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Abstract

Routine oxygen consumption rates of larval spotted seatrout (Cynoscion
nebulosus) were measured over arange of temperatures (24, 28, 30 and 32°C)
and salinities (5, 10, 20, 35 and 45%o). Larvae (5.0-49.0 mm TL) varying over
severa orders of magnitude in dry body mass were used to estimate an
allometric scaling relationship, resulting in a bi-phasic pattern in the mass
scaling of metabolic rate. Oxygen consumption (UL O, larva™ hr) scaled
isometrically with body mass (slope=0.997) for larvae <6.8 mm TL and
allometrically (slope=0.797) thereafter. The inflection in the mass-metabolism
relationship coincided with the formation of the hypural plate and achangein
swimming mode. Temperature and salinity effects on routine oxygen
consumption were analyzed using ANCOV A with larval dry weight asa
covariate. Temperature and salinity significantly affected routine metabolism
during the second phase of growth only. A significant interaction between
temperature and salinity was evident at 30 and 32°C during the second phase of
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growth. A response surface describing the environmental influences on routine
metabolism was devel oped to provide a bioenergetic basis for modeling
environmental constraints on the growth of this species. Ontogenetic changesin
the mass scaling of metabolism are discussed in relation to the change in
hydrodynamics experienced by larvae.

Introduction

The routine metabolic rate (M) can be expressed by the allometric equation
M=aW"®, where a and b are constants. If b=1, then weight-specific metabolic
rate remains constant, and total metabolism increases in proportion to weight.
When b is less than 1, total metabolism increases more slowly than weight, and
the metabolic rate per unit body mass decreases with increasing body size
(Winberg, 1956). This decline in metabolic rate with size has been attributed to
an increase in the relative mass of tissue with low metabolic activity (white
muscle and bone), combined with a decrease in overall metabolic activity of
tissues (Oikawaet al., 1991). If metabolic rate is proportional to body surface
area, and different sized bodies are geometrically similar, the value for b should
approximate 0.67 (Schmidt-Nielson, 1984). This theoretical value is rarely
observed, but values closer to 0.75 are more common (Peters, 1983). Although
the surface area is not important for thermoregulation in fishes, it is important
for some fish larvae that utilize cutaneous respiration during the early life stages.

Ontogenetic changes in the relationship between body mass and metabolic rate
have been reported by severa investigators (Oikawa et a., 1991; Kamler, 1992;
Post and Lee, 1996). It appears that in many fish species, the metabolic rates of
early life history stages scale isometrically with body mass (Giguere et a.,
1988). Post and Lee (1996) described a general bi-phasic pattern for the scaling
of metabolic rate with body mass in several species of fish. They proposed
metabolic rate increases directly proportional to body mass (isometric) early in
life, and later increases less than proportional to body mass (allometric). The
location, and importance of the inflection in this relationship, however, is
unclear in most species. One possible explanation for the change in scaling of
metabolism is the change in swimming efficiency during early development.
The physical environment of fish larvae changes from a viscous flow regime to
an inertial flow regime as they develop. A change in swimming style from
anguilliform to subcarangiform or carangiform accompanies this change in
hydrodynamic surroundings (Hunter, 1972). This change is likely to occur very
early in development, perhaps about the time of first feeding, and would not
explain the prolonged isometric scaling of metabolism for some species, namely,



salmonids. Marine species with small pelagic eggs and larvae will be more
influenced by their hydrodynamic surroundings early in life. Spotted seatrout
larvae hatch at a length of 1.65 mm TL and begin feeding at 2.6 mm TL
(Alshuth and Gilmore, 1995), therefore viscous forces are likely to be important
for these small stages.

Other physical properties of water affecting larvae are the temperature and
salinity of the water. Spotted seatrout spend their entire life history within
estuaries, and larvae are considered both eurythermal and euryhaline. Powell et
al. (1989) collected larvae in sdinities of 5-40 %o in and near Florida Bay,
however, little is known on the metabolic cost incurred at different salinites.
The presence of cutaneous chloride cells in early stage marine larvae enables
them to maintain ion balance. Hiroi et a. (1998) demonstrated a shift in the
distribution of chloride cells in Japanese flounder (Paralichthys olivaceus) from
cutaneous to branchia chloride cells. This shift demonstrates the importance of
cutaneous surfaces when larvae are small and in a viscous environment, before
gills become an efficient means of ion exchange. We measured routine oxygen
consumption to determine the relative metabolic costs for larval spotted seatrout
over a range of temperatures, salinities and sizes. Specifically, we tested the
following null hypotheses: 1) larval body mass has no effect on metabolism, 2)
temperature has no effect on metabolism, and 3) sdlinity has no effect on
metabolism.

Methods

Spotted seatrout larvae were obtained from the Texas Parks and Wildlife
GCCA/CPL Marine Development Center in Corpus Christi, Texas. The captive
broodstock were spawned using photoperiod and temperature cycling. After
hatching, yolk-sac larvae were shipped overnight to the NOAA Laboratory in
Beaufort, NC. Larvae were reared in circular 100 L tanks. When larvae
developed pigmented eyes and a functional mouth, rotifers, Brachionus sp.,
were introduced at a concentration of 5 ml™ along with algae, Nannochloropsis
sp. or Isochrysis sp.

Routine metabolic rate was determined for 773 individuals at four temperatures,
and five salinities. All fish were acclimated for 2-3 days prior to measurement
of oxygen consumption. Artificial lights regulated to natural photoperiod were
used throughout the experiment. In order to minimize the effects of diurna
variation in metabolic rate, all oxygen consumption measurements were
determined from 0800 to 1600 hrs. Experimental fish were removed (by
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pipetting) from culture tanks in the morning, before feeding, placed in filtered
seawater of the appropriate salinity and temperature, and held for 1-2 hrs. to
clear their gut. Trias were conducted in a Gilson differential respirometer on
individual larvee (5.0-49.0 mm TL, 15-13190 pg dry weight) in 15 ml
respiration flasks, following the procedures of Hoss et a. (1974). Larvae were
allowed to acclimate for one hour in the flask before oxygen consumption
measurements were made at regular intervals (0.5-1 hr) for a period of 2-6 hr
depending on fish size. After each tria, fish were euthanized in MS-222, the
notochord or standard length measured under a dissecting microscope, dried at
60°C, and the final dry weight determined.

The hydrodynamic environment experienced by larvae depends on their length
and velocity, and the viscosity and density of water. The ratio of these inertial
and frictional forces is summarized as the nondimensiona Reynolds number
(Re):

Re = U*Liv

Where U is the velocity in body lengths (BL) sec™, L isthe total length, and v is
the kinematic viscosity (ratio of viscosity to density). When Re is less than 30
viscous forces dominate, and at Re>200 inertial forces dominate. An
intermediate zone is recognized at 30<Re<200, where the balance between the
two forces gradually shifts from a viscous to inertial regime (Fuiman and Webb,
1988). Temperature and salinity both affect the Reynolds number, therefore
these were held constant at 30°C and 20%o., and values of kinematic viscosity
were taken from Pilson (1998).

The Log. normalized metabolism data were subjected to a nonlinear, segmented
fitting algorithm (SY STAT, Wilkinson, 1990) to estimate the inflection point
and two linear segments that best fit the data (Post and Lee, 1996). Temperature
and salinity effects on the routine metabolic rate were tested in afactorial
ANCOVA design with dry weight as a covariate, at a significance level of
alpha=0.05.

Results
A bi-phasic relationship in the scaling of routine metabolism with body weight
was evident, with the inflection occurring at 6.8 mm TL (Figure 1). The dry

weight of the larvae explained most of the variance in oxygen consumption for
both phases of growth. During the first phase of growth, the routine metabolic
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rate scaled isometrically (ope=0.997). The metabolic rate scaled alometrically
(slope=0.797) for larvae greater than 6.8 mm TL.
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Figure 1. Weight dependence of routine metabolic rate for larval spotted
seatrout.

Reynolds numbers were calculated for seatrout through the larval period to
relate the influence of swimming speed and body length on the hydrodynamic
regime. It isevident that larvae do not escape viscous forces until they reach a
length of 6-13 mm TL (Figure 2).

Neither temperature, sdinity, nor the interaction term were significant
(alpha=0.05) during the first phase of growth, possibly due to increased
variability for smaller larvae. During the second phase of growth the effect of
temperature was significant (P=0.0001). The interaction between temperature
and salinity was also significant (P=0.0218) for larger larvae. A response
surface (Figure 3) was generated to describe the oxygen consumption for a 299
g spotted seatrout larvae in response to temperature and salinity.
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Figure 2. Reynolds numbers for spotted seatrout at different swimming speeds
(temperature = 30°C, sdinity = 20%.). Arrow indicates size at
metabolic inflection point.
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Figure 3. Response surface generated for spotted seatrout larvae during the
second phase of growth (dry weight = 299 ug).
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Discussion

A bi-phasic pattern in the mass scaling of metabolic rate was observed. The
oxygen consumption rate (UL O, larva® hr') scaled isometrically with body
mass (slope=0.997) for larvae up until a size of 6.8 mm TL, and then scaled
allometrically (slope=0.797) thereafter. The isometric scaling during the first
phase of growth is consistent with the conclusions of Giguere et al. (1988) for
the larvae of other fish species. The oxygen consumption rates over a wide
range of larval size in this study enabled the evaluation of changes in the
metabolic scaling. Based on data from this study, spotted seatrout follow the
general model of metabolic ontogeny proposed by Post and Lee (1996). The
inflection point for spotted seatrout is close to the value they report for sea
bream, Pagrus major. For both of these marine fishes, the inflection is much
lower than their estimates for two freshwater species, rainbow trout,
Oncorhynchus mykiss, and common carp, Cyprinus carpio.

Notochord flexion occurs at 5.7 mm TL in spotted seatrout, and at 6.4 mm TL
the urostyle bends upward and formation of the hypural plate begins (Alshuth
and Gilmore 1995). The change in metabolic scaling at 6.8 mm TL coincides
with the formation of the hypural plate. If we consider an average swimming
speed of 2-3 BL sec™ for larval fish (Blaxter, 1969), Figure 2 shows the
correlation between the inflection point for routine metabolism and the change
in hydrodynamic regime experienced by the larvae. These changesin the
structure and surroundings of larvae enable them to change swimming modes
from anguilliform, to the more efficient subcarangiform or carangiform modes,
where increased weight becomes advantageous. This offers them an increased
efficiency with size, and may account for the decreasing weight-specific
metabolic rate (slope <1) with size after the inflection.

The effect of temperature on the routine metabolism was found to be significant
during the second phase of growth. The effects of salinity was temperature
dependent, evident by the significant interaction between temperature and
salinity at 30 and 32°C during the second phase of growth. The theoretical cost
of osmoregulation over a range of salinites calculated by Eddy (1982) was less
than 1% for salmonids. Therefore, the energetic cost of ion regulation is likely
to be very low, provided functional chloride cells are present. The overal
response to salinity is probably affected by other metabolic processes. The
response surface describing the influence of environmental factors on the routine
metabolism provides a bioenergetic basis for modeling the environmental
congtraints on the spatial and temporal growth of this species. The decrease in
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metabolic rate at high temperatures and salinities does not necessarily indicate
increased growth under these conditions. Stressors which reduce metabolic rate
may be accompanied by a decrease in consumption, therefore, growth would not
be enhanced (Rice, 1990). The effect of high temperatures and salinities on the
growth of spotted seatrout larvae cannot be determined until the consumption
under these conditions is better understood.
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