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Abstract The principles of energetics were used to ex

amine the energetic requirements of leptocephali. Res
piration and excretion rates and daily growth rates

Introduction

combined with proximate composition were used to
examine the allocation of energy into each of the three
main components of energetics: metabolism, excretion
and growth. The daily energetic requirements for le

Two fundamentally different strategies characterize the

early development of marine teleosts (Pfeiler 1986). The
first and most common strategy (type 1) consists of a
post-hatch period in which the yolk-sac is resorbed, after
ptocephali. referred to as type 2 larvae based upon their which exogenous feeding begins immediately and is
unique developmental strategy, were compared to the continued throughout the larval period as the larva
requirements of non-leptocephalus larvae, known as grows into a juvenile fish. Type 1larvae increase in mass
type I. Leptocephalus daily energetic requirements were primarily by depositing protein as muscle (Balbontin

also compared to the energy available from the lepto et al. 1973) and remain as larvae for days to a month or
cephalus" proposed food sources. The four species of eel more (Fives et al. 19cS6; Leffler and Shaw 1992: Lang
larvae selected were all from the order Anguilliformes: et al. 1994). In the second strategy (type 2). after a
Paraamger caudilimbatus (Pocy). Ariosoma balearicwn

similar post-hatch period in which the'yolk-sac is re

(Delaroche). Gymnothorax saxicola Jordan and Davis,

sorbed, the larval fish shows a dramatic increase in size.
and Ophiclulnis gomesii (Castelnau). The allocation of The increases in mass are accomplished by incorporating
energy to each of the components of energetics as well as extracellular glycosaminoglycans (GAGs) into the bodv

the total energetic requirements for the leptocephali matrix (Pfeiler 1999). Type 2 larvae may remain in the
proved to be very different from those of type 1 larvae. plankton for several months, and are typical of five or
Metabolism received the majority. 60-92%, of the ders of bony fishes: the Albuliformes (the bonefishes)

energy required per day. Growth and excretion were the Anguilliformes (the eels), the Elopiformes (the tar

allocated 4-39% and < 1-21%. respectively, of the total

pon and ladyfishes). the Notacanthiformes (the spiny

energy needed per day. Leptocephali required <50% of eels), and the Saccopharyngiformes (the gulper eels).

the energy needed by type 1 larvae of equal dry mass. The type 2 larva has an unusual morphology. It is
The unique growth strategy used by leptocephali allows decidedly laterally compressed, almost leaf-like in

them to increase rapidly in size while allocating the appearance, with a perfectly clear body and a slender

majority of their energy, not to growth as in most larval
fish, but to metabolism.

head that gives it its name: the leptocephalus.

The GAGs deposited by leptocephali act as an energy

Communicated by N.H. Marcus. Tallahassee

depot that accumulates as they grow. As the larvae ac
cumulate GAGs. the body walls separate to accommo
date storage, creating a -mucinous pouch-' (Smith
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pounds, they allow a substantial increase in size in late
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1989). Because GAGs are non-metabolizing com

premetamorphic leptocephali without the costs accom

panying cellular proliferation (Bishop and Torres 1999).
Development in the premetamorphic leptocephalus
has been divided into two subphases. phase la and
phase lb (Donnelly et al. 1995; Bishop and Torres
1999). During phase la there is a high level of cellular

proliferation, with preferential synthesis of protein and

The principles of energetics are useful tools for
carbohydrate over lipid. Growth is manifested in length describing
the allocation of energy in the developing
rather than mass; up to 40% of the maximum length is leptocephalus
and quantifying the nutritional require
attained over this period, while only 5-7% of the
maximum mass (wet or ash-free dry) is accumulated.

ments of the larvae with respect to metabolism, excre

and growth (Brett and Groves 1979). The
During phase lb there is a leveling off of DNA and tion,
feasibility
of different proposed diets for leptocephah
RNA"content, an increase in the rate of lipid deposi
can
be
tested,
and differences in the allocation of energy
tion, and an exponential increase in mass (wet and ash- between the type
1 and type 2 developmental strategies
free dry). Declines in DNA and RNA concentrations

beexamined. The larvae selected for the assembly ot
(us g ') reflect the greater proportion of acellular tissue can
the
energetics
equations are four of the most abundant
in phase lb compared to phase la (Donnelly et al.

eel larvae in the Gulf of Mexico: Paraconger caudi(Poey), Ariosoma balearicum (Delaroche).
proximately 10% of the maximum premetamorphic limbatus
Gvmnoihorax
saxicola Jordan and Davis and Ophichthus
mass ofeach species, coinciding with an otolith-derived
1995). The transition between subphases occurs at ap

age of approximately 20 days (Donnelly el al. 1995:

gomesii (Castelnau).

Bishop et al. 2000).

From the discovery of leptocephah m 1763 until 199.x

a period of 230 years, leptocephalus ingestion and diet

Materials and methods

had remained undescribed (Hulet 1978; Kracht and
Tesch 1981). Where are the leptocephah acquiring ma
terial to form an extensive GAG reserve in an oligo

analysis (Bishop and Torres 1999). Oxygen uptake measurements

Daily metabolic requirements were determined from respiration

were routine rates and obtained using closed-vessel respi-

trophia environment? Two potential sources of nutrition rometrv. Predicted wet mass-specific oxygen consumption (ul 0; g
have been proposed for leptocephalus larvae: dissolved VVM h'1) was converted to joules (J) using the oxycalonlic coeffi

(Brett and Groves 1979: Pennycuick 1988) of 0.0194 J ul 02.
organic material and particulate organic matter in the cientNonfecal
excretion values (NH3) (Bishop and Torres 1999) in

form of zooplankton fecal pellets and larvacean houses. the form of wet mass specific excretion rates (NH, g WMi h
Dissolved organic carbon (DOC), either absorbed were converted to joules using a value of0.0204 J ug ' NH3 (Elko

through the intestine or across the epithelial layer oi the and Davidson 1975). Fecal energy is not reported due to the small
integuement, has been proposed as a source of nutrition amounts produced in larval fish (Brett and Groves 1979) and
for leptocephah (Otake et al. 1993; Otake 1996). The

apparent absence in leptocephah.

Larval wet mass was converted to joules using the proximate

uptake of DOC across the integument has been observed composition (ug g ' WM) (Bishop and Torres 1999 for Paraconger
as a mode of supplemental nutrition in the eggs and caudilimbatus, Gymnothorax saxicola. and Ophichthus gorwsu;
Donnelly et al. 1995 for Ariosoma balearicum) and the caloric
yolk-sac larvae of fish (Siebers and Rosenthal 1977; equivalents
and Groves (1979) for protein (0.020 J ug ).
Korsgaard 1991). In fact, the pronounced laterally- lipid (0 0197in.1 Brett
ug-1), and carbohydrate (0.0172 .1 ug '). Larval wet
compressed morphology and soft body wall make up

mass specific values (.1 g ' WM) and daily growth rates ol larvae
fg ' WM day '). determined from growth models (Bishop et a.
nutrition. Hulet (1978) examined the epidermis of the 2000) for each of the species, were combined to yield daily growth
joules (J g"1 WM day '). Table 1shows by species the energy in
leptocephalus Ariosoma balearicum and found the sur injoules
required per day regressed on mass (g WM) for each of
face to be covered with microvilli-like structures similar the components
and the corresponding Pand r values
to those found in fish digestive tracts. These structures,
Multiple assays were conducted on each larva. Metabolism,
combined with the rapid increase in length compared excretion, and proximate composition values were determined lor

take of DOC an attractive hypothesis for leptocephalus

individual. Analysis-specific preservation techniques prevented
with mass durina phase la observed in four species of each
the use of the same larvae for age determination. The ages ot
leptocephah (Donnelly et al. 1995; Bishop and Torres
individual larvae were predicted for each species using larval mass.

1999). may potentially serve as mechanisms lor in All equations were obtained using least-squares regressions of Increasing the surface to volume ratio, facilitating epithe transformed data. Maximum and minimum values were obtained
using the maximum and minimum joules needed per species across
lial absorption. Though not demonstrated, the uptake of all
sizes. Graphs depict the regressions fitting the raw data, and
DOC appears to be a feasible source of leptocephalus values
in the tables have been back-transformed.
nutrition.

Particulate organic carbon (POC) has also been hy

pothesized as a possible source of nutrition for lepto
cephah. POC, in the form of gelatinous feeding

Results

structures of appendicularians and attached zooplank

total individual energy required per day (J tnd.
ton fecal pellets, has been observed in the leptocephah of The
day-1)
in an allometric relationship with in
eight eel species spanning five families (Otake et al. 1990. creasingincreased
wet
mass
(g WM) (Fig. 1). The total energetic
1993; Mochioka and Iwamizu 1996). Pfciler (1999).
requirement
per
day
for the four larvae ranged from
however, points to an inconsistency in this hypothesis.

15.7 J ind. ' day-1 for Gymnothorax saxicola. to 198.49 J
The stable isotope ratios (5l5N) found in both Conger ind."1
day^ for Ariosoma balearicum. the largest of the
myriaster (Otake et al. 1993) and Albula sp. (Pfeiler et al. four species
examined (Table 1). In contrast, the total
1998) were lower than ratios in POC samples, indicating
that the leptocephali were feeding primarily at an even
lower trophic level than POC.

energy required per gram of mass (J g WM day )
decreased precipitously with increasing mass (Fig. 2).
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Table 1 Energy in joules required per day for each of the components of energetics regressed on wet mass (e WM) for each snecies

General formula: joules day
Species

=a(g WM) . */•*<0.01: **/>< 0.001

Metabolism

Growth

h

P

n

Excretion
b

r

n

b

r

P

n

Paraconger
40.445
caudilimbatus

0.172

0.925

**

46

6.114

0.302

0.633

46

0.368 -1.093

0.856

**

45

Ariosoma

67.094

0.427

0.823

**

27

23.713

0.688

0.831

27

0.124

1.031

0.823

**

27

Gymnothorax 48.689

0.471

0.887

**

37

26.996

0.953

0.583

0.133

1.132

0.669

**

37

0.050

0.965

**

25

21.396

0.893

0.821

0.258 -1.752

0.963

**

25

balearicum

saxicola

Ophichthus

31.802

T\

gomesii

P. caudilimbatus

A. balearicum

P. caudilimbatus
800

200

250 H

: Y = 91.97WM"4",
n = 29

160

Y = 91.98WV1"51

Y = 46.27WM""S-'
n = 46

600

200

n = 29

1

150 :

120

400
100

80
200

50

40 h
*o

28 'i . i i . .

0

0 -"-i

0

12

3

0 •j.

0

4

0.3

400

50

Y = 45.36WM,M,h
\ n = 27

47

0.6

0.9

1.2

1.5

0

1

G. saxicola

O. gomesii

53

-

Y - 72.64WM'""15

800

Y=45.36WM"'W

| n= 27

n = 40

300

600 1

200

1

400 :

44
100

200

•_
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0
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Fig. 2 Least-squares regressions of the mass-specific joules
Fig. 1 Least-squares regressions of the total joules required by expended
per day (J g ' WM day-1) against wet mass (2 WM).
each species per day (J ind. ' day ') against wet mass (g WM). The The formula
is Y = a(g WM)6: n indicates the number of larvae
formula is Y= a(g WM)'': /; indicates the number of larvae
examined. Since the equations result from predicted age values, examined. Since the equations result from predicted age values,
standard errors and coefficients of determination are not reported.

The (lashed line indicates the transition from phase la (left} to
phase lb {right)

with the phase la larvae (larvae < 10% of the maximum

premetamorphic mass) requiring the most energy per
gram, followed by a gradual decrease to an asymptote.
The greatest amount of energy in all four species was
allocated to metabolism. The total energy needed to
maintain the leptocephalus metabolic rate ranged from

standard errors and coefficients of determination are notreported.
The dashed line indicates the transition from phase la (left) to
phase lb {right)

lism ranged from a minimum of 60% to a maximum of

92% for G. saxicola and Paraconger caudilimbatus,
respectively.

Growth received the second greatest allocation of

energy: 1.4 to 74.0 J ind. ' day"1. The energy allotted to
growth increased allometrically with the greatest rate of

increase occurring in larvae of <0.2 g WM. Percentages

11.1 to 125.6 J ind."' day ' (Table 2). The total energy of the total energy devoted to growth ranged from 3.8%

needed decreased allometrically in phase la larvae and
remained fairly constant for phase lb larvae. The percent
of the total energy necessary to maintain the metabo-

{Ophichthus gomesii) to 39.2% (G. saxicola) (Table 2).

The smallest fraction of the energy budget, in all
larvae, at all sizes, was the energy lost to excretion.
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Table 2 Ranges of total joules

(ind."1 day"1) and percent of
total energy (%) allocated to
metabolism, growth, and ex
cretion for the four species
{NA not applicable)

Species

Total joules (ind."l day"1)
Minimum

Maximum

Percent energy (%)
Minimum

Maximum

91.5
16.58
11.12

Paraconger caudilimbatus
Metabolism
Growth
Excretion
Total

Ariosoma balearicum
Metabolism
Growth
Excretion
Total

23.27
2.31
0.08
28.76

42.89

80.89

7.64
3.26
50.15

7.19
0.18

30.72
7.17

62.72

0.03
38.71

125.57
73.97
0.82
198.49

11.12
1.43
0.15
15.72

91.21
21.81
3.17
62.64

60.21
8.35

91.21
39.19

0.26

20.19

32.86
1.56

36.77
17.22

65.38

90.59

0.24

2.45

34.08
6.01

38.99

50.53

3.85
0.54
NA

NA

17
1.41

NA

Gvnmothorax saxicola
Metabolism
Growth
Excretion
Total

NA

Ophichthus gomesii
Metabolism
Growth
Excretion
Total

ranging from 0.03 to 3.3 J ind.-1 day-1 (Table 2). The

82.73
37.27
21.19

The amount of energy attributable to excretion losses

percent of the totalenergy lost to excretion ranged from in young fishes varies among studies. Brett and Groves
a low of 0.2% in P. caudilimbatus to 21.2% in A. bal (1979) obtained nonfecal excretion values equal to 7%
of ingested calories. In larval fish, the amount lost to
earicum (Table 2).
excretion is thought to decrease with ontogeny as as
similation efficiencies increase (Klumpp and von West-

Discussion

Leptocephah use a unique growth strategy that allows
them to increase rapidly in size while devoting the ma

jority oftheir energy, not to growth asinmost larval fish
(Houde and Schekter 1983; Yamashita and Bailey 1989;
Keckeis and Schiemer 1992) but to metabolism. The

incorporation of GAGs provides a mechanism for rapid
growth in wet mass. In addition, the GAGs serve as a

ernhagen 1986). Torres et al. (1996) found that the
energy excreted by red drum larvae ranged from 0.5% to
21%, similar to the allocation for leptocephah.
With the exception of metabolism, the percentages of
total energy allocated to each element of the energy
budget are comparable to other larval fish, but total
energetic requirements of the four species of leptoceph
alus examined are very different from those of larval fish
using the type 1developmental strategy. Brightman et al.

gelatinous skeleton (Hulet 1978; Hascall and Hascall (1997) determined that the energetic requirements of
1981). This material provides structure for the muscles growing red drum larvae ranged from 0.23 to0.25 J ind.
to work against in place of a skeleton, conserving energy day-1 for 14-day-old larvae (0.109 mg DM). If the
that would potentially be expended in ossification. It energy required per day for red drum larvae and Para
allows for a well-developed anguilliform locomotory conger caudilimbatus are both standardized to a dry
ability and a very large larval size with no bony skeleton. mass of 0.05 g DM, the red drum larvae would require

In leptocephah, metabolism received 60-92% of the 96.03 ±22.94 J ind.-1 day-1 compared to 42.48 ±10.15 J
total ingested energy, much higher than reported values ind.-1 day-1, more than double the energy required by
for other larval fish at similar temperatures (Houde and

Schekter 1983; Houde 1989; Torres et al. 1996). The high

the leptocephalus.

DOC in marine ecosystems represents a very large

percentages allocated to metabolism may be explained pool of potential energy to organisms adapted for the
by the mode of nutrition of leptocephah. Transport of uptake of these compounds from dilute solution (ManDOC across the integument, either as a main nutritional ahan and Crisp 1982), leading to the theory that certain
source or supplemental one, is energetically expensive aquatic animals acquire nutrients through direct ab
(Withers 1992). The amount of POC required to power sorption of DOC via the integument. Marine DOC
the leptocephalus, whether generally in the form of represents one of the largest active reservoirs of organic

POC, or more specifically as larvacean houses, would carbon in the biosphere (Hedges 1992). It contains
require substantial energy expenditure for collection and substances representative of the main biochemical
consumption. Locomotion is energetically expensive and classes: amino acids,carbohydrates,lipids,and vitamins.
can account for up to 30% of a fish's total energy

The amount of DOC usually exceeds the particulate

theoretically result in elevated metabolic rates.

tions in the western Gulf of Mexico at a bottom depth of

expenditure (Ware 1975). Either mode of nutrition could organic fraction by a factor of 10-20. DOC concentra
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1550 m and a sampling depth of 2 mare approximately assimilation efficiency of60% for copepods feeding on

83 uM (Guo et al. 1994). Using the carbon values of larvacean houses. Regardless of the assimilation effi
Guo et al. (1994) for DOC. a 0.5 g WM P. caudilimbatus ciency, it is possible for leptocephah to obtain their nu
would need to absorb and utilize all of the DOC in 11of trition solely from DOC, but theamount of POC that the
water to obtain the energy it requires each day.
larvae would need to consume, in particular larvacean
Ingestion of POC by leptocephah has been demon

strated by several authors (Otake et al. 1990, 1993;
Mochioka and Iwamizu 1996). Suspended POC in the
tipper layers of the sea consists mainly of detritus and
phytoplankton. The concentration of POC in the euphotic zone is usually considerably higher than in the

houses, seems remarkably high. The most likely scenario

is that the leptocephah are utilizing a combination of
DOC and POC to meet their energetic requirements.

The accumulation of GAGs serves a threefold pur
pose in leptocephah. First, the larvae grow rapidly with
minimal energy expenditure. The large mucopolysac
underlying water. POC occurs in concentrations varying charides
(GAGs) are resistant to compressive forces,
between 0.02x10"3 and 0.2x10~3 g C I '. and is an ex thereby providing
structural support to the larvae in the
tremely important part of the marine food chain, pro absence of ossification. At the same time, the lepto

viding food for organisms at several trophic levels cephah avoid the increased energy demands associated
with increased size by growing primarily in non-metabtent values for POC to the leptocephalus* energetic re ohzing mass. The final benefit of the type 2 develop
quirements, a 0.5 g WM P. caudilimbatus, would need to mental strategy is the establishment ofan energy depot,
consume and utilize all of the POC in 11 1of seawater. which in conjunction with lipid stores (Pfeiler 1996).
Appendicularians are important macrozooplankton helps fuel the larvae through the complex metamorphic
(Parsons 1975). Applying Parsons* (1975) carbon con

throughout the world's oceans, episodically reaching
The type 2 developmental strategy used by le
very high densities (Alldredge 1976a). They consistently period.
ptocephah allows the larvae to avoid some of the risks
occur in the zooplankton fauna of the oligotrophic incurred by the type 1 larvae trying to avoid visual
central regions of thesubtropical convergencejocations predators. The developmental strategy ofleptocephalus
of suspected eel spawning. These pelagic tunicates filter

larvae takes advantage of the benefits of increased size
particles through a "'house*', a unique feeding structure while circumventing many of its potential drawbacks.
secreted around the animal by glandular epithelium on
the body. When the external filters become clogged with Acknowledgements The authors would like to express their ap
phytoplankton or particulate matter, the house is dis

preciation to the captains and crews of the R.V. "Hernan Cone/"

aggregate (Alldredge 1976b). Houses, macroscopic'mu

lor their assistance at sea. Thanks also to S. Geiaer and ]'. Donnelly
for their assistance and valuable advice, and to numerous volun

carded but remains in the water column as an organic R.V "Suncoaster", R.V. "Bellows" and R.V. "Tommy Munro"
cus aggregates ranging from a few millimeters to 2 m in

teers for their shipboard assistance. Ship-time was generously

diameters, are highly concentrated energy sources for provided by T. Hopkins, the Florida Institute of Oceanography
grazers (Alldredge 1976a). The house constructed by and Gull Coast Research Laboratories. This research was funded
Oikopleura rufescens. a larvacean species that produces a by NSF grant OCE-9712572 to J.J. Torres.
house slightly larger than those observed by Mochioka
and Iwamizu (1996). combined with attached zoo-

plankton fecal pellets, contains 5.4± 1.3 ug C per dis

References

carded house (Alldredge 1976a). A 0.5 g WM (80 mm

TL) P. caudilimbatus. requiring 41.17 J ind.-1 day '. Alldredge A (1976a) Discarded appendicularian houses as sources
would need to consume 181 larvacean houses and at

ol food, surface habitats, and particulate organic matter in

Florida current reach 1130 m 3 (Alldredge 1976a). and
could theoretically support the leptocephah.

of anatomical and chemical characteristics of reared and wild

planktonic environments. Limnol Oceanogr 2N4-">3
tached particulate matter, sweeping clear on average Alldredge
A (1976b) Field behavior and adaptive strategies of
>1m water day_1 (Alldredge 1976a). During larvacean
appendicularians (Chordata: Tunicata). Mar Biol 38-29-39
blooms densities of houses from Oikopleura spp. in the Balbontin FS. DeSilva S. Ehrlich KF (1973) Acomparative studv
herring. Aquacullure 2:217-240

The estimates of required larval consumption pre

Bishop RE. Torres JJ (1999) Leptocephalus energetics: metabolism

sented above are assuming an unlikely assimilation effi
ciency of 100%. Assimilation efficiency varies with larval

Bishop RE. Torres JJ. Crabtree RE (2000) Chemical composition

and excretion. J Exp Biol 202:2485-2493

and growth indices in leptocephalus larvae. Mar Biol 137:205-

fish ontogeny. Aliterature survey by Govoni et al. (1986)
revealed assimilation efficiencies ranging from 44% to Brett JR, Groves TDD (1979) Physiological energetics. In: Hoar

99%. For protein-bound radio-labeled nutrients, larval
assimilation efficiencies have been shown to ranee from

30%, to 92% (Rust et al. 1993). There are very few

measurements of assimilation efficiencies for detritivo-

rous zooplankton. Ferguson (1973. in Raymont 1983)
determined that the assimilation efficiency for marine

WS. Randall DJ (eds) Fish physioloav. Academic. New York

pp 279-352

Brightman RI. Torres JJ. Donnelly J. Clarke ME (1997) Energetics
ot larval red drum Sciaenops ocellatus. II. Growth and" bio
chemical indicators. Fish Bull (Wash DC) 95-4^-444

Donnelly J. Torres JJ. Crabtree RE (1995) Proximate composition
and nucleic acid content of premetamorphic leptocephalus
larvae of the congrid eel Ariosoma balearicum. Mar Biol

123:851- 858
mysids feeding on algal detritus and cellulose ranged
Elliot
JM. Davidson W(1975) Energy equivalents ofoxygen con
from 10% to 50%. Steinberg (1995) presented an
sumption in animal energetics. Oecologia 19:195-201

1098

Ferguson CF(1973) Ph.D Thesis. University ofSouthhampton, (as
cited in Ravmont 1983)

Fives JM. Warlen SM. Hoss DE (1986) Aging and growth of larval

bay anchovy. Anchoa mitchilli. from the Newport River estuary.
North Carolina. Estuaries 9:362-367

Govoni JJ. Boehlerl GW. Watanabe Y (1986) The physiology ol
digestion in fish larvae. Environ Biol Fish 16:59-77

Otake T (1996) Fine structure and function of the alimentary canal

in leptocephah of the Japanese eel Anguilla japonica. Fish Sci

(Tokyo) 62:28 -34

Otake T, Noeami K. Maruyaka K (1990) Possible food sources of
eel leptocephah. La Mer (Bull Soc Franco-Jpn Oceanogr.
Tokyo) 28:218-224

Otake T. Nogami K. Maruyama K (1993) Dissolved and particu
lateorganic mailer as possible food sources foreel leptocephah.

Guo L. Coleman C Jr. Santschi P (1994) The distribution of col
Mar Ecol Prog Ser 92:27-34
loidal and dissolved organic carbon in theGulfof Mexico. Mar Parsons
TR (1975) Particulate organic carbon in the sea. In: Riley
Chem 45:105-119
^
.IP.
Skirrow
G (eds) Chemical oceanography, vol 2. Academic.
Hascall VC. Hascall GK (1981) Proteoglycans. In: Hay ED (ed)
New York, pp 365-383
Cell biologv of the extracellular matrix. Plenum. New York
Hedges JI (1992) Global biogeochemical progress and problems. Pcnnycuick CJ (1988) Conversion factors: SI units and many
others. University of Chicago Press. Chicago
Mar Chem 39:67-93
E (1986) Towards an explanation of the developmental
Houde ED (1989) Comparative growth, mortality, and energetics Pfeiler
strategy in leptocephalous larvae of marine teleost fishes.
of marine fish larvae: temperature and implied latitudinal ef
Environ Biol Fish 15:3 13
fects. Fish Bull (Wash DC) 87:471 -495
Houde ED. Schekter RC (1983) Oxygen uptake and comparative Pfeiler E (1996) Energetics of metamorphosis in bonehsh (Albula
energetics among eggs and larvae of three subtropical marine
fishes. Mar Biol 72:283-293

Hulet WH (1978) Structure and functional development ol the eel

leptocephalus Ariosoma balearicum {Da La Roche. 1809). Philos

Trans R Soc Lond B Biol Sci 282:107-138

Keckeis H. Schiemer F (1992) Food consumption and growth of

larvae and juveniles of three cyprinid species at different food

sp.) leptocephah: role of keratan sulfate glycosaminoglycan.

Fish Physiol Biochem 15:359-362
Pfeiler E (1999) Developmental physiology of elopomorph lepto

cephah. Comp Biochem Physiol A 125:113-128
Pfeiler E. Lindley VA. Elser JJ (1998) Elemental (C. N and P)

analysis ofmetamorphosing bonefish (Albula sp.) leptocephah:
relationship to catabolism of endogenous organic compounds,
tissue remodeling, and reeding ecology. Mar Biol 132:21-28

Klumpp DW. von Weslernhagen H (1986) Nitrogen balance in

levels. Environ Biol Fish 33:33-45

Raymont JEG (1983) Plankton and productivity in the ocean.

marine fish larvae: influence of developmental stage and prey
density. Mar Biol 93:189-199

Rust MB. Hardy RW. Stickney RR (1993) A new method for

maximus (L.) and uptake of amino acids from seawaler studied

Siebers D. Rosenthal H (1977) Amino-acid absorption by devel

Korseaard B (1991) Metabolism of larval turbol Scopluhalmus

by autoradiographic and radiochemical methods. J Exp Mar

Biol Ecol 14871-10
Kracht R. Tesch FW (1981) Progress report on the eel expedition
of R.V."Anton Dohrn" and R.V. "Friedrich Heincke" to the
Sargasso Sea 1979. Environ Biol Fish 6:371-375

Lang KL. Grimes CB. Shaw RF (1994) Variations in the age and

growth of yellowfin tuna larvae. Thunnus albacares. collected
about the Mississippi River plume. Environ Biol Fish 39:259270

Leffler DL. Shaw RF (1992) Age validation, growth, and mortality
of larval Atlantic bumper (Carangidae: Chloroscombrus

chrysurus) in the northern Gulf of Mexico. Fish Bull (Wash
DC) 90:711-719

Manahan D. Crisp D (1982) Autoradiographic studies on the up
take of dissolved amino acids for seawater by bivalve larvae.
J Mar Biol Assoc UK 63:673-682

Mochioka N. Iwamizu M (1996) Diet of anguilloid larvae: lepto

cephah feed selectively on larvacean houses and fecal pellets.
Mar Biol 125:447-452

Zooplankton. vol 2. Pergamon. Oxford

force-feeding larval fish. Aquaculture 116:341-352

oping herring eggs. Helgol Wiss Meeresunters 29:464 472
Smith G~D (1989") Introduction to leptocephah. In: Bohlke EB (ed)
Fishes of the western North Atlantic, part 9. vol_ 2. Sears
Foundation for Marine Research. New Haven, pp 657-668
Steinberg DK (1995) Diet of copepods (Scolpalalum vorax) asso

ciated with mesopelagic detritus (giant larvacean houses) in

Monterev Bay. California. Mar Biol 122:571-584
Torres JJ. Brightman RL Donnelly J. Harvey J (1996) Energetics of
larval red"drum. Sciaenops ocellalus. part I: oxygen consump

tion, specific dynamic action, and nitrogen excretion. Fish Bull

(Wash DC) 94:756-765

Ware DM (1975) Relation between egg size, growth, and natu

ral mortality of larval fish. J Fish Res Board Can 32:25032512

Withers PC (1992) Comparative animal physiology. Saunders
College Publishing. Fort Worth

Yamashita Y. Bailey KM (1989) A laboratory study of the bioenergetics of larval walleye pollock. Tlieragra chalcogramma.
Fish Bull (Wash DC) 87:525-536

