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Comparison of the rates of metabolism and ingestion, and the
contribution of particulate carbon ingested during the field exper-
iments to the metabolic carbon demand for echinoderm larvae
from McMurdo Sound, Antarctica (Odontaster validus) and Mon-
terey Bay, California (Asterina miniata). Metabolic rate was con-
veiled to metabolic carbon demand by multiplying by the respi-
ratory quotient (RQ = 0.8) and the molecular weight of carbon
(e.g., picomoles of oxygen per larva per hour x 0.8 x 12).

Parameter	 Odontaster validus	Asterina miniata

Metabolic ratea	 5	 200
Metabolic carbon demand 	48	 1,920
Ingestion rate_Algae b	46	 17
Percent metabolic

carbon demand	 96	 <1
Ingestion rate—Bacteria	 5.4	 —c
Percent metabolic

carbon demand	 11	 -

a In picomoles of oxygen per larva per hour.
b In picograms of carbon per larva per hour.

Not detected.
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Nutrient transport capacities
and metabolic rates

scale differently between
larvae of an antarctic

and a temperate echinoderm
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Animals maintain a tight coupling between nutrient trans-
port capacities and metabolic needs (Schmidt-Nielsen 1984);
excess absorptive capacities are usually not maintained during
development (Buddington and Diamond 1990). This "rule" also
applies to developing marine invertebrates where the maximum
capacity for transport of amino acids from seawater increases
in direct proportion to metabolic rates (Manahan 1990). Here
we report an exception to this one-for-one rule for an organism
developing in Antarctica.

The rate of transport of compounds such as amino acids by
marine invertebrates follows Michaelis-Menten kinetics.
Hence, the amount of substrate removed will depend on the
concentration in the seawater (Wright and Manahan 1989).
Early development of an antarctic asteroid (Odontaster validus)
takes place during austral winter (Pearse, McClintock, and
Bosch 1991) when phytoplankton concentrations in the water
column are low (Rivkin 1991). We tested the hypothesis that
such larvae may have an excess absorptive capacity, relative to
metabolic rate, to compensate for low nutrient concentrations.

*Current address: Department of Physiology, University of Connecticut
Health Center; Farmington, Connecticut 06032.

A similar-sized bipinnaria larva of the temperate asteroid As-
terina miniata was used for comparison. The larvae of 0. validus
were cultured from eggs in 200-liter vessels at - 1.4 °C in the
aquarium at McMurdo Station, Antarctica. The larvae of A.
miniata were cultured from eggs in 20-liter vessels at 15 °C in
California. When larvae were transferred to a new temperature
(e.g., 0. validus from - 1.4 °C to - 1.0 °C), they were given 24
hours to acclimate. For each species, a single cohort of larvae
was used for all measurements of metabolic rates (as oxygen
consumption per larva) and transport kinetics for alanine (af-

%	 %VVIP
Figure 1. Mass-specific rates of oxygen consumption by bipinnaria
stage larvae of Odontaster validus and Asterina miniata (biomass
of larvae given in caption figure 2). The lines above each bar rep-
resents one standard error of the mean. The number of replicates
per temperature ranged from 3 to 9. Rates were measured in par-
allel using two or three Strathkelvin oxygen sensors and meters,
the voltages from which were monitored by an IBM computer using
a software package DATACAN (Sable Systems Inc., Los Angeles,
California) for data acquisition and analysis. (pmole oxygen
ug- 1 h- I denotes picomoles of oxygen per microgram per hour.)
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finity for substrate, K,; maximum transport capacity per larva,

Mass-specific metabolic rates of the polar larvae were found
to be much lower than those of the temperate larvae (figure 1).
At 12 °C, larvae of Asterina tniniata had a metabolic rate of 45.7
picomoles oxygen per microgram per hour, compared to 2.2
picomoles oxygen per microgram per hour for larvae of 0.
validus at -2 °C. This 20-fold difference was similar to the
difference (23-fold) found for A. miniata larvae at 15 °C and 0.
validus at -1 T. These temperature ranges represent those
which the larvae of each species would experience in their
respective environments. The metabolic rates measured for 0.
validus presented here were obtained during the 1989-1990 sea-
son (values for A. miniata were obtained in 1990). A similar
difference (20-fold) was found between the metabolic rates of
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Figure 2. Rates of alanine transport (on a per microgram basis) by
bipinnaria stage larvae of Odontaster validus and Asterina miniata
at alanine concentrations ranging from 0.1 to 100 micrometer.
Closed circles (.) represent values for A. miniata, open circles (a)
represent values for 0. validus. A. Comparison of A. miniata at 12
°C and 0. validus at -2 °C. B. Comparison of A. miniata at 15 °C
and 0. validus at -1 °C. Each data point on the graph represents
a single time-course experiment based on 8-10 independent time
points. The lines through the points were calculated using the
values for K and umax obtained from linear regression analyses of
Eadie-Hofstee plots. The kt and Jma, values for 0. validus and A.
miniata are given in table 2. Biomasses (ash-free dry organic
weight) of the larvae were determined as described by Hoegh-
Guldberg et al. (Antarctic Journal, this issue) and were as follows:
A. miniata, 12 °C, 0.60 microgram ± 0.01 (one standard error of the
mean); 15 °C, 0.56 microgram ± 0.01; 0. vaildus, -2 and -1 °C,
1.0 microgram ± 0.02. (pmole alanine ug- 1 11- 1 denotes picomoles
of alanine per microgram per hour. uM denotes micromolar.)

larvae of 0. validus and A. miniata the following season (1990-
1991, see Hoegh-Guldberg, Welborn, and Manahan, Antarctic
Journal, this issue).

In contrast to the large difference between metabolic rates of
each species, the differences between mass-specific alanine
transport capacities were much smaller. At 12 °C, larvae of
Asterina miniata had a maximal transport capacity of 172
picomoles alanine per microgram per hour, whereas the Jma,
for larvae of Odontaster validus was 6.6 picomoles alanine per
microgram per hour, at -2 °C (figure 2A). This represents a
2.6-fold difference, which was similar to the 3.5-fold difference
found for the same comparison at 15 and -I °C (figure 2B,
table 2). Hence, the ratio of amino acid transport capacity to
metabolic rate scales differently between the polar and temper-
ate species. At an environmentally realistic concentration of
amino acid (50 nanomolar) during late austral winter in Mc-
Murdo Sound (see Welborn and Manahan, Antarctic Journal, this
issue), we calculated that larvae of 0. validus (at -2 °C) could
meet 32 percent of their metabolic requirements (see table 1).

Table 1. Comparison of the ratio of nutrient transport rates
to metabolic rates in bipinnaria larvae of antarctic

(Odontaster validus) and temperate (Asterina miniata) asteroids
NOTE: Transport rates were calculated using the K and Jmax values given
in table 2, metabolic rates are from figure 1. Alanine equivalents for
oxygen consumption were calculated using the stoichiometry that 1 mole
of alanine requires 3 moles of oxygen for complete combustion.

Odontaster validus Asterina miniata

Temperaturem	 -2 °C -1 °C	12 °C 15 °C
Transport rate 

at 50 nanomolar	 0.24	0.18	0.45 0.45
Jmax	 6.51	8.55	16.84 29.29

Metabolic rate 	 2.22	4.32	45.75 99.72
Metabolic rate (as Ala - eq . )c	0.74	1.44	15.25 33.24
Percent contribution 	 32.4	12.5	3.0	1.4
Scaling ratioe	 8.8	5.9	1.1	0.9

a In picomoles of alanine per microgram per hour.
b In picomoles of oxygen per microgram per hour.

In picomoles of alanine-equivalents per microgram per hour.
The contribution of alanine transported from seawater to metabolic rate
was calculated for an environmentally realistic concentration of amino
acids (calculated as the ratio of moles of alanine transported at 50
nanomolar to metabolic rate, as alanine equivalents).
The ratio of the maximum transport capacity ( Jma, for alanine and meta-
bolic rate (as alanine equivalents).

Table 2. Kinetics of alanine transport by bipinnaria-stage
larvae of antarctice (Odontaster validus) and temperate

(Asterina miniata) asteroids (from figure 2)

Asteroid	Temperature	K	Jmaxb	 r2

0. validus	-2°C	1.31	6.60	0.80	10
-1 °C	2.35	8.75	0.81	11

A. miniata°	12°C	1.87	17.15	0.90	8
15°C	3.34	30.27	0.90	8

a Micromolar
b In picomoles of alanine per microgram per hour.

Values of n and r2 are from the Edina-Hofstee plots of data given in
figure 2.
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At the same concentration of amino acid, however, larvae of A.
,niniata (12 °C) could supply only 3 percent of their metabolic
needs. The maximum transport capacity for amino acids in
larvae of A. miniata could supply 1.1-times (12'C) and 0.9-times
(15 °C) their metabolic requirements (see table 1). These ratios,
near unity, are similar to those found for larvae of other tem-
perate marine invertebrates (Manahan 1990). In contrast, for 0.
validus, the larvae had a surprisingly high J,,,, capable of sup-
plying 5.9-times (- 1 °C) and 8.8-times (-2 °C) metabolic needs
(see table 1).

The higher ratio of nutrient acquisition rates to metabolic
rates in the polar larva, relative to the temperate larva, will
mean that at a given nutrient concentration, the polar species
will be able to meet a larger proportion of its metabolic costs.
At a concentration of 50 nanomolar amino acid in antarctic
seawater, larvae of Odontaster validus could transport sufficient
substrate to supply 32 percent of metabolic needs. To supply a
third of the metabolic rate, larvae of Asterina miniata would need
an external concentration of 767 nanomolar, a 15-fold higher
concentration. Concentrations of 50 nanomolar and 767 nano-
molar are ecologically realistic in Antarctica (Welborn and
Manahan, Antarctic Journal, this issue) and temperate waters
(Stephens and Manahan 1984), respectively. The different pat-
tern of scaling of energy supply and demand may be an adap-
tation by the polar organism to the low food conditions that are
found for much of the year in Antarctica.

This research was supported by National Science Foundation
grant DPP 88-20130 to D. Manahan. Our thanks to the support

staff at McMurdo Station and to VXE-6 for logistic support and
a good time.
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Phytoplankton blooms in the region of McMurdo Sound are
highly seasonal and relatively short (Rivkin 1991). Therefore,
developing invertebrates must either do without algal food for
most of the year or use other food sources (e.g., bacteria or
dissolved organic material). Data on the changes in the amount
and composition of dissolved organic material in polar oceans
are scant, primarily due to analytical limitations. As part of a
study to determine the potential role that the uptake of dis-
solved organic material contributes to the nutrition of inverte-
brate larvae, we measured concentrations of specific chemicals
(sugars and amino acids) in seawater with high-performance
liquid chromatography. (For a comparison of algae and bacteria
as sources of food for larvae, see Pearse et al. and Rivkin,

Anderson, and Gustafson, Antarctic Journal, this issue.) Samples
(n = 263) were taken from surface waters (0 meters), the water
column (10 to 100 meters), and the sea-ice interface during the
period from September 1990 to January 1991. Sampling sites
were Hut Point, Cape Armitage, Cape Crozier, and the reced-
ing ice edge. This information, combined with data obtained
during the 1989-1990 season (Manahan et al. 1990), increases
our knowledge of the organic chemistry of waters around
McMurdo Sound and the availability of such material to marine
organisms.

Figure 1 gives representative chromatograms of sugars found
in seawater showing that the dominant sugars are fructose,
glucose, and sucrose. Concentrations of individual sugars in
water column samples were often below the limit of detection
(low nanomolar), but concentrations up to 100 nanomolar were
not uncommon. Much higher concentrations (micromolar) of
individual sugars were routinely found in surface waters under
ice, especially when sea-ice algae began to ablate (figure 1,
December) after which concentrations sharply declined.

As with sugars, amino acid concentrations in the water col-
umn were usually very low (10 to 50 nanomolar), but it was not
uncommon for samples to contain 100 nanomolar (total). Oc-
casionally, concentrations were in the micromolar range (e.g.,
6 December 1990, sample from receding ice-edge, 40-meter
depth, 1.4 micromolar, data not shown). Concentrations of
amino acids at the sea-ice interface and in surface waters near
sea-ice increased dramatically (figure 2, November) as sea-ice
algae began to grow, and concentrations decreased by mid-
summer (January 1991). Of particular interest were samples
from surface waters at the ice edge (figure 2, December) that
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