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A B S T R A C T

As other species o f Astropecten, A.irregularis rests buried in the substrate between periods 
of feeding activity. These usually occur at twilight hours.

The sea-star can sense and localize prey buried underneath it with g reat precision.
Prey animals are quickly pushed through the mouth opening and into the stomach by the 

(sucker-less) tube feet surrounding the mouth.
Astropecten cannot dig deep enough to seize deep-sitting prey such as e. g. members o f the 

Tellinidae and non-juvenile M ya  spp. It feeds mainly on small anim als, but may occasionally 
swallow very large prey.

Digestion of prey takes place in pockets o f the stomach wall and requires that lobes o f the 
stomach can be inserted and applied in direct contact with the digestible tissue.Protected prey 
organisms such as bivalves with tightly appended valves cannot be digested before they succumb 
and start to gape permanently due to a lack o f oxygen. Since oxygen requirements differ, prey 
are retained in the stomach for varying periods of time. Whereas Spisula subtruncata, for ex­
ample, is digested and the empty shells ejected well within 24 hours, specimens o f (non-juvenile) 
Venus gallina and Corbula gibba may be retained for 2-3 weeks or more.

Certain prey as e.g. non-juvenile Natica spp., V.gallina o f all sizes and C.gibba m ore than 
2-3 mm long may often be ejected alive after a shorter or longer stay in the sea-star stomach.

Astropecten is a selective feeder, mainly engulfing bivalves, among which it exhibits a dis­
tinct preference for species with a low resistance to anaerobic conditions. This behaviour and 
a pronounced tendency to feed primarily on juvenile specimens ensure that the digestible m at­
ter o f swallowed prey in m ost cases may be quickly assimilated.

M etabolic rate may seemingly be used as an index for attractiveness o f bivalve prey, bu t 
the real stimulus is probably one or several metabolic end products.

Food uptake is significantly reduced in the absence o f “first class” food species. If  only 
highly undesirable food species are present, the sea-star may almost stop feeding and loose 
weight.

A medium sized Astropecten may pick up and digest more than 400 S. subtruncata spat 
within 24 hours and theoretically destroy some 30,000 spat annually. Among other bivalves 
taken in considerable numbers are M ya truncata and Montacuta ferruginosa. Newly settled 
Echinocardium cordatum are also heavily preyed upon, at least when attractive molluscan species 
are absent o r scarse.

In Danish waters feeding practically stops below 4° C. Above this tem perature the feeding 
rate depends highly on the density and types o f potential prey spesies present. In the 0resund, 
for example, feeding rates are usually low a t the m ost favourable tem perature level because 
such attractive prey as 0-group S. subtruncata are exterminated while the tempereture still is 
low. This results in undernourishm ent and stops reproduction.

At 11-16°C, small specimens fed on attractive prey may daily consume an am ount o f food 
equal to abou t 18 % of their own living weight, whereas adult specimens consume considerably 
less, i.e. about 2 %.

D ata from  the literature indicates that the majority, if not all, of the Astropecten spp. p rob­
ably are selective feeders which mainly feed on molluscs.
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I N T R O D U C T I O N

D uring a  field course at Frederikshavn, N ortheast Jutland, in the  summer of 
1951 my attention was called to the feeding behaviour of the phanerozonian sea- 
star Astropecten irregularis, which occurs from  Lofoten in N orw ay to M arocco 
in Africa (M ortensen, 1927). It was suggested th a t since this species -  in contrast 
to for example the com m on European sea-star Asterias rubens -  has intraoral 
digestion, it would be ideal for qualitative and quantitative studies on food up ­
take. Since practically all species of Astropecten are found on sandy bottom s in 
shallow water, it was further felt that any results obtained perhaps could be of 
value to other workers concerned with trophic relationships within communities 
inhabiting these bottom s (see Thorson, 1952).

A survey of the literature showed that up to tha t time (1951) comparatively
little had been published on the feeding biology o f sea-stars with in traoral diges­
tion, except for inform ation on stomach contents. Fortunately, a rising interest 
for these animals, including the genus Astropecten, has been noted in recent years.

As described for Astropecten auranciacus by M angold (1908) and Seilacher 
(1953), for A.marginatus by Kenk (1944), and for A.irregularis by Sígalas (1922), 
Schäfer (1965), and Heddle (1967), these sea-stars are able to dig into the sub­
strate with amazing speed, using their tube feet. It has, therefore, often been as­
sumed tha t Astropecten does this when searching for food (Schiemenz, 1896; 
Ludwig, 1897; Gislén, 1924; Schäfer, op.cit.). On the other hand, M angold (op. 
cit.) and M ori & M atutani (1952) clearly imply th a t A.auranciacus and A .poly­
acanthus, respectively, come out of the sand when hunting for food begins. On 
this background it seemed desirable to find out w hether digging is initiated solely 
when a prey has been located or whether the sea-star digs, so to speak, in the 
hope of finding suitable prey. From  the cited literature it was clear, however,
that Astropecten lies burried in the substrate when resting.

Schiemenz (1896) states tha t A.auranciacus uses is extensible tube feet to 
push its food (bivalves and gastropods) through its highly dilatable m outh ope­
ning, but apart from  this rem ark no inform ation is available concerning the 
m ethod used in handling prey.

Concerning the kind o f food eaten, Forbes (1841) was apparently the first to 
m ention Astropecten as a voracious predator, finding that A.irregularis mainly 
subsists on mulluscs. Scattered in the literature one may find additional inform a­
tion about the kind of food taken by this and other species of the genus. In  many 
cases, only one or a few specimens were examined for food contents, b u t with a 
few notable exceptions one gets the impression th a t all Astropecten species feed 
m ainly on molluscs, although all kinds o f possible prey may be found in their 
stomachs.

Kisch (1958) and Wells, Wells & Gray (1961) emphasize th a t Astropecten is 
a good “bottom  sam pler” for the malacologists since it apparently picks up  mol-
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luscan prey indiscriminately. M any species, including rare ones, may be found 
in the stom achs of Astropecten spp., but early observations in the Helsingor 
laboratory  strongly suggested tha t A.irregularis exhibits a distinct selectivity in 
its feeding habits. This was confirmed in controlled experiments and  a note on 
this appeared earlier (A. M . Christensen, 1962), but the supporting evidence to ­
gether with additional inform ation are given in the present paper.

Except for a ra ther loose estim ation by H unt (1925), no authors have attem pted 
to determine the daily food uptake o f any Astropecten  species or any other sea- 
stars with in traoral digestion, let alone any changes in this due to seasonal tem ­
perature variations. Hulings & Hemlay (1963) noted a distinct difference in food 
uptake by A.articulatus between two successive years due to a change in the 
composition of the prey fauna. Massé (1966) m entions tha t the food o f A.auran­
ciacus differs according to the type of bottom  on which it is collected. In the pre­
sent paper, regional, seasonal, and annual variations in food uptake will be con­
sidered. A part from  physical factors, it is also shown th a t the density of certain 
“key” species preferred by the sea-star plays a decisive role on feeding rate.

I t was also hoped tha t an autecological study of the present scope would 
yield results of a m ore general nature of value for our understanding of certain 
prey-predator relationships, the influence o f these on the structure of level-bot­
tom  com m unities and the num erical balance between their inhabitants. As earlier 
reported (A. M . Christensen, 1962), it has in fact been shown that predation by
A. irregular is is prim arily directed against fast-growing, quickly reproducing bi­
valves such as Spisula subtruncata.

The present work is based on an idea originally suggested to me by professor, Dr. G. Thorson, 
who also helped with the identification o f a num ber o f  gastropods and gastropod eggs, and 
with whom I have had m any fruitful discussions. Dr. H. Lemche kindly identified some of the 
tectibranchs. Many problems were discussed with Dr. K. W. Ockelmann, who also helped on 
many occasions with the identification o f newly settled bivalves. Dr. T. Fenchel and Miss H. H an­
sen kindly helped me with experiments on the resistance o f bivalves to anaerobic conditions. 
Dr. G. M. Christensen did much of the work involved in the same experiments and supplied 
me with algal cultures. D r. E. Ursin, Dr. G. Gustafson, Dr. B. Swedmark, and Dr. J. Lützen 
supplied me with m aterial from the N orth Sea and the Swedish west coast. Drs. W. Austin,
B. Bayne, H. Feder and K. Muus kindly permitted me to use some of their unpublished data. 
Mrs. H. Andreasson and Miss B. Therkildsen gave me juch technical assistance. The photos 
used were taken by Mr. Holger Knudsen, and the drawings were made by the late Poul H. 
W inther and by Mr. Kai Olsen.

To all these persons, and to Danish and foreign colleagues with whom I have discussed 
various aspects o f the present work, I wish to express my sincere thanks.

The support rendered under various contracts between the United States Office o f Naval 
Research, D epartm ent o f the Navy, and the M arine Biological Laboratory, Helsingor, is also 
gratefully acknowledged.
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M A T E R I A L

The material which forms the basis for the investigations of stom ach content 
derived from  a num ber of sources.

The fishermen from Frederikshavn often catch significant num bers of Astro­
pecten when seining for the plaice, Pleuronectes platessa, in the northern  Kattegat. 
Through one of these fishermen 322 adu lt specimens from  June-July were secured 
(Table 1). The reason why smaller specimens were absent m ust be tha t the large 
mesh size o f  the seine allows them  to  be washed out. The sea-star has a long life 
span (p. 00) so tha t it would require several years’ failure in recruitm ent and up ­
growth to arrive at a situation where only adult specimens were present. During 
autum n and early winter fishing takes place on other grounds and very few 
Astropecten are caught. However, even in late January or early February when 
the fishermen return to the “sum m er” grounds they only catch few specimens. 
However, in February 1952 (exact date unknown) more than 400 specimens were 
caught when the seine by accident sheared into the bottom . O f these, 105 were 
used for stomach analysis. A nother 8 specimens were taken in February-M arch 
1957 and sent to me.

Except for the first mentioned w inter material, all Astropecten were preserved 
in alcohol on board the fishing vessel. Since this winter m aterial was taken on a 
very cole day, and the delay in preservation was no m ore than  4-5 hours, it is 
no t believed tha t this affected the stom ach contents to a significant extent, a l­
though Astropecten does display a tendency to  empty its stom ach when caught 
(cf. Table 6).

The fishermen took the m aterial from  depths between 12 and 30 metres. M ore 
than one-fourth of the sea-stars contained egg capsules o f the shallow-water 
prosobranch Hydrobia ulvae which indicates tha t these were caught in the more 
shallow depths. On the other hand, the presence of a significant num ber of 
Amphiura remains shows th a t others came from  m uddy bottom s in the deeper 
parts. On the whole, however, the prey organisms found indicate tha t the material 
was taken mainly on a sandy bottom  inhabited by a  Venus gallina community.

A fter the erection of the laboratory  in Helsingor in 1958, it became possible 
to collect Astropecten on a year round  basis. Throughout the year o f 1960 col­
lections were made in a rather restricted area in the H ornbæk Bay in the north ­
western part o f the Oresund one to  three times every m onth and, to secure an 
overlap, sampling was continued in the first few m onths o f 1961 (Table 10). 
Smaller samples were also taken in the summer or autum n during the years 1962- 
1964. O f these samples, one from  A ugust 1964 was the m ost im portant since Dr. 
K irsten Muus  was a t the same time taking quantitative samples of the meio- 
fauna, which by far constitutes the m ain bulk of the food taken by Astropecten 
in the Oresund. I was thus given an opportunity to  com pare stom ach contents 
with the available prey.
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The sea-stars were collected with different types o f gear, ranging from a small 
bottom  traw l to a triangular, ra ther heavy dredge, but over h a lf  of them  were 
taken with a Sigsbee trawl. In to tal over 1000 specimens were collected and used 
for stom ach investigations. The size distribution was quite different from that 
encountered at Frederikshavn (Table 1), and although this in p a r t must be due 
to  the use o f  different collecting gears, it is well established that only few Astro­
pecten  in the  0 resund  reach the norm al size found in other localities (Bratt- 
ström , 1941).

W ithin the narrow  strip sampled in the H ornbæk Bay there is in general a 
shift from  a clean sand-bottom  on the shoreward side to a som ewhat muddy 
sand-bottom  at greater depths, the shift being especially pronounced at about 
19 metres depth (Hansen, 1965). This was no t known when Astropecten was col­
lected in 1960-61, but because B rattström  (1941) states that Astropecten is most 
com m on a t abou t 20 metres depth, all hauls were taken between 16 and 24 metres. 
There was no  possibility afterwards to  split the m aterial according to collection 
depth, since no attem pts were norm ally made to keep the trawl or dredge a t a 
certain depth during a haul, and since all sea-stars taken on a collection trip 
were preserved in the same jar. The m aterial taken on 14 August 1964 (Table 33), 
however, was taken with care exactly on the 18 metres ground sampled by Dr. 
K .M uus.

All sea-stars collected in the 0 resund  for stom ach analysis were preserved in 
alcohol as soon as they were removed from  the collecting gear.

A  to tal o f  114 Astropecten collected in the N orth  Sea (Table 1) by the Danish 
Institute fo r Fisheries and M arine Research were placed at my disposal by Dr. 
E. U rsin. A  few were taken before the last world war, but most o f them  were 
collected in the years 1951 to 1957. The m aterial is no t identical with tha t used 
by U rsin (1960), who based his studies on quantitative samples, but derives al­
m ost entirely from  trawl and dredge hauls. His Fig. 16 shows, however, in which 
areas of the N orth  Sea Astropecten occurs. There is a  very notable lack of this 
species on the clean sand bottom  covering the Dogger Bank, although U rsin’s 
appended tables show th a t the species occurs on m ost types o f bottom s, being 
m ost com m on on clayey sand. As far as known, all the animals were preserved 
shortly after being removed from  the collecting gear, usually in formalin. This 
prevented the use of some additional m aterial, since remains o f bivalve soft tis­
sue showed th a t swallowed shells had been dissolved by the preservative. The 
m ajority o f the sea-stars were collected a t depths ranging between 37 and 50 
metres, with the rem ainder coming from  deeper waters. All samples were taken 
during spring or summer, with m ore than half o f the m aterial deriving from  May 
alone.

A  small num ber of Astropecten were dredged a t two localities at the m outh 
o f the G ullm arfjord on the Swedish west coast in September 1957 (depth 18-22 
m etres) and in February 1962 (depth 28-32 metres). The first lot was placed in
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running sea-water and examined the day after, bu t all the m aterial ejected in the 
meantim e was carefully identified and measured. The w inter m aterial was taken 
by D r. J. Lützen and placed in alcohol directly from  the dredge.

D r. K . W .Ockelm ann secured 66 specimens from  18 to 27 metres depth near 
the island of Læso in the K attegat in M ay 1960. This was o f  special interest since 
the m ajority were collected on a typical “Am phioxus” bo ttom  with a fauna quite 
different from  tha t found in the other m ajor collecting localities. As usual all 
anim als were preserved in alcohol on board the research vessel.

In addition to the sea-stars collected for use in stomach investigations m any 
were collected for use in various experiments. Thus, about 100 were collected at 
Frederikshavn in July 1952 and  over 400 were collected in the  0 resund  in 1959- 
1969.

The anim al is easy to keep in the laboratory, and the very few mortalities 
seen over the years were due to  a fungus disease attacking the  epidermis and, in 
the later stages, also other tissues of the animal.

F o r feeding experiments o f various kinds, several thousand bottom  inverte­
brates -  m ainly bivalves -  were collected by dredging in the  0 resund . Newly 
settled bo ttom  stages were secured with the aid o f the detritus-sledge described 
by Ockelm ann (1964).

M E T H O D S

Stomach investigations

Following the proceduce outlined by Conheim (1901), the stom ach was as far as 
possible removed intact from  each sea-star. The dorsal body wall o f the disc 
was carefully cut around the area to  which the pyloric stom ach is attached, the 
connective strands and the oesophagus were cut and the stom ach removed from  
the m ain  body. N ow  and then a stom ach pouch extended into an arm, and in 
these cases damage to the stom ach was easily caused. The inside of such dam aged 
specimens were examined for any stomach contents.

The detached stomach was examined in alcohol under a binocular dissecting 
microscope. A  very careful exam ination proved necessary since the m ajority of 
the swallowed food items were o f meiofauna size and very often completely 
enveloped by the stomach wall.

All im portant food items were identified to species, if possible, and measured 
to the nearest tenth o f a mm. This could obviously no t be done with soft tissue 
remains, broken polychaete tubes, or test remains of echinoids, for example. The 
m easurem ents were usually done with the aid o f an ocular m icrom eter; only 
larger specimens were measured with a pair of vernier callipers.

For all bivalves and some o f the prosobranchs found in the stomachs of sea- 
stars collected in the 0 resund  it was im m ediately noted whether the internal 
organs had been digested or not. The same is true  for the m aterial from  Læso
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and part o f the N orth Sea m aterial. All the bivalves from the Frederikshavn 
sea-stars were studied from  this point of view after they had been removed from 
the sea-stars and stored in alcohol for several years.

Experiments

Experiments were carried ou t in the Helsingor laboratory from  October 1959 
through Novem ber 1962 and in 1967-1970. M ost o f the experiments were carried 
out in standard  glass aquaria o f various sizes, ranging between 300 and 1300 cm2 
in bottom  area. Unless otherwise stated the bottom  was covered with a 4 to 7 cm 
thick layer o f clean, sifted sand, o f which over 94 % by weight consisted o f grains 
varying between 125 and 500 p in “diam eter” . The aquaria were supplied with 
running sea-water from the recirculating system of the Helsingor laboratory.

Obviously, the substrate used was no t identical with tha t found in nature 
with respect to  grain size and other physical factors, nor with respect to chemical 
and  biotic factors. It would have been unpractical, however, to  use the natural 
substrate for practically all types of experiments carried out. For m ost experi­
m ents there are no reasons to  doubt the validity of the results obtained due to 
this factor, bu t in a few, to which attention will be drawn in the proper context, 
the substrate factor may well have had  a considerable influence.

The tem perature generally ran  between 10 and 15°C, but in the sum m er and 
autum n of 1962 and 1968 some experiments were carried out at temperatures 
running as high as 16-17°C.

W hen checking for the presence o f remaining food animals and ejected shells, 
the sea-stars were first picked up and placed in a container with running sea­
water, but w ithout sand. Then the sand in the aquarium  was run  through a sieve 
to retain all animals and shells. Before the sea-stars were replaced in the aqua­
rium , and a t the start o f each experiment, all bivalves and other burying prey 
specimens were allowed to dig into the sand. It happened a few times th a t a sea- 
s tar ejected swallowed prey specimens while placed in the “waiting” container; 
these were either fully alive or completely digested. In the former case the ani­
mals were simply returned to the experimental aquarium .

Stocks o f food animals were kept in aquaria with sandy substrate. Except for 
the experiments carried out in 1968 and later, they were not fed, but may have 
been able to filter some food from  the circulating water which always contains 
Phaeodactylum tricornutum  and other algae. The point is im portant in so far as 
starving animals lower their metabolic rate whereby their attractiveness to 
Astropecten may be reduced. An attem pt was made to minimize this effect by 
using recently caught prey anim als whenever possible and by not using any 
bivalves which did not burrow  into the substrate willingly when placed on the 
surface of the sand.

Experiments involving newly settled bivalves, often less than one millimetre



10 A A G E  M 0 L L E R  C H R I S T E N S E N

long, were carried out in broad glass jars rather than aquaria. These had to  be 
supplied with sand so fine th a t it would run through a sieve with a m esh size of 
264 p. to enable one to  retain  the bivalves when checking the predation on them. 
In these jars the bottom  layer o f sand was usually only 1 to  2 cm thick.

O ther details concerning the procedures used for various experiments are 
given in connection with the recording of the results obtained from  them.

The survival o f different bivalves under anaerobic conditions was investigated 
using sea-water deprived o f  oxygen by bubbling with nitrogen gas. The animals 
were placed in jars with a tightly closing stopper, which was furtherm ore sealed 
with silicone fat. The ja rs  were placed in a constant tem perature bath a t 10-11°C, 
and to prevent any photosynthesis by algae present in the water, the ja rs  were 
covered with alum inium  foil. Checks on actual oxygen content were carried out, 
both a t the start o f an  experiment and a t appropriate intervals during the experi­
ment, with the aid o f a polarographic Clark electrode (see Kanwisher, 1959). 
Whenever a specimen was found dead in a ja r, the water was exchanged with 
cool, deoxygenated water.

In some of the growth experiments it was necessary to  weigh the sea-stars, 
which is difficult to do with reasonable accuracy. An adult, well fed anim al may 
show a difference in weight o f as m uch as 3 grams between two weighings done 
the same day if it is just picked out o f the water and immediately weighed in 
another dish with water.

For this reason each anim al was first placed on blotting paper and turned 
several times under light pressure until the water given off was negligible. This 
procedure had no discernable ill effect on the sea-stars, since they would feed at 
the same rate  as specimens no t subjected to  weighing. In  m ost experiments each 
sea-star was weighed a t intervals of about 14 days.

I N V E S T I G A T I O N  O F  S T O M A C H  C O N T E N T S

Introductory remarks

Table 1 lists practically all the A. irregularis analyzed for stom ach contents during 
the present study. M ore detailed data on the Oresund m aterial (H ornbæ k Bay) 
are given in Table 2 since this was the only locality where collections were made 
at all times o f the year and at m ore or less regular intervals for a prolonged period 
of time. Tables 3 to 10 list the organisms found in the sea-star stomachs a t the va­
rious localities.

In the following account the different food items are treated  separately. Some 
organisms such as hydroids, kinorhynchs, halacarids, solenogastres (one Chaeto­
derma nitidulum), and bryozoans were so rare, however, th a t no further com m ents 
will be made on them. Finds o f three hydroid colonies, two gastrotrichs, three 
halacarids, and one Psolus phantapus have, furtherm ore been om itted from Table 10.
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Ta b l e  2. Size distribution for each sampling date of all A.irregularis collected in the 
Hornbæk Bay and examined in detail for stomach contents. Length of longest arm (R)

in mm.

Date Total 5-9 10-14 15-19 20-24 25-29 30-34 35-39 40-44 Mean
number R

I960

13.i 4 4 . 16.4
21A 11 4 6 1 15.5
12.ii 75 4 29 18 4 4 5 5 6 20.0
19.il 74 5 32 16 3 1 4 6 7 19.6
14.iii 53 2 28 16 1 3 2 1 16.3
30. iii 32 2 17 10 2 1 15.1
26. iv
10. V

59
42

3
1

19
15

29
24

4
2

1 16.4
15.5

27. V 52 12 34 6 16.9
9. vi 92 1 24 56 9 1 1 16.7

21-22. vi 70 18 44 6 17.1
20. vii 48 1 17 26 2 1 16.4
9. viii 11 3 6 1 1 18.6

15. viii 12 3 9 15.4
22. viii 14 1 11 2 19.3
9.ix 43 6 22 15 18.2

22. ix 52 1 5 31 15 18.4
5.x 23 4 6 10 1 20.2

20.x 19 11 3 5 15.8
27.x 31 1 7 12 9 2 18.3

4. xi 21 4 12 3 1 1 17.6
8. xi 15 1 4 6 3 1 16.5

18.xi 12 4 5 3 16.9
21. xiii 27 2 6 9 4 5 1 18.7

1961
4. i 12 1 2 4 2 3 . 23.8
8 .i 20 1 8 3 1 1 3 2 1 21.3

26. i 20 1 3 4 5 4 2 1 21.5
15.ii 8 1 1 4 1 1 22.9
l.iii 11 3 4 3 1 18.5

16. iii 17 4 1 5 5 1 1 22.7
29. iii 19 5 6 6 2 18.8
26. V 5 1 1 1 2 21.6
26. vi 47 1 12 20 12 1 1 23.0

1962

19. ix 17 3 6 7 1 29.1

1964
14. ix 22 1 5 12 4 30.7
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Tab le 3. Numbers of food animals found in 67 A. irregularis collected in various localities 
in the North Sea in the months of April-August of the years 1932-34, 1938, 1948, and 

1950-55, with some remarks on size and other factors.

Prey species group Num ber of R em arks
specimens

Foram inifera ...............  10
N e m a to d a ......................  1
Kinorhyncha ...............  1
Pectinaria koreni   71 All with larval tube. Also m any remains.
Other P o ly ch ae ta   4
Natica spp.......................  9 Distributed in 8 sea-stars.
O ther Prosobranchia . . 6 (Balcis devians, Eulima trifasciata, a.o.)
Opisthobranchia ......... 7 (Chrysallida, Turbonilla, Retusa, a.o.)
Montacuta sp .................. 15
Cyprina islandica  32 Found in 17 sea-stars; 26 less than 2 mm long
Venus spp  19 (Two V. fasciata, remainder V. gallina)

Ensis sp ............................  155 Found only in 14 sea-stars, 46 in one sea-star, 29 in
another. All less than 1 mm long.

Spisula solida ...............  67 All in one sea-star, all undigested, 1-3 mm long.
Other Bivalvia .............  34 All but one less than 2 mm long.
H arpac tico idea .............  7
O stracoda ......................  21
Cumacea . . .  .   21 All less than 2 mm long.
I s o p o d a  ...............  3 All less than 1 mm long.
A m phipoda .................  3 All less than 2.3 mm long.
Other C ru s tace a   8 M ostly unidentifiable, but including one Upogebia.
O p h iu ro id ea .................  17 Including 13 undam aged Ophiura sp. with disc dia­

meters from 0.3 to 4.5 mm, of which 10 were 1 mm or 
less.

Echinoidea ...................  29 All less than 2.5 mm long.
Fish e g g s ..........................about 120 All in one sea-star. Diameter about 650 p.

Total num ber
of a n im a ls ......................  540

The fo o d  items

Diatoms: One specimen collected in the N orth  Sea in M ay 1953 was full of 
Coscinodiscus sp., m any of which still contained chrom atophores. Six other spe­
cimens had  swallowed lesser numbers. Eichelbaum  (1909) also found diatom s -  
although n o t many -  in his N orth  Sea m aterial. Generally, however, such finds 
are rare and very few were found in specimens collected in inner Danish waters. 
In  one specimen taken in the H ornbæk Bay in M arch 1960, a small piece of a 
Chaetoceras chain was found.

Foraminifera: A lthough Hansen (1965) found from  5 to 25 foraminiferans per cm 2 
in the H ornbæ k Bay they were only found in 31 ou t o f 1064 Astropecten (Table
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T a ble  4. Data on stomach contents of 38 medium-sized A.irregularis taken at three 
close stations (Dana Sts. 8458, 8517 & 8519) in the south-eastern North Sea in May 1953. 
The bottom in the area consists of clay with a small amount of sand (E. Ursin, personal

communication.)

Prey species or group Total number 
o f specimens

Number of 
sea-stars 

containing 
prey

Remarks

Foraminifera ......................... ? 7
N e m a to d a ................................ 1 1
Pectinaria koreni .................... 59 16 Also many tube fragments. N ot

found at St. 8517.
Other polychaetes ................. 3 3
Turritella terebra .................... 9 6 All juveniles
Balcis devians............................ 1 1
Natica pulchella........................ 5 3
Other prosobranchs ............. 5 4
Odostomia eulimoides ........... 3 2
Retusa umbilicata ................... 8 6
Philine denticulata ................. 1 1
Nucula nitida ........................ 6 4
Modiolaria nigra .................... 2 2
Montacuta ferruginosa ......... 1 1
Cyprina islandica...................... 111 33 All but four less than 3 m m  long.
Venus gallina .......................... 7 6
Syndosmya sp............................ 1 1
Spisula subtruncata ............... 1 1
M ya truncata .......................... 3 3
Corbula g ib b a .......................... 6 4
H arpacticoidea........................ 63 17 Also many fragments. N o t found

in the 10 sea-stars at St. 8517.
Copepoda ................................ 1 1
O s tra c o d a ................................ 16 7
C u m acea ................................... 11 9
Ophiura albida ........................ 18 8 Disc diam eter less than 3 mm.

only a t St. 8517.
Echinocardium sp ...................... 4 4

Total number of
prey specimens 346 +  foraminiferans

10). Earlier Blegvad (1914) had found some in specimens from  the K attegat. 
D ata from French waters (Bouchet & Le Campion, 1962) also show th a t even 
when abundant, foram iniferans are only swallowed in insignificant numbers.

Since many foram iniferans are as large as newly settled bivalves, which often 
dominate the stom ach contents, size is not the reason why so few foraminiferans 
are taken.



14 A A G E  M 0 L L E R  C H R I S T E N S E N

T a ble  5. Stomach contents of 9 Astropecten irregularis collected in the N orth Sea (Dana 
St. 10277(95); 52°20'N, 3°00'E) on 29 April 1957.

Prey group
Total number 
found o f each 

prey group

N um ber of 
Astropecten 

in which 
the prey

Size range o f prey in mm

Pectinaria koreni .................... 7 2 2.0-2.4
Cingula a ld e r i .......................... 2 1 0.66-0.77
Turritella terebra ................... 4 1 5.5-7.6
Natica pulchella........................ 31 6 0.9-5.2
Ensis sp....................................... 8 2 0.34-0.96
Spisula solida .......................... 99 6 0.50-1.68
C u m ace a ................................... 15 5 0.52-1.44
Unident. C ru s ta c e a ............... 1 1 ?
Ophiura sp.................................. 1 1 0.72 (disc, diameter)
Echinocyamus pusillus............. 1 1 0.80

Total num ber of p r e y ........... 168

Ta ble  6. Stomach contents of 14 A.irregularis collected near the island of Bonden on 
the Swedish Skagerak coast on 2 September 1957 and examined the following day (for

further details see text).

Prey species or group
N um ber ejected 
before stomach 

removal

Num ber found 
in stomach on 

final examination

Total num ber present 
when sea-stars 

were caught

Gibbula tu m id a ............................ 1 1 2
Cingula sp ....................................... 1 1 2
Eulima s tenostom a ...................... 1 0 1
Natica pulchella............................ 6 9 15
Other prosobranchs ................. 3 2 5
Laevicardium norvegicum ......... 21 32 53
Spisula elliptica .......................... 0 1 1
Pagurus sp. * ................................ 4 18 22
Portunus sp..................................... 0 5 5
Other crustaceans ...................... 1 2 3
Ophiura albida ............................ 1 0 1
Echinocyamus pusillus................. 2 5 7

Total num bers.............................. 41 76 117

* The majority of the hermit crabs were found in shells of Bittium reticulatum; the remainder in 
shells of Natica pulchella, Nassa sp. and Littorina sp.
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T a b l e  7. Data on bivalve prey found in the stomachs of 322 A.irregularis collected off 
Frederikshavn, Kattegat, in June-July 1952.

Total number N um ber of

Species or genus of specimens sea-stars Remarks
found containing

the prey

Nucula nitida .......................... 112 71 Only 49 o f meio-fauna size.
Nucula tenuis ..........................  1 1
Modiola m odiolus ...................  2 2 Juveniles.
Thyasira spp..............................  23 20 All less than 3 mm long.
Mysella b identa ta ...................  774 215 Nearly all worn and full o f sand.

A bout 20 Montacuta ferruginosa 
included.

Cardium echinatum ...............  31 9
Cyprina islandica    1 1
Venus gallina   858 205
Tellina spp.................................  8 8
Syndosmya a lb a ? ...........................  29 26 All empty, and majority worm.
Cultellus pellucidus ...............  12 12
Spisula subtruncata ...............  1360 227
M ya truncata .......................... 100 69 May include a few M. arenaria.
Corbula g ib b a .......................... 262 138

Total num ber
o f bivalves ..............................  3573

Total num ber of
prey organisms 3573 +  1555 (Table 8) =  5128, or 15.9 per sea-star.

Nem atoda: Nem atodes play a dom inating role among the meiofauna animals on 
m ost level bottom s, including H ornbæk Bay (Ockelmann, 1964; K. M uus, un­
published), yet only 43 specimens occurred in more than  1000 sea-stars collected 
in the latter locality in 1960-62 (Table 10). Usually only one or two specimens 
were found in the same sea-star, bu t one o f the Astropecten collected in M ay 1960 
contained 20 specimens, i. e. nearly half o f all the nematodes found. Even if some 
specimens may have been overlooked, which may well be the case, nem atodes 
obviously play a very insignificant role as food for Astropecten.

The m ajority of nematodes found seemed intact but since some were found 
partly digested they cannot be stom ach parasites. The tough cuticle may no 
doubt prevent digestion for many hours or even days. Smith (1951) states that 
they m ay pass unharm ed through the alim entary canal o f the plaice, but they may 
also be digested (Bregnballe, 1961). Since level bottom  nematodes may withstand 
anaerobic conditions for many days (M oore, 1931), they may possibly creep 
around  in the sea-star stomach for days before they become weak enough to  be 
held tight in a stom ach pocket -  a prerequisite for digestion (p. 57). At any rate,
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T a b l e  8. Data on prey animals, other than bivalves, found in the stomachs of 322 
A. irregularis collected off Frederikshavn, Kattegat, in June-July 1952.

Total num ber Num ber of

Prey species or prey groups of specimens sea-stars Remarks
found containing

prey

Foram inifera .......................... > 21 21 Rarily m ore than one per stomach.
N e m a to d a ................................ 3 3
N em ertini.................................. 2 2
Pectinaria koreni ................... 17 16
Pomatoceros triqueter ........... 3 2
O ther polychaetes ................. 58 53 M ostly undeterminable remains.
Gibbula cineraria ................... 1 1
Turritella terebra ................... 8 8 All juveniles.
Cingula v itre a .......................... 14 13
Aclis minor................................ 2 2
Aporrhais pespelicani............. 1 1 Juvenile.
Natica pulchella....................... 1 1
Buccinum u nda tum ................. 1 1 Juvenile.
Nassa p yg m a ea ....................... 5 5
Nassa incrassata ..................... 10 9
Lora tu rrico la .......................... 15 14
Mangelia attenuata ............... 5 5
Mangelia brachystoma........... 7 4
Mangelia costata ................... 1 1
Retusa um bilicata ................... 695 174 Nearly all undigested.
Philine aperta............................ 36 29 Finds o f gizzard plates inch
Philine denticulata ................. 23 20
Philine sc a b ra .......................... 4 4
Cylichna cylindracea ............. 24 21
Diaphana minuta ................... 3 3
O s tra c o d a ................................ 4 3
Balanus improvisus ? ......... 250 63 Swallowed along with substrate.
C u m a c e a .................................. 90 70 Mostly Diastylis rathkei.
Caprella sp .............................. ; 13 10
O ther am p h ip o d s ................... 14 11 N ot identified.
D ecapoda.................................. 15 15 In m ost cases probably n o t swal­

lowed as whole animals.
Ophiura albida ........................ 56 48 Only 23 whole specimens.
Amphiura sp.............................. 69 67 Nearly only arm  remains.
Echinocardium cordatum 82 82 Correct figure probably only 54 

(cf. text).

T otal number 1555



T able  9. Data on stomach contents of 4-5 A.irregularis collected on an Amphioxus 
bottom near Læso, Kattegat, on 17 May 1960. Depth: 18-27 metres. Temperature: 7.5°C

at 20 metres depth.

Prey species o r group Total number 
o f specimens

Num ber of 
sea-stars con­
taining prey

Remarks

Foraminifera .......................... 16 10 R ather large specimens
Pectinaria sp.............................. 10 7
Pomatoceros triqueter ........... 2 2
Other polychaetes ................. 8 8 Unidentifiable remains
Cingula alderi ........................ 36 7 All o f m eio-fauna size.
Rissoa sp..................................... 23 2 22 in one stomach, all worn,

probably not swallowed alive.
Turritella terebra .................... 1 1
Balcis devians............................ 3 3
Natica pulchella........................ 25 17 21 o f meio-fauna size.
Buccinum u n d a tu m ................. 2 2 Both o f meio-fauna size
Lora tu rrico la .......................... 1 1
Other prosobranchs ............. 9 4
Odostomia tu rr ita .................... 8 8
Retusa sp.................................... 2 2
Diaphana sp............................... 28 12 11 o f meio-fauna size
Philine sp.................................... 5 4
Pecten sp..................................... 1 1
Astarte montagui .................... 2 1 Both undigested
Mysella b identa ta .................... 3 1
Montacuta ferruginosa ......... 2 1
Cardium minimum .................... 1 1
Cyprina islandica...................... 2 1
Dosinia l in c ta .......................... 1 1
Venus gallina .......................... 8 3 All less than 3 mm long
Venus ovata ............................ 2 2 ...

Syndosmya p r ism a tica ........... 1 1
Psammobia ferroensis ........... 1 1
Spisula elliptica ...................... 85 15 All o f  meio-fauna size
M ya truncata .......................... 1 1
Corbula g ib b a .......................... 1 1
Thracia sp................................... 7 7
Polyplacophora ...................... 1 1
Cladocera................................... 1 1
H arpactico idea........................ 1 1
Ostracoda ................................. 6 4
C u m acea ................................... 7 5
Cypris larvae .......................... 28 5
Balanus sp ................................... 1 1
Arcturella dilatata ................. 2 1
Lepidepecrum longicorne . . . . 1 1
Other am p h ip o d s.................... 7 4
Insecta ....................................... 3 3
Ophiura sp.................................. 6 6
Echinocyamus pusillus............. 11 7
Gastropod eggs ...................... ? 4

Total number o f specimens. 372, or 8.2 specimens per sea-star stomach.
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the low num ber of nem atodes found is certainly no t due to a quick digestion of 
them .

Part o f the reason why so few are taken by the sea-star could be tha t the 
sm ooth cuticle and very quick movements of the worms make it difficult for the 
sea-star to pick them  up with their sucker-less tube feet. It is also possible tha t the 
sea-star “dislikes” nematodes and only swallows them  when little else is available. 
Some may conceivably be swallowed by accident since they are known to enter 
newly settled bivalves (G. M . Christensen, in Thorson, 1966).

Polychaeta: W ith the exception o f Pectinaria, only few polychaetes were found 
in an identifiable condition. Fragm ents o f tubes, empty cuticles, and bristles 
were often the only remains present. G eneral observations, feeding experiments, 
and the fact tha t barnacles or molluscan egg capsules were no t found on them  
indicate th a t such finds represent the remains o f swallowed, living animals. A 
worm  may break into pieces while being swallowed, but since all the specimens 
and remains found indicate tha t only sedentary, tube-building forms are taken, 
this factor is no t likely to  play any m ajor role. All the same, it is often difficult 
or impossible to estimate either the sizes or numbers of swallowed specimens 
from  present remains. The large m ajority o f the specimens found were only a 
few millimetres long, bu t larger tube-pieces (up to 4 cm long) occurred in a few 
sea-stars.

Newly settled Pectinaria koreni were found in significant numbers in the N orth  
Sea m aterial (Tables 3 & 4). As m any as 47 whole specimens and a num ber of 
tube fragments occurred in a single sea-star (Table 11). The large majority were 
still in the characteristic hyaline, larval tube, which in some cases had the first 
grains of the sandy tube attached. A  few considerably larger specimens were 
found in the H ornbæk Bay m aterial.

Sessile polychaetes such as Pomatoceros triqueter may occasionally be swal­
lowed along with the substrate to  which they are attached (see also Hunt, 1925).

Since polychaetes may constitute the m ost num erous group among the ani­
mals found in the Hornbæk Bay Venus-com m unity (Ockelmann, 1964) it is quite 
evident th a t Astropecten only utilizes this food resource to a  very small extent 
(Table 10). Size cannot be a limiting factor in this respect since over 70 % of the 
polychaetes belong to the m eio-fauna ju st after settling (see Thorson (1966) for 
references). M ost of the errant species are probably so vivacious tha t Astropecten 
is unable to  seize them.

Prosobranchia: Kisch (1958) found a t least 33 prosobranch species in his very 
large m aterial o f A. irregularis collected off the French west coast. In  my material 
from  Frederikshavn 13 species were present, bu t none in any significant numbers 
(Table 8). In  the larger 0 resund  m aterial even fewer species were represented. 
In  some instances, however, a notable num ber o f specimens was found.
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T a b l e  11. M axim um  num bers o f certain  prey anim als found in  a  single stom ach of 
Astropecten irregularis in  the present investigation.

D ate Locality Name o f prey N um ber Remarks

25. v. 1960 0resund N em atoda 20 Only very rarily found 
in stomachs.

20. v. 1954 N orth  Sea Pectinaria koreni 47 All newly settled ; also 
remains.

17. v. 1960 Læso Cingula alderi 17 Norm ally very rare in 
stomachs.

June 1952 Frederikshavn Retusa umbilicata 28 Only abundant in 
Frederikshavn material

3.i. 1964 0resund Rissoa inconspicua ? 25 All juveniles and 
undigested.

29. iv. 1957 N orth  Sea Natica pulchella 7 Rare except on gravel 
grounds.

19. ix. 1962 0resund Montacuta ferruginosa / 97 A nother specimen con­
tained 95 specimens.

1. viii. 1952 Frederikshavn Cardium echinatum 12 All o f meio-fauna size.
26. vi. 1961 0resund Cyprina islandica 17 All o f meio-fauna size.
June 1952 Frederikshavn Venus gallina 25 Size range: 1.7-4.8 mm.
3.V. 1952 N orth  Sea Ensis sp. 46 All newly settled.

17. v. 1960 Læso Spisula elliptica 39 All of meio-fauna size.
17. vi. 1934 N orth  Sea Spisula solida 67 Size Range: 1-3 mm, 

all undigested.
9. viii. 1960 0resund Spisula subtruncata 422 16 other Astropecten 

from  same area con­
tained over 200 speci­
mens.

30. iii. 1960 0resund M ya truncata 16 All newly settled.
14. iii. 1960 0resund Cumacea 11 N ot uncom m on in 

m ost materials, but 
rarily m ore than one or 
two specimens in a 
stomach.

17. v. 1960 Læso Cypris larvae 21 Norm ally very rare  in 
stomachs.

June 1952 Frederikshavn Balanus improvisus? 36 Only found in Frede­
rikshavn material.

19.ix. 1962 0resund Ophiura albida 13 All juveniles.
14. viii. 1964 0resund Echinocardium cordatum 160 All juveniles.

As many as 22 Rissoa sp. occurred in one o f the sea-stars collected near 
Læso in M ay 1960, bu t they were all worn to  such an extent that irregular holes 
were com m on in the shells. Hence they were alm ost certainly no t swallowed alive. 
Practically all Rissoa found in the H ornbæk Bay m aterial the same year (Table 
10) were also eroded and full o f sand. However, in some small samples taken in 
the H ornbæ k Bay in the w inter o f 1963-64 (not listed in Table 10 since they were
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n o t completely analyzed) a fair num ber o f undigested Rissoa inconspicua ? were 
found. Thus, one sea-star collected on 3 February  contained 25 completely un ­
digested juvenile specimens. The fact th a t this occurred at a  time of the year when 
few juvenile specimens of the preferred bivalve species are present is probably 
significant.

Natica  spp. were occasionally found in significant num bers, bu t only in sea- 
stars taken in localities inhabited by w hat Thorson (1957) calls a Venus fa s  ciatum- 
Spisula elliptica-Branchiostoma community. In  these communities practically none 
o f the species belongs to w hat one may term  as first-class Astropecten food, except 
perhaps for newly settled S. elliptica and juvenile Laevicardium norvegicum. The 
latter occurred abundantly in the m aterial taken o if the G ullm arfjord (Table 6). 
It was also present in noticable numbers in the Astropecten  investigated by Bou- 
chet & Le Cam pion (1962) whose specimens probably  also originated from  a 
gravel or shell bottom  (p. 85). N.poliana was the m ost abundant prosobranch in 
the m aterial investigated by Kisch (1958), but he gives no exact figures on num ­
ber of prey organisms found, nor on the nature o f the bottom  where the sea-stars 
were taken. I t  cannot be a coincidence, however, th a t very few Natica  were found 
in more than  1500 Astropecten collected off Frederikshavn and in the 0 resund  
(Tables 8 & 10) on sandy bottom s inhabited mainly by animals belonging to the 
Venus com m unity as defined by Thorson (1957). This indicates that they are only 
swallowed in the absence or scarsity of m ore suitable prey, and experimental 
evidence supporting this view is given elsewhere (p. 67). It is also possible, how­
ever, that Natica may escape more easily in sand and m uddy sand than  in a grav­
elly substrate.

Practically all Natica  found in the stomachs had  their operculum  tightly closed 
and were in a  completely “fresh” condition, suggesting th a t they were still alive 
when the sea-stars were caught.

A lthough Kisch (op. cit.) found many prosobranch specimens in his material, 
bivalves were m ore abundant. In the Venus com m unity sampled in the 0 resund  
sm all prosobranchs are present in very large num bers (Ockelmann, 1964). They 
are, nevertheless, taken by the sea-stars in very small num bers (Table 10), espe­
cially when it is recalled th a t the majority o f the  Rissoa listed probably were 
swallowed as empty shells. It is also striking th a t although egg capsules of H yd­
robia ulvae occurred abundantly in the Frederikshavn m aterial (Table 12), no t a 
single m other anim al was found.

Opisthobranchia: These were seldom found in large num bers, bu t notable excep­
tions occurred. The small Retusa umbilicata was present in over half of the Astro­
pecten  collected off Frederikshavn in June-July 1952, and only three bivalves, 
o f which one (M ysella bidentata) probably should be discounted, occurred in 
larger numbers (Tables 7 & 8). Nearly all the 695 Retusa looked very “fresh” . 
M ore or less empty shells as well as gizzard plates revealed th a t a t least 90 speci­
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mens o f  other opisthobranchs belonging to  the genera Philine, Cylichna and 
Diaphana had  been swallowed, bu t this is a  small num ber com pared with a to tal 
o f 5128 ingested prey specimens. Even if it is taken into consideration tha t a t 
least Philine seems to  be digested rather quickly and contains a large percentage 
o f organic m atter com pared with most other prey types they play a m inor role 
in the food budget o f Astropecten.

Very few opisthobranchs occurred in the large H ornbæ k Bay m aterial (Table 
10) although Philine spp. is very common in the area (B. M uus, 1964). They were 
also ra re  in the sea-stars from  other localities, although it is w orth noting tha t 
12 out o f  45 specimens taken near Læso (Table 9) had swallowed one or a  few 
Diaphana sp.

Bivalvia: This prey group dom inated the stom ach contents in all m ajor localities 
(Fig. 1). Among the species encountered in the largest materials, Spisula subtrun­
cata was clearly the m ost abundant (Tables 7 & 10), and the  remaining materials 
were n o t collected on grounds where this species commonly occurs. Off Frederiks­
havn, Venus gallina ranked next in abundance, whereas it was much rarer in the 
H ornbæ k Bay material. As for the abundance o f other bivalves reference is made 
to Tables 3-10. As is the case for many non-bivalve species, it is to  be noted tha t 
a  num ber o f species are no t as abundant in the stomachs as one would expect 
from  known densities of them  in the collecting localities (cf. Table 33). This 
poses a num ber o f questions which will be considered later. Hence, to avoid un­
necessary repetitions, specific cases will not be pointed out here.

The presence o f em pty shell pairs, n o t to  m ention single valves, does no t 
prove th a t living bivalves were swallowed. Thus, none o f the Mytilidae (including 
specimens of M ytilus edulis) found in the H ornbæ k Bay m aterial (Table 10) con­
tained remains of soft tissues, and m any of them  were heavily eroded. However, 
after storm s it is n o t uncom m on to  find th a t large am ounts o f detached algal 
m aterial have been carried into deeper w ater, and attached to  the algal fragm ents 
m ay be juvenile M ytilus  as well as empty shells. Furtherm ore, in September 1968 
a group of graduate students opened up a  sm all num ber of Astropecten from  the 
m entioned bay and actually found a few completely undigested Mytilus. I  have, 
therefore, placed all empty, but otherwise in tact valve pairs, in the table. Q uanti­
tatively, a possible error does no t m ake m uch o f  a difference since the M ytilidae 
account for less than  one per cent of all the bivalves found. In  the laboratory, even 
juvenile M ytilus never seem to be taken.

A ll the Syndosmya  found in the Frederikshavn and the 0 resund  materials 
were likewise w orn and often full o f sand grains. Furtherm ore, there were alm ost 
ju st as m any single valves (not listed in the tables), and this strongly suggests tha t 
m ost o f them , if no t all, were picked up as em pty shells.

The m ajority o f the many M ysella bidentata found in the Frederikshavn 
m aterial (Table 7) and those taken in the 0 re su n d  m aterial lacked a periostracum



F E E D I N G  B I O L O G Y  O F  A S T R O P E C T E N  23

114 spec im ens 322 spec im ens  892 spec im ens

KATTEGAT
(F rederikshavn)

0 R E S U N DNORTH SEA

Bivalvia

O p i s t h o b r a n c h i a

P r o s o b r a n c h i a

P o ly c h ae t a

C r u s t a c e a

E ch in o d e rm a ta

Fig. 1. Quantitative distribution o f prey groups found in Astropecten irregularis from  three 
different localities. N um ber o f specimens analyzed for stomach contents is given at top.

and were full o f sand grains. I t is possible tha t a closer check of the Frederiks­
havn material, which was worked up in 1952-53, would have made it possible to 
state with m ore certainty whether an animal had  been swallowed alive or not. 
W hen rechecking the m aterial later for other purposes, it was found th a t some 
of them  had egg capsules o f Hydrobia attached w ithout any periostracum  under­
neath. However, since a few were undigested, and  since three ou t of fifteen speci­
mens found in 26 Astropecten collected off the Swedish west coast (M idtskär, 
Table 1) also were undigested, all appended shell pairs have been included in 
Table 7.

Evidence presented later (p. 78) shows th a t M .bidentata  is either able to 
escape or is disliked by Astropecten. M any o f the em pty shells and single valves 
of M ytilidae, Syndosmya and M . bidentata were probably picked up because some­
thing edible, such as gastropod egg capsules (Fig. 3) were attached to them .

Crustacea: A lthough all the m ajor groups o f  Crustacea are represented in the 
food taken by Astropecten, they never occur in large num bers, except under special 
circumstances. As could be expected, the smaller form s are m ost commonly found.

Some Cladocera occurred in the Astropecten collected in the H ornbæk Bay 
in the early summer o f 1960 (Table 10). There were a  few Podon present, bu t the 
m ajority were Evadne; all o f them  were parthenogenetic females carrying a  few 
young in their brood sack.

In  the H ornbæk Bay material, ostracods were the m ost abundant crustaceans
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(Table 10), and in the N orth  Sea m aterial taken at three near-by stations in M ay 
1953 they were found in 7 ou t o f 38 sea-stars (Table 4).

Seventeen out o f 28 sea-stars collected at two of the th ree stations m entioned 
contained 63 whole harpacticoid copepods in addition to  num erous remains, and 
in this particular case these crustaceans constituted a significant p a rt o f the food 
during the collecting period. They m ust contain a rather h igh  percentage o f or­
ganic m atter, and one gets the impression that they soon “deterio rate” , i. e. th a t 
they are quickly digested. However, when it is considered th a t m ore than  5000 
harpacticid copepods may be found per m 2 on Venus gallina bottom s in the Ö re­
sund (B. M uus, 1964) where Astropecten is most com m on, and com pare this 
w ith the findings listed in Table 10, one realizes how insiginificant a role this 
group plays as food under norm al circumstances. They are probably difficult to 
seize, and  may possibly be taken  only when dead or in a w eak condition.

Table 8 shows th a t a  surprisingly large num ber (250) o f  Balanus, probably 
all B.improvisus, were found in the Astropecten taken off Frederikshavn in the 
summer o f 1952. They were practically all found attached to  small test fragments 
of the irregular sea-urchin Echinocardium cordatum.

As could be expected under the circumstances, all the specimens were juveniles, 
the largest having a  base diam eter o f less than 6 mm. T he fact that barnacles 
were only found in the Frederikshavn material, shows tha t they play a very m inor 
role as food for Astropecten.

Cypris larvae are also sometimes encountered, and as m any as 21 have been 
found in a single stom ach (Table 11).

A lthough never num erous, cumaceans, mostly Diastylis rathkei, m ay in rare 
cases be found in m ore than  20 % of the Astropecten collected on a sandy bottom  
(Table 8).

I t is no  wonder th a t such fast-moving animals as isopods and  am phipods only 
rarely occur in the stom achs, and  it is m ost likely tha t those found were dead or 
somehow immobilized when swallowed.

The decapods listed in the different tables mainly refer to  remains o f herm it 
crabs o r 'true crabs in  the form  o f chelipeds or other appendages, but whole speci­
mens may also be found. In  early September 1957, several intact Portunus sp. 
measuring up to  5.6 m m  in  carapace width were found in  Astropecten from  
Swedish waters (Table 6), and in the fall o f 1960 several juvenile P.pusillus were 
found in specimens collected in the H ornbæ k Bay. One m ay wonder how the 
sea-star is able to  cope with these crabs, b u t as in the case o f isopods and am phi­
pods, it is likely tha t only weakened or dead specimens are taken. The occurrence 
o f two mysids and one euphausian in a m aterial taken in the  H ornbæk Bay in 
September 1962 can certainly only be explained in this way. Bouchet & Le Cam p­
ion (1962) also state tha t Astropecten may feed on crabs and  other crustaceans 
throw n or washed overboard from  fishing boats when the crew cleans the deck 
after sorting the fish caught by trawls o r seines. Such animals will usually be
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dead, or a t least be in a very poor condition, before they are back  in the sea. 
B oth a t Frederikshavn and in the H ornbæ k Bay such fishing takes place.

In  the Swedish m aterial m entioned above a  fairly large num ber o f juvenile 
herm it crabs were present (Table 6), m ostly inhabiting shells o f  Bittium  reticulatum. 
Pagurids were also found in A.irregularis by H un t (1925). I t  is perhaps possible 
fo r the sea-star to “trap ” hermit crabs in the hollows found on shell-gravel b o t­
tom s where, moreover, these animals m ay be very common. There is also the 
possibility th a t the pagurids may be caught while trying to  obtain food from  the 
substrate stirred  up  by the sea-star (cf. W eber, 1968).

Crustacean larvae were also found (Table 10), although only in very small 
num bers. The m ajority were the cyprids m entioned earlier, bu t a few zoas’s and 
m egalopa’s were also encountered.

Echinodermata: A part from  a find of a  juvenile Psolus phantapus in an Astropecten 
taken in the H ornbæk Bay in Novem ber 1960 no holothurians were encountered, 
n o r are there any records in the literature.

Very rarely one may find other sea-stars, notably  Asterias rubens, in the sto­
m achs (see e. g. Table 10). A  specimen taken at R nähaken south o f Helsingborg 
contained ano ther juvenile Astropecten.

A lthough Echinocardium cordatum is listed as occurring in 82 out o f the 322 
Astropecten collected off Frederikshavn (Table 8), only two whole specimens were 
actually present, bu t the nature and num ber of fragm ents in 52 of the other sea- 
stars indicate th a t each sea-star had swallowed a single 1-2 cm long Echinocardium. 
All these specimens were no doubt crushed during the rather rough treatm ent of 
the sea-stars in the cod end of the seine.

In  the rem aining 28 sea-stars, however, only a single or very few test fragt- 
m ents were found. M any of these were completely devoid o f spines, and judging 
from  their slight curvature, thickness and  the diam eter of the spine sockets, it is 
alm ost certain tha t they could not have been p a rt o f a sea-urchin small enough 
to  be swallowed by the sea-star. Furtherm ore, some of them  bore marks indicat­
ing th a t som ething had been attached to  them.

In  any case, only about 1 % of all the prey specimens taken by the sea-stars 
a t Frederikshavn were E. cordatum. In  m ore than  1000 Astropecten collected in 
the H ornbæ k Bay from  January 1960 to  June 1961 only 79 Echinocardium were 
present. However, three later samples yielded quite different data. The 17 sea- 
stars taken on  19 September 1962 contained a to ta l o f 261 newly settled Echino­
cardium (Table 10). On 18 October 1963, 19 sea-stars were collected in H ornbæk 
Bay, and 16 o f these contained remains o f 2-4 m m  long Echinocardium. A lthough 
exact countings were impossible due to too  m uch fragm entation of the material, 
it is safe to  state th a t the average content was a t least 15 Echinocardium per sea- 
star. Finally, on 14 A ugust 1964 no less than  921 newly settled Echinocardium 
were found in 22 sea-stars (Table 33).
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F ig . 2. Specimen o f A. irregularis with partially engulfed Ophiura albida. The whole disc was 
present in the stomach, whereas only few remains could be found o f th e  two “missing” arms, 

i. e. the ophiuroid may not have been complete when swallowed.

The only other sea-urchin encountered was Echinocyamus pusillus, which 
m ainly occurred in small numbers in sea-stars collected on shell or gravel bottom s 
(Table 9). This species was found, however, in m ore than h a lf  of the Astropecten 
taken by H unt (1925).

W hen examining the tests of Echinocyamus ejected by Astropecten in the la­
boratory  it was observed th a t a certain am ount o f  tissue had been left undigested. 
The reason for this is probably th a t the com plicated system o f supporting walls 
inside the test makes it very difficult for the sea-star to  reach all digestible m atter 
w ith a  stom ach lobe inserted through the small m outh opening.

Ophiuroids or their remains were found in Astropecten from  all localities in­
vestigated, but the com position o f these finds showed some notable differences.

Practically all the ophiuroids found in the N orth  Sea m aterial were rather 
complete juvenile specimens of Ophiura albida (Tables 3 & 4).

In  contrast to  this, only 25 specimens with the  disk and parts  of one or more 
arms present were found in the Frederikshavn summer m aterial, although 83 of 
the sea-stars contained fragm ents of brittle-stars. The size o f  the arm fragments 
often showed tha t only an arm  or part o f an  arm  had actually been picked up. 
Both a t Frederikshavn and in the H ornbæ k Bay Astropecten w ith large Ophiura 
arms pro truding  far out o f the m outh  opening were found. Thus, one specimen 
with an R  of 12.7 m m  had seized a 29.5 mm long arm  of O.albida, bu t almost
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2/s was still outside the m outh. The arm  looked quite fresh and there were no 
other ophiuroid remains inside the stomach. In  one case an Astropecten had at­
tem pted to  swallow a  very large Ophiura albida (Fig. 2). It is possible th a t Astro­
pecten  in such cases may continue to  push the protruding arm  or arm s inside in 
step with the digestion and subsequent disintegration of the swallowed part.

M ost brittle-stars are ap t to autotom ize one or more arms when being at­
tacked by a predator (see e. g. H . Christensen, 1967, p. 270). This is no t least 
true for Amphiura spp. which accounted for a t least half of the arm  remains found 
in the Frederikshavn material, whereas Ophiura spp. made up almost 100 % of 
the specimens and remains found in the material from  other localities.

Only rarely may one find more than  one or a few ophiuroids in the same 
Astropecten, but in one specimen collected in the Hornbæk Bay, 13 juvenile O. 
albida were found (Table 11). Ophiuroids were present in more than 25 % of the 
sea-stars taken off Frederikshavn (Table 8), and at one locality in the N orth  Sea, 
ten Astropecten contained together 18 O. albida (Table 4). Table 10 shows tha t 
during the constant period o f sampling in 1960-61 in the Hornbæk Bay, only 
two bivalves and one gastropod were found in higher numbers than brittle-stars 
(nearly all O. albida). Nevertheless, in the last mentioned locality, for example, 
the ophiuroids still only accounted for about 1 .5% of all the food specimens.

Carrion: Kisch (1958) found insects in the stomach o f Astropecten taken off the 
French west coast. Some specimens, mostly beetles, were also present in the 
m aterial from  Frederikshavn (not noted in Table 8) and other near-shore locali­
ties (Tables 9 & 10). Since m ost of them  contained internal tissue, these finds 
show tha t Astropecten may act also as a scavenger. This was also observed in 
the laboratory where they willingly feed on dead shrimps (Crangon) and fish 
(juvenile Gobius sp.).

This supports the view tha t the m any specimens of vivacious or planktonic 
crustaceans probably were swallowed in a weak or dead condition.

Eggs o f  gastropods and fishes: In  one o f 29 Astropecten opened and examined by 
Thorson (unpublished) in the Frederikshavn laboratory in July 1951 he found a 
cluster o f egg capsules o f the gastropod Turritella communis. This was the first 
find of eggs o f this snail in D anish waters, although it is very common in the 
K attegat as well as in the northern part o f the 0 resund .

In  my Frederikshavn m aterial the eggs o f a num ber o f other gastropods were 
also found (Table 12).

Hundreds o f Hydrobia egg capsules, attached m ainly to bivalve shells and 
distributed in a t least 91 Astropecten, were found, although this species usually 
attaches its egg capsules to other specimens o f its own kind (Meyer & M öbius, 
1872; Lebour, 1938). The capsules were not found on “dead” shells alone, but 
m ore frequently on shells of bivalves which clearly had been alive when swallowed.
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T a b l e  12. Finds of gastropod eggs in the stomachs of 322 Astropecten irregularis 
collected off Frederikshavn, Kattegat, in June-July 1952.

Group Species
N um ber o f 

sea-stars 
with eggs

Remarks

Prosobranchia Cantharidus clelandi 1 Found  free in stomach.
Rissoa membranacea 4 On shell fragments.
Hydrobia ulvae 91 On living bivalves, empty 

shells and shell fragments.
Turritella terebra 10 Found  free in stomach.
Bittium reticulatum 1 Attached to Zostera leaf.
Clathrus turtonis 1 F ound free in stomach.
Nassa sp. 1 A ttached to shell fragment.
Lora turricola 1 A ttached to empty shell.

Tectibranchia Philine aperta ' 2 F ound free in stomach.
Philine scabra 1 F ound free in stomach.

Nudibranchia Duvaucelia plebeja 1 Found free in stomach.
Unidentified 2 Gelatinous egg masses found 

free in stomach.

A m ong these were no t ju s t such relatively sluggish species as Venus gallina, but 
also the much m ore vivacious Spisula subtruncata. Usually, quite a num ber of 
capsules were found together on a substrate. Fig. 3 shows a  single valve o f Syn­
dosmya alba with egg capsules attached to both sides of it. Egg capsules o f H y­
drobia were also found in the  Frederikshavn winter m aterial and in the sea-stars 
collected in the H ornbæk Bay.

Since these capsules look  like small, irregular patches of sand grains when 
viewed from  the upper side, m any were probably overlooked, especially am ong 
those detached from  the original substrate. Eggs shed in gelatinous masses, as 
e. g. those o f Cantharidus clelandi, Philine spp. and Tritonia plebeja, m ust be 
digested so fast th a t the chance o f overlooking rem ains of them  likewise m ust be 
considerable.

Fish eggs were mostly encountered in Astropecten collected in the N orth  Sea. 
These are also easily overlooked, and no sincere attem pts were, therefore, made 
to count all eggs present. However, in one case I counted about 120 eggs in a 
single stomach.

“Detritus”: Eichelbaum  (1909) found “Bodenm aterial” in a good num ber o f 29 
Astropecten from  the N orth  Sea. In  the N orth  Sea m aterial treated by me there 
was likewise, bu t in relatively fewer specimens, a substance present rem inding 
one o f bottom  m aterial or w hat many would call detritus.

Blegvad (1914), whose m aterial, except for one specimen, came from  the 
Kattegat, expressly states th a t Astropecten does n o t swallow detritus, and th a t any
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F ig . 3. Valve o f Syndosmya albida 
with attached egg capsules of 
Hydrobia ulvae on both sides. 
Found in the stomach o f an A. 
irregularis collected off Frede­
rikshavn. Drawn from preserved 
m aterial by Poul H. Winther.

i --------------------------------------------------------1

2 mm

present bo ttom  material derives from  swallowed detritus feeders. I found very 
little detritus in stomachs o f Astropecten  collected in the K attegat and the H orn ­
bæk Bay. In  m ost cases it could be seen tha t the m aterial originated from  de­
teriorating polychaete tubes, particles from  the inside of dead bivalves and  gas­
tropods swallowed because som ething edible were attached to them, sand p ar­
ticles attached to  the byssus threads o f juvenile M ya, foram iniferan tests built o f 
sand or m ud, and faecal pellets. B ottom  particles may also be “accidentally” 
pushed into the stomach during ingestion o f prey. Even in laboratory experiments 
it was occasionally observed tha t specimens ejected sand particles along with i 
empty shells o f digested prey. '

On this background it seems justifiable to  conclude tha t the higher am ount of 
“detritus” found in the N orth  Sea specimens is due m ainly to  two interrelated 
factors, viz the depth and the nature o f the fauna present. Eichelbaum’s m aterial 
came from  a  m ean depth o f abou t 86 metres (range: 25-300 metres) whereas 
Blegvad’s m aterial (38 specimens) came from  an average depth o f 25 m etres and 
my own m aterial from  inner D anish waters from  an average depth around  20 
m etres. A  quantitative comparison between the prey composition found in the 
sea-stars taken in the N orth  Sea (Tables 3-5) and off Frederikshavn (Tables 7 & 8) 
also shows th a t there were fewer detritus feeders in the latter material. There 
were even fewer in the Hornbæk Bay m aterial taken during the period o f regular 
sampling (Table 10). However, as noted earlier, the detritus feeder Echinocardium 
cordatum  was exceedingly abundant in other samples and totally dom inating in 
one (Table 33).

Miscellaneous items: Eichelbaum (1909) noted a sm all piece o f alga in two Astro­
pecten  and obviously thought tha t the sea-stars had picked them  up as food.
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Sim ilar items were very occasinally found in my material. In the Frederikshavn 
m aterial, for example, 14 specimens contained fragm ents of Zoy/mz-leaves or 
algae. C ontrary to Eichelbaum, however, I do no t think th a t  any o f these items 
are actually digested by the sea-star.

A  num ber o f the gastropod eggs found were adhered to  a piece o f Zostera 
(Table 12), and in the sea-stars collected in Hornbæk Bay, the few pieces o f 
Zostera  found all had an epifauna o f foraminiferans. Pieces of Fucus w ith a t­
tached barnacles fed to Astropecten in the laboratory  were ejected in a completely 
undigested condition (p. 48). On this basis one must conclude tha t pieces of 
Zostera  and algae are only swallowed when acting as a substrate for epifauna 
organism s or other edible m atter.

K isch (1958) found many strange items in his m aterial: small pieces o f coal, 
sm all stones, fish bones, ear stones o f fishes, and leaves from  land plants. He 
concludes th a t Astropecten cannot determ ine w hat is edible before it has swallowed 
the item . This cannot be correct, and K isch m ust have failed to observe any at­
tached  organisms, or else these had already been digested or detached from  the 
substrate . A ll the mentioned items have also been found in Astropecten from  
D anish  waters in addition to fish scales and empty tubes of ampeliscid am phi- 
pods. I t  should be noted in this connexion th a t molluscan shell fragments were 
exceedingly m ore abundant in the Frederikshavn m aterial than in the' 0 resund  
sea-stars in which, furtherm ore, fragm ents o f “naked” echionid test pieces were 
completely absent. This fits well with the fact that attached egg capsules were 
very scarce and barnacles completely absent in the latter material.

Kjerskog-Agersborg (1918) found stones with barnacles in the stom ach of 
the giant sun-star, Pycnopodia helianthoides, bu t this is to m y knowledge the only 
case reported in the literature for other sea-stars than Astropecten.

Size o f  prey

The rem arks given in Tables 3-5 show th a t the large m ajority of the prey found 
in the sea-stars collected in the N orth  Sea belong to  the m eio-fauna as defined by 
M are (1942). M icro-fauna organisms were n o t found. This size distribution fits 
well w ith the m ore comprehensive data from  inner Danish waters.

Table 13 shows tha t about 30 % o f all prey specimens swallowed by the As­
tropecten collected off Frederikshavn in June-July belonged to the meio-fauna. 
However, 75 % o f the prey was less than  3 m m  long and only about 3.5 % exceeded 
a length of 5 mm. All these sea-stars had an R  o f 30 mm or more (Table 1, mean 
about 45 mm), i. e. they were mostly adults with the large majority having a size 
equal to  or larger than the largest specimens from  the 0resund . Sea-stars col­
lected in the latter locality had R ’s ranging from  under 10 mm to less than  45 
mm with a m ean of about 20 mm (Table 1). A bout 96 % of the prey animals 
swallowed by the 0 resund  sea-stars belonged to  the m eio-fauna (Table 14).



F E E D I N G  B I O L O G Y  O F  A S T R O P E C T E N 31

T able  13. Size distribution of the majority (about 87 %) of all prey animals found in 
322 A. irregularis collected off Frederikshavn, Kattegat, in June-July 1952. For size of

250 swallowed barnacles see text.

Shell height or length, 
carapace length, or disc 

diameter in mm.
<1 1-1.9 2-2.9 3-3.9 4-4.9 5-5.9 6-6.9 7-7.9 > 8

Per cent 
of meio- 
fauna size

Prosobranchs..................... 1 23 28 6 14 7 2 4 28
Retusa um bilicata ............. 1 363 331 . . 52
Nucula nitida .................... 11 38 36 13 5 3 3 3 44
Mysella bidentata* ......... 13 130 494 131 5 1 . 18
Venus gallina ................... 4 76 286 321 112 13 7 7 32 9
Spisula subtruncata ......... 81 469 592 171 31 6 2 7 1 40
M ya truncata?.................... 8 51 25 9 7 . • 59
Corbula g ib b a .................... 43 126 69 22 2 16
Other bivalves ................. 6 33 41 14 6 4 1 1 1 39
C u m acea ............................ 1 7 11 21 3 5 11 31 1
Ophiura albida ................. 5 3 11 4 • 17

Total number o f specimens
in each size group ........... 130 1230 1977 749 223 36 20 29 72

Total number of 
meio-fauna size

1360 
=  30.5%

Total num ber o f 3106 
m acro-fauna size =  69.5 %

* Including about 20 Montacuta ferruginosa.

I t is doubtful whether the data  reflect a  true prey-predator size relationship. 
In the 0 resund , the Astropecten  collected in 1960 had  only had  recently settled 
Spisula subtruncata to  feed on, m ainly because larger specimens were all bu t ab­
sent and because other attractive prey were scarce.

Off Frederikshavn the sea-stars had obviously had  access to  Spisula which 
had survived to  become larger than  they generally do where Astropecten occurs 
in the H ornbæk Bay.

Other facts also speak against the existence of a prey-predator size relation­
ship sensu stricto, but a  newly settled sea-star cannot, o f course, swallow as large 
a prey as an adult specimen. Tables 13 and 14 show th a t the Oresund sea-stars 
on an average contained larger Corbula than  the Frederikshavn sea-stars and 
smaller specimens of Corbula were definitely present in the Oresund. Further­
m ore, the average sizes of the prey swallowed by the smallest and the largest 
sea-stars taken on the same day were very similar. Finally, it should be noted 
tha t although the sea-stars taken in the N orth  Sea were intermediate in size be­
tween those taken off Frederikshavn and those taken in the Oresund, the per­
centage of m eio-fauna prey m ust have been as high or nearly as high as in the 
Oresund m aterial (Tables 3-5).

N o proper live m aterial, i. e. including m eio-fauna specimens and small juve-
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T a ble  14. Size distribution of the majority (over 92% ) of all prey animals found in 
1051 A. irregularis collected in the Hornbæk Bay, 0resund, from January 1960 through

June 1961.

Shell height o r length 
in mm

< 1 1-1.9 2-2.9 3-3.9 4-4.9 > 5
Per cent of 
meio-fauna 

size

Rissoa spp.......................... 116 159 4 1 98
Other prosobranchs . . . 64 41 17 2 1 10 78
Nucula spp......................... 1 3 1 1 67
M ytilidae ........................ 76 32 1 . 100
Mysella b identata ........... 14 48 16 7 . 1 72
Cardium spp...................... 16 13 3 86
Cyprina islandica............. 87 91 6 3 5 6 86
Venus gallina .................. 13 8 2 2 1 81
Tellina spp......................... 1 4 1 83
Syndosmya spp................. 6 40 11 1 2 77
Cultellus pellucidus 9 17 12 12 4 5 94
Spisula subtruncata . .  6703 1985 68 2 1 4 100
M ya truncata?.................. 396 262 113 42 15 3 79
Corbula g ib b a .................. 35 21 12 11 12 26 48
Other bivalves ............... 90 6 1 99

Total number o f specimens 
in each size g roup...............  7627 2730 267 81 40 60

Total number 
o f meio-fauna size 10357 = 95.8%

Total number 
o f macro-fauna size 448 = 4 .2 %

niles, were available to  test the conclusion drawn experimentally. In two experi­
ments in each o f which tw o Astropecten were offered equal num bers o f half­
grown (7-10 m m  long) and  adult (14-17.5 mm long) specimens of Spisula subtrun­
cata the results indicated a distinct preference for the smaller specimens (Table 15). 
One should, however, be cautious in interpreting these data. I t  is easier to  swal­
low small specimens, and fully adult specimens succeed m ore often to escape by 
the well known flight response o f this species.

H unt (1925) found only molluscs o f m acro-fauna size, ranging in length from 
about 2 to  about 15 mm , w ith an average o f about 8 mm , in a  m aterial collected 
throughout a year in the English Channel off Plym outh. I t is, however, possible 
th a t H unt overlooked smaller specimens hidden between the num erous folds of 
the stomach. The average num ber of prey specimens per sea-star was less than  
four, and the m ost abundan t bivalves belonged to  genera {Venus, Nucula and 
Corbula) which also in my m aterial were larger on an average than  other bivalves 
(Table 13). In  the 1960 collections from  the 0 resund  the average num ber o f prey 
specimens per sea-star was 12.6. The much larger sizes o f the prey found by 
H unt must m ean th a t the am ount of organic m atter present as food was high,
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T a b l e  15. Results of two experiments in each of which two A. irregularis (R: 37.0-40.0 
mm) were fed with Spisula subtruncata of two different size groups. Temperature: 15°C.

Exp. No.
Duration of 
experiments 

in days

Size range of 
S. subtruncata 

in mm

N um ber of 
bivalves 

given

N um ber o f  
bivalves 

eaten

N um ber of 
bivalves 

in stomachs

1 13 7.5- 8.9 25 22 0
14.2-17.0 25 11 0

2 11 7.6- 8.8 25 21 0
13.7-16.2 25 14 0

bu t it should be pointed out th a t in contrast to  the 0 resund  m aterial the large 
m ajority  of the prey organisms were species o f Venus, Nucula, Corbula, and Na­
tica which are retained for several to  m any days (Table 19) and which, except for 
Nucula, often are thrown out again alive. The presence of Echinocyamus pusillus 
in 65 o f the sea-stars indicates, furtherm ore, tha t these were taken on a shell-gravel 
bo ttom  where the possibility o f obtaining suitable small-sized prey may be signi­
ficantly reduced. An example o f this can be deducted from  the data  on stom ach 
contents of 14 Astropecten collected on a gravel ground off the G ullm arfjord 
(Table 6). Except for Laevicardium norvegicum, no “first class” food was present 
as could be seen from  the contents o f the dredge hauls in which the sea-stars 
were taken. Since, furtherm ore, hardly  any specimens o f m eio-fauna size were 
available, the sea-star was “forced” to  feed on larger specimens (Table 16).

T a b l e  16. Size distribution of the two dominating molluscan species found in the sto­
machs of 14 A. irregularis collected near Bonden island (cf. Table 6).

Shell height o r length in mm 1-2.9 3-4.9 5-6.9 7-8.9 9-10.9 11-12.9 13-14.9 > 1 5

Natica pulchella ............................ 1 7 5 2
Laevicardium norvegicum ......... 13 11 16 5 3 1 3 1

General remarks

The results o f  the stomach analyses are essentially in agreement with earlier find­
ings by Eichelbaum  (1909), Blegvad (1914), H un t (1925), Kisch (1958), and 
Bouchet & Le Campion (1962). Except for Eichelbaum, who in 29 specimens 
from  the N orth  Sea found echinoderms and bivalves to  be about equally abun­
dan t, all o ther authors found bivalves to  be more com m on than  any other prey 
group (cf. grouping in Fig. 1) with respect to  num ber of specimens, in most 
cases being m ore num erous than  all other prey specimens combined.

K isch (op.cit.) expresses the opinion, however, th a t A. irregularis feeds in­
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discriminately on whatever it comes across, thus im plying tha t the stom ach con­
tents simply reflect the abundance of potential prey species where the sea-stars 
are collected. As we have seen, field data alone suffice to  show tha t this is not 
the case, and experimental evidence are given in o ther sections o f the present 
paper.

Stom ach analyses of predators have often been used  to  calculate the relative 
consum ption of different prey species. Provided tha t p roper attention is given to 
prey size, this is permissable if (1) all ingested prey specimens will be digested, 
(2) all prey species are digested equally fast, and (3) all em pty molluscan shells 
etc. found in the stomachs represent animals swallowed with all internal tissues 
present. None o f these requirem ents are fulfilled in the  present case.

I f  one was to go a step further and  try  to calculate the relative food value 
obtained from  different prey groups or species, atten tion  m ust also be paid to 
the fact tha t large variations exist with respect to contents of dry organic m atter 
(cf. Thorson, 1957).

F rom  all this it is evident tha t a proper in terpretation o f data obtained by 
stom ach analysis cannot be given w ithout a thorough background knowledge of 
the biology of the sea-star as well as the organisms on which it subsists.

Some of the necessary inform ation is available in th e  literature, bu t laboratory 
observations and experiments had to be carried out concerning m any points, 
especially with respect to the sea-star.

P E R IO D S  O F  D A IL Y  F E E D I N G  A C T IV IT Y

Power (1857) kept specimens o f A.auranciacus in out-door tanks with a sandy 
b o ttom  layer at Messina and observed th a t this species displays two periods of 
daily activity. Her specimens came out o f the sand in  the morning, dug them ­
selves into it again around 9.00 hrs, and  came out again a t about 16.00 hrs 
“when the heat of the sun was diminishing” . She thus implied tha t tem perature 
is a governing factor, and although this explanation is difficult to  accept, there is 
no  reason to  doubt the observation itself.

Furtherm ore, both W eber (1965) and M assé (1966) also observed tha t A .au­
ranciacus is a diurnal feeder, a t least in shallow water (up to  10 m  depth). A ccord­
ing to  these authors it feeds m ainly a t twilight hours, b o th  in the m orning and in 
the evening.

M ori & M atutani (1952) kept 79 A.polyacanthus in a  large tank  with a  sandy 
bottom . They recorded the activity o f the sea-stars every three hours and more 
frequently during periods of peak  activity. In  addition the  activity of 5 specimens 
was recorded on a kym ograph for 7-9 days. The sea-stars generally came out of 
the sand early in the m orning and again around sundown, searching for food, 
whereas the large majority rem ained buried during the intervening periods. The
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activity was m ore pronounced in the m orning than  a t sundown and increased 
significantly when there was little or no food available. Furtherm ore, in this situa­
tion a rising num ber o f sea-stars became active also during daylight hours. U nder 
constant darkness the regularity of the periods o f activity ceased after 2-3 days, 
thus strongly indicating th a t light is the prim ary governing factor. Temperature 
changes d id no t have any effects on the daily rhytm s o f activity.

Zavodnik (1967) states tha t A.spinolosus, a species no t entirely tied to  sandy 
bottom s, apparently exhibits diurnal feeding migrations. It can be found in 3-4 
times greater num bers on the leaves of Posidonia a t night time than  during day­
light hours.

As for A. irregular is, W eber (1965) observed by diving tha t the M editerranean 
variety pentacanthus also is a diurnal feeder with the same periods o f activity as 
A.auranciacus. These periods shifted with light intensities and no specimens were 
observed o u t of the sand on clear days in full sunlight, which shows tha t light 
m ust be a governing factor. All available evidence shows th a t this applies also to 
the main form . On m any occasions I  smoothed the surface of the sand in many 
aquaria before leaving the laboratory, usually between 16.00 and 17.30 hrs. Com ­
ing back, either the same evening (most often between 22.00 and 23.30 hrs.) or 
next m orning, there were practically always tracks as well as burrows left in the 
sand showing tha t the sea-stars had been active in the meantime. Conversily, in 
m ost aquaria, o f which I had over 20 during one stage o f the work, one would 
rarely observe m ore than  a few sea-stars out of the sand all day unless they were 
starving. I t  was also found th a t dead shrimps placed on the surface o f the sand 
during the day in aquaria with satiated Astropecten were n o t eaten before the fol­
lowing evening or night.

Thus, there is no reason to  doubt tha t A. irregularis is a  diurnal-feeder, even if 
quite different light, conditions must exist in nature where it lives. In  addition to 
light, the am ount o f  food is also a  governing factor. There is nothing in the litera­
ture or in my own observations indicating tha t the main prey organisms are more 
active and thus perhaps more vunerable at twilight hours.

P E R C E P T I O N  O F  F O O D

It is commonly accepted th a t sea-stars possess an olfactory or chemical sense 
enabling them  to  percept food a t a  distance although no specialized organs for 
this purpose have been found (Feder & Christensen, 1966). Loosanoff & Shipley 
(1947), however, concluded from  field experiments tha t Asterias forbesi finds its 
prey by accidental contact when moving over the bottom .

Recent studies by Castilla & Crisp (1970) show, on the other hand, that 
Asterias rubens senses w ater-born odors of living mussels and barnacles, its norm al 
prey in the M enai Strait, and heads towards these in a Y-maze or in a shallow tank.

3*
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F or the genus Astropecten, Preyer (1886-87) was able to  lead A.pentacanthus, 
bu t n o t A.auranciacus and A.bispinosus, in any direction he choosed by holding 
a piece of fresh crab meat in  front o f one o f the arms. H e adds, however, th a t the 
specimens observed o f the latter two species probably were full. M angold (1908) 
later observed th a t A.auranciacus prom ptly came out o f the  sand when fish m eat 
was placed in the aquarium  containing it. W hether the sea-stars were fully buried 
is n o t clear. H artm an  (1956) caught significant num bers o f A . californiensis in 
traps baited w ith dead fish.

A  behaviour similar to  that seen by M angold was once observed for A. irregu­
laris. A  bivalve, Astarte elliptica, was placed in an aquarium  on the  half-shell to 
induce buried Nassa reticulata to  emerge. This goal w as prom tly achived, bu t 
within a  few m inutes a half-buried adult Astropecten emerged 15-20 cm away and 
headed straight for the m utilated Astarte with great speed.

I t will be noted th a t the Astropecten in all cases reacted to  stimuli em itted from  
the serrated surfaces o f m utilated crabs, molluscs or . fish. These stimuli cannot, 
however, be identical with those given off by living, healthy prey where the 
stim ulatory substances no doubt consist o f one or several m etabolic end products. 
Hence differences in  response to  these essentially different stimuli m ay be expected.

M any investigators apparently consider m utilated prey to  be m ore attractive 
than unharm ed prey. This seems to be true in some cases as e. g. for the sea-star 
Luidia sarsi (Fenchel, 1965) which has been know n to  be a voracious p redator 
for a long time (M ortensen, 1927). Conversily, Castilla & Crisp (1970) have 
shown tha t Asterias rubens shows a tendency, though n o t a  statistically significant 
one, to  avoid effluents from  molluscan flesh, so one cannot generalize on this 
point. Cases involving other predators are pertinent also. A  healthy oyster (Cras­
sostrea virginica) a ttracts the oyster drill, Urosalpinx cineria, m uch m ore effec­
tively than  substances released from  a  m utilated specimen (Federighi, 1931 ; Sizer, 
1936). Likewise, H athaw ay & W oodburn (1961) found th a t the conch Melongena 
corona showed preference for live oysters over shelled oyster meat.

A ny set o f experiments designed to  elucidate the possible significance o f dis­
tance perception to  a true predator should, therefore, prim arily be carried out 
with living, healthy prey as potential attractants.

Since m oving water, carrying any possible stim ulating substance from  a po ­
tential food source to  a predator, cannot be controlled in conventional aquaria, 
a  120 cm long, narrow  “current aquarium ” (Fig. 4) was used for practically all 
the experiments recorded in the present section. In  this aquarium  it is possible 
to create a uniform , lam inary current along the bottom , which in my experiments 
was covered w ith a  layer of sand thick enough to  allow norm al burrowing activi­
ties o f the sea-stars and their bivalve prey. A  valve a t the inlet end enables one 
to regulate the speed o f the current.

To test w hether rheotaxi is o f any im portance, 40 experiments were carried 
out with practically as m any specimens of Astropecten, which in each case were
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B
F ig . 4. “Current”  aquarium designed by E. Kanneworff (unpubl.). A, W hole aquarium  shown 
with plastic plates placed flush with the sand surface (cf. text). B, Details o f inlet and outlet 
ends, showing direction and lam ination o f the water flow. One Astropecten and three Spisula 

subtruncata are shown in natural position in the substrate.

placed in the  middle of the current aquarium . The sea-stars moved against the 
current in 19 cases and with the current in 21 cases. A rheotaxi seems therefore 
n o t to exist. In  nearly all cases the sea-stars dug into the sand after moving for a 
short distance only.

A  varying num ber of Astropecten were often left in the current aquarium  
w ithout food for periods lasting from  two to  several weeks. As in the experiments 
by M ori & M atutani (1952) with A.polyacanthus this often induced specimens 
to  become active for shorter or longer periods during daylight hours. W hen this 
happened I  took  the opportunity  to  test whether crushed bivalves {Mytilus, 
Spisula or Venus) placed upstream  affected the sea-stars. In  m ost cases they ob­
viously sensed the potential food, bu t although m any moved towards it, few con­
tinued to  do so and the bivalves were in nearly all cases left untouched.

In  other instances, “juice” prepared from  grounded bivalve tissue was pipetted 
in to  the current passing over the bottom . The sea-stars reacted to this stimulus 
too , but only as long as the juice passing over them  was “strong” .

Both types of experiments as well as general observations in other aquaria 
lead to the conclusion tha t a  non-buried Astropecten  usually only reacts to  crushed 
prey which still is “bleeding” heavily or is situated within a short distance o f the 
sea-star. Both factors will, o f course, influence the concentration o f the stim ulat­
ing agent(s).
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Buried sea-stars, which were present in the aquaria  during practically all 
experiments referred to above, reacted only very rarely to  any of the mentioned 
stimuli.

Since A. irregularis is know n to  prefer Spisula subtruncata to  all o ther bivalves 
occurring in its natural hab ita t in D anish waters (A. M . Christensen, 1962 and 
present paper), this species was used in experiments with life prey.

In the first experiment, 7 adu lt Astropecten  were left w ithout food for 14 days. 
Then, a t a time when all were buried in the sand, four S . subtruncata o f about 
1 cm length were placed on the sand close to  the inlet end. The bivalves proceeded 
to  dig into the substrate, bu t before this was completely accomplished, one As­
tropecten, situated close to the outlet end, came out of th e  sand and  headed to ­
wards the prey, this sea-star having had a t least one arm  tip  above the sand when 
the bivalves were added about 2V 2 m inutes earlier. A nother specimen, situated in 
the m iddle o f the aquarium , cam e out o f the sand ab o u t 51/* minutes after the 
start o f the experiment a t a tim e when one of the Spisula was still no t completely 
buried. The remaining sea-stars, all o f which had at least an arm  tip  or two as 
well as the tip of the dorsal eone uncovered, remained buried  although two of 
them  were situated within 20-30 cm o f the bivalves. I t happens, although very 
rarely, th a t an Astropecten is completely covered ; in most cases a careful observa­
tion will show that at least the center o f the dorsal eone is uncovered, but it may, 
o f course, m ake a difference w hether the tip  of the eone projects above the sand 
into the water current or is situated flush with the surface or even in a  hollow in 
the sand.

These experiments indicated th a t even hungry Astropecten do not easily respond 
to stimuli emerging from  living prey some distance away from  them, a t least no t 
when they are buried in the substrate, i. e. resting. I t also appeared th a t it might 
make a  difference whether the prey is situated on the surface or, perhaps more 
correctly, in the act of digging in to  it.

Since the presence o f digging bivalves is no t the norm al situation in nature, 
the 14 other experiments were carried out with the water flow stopped until the 
bivalves had buried themselves completely. In  one case a sea-star, with two arm  
tips and its central eone free o f  the sand, apparently sensed the prey during this 
phase anyway and headed tow ards it, and the bivalves were picked up again. 
However, although a to ta l o f m ore than  70 sea-stars were used only 5 came out 
o f the sand and headed tow ards the prey within 15 m inutes after the start o f the 
water flow, which had a  speed o f between 3 and 5 metres per minute. Further­
m ore, one of these specimens dug itself into the substrate again before reaching 
the prey. All the reacting sea-stars as well as all but a few o f the non-reacting 
specimens had one or m ore arm  tips and /or the central eone projecting above 
the surface o f the sand.

Six similar experiments were carried out with 2-4 S . subtruncata placed on a 
plastic plate lying flush with the bo ttom  surface at the inlet end (cf. Fig. 4). O f
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21 sea-stars involved only two reacted within 15 minutes of the s tart o f the water 
flow. A t the end of the 15 minutes, o r in some cases as long as abou t one hour 
later, the bivalves were crushed in situ on the plates, but this had  little effect, in 
so far as only two of the rem aining 19 sea-stars were observed to  emerge and 
head tow ards the prey within the next 15 minutes, and none responded im m e­
diately when the m ain bulk of crushed particulate m atter reached the places 
where they were dug down.

Similar experiments where the sea-stars were placed on a longer plastic plate 
at the outlet end (cf. Fig. 4) were inconclusive since an Astropecten placed on any 
hard  surface starts to  move in one direction or another, and the sea-stars moved 
away from  the  buried prey practically as often as tow ards it. Am ong those moving 
towards the prey the m ajority dug into the sand just after leaving the plate. This 
is not due to  the handling o f the sea-stars. Even satiated specimens will proceed 
to ingest a S. subtruncata if placed by hand on top o f the bivalve. I f  placed on its 
dorsal side, the sea-star will in fact start to  swallow a Spisula before it rights 
itself.

Various functions have been attributed to  the central eone, which has a  per­
m anent character in 0-group specimens (Süssbach & Brechner, 1910), bu t Gislén 
(1924) is probably  correct in believing that it m ainly serves a respiratory function. 
A  resting, fully adult Astropecten will usually be buried under a  1 to  2 cm thick 
layer of sand, except for the narrow  eone projecting from  the center of the disc 
and -  a t times -  one or m ore arm  tips. In  this situation it seems likely tha t the 
eone and especially the arm  tips might enable Astropecten to sense prey a t a dis­
tance, but the laboratory observations and experiments do no t indicate tha t this 
plays any significant role in nature.

This is n o t to  be expected either since Astropecten essentially is an  active 
hunter, which comes to  the surface when searching for food. Even-in this situa­
tion, however, the indications are tha t “long-distance” perception is of no real 
im portance, whereas “short-distance” perception plays a  very decisive role.

Once a period of feeding activities has begun, Astropecten moves over the 
bottom , apparently m ore or less a t random , until it senses a  suitable prey. W hen 
the prey is situated on the sand surface the m om ent o f perception o f it m ay at 
times be clearly seen; the sea-star suddenly starts to move faster and the leading 
arm  or arms are lifted som ewhat (more) from  the ground. I f  such prey is situated 
m ore than about 10 centimetres away the sea-star may now  and then stop moving 
for a few seconds before continuing again.

The distance at which perception is possible m ust vary with a num ber of fac­
tors (see review by Feder & Christensen, 1966), bu t in general, Astropecten seems 
to  be unable to  determine the exact direction tow ards the prey unless within 
10-15 cm o f it, and this applies, furtherm ore, only to  unburied prey. As Fenchel 
(1965) states, with reference to  Luidia sarsi, this is probably because the  sea-star 
is unable to register a difference in stim ulation between the arm  tips a t greater
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distances. The statem ent implies tha t large sea-stars can locate a  potential prey 
a t greater distances than  juvenile specimens.

Since a good num ber o f Astropecten species are know n to  subsist mainly on 
infauna prey it is n o t surprising tha t they are able to detect the presence of them. 
This ability is known to  exist even in such genera as Asterias and Pisaster which 
alm ost exclusively feed on epifauna organisms (Loosanoff & Shipley, 1947; L. S. 
Sm ith, 1961), Several observations similar to  those recorded by Sm ith (op.cit). 
suggest th a t Astropecten is unable to  detect the exact location o f a buried prey 
organism  unless it passes directly over its burrow . One m ay observe a  moving 
sea-star suddenly stop, move a few mm or m ore backwards and proceed to dig.

The following example shows the efficiency with which an Astropecten may 
survey the bo ttom  for food. A  circular dish w ith a bottom  area o f about 500 cm 2 
was supplied with a  1.5 cm thick layer of fine sand and running sea-water with a 
tem perature o f abou t 14° C. Then 100 newly settled Spisula subtruncata (0.68- 
1.32 m m  long) were spread evenly over the sand and allowed to  dig into it. A t 
17.00 hrs a young Astropecten (R  =  17 mm) was placed in  the dish. Next m or­
ning a t about 9.00 hrs, 78 pairs o f ejected em pty shells were found, and all the 
rem aining specimens were inside the sea-star. The em pty shells o f these were 
ejected in two lots later the same day. A  similar experiment with 72 juveniles 
S . subtruncata gave about the same result, whereas only 35 out o f 65 were found 
as em pty shells after a  th ird  experiment lasting 20 hours.

A  similar experiment undertaken under the same conditions, bu t with juve­
nile Venus gallina as prey, gave a  quite different result. Only 24 specimens (0.62- 
0.74 m m  long) were used, and four sea-stars were placed in the dish. Yet, after a 
period  o f 48 hours there were still 10 living Venus.

This shows th a t one should be very careful when choosing prey species for 
experiments designed to  test the ability o f prey perception and, of course, feeding 
rates.

S E IZ U R E  A N D  I N G E S T I O N  O F  P R E Y

W hen a prey is located the sea-star moves into a  position above it and proceeds 
to  dig dow n over it. Seizure and ingestion cannot be observed under these cir­
cumstances, and this is probably the reason why these processes seldom are referred 
to . Schiemenz (1896) m ust have observed it, however, in the case o f A.auranciacus, 
as he writes: “Er hält sich m it Vorliebe an M eerenstellen auf, wo der Boden aus 
mehr oder m inder tiefen Sande besteht, in welchem er halb eingegraben seiner 
Beute nachgeht. Diese besteht vornehmlich aus ebenfalls im Sande vergrabenen 
M uscheln und Schnecken, die er m it seinen dehnbaren Füsschen sich in seine 
ausserordentlich erweiterungsfähige M undöffnung schiebt.” Since Astropecten 
will also ingest food in aquaria with no bo ttom  substrate, this renders it possible 
to observe these processes either directly from  underneath  or indirectly by m ount­
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ing a m irror a t a 45° angle under any aquarium  with a  glass bo ttom . If  a  suitable 
prey organism is used, one may in m ost cases simply place the sea-star on top  of 
it, whereupon the sea-star will proceed to ingest it immediately.

Using this m ethod it was repeatedly observed th a t Astropecten  handles any 
type o f food items quickly and efficiently with its tube feet, in spite o f the fact 
th a t they lack suckers. They are sticky, however, as can be seen when the sea-star 
climbs up the  side of the aquarium  walls. Even unicellular organism s, such as 
foram iniferans are handled with ease and pushed into the stom ach w ith the adhe­
sive tube feet o r -  in some cases -  by a  single tube foot.

The pointed tube feet are also adhesive enough to  allow an Astropecten to 
pick up a fairly large molluscan prey from  the glass bo ttom  and push it into the 
stom ach w ithout the prey specimen ever touching the bottom  again. In  one case 
a sea-star was seen to pick up a one cm long Spisula and move a  considerable 
distance with it, keeping it suspended between the inner tube feet. In  another 
case a mediumsized sea-star picked up  seven small Spisula before it settled down 
to  digest them. As the bivalves were being picked up, the sea-star gradually as­
sum ed a position somewhat like the well known “hum ped u p ” position o f a 
feeding Asterias. W hether a substrate is present or not, Astropecten may also 
a ttem pt to  clamp down on a  prey under certain circumstances, viz. when newly 
settled, vivacious bivalves are offered to  it, o r in the rare cases when it tries to 
food on juvenile Ophiura.

W hen an Astropecten encounters a fairly large prey placed on a sandy substrate, 
i t  will norm ally move over it “like a tank” and start to  dig into the substrate 
im m ediately while beginning the act o f ingesting the prey. A  similar behaviour 
was observed for A.auranciacus by Power (1857) and M angold (1908). I f  offered 
several prey specimens simultaneously the sea-star may, however, “hum p up” 
during the process o f ingestion and rest only partly buried in the substrate afterwards.

The fact th a t Astropecten digs into the substrate for food poses the question 
as to  how fa r down it may seize its prey. W hen examining the stom ach contents 
o f  the Frederikshavn summer m aterial, it was realized th a t all the bivalves oc­
curring in significant num bers (Table 7), viz. M ysella bidentata, Venus gallina, 
Spisula subtruncata, and Corbula gibba were all suspension-feeders with short si­
phons. They hence belong to  the fauna which fives close to  the bottom  surface, 
except for M . bidentata which very often is associated with deep-sitting irregu­
la r echinoids. However, m ost of these were probably n o t swallowed as living ani­
m als (p. 23). M ya truncata, which is know n to  sit deeply buried in the sub­
stra te , also occurred in fair num bers, bu t the specimens found were all juveniles 
(Table 13). In  this stage they are known to creep over the bottom , attaching 
themselves tem porarily with byssus threads (Kellogg, 1899). Only one deposit-feeder 
occurred in notable numbers, viz. Nucula nitida, a species which, however, five 
close to the surface, searching for food with its labial palps (see for example 
H u n t, 1925). On this background it seemed reasonable to  suspect that the deep-
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sitting deposit-feeders Tellina and Syndosmya were scarse in  the stom achs because 
Astropecten cannot dig deep enough to seize them.

To test the hypothesis the following experiment was carried  ou t in the Frede­
rikshavn laboratory. A  large num ber o f adult Nucula nitida  and half-grown Tel­
lina fabula  were placed in four aquaria, each o f which w as equipped with a 10 
cm thick  layer of sand. A fter a  period of 14 days the sea-stars began to  swallow 
and  digest the Nucula a t a  ra te  o f one to  three per day u n til the experim ent was 
term inated 17 days later. In  one of the aquaria all the rem aining Nucula were 
rem oved after four days, bu t in none o f the aquaria was a  single Tellina taken 
during the experiment.

M ore precise experiments were carried out in Helsingor with the two deposit- 
feeders, Macoma balthica and  Tellina tenuis, in aquaria w ith  running sea-water 
(Table 17). First it should be noted that the sea-star very willingly fed on 
M acoma  since two specimens ate all 25 M acoma  present w ithin 6 days in an 
aquarium  where no substrate was present. Hence the reason  why fewer and fewer 
were taken with increasing depth o f substrate can only be due to  an  inability of 
the sea-star to dig deep and fast enough to seize the prey. A s the result o f one of 
the experiments shows, even a  substrate depth of 2-3 cm seems sufficient to offer 
some protection for Macoma. The three specimens caught in experiments with 
m ore than  8 cm sand were no  doubt caught during a tem porary  ascent to  the 
surface (see p. 43).

However, another factor interacts with substrate depth, viz. the ability of 
certain bivalves, as e. g. Tellina fabula, to  move quickly and  sideways in  the sub­
strate when a sea-star attem pts to  seize them  (p. 63). Astropecten  cannot move 
sideways within the substrate and is unable to  ascend to the surface when covered 
with too  much sand (Schäfer, 1956). This was confirmed in  experiments carried 
ou t with sifted sand as well as the somewhat finer, na tu ra l substrate from  the 
H ornbæ k Bay. Even adult sea-stars were unable to  ascend when covered with a 
3-4 cm thick layer of these substrates. In contrast to the vivacious Tellina, about 
a  dozen M ya  arenaria, 12 to  16 m m  long, were all caught w ithin a week by three 
medium-sized Astropecten in an aquarium  with a  substrate about 8 cm  thick. 
This bivalve is a slow burrow er and  is unable to  move sideways in the substrate. 
Specimens of the stated size may, furtherm ore, be expected to  ascend to  the sur­
face quite often (cf. Kellogg, 1899).

The small aquaria used increases the possibility of a  bivalve being trapped 
against the walls and also ensures m ore encounters between the prey and the 
p redator than  would be the case in nature, where a t least the  Tellinidae tend to 
be spaced out evenly with fewer individuals per unit area once they have grown 
into the m acro-fauna stage (cf. Holme, 1961). The field d a ta  seem to  confirm 
tha t deep-sitting deposit-feeders are protected from  predation by Astropecten. It 
seems highly unlikely th a t such com m on species as Tellina fabula, Syndosmya alba 
and M acoma calcarea should all the absent or scarse a t one and the same time,
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T a ble  17. The influence of substrate depth in aquaria on the ability o f A.irregularis to 
seize deep-digging bivalves. The experiments marked with an asterisk were done in 
April-May 1961 with unfed bivalves; the others in October 1968 with fed bivalves. The 

R of the sea-stars ranged between 32 and 40 mm. The temperature was 14-15° C.

D uration N um ber o f Depth of
Species o f 

bivalve(s) used

Size range N um ber of Num ber of
o f exp. 
in days

sea-stars
used

sand in 
cm

in mm 
length

bivalves
offered

bivalves
eaten

6 2 0 Macoma balthica 5.4-13.5 25 25
8* 2 2-3 Tellina tenuis 11.3-17.3 8 6
C 'X 2-3

ƒ Macoma balthica 6.5-11.5 25 13
J J \  Tellina tenuis 13.7-15.0 3 1
8 2 8 Macoma balthica 3.5-13.0 30 6

39* o 10
ƒ Macoma balthica 7.5-9.0 8 2

z \  Tellina tenuis 11.2-13.3 2 0
8 3 12 Macoma balthica 5.8-12.7 35 1

and  th a t this should happen in both the m ajor collecting localities, viz. off Frede­
rikshavn in the K attegat (Table 7) and  in the 0 resund  (Table 10). Further sup­
p o rt for this hypothesis came from  22 Astropecten sampled in the 0 resu n d  at a 
locality where D r. K irsten Muus had  taken quantitative samples o f the meio- 
fauna the day before (Table 33). Deposit-feeders were practically absent in the 
Astropecten  stomachs although they were very abundant in the bottom . The fact 
tha t the same was the case also for m any o f the suspension-feeding bivalves is 
due to  a m ore o r less pronounced “dislike” for these species (p. 61).

The reason why a few Tellinidae often are found in samples o f Astropecten 
(Eichelbaum, 1909; Blegvad, 1914; H unt, 1925) is probably tha t t.hese bivalves 
come to  the surface and move around to  exploit the bottom  more effectively for 
food or for o ther reasons (Yonge, 1949; Brafield & Newell, 1961). W hen a species 
is especially abundant, this will in itself increase the possibility of Astropecten 
encountering it on the surface, and the increased com petition for food is, further­
m ore, likely to  bring each individual specimen to  the surface m ore often.

The suspension-feeding Cultellus pellucidus was rare in the Frederikshavn 
m aterial. I t  has very short siphons and is hence situated fairly close to the bottom  
surface, but m ay escape from  enemies by quickly retiring into its burrow  or by 
digging further down (Ansell, 1962). Observations in the laboratory showed tha t 
Cultellus did n o t escape from  being swallowed in the long run  in any substrate 
depth , unless the specimens were so large tha t the sea-star would encounter dif­
ficulties in swallowing them. However, according to  personal inform ation from  
D r. Ockelm ann, the nature o f the substrate may greatly influence the ability of 
Solenidae to  dig efficiently (see also Truem an et al, 1966). A nd although all the 
Cultellus taken  by Astropecten in the laboratory had dug into the sand as well as 
“n a tu ra l” substrate with apparent ease they may no t have been able to dig further
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s ta r t a fte r 10  sec o n d s

a fte r  2 5  sec o n d s a fte r  9  m inutes

5  cm

F ig. 5. Astropecten irregularis ingesting a Cultellus pellucidus. D raw n from life by K ai Olsen.

down with the same efficiency and speed as in nature. Some field data  would 
seem to  support this conclusion.

On 4 and 5 July 1960, hundreds o f Cultellus, mostly betw een 5 and 12 m m  long, 
were found in dredge hauls made in the H ornbæ k Bay (dep th : 16-21 m). In spite 
o f  this only a single specimen was found in 70 Astropecten collected on the same 
ground on 21 and 22 June and none at all in 48 specimens collected on 20 July. 
Furtherm ore, only 5 Cultellus were found in 22 Astropecten collected a t a  station 
where more than  600 o f these clams were present per square metre (Table 33).

A ll the specimens of the related Ensis sp. found in Astropecten taken in the 
N orth  Sea (Tables 3 & 5) were less than  one m m  long and , therefore, w ithout 
doub t too  small to  be able to  escape by digging.

In  the dredge samples m entioned above hundreds o f juvenile Syndosmya alba 
(2-6 m m  long) were also present, yet only few were taken by Astropecten during 
the summer and fall o f 1960 (Table 10).

Surprisingly large prey may sometimes be pushed th rough  the highly extend­
able m outh opening, bu t successful ingestion is in these cases also dependent on 
the extraordinary elasticity o f the stom ach and the dorsal body wall. Fig. 5 shows 
how an Astropecten swallows a  Cultellus pellucidus as long as its own radius (R). 
I have also observed an Astropecten with an R  o f 40 m m  seize and swallow a 
25.3 m m  long Macoma calcarea.

The im portance of the ability to  swallow large organisms should n o t be 
overestim ated, however, since the sea-star displays a decided tendency to  choose 
prey of small size. The largest bivalve ever found in an Astropecten was a 17.6 
mm long Venus gallina. It is conceivable, however, tha t local faunistic conditions 
may force Astropecten to  swallow larger prey than  is norm ally the case. Off the
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F ig. 6. Astropecten irregularis with a highly distended dorsal side caused by the 
swallowing o f as large num ber o f bivalves (cf. text). Photo, H. Knudsen.

D utch coast fairly large specimens of the deposit-feeding Donax vittatus may be 
swallowed (Lems, 1951 & personal communication). This bivalve may come to 
the surface due to  wave action and other causes, and it m ust be in th is  situation 
tha t it is caught even though it is very vivacious and capable of burying itself 
again with amazing speed (see Yonge, 1949; Ansell & Trevallion, 1969).

I f  prey specimens are accum ulated in a heap, Astropecten may sometimes 
swallow so m any tha t the elasticity o f the stom ach and the dorsal wall shows 
clearly up. Fig. 6 shows an Astropecten (R =  35,4 mm) which within 20 minutes 
swallowed nine Nucula nitida (8.8 to 10.5 mm long) and one Cyprina islandica 
(12.4 mm long). A  similar case was never observed in any field material, bu t it 
has apparently been seen by Schäfer (1956).

W hereas it has been repeatedly observed tha t the stom ach may be slightly 
everted in connection with the ejection of indigestible remains, there is no defini­
tive evidence to  show tha t it may be used either independently or as an  aid in 
picking up  food items through the m outh opening. Anderson (1954) implies tha t 
Cuenot (1891) and Ludwig (1899) have observed this, but I have been unable to 
find any statem ent to this effect in the cited papers. Prenant (1936) is likewise in 
error in citing Schiemenz (1896) for having this opinion. Bouchet & Le Cam pion 
(1962) state, however, tha t A. irregular is, although not very often, seems to evert
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5 cm
Fig. 7. Schematic drawing o f A. irregularis with stomach lobe extending into a narrow hole, which 

leads to a cham ber containing Mytilus m eat (cf. text).

its stomach and bury it in the bottom  underneath it. They make the suggestion 
th a t it may pick up m icro-organism s in this m anner.

This possibility was tested by use of a simple cham ber filled with molluscan 
m eat, which only could be reached through a narrow  tube  (Fig. 7). Astropecten 
did in  fact in a num ber o f  cases evert a stomach lobe th rough the tube to  the 
enclosed meat, bu t no  digestion was observed. In  a  few cases, Astropecten has 
also been observed to  evert its stom ach slightly over bivalves on the half-shell, 
which were too large to  be swallowed. In some o f these cases the sea-star suc­
ceeded in picking up  lum ps or threads o f disrupted tissue and push it through the 
m outh opening with its tube feet. Again, however, one cannot say with certainty 
whether any extraoral digestion to o k  place, nor whether the stomach was used 
as an aid in picking up  the food. I  believe, however, th a t any successful attem pt 
of extraoral digestion could n o t have escaped notice.

As indicated earlier, the speed o f ingestion may be ra ther rapid, considering 
that any prey m ust be m anipulated in position for swallowing and then pushed 
through the m outh  opening by tube feet lacking sucking discs. As shown in Table 
18, an ingestion period o f one o r three minutes is com m on for molluscan prey of 
a considerably larger size than  those normally swallowed in nature (Tables 13 & 
14). The ingestion period is here understood as lasting from  the m om ent when a 
sea-star starts to handle the prey to  the m om ent when the m outh opening is 
completely closed behind it. In  all cases the sea-star was placed directly on top 
o f the prey, and no  sand was present in order to facilitate observations from  
beneath.

I t  is believed th a t prey can be swallowed faster under m ore natural conditions 
when the sea-star is able to move downwards over the prey while a t the same 
time opening the m outh to  adm it it. A lthough it has no t been directly observed -  
for obvious reasons -  th a t the sea-star continues to  guide and push a food item  
through the m outh opening with the inner tube feet while using the others for 
digging, this is w ithout doubt the case. When one lifts an Astropecten out o f  the 
substrate under the m entioned circumstances it is always found holding on to  the
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T a b l e  18. T im e used  by A stropecten irregularis to  ingest d ifferent p rey  species in  aq u a ria
w ith o u t sand .
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Nucula nitida ............... 5 4-10 8 17-42 35 47-242 158
Cyprina islandica........... 6 12-17 14 37-42 38 107-299 203
Venus gallina ............... 5 9-13 10 37-41 39 162-352 264
Tellina tenuis ............... 7 7-14 11 33-46 38 66-316 176
Cultellus pellucidus . . . 3 17-27 22 32-46 39 118-545 269
Spisula subtruncata . . . 12 10-16 13 37-47 42 100-765 240
Corbula g ib b a ............... 3 7-9 8 28-43 34 62-158 119
Natica spp....................... 5 13-15 14 39-42 40 100-249 161
Echinocardium ............. 7 9-12 10 33-42 38 92-689 321

Average for all
53 ex p e rim en ts ............. 12 38 212

prey. I t  is also well known tha t individual or localized groups of tube feet can 
orientate and move independently of the rem aining tube feet (J. E. Smith, 1950). 
A nother advantage is also evident; prey such as bivalves situated naturally in 
the substrate will nearly always be m ore favourably oriented for swallowing by 
the sea-star than  prey lying flat on a hard  surface. In  the laboratory it has been 
observed th a t some large specimens of Cultellus and M acoma calcarea which could 
no t be handled when lying on a glass bottom  were taken after being allowed to 
dig in to  5-6 cm  deep sand.

A s earlier m entioned, Cultellus will try  to  escape by digging further down. 
M ost bivalves, including the Veneridae, react, however, to danger by with­
draw al o f the siphons followed by shell closure (Ansell, 1962), a behaviour which 
offers no  protection against Astropecten. Others, like Spisula, spp. exhibit a very 
characteristic escape response (see Feder & Christensen (1966) for references), 
bu t this does n o t seem to protect them  against predation by Astropecten in the 
laborato ry , nor in nature as far as juvenile specimens are concerned. The reason 
for this seems to  be that an effective jum p can only be carried out when the bivalve 
comes to  the surface of the substrate, and the sea-star is in m ost cases over it too 
fast to  allow this to  happen. A dult S.subtruncata  have, however, been observed 
to push even adult sea-stars up  and escape from  underneath.
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D I G E S T I O N  O F  P R E Y

In  the laboratory it was soon found th a t Astropecten discrim inated between the 
prey species present, and th a t the tim e it took  before em pty shells were ejected 
differed conspicuously for the different prey species. W hereas medium-sized 
Spisula subtruncata swallowed during the afternoon were digested and the empty 
shells found ejected next m orning, odd specimens of such bivalve genera as 
Venus, Corbula, and Astarte, when swallowed a t all, rem ained in the sea-star 
stom ach for m any days. Intriguing, m oreover, was the fac t tha t these bivalves 
in a good m any cases came out fully alive after a  prolonged so journ in the stomach.

Since these phenom ena also m ust exist in the sea it was decided (1) to  deter­
mine the average periods needed for Astropecten to  “digest” individuals of various 
sizes o f prey species commonly found in their stom achs, and  (2) to  examine the 
state of digestion o f all bivalves found in specimens collected in the field. The 
word “digest” is p u t in quotation m arks to  denote th a t it refers to the time be­
tween the m om ent o f ingestion o f a prey specimen to  the m om ent o f ejection of 
the indigestible remains. This period is here called the retaining period.

The retaining period

The fact tha t certain bivalves and  prosobranchs may be retained for up to  2-3 
weeks before the empty shells are ejected shows th a t the retaining period and 
the digestive period constitute two different concepts. The la tter depends on tem ­
perature, the am ount and kind o f organic m atter to  be digested, and on how 
m uch o f this the stomach wall o f the sea-star may contact simultaneously. The 
retaining period depends on the duration o f three phases, nam ely (1) the period 
between ingestion and start o f digestion, (2) the digestive period, and (3) the 
period between the end o f digestion and the ejection o f the indigestible remains.

M any intertidal barnacles may close tightly and stay alive for many days out 
o f w ater, and B. balanoides (size unknown) seems capable o f surviving in deoxy­
genated w ater for a t least ten days a t 6-8° C  (Dodgson, 1928). It was, therefore, 
tested how  long B. improvisus may avoid being digested when taken by Astropec­
ten. Six Astropecten were each offered a sm all piece (1-1.5 cm 2) o f Fucus serratus 
with attached barnacles (base diameters between 0.9 and 4.2 mm) at a tem pera­
ture o f 10-1 I o C. Two pieces were ejected after about 24 hours with all (23) barn ­
acles completely unharm ed and with about 15 harpacticoids and halacarids 
crawling am ong em pty Membranipora boxes. The th ird  piece was ejected after 
42 hours with all (21) barnacles alive. The fourth  piece was ejected after about 
72 hours with six live, two dead but undigested, and three digested barnacles. 
The 5th piece was ejected after about 114 hours with nine live and four digested 
specimens. The last piece, ejected after maximally 139 hours, had only one live 
barnacle, while seven were dead bu t undigested, and six had been eaten.
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T able  19. Duration of time between ingestion of various prey species and subsequent 
ejection of indigestible remains in Astropecten irregularis. All experiments were carried

out in aquaria without substratum.

Number of 
specimens 

tested
Prey species tested

Size range 
o f prey 
in mm

W ater 
temp, 
in °C

Range of 
retaining 
period in 

hours

Mean 
retaining 
period 

in hours

20 Spisula subtruncata 0.8- 1.3 13-15 7-11 9
13 Spisula subtruncata 2.8- 4.2 10-13 6-12 9
30 Spisula subtruncata 10.0-19.8 10-15 13-47 22
4 Montacuta ferruginosa 4.5- 5.3 16-17 12-19 15

32 Spisula elliptica 8.3-19.0 10-12 19-52 33
15 M ya arenaria 3.3- 5.2 15-17 7-15 10
6 M ya arenaria 9.3-15.5 11-12 25-74 39
6 Cultellus pellucidus 4.8- 8.5 14-15 5-6 6
6 Cultellus pellucidus 17.0-32.3 11-15 19-29 22

40 Nucula nitida 5.5-11.3 11-12 35-104* 64
8 Cyprina islandica 6.7-10.8 11-15 22-64 45
5 Cyprina islandica 12.5-17.4 10-15 110-311 181
5 Venus gallina 0.8- 1.2 13-15 28-117 61
7 Venus gallina 3.2- 5.8 12-16 31-205 88

10 Venus gallina 6.2-12.5 11-15 38-456 237
7 Corbula gibba 0.8- 1.0 15 - 17
6 Corbula gibba 6.2- 8.7 10-15 83-512 350
9 Pectinaria koreni 20.0-32.4 11-15 18-69 34
2 Natica pulchella 6.7- 9.5 10-13 65-157 111
4 Natica pulchella 10.0-15.1 10-15 242-362 286
6 Echinocardium cordatum 9.1-13.5 15 29-37 . 32

* In two cases the period was about 11 days, and in one case the Nucula was found fully alive af­
ter 13 days in the stom ach; these cases are no t included in the table.

A  num ber o f similar experiments with various prey species were carried out, 
especially with bivalves which constitute the main food o f the sea-star.

Before discussing the results (Table 19) it should be pointed out that whereas 
the m om ent o f ingestion could be accurately recorded, the m om ent of ejection 
o f the indigestible remains in m ost cases had to be arbitrarily fixed as having 
taken place halfway between the last two checks. D uring norm al working hours 
this period was seldom longer than  two hours and m ost often much less, bu t in 
those cases where ejection took  place during the night it was 8-10 hours. H ow ­
ever, by starting the experiments at appropriate times for those species already 
known to  be retained for relatively short periods, night ejections were largely 
limited to experiments with species norm ally retained for more than  24 hours. 
This made the error small in com parison with the ra ther extensive ranges in 
retaining periods recorded for m ost species.
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Tem perature-controlled experiments could no t be carried out because sea- 
stars kept in standing, aerated sea-water did no t thrive well. I t  is to  be expected, 
however, that the retaining period will be m ore or less prolonged a t low tem pe­
ratures, partly because the digestive process itself must be affected, and partly 
because the ability o f the prey to withstand anaerobic conditions will increase

A part from  difficulties in securing specimens of appropriate sizes, serious dif­
ficulties arose when trying to induce the sea-star to swallow specimens of Cyprina, 
Venus, Corbula, and Natica. This often took  hours and m ore often than not the 
sea-star totally “refused” to do it. W hen a specimen of Cyprina was finally swal­
lowed, it was in m ost cases also retained and digested, whereas specimens of 
Venus and Natica in  m ost cases were ejected alive after a shorter or longer time. 
It was usually m uch m ore difficult to induce an Astropecten to swallow Corbula 
o f m acro-fauna size than  equally large Venus, but they were not so commonly 
ejected alive. A com parison between the data in Table 31 and Table 32 indicates 
tha t this is true also for newly settled individuals.

In spite o f the wide range in retaining periods for individual species, and the 
limited num ber o f experiments in certain cases, the results presented in Table 19 
leave no doubt tha t great differences exist between the species with respect to 
the mean retaining period. A part from the general observations referred to earlier, 
direct and indirect evidence confirming this may also be found in the field data 
(p. 54) and the data derived from  experiments on prey selectivity (p. 61). It may 
further be noted th a t the retaining period for the bivalve species tested increases 
in the reverse order to  the degree o f attractiveness o f the species (cf. section on prey 
selectivity). For the individual species it usually also increases distinctly with size.

Whereas all sizes o f S.subtruncata will be digested and the empty valves ejected 
within 24 hours, adult Corbula at the other end of the preference list are on an 
average retained for 14-15 days and may be retained for as long as 3 weeks at 
least. In one experiment two Astropecten were each fed with a Corbula, 8.0 and 
8.7 mm long respectively, and after 21 days the bivalves were removed from  the 
sea-stars through a slit m ade on the dorsal side and found to be fully alive. Inci­
dentally, both sea-stars recovered from the operation and began to feed again 
about one m onth later. Newly settled Corbula are, however, retained for a signi­
ficantly shorter time than  newly settled Venus.

The stated tendency o f Astropecten to eject certain bivalves alive raises the 
question whether the data on  retaining periods in Table 19 in all cases are reli­
able. A lthough frequent checks were made it cannot be excluded tha t a prey spe­
cimen might have been ejected at night and picked up again before the next 
morning, but ejected live specimens were in fact m ost often found in the m orning. 
However, I think the data are reliable. The data  given in Table 20 show, m ore­
over, that these species are capable of surviving anaerobic conditions for a much 
longer time than  they have been retained in a sea-star stomach in the laboratory.

The fact tha t newly settled individuals o f any species are retained for a shorter
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time than  larger specimens was to be expected. However, the size-dependent dif­
ferences in retaining periods for such species as Venus gallina and  Corbula gibba 
shown in Table 19 are clearly so great th a t they cannot be explained simply by 
the different am ounts o f organic m atter to  be digested.

As has been hinted at earlier, the explanation for the phenom ena recorded 
in Table 19 and other data given above m ust lie in a varying ability of ingested 
bivalves to sustain the conditions to  which they are subjected once they are en­
closed in a stomach fold o f the sea-star. In this situation a bivalve will not be 
able to obtain  any oxygen. However, as long as it can keep its valves tightly 
appended it cannot be digested, and the same applies to prosobranchs which 
possess a tightly closing operculum.

A lthough different species may exhibit a  similar ability to w ithstand anaerobic 
conditions in sea-water they may well differ with respect to the tim e at which 
they first start to gape for any length of time. W hen held in a stom ach pouch 
with no access to  oxygen, it is o f course the latter factor which is im portant.

Salanki (1966) studied the effects o f KC1, C d C l2 and gradual reduction of 
the oxygen content on shell movements in 12 bivalve species a t N aples. It appears 
tha t different species react differently and tha t essentially three types o f behaviour 
exist with respect to shell movements. In all cases he found th a t three species, 
viz. Cardium tuberculatum, Ensis ensis and Pecten jacobaeus, were unable to  keep 
their valves closed for any length of time. This corresponds well with my findings, 
in so far tha t Cardium edule must be digested rather quickly (Table 12) and that 
Cultellus pellucidus, a close relative o f E. ensis, exhibits a very short retaining 
period and was directly observed to gape widely shortly after being ingested by 
Astropecten. Am ong the other bivalves tested by Salanki only Venus verrucosa is 
related to a species of importance in the present context. This species may keep 
closed for 1 to  5 hours between periods of shell movements, and whereas Cardium, 
Ensis and Pecten died after some days (t — 21-22°C), Venus survived. All of this 
is in agreem ent with my own findings on related species. A third group of bivalves 
tested rem ained in the closed position for several days, showing a few active pe­
riods only before death. None of the genera belonging to this group were used in 
the present investigation, but it is feasible tha t Corbula gibba behaves in this 
m anner (p. 54).

O f special interest is that Salanki’s four species mentioned above each showed 
the same behaviour in all three types o f  experiments since a bivalve swallowed 
by an Astropecten is no t only unable to  obtain oxygen, but is also subjected to 
com pounds released from  the stom ach wall.

I t is, furtherm ore, evident tha t the extent o f the gape, which also differs in 
different species (own observations), influences the length of the retaining period. 
In  this connection it should be mentioned tha t Feder (1955) found tha t about 
15 species o f Californian clams with supposedly tight-closing valves actually 
have perm anent openings in the posterior end large enough (0.1 mm or more)

4*
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to allow Pisaster ochraceus to insinuate a stom ach lobe. These openings are, how ­
ever, (Feder, op. cit.) partially blocked by the pliable periostracum , and this m ust 
be pealed back by the sea-star before stom ach intrusion can  take place. Astro­
pecten  has no possibility of doing this, quite apart from  th e  fact tha t the clams 
studied by Feder were very much larger than  those ever taken by Astropecten.

Since newly settled specimens o f a given species have a  higher metabolic rate 
per unit body weight than larger specimens, and since this rate may be assumed 
to be more or less inversely correlated with their ability to sustain anaerobic con­
ditions, it is understandable th a t juvenile Corbula on an average are retained for 
only 17 hours whereas the corresponding figure for adults is 14 days.

Prey species as Cultellus pellucidus which -  regardless o f  size -  exhibit perm a­
nent openings between the valves are, o f course, susceptible to digestion im m e­
diately after being swallowed. This must be the main reason  for the conspicuously 
small differences in retaining periods of specimens o f C.pellucidus varying in 
length from  4.8 to m ore than 32 mm, bu t the fact tha t i t  gapes widely shortly 
after being ingested certainly plays a large role too. In th is case it is, therefore, 
m ainly the varying am ounts of digestible m atter which determ ine the length of 
the retaining period.

Since it is assumed that the differences found in retain ing  periods of bivalves 
with tight-closing valves are due m ainly to  a varying ability to sustain anaerobic 
conditions, it is of interest to see whether published data on  species actually used 
in the present study supports this supposition.

N ikitin & Turpaeva (1957) tested the ability of Spisula subtruncata and Venus 
gallina to withstand anaerobic conditions a t considerably higher tem peratures 
than  those found in the Helsingor laboratory. They were as high as 21-22° C  for 
Spisula and 22-24° C (occasionally 27-28° C) for Venus. They found tha t an oxygen 
concentration below 0.5 mg/1 was lethal for Spisula, i.e. they died as soon as the 
steadily decreasing concentration reached th a t level. Venus, on the other hand, 
could withstand a steadily decreasing concentration below the m entioned level 
for 10 days, and when they finally died, there was nö oxygen left in the water. 
The related Venus mercenaria is also know n to  have a conspicuously low oxygen 
requirem ent (Mitchell, 1914). I t may endure anaerobic conditions for as long as 
16 days at 20°C, and for at least 35 days a t only 5°C (D ugal, 1939). D unnington 
(1968) found tha t the oyster (Crassostrea virginica) would survive under anaerobic 
conditions for 5 weeks or m ore a t 5°C , whereas 18 out o f 36 oysters died w ithin 
4 days at 25°C, and only one survived for a week. According to  Dugal (op.cit.) 
the bivalves apparently resort to a glycolytic type of anaerobic metabolism, using 
the calcareous shell to buffer the resulting production of organic acids.

Brafield (1963) found M acoma balthica to  be relatively intolerant o f anaerobic 
conditions as it generally only survives 2-3 days (at room  tem perature ?). This fits 
well with the observation (Table 17) tha t an Astropecten may accomplish to  digest 
at least 12-13 medium-sized specimens within 6 days.
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T a ble  20. Survival times of certain bivalve species in sea-water 
under anaerobic conditions. The initial oxygen concentration was 
0.18-0.37 mg 0 2/litre except for the experiments with S. elliptica 
where it was 0.52-0.68 mg 0 2/l. Temperature 10-11 ° C. The maximum 

number of animals kept in one jar was six.

Species Num ber
tested

Size range in mm Survival 
period in days

Spisula subtruncata ............. 5 4.0- 6.8 2-3
Spisula subtruncata ............. 15 7.0-12.0 2-5
Spisula elliptica ................... 8 10.2-17.5 8-13
Nucula n itida ........................ 9 6.0-10.0 9-23
Cyprina islandica ............... 9 4.5-12.0 28->571
Venus gallina ........................ 6 6.0- 7.0 21-37
Venus gallina ....................... 4 13.0-14.5 24-28
Astarte montagui ............... 5 4.0- 7.0 27-36
Corbula g ib b a ..................... 14 5.0- 8.0 47-> 572

1 One specimen was opened after 57 days and found to be alive.
2 Nine ungaping specimens were after 57 days placed on a sandy substrate 

in a small aquarium wit running sea-water. One week later all had dug 
into the substrate.

These data and those of Salanki (1966) clearly dem onstrate that there may 
be great differences in resistance to anaerobic conditions between different spe­
cies, and th a t the duration of survival is highly dependent on the tem perature 
level (see also Brand, 1946, Table 12).

Since inform ation was lacking or meager on other species of-interest to the 
present work, some experiments were carried out on the more im portant ones 
including also S. subtruncata and V.gallina. The reason for including these two 
species studied by N ikitin & Turpaeva was that the Black Sea populations could 
have differed physiologically from those found in the 0resund.

The m ethod used has been described earlier (p. 10). F rom  four to  eight spe­
cimens were placed in each jar. The oxygen content a t the start o f each experiment 
was found to  lie between 0.18 and 0.68 mg/1, i. e. it was negligible. The tem pera­
ture at which the experiments were carried out (10-11°C) is close to the highest 
tem peratures encountered where Astropecten has its m ain distribution in the 
0 resund . In the K attegat collecting areas, however, the temperature exceeds 
10° during June-October with a mean tem perature for the warmest m onth (A u­
gust) of 15-16° (Brattström , 1941, Table 16).

The results are shown in Table 20, with the species listed in order o f increasing 
resistance to anaerobic conditions.

A considerable variation in survival time was found for most of the species. 
Generally, the largest specimens tested survived for the longest period, bu t excep­
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tions occurred. Corbula gibba was never observed to gape prior to final death. 
However, due to  the different morphology o f the two valves and the presence of 
a m arginal periostracum , a very slight gape may escape detection.

M ost im portant, however, is the fact tha t there is a  good correlation between 
retaining periods and abilities to survive anaerobic conditions (cf. Tables 19 &20). 
It is true tha t the survival period for a given species in deoxygenated water is 
much longer than  its retaining period, but this is to be expected. One reason for 
this is tha t tem peratures differed in the two types o f experiments, but the main 
reason is that a bivalve in practically all cases will s tart to  gape long enough to 
allow stom ach insertion long before it would die if left undisturbed.

That juveniles of a given species will suffocate sooner th an  adults is obvious, 
but even within the same size group rather wide ranges in the retaining period may 
occur. This is probably mainly due to three factors, viz. (1) that some specimens 
used may have been somewhat weakened and hence n o t as resistant as physiolo­
gically fresh anim als; that (2) empty shells are no t ejected “autom atically” as 
soon as their contents have been digested, and (3) th a t n o t all experiments with 
the same species were done at the same tem perature.

Am ong these factors the first m entioned is likely to  affect species with a high 
m etabolic rate sooner than others. The second factor does no t seem to be com ­
pletely independent of species either (p. 60). The effect o f the th ird  factor is obvious, 
but it may be added that the tem perature in the 0 resund , bu t not off Frederiks- 
havn, is as low or lower during the main feeding season than  the tem peratures at 
which the experiments on retaining periods were carried ou t in the laboratory.

As already inferred, some of the prosobranchs found in the stomachs of 
Astropecten are also capable o f withstanding a lack of oxygen for a  considerable 
time. This was also noted by Kisch (1958) who observed th a t three different spe­
cies were fully alive and unharm ed after having spent a t least 48 hours inside an 
Astropecten stom ach. I have seen Natica spp. be ejected alive a t least 80 hours 
after being swallowed. As noted in Table 19 the retaining period for Natica pal­
lida may be as long as 14 days for larger specimens. It should be emphasized that 
the retaining period in these and other cases involving larger prosobranchs with 
norm ally coiled shells may be somewhat influenced by the difficulties in insert­
ing a stom ach lobe into the upper windings o f the shell. I f  one drills a hole in the 
shell o f a medium-sized Natica pallida, the sea-star will digest all soft parts and 
eject the em pty shell within 24 hours.

State o f  digestion in fie ld  material

Since the retaining period varies so much for different species, it was to be ex­
pected tha t this fact would also manifest itself when the state o f digestion of the 
bivalves found in Astropecten collected in the field was examined.

The stom ach contents o f the sea-stars collected a t Frederikshavn (Tables 7



F E E D I N G  B I O L O G Y  O F  A S T R O P E C T E N 55

T a ble  21. The state of digestion of some bivalves found in the stomachs of 322 A.irregularis 
taken in the Kattegat off Frederikshavn in June-July 1953 and in 1068 specimens taken in

the 0resund in 1960-1962.

Bivalves Locality
Total

number
found

Number
investi­
gated

Number
found

digested

N um ber 
digested 

in %
Remarks

Spisula subtruncata . Kattegat 1360 all 733 46.1 Only 80 specimens less 
than 2 mm long.

0 resund 8775 7705 5113 66.3 Nearly all less than 2 
mm long.

Mya truncata ? . . . . Kattegat 100 93 35 37.6 59 less than 2 mm long.
0 resund 831 817 57 68.2 658 less than 2 mm 

long.

Venus g a llina ........... Kattegat 858 all 33 3.8 Only 80 less than 2 mm 
long.

0  resun d 47 all 6 12.8 44 less than 2 mm long.

Corbula gibba ........... Kattegat 262 all 18 6.9 Only 43 less than 2 mm 
long.

0 resund 135 all 41 30.4 61 less than 2 mm long, 
39 o f the 41 digested 
less than 1 mm long.

& 8) had been identified, measured and placed in individual tubes long before 
this suspicion arose. A re-exam ination of the m aterial showed (Table 21) tha t not 
far from  half of the Spisula and over one third of the M ya  were digested, as against 
only 6.9 % o f the Corbula and 3.8 % o f the Venus.

The validity of these data depends, of course, on whether the bivalves origi­
nally were removed from  the sea-star stomach in such a  m anner th a t any un ­
digested m eat were retained within the shells. As practically all undigested Venus 
and Corbula were found tightly closed and had to  be probed open with a scalpel, 
these species presented no problem . The M ya  were usually found slightly gaping, 
but the soft parts, when present, seemed to  adhere rather well to the shells. Only 
Spisula gave reason for some doubt. Unless completely undigested they were 
often found gaping considerably, and the soft parts have been observed to  “fall 
o u t” rather easily.

However, Table 21 also gives the data on the same species found in Astro­
pecten  collected in the Oresund, and with this m aterial care was taken to note 
the state o f digestion when the bivalves were removed from  the  stomachs. It will 
be seen tha t 66 % of the Spisula were found digested as against “only” 46 % of 
the K attegat specimens. There is, therefore, hardly any reason to  suspect that a 
significant num ber of the K attegat specimens has been wrongly registered as
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having been digested. The percentage of digested specim ens in the 0 resund  
m aterial was also higher for the other three species, but th is  was to  be expected 
for a t least two reasons. The K attegat specimens were significantly larger, and 
their ability to resist anaerobic conditions must, therefore, have been higher. 
A lthough this factor cannot have played any real role for S. subtruncata (cf. Table 
19) the larger volume o f m eat m ust have effected the digestive period sensu stricto. 
Furtherm ore, the Frederikshavn m aterial was collected in th e  early m orning be­
fore and around sunrise, whereas the 0 resund  material was collected mainly be­
tween 8.20 a.m . and 11.30 a.m ., and on some occasions even in the afternoon. 
Since Astropecten feeds mainly a t twilight hours it is to be  expected that one 
finds m ore digested prey in specimens taken during the la s t mentioned periods 
o f the day. This m ust especially be true during high sum m er when daybreak oc­
curs around 4 o’clock in the morning.

Handling o f  fo o d  items in the stomach

A  swallowed bivalve will under all circumstances sooner o r  later open up for 
shorter or longer periods. It is conceivable, however, th a t  openings o f short 
durations are no t detrim ental. This is prim arily because the  prey is no t lying in 
a pool o f gastric juice containing digestive enzymes or toxic substances. Already 
Conheim  (1901) stated about stom achs carefully dissected o u t of Astropecten au­
rantiacus: “Fiirht man feste N ahrung in den Magen ein, z. B. zerschnittenes 
Musseifleisch oder Fibrin, so wird es nicht verdaut, da die Ferm ente nicht in den 
M agen gelangen«. M any years later, Anderson (1959) provided experimental 
evidence th a t no enzymes are produced in the stomach wall o f Patiria miniata, 
but in the pyloric caeca, and this is probably true for all sea-stars. Digestive en­
zymes m ust be brought to  the site o f digestion by ciliary currents (see discussion 
in A nderson, 1966). Burnett (1960) found tha t although three clams had suffered 
partial digestion of their mantles after Asterias forbesi had  had  the opportunity 
to secrete digestive juice into the clams for two hours th rough a 1 cm 2 opening 
covered with bolting cloth (mesh size 40 p), all other organs were completely un ­
harm ed and functional. A  fourth clam was completely unharm ed at the end of 
the experiment. This clearly indicates that a swallowed bivalve may open up a 
considerable num ber of times for short periods w ithout being seriously harmed.

On preserved m aterial it was observed th a t Astropecten handles food items 
by the non-everted stom ach in the same m anner as an Asterias or an Evasterias 
handles food with their everted stomachs (A. M . Christensen, 1957). A bivalve, 
for example, is held in a pouch o f the stom ach wall from  which a fold or folds 
are insinuated in between the valves to  contact as much of the internal tissue as 
possible. Especially in sea-stars preserved in formalin one may see spiral-formed 
lobes o f the stomach wall pro trud ing  whereever a prosobranch or a pyramidellid 
snail is removed (see Fig. 8). Even such tiny animals as foraminiferans are digested
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Fig. 8. Odostomia sp. in stom ach o f  A.irregularis. N o te  lobes o f  stom ach entering through the
aperture. Photographed from preserved material by H. Knudsen. Slightly retouched.

by stomach entrance. Dr. W .C .A ustin  (personal communication) observed the 
same phenom enon in a num ber of A. californicus collected in M onterey Bay. In 
one specimen a fold of the stom ach was found inserted between the valves of a 
swallowed Nucula taphria, inside o f which the fold was expanded into a bulb.

Evidently, digestion takes place only where the stomach lining is in close 
contact with digestible tissue of the prey as is also the case for sea-stars with 
extraoral digestion (A. M. Christensen, 1957). Prey specimens found lying freely 
in the stom ach o f recently captured sea-stars, or in specimens preserved imme­
diately upon capture, are also either completely undigested or consist only of 
indigestible rem ains, whereas prey removed from enfoldings of the stomach wall 
may be found in any state o f digestion. Further p ro o f was furnished by examining 
the state of digestion of large prosobranchs after ejection. In one case, for ex­
ample, an Astropecten with an R  of 39 mm after a long period of starvation 
swallowed a 15.1 cm long Natica pallida, and when the shell was ejected 10 days 
later the topm ost part of the liver was completely undigested. The sea-star had 
obviously been unable to reach so far with a stomach lobe.

To further test the conclusions drawn above, 28 M ya  arenaria, between 8 and 
17 mm in length, were fed to as many adult Astropecten, which were then sacri­
ficed while digestion supposedly still took  place. Subsequent examinations of the 
bivalves revealed that, with the exception of the adductor muscle, any remaining 
tissue was localized at the posterior end, had sharp borders and was clearly with-
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out signs o f having been affected by any digestive enzymes. The periostracum  
around the siphons is never digested.

Since direct contact between the sea-star stomach and the prey is necessary, 
another factor n o t yet considered may affect the digestive period. Since Astro­
pecten  is unable to exert any pull, a bivalve which gapes only very little before 
and after death will be difficult to  handle as only a lim ited part o f the internal 
organs may be digested at a time. Am ong such bivalve species are Nucula nitida 
and Corbula gibba. It has been shown earlier (A. M. Christensen, 1957) tha t sea- 
stars with extraoral digestion also have to use longer time to digest bivalve prey 
which the sea-star for one reason or another is unable to open, but where a per­
m anent, narrow  opening allows for the insinuation of a stom ach lobe.

A surprisingly large num ber of small prey may be handled by the stomach 
wall and digested simultaneously. Thus, m ore than 400 newly settled bivalves 
may be found in the stomach of a  medium sized Astropecten (Table 11), with the 
large m ajority being held in stomach pouches and undergoing digestion.

On the other hand, a stomach may also be so distended by swallowed prey 
that no lobes can be sent in between the valves of any present bivalve. In the case 
mentioned earlier (Fig. 6) four of the swallowed Nucula were ejected alive within 
10 hours, and this was no doubt necessary to allow for stom ach entrance into 
one or m ore o f the remaining six bivalves.

E J E C T I O N  O F  I N D I G E S T I B L E  R E M A I N S

Once a prey has been digested, any indigestible remains such as molluscan 
shells, crustacean exoskeletons, polychaete tubes, echinoid tests, and foram ini- 
feran tests m ust be ejected. Exactly how this process is carried out remains to be 
found out, bu t the stomach itself m ust play the m ajor role. Small items are p ro b ­
ably transported to the m outh opening by ciliary action and then pushed out by 
a lobe o f the stomach, a small part o f which may become everted in the process. 
Large items are carefully m anipulated until they are oriented in the most favour­
able position for ejection. Shells o f a Cultellus as large as tha t shown in Fig. 5 
can be ejected w ithout any damage, either to  the sea-star or the rather thin shells 
o f the bivalve, including the hinge and the elastic band. Also the very fragile 
tubes of the polychaete Pectinaria koreni are always ejected completely intact, 
regardless of size.

In view o f these facts it may seem strange tha t several authors have reported 
damage to  Astropecten spp. due to w hat they believe was the swallowing of a 
bivalve too  large to handle when the valves began to gape following digestion 
of the soft parts (Sladen, 1879; Deinse, 1916, 1954; Prenant, 1936; Lems, 1951). 
These reports are all based on dead and, in m ost cases, dried specimens, how­
ever, and in view of my own observations, I am  fairly convinced that the fissures
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F ig . 9. Dried specimenof A. irregularis with a 
swallowed Donax vittatus penetrating the body 
wall. Collected on sand bar off the Dutch coast 
(cf. text). Drawn by Paul H. Winther.

in the body walls of these sea-stars are of postm ortal origin. Fig. 9 shows such 
a specimen kindly sent to me by professor H. Engel from  H olland and collected 
in the same area where Deinse and Lems secured their specimens. In accordance 
with my stated views, I can only agree with Engel (personal communication, 
1953) that these Astropecten probably had their skin perforated by the swallowed 
D onax vittatus when the sea-stars were washed ashore on a sand bank and left 
to dry in the sun during low tide.

Astropecten may eject em pty shells and other indigestible remains either while 
resting on the bottom  or while it is buried in the bottom  substrate. Judging from 
m any laboratory observations, however, the latter procedure is the m ost com­
m on. One may often observe that the sea-star will stay buried in the same spot 
where it located the last prey during a period o f feeding activity and gradually 
em pty its stomach for indigestible remains before it emerges for the next period 
o f activity. One may then find a small heap o f empty bivalve shells, for example, 
ju st barely covered with bo ttom  substrate.

Astropecten may selectively eject swallowed prey or empty shells while re­
taining other undigested prey (see also p. 40). Specimens have often been ob­
served to eject swallowed prey belonging to  species which rank  low in the prefer­
ence list while retaining those belonging to species higher on the  list.
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The fact that one may find completely empty, but otherwise fresh-looking 
shells in the stom ach o f Astropecten  shows, however, tha t the indigestible remains 
are not always ejected immediately after digestion of the soft tissues.

To gain further inform ation on the length o f this period the following experi­
m ent was done. After 20 days’ starvation, 26 adult Astropecten  were each fed 
with a 9.5 to 13 mm long Spisula subtruncata. Between 11 and 16 hours later 
the sea-stars were opened from  the dorsal side and the Spisula  removed, except 
in six cases where the sea-star already had ejected the em pty shells. O ut o f the 
rem aining 20 shell pairs, 12 were completely empty, although m ost of them  were 
still situated in enfoldings of the stomach wall. Eight pairs contained rem ains of 
undigested tissue. Considering these findings in relation to  the average retaining 
period of 22 hours listed for adult S. subtruncata in Table 19, it is seen th a t empty 
shells may in some cases be retained for several hours after the digestion of the 
internal tissues.

The indications are tha t a time lag of only a few hours also applies to other 
bivalve species, but there are some noticeable exceptions.

Some of the Astropecten collected off Frederikshavn contained completely 
empty bivalve shells, notably Nucula nitida, tucked away in a narrow  lobe of 
the stom ach extending as much as halfway into an arm. It seemed as if these 
shells had been in the stom ach for a  long time. In the very m uch larger material 
from  the 0resund, Nucula was very scarse (Table 10) and only few bivalve shells 
were found tucked away. A part from  Nucula, only Corbula gibba were found 
under similar circumstances. This species was also found in the arms of A .afri­
canus by Cherbonnier (1966).

Failure to eject empty shells of Nucula was also observed in the laboratory. 
The 26 Astropecten used for the experiments referred to above had been fed for 
several months with Nucula nitida and then left w ithout food for 20 days prior 
to being fed on Spisula. In  spite of this fact, 14 pairs of em pty Nucula valves 
were found enveloped in stom ach lobes protruding more o r less into the arms 
of the sea-stars.

Further examples are m entioned in the food notes to Table 19. One is left 
with the feeling that some Nucula may keep their valves alm ost closed even after 
suffocation, thus prolonging the digestive period considerably. Completely emtpy 
valves of ejected Nucula m ost often appear no t to  gape at all. I t  is conceivable 
tha t the range in the retaining period of Nucula, which obviously is m uch wider 
than listed in Table 19, has som ething to do with these facts, especially since 
similar observations concerning shell closure were made w ith respect to  non­
juvenile Corbula gibba. I t is known that Nucula tenuis may survive anaerobic 
conditions for as long as 17 days, although n o t a t which tem perature (M oore, 
1931). I cannot explain why these em pty shells may be “tucked away” in the 
m anner described but the phenom enon has no t been observed in sea-stars offered 
a constant surplus of Nucula nitida.
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In about a dozen cases the ejection o f live molluscs or em pty shells was 
directly observed. The necessary internal m anipulations preceding this were for 
obvious reasons not seen, but the ejection itself is an even faster process than 
the ingestion. Once the shell has been passed through the m outh opening it is 
immediately dropped, and one may then see the slightly everted stomach be 
w ithdrawn rather slowly.

S T U D I E S  O N  P R E Y  S E L E C T I V I T Y

Laboratory experiments

As already alluded to, the field data from  the m ajor areas investigated (Fig. 1) 
clearly indicate that bivalves are preferred to any other kind of prey. The data 
from  the K attegat off Frederikshavn (Table 7) and the Oresund (Table 10) further 
indicate a pronounced preference for Spisula subtruncata, but since both these 
collecting areas are inhabited prim arily by a Venus gallina community where 
S.subtruncata  may occur in immense num bers (cf. K. M uus, 1966) this apparent 
preference could in theory be due to this factor.

In the laboratory, however, the experiments recorded earlier (p. 40), showing 
that Astropecten would pick up num erous juvenile S. subtruncata, bu t very few 
juvenile V.gallina, revealed that Astropecten does indeed exhibit a distinct pref­
erence for certain prey species. Hence, further experiments were undertaken to 
test how refined the preference pattern  m ight be.

Although the stomach contents of animals collected in the field show tha t 
Astropecten subsist mainly on prey o f m eio-fauna size or slightly larger, I was 
forced to undertake many o f the preference experiments with prey specimens o f 
larger sizes. I t was practically only in the late summer and autum n o f 1962 that 
a fair num ber o f newly settled bivalves o f several o f the more im portant species 
became available a t one and the same time. Even for older animals, it was by no 
means easy to  secure sufficient specimens of the desired species a t the same time, 
which made it necessary to undertake many of the experiments with specimens 
tha t had been kept in the laboratory for varying lengths of time, mostly without 
food. It is know n that the suspension-feeding species always obtain a certain 
am ount of food from  algae present in the recirculating water in the laboratory, 
but Nucula nitida, which feeds beneath the surface (Yonge, 1939), must have 
been unable to  secure any food from the clean sand used in the experiments. 
Consequently, some of the Nucula used may have been m ore or less starving and 
hence had a reduced metabolic rate, which in turn may have effected their a t­
tractiveness to Astropecten.

The substrate factor should also be considered. Nucula nitida is adapted to 
dig in a mixed substrate, and there are reasons indicating tha t it may be vivacious 
enough to escape in many cases under natural conditions. In the loose sand in
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T a b l e  22. Results of preference feeding experiments in which Spisula subtruncata were 
offered to Astropecten irregularis together with other bivalve species. All experiments 
were carried out in aquaria with a 5-8 cm thick bottom layer of sand and at temperatures 

between 11 and 16° C. All sea-stars used had an R of at least 35 mm.

Duration Num ber of The (two) food Size range Num ber of No. o f
Exp. No. of exp. sea-stars species given to of bivalves bivalves bivalves

in days used the sea-stars in mm offered eaten

A Í* A S. subtruncata 7.5-11.5 25 12
3 1. Cardium edule 6.0-11.5 25 17

A2* C
3

S. subtruncata 8.2-10.9 20 5
J . Cardium edule 7.1-10.0 20 11

BÍ 2 S. subtruncata 7.8-12.2 20 15
0 2 1 M ya arenaria 9.4-12.2 20 11

B2 3
S. subtruncata 6.8- 8.7 22 21
M ya arenaria 6.0-10.4 22 20

B3* 4 2
' S. subtruncata 
M ya arenaria

8.5-10.5
9.5-12.0

25
25

24
13

B4* 4 2
S. subtruncata 
M ya arenaria

8.0-10.5
7.1-10.5

25
25

15
8

C 13
' S. subtruncata 12.0-14.3 30 23

2 1_ S. elliptica 11.7-14.0 30 4

D l 7
^  ƒ  S. subtruncata 10.5-13.5 25 19

1 Nucula nitida 9.0-11.3 25 5

D 2 C S.subtruncata 11.1-14.7 20 20
J 2 1. Nucula nitida 8.8-10.5 20 8

D3 O 9 ' S. subtruncata 10.8-14.2 25 19
o 2 Nucula nitida 8.7-12.0 25 5

D 4 11 ? S. subtruncata 9.0-11.9 20 17
2 Nucula nitida 8.1-10.0 20 3

D 5 15 9 S. subtruncata 10.6-12.0 30 28
2 . Nucula nitida 8.5-10.8 30 8

E l o 9 S. subtruncata 10.8-15.6 20 17
o 2 i . Cyprina islandica 8.9-14.5 20 4

• E2 o 9 ' S. subtruncata ? 20 17
o 2 , Cyprina islandica ? 20 1

E3 o 7 ' S. subtruncata 11.0-13.5 15 13
o Z

, Cyprina islandica 9.2-12.6 15 6

E4 7 ' S. subtruncata 10.6-15.8 17 17
/ Z

. Cyprina islandica 8.6-15.0 17 1

F l c 7 ' S. subtruncata 3.2-16.7 30 28D Z
. F ew i gallina 3.2-15.0 30 0

F 2 7 7 i S. subtruncata 15.3-18.0 19 17
Z

, Venus gallina 10.0-15.4 27 0

F3 7 7 ' 61. subtruncata 8.7-15.0 17 17
/ Z

. Venus gallina 9.0-12.8 17 1

G c; 7 S. subtruncata 8.5-10.6 15 15ö Z
_ Corbula gibba 8.4-10.2 15 0

* Fed prior to experiment
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the laboratory it will not be able to do this with the same success. However, 
from  the point of view of determ ining the relative attractiveness to  Astropecten, 
it is only an asset that a possible ability to escape cannot be utilized. As for Astro­
pecten  itself it will no t dig deeper in sand than in sandy mud. I f  it did, it would 
no t be able to return to the surface (pp. 42-43). However, it was observed to  dig 
somewhat faster into the loose sand than  into the sandy m ud found in the deeper 
parts of its habitat in H ornbæk bay. This might give certain fast-digging prey, as 
e.g. members of the Solenidae, a better chance to escape, but no species o f this 
kind were used in preference experiments with non-juvenile specimens.

Table 22 shows the results of 20 experiments in which two or three Astropecten 
were offered the choice between S. subtruncata and other bivalve species. It is 
seen that Astropecten clearly prefers S . subtruncata to  all o ther species except for 
Cardium edule. Furtherm ore, the preference becomes -  broadly speaking -  more 
and more pronounced over the other species in the order in which they are listed 
in the table. C. edule and M ya arenaria do not norm ally occur together with 
Astropecten in Danish waters, but a few have been found in specimens taken in 
the 0resund. The reason for including them  was that several other Cardium spe­
cies and M . truncata do occur on bottom s inhabited by Astropecten.

The results of 19 additional preference experiments given in Table 23 show 
tha t if Astropecten is given a choice between two of the species tested against 
S. subtruncata (Table 22), it shows a m ore or less pronounced preference for the 
species in the order listed in the last mentioned table. Astarte montagui seems to 
be just as unattractive as Venus gallina and Corbula gibba.

Table 24 shows the results o f preference experiments carried out with juve­
nile specimens of Spisula subtruncata, Tellina fabula, Nucula nitida, and Venus 
gallina. It is again seen tha t Astropecten distinctly prefers S. subtruncata to any 
of the other species offered. Com pared w ith the experiments with larger prey ani­
mals there is, however, a significant difference with respect to the relative num bers 
eaten of N . nitida and V. gallina. W hereas N. nitida very definitely is preferred to  
V.gallina when the specimens offered are well passed the m eio-fauna stage (Table 
23, experiments M l & M2), this is apparently no t the case when newly settled in­
dividuals are involved (Table 24, experiments 6, 7 & 8). However, a closer ana­
lysis of the data indicates tha t the real explanation lies in the substrate factor. 
N.nitida  and T. fabula  were eaten in fair numbers in dishes w ithout sand, but no t 
at all where sand was present. A part from  the fact th a t the layer of sand was 
only 1 to 1.5 cm thick, it did no t seem feasible tha t newly settled Tellina bury 
themselves deep enough to escape from  Astropecten with R ’s around 2 cm, even 
if larger specimens certainly may do so. Direct observations showed tha t their 
small size, sm ooth surface and pronounced vivacity m ake them  extremely diffi­
cult to  grasp by an approaching (sucker-less) tube foot as long as they have the 
possibility of “running away” in the sand. Even a layer o f only a few mm sand 
seemed sufficient to enable them  to  do this.
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Tab le 2 3. Results of preference feeding experiments in which different species of bivalves 
were offered to Astropecten irregularis. All experimetns were carried out in aquaria with 
a 5-8 cm bottom layer of sand and at temperatures between 11 and 16° C. All Astropecten

used had an R  of at least 35 mm.

D uration N um ber of The (two) food Size range N um ber of Num ber of
Exp. No. o f exp. sea-stars species given of bivalves bivalves bivalves

in days used to the sea-stars in mm offered eaten

H* 12
2 ƒ Spisula elliptica 7.0-10.2 20 19

1 Nucula nitida 8.0-11.9 20 2

J l 18 2 ' Spisula elliptica 14.1-16.5 12 11
, Cyprina islandica 12.0-14.4 12 1

J2 18 2
' Spisula elliptica 13.8-16.8 20 9
_ Cyprina islandica 12.0-14.3 20 7

J 3 16 2 Spisula elliptica 15.0-18.5 20 13
Cyprina islandica 10.9-14.2 20 5

K 10 2
' Spisula elliptica 11.9-15.2 12 12
. Venus gallina 11.8-14.6 12 0

LÍ 14 9 ' Nucula nitida 7.0-11.3 25 24
2 1_ Cyprina islandica 6 .6- 12.1 25 9

L2 13 9 Nucula nitida 8.6-10.4 15 11
2 i Cyprina islandica 7.0-11.5 15 10

L3 25
' Nucula nitida 9.0-11.6 17 14

2 i . Cyprina islandica 6.3-11.7 17 9

M 1 15 9
2

Nucula nitida 9.2-12.3 15 15
Venus gallina 8.9-13.4 15 2

M2 19 9
2

Nucula nitida 8.5-11.8 18 18
Venus gallina 9.2-12.5 18 1

N I 14 9
2

' Nucula nitida 7.3- 9.5 20 17
Corbula gibba 7.2- 9.3 20 0

N  2 12 9 Nucula nitida 6.4- 9.0 28 20
2 i Corbula gibba 6 .8- 9.6 28 1

O l 18 ^ ƒ Cyprina islandica 7.4-12.6 15 12
1 Venus gallina 8 .0- 12.8 15 5

0 3 60 3 Cyprina islandica 10.3-15.6 10 8
Venus gallina 12.38-15.0 10 3

0 3 32 2 Cyprina islandica 9.6-14.7 13 13
Venus gallina 10.2-14.7 13 4

0 4 69 2 Cyprina islandica 6 .0- 11.6 20 14
Venus gallina 6 .2- 12.6 20 4

P 32 2 Cyprina islandica 8 .2- 10.2 12 12
. Corbula gibba 8.7- 9.3 12 1

Q 54 2 ƒ Venus gallina 6.2-10.3 12 2
1 Corbula gibba 7.0-10.0 12 3

R l 45 2 ' Venus gallina 6.1-15.3 15 5
Astarte montagui 7.5-12.1 15 4

R 2 58 2
Venus gallina 6.4-14.8 22 0

1. Astarte montagui 5.9-14.3 2 4

* Fed prior to experiment
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T a b l e  24. Results of preference experiments in which two A.irregularis (R: 17-23 mm) 
were offered newly settled individuals of different bivalves in a round glass dish (500 cm2) 

with and without a bottom layer of sand (1-1.5 cm thick). Temperature: 14-16°C.

Exp.
No.

D ura­
tion of 
exp. in 

days

With (+ )  
o r with­
out (—) 

sand

Bivalve species 
offered to the 

sea-stars

Size range 
of 

bivalves 
in mm

Num ber
of

bivalves
offered

N um ber
of

bivalves
digested

Num ber 
of 

bivalves 
in stomach

1 1
' Spisula subtruncata 0 .6-1.2 44 28 5

1 1 , Tellina fabula 0 .6-1.1 44 8 5
Spisula subtruncata 1.0-1.4 22 19 1

2 1 + Nucula nitida 0 .8-1.3 22 0 0
Venus gallina 0 .8-1.3 22 0 2

3 3 ' Tellina fabula 0.7-0.9 15 11 1
. Venus gallina 0 .7-1.0 15 7 6

4 4
' Tellina fabula 0 .6-1.0 17 11 5

Venus gallina 0 .8-1.0 17 4 8

s 4 _u ' Tellina fabula 0.8-0.9 28 0 0
*T i , Venus gallina 0.7-1.0 28 6 5

Tellina fabula 0.7-1.0 20 16 4
6 9 - Nucula nitida 0 .8-1.3 20 10 7

Venus gallina 0.7-1.0 20 9 8
Tellina fabula 0 .7-1.0 20 0 0

7 9 + Nucula nitida 0 .8-1.2 20 0 1
. Venus gallina 0.7-1.0 20 7 6

o 1 A ( ' Nucula nitida 0.7-1.1 16 3 1
Ö 1 4 + Venus gallina 0.7-1.1 16 10 0

Recently, Caddy (1969) describes how juveniles o f the related M acoma bal­
thica may bury themselves 1 to  3 m m  into m uddy sand within 5-10 seconds and 
proceed to  move horizontally through the soil w ithout m aking contact with the 
surface. H e further states that before siphonal development, these juveniles must 
m ake use o f interstitial water for respiratory purposes. I f  this is true also for 
juvenile Tellina, this factor will also m ake it difficult for Astropecten to detect 
them  by chemoreceptive means.

In  the case o f juvenile Nucula, “running away” beneath the surface was not 
directly observed. However, the fact th a t about equal num bers of Nucula and 
Venus were taken in experiment 6 where sand was absent, whereas only very few 
Nucula were taken in experiments 7 & 8 where sand was present, indicates that 
it is n o t a  question o f preference, bu t of an ability o f the juvenile Nucula to escape, 
although apparently no t with the same efficiency as juvenile Tellina. This is 
probably because they are not able to move horizontally through the substrate 
with the same speed as Tellina.

Table 25 shows the results o f a preference experiment in which only T. fabula  
and N .nitida  juveniles were present during the first week, whereupon juvenile

5
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T a b l e  25. Results of feeding experiment with three Astropecten (R’s about 20 mm) 
being offered newly settled specimens of three bivalves ranging in length between 0.68 

and 1.30 mm. Bottom covered with sand, 1.5 cm thick. Temperature: 13-14°C.

D ate (1962) Food species Living Digested In  stomachs
Added after 
inspection

6 .xi
Nucula nitida 30 0 0

. Tellina fabula 30 0 0

9. xi
N. nitida 28 0 2

, T. fabula 29 0 1
■ N. nitida 24 2 4

13. xi T. fabula 
. Spisula subtruncata

27 3 0
25

■ N. nitida 24 0 4
14. xi T.fabula 27 0 0

. S. subtruncata 13 9 3 12
N. nitida 23 2 3

15.xi T.fabula 27 0 0
S. subtruncata 0 25 3 25

/ N. nitida 
16. xi 1 T. fabula

23 0 3
27 0 0

S. subtruncata 0 27 1 25
N. nitida 23 1 2

17. xi T. fabula 25 0 2
S. subtruncata 0 26 0 25
N. nitida 23 0 2

19.xi T.fabula 24 0 3
S. subtruncata 0 25 0 25
N. nitida 22 0 3

20 . xi T.fabula 24 1 2
S. subtruncata 0 21 4 45

1 N. nitida 22 1 2
21. xi T. fabula 24 1 1

S. subtruncata 0 42 7

182

S. subtruncata were added. Digested specimens of the la tter were, furtherm ore, 
replaced daily with about the sam e num ber of living individuals for the rem aining 
8 days o f  the experiment. As shown, only two Nucula and one Tellina were taken 
during the first week, whereas the three Astropecten practically “cleaned the 
table” fo r Spisula every day during the second week. The results of these experi­
m ents confirm those obtained in the other experiments, bu t indicate th a t juve­
nile Tellina are no t 100 % protected in sand.

H u n t (1925) and Kisch (1958) found a fair num ber of Natica  in the stomach 
of A . irregularis, and this is o f  interest in so far as the gastropod to some extent 
m ust compete with the sea-star for the same species o f molluscan food. In  my
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T a b l e  26. Results of preference experiment in which 3 adult 
A. irregularis were given the choice between the bivalve Cyprina 
islandica (7.9-14.0 mm long) and the prosobranch Natica pulchella 
(7.0-9.2 mm long). Initially 22 specimens of each were placed in 
the aquarium, and digested specimens were replaced on each census 

date. Thickness of bottom layer: 6 cm. Temperature: 15°C.

D ate (1961)

Num ber o f Cyprina 
digested by

Num ber o f Natica 
digested by

Astropecten Natica Astropecten Natica

19. vi 0 0 0 0
26. vi 5 2 2 0

5.vii 10 2 2 1
14. vii 8 4 3 0

Total numbers 23* 8 7 1

* Four o f the Cyprina digested by Astropecten bore marks o f unfinished 
drill-holes.

m aterial from  the two m ain collecting localities, viz off Frederikshavn and in the 
0 resund , Natica  is all but absent. However, in nine Astropecten from  the N orth 
Sea as many as 31 N. pulchella were present (Table 5), and it was, furtherm ore, 
the second m ost common prey species found. N otable num bers were also present 
in the small num ber of sea-stars collected off the G ullm arfjord (Table 6) and 
in the K attegat off the island o f Læso (Table 9).

Hence several experiments were carried ou t with Natica pulchella. In one - 
experiment, two Astropecten (R : 33.5 & 35.0 m m ) were placed in an aquarium  
with 25 Natica  with shell heights from  7.0 to 11.4 mm. A fter 12 days only 6 
Natica  had been eaten, and after 28 days only 4 m ore had been taken, i. e. less 
than  0.2 Natica  were eaten per day per sea-star. W hen 15 Nucula nitida, 7.8-11.4 
m m  long, were added on the 29th day, these were all eaten within 8 days together 
with one m ore Natica. N o cannibalism among the snails took  place in  this expe­
rim ent, whereas this was the case in the similar experiment involving Cyprina 
islandica listed in Table 26. Again a clear preference for the bivalve was shown, 
although Cyprina o f the size used m ust be considered as ra ther undesirable for 
Astropecten. In a th ird  experiment, two Astropecten (R : 35.5 and 37.0 mm) were 
placed in an aquarium  with 5 Natica  (shell heights: 7.5-9.0 m m ) and 10 Nucula 
nitida (shell lengths: 7.3-9.0 mm). After 11 days (no checks in between), two 
Nucula were found with complete bore holes m ade by Natica, and the rem ain­
der had definitely been digested by Astropecten. N one of the  Natica had been 
eaten.

General observations from  the storage aquaria on Turritella terebra, Aporrhais 
pespelecani (small specimens w ithout “wings”), Natica  spp. Buccinum undatum,
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T able  27. Results of preference experiments in w; ich Spisula subtruncata were offered 
to two Astropecten together with equal numbers of echinoderms. All experiments were 
carried out in aquaria with a sandy bottom layer. The R ’s of the sea-stars varied 

between 25.5 and 39.5 mm. Temperature: 14-15°C.

Exp.
No.

D uration 
o f  exp. in 

days

Nam e of (two) food 
species given to the 

sea-stars

Size range of 
food speci­

mens in mm

N um ber of 
food speci­
mens given

N um ber o f 
food speci­

mens ingested

Q S. subtruncata 7.4-12.2 16 16
9 Ophiura albida 2.8- 5.0 16 4

C S. subtruncata 6 .8- 8.2 20 18
2

5 I Echinocyamus pusillus 6.0- 7.5 20 2
S. subtruncata 6.7- 8.4 24 24

3 6 Echinocyamus pusillus 5.3- 7.8 24 14

Nassa spp. and Lora  spp., although only few with a length of less th an  5-6 mm, 
also indicated th a t Astropecten pays little attention to prosobranchs.

Based on stom ach investigations o f 29 specimens collected in the N orth  Sea, 
Eichelbaum (1909) states tha t echinoderms are as im portan t as food for A .irre­
gular is as bivalves. This is in disagreement with the findings o f  other authors as 
well as my own, bu t only when the results from  all the investigated sea-stars are 
pooled. Exceptions occurred, bo th  with reference to Ophiura albida and Echino­
cardium cordatum (p. 25). Echinocyamus pusillus was rare in my m aterial, but 
was found in significant num bers by H unt (1925).

I t was no t possible to secure living Ophiura o f the very small size usually 
swallowed in nature, and only one experiment with fairly small O. albida was, 
therefore, carried out, whereas two experiments were done with Echinocyamus. 
Both species were tested against S . subtruncata and the results revealed a  distinct 
preference for the bivalve (Table 27). In  the case o f exp. N o. 3 it should be noted 
tha t all bivalves had been eaten and  the empty shells ejected, which is no doubt 
the reason why a relative high num ber of Echinocyamus were taken as com pared 
with exp. N o. 2. Small Echinocardium were n o t available in sufficient num bers, 
and the few I had thrived badly and  refused to dig into the substrate used.

The experiments clearly dem onstrate an ability o f  Astropecten to  discriminate 
between buried prey species. A lthough inherent in the inform ation recorded 
about food perception, it should be emphasized tha t this discrim ination takes 
place while the sea-star is crawling on the bottom , i. e. it does n o t dig a t random  
in search o f food. I f  one keeps the sea-star in aquaria w ith only Venus gallina, 
for example, the num ber of burrow s made within a given period will be very 
small com pared with the num ber made under otherwise identical conditions in 
aquaria with Spisula subtruncata.
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Discussion o f  underlying factors

H aving established tha t A. irregularis by and  large preferentially selects its bivalve 
prey in the same order every time, one may ask how this selectivity is mediated. 
N o attem pts were made to study this aspect which inevitably will prove to re­
quire very refined and time-consuming biochemical work. There is, however, 
certain inform ation in the literature which, in com bination with th e  knowledge 
gained in the present study, points in a definite direction.

In  reviewing the work carried out by earlier investigators on the attractiveness 
o f different prey animals to the oyster drill, Urosalpinx cineria, C arriker (1955) 
points out th a t the studies by H askin (1940, 1950) suggest tha t the metabolic 
ra te  of an oyster is more im portant than  age in determining the degree of attrac­
tiveness o f substances released by it. The fact tha t Stauber (1943) and  Janowitz 
(personal communication) noted th a t confinement o f prey for extended periods 
reduced their activity and their attractiveness to oyster drills points in the same 
direction. Inspired by the above inform ation, Blake (1960) took  up studies to 
determine whether the oxygen consum ption o f certain prey organisms was not 
in fact correlated with prey selection by Urosalpinx. Testing four factors affecting 
metabolic rate , viz. species, age, growth rate , and feeding, he found in each case 
th a t the m ore attractive animals had a proportionally higher respiratory rate. 
H aving dem onstrated tha t oxygen consum ption is a valid index o f attractiveness 
for the ages and species tested by him, Blake goes on to say: “It m ust be em pha­
sized tha t respiratory rate of prey is n o t considered to be the m otivating factor, 
b u t rather an easily measured index o f the attractiveness of the organism to the 
predator ; in other words, relative attractiveness and respiratory ra te  are similarly 
correlated w ith the actual predator stimulus. This relation may vary from  one 
species to  another in tha t the ratio  between respiratory rate and  concentration 
o f a ttractan t m ay vary, or different species m ay em it different kinds of attractants. 
Thus, the reported preferences o f Urosalpinx for prey species other than  oysters 
m ay be indicative o f either quantitative o r qualitative differences in attractan ts” .

W hen the relative attractiveness to  A.irregularis o f the bivalve species listed 
in  Tables 22 & 23 was discovered, it occurred to  me th a t Astropecten also might 
select its prey among those with the highest m etabolic rate. Cardium edule seems 
to  have a very high metabolic rate (Spärck, 1936). N um ber two on the list, Spisula 
subtruncata has long been known to  be a fast-growing species, whereas Venus gal­
lina a t the other end o f the preference list grows at a much slower rate (Ansell, 
1960b). The results of some recent studies in the Helsingor laboratory by Dr. 
B. Bayne (1968, unpublished) on the oxygen consum ption of these two species 
are here given with his kind permission (Table 28). D r. Bayne used bo th  the 
closed cham ber and the open cham ber m ethod, bu t further details will be pub­
lished by D r. Bayne elsewhere. As expected there is a difference in metabolic 
ra te  between the two species, although the data obtained seem to  show th a t it is
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T a b l e  28. Determination of oxygen consumption of Spisula subtruncata and Venus 
gallina by Bayne (unpublished). In each of the 9 experiments, three equally large speci­
mens were used, i. e. the measurements listed for dry weights and oxygen consumptions 
are average values for three animals. All experiments were carried out at a salinity of 
17.6 %0 and a temperature of 11°C. The oxygen concentration varied between 5.21 and 

5.94 ml 0 2/litre at the start of the experiments.

Species
Dry weight 

(d.w.)
Oxygen consum ption Mean oxygen 

uptake for each
in grams m l/anim al/hour ml/gram d.w ./hour weight group

S. subtruncata 0.011 0.0059 0.536
- 0.011 0.0061 0.554

0.011 0.0052 0.473 0.521

S. subtruncata 0.019 0.0096 0.508
- 0.019 0.0091 0.479 0.493

V. gallina 0.012 0.0043 0.358
- 0.012 0.0041 0.342 0.350

V. gallina 0.017 0.0032 0.189
- 0.017 0.0039 0.229 0.209

smaller than one m ight have expected. This could be due to  Spisula being affected 
m ore by lack o f food prior to  the experiments than  Venus and  further experiments, 
especially with juveniles of the m entioned as well as o ther prey species, are very 
m uch needed. I t should be noted, however, th a t Spärck (op.cit). also found a 
low oxygen consum ption for Venus gallina as well as fo r Astarte montagui which 
is “disliked” by Astropecten.

Finally, although exceptions may occur, the ability o f  a bivalve to sustain 
anaerobic conditions m ust be m ore or less inversely correlated with its “norm al” 
m etabolic rate, and a  com parison between the data listed in Table 20 with those 
in Tables 22 & 23 shows tha t, when given a choice, Astropecten will always dis­
play a tendency to feed prim arily on species with the least resistance to anaerobic 
conditions.

Since the metabolic rate decreases in starving anim als, lack of food should 
affect such a species as S . subtruncata sooner than  species with lower metabolic 
rates. A lthough an attem pt was made to  use as fresh animals as possible, it is, 
therefore, fairly certain tha t under norm al conditions the preference shown by 
the sea-star for S. subtruncata would have been even m ore m arked than  indicated 
in Table 22. In  fact, some of the data in the m entioned table lend support to such 
a conclusion.

I t  is seen that no clear preference for S . subtruncata over M . arenaria can be 
deducted from  experiments B l & B2. In experiments B3 and B4, however, which 
were carried out in 1968, both  prey species were fed with a suitable mixture of
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algae right up to  the start of the experiments, and here the preference shown for 
S. subtruncata is clearly significant. This result fits well with the fact tha t M . are­
naria is know n to  have a relatively low metabolic ra te  (Tham drup, 1935, p. 66).

M . arenaria does no t normally occur on Astropecten grounds, where it is re­
placed by the closely related M . truncata which, judging from  the  stomach finds 
(Tables 7 & 10), ranks as high or higher on the preference list as its  shallow-water 
relative. This is n o t surprising since M . truncata probably has a significantly 
higher metabolic ra te  than M . arenaria (cf. Spärck, 1936). As seen in Table 10 
Astropecten starts to feed on M . truncata as soon as this species starts to  settle in 
late winter. However, later when S. subtruncata starts to  settle, this species is dis­
tinctly preferred as judged from the fact th a t num erous M . truncata were still 
present in the bo ttom  samples taken from  “Thelm a” in early July the same year. 
Further evidence is rendered by the data given in Table 33, which directly indi­
cates a  pronounced preference for S . subtruncata over M . truncata.

Blake’s hypothesis was tested using S. subtruncata starved for two-three weeks 
in running, filtered water and others fed every day with three suitable species of 
unicellular algae. Painted spots were used to  differentiate the two groups. The 
paint did no t affect attractiveness in  so far as the results were similar whether 
starved or non-starved specimens were marked.

The results did no t support the hypothesis, since equal or alm ost equal num ­
bers of each group were ingested in the five experiments carried out. Since actual 
metabolic rates of the groups could no t be tested a t the onset o f the experiments 
it is not certain, however, that the results are reliable. Seven successful! flight 
responses observed were all made by non-starved specimens, so it is also possible 
that a preference for these may have been m asked by this factor.

As stated by Blake (1960) the metabolic rate can only be used as an index 
for attractiveness, i.e. it is in some way correlated with the actual predator sti­
mulus. Later, Blake (1961) undertook com parative biochemical studies of the 
metabolic end products of the oyster, Crassostrea virginica, a mussel {Modiolus 
demissus), and a barnacle {Balanus balanoides), all o f which are preyed upon by 
Urosalpinx in nature, and tested their attractiveness to  the snail. The attractan t 
was not completely identified, but the results suggested that it  consists of two 
fractions, viz. (1) a highly volatile fraction, m ost probably amm onia, which sti­
mulates initial movement and preliminary orientation of the predator, and (2) a 
protein or peptide fraction, which is responsible for final identification by the snail.

In free-living flatworms a similar pattern  is known to  exist, with different 
chemoreceptors being responsible for long and short distance perception (see re­
view by Passano, 1957), and there is evidence tha t the same is true fo r a num ber 
o f other invertebrates (Jahn & Wullf, 1952).

A nother interesting aspect noted by Blake (1961, p. 37) is tha t the attractants 
from  mussels and oysters are very similar, if  no t identical, whereas barnacles 
excrete a m ore distantly related compound.
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This may indicate tha t differences in attractiveness is only o f  a quantitative 
nature as long as we are concerned with systematically related prey species such 
as bivalves. O n the other hand, certain species may possibly give off metabolic 
end products which makes them  non-attractive to  a p redator, regardless of m eta­
bolic ra te  and the accompanying quantity o f a substance or substances which 
norm ally would make them  attractive.

C arr (1967) studied chemoreception in the gastropod Nassarius obsoletus by 
use o f  stim ulatory substances extracted from  a shrimp, but found no volatile 
substances responsible for perception. However, this snail is a scavenger, feeding 
on anything it comes across, i.e. it is neither a predator, n o r a selective feeder. 
In  contrast to Urosalpinx which, as m entioned earlier, reacts much m ore positively 
to substances released from  living prey, it is well known th a t species o f Nassarius 
are highly attracted to substances released from  m utilated or decaying organisms 
(see review by K ohn, 1961). Hence it is no t to  be expected tha t the two snails 
discussed should possess the same chemoreceptive properties. Blake, in fact, was 
well aware o f this. H e tested the responses o f several gastropods to  effluents from  
actively metabolizing oysters. Three species failed to react positively, viz. two 
species o f Nassarius and Terebra dislocata, none o f which feed on living oysters. 
Four species o f M urex, Urosalpinx perrugata, Fasciolaria hunteri, two species of 
Thais, Polinices duplicatus, and Eupleura caudata, all know n to be oyster enemies, 
reacted, however, ju st as positively as U. cinerea.

Astropecten may swallow carrion (p. 27), b u t is nevertheless first and fore­
most a predator, and its chemoreceptive properties are most probably rather 
similar to  those of Urosalpinx. A t least they both  prefer bivalves with a high 
metabolic rate. It is, o f course, no t justified to  imply th a t non-bivalve prey species 
are rejected or only taken in small numbers due to  low respiratory rates and that 
others, such as Retusa umbilicata which occasionally occurs in large numbers 
(cf. Table 8), are taken because o f high respiratory rates.

T H E  I N F L U E N C E  O F  A V A I L A B L E  P R E Y  S P E C I E S  
O N  F O O D  U P T A K E  I N  T H E  L A B O R A T O R Y

W hen undertaking the preference experiments it was soon found that the time it 
took  to  arrive a t decisive results differed considerably, depending on prey species 
present. W hereas experiments involving maximally 20 S . subtruncata and as many 
of any other species usually could be carried out in 8 days or less (Table 22, 
column 2), it took  from  about one to more th an  two m onths to carry out experi­
ments when such species as Cyprina islandica, Venus gallina, Corbula gibba, and 
Astarte montagui were paired in the experiments (Table 23, column 2). It should 
be noted tha t four sea-stars were used in experim ent O l and three in 0 2  which
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means th a t the duration o f these experiments should be counted as 36 and 90 
days, respectively, to compare them  w ith the other experiments listed in the table. 
Furtherm ore, in spite o f the long experim ental periods, very few bivalves were 
eaten, and the sea-stars were obviously starving. A calculation o f  the food u p ­
take based on the last 8 experiments (O l to R2 inch) shows th a t each sea-star 
ate only one bivalve per 10 days, and  in the last three experiments only one 
bivalve per 17 days. Conversely, in the first five experiments listed in Table 22, 
where such “favourite” food species as S. subtruncata and M ya arenaria were 
present, each sea-star ate between one and three bivalves per day.

A part from  some of the experiments lasting 14 days or more, no  checks were 
made on food uptake during any o f the experiments listed in Tables 22 & 23. 
Based on the knowledge obtained on retaining periods (Table 19) each experiment 
was usually term inated when a significant result could be expected.

A nother experiment involving the three prey species C. islandica, V.gallina, 
and  S. subtruncata was carried out w ith checks being made each m orning except 
for some days just after the start o f the experiment on 21 February 1961 and on 
8 M arch (Table 29). As shown in the table, C. islandica was as usual preferred to 
V.gallina, bu t it was only eaten at the ra te  of about 0.2 bivalves per day per sea- 
star. W hen -  after 29 days -  all the Cyprina had been eaten, there were still five 
Venus present in addition to  four th a t had been swallowed. Venus was often 
ejected alive, even during the long period from  22 M arch to 16 M ay when it was 
the only species present in the aquarium . Furtherm ore, during this period only 
four Venus were eaten, and two specimens present in the sea-star stomachs were 
ejected alive when 12 Spisula were added to the aquarium  on the last m en­
tioned date. These very large Spisula were then digested and the em pty shells 
ejected within 8 days, thus showing th a t the sea-stars had fed at -an extremely 
low rate due to lack o f suitable prey. I t is also to be noted tha t whereas a t least 
one Venus was inside a  sea-star during all but one day from  27 February to 22 
M arch, when the last Cyprina had been digested, none were picked up after the 
Spisula were added on 17 M ay before the last Spisula had been swallowed.

A  similar experiment was undertaken with the same prey species, bu t with 
sand present (Table 30). Here checks were no t carried out every day since re­
maining live bivalves in each case had to  be given tim e to adjust in the sand be­
fore the sea-stars were returned to  the aquarium . The results did not differ from  
those obtained in the preceding experiment. Equal num bers (13) of the three 
prey species were offered. O f these the 13 S. subtruncata were probably all digested 
w ithin 8 days, whereas only 6 Cyprina and one Venus had been digested 12 days 
after the start o f the experiment. It to o k  about 70 days before the last o f the 
Cyprina was swallowed, and only two Venus were digested during the same 
period. W hen 10 S.subtruncata were added on the 71st day, all were eaten in 
five days, whereas none of the 10 Cyprina added at the same time were taken.

The results o f the two experiments conform  strictly with the preference pattern
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T able  29. Preference experiment with two A.irregularis (R’s =  41.0 and 43.5 mm) 
first given the choice between equal numbers (12) of Cyprina islandica and Venus gallina, 
and later between the remaining V. gallina and Spisula subtruncata. The daily observa­
tions for the period 23 M arch-15 May are not included but are accumulated in the data 
for 16 May, when the Spisula were added. To facilitate daily observations, no substrate 

was present. The temperature range was 12.5 to 14.0°C.

D ate
C. islandica (9.3- 14.0 m m  long) V.gallina (9.9-13.8 m m  long)

(1961)
living in stom achs digested

ejected
alive

living in stom achs digested
ejected
alive

21 12 0 0 12 0 0
22 10 2 0 12 0 0
27 5 6 1 10 2 0
28 5 2 4 9 2 1

1 4 3 0 8 3 0
2 4 1 2 10 1 0
3 4 1 0 9 2 0
4 4 1 0 10 1 0
6 2 3 0 9 2 0
7 2 3 0 10 1 0
9 2 1 2 8 3 0

10 2 0 1 7 4 0
11 1 1 0 8 3 0
12 2 0 0 1 7 4 0
13 2 0 0 8 3 0
14 1 1 0 8 2 1
15 1 1 0 ‘ 9 1 0
16 1 1 0 8 2 0
17 1 0 1 7 2 1
18 0 1 0 5 4 0
19 0 1 0 7 2 0 2
20 0 1 0 9 0 0 2
21 0 1 0 8 1 0
22 0 0 1 5 4 0 •

16.V 12 S. subtruncata (15.0-17.4 mm) 3 2 4 (17)
17.1/ 8 4 0 3 2 0 •

18.1/ 5 4 3 5 0 0 2
19. V 4 4 1 5 0 0
20.’/ 2 3 3 5 0 0
21.V 1 3 1 5 0 0
22. V 1 1 2 5 0 0
23.V 0 2 0 4 1 0
24. V 0 0 2 3 2 0
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T a b le  30. Preference experim ent with th ree A.irregularis (R ’s =  33.5, 36.0, and 37.5 mm) 
given the choice between three bivalve species. Prey size ranges in  m m  length are given 
in brackets. T he tem perature range was 15 to  13° C. N ote  tha t 10 Spisula subtruncata 
and 10 Cyprina islandica were added on  21 Novem ber. W hile these bivalves dug  into 

the substra te  the sea-stars were tem porarily  rem oved to another aquarium .

Date
(1962)

S.subtruncata  (11.4-13.8) C. islandica (10.2-12.0) Venus gallina (9.8-12.4)

living
in

stomachs
digested living

in sto­
machs

digested living
in

stomachs
digested

11. ix 13 0 0 13 0 0 13 0 0
13. ix 10 1 2 8 5 0 13 0 0
17. ix 2 0 9 8 0 5 12 1 0
23. ix 0 0 2 6 1 1 12 0 1
29. ix 0 0 0 4 1 2 12 0 0
2.x 0 0 0 3 0 2 12 0 0
6.x 0 0 0 3 0 0 12 0 0

13.x 0 0 0 1 0 2 12 0 0
18.x 0 0 0 1 0 0 12 0 0
24.x 0 0 0 1 0 0 12 0 0

6. xi 0 0 0 1 0 0 11 0 1
19. xi 0 0 0 1 0 0 11 0 0
21. xi 0 0 0 0 1 0 11 0 0
21.xi 10 0 0 10 1 0 11 0 0
26. xi 0 0 10 10 0 1 11 0 0

Total number 
digested 23 (of 23) 13 (of 23) 2 (of 13)

discussed earlier and confirm the conclusion tha t food uptake depends to a very 
large extent on the prey species available.

Bivalves o f the size used in the two experiments and in the preference experi­
ments recorded earlier are rarely found in the stom achs o f Astropecten, a t  least 
in  D anish w aters. The conclusions draw n are, nevertheless, supported by the 
results o f the experiments done with newly settled specimens o f  a num ber of 
“key” species. Certain o f the data recorded in Table 24 have been discussed 
earlier. In the present context reference is prim arily m ade to  the results obtained 
in dishes with a  bottom  substrate, since this was the case in all but one of the 
experiments where m acro-fauna bivalves were used as food. Observing this pre­
requisite, it is seen from  exp. 2 tha t each sea-star ate about 10 juvenile S.subtrun­
cata in one day, whereas the combined data  from  experiments 5, 7 and 8 show 
that only about 0.2 juvenile V.gallina were eaten per day per sea-star, i.e. the 
rate o f feeding on Spisula was about 50 times higher than  the ra te  of feeding on 
Venus. The ra te  was even lower for the other species offered, viz. N. nitida and 
T.fabula.
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T a b l e  31. Feeding experiment using juvenile, 840-1240 (x long Corbula gibba as food 
for Astropecten irregularis. Temperature: 14-15°C. Experiment started in aquarium with

2 Astropecten and 16 Corbula. No sand.

D ate (1962) H our
Number o f Corbula gibba

Remarks
Living In stomachs Digested

31.x 11.00 16 0 0
2. xi 16.00 4 6 6 Empty shells removed
6. xi 10.00 1 1 8 here and a t each following
8.xi 16.00 1 1 0 check

10. xi 9.00 0 1 1
11. xi 17.00 0 1 0
12. xi 9.00 0 0 1

Even then the num ber of Spisula eaten in exp. 1 (and in  exp. 2 where no sand 
was present) was low compared with the 35-100 specimens eaten by other small 
Astropecten in the one-day experiments recorded on p. 40, and  the same is true for 
the num ber eaten o f Venus, where about two juveniles were taken per day per sea- 
star in a two-day experiment. Since the sea-stars used were of about the same 
size in all experiments, and since the dishes and substrate used were the same, 
the m ost probable explanation for the apparent discrepancy lies in the tem pera­
ture factor. In  September 1968 about 25 Astropecten were collected to  be used 
for a course in ecology. In a trial run prior to  the course the  animals seemed fully 
adapted to laboratory  conditions and fed a t a norm al ra te  on S. elliptica, and at 
a tem perature o f about 15°C. However, when the tem perature subsequently rose 
to over 16°C, the animals became inactive, and  although they were w ithout food 
for abou t a week they did no t start feeding before five days after food was offered 
to them  again. By then they had apparently adapted  to the higher tem perature. 
As noted in the heading to Table 24 some of the preference experiments carried 
out were in fact done at a tem perature of 16°C.

Two experiments were done with Astropecten  being offered only juvenile spe­
cimens o f Corbula gibba and Venus gallina, respectively (Tables 31 & 32). To 
facilitate observations, no substrate was present, but the data  on Venus gallina 
in Table 24 indicate that this should no t affect feeding ra te  on this specices, and 
there is no reason to  suspect anything different for Corbula gibba, which is also 
very inactive and displays no escape responses. As shown the feeding ra te  was 
less than  one Corbula per day per sea-star. As for Venus gallina, seven specimens 
were eaten by four sea-stars during the first tw o days, which is also less than  one 
prey organism  per day per sea-star. The living specimens were removed 46 hours 
after the start o f the experiment because two o f the eleven specimens found to 
be swallowed a t a check made the day before had been ejected alive again four 
hours later and another two during the following night. O f the seven specimens
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T a b l e  32. Feeding experim ent using juvneile, 620-740 p. long Venus gallina as food  for 
Astropecten irregularis. T em perature: 15-15.5°C. Experim ent started  w ith  24 bivalves

and  4 Astropecten. N o  sand  in  aquarium .

D ate (1962) H our
N um ber o f Venus gallina

Rem arks
Living In stomachs Digested

13.ix 11.00 24 0 0
14. ix 13.00 7 17 0

17.00 8 16 0
- 8 15 0 One damaged specimen

removed
15. ix 9.00 10 7 6

9.00 0 7 0 Living specimens and
12.00 1 5 1 empty shells removed at this
18.15 1 4 0 and each following check.

16.ix 9.15 1 3 N ote that specimens are
16.00 1 1 1 very often ejected alive
20.00 0 1 0

17.ix 9.00 0 1 0
11.30 0 1 0
16.30 1 0 0

still rem aining in the sea-stars only two were in fact digested, whereas the re­
m ainder were all ejected alive. If  ejected specimens had no t been removed, they 
m ight have been picked up again, probably m ore than  once, and the fact that 
even juvenile Venus may be ejected alive would no t have been as clearly established. 
On this background it is strange tha t M assé (1966) did no t observe ejections of 
live Venus less than  about 8 m m  long by A. bispinosus.

F I E L D  D A TA  O N  S T O M A C H  C O N T E N T S  I N  
R E L A T I O N  T O  L A B O R A T O R Y  F I N D I N G S

It is n o t to be expected tha t the distinct preference pattern  found in the labora­
tory  should manifest itself as clearly in the quantitative composition o f the food 
in a  field material.

The reasons for this lie bo th  in the conditions under which the laboratory ex­
perim ents were undertaken (low food spectrum, “artificial” substrate, high prey 
densities etc.) and in the varying physical and biotic factors affecting the com ­
position and densities o f the fauna in any given locality (see next section). W hereas 
it is easy for an Astropecten to  traverse the small area o f an aquarium  and pick 
up suitable prey, conditions are different in nature. W hen encountering a “second 
class” prey organism, the sea-star cannot “know ” tha t a  more suitable prey may 
be present just outside its range o f perception. In this situation a starved animal
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may be m ore likely to accept such prey than  a satiated specimen, as found for a 
num ber o f predators (see Emlen (1966) for references). Laboratory  observations 
and experiments indicate, however, tha t this is no t the case for Astropecten (cf. 
Tables 29 & 30) when the m ost undesirable prey species are encountered, but 
other, less “despised” prey species may possibly be taken  in significant numbers 
in the absence or scarcity o f “first class” prey. Nevertheless, certain field data 
indicate that the sea-star may starve in the midst o f num erous members of many 
potential prey species.

I t is clear that m any other potential prey species should be tested for a ttrac­
tiveness and a possible ability to escape, although the present study has comprised 
the m ajority of the m ost com m on prey found in Astropecten  in inner D anish 
waters.

A  sample of 22 Astropecten  taken in 1964 made it possible to make a direct 
com parison between the stom ach contents and the quantitative occurrence of 
potential prey species on the bottom  by utilizing data supplied by Dr. K. M uus 
(unpublished). The data obtained (Table 33) are in every respect consistent with 
laboratory experiments and  observations. They confirm  (1) tha t the deposit- 
feeding Tellinidae, Syndosmya alba and (juvenile) Nucula, as well as the suspen­
sion-feeding Cultellus to a  large extent are able to escape in their natu ral habitat, 
tha t (2) Cyprina, Venus and  Corbula are only taken in negligible num bers, and 
th a t (3) Spisula subtruncata are traced down with great efficiency, considering 
tha t 35 were found in the sea-stars although only 75 were present per square 
metre.

It is also significant th a t only one specimen of Philine occurred in the sea- 
stars although this genus (mostly P. denticulata) was represented by more than 
7000 specimens per square m etre (see also H orikoshi, 1967).

Finally, the data confirm th a t Ophiura is taken in small numbers only, whereas 
Echinocardium is picked up  in large num bers while belonging to the 0-group.

In  addition, the data  in Table 33 yield m ore inform ation concerning Mysella  
bidentata. As seen, it was by far the m ost abundant bivalve, with more than  2000 
specimens per square m etre. In  spite of this, maximally 22 specimens occurred 
in the sea-stars. Furtherm ore, on 29 October 1960, Ockelm ann (unpublished) 
found 700-1100 M ysella  per square m etre a t 19 metres depth in the Fiornbæk 
Bay, yet only few and distinctly eroded shells were found in the sea-stars collected 
in the fall th a t year (Table 10). These facts strongly support the view th a t this 
species very rarely is swallowed alive (p. 23). This is in striking contrast to the 
findings concerning the related M ontacuta ferruginosa; all 320 specimens taken 
by only 17 Astropecten in the H ornbæ k Bay on 17 September 1962 (Table 10) 
were fresh looking specimens, with the m ajority still containing undigested re­
mains o f the internal organs. Furtherm ore, in 29 Astropecten collected off Frede- 
rikshavn on 10 July 1951, Thorson (unpublished) found M . ferruginosa to  be the 
most abundant bivalve.
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T a bl e  33. C om parison between num bers o f  some com m on bo ttom  anim als found in 
22 A.irregularis and  in quantitative sam ples taken with the <:mouse t r a p ” on a  Venus 
com m unity sta tion  a t 18 m  depth in  H ornbæ k  Bay. N early all molluscs taken  belonged 
in  bo th  cases to  the m eio-fauna. E. cordatum were n o t m easured, bu t a ll  taken by the

sea-stars were less than  4 m m  long.

Family, Genus o f Species
Total numbers found in 

22 A. irregularis collected 
on 14. viii. 1964

Numbers found per square 
metre based on 5 samples 
collected by K . M uus (un­
published) o n  13. viii. 1964

Nucula spp.............................................. 0 64
Mytilidae ............................................. 3 342
Mysella b identa ta ................................ i  22 2033
Montacuta ferruginosa ..................... 1 107
Cardium spp........................................... 22 128
Cyprina islandica.................................. 3 96
Venus gallina ....................................... 11 567
Macoma calcarea ................................ 0 225
Tellina fabula  ....................................... 0 653
Syndosmya alba .................................... 0 182
Cultellus pellucidus ............................ 5 609
Spisula subtruncata ............................ 37 75
M ya truncata ....................................... 2 54
Corbula g ib b a ....................................... 8 770
Thracia spp............................................. 0 96
Philine spp.............................................. 1 7233
Ophiura spp................ ........................... 12 806
Echinocardium corda tum ................... 921 1027

Total n u m b e r ....................................... 1047

A nother factor to be considered, when com paring field data and laboratory 
results, is the influence o f the retaining period. The size distribution o f  the Venus 
found in the Frederikshavn m aterial (Table 13) indicates that they represented 
the num ber taken  during approxim ately three days (cf. Table 19). Conversely, 
more than  97 % o f  the S . subtruncata found in the same m aterial had a size a t 
which they in the laboratory were retained nine hours on an average and for 
maximally 12 hours. The tem peratures a t which the experiments were carried 
out in the laboratory  were probably several degrees higher than  the bottom  tem ­
perature off Frederikshavn where the m ean tem perature for June, in which all 
but 20 o f the sea-stars were taken, lies around 10° C (Brattström , 1941), bu t the 
consequence o f this would only be a still larger difference in retaining periods 
between Venus and Spisula. Even w ithout considering the latter aspect, the data 
available show th a t the num ber o f Venus found should be divided by a factor of 
about six to com pare the actual consum ption of this species per time un it with 
the consum ption o f S. subtruncata. W hen this is done we find tha t the ratio  is
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abou t 10 to 1 in favour o f the latter species. Furtherm ore, we know  th a t the 
num ber o f Venus swallowed is n o t equal to  the num ber th a t eventually will be 
digested since roughly 70 % may be ejected again fully alive (Table 32). One may 
ask why so m any Venus were ingested at all in the Frederikshavn locality, when 
it is so “disliked” by the sea-star. A part from  factors m entioned earlier (presence 
o f a ttached  egg capsules, patchy distribution), the data  given in Tables 22 & 29 
show, however, th a t only in the immediate presence of the  m ost desired prey, 
Spisula subtruncata, will Astropecten “refuse” to  pick up V.gallina a t all.

M any o f the factors discussed above also play a role in evaluating the reasons 
why a fairly high num ber o f Corbula gibba was found in the Frederikshavn 
m aterial. In this case, however, the experiments on prey  selectivity listed in 
Tables 22 & 23 are misleading since only adult animals were used. In  contrast to 
Venus, newly settled Corbula never seem to  be ejected (Table 31), and the average 
retaining period is only 17 hours as against m ore than  60 hours for newly settled 
Venus. The m ajority of the Corbula found in the Frederikshavn m aterial were less 
than  4 m m  long, but only 43 (out o f 362) were o f m eio-fauna size, and none o f the 
experiments carried out in the laboratory involved specimens in this size range. 
Nevertheless, the indications are tha t Corbula in the 2-4 m m  size range are retained 
and digested to  a considerably higher extent th an  Venus o f  the same size group. 
Apparently, circum stantial evidence may also be drawn from  the data  on state 
o f digestion in field m aterial (Table 21), bu t the difference in size distribution  of 
the tw o species in the two materials makes it impossible to  draw any conclusions 
in this respect, especially since practically all o f the Corbula found digested in 
the 0 re su n d  m aterial were less than  one mm long.

Y onge (1931) as well as others have warned against determ ining w hat m arine 
invertebrates feed upon by relying on their stom ach contents, since they may 
lack enzymes necessary to break down certain parts of the food ingested. W hether 
this factor plays any role for Astropecten is n o t known, b u t based on our present 
knowledge o f  enzyme occurrences in other sea-stars as reviewed by A nderson 
(1966), this is hardly the case, i.e . all in ternal tissues of bivalves and snails as 
well as the  external and internal tissues o f echinoderms can no doubt be assimi­
lated, and  the same must apply to  other less im portan t food organisms (see also 
Heyde, 1923).

The results o f the present study constitute a  further warning against relying 
on stom ach contents, especially when one deals with predators tha t are unable 
to m astigate their food and feed on molluscs able to  protect their internal organs 
by tightly appending valves or an  operculum.

T o this m ust be added the great variations th a t one may find in stom ach 
contents due to  a num ber of factors discussed in the next section. To rely on 
samples from  ju st one locality may lead to  quite wrong results, especially if the 
samples are small and derive from  certain seasons o f the year only. Laboratory 
studies should be carried out in conjunction with field studies, but this has ap­
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parently not been possible for m ost o f the authors which have published papers 
on food uptake by Astropecten. The data  published by A. M. Christensen (1962), 
Massé (1966) and in the present contribution clearly emphasize how  im portant 
this is when attem pting to draw  conclusions from field data. The recent studies 
carried out on all sea-stars occurring within diving depth in the Puget Sound 
region by M auzey et al. (1968) serve to stress the same point.

V A R I A T I O N  I N  P R E Y  S P E C T R U M

The data depicted in Fig. 1 show tha t the prey com position m ay vary consider­
ably from one area to another. However, the com position shown is, o f course, 
no t a static one. The m ajority of the N orth  Sea sea-stars were taken during the 
settling season of Pectinaria koreni. The Frederikshavn m aterial was collected at 
a time when the opisthobranch, Retusa umbilicata, m ust have occurred in enor­
mous numbers, and the 0 resu n d  m aterial happened to  be taken mainly in a year 
(1960) when a trem endous spatfall o f S .subtruncata took  place. A  change in ju st 
these three factors could have changed the prey com position in all localities to  a 
considerable extent.

Nevertheless, in the long ru n  Astropecten  will probably ingest a  comparatively 
lower number of bivalves in the N orth  Sea than in the other localities, since the 
bottom s inhabited by them  in the N orth  Sea in general are m ore m uddy and hence 
contain fewer suspension-feeding bivalves (see e.g. Yonge, 1956). The fact is also 
tha t the 54 sea-stars (out o f 114) collected at the shallowest depths in the N orth  
Sea contained 82 % of all the bivalves found.

These remarks may suffice to  stress tha t a num ber o f biotic and physical fac­
tors may be responsible for apparent differences in food uptake at various loca­
lities and a t different seasons o f the year, as well as from  one year to the next. 
In  the following the m ost im portan t factors will be treated and illustrated with 
examples from the collections made. I t is obvious, o f course, th a t m any variations 
in food contents are not ju st due to one factor, bu t th a t two or m ore factors may 
be involved. It cannot be said, for example, whether the curious distribution of 
Pectinaria koreni, H arpacticidae and Ophiura albida in the sea-stars taken from  
three close localities in the N orth  Sea (see rem arks in Table 4) is due to  a sub­
strate factor or a patchy distribution o f the m entioned food anim als, or whether 
both  factors played a role.

Regional differences in available prey

Since A. irregularis is distributed along the East A tlantic coast from  M arocco in 
N orth  Africa to  Lofoten in northern  N orway and may be found in depths ranging 
between 10 and 1000 metres (M ortensen, 1927), they do n o t everywhere have the
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same prey fauna from  which to  seek their food. M any o f the species found by 
Kisch (1958) in his very large m aterial from  the French w est coast do n o t occur 
in D anish waters a t all, and  a good num ber is not found in the N orth  Sea either.

I t is also well known th a t the 0 resu n d  has a fauna which is considerably poorer 
in species than any o f the other localities from  which m aterial for the present 
study was obtained. Furtherm ore, am ong the species occurring in the 0 resund  
m any may be rare, whereas they may be common in other localities.

Patchy distribution within the collecting area

Since Spisula subtruncata plays a dom inating role as food fo r Astropecten inhab­
iting Venus gallina com m unities, it is appropriate to m ention the study by Davis
(1923) who found a very distinct patchiness in distribution o f this species in the 
Dogger Bank area in the N orth  Sea. He also noted th a t settling took place in 
different patches from  year to year. Later, Hagmeier (1930) found the same phe­
nom enon off the G erm an coast, and there are other statem ents in the literature 
to the same effect, bo th  w ith respect to  this as well as other species.

T hat such patchiness also occurs within a rather restricted area is indicated 
by the fact tha t even during July-August 1960, when S. subtruncata totally dom i­
nated the stomachs o f Astropecten taken in the H ornbæ k Bay (Table 10), one 
could on the same date find sea-stars containing 200-300 juvenile Spisula along 
with others containing none or only a very few specimens. However, within areas 
sampled from  an anchored boat, the patchiness is no t very pronounced (K. M uus, 
unpublished).

In  the m aterial collected off Frederikshavn, there were 47 Astropecten which 
contained V.gallina, bu t no S.subtruncata, and 68 where the reverse was the case. 
In  m any of those, which contained specimens o f both  species, the distribution 
was often skewed, in m any cases with only one specimen o f  one of the species.

Finally, it can be seen in Table 5 th a t 6 Astropecten together contained 99 
newly settled Spisula solida, whereas three others from  the same station in the 
N orth  Sea contained none.

Seasonal and annual variation in composition o f  prey fauna

Especially for a p redato r as Astropecten  which preferentially feeds on newly 
settled invertebrates subjected to  exterm ination within a  few m onths (cf. K. M uus, 
1966), notable changes will occur in prey species com position throughout the 
year.

The first “first class” food species to  settle during the year in Danish waters is 
M ya truncata, which is a  w inter spawner (Thorson, 1946; K. M uus, 1966). W hen 
the tem perature in the H ornbæ k Bay rose above 4 °C in February  1960 (Table 24), 
Astropecten started to  feed on this species (Table 10). If  some Spisula subtruncata
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had no t survived from  the preceding year, the num ber of M ya  tak en  m ight well 
have been higher. W hen the form er species began to  settle later in the season, 
they completely dom inated the stom ach contents, especially in July-August.

The data for September 1962 (Table 10) show th a t Montacuta ferruginosa  may 
be taken in large numbers a t this time o f the  year when present. T his brings out 
the influence of annual variations in prey com position on food up take.

C ontrary  to 1960, settling o f S. subtruncata apparently failed in H ornbæ k 
Bay in 1961 (Table 10). In June 1961, M ya truncata and  Cyprina islandica m ade 
up the bulk of the bivalves present whereas S. subtruncata accounted for over 
70 % in June the year before. It is well known tha t this and other species with a 
short life span and planktotrophic larvae show great fluctuations in abundance 
from  year to  year (Jensen, 1919; Thorson, 1957). However, although the sea- 
urchin Echinocardium cordatum does n o t have a short life span (U rsin, 1960; 
Buchanan, 1966), it may be alm ost absent in Astropecten stom achs in some 
years and exceedingly abundant in others (p. 25). It is possible th a t this to some 
extent is a  local phenom enon since recruitm ent of this species in the 0 resund  
depends m ainly on an inflow of larvae from  the K attegat or even the Skagerak 
(Thorson, 1946). Since this is true also for a  num ber of other poten tia l prey 
species and since the hydrographic conditions are ra ther unstable (Davidsson, 
1962), annual variations in prey com position are probably greater in the 0 resund  
than  in other localities from  which Astropecten were collected.

Variations due to nature o f  bottom substrate

M assé (1966) noted tha t the food o f A.auranciacus, a M editerranean species, 
varied according to  the type o f bo ttom  on which it was collected. 'A lthough A. 
irregularis prefers a more or less clean sandy bottom  and is a recognized m ember 
o f the Venus community, it has already been pointed ou t tha t it may be found on 
other substrates too. A  look at the species swallowed by the animals collected 
in the 0 resu n d  (Table 10) shows th a t a num ber o f the bivalves, as well as some 
species from  other groups, do no t belong to  a typical Venus com m unity, but 
ra ther to  the Syndosmya alba community. U nfortunately, the collections were 
m ade in such a  way tha t the sea-stars taken from  the two communities could not 
be separately handled. This is largely because the Venus community and  the Syn­
dosmya com m unity are present only as narrow  strips along the coast north-west 
of Helsingor. It is even a question whether the latter community exists in the 
H ornbæ k Bay area except as spots cramped in between the Venus com m unity 
and the deeper Amphiura community. Sampling along the coast at ab o u t 20 m 
depth, it is n o t uncom m on to  find animals from  all three communities in one 
and the same dredge haul.

However, the collections made at Læso in the K attegat on a so-called A m ­
phioxus bo ttom  (Venus fasciatum-Spisula elliptica-Branchiostoma com m unity in
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T horson , 1957) clearly show the influence o f  the substrate fac to r. O n this bottom  
practically none of the prey species preferred by Astropecten  are present, a t least 
no t in notable numbers. The sea-star seems to react to th is situation by feeding, 
although no t extensively, on  alm ost anything available, including some of the 
m ost undesirable species (Table 9). Natica  spp. were presen t in 17 ou t of the 45 
sea-stars collected, but nearly all specimens were of m eio-fauna size. M ost num er­
ous in the stomachs was S. elliptica, a species which does no t belong to those 
m ost desired by Astropecten, bu t all specimens found were less th an  2 m m  long 
and  may, as discussed earlier, ran k  as ’’first class” food a t th is stage.

The small collection made off the G ullm arfjord (Table 6) on a  gravel ground 
also shows a prey composition quite different from  that found  in Astropecten col­
lected from  a  Venus gallina community. H ere Laevicardium norvegicum was the 
m ost abundant prey species with 53 specimens found in th e  14 sea-stars. N ext 
cam e juvenile Pagurus sp. with 22 specimens, and, as in the Læso m aterial, quite 
a few Natica  were present.

A  gravelly substrate, and especially a shell-gravel substrate  dom inated by 
large shells o f Cyprina for example, is in itself disadvantageous to Astropecten 
since it in many cases may prevent it from  digging effectively into the substrate 
when sensing a potential prey organism. U nder such circum stances more energy 
than  norm al will be used, bo th  in unsuccessful as well as successful digging a t­
tem pts, and the sea-star may also have to  traverse more ground in seaching for 
food th an  on other bottom  types. In the 0 resund , however, Astropecten has 
never been taken on bottom s which, as judged from  the contents of dredge hauls, 
consist entirely o f shell gravel.

Variations due to possible differences in preference pattern

The variations in stom ach contents so far discussed have been based on the in­
fluence o f regional, seasonal and annual effects on presence or absence and rela­
tive density o f acceptable and accessible prey species. In  addition , differences in 
size distribution of prey species present also plays a role.

However, one cannot be certain  tha t only these factors are responsible for dif­
ferences in stom ach contents a t various localities, or even w ithin the same locality.

As we have seen, the specimens collected in the 0 resu n d  and fed in the labo­
ratory  preferred bivalves, and did this with a fairly clear order o f preference. 
However, it is reasonable to  ask whether other populations o f Astropecten would 
exhibit the same selectivity pa ttern  if the same faunal com position existed th rough­
out its distribution range. O rton (1929) made some experiments with specimens of 
the boring gastropod Ocinebra erinacea from  three different English localities 
and found tha t specimens taken from  a  locality where oysters (<Ostrea edulis) 
were absent or extremely rare would eat very few of these in the laboratory, 
whereas snails deriving from  an oyster bed fed heavily on them . He concluded
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th a t a fixed difference in feeding habit existed between the two populations due 
to  environm ental conditions, i. e. the food organisms to  which the snails had 
become accustomed.

W ood (1968) m ade a  comprehensive study on ano ther boring snail, viz Uro­
salpinx cinerea, along the U . S. east coast. H e introduced the concept o f “ inges- 
tive conditioning” , tha t is th a t the p redator will prefer a  certain p rey  species after 
it has fed on it for some time. M any o f the argum ents used by W ood to  explain 
the background for the occurrence o f this phenom enon cannot be applied to 
predators which swallow their prey whole and are unable to gain access to  the 
internal tissue by force. Urosalpinx uses different m ethods of attack, depending 
on type o f prey, and these are apparently learned by individual specimens, which 
by concentrating upon a single prey species probably increase their a ttack  efficiency. 
I t should be stressed also tha t W ood’s results do no t invalidate those obtained by 
Blake (1960, 1961), whose m ain conclusion is tha t Urosalpinx am ong prey o f the 
same type or the same species selects those with the highest metabolic rate.

Recently, Castilla & Crisp (1970) suggested th a t ingestive conditioning may 
occur in Asterias rubens and it cannot be ruled ou t entirely for Astropecten, 
especially in habitats where m ore or less equally attractive prey species may occur 
in oscillating densities, but none o f the available data supports the idea. Sea- 
stars fed on Nucula nitida for many m onths, for example, will show the same 
preference for Spisula subtruncata as specimens fed wholly or in part on the latter 
species. In the 0 resund , this species may fail to settle for several consecutive 
years, yet the preference for it is clearly upheld.

Sigalas (1922) states tha t A . irregularis prefers to feed on the gastropods Nassa 
reticulata, Trochus spp. and Bittium reticulatum, b u t refuses to  feed on small 
Cardium edule. Especially the last statem ent seems hard  to  believe since the sea- 
star feeds voraciously on this bivalve in the Helsingor laboratory. T hat the state­
m ent is fallacious is indicated by the fact th a t Bouchet & Le Cam pion (1962) in 
their studies o f 53 Astropecten collected in the same area (Arcachon, France) 
found tha t bivalves constituted by far the largest prey group. Curiously enough, 
however, Venus gallina was the m ost abundant bivalve, bu t a look at the list o f 
the other species found shows th a t the sea-stars were m ainly taken on a rather 
coarse bottom  as also indicated by the authors themselves. Thus, Laevicardium  
norvegicum and  Lucina sp. followed next in abundance.

The author is well aware o f the danger in assuming th a t a predator displays 
the same feeding behaviour throughout its geographical range, bu t in the present 
case it seems obvious tha t evolution would n o t favour a  population feeding on 
bivalves and gastropods which cannot be digested before several days or even 
weeks after ingestion o f them.

The sea-star is, on the other hand, n o t so specialized in its feeding habits 
tha t it runs the risk o f starving to death when settling o f the m ost preferred prey 
species fails, bu t it may well influence its reproductive capacity (p. 97). The fact
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tha t it may stay alive w ithout any food a t all for m ore th en  a  year (Fig. 21) a t a 
tem perature range higher than  tha t found in any D an ish  Astropecten locality 
constitutes further p ro o f o f  its ability to  survive for lo n g  periods when ’’first 
class” food may be lacking.

W hether it is able to  obtain any supplem entary “ fo o d ”  by “ skin-digestion” 
as described for other echinoderm s, including sea-stars, by Ferguson (1963, 1967) 
and Pequignat (1966) is n o t known. The same applies to th e  possibility o f ciliary 
(flagellary) feeding as suggested for Astropecten by G em m ill (1915) and Gislén
(1924). Both m ethods o f securing supplem entary food m ight prolong the life o f an 
otherwise starving sea-star.

Other possible factors

Dickie & M edcoff (1963) showed tha t Asterias vulgaris in the G ulf o f St. Law­
rence benefits from  the fact th a t one o f the prey species, Placopecten magellanicus, 
does not tolerate the local tem perature extremes as well as the predator. In  the 
case o f Astropecten it seems possible tha t a  potential bivalve prey species may be 
the beneficiary because inactivity (limited or complete cessation o f  ciliary activity) 
o f a bivalve will lower its m etabolic rate and hence its attractiveness. This state­
m ent is made on the assum ption outlined earlier tha t m etabolic rate is a  valid 
index for attractiveness.

T H E  I N F L U E N C E  O F  T E M P E R A T U R E  A N D  P R E Y  
P R E F E R E N C E  O N  S E A S O N A L  F E E D I N G  R A T E S

In the following account relative feeding rates are expressed in terms of num ber 
o f prey specimens swallowed per sea-star. This is permissable since the m ajority 
o f prey specimens found belonged to  a restricted size range and  since the retaining 
periods of the species taken  during peak periods of feeding are am ong the shortest 
found in the laboratory. In  other words, if differences in retaining periods were 
considered, it would only further accentuate the differences found between periods 
o f high and low feeding rates.

The relevant da ta  on bo ttom  tem peratures, num ber o f m acro- and m eio-fauna 
prey specimens swallowed, and percentage of empty stom achs for each m onth  
o f  collection in the H ornbæ k Bay from  January 1960 through June 1961 are 
given in Fig. 10 and Table 34. Before discussing these data it should be noted 
th a t tem perature conditions below 20 metres depth usually are very stable, 
whereas this is not the case a t 15 metres depths (Horikoshi, 1967). Since som e o f 
the Astropecten were taken between 15 and 20 metres depth, this may have had 
an influence on the feeding rate o f some of the sea-stars analyzed for stom ach 
contents, although there is nothing in the combined data which indicates anything 
in this direction.
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Temper a t u r e  a t  15 m e t r e s  depth  
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Fig. 10. D ata on stomach contents o f Astropecten irregularis collected in Hornbæk Bay (0re- 
sund) from  January 1960 through June 1961. Num bers and percentages given for each month 
are based on one to three collections o f varying numbers o f sea-stars (cf. Table 34). Temperatures 

a t 15 metres depth were not available for the whole collecting period.
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T a b le  34. D a ta  on num ber o f em pty stom achs, to ta l num ber of prey, num ber o f bivalves, 
and  tem perature (in part) fo r each  collection o f A. irregularis m ade in  H ornbæ k Bay, 
0 resund , from  January  1960 through  June 1961. Tem peratures m ostly after Schram  
(1962), who generally m ade his m easurem ents a  few days before or after my samplings.
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1960
13.i 4 4 100 0 3.4
27. i 11 7 64 13 1.2 7 54 3.0
12. ii 75 48 64 44 0.6 22 50 3.6
19.ii 74 38 51 172 2.3 144 84 4.3
14. iii 53 14 26 292 5.5 235 80 4.8
30. iii 32 0 0 244 7.6 205 84 4.5
26. iv 59 16 27 159 2.7 126 79 3.8
10. V 42 23 55 76 1.6 50 66 4.3
27. V 52 23 44 110 2.1 67 61 4.3
9.vi 92 12 13 457 4.9 294 64 4.6
21+ 22. vi 70 16 23 939 13.4 830 90 4.5
20 . vii 48 2 4 4549 94.8 4337 95 5.8

9. viii 11 1 9 1793 163.2 1754 98 6.1
15. viii 12 2 17 332 27.7 266 80 8.8
22 . viii 14 2 14 1018 72.7 967 95 7.6

9.ix 43 16 38 645 15.1 621 96 8.2
22 . ix 52 3 6 200 3.8 93 47 9.6
5.x 23 7 30 73 3.2 40 54 9.8
20 .x 19 2 11 46 2.4 14 30 13.8
27.x 31 6 19 75 2.4 35 45

4 xi 21 9 43 14 0.7 5 36 11.2
8. xi 15 7 47 23 1.6 11 48

18.xi 12 7 58 6 0.5 0 0
21 . xii 27 13 48 24 0.9 10 42

1961
4. i 12 6 50 7 0.6 2 29
8. i 20 6 30 25 1.3 4 16 8.9

26. i 20 9 45 16 0.8 5 31 •

15. ii 8 4 50 4 0.5 1 25 5.0
1. iii 11 6 55 9 0.8 3 33 4.5

16. iii 17 4 24 41 2.4 20 49
29. iii 19 15 79 4 0.2 2 50 4.9
26. V 5 2 40 8 1.6 6 75
26. vi 47 8 17 298 6.4 228 76 7.6

Total and 
mean values 1051 338 32 11716 11.1 10395 89
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The bottom  tem perature a t all depths from  which Astropecten  were collected 
was unusually low in the winter o f 1959-60, reaching a m inim um  o f 2.3° C in 
January. I t is no wonder, therefore, th a t about 75 % o f the sea-stars collected 
had empty stomachs, and th a t the m ean contents o f prey specimens found per 
sea-star was less than one. However, although the tem perature only rose slightly 
above 4 °C in February this was apparently enough to  induce the sea-stars to 
s tart feeding on newly settled M ya truncata which, judging from  larval d a ta  ac­
quired by Schram (1962) m ust have been present, also in January. In  M arch the 
feeding rate on M ya  became higher and the sea-stars also started to feed more 
extensively on Spisula subtruncata from  the 1959 settling. Less than  20 % had 
em pty stomachs whereas 55 % had em pty stomachs in M arch 1961. Furtherm ore, 
the mean num ber o f prey specimens per sea-star was about five times higher in
1960 than in 1961, although the tem perature was a t least as high as in M arch 
1960. This points to a complete absence o f S . subtruncata and a scarcity o f  M ya  
truncata in M arch 1961 (cf. Table 10), where the 47 sea-stars had been collected. 
The presence of a notable num ber of the latter species in the June collections of
1961 indicates tha t the distribution was patchy, since they alm ost certainly had 
settled before M arch.

In  April 1960 the tem perature dropped once m ore below the 4 °C level, and 
this may be the m ain reason for the low feeding ra te  in this and the following 
m onth. A nother factor could have been the severe decim ation o f the rem aining 
S. subtruncata, but M . truncata was still present. Hence it is highly feasible tha t 
Astropecten practically stops feeding a t tem peratures below 4° C in the 0 resund . 
The few food animals found m ay have come m ainly from  specimens collected 
between 15 and 20 m etres depth.

W ith the rising tem peratures in June and the new spatfall o f S. subtruncata, 
the feeding rate rose to  a  very significant peak in July-August, when the average 
content o f prey specimens per sea-star stom ach am ounted to  over 93 and 84, 
respectively (over 90 % S. subtruncata, Table 10). O n one collection date, viz on 
9 August, the average content per sea-star was as high as 163 prey specimens 
(Table 34).

In  spite o f a  steadily increasing tem perature the feeding ra te  in September 
was below 10 % o f th a t found in A ugust, and in O ctober, when the maximum 
tem perature (11.8°C) o f the year was recorded, the  feeding rate was as low as 
in April, although there were som ewhat fewer sea-stars with empty stomachs. 
The reason for this m ust be th a t the Spisula population  was alm ost completely 
exterminated by early September (cf. Table 10), and th a t no other species ranking 
high on the preference list were present.

A com parison of the data  for September 1960 and September 1962 (Table 10) 
supports this conclusion. In  1962 there was evidently a  heavy spatfall o f M onta­
cuta ferruginosa as well as an extensive settling o f Echinocardium cordatum, with 
the result tha t the average num ber of prey specimens per sea-star stom ach be­
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cam e as high as 42.4, i. e. over 5 times as high as that found  for September 1960. 
This fact and the neat correlation between feeding rate an d  abundance o f S. sub­
truncata in 1960 give no reason to  suspect tha t a decline in  feeding ra te  may be 
connected with breeding as know n for several sea-stars. It is, furtherm ore, doubt­
ful whether Astropecten reproduces in the 0 resund  exept in in  very favourable years.

F rom  Novem ber 1960 through M arch 1961 about h a lf  o f the collected sea- 
stars had empty stomachs and  the numbers o f prey anim als found in the rem ain­
der were very low. M any o f  the sea-stars only contained a  few skeletal remains 
of ophiuroids, and one specimen collected on 16 M arch contained in fact more 
than  one-third o f all prey specimens found in the 47 sea-stars collected in that 
m onth. Furtherm ore, practically all the bivalves and snails found during the 
mentioned period had  an eroded appearance and were full o f sand, indicating 
tha t they had either been swallowed many weeks earlier or had been picked up 
as “ dead” shells.

In  June 1961 the percentage of empty stomachs was the same as in June 1960, 
but the num ber of swallowed prey animals was about 25 % lower although tem­
perature conditions were m uch m ore favourable than  one year earlier (Table 34). 
A n apparent complete absence of S . subtruncata in 1961 and a scarcity o f other 
suitable prey alm ost certainly account for this difference.

One final example of the influence of prey selectivity on feeding ra te  in the 
Oresund may be m entioned. In spite of a very low density o f S . subtruncata in 
the Hornbæk Bay in August 1964, a high density of newly settled Echinocardium 
resulted in an average content of more than  47 prey specimens per stomach 
(Table 33). H ad the la tter species been absent, it is very likely th a t Astropecten 
would have all bu t starved during a m onth of the year a t which feeding activity 
was a t its highest in 1960. A  clear example o f such a negative influence caused 
by the absence or scarcity o f suitable prey species can also be deduced from  the 
unpublished data by Thorson on 29 Astropecten collected at 15 metres depth off 
Frederikshavn on 10 July 1951. In  spite of favourable tem perature conditions, 
only 111 prey animals were found, corresponding to an average o f 3.8 per sea- 
star. O f these, 36 were M ontacuta ferruginosa, which must have been scarce con­
sidering its rank as “ first class” food (p. 000). Am ong the others were 17 Venus 
gallina, 20 Corbula gibba and 25 Cingula semicostata, bu t not a single Spisula. 
Obviously even this very low content of potential food found in the sea-stars in 
the m idst o f the m ain feeding season exceeded by far the am ount o f food actually 
assimilated per day.

Some inform ation on the effect o f tem perature on feeding ra te  may also be 
gained from  other field data  as well as from  the literature.

O ut o f 105 Astropecten taken off Frederikshavn in February 1952 only 20 con­
tained food, and the to ta l num ber of prey animals was as low as 24, in addition 
to a small number o f Hydrobia egg capsules. Since bottom  tem peratures a t 15-20 
metres depth off the island o f Læso east o f Frederikshavn ranged between 2 and
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4.1° C from  4 February and well into M arch (N autical-M eteorological A nnual, 
1953), this fits well with the conclusion th a t feeding practically stops below a 
tem perature o f 4° C.

It will be recalled that the fishermen a t Frederikshavn norm ally  catch very 
few specimens during the late w inter m onths. In 1957, for exam ple, they caught 
only 8 specimens over a period o f seven weeks in February-M arch. The fisher­
men believe th a t the sea-stars either m igrate to deeper waters or stay buried 
during this period. There is every reason to  accept the latter p o in t o f view, i.e. 
the  sea-stars are probably “ hibernating” m ore or less constantly a t tem peratures 
below 4° C. This also agrees with the observation by U rsin (1960), who no ted  a 
distinct decim ation of the Astropecten population in the eastern N orth  Sea fol­
lowing the severe winter of 1946-47, when bottom  tem peratures below  3 °C were 
recorded for a  considerable period o f time, indicating th a t such low  tem peratures 
m ay even be lethal for the sea-star if lasting too long (see a lso  Wolff, 1968). 
Nowhere does it seem to occur a t lower winter tem peratures th an  in D anish 
waters (Ursin, op. cit.).

The eight sea-stars referred to above had  an average stom ach content o f only 
1.4 prey specimens although bottom  tem peratures in February  1957 probably 
exceeded 4 °C m ost of the time (Nautical-M eteorological A nnual, 1958).

O ut o f 20 Astropecten collected in February  within 40 km o f th e  G erm an and 
D anish west coast (18) and the south-west Norwegian coast (2), ten had empty 
stom achs, seven contained next to  nothing, and only three contained remains of 
m ore than  one prey animal (Eichelbaum, 1909). The data given by  U rsin (1960, 
p. 12) show th a t all these collecting stations are situated where th e  m ean bo ttom  
tem perature for February lies between 3 and 4° C. Thus, the findings of Eichel- : 
baum  are also in full agreement with those obtained in the present, studies.

Blegvad’s (1914) m aterial from  the K attegat were taken during three conse­
cutive years between early June and  early September. His lim ited d a ta  point to 
a m axim um  feeding ra te  in August.

U sually sea-stars seem to  have their optim um  feeding rate a t a  tem perature 
lying a few degrees below the m ean tem perature o f the w arm est m onth  in the 
area where they live (Feder & Christensen, 1966; M acKenzie, 1967). In the case 
o f  Astropecten  the pronounced preference o f newly settled specimens o f a limited 
num ber o f species, settling at different tim es of the year, may lead to  the paradox 
th a t food uptake becomes very limited under the m ost favourable tem perature 
conditions. This is especially true in the 0 resund , where the hydrographic con­
ditions are ra ther intricate and strongly influence the pattern o f  larval settling, 
bo th  in tim e and  space (cf. Thorson, 1946).

There is bound to exist an upper tem perature lim it a t which Astropecten be­
comes inactive and stops feeding, a lim it which no doubt will differ throughout 
its long longitudinal distribution range. This limit has no t been established in 
D anish or any other waters, but it has been noted once tha t it to o k  about two
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weeks to  adapt a num ber o f Astropecten to  feed in the laboratory  at 17°C, al­
though they were collected a t a time of the year (September) when bottom  tem ­
peratures at 20 metres depth and below are approaching the highest level of 
the year (cf. Fig. 11). If  kept for a long tim e they will feed willingly at 18°C, 
which was the highest tem perature recorded in the running sea-water system of 
the laboratory.

The lethal tem perature has no t been established, but th e  species does no t 
seem to  occur in D anish waters where the mean summer tem perature exceeds 
16°C (Ursin, 1960). In  the laboratory no m ortality was observed for specimens 
accidentally left for two-three days in stagnant water a t room  tem perature (20- 
22° C).

R A T E  O F  F E E D I N G  A N D  G R O W T H

Introductory remarks

If  the retaining periods for different sizes of all prey species a t different tem pera­
tures were known, it would be possible to estimate the total num ber o f specimens 
o f all species consumed by a population o f Astropecten throughout a year of 
regular sampling. This is no t the case, bu t rough calculations on the daily con­
sum ption of some o f the more common prey species may be made. Reliable 
figures on am ounts of organic m atter or the calorific value for m ost of the meio- 
fauna organisms, constituting the m ajority o f the ingested prey, are lacking, and 
no attem pts have, therefore, been made to  analyse the field data  from  this point 
o f view. In  either case it m ust be emphasized tha t any results obtained would 
only apply to  one particular year and only for the restricted area investigated.

Fenchel (1965) was able to follow the grow th ra te  of a single year-class o f 
Luidia sarsi in the 0 resund  over a period o f about 18 m onths, and by determining 
the grow th efficiency in the laboratory, he could then make a crude estimation 
on its food uptake in nature, based on the justified assum ption tha t it feeds m ainly 
on Ophiura albida, which always occurs in m ore than  sufficient numbers.

I t is obvious tha t such a procedure could n o t be applied in the present case. 
Based on present knowledge one may with some accuracy estimate how the sto­
mach contents o f collected Astropecten are related to daily consumption. H ow ­
ever, unless a population is sampled daily or alm ost daily it is no t always safe to 
estimate seasonal feeding rates on this basis. This can only be done if  one is as­
sured th a t suitable food has been abundant between sampling dates.

In  the following subsection it is also assum ed tha t all swallowed prey speci­
mens can be handled simultaneously by the stom ach wall. Only in rare cases 
may an Astropecten swallow too m any or too large specimens to  allow for this.

I t should no t be overlooked tha t although an Astropecten may well have to 
“ wait” several days or even weeks before it can start to  digest large prey of
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certain species it will also, if and when this happens, be able to  assimilate an 
am ount of food equal to  that found in many hundred newly settled individuals. 
M acro-fauna specimens o f species which are neither highly attractive n o r dis­
tinctly disliked by the sea-star may, therefore, play a  considerable role, since 
they are seldom  ejected alive and have a fairly short retaining period. Thus, 
Nucula nitida, w ith a retaining period of 2-3 days for adult individuals, becomes 
an im portant food source when swallowed to the extent found by H unt (1925).

Due to bo th  species and size distribution these factors played a very small 
role for the 0 re su n d  population of Astropecten th roughout the whole period o f 
regular sampling, but this may not necessarily be a static phenom enon in the area.

Feeding rate in nature

For obvious reasons each prey species must be treated  separately, and only the 
m ore common ones will be dealt with. The bivalves will be discussed first, begin­
ning with the m ost preferred species. O ther prey groups will be treated  briefly 
since most o f the necessary inform ation on these were given in the section on 
stom ach contents.

Spisula subtruncata: Based on the data in Table 19 it is justified to conclude 
th a t the average stom ach contents o f about 83 S. subtruncata per Astropecten in 
the Oresund samples from  July-August 1960 (Table 10) represent less than  the 
num ber swallowed and digested per day. The facts th a t over 66 % o f the Spisula 
removed from  the stom achs were digested (Table 21) and tha t a notable num ber 
of sea-stars (13.5 % in August) had empty stomachs po in t in the sam e direction. 
A t Frederikshavn, where the sea-stars were collected very early in the morning, 
only 5 out of 322 specimens had em pty stomachs. In  the laboratory; Astropecten 
will feed a t a fairly steady ra te  for m any m onths when given suitable prey to  feed 
on, so it is very unlikely that it should not pick up food every day during periods 
when its favourite prey is exceedingly abundant. The em pty sea-stars had probably 
ejected their stom ach contents in preparation for the next period o f  feeding acti­
vity. In a num ber of cases, sea-stars were removed from  the Sigsbee trawl or 
the dredge with their stomachs everted. W hether they were caught while ejecting 
food remains or were induced to this in the collecting gear is n o t certain, but 
since so few had  empty stom achs in the Frederikshavn summer m aterial, where 
the hauls lasted m uch longer, the first possibility seems m ore likely.

In  the laboratory  a small sea-star may pick up  all o f 100 Spisula spat present 
within an area o f about 500 cm 2 (corresponding to  a density of about 2.000 per 
m 2), digest the m eat and eject the em pty shells w ithin 19 hours (p. 40). A dult 
specimens may digest between 200 and 300 spat sim ultaneously (p. 58).

On this background it seems justifiable to conclude tha t each o f the Astro­
pecten  caught during July-August 1960 in the O resund on an average must have 
eaten more than  100 newly settled Spisula per day. In other words, the num ber of



94 A A G E  M 0 L L E R  C H R I S T E N S E N

Spisula actually found in the sea-stars represent significantley less than the num ­
ber destroyed per day.

A part from the distinct preference for S. subtruncata shown by Astropecten, 
the density o f this prey species is the most im portant factor determining the 
num ber destroyed per day. The data given in Table 10 and indirectly in Fig. 10 
indicate that the settling and survival pattern in the 0 re su n d  in 1960 was the 
same as that found for 1965 in the same area by K . M uus (1966), and it is quite 
clear th a t the sea-star m ade very good use of this food resource right until the 
population was as good as exterminated. In  fact, the data in  Table 33 strongly 
suggest tha t if any threshold density exists, a t which Astropecten  no longer seeks 
this prey species, it m ust be very low. If  Echinocardium  had n o t been so abundant 
a t the same time, thus reducing the need of Astropecten to  traverse much ground 
in search of acceptable food, it is conceivable th a t an even higher ratio  o f Spisula 
consumed to Spisula present would have occurred.

The comparatively lower num ber of Spisula found in the Frederikshavn sum­
mer m aterial (Table 9) m ust be due to the density factor, since only a reduced 
population, deriving mainly from  the preceeding year, was available.

Spisula elliptica: A lthough this species definitely is less acceptable than  its rela­
tive, S . subtruncata (Table 22), and seldom occurs together with it, it ranks higher 
on the preference list than  Nucula nitida (Table 23) upon which Astropecten 
thrives very well in the laboratory. There are also indications tha t it is much 
preferred to other species living in coarse substrates (Table 23). However, in 
the only area in the 0 resu n d , where S. elliptica is constantly abundant, viz on a 
long stretch of shell gravel bottom  off the Swedish coast no rth  and south of 
Höganäs, Astropecten seems to be absent.

Also S. solida may be picked up in large num bers in the N orth  Sea (Table 5), 
and in one case, 67 specimens were found in a single sea-star. In  view of the rela­
tive short average retaining period o f 33 hours for the ’'large” specimens listed in 
Table 19, it may be assumed tha t the usually very small S. elliptica and S. solida 
swallowed in nature are digested within 24 hours irrespective o f  num bers present.

Montacuta ferruginosa: This species was seldom taken during the period o f in­
vestigation in the 0 resund , but when a successful spatfall occurs, it is taken by 
Astropecten in considerable num bers (Table 10, last column). Since it also seems 
to  have a short retaining period (Table 19), there is every reason to suspect that 
any numbers found in a stom ach represent less than  the numbers actually digested 
within a 24 hour period.

M ya truncata: As im plied earlier this species seems to be a t least as attractive to 
Astropecten as M . arenaria. Nearly all specimens found in the investigated sea- 
stars were less than  5 m m  long (Tables 13 & 14), and this seems, therefore, to  be
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abou t the maxim um  size taken in nature. Hence all stomach finds o f  this species 
m ust represent less than  w hat may be consumed within a 24 h o u r period  (cf. 
Table 19).

Solenidae: A lthough species o f this family usually are rare in the stom achs of 
Astropecten  the dominance o f an Ensis sp. in a m aterial from  the  N orth  Sea 
(Table 3) shows tha t exceptions may occur. As the retaining period o f  Cultellus 
pellucidus up to a size of a t least 8.5 m m  is as short as 5-6 hours (Table 19), it is 
quite certain th a t stom ach finds o f newly settled members o f the Solenidae -  and 
only these are taken in nature -  represent considerably less than w hat m ay be 
digested per day.

Cyprina islandica: Juveniles of this species occasionally occur in considerable 
num bers in Astropecten stomachs, especially in the N orth  Sea (cf. Table 4). It 
was n o t possible to  secure specimens o f this size for experiments on their retaining 
period, but it is bound to be considerably lower than the average period o f  45 
hours for specimens ranging between 6.7 and 10.8 mm in length (Table 19). A 
period of about 20-24 hours for 2-3 m m  long specimens and still less for smaller 
specimens is to  be expected in view o f the very large difference in retaining periods 
between the two size groups tested (Table 19). In  other words, stom ach finds of 
juveniles of this species probably represent ju st about what may be eaten within 
24 hours.

Nucula nitida: This species was all bu t absent in the many sea-stars collected in 
the H ornbæk Bay (Table 10) in spite o f the fact tha t it was very com m on in the 
bay during the whole collecting period in 1960-61. However, it did occur in the 
Frederikshavn m aterial (Table 7) and was, along with two other species o f Nucula, 
present in significant numbers in the Astropecten investigated by H un t (1925).

As will be recalled (p. 60) the em pty shells may often be retained for a  long 
tim e. However, if the shells look fresh and are n o t found ' ’tucked aw ay” in the 
arm s o f the sea-star as described elsewhere, it may be assumed th a t half-grown 
and adult specimens represent 2-3 days consum ption.

Venus gallina: The predation on this species in relation to th a t on S . subtruncata 
has already been discussed in detail earlier (p. 75), so a few rem arks m ay suffice 
here. I t is evident tha t the stomach contents o f Venus in the ’’best” case, i.e. 
when only juvenile specimens are ingested and all are presum ed to  be retained 
and digested, represent several days consum ption. However, since abou t 70 % 
o f all swallowed specimens are ap t to  be ejected again alive, a t least in Danish 
waters, one may estimate that stom ach finds o f this species on an average 
represent 2-3 weeks consumption, depending on tem perature and size o f the 
specimens.
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Corbula gibba: W ith our present knowledge it is difficult to  estim ate w hat stom ach 
finds o f m acro-fauna specimens ’’stand for” . I t is p robab ly  n o t far from  the 
tru th , however, tha t they -  on an average -  represent 10-14 days consum ption. 
The longer retaining period -  as com pared with V.gallina -  must be com pensated 
for by the higher percentage o f specimens retained and digested (see also Table 31). 
Since fully adult specimens are able to w ithstand anaerobic conditions much 
longer th an  any other species investigated (Table 20), it is conceivable tha t 3-5 
weeks may pass in these cases before the clam may be digested (see also p. 50).

Pectinaria koreni: Am ong polychaetes, only juvenile Pectinaria koreni were 
found in significant num bers, notably in N orth  Sea m aterials (Tables 3 & 4). 
Since adults containing m any hundred times the am ount o f  organic m atter are 
retained for only 34 hours on an average (Table 19), it is certain tha t newly settled 
individuals are digested in a few hours. Hence stomach contents o f these m ust 
represent considerably less than  the num ber digested w ithin 24 hours.

Retusa umbilicata: A lthough the m ajority of the Retusa umbilicata found in the 
Frederikshavn m aterial (Table 8) were undigested, the sm all size and the direct 
access to  the internal tissues indicate tha t they may be digested and the empty 
shells ejected within a day or two. Stom ach entrance is n o t as simple as in the 
case o f newly settled bivalves, b u t since the maximum num ber found in any 
stom ach was 28 (Table 11), an adult sea-star should have no difficulty in digesting 
these a t one and the same time, unless a significant num ber o f other prey is also 
present.

Echinocardium cordatum: Since specimens around one centim etre in length are 
retained for only 29-37 hours, it can be taken for granted tha t newly settled speci­
mens up  to  the length o f 5 m m  are digested w ithin 24 hours. W hether all the in ter­
nal tissue is digested could no t be determ ined from  the field m aterial, bu t this 
may n o t be the case. Larger specimens ingested in the laboratory have been ejected 
as bare tests with all the spines detached, b u t with some internal tissue left un ­
digested. If, moreover, no attem pts are m ade to  ingest all the internal tissue by 
stom ach entrance through the ra ther narrow  m outh opening, it is conceivable 
tha t even the maxim um  num ber o f 165 specimens found in a single sea-star may 
be disposed of within 24 hours. This depends on whether notable numbers of 
o ther prey species are present a t the same tim e, which was not the case in the 
H ornbæ k Bay in A ugust 1964 (Table 33) and this may no doubt often happen in 
the 0 resund . I f  M ontacuta ferruginosa is abundant, as in September 1962 (Table
10), such high num bers o f Echinocardium  may probably not be swallowed, even 
if this species also is abundant.
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In summing up the data given and discussed in the present subsection, one 
may state th a t Astropecten is obviously capable o f destroying a three-figured num ­
ber o f prey specimens daily during peak periods o f feeding, and th a t the actual 
figure is m ore dependent on the kind o f species present and their density than  on 
any other factor. Even at a tem perature o f  only 6-7° C, one may find over 160 
S . subtruncata per sea-star stomach, which was the case on 9 A ugust 1960, in­
dicating a daily consum ption of over 200 specimens. I t would probab ly  be higher 
a t more favourable tem peratures. However, these figures should n o t m ask the 
fact that the am ount of food obtained in terms o f dry organic m atte r may well 
be m odest when all the prey swallowed is newly settled specimens.

Growth in nature

From  the data  given in Table 2 it is seen th a t size frequency distribution o f the 
sea-stars caught in the 0 resund  cannot be used to  differentiate year classes and 
hence rate o f annual growth. M oreover, the m aterial was collected with different 
types o f gear which tend to retain different size groups o f sea-stars. Thus, 42 spe­
cimens caught w ith a dredge on 10 M ay 1960 had a m ean R  o f 15.5 m m  (Table 34) 
whereas 28 specimens taken the same day with a Sigsbee trawl, had  a m ean R 
as high as 27.7 mm. N one of the collecting gear used ever yielded specimens with 
an R  of less than  5 mm.

It is clear, however, tha t growth in the 0 resu n d  m ust be extremely slow. This 
is also indicated by the data on mean sizes (R) given in Table 2, showing that 
alm ost no grow th took place in 1960. W hether the slightly higher figures for 
1961 and the significantly higher figures for the two collections m ade in 1962 
and 1964 reflected the growth of the population sampled in 1960 is uncertain, 
but it may well be the case. The slow growth is n o t surprising considering the 
m odest annual food uptake. The sea-stars are definitely undernourished in this 
area in the sense tha t they would eat m uch m ore if  suitable food species were 
more abundant and available throughout longer periods o f the year. Com pared 
with the Frederikshavn area there is a shorter period with ’'sum m er” tem pera­
tures and the  tem perature level reached is several degrees lower (Brattström , 
1941), and these conditions will in themselves lead to  a lower annual food up­
take. M ore im portan t, however, is tha t the density o f preferred prey seems to 
be low in the 0 resund  during the period when the highest tem peratures prevail. 
This was the case in 1960, and from the data  given by K. M uus (1966, and per­
sonal com m unication) as well as the general im pression from  nearly ten years of 
m ore or less intense sampling by staff members from  the Helsingor Laboratory 
in the area there is every reason to believe th a t it will be the case practically every 
year. In fact, in years when S. subtruncata fails to  settle, it is easy to envisage that 
Astropecten may no t secure food enough to grow, let alone to reproduce.

In  this connection it may be pointed out tha t Thorson (1946) found only
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seven Astropecten larvae during his regular survey of the p lank ton  off Ven during 
the years 1936-1939, and th a t Schram (1962) did not find any at all in 25 500-litre 
samples taken just south o f the Hornbæk Bay in 1959-1960. The facts tha t sea- 
stars weighing about one gram  may reach a  weight o f nearly 18 grams in one 
year in the laboratory and show an increase in R  from  about 17 mm to about 
47 mm (Fig. 12) during the same time also show tha t grow th is ham pered in the 
0 resund . Only a lack of adequate food can explain this, although the tem perature 
factor, o f course, plays a significant role too. The data  become even more il­
lustrating when it is pointed out that no Astropecten weighing over 13.7 grams 
were caught in the Oresund during the present studies and  tha t only very few 
specimens taken had an R o f 43 mm or m ore in spite of the  fact tha t even under 
the much higher tem perature conditions in the laboratory, the sea-star may attain 
an age of a t least 91/* years.

It is well known tha t m any invertebrates do no t reach  the same size in the 
0 resund  as elsewhere. In the case of Astropecten this was already pointed out 
by Brattstromi (1941), but it has never been dem onstrated tha t the prim ary cause 
for this is an insufficient food source, a fact which should not obscure tha t the 
indirect reason for this is the peculiar hydrographic conditions which exist in 
this area.

The N orth  Sea specimens studied were also small com pared with those col­
lected off Frederikshavn (Table 1), although practically all o f them  were collected 
by trawling. U rsin’s data (1960) also indicate tha t only few N orth  Sea specimens 
reach a  size com parable with the majority of those taken in the northwestern 
K attegat. I t is generally accepted that production of potential prey animals is 
significantly lower in m ost parts of the N orth  Sea than  in the K attegat (Petersen, 
1913; Stephen, 1933; and others), and Astropecten is, furtherm ore, all bu t absent 
from  such a rich fishing ground as the Dogger Bank (Ursin, op. cit.). On this 
background it seems tha t also in the N orth Sea there is no t a suitable prey popu­
lation large enough to  allow the same rate o f growth and reproduction as in the 
northw estern Kattegat. Consequently, it is also doubtful whether U rsin (op. cit.) 
is correct in suggesting tha t specimens with an R  of 20-29 mm in the N orth  Sea 
may belong to  the 1-group. In  my opinion they may well be several years old.

The Venus com m unity off Frederikshavn offers much better conditions for 
Astropecten than  the 0 resund . Summer tem peratures are higher and other hydro- 
graphic factors more stable. The area supports a large population of plaice, which 
has been fished by seiners for many years. Since the preferred bivalve food spe­
cies of this fish and tha t of Astropecten largely are identical (H unt, 1925), ample 
food m ust be available in m ost years, and it is, therefore, n o t surprising tha t the 
sea-star reaches a very large size in the area. Its rate of growth is probably also 
considerably faster than in any other area from  which material have been obtained. 
In the laboratory, specimens collected in the 0 resund  may easily reach the same 
size when given an unrestricted food supply.
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F ig . .11. Weight-length relationship and weights plotted against R 3 for 63 Astropecten irregularis 
collected in H ornbæk Bay in January, April, October, and November 1960. Regression line

fitted by eye.

In  Fig. 11 the weights of 66 specimens collected a t different times o f the year 
in the 0 resu n d  are plotted against the third pow er of R. Since the points are 
scattered evenly on both sides of a straight line for all but the sm allest individuals 
growth is probably isometric. The same is likely to  be true for specimens living 
in other areas, but the slope o f the line would no doubt be steeper when based 
on m aterial collected in richer areas such as off Frederikshavn. Furtherm ore, 
specimens from  richer localities can “ afford” to  use m uch m ore o f their energy 
intake on reproduction, which would result in a wider scatter around the regres­
sion line. In  the laboratory, equally large specimens may vary m uch m ore in 
weight than  specimens o f the same size just collected in the 0 resu n d , depending 
mainly on state o f nutrition  and stage o f development o f gonadal m aterial. The 
latter factor is especially notable in females. A fter spawning the weight may be 
reduced by more than  25 %, whereas an accompanying reduction in R  is alm ost 
negligible (cf. Fig. 13).
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Growth and feeding rates in the laboratory

All feeding experiments on juvenile bivalves discussed earlier were obviously of 
such short duration th a t feeding rates in terms of num bers taken daily over a 
longer period cannot be deducted from  them. However, they  did clearly show 
tha t the rates o f feeding on different species differ greatly, also when newly settled 
specimens are involved, and tha t non-attractive juveniles m ay be ejected alive to 
about the same extent as m acro-fauna specimens. M oreover, all the field data, 
as already discussed, agree entirely with the laboratory findings. In other words, 
quantitative studies on feeding rates in the laboratory may justifiably be carried 
out with m acro-fauna specimens since the rank of attractiveness is linked primarily 
to species and only secondarily to  size o f prey.

In feeding experiments designed to  show how much food an Astropecten will 
ingest under optim al feeding conditions it is, o f course, necessary to use prey 
species which are both  attractive and  accessible to the sea-star. Since they also 
preferably should be of common occurrence in the natural hab ita t of the sea-star, 
this further reduces the num ber of species which may be used.

W ith due consideration to these prerequisites there was really only one ideal 
species available, viz S. subtruncata which could be dredged in large numbers in 
8-12 metres depth in certain spots along the coast north-west of Helsingor where 
part of the population may survive to  reach adult size. In addition, Nucula nitida 
was also used.

It was not possible with the technical facilities then available to carry out 
feeding experiments a t constant tem peratures for any length o f  time.

Consequently, only the experiments carried out in aquaria  supplied with ru n ­
ning sea-water will be recorded and discussed.

D uring the m ajor part o f the year the tem perature was significantly higher in 
the laboratory than  in the locality from  which the animals were taken. Besides 
raising the metabolic rate o f the prey species, the higher tem perature also in some 
cases induced epidemic spawning in S . subtruncata, which thereby must have lost 
a  significant am ount o f organic m atter. The sea-stars can compensate for this by 
ingesting a larger num ber of prey specimens, but the point becomes im portant 
if an attem pt is m ade to  express daily food uptake in terms of dry organic m atter 
based on determ inations o f freshly caught specimens o f the same size as those 
eaten by the sea-stars. It is equally im portant if one tries to estimate how many 
newly settled specimens should be ingested to account for the same am ount of 
dry organic m atter as tha t o f a prey specimen of known size swallowed in the 
laboratory. However, although rough estimates probably could be made in both 
directions, the main purposes of the experiments were to  study growth under 
laboratory conditions, and to test the conclusions drawn from other evidence 
that the sea-stars would grow much faster in the 0 resund  if more suitable prey 
were present in sufficient numbers during the warmer season of the year.
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F ig . 12. Results o f feeding experiment F-I (cf. text).

As it could not be supposed tha t too m uch handling of the sea-stars would 
no t influence their feeding rate and hence ra te  o f growth, the first experiment 
(F-I, Fig. 12) was carried out with 9 juvenile Astropecten being given an unrestricted 
food supply, consisting mainly of small S. subtruncata and M . arenaria, w ithout 
disturbing them  unnecessarily. Thus, the num ber o f swallowed specimens was, 
n o t determ ined as this requires sifting o f the sand, but empty shells found on or 
ju s t below the surface were picked up now  and then. The sea-stars were only 
picked up, one a t a time, for a few minutes once a m onth to m easure their R ’s, 
whereas the ra ther rough treatm ent necessary in weighing them  was avoided.

As shown, the average R  of the sea-stars increased from  16 m m  to 39,5 mm 
in one year and apparently a t a rate n o t visibly influenced by changes within the 
ra ther high tem perature level (10.5 to 17.5°C). A fter this first year, the sea-stars, 
which m ust have had an average weight of abou t one gram  at the start (cf. Fig.
11), were weighed and proved to have attained an average weight of alm ost 14 
grams, i.e. they had already reached the weight found for the heaviest (and con­
siderably larger) specimens taken in the 0 resund . Four specimens were then 
removed to make better room  for the rem aining sea-stars in the aquarium , and 
from  then on the animals were weighed at intervals o f about one m onth as also 
shown in Fig. 12. This was done because spawning had been observed in other 
specimens of this size in the laboratory, and we shall soon see tha t this decision 
was well motivated. D uring the first four m onths with only 5 sea-stars present, 
the average weight increased from  13.9 grams to 17.3 grams, whereas the average 
R  only increased from 39.5 to 42.5 mm. I f  one com pares these data with the data
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in Fig. 11 it is seen that field specimens with R ’s o f the m entioned lengths only 
weigh around 10-11 grams. The reason for the m odest size increase which in 
fact cam e to a standstill in February-M arch, became evident later when it was 
found tha t the animals -  as expected -  had been using most o f  their energy intake 
in building up their gonads. As the tem perature rose in April-M ay, two spaw­
nings were observed, one on 6 April when two males released sperm, and one on 
18 M ay when all sea-stars spawned simultaneously. It was then found th a t the 
other three specimens were females. O ther spawnings may have occurred during 
these spring months without being observed.

As could be expected, a subsequent reduction in weight to o k  place, and it is 
in the present connection im portant to note tha t it took  the sea-stars about seven 
m onths to  regain the lost weight. The size o f the animals were also affected, 
although only very slightly, and the subsequent growth was very moderate. 
A bout 26 months after the start of the experiment, i.e. in January 1962, the sea- 
stars had attained an average R  of 47 mm and an average weight of nearly 19 
grams. A lm ost 11 months later the average R was 48.5 mm and the average weight 
was practically unchanged. In all likelihood another spawning had taken place 
in the meantime, but since the animals were left completely undisturbed during 
the m entioned period, no definite p roo f is available. Fig. 17 shows, however, 
that an isolated adult female may reach the astounding weight of 32.8 grams by 
steadily producing eggs, which it apparently “refuses” to release in the absence 
of sperm  in the water.

A lone on the basis of the experiment described above (Fig. 12) in which the 
sea-stars constantly had an abundant food supply and were kept a t tem peratures 
much more favourable than those existing around 20 metres depth in the H orn- 
bæk Bay, it can be safely concluded tha t it m ust take Astropecten living in the 
0 resund  m any years to reach a size with an R  o f 45 m m  or m ore. As we already 
know (see also Brattström , 1941) very few specimens do in fact become so large 
in this area.

A nother experiment (F-II, Fig. 13), with four sea-stars o f the same size as 
those used in experiment F-I, gave even higher grow th results, although these 
sea-stars were subjected to weighing once a m onth  from  the s tart and each time 
kept in a separate aquarium  until all prey specimens had buried into the substrate. 
Also in this case an unrestricted food supply, m ainly o f Spisula subtruncata, was 
offered. In  one year the average increase in R  was 27 mm as against 23.5 mm, 
and the average wieght increased from  one gram  to  17.5 grams as against 13.9 
grams in the first experiment. The four sea-stars also attained an average R  of 
40 m m  after only eight months, whereas it to o k  a full year in  experiment F-I. 
It will be noted th a t both  experiments were started  about the same time o f the 
year, the first one in Novem ber 1959 and the second in December 1960. The 
different results o f the experiments are probably  due to  individual variations in 
feeding behaviour.



F E E D I N G  B I O L O G Y  O F  A S T R O P E C T E N 103

18

16
oo 14c
H— 12

10

45

40

35

30
E
E 25
c

en 20

c
d 15<v
2

10

5

0

  ,    .
. «•*

Number  of s e a - s t a r s :  U

R

■® W e i g h t  

■D T e m p e r a t u r e

18

16

14

io
12 E

d
i—
D)

10 C

ûO J Z
d)
a>

6 S
c

4 d
(U
S

D J F M A M J  J A S  . O N  D J  
1960 1961 '  1962

F ig . 13. Results o f  feeding experiment F-II (cf. text).

In  the experiments described below, feeding rates were calculated in terms of 
prey specimens of known sizes eaten daily per sea-star as determ ined by checks 
m ade at intervals of about 14 days.

In  Fig. 14, the results o f two experiments (F-III & F-IV) are com pared. They 
indicate tha t Astropecten under otherwise identical conditions will assimilate a 
m ore or less “ fixed” am ount o f organic m atter daily irrespectively of the prey 
specimens being offered, provided that these do no t differ too  m uch in attractive­
ness and are unable to escape being caught. It will be noted tha t feeding on Spisula 
subtruncata and Nucula nitida resulted in roughly the same rate o f grow th although 
the sea-stars feeding on Spisula ate m ore than twice as m any specimens than 
those feeding on Nucula which, furtherm ore, had a significantly smaller average 
length. The reason for this could well be the considerable difference in nutritive 
value between the two species. As m entioned earlier, Spisula also sometimes
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F ig . 14. Results o f feeding experiments F-III and F-IV (cf. text).

spawned when brought into the laboratory, thereby loosing further in nutritive 
value.

F rom  early January  1961, all four specimens were fed on Nucula, bu t still 
kept in two separate aquaria. As noted in the  figure, the daily food uptake fell, 
but this was true for both pairs, i.e. it was no t due to specimens C and D eating 
less because they had  been “ adapted” to  feed on Spisula. In fact, these specimens 
had lowered their feeding rate very significantly while still feeding on Spisula.
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F ig . 15. Results o f feeding experiment F-V (cf. text).

The observation that three of the specimens lost in weight while feeding on Nucula 
from  early January to the middle o f M ay suggests tha t they m ay have spawned 
during this period, presumably after the tem perature began to  increase tow ards : 
the end o f January. The fact tha t grow th levelled off or even becam e negative is 
also in accordance with the observations recorded in Fig. 12. On this background 
it is reasonable to ask whether the reduced feeding rate could be connected with 
the reproductive cycle. Such an effect has been recorded for two species o f Asterias 
(G altsoff & Loosanoff, 1939; H ancock, 1958; M acKenzie, 1967). Since the reduc­
tions in feeding rate shown in Fig. 14 coincide with declining tem peratures (except 
for late A pril and May), and since any anim al will feed less voraciously when ap­
proaching maximum size, the results of the experiments do not, however, w ar­
ra n t any conclusions in this direction.

Fig. 15 shows the feeding rate o f two specimens which already had reached 
abou t the maximum size attained in the 0 resund  (experiment F-V, prey species 
Nucula nitida). U nfortunately, one specimen became infected w ith an unknown 
skin disease and had to be removed about five m onths after the s ta rt o f the experi­
m ent. I t turned out to be a female, as was the other specimen. A  gradual decline 
in feeding rate is again apparent, but this coincided with declining tem peratures, 
and when the temperatures began to  rise in the middle of January  1961 the feed­
ing ra te  increased once more although n o t to the level recorded from  M ay to
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F ig . 16. Specimen o f  Astropecten irregularis with gonads protruding through body wall (cf. 
Fig. 15 and text). Photographed in preserved state by H. Knudsen.

early Novem ber 1960. However, a th ird  factor obviously played a decisive role. 
By January  1961 the sea-star had produced so m any eggs that parts of the gonads 
broke through the stom ach wall and protruded through the m outh opening. No 
food was taken for a t least 10 days while some of the gonadal material was dis­
posed of through the m outh (note the reductions in weight between January and 
M ay 1961). Feeding was then gradually resum ed and the animal fed at a steady 
rate for more than  two months until early M ay. D uring the next check period 
only one Nucula was ingested, and on 7 June the animal bursted with parts o f at 
least two gonads piercing through the body wall (Fig. 16).
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F ig . 17. Results o f feeding experiment F-VI (cf. text).

Nov.

Fig. 17 (exp. F-VI) shows the feeding rate o f another adult sea-star which 
was not sexed, but since it attained a weight of alm ost 33 gram s w ithout spawning 
it was in all probability a  female. The anim al fed at a considerably higher rate 
than  the two equally large females feeding on Nucula o f the same size during the 
same period (cf. Fig. 15). I t is possible, however, tha t the sea-stars used in the 
latter experiment had a higher initial weight since they had been kept and fed 
in the laboratory for several m onths prior to  the start o f the experiment.

The results of the last two experiments (F-VII & F-V III) depicted in Fig. 
18 show feeding rates and grow th of, in each case, two medium-sized female 
Astropecten feeding on Spisula subtruncata and Nucula nitida, respectively. I t is 
alm ost certain tha t in terms o f dry organic m atter (see pp  109-110) the specimens 
given Spisula fed at a somewhat lower rate than those feeding on Nucula (from 
late December 1960 to the middle o f M ay 1961). N ote  also tha t specimen A, 
after an initial period with a “norm al« feeding ra te  and accom panying increase 
in weight, stopped growing and lost slightly in weight during the last ten weeks 
of the experiment. It is difficult to explain why this happened, b u t one may suspect 
tha t it had som ething to do with an increasing size o f the Spisula offered in the 
cause of the experiment. D uring the first four check periods the average size
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F ig . 18. Results o f feeding experiments F-VII and F-VIII (cf. text).

never exceeded 14.2 mm, whereas it ranged between 14.8 and 15.8 during the 
last nine periods. A lthough the sea-stars were able to swallow the larger Spisula, 
the latter must have been m ore successful in their escaping attem pts than  smaller 
specimens. Individual differences in feeding behaviour may also have played a role.

W hat the two experiments did dem onstrate, however, is tha t whereas an 
average daily consum ption of about 0.75 Nucula with a mean length of roughly
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10 m m  resulted in a high growth rate , the  same average consum ption in num bers 
o f S. subtruncata with a higher m ean size (14 mm) under identical tem perature 
conditions, i.e. during late December 1960 to the middle o f M ay 1961, resulted 
in a ra ther m odest weight increase o f one specimen and a slight loss in the other. 
Both no doubt had to use more energy in securing their food than  those feeding 
on Nucula. Considering the significantly smaller size o f the latter, th e  results are, 
nevertheless, in agreement with the data  obtained in experiments F -III and F-IV  
(Fig. 14), viz, that an Astropecten has to  consume a higher num ber of Spisula 
than  Nucula over a given period to enable it to grow at the same ra te . Theoreti­
cally, specimen A  in exp. F-VII could have lost some weight by spawning, as its 
eggs were quite ripe a t the end of the experiment. It is not very likely to  have 
happened, however, since no males were present.

Growth efficiency

W hen the am ount of food ingested and assimilated over a given period  o f time 
and the gain in weight of the consum er are known, it is usually possible to calcu­
late gross and net growth efficiencies under the given circumstances.

Only experiments F-VII and F-V III yield data on which to base such calcula­
tions. A lthough they must be regarded as pilot experiments, it seems worth-while 
to  include them.

The grow th efficiencies were calculated on basis o f the contents o f  dry organic 
m atter, i.e. dry m atter minus ash were determined.

Five adult Astropecten (R  about 40 mm) kept and fed in the laboratory  for 
abou t six weeks had a m ean fresh weight of about 12 grams and an average 
content of dry organic m atter corresponding to 4.7 % of their fresh .weight. The 
average percentage for 5 somewhat larger female specimens which had  been fed 
in the laboratory for many m onths and had attained an average weight of about 
29 grams was 9.3 %. These specimens had converted a large p a rt of their energy 
intake into eggs. On the basis of these data  it is assumed tha t the 4 female sea- 
stars used in experiments F-VII and F-V III had an initial content o f dry organic 
m atter equal to 5 % of their fresh weight and a final content corresponding to 
9 %. The value of only 4.7 % for specimens fed for about six weeks is low, when 
com pared with those given for other sea-stars (Thorson, 1957, table 1), but is 
really n o t surprising in view of the state o f undernourishm ent o f Astropecten in 
the Oresund. Furtherm ore, some o f the values listed in Thorson’s table are too 
high since they include ash contents. As for the 9.3 % content of dry organic 
m atter in well fed Astropecten, this is n o t strikingly high; 12.5 % is given for the 
only phanorozonian sea-star, Hippasteria phrygiana, listed in the m entioned table.

In  the case o f Nucula nitida, 12 specimens were collected and analyzed in 
Novem ber-Decem ber 1965. The size range was 9.1 to  12.2 mm, (mean 10.2 mm), 
and  the average content of dry organic m atter was 0.0193 grams, corresponding
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to  5.6 % of the fresh weight (the weight o f specimens opened and placed on filter, 
paper just long enough to remove the excess water, cf. Thorson, 1957, p. 492). 
According to Ockelmann (personal com m unication) N .nitida  seems to  spawn in 
late winter, so the specimens analyzed may well have been ripe.

As for Spisula subtruncata, 20 specimens were collected and analyzed in N o­
vem ber 1960, and 31 during the period from  14 September 1965 to 27 January 
1966. The size range was 9.3-17.5 mm, m ean 13.5 mm, and  the average content 
o f dry organic m atter was 0.0139 grams, corresponding to 4.7 % o f the fresh 
weight. Only 8 of the specimens were taken in September, and of these, 5 had a 
content of 6 to 7.7 %, indicating tha t they had not spawned yet, although the 
bulk o f the population evidently spawn in early summer (K . M uus, 1966).

F o r both species, the values found are slightly higher than  those obtained by 
Petersen & Jensen (1911), 5.3 % for N .nitida  and 4 % for S. subtruncata, the latter 
determ ined on alcohol-preserved specimens, which always yield values some­
w hat lower than fresh specimens (cf. Thorson, 1957, tables 1 & 2). However, in 
neither case were the ash contents determined and deducted. Davis (1923), who 
gives a value of 5.5 % for S. subtruncata, also failed to deduct the ash contents, 
and he placed the soft parts directly on blotting paper to remove excess moisture, 
which easily leads to a loss of more than this prior to weighing.

In the case of experiment F-II, only the period betwen 7 Novem ber 1960 
and 18 February 1961 will be considered, i.e . the period before one of the sea- 
stars began to loose weight. During this period the two sea-stars ingested 243 
S .subtruncata with an  average length o f 13.5 mm or exactly the same as the 
average length of all 51 specimens analyzed for dry organic m atter. Since the 
size distribution did no t differ significantly, one may, therefore, reckon th a t the 
Spisula ingested represented a to tal am ount of dry organic m atter equal to 243 X 
0.0139 grams, which is about 3.4 grams. We may also assume tha t all o f it was assi­
m ilated so that gross and net growth efficiencies in the present case become identical.

O n 7 November the sea-stars had R ’s o f 27 and 28.5 mm, respectively, and a 
com bined weight o f 10.1 grams, i.e. som ewhat higher than specimens ju st col­
lected in the field, and thus com parable with the 5 smallest specimens analyzed 
in the laboratory. Hence it is assumed th a t the two sea-stars together contained 
0.51 grams of dry organic m atter, equivalent to 5 % of their fresh weight.

On 18 February the two sea-stars had  R ’s around 35 mm and a com bined 
weight of 20.6 grams. Since this represents weights completely out of proportion  
to animals of similar size just taken in the field (Oresund, Fig. 11) it is assumed 
th a t they were already full o f ripe eggs, which also was the impression one got 
when handling them. Assuming a content of dry organic m atter corresponding 
to 9 % this gives a figure o f 1.85 grams. Consequently, the increase in dry organic 
m atter during the m entioned period is calculated to be 1.34 grams. Relating this 
to  the 3.4 grams assimilated, the net growth efficiency was thus about 39 %.

Turning to experiment F-VIII, the whole experimental period may be included
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since both sea-stars continued to grow from  start to end. F ro m  22 December 
1960 to 16 M ay 1961 the sea-stars consumed a to ta l of 215 Nucula with an average 
length o f 10.2 mm. This corresponds well with the 12 specimens analyzed in 
Novem ber-Decem ber 1965, which had a similar size d istribu tion  and a mean 
content o f dry organic m atter of 0.0193 grams. This means that the 215 Nucula 
consumed m ust have contained about 4.2 grams. The com bined fresh weight of 
the two sea-stars a t the start o f the experiment was 14.2 grams o f which 0.7 grams 
(5 %) is estim ated to  have been dry organic m atter. A t the end the sea-stars 
weighed 30.3 grams o f which 2.7 grams (9 %) is taken to  have been dry organic 
m atter, and in this case it was directly seen th a t the sea-stars were “ loaded” 
with ripe eggs, so the am ount of dry organic m atter cannot have been over­
estimated. The increase was, therefore, about 2 grams, and  when this is related 
to the 4.2 grams assimilated, we arrive a t a net growth efficiency o f about 48 %.

Strictly speaking the efficiencies found in both  experiments do no t pertain 
to growth alone since a large part of the absorbed energy went in to  production 
o f eggs, but m uch confusion still persists concerning term inology and definitions 
o f ecological efficiencies. However, net growth efficiencies -  in the sense used 
here -  o f 30-60 % are by no means rare am ong m arine invertebrates, o f which 
m any are m uch m ore active than Astropecten. Based on wet weight, H atanaka & 
K osaka (1959) found gross growth efficiencies as high as 55.5 % under the most 
favourable tem perature conditions in a series o f experiments with Asterias amu­
rensis being fed on m eat from  shucked clams ( Venerupis japonica). If  calculated 
on the basis o f dry organic m atter their results would probably have been some­
what lower. Also based on wet weights, Fenchel (1965) found a  gross growth 
efficiency o f abou t 33 % for Luidia sarsi feeding on Ophiura albida. In the case of 
A.amurensis, gross and net growth efficiencies m ust have been m ore or less identi­
cal, whereas the net growth efficiency of L . sarsi m ust have been considerably 
higher the m entioned gross growth efficiency.

Since any ecological efficiency (sensu O dum  & Odum , 1959) is greatly de­
pendent on both  physical and biotic factors, it is difficult to  estimate what the 
net growth efficiency m ay be at a given time in any area where Astropecten occurs. 
A lthough the sea-stars living in the Oresund are undernourished, this will no t by 
itself lead to a diminished growth efficiency, but m ight even have the opposite 
effect. On the other hand, the sea-stars are bound to spend m uch more energy 
in travelling over the bo ttom  and in digging up prey than  in the laboratory where 
the prey is abundant, and where each specimen swallowed may represent the 
same am ount o f organic m atter as found in hundreds of the m eio-fauna specimens 
picked up individually in nature. Furtherm ore, the tem perature prevailing in the 
Oresund when such a highly preferred prey species as S. subtruncata settles is 
probably significantly below the level for optim al growth efficiency. This depend­
ence on tem perature has been well documented by H atanaka & K osaka (op. cit.) 
for Asterias amurensis and for many other m arine invertebrates (see review by
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Kinne, 1963). Off Frederikshavn, where food is much m ore abundant and tem ­
perature conditions m uch m ore favourable, the growth efficiency o f Astropecten 
is in all probability higher than  in the Oresund.

General remarks

It is no t permissible to calculate the am ount of food taken annually by a predator 
in nature on the basis of laboratory  feeding rates, unless one is dealing with a 
highly specialized species which also in the field has easy access to  an unlimited 
and concentrated food resource. Furtherm ore, all too often the physical, chemical 
and biotic factors cannot be duplicated in the laboratory, and it is especially easy 
to arrive a t quite erroneous results when basing such calculations on experiments 
carried out over short periods only. A part from  the density factor, the type of 
prey used in the laboratory may also be o f great im portance as in the case of 
Astropecten. These and other factors have convinced me about the futility of 
attem pting to calculate the annual food uptake of the sea-star in the field. Even 
if it could be done, for example, for the H ornbæk Bay, from  where m ost infor­
m ation is available, the result obtained would only be valid for this area, and it 
would, furtherm ore, be subject to  changes from  year to  year.

Sometimes one may see the feeding rate of a p redator expressed as the weight 
o f the prey eaten daily in per cent of its own living weight. Such inform ation may 
help to give rough estimates concerning the differences in voracity between dif­
ferent predators, and this may be useful when trying to figure out how large a 
share com petitors for the same food resource are likely to get in a  given area.

In the case of Astropecten feeding on N. nitida or S. subtruncata, they ate any­
where between about 2 and about 16 % of their own weight daily, w ith the highest 
figure applying to the smallest sea-stars used. I t is doubtful whether sea-stars of 
equivalent weights will ever succeed to secure as m uch as 16 % of their own weight 
daily in the field, a t least no t in the 0resund. This is indicated both  by the avail­
able field data and by the comparatively low tem peratures found in this area 
when their preferred food may be abundant. To use such figures to  calculate an­
nual food uptake is a t any rate n o t permissible.

Another aspect also deserves some comments. The feeding rate of Astropecten 
in terms o f organisms destroyed per time unit is obviously very m uch higher 
than for sea-stars o f the Asterias type which feed on larger prey. The efficiency 
of energy transfer from  prey to  predator, i.e. the ecological efficiency as defined 
by Slobodkin (1960), is also very much higher, however. This is due to the well 
known fact tha t although the metabolic rate pr unit body weight o f recently 
settled prey animals is very high, the net growth efficiency is also enormously 
higher than  in adult animals (see e. g. Jorgensen, 1952). To put it in another way: 
An Astropecten is m uch less expensive to m aintain than  an Asterias since a steadily 
increasing percentage o f the energy intake of the prey of the latter has been con­
verted to heat during growth.
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I N F L U E N C E  O F  A S T R O P E C T E N  O N  
F A U N A L  C O M P O S IT IO N

Already in an earlier paper (A. M . Christensen, 1962) it was po in ted  o u t that 
the selective feeding behaviour o f  A . irregularis is bound to influence the relative 
and absolute densities of potential prey species on bottom s where i t  occurs.

The inform ation given in the preceding chapters will be used to  the influence 
which Astropecten exerts on the stock of a few key species living in a typical 
Venus gallina community. Relevant inform ation on the predation on other spe­
cies may be drawn from the section on food items (p. 12) as well as the section 
on feeding rates in nature (p. 93).

Since a single Astropecten may easily swallow and digest a t least 200 newly 
settled Spisula subtruncata per day, and data gathered by Thorson (unpublished) 
show tha t larvae may be present in the plankton from  early M ay through Sep­
tem ber off Frederikshavn, each Astropecten may in this typical Venus com m u­
nity theoretically destroy a t least 30.000 0-group specimens annually. However, 
apart from  physical factors, as e.g . tem perature, the actual num ber of Spisula 
destroyed per unit area must a t any given time prim arily depend on  such factors 
as (1) the density of the predator itself, (2) the intensity o f settling and  subsequent 
growth rate o f the clam, (3) species composition, density and size d istribution  o f 
o ther more or less attractive prey species, (4) num bers and kinds o f  other p red ­
ators com peting for the same food, and (5) num bers of non-selective detritus 
feeders which “ accidently” swallow newly settled specimens.

As for the first factor the following inform ation is available. Petersen (1913) 
found 1, 1.5, 1.8, and 6 A. irregularis, respectively, a t four stations in the K attegat 
no rth  o f the island of Anholt, this being based on 10 to  20 samples w ith a 0.1 m 2 
bo ttom  sampler per station. However, judging from  the sub tra tum  data  one 
would have expected him  to have come across this species in ab o u t 15 other 
localities, and it is probably safe to  say tha t only in the m ost suitable localities 
in inner D anish waters will one find more than  about one specimen per 5-10 
square metres. Ursin (1960) in his extensive survey o f the N orth  Sea found almost 
one Astropecten per square metre, although food conditions outside the Dogger 
Bank, where Astropecten is absent, are believed to  be poorer than  in the n o rth ­
western Kattegat. Admittedly, U rsin did no t extend his survey into the Scottish 
waters o f the N orth  Sea, where the molluscan fauna is poorest (Stephen, 1933), 
bu t even in these waters as many as 5 specimens have been taken  per square 
m etre a t one station (Stephen, 1923). Buchmann & Hedley (1960) found two 
Astropecten per square metre on a sandy bottom  off the N orthum berland  coast, 
this being based on 65 samples with a 0.1 m 2 van Veen grab. M cIntyre (1961) 
found 134 newly settled specimens per square m etre on the Fladen G round, bu t 
when a 1.3 m m  sieve was used instead of one with a mesh size o f 0.5 mm, only 
4 specimens were retained and these were also juveniles (M cIntyre, personal
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communication). N o quantitative data are available for th e  Frederikshavn area 
except tha t Petersen (1913) found one specimen in ten sam ples with his 0.1 m 2 
grab 6 miles southeast of Frederikshavn. However, the fa c t tha t over 400 very 
large specimens were taken with a seine, which was hau led  aboard  as soon as 
the fishermen discovered th a t it had sheared into the b o tto m , indicates tha t m any 
were present, considering also th a t there alm ost certainly m ust have been m any 
smaller specimens which were n o t retained due to the large mesh size of the seine. 
O n an average one may probably  assume a density of ab o u t one specimen per 
5 square metres, bu t it may well be considerably higher in  local spots. As for 
the H ornbæk Bay, Nicolaisen (unpublished) found only tw o specimens in 192 
samples taken with a 0.1 m 2 Sm ith-M clntyre grab. Obviously many m ore samples 
w ould have been necessary to  secure reliable data, but rough  calculations based 
on many dredge hauls also indicate a density of about one Astropecten per 10 
square metres. Petersen & Jensen (1911, table VI) found 3 specimens in 50 samples 
taken with the 0.1 m 2 grab at 20-24 metres depth off H öganäs, a locality situated 
only about 10 km north  of the H ornbæ k Bay.

W ith respect to the second factor, it is obvious th a t settling intensity of Spisula 
larvae will vary considerably throughout the settling season, The main period of 
settling may well be confined to a period o f 6-8 weeks (cf. K . M uus, 1966), and 
although over 8.000, which is a very conservative estimate, may settle per square 
metre, the data in the paper ju st cited show tha t these may be totally exterminated 
within a few weeks due to predation by Astropecten and other predators. Assum ­
ing a  density o f one Astropecten per 10 square metres and a  potential digestion 
o f 200 spat per day, it is seen tha t the sea-star may be responsible for the extermin­
ation o f over 1100 spat per square m etre over a period of 8 weeks. This imposing 
figure may no t necessarily be reached due to the presence o f other predators (see 
below) and the accompanying decrease in density of the spat following imme­
diately after the term ination o f settling. Off Frederikshavn, settling of Spisula 
m ust be so extensive and other factors so favourable that some survive the 0- 
group stage. Since the difference in food value of a newly settled specimen and 
one which has passed the m eio-fauna stage is enorm ous, this will autom atically 
lead to  a  reduction in num bers destroyed, as will the declining density. Further­
m ore, with the onset of winter and falling tem peratures, Astropecten, as well as 
other predators, lower their feeding ra te  or even cease to feed a t all, and next 
spring there will be a new population o f newly settled bivalves to feed on.

The third factor mentioned may also play a considerable role, even though 
we know that, at least in D anish waters, S . subtruncata is preferred to any other 
bivalve prey. I t is feasible, for example, tha t the related, fast-growing M actra  
stultorum  found in the N orth  Sea and m ore southern waters may be ju st as a t­
tractive. In the Hornbæk Bay, however, the field data show (Table 10) that over 
90 % o f all prey specimens taken during the settling season o f S . subtruncata may 
belong to this species. On the other hand, the data from  the Frederikshavn area
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showed th a t the small opisthobranch Retusa umbilicata may a ttra c t the sea-star 
to  a considerable degree, and the data  from  the H ornbæk Bay revealed that 
M ontacuta ferruginosa  and recently settled Echinocardium  likewise a ttrac t the  sea- 
star. N one o f these were present in the H ornbæ k Bay in the sum m er o f  1960, 
and the la tte r two species also generally settle later in the season th an  Spisula. 
Nevertheless, in other areas where Spisula is no t wiped out w ithin a short time 
or where considerable numbers settle a t about the same time as some o f the 
m entioned prey species, these may well to  some degree act as “ buffers” . It will 
be recalled th a t the sea-star has little or no capacity for long distance perception, 
and  it cannot “ know ” that it m ight encounter a S .subtruncata if  it travelled a 
short distance further when hunting for food. In  this connection it should be 
m entioned th a t Thorson (1966) credits me for stating in my 1962 paper th a t the 
w ater pum ping rate of Spisula should help Astropecten  to  scent and find this 
bivalve m uch more often than  a Venus. Actually, this statem ent was n o t made, 
b u t the m entioned factor may perhaps play a role, since a linear relationship may 
exist between pum ping rate and m etabolic ra te  (cf. Hamwi, 1969). T hat the size 
o f alternative prey species m ust play a  role is obvious.

The fourth  factor mentioned, viz the existence o f other predators feeding 
m ore or less extensively on S. subtruncata is in a way m ore im portan t than  any 
o f the others. I t is well known tha t many other invertebrates such as e.g. the 
N aticidae, Ophiura texturata  and Asterias rubens feed on S . subtruncata (Petersen 
& Jensen, 1911; Hagmeier, 1930), although none o f these seem to  play a signi­
ficant role in this respect in the H ornbæ k Bay locality. Feder (personal com m uni­
cation) exam ined a large num ber o f O. texturata  from  this area and found no 
bivalves in them . Naticids are no t very com m on, although they do  occur in con­
siderable num bers in the m ore shallow water where Astropecten is absent. I t is 
also well know n tha t many fishes, am ong them  no tably  the plaice, feed extensively 
on Spisula (Davis, 1923, p. 45). In addition it has now  been discovered th a t newly 
settled specimens are preyed upon by certain turbellarians, nem atodes and har- 
pacticoid copepods (G. M . Christensen, in : Thorson, 1966). Nevertheless, although 
naticid gastropods are present on the Dogger Bank (Davis, 1923), the practically 
complete absence of O. texturata and  A. irregularis m ay well constitute one o f 
the reasons why this area supports a large fish population. Davis (1925) calculated 
for a certain patch o f S. subtruncata th a t only 9 % o f the m ortality  was due to  
Natica, whereas fishes accounted for 87 %.

Finally, w ith reference to  the fifth factor, T horson  (1966) calls attention to 
the “ accidental” predation by a num ber o f non-selective detritus feeders. Based 
on data  published by Blegvad (1914) he reckons th a t the adult population o f 
Echinocardium cordatum  in the K attegat may destroy a t least 224 young bivalves, 
out o f which close to  200 may be S. subtruncata, per square m etre w ithin 4 weeks.

W ith all the above inform ation at hand, there is no  reason to  wonder why 
the large m ajority of S . subtruncata are destroyed soon after settling, and tha t
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only very few specimens reach an age of m ore than  two years. There is more 
reason to  ask why it has n o t been exterminated long ago. As we have seen, this 
may in fact be the case in local areas as in  the H ornbæk Bay, where even very 
heavy settling is insufficient to  establish an adult population. Only in shallow 
water (8-12 metres), where Astropecten is absent, does this occur, although I do 
no t wish to  imply tha t this is the only reason why this is so.

A t any rate, the reason why the species has no t been exterm inated must be 
its high growth rate, early m aturity and high reproductive ra te  (cf. Davis, 1925; 
Thorson, 1957). As amply stated by Slobodkin e t al. (1967), high loss rates must 
be m atched by the latter factor as a species will be elim inated altogether from  a 
hab ita t if  this balance cannot be made.

V. gallina is known to  have a slow growth rate (Ansell, 1960 b) and a late 
m aturity  (see also Thorson, 1957). Consequently, if  it was preyed upon to  the 
same extent as S. subtruncata, it would in all probability n o t be able to survive. 
I t has now been shown tha t although it may occur in the stom achs o f Astropecten 
in considerable numbers, very few are in reality eaten, and it is evident that any 
other predator, which does n o t mastigate its prey, is also unable to digest Venus 
before it succumbs due to  lack o f oxygen. Likewise it can be taken for granted 
tha t even newly settled specimens will pass through the alim entary tract of non- 
selective detritus feeders quite unharm ed. A part from  this, it is common know­
ledge tha t Venus is no t taken to  any great extent by fishes, presumably because 
o f its ra ther thick shells. Natica  may feed on it, as shown by Ansell (1960 a), but 
according to Ziegelmeier (1954) it will only rarely do so in the presence of other 
bivalves which, in contrast to  Venus, have sm ooth shells. The fact that Davis 
(1923) found num erous empty valves of Venus on the Dogger Bank, but states 
nothing about finding bore-holes in them, points in the same direction. Further­
more, it will take much longer time for a  Natica  to drill a hole through the thick 
shell o f a  Venus than  e.g . th a t o f a S.subtruncata.

I t is precisely for all these reasons tha t V.gallina usually attains a life length 
considerably longer than  tha t of S. subtruncata.

M ost of what has been said about predation on Venus also applies to other 
bivalves with thick shells and a pronounced ability to withstand anaerobic con­
ditions for a long time. In  the present case it is notably Corbula and juvenile 
Cyprina  which are protected in the same way, although the form er species and 
possibly also Cyprina are more often eaten by naticids than Venus.

As we have seen, M ya truncata is highly attractive to  Astropecten. However, 
the larvae settle a t a time a t which the tem perature is a t a level a t which the feed­
ing ra te  of Astropecten (and other predators) is reduced. This gives the clam a 
chance to  grow significantly before Astropecten becomes really voracious, and 
when this happens, other attractive bivalves may be settling in addition to such 
apparently attractive prey as e.g. Pectinaria koreni.

To my knowledge, no  predator has up to  now  been known to  feed extensively
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on newly settled sea-urchins. I t is, therefore, o f considerable in terest th a t Astro­
pecten  seems to  play a role in controlling the rate of survival o f  recently settled 
Echinocardium cordatum. Usually, a Venus gallina com m unity is defined as con­
taining a  certain set o f species ± E .  cordatum  (cf. Thorson, 1957, p. 508), and it 
would seem worthwhile to investigate whether the absence or low density o f this 
sea-urchin shows any correlation with the density of Astropecten. Again, how ­
ever, the newly settled prey may in some years be m ore or less “pro tected” if 
another species ranking as high or higher on the preference list is present in large 
num bers during the settling season and while the sea-urchins are still small enough 
to  be attractive to  Astropecten. In  the 0resund, M ontacuta ferruginosa  may well 
act as a “ buffer” organism in certain years (cf. Table 10, last column). I t  should 
be stressed, however, tha t since Astropecten by no means will switch from  one 
prey species to  another which becomes more abundant, unless the latter is as 
attractive as the former, it does n o t m oderate com petition and induce stability 
in the com m unity as implied for predators in general by E lton (1927, p. 122).

Based on  laboratory studies on Pisaster ochraceus, Landenberger (1968) dis­
cussed this idea. H e concluded th a t if the rather pronounced preference displayed 
in the laboratory also exists in the field, as all available evidence indicates, the 
model does no t fit in this particular case. Referring to  o ther species in which a 
strong preference for certain prey is known to  pertain, Landenberger questions 
whether the hypothesis is generally valid, and with this po in t o f view I certainly 
agree. A lthough it is clear th a t one cannot entirely dismiss the idea o f Elton 
(1927) and the similar ones inherent in the theoretical discussions by M acA rthur 
(1955) and Connell & Orias (1964), it is indeed questionable w hether stability 
in fact in all cases and  in all communities requires tha t predators display a ten- 1 
dency to switch from  one alternative prey to another which has* become m ore 
abundant. I f  Astropecten, for example, did no t prefer prey species such as S. sub­
truncata, which can tolerate a high predatory loss rate, other m ore sensitive spe­
cies might in fact be in danger o f being exterminated.

A nother sea-star, Acanthaster planci, however, feeds alm ost exclusively on 
stony corals which -  in contrast to  S. subtruncata -  cannot sustain heavy p reda­
tion. Since this sea-star has undergone a spectacular population increase in m any 
areas of the Pacific Ocean, the result has been th a t huge reef areas have been 
completely decim ated for living corals (Chesher, 1969). In  this case, the chance 
for m aintaining com m unity stability would obviously have been greatly enhanced 
if  the sea-star did n o t so tenaciously “ hun t” for ju st one type o f prey.

The physical, chemical and biological factors influencing com m unity struc­
ture  are num erous as the review by Thorson (1966), which deals mainly with 
biotic factors, clearly reveals. Am ong these factors, the influence of Astropecten 
constitutes only one p a rt o f a  large puzzle. However, as emphasized by Petersen 
(1913), if one is to gain a  complete insight concerning trophic as well as other 
relationships within a community, it is necessary to acquire as much knowledge
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F ig . 19. Results o f starvation experiment (cf. text).

as we possibly can about every organism  norm ally occurring in it. Recent studies 
by Paine (1969 a  & b), based largely on another sea-star, Pisaster ochraceus, also 
show how im portant this is. M any interactions between Astropecten and  its po­
tential prey species are similar to  those between Pisaster and the prey of this 
species. Based on present knowledge there is in fact good reasons to  regard 
A.irregularis as a “ keystone species” as defined by Paine.

Am ong other invertebrate predators inhabiting Fe«w.y-communities, members 
o f the Naticidae are usually regarded as the m ost im portant. C ontrary to Natica , 
however, whose density fluctuates w ith the density of suitable prey (Hagmeier, 
1930; Picard, 1930; and others), Astropecten seems unaffected by this factor. 
Laboratory experiments and observations have shown tha t it may survive for 
many m onths w ithout food a t a  tem perature range considerably higher than  that 
in nature. Fig. 19 shows the results o f  an experiment where two specimens were 
kept w ithout food until they died, after m ore than  one year. Since Astropecten 
has a  long life span, it will always be present to  take advantage o f spatfalls of 
the prey it prefers.
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F E E D I N G  B E H A V IO U R  I N  O T H E R  A S T R O P E C T E N  S P E C IE S

The genus Astropecten is far richer in species th an  any other sea-star genus. 
D öderlein (1917) records over a hundred species, and  although a system atic revi­
sion may reduce the num ber of valid species, this will no t invalidate the above 
statem ent. The genus is represented in nearly all boreal, subtropical and tropical 
w aters, with m ost species occurring in the tropics. The large m ajority  inhabit 
m ore or less sandy substrates, but m ay occur on m ud bottom s in som e cases, as 
for example A.javanicus (Bedford, 1900). A nother species, A.spinolosus is nearly 
always found on bottom s covered with a dense growth o f algae, Zostera, or 
Posidonia, bu t has been found on a clean stone bo ttom  (Zavodnik, 1960, 1967; 
Picard, 1965). Ludwig (1897) writes about A.auranciacus that it is m ost common 
on sandy or m uddy (“ schlammigen”) bottom s, b u t may occasionally be found 
on detritus or coral debris substrates. Tortonese (1943-48) also found it on dif­
ferent substrates, including Zostera bottom s. A.johnstoni may likewise be found 
on different kinds of substrate (Picard, 1965). Concerning 493 specimens o f A. 
californicus caught off San Pedro, Fisher (1911) writes tha t the b o ttom  was sand 
together with shells, shale, cobbles, pebbles, or sand alone; less frequently mud 
or sandy mud.

A lthough few quantitative investigations are available, it is well known that 
m any tropical species may be extremely abundant in very shallow water. Dr. 
H eegaard (personal communication) estimates th a t several species m ay occur in 
densities o f 5-10 specimens per square m etre in certain coastal waters of Java. 
M acN ae & K alk (1952) state tha t A.granulatus m ay reach a density o f 5 per 
square metre a t Inhaca Island, M ocambique. A.javanicus is abundant in M alac­
can waters (Bedford, 1900) and the same is true for A.michaelsoni off the coast of 
G hana (Bassindale, 1961). U N ESCO  fellows from  tropical countries have also 
inform ed me th a t they know of beaches where Astropecten  spp. occurs in similar 
num bers as those indicated by D r. Heegaard. Outside the tropics, densities are 
seemingly lower, except in restricted spots or areas.

G helardi & N orth  (1958) report tha t A. californicus, within a narrow  strip 
along the slope o f  the La Jolla canyon, reaches an  average density o f  4 per square 
metre, and the late Conrad Limbaugh inform ed me (1958) tha t he had  observed 
densities exceeding 10 per square metre, although this was definitely an exception 
to  the rule. T urner (personal com m unication), states th a t station records for the 
Canyon de las Encinas survey (see Turner et al. 1964) indicate tha t 4 to  8 A. cali­
fornicus  were present in the approxim ately 40 square metres of bottom  surveyed. 
In a  similar survey about 10 miles further to  the south  one to eight A.arm atus 
were observed during dives over an area of about 30 square metres, but in other 
areas densities o f  one specimen per square m etre were occassionally recorded. 
H ildebrand (1954) states tha t A.antillensis is excessively abundant on  the shrimp 
grounds in the western part of the G ulf of Mexico, and data supplied by M cNulty
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et al. (1962) indicate tha t A. duplicatus may reach a ‘density o f  about one specimen 
per 8 square metres in the Biscayne Bay area, Florida. G ray  et al. (1968) show a 
photograph covering 4 square metres o f bottom  off the N orth  Carolina coast. 
F rom  this it is apparent that a t least 6 specimens o f A. americanus may be present 
per square metre. The same authors state th a t A . articulatus probably is the most 
com m on sea-star in N orth  C arolina waters.

Ludwig (1897) states abou t the M editerranean species A.auranciacus “ Wo 
die A rt vorkom m t scheint sie fast immer in grosser M enge das ganze Jahr h in ­
durch aufzutreten” . This agrees well with the more recent studies of Zavodnik 
(1960), who states th a t it is very common in some places and  tha t it is, for example, 
the m ost com m on echinoderm off K rk  and Baska on the island of K rk. A nother 
M editerranean species, A.bispinosus, may be represented w ith one specimen per 
square m etre off the French coast (Massé, 1966). Vaissiére & Fredj (1963) state 
that it is very abundant a t a station off the coast of Algeria, and this is also the 
case in the Tunisian G ulf (Bruun, 1940). The findings o f three specimens in one 
sample taken in the G ulf of Salerno with the 0.2 m 2 Petersen grab (Spärck, 1931), 
also indicates tha t it may occur in high densities in m any areas.

O n this background it is o f considerable interest to  see whether the feeding 
behaviour of o ther Astropecten species is similar to th a t o f A. irregularis. Two 
aspects seem to  be especially im portant to  discuss, viz whether all species are 
selective feeders, and if they are, whether they show preference for the same kind 
of prey as A. irregularis.

Concerning the first point there are a few statem ents in the literature, but 
before discussing these it is w orth recalling th a t Kisch (1958) stated tha t A .ir ­
regularis picks up whatever it comes across (see p. 30).

Using somewhat similar arguments, Wells et al. (1961) state tha t A.articulatus 
is a non-selective predator. These authors found no less than  91 species represented 
in the stomachs o f 124 sea-stars, but am ong the 17 bivalve species present, there 
were apparently none belonging to  easily accessible, fast-growing species. This 
reminds one o f the situation where A.irregularis fives in a locality where the 
preferred prey species are absent or scarce with the result that a large num ber of 
different prey species are taken in small num bers (Table 9). A  closer analysis of 
the d a ta  reveals, however, th a t over 30 % o f the prey specimens found in A .arti­
culatus belonged to  a single species, the tectibranch Acteocina candei which, ac­
cording to A bbott (1954), probably is identical with Retusa canaliculata and thus 
belongs to  a genus which also seems to  be attractive to  A.irregularis. I t  occurred 
in 57 o f the 124 sea-stars. Natica pusilla occurred in 89 o f the sea-stars and made 
up about 24 % of all the prey specimens. The fact th a t it apparently was more 
widespread in the collecting area and tha t the  num bers found probably represent 
a t least 4-5 days consum ption should be pointed out. Furtherm ore, members of 
this genus may also occur in significant num bers in A.irregularis when really 
attractive bivalve prey species are absent or scarce (Tables 5, 6 & 9).
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Hulings & Hemlay (1963) who studied the feeding habits o f  the same sea- 
star disagree with Wells et al. (op. cit.) in stating th a t there seems to  be a  certain 
am ount o f selective feeding. They found tha t the opisthobranch Odostomia im­
pressa  dom inated the stom ach contents one year, whereas the p rosobranch  Bit­
tium cerithoides was the m ost abundant form  found a year later. F rom  these two 
studies one m ight conclude, as done by Hulings & Hemlay, th a t A.articulatus 
prefers small gastropods, although this apparent preference could be due to  an 
absence or scarcity of suitable bivalve prey. As implied in this discussion, I am 
fairly convinced tha t Wells et al. (op. cit.) are in erro r in stating th a t it is a non- 
selective feeder, and it is certainly not w arranted to  state tha t this evidently ap­
plies equally well to other species o f Astropecten inhabiting sand.

There are other species, which apparently prefer gastropods. Am ong them  is 
A.granulatus from  M oçam bique, which almost exclusively feeds on the myriads 
o f tiny Assiminea sp. th a t litter the surface o f sand flats in the very shallow water 
where it lives (M acNae & K alk, 1962). Another less abundant species, A. acanthi­
fera , found in the same area feeds on several topshells bu t also on bivalves such 
as Circe pectinata. M acN ae & K alk give no inform ation on num ber of sea-stars 
investigated, nor is it clear whether the two species are intermingled on the flats, 
o r whether there is any difference between their habitats. I f  not, there appears to 
be a distinct difference in food choice. I t  is w orth noting th a t the authors state 
tha t although several bivalves are present, none are really com m on. Considering 
tha t they regard pyramidellids as frequent, when there are 5-7 per square metre, 
one may take it for granted tha t the sea-stars could n o t possibly secure sufficient 
food am ongst the bivalves present which, furtherm ore, seem to  include mainly 
two species o f Tellina, Cultellus pellucidus [?] and Solenomya, i.e . species which 
are m ore or less protected against predation by Astropecten, depending to  some 
extent on size.

A nother example showing the influence of the fauna present on food uptake 
is also very illustrating. M acGinitie & M acGinitie (1949) state th a t A.arm atus 
feeds on snails, but no t on sand dollars. Conrad Lim baugh inform ed me, however, 
th a t the species does in fact feed on the sand dollar Dendraster excentricus on 
sandy bottom s near La Jolla, bu t adm itted that he had never observed it further 
north , where the M acGinities had made their observations. Later I  also learned 
th a t it had  been seen feeding on the pennatulid Renilla koellikeri. H opkins & 
Crozier (1966) also state tha t it feeds on the m entioned three prey types and on 
dead fish. A  recent paper by Fager (1968) throws considerable light on the in­
herent controversy, however. I t is apparent tha t the sea-star in the La Jolla region, 
where H opkins & Crozier as well as Fager made their studies, is living in a com ­
m unity m ade up of a surprisingly small num ber o f species. O f special interest in 
the present connection is tha t the naticid snail Polinices recluzianus was observed 
to  feed on such unusual prey as herm it crabs, a fact which Fager believes is due 
to a scarcity of bivalves in the area. Hence even if  A.arm atus  m ight possess a
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preference for certain bivalves, it would never be observed in this community. 
Two species of Nassarius are present as potential prey, bu t Fager explicitly states 
tha t medium-sized snails easily escape even when held on th e  oral surface of the 
sea-star until a good grip should have been obtained. A lthough the observations 
o f Fager, and others diving w ith him, leave no doubt tha t A.arm atus  feeds exten­
sively on Dendraster and to a somewhat lesser extent on Renilla  in the La Jolla 
region, it should be pointed o u t tha t they did no t make any microscopic observa­
tions on stomach contents in  the laboratory, and it is, therefore, possible tha t 
they would have found juvenile gastropods, and possibly also bivalves, if  this 
had been done. Fager indicates this himself, and the m entioned observations o f 
the M acGinities also show th a t the sea-star probably prefers m olluscan food, when 
this is available. The fact th a t A.armatus often is observed on the sand surface 
in daylight hours (see also a l Reese, 1966, p. 164) is probably also an indication of 
food shortage.

H artm an (1956) classifies A . californicus as a detritus feeder, although m any 
were caught in traps baited w ith dead fish. Lim baugh inform ed me tha t he found 
its food to  consist mainly o f small gastropods. Furtherm ore, Hopkins & Crozier 
(1966) state tha t its food probably  consists of polychaetes, molluscs and ophiuro- 
ids. This has been confirmed by Dr. W. Austin (unpublished) who found th a t the 
molluscs dom inated the food contents in 21 specimens investigated.

Massé (1966) studied the  food uptake of five species living in the M editer­
ranean and found th a t four o f them, viz A.spinulosus, A.irregularis var. pen­
tacanthus, A.auranciacus, and  A . bispinosus all are selective feeders, showing a 
preference for molluscan food, bu t as in the case of A.irregularis, other prey may 
also be found in them  (for A.auranciacus see also Tortonese, 1943-48). W ith the 
exception o f the first m entioned species, which seeks its prey am ong gastropods 
and other animals living on  algae or sea grasses, the others apparently prefer 
bivalves to  gastropods. The fifth species, A.johnstoni, is reported to be a non- 
selective feeder, which a t all times of the year engulfs bottom  substrate, in which 
may be found a foram iniferan {Rotalia beccaria), ostracods, am phipods, mysids, 
tiny polychaetes, and -  very rarely -  juvenile bivalves. Since Eichelbaum (1909) 
got the impression th a t A.irregularii swallows considerable am ounts of detritus, 
and H artm an (1956) erroneously classified A. californicus as a detritus feeder, it 
is natural to ask whether the conclusions draw n by M assé concerning A.johnstoni 
could be incorrect. The question cannot be answered a t present, but since the 
swallowed substrate seems to  be rather rich with respect to content o f small 
animals it seems feasible th a t the sea-star a t least is a selective detritus feeder. It 
is also to  be expected th a t it is capable o f picking up prey in the same m anner as 
other Astropecten species do. Recently, however, Ferguson (1969) stated w ithout 
further com m ents: “ A more direct approach is used by some species o f Astro­
pecten which completely engorge themselves with detritus” . As no  American spe­
cies, apart from  A. californicus, has been reported to feed on detritus it would be
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o f considerable interest to know which species Ferguson is referring  to  and under 
which circumstances (i. e. type of substrate  and fauna present) th e  sea-stars were 
caught.

Perhaps some Astropecten species do resort to detritus feeding under certain 
circumstances.

M assé (1966) also states th a t the “ caecums digestifs” are m uch larger in 
A.johnstoni than  in other Astropecten species. I f  this refers only to  the pyloric 
caeca, as it appears to do, one cannot use this phenom enon as a  criterion for a 
different m ode o f  feeding. However, if  the T iedem ann i pouches situated  beneath 
the pyloric caeca are enlarged it becomes a  different m atter, since th is seems to  be 
characteristic of particle feeders (A nderson, 1960).

On the background of our present knowledge concerning digestion and assi­
m ilation o f ingested food in Astropecten as well as other asteroids (Anderson, 
1966) it is n o t likely tha t digestive juices are released freely in to  the stom ach 
lum en as suggested by Massé. Hence any digestible m atter in swallowed ditritus 
m ust still be brought in direct contact w ith the stom ach lining to  be digested and 
absorbed.

Several hundred specimens o f A. cingulatus collected in A rgentine waters 
were examined by Carcelles & Parodiz (1938) and Carcelles (1944). Judging from  
their data, this species feeds almost exclusively on mulluscs, am ong which opistho- 
branchs and bivalves dominate, whereas prosobranchs play a m inor role. For- 
am iniferans and Balanus improvisus were the only non-m olluscan prey present in 
their material.

The food o f the tropical species A.javanicus seems to consist principally of 
sm all bivalves according to  Bedford (1900), who collected his m aterial in Singa- 
pore-M alaccan waters. Sladen (1879) found a  large bivalve in two-specim ens of 
A.form osus, so this species may also feed prim arily on molluscs. A.africanus ap­
pears to  feed on bivalves (Cherbonnier, 1966), bu t further studies are needed in 
this case too.

D uring the 5th Thai-Danish expedition, 37 Astropecten velitaris were taken 
in a  single traw l haul a t 7 metres depth  on 23 January 1966 o ff the Thailand 
coast in the northeastern part o f the M alaccan Strait. These sea-stars -  with R ’s 
ranging between 8.5 and 23 m m -w e re  kindly placed a t my disposal and analysed 
for stom ach contents.

O f a to ta l o f 545 prey specimens found, 346 were bivalves. The rem aining 
specimens comprised 101 prosobranchs, 29 tectibranchs, 58 crustaceans (harpac- 
ticids, ostracods, cumaceans, tanaids, isopods, am phipods, and decapods), 6 poly­
chaetes, 1 sipunculid, 1 foram iniferan, and  2 juvenile Astropecten. In  addition a 
few fish scales, fish eggs, prosobranch egg capsules and inorganic nodules were 
also present. The bivalves were n o t identified, bu t about half o f them  belonged 
to  two or three species of Veneridae and  41 belonged to the Corbulidae.

This prey composition does no t differ from  w hat one may find in a collection
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o f other species o f Astropecten, including A.irregularis, taken  in a  single locality. 
The same applies to  the size o f the prey since 88 % o f the specimens were of meio- 
fauna size, with the large m ajority being less than  one mm long. The above infor­
m ation embodies, as far as I know, our present knowledge o n  food uptake within 
the genus.

Concerning feeding in other species o f Astropectinidae. Sokolova (1957) found 
tha t Psilaster pectinata, collected a t more than  2000 metres depth in the Bering 
Sea, contained alm ost exclusively 1-4 mm long bivalves and scaphopods in their 
stom achs. Furtherm ore, on the basis of very convincing evidence, she states that 
the sea-star m ust be a selective feeder, which no t only selects molluscan food, 
but makes a choice between the bivalves present. The closely related P. andromeda 
also appears to  feed mainly on bivalves, whereas diatoms, foraminiferans, echino- 
derms and crustaceans are taken in much lower num bers (Petersen, 1893; Grieg, 
1902; Eichelbaum, 1909). The fact tha t Cardium  spp. dom inated am ong the 
bivalves found in the N orth  Sea m aterial examined by Eichelbaum (op. cit.) sug­
gests tha t this sea-star may be as selective in its feeding habits as its relative, and 
th a t it chooses bivalves with the same characteristics as those preferred by A . ir­
regularis. N o other species have been investigated, but a single specimen of 
Dytaster spinosus, collected at a depth o f 4800 metres in the Indian Ocean, was 
found w ith a partly engulfed fish bone which still had some m eat attached to  it 
(Bruun &• Wolff, 1961). This shows tha t the species is a scavenger, and one may 
suspect th a t it will prove to be a t least a facultative predator. The suggestion given 
by C lark (1963) th a t the antarctic species Bathybiaster loripes obesus may feed on 
settling detritus is only based on the assum ption tha t the spinelets present in 
fascioles separating the marginal plates m ay move detritus from  the dorsal to the 
oral side.

D I S C U S S I O N

The results of the present investigation have clearly shown tha t A.irregularis is 
properly characterized as a selective feeder, which prefers juvenile specimens of 
certain bivalves with a low resistance to anaerobic conditions. However, infor­
m ation derived purely from stomach investigations indicates tha t it may also 
accept certain other prey types, which are susceptible to  immediate digestion 
once they are swallowed. Am ong these are notably the following: Retusa umbili­
cata and newly settled Echinocardium cordatum  and Pectinaria koreni. M any other 
types of prey may be found in specimens collected in the field, but laboratory 
experiments have shown, a t least in the case o f bivalves, that feeding on non- 
attractive prey leads to  a highly significant reduction in feeding rate. I t is also 
shown tha t although some potential prey species occur sparingly in the stomachs, 
they may well be attractive to the sea-star. A part from  a possible low density 
the reason for this may either be th a t the prey is situated too deep in the substrate
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or that it possesses an effective escape response, bo th  o f which a re  factors whose 
influence often depend on size.

In  spite o f w hat has ju st been summarized, one m ust also accept the fact that 
A. irregularis in a  sense is a highly adaptive animal. Otherwise it w ould no t occur 
on bottom s other than  those where it was assured o f  sufficient and attractive 
food. A lthough it is regarded as a sand-bottom  species, it may be found on any­
thing from  gravel to m ud bottom s and occur in localities where attractive prey 
species are ra ther rare.

From  all available accounts it seems safe to  conclude tha t all species o f Astro­
pecten, with the possible exception of A.johnstoni, are selective feeders, which 
primarily feed on molluscs. W hether apparent differences in choice o f molluscan 
food, i.e. whether some species prefer gastropods to  bivalves fo r example, are 
real cannot be determ ined on the basis of our present knowledge. The reasons 
for this are mainly tha t inform ation concerning presence and density o f potential 
prey species a t the times when collections were m ade, is either lacking or insuf­
ficient, and/or th a t the necessary laboratory experiments have n o t been carried 
out. I t is also unfortunate tha t m ost investigators seem to  have failed to examine 
the stomachs carefully enough under a dissection microscope. This is quite clear 
in most cases, and in other cases it is indicated by the size range o f  the prey spe­
cimens found and a conspicuously low average stom ach content. It is therefore 
to  be expected th a t very tiny prey, as for example newly settled bivalves, to a 
large extent has been overlooked.

The best da ta  available are those on A.bispinosus studied by Massé (1966), 
and they do n o t in any way differ from  those obtained in the present study with 
respect to choice of prey.

Just as A. irregularis a t least some of the other species may be found on quite 
varying kinds of substrates. They may also often contain  undesirable prey speci­
mens in their stomachs, and one extreme case may be m entioned. In  the neigh­
bourhood o f Corsica, Pérés & Picard (1957) found 46 Corbula gibba, 10 Venus 
gallina and one each o f six other prey species in an  unknow n num ber o f A.auran- 
ciacus. Judging from  the accompanying data, there was n o t a single attractive 
species present in the collecting area. The m entioned bivalves seem to  survive in 
the stomachs o f M editerranean Astropecten spp. for ju s t abou t as long as they 
do in A.irregularis in D anish waters (Massé, 1966). The consequences for the 
sea-star m ust be a reduced food uptake, slow grow th and  a reduced reproductive 
rate, provided th a t the community remains unchanged in species com position for 
a  significant time.

One of the m ore im portant implications o f the adaptability  of Astropecten 
with respect to  its food spectrum  is, however, th a t in contrast to  e.g. certain 
naticids, it will always be able to  survive even if settling of first rate prey species 
should fail for one or more years. In  this connection it is w orth noting that the 
specimen which lived for 91/ 2 years, probably only died because it had accidentally
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been left in standing water a t room  tem perature (about 21 °C) for four days. 
Since field tem peratures are m uch lower than in the laboratory , it is, therefore, 
not unreasonable to  assume tha t Astropecten may reach a  considerably higher 
age in nature.

W hat this discussion is leading up to is whether other species of Astropecten 
may have the same effect on com m unity structure as A. irregularis. In those cases 
where they occur in communities parallel to the Venus gallina community, there 
seems little reason to  doubt th a t this is the case, and th a t they may play a similar 
role in other communities seems at least feasible.

A t the present stage, however, the available da ta  do n o t perm it one to  make 
too m any generalizations. A n interesting aspect is the fact tha t the genus is most 
abundant in subtropical and tropical waters, especially in the Indo-Pacific area. 
In these waters, and even in some waters outside the tropics, one may find sedi­
ment bottom s inhabited by a large num ber of species, each o f which only occurs 
in very low densities (see Thorson, 1966 for references). U nder such circumstances 
any Astropecten species present must feed on a large num ber of prey species, but 
this does not necessarily m ean tha t they have to be non-selective feeders. They 
may show a preference for molluscs and, as A . irregularis, they may also primarily 
be attracted by those with the least resistance to anaerobic conditions. On the 
other hand, we also know  th a t a fair num ber of Astropecten species live in very 
shallow water on sandy beaches or sand flats, which may become “ dry” at low 
tides. Depending on the degree of wave action, the num ber of animals adapted 
to  this kind o f milieu is known to be low, whether it is in the tropics or not. So 
far, the only inform ation available concerning Astropecten living under these 
conditions stems from  M acN ae & K alk (1962), who found tha t tiny gastropods 
constituted the m ain food. In  m ore exposed localities, the sea-star may feed, for 
example, on small specimens o f  Donax spp., a genus known to have a wide geo­
graphical distribution (M orton, 1964), and which apparently is unable to with­
stand anaerobic conditions for very long. The latter assum ption is based on the 
findings by Massé (1966) and the first on the fact th a t A.irregularis feeds on 
Donax on sand flats off the D utch coast (see p. 59), where there probably is 
little else for it to feed on. W hat may speak against this hypothesis is that tropical 
species o f Donax apparently dig into the substrate m uch faster than  boreal spe­
cies (Ansell & Trevallion, 1969), which by no means are slow burrowers. I t is 
possible, however, th a t they do no t retreat upon contact with Astropecten, but 
simply close their valves.

Finally, attention is called to  the recent paper by Mauzey et al. (1968). These 
authors studied the feeding biology o f 18 sea-stars in their natural habitats through 
all seasons of the year. For m any of the species, laboratory studies were also 
undertaken and the results related to field data. As also found in the case of 
Astropecten, the data  obtained show how the relative abundance of potential 
prey species, regional differences in prey composition, and annual variations of
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the fauna may influence the diet o f m any sea-stars, which in th e  laboratory  ex­
hibit a m ore or less distinct preference for certain prey organisms. A nother highly 
needed set o f data is given concerning the num ber o f specimens observed feeding 
in relation to all specimens observed during the diving trips. I t  is unfortunate 
th a t no members of the A stropectinidae occur in the Puget Sound region, where 
these studies were carried out.

R E F E R E N C E S

A bbott, R .T . American Seashells. D. van N ostrand, New York. 541 pp.
A n d e rso n , J. M. 1954. Studies on the cardiac stomach o f the starfish Asterias forbesi. Biol. Bull, 

mar. biol. Lab., Woods Hole, 1 0 7 :  157-173.
— 1959. Studies on  the cardiac stom ach o f a starfish, Patiria miniata (Brandt). Ibid., 117: 185-201.
—• 1960. Histological studies on the digestive system of a starfish, Henricia, w ith notes on Tiede­

m a n n i pouches in starfishes. Ibid., 1 1 9 :  371-398.
— 1966. Aspects of Nutritional Physiology. In  R. Boolootian (ed.): Physiology o f Echinoder­

m ata, pp. 329-357. John Wiley & Sons, New York.
A n s e l l ,  A .D . 1960a. Observations on predation o f Venus striatula (Da Costa) by Natica alderi 

(Forbes). Proc. maiae. Soc. Lond., 3 4 :  157-164, 1 pi.
— 1960b. The development of the prim ary gonad in Venus striatula (Da Costa). Ibid. 34: 243-249.
—  1962. Observations on burrowing in the Veneridae (Eulamellibranchia). Biol. Bull. mar. biol. 

Lab., W oods Hole, 123: 521-530.
A nsell, A .D . & A. T revallion. 1969. Behaviour of tropical intertidal molluscs. J. exp. mar. 

Biol. Ecol., 4: 9-35.
Bassindale, R. 1961. On the marine fauna o f Ghana. Proc. zool. Soc. Lond., 137: 481-510.
Bedford , F .P . 1900. On Echinoderms from  Singapore and Malacca. Ibid., 1900: 271-299.
B la k e , J. W. 1960. Oxygen consumption o f bivalve prey and their attractiveness to the gastropod, 

Urosalpinx cinerea. Limnol. Oceanogr., 5 :  273-280.
— 1961. Prelim inary characterization o f oyster metabolites attractive to the predatory gastropod 

Urosalpinx eineria. D octoral thesis, Univ. o f N orth Carolina, 1961. Xerox copy, Univ. M icro­
films, Inc., Ann Arbor, Mich. 46 pp.

Blegvad, H. 1914. Food and conditions o f nourishm ents among the communities o f invertebrate 
animals found on or in the sea bottom  in Danish waters. Rep. Dan. biol. Stn, 22: 41-78.

Bouchet, J. M. & J. Le C ampion. 1962. N ote sur le contenu de quelques Astropecten irregularis 
Linck. P.-v. Soc. linn. Bordeaux, 98: 1-13.

Brafield , A .E . 1963. The effects o f oxygen deficiency on the behaviour o f Macoma balthica (L.). 
Anim. Behav., 11: 345:346.

Brafield, A.E. & G .E .N ew ell. 1961. The behaviour o f Macoma balthica (L.) J. mar. biol. 
Ass. U .K ., 41: 81-87.

B ra n d , T. V on. 1946. Anaerobiosis in Invertebrates. Biodynamica, 4 :  328 pp.
Brattström , H. 1941. Studien über die Echinodermen des Gebietes zwischen Skagerrak und 

Ostsee, besonders des Öresundes, m it einer Übersicht über die physische Geographie. Dis­
sertation, Lund (Unders över Öresund, 27). 329 pp.

Bregnballe, F. 1961. Plaice and flounder as consumers o f the  microscopic bottom  fauna. M eddr 
Danm. Fisk.- og Havunders., N. S., 3: 133-182.

B ru u n , A.F. 1940. Etudes quantitatives sur la faune du Iac de Tunis et du Golfe de Tunis dans 
la region de Salammbô. Bull. Stn océanogr. Salammbô, 4 0 , 20 pp.



128 A A G E  M 0 L L E R  C H R I S T E N S E N

Br u u n , A .F . & T. W olff. 1961. Abyssal benthic organisms: Nature, origin, distribution, and 
influence on sedimentation. Pubis Am. Ass. Advm t Sei., 67: 391-397.

Buchanan , J. B. 1966. The biology o f Echinocardium cordatum (Echinoderm ata: Spatangoidea) 
from  different habitats. J. mar. biol. Ass. U .K ., 46: 97-114.

Buchanan , J. B. & R. H. Hedley. 1960. A contribution to the biology o f Astrorhiza limicola 
(Foraminifera). Ibid., 39: 549-560.

B u r n e t t ,  A.L. 1960. The mechanism employed by the starfish, Asterias forbesi, to gain access 
to the interior o f the bivalve, Venus mercenaria. Ecology, 4 1 : 583-584.

Caddy , J. F. 1969. Development of m antle organs, feeding, and locomotion in postlarval Macoma 
balthica (L.) (Lamellibranchiata). Can. J. Zool., 47: 609-617.

Carcelles, A. 1944. Nuevos datos sobre el contenido estomacal de Astropecten cingulatus Sla- 
den. Physis, B. Ayres, 19: 461-472.

C arcelles, A. & G. P aro d iz . 1938. Moluscas del contenido estomacal de Astropecten cingulatus. 
Ibid., 12: 251-266.

Carr , W .E.S. 1967. Chemoreception in the mud-snail, Nassarius obsoletus. I & II. Biol. Bull.
mar. biol. Lab., W oods Hole, 133: 90-105, 106-127.

C arriker , M .R. 1955. Critical review of biology and control of oyster drills Urosalpinx and 
Eupleura. Spec, scient. Rep. U.S. Fish Wildi. Serv., 148: 150 pp.

C astilla, J. C. & D .J. C risp. 1970. Responses o f Asterias rubens to olfactory stimuli. J. mar.
biol. Ass. U .K ., 50: 829-847.

C herbonnier, G. 1966. Mode singulier d ’expulsion du bivalve Corbula gibba (Olive), absorbé 
par l’astérie Astropecten africanus Koehler. Bull. Mus. natn. Hist, nat., Paris, 38: 270-273. 

C hesher, R. H. 1969. Destruction o f Pacific corals by the sea-star Acanthaster planci. Science, 
165 (No. 3890): 280-283.

C hristensen, A.M. 1957. The feeding behaviour o f the sea-star Evasterias troschelii Stimpson. 
Limnol. Oceanogr., 2: 180-197.

—  1962. Some aspects of prey-predator relationships in marine level-bottom animal communities. 
Proc. F irst Nat. Coastal & Shallow W at. Res. Confer., 69-71.

C hristensen, H. 1967. Ecology of Hydractinia echinata (Fleming) (Hydroidea, Athecata)
1. Feeding biology. Ophelia, 4: 245-275.

C la r k ,  H .E . S. 1963. The fauna o f the Ross Sea. Asteroidea. Mem. N .Z . oceanogr. Inst., 2 1 , 
84 pp.

C onheim , O. 1901. Versuche über Resorption, Verdauung und Stoffwechseln der Echinodermen.
Hoppe-Seyler’s Z. physiol. Chem., 33: 9-54.

C onnell, J.H . & E. O rias. 1964. The ecological regulation o f species diversity. Am. N at., 98: 
399-414.

Cuenot, L. 1891. Etudes morphologiques sur les Echinodermes. Archs Biol., Paris, 11: 
313-680.

D avidsson, J. 1962. Physical-geographical investigations on the Sound. A cta Univ. lund., N.S,.
2. Avd., 58 (1): 1-50.

D avis, F. M . 1923. Quantitative studies on the fauna o f the sea bottom . No. 1. Preliminary in­
vestigations of the Dogger Bank. Fishery Invest., Lond., Ser. II, 6 (2); 54 pp.

— 1925. Quantitative studies on the fauna o f the sea bottom . No. 2. Results o f the investigations 
in the southern N orth  Sea, 1921-24. Ibid., 8 (4); 50 pp.

D einse, A.B. Van . 1916. Een gulzige Zeester. Levende N at., 13:
—  1954. Kam ster en Kokkel. Ibid., 57: 58-59.
D ickie, L. M. & J. C. M edcof. 1963. Causes o f mass mortalities o f scallops (Placopecten magel­

lanicus) in the southwestern G ulf o f St. Lawrence. J. Fish. Res. Bd Can., 20: 451-482. 
D odgson, R. W. 1928. R eport on Mussel Purification. Fishery Invest., Lond., Ser. II, 10 (1): 

1-498, 7 plates.



F E E D I N G  B I O L O G Y  ' O F  A S T R O P E C T E N 129

D u g a l ,  L.-P. 1939. The use of calcareous shell to buffer the product of anaerobic glycolysis in 
Venus mercenaria. J. cell. comp. Physiol., 1 3 : 235-251.

D u n n in gton , E .A . 1968. Survival time o f oysters after burial a t various tem peratures. Proc. 
natn. Shellfish. Ass., 58: 101-103.

D öderlein, L. 1917. Die Asteriden der Siboga Expedition. I. Die Gattung Astropecten. Siboga 
Exped., 46 a ; 191 pp.

E lton , C. 1927. Anim al Ecology (7th Ed.). Sidgwick & Jackson, London. 209 pp.
E mlen, J.M . 1966. The role of time and energy in food preference. Am. N a t., 100: 611-617.
E ich e lb au m , E. 1909. Über Nahrung und Ernährungsorgane von Echinodermen. Wiss. Meeres- 

unters. A bt. Kiel, 1 1 : 189-275.
F ager, E. W. 1968. A sand-bottom epifauna community o f invertebrates in  shallow water. 

Limnol. Oceanogr., 13: 448-464.
F e d e r , H. M. 1955. On the methods used by the starfish Pisaster ochraceus in opening three types 

o f bivalve molluscs. Ecology, 3 6 :  764-767.
F eder, H. M. & A .M . C hristensen. 19 66 . Aspects o f Asteroid Biology. In R. Boolootian (ed.): 

Physiology o f Echinodermata, pp. 88-127. John Wiley & Sons, New York.
F ederighhi, H. 1931. Studies on the oyster drill ( Urosalpinx cineria Say). Bull. Bur. Fish., Wash., 

47: 83-115.
F enchel, T. 1965. Feeding biology o f the sea-star Luidia sarsi Düben & K oren. Ophelia, 2: 

223-236.
F erguson , J. C. 1963. An autoradiographic study of the distribution of ingested nutrients in the 

starfish, Asterias forbesi. Am. Zool., 3: 524.
— 1967. U tilization of dissolved exogenous nutrients by the starfishes, Asterias forbesi and 

Henricia sanguinolenta. Biol. Bull. mar. biol. Lab., W oods Hole, 132: 161-173.
— 1969. Feeding, digestion,, and nutrition in Echinodermata. In M. Florkin & B. T. Scheer 

(eds.): Chemical Zoology, 3: 71-100. Acad. Press, New York.
F isher, W. K. 1911. Asteroidea of the N orth Pacific and adjacent waters. Bull. U .S . natn. Mus., 

76, Part I, 419 pp.
F orbes, E. 1841. A  history of British starfishes. John van Voorst, London, X X  +  261 pp.
G altsoff, P.S. & V .L. L oosanoff. 1939. N atural history and method o f controlling the star­

fish (Asterias forbesi) . Bull. Bur. Fish., Wash., 49: 73-132.
G emmill, J. F. 1915. On the ciliation o f Asterids, and on the question o f ciliary nutrition in cer­

tain species. Proc. zool. Soc. Lond., 1915 (1): 1-19.
G helardi, R .J. & W .J. N orth . 1958. A  possible ecological effect o f upwelling in a submarine

canyon. N ature, 1 8 1  (No. 4603): 207-208.
G islén, T. 1924. Echinoderm Studies. Zool. Bidr. Upps., 9: 1-316.
G ray, I.E ., M .E . D ow ney  & M .J. Cerame-vivas. 1968. Sea-stars of N orth Carolina. Fishery 

Bull., Fish Wildi. Serv. U .S., 67 (1): 127-163.
G rieg , J. A. 1902. Oversigt over det nordlige Norges Echinodermer. Bergens Mus., Ârb., 1, 37 pp.
H agmeier, A. 1930. »Eine Fluktuation von Mactra (Spisula) subtruncata da Costa an der ost­

friesischen Küste«. Ber. dt. wiss. Komm. Meeresforsch., 5: 126-155.
H amwi, A. 1969. The respiratory physiology of Mercenaria mercenaria. Proc. natn. Shellfish.

Ass., 1968: 3.
H ancock, D.A. 1958. Notes on starfish on an Essex oyster bed. J. mar. biol. Ass. U .K ., 37: 

565-589.
H ansen, H .J. 1965. O n the  sedim entology and  the quan tita tive  d istribu tion  o f  living foram ini­

fera in the no rth ern  p a r t  o f  the O resund. O phelia, 2 : 323-331.
H artman, O. 1956. Contributions to a biological survey o f Santa M onica Bay, California. Report 

submitted to  Hyperion Engineers, Inc. by the Geology Departm ent, University o f Southern 
California. 161 pp.

9



130 A A G E  M 0 L L E R  C H R I S T E N S E N

H askin, H .H . 1940. T h e  ro le  o f  chem otropism  in food  selection by th e  oyster drill, Urosalpinx 
cineria Say. A nat. R ec., 78: 95.

— 1950. The selection o f food by the common oyster drill, Urosalpinx cineria Say. Proc. natn.
Shellfish. Ass., 1950: 62-68.

H a ta n a k a ,  M. & M. K o s a k a . 1959. Biological studies on the population o f the starfish, Asterias 
amurensis, in Sendai Bay. Tohoku J. agrie. Res., 4: 159-178.

H a th a w a y , R .R . & K .D . W o o d b u rn . 1961. Studies on  the crow n conch Melongena corona 
Gmelin. Bull. mar. Sei. G ulf Caribb., 1 1 : 45-46.

H eddle, D. 1967. Yersality o f movement and the origin o f asteroids. Symp. Soc. exp. Biol., 
20: 125-141.

H eyde, H .C . V an D er. 1923. Petites contributions à la  physiologie comparée. II. La résorption 
chez les Echinodermes. Archs. néerl. Physiol., 8: 118-147.

H ildebrand, H .H . 1954. A  study o f the fauna of the brown shrim p (Penaeus aztecus Ives) 
grounds in the western G ulf o f Mexico. Pubis Inst. mar. Sei. Univ. Tex., 3: 229-366. 

H olme, N .A . 1961. Notes on the m ode o f life o f the Tellinidae. (Lamellibranchia). J. mar. biol.
Ass. U .K ., 4 1 :  699-703.

H opkins, T. S. & G .F . C rozier . 1966. Observations on the asteroid echinoderm fauna occurring 
in the shallow water o f southern California (Intertidal to 60 meters). Bull. Sth. Calif. Acad. 
Sei., 65: 129-145.

H orikoshi, M. 1967. Reproduction, larval features and life history o f Philine denticulata (J.
Adams) (M ollusca-Tectibranchia). Ophelia, 4: 43-84.

H ulings, N .C . & D .W . H emlay. 1963. An investigation of the feeding habits o f two species o f 
sea stars. Bull. mar. Sei. G ulf Caribb., 13: 354-359.

H un t , O.D. 1925. The food o f the bottom  fauna o f the Plymouth fishing grounds. J. mar. biol.
Ass. U. K., 13: 560-599.

Jahn , T .L. & V .J. W ulff . 1952. Chemoreception. In C .L. Prosser (ed.): Comparative Animal 
Physiology, pp. 447-470. W. B. Saunders, Philadelphia.

J ensen, P.B. 1919. Valuation o f the Limfjord. I. Studies on fish food of the Limfjord 1909-1917.
Rep. Dan. biol. Stn, 26: 1-44, 2 fig. 6 tables.

Jo rg en sen , C. B. 1952. Efficiency of growth in Mytilus edulis and two gastropod veligers. Nature, 
1 7 4 : 714.

K anwisher, J. 1959. Polarographie Oxygen Electrode. Limnol. Oceanogr., 4: 210-217.
K ellogg, J. L. 1899. Observations on the life history of the common clam, M ya arenaria. Bull.

U. S. Fish Commn, 1 9 :  193-202.
K enk , R. 1944. Ecological observations on two Puerto-Rican Echinoderms, Mellita lata and 

Astropecten marginatus. Biol. Bull. mar. biol. Lab., W oods Hole, 87: 177-187.
K inne , O. 1963. The effects o f tem perature and salinity on marine and brackish water animals. I.

Temperature. Oceanogr. M ar. Biol. Ann. Rev., 1: 301-340.
K isch , B. S. 1958. Astropecten irregularis precieux auxiliaire du malacologiste. Bull. Cent. Etud.

Rech. scient., Biarritz, 2: 9-15.
K jerskog-A gersborg, H.P. 1918. Bilateral tendencies and habits in the twenty-rayed starfish 

Pycnopodia helianthoides (Stimpson). Biol. Bull. mar. biol. Lab., Woods Hole, 35: 232-254. 
K ohn , A .J. 1961. Chemoreception in gastropod molluscs. Am. Zool., 1: 291-308. 
Landenberger, D .E . 1968. Studies on selective feeding in the Pacific starfish Pisaster in southern 

California. Ecology, 49: 1062-1075.
Lems, K. 1951. H et problem  van de gulzige zeesterren. Levende Nat., 5 4 :  14-18.
Lebour, M .V . 1938. The eggs and larvae of the British prosobranchs with special reference to 

those living in the plankton. J. mar. biol. Ass. U. K., 22: 105-166.
Loosanoff, V.L. & D .D . Shipley . 1947. On ability o f starfish, Asterias forbesi, to detect food. 

Anat. Rec., 99 (4): 87-88.



F E E D I N G  B I O L O G Y  O F  A S T R O P E C T E N 131

L u d w ig , H. 1897. Die Seesterne des Mittelmeeres. Fauna Flora Golf. N eapel, 24': 1-491, 12 
charts.

—  (with O. H amann). 1899. Die Seesterne. Bronn’s KI. Ordn. Tierreichs, 2, Abt. 3, 2te Buch: 
461-744.

M acA rth u r , R.H. 1955. Fluctuations o f animal populations, and a m easure o f community 
stability. Ecology, 36: 533-536.

M acG initie, G.E. & N. M acginitie . 1949. Natural history o f marine anim als. M cG raw  Hill, 
New York: 473 pp.

M a ck en zie , C. L. 1967. Feeding rates o f starfish, Asterias forbesi (Desor) a t  controlled water 
temperatures, and during different seasons o f the year. Proc. natn. Shellfish. Ass., 1966:6.

M acN ae, W. & M. K alk. 1962. The fauna and flora o f sand flats at Inhaca Island, Moçam- 
bique. J. Anim. Ecol., 31: 93-128.

M angold , E. 1908. Studien zur Physiologie des Nervensystems der Echinodermen. I. D ie Füss- 
chen der Seesterne und die K oordination ihrer Bewegungen. Pflügers Arch. ges. Physiol., 
122: 315-360.

M are, M.F. 1942. A study o f a marine benthic community with special reference to m icroorga­
nisms. J. mar. biol. Ass. U. K., 25: 517-554.

M asse, H. 1966. Contribution à l’écologie du genre Astropecten Linck. Reel Trav. Stn mar. En- 
doume, 57: 187-191.

M auzey , K .P., C. Birkeland & P .K . D ayton . 1968. Feeding behavior o f the asteroids and 
escape responses of their prey in the Puget Sound region. Ecology, 49: 603-619.

M c Intyre, A .D . 1961. Quantitative differences in the fauna o f boreal m ud associations. J. 
mar. biol. Ass. U. K .s 41: 599-661.

M cN ulty , J.K ., R. C. W ork  & H.B. M oore. 1962. Level sea bottom  communities in Biscayne 
Bay and neighbouring areas. Bull. m ar. Sei. G ulf Caribb., 12: 204-233.

M eyer, H.A. & K. M öbius. 1872. Die Prosobranchia und Lamellibranchia. Fauna der Kieler 
Bucht, vol. 2, 129 pp.

M itchell, P .H . 1914. The oxygen requirem ents o f shellfish. Bull. Bur. Fish.,. Wash., 32: 207- 
222.

M oore, H.B. 1931. The muds o f the Clyde Sea Area. III. Chemical and Physical Conditions; 
Rate and N ature of Sedimentation; and Fauna. J. mar. biol. Ass. U .K ., -17: ‘325-358.

M ori, S. & K. M atutani. 1952. Studies on  the daily rhytmic activity o f the starfish, Astropecten 
polyacanthus Müller et Troschel and the accompanied physiological rhytms. Pubis Seto mar. 
biol. Lab., 2: 213-225.

M ortensen, Th. 1927. H andbook o f the Echinoderms o f the British Isles. Oxford Univ. Press, 
I-VIII, 471 pp.

M orton , J.E . 1964. Locomotion. In K. M. W ilbur & C. M. Yonge (ed.): Physiology o f Mollusca, 
1: 383-423.

M uus, B.J. 1964. A  new quantitative sam pler for the meiobenthos. Ophelia, 1: 209-216.
M uus, K. 1966. A quantitative 3-year survey on the m eiofauna o f known m acrofauna communi­

ties in the Öresund. Veröff. Inst. Meeresforsch. Bremerh., Suppl. 3: 289-292.
N ik it in , V .N . & E.P. T urpaeva . 1957. The euryhalinity o f some species o f the Black Sea benthos 

and the possibility of their settlement in the Sea o f Azov. Trudy Inst. Okeanol., 20: 60-87. 
Trans. 1959, Am. Inst. biol. Sei. 45-66.

O ckelmann , K.W. 1964. An improved detritus-sledge for collecting meiobenthos. Ophelia, 1: 
217-222.

O du m , E.P. & H .T . Odum . 1959. Fundam entals o f Ecology, 2nd Ed. W.B. Saunders Company, 
Philadelphia. 546 pp.

O rton , J.H . 1929. Habitats and feeding habits o f Ocinebra erinacea. N ature, 124 (No. 3123): 
370-371.



132 A A G E  M 0 L L E R  C H R I S T E N S E N

P aine, R . T . 1969a. A note on trophic complexity and community stability. Am. Nat., 1 0 3 : 
91-93.

— 1969b. The Pisaster-Tegula interaction: Prey patches, predator food  preference, and intertidal 
community structure. Ecology, 50: 950-961.

P assano, L. M. 1957. Prey-predator recognition in the lower invertebrates. In  Recent Advances 
in Invertebrate Physiology: 37-49. Univ. Ore. Monogr. Stud. Zool.

P e q u ig n a t, E. 1966. »Skin digestion« and epidermal absorption in irregular and regular urchins 
and their probable relation to the outflow of spherule-coelomocytes. N ature, 2 1 0  (No. 5034): 
397-399.

P érès, J.M . & J. Picard . 1957. N ote préliminaire sur une com m unauté benthique récemment 
mise en évidence: la biocoenose à Dentalium rubescens Desh. et Lucina (M iltha) borealis 
Lin. Reel. Trav. Stn mar. Endoume, 12: 45-47.

Petersen, C. G. J. 1893. Det videnskabelige U dbytte af Kanonbâden »Hauchs« Togter i de Dan- 
ske Have indenfor Skagen i Aarene 1883-86. A. F. Host & Son, Kobenhavn, 464 pp.

—  1913. Valuation o f the sea. II. The animal communities o f the sea bo ttom  and their importance 
for marine zoogeography. Rep. Dan. biol. Stn, 2 1 :  44 pp, 3 charts, 6 plates.

P etersen, C. G. J. & P.B. J ensen. 1911. Valuation o f the sea. I. Anim al life o f the seabottom, its 
food and quantity. Ibid., 20: 1-81, 6 tabels, 3 charts, 6 plates.

P ic a rd ,  J. 1965. Recherches qualitatives sur les Biocoenoses marines des substrats meubles dra- 
gables de la région marseillaise. Reel. Trav. Stn. mar. Endoume, 5 2 :  1-160.

P ow er , J. 1857. On the nourishm ent and digestion o f the Asterias (Astropecten) aurantiacus. 
Ann. Mag. nat. Hist., 2. Ser., 20: 334-336.

P renant, M. 1936. Sur un curieux complexe d’Asterie et de Donax. Mém. Mus. r. Hist. nat. 
Belg. 2. Ser., 3: 413-414.

P reyer, W. 1886-87. Über die Bewegungen der Seesterne. Mitt. zool. Stn Neapel, 7: 27-127 & 
191-233.

R eese, E. S. 1966. The complex behavior o f echinoderms. ln  R. Bolootian (ed.): Physiology o f 
Echinodermata, pp. 157-218. John Wiley & Sons, New York.

Salanki, J. 1966. Comparative studies on the regulation of the periodic activity in m arine la- 
mellibranchs. Comp. Biochem. Physiol., 18: 829-843.

S chiem enz, P .  1896. Wie öffnen die Seesterne A ustera. Mitt. dt. Seefisch Ver., 1 2 : 102-118.
Schram , T.A. 1962. Undersokelse a f bunninvertebratplanktonet i Oresund 1959-60. Unpubl. 

M aster’s Thesis, Univ. o f Oslo, 96 pp.
S c h ä fe r ,  W. 1956. W irkungen der Benthos-Organismen auf den jungen Schichtverband. Senck. 

leth., 3 7 :  183-263.
Seilacher , A. 1953. Studien zur Palichnologie lí. Die fossilen Ruhespuren (Cubichnia). Neues

Jb. Geol. Paläont. Abh., 98: 87-124, pis 7-13.
Sígalas, R. 1922. Notes de Biologie. I. note. Sur Astropecten irregularis et un de ses commensaux 

habituels Acholoe astericola. Bull. Soc. scient. Arcachon, 1922, 39-52.
Sizer , I. W. 1936. Observations on the oyster drill with special reference to its movement and to

the permeability o f its.egg case membrane. Unpublished Report, U .S. Bur. Fish., Wash. 
(Cited from  Carriker, 1955).

S la d e n , W. P. 1879. On the Asteroidea and Echinoidea of the Korean Seas. J. Linn. Soc., Zool., 
1 4 : 424-445.

Slobodkin , L.B. 1960. Ecological energy relationships at the population level. Am. N at., 94: 
213-236.

Slobodkin , L. D., F .E . Smith & N.G. H airston . 1967. Regulation in terrestrial ecosystems, and 
the implied balance o f nature. Ibid., 101: 109-124.

Sm idt , E.L.B . 1951. Animal production in the Danish Waddensea. Meddr Kom n Danm. Fisk.- 
og Havunders., Fiskeri, 11: 1-151.



F E E D I N G  B I O L O G Y  O F  A S T R O P E C T E N 133

Sm ith , J.E . 1950. The m otor nervous system o f  the starfish, Astropecten irregularis (Pennant), 
with special reference to the innervation o f  the tube feet and ampullae. Phil. Trans. R. Soc., 
Ser. B, 234: 521-558.

Sm ith , L. S. 1961. Clam-digging behavior in the starfish, Pisaster brevispinus (Stimpson 1857). 
Behaviour, 18: 148-153.

Sokolova, M .N . 1957. The feeding o f some carnivorous deep-sea benthic invertebrates o f the 
far eastern seas and the northwest Pacific Ocean. T rudy Inst. Okeanol., 20: 279-301. Trans. 
1959, Am. Inst. biol. Sei. 227-244.

Spä rck , R. 1931. Some quantitative investigations on the bottom  fauna at the west coast o f Italy, 
in the Bay o f Algiers, and at the coast o f  Portugal. Rep. Dan. oceanogr. Exped. M editerr., 
3 (7), 11 pp.

— 1936. On the relation between metabolism and tem perature in some m arine lamellibranches, 
and its zoo geographical significance. Biol. M eddr., 13 (5): 1-27.

Stäuber, L. 1943. Ecological studies on the oyster drill, Urosalpinx cineria, in  Delaware Bay, 
with notes on the associated drill, Eupleura caudata, and with practical consideration o f con­
trol methods. Unpublished Report, Oyster Research Laboratory, Bivalve, N . J., U .S.A . 
(Cited from  Carriker, 1955).

Stephen , A .C . 1923. Preliminary survey o f the Scottish waters o f the N orth Sea by the Petersen 
grab. Rep. Fishery Bd Scotl., 3: 1-21, 1 map.

•— 1933. Studies on the Scottish marine fauna: The natural faunistic divisions o f the N orth 
Sea as shown by the quantitative distribution o f the molluscs. Trans. R. Soc. Edinb., 57: 
601-616.

Süssbach, S. & A. Breckner. 1910. Die Seeigel, Seesterne und Schlangensterne der N ord- und 
Ostsee. Wiss. Meeresunters., Kiel, 12: 167-302.

T ha m d ru p , H. M. 1935. Beiträge zur Ökologie der W attenfauna auf experimenteller Grundlage. 
M eddr Kom n. Danm. Fisk.- og Havunders., Fiskeri, 10 (2): 1-125.

T horson , G. 1946. Reproduction and larval development of Danish m arine bottom  inverte­
brates, with special reference to the planktonic larvae in the Sound (Oresund). M eddr Komn. 
Danm . Fisk.- og Havunders., Plankton, 4: 1-523.

— 1952. Z ur jetzigen Lage der marinen Bodentier-Ökologie. Verh. dt..zool. Ges., Wilhelmshaven 
1951,276-327. n

— 1957. Bottom  communities (Sublittoral o r shallow shelf). Mem. geol. Soc." Am., 67 (1): 
461-534.

— 1966. Some factors influencing the recruitm ent and establishment o f m arine benthic commu­
nities. N eth. J. Sea Res., 3: 267-293.

T ortonese, E. 1943-48. Yariazioni fenotipiche e biología della popolazione di Astropecten aran­
ciacus (Echinodermi) del Golfo di Napoli, con referimenti a specie congeneri. Boli. 1st. Mus. 
zool. Univ. Torino, 1: 88-123.

T u r n er , C .H ., E .E . Ebert & R.R . G iven . 1964. An ecological survey o f a m arine environment 
p rio r to installation o f a submarine outfall. Calif. Fish Game, 50: 176-188.

T ruem an , E. R., A .R . Brand  & P. D avis. 1966. The effect o f substrate and shell shape on the
burrow ing o f some common bivalves. Proc. maiae. Soc. Lond., 37: 97-109.

U r s in , E. 1960. A quantitative investigation o f the echinoderm fauna o f the central N orth  Sea. 
M eddr D anm . Fisk.- og Havunders. N .S ., 2: 1-204.

Vaissiere, R. & G . F redj. 1963. C ontribution à  l’étude de la faune benthique du plateau conti­
nental de l ’Algérie. Bull. Inst. Océanogr. M onaco, 60 (1227 A), 83 pp.

W eber, E. 1965. Eine fakultative Fressgemeinschaft von Fischen und Stachelhaütern. Z. Tier- 
psychol., 22: 567-569.

W ells, H .W ., M .J. W ells & I.E . G ray . 1961. F ood of the sea-star Astropecten articulatus. 
Biol. Bull. mar. biol. Lab., W oods Hole, 120: 265-271.



134 A A G E  M 0 L L E R  C H R I S T E N S E N

W olff, W .J. 1968. The Echinodermata of the estuarine region o f th e  rivers Rhine, Meuse, and 
Scheldt, with a list o f species occurring in the coastal waters o f  the Netherlands. Neth. J. 
Sea Res., 4: 59-85.

W ood , L. 1968. Physiological and ecological aspects o f prey selection by the gastropod Urosal­
pinx cineria (Prosobranchia: Muricidae). Malacologia, 6: 267-320.

Y onge, C. M. 1931. Digestive processes in marine invertebrates and fishes. J. Cons. perm. int. 
Explor. Mer, 6: 175-212.

— 1939. The protobranchiate Mollusca: a functional interpretation o f their structure and evo­
lution. Phil. Trans. R. Soc., Ser. B., 230: 79-147.

— 1949. On the structure and adaptations o f the Tellinacea, deposit-feeding Lamellibranchia. 
Ibid., 234: 29-76.

— 1956. M arine bottom  substrata and their fauna.. Int. Congr. Zool., Copenhagen, 1953: 419- 
422.

Z avodnik , D. 1960. Echinodermata der Insel Krk. Acta adriat., 9 (2), 19 pp, 1 table.
— 1967. Adriatic echinoderms inhabiting the phytal. Thallasia jugosl. 3: 11-22.
Z iegelmeier, E. 1954. Beobachtungen über den Nahrungserwerb bei der N aticid& Lunatia nitida

Donovan (G astropoda Prosobranchia). Helgoländer wiss. Meeresunters., 5: 1-33.



r , v  ' y / , N

r
>


