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Summary

Developmental energetics of an Antarctic sea urchin,
Sterechinus neumayeri, were quantified to describe the
physiological bases underlying ontogenetic changes in
metabolic rate at extreme cold temperatures (-1.5°C).
Rates of development from a four-arm to a six-arm larval
stage were not affected by food availability. The
respiratory cost of development to the six-arm larval stage
(day 60) was 14.0mJ for fed larvae and 8.2mJ for unfed
larvae. We observed three phases of metabolic regulation
during development. During embryogenesis (day 0-22),
increasing metabolic rates were proportional to increases
in cell numbers. During early larval development (day
22-47), the differencesin respiratory rate between fed and

unfed larvae were not accounted for by cell number, but
by cell-specific metabolic rate (respiratory rate normalized
to DNA content). Once an advanced larval stage had been
reached (day 47-60), cell-specific respiratory rate and
mitochondrial  densities (citrate synthase activity
normalized to DNA content) wer e mor e equivalent between
fed and unfed larvae, suggesting that size-specific metabolic
rateswere determined at a level of physiological regulation
that was independent of cell numbers or feeding history.

Key words: sea urchin, Serechinus neumayeri, development,
energetics, metabolic rate, respiration, mitochondrial density.

Introduction

Heusner (1991) described a central goal in comparative
physiology to be an understanding of the differences between
animals in metabolic intensity (i.e. metabolic rate per unit
mass, or the mass coefficient a in R=aMP, where R is rate of
respiration, M is mass and b is the mass exponent). This
guestion also applies to ontogenetic changes in metabalic rate
during development where, with no increase in mass during
embryogenesis, there are large increases in whole-organism
metabolic rates. Understanding the physiological mechanisms
that set metabolic intensities in embryos and larvae is
important for describing the energy costs of development.
Because respiration rates are not correlated with mass in
embryos, metabolic rates respond to the energy requirements
of development by mechanisms that are not understood.

For marine invertebrates, the importance of understanding
the energy costs of embryonic and larval development has been
primarily described in terms of the materna allocation of
energy to eggs (Vance, 1973). This approach produced many
comparative studies of energy allocation, developmental mode
and life-history strategies, particularly for echinoderms
(Strathmann and Vedder, 1977; Turner and Lawrence, 1979;
Lawrence et a., 1984; Strathmann, 1985; McClintock and
Pearse, 1986; Emlet et al., 1987; McEdward and Chia, 1991;
Jaeckle, 1995; Herrera et al., 1996). However, the maternal
allocation of energy to an egg is only one component of
developmental energetics. The other significant component is

the actual energy metabolized by an embryo to reach afeeding
larval stage. In contrast to the voluminous attention given to
egg size and the energy invested in eggs, the energy required
for development remains relatively undefined for any marine
invertebrate.

In environments where food is scarce, the physiological
basis of larval survival depends upon an egg’'s energy content
and the metabolic rate at which those reserves are consumed
during development. The seasonally restricted availability of
food in the coastal margins of Antarctica hasled to uncertainty
regarding the relative importance of low food availability
compared with low temperature in limiting developmental
rates of polar marine invertebrates (Clarke, 1983, 1992). Many
Antarctic echinoderms have extended developmental periods
spanning several months to a year during which their larvae
must survive in the water column (Pearse et al., 1991; Shilling
and Manahan, 1994). For these larvae, the relationship between
maternal investment in eggs and the cost of development to
reach the feeding larval stage is further complicated by the
asynchronous timing of reproduction relative to the austral-
summer phytoplankton bloom (Pearse et al., 1991; Rivkin,
1991). Feeding larvae of many echinoderms appear in the
water column several months before phytoplankton food
sources are present, and thus the energy allocated to an egg
must fuel early development and maintain metabolic activities
until food becomes available (Shilling and Manahan, 1994).
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In this study of the Antarctic sea urchin Serechinus
neumayeri, we focus on the developmental energetics of its
embryos and feeding larvae to determine how energy
metabolism is regulated during development. To understand
the potentia environmental impacts of low temperature and
limited food, we assess the physiology of embryos and larvae
of S neumayeri at —1.5°C and quantify the cell-specific effects
of feeding on energy utilization, developmental rates and
metabolic regulation.

Materials and methods
Animal culture and maintenance

Adult sea urchins, Serechinus neumayeri (Meisner), were
collected by SCUBA during austral spring from McMurdo
Sound, Antarctica (off Cape Evans and the Delbridge Islands).
Animals were maintained at constant temperature (=1.5°C) in
10001 running-seawater tanks in the Crary Laboratory
Aquarium facility at McMurdo station until they were needed
for spawning. Gametes were obtained by intracoelomic
injections of 0.5mol |71 KCI. Eggs were pooled from several
females for fertilization by sperm from one male. Once
fertilization had been verified to be greater than 90%, the
fertilized eggs were transferred to four 2001 culture containers
a a concentration of 7eggsml™l (a density a which
development remained normal). The culture temperature was
maintained at —1.5°C by immersing the 2001 culture containers
in large aguarium tanks (10001) that had a high flow of ambient-
temperature sea water pumped directly from McMurdo Sound.
Temperature in the cultures was monitored daily and did not
vary by more than £0.2 °C during the culture period (October to
December). Embryos and larvae were kept in suspension by
mixing the cultures using vertica-plunging paddles
(5-10revsmin™l). Culture water was changed every 4 days by
removing all individuals from containers and sieving onto 80 um
mesh screens. The culture container was then cleaned, fresh
filtered seawater (FSW; 0.20 um pore size) was added and, after
enumeration for sampling, the embryos or larvae were replaced.

Once larvae were competent to feed following stomadeal
breakthrough at day 22, the culture containers were assigned
to the following treatments. two ‘unfed’ (FSW only); one ‘fed’
(receiving an equal mixture of the algae Rhodomonas sp.
and Dunaliella tertiolecta at a final concentration of 15x
103cells mI~! after every water change); and one ‘natural’
(after a water change, larvae were put into natural sea water
filtered only through an 80pum mesh to remove large
zooplankton). On the basis of visual inspections, the algal cells
added to the fed culture were never fully cleared between water
changes. Daily mortality rates were below 0.5% and not
statistically different between fed and unfed cultures (analysis
of variance of combined regressions). Morphometrics were
determined by measuring the length of the left and right
postoral arms and the total body length from the postoral arm
tip to the dorsal apex of the larval body (McEdward, 1986).
These measurements were made using a calibrated ocular
micrometer under 10-20x magnification.

Energetics and metabolism

Elemental composition (as carbon and nitrogen) has long
been used as an index of an organism’s caloric content
(phytoplankton, Parsons et al., 1961; zooplankton, Platt et al.,
1969), and the stoichiometry of this relationship has been
defined quantitatively (Gnaiger and Bitterlich, 1984). In our
study, body mass and energy content were estimated from
elemental carbon and nitrogen content measured using a Carlo
Erba NA1500 series II CN analyzer (after removing inorganic
carbon by acid fuming). We have used the mass sum of
elemental carbon and nitrogen as an index of body mass
(CNmass). Most of the organic mass in echinoderm tissues and
eggsis composed of proteins and lipids (Lawrence and Guille,
1982; McClintock and Pearse, 1986; Jaeckle, 1995). The
elemental sum of carbon and nitrogen should provide an index
of these biochemical constituents during development and
growth. We have restricted the use of these mass estimates to
relative comparisons of the effect of feeding on larval
physiology (i.e. fed compared with unfed) because elemental
carbon and nitrogen contents only approximate total ash-free
dry organic mass (Gnaiger and Bitterlich, 1984).

Carbon and nitrogen elemental compositions were
additionally used to estimate the energy content of embryos
and larvae. The protein content of these stages was measured
using the Bradford assay with bovine serum abumin (BioRad)
as the gravimetric standard (Leong and Manahan, 1999). We
focus our energy estimates on protein and lipid composition
using the following standard coefficients: protein massis 17 %
nitrogen and 53% carbon, and lipid mass is 78% carbon
(Gnaiger and Bitterlich, 1984). We assume that 95% of total
organic carbon is accounted for by both protein and lipid
carbon in echinoderms, given their negligible carbohydrate
mass-composition. Protein mass was measured directly and
used to estimate protein-carbon; lipid-carbon was then
calculated by subtraction from total carbon (minus the protein-
carbon) and used to estimate the lipid mass. Protein and lipid
masses were then converted to energy equivalents using
the combustion enthalpy coefficients of Gnaiger (1983):
24.0kJg 1 protein and 39.5kJgLlipid.

Respiration rates were measured in small (1 ml) biologica
oxygen-demand vials. These gastight vials were custom-
designed for use with invertebrate embryos and larvae and
yield accurate measurements of respiration rate at —1.5°C (for
a comparison of micro-respiration methods, see Marsh and
Manahan, 1999). Embryos and larvae of S. neumayeri were
placed in aseries of vials (50-200 individuals per vial with 3-6
replicate vials per measurement) and incubated for 4-8h at
—-1.5°C; controls held no animals. The oxygen tension (Po,)
in each vial was measured by injecting a sample into a micro-
respiration chamber (75ul sample volume) connected to a
polarographic oxygen sensor maintained at -1.5°C by a
recirculating refrigeration bath. Temperature was continuously
monitored using a thermometer in a replicate respiration
chamber placed in seriess The Po, (mmHg;
1mmHg=0.1333kPa) was calibrated to oxygen-saturated sea
water (361 umol 171 at —1.5°C and a salinity of 34 %), verified



by Winkler's direct chemical titrations of the oxygen content
(Parsons et al., 1984). Respiration rates were converted to
energy equivalents using a mean oxyenthalpic equivalent of
484.0kJmol~1 0 (Gnaiger, 1983). A cumulative energy cost
of development was estimated by summing the total amount
of energy consumed during each day of development. On days
when a respiration rate was not measured, a linear mean rate
was calculated from the preceding and succeeding days on
which measurements were made.

Biochemistry

Citrate synthase (CS; E.C. 4.1.3.7) isan enzyme involved in
regulating the activity of the Krebs cycle in mitochondria and
has been used as a measure of aerobic metabolism and
mitochondrial density (Hochachkaand Somero, 1984). In vitro
enzymatic catalytic rates for this enzyme were measured
spectrophotometrically astheincreasein absorbance at 412 nm
caused by the production of mercaptide ions from Ellman’s
reagent (DTNB; Srere, 1969). Reaction conditions were
optimized for maximum activity (CSppt) a 4°C in a
50mmol 171 imidazole buffer (pH7.4). CSopt rates are
expressed as pmol citratemin™! and are presented as both
protein-specific activities (normalized to protein content) and
as cellular activities (normalized to DNA content). The
standard substrate concentrations used in the assay
(330pumol 171 acetyl-coenzyme A and 330pmol |1
oxaloacetate) were verified to be non-limiting during the
reactions. DNA content was measured directly in afluorometer
(DyNA Quant II; excitation wavelength 365nm, emission
wavelength 460nm) in agueous homogenates (50 mmol |1
Tris-HCI, 2mol 171 NaCl, 20mmol I"1 EDTA) using Hoechst’'s
dye. Calf thymus DNA (Pharmacia) was used as a gravimetric
standard. Direct counting of nuclei in early embryos stained
with Hoechst dye under an epifluorescence microscope was
used to check the estimated cellular DNA content.

Satistics

All statistical comparisons were performed using SigmaStat
2.0 software (Jandel Scientific) for the calculations. When
assumptions of data normality were not supported, non-
parametric tests were employed. When ratios of two
measurements are presented, errors from each measurement
were propagated to a standard error calculated by linear error
propagation formulae (Caulcutt and Boddy, 1983).

Results
Mor phometrics and mass

Total elemental carbon and nitrogen were measured during
development and growth of Sterechinus neumayeri (Fig. 1).
The ratio of elemental carbon to elemental nitrogen content
generally reflects the biochemical composition of atissue, with
higher ratiosindicative of greater lipid and carbohydrate levels
(carbon-rich) and lower ratios indicative of greater protein
levels (nitrogen-rich; Platt et a., 1969). Eggs of S. neumayeri
had a C:N ratio of 5.0; during development, the C:N ratio
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Fig. 1. The ratio of elemental carbon to nitrogen (C:N) in eggs,
embryos and larvae of Serechinus neumayeri. Each point represents
a pooled sample of 100-500 individuas; the slope of a linear
regression through each set of points was used to calculate the C:N
ratio, which is presented next to each regression line. Fed and unfed
larvae did not show any significant differences in elementa
composition, and their values were pooled into one regression.

decreased to 4.3 in embryos and 3.8 in larvae (all ratios were
significantly different; analysis of variance, ANOVA,
P<0.001, Tukey’'s test P<0.05). This decrease in C:N ratio
suggests that lipid reserves were catabolized during early
development. The organic mass of eggs, embryos and larvae
of S neumayeri was estimated as the sum of elemental carbon
and nitrogen contents (CNmass; Fig. 2). During embryonic
development from the egg to the feeding larval stage at day 22,
there was no loss of body mass. Once larvae began to feed at
day 22, their organic mass increased rapidly. Unfed larvae
maintained their mass between days 22 and 34. At day 47, the
formation of the third pair of larval arms was initiated in both
fed and unfed larvae, and the mass of unfed larvae began to
decline. Larvae that were cultured in unfiltered sea water (the
‘natural’ treatment) had a mass at day 50 that was equivalent
to that of unfed larvae. The energy content of embryos and
larvae was estimated from measured protein content and
calculated lipid content (Fig. 2 inset). Beginning feeding on
day 22 of development did not affect the subsequent rate at
which afour-arm pluteus reached the six-arm stage, despite the
large differences in nutritional state and body mass.

During the first 10 days of feeding (days 22—32), there were
no differencesin larval body length (Fig. 3A). Between day 32
and 47, fed larvae had a significantly higher rate of body length
increase than unfed larvae (9.56 versus 5.63umday~1;
ANOVA, P<0.001). The body length of unfed larvae stopped
increasing at approximately day 45 at 575 um, whilefed larvae
continued to grow (to 666pum at day 47; Fig. 3A). Body
lengths of larvae in the ‘natural’ treatment were equivalent to
those of the unfed larvae. The postoral arm lengths were also
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Fig. 2. Biomass of embryos and larvae of Serechinus neumayeri
calculated as the sum of elemental carbon and nitrogen. Embryos
(O) were cultured for 22 days in filtered sea water. After day 22,
larvae were divided into three experimental treatment groups. fed
(M), high phytoplankton density; unfed (A), no phytoplankton
present (filtered sea water only, 0.2um); and natura (V), natura
ambient phytoplankton present (coarsely filtered sea water, 80 um).
Values are plotted as means +1 s.E.m. (N=6). The inset presents the
biomass energy content of embryos and larvae estimated from
protein content and calculated lipid composition (see text for further
details).

measured for fed and unfed larvae and were equivalent up to
day 40 (Fig. 3B). No difference was observed between left and
right postoral arm lengths (left arm length data not shown). A
comparison of the ‘unfed’ and ‘natural’ treatments (Figs 2, 3)
indicates that there was no difference in size or energy content
of larvae raised in filtered versus unfiltered, natural sea water.
This comparison supports observations of very low
phytoplankton concentrations in McMurdo Sound during
austral spring (Rivkin, 1991).

DNA and protein content

During early development, the DNA content of embryos
increased rapidly from fertilization to gastrulation (day 12; Fig.
4). At the hatching blastula stage of development (day 5),
direct nuclear counts in embryos produced cell number
estimates of 2171 and 2132 (mean 2152) with a DNA content
of 3.20 and 2.68ngindividual~! (mean 2.94ngindividua1).
These measurements give a cellular DNA content of
1.37pgcell™l, which is close to the diploid value of
1.8pgcell~1 for the sea urchin Srongylocentrotus purpuratus
(Cameron et al., 1989). After gastrulation, cell division rates
declined, and the change in DNA content slowed to a gradual
rate of increase. Although DNA content was slightly higher in
the fed larvae between day 22 and day 47, these differences
were not statistically significant (paired t-test, P>0.069). At the
formation of the third pair of larval arms (day 47), a higher
rate of cellular proliferation occurred in fed larvae so that the

DNA content doubled between day 47 and day 60 (paired t-
test, P<0.001). Unfed larvae also initiated arm formation at the
same time as did fed larvae (day 47), but with a smaller
increase in cell number (DNA content; Fig. 4). Although cell
number does not appear to be affected by feeding during early
larval development (days 22-47), feeding does have a
significant effect on larval cell number after day 47.

Protein was normalized to DNA content to provide a
measure of the mean protein content per cell during
development of S neumayeri (Fig. 5). This ratio was higher in
embryonic stages than in larval stages, but was equivalent in
fed and unfed larvae (95% confidence interval overlap for all
samples). Despite the large differences in body size (Fig. 3A)
and equivalent DNA levels in larvae until day 47 (Fig. 4),
cellular protein content (cell size) was maintained at a constant
ratio of between 10 and 15pg proteinpg~: DNA. Because cell
protein content and DNA content both remained relatively
fixed during this period, the 45% increase in energy content
from day 22 to day 47 in fed larvae (from 19.9 to 28.9mJ;
Fig. 2 inset) did not result from a significant increase in cell
number. After day 47, increasesin larval energy content could
have resulted from cell proliferation events that produced
greater cell numbers in fed larvae while cell organic mass
(protein content per unit DNA) remained unchanged (Fig. 5).
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Fig. 3. Morphometrics of fed and unfed pluteus larvae of Serechinus
neumayeri. The total length of a larva (A) was measured from the
postoral arm tip to the dorsal apex of the body. The lengths of both
the right and left postoral arms were measured, but data for the right
arm only (B) are presented (arm lengths were symmetrical). Values
are plotted as means +1 s.e.m. (N=50).
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Fig. 4. DNA content of embryos (O) and fed (M) and unfed (A)

larvae of Serechinus neumayeri. Values are plotted as means +1
s.E.M. (N=3).

Respiration and energetics

Respiration rates increased steadily from fertilization to the
four-arm pluteus (feeding) stage at day 22 (Fig. 6A). After the
first week of feeding (day 32), fed larvae had higher respiration
rates than unfed larvae, and this continued through the
remainder of the study to day 60. Respiration rates of both fed
and unfed larvae showed tempora variations correlated with
developmental events. For example, there were parallel
changes in respiration rates for both fed and unfed larvae after
day 47 when the third pair of larval arms was forming. By day
60, respiration rates of fed larvae had more than doubled to
36 pmol Oz h~Lindividual=1 from the initial pre-feeding rate at
day 22, and were almost three times higher than those of unfed
larvae. Daily respiration rates were summed over the
developmental period studied to estimate the total energy
metabolized by fed and unfed larvae (Fig. 6B). In total, fed
larvae expended 14.0mJ during the first 60 days of
development in comparison with the 8.2 mJ expended by unfed
larvae (a 59 % difference). Between days 32 and 60, the rate
of increase in total energy respired (cumulative) averaged
331+5uJday~! for fed larvae and 150+2uJday~1 (means +
s.EM., N=6) for unfed larva (Fig. 6B; mean rates were
determined from the regression slopes of cumulative energy
consumption over time between days 32 and 60; the slopes are
significantly different when compared by ANOVA of
regressions, P<0.001). In terms of energy equivalents, the
metabolic rate of an unfed larva (Fig. 6B) would have utilized
0.86%day 1 of the initial energy reserves of the egg.

In feeding larvae, increases in energy expenditure result not
only from the capture, ingestion and assimilation of algal cells,
but also from increases in the energy costs of growth and the
maintenance of a greater biomass. To balance the energy costs
associated with feeding against the energy gained from
ingesting algae ad libitum, the differences in total respiration
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Fig. 5. Protein content normalized to DNA levels of embryos (O)
and larvae of Serechinus neumayeri from fed (M) and unfed (A)
treatments. Values are plotted as means +1 s.e.m. (N=3).

between fed and unfed larvae were compared with the
differencesin the energy contents of their corresponding mass.
Using the stage just prior to feeding as the reference point (day
22), cumulative changes in energy expended in respiration and
lost or gained in biomass between fed and unfed larvae were
calculated during development to day 51. By day 51, fed larvae
had expended 4.0mJ more in oxygen consumption than unfed
larvae (AR(F-u)=10.7-6.7mJ, where R is the rate of oxygen
consumption, F is fed and U is unfed), but had a net increase
in energy content of 17.6mJ over unfed larvae [+11.7mJ
increase in fed larvae, minus a —5.9mJ decrease in the unfed
larvae between days 22 and 51; AM(F.u)=11.7-(-5.9mJ),
where M is mass]. This difference equates to a440% return in
body energy content gained for energy expended in feeding
[AM(F-u)/AR(F-uy=(17.6/4.0)x100 %] .

Cellular metabolism

To describe the potential physiological bases underlying
developmental changesin respiration rates, relative to both cell
mass and cell number, the activity of citrate synthase (CSopt)
was measured as a cellular marker of mitochondrial density.
The significant correlation between rate of respiration and
CSopt in unfed larvae (unfed for >8 days) shows that changes
in respiration rates were closely related to mitochondrial
density (Fig. 7A; r2=0.837 for datafollowing 1 week of further
development without food). For these unfed larvae, CSopt per
individual was a good index of metabolic rate (Fig. 7A).
However, this relationship did not hold for the fed larvae
(ANOVA of regression, slope not different from zero, P<0.40).
Fed larvae had the same CSgpt activity as unfed larvae
(approximately 20 pmol citratemintlarva?), despite having
respiration rates that were more than twice as high. This
comparison shows that mitochondrial activity was generally
maintained at a low level relative to the maximum potential
aerobic capacity in fed larvae.
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Fig. 6. Metabolic rates during development of embryos (O) and
larvae of Serechinus neumayeri from fed (M) and unfed (A)
treatments. Individual respiration rates (A) are plotted as means £1
s.e.M. (N=6). The cumulative energy cost of development (B) was
estimated from the daily individual respiration rates. Between days
30 and 60, total energy consumption averaged 331 and
150pJdaytindividual=! for fed and unfed larvae (estimated from
the slope of linear regression functions; r2=0.99 for each regression).

During early development, there was arapid increase in the
protein-specific activity of CSept (Fig. 7B) that followed the
increase in cell number during embryogenesis (Fig. 4). The
protein-specific CSept activity did not show large differences
between fed and unfed larvae (Fig. 7B). Although there was
atwofold difference in respiration rates between fed and unfed
larvae on day 47 (Fig. 6A), there was no difference in protein-
specific CSopt activities. After day 47, the specific activity of
CS in fed larvae remained constant, indicating that the
increase in cell number associated with the formation of the
third pair of larval arms resulted in an equivalent increase in
the total number of mitochondria (Fig. 7B,C). For unfed
larvae, there was a large increase in protein-specific CS
activity beginning at day 51. This increase could result from
the selective breakdown by unfed larvae of proteins other than
CS, resulting in a greater representation of CS in the total
protein pool.

The pattern of declinein the cellular activity level of CS(i.e.

CSopt normalized to total DNA content, Fig. 7C) shows a
continuous decrease in mitochondrial densities per cell during
development. Although there were differences in the temporal
changes of cell-specific CS activity during embryogenesis,
there were no significant differences in the absolute values of
these activities between fed and unfed larvae (two-way
ANOVA comparing fed and unfed values after removing the
effects of differences in developmental age; Fig. 7C). At day
60, both fed and unfed larvae had the same cellular CSopt
activity levels, suggesting that the number of mitochondria per
cell during later development was independent of nutritional
state and body mass.
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Fig. 7. Citrate synthase (CS) activity in embryos and larvae of
Serechinus neumayeri from fed and unfed treatments.
(A) Optimized citrate synthase activities (CSgpt, pmol citratemin=1)
are plotted as a function of respiration rate. The regression functions
presented used measurements between days 32 and 55 for fed (H)
and unfed (V; more than 8 days without food) larvae. CSopt activities
were normalized to protein content (B) and DNA content (C). For B
and C, values are plotted as means +1 s.e.m. (N=3).



Discussion
Metabolic processes during development

The relationship between respiration rate and mass is an
important physiological parameter for evaluating rates of
energy utilization. Fed larvae were bigger both
morphologically and in mass than unfed larvae and had higher
total oxygen consumption rates. A measure of the respiration
rate per cell (per unit DNA; Fig. 8A) shows that, after the first
week of feeding (day 32), cellular respiration rates were 29%
higher in fed than in unfed larvae. At the formation of the third
pair of larval arms beginning on day 47, cellular respiration
rates for fed larvae were 57% higher than in unfed larvae
(Fig. 8A; values caculated as described in Fig. 9 legend).
Following this developmental point at day 47, the increase to
day 60 in whole-organism respiration rate for fed larvae (24 %
from day 47 to day 60; Fig. 6A) did not scale with the larger
increase in cell number (48% from day 47 to day 60; Fig. 4).
The result was that, by day 60, cellular respiration rates in fed
larvae were only 35% greater than in unfed larvae (Fig. 8A;
compared with 57% on day 47). Normalizing respiration rate
to elemental CNmass (Fig. 8B) showed an increase in mass-
specific respiration rates during embryogenesis until the
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Fig. 8. Respiration rates during embryonic and larval development of
Serechinus neumayeri normalized to DNA content (A) and mass
(B). Cell-specific respiration rates are presented as rates of oxygen
consumption normalized to DNA content; mass-specific respiration
rates are presented as rates of oxygen consumption normalized to
biomass (as estimated by the sum of elemental carbon and nitrogen,
CNmass). Data are plotted for embryos (O) and larvae from fed (H)
and unfed (A) treatments.
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feeding larval stage was reached (day 22). During larval
development to day 47, there were large differences in cell-
specific and mass-specific respiration rates between fed and
unfed larvae. However, these differences decreased with
subsequent development, indicating that growth in fed larvae
after day 47 was pardleled by a concomitant decrease in
respiration rate per unit size (either DNA or mass content).

The increase in respiration rate in fed larvae from day 30 to
day 47 occurred without a concomitant increase in either cell
number (Fig. 4) or protein-specific activity of citrate synthase
(Fig. 7B). This suggests that larvae had a fixed mitochondrial
density that did not vary as a consequence of nutritional state
during this period. Instead, the aerobic activity of mitochondria
was maintained at a relatively low fraction of the maximum
capacity, and increased demands for respiration in actively
feeding larvae were probably met by an increase in the
physiological activity of the existing complement of enzymes
within the mitochondria. Thisis evident in theincreasein cell-
specific respiration rate of fed larvae (Fig. 8A) in the absence
of aparalel change in the cellular content of CS (pg™1DNA;
Fig. 7C). In contrast, unfed larvae maintained steady cell-
specific and mass-specific respiration rates (Fig. 8A,B)
indicative of aconstant level of maintenance metabolismin the
absence of feeding. After day 47, the cell-specific respiration
rates in fed larvae declined rapidly, and by day 60, fed larvae
were more physiologically similar to unfed larvae when
metabolic rate was scaled to an index of organisma size
(DNA). The DNA content of fed and unfed larvae did not differ
until the onset of formation of the third pair of larval arms at
day 47 (Fig. 4). Despite the physiological differences that
existed at day 47 (e.g. respiration rate; Fig. 6A), it appears that
cell numbers were equivalent up to this stage of development.
In terms of magnitude, protein content normalized to DNA
content (Fig. 5) wassimilar in fed and unfed larvae, suggesting
that, even with the difference in mass (Fig. 2), cellular protein
content (i.e. cell size) was relatively stable. Both cell size and
cell number were similar between day 22 and day 47 for both
fed and unfed larvae.

During embryonic development (days 3-22), a 3.6-fold
increase in mass-specific respiration rate (Fig. 8B) can be
readily explained by increasing cell numbers, with a 4.1-fold
increase in respiration rate (Fig. 6) and a 5.6-fold increase in
DNA content (Fig.4). In contrast, during early larval
development (from the four-arm to the beginning of the six-arm
pluteus stage; days 22-47), increases in cell number in fed
larvae (1.5-fold higher DNA content; Fig. 4) did not parallel the
increasesin metabolic rate (2.3-fold higher respiration rate; Fig.
6). During this period from day 22 to day 47, differences in
respiration rates between fed and unfed larvae gradually
increased to more than 60% of the values in the fed treatment
(Fig. 9). Here, instead of cell number, differences in cell-
specific respiration rates could explain most of the observed
differences in total respiration rate (97 %) between fed and
unfed larvae (inset Fig. 9; regression slope not significantly
different from unity; dope=1.14+0.11; mean +* SEM.,
r2=0.965). Thus, the difference in metabolic intensity between
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Fig. 9. Differences in respiration rates between fed and unfed larvae
of Serechinus neumayeri. Respiration rates are taken from Fig. 6
(per individual) and Fig. 8A (per unit DNA) to illustrate the
percentage change in whole-organism respiration rates that can be
explained by metabolic rate per cell. Differencesin rates between fed
and unfed larvae are plotted as a percentage of the corresponding
vauein fed larvae, i.e. [(fed—unfed)/fed] x100. A linear regression of
the difference between larval (ALR) and cellular (ACM) respiration
rates to day 47 of development is plotted in the inset
(slope=1.14+0.11; mean * S.E.M., r2=0.965, P<0.001). In the main
graph, there are fewer cellular respiration data points because DNA
content was measured less frequently than respiration. Filled
symbols in the main graph represent points used for the regression in
theinset.

fed and unfed larvae up to day 47 could be accounted for almost
entirely by differences in their cell-specific metabolic rates.

Once the six-arm larval stage had been initiated (day 47),
differences in cell-specific metabolic rates were no longer
tightly correlated with the differences in total respiration rate
between fed and unfed larvae (Fig. 9). Similarly, the changes
in cell number in fed larvae could not account for changesin
metabolic intensity (twofold increase in DNA content with
only a1.2-fold increase in respiration rate; days 51-60). It is
likely that this physiological pattern (days 47—60; Figs 8A,B,
9) results from the appearance of a mass-specific metabolic
rate that is less dependent on cell numbers and nutritional
state (fed or unfed). At this point in development, it appears
that both fed and unfed larvae possess a similar, species-
specific metabolic intensity per unit size (Fig. 8) such that
they would share a near-equivalent mass coefficient [i.e the
variable a in the equation R=aMP, where R is respiration rate,
M is mass and b is the mass exponent]. At some point during
development, atransition occurs in metabolic regulation from
the early stages in embryogenesis, where a few large cells
account for metabolic rate, to the later stages in larval
development, where many smaller cells have tissue-specific
metabolic activities.

To summarize, there are three phases of metabolic
regulation during development in Sterechinus neumayeri. First,
in embryos, increases in respiration rates can be accounted for

solely by increasesin thetotal number of cells. Second, in early
larvae, respiration rates are determined not by cell numbers or
mitochondrial densities per larva, but by changes in cell-
specific biochemical activities. Third, in older larvae, size-
specific respiration rates decline at the level of whole-organism
physiology. The mechanisms underlying these changesin size-
specific metabaolic rate are unknown, as for animals in general
(see Heusner, 1991). In developmental stages, it is likely that
increasesin tissue differentiation result in more cell types with
low metabolic activities that would lower size-specific
physiological rates.

Energy utilization during devel opment

An underlying premise to discussions of materna energy
investment in eggsisthat the allocation of reservesislinked both
to the energy requirements of development and to the size a
metamorphosis required for subsequent survival. Thus, egg size
is considered to be under strong selective pressures and highly
relevant for evaluating developmental modes in terms of life-
history strategies. A critical energetic quantity that affects
developmental mode is the amount of energy an embryo will
require to reach larval metamorphosis. Once the energy
requirements of a species for development are defined, then the
amount of materna energy invested in an egg can be fully
evaluated (i.e. the ‘s parameter for egg energy dlocation in the
modd of Vance, 1973). Although some studies have measured
various components of embryonic and larval energetics (Zeuthen,
1947; Pechenik and Eyster, 1989; Rodriguez et ., 1990; Shilling
and Manahan, 1994; Hoegh-Guldberg and Manahan, 1995;
Shilling et a., 1996), only a few have attempted to provide
complete estimates of the total energy costs of development
(Jeeckle and Manahan, 1989; Hoegh-Guldberg, 1994; Hoegh-
Guldberg and Emlet, 1997). Even these estimates are dfill
questionable because of the difficulty of making accurate micro-
respiration measurements (Hoegh-Gul dberg and Manahan, 1995;
Shilling et a., 1996; Marsh and Manahan, 1999).

The energetics of development were first described by
Tangl (1903) as the amount of energy respired during
embryogenesis, which he called ‘ Entwicklungsarbeit’ or ‘the
work of development’. An early review of embryonic
energetics (Needham, 1931) concluded that most metazoans
(although data were primarily from chordates) respired 40-50
% of the egg’s energy content to develop to a feeding stage
(for reviews, see Caow, 1977; Wieser, 1994). For
Serechinus neumayeri, the initial energy content of an egg
was 17.5mJ (Fig. 2). The total energy cost of embryogenesis
was 2.45mJ during the 22 days from fertilization to the
formation of afeeding larval stage (Fig. 6B). Thus, assuming
no uptake of dissolved organic material by embryonic stages,
only 14% of the initial maternal allocation of energy to the
egg was required to reach the feeding larval stage. This low
fraction of energy consumption during embryogenesis is
noteworthy because most of the egg’'s energy resources are
available for further development in the absence of
particulate food (four- to six-arm pluteus stage).

Respiration rates of unfed larvae provide an accurate measure



of the costs of development and maintenance metabolism. The
first 60 days of development for unfed larvae required 8.2mJ
per individua to reach the six-arm pluteus stage (Fig. 6B). At
this point, 57% of the egg's initial energy content (17.5mJ)
should have been metabolized, assuming no input of exogenous
energy. However, our measurements of the remaining energy
content after 55 days without food showed that larvae still had
15.3mJ per individual, a decline of only 13% from the egg's
initial energy content (compared with a predicted value of
57%). This observation of mass maintenance (Fig. 2) above
predicted respiratory |osses has been documented previously for
other developing marine invertebrates (gastropods, Jaeckle and
Manahan, 1989; Shilling et a., 1996; Antarctic echinoderms,
Shilling and Manahan, 1994). The lower C:N ratio in embryos
than eggs (Fig. 1) suggests that the lipid reserves of the eggs
were utilized during early development. However, despite this
catabolism, the energy imbalance from the observation of mass
stasis in unfed larvae reared in filtered sea water (Fig. 2) can
best be explained from the acquisition of exogenous resources,
such as dissolved organic material (Manahan, 1990). This
uptake would significantly increase the metabolic life-span of a
larva in the absence of particulate food.

For larvae of S neumayeri, feeding on phytoplankton was
not required for normal development from a four-arm pluteus
to a six-arm stage. At day 55, an unfed larva had an energy
content of 14.1 mJ (Fig. 2) and arespiration rate of 150uJday
(Fig. 6B). How long past day 55 could alarva survive without
particulate food, with no input of dissolved organic material and
no subsequent down-regulation of metabolism? Assuming that
alarvaisviablefollowing a50% reduction in the starting mass
of itsegg (i.e., Needham'’s, 1931, ‘work of development’ value
of 50%), then thisvalue for S. neumayeri would be 8.8mJ (egg
17.5mJ). At the measured respiration rate (0.15mJday2), it
would take 35 days to utilize 5.3mJ, which would deplete
the energy content to the 50% value of 8.8mJ
[(14.1-8.8)/0.15=35]. Thus, larvae of S neumayeri could
potentially survive for at least 90 days (35+55) without food,
which would bring them near to metamorphosis (115 days,
Bosch et da., 1987). These caculations revead how little
exogenous nutrition the larvae of S neumayeri would need to
reach metamorphosis and suggest a physiologica basis for
surviving any asynchronous timing between reproduction and
phytoplankton availability around Antarctica (Pearse et .,
1991; Stanwell-Smith and Peck, 1998).

When the four-arm pluteus larval stage began feeding ad
libitum at day 22, the metabolic costs to day 60 increased from
8.2mJ (unfed larvae) to 14.0mJ per individua (Fig. 6B).
Feeding resulted in a 71% increase in energy metabolism that
represents energy expended in feeding plus the energy costs
associated with growth and the subsequent increased
maintenance metabolism. Despite this 71 % increase in energy
output, the biomass gained from feeding exceeded the
metabolic investment in obtaining food (capture, digestion,
assimilation, etc.), returning 440% in energy content for the
energy expended in feeding, inclusive of the increased costs of
growth and maintenance.
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Physiological implications for polar larvae

The lack of a particulate food resource does not appear to
pose a ‘starvation’ stress on the early larvae of S. neumayeri.
Low seawater temperatures in the coasta margins of
Antarctica result in low metabolic rates, and we have shown
in the present study that feeding larval stages of S. neumayeri
are not dependent on the availability of phytoplankton food to
complete early development to day 60. In addition, a large
potential exists in these embryos and larvae for the uptake of
dissolved organic material that could further reduce the
requirements for particulate food resources. Although the
availability of particulate food does affect metabolic rates
during the four-arm larval stage of development, at the six-arm
larval stage, size-specific metabolic rates between fed and
unfed larvae are more equivalent. We conclude that slow
developmental rates in S. neumayeri are primarily driven by
low temperature, but that the corresponding low metabolic
rates allow the energy content of the mid-sized eggs of this
species to provide a large portion of the energy needs for
development to a late planktotrophic larval stage.

The metabolic relationship between energy utilization and
mass of alarvais part of the genera problem of understanding
the physiological processes that set metabolic intensity
(Heusner, 1991). Whether these physiological processes
include mechanismsthat are more efficient at cold temperatures
and would increase a larva's metabolic life span are not
understood at present. Describing what sets metabolic intensity
in Antarctic larvae will require further studies of changes in
macromolecular synthesis associated with growth and
maintenance. Thiswork will also require a better understanding
of theimpact of cold polar temperaturesin altering the energetic
cost to the organism of specific enzymatic processes (e.g. the
Na" pump; Leong and Manahan, 1999).
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Dr M. Sewell for valuable comments on an earlier draft of this
paper and Antarctic Support Associates Inc. for providing al
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Antarctica. This work was supported by NSF grant OPP
9420803.
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