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ABSTRACT—Protein was the major constituent by weight in all body components. The concentration
of lipid was twice as great in the pyloric caeca as in the cardiac stomach and cardiac pouches. The body
wall of an arm contained more organic material and energy (in kJ) than the pyloric caeca within the arm.
The body wall of the arms is the greatest portion of the entire body, but is less important in terms of wet
weight than in kJ. The ventral body-wall of the disc is massive, containind ca. 17% as many kJ as the
ventral body-wall of all 16 arms. The type and amount of organic constituents allocated to the body
components of Acanthaster planci indicate the functional requirements of the components. The greater
amount of energy allocated to the body wall of an arm than to the pyloric caeca suggests that an increase
in arm number is not adaptive unless it results in an increased capacity to obtain energy.

INTRODUCTION

The proximate composition of asteroids differs
among the body components in a species and
between the same components of different species
[1-10]. The differences are particularly great for
the body wall, associated with the great variation
in the body-wall functional morphology [11]. The
proximate composition indicates the requirements
for organic classes in the body components in
either gravimetric or energetic terms. The proxi-
mate composition is expressed most often in rela-
tive terms, but the absolute amounts of the proxi-
mate constituents are of interest in considering
production and allocation of material to body
components. Production is best expressed in ener-
gy terms [12] and knowledge of the proportional
representation of the organic classes can be of
value [13]. The allocation of energy should be
balanced among the body components according
to the principle of economization in metabolic
expenditure [14]. With optimal design (sym-
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morphosis) the allocation of resources to structural
elements should meet but not exceed the require-
ments of the functional system [15].

Studies of the allocation of proximate constitu-
tents to the body components of asteroids have
concerned five-armed species except for the mul-
tiarmed Pycnopodia helianthoides [2, S]. The
relation between the relative amount of energy in
the body components and body size has been
established for the multiarmed Acanthaster planci
[16]. The study of multiarmed species is important
as a means of understanding the relationship be-
tween size in terms of dimensions and biomass of a
body and its components [17]. These studies are of
particular interest as the multiarmed condition is
relatively rare in asteroids despite its long fossil
record and widespread occurrence in different
families. The present study addresses this question
through consideration of the allocation of proxi-
mate constitutens and its energy equivalents to the
body components of Acanthaster planci.

MATERIALS AND METHODS

Acanthaster planci were collected at Bowden
Reef, Great Barrier Reef, Australia (147°56'E,
19°02°S) on 3 May 1989. At the date of collection
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the perimeter of the reef had ca. 10-30% live coral
cover and 1-10% dead coral cover [18]. The
collected individuals were held in aquaria with
running sea-water for 5-9 days before dissection.

The major (R) and minor (r) radii and the disc
radius were measured immediately after the indi-
vidual had been removed from the aquarium. The
disc was defined as that portion of the body
containing the cardiac stomach [19]. The indi-
viduals were dissected into their body components:
dorsal and ventral body-walls of the arms and disc,
cardiac stomach, cardiac pouches, and pyloric
caeca. The cardiac pouches are extensions of the
cardiac stomach in the proximal fused portion of
the arms [20]. The arms were separated into the
distal free portions and the proximal fused por-
tions. Gonads were not analysed as the individuals
were at the beginning of gonadal development
[21]. Three arms were dissected from 6 individuals
to ascertain variation in the wet weights of arm
components. One arm was dissected from the
remaining individuals. The entire disc was dis-
sected from all individuals.

Portions of each body component were weighed,
lyophilized, reweighed, and homogenized. The
proximate composition of the components and
their energy equivalents were measured by the
methods used by Lawrence [3] and the insoluble
protein calculated by substraction. The amount of
energy present in the components was calculated
by multiplying (mg organic class/mg dry tissue)
(mg dry tissue/mg wet tissue) (mg wet tissue of the
body component) (kJ/mg organic class). The
energy conversion factors for the organic classes

were those of Kleiber [22]. These values were used
to calculate the amount of energy allocated to the
body components of individuals of a standard size.
The mean major radius was used to designate a
standard-sized individual.

RESULTS

The individuals varied little in size, with mean
values (and SD) of 182+11, 93+13, and 45+8
mm for R, r, and disc radius, respectively. The
mean arm number was 16 +2 (x+SD; range, 12 to
20). The wet weights of the arm components
differed among individuals and varied irregularly
for different components within an individual
(Table 1). The amount of variation was small.
The mean weights of the components of three arms
of an individual varied as much as the means of
components from one arm from each of 26 indi-
viduals.

The proximate composition of the body wall of
all parts of the body was similar (Table 2). The
composition of the pyloric caeca differed from that
of the cardiac stomach and pouches. The gravi-
metric concentration of ash was higher in the body
wall than in the viscera. Protein was the major
organic constituent in all body components, and
was present in highest concentration in the viscera.
The concentration of lipid was twice as great in the
pyloric caeca as in the cardiac stomach and
pouches.

The kJ per g dry weight of the body wall was less
than half that of the viscera (Table 3). The kJ per
g ash-free dry weight for the body wall and cardiac

TABLE 1. Variation in g wet wt of arm components in individual Acanthaster planci (n=3 arms for each
individual) and in 26 A. planci (one arm for each individual) from Bowden Reef in May 1989. Means +

1 SD are given.

Individual 1 2 4 5 6 1-26
Free arm

dorsal 149+0.5 15.0+2.8 152413 12.0+13 6.9+0.3 7.8+1.2 13.5+3.6

ventral 9.5+1.3 8.0+2.8 13.2+1.2 7.6+£03 42+1.0 + 11.3+3.1
Fused arm

dorsal 8.2+1.7 10.94+4.0 82+29 104405 42409 5.1+£0.2 9.2+2.7

ventral 6.6+1.1 12.2+2.1 9.440.9 9.5+22 35404 48+1.6 10.54+3.0
Pyloric caeca 92+£16 19.6£1.0 145+13 162+0.7 4.6+0.8 50405 13.5+5.3
Cardiac pouches 3.0+1.0 2.0+£04 3.4+0.8 23406 2.0+0.3 2.31+0.6 2.3+0.5
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stomach and pouches were similar and less than
that for the pyloric caeca as a result of the differ-
ence in lipid level.

Protein was the major constituent of Acanthaster
planci in either gravimetric or energetic units, but
was less important in terms of the latter (76 vs 69%
of the organic matter) (Table 4). The protein was
equally distributed between soluble and insoluble

protein. Lipid constituted 28% of the 3491 kJ in
the body of a standard-sized individual, with 32%
of this in the pyloric caeca.

The wet or dry weights of the ventral and dorsal
portions of the free and fused parts of the arm did
not differ greatly (Table 4). The g organic material
and kJ were slightly greater in the dorsal portion of
the arm. The wet weight of the ventral body-wall

TaBLE?2. Per cent dry weight (in % total weight) and proximate composition (in % g dry weight and % kJ)

of body components of Acanthaster planci from Bowden Reef in May 1989.
L: lipid, SP: soluble protein, IP: insoluble protein.

A: ash, C: carbohydrate,
Means+ 1 S.D. (n=10) are given for the % dry wt.

The % kJ was calculated from the mean % dry wt values.

N .
% dry wt
Body wall
Ventral disc 27+2 64+5 1.3+0.2 3.3+0.5 14+2 16+8
Dorsal disc 25+1 49+6 1.9+0.2 5.1£0.6 2043 25+6
Ventral free-arm 2342 57+6 1.6+0.3 3.6+04 1943 19+6
Dorsal free-arm 2543 62+t5 1.6+0.7 3.3+04 15+3 1843
Ventral fused-arm 21+2 58+6 1.6+0.3 3.4+05 1742 18+8
Dorsal fused-arm 23+2 54+4 1.6+0.3 4.1+0.5 17+3 24+4
Pyloric caeca 24+4 7.5+2.1 7.0+1.0 3011 3445 25+10
Cardiac stomach 20+3 5.9+1.7 15+4 38+5 30+4
Cardiac pouches 21+1 8.7+1 6.1+1.2 16+1 32+9 34+4
% kJ
Body wall
Ventral disc 2.6 15 38 44
Dorsal disc 2.5 15 36 45
Ventral free-arm 2.5 13 42 42
Dorsal free-arm 2.7 14 38 46
Ventral fused-arm 3.0 13 40 44
Dorsal fused-arm 2.1 15 34 39
Pyloric caeca 4.9 50 34 12
Cardiac stomach 4.5 28 41 27
Cardiac pouches 4.4 28 33 35

TasLE 3. kJ per g dry weight and ash-free dry weight in body components of Acanthaster planci from
Bowden Reef in May 1989. DBW: dorsal body wall, VBW: ventral body wall.

Free arm

Fused arm

Disc

Body Cardiac Cardiac  Pyloric
Component DBW VBW DBW VBW DBW VBW stomach pouches caeca
kJ per g
dry wt 9.3 11 11 10 13 8.6 23 23 27
kJ per g
ash-free
dry wt 25 25 25 24 26 24 26 25 31
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TaBLE4. Calculated amounts (g and kJ) of total material and of proximate constituents in the body
components of Acanthaster planci with 16 arms and a major radius of 182 mm. The values for dry
weight and proximate constituents were calculated from the values for the % proximate composition
given in Table2. C: carbohydrate, L: lipid, SP: soluble protein, IP: insoluble protein, TOM: total
organic material.

wet wt dry wt ash C L SP Ip TOM
Grams
Body wall
Free arms
Dorsal 216 55 34 0.8 1.8 8.2 9.8 21
Ventral 181 42 24 0.6 14 7.8 7.8 18
Fused arms
Dorsal 147 34 18 0.5 1.4 5.6 8.0 16
Ventral 168 35 20 0.6 1.1 5.9 6.4 14
Disc
Dorsal 27 6.7 33 0.1 0.3 1.3 1.7 34
Ventral 57 15 9.8 0.2 0.5 2.1 2.4 5.2
Total body-wall 796 188 109 2.8 6.5 31 36 78
Viscera
Cardiac stomach 41 8.5 1.0 0.5 1.4 3.4 2.2 7.5
Cardiac pouches 36 7.6 0.6 0.5 1.2 2.6 2.7 7.0
Total 77 16 1.6 1.0 2.6 6.0 4.9 14.5
Pyloric caeca 216 52 3.8 3.5 15 17 13 49
Total viscera 293 68 5.4 4.5 18 23 18 64
Grand total 1089 256 114 7.3 25 54 54 142
kJ
Body wall
Free arms
Dorsal 14 70 193 230 506
Ventral 11 57 185 185 437
Fused arms
Dorsal 8.2 57 132 189 386
Ventral 11 44 140 151 346
Disc
Dorsal 2.2 13 32 49 87
Ventral 3.4 20 51 58 131
Total body-wall 50 261 733 862 1893
Viscera
Cardiac stomach 8.9 55 79 53 195
Cardiac pouches 8.1 51 60 64 183
Total 17 106 139 117 378
Pyloric caeca 60 606 411 142 1220
Total viscera 77 712 550 259 1598
Grand total 127 973 1283 1121 3491
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of the disc was twice that of the dorsal body-wall,
and contained 131 kJ (17% of the 783 kJ of the
entire ventral body-wall of all 16 arms of a stand-
ard individual. The body wall was always the
largest component of the arms regardless of the
mode of measurement, but was more important
when calculated in terms of dry weight (73% of the
total) than in kJ (54% of the total). The viscera
contained 1598 kJ (84% of the 1893 kJ of the entire
body-wall). Almost 73% of the lipid was in the
viscera. The pyloric caeca contained 85% of the
viscera lipid. Protein comprised 84% of the kJ in
the body wall, with slightly more insoluble than
soluble protein. Protein comprised 51% of the kJ
in the viscera, with more soluble than insoluble
protein. The body wall contained only 66% of the
total kJ due to protein as the total organic material
in the viscera was so great.

DISCUSSION

The body wall and pyloric caeca of the arms of
individual Acanthaster planci vary in size, and the
amount of variation differs among individuals.
Despite this, the amount of variation found is
small and no greater than found with complete
dissection of other asteroid species [3, 7, 9, 10].

The proximate composition of the body compo-
nents of Acanthaster planci is in the range reported
for other species [1-10]. The concentration of
energy in the body wall and pyloric caeca in terms
of kJ/dry wt is similar to those reported for other
asteroid species [5-8, 10, 23, 24], and shows the
great influence of the amount of ash on the concen-
tration. The differences in the concentration of
energy in terms of kJ/ash-free dry weight reflect
better the difference in proximate organic com-
position. Thus in these terms, the energy concen-
tration of the body wall and stomach of A. planci
are similar but less than that of the pyloric caeca.

The allocation of material and energy to the
components of an organism must be interpreted in
terms of its biology. Acanthaster planci is disc-
shaped, multiarmed, pliable, and prehensile, with
a large central disc and stomach [21, 26, 27]. These
features are associated with its predation on coral
by extraoral feeding. Lucas [28] noted the massive
development of the stomach of A. planci which is

extruded over the coral in feeding. This develop-
ment is so great that the disc does not contain the
entire stomach, and extensions (the cardiac
pouches) are found in the proximal portions of the
fused arms. This may be a better solution to
accomodating a large stomach than increasing the
width of the disc. The great development of the
ventral portion of the disc (the oral frame) sup-
ports the retraction of the massive stomach. The
slightly higher concentration of ash in the ventral
body-wall is probably associated with require-
ments for the supporting structures. Blake and
Guensburg [29] listed a robust oral frame as one of
a suite of characters for the “pycnopodaform”
shape of multiarmed asteroids. They did not relate
it to the mass of the stomach or include a massive
stomach as one of the characters. The stomach has
been ignored in studies of component parts of
asteroids, but this may be a major error in the
study of pycnopodaform species.

Blake and Guensburg [29] also listed a robust,
strongly articulated ambulacral column as a char-
acter of pycnopodaform asteroids, although this is
also true for other asteroid forms (Lawrence,
unpub. obs.). However, the amount of material
and energy allocated by Acanthaster planci to the
ventral body-wall of the arms is similar to that
allocated to the dorsal body-wall except for the
disc. The dorsal body-wall is fragile, as pointed
out by Kettle and Lucas [16], in keeping with the
flexibility of the body noted above. Flexibility
seems more important than having an armor to
protect against predation as is more usual in tropi-
cal asteroids [30]. The toxic dorsal spines of A.
planci are few and represent a minor allocation of
energy (Lawrence, unpub.). The high incidence of
regenrating arms [31] indicates the susceptibility of
A. planci to breakage or predation. This moderate
allocation to protection would be predicted for a
species with a competitive life-history strategy
[32].

The high amount of insoluble protein allocated
to the body wall indicates the primarily structural
role of the body wall, although the large amount of
soluble protein shows considerable numbers of
cells are present. The lack of difference in the
proximate composition of the dorsal and ventral
body-walls show the basic similarity in construc-
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tion of the two. An increase in strength and
support seems to involve an increase in size and
not difference in composition although this might
occur at the histological level. McClintock [5]
noted a decrease in concentration of inorganic
material in the body wall of Pycnopodia helian-
thoides with an increase in body size, indicating a
greater reliance on organic material for strength
with an increase in size. Kettle and Lucas [16]
reported a decrease in the relative amount of
energy allocated to the body wall with an increase
in body size in A. planci, but did not indicate the
absolute amount of energy involved or separate
the body wall into components.

Giese (2) pointed out that large amounts of
organic material in the body wall of asteroids could
constitute a nutrient reserve, and Lawrence and
Lane [25] suggested that the material might be
used during body-wall resorption during starva-
tion. The concentration of organic material in the
body wall of Sclerasterias mollis decreases with
starvation [10]. The importance of body size in
regard to a role of the body wall in nutrient reserve
is seen with scaling (the proportion of body wall
decreases with size in Acanthaster planci [16]) and
composition (the concentration of organic material
in the body wall increases with size in Pycnopodia
helianthoides [5]).

The amount of material and energy allocated to
the cardiac pouches is nearly as much as to the
cardiac stomach within the disc. The greater
amount of insoluble protein may be associated
with the ligaments that retract the pouches. The
absolute amount of lipid in the cardiac stomach
and pouches is high. The gut of echinoids stores
lipid [33], and the lipids in the cardiac stomach
may function as reserves also. The amount of lipid
allocated to the pyloric caeca is far greater. The
nutrient-reserve function of the pyloric caeca is
well known, but the caecum is a combination of
digestive and reserve cells [34] that makes it dif-
ficult to know the exact allocation to either [25].

The multiple arms of Acanthaster planci result in
a proportionally greater allocation of material and
energy to the arm components than in five-armed
species. The greater allocation of material has
been noted for Luidia senegalensis [35] and Pycno-
podia helianthoides [5]. This greater allocation is

probably associated with both an increased cost of
development and maintenance. If so, a positive
return should result for the multiarmed condition
to be adaptive [17].

Blake and Guensburg [29] pointed out that it is
uncertain whether or not multiple arms are adap-
tively neutral. Multiarmed asteroids can be sepa-
rated into two groups: those with 6 to 12 arms that
are constant in number, and those that have 8§ or
many more that are variable in number [36]. It is
possible the functioning of genera in the first group
(Luidia, Asterina, Leptasterias) is not affected
sufficiently for arm number to be a selective factor.
Blake and Guensburg suggested that the similar
morphologies of pycnopodaform asteroids of dis-
parate geological ages and ancestry strongly imply
not only the benefit based on predatory feeding
advantages, but that the benefit has endured.
Genera in the second group (Acanthaster, Crossas-
ter, Heliaster, Pycnopodia, Solaster) are all active,
voracious carnivores in which the additional arms
probably increase feeding capacity. Just as
homeothermy is advantageous, but only if the
return is worth the cost, the development of the
multiarmed condition should increase the capacity
to obtain energy that meets the energy require-
ment for the development and maintenance of the
additional arms.

In this regard, Calder [37] pointed out that it is
the body mass (how much tissue must be sustained
and regulated) rather than the mass of the con-
stituent parts, topographical layout, or history of
use that determines basic support costs, opportuni-
ties, and homeostatic needs. Recognizing the role
of body size in the functioning of an organism, he
concluded that body mass is not only an expedient
measure of size but the biologically appropriate
one. The amout of energy rather than weight
better represents biomass. This is clear in echi-
noderms where so much of the mass may be
inorganic. Acanthaster planci has a much larger
biomass in terms of kJ than the few other species
for which values have been reported (3, 6, 38).
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