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Abstract.— Ontogenetic patterns in the percent dry weight

(%DW) and energy density (joules per gram of wet weight)

were studied in the early life stages of the subtropical estuarine

and marine gray snapper Lutjanus griseus and the warm-

temperate estuarine and marine spotted seatrout Cynoscion

nebulosus. The %DW was variable for individuals of both

species but increased significantly through larval to juvenile

stages (,20% for fish,50 mm standard length to 20–30% for

fish .50 mm). The lipid percentage, which was determined

only for gray snapper, was also variable between individuals

but showed significant increase with body size. Strong

relationships between percent dry weight and energy density

were evident for both species; however, the slopes of

regressions were significantly lower than in general multispe-

cies models, demonstrating the need for species- and stage-

specific energy density data in bioenergetics models.

Modeling energy flow in aquatic ecosystems has

been used to evaluate the interrelationships between

fish and their prey and between fish and their

environment (e.g., Stewart and Binkowski 1986;

Brandt and Kirsch 1993; Lantry and Stewart 1993;

Rand and Stewart 1998). Important components of

bioenergetic models are the energy density (ED; joules

per gram of wet weight) of both predator and prey. The

energy density of individual fish and fish populations

varies seasonally (Flath and Diana 1985), ontogenet-

ically (Deegan 1986; Sogard and Spencer 2004) and

spatially (Schultz and Conover 1997). Bomb calorim-

etry is a reliable method for measuring the energy

content of fish and may be preferable to estimates

based on proximate analysis (Craig 1977), but it is time

consuming. Further, even the smallest microbomb

instruments require several milligrams of dried mate-

rial, limiting applications to smaller samples (e.g., early

life stages). As a result, energy density data for specific

species and life stages is often lacking, leading to the

borrowing of energy density data from other species

and life stages in bioenergetics models.

Strong positive relationships between energy density

and percent dry weight (often at r2 . 0.90) have been

reported for many species. These relationships enable

the estimation of energy density from percent dry

weight for greater numbers of fish because measure-

ment of energy density through direct bomb calorim-

etry is time consuming (Rand et al. 1994; Hartman and

Brandt 1995; Lantry et al. 1999). The positive

relationship between energy density and percent dry

weight results from the differential rates of deposition

and utilization of water and lipid; in later life stages

during periods of starvation, lipids are used faster than

water, resulting in decreased percent dry weight and

energy density. Although the percent dry weight

method has proven reliable for tracking the changes

in energy density of large juveniles and adults at the

seasonal and population level (Stewart and Binkowski

1986; Rand et al. 1994; Hartman and Brandt 1995;

Johnson et al. 1999), the ontogeny of %DW–ED

relationship in the early life stages of many fishes

remains unclear.

Energy allocation strategies in larvae and juveniles

may be fundamentally different from those of subadults

and adults; therefore, estimating energy density from

general ED–%DW relationships may be inappropriate

for early life stages and may introduce significant error

in energetics models. The %DW–ED relationship

during early life stages is probably less influenced by

the deposition of lipids compared with other body

constituents (bone, scale, muscle). The initial energy

density of larvae is dependent on, among other things,

the amount of energy incorporated in the egg (Trippel

et al. 1997). As larvae begin exogenous feeding and

grow, they face the tradeoff between energy storage,

which increases their energy density and starvation

resistance, and somatic growth (Post and Parkinson

2001). Energy allocation strategies that favor growth

over storage would benefit fishes, particularly early life

stages, facing size selective forces such as predation

(Sogard 1997); however, other size-selective forces

such as overwinter mortality may favor storage rather
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than growth (Henderson et al. 1988; Thompson et al.

1991; Schultz and Conover 1999; McCollum et al.

2003). Therefore, because of ontogenetic changes in

body form and composition, estimation of energy

density from ED–%DW relationships derived for other

species and life stages may introduce significant errors

into bioenergetics models. The goal of this study was to

determine the energy density for the early life stages of

the subtropical estuarine and marine gray snapper

Lutjanus griseus and the warm-temperate estuarine and

marine spotted seatrout Cynoscion nebulosus. The

%DW–ED relationships for these two species are

compared with published summary equations in an

effort to characterize ontogenetic patterns in the

%DW–ED relationship.

Methods

Gray snapper.—Juvenile gray snapper were ana-

lyzed from a variety of sources (Table 1). Ingressing

larvae and juveniles were collected near Beaufort,

North Carolina (following Tzeng et al. 2003 and

Wuenschel et al. 2004). Larger juveniles were also

collected from Core Sound, and Newport River

estuary, North Carolina, using a 3-m otter trawl and

beach seine. All gray snapper analyzed from North

Carolina were collected from August 2003 through

October 2003. Additional samples of gray snapper

juveniles were collected from Biscayne Bay, Florida,

from June 2003 through February 2004 using an otter

trawl and beach seine. In all cases, gray snapper were

separated from the catch, placed on ice in the field, and

transferred to freezer upon return from the field. Frozen

samples from Florida were shipped overnight to

National Oceanic and Atmospheric Administration

(NOAA) Beaufort Laboratory for wet weight–dry

weight (WW–DW) analysis. Fish were thawed, and

standard length (SL; nearest 0.5 mm), and WW on an

electronic balance were recorded (nearest 0.01 g or

0.0001 g, depending on fish size). The fish stomachs

were dissected and their contents were removed and

weighed; the fish and their empty stomachs were then

placed on previously weighed aluminum pans and

dried to a constant weight at 608C. Fish wet weights

were corrected by subtracting the weight of the

stomach contents.

Energy density of gray snapper was determined by

gravimetric analysis of lipid content following Schultz

and Conover (1997). Dried fish were placed in

individual preweighed extraction thimbles and cut into

small pieces to facilitate extraction of lipids. Thimbles

were placed in individual Soxhlet extractors and run for

4 h with petroleum ether as the solvent. Preliminary

trials indicated this period to be sufficient because

additional lipids would not be extracted beyond 4 h (J.

Morley and J. Buckel, North Carolina State University,

personal communication). After extraction, samples

were redried for 48 h at 608C to determine the lipid free

(lean) dry weight. The lean samples were then placed

in a muffle furnace at 4508C for 24 h and cooled to

708C, after which final ash weight was determined.

Using energy-equivalent values for lipid (39.54 J/g)

and lean tissue (20.08 J/g), we then calculated the total

energy of individual fish from the amounts of lipid and

lean tissue. These values were obtained by converting

the caloric values from Brett and Groves (1979; 9.45

kcal/g lipid and 4.80 kcal/g lean) to joules by assuming

1 cal ¼ 4.184 J (Schmidt-Nielson 1997).

Spotted seatrout.—Larval and juvenile spotted

seatrout were collected in the vicinity of Bradley

Key, Florida Bay in 1999 and 2000 (Table 1). Spotted

seatrout were collected with a benthic sled (1.0 3 0.5

m, 0.947-mm mesh), immediately frozen in water over

dry ice, and stored frozen in water until WW–DW

analysis in the laboratory, which was performed in the

same manner as for gray snapper. Energy density of

spotted seatrout was determined using a Phillipson

Oxygen Microbomb Calorimeter. Dried fish were

ground to a uniform particle size in a ceramic mortar

and pestle, and formed into pills. The micro-bomb was

calibrated using a benzoic acid standard (following

Phillipson 1964), and the calibration was checked after

every 40–45 determinations. The number of bomb

determinations per individual was dependant on fish

size. Some of the smaller fish only contained enough

material for one or two determinations, whereas values

for larger fish represent an average of three determi-

nations. In some cases it was necessary to combine

several small fish to obtain enough material to analyze.

In these cases, fish were pooled based on similar sizes

(62 mm SL) and percent dry weight (61% DW). In

addition, groups of laboratory-reared larvae were

analyzed to obtain energy density values of fish

smaller than those collected with the benthic sled (six

pooled samples of 20 larvae, Table 1).

TABLE 1.—Gray snapper and spotted seatrout samples

analyzed for energy density summarized by standard length,

number of fish examined (N
F
), and number of samples

analyzed (N
S
).

Location SL (mm) N
F

N
S

Gray snapper
Biscayne Bay, Florida 20–115 42 41
Core sound, North Carolina 12–58 10 6
Beaufort Inlet, North Carolina 11.5–13 34 3a

Spotted seatrout
Florida Bay, Florida 14.5–67 420 145
Laboratory reared 9.2–9.7 120 9a

aComposite samples.
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Statistical analysis.—Least-squares linear regression

was used to determine the relationship between energy

density and percent dry weight for each species. The

slopes of the two species-specific ED–%DW models

were compared with each other using paired, two-tailed

t-tests; significance set at a ¼ 0.05.

Results

Percent Dry Weight and Lipid Percentage

The percent dry weight for individuals of both

species was highly variable (Figure 1a, b); however,

a general trend of increasing percent dry weight with

increasing fish size was apparent. Although the r2

values were low for the %DW versus length for both

species, the nonlinear regression model parameters

were significantly different than zero in both cases (P
, 0.001). The percent dry weight of both species

increased from levels generally below 20% for

individuals less than 50 mm SL, to 20–30% for

individuals greater than 50 mm SL. The lipid

percentage for gray snapper was also variable (Figure

2); however the increased lipid percentage with length

was significant (P¼ 0.0011).

Energy Density of Gray Snapper and Spotted Seatrout

The energy density of both species increased

significantly in relation to %DW (P , 0.001; Figure

3), and species-specific regressions were developed to

predict energy density from percent dry weight. The

slope of the ED–%DW relationship for gray snapper

was significantly greater than the slope for spotted

seatrout (t-test, P ¼ 0.0044). The slopes for both gray

snapper (208.92) and spotted seatrout (162.68) were

lower than those reported by Hartman and Brandt

(1995) for their combined-species model (375) and

Perciformes model (309.5). Spotted seatrout also had

a lower slope than that for age-0–2 weakfish Cynoscion
regalis (319.4; Hartman and Brandt 1995).

Discussion

Percent dry weight has been shown to vary

according to various aspects of fish life history and

nutritional status (Love 1980) and has been used to

model the energy dynamics of fishes (Stewart and

Binkowski 1986; Rand et al. 1994; Hartman and

Brandt 1995). Generally, there is a linear relation

between percent dry weight and oil content (lipid),

which in part drives the linear relation between energy

content and percent dry weight. The ED–%DW

relationships presented here for young gray snapper

and spotted seatrout, however, had lower slopes than

the general linear models presented by Hartman and

Brandt (1995) and were lower than the predictions

from both their curvilinear model and that of Schreck-

enbach et al. (2001; Figure 3). In many fishes, lipid

levels remain low throughout larval and early juvenile

stages, before abruptly increasing in later juvenile

stages. For example, the threshold for increasing

accumulation of triacyl-glycerols (key storage lipids)

begins at about 40 mm SL in black sea bass

Centropristis striata, at about 50 mm SL in scup

Stenotomus chrysops, and at about 120 SL in northern

kingfish Menticirrhus saxatilis (V. Guida, NMFS,

Sandy Hook, New Jersey, personal communication).

Similarly, in young weakfish weight-specific levels of

triacyl-glycerols remained a low percentage of dry

FIGURE 1.—Ontogenetic increase in percent dry weight

(%DW) with standard length (SL) for gray snapper (North

Carolina and Florida) and spotted seatrout (Florida and

laboratory reared).
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mass until juveniles reached a size of about 100 mm

SL, when fish began to store more lipids (Litvin 2005).

Such increases in the percent lipid may be associated

with ontogenetic changes in diet, and the preparation

for overwintering or migration. The tradeoff between

energy storage and growth is important for young fish

that need to grow rapidly to escape predation pressure

(Sogard 1997) while concurrently accumulating

enough reserves to survive periods of decreased food

abundance or migration. Schultz and Conover (1997)

showed that high-latitude populations of Atlantic

silversides Menidia menidia had higher rates of energy

storage than low-latitude populations, which was

a response to size-dependent overwinter mortality.

Although overwinter mortality should be less of

a problem for subtropical species such as gray snapper

and spotted seatrout, the more diverse array of potential

predators may be more important for fish at lower

latitudes than starvation. We might expect that species

inhabiting subtropical estuaries, in which food abun-

dance is more stable seasonally, would allocate as

much energy as possible into growth, leaving little for

storage. Juvenile gray snapper and spotted seatrout

occupy similar habitats, have similar diets, and both

undergo ontogenetic diets shifts from copepod, amphi-

pod, and mysid prey as small juveniles to shrimp and

fish prey as larger juveniles (Hettler 1989).

The generally lower lipid levels present in larval and

juvenile fishes may explain, in part, the lower slope in

the relationship between percent dry weight and energy

density for young spotted seatrout and gray snapper in

our study. The lower slope for spotted seatrout in

relation to the more northerly distributed congeneric

weakfish may be due to several factors: (1) the

weakfish data of Hartman and Brandt (1995) is for

age-0 to age-2 fish, therefore including larger fish than

the spotted seatrout data; (2) the weakfish were

collected farther north (Maryland) than the spotted

seatrout (Florida Bay); and (3) despite being con-

generics, differences in life histories of the two species

exist (i.e., juvenile weakfish migrate offshore from

estuarine nursery areas whereas spotted seatrout do

not). The comparison between these two species

underscores the potential importance of obtaining

species and life-stage-specific energy density values

for use in bioenergetics models.

Although percent dry weight may be an indicator of

condition in young fish, increases in percent dry weight

may not be due to increases in high-energy lipids but to

the lower-energy-content somatic tissue. In contrast to

larger juveniles and adults, in which increases in

percent dry weight are indicative of increases in percent

lipid, the ontogenetic increase in percent dry weight

during early life stages may be associated with

increases in components other than lipid (i.e., ossifi-

cation of bones and scales). This may explain the lower

slope in the relationship between percent dry weight

and energy density for young gray snapper and spotted

seatrout. Thayer et al. (1973) similarly found lower

values of percent dry weight and energy content in

juveniles versus adults of several estuarine species.

Their study only reported single estimates for energy

density and percent dry weight for each species and life

stage, thereby precluding estimation of the slope of the

ED–%DW relationship within a life stage for each

species. However, an inspection of their data grouped

by life stage revealed a lower slope in the ED–%DW

relationship for juveniles versus adults. Therefore, it is

important that a distinction be made when comparing

the slope of the ED–%DW relationship within and

between species. The relationships between percent dry

weight and energy density reported here (r2 ¼ 0.76 –

0.91) are lower than those reported for other species.

This is primarily due to two factors: (1) young fish

have proportionately less fat and lipids, resulting in

a lower slope in the ED–%DW relationship; and (2)

errors associated with accurate determination of WW

of small samples (and therefore percent dry weight)

will lead to increased variability in the ED–%DW

relationship.

The percent dry weight was highly variable for

individuals (Figure 1). Deegan (1986) also found lower

and more variable percent dry weight in larvae versus

juvenile and subadults. The power functions through

the scatter of percent dry weight data for both gray

snapper and spotted seatrout had a low r2 values

because of the large variability among individuals.

Errors in the percent dry weight may be more

FIGURE 2.—Lipid percentage of gray snapper from North

Carolina and Florida in relation to standard length (SL).
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FIGURE 3.—Panel (a) shows the relationships between percent dry weight (%DW) and energy density (ED) for gray snapper

and spotted seatrout. Panel (b) shows the regression lines from panel (a) plotted with predicted energy densities from the

Hartman and Brandt (1995) models for (1) Perciformes (ED ¼ �1,875 þ 309.5�%DW), (2) weakfish (ED ¼ �1,997 þ
319.4�%DW), (3) their combined-species model (ED ¼ 45.29�%DW 1.507) and (4) the Schreckenbach et al. (2001) model for

freshwater fishes (ED¼ 25.3�%DW1.6783).
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influenced by either WW or DW determinations,

depending on fish size. Whereas percent dry weight

can be measured with high precision for juveniles and

adults of many species, its application to fish larvae is

limited by the ability to obtain accurate WW for small

individuals, in contrast to the difficulty in obtaining

accurate DW for large individuals. Some of the

variability in %DW is probably due to measurement

errors; nevertheless, the data indicate a nonlinear

increase in percent dry weight through early life stages

for both species. The gradual increase in energy

content is typical of many larval and juvenile fishes;

however, in species that undergo dramatic trans-

formations, the relationship may be more complex.

Larval Senegal sole Solea senegalensis showed an

increase in energy density to levels higher than typical

for most marine larvae (Yúfera et al. 1999); the energy

content subsequently declined as these energy reserves

were used up during metamorphosis. This build up of

reserves may be important in flatfishes, many of which

do not feed during metamorphosis (Tanaka et al. 1996).

It is apparent from Figure 3 that estimating the

energy density of early life stages from the general

multispecies %DW–ED relationships developed from

later life stages may lead to overestimates of up to

25%. The magnitude of this error increases with %DW,

and is significant for fish of about 20–30 %DW, which

corresponds to about 50–100 mm SL for gray snapper

and spotted seatrout. Because energy is the common

currency used to balance energy budgets, biases and

errors in energy density will be propagated in sub-

sequent estimates of consumption or growth. For

example, if energy density of a fish (as predator) being

modeled is overestimated by about 25%, consumption

would likewise be overestimated to provide the energy

intake to attain observed growth. Conversely, if energy

density of fish (as prey) is overestimated by about 25%,

estimates of consumption (and impact on prey

populations) would be underestimated. Bioenergetic

models for the early life stages of fishes should

therefore include appropriate stage-specific energy

density values to avoid potentially significant errors.
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