
Differences in respiration rates among samples (not meas-
ured) could account partly for the unexplained variance, al-
though rates at 0 °C are expected to be lower than the 12 percent
assumed for 20 °C (Sakshaug, Kiefer, Andresen 1989).

In conclusion, phytoplankton growth rates at the mixed layer
were on the average 53+22 percent of the maximal rates ex-
pected (0.58 per day) for the ambient temperature (Eppley 1972;
Spies 1987). Maximum growth rates were observed in a non-
bloom assemblage, and lowest growth rates were associated
with low nitrate concentrations at the surface. Growth rates
can be modeled as a function of irradiance, but at saturated
irradiance, they are mainly dependent on the chlorophyll-to-
carbon ratios.
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ence Foundation grants DPP 88-17635 to 0. Holm-Hansen and
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Ingestion of phytoplankton
and bacterioplankton by

polar and temperate
echinoderm larvae
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Cambridge, Maryland 21613

Echinoderm larvae are widely distributed in the plankton of
polar and temperate oceans (Mileikovsky 1971). Although phy-
toplankton are considered to be their primary food source,
recent studies suggest that echinoderm larvae may be nutri -
tionally quite opportunistic. They may assimilate a variety of
dissolved substrates and ingest both autotrophic and hetero-
trophic microbiota (Manahan, Davis, and Stephens 1983; Riv-
kin et al. 1986; Strathmann 1987; Manahan et al. 1990). The
seawater concentration of both dissolved and particulate ma-
terial is spatially and temporally variable, hence the nutritional
modes may differ for larvae in distinct geographic regions or
for larvae from the same region during different times of the
year. As part of a collaborative study to evaluate the nutritional
importance of dissolved and particulate resources, we report

*present address: Ocean Sciences Centre, Memorial University of Newfound-
land, St. John's, Newfoundland, A1C 5S7 Canada.

here the rates of particle ingestion for representative field and
laboratory experiments with morphologically similar echino-
derm larvae from polar (Odontaster validus) and temperate (As-
terina miniata) environments.

Natural microbial populations collected at the ice edge in
McMurdo Sound, Antarctica, and approximately 2 kilometers
offshore of Santa Cruz, California, in Monterey Bay were seri-
ally size fractionated through 64-micrometer and 10-micrometer
Nitex mesh and a 1.0-micrometer Nuclepore filters (designated
the <64-micrometer, <10-micrometer, and <1.0-micrometer
size fractions, respectively). We are assuming that only algae
assimilated the carbon-14 sodium bicarbonate in the <64-mi-
crometer and <10-micrometer size fractions and that primarily
bacteria incorporated methyl, tritiated thymidine in the <1.0-
micrometer size fraction. The <64-micrometer and <10-mi-
crometer fractions were incubated with carbon-14 sodium bi-
carbonate (1-2 microcuries per milliliter final activity) for 6 to
36 hours and the <1.0-micrometer fraction was incubated with
methyl, tritiated thymidine (approximately 7-10 nanomolar
TdR per liter) for 6 to 12 hours. Laboratory cultures of the
chlorophyte Dunaliella tertiolecta were labeled with carbon-14
sodium bicarbonate (1-2 microcuries per milliliter final activity)
for at least 12 hours. Mid- to late-stage bipinnaria larvae were
added to the radiolabelled prey, and after incubating replicate
bottles (n = 3 or 4) for 2 to 6 hours at ambient temperatures in
the dark, the larvae were gently collected onto 73-micrometer
Nitex screening, rinsed several times with ambient tempera-
ture seawater to removing adhering particles and backwashed
into isolation dishes. Using micromanipulation, 8 to 10 larvae
were isolated into replicate (n = 5) scintillation vials, and their
radioactivity was counted using liquid scintillation spectrome-
try (Rivkin, Anderson, and Gustafson in preparation). All sam-
ples were corrected for quench by the external standards
method and for background radiation. The data were tested for
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significance (among replicate bottles within a treatment and
among treatments) using nested and two-way analysis of vari-
ance.

The ingestion of radiolabeled prey has been widely used to
study the dynamics of grazing by crustacean and protozoan
zooplankton; however, it had not been used to measure grazing
in echinoderm larvae. The rates of clearance and ingestion of
D. tertiolecta, common food source, by 0. validus and A. miniata
were compared (figure 1). There were no significant differences
among replicate bottles within a treatment however clearance
and ingestion rates were significantly (p<O.00l) faster by the
temperate than polar larva.

Figure 2 shows the clearance and ingestion rates of naturally
occurring particulate prey by 0. validus and A. miniata. There
were usually no significant differences among replicate bottles
within a treatment. The clearance rates of 0. va/idus for <64-
micrometer and <10-micrometer algae were not significantly
(p=O.l05) different (figure 2A). In contrast, the clearance rates
of A. miniata on <10-micrometer algae were significantly
greater (p<O.00l) than for <64-micrometer algae (figure 2A).
The rates of clearance of the <64-micrometer algae by 0. validus
and A. miniata were not significantly different (p=0.477)
whereas A. miniata cleared <10-micrometer algae significantly
(p<0.001) faster than 0. validus.

The rates of algal ingestion by 0. validus, calculated as the
product of clearance rates and prey carbon per microliter, was
significantly greater (p<O.00l) for <64-micrometer than the
<10-micrometer algal size fraction. In contrast, the rate of
ingestion of <64-micrometer and <10-micrometer algae by A.
miniata was not significantly (p = 0.101) different.

Odontaster validus readily ingested <1.0-micrometer bacteria
and the clearance rates were significantly (p<0.05) greater than
for the <64-micrometer and <10-micrometer algae (figure 2A).
At this time of year, the biomass of phytoplankton is greater
than bacteria in McMurdo Sound (however see Rivkin 1991);
hence, the ingestion rate of bacterial carbon was significantly
(p<0.05) lower than that for phytoplankton carbon. In contrast,
A. miniata did not appear to ingest bacteria.

The rates of ingestion of prey carbon, measured during the
field experiments, were compared with the rates of metabolism

Clearance	 Ingestion
Rate	 Rate

Figure 1. Rates of clearance (in microliters per larva per hour, jiL
larva- 1 h- 1 ) and ingestion (in nanograms of carbon per larva per
hour, ng Carbon larva- 1 h- 1 ) of Dunaliella tertiolecta by Odontaster
validus (darkened bars) and Asterina miniata (cross-hatched bars).
During these experiments, the concentration of D. tertiolecta was
8.9 and 131 micrograms of chlorophyll a per liter, respectively. The
error bars are one standard deviation.
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Figure 2. Rates of (A) clearance (in microliters per larva per hour,
1iL larva- 1 h) and (B) ingestion (in picograms of carbon per larva
per hour, pg Carbon larva- 1 11- 1 ) of the <64-micrometer, <10-mi-
crometer, and <1.0 size fractions of natural planktonic populations
by Odontaster validus in McMurdo Sound, Antarctic, (darkened
bars) and Asterina miniata in Monterey Bay, California (cross-
hatched bars). The experiments were carried out in mid-August
1990 (Monterey Bay) and late December (McMurdo Sound). On the
dates of these experiments, the ambient chlorophyll a concentra-
tions (in micrograms per liter) were: in Monterey Bay, <64-microm-
eter = 2.03 and <10-micrometer = 0.33 and in McMurdo Sound,
<64-micrometer 1.88 and = 10-micrometer = 0.47. Bacterial
abundances in McMurdo Sound were 2.8 x 108 cells per liter. The
error bars are one standard deviation.

(Manahan et al. 1990) and the metabolic carbon demand (table).
Grazing on the natural microbial populations could satisfy 100
percent of the carbon demand of 0. validus but <1 percent of
the metabolic requirements of A. miniata. The metabolic carbon
demands were satisfied when the algal biomass was higher
such as in the experiments where A. miniata ingested D. Tertio-
lecta (compare the table and figure 1). These results suggest
that temperate larvae may have a much higher particulate food
requirement and threshold for clearance than polar larvae.

This project was supported by National Science Foundation
grants DPP 88-18354 and 88-20132 to J.S. Pearse and R.B. Riv-
kin, respectively. We thank John Pearse and Vicki Pearse for
assistance with the grazing experiments in Santa Cruz, Larry
Basch and Gary Allison for maintaining the larval cultures,
Donal Manahan and Ove Hoegh-Guldberg for the unpublished
data on metabolic rates of 0. validus and A. miniata larvae and
ASA Antarctic Services for logistic support in Antarctica.

15.0

12.0

9.0

a
it

.	6.0

3.0

0.0

5.0

4.0 -
-c

3.0

C
0

a0
1.0	g'

0.0

20

1991 REVIEW	 157



II
II

110
100
90
80
70
60
50
40
30
20
10

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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