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Planktotrophic larvae of the common antarctic asteroid Odon-
taster validus spend at least 6 months in the water column
(Pearse, McClintock, and Bosch 1991) during the austral winter
and spring when primary production is low. Olson, Bosch, and
Pearse (1987) reported that the metabolic rates of larvae of 0.
validus are high (54 to 107 picomoles of oxygen consumed per
larva per hour), comparable to similar-sized larvae of the tem-
perate asteroid (Asterina miniata). If larvae of 0. validus have
high metabolic rates, how do such long-lived larvae survive in
a nutrient-poor water column? As part of a broader study fo-
cusing on the nutrition of antarctic invertebrate larvae (Pearse
et al. and Rivkin, Anderson, and Gustafson, Antarctic Journal,
this issue), we compared the metabolic changes of 0. validus
with those of A. miniata.

Gametes were obtained from ripe 0. validus and zygotes were
placed in four 200-liter vessels (McMurdo Sound seawater, fil-
tered, 0.2 micrometer pore size). Larval cultures were main-
tained at - 1 °C from September 1990 to January 1991. Seawater
in the cultures was changed weekly and food (Dunaliella tertio-
lecta, 5,000-6,000 cells per milliliter) was added biweekly to one
of the cultures (figure 1D). Larvae of A. miniata were reared to
metamorphosis in California (14 °C) on a diet of 5,000 cells per
milliliter of D. tertiolecta (figure 1E).

Seawater used for culturing 0. validus was filtered and con-
tained no measurable amino acids or sugars (measured with
high-performance liquid chromatography) and, hence, the lar-
vae were "starving." Embryos and larvae of 0. validus de-
creased in biomass (ash-free dry organic mass) at a mean rate
of -4.2 nanograms per larva per day (value from figure 1,
blocks A, B, C, and D). When food was added (figure 1D), the
average biomass of the larvae increased at a rate of +3.6 nano-
grams per larva per day. Fed larvae of A. miniata grew at a 16-
fold higher rate of + 55.9 nanograms per larva per day (figure
1E). For 0. validus, the rate of biomass loss, when food was
absent, has an oxyenthalpic equivalent of 11.5 picomoles oxy-
gen per larva per hour (average enthalpies of combustion of
lipid and protein) (Gnaiger 1983). This calculated value for aer-
obically catabolized biomass is close to the values of oxygen
consumption measured using a polarographic microrespirom-
eter (figure 2A, approximately 10 picomoles oxygen per larva
per hour) and independently measured using a coulometric
microrespirometer (figure 2B). Our measurements of oxygen
consumption agree well with those obtained in the preceding
season (1989-1990) (Manahan et al. 1990; Shilling and Mana-
han, Antarctic Journal, this issue).

The rate at which embryos and larvae of A. miniata consumed
oxygen was much higher, ranging from 40 to 500 picomoles
oxygen per larva per hour, with an increase prior to settlement
and metamorphosis (figure 2C). We have found that the meta-
bolic rates of larvae of 0. validus are up to 15-fold lower than
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Figure 1. The change in biomass (ash-free dry organic mass) dur-
ing the development of the polar asteroid 0. validus (graphs A, B,
C, D) and the temperate asteroid A. miniata (graph E). All larvae
were reared in filtered seawater, to which algal food was added at
the indicated time (arrows, D. tertiolecta at a cell concentration of
5,000 to 6,000 cells per milliliter). Each data point represents an
independent measurement. Biomass was measured using an elec-
trobalance (Cahn Model 29) after first washing samples (200-500
larvae) three times with 0.2 micrometer-filtered isotonic ammo-
nium formate solution. Culture A: rate of loss of biomass was -2.8
nanograms ± 0.3 nanograms per day (error = 1 standard error of
slope, n=125). Culture B: rate of loss of biomass was -5.2 nano-
grams ± 0.8 nanogram per day (n=64). Culture C: rate of loss of
biomass was -5.3 nanograms ± 0.5 nanograms per day (n = 89).
Culture D: rate of loss of biomass was -3.5 nanograms ± 0.7
nanograms per day (n = 67), after feeding biomass increased at a
rate of 3.6 ± 0.5 nanograms per day (n = 63). Culture E: rate of gain
of biomass was 55.9 nanograms ± 4.9 nanograms per day (n = 44).
(ug denotes micrograms.)

those reported by Olson et al. (1987). Both our measured (po-
larographic and coulometric) and our calculated (from biomass)
metabolic rates for larvae of 0. validus are in the range of 5 to
15 picomoles oxygen per larva per hour (at - 1.4 °C), contrast-
ing with 74 picomoles oxygen per larva per hour (at - 1.6 °C)
as reported by Olson et al. (1987) (original values given as
nanoliters of oxygen).

How do antarctic larvae survive in nutrient-poor water? The
consequence of having a low metabolic rate is that half of the
initial egg mass of 0. validus could supply the energy require-
ments for the first 6 months of development-the period when
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Figure 2. Metabolic rates during the development of a polar asteroid Odontaster validus and a temperate asteroid Asterina miniata. Eachpoint nt represents an individual measurement made at —1.4 °C (0. validus) and 14 °C (A. miniata) on a separate group of individuals.Metabolic rates of the larvae of 0. validus were measured with (A) Clark-type oxygen microsensors (Strathkelvin Instruments, Glasgow,
United Kingdom) connected to a data acquisition system (DATACAN, Sable Systems, Los Angeles) which monitored three respirometers
simultaneously, and (B) a coulometric respirometer (Heusner, Hurley, and Arbegast 1982), a technique based on the automatic quantitative
replacement of the oxygen consumed by an organism in a closed system with electrolytically generated oxygen. Graph C gives coulometric
measurements of the metabolic rate of A. miniata during complete development from fertilization of metamorphosis. (pmole individual - 1 h - Idenotes picomole per individual per hour.)
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dissolved (Welborn and Manahan, Antarctic Journal, this issue)
and particulate foods (Rivkin 1991) are relatively scarce. Hence,
larvae could survive months without feeding, in contrast to a
predicted survival time of only 1.7 days for starving larvae of
0. validus (Olson et al. 1987). Lower metabolic rates also mean
that larvae would require relatively small amounts of food once
food becomes abundant later in the season. For instance, given
a metabolic rate of 10 picomoles oxygen per larva per hour
(figure 2, A and B; equivalent to 4.8 microjoules per larva per
hour), we calculate that a bipinnaria larva could supply 100
percent of its routine metabolic requirements (oxygen con-
sumption) with a feeding rate of 4.2 algal cells per larva per
hour (one D. tertiolecta equals 1.15 microjoules). Alternatively,
the same metabolic rate could be fueled by 4,185 bacterial cells
per larva per hour (1 bacterium equals 1.15 nanojoules based
on 17 femtograms of carbon per cell), or a utilization of dis-
solved organic material of 3.3 picomoles of alanine-equivalents
per larva per hour (1 mole of alanine requires 3 moles of oxygen
for full combustion). In contrast, larvae of A. miniata would
require 125.6 algal cells, 125,577 bacteria, or 100 picomoles of
alanine-equivalents per larva per hour (based on a metabolic
rate of 300 picomoles per larva per hour, figure 2C). The re-
duced metabolic requirements measured in this study predict
long-term, rather than short-term, survival of asteroid larvae
in antarctic seawater.

This work was supported by National Science Foundation
grant DPP 88-20130 to D. Manahan. We thank J.S. Pearse and
Antarctic Support Associates (especially Kristin Larson for
maintaining animals during the 1990 winter) for assistance dur-
ing this project.
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Current interest in the naturally occurring adhesives of ma-
rine organisms stems from their ability to be secreted and sub-
sequently harden in an aqueous ionic milieu-important prop-
erties for adhesives in biotechnological and biomedical
applications (e.g., see Waite 1987). Marine organisms that con-

struct tubes or shells by organically binding sediment grains
together are particularly attractive systems for bioadhesive
studies. These animals typically possess appendages for the
selection of sediment particles and specialized tissues or organs
for the secretion of bioadhesives; however, such complex activ-
ities also are displayed by several classes of single-celled ani-
mals, most notably the agglutinated foraminifera. The morpho-
genetic process by which these foraminifera use pseudopodia
to select and transport mineral grains to specific sites, then
bind these particles with secreted adhesives to form an archi-
tecturally elegant shell (test), has long fascinated biologists and
might provide new insights into the mechanism of bioadhesive
secretion and function.

To date, several factors have impeded the study of foramini-
feran adhesive materials. Temperate, shallow-water species are
small and difficult to collect in bulk quantities; thus, the isola-
tion of sufficient material for biochemical analysis is impracti-
cal. Large foraminifera are abundant in deep-sea sediments;
however, available sampling methods severely limit yields, and
the pressure and temperature changes during collection make
it extremely difficult to recover undamaged specimens.

An ideal agglutinated foraminiferal species for test morpho-
genetic and bioadhesive studies, Astrainmina rara, is common
in the shallow waters of McMurdo Sound. A. rara's test is a
large, single-chambered sphere (x = 3.2 ± 0.9 millimeter, n = 48;
maximum diameter equal to 5.0 millimeters) housing a massive
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