1955) stated that ‘of all
the environmental relations of asteroids, contact is probably the most important’ and
later, ‘asteroids recognise food mainly by contact’. For example, the serie of papers on.
Acanthaster planci has shown that contact with certain chemicals from food extracts
soaked into plaster tablets are important in eliciting feeding behaviour (see table 2).

The olfactory ability of echinoderms, particularly asteroids, has been regularly disputed
in the literature (see table 2a). The recent generalisation by Dayton et al. (1977) that
‘asteroids . . . have poor distance-perception, seem to be searchers rather than pursuers
and tend to evaluate their prey after capture’, is interesting. They, however, observed a
population of Meyenaster gelatinosus on a wave washed rocky shore where olfactory gra-
dients would be disrupted by turbulent water conditions. In his review on marine inverte-
brate receptors Laverack (1968a) stated ‘the ability to detect food at a distance (usually
short) is obviously of great significance to those animals which move slowly (starfish,
snails, worms) and yet predate or scavenge’. We tend to agree with this although local
environmental conditions, as in Dayton et al. (1977), can destroy the effectiveness of aste-
roid olfaction. Castilla (1972a, b) demonstrated the variable nature of asteroid olfaction
by reporting both attraction to whole live mussels, and repulsion to mussel extracts in
Asterias rubens. The innate variability of echinoderm behaviour in relation to chemorecep-
tion will be discussed later.

The significance of the strategy of prey detection in asteroids, whether they are olfac-
tory hunters or fortuitous, incidental feeders could be of importance in evaluating their
role as predators in some subtidal marine communities (Mauzey et al. 1968, Birkeland
1974, Dayton et al. 1974). It is appreciated, however, that olfaction is probably much less
important in wave-washed intertidal communities (Dayton 1971, Menge 1972, Menge
1974, Menge & Menge 1974, Paine 1974, Dayton 1975, Paine 1976, Lubchenco & Menge
1978).

By comparison with asteroids, little work has been done on other classes. Work on
ophiuroids is largely relegated to anecdotal observations (table 3). Being relatively active
these animals are more amenable to behavioural observations than the echinoids, holothu-
roids, and crinoids.

3.1. Asteroids
The nature of the chemical stimuli and short notes on the evidence for or against chemo-
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Species

References

Nature of chemical stimuli

Notes

2a. Positive reports of asteroid chemoreception

Luidia sarsi

Astropecten
aranciacus

Astropecten
armatus

Astropecten
californicus
(= A.verrilli)

Astropecten
irregularis

Astropecten
irregularis
pentacanthus

Odontaster
validus

Id.

Id.
Id.
Protoreaster

lincki

Acanthaster
planci

Id.

id.

Fenchel 1965

Mangold 1908

Edwards 1969

Hartman 1956

Christensen 1970

Preyer 1886-1887

Pearse 1969
Dayton 1972
Dayton et al. 1974
Dearborn 1977
Herdman 1906 (in:
Feder & Christen-

sen 1966)
Brauer et al. 1970

Ormond et al, 1973,
Ormond & Campbell

1974

Collins 1974, 1975a

Living and injured
ophiuroids

Fresh fish meat

Live gastropod (Olivella)
prey

Baited trap with fish meat

Live bivalves, crab, fish and
mollusc meat, bivalve
extracts

Fresh crab meat

Prey: the asteroid Acodon-
taster

Prey: the asteroid Acodon-
taster

Prey: the asteroid Acodon-
taster

Fish and seal meat

Pearl-oyster beds

Coral homogenate and
washings from live coral
which are low molecular
weight, water soluble
and heat stable com-
pounds

Living corals and con-
specifics

Whole coral extract and
fractions thereof. Feed-
ing is induced by both
high and low molecular
weight compounds from
coral extract, the former
being the more active,
Macromolecule not a
typical protein being in-
soluble. The low weight
compounds could be
amino-acids. The amino-

Laboratory observations:
damaged ophiuroids were
more readily attacked than
the live ones

Laboratory observations:
although Preyer (1887)
could not show olfaction
in this species, Mangold
did

Laboratory observations:
asteroid ‘quickly runs to’
snails placed nearby

Field observations: the
asteroids were attracted to
bait

Laboratory observations: the
asteroids would orientate to
distant food

Laboratory observations: he
did find an olfactory ability
in this species, although
not in A.bispinosus

Field observations: aggrega-
tion about food

Field observations: aggrega-
tion about food

Field observations: aggrega-
tion about food

Field observations: caught
in large numbers by the
baited traps

Field observations: will move
toward oyster beds

Laboratory observations:
simulated stomach eversion
and aboral arm curling
with tube-feet retraction

Laboratory and field obser-
vations: stimulated active
searching and orientation
to chemical stimuli

Laboratory observations:
using plaster tablet food
models impregnated with
extract, settlement and
feeding was stimulated
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Table 2 (continued)

Species

References

Nature of chemical stimuli

Notes

Acanthaster
planci

Id.

Id.

Id.

Crossaster

papposus
Id.

Echinaster
echinophorus

Patiria miniata

Beacheral. 1975

Hanscombe et al,
1976

Huxley 1976

Moore & Huxley
1976

Regnart 1928

Sloan 1977

Ferguson 1969b

Araki 1965

acid proline could be
responsible for aboral

arm curling

Spawning conspecifics

From coral mucus an acidic
protein (molecular
weight 200,000) induces
feeding and low molecu-
lar weight inducers are
not just mucoprotein
components. They postu-
late that the large mole-
cules could be good
antigens, thus food
recognition would be
related to the ‘immune
system of higher orga-

nisms’

Small molecules can be
attractive but for stomach
eversion large molecules
are necessary. Fresh
extracts are more stimu-
lating than old extracts

Aboral arm curling and
tube-foot withdrawal
could be elicited by
whole coral extracts,
single amino-acids and
their mixtures and
nematocyst homogenates

Mussel tissue

Live Crepidula, Asterias

and Crossaster

Cardiac stomach is readily
everted to many soluble
nutrients. Amino-acids
and sugars such as glucose
effectively stimulate
ciliary pumping in Tiede-

mann’s pouches

The large molecular weight
protein albumin is taken
up by the everted stomach.
Individual amino-acids and
carbohydrates are only
weakly stimulatory. In
summation, stomach ever-
sion is induced by albu-
min, gelatin, bactopeptone,
casein hydrolysate and
weakly by individual

amino-acids

Laboratory observations:
orientation and movement
towards conspecifics

Laboratory observations:
orientation and movement
towards stimuli

Laboratory observations:
used plaster tablets im-
pregnated with extract

Laboratory observations

Laboratory observations:
orientated towards bait

Laboratory observations:
orientated to live prey
species, but not conspeci-
fics in a Y-maze

Laboratory observations

Laboratory observations:
induced stomach eversion
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Species References Nature of chemical stimuli Notes
Fatiria miniata MacGinitie & Mac- Haliotis tissue Laboratory observations:
Ginitie 1968 positive orientation and
locomotion

Id. Wobber 1975 Fresh squid tissue Field observations: aggrega-

tion about the bait

Pteraster Mauzey et al. 1968 Live sponge Laboratory observations:

tesselatus located sponge in aquarium
‘remarkably’ quickly

Asterias forbesi Nelson 1946 Oyster beds Field observations: migrate

onto oyster beds

Id. Burkenroad 1946 Oyster beds Field observations: migrate

. onto oyster beds

Id. Anderson 1953, Stomach eversion elicited Labora