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Abstract

Individuals of Ophiocoma echinata were collected from Missouri Key (FL, USA) in September,
1993 and divided among four feeding levels (fed daily, fed once a week, fed once every 2 weeks,
and not fed). Each individual was induced to autotomize three adjacent arms at the disk edge.
Energy content of disk, intact arms, gonads, and stomach was examined after 2 months of
regeneration. Arm regeneration was inversely related to food level, while stomach and gonad
weight was directly related to food level. The four body components were ordered stomach .

disk . gonads . intact arms, and the three organic components were ordered lipid . protein 4

carbohydrate with respect to energy differences between feeding treatments.  1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Disturbance at the organismal level of organization can be defined as loss of biomass
(Grime, 1977; Pickett et al., 1989) and may be sublethal. Parts of animals may be lost or
damaged due to physical perturbation (e.g. Tilmant et al., 1994), inter- and intraspecific
fighting (e.g. Berzins and Caldwell, 1983; Smith and Hines, 1991), and partial predation
(e.g. Trevallion, 1971; de Vlas, 1979; Bowmer and Keegan, 1983). The powers of repair
range from simple wound closure and healing to complete regeneration of lost parts
(Morgan, 1901; Goss, 1969; Hay, 1986; Dinsmore, 1995). The immediate advantage of
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being able to lose a structure is to escape lethal predation or combat, with regeneration
restoring functionality in the long term. Recovery from loss requires the allocation of
energy and material to regeneration.

Energy allocation has been divided into maintenance of existing somatic tissue,
growth of new somatic tissue, reproductive output, and losses due to excretion and is an
important characteristic of the life history of organisms (Cole, 1954; Gadgil and Bossert,
1970; Stearns, 1976, 1992; Perrin and Sibly, 1993). Energy allocated for one process
cannot be used for any other, so changes in one process may cause subsequent changes
in others. Regeneration represents an additional energy expenditure that has rarely been
considered for most groups of animals, despite the occurrence of regeneration in most
phyla (Goss, 1969).

Echinoderms experience sublethal disturbance and are well known for their ability to
regenerate (Emson and Wilkie, 1980; Lawrence and Vasquez, 1996). As examples,
regeneration of arms in Luidia clathrata (an asteroid found in soft-bottom habitats) is
low under low food levels, but high at high food levels (Lawrence et al., 1986;
Lawrence and Ellwood, 1991). In contrast, Fielman et al. (1991) suggested that
regeneration in Microphiopholis gracillima (an ophiuroid found in soft-bottom habitats)
( 5 Amphipholis gracillima, Hendler et al., 1995) should take precedence at low food
levels to quickly restore functionality. The ophiuroid Ophiocoma echinata (Lamarck
1816) is found throughout the Caribbean and inhabits shallow reef / rubble habitats
(Hendler et al., 1995). Based on taxonomic affinity, we expect the response of O.
echinata to arm loss to be more similar to M. gracillima than L. clathrata. The purpose
of this study was to answer the following questions: (1) how are somatic and gonadal
tissues affected during regeneration of arms by different food levels? and (2) what is the
relationship between food level and the amount of arm regeneration?

2. Materials and methods

Individuals of O. echinata were collected from the ocean side of Missouri Key (FL,
USA; 24840.59N, 81814.99W) in September 1993. They were divided among four
feeding levels: fed daily, fed once a week, fed once every 2 weeks, and not fed (12
individuals per level). TetraMin fish food was used as the food source. At each feeding
enough food was given so that some uningested ( , 1%) food remained after 24 h
(approximately 0.1 g supplied per individual per feeding ¯ 1.89 kJ).

Each individual was induced to autotomize three adjacent arms at the disk edge by
squeezing the arms with a pair of tweezers. The ophiuroids were held in eight tubs (18 l
each), at a density of six individuals per tub. Water was maintained at 228C and 35‰
salinity. Each tub contained plastic grating under which the brittlestars could hide. The
tubs were connected to a common recirculating filter system. Water leaving each tub
passed through a filter (filter floss /charcoal layers) before entering a common water sink
(containing an oyster-shell bottom). Water leaving the common water sink passed
through a second filter (Magnum 350 canister filter) before entering the delivery system
leading to the tubs. Water was not exchanged directly between tubs thus preventing any
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particulate exchange. All tubs were cleaned daily. Dissolved organic material was not
measured. The experiment ran from 2 September to 28 November, 1993.

At the end of the experiment individuals were dissected into body components of disk
(without the stomach and gonads), intact arms, gonads, stomach, and regenerating arms.
The weight of the body components was measured after drying in vacuo over sulfuric
acid. The length of the regenerating arms was measured. Total organic concentration
was obtained for all body components by ashing samples at 5008C for 4 h (Paine, 1971).
Proximate analysis (estimation of kilojoules contained in protein, lipid and carbohydrate)
was carried out on the disk, intact arms, gonads, and stomach. Samples for soluble
protein analysis were extracted in 1 N sodium hydroxide for 24 h and measured by the
method of Lowry et al. (1951). Total lipid was measured by the method of Folch et al.
(1957). Samples for soluble carbohydrate analysis were extracted in tubes containing 5%
trichloroacetic acid placed in a hot water bath at 608C for 2 h and measured by the
method of Dubois et al. (1956). The energetic conversion factors used were: protein 4.5
kcal /g, lipid 9.3 kcal /g, carbohydrate 4.2 kcal /g and kilojoules 4.184 kJ /kcal (Kersting,
1972; Brown, 1973; Morowitz, 1978; Blaxter, 1989).

One-way analysis of variance (ANOVA) was used to compare feeding levels (Sokal
and Rohlf, 1981). Normality was checked with an Anderson–Darling test (D’Agostino,
1986). Variance homogeneity was checked with Bartlett’s test (Sokal and Rohlf, 1981).
Rank transformation was used on data failing normality or variance homogeneity tests
(Conover and Iman, 1981). A Tukey–Krammer test was used to compare groups when
ANOVA was significant at P 5 0.05.

3. Results

No significant difference was found in dry weights of the disk or intact arms among
the four feeding levels (daily, weekly, every-2-weeks, not-fed; Fig. 1A). The dry weights
of the gonads of all four feeding levels were significantly different (Fig. 1B). As feeding
frequency decreased the dry weight of the gonads decreased. The dry weights of the
stomach of the two lowest feeding levels were significantly lower than those of the two
highest feeding levels (Fig. 1B). The dry weights of the regenerating arms from all four
feeding levels were significantly different (Fig. 2). As feeding frequency decreased from
daily to weekly to every-2-weeks the dry weight of the regenerating arms increased.
However, the dry weight of the not-fed level was between that of the weekly and
every-2-weeks levels. A similar trend was found for the length, except the means of the
not-fed and every-2-weeks levels were similar (Fig. 2).

To summarize the major trends in the composition results, on a relative basis (percent
dry weight) the disk contained less organic matter, protein, and lipid at the lowest
feeding level (Table 1). On an absolute basis (kJ), the only difference in the disk was a
decrease in lipid at the two lowest feeding levels (Table 2). The relative amount of
organic matter in the intact arms decreased at the lowest feeding level, but no single
constituent differed (Table 1). No difference was found in the intact arms on an absolute
basis for any constituent (Table 2). The relative amount of organic matter in the gonads
decreased at the lowest feeding level, while the absolute amount of lipid decreased with
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Fig. 1. Ophiocoma echinata. Dry weight (6SE) of the (A) disk and intact arms; and (B) gonads and stomach
after 2 months’ regeneration of three arms for four feeding levels (daily 5 fed daily; weekly 5 fed once a
week; 2weeks 5 fed once every 2 weeks; not fed 5 no particulate food). N 5 12 for each level. Different letters
indicate significant difference at P < 0.05.
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Fig. 2. Ophiocoma echinata. Dry weight and average length (6SE) of three regenerating arms after 2 months
for four feeding levels (further details as in Fig. 1).

decreased feeding level; however, a complete analysis was not possible due to small
amounts of material (Tables 1 and 2). The stomach decreased in protein and lipid on a
relative basis and decreased in all constituents on an absolute basis with decreased
feeding level (Tables 1 and 2).

4. Discussion

Differences in energy content due to different feeding levels were not evenly
distributed across body components or organic constituents. The biggest decrease in all
organic constituents took place between individuals in the every-2-weeks and not-fed
levels. In several instances, such as with the stomach, a decrease was found between
individuals in the weekly and every-2-weeks levels suggesting differential use or storage
of energy in body components based on food availability.

Based on total amount of energy, the four body components were ordered intact
arms . disk . stomach . gonads. The ordering suggests that the intact arms and disk
might be good sources for storage and reallocation of energy for maintenance,
reproduction, or regeneration. This, however, is misleading. Most of the energy in the
intact arms and disk was contained in the insoluble fraction, followed by protein, which
is probably related to the connective tissue and muscle content of the arms and disk
(Hyman, 1955; Byrne, 1994). Very little difference was found for the insoluble fraction
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Table 1
Ophiocoma echinata; percent dry weight 6SE (ash 1 organic matter) composition of the disk, intact arms,

agonads and stomach after 2 months’ regeneration of three arms for four feeding levels

Component and Organic Protein Lipid Carbo- Insoluble
food level matter hydrate matter

Disk
Daily 32.8b 9.6b 1.47b 0.63 21.1

60.8 60.7 60.09 60.02 60.9
(12) (12) (12) (12) (12)

Weekly 31.2b 8.9b 1.41b 0.62 20.3
60.7 60.4 60.12 60.02 60.7
(12) (12) (12) (12) (12)

2 Weeks 31.3b 8.0ab 1.20b 0.64 21.4
61.1 60.5 60.12 60.02 61.1
(12) (12) (12) (12) (12)

Not fed 28.2a 7.0a 0.72a 0.62 19.8
60.8 60.4 60.03 60.01 60.9
(12) (12) (12) (12) (12)

Intact arms
Daily 23.2b 5.6 0.58 0.33 16.7

60.7 60.1 60.05 60.01 60.7
(12) (12) (12) (12) (12)

Weekly 22.5b 5.6 0.66 0.34 15.9
60.5 60.2 60.05 60.01 60.6
(12) (12) (12) (12) (12)

2 Weeks 21.9ab 5.3 0.62 0.33 15.8
60.6 60.2 60.03 60.01 60.7
(12) (12) (12) (12) (12)

Not fed 20.5a 5.1 0.55 0.33 14.5
60.7 60.1 60.02 60.01 60.8
(12) (12) (12) (12) (12)

Gonads
Daily 92.6b 39.0 18.8b N.A. N.A.

61.3 62.0 61.0
(5) (10) (12)

Weekly 89.5b 35.4 18.8b N.A N.A.
60.7 61.4 61.2
(4) (4) (8)

2 Weeks 90.0b N.A. 13.9a N.A. N.A.
62.8 60.8
(3) (4)

Not fed 83.4a N.A. 20.6b N.A. N.A.
61.3 61.1
(4) (4)

Stomach
Daily 93.4 28.6b 32.1b 3.4 29.2

60.6 61.1 62.0 60.2 61.4
(12) (12) (12) (12) (12)

Weekly 92.0 28.3b 30.8b 3.5 29.8
60.6 60.8 61.3 60.1 61.2
(12) (11) (11) (7) (7)

2 Weeks 91.6 31.8c 20.3a 3.3 34.4
61.1 61.0 61.8 60.2 61.9
(12) (12) (12) (5) (5)

Not fed 90.8 25.8a 23.9a 2.9 36.7
61.1 60.8 62.5 60.1 64.1
(12) (12) (12) (6) (6)

a Daily 5 fed daily; weekly 5 fed once a week; 2weeks 5 fed once every 2 weeks; not fed 5 no particulate
food). N values in parentheses. N.A. 5 not available due to limited tissue. Different letters indicate significant
difference at P < 5 0.05.
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Table 2
Ophiocoma echinata; kilojoule6SE composition of the disk, intact arms, gonads and stomach after 2 months’
regeneration of three arms for four feeding levels; insoluble matter calculated as protein (further details as in
Table 1)

Component and Organic Protein Lipid Carbo- Insoluble
food level matter hydrate matter

Disk
Daily 4.94 1.38 0.43c 0.09 3.04

60.42 60.16 60.04 60.01 60.29
(12) (12) (12) (12) (12)

Weekly 4.81 1.31 0.42c 0.08 3.00
60.35 60.10 60.04 60.01 60.25
(12) (12) (12) (12) (12)

2 Weeks 4.07 1.03 0.31b 0.08 2.66
60.27 60.11 60.03 60.01 60.18
(12) (12) (12) (12) (12)

Not fed 3.71 0.95 0.19a 0.08 2.50
60.31 60.13 60.02 60.01 60.18
(12) (12) (12) (12) (12)

Intact Arms
Daily 12.05 2.93 0.61 0.16 8.35

61.05 60.15 60.06 60.02 60.87
(12) (12) (12) (12) (12)

Weekly 10.43 2.54 0.62 0.14 7.13
60.98 60.14 60.09 60.01 60.82
(12) (12) (12) (12) (12)

2 Weeks 10.27 2.44 0.57 0.14 7.14
60.98 60.12 60.05 60.02 60.84
(12) (12) (12) (12) (12)

Not fed 9.71 2.23 0.66 0.14 6.84
60.99 60.06 60.07 60.01 60.92
(12) (12) (12) (12) (12)

Gonads
Daily N.A. 0.30 0.25c N.A. N.A.

60.07 60.06
(10) (12)

Weekly N.A. 0.19 0.13bc N.A. N.A.
60.04 60.03
(4) (8)

2 Weeks N.A. N.A. 0.08b N.A. N.A.
60.02
(4)

Not fed N.A. N.A. 0.03a N.A. N.A.
60.01
(4)

Stomach
Daily 2.38b 0.53c 1.25b 0.06c 0.54b

60.22 60.04 60.15 60.01 60.06
(12) (12) (12) (12) (12)

Weekly 2.63b 0.45c 1.05b 0.07c 0.60b
60.46 60.07 60.24 60.01 60.07
(7) (11) (11) (7) (7)

2 Weeks 1.20a 0.24b 0.36a 0.03b 0.34a
60.20 60.03 60.08 60.01 60.04
(5) (12) (12) (5) (5)

Not fed 0.75a 0.14a 0.27a 0.02a 0.24a
60.09 60.01 60.04 60.01 60.04
(6) (12) (12) (6) (6)
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for any body component; and very little or no difference was found for any constituent
in the intact arms.

At extremes of food availability the overall quantity of the gonad differs, but the
organic content seems to remain constant. This might have the advantage of producing at
least some viable gametes, rather than a lot of inferior ones. No evidence exists for
storage of nongametic nutritive tissue in the gonads of ophiuroids (Mladenov, 1983;
Byrne, 1994) in the way that takes place in echinoids (Lawrence, 1987a). The gonads
have the potential to contribute energy to other activities through the resorption of
gametes, although the total amount is probably small unless a fully mature gonad is
completely resorbed.

The constituent that differed the most between feeding levels on both a relative and,
more importantly, absolute basis for all body components was the lipid fraction,
followed by protein. The stomach had similar or greater absolute amounts of energy for
these fractions than the arms despite being 10- to 20-times smaller in size. For example,
the difference in energy in lipid was 1 kJ for the stomach, 0.3 kJ for the disk, 0.2 kJ for
the gonads, and none for the arms.

The stomach of ophiuroids has been ignored as a major energetic component,
probably because of its small size (Lawrence, 1976, 1987a; Lawrence and Lane, 1982).
The enterocytes of the ophiuroid stomach contain lipid droplets (Jangoux, 1982; Byrne,
1994), which suggests a storage function, but this has never been linked to the overall
energetics of the animal (Lawrence, 1987b). We suggest the stomach plays a key role in
energy storage and reallocation to maintenance, reproduction, and regeneration in O.
echinata. Bourgoin and Guillou (1990) found the size of the stomach inversely related to
gonad production in Acrocnida brachiata in the field. The disk and intact arms may play
a larger role during longer term energy deprivation, and certainly play a role in species
that autotomize the aboral portion of the disk including the stomach and gonads (e.g.
Dobson et al. 1991).

Carbohydrate represented the smallest energy constituent, ranging from less than one
to three percent of total energy. Even significant changes in carbohydrate content
probably have little impact on the overall energetics of an individual because of its small
contribution to the total amount of energy.

O. echinata switches allocation of energy between regeneration and storage / reproduc-
tion during the initial stages of regeneration based on the level of available energy. At
low levels of available energy regeneration takes place, while at higher levels
regeneration is minimized and storage /gonad development increases. This implies that
the constraint on the various uses of energy is not necessarily related to limiting
resources of the environment, but may entail physiological bottlenecks or switches of the
organism.

The pattern of allocation is opposite to that found by Lawrence et al. (1986) and
Lawrence and Ellwood (1991) for the asteroid L. clathrata in which high levels of
available energy enhanced all processes relative to low levels. The pattern in O. echinata
is similar to the predictions made by Fielman et al. (1991) based on work with the
ophiuroid M. gracillima. The contrasting results may be related to anatomical differ-
ences. Asteroids have gonads and pyloric caeca extending into the arms, while most
ophiuroids do not. Therefore the regrowth of arms in asteroids allows for a large
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increase in storage and reproduction that does not occur in ophiuroids. The studies on L.
clathrata lasted longer and may also reflect changing patterns of allocation over time.

Regenerating arms of not-fed individuals were similar in length to those of individuals
fed every-2-weeks, but their mass was less. This suggests that increases in length come
first in regenerating arms. Other ophiuroids have produced similar results (Salzwedel,
1974; Fielman et al., 1991; Stancyk et al., 1994). The arms of ophiuroids are used for
resource capture (Warner, 1982). Increasing regeneration under low food conditions may
quickly increase resource capture capabilities, thus affording higher resource acquisition
in the long run.

The inverse relationship between regeneration and food supply is probably a short-
term phenomenon. Since stored resources would have to be used for maintenance as well
as regeneration it is unlikely that individuals with low food levels could continue to
regenerate more than those with high food levels over the time necessary to regenerate a
complete set of arms. Presumably a limit exists to the amount of energy that can be
stored or allocated to gonad production under high food levels, after which it could be
directed toward regeneration.

Why does O. echinata not maximize all processes (storage, reproduction, and
regeneration) when food availability is high? We suggest several possible reasons that
are not mutually exclusive. Absorption efficiencies of the stomach might be low, so that
not enough energy is taken in to cover all processes even though food is abundant.
Based on absorption efficiencies of other echinoderms (Lawrence, 1987b) this seems
unlikely.

Dynamic models of energy allocation predict switching of resources away from
growth to reproduction when the benefits of reproduction outweigh those of growth
(Perrin and Sibly, 1993). The models failed to consider regeneration, but the same idea
may apply. If energy intake meets energy needs the importance of regenerating other
feeding structures in an individual with two intact arms may be minimized and resources
can be devoted to reproduction or storage.

In this study, both gonad and storage content (but not regeneration) were high at high
food levels, so that O. echinata is intermediate between maximizing all processes and
switching between only one process at a time. Energy storage has been viewed in two
ways: as a result of excess energy, or as a consequence of timing, such as when
resources can be acquired outside the reproductive season and reallocated to reproduc-
tion at the appropriate time (Perrin and Sibly, 1993). We suggest if energy can be stored
easier or faster than it can be used for gonad production, storage would be beneficial
even during the reproductive season, especially if the reproductive season is long.

The results pose a problem for the interpretation of allocation pattern as a life-history
characteristic. In the present study, at low food levels regeneration took precedence over
reproduction and storage. At high food levels reproduction and storage took precedence
over regeneration, at least during the initial stages of regeneration. Life history implies
that patterns arise over evolutionary time and are characteristic of a species. In the
present case, multiple patterns were seen at the same time in the same species. Therefore
the patterns are not life-history characteristics, but phenotypic responses to current
resource availability. Similar responses have been observed in several disparate taxa
such as asteroids (Lawrence and Ellwood, 1991), guppies (Reznick and Yung, 1993),
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and butterflies (Boggs and Ross, 1993). In cases where multiple patterns are seen within
a species based on the current environmental conditions we suggest that the variation in
pattern represents the life-history characteristic. The plasticity is evolving separately
from the specific trait (Stearns, 1989; Thompson, 1991).

Acknowledgements

The help of Mike and Sheri Lares in collection efforts and the hospitality of Lyn and
Kevin McCarthy were greatly appreciated during this study. Comments by two
anonymous reviewers helped improve the manuscript.

References

Berzins, I.K., Caldwell, R.L., 1983. The effect of injury on the agonistic behaviour of the stomatopod,
Gonodactylus bredini (Manning). Mar. Behav. Physiol. 10, 83–96.

Blaxter, K.L., 1989. Energy Metabolism in Animals and Man, Cambridge University Press, Cambridge.
Boggs, C.L., Ross, C.L., 1993. The effect of adult food limitation on life history traits in Speyeria mormonia

(Lepidoptera: Nymphalidae). Ecology 74, 433–441.
Bourgoin, A., Guillou, M., 1990. Variations in the reproductive cycle of Acrocnida brachiata (Echinodermata:

Ophiuroidea) according to environment in the bay of Douarnenez (Brittany). J. Mar. Biol. Assoc. (UK) 70,
57–66.

Bowmer, T., Keegan, B.F., 1983. Field survey of the occurrence and significance of regeneration in Amphiura
filiformis (Echinodermata: Ophiuroidea) from Galway Bay, west coast of Ireland. Mar. Biol. 74, 65–71.

Brown, A.C., 1973. Energy metabolism. In: Ruch, T.C., Patton, H.D. (Eds.), Physiology and Biophysics III.
Digestion, Metabolism, Endocrine Function and Reproduction, Saunders, Philadelphia, pp. 85–103, Ch. 4.

Byrne, M., 1994. Ophiuroidea. In: Harrison, F.W., Chia, F.-S. (Eds.), Echinodermata, Microscopic Anatomy of
Invertebrates, Vol. 14, Wiley–Liss, New York, pp. 247–343.

Cole, L.C., 1954. The population consequences of life history phenomena. Q. Rev. Biol. 29, 103–137.
Conover, W.J., Iman, R.L., 1981. Rank transformations as a bridge between parametric and nonparametric

statistics. Am. Stat. 35, 124–133.
D’Agostino, R.B., 1986. Tests for the normal distribution. In: D’Agostino, R.B., Stephens, M.A. (Eds.),

Goodness-of-Fit Techniques, Marcel Dekker, New York, pp. 367–419, Ch. 9.
Dinsmore, C.E., 1995. Animal regeneration — from fact to concept. BioScience 45, 484–492.
Dobson, W.E., Stancyk, S.E., Clements, L.A., Showman, R.M., 1991. Nutrient translocation during early disc

regeneration in the brittlestar Microphiopholis gracillima (Stimpson) (Echinodermata: Ophiuroidea). Biol.
Bull. 180, 167–184.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colormetric method for determination
of sugars and related substances. Anal. Chem. 28, 350–356.

Emson, R.H., Wilkie, I.C., 1980. Fission and autotomy in echinoderms. Oceanogr. Mar. Biol. Annu. Rev. 18,
155–250.

Fielman, K.T., Stancyk, S.E., Dobson, W.E., Clements, L.A.J., 1991. Effects of disc and arm loss on
regeneration by Microphiopholis gracillima (Echinodermata: Ophiuroidea) in nutrient-free seawater. Mar.
Biol. 111, 121–127.

Folch, J., Lees, M., Sloane Stanley, G.H., 1957. A simple method for the isolation and purification of total
lipids from animal tissues. J. Biol. Chem. 226, 497–509.

Gadgil, M., Bossert, W.H., 1970. Life historical consequences of natural selection. Am. Nat. 104, 1–24.
Goss, R.J., 1969. Principles of Regeneration, Academic Press, New York.



C. Pomory, J.M. Lawrence / J. Exp. Mar. Biol. Ecol. 238 (1999) 139 –150 149

Grime, J.P., 1977. Evidence for the existence of three primary strategies in plants and its relevance to
ecological and evolutionary theory. Am. Nat. 111, 1169–1194.

Hay, E.D., 1986. Regeneration, Holt, Rinehart and Winston, New York.
Hendler, G., Miller, J.E., Pawson, D.L., Kier, P.M., 1995. Sea Stars, Sea Urchins, and Allies. Echinoderms of

Florida and the Caribbean, Smithsonian Institution Press, Washington D.C.
Hyman, L.H., 1955. The Invertebrates, Echinodermata, the Coelomate Bilateria, Vol. IV, McGraw-Hill, New

York.
Jangoux, M., 1982. Digestive systems: Ophiuroidea. In: Jangoux, M., Lawrence, J.M. (Eds.), Echinoderm

Nutrition, Balkema, Rotterdam, pp. 273–279.
Kersting, K., 1972. A nitrogen correction for caloric values. Limnol. Oceanogr. 17, 643–644.
Lawrence, J.M., 1976. Patterns of lipid storage in post-metamorphic marine invertebrates. Am. Zool. 16,

747–762.
Lawrence, J., 1987a. A Functional Biology of Echinoderms, Croom Helm, London.
Lawrence, J.M., 1987b. Echinodermata. In: Pandian, T.J., Vernberg, F.J. (Eds.), Bivalvia through Reptilia,

Animal Energetics, Vol. 2, Academic Press, San Diego, pp. 229–321.
Lawrence, J.M., Ellwood, A., 1991. Simultaneous allocation of resources to arm regeneration and to somatic

and gonadal production in Luidia clathrata (Say) (Echinodermata: Asteroidea. In: Yanagisawa, T.,
Yasumasu, I., Oguro, C., Suzuki, N., Motokawa, T. (Eds.), Proc. 7th Int. Conference, Atami, Japan, 9–14
September 1990, Biology of Echinodermata, Balkema, Rotterdam, pp. 543–548.

Lawrence, J.M., Klinger, T.S., McClintock, J.B., Watts, S.A., Chen, C.-P., Marsh, A., Smith, L., 1986.
Allocation of nutrient resources to body components by regenerating Luidia clathrata (Say) (Ech-
inodermata: Asteroidea). J. Exp. Mar. Biol. Ecol. 102, 47–53.

Lawrence, J.M., Lane, J.M., 1982. The utilization of nutrients by post metamorphic echinoderms. In: Jangoux,
M., Lawrence, J.M. (Eds.), Echinoderm Nutrition, Balkema, Rotterdam, pp. 331–371.

Lawrence, J.M., Vasquez, J., 1996. The effect of sublethal predation on the biology of echinoderms. Oceanol.
Acta 19, 431–440.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with the folin phenol
reagent. J. Biol. Chem. 193, 265–275.

Mladenov, P.V., 1983. Breeding patterns of three species of Caribbean brittle stars (Echinodermata:
Ophiuroidea). Bull. Mar. Sci. 33, 363–372.

Morgan, T.H., 1901. Regeneration, MacMillan, New York.
Morowitz, H.J., 1978. Foundations of Bioenergetics, Academic Press, New York.
Paine, R.T., 1971. The measurement and application of the calorie to ecological problems. Ann. Rev. Ecol.

Syst. 2, 145–164.
Perrin, N., Sibly, R.M., 1993. Dynamic models of energy allocation and investment. Annu. Rev. Ecol. Syst.

24, 379–410.
Pickett, S.T.A., Kolasa, J., Armesto, J.J., Collins, S.L., 1989. The ecological concept of disturbance and its

expression at various hierarchical levels. Oikos 54, 129–136.
Reznick, D., Yung, A.P., 1993. The influence of fluctuating resources on life history: patterns of allocation and

plasticity in female guppies. Ecology 74, 2011–2019.
¨Salzwedel, H., 1974. Arm-regeneration bei Amphiura filiformis (Ophiuroidea). Veroff. Inst. Meersforsch.

Bremerh. 14, 161–167.
Smith, L.D., Hines, A.H., 1991. Autotomy in blue crab (Callinectes sapidus Rathbun) populations: geographic,

temporal, and ontogenetic variation. Biol. Bull. 180, 416–431.
Sokal, R.R., Rohlf, F.J., 1981. Biometry, second ed., Freeman, New York.
Stancyk, S.E., Golde, H.M., Pape-Lindstrom, P.A., Dobson, W.E., 1994. Born to lose. I. Measures of tissue loss

and regeneration by the brittlestar Microphiopholis gracillima (Echinodermata: Ophiuroidea). Mar. Biol.
118, 451–462.

Stearns, S.C., 1976. Life-history tactics: a review of ideas. Q. Rev. Biol. 51, 3–47.
Stearns, S.C., 1989. The evolutionary significance of phenotypic plasticity. BioScience 39, 436–445.
Stearns, S.C., 1992. The Evolution of Life Histories, Oxford University Press, Oxford.
Thompson, J.D., 1991. Phenotypic plasticity as a component of evolutionary change. Trends Ecol. Evol. 6,

246–249.



150 C. Pomory, J.M. Lawrence / J. Exp. Mar. Biol. Ecol. 238 (1999) 139 –150

Tilmant, J.T., Curry, R.W., Jones, R., Szmant, A., Zieman, J.C., Flora, M., Robblee, M.B., Smith, D., Snow,
R.W., Wanless, H., 1994. Hurricane Andrew’s effects on marine resources. BioScience 44, 230–237.

Trevallion, A., 1971. Studies on Tellina tenuis Da Costa. III. Aspects of general biology and energy flow. J.
Exp. Mar. Biol. Ecol. 7, 95–122.

de Vlas, J., 1979. Secondary production by tail regeneration in a tidal flat population of lugworms (Arenicola
marina), cropped by flatfish. Neth. J. Sea Res. 13, 362–393.

Warner, G., 1982. Food and feeding mechanisms: Ophiuroidea. In: Jangoux, M., Lawrence, J.M. (Eds.),
Echinoderm Nutrition, Balkema, Rotterdam.


