INTRODUCTION

The technology on artificial propagation of fishes, especially
of commercially important marine species have made a tremendous
progress 1in the past two decades in Japan. The rapid strides on
the rearing techniques of marine fishes are the reflect, in large
part, of the change of national fisheries strategy from exploita-
tion to intensive aquaculture, so called farming fisheries, with
the advent of 200 miles economic zone. At the same time, a need
has arisen to establish the rational resources management scheme
for fish stocks in coastal waters, based on basic biological data
gained from rearing experiments on individual fish species.

While the techniques of fish rearings are thus in progress,
many problems are still remained to be resolved in artificial
production of the larvae in the hatcheries, and subsequent re-
lease of the hatchery-bred fries to improve natural stock size.
In the larval rearing, for instance, effective timing and prey
density of initial feeding, optimum size and developmental stage
to wean from living food, and transfer from indoor facilities to
floating cage system are all primitive yet most critical factors
to establish the production techniques for stable harvest in the
hatchery. Regarding fries raised in the hatchery, little is known
about suitable developmental stage or fish size and sites for
releasing. Rational methods to evaluate the fish "quality" are
also prerequisite for effective utilization of the raised fishes
for both intensive and extensive aquaculture.

As for field investigation, larval growth and development in
succession are nearly unknown due to the difficulties of sam-
pling.

Part of these technical constraints commonly encountered in
the successful rearing procedures of marine fishes from newly
hatched larvae to juveniles may be overcome by obtaining detailed
information about not only development of morphological charac-
ters but also development of various organs and behaviour differ-
entiation of the fish larvae.

The objective of this study is to describe the developmental
sequence of morphogenesis, organogenesis and behavioural aspects
of the larvae of eight commercially valuable fish species, raised
under laboratory conditions. These characteristics are consid-



ered to be deeply implicated mutually to exhibit the different
life modes of the species. Hence, comprehensive knowledge on
larval development is needed to understand their ©biological
features 1in the developmental stages and behavioural aspects
which are useful for both artificial production and ecological
investigation of fishes in the field. Observations on swimming.
performance were also made to know the relationship between-
morphological development and behavioural changes of the larvae.

CHAPTER I. MATERIALS AND METHODS

Rearing of larvae and juveniles

Larvae and juveniles used in this study were reared from egg
stage to designed developmental stages of Jjuvenile or young
under laboratory conditions. A few specimens caught randomly in
the wild also used to compare with the reared ones. Materials
reared in this study were as follows; Engraulis japonica (Houtt-
uyn), Plecoglossus altivelis Temminck et Schlegel, Seriola quin-
queradiata Temminck et Schlegel, Oplegnathus fasciatus (Temminck
et Schlegel), Lateolabrax japonicus (Cuvier), Epinephelus akaara
(Temminck et Schlegeli), Acanthopagrus schlegeli (Bleeker),
Pagrus major (Temminck et Schlegeli), Evynnis japonica Tanaka,
Hexagrammos otakii Jordan et Starks, Paralichthys olivaceus
(Temminck et Schlegeli) and Limanda yokohamae (Gunther).

Firstly the eggs used for rearing experiment were obtained by
natural spawning techniques or artificial fertilization, and then
the viable eggs were maintained in an incubation tank until they
hatched out. Newly hatched larvae were then transferred to rear-
ing tanks which capacitating 500 1 (circular) to 1,000 1 (circu-
lar or rectangular) at a stocking density between 5,000 and .SRO
30,000 individuals/m3 depending on species. The details of rear-
ing characters of experimental duration, temperature and parental
sources in each species were summarized in Table 1.

Post-larvae were initially fed with laboratory-cultured roti
fer, Brachionus plicatilis O.F.Muller cultured with Chlorella



Table 1. Records of species used, duration, temperature and egg
source of rearing experiment in this study

species duration WT(°C) methods
of
obtaining
eggs
Engraulis japonica Aug. 7-Oct. 8, 1981 17.7-26.6 Ns
Engraulis japonica Jul. 5-0Oct.14, 1985 19.8-26.9 Ns
Engraulis japonica Jun.29-0ct.11, 1986 20.5-27.2 Ns
Engraulis japonica Jun. 30-Sept.22,1986 21.4-26.6 Ns
Plecoglossus altivelis OQOct.23-Nov. 4, 1974 17.2-20.3 Af
Plecoglossus altivelis Oct.10’81-Feb.28’'82 10.1-21.86 Af
Seriola quinqueradiata Apr.29-Jun.18, 1982 19.6-22.1 Af
Oplegnathus fasciatus Jun.11-Aug.30, 1976 18.8-27.3 Ns
Oplegnathus fasciatus Jun. 6-Aug.13, 1977 21.0-26.7 Ns
Lateolabrax japonicus Nov.29-Mar.11, 1978 14.2-19.4 Af
Lateolabrax japonicus Dec. 6-Mar.12, 1979 13.6-19.5 Af
Epinephelus akaara Aug. 5-0ct.3, 1985 25.9-27.0 Ns
Acanthopagrus schlegeli May 21-Aug.29, 1976 18.8-26.3 Ns
Acanthopagrus schlegeli Jun.17-Aug.16, 1983 19.4-25.7 Ns
Acanthopagrus schlegeli Jun. 2-0Oct.31, 1985 18.8-26.2 Ns
Evynnis japonica Oct.22-Nov.30, 1978 9.6-22.6 Ns
Pagrus major May 19-Jun.16, 1977 17.3-24.4 Ns
Pagrus major Jun.17-Aug.14, 1981 19.4-25.7 Ns
Pagrus major May 13-Jun. 15, 1982 16.6-23.0 Ns
Pagrus major May 23-Jun.28, 1983 19.1-21.5 Ns
Hexagrammos otakii Dec.8’81-.May 7 ’'82 10.0-17.5 Ns
Paralichtys olivaceus Mar.12-Jun.10, 1984 8.0-18.0 Ns
Limanda yokohamae Jan.17-May 5, 1987 10.9-14.5 Af

Ns,Natural spawning; Af,artificial fertilization.

species for 3 to 5 weeks, in succession Artemia nauplii, and
copepod, Tigriopus japonicus Mori were given with overiapping the
feeding duration. Density of the rotifers ranged between 2 and 10
animals/ml in the rearing water column, and that of Artemia and
copepods were approximately 5 to 20 animals/l1. The weaning was
done with minced flesh consisting of Fuphausia species, anchovy,
Engraulis japonica and sand lance, Ammodytes japonicus. Formula
pellet was also used supplementary to the minced meat.

Fish larvae were usually cultured in standing water system for
the first 3 to 4 weeks, then the running water system was em-
ployed for the remainder of the rearing experiment. The volume of
water flow increased with larval growth. Residue and feces on the
bottom of rearing tank were siphoned everyday. Water temperature



was usually measured at morning (8:30-9:00) and recorded. The
salinity of sea water used for experiment fluctuated somewhat,
but was generally in the range 25-32. A gentle aeration was
provided through the airstone in the tank during the course of
rearing experiment.

Preservation and measurement of the specimens
Specimens of larvae, Jjuveniles and young were sampled in

series, and at random from the rearing tank for further observa-
tions and measurement. The collected specimens were preserved in
seawater (25-32) formalin solution ; larvae were generally pre-
served in 5% formalin solution and 10% solution for juvenile and
more developed stages. The preserved specimens were stored under
dark conditions at ambient room temperature. The measurement of
fish specimens was carried out by profile projector with combina-
tion of electronic micrometer with precision of 0.001 mm for the
smaller specimens than about 25 mm. The larger one than 25 mm
were measured by using caliper with precision of 0.5 mm. No
correction factors of shrinkage by formalin preservation were
employed for all specimens measured.

Morphometric and meristic observations

Observations based on serially collected specimens were made
on morphological development, pigmentation, fin development and
squamation for the external organs, and development of the diges-
tive tract was also observed with larval growth. Fin development
and squamation were inspected after the specimens were stained by
Alizarin Red-S under dissecting and/or huge-power microscopes.
All fin rays of paired and unpaired fins were enumerated for the
segmentation and branching.

As for scale development, several developmental stages are
assigned to observe the sequence from first appearance to full
coverage on the body surface by scale row and squamated area.

Development of the alimentary canal is also observed from
larval to juvenile stages for its morphological appearance of
bending or convolution. Rose Bengal was occasionally used to
observe the developmental process of the alimentary canal.

The following meristic characters were measured to evaluate
the growth and developmental sequence and allometric growth;
preanal length (PL):tip of snout to tip of the anus, standard



length (SL):tip of snout to end of the notochord for larvae, and
to the base of the caudal fin for more developed larvae, total
length (TL):tip of snout to the end of the caudal fin.

Proportionality of preanal length to total length is calculate
with special references to predict morphologically the stable
phase of development in the internal organs, particularly on the
digestive tract.

Behavioural observations

Behavioural observations were focused on the time to rest and
to move for pre-larvae and early post-larvae. Feeding incidence,
which representing the ratio of larvae contained the food in
their guts, was determined using cultured Brachionus plicatilis
for the initial feeding larvae as their growth progressed. Swim-
ming performance of larvae was traced to evaluate the swimming
speed when they orientated normal swimming manners in the rearing
tanks. The pantagraph was equipped on the rearing tank to record
the swimming path of the larvae reared in the tank on paper.
Observation of larval swimming was conducted at least 10 individ-
uals. The swimming speed was determined by the swimming distance
traveled and the time to require.

CHAPTER II. DEVELOPMENT OF MORPHOLOGICAL CHARACTERS AND BEHAVIOUR

The change of morphological characters exhibits prime appear-
ance in the development of different fish larvae. To know the
developmental sequence on external and internal organs as well as
behavioural aspect is of importance to ascertain the implication
of development in various organs. These information and growth
performance, - involving allometric growth are also prerequisites
to comprehend the ecological significance of morphological and
behavioural development of different fish species on their early
life stages. In this chapter diagnostic development of the exter-
nal and internal organs is described with their growth.



Engraulis japonica

Morphological development and growth

The preserved eggs were oval in shape, averaging 1.21 + 0.06
mm in length and 0.63 + 0.02 mm in width (mean + SD,n=35 each) at
a salinity of 31. Naturally spawned eggs 1in captivity varied
widely in length and width; 0.9-1.67 mm for length and 0.58-0.7
mm for width. The eggs hatched after 20.5 hrs at 29.6 °C, after
31 hrs at 24 °C and salinity of 31, and after 52 hrs at 17.5°C
and salinity of 31.

Newly hatched larvae measured 2.76 + 0.19 mm SL (Fig.1A). The
length of newly hatched larvae were similar to those reported by
Uchida (1958a) and Azeta (1981). One day after hatching, the
mouth was open and yolk was partly absorbed (Fig.1B). Two day
after hatching the yolk was completely absorbed and mouth became
functional at temperatures of 23-25 °C (Fig.1C). The notochord
started to flex in larvae of about 7.0 mm SL (Fig.1D). The tip of
the snout was pointed during the larval stages but became rounded
when the fish reached a length of about 20 mm SL. Afterwards the
snout tip became markedly rounded as the fish grew (Fig.1M-R).
During the larval stages, the end of the maxillary was located
beneath the orbit. With growth of the larvae the maxillary ex-
tended behind, reaching the region of the anterior portion of the
operculum. External appearance resembled closely to that of the
adult after they attained about 30 mm SL.

Daily mortality of unfed larvae increased rapidly one day
after hatching, and the larvae did not survive over 5 days after
hatching. Growth of unfed group increased steadily until they
absorbed the yolk sac, thereafter gradual decrement in length was
seen until they died (Fig.2).

The growth of larvae during the initial phase of the rearing
experiment is shown in Fig. 3. The overall daily increment was
0.43 mm. Daily growth increment in rearing trials was based on
observation period of over 55 days and the results ranged between
0.41 to 0.64 mm/day (Fig.4). In contrast, the wild specimens
determined by otolith analysis grew at a rate of 0.4 to 0.869
mm/day during their larval 1life in coastal waters in Japan
(Tsuji,1985; Mitani,1988), and 0.68 to 0.76 mm/day for the high-
est growth rate and 0.37 to 0.41 mm/day for the lowest in the
Korean waters (Kim and Kim, 1986). Overall growth from newly
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Fig.l. Engraulis japonica. Development of larvae and juveniles.
A,2.7mm SL; B,3.2mm SL; C,5.6mm SL; D,7.2mm SL; E,8.0mm SL;
F,8.5mm SL; G,9.4mm SL; H,10.2mm SL; I,11.0mm SL; J,15.5mm
SL; K,19.5mm SL; L,20.0mm SE; M,20.6mm SL; N,23.6mm SL;
0,24.8mm SL; P, 30.0mm SL; Q,37.0mm SL; R,43.9mm SL.
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hatched larvae to the adult in captivity was reported by Fukuhara
and Takao (1988).

Concerning allometric growth, preanal length averaged 74% SL
or 71% TL at hatching and increased to 80% SL or 75% TL when
larvae were 10 mm SL and 9.0 mm TL (Fig.5). The ratio then de-
creased markedly to about 60% TL and gradually to 70% SL for
specimens less than 20 mm SL (22 mm TL). The ratio became con-
stant at about 60% TL and 72% SL. The relation between total
length, standard length and preanal length are shown in Fig.6 for
fish between 3.0 mm to 60 mm TL. They are described in 1linear
regressions.

Fin development

Newly hatched larvae exhibited an extended fin-fold which was
present until the larvae attained a standard length of 8.5 mm
(Fig. 1F). Remnants of the larval fin-fold disappeared completely
in larvae of 11.0 mm SL (Fig.1I). A fan-shaped pectoral fin
without rays appeared at 3.2 mm SL, 2 days after hatching. Ven-
tral fin buds were present at 15.5 mm SL, 25 days after hatching
(Fig.1J). The hind margin of the caudal fin developed in the
following sequence; rounded (Fig.1A-C), truncated (Fig.1E),
emarginated (Fig.1F-H), and furcated (Fig.1I-R). Furcation of the
caudal fin margin became deeper as the larvae grew. The principal
fin rays began to ossify in larvae 7.3 mm SL. Fin rays first
developed in the caudal fin and then subsequently in the dorsal,
anal, ventral and pectoral fins (Figs.7,8). Fin ray development
was completed at 7.2 mm SL for the caudal, at 9.5 mm SL for the
dorsal, at 10.4 mm SL for the anal, at 16.5 mm SL for the ven-
tral, and 21.0 mm SL for the pectoral fins.

Thus the transformation from the larvae to the juvenile stage
occurred at 21.0 mm SL (25.2 mm TL). This differs when compared
with wild specimens in which fin rays were fully developed in
larvae of more than 19.0 mm TL (Hayashi,1961).

Segmentation of rays began earlier in unpaired fins than in
paired fins. Caudal fin rays began to segment at about 8.0 mm SL,
dorsal fin rays at 13 mm SL, and anal fin rays at 14.0 mm SL. Fin
ray segmentation was completed at about 9.0 mm SL, 16.0 mm SL, 20
mm SL (Fig.7). In the paired fins segmentation of fin rays com-
menced at 18.0 mm SL for the ventral fins and 21 mm SL for the
pectoral fins and finished at about 20 mm SL, and 25 mm SL
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(Fig.8).

Branching of soft rays began after segmentation was finished
in the unpaired fins. The duration of +the segmentation and
branching of soft rays in the paired fins overlapped as shown in
Fig.8. Soft ray branching began at approximately 15 mm SL for the
caudal, 20 mm SL for the dorsal and anal, and 20 mm SL for the
ventral, 25 mm SL for the pectoral fins. The completion of
branching was observed at about 18 mm SL, 25 mm SL, 28 mm SL for
the unpaired fins, and 23 mm SL and 34 mm SL for the paired fins.
Thus all fins completed segmentation at 25 mm SL, and branching
at 34 mm SL.

Pigmentation

Newly hatched larvae had 10 to 13 melanophores on the surface
near the abdomen (Fig.1A). Eyes were not pigmented. Melanophores
were added continuously to the ventral surface. Eye pigmentation
started in 2 days old larvae and several melanophores appeared at
the posterior portion of the eyes but were scattered until the
larvae were 20.0 mm SL (Fig. 1K). As larvae developed, several
melanophores were distributed along the midline of the body
surface, and a patch of melanophores, which formed around the
caudal fin base, gradually increased in size. In 40 days old
larvae, 20.6 mm SL a series of melanophores extended from the
pectoral fin base to the caudal peduncle along the ventral sur-
face (Fig. 1M). Melanophores on the midline of the body surface
became numerous and those on the ventral surface grew larger. At
45 days after hatching (23.6 mm SL) numerous melanophores were
distributed evenly over the body surface (Fig.1L). In the rayed
portion of the caudal fin, several melanophores appeared after
the larvae reached 20.0 mm SL. When specimens were 50 days old
(about 25 mm SL) numerous melanophores were distributed on the
body surface, except for on the margin of the ventral surface.
Also, some pigment appeared around the eyes, lower jaw and snout
(Fig.1M). The number of melanophores on the ventral surface
decreased as development proceeded, whereas those on the dorsal
surface became more extensive as the fish grew. A little pigment
remained at the base of the anal fins (Fig.1l O-R). Sixty-two days
after hatching, melanophores appeared on the scales, forming
stripes on the dorsal surface (Fig.1R).



Development of the digestive tract

Sequence in development is shown in Fig.9. The digestive tract
appeared to be straight during the larval stage (Fig.9A). Then
bending of the alimentary canal and pyloric caeca appeared when
they reached the morphological transformation from larvae to
juvenile (Fig.1B). The alimentary canal bent deeply, and convo-
luted with larval growth (Fig.1C,D). As development proceeded,
the convolution of the digestive tract became complicated for its
morphological characters, and the pyloric caeca developed in
number and coverage on the intestinal surface (Fig.l1E-I). Fig.10
depicts the relationship between developmental stage of alimen-
tary canal and standard length for the reared and wild-caught
specimen. Convoluted digestive tract was observed after the
larvae reached the juvenile stage. Size variation of each devel-
opmental stage became greater with increasing 1larval 1length.
Defined difference in completion of the alimentary canal was
found between the reared and wild specimens observed. The reared
fish, which were fully matured were not able to reach the devel-
opmental stage I.

The fish size of 20 mm SL exhibited the straight tube was
comparable to that observed for the wild-caught specimen 1in
Taiwan (Shen,1969). Hongchao (1984) described the development of
alimentary canal based on reared specimens which was comparable
to stage A to H in my observation. Unfortunately, not available
to compare due to no description of larval size.

Development of behaviour

Yolk sac larvae were floating motionless in the water column,
but occasionally their drifting was interrupted by abrupt locomo-
tion which was 1in its appearance similar to the "continuous
swimming" described for Engraulis mordax by Hunter (1972). Fig.11
depicts the time spent for swimming activity movement in fed and
unfed larvae. During the first 2 days of the larval life, anchovy
larvae rest more than 90% of the observation time. After 3 days
from hatching the active time of 1larvae fed on rotifers was
greater than that of the starved ones. In feeding larvae, the
active time increased sharply after yolk absorption. During most
of the time the activity pattern was pretty uniform showing
little variation between measurement. The active time for unfed
larvae peaked at 4 days after hatching. Activity did not exceed
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15% of the time unit (one minute) and decreased markedly thereaf-
ter.

Feeding incidence was increasing over the experimental days as
depicted in Fig.12. Laboratory-reared Brachionus plicatilis were
used as food with densities of 4 to 6 individuals/ml. Yolk sac
larvae did not contain any rotifers in their stomach even 2 days
after hatching. Rotifers were first observed in 20% of the exam-
ined guts when larvae were 3 days old. At that time the yolk was
completely absorbed. Feeding incidence reached its maximum at day
5 after hatching when the swimming activity reached its maximum
level.

Plecoglossus altivelis

Morphological development and growth

Larval size averaged 6.05 + 0.59 mm SL and 6.16 + 0.34 mm TL
(mean + SD,n=33) at the time of hatching.(Fig.13A). The length of
newly hatched larvae was slightly smaller than that described by
Iwai (1962), and relatively larger than those of Uchida (1958).
The newly hatched larvae were comparatively longer than older
larvae with relatively small head. Relatively large yolk sac and
fan-shaped pectoral fins without rays were present. The eyes were
pigmented in hatched larvae, and the jaw functional. The 1long
distance from the tip of snout to the anus averaged 73% TL.
Proportional measurements of preanal length relative to total
length are given in Fig.14. Hypural bone started to develop when
larvae attained at 8.5-9.0 mm SL (Fig.13B). The development of
the hypural bone occurred earlier in specimens of this study
compared to those larvae investigated by Uchida (1958b) at a
total length of 12.5 mm. The notochord flexion occurred in our
specimens at about 15 mm TL (Fig.13C) which were similar size to
those reported by Uchida (1958b). In 20 days old larvae, the
notochord flexion was found only in 21 out of a total of 23
specimens. No marked changes of most morphological characters
were observed in larvae ranging between 15 mm to 20 mm SL
(Fig.13D). At this stage the body height increased more rapidly
than total length (Fig.13E).

The proportional length of distance between the snout and

anus became constant after fish reached about 45 mm TL (Fig.13F-
I, Fig.14). Conical teeth appeared on the upper jaw of larvae
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Fig.12. Engraulis japonica. Feeding incidence of larvae exposed
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after hatching. n=total number of observation.

Fig.13. Plecoglossus altivelis. Characteristic appearance of
various developmental stages reared in the laboratory. A,newly
hatched larva (5.7mm SL); B,8.8mm SL; C,13.7mm SL; D,15.5mm
SL; E,25.7mm SL; F,36.0mm SL; G,46.5mm SL; H,47.3mm SL;
I,86.0mm SL. White bars inserted into figures denote the length
of 1.0mm in A,B and 5.0mm in figures C to I. Vertical lines
indicate the position of the anus.



when fish reached a size of 33.0 mm SL, corfesponding to an age
of 80 days. The larvae bore comb-like teeth on the upper jaw were
also found on day 80, at a size of 41.0 mm SL. The indication of
forming the comb-like teeth was observed histologically in the
35.5 mm wild-caught specimen (Iwai,1962). The smallest 1larva
exhibiting comb-like teeth on both the upper and lower jaw was
observed at 43.0 mm SL, corresponding to an age of about 100 days
after hatching. Specimens larger than 51.0 mm SL, showed well-
developed comb-like teeth on both jaws, and had usually reached
an age of 140 days. In the wild-caught specimens comb-like teeth
were described in larvae that had already reached a size larger
than 55.0 mm SL (Miyazaki Univ.,1983).

Only few mortality was seen for unfed larvae until they ab-
sorbed the yolk sac, and steep decline was detected afterwards.
Larvae could not survive beyond 2 days after oil globule absorp-
tion (Fig.15).

The growth of larvae investigated in this study is shown in
Fig.16. The relationship between standard length and age in days
after hatching could be expressed by a linear regression
(Fig.17). Preanal length was 72-74% of the total length for newly
hatched larvae, and reached about 77% of TL in 10 mm to 12 mm
long larvae. From this size onward this relationship decreased
drastically until fish attained a total 1length of about 45 mm.
After 50 mm TL the PL/TL ratio leveled at approximately 62% of
the total length (Fig.14).

Fin development

The primordial fin-fold was present in hatched larvae and
remained until larvae had reached about 9.0 mm SL (Fig.13B).
There was no remnant of 1larval fin-fold just prior to the anus
when larvae reached 26 mm SL (Fig.13E). The caudal fin margin
shaped rounded until the notochord started to flex at about 13-14
mm SL (Fig.13C,D). At that stage the caudal fin rays began to
ossify.

Fan-shaped pectoral fins without rays developed at hatching.
The pectoral fin rays began to develop at larval size between 20
mm and 23 mm SL. The buds of the ventral fin appeared on larvae
as small as 18 mm SL. The ventral fin buds were present in all
larvae over 19 mm SL. Fin ray development was completed at about
18 mm SL for the dorsal fin, and 12 mm and 18.5 mm SL for the
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caudal and anal fins. In paired fins the complement of fin rays
was found at 24 mm and 27 mm SL in the ventral and pectoral fins,
respectively. Consequently, metamorphosis, the transformation
from the larvae to the early juvenile stage did occur at about 27
mm SL. The 1larval size at morphological transformation varied
largely compared to those of 57 mm TL mentioned by Uchida
(1958b).

Fig.18 shows the sequence of segmentation and branching of the
soft rays in unpaired and paired fins. The segmentation started
at a standard length of 11 mm (caudal fin) and 16 mm (anal and
dorsal fins), and finished at 15 mm, 21 mm and 23 mm SL, respec-
tively. Segmentation in paired fins started at about 23 mm SL for
the pectoral fins and 24 mm SL for the ventral fins, and was
completed at a standard length of 33 mm and 28 mm.

Branching of the rays began at approximately 23 mm SL for the
dorsal, 28 mm SL for the anal, 18 mm SL for the caudal, 36 mm SL
for the pectoral and 30 mm SL for the ventral fins. The comple-
tion was observed at about 40 mm, 38 mm, 22 mm SL for the un-
paired fins. Thus all fins finished their segmentation at 33 mm
SL, and the branching of rays at a standard length of 42 mm.
Therefore, fundamental structure of fin rays was recognized for
the fish measuring over 42 mm SL (51 mm TL).

Pigmentation

Newly hatched larvae and post-larvae were scantily pigmented
as shown in Fig.13 (A-D). Few melanophores were arranged serially
only along the gut (Fig.13D). No marked changes in the distribu-
tion of melanophores were observed until larvae attained 25.7 mm
SL (Fig.13E). Larvae of 25 mm to 36 mm SL (Fig.13 E,F) showed
melanophores which were distributed along the cephalic area, the
operculum, around the jaws, and more intensively along the gut,
the caudal peduncle and the base of the caudal fin. As develop-
ment progressed, the lateral melanophores became more numerous
but were still abundant along the dorsal surface area of the
larvae, particularly on the posterior half of the body. They were
sparsely distributed along the ventral side of the body
(Fig.13G,H).

Squamation
The sequence of squamation and relationship between develop-
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mental stage and larval length are shown in Fig.19. Each stage
was characterized as follows;

Stage A, Scale first appeared along the lateral 1line on the
posterior part of the caudal peduncle.

Stage B, The sequent development of scale pattern occurred an-
tero-posteriorly. The anterior end reached the vertical of the
adipose and the anal fin, and almost the base of the caudal fin
for its posterior section.

Stage C, The scale developed now along the forward directed parts
of the body. The posterior portion of the scale surface reached
the vertical line of the forward located part of the dorsal fin.
Stage D, Scales were formed more rapidly anteriorly, toward the
head and less rapidly toward the dorsal and ventral sides, the
operculum for the anterior end. At this stage the caudal peduncle
and the base of the caudal fin were completely with scales.

Stage E, The caudal portion of the body was now fully squamated.
The nape and breast regions were still devoid of scales. Small
patches of scales appeared just prior to the ventral fin.

Stage F, Only the nape was left without scales. However the base
of fin-ray of the caudal fin was also covered with scales.

Stage G, Juveniles were now fully squamated.

The maximum size of larvae of which individuals occurred
without any scales was about 38.0 mm SL, and the smallest larva
observed that had already scales was about 36 mm SL, correspond-
ing to an age of about 90 days. The squamation proceeded with
larval development, the smallest 1larva completely squamated
measured 56 mm in SL, and was 140 days old after hatching. Larvae
larger than 64 mm in SL had finished the squamation process.
Therefore, it can be assumed that squamation occurred between 36
mm and 56 mm SL for the fish group that started to develop scales
early and about 38 mm to 64 mm SL for those who started at a
later date.

In contrast to specimens caught in the wild (Miyazaki
Univ.,1983), the appearance of scales was found when fish at-
tained a standard length of about 4 cm. They rapidly squamated
during the growth period between 4 cm and 6 cm SL. All specimens
over 7 cm were fully squamated. No marked difference was found
for the extent of squamated area and pattern between reared and
wild specimens. Takashima (1976) described cultured specimens
that had scales appearing first at about 30 mm TL, attaining this
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Fig.19. Plecoglossus altivelis. Developmental sequence of squam-
ated area on the body surface with larval growth (upper), and
relationship between its developmental stages and fish length
(lower).



size at an age of 90 days after hatching. The size of first at
squamation started differed remarkably from the observations
under our rearing conditions. The difference is probably at-
tributable to the environmental conditions in the culture facili-
ty, especially with regard to water temperature. Larvae, which
first formed scales in this study measured 36 mm SL (or 43 mm TL)
during the same time period of about 90 days. In other words, it
takes approximately 90 days for larvae to start squamation under
rearing conditions, although larval size may differ depending on
other environmental factors.

Seriola quinqueradiata

Morphological development and growth

The fertilized eggs were spherical, ranging from 1.08 mm to
1.18 mm in diameter (mean=1.15 mm, n=50). The diameter of eggs
were slightly smaller in this study than those of 1.19-1.27 mm
with averaging 1.25 mm described by Uchida (1958c). Newly hatched
larvae had a sizable yolk sac with an anteriorly located oil
globule (Fig.20A), averaging 3.37 mm in standard length (n=16).
Subsequent increments of larval length are shown in Fig.21. The
mouth was open in 2-day old larvae, with a mean of 3.9 mm SL
(Fig.20C). The yolk sac was present until 3 days after hatching.

The cartilaginous hypural elements began to differentiate when
the larvae attained 6.4 mm SL (Fig.20F). No specimens had formed
hypural elements by day 10. The hypural elements were evident in
20 out of 35 larvae by day 15, and in all 56 specimens by day 18.
The notochord flexion occurred in larvae as small as 6.0 mm SL.
While there was no occurrence in 10-day old 1larvae, notochord
flexion was observed in 18 out of 35 larvae by day 15 and in all
larvae by day 18.

The teeth first appeared in the upper jaw of larvae measuring
4.6 mm SL (Fig.20D), and on the both jaws after larvae reached
6.1 mm SL. The nostril was single during much of the larval
stage. Separated nostrils appeared on 4 larvae of 30 specimens
(7.5 mm to 7.75 mm SL) by day 20. The nostrils were separated in
all 30-day old specimens. The preoperculum spines elongated
characteristically after notochord flexion (Fig.20F-H).

Larvae reared in the laboratory grew relatively slowly through
the 1larval stage, but more rapidly after transformation and
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Fig.20. Seriola quinqueradiata. Morphological development of
larvae and juveniles. A,3.5mm SL, newly hatched larvae; B, 3.7mm
SL,1 day old; C,4.1mm SL,2 days old; D,4.6mm SL,5 days old;
E,5.9mm SL,10 days old; F,6.4mm SL,15 days old; G,7.0mm SL,18
days old;H,8.9mm SL,25 days old; I,12.2mm SL,27 days old;
J,19.3mm SL,30 days old; K,21.0mm SL,34 days old; L,25.8mm

SL,40 days old.



during the juvenile stage. The growth was expressed by the equa-
tion SL=3.27 e0-048X where SL is standard length and X repre-
sents days after hatching (Fig.21). In addition to the morpholog-
ical change from larvae to juvenile which occurred from 9.85 mm
to 13.5 mm SL, variation in fish length became larger than before
(Fig.21).

Standard length measurements were employed to examine the
development and growth in comparison to other morphometric char-
acters and further observations. The relationships between total
length and both standard length and preanal length are shown in
Fig.22 for fish ranging from about 3.5 mm to 70 mm SL. These
relationships are described with linear regressions (Fig.22).

Relative preanal length ranged from about 50 to 60% of TL
during the larval stage, and from about 50 to 60% TL after about
11.0 mm TL (Fig.23). The proportionality of preanal 1length is
bounded on the developmental transit from post-larvae to Jjuve-

niles.

Fin development

Newly hatched larvae had a prominent larval fin-fold. Fan-
shaped pectoral fins without rays developed 16 to 21 hrs after
hatching at about 21 °C (Fig.20A). The primordial fin-fold formed
from the occiput during larval stages and gradually moved poste-
riorly during post larval stages (Fig.20A-H).

The marginal shape of the fin-fold changed markedly after
notochord flexion: rounded until 7.6 mm SL, truncated from 6.8 mm
to 7.8 mm SL and emarginated from 7.0 mm to 20.2 mm SL. Newly
transformed juveniles were characterized by the emargination of
the caudal fin (Fig.20I). The ventral fin buds appeared early in
15 days old larvae as small as 5.9 mm SL. Rays first appeared in
fins in the following sequence: caudal, anal, dorsal, pectoral
and ventral fins. The full complement of rays in all fins as
present in larvae ranging in size from 9.85 mm SL (12.4 mm TL) to
13.5 mm SL (17.0 mm TL). Therefore, morphological transformation
from larva to juvenile had been completed for laboratory-reared
specimens from 9.85 mm to 13.5 mm SL. Segmentation of fin rays
first occurred in the caudal fin at 6.25 mm SL, subsequently in
the pectoral fin at 6.6 mm SL, ventral fin at 6.9 mm SL, anal fin
at 7.8 mm SL and dorsal fin at 10 mm SL. The completion of seg
mentation in the fin was achieved at 7.8 mm SL in the caudal,10.0
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mm SL in the anal, 11.9 mm SL in the dorsal, 12.6 mm SL in the
ventral and 16.7 mm SL in the pectoral.

Concerning the branching of soft-ray in each fin, the appear-
ance was first observed at 8.3 mm SL in the caudal, 14.9 mm SL in
the ventral, 17.0 mm SL in the pectoral, 20.0 mm SL in the anal
and 24.1 mm SL in the dorsal fins. The full complement was ob-
served at 17.0 mm, 16.2 mm, 36.0 mm, 36.1 mm and 46.0 mm SL,
respectively (Fig.24).

Pigmentation

Newly hatched larvae had numerous melanophores in a dorso- and
ventro-lateral row on each side of the body. A few melanophores
could be discerned in the cephalic region, on the oil globule and
around the snout (Fig.20A). Between 12 and 24 hrs after larvae
hatched, melanophores, which quickly disappeared after preserva-
tion, were added along the dorso- and ventro-margin of the fin-
fold, and near the o0il globule (Fig.20B). No marked change of
pigment pattern was found until fish attained 6.4 mm SL
(Fig.20C-F). Melanophores appeared gradually on the 1lateral
surface of the body (Fig.20G), and were distributed heavily on
the body surface except for the cheek, thoracic and operculum
(Fig.20H). A patch of melanophores appeared in the fin ray por-
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tions of the dorsal and anal fins (Fig.20I,J). As development
continued, melanophores intensified on the body surface, more
solid on the dorsal half than ventral surface, and increased on
the section of procurrent rays and base of the caudal fin
(Fig.20K,L). In the larvae of about 26 mm SL the bands of melano-
phores were slightly identifiable (Fig.20L).

Squamation

The sequence of scale formation and its developmental stage
plotted against 1larval 1length are given diagrammatically in
Fig.25. Each developmental stages were characterized as follows:
Stage A, A few scales first appeared midlaterally on the caudal
peduncle.

Stage B, The squamated area extended anteriorly and posteriorly.
Five to six scale rows at the posterior and nine to eleven at the
anterior ends were discerned. A small patch of scales appeared on
both sides of the caudal peduncle.

Stage C, Squamated area extended more rapidly toward the head,
forming 13 to 14 scale rows in the caudal portion of the squamat-
ed area. A small patch of scales was observed at the base of
anterior and of the anal fin.

Stage D, The caudal section was fylly squamated, and the anterior
end reached the operculum. Only the nape and breast regions were
devoid of scales.

Stage E, Area without scales narrowed. Only the portion around
the nape and the pectoral fin base were lacking scales.

Stage F, Fully squamated.

The largest larva without scale was 24.1 mm SL, and the small-
est one with scale was 21 mm SL. Squamation proceeded as larvae
grew. The smallest specimen fully squamated was 40.2 mm SL, and
larvae more than 47 mm SL were assumed to have completed squama-
tion.

Pagrus major

Morphological development and growth

Fertilized eggs were spherical in shape, averaging 0.918 +
0.029 mm in diameter (mean + SD, n=103). Perivitelline space was
narrow and contained a single o0il globule. Cultured parent pro
duced various sized eggs spontaneously, which ranged from 0.66 mm
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to 1.03 mm in diameter (n=4986). The eggs hatched after 48-50 hrs
at about 20 °C. High hatchability was observed at temperatures
between 19.05 °C and 29.15 °C and salinity ranging from 27.03 to
34.80 (Apostolopoulos,1976). Newly hatched larvae measured 2.01 +
0.06 mm TL and 1.93 + 0.06 mm SL (mean *+ SD, n=55). A large yolk
sac was present with a single o0il globule, located posteriorly
(Fig.26A). At about 20 °C the mouth was opened 1st day after
hatching, and the yolk was absorbed at 3 days. After yolk absorp-
tion, larval survival increased sharply under starved conditions
(Fig.27). No marked changes were noted until the larvae attained
5.6 mm SL (Fig.26B). Larvae of 5.6 mm SL, with notochord flexion,
had fan-shaped pectoral fins without rays. The end of maxillary
was positioned beneath the middle of the orbit. Ossification of
the caudal fin region began at 5.6 mm SL. At this size, the
hypural bones were developing and some rays were observed in the
ventral half of the caudal fin-fold. At a length of about 8.0 mm
SL, vertebral column was easily recognizable, and the pectoral
girdles were starting to appear (Fig.26E). Ossification of the
dorsal and anal fin pterygiophores began at about 10.0 mm SL, and
well-developed pterygiophores could be distinguished on 30.0 mm
SL specimens (Fig.26K).

Growth of pre-larvae under fed and unfed conditions is shown
in Fig.28. Steady increment was observed for the first 4 days.
After yolk absorption, unfed group ceased the increment of growth
in contrast to those seen in fed group. Even for fed group growth
cessation was observed after yolk absorption.

The increase in length of fish staging from larvae to juve-
niles is presented in Fig.29. Slower growth was seen during
larval stage, which lasted initial 25 days following hatching;
thereafter fast growth was attained by juvenile. The larval
length, and days after hatching was equated by Y=2.629 e0.0488X
where Y=total 1length, and X=days after hatching. Morphological
transformation from larvae to juvenile occurred in the specimens
ranging from 7.6 mm to 8.6 mm SL, which was correlated with day
25 to 29. Daily increment was presented by 5% from the equation.

Pertinent to allometric growth, preanal length of newly
hatched larvae was 55% TL and decreased rapidly to 32% SL with
the absorption of the yolk sac and o0il globule. The ratio again
increased to 45% TL or 47% TL as the larvae fed, then became
constant at 47% to 50% TL when the fish reached the transitional



Fig.26. Pagrus major. Developmental stages of larvae to young
reared in the laboratory. A,2.12mm SL; B,5.6mm SL; C,6.5mm SL;
D, 7.6mm SL; E, 8.3mm SL; F, 8.9mm SL; G,10.2mm SL; H,11.8mm
SL; I,14.1mm SL; J,19,1mm SL; K,30.8mm SL; L,46.1mm SL.
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phase from larvae to juvenile stage (Fig.30). Other morphometric
characters: total 1length, upper jaw length (Shirota,1978b) and
the body height-notochord 1length relation (Kohno et al.,1983)
also revealed constant ratios during the transformation and in
newly transformed juveniles. '

Standard length was used to examine the development and growth
in relation to other morphometric characters. Linear regressions
between total 1length, standard length and preanal 1length are
given in Fig.31 for specimens ranging between 2.2 mm and 27 mm
TL.

Fin development

The newly hatched larvae hold the primordial fin-fold from the
middle of head the anus (Fig.26A). Unpaired fin began to develop
on specimens 6.0 mm to 6.5 mm SL with a change in marginal shape
of the fin fold (Fig.26B,C). A truncated-shaped caudal fin was
observed for a short period during the transformation to early
juvenile stages, ranging from 6.3 mm to 10.3 mm SL (Fig.26E,F).
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Therefore, the truncated caudal fin was indicative of changing
the developmental stages from post-larvae to Jjuveniles. All
juveniles ranging from 8.5 mm to 20.8 mm SL had emarginated
shaped caudal fin (Fig.26F-J). Adult form of a furcated caudal
fin was found on specimens larger than 18.0 mm SL (Fig.26K,L).

The pectoral and ventral fins became pointed and elongated
when the developing fish transformed from early juvenile to young
stages.

A full complement of fin rays occurred at 7.6 mm SL for the
smallest specimens, and at 8.6 mm SL for the largest one, thus
the transformation from the 1larvae to juvenile stage occurred
when fish were 7.6 mm to 8.6 mm SL (Fig.26D,E).

Rayed fins developed in the following sequence: caudal, anal,
dorsal, ventral and pectorals. After a full complement of soft
rays had developed in each fin, segmentation of rays began,
earlier in unpaired fins than in paired fins (Fig.32). Caudal fin
rays began to segment at about 6.0 mm SL, anal fin at 6.2 mm SL,
dorsal fin ray at 6.4 mm SL, ventral fins at 7.0 mm SL and pec-
toral fins at 7.6 mm SL. The fin rays were fully segmented at
7.8, 8.2, 7.5, 10.3, 18.0 mm SL, respectively.

Branching of soft rays began after segmentation was completed,
except for the ventral fins (Fig.32). Soft ray branching began at
approximately 11.0 mm SL for the anal, and 12.0 mm SL for the
caudal and dorsal fins, 8.0 mm SL for the ventral fins and 11.0
mm SL for the pectoral fins. Branching was completed at 20.5 mm
SL for the caudal, 23.3 mm SL for the anal and 26.5 mm SL for the
dorsal, 15.6 mm SL for the ventrals and 34.0 mm SL for the pec-
torals, respectively. Consequently all fins were completely
segmented by 18.0 mm SL, and were branched when fish were 34.0 mm
SL.

Pigmentation
Newly hatched larvae have melanophores around the cephalic

region, on the oil globule located posteriorly in the yolk sac,
and scantily along the trunk and caudal region (Fig.26A). By day
3, melanophores appeared on the snout and on the gut. Small
melanophores were also serially arranged along the ventral mid-
line between the anus and caudal fin. During the larval stage no
marked change in pigment occurred (Fig.26A-C). In the early
Jjuvenile stage, the spinous portion of the dorsal fin became



s r— CER) e G ® 3 200 Seme @ - ® eeme  wmmm -
4 e ¢ e e ws ¢ ¢ oee .
3F ©® 00 @m comm 0o coes o me
2} ——— -
1F " cmme—— s o Ventral
L L 1 | PV R 1
o 5 10 15 20 30 40
15 -
14 | . ° ©0 @n 00 00 ceam 00 000®X® Ao IO O D™ O
13} o m@0000 o oo cceeo cao ¢ am come woo
12} e 300 @0 °
11F © ammme 000 . . —me o o m
10 - © omoco . ® v oo o .
9 @ e - ¢ = ® oome ® .o
8l camro o o e . . .
7 - LR * - LN}
6 - .o .
o 5 o .
247 :
[*) L
e 3
< 2+ oo e o
5 1} . Pectoral
5 Il 1] i A 1 1 1 1 : |
° (] 10 20 30 40 50
2 10 0 PpesD© om0 @0 Ceme goms & * sme e o @me oo seme
4 gf RSP . od 06 memosmm o ommee wmmmmo o
5 st - ceee o me o .
® 7r agane - o sme o
@ 8t - * ®ee
>
s 5 p— e o oo . =
L a4} ame o o
3 3t o o cotem wee o
o 2F - . -neew o
- . Dorsal
o 1 . ———e
- PO " ] 1L 1 L 1 1 1
20 10 20 30 40 - 50
=3
3 8r @Pems aoorrane @@ cem o o mocce o e oo Pococien wmeyg @
z 7 - ogam ® O tmamts ¢ 0o o® o eedmome . . e
6 ageo - commus o e o oo
5 ewdoe ——ee
4 = o momon
3F. odom e oo
2} s e o
1k oo —— Anal
L | A | 2 1 I 1 L |
o] 10 20 30 40 50
————oD
loe-anl ¢
A—s
r LI emmaiecn@e 0 0900 om0
15 sqgmeo o o - e ® somemo o seme § weo
[ = e o o o emeseme o . ..
o oom o  anee eemn sane B .
L o)
10 @0 . -.'-
r - e
SE . P
- oont Caudal
. o [T 1 1 1 ! ! ! |
o 10 20 30 40 50

Standard length in mm

Fig.32. Pagrus major. Segmentation (open circles) and branching
(closed circles) of soft rays on the unpaired and paired fins.
A-D indicate the shape of caudal fin; A,rounded; B,truncated;
C,emarginated; D, furcated.



pigmented more intensively, and the number of melanophores in-
creased in the cephalic region (Fig.26D). Relatively larger
melanophores, which composed a pigment band in subsequent devel-
opment, was distributed vertically below the dorsal and at the
posterior portion of the anal fin (Fig.26E).

The formation of pigment pattern and its developmental stage
plotted against larval length are shown in Fig.33. Each stage is
identified by the appearance of the pigment pattern and the
number of transverse bands on the lateral surface. The pigment
pattern first appeared in larvae about 7.2 mm SL when the melano-
phores concentrated around the posterior end of the dorsal fin
(Fig.32B). Three pigment patches occurred on the nape and the
base of spinous dorsal fin (Fig.32C). The pigment pattern formed
at the posterior end of the dorsal fin and extended toward the
ventral surface (Fig.32D). In larvae measuring 8.0 mm SL, the
pigment pattern occurring anterior of the caudal peduncle covered
the entire depth of the trunk. A separate, elongated patch of
melanophores developed at the base of the soft dorsal fin, and
the two became connected by a narrow bridge of melanophores when
the larvae attained a length of about 8.0 mm SL (Fig.32E). The
pigment pattern was connected at the anal fin base, was elongated
posteriorly, and was connected with a small patch located on the
caudal peduncle (Fig.32F). The smallest fish with a completely
formed pigment band was 9.0 mm SL, and Fig.33 indicates that all
specimens larger than 11 mm SL had clearly completed the forma-
tion of five distinct stripes (Fig.33G). The commencement of band
formation occurred on larvae on day 27; all larvae had completely
formed bands after 41 days after hatching.

Squamation

Fig.34 shows the sequence of squamation from first appearance
to completion, and relationship between developmental stage of
squamation and 1larval 1length. Each stage was characterized as
follows;
Stage A, A small patch of one scale row appeared in the posterior
end on the lateral line.
Stage B, The extension of squamation was seen anteriorly, and two
scale rows were found in the central position of its coverage.
Stage C, Coverage area extended antero-posteriorly. There were 2
to 3 scale rows in the center of the scaled area.
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Stage D, The anterior end of squamation reached the operculum,
and the caudal peduncle posteriorly. 3 to 4 scale rows were seen.
Stage E, The squamated area extended to each direction, and about
half body surface was squamated.

Stage F, Scales were seen only in marginal portion of the lateral
surface. Almost squamated for the caudal peduncle.

Stage G, The nape, posterior position of the dorsal fin, base of
the caudal fin and anal fin base were devoid of scales.

Stage H, Fully squamated.

The larva without scale measured 9.1 mm SL, and 7.4 mm SL for
the minimum size of larva with scale. Larval size of the equiva-
lent stage in squamation varied from 2.0 mm to 3.0 mm. As to the
larval size of completion the smallest larva with full squamation
was 10.3 mm SL, and larger specimens than about 14 mm SL finished
the scale coverage on the body surface.

Development of the digestive tract
The sequence of development and relationship between its

developmental stage and larval length are shown in Fig.35. The
digestive tract during larval phase was convolved (Fig.35A) until
larvae attained 7.5 mm SL. The pyloric caeca appeared, and poste-
rior portion of the digestive tract was curved slightly (Fig.33B)
when larvae reached the size of 5.5 mm to 9.1 mm SL, correspond-
ing to the transformation from the larval to juvenile stages. The
specimens over 10 mm SL had well-developed pyloric caeca, and the
digestive tract angled posteriorly, just in front of the rectum
(Fig.34C). As development proceeded, pyloric caeca elongated and
the shape of digestive tract became deeply rounded and curved
(Fig.35D).

Development of behaviour

Because the larvae were buoyant due to their yolk sacs, they
were concentrated in the surface layer of the tank and were at
the mercy of water movement caused by aeration.

Spontaneous movement and/or swimming behaviour were observed
after yolk was absorbed. About one day after yolk absorption, fed
larvae started to move actively during a one-minute observation
period, and continued to move for the most of the observation
time after absorption of the o0il globule. Conversely, movements
of unfed larvae declined sharply (Fig.36).
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Swimming speed increments are provided in Fig.37. Swimming
speed, which was measured both before and after feeding, was less
than 50 cm/min; 1 SL/sec during larval phase. It subsequently
increased to more than 100 cm/min; 3 SL/sec during the transi-
tional phase from post-larvae to juvenile. Concurrent rises in
swimming speeds of about 200 cm/min, corresponding to 4 SL/sec
were noted for the metamorphosed fish. Fast swimming was observed
in low prey density than high prey density populations as also
noted for herring (Rosenthal and Hemple,1970), plaice
(Wyatt,1972) anchovy (Hunter and Thomas, 1974), and porgy (Fuku-
hara, 1983b). The majority of survivors remained near the bottom
of the rearing tank when they reached juvenile stage. Concealment
and cannibalism were observed among the bottom dwellers. Thus, a
shift in swimming mode occurred with the transformation from
larvae to juveniles.

Acanthopagrus schlegeli

Morphological development and behaviour
Fertilized eggs were spherical in shape, and contained a
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single o0il globule. Perivitelline space was narrow. Naturally
spawned eggs averaged 0.902 mm in diameter, with a range of 0.832
mm to 0.965 mm (n=114, SD=0.027). The eggs hatched 2 days after
spawning at an incubation temperature of 17.2 °C. New-born larvae
were 2.097 mm + 0.054 SL (n=20,mean + SD) and 2.179 mm + 0.056 TL
(n=20,mean + SD), and had a nearly spherical yolk sac with an oil
globule at an anterior position (Fig.38A). The size of newly
hatched larvae was slightly larger than those described by Kasa-
hara et al.(1960) and Xiaowei et al.(1980). The mouth opened 3
days after hatching, with some yolk and oil globule still remain-
ing. These were absorbed completely at 4 days and 5 days after
hatching, respectively. Fed larvae began to feed on given prey of
rotifers in a rearing tank prior to complete yolk absorption. The
optic vesicles became larger in size as the larvae grew
(Fig.38A-F). Cartilaginous hypural elements appeared in larvae as
small as 4.74 mm SL, aged 11 (Fig.38F), and larvae formed the
hypural elements increased with their growth. On day 17 all
observed larvae finished the formation of the hypural elements.
Notochord flexion began on day 13 after hatching. Myomeres
changed its shape after the hypural elements began to develop
(Fig.38G). The nostril started to separate at about 23 days after
hatching, and completed this process in all specimens observed by
day 33. The preopercular spines developed in larvae of 6.1 mm SL,
and increased markedly in number after they reached the stage of
metamorphosis (Kim et al.,1971). Transformation to the juvenile
stage occurred at a length of 9.0 mm to 11.0 mm SL.

Fed larvae grew steadily and no growth was observed in unfed
larvae after yolk absorption (Fig.39). Slight retardation of
growth was perceived even for fed larvae when the energy source
changed from endogenous to exogenous.

Larval growth for the initial 120 days is presented in
Fig.40. Overall growth could be expressed by the equation, Y=2.83
+ 0.15X + 2.47x10-3xX?, where Y=standard length, and X=days after
hatching. Larvae metamorphosed at about 9.0 mm SL, corresponding
to day 28 after hatching.

The proportion of preanal length to total length was increased
sharply with 30% to 50% in the early stage of larval life ranging
from about 3.0 mm and 20 mm TL, then levelled off at a value of
50% TL afterwards (Fig.41). The relationships between total
length, standard length and preanal length could be expressed by



Fig.38. Acanthopagrus schlegeli. Morphological development from
larvae to young stages. A,2.05mm SL; B,2.80mm SL; C,2.95mm SL;
D, 3.09mm SL; E, 3.46mm SL; F,4.74mm SL; G,6.1mm SL; F,4.74
mm SL; G,6.1mm SL; H,6.7mm SL; I,7.8mm SL; J,9.3mm SL; K,11.1
mm SL; L,12.0mm SL; M,12.4mm SL; N,13.9mm SL; 0,17.8mm SL;

P,28.7mm SL; Q,73.6mm SL.
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linear regression (Fig.42).

Fin development

Developmental changes in the primordial fin-fold were similar
to those of Pagrus major, primordial fin-fold was replaced by the
respective unpaired fins at the transitional phase from post-
larvae to juvenile when the larva attained 7.8 mm SL (Fig.381).
The cartiliginous hypural elements were developed in larvae 4.74
mm SL (Fig.38F). Some segmented rays could be distinguished in
the caudal fin for larger larvae than 6.1 mm SL (Fig.36G). The
caudal fin was well-developed in larvae 7.8 mm SL (Fig.38I). At
the same time, the hind margin of the caudal fin changed rapidly
from a rounded shape to truncate form (Fig.38G-I). This feature
can be used for rough estimates on developmental stages. The
pectoral fins also changed their shape from a round to a triangu-
lar form. The initially triangular ventral fins appeared to be
falcated.

Development of segmentation and branching of fin rays were
plotted against standard length of fish (Fig.43). Segmentation of
the unpaired fins was completed when the larvae reached a stand-
ard length of about 9.0 mm SL. The difference in standard length
of fish specimens between the first appearance of segmented rays
and the completion of segmentation was 3.0 mm in the case of the
unpaired fins. This size difference of larvae was equivalent to a
five day period in the rearing experiment.

Branching of rays in unpaired fins began shortly after the
larvae had attained a standard length of about 10 mm when seg-
mentation was almost completed. Anal and caudal fin branching was
completed at about 20 mm SL. No further increase in the number of
branching of the dorsal fin was observed, when the larvae at-
tained a size of 30 mm SL.

The segmentation and branching of the soft rays in the pector-
al fin levelled off to a constant number when the fish reached
30 mm SL. Development of ventral fins was peculiar in that the
branching occurred almost concurrently with segmentation within a
narrow range of fish size (9-12 mm SL), whereas in the other fins
branching occurred distinctly later than segmentation. Thus the
development of the ventral fin was completed considerably earlier
than that of the others.
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Pigmentation

Newly hatched larvae had melanophores around the eyes, hind
brain, on the o0il globule and evenly in the trunk and caudal
region. A band of melanophores was present on the tail at hatch-
ing (Fig.38A), and remained until the larvae were about 3.0 mm
SL, 4 days old (Fig.38D). Serially arranged melanophores de-
veloped along the ventral midline of the tail. The melanophores
became larger and more numerous in the gut area, especially in
larvae between 6.7 mm and 9.3 mm SL (Fig.38H-J). Relatively heavy
pigment appeared in the head region and serially along the mid-
lateral surface of the body after larvae reached 7.8 mm SL, 20
days old (Fig.38I,J).

A maximum of 7 to 8 transverse stripes are formed on each side
of the body surface in specimens larger than 15 mm SL (Fig.38 0).
The transverse stripes are most clear to be distinguished in the
late juvenile stage. Their sequence from first appearance to full
development, and its stage plotted against 1larval 1length are
shown diagramatically in Fig.44. The first stripe appeared dor-
sally at the anterior end of the trunk, and the formation pro-
ceeded posteriorly. Each stage might be defined as follows:
Stage A, Melanophores are concentrated in the anterior base of
the dorsal fin forming a transverse stripe, which tapers ven-
trally.
Stage B, The second stripe appeared between the 4th and 7th spine
of the dorsal fin, and extended dorso-ventrally further than the
first.
Stage C, The third stripe appeared at the anterior position of
the caudal region between the 1st and 3rd soft ray of the dorsal
fin. This stripe covered the whole depth of the trunk extending
posteriorly along the base of the anal fin.
Stage D, The fourth stripe appeared between the first and second,
and is narrower than the other stripes already present.
Stage E, The fifth stripe appeared between the 8th and 9th spine
of the dorsal fin. This is the last one formed on the trunk, and
is as wide as the fourth.
Stage F, The sixth stripe appeared at posterior end of the caudal
peduncle. This is the second stripe in the caudal region and is
continuous anteriorly with the third stripe along the ventral
margin.

Stage G, The seventh (the third one in the caudal region) appe-
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ared between the third one and the sixth stripe.
Stage H, The eighth stripe appeared at the posterior end of the
caudal region. All the stripes in the caudal region are connected
along the ventral margin.

The largest specimens without any stripe development was 11.0
mm and the smallest one on which first stripe occurred was about
9.0 mm SL. The development of stripes was completed in all the
specimens examined when the larvae attained 25 mm SL. In some
specimens the number of stripes were not obvious owing to the
development of melanophores between stripes. There were a few
variations along the edges of the black stripes. In several case,
the second stripe branched toward either the dorsal and ventral
end, and in other case the fourth stripe branched toward its
dorsal end.

Squamation

The sequence of squamation may be divided into seven stages
(A-G). This is shown semidiagrammatically in Fig.45 (upper). The
characters of each stage was defined as follows:
Stage A, A few scales appeared in the posterior portion of the
trunk along the lateral line. No teeth were visible on the
exposed portion of the scale.
Stage B, There were 4 scale rows and 3 teeth on each scale. Scale
formation extended to each direction on the trunk, anteriorly
reaching the posterior end of operculum, and posterior, the
central portion of the peduncle.
Stage C, There were 6 to 7 scale rows. The squamation covered
anteriorly a part of the operculum, and posteriorly the base of
the caudal fin. The squamated area tapered toward the caudal.
Stage D, There were 9 to 10 scale rows. Squamated area was
horizontally almost identical with stage C, but extended more
dorso-ventrally. About one third of the lateral area of body on
each side was covered with scales.
Stage E, There were 11 to 12 scale rows. Squamation reached
posteriorly to the hind end of the trunk. Two thirds of the
lateral area were squamated.
Stage F, Squamation was almost completed, leaving only the base
of the dorsal and anal fin and abdominal portion uncovered.
Stage G, Fully squamated.

The distribution of these developmental stages in relation to
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standard length is shown in Fig.45 (lower). The 1largest larva
without scales was about 11.0 mm SL, whereas the first appearance
of scale was obserevd in specimens as small as 10.2 mm SL. In all
specimens larger than 16 mm SL the squamation was always complet-
ed.

Develpment of the digestive tract

The sequence of development of the digestive organs during the
larval to juvenile stages and relationships between standard
length, age and developmental stage of the digestive tract are
also shown in Fig.46. The digestive tract was coiled during
larval stages (Fig.46A). Rudimentary pyloric caeca were present,
and the posterior portion of the digestive tract assumed a
right-angled configuration when the larvae transformed to early
juvenile (Fig.46B). The curvature then became more pronounced
posteriorly than the previous stage, and the pyloric caeca de-
veloped well (Fig.46C). As development proceeded, the pyloric
caeca elongated, and the shape of the digestive tract became
deeply rounded (Fig.46D). The development of the digestive tract
was divided into 4 stages. Stage B, characterized larvae measur-
ing 8.5 mm SL, 25 days old corresponded to the phase of transfor-
mation of larvae to juveniles.

Development of behaviour

Newly hatched larvae floated on the water surface of the tank.
Usually the head was directed downward, and the 1larvae moved
passively with the water currents caused by aeration. At the end
of the yolk-sac period, larval locomotion increased sharply for
both fed and unfed groups. Succeeding active swimming was obser-
evd for fed larvae, and while the movement of unfed larvae de-
clined after the yolk absorbed completely (Fig.47). Vertical
movement was dominant during early yolk sac stage, and this
gradually transformed into horizontal movement during later
stages, as was stated by Rosenthal and Hempel (1970). Active
swimming consisting of feeding and searching behaviours differed
from those observed in yolk-sac larvae on day 5. Swimming speed
of larvae increased gradually as development proceeded during the
first 2 weeks, then slightly decreased in the larvae after feed-
ing began and then returned to the speed attained prior to ini
tial feeding. A striking increment of swimming speed was detected
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the mean and standard deviation of 10 measurements is shown by
the bars. Note the difference of SD between fed and unfed groups.

for the larvae beyond day 26, as they approached the transforma-

tion stage. During larval stage, swimming speed was approximately

1 standard length/sec and 2-2.5 SL/sec up to 26 days (Fig.48).

Hexagrammos otakii

Morphological development and growth

Egg is adhesive demersal, and its diameter ranged from 2.07 mm
to 2.21 mm. The egg colour changes variedly with individuals in
the reared and wild parents (Fukuhara,1983a).

Newly hatched larvae averaged 7.5 mm SL, ranging from 6.6 mm
to 8.8 mm. Incubation time varied largely between 22 and 33 days
after fertilization at an ambient temperature of 12.4-16.5 °C.
The yolk was large and nearly spherical, with an oil globule at
the anterior end at hatching. The yolk and o0il globule remained
up to 5 days after hatching at an mean temperature of 9.8 °C. The
jaw were functional at hatching. The upper jaw extended posteri-
orly beyond and below the anterior margin of the eye; almost to
the anterior margin of the pupil (Fig.49A). The notochord started
to flex when 1arvae attained about 9.0 mm SL (Fig.49B). Teeth
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appeared on larvae 13.7 mm SL (Fig.49C), and supraorbital flaps
on larvae 67 days old, 27.5 mm SL (Fig.49G).

Growth of laboratory-reared larvae is given in Fig.50. Starved
larvae could survive 9 to 10 days after hatching at about 14.0
°C, and 12 to 13 days at about 9.0 "C. A slow growth was found
during first 40 days and a more rapid increment during the next
60 days. Preanal length, as measured from the snout to the anus,
was about 40% SL for larvae from hatching to the yolk absorption
stage, then increased rapidly from 40% to 51-58% SL for specimens
between 18 mm to 20 mm SL at which the transformation occurred
(Fig.51).

Standard length was used to examine the development of H.
otakii with respect to other morphometric data. The relation
between standard length and total length was 1linear for larvae
7.0 mm to 60 mm length as was that for the preanal length and
total length relation (Fig.52).

Comparing wild and reared larvae, the bases of the dorsal and
anal fins were first observed at about 12.0 mm TL for wild-caught
specimens (Mito,1966), and 10.41 mm TL (9.2 mm SL) in this study
reared. Also, the notochord flexion was first found for wild fish
at 10.2 mm SL (Nakamura,1936), compared with 9.2 mm SL for the
reared. In addition, the fin rays of the dorsal and anal fins
first appeared on the wild larvae at 13 mm to 15 mm TL
(Nakamura,1936) and at 12.7 mm to 13.3 mm SL (14.2-15.1 mm TL)
for the reared.

Accordingly, the striking difference in 1larval development
between wild and reared animals was not considered for the larval
stage.

Transformation from larval to early Jjuvenile stage occurred
between 14.7 mm SL (18.0 mm TL) and 18.7 mm SL (23.3 mm TL),
about 40 days after hatching. In contrast to the wild specimens,
Mito (1966) described the complement of the dorsal and anal fin
rays for larvae measuring 20 mm TL and Gorbunova (1970) also
described the metamorphosis at the same size.

The reared larvae were able to feed by minced fish meat when
the larvae transformed to the juvenile stage, and allometric
growth of preanal length to standard length became constant.

Fin development
Newly hatched 1larvae had a fin-fold that invested the trunk
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and caudal area. No pronounced changes of marginal shape in the
fin-fold occurred until larvae grew to 8.6 mm SL, 13 days after
hatching (Fig.49A). Fan-shaped pectoral fins without rays were
already present at hatching. The cartilaginous hypural elements
began to differentiate when the larvae were 8.6 mm SL (Fig.49A),
and some rays could be distinguished at 9.2 mm SL when the noto-
chord started to flex. At the same size, fin rays of the pectoral
fins and bases of the dorsal and anal fins started to develop
(Fig.49B). The primordial fin-fold changed slightly in shape near
the caudal peduncle, and developing fin rays were present in the
dorsal and anal fins at 13.7 mm SL (Fig.49C). The smallest larva
with developing dorsal and anal fin rays was 12.7 mm SL (n=78
specimens). Remnants of the larval fin-fold persisted; the dorsal
and anal fins connected with the caudal fin at the anterior
portion of the caudal peduncle. The fin-fold just front of the
anus was barely present, and the posterior margin of the caudal
fin changed from a rounded to a truncated shape. The posterior
margin of the caudal fin was rounded for all larvae of 25 days
ocld, and 62% of 100 specimens at 32 days. At 35 days, 94% of 50
specimens had truncated caudal fins. Ventral fin buds were ob-
served on larvae of 14.5 mm SL (Fig.49D). The smallest larva with
ventral fin buds was 12.9 mm SL among the 100 observed larvae.
Full complements of rays in all fins were observed on larvae 41
days after hatching (Fig.49E). Among 81 41-day old specimens, the
smallest larva with complete fin rays measured 14.7 mm SL and the
largest without a full complement of fin rays was 18.7 mm SL. The
caudal fin then became emarginated. The sequence of fin develop-
ments in unpaired and paired fins is given in Fig.53. In the
unpaired fins, the caudal fin completed its segmentation of the
rays for fish 13 mm to 17 mm SL. The larvae with a full comple-
ment of segmentation of more than 21 rays appeared for fish over
19 mm SL for the anal fin compared with 21 mm SL for the dorsal
fin. Likewise, in the paired fins the completion of segmentation
occurred for the larvae over 20 mm SL, and those of the ventral
fins was 17.8 mm SL. The number of soft rays in the pectoral fins
ranged from 17 to 19 rays for wild specimens (Quast,1964), com-
pared with 17 to 20 for the reared specimens in this study.
Consequently, the completion of segmentation in all fins

started on larva as small as about 20 mm SL. The branching of the
rays was identified only in the caudal fin. This started at a
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size of 19 mm to 24 mm SL. More than 11 rays were branched on the
larvae over 30 mm SL.

Pigmentation
Newly hatched larvae had numerous melanophores in dorso-

lateral and ventro-lateral lines. Melanophores were present on
cephalic and gut regions. The eyes were already pigmented at
hatching. No marked changes in the pigmentation pattern were
observed until larvae attained 8.6 mm SL (Fig.49A). Melanophores
increased in the lateral surface in larvae larger than about 9.0
mm SL (Fig.49B), and the extent and intensity of pigmentation
continued to increase in that area as specimens became larger.
Melanophores increased in the cephalic region and around the eye
as well as the operculum and near the jaws (Fig.49C-F). The
lateral surface was heavily pigmented except for the ventral and
the base of the caudal fin (Fig.49G,H). Small melanophores ap-
peared near the posterior end of spinous dorsal rays on a speci-
men 31.2 mm SL (Fig.49H), and coveraged in that portion on larger
specimens (Fig.49I,J). Larvae longer than about 40 mm SL invaria-
bly had many, small melanophores in the rayed portion of the
caudal fin, and 4 to 5 bands of melanophores were distributed in
the dorsal and anal fins.

Squamation

The sequence of scale formation is shown diagrammatically in
Fig.54 as depicted by nine stages (A-I) of development. Each
developmental stage was characterized as:
Stage A, Few scatter scales first appeared simultaneously on the
anterior end of the trunk and midlaterally on the caudal pedun-
cle.
Stage B, The squamated area of scatter scales extended anteriorly
along the lateral 1line. Small patches of scatter scales were
seen at the dorso- and ventro-surface of the caudal peduncle.
Stage C, The squamated area of scatter scales extended ventrally
gradually, and a few scales with ctenii first appeared on the
anterior portion of the caudal peduncle.
Stage D, Scatter scales extended dorso-ventrally. The caudal
peduncle was completely covered, as was the base of the anal
fin. The scale with ctenii extended anterior to the vertical of
the spinous rays of the dorsal fin.
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Stage E, The caudal area almost covered with scatter scales or
scales with ctenii except for the small area above the anal fin.
The scales with ctenii developed toward the head, reaching the
operculum.

Stage F, The unsquamated areas were small patches below the
dorsal and above the ventral fin. The caudal was almost com-
pletely covered with ctenii scales, except for the base of the
unpaired fins.

Stage G, The only area devoid of scales was around the base of
the pectoral fin. Scales with ctenii were not seen only at the
base of the caudal fin and along the abdomen.

Stage H, The body surface was covered with ctenii scales except
for a small area around the pectoral fin.

Stage I, Completely squamated.

The largest specimen without scales was 29.0 mm SL. Squamation
commenced when fish were 27.0 mm to 32.0 mm SL., and proceeded as
they grew. The smallest specimen fully squamated was a larva 53.0
mm SL. From these observations, it is obvious that scale forma-
tion occurred during larval development on fish 27.0 mm to 53.0
mm SL. It was assumed that the period of squamation corresponded
to fish ages of about 70 to 80 days after hatching based on the
growth curve obtained in the rearing experiment (Fig.50).

No comparison of squamation was available between wild-caught
specimens and reared individuals due to a lack of squamation
information on the wild fish. In rearing experiment (Tange,1980;
Yamada et al.,1982), fish changed body colour from greenish to
brownish when they attained length of 45 mm to 50 mm. Consequent-
ly, the body colour change occurred coincidently with the comple-
tion of squamation for the laboratory-reared specimens.

Paralichthys olivaceus

Morphological development and growth

Spawned eggs were pelagic and spherical, and averaged 0.96 +
0.035 mm in diameter (n=202). Eggs hatched in 4 days at an incu-
bation temperature of 14 °C. Newly hatched larvae, ranging from
about 2.3 mm to 2.7 mm SL (mean + SD=2.49 + 0.09 mm, n=100), have
a sizable yolk-sac with a posteriorly located oil globule
(Fig.55A). At about 14 °C, yolk volume, calculated by following
equation ; V=4/3 mw(ri1/2)2r2/2 (ri, minor axis ; r2, major axis
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Rosenthal and Hemple, 1970), decreased drastically for a few days
and was absorbed completely on day 4 after hatching. With the
decreasing yolk volume, the mouth, pectoral fins and eyes became
functional (Fig.56). During 3 to 5 days after hatching, the mouth
became functional and the yolk sac and the o0il globule were
completely absorbed (Fig.55B). In the larval stage the end of the
maxillary was located beneath the middle of the orbit. Notochord
flexion began at about 7.5 mm SL (Fig.55D). Asymmetry of the eyes
began at a length of 7.0 mm (35 days old), and the right eye
reached the dorsal ridge when the 1larvae were 8.0-12.0 mm SL
(Fig.55G,H). The nostril became separated when larvae were larger
than about 10.0 mm SL (Fig.55G). The larvae reared between 16.2
°C and 20.7 °C had separated nares at 9.2 mm to 13.6 mm TL, (aged
26 days) (Kawamura and Ishida,1985). Migration of the eye was
completed in the specimens of 10.5 mm SL in the smallest and also
in more larger size. The lateral line was distinguishable for
newly metamorphosed juveniles (Fig.55I).
In rearing experiments, the smallest size of eye migrated

individuals varied widely with size 9.4 mm SL (Hiramoto and
Kobayashi, 1979), 12.0 mm SL (Yasunaga, 1971) and 13.5 mm TL
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(Takahashi,1985) with age, from 25 to 50 days after hatching. On
the other hand it was completed for wild-caught specimens when
they were more than 14.0 mm TL (Imabayashi, 1980) or about 17.0
mm TL (Okiyama, 1967). No information was available for ascer-
taining larval size and age during transformation and to metamor-
phosis. Fig.57 shows the relationships between developmental
stages during transformation to metamorphosis determined by eye
migration and 1larval size and age reared at a temperature of
about 15.0 °C. The distribution of developmental stage tended to
be wider with increasing larval size and ages in day. Mean
lengths of each developmental stage were represented at 8.8 mm SL
for stage F, at 10.4 mm SL for stage G, at 12.0 mm SL for stage H
and 14.3 mm SL for stage I, respectively. Eye migration completed
at 10.5 mm SL for the smallest individuals, and 17.0 mm SL for
the latest specimens. Metamorphosed fish were first observed for
57 days after hatching, representing 845.7 °‘C for a cumulative
rearing temperature from hatching.

Unfed larvae survived for 10 days after hatching at a tempera-
ture of about 14 °C (Fukuhara,l1986a). Growth of larvae during the
rearing experiment is shown in Fig.58. Newly hatched larvae of
2.49 mm SL grew an average of 15.04 mm SL for a period of 87
days, which showing a daily increment of 0.144 mm. Maximum growth
of unfed larvae was about 3.0 mm SL for the initial 7 days. Even
for fed larvae, a cessation in growth was recorded Jjust after
yolk absorption or o0il globule depletion as were also shown in
red sea bream (Fukuhara, 1974) the Ayu fish, P. altivelis (Tsuka-
moto and Kajihara, 1984), rabbitfish, S. guttatus (Avila and
Juario, 1987) and flounder, P. flusus (Yin and Blaxter,1986).

The relationship between total, standard lengths and preanal
length are given in Fig.59. In both regression lines, a flection
point was detectable at a vicinity of 9.0-10.0 mm TL, just prior
to the onset of eye migration. Furthermore, second flection point
was found for the preanal length and total length between 15 mm
and 16 mm TL when the newly metamorphosed juveniles appeared.
During the 10.0 mm to 15 mm TL interval, the preanal 1length
remained nearly constant, with no increase in length regardless
of increment of total length (note coefficient correlation).

Preanal length ranged from 49% to 45% TL at hatching. As the
yolk was absorbed completely at about 3.0 mm TL, the preanal
length was reduced on the average of 40% TL, and stabilized until
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the larvae were about 10.0 mm TL. However the preanal length
steeply decreased to 30% TL during transformation of Stages G and
H, ranging from about 10 to 15 mm SL. The preanal length exhibit-
ed peculiar phase morphometrically during 10 mm to 15 mm SL.
Okiyama (1967) also reported the rapid increment of body height
during about 8.0-12.3 mm TL. The ratio of PL/TL became constant
after metamorphosis again (Fig.60).

Fin development
A widely extended fin-fold surrounded the trunk and caudal

areas of newly hatched larvae (Fig.55A). The pectoral fin lacking
in rays appeared on the larvae as small as 3.1 mm SL (Fig.55B).
That part of the fin-fold on the posterior section of the head
exhibited marginal change when the larvae attained a length of
5.51 mm SL (Fig.55C). The cartilagonous hypural elements began to
differentiate prior to notochord flexion when the larvae were
about 5.5 mm SL. As the larvae grew the spiny armature on the
head developed and also lengthen with accompanying fin rays
(Fig.55D-F). At 7.5 mm SL (Fig.55D) the ventral fin buds were
present and the base of dorsal and anal fins appeared. Segmented
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fin rays appeared on the caudal fin of larvae larger than 6.9 mm
SL (Fig.55E). The elongate armature on the head decreased 1in
length with the migration of the eye, and had disappeared when
the right eye reached the dorsal ridge (Fig.55G,H). Fan-shaped
pectoral fins became slender and smaller with larval growth, and
fin rays first appeared at a length of 9.0 mm SL. This was later
than was observed for the ventral fins. All fin ray development
was completed when the smallest larvae were about 11.0 mm SL, and
about 12.5 mm SL for the largest. Thus the transformation from
the larval to juvenile stage occurred between 11.0 mm to 12.5 mm
SL.

The sequence of fin-ray segmentation and branching development
is given in Fig.61. Only fin rays that were segmented and
branched were counted. Segmentation of fin rays completed at
about 9.0 mm SL for the caudal fin, 9.5 mm SL for the dorsal and
anal fins, 11.0 mm SL for the ventral fins and 13 mm SL for the
pectoral fins. The branching of fin rays of reared specimens was
found only in the caudal fin, starting at about 11.0 mm SL and
completing at a size over 18.0 mm SL. In wild-caught specimens,
the branching of the ventral fins occurred at a size greater than
27 mm SL, whereas branching of the dorsal, anal and pectoral fins
began at 41.7 mm SL (Balart,1985).

Squamation

Fig.62 depicts developmental sequence of squamation and the
relationship between developmental stage and larval size. Seven
stages of squamation were characterized as follows;
Stage A, Scales first appeared as a few\rows along the lateral
line vertical of the caudal peduncle.
Stage B, Subsequent rapid development of the scale pattern ante-
riorly toward the operculum, and less rapid dorsally and ven-
trally.
Stage C, The anterior end of the scale formation reached the
operculum along the lateral line. Two rows of scales appeared in
the trunk region and six rows at the caudal peduncle.
Stage D, The caudal peduncle squamated completely, consisting of
eight scale rows. Maximum 17 to 18 scale rows were observed at
the central portion of the body; about half of body surface
squamated.
Stage E, Only the nape, breast and base of the dorsal and anal
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fins were devoid of scales.

Stage F, The squamated area extended to the base of the dorsal
and anal fins.

Stage G, The trunk and caudal portion were fully squamated.
The largest larva without scale was 15.8 mm SL. Squamation began
when larvae were 14 mm to 18 mm SL. Full completion was asssumed
for larvae after 44.0 mm SL, although the smallest specimen fully
squamated was 39 mm SL.

The completion of squamation was observed on the body surface
of both sides at 48.2 mm SL 1larva for wild-caught specimens
(Okiyama,1967), and also on the body surface from 20.28 mm to
25.48 mm TL 1larva reared at temperature from 15 °C to 25 °C
(Hsiao-Wei,1965) in the laboratory.

Development of behaviour

Newly hatched larvae were floated during the most of time, and
occassionally wriggled for a first 4 days after hatching. After
yolk absorption larval activity began to increase; more steap for
the fed larvae and gradually for the unfed group (Fig.55). One
week after hatching, fed larvae swam most of time. Swimming paths
of larvae in the rearing tank were traced for more than one
minute every day (Fig.63). Swimming velocities of about 4 mm to 5
mm/sec were recorded for the initial 30 days, and then gradually
increased an average of 9 mm to 10 mm/sec. A relatively sharp
increment of maximum speed was observed for larvae after 40 days
old (10 mm SL long). After that a decrease in swimming speed was
observed when larvae more than 47 days old began to inhabit the
bottom. However, this trend was not as sharp as those reported
for plaice and sole at metamorphosis (Blaxter and Staines,1971).
Therefore, calculation of swimming speed in this study was con-
fined to the first 7 weeks of larval life. The larvae of stage H,
which had begun to eye migration, usually stayed on the bottom in
the tank. In the experiment of swimming performance of this
species, rapid increment of swimming velocity was observed for
the post-larvae which having no elongated armature, measuring
about 5.0-6.0 mm SL. at about 5.0 mm TL.

Sinuous posture 1is wusually found for larvae which have
achieved active feeding. S-flex posture is generally observed in
marine fish larvae (e.g. Rosenthal and Hemple,1970; Hunter,1980;
Houde, 1972). 1In the Japanese flounder, not only was S-flex pos-
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ture observed, but also frequently body bending like omega when

larvae reached a stage characterized by elongated armature

(Fukuhara, 1986a).

Limanda yokohamae

Morphological development and growth

Fertilized eggs are transparent, adhesive and spherical in
shape, ranging from 0.743 mm to 0.807 mm in diameter (mean=0.784,
SD=0.0265, n=23). The egg diameter determined in this experiment
did not differ from that described by Yusa (1960) for the same
species. Hatching occurred on day 8 after artificial fertiliza-
tion at a mean temperature of 11.5 °C. Newly hatched larvae have
a large yolk sac (Fig.64A) and range from 3.23 mm to 3.60 mm in
SL with an average of 3.46 mm(n=16). Under starvation, 50% of the
newly hatched larvae survived until 6 days after hatching, but no
larvae survived beyond day 10 to 11 at temperature around 10.7 °C
(Fukuhara, 1988).

Newly hatched larvae exhibited an open mouth on day 1 after
hatching. On day 2 the mouth became functional and few larvae



Fig.64. Limanda yokohamae. Larval development from newly hatched
larvae to young stage. A to H,larval stage; I to K, meta-
morphosis and young stages. A,3.4mm SL; B,4.1mm SL; C,4.3mm SL;
D,4.8mm SL; E,8.0mm SL; F,8.2mm SL; G,9.4mm SL; H,9.7mm SL;
I,12.5mm SL; J,15.6mm SL; K,21.5mm SL.



started feeding when the yolk was still relatively 1large
(Fig.64B). The yolk was absorbed gradually and completely uti-
lized at day 6 after hatching (Fig.64D). The depth of body muscle
became wider with increasing larval 1length. The cartilaginous
hypural bone was first observed in 19 days old larva (Fig.64E).
The notochord flexion was discernible when the larvae attained
8.2 mm SL, about 20 days after the hypural element began to form
(Fig.64F). The upturned notochord became greater in its angle as
the larvae grew (Fig.64G,H). The projected notochord was found in
all larvae on day 34, and disappeared in 38 days old larvae. Eyes
began to move to an asymmetrical position when larvae attained
about 8.8 mm TL, 27 days after hatching. The eye migration was
completed in all larvae when they were larger than 11.0 mm SL
(Fig.64I). The separated nares were observed when larvae reached
10.7 mm SL. The lateral line was discerned clearly in 70 days old
larvae, averaging 18.5 mm SL (Fig.64K). Increment of body height
was greater for metamorphosed fish than for larval stages.

Eye migration is a unique development phase in flatfish.
Various criteria had been tried to qualify the developmental
sequence during metamorphosis. Some difficulties and confusion,
however, exist in previous standards to evaluate the sequence of
eye migration. To simplify the staging, definitions shown in

Table 2. Limanda yokohamae. Stage definition of larvae and
juveniles compared with staging of flatfish in previous studies.
Alphabetical letters and numbers under author columns refer to
staging they used in their respective studies

Stage Criteria Ryland Minami
(1966) (1981)
F Eyes asymmetrical but not 4a F,G

visible from the other side

G Eyes asymmetrical, eye visible from 4b H,I
the other side but pupil not visible

The pupil of the eye visible from
H the other side, but the pupil of its 5
half not beyond the edge of the head

More than half of the pupil beyond
I the ridge of the head, Completing J
metamorphosis




Table 2 were employed in this study to determine the relationship
between developmental stage, age and fish length. The distribu-
tion of several developmental stage in surface and bottom waters
of the tank, where relative occurrences were plotted against
larval age, are shown in Fig.65. Newly metamorphosed fish of
Stage I appeared first on day 34 after hatching, when only one
larva out of 53 individuals was found to have reached that stage,
while 98% of 51 individuals, averaging 9.7 mm SL had complete eye
migration on day 43 after hatching. The majority of larvae which
swam near the surface belonged to developmental stage F, and no
larva of that stage were found after day 38 from hatching. Day
degree of 43 to complete the eye migration is comparable to those
described by Mututani (1988) at a temperature of 10 °C. The
development of bottom dwellers progressed in succession with
increasing days from hatching. Larvae which started eye movement
trended to settle on the bottom of tank. The similar phenomenon
was seen in P. olivaceus (Seikai,1985; Fukuhara,l1986a).

In Fig.66 shows the size composition of 228 1larvae, which
commenced eye migration, being 30- to 46-day old, and attaining
a total length between 8 mm and 16 mm (7.7-12.8 mm SL). Each
developmental stage (G,H and I) overlapped with wide length range
is shown. Size variation of the stages became wider with proceed-
ing development. Fish in which eye migration was completed be-
longed to Stage I, measuring 9.6 mm TL (Minimum) and preceding
Stage H, measuring 13.8 mm TL (Maximum). Therefore, metamorphosis
occurred between 9.6 mm and 13.8 mm TL.

Contrasted with randomly collected individuals which were
captured at the littoral zone during 10 to 16 March 1987 off the
laboratory, no marked difference was observed on the relationship
between developmental stage and fish 1length. This obsevation
demonstrated that development sequence of laboratory-reared fish
was comparable to that of fish randomly caught.

Overall growth of larvae is shown in Fig.67. Growth was slow
for the initial phase of larval development, day 15 and day 28,
achieving an average daily increment of only 0.2 mm. No increment
in length was observed before and during metamorphosis (e.g. days
30 to 45). Thereafter, the growth curve exhibited a relatively
sharp rise, with an average daily increment of 0.32 mm. The
standard deviation for the average length became definitely
larger after metamorphosis than for earlier larval stages. During
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the period of metamorphosis, growth in length ceased not only in
surface- but also in bottom-dwelling larvae (Fukuhara,l1988), a
trend observed for both total and standard lengths. Metamorphosis
occurred when cumulative temperatures, which summed daily temper-
ature value, ranged between about 410 °C and 520 °C. Fish at-
tained about 20 mm SL when cumulative temperatures reached 995.5
°C. At the given rearing temperature, larvae required a cumula-
tive temperature of 410 °C to commence eye migration.

The relative preanal length changed largely in the larval and
metamorphosing stages when the digestive organs began to develop
and to differentiate. Proportional preanal 1length increased
steadly from 20 to 35% TL for the early larval stage, and rapidly
decreased to 25% TL during metamorphosis. The ratio of preanal
length tended to stabilize at 25% TL when the digestive organs
were close to adult size (Fig.68).

Standard length was used to examine the development and growth
of larvae and juveniles with respect to other morphometric char-
acters. Relationships between standard length, preanal length and
total 1length were expressed by separate linear regression. 1In
both relations, the regression coefficient is higher in larval
stages than in Jjuvenile stages. Flection points are clearly
discerned during early metamorphosis (Fig.69). Meristic charac-
ters also fluctruate largely during metamorphosis.

Fin development
Newly hatched larvae had a prominent larval fin-fold; no

pectoral fins were present at hatching (Fig.64A). Fan-shaped
pectoral fins without rays developed in 2-day old 1larvae
(Fig.64B). The wuniformed fin-fold was present until 1larvae
reached a size of about 8.0 mm SL; this was at a time when the
cartilaginous hypural bones and the base of the dorsal and anal
fins appeared (Fig.64E). The ossification of a few rays in the
dorsal, anal and caudal fins began after larvae attained 8.2 mm
SL (Fig.64F). The fin ray development of the dorsal and anal fins
progressed from the anterior part to the posterior section with
increasing larval length (Fig.64G,H). The rays of the caudal fin
segmented first and then the ventral fin buds appeared on larvae,
attaining about 9.4 mm SL (Fig.64G). Fin ray development was
found to be completed when larvae reached about 12.5 mm SL
(Fig.64I). Fin rays in unpaired and paired fins were counted,
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with 68 to 75 in the dorsal fin, 55 to 61 in the anal fin, 18 in
the caudal fin, 10 to 11 in the pectoral fin and 6 in the ven-
tralfins. The fin ray numbers varied widely and this variation
was greater than in randomly collected individuals (Kato et
al.,1974; Minami,1981).

Pigmentation

Newly hatched larvae had numerous melanophores in dorso- and
ventro-lateral rows on each side of the body, and small melano-
phores converged on three sections on the lateral surface of the
body. The gut was densely covered with melanophores. A few melan-
ophores were present on the snout and on the yolk sac. The dorsal
side of the fin-fold was heavily pigmented in the yolk sac larvae
(Fig.64A). Pigment spots increased in number on the trunk, caudal
region and the fin-fold as larvae grew larger (between 4.1 mm and
4.8 mm SL, Fig.64B-D). Melanophores appeared along the dorso- and
ventro-lateral surface of the body and intensified in colour
during post-larval stages (between 8.0 mmm and 9.7 mm SL;
Fig.64E-H). Melanophores were widely distributed on the head and
trunk regions, when larvae exceeded 12.5 mm SL, and the caudal
region and fin-fold were sparsely pigmented - when the larvae
completed eye-migration (Fig.64I). The body surface was heavily
covered with tiny melanophores in metamorphosed fish (Fig.64J),
and ocellated pigment pattern were dispersed when the Jjuvenile
was more than 20 mm SL (Fig.64K). The pigment development changed
its feature distinctly after metamorphosis.

Squamation

Scale first appeared after the larvae completed their eye-
migration. The sequence of scale development and relationship
between developmental stage of squamation and fish 1length are
shown in Fig.70. Six stages can be characterized as follows:
Stage A, A few scales were seen on the midline of the caudal
peduncle. No scales were obserevd on the blind side.
Stage B, Scale appeared in the caudal peduncle and extended their
coverage area anteriorly. The anterior end of this area reached
the middle of the body. On the blind side, first scales appeared
on the caudal peduncle.
Stage C, The scaled area extended along the lateral line, and the
anterior end reached the operculum. The squamation progressed
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more slowly in the blind side.
Stage D, The scaled area reached anteriorly the operculum, and
posteriorly the base of caudal fin. The caudal peduncle was
fully covered with scales. A patch of scales appeared beneath the
pectoral fin on either side of the body. On the blind side, the
squamated area reached the operculum at the anterior end.
Stage E, At this stage the portion of the nape, the pectoral fin
base and the ventral fin margin were the only body areas devoid
of scales. The area lacking scales on the blind side was larger
than the one on the eyed side.
Stage F, Both side of the body were fully squamated at this
developmental stage. The head region was also partly squamted.
Scales first appeared in larvae after they had finished their
metamorphosis, and this process occurred in larvae as small as
13.2 mm SL, although most of them were larger. Squamation pro-
gressed with increasing larval length. Fully squamated juveniles
usually attained a standard length of more than 35 mm SL were
assumed to have completed their scale formation.

Development of the digestive tract
The alimentary canal of larvae remained unlooped until the

larvae reached 4.8 mm SL. The morphological development of the
digestive tract and its developmental stages plotted against
larval length are depicted in Fig.71. The coiled digestive tract
was formed when larvae attained more than 4.8 mm SL (Fig.71A).
Posterior portions of the digestive tract curved deeply as the
larvae grew (Fig.71B-E). Rudimentary pyloric caeca appeared first
in larvae of about 12.0 mm SL (Fig.71C). The pyloric caeca became
larger with the growth of the fish and the configuration of the
coiled digestive tract exhibited a convex shape. As the larvae of
stage C were corresponded to the metamorphosis or beyond metamor-
prhosis, the appearance of pyloric caeca was indicative of the
onset of metamorphosis. All fish larger than 35 mm TL were as-
sumed to have reached the adult-like form of the digestive tract.

Development of behaviour

Newly hatched larvae floated passively near the surface, being
at the mercy to the water current due to the aeration in the
tank. Occasionally, locomotive activity was observed for a few
seconds. Swimming activity increased with larval age, and this
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increase was more rapid for fed than for unfed larvae. The swim-
ming activity of fed larvae levelled off on day 4 after hatching,
shortly before complete yolk absorption, whereas that of unfed
larvae reached its maximum on day 5 after hatching, with a down-
ward trend thereafter. The feeding incidence of fed larvae in-
creased clearly with swimming activity (Fukuhara, 1988). The
development of swimming speed in relation to larval growth from
the time onward when larvae started to swim actively is shown in
Fig.72. Swimming speed increased gradually with larval growth,
but its ratio to standard length is almost stable, varying from
1.4 SL to 1.7 SL. No observations were made for larvae older than
32 days old. Because larvae began to settle on the bottom of the
rearing tank before completing eye-migration, which was shown
before (Fig.65). The bottom-dwelling fish usually preyed on the
feed given to them at the bottom of the tank. They rarely swam in
the middle or upper layers after they settled in the tank.
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Fig.72. Limanda yokohamae. Swimming speed of larvae after initi-
ating active locomotion and its ratio in relation to standard
length. n=number of larvae investigated. Arrows indicates the
start of metamorphosis.



Discussion

The yolk existence and the completing fin rays with fixed
number are prevalently employed to define developmental stages in
the early life history of fishes; transfer from pre-larvae to
post-larvae for the former, and post-larvae to juveniles for the
latter (e.g. Uchida et al.,1958; Watanabe, 1970; Watanabe and
Hattori,1971). This definition is useful and realizable from a
viewpoint of simplicity for morphological observations involving
taxonomical purposes. However, better understanding on biological
characters in 1larval development required comprehensively de-
tailed information on the developmental sequence of various
organs, besides fin development, regarding functional and beha-
vioural aspects and their implication during the development.
Watanabe (1970) demonstrated with common mackerel, S. Jjaponicus
implicational significance between morphological development and
ecological change to clarify the ecology of the species.

Structural differences of fins were reviewed for the adult
from taxonomical and anatomical focuses (Lagler et al.,1962;
Norman and Greenwood, 1975; Bond,1979; Moyle and Cech Jr.,1982).
However, little is known about the significance of diversity in
fin development on early life stage of fishes.

Morphological appearance in fin-fold resemble closely between
species at the time of hatching (Fig.73). As larval growth pro-
gressed, however, the fin-fold developed distinctly into fixed
shape varying greatly with the species (Fig.73). Distinctive fin
shapes which being similar to the adult form were exhibited
morphologically when these fishes reached the Jjuvenile stage
(Fig.74). Marked difference among the species is seen in the
developmental process of larval fin-fold; change from continuous
to separate shapes. The fin-fold of pelagic species separated
discernibly than that of the demersal fish species. After the
fishes reached the juvenile stage or beyond the metamorphosis,
specific distinction was characterized by hind margin of the
caudal fin. Fast-swimming fish group (e.g. E. Jjaponica, P. alti-
velis and S. quinqueradiata) 1is characterized by the furcated
shape. Slow-swimming group (e.g. E. akaara and H. otakii) exhib-
ited truncated of emarginated margin, and bottom-dweller such as
P. olivaceus and L. yokohamae had rounded caudal fin. The caudal
fin margin furthermore is indicative for staging juvenile in each



Fig.73. Schematic illustration of morphological development of
the fin-fold with special reference to external appearance. S.
quinqueradiata (upper left); P. major (lower left); O.fasciatus
(upper right); P. olivaceus (lower right). Drawn to the same
size but not the same scale.



Fig.74. Schematic illustration of external appearance of each fin
at the developmental stage of newly transformed juvenile. A, E.
japonica; B,P. altivelis; C,S. quinqueradiata; D,0. fasciatus;
E,L. japonicus; F,E. akaara; G,A. schlegeli; H, E. japonica;
I,P. major; J, H. otakii; K, P. olivaceus; L, L. yokohamae.
Drawn to the same size but not the same scale.



species. This indicative character is useful to evaluate roughly
the developmental stage in practical rearing activities. Because
the character of the caudal fin was observed for a rather short
time interval of morphological transformation from post-larvae to
juvenile. The pectoral fins also revealed specific features
during its developmetal process; rounded pectoral fins changed
with larval growth to pointed shape for the most species, but
decreased in size or degenerated for pleuronectid fish, P. oliva-
ceus and L. yokohamae. Likewise, the ventral fins usually changed
its shape from triangular form to specific ones of each species;
falcate, pointed or rudimentary with larval growth
(Fukuhara, 1984a). ,

It therefore is likely that each developmental phase defined
by morphological change of fins seems to differ characteristical-
ly with various characters and behavioural performance.

Sparid fish increased their swimming speed steadily as they
grew after pre-larval stage compared to pleuronectid fish, and
the former fish swam faster with a ratio of 3-5 SL/sec (Figs.37,
48) than did the latter one with 1-1.7 SL/sec (Figs.63, 72) when
they approached the juvenile stages. In addition, even for the
sparid fish swimming speed of black sea bream increased more
steeply with its growth than those for the red sea bream (refer
to Figs.37, 48).

These lines of evidence suggest that the completion of fin
rays may be accompanied by not only morphological changes but
also structural development, and consequentially contribute to
the behavioural development and ecological change. The different
manners in fin development from the yolk sac larvae to juveniles
are interpreted to indicate the diversity of biclogical charac-
teristics. Therefore, to know the sequence of larval development
from a functional viewpoint is needed to provide useful informa-
tion to understand the 1life mode of different species.

Table 2 shows the common sequence in morphogenesis, organogen-
esis and behavioural development for the early 1life history
stage of fish investigated in this study. The course of early
development of larvae may be divided into three stages; pre-
larvae, post-larvae and juveniles in terms of energy source and
fin development.

In each developmental stage, organogenesis and behaviour
revealed different developmental phase. During the pre-larval to



post-larval stages, various characters commenced to appear and
differentiate successively. The change of energy supply from an
endogenous to exogenous source had been studied in various larval
marine fish species (e.g. Tanaka,1973; May,1971; Houde,b1974;
Hunter,1980). The transitional period was identified as a criti-
cal period that could cause high mortalities during early 1life
history. 1Iwai (1972) reviewed the diversity of the onset of
initial feeding in various species, and stated that yolk-sac
larvae which were able to feed on prey successfully had a better
survival potential than those starting later. The +transitory
period of during which the source of energy supply changes from
endogenous to exogenous food 1is very short 1in E. japonica
(Fig.11), P. major (Fig.27) and P. olivaceus (Fukuhara,1986a).

Therefore, a delay in initial feeding of more than 24 hrs
after eye pigmentation or yolk absorption is considered critical
for the survival rate in these species as were reported for
various marine fish larvae; common mackerel (Watanabe,1970),
subtropical marine fishes, A. mitchilli, A. rhomboidalis and A.
lineatus (Houde,1974), S. quinqueradiata (Umeda, 1978) and rab-
bitfish, S. guttatus (Bagarinao,1986; Avila and Juario,1987). The
organogenetic development relating the energy source largely
depended on temperature regimen (Houde, 1974).

Whereas, A. schlegeli, H. otakii and L. yokohamae were able to
use the yolk energy until they initiated the feeding of plankton-
ic food organisms, grunion, L. tenuis (May,1971), jack mackerel,
Trachurus symmetricus (Theilacker,1978), Pacific mackerel, Scomb-
er japonicus (Hunter and Kimbrell, 1980), Japanese sand eel, A.
personatus (Yamashita and Aoyama,1985) and seabass, L. calcarifer
(Kohno et al.,1986) may have a higher survival potential for yolk
sac larvae in terms of energy utilization.

Various organs then began to change in shape and in length
intensively for a period from post-larvae to juvenile stage.
Therefore, marked changes in qualitative changes of organs and of
feeding habit from 1living to dead stuff occurred coincidently
when fish reached the juvenile stage. Fundamental structures were
completed in fin rays and in the digestive system for newly
transformed juveniles, and initiations of squamation and stripe
formation were perceived after the transformation began. Juve-
niles which fully completed fin ray branching, squamation and
stripe formation may exhibit different characteristics than did



they before. Because these characters are central parameters to
govern the change of life mode. Developmental transfer from ray
segmentation to branching implies increasing complexity of loco-
motion and resistance to the water movement. The completion of
squamation and pigment pattern also implicate the development of
functional roles relevant to protecting body surface and conceal-
ment.

Elongated structure of the fins disappeared just before or
after transformation in P. olivaceus and E.akaara. The elongated
fins are supposed to play a role in sustaining the fish body and
protecting from predator during pelagic stage (Moser,1981). As to
Lutjanid fish, which also has elongated fins for pelagic juve-
nile, the elongated fin disappear completely when they reach the
benthic juvenile, measuring 34.8 mm SL (Mori,1984).

Accordingly, the disappearance of diagnostic structure of the
fins also indicate presumably the shift of habitation.

Concerned with behaviour, active and relatively uniform swim-
ming performance changed gradually to different manners of beha-
viour; settling in the tank for sparid fish, E. akaara, bottom
dwelling for pleuronectid fish and schoaling for E. japonica. In
addition, cannibalism and territory behaviour were observed
frequently at this stage for P. major (Yamagishi,1969;
Fukuhara,1978; Kitajima,1978), A. schlegeli (Fukuhara,1977), L.
japonicus (Masumura,l1976; Iwashita,1979), FE. akaara (Kayano and
Oda,1987), P. olivaceus (Harada et al.,1966) and Sebastes
schlegeli (Hoshiai,1977), and ultimately these behaviours con-
sisted in major causes of high mortality in certain species for
mass production in the hatchery works.

Furthermore, the ratio of meristic characters, preanal length
to total 1length, fluctuated largely from pre-larval to post
larval stages, then achieved a stable value after transformation
from post-larvae to juvenile without exception.

Thus, each developmental stage revealed different phase of
morphogenesis, organogenesis and behavioural performance. The
shift from pre-larvae to post-larvae, and post-larvae to juve-
niles may be drastical and also critical in the early life stage
in terms of morphological development as well as morphometric
characters.

Transformation or metamorphosis from post-larvae to juveniles
varied conspicuously in fish size and in days old post hatching,



as were also seen in the developmental sequence of the fin,
scale, stripes and the digestive tract for all fishes observed,
and the variations of their development usually become larger
with larval growth (see Figs.33, 44, 71). In addition, the varia-
tions of development in various characters ultimately resulted in
that growth and behaviour (swimming speed) varied coincidently in
their performance (Figs.29, 37). Because larger fish and fish
with well-developed organs were beneficial for foraging speed,
feeding and swimming activities. This causality must occurred in
the wild conditions as well as in rearing conditions.

Tanaka(1973) demonstrated the variations in the differentia-
tion time of the digestive organs for P. altivelis. From his
observations, it was supposed the differentiation time of the
organs was related to age more closely than size at least during
the early phase, and seemed to correspond with their functional
variations.

Fish size of newly transformed juvenile red sea bream ranged
between about 8.0 mm and 13.0 mm SL in the reared and randomly
wild-caught specimens as was summarized by Fukuhara (1984b).
Metamorphosed size of P. olivaceus also varied widely with
ranges from 9.0 mm to 19.4 mm TL (Harada et al.,1966;
Yasunaga,1971; Ishida and Tanaka,1976; Hiramoto and
Kobayashi,1979) for the reared specimens, and ranging from 14.0
mm to 17.0 mm SL for the wild-caught specimens (Okiyama,1967;
Imabayashi, 1980).

Hence, effect of the morphometric variations on ecological
appearances become a central parameter to understand the 1life
mode and response to environmental changes, especially on early
stage of larval 1life in the sea.

Few distinguished difference on developemnt of organs was
obsereved between the reared and wild-caught specimens; pigment
pattern for red sea bream (Fukuhara and Kuniyuki, 1978), three-
line grunt, P. trilineatum (Kimura,1987) and the digestive tract
for anchovy (Fig.10). Matsuoka (1987) observed the variations in
fin structure between reared and wild-caught P. major, and postu-
lated the variations might be responsible to that of organogene-
sis. Blaxter (1975) reviewed the biochemical differences between
wild and hatchery fish. He stated that cause of the difference
may be attributable largely to environmental factors of prey
density, predator, starvation and abiotic conditions between



reared and wild conditions. Further study is desired to clarify
the causes for facilitating the rearing techniques of fishes and
for taking hold of difference between the reared and wild ani-
mals.

Chapter III GENERAL DISCUSSION

1. RELATIONSHIP BETWEEN MORPHOGENESIS AND ORGANOGENESIS

In the previous chapter, the diversity of ontogenetic develop-
ment in early life stage and characteristics of each developmen-
tal stage were described to understand the signification of
developmental stage on early 1life history of different fish
species. In this chapter major interests are focused on the
relationship between organogenesis and morphogenesis in the
developmental stages during larval growth, and its ecological
significance on their life. To know the both developments and
their mutuality is of importance for understanding biological
characters, and a prerequisite for artificial production and
management in captivity and in-situ.

1)Morphological and organogenetic changes for larval stage

The first dramatic change of organogenetic characters is the
occurrence of yolk absorption and/or oil globule depletion in the
early stage of larval 1life. The change from an endogenous to
exogenous source is first critical period for larval survival as
mentioned before, and morphologically it reflected on the propor-
tionality of preanal 1length to body 1length. The proportional
change indicate developmental status of the digestive system. The
ratio of preanal length to total length changed remarkably during
the period of energetic transition, then proportional value
achieved a constant when the fundamental structure of the diges-
tive system were formed with morphological transfer from post-
larvae to juveniles.

This finding suggests that organogenetic change of the diges-
tive tract reflects apparently on the appearance of morphologi-
cal characters. Proportional length of internal organ fluctuated
largely during they were developing, and trended to achieve
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constant level after the digestive system formed the fundamental
structure, which usually observed during transformation as well
as newly transformed juveniles.

This implication between organogenesis and morphogenesis is
exemplified by some other species. According to Watanabe’s inves-
tigation (1970), the anus position of larval common mackerel, S.
Jjaponicus moved anteriorly during the digestive system was de-
veloping progressively, and trended to 1level off after fish
reached juvenile stage. Allometric growth of stomach (stomach
length/SL) in skipjack tuna, K. pelamis revealed a constant ratio
of about 30% when they reached the transitional size, 15 mm to 20
mm SL, form post-larave to juvenile, and this evidence was inter-
preted to show the rapid increase in the function of the diges-
tive organs through the post-larval period (Nishikawa, 1975).
Though the length of digestive tract does not increased for yolk
sac larvae of P. olivaceus, rapid increment of the digestive
tract occurred after complete yolk absorption (Yasunaga,1972). In
the ayu fish, the alimentary canal changes into an adult form in
the larvae measured about 50-55 mm (Matsui,1938; 1Iwai,1962) at
which the PL/TL ratio achieved a constant level (Fig.14).

As approaching the yolk absorption, various organs related to
feeding and 1locomotion begin to, differentiate, and ultimately
resulted in its morphological change. Appearance of the pectoral
fins, eye pigmentation and mouth opening usually occurred prior
to complete yolk absorption to compensate foraging food organisms
exogenously (Figs.12, 27, 56, Table 3).

The ayu fish not only formed the fundamental structure of the
digestive system, but also increased enzyme activity during the
transitional stage from larval to juvenile (Tanaka et al.,1972).
The differentiation of the digestive tract occurred before com-
plete yolk absorption in the most teleost fish 1larvae
(Tanaka,1969a,b) or rapidly after the yolk absorbed completely
in larval rabbitfish (Avila and Juario,1987). Umeda and Ochiai
(1973) observed the differentiation of the gastric glands were
associated with the digestive function of the stomach in the
larval yellowtail.

Smoothly continued fin-fold shaped wavy for its margin with
growth, and developed subsequently into separated unpaired fins
with primordial rays at the time of morphological transformation
from post-larvae to juveniles. Functional structures of fins were
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formed after transforming to the juvenile stage; segmentation and
branching of fin rays provide flexibility and elasticity of fin
ray structure, and considered to increase the efficiency of fin
movement which influencing the 1locomotion (Gosline,1971). Like-
wise, squamation and pigment pattern, which also developed after
fish reached the juvenile, are recognized to play a role of
protecting body surface and concealment, respectively
(Uchida, 1966; Norman and Greenwood,1975; Keenleyside,1979). 1In
considering the functional role of each organ, the development of
them may enable the fish to adapt wider changes of environmental
conditions. It has been well known that habitation and/or beha-
viour of juvenile fish differed from those of previous stage in
the field investigation; sea bass (Tanaka and Matsumiya, 1982),
red sea bream (Mori,1980; Tanaka,1985), Japanese flounder (Mina-
mi,1982) and mud dab (Yusa,1979) as well as in the rearing exper-
iment (Yamagishi, 1969; Fukuhara,1984a). Therefore, it is reason-
able that the change of life mode; habitation, feeding, behaviour
and so forth is linked closely with morphological and organoge-
netic development.

Ecological investigation in the field is restricted to collect
serial specimens in order to ascertain developmental sequence and
its variation. While, outcome of observations on reared specimens
is able to provide these knowledge.

2)Morphological and organogenetic changes for juvenile stage

Fig.75 epitomized the developmental sequence in organogenesis
and meristic characters in relation to the morphological trans-
formation, from post-larvae to juveniles. Coincidence of develop-
mental duration was distinctly seen between the onset of constant
PL/TL ratio and the transformation. The differentiation of the
pyloric caeca and digestive gland was revealed widely at initial
phase of the juvenile of various species (Tanaka,1973;
Nishikawa, 1975 Honma,1983; Ochi et al.,1984).

Concerned with Sparid fish exclusive of E. japonica, squama-
tion and stripe development also occurred simultaneously. Squama-
tion occurred intensively after transformation or metamorphosis,
and its developmental sequence was associated with those of seg-
mentation and branching of fin rays. In this connection, the
period of squamation was comparable to that of fin segmentation
for the species ; 0. fasciatus, A. schelegel, P. major, P. oliva-
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ceus and L. yokohamae, and to fin branching for S. quinqueradia-
ta, L. japonicus and H. otakii.

Additionally, the squamation is assumed to be indicative
characters for starting the shift of the habitation in the mi-
grant fishes. The ayu fish change its habitat from estuaries to
more brackish waters, namely beginning the anadromous migration
when they complete the squamation at about 55 mm SL (Fig.19). As
to Japanese sea bass, L. japonicus larvae distributed in the sea
water area in mid March ascended the fresh water 2zone in mid
April when they attained the mean standard length of 20.1 mm,
ranging from 15 to 25 mm SL (Matsumiya et al.,1982). The standard
length of ascending behaviour correspond to fish size to complete
the squamation (Fukuhara and Fushimi, 1982; Fig.75). Kaeriyama and
Bunya (1982) found that the squamation of chum salmon, Oncorhyn-
chus keta was the most practical criterion of the phasic change
from fry to fingerling and habitat change from fresh to saline
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waters.

These findings show the ecological significance of squamation
to acclimatize new habitation. Therefore, the completion of
squamation and fin ray structure is useful information to know
the ecological change from a viewpoint of morphogenesis.

Shirota (1978a,b) focused the relationship between upper jaw
length and 1its morphological and ecological significance in
various marine fish larvae and found that a marked inflection
point on a proportional length of upper jaw to total length is
related to the morphological transition and ecological changes.
It wés similarly reported for chum salmon, O. keta that the
flection point of upper jaw length to fork length was seen during
the transformation from post-larvae to juvenile (Kaeriyama, 1986).

Consequently, morphological development linked closely with
the development of organogenetic characters during the 1larvae
progressed their growth. The intimate interplay in the develop-
ment of both characters play a important role to acquire various
capability, which resulting in adaptation to new environmental
conditions.

2. RELATIONSHIP BETWEEN ORGANOGENESIS AND BEHAVIOUR

In the early life history of fish, the significant of morpho-
logical development and organogenesis may be clarified more
definitely when both variables are evaluated in contradistinction
to the behavioural development. The behavioural development is
the most important information to understand the life mode of
larvae and Jjuvenile. Numerous studies have conducted on the
relationship between behavioural development and organogenesis;
sensory organs (Iwai,1980;> Kawamura et al.,1984; Kawamura and
Ishida,1985) and muscle (Matsuoka and Iwai,1984; Matsuoka,1987).
O’Connell (1981) reviewed the functional effects of various
organs on behaviour and ecological implications in northern
anchovy and other teleosts. However, little is known about knowl-
edge as to implication between organogenetic development and
behavioural development in the early life stage.

The object of this section is to consider the relationship
between organogenesis and behavioural development and its influ-
ence in the life mode of early life stage.
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1)Behavioural development and organogenesis of larvae with growth

In the newly hatched larvae, marked change of larval behaviour
was seen initially in the time spending to move and to rest. A
relatively 1longer time of rest usually interrupted by a short
darting or movement for the pre-larval stage. These manners of
larval locomotion were observed vigorously in herring (Rosenthal
and Hempel,1970) and northern anchovy (Hunter,1972). Time of
movement of yolk sac larvae increased certainly with 1larval
growth. This locomotion change related closely with existence of
the yolk sac and the oil globule. The locomotion time increased
sharply as the yolk and oil globule were absorbed (Figs.11, 36,
47, 56). After the yolk and/or oil globule were exhausted com-
pletely, unfed 1larvae became inactive rapidly and ultimately
deceased. These observations suggest that the yolk sac and oil
globule are the origin for locomotive activities. Furthermore,
appearance of the pigmented eyes, the pectoral fins and function-
al mouth are also needful for initiating active movement for the
pre-larvae. Moving time of E. japonica under unfed conditions
(Fig.11) did not rise sharply, about 20% of observation time, as
did other species; P. japonica, A. schlegeli and P. olivaceus,
and declined rapidly after yolk absorption. This behavioural
difference may be attributable to the existence of o0il globule,
and which indicate that the o0il globule is more important energy
source for locomotion than the yolk sac.

Fig.76 shows the changes of feeding incidence, percentage of
larvae which ingested food organisms in their gut, with increas-
ing locomotive activity for larval E. japonica and L. yokohamae.
For both species, a sharp rise of the feeding incidence was
followed by locomotive activity. This finding indicates that
initiation of 1larval movement derived from the requirement of
endogenous energy. After larvae shifted swimming manners from
vertical to horizontal movement, larval swimming increased
steadily with their growth. Swimming performance which differed
from species to species is attributable largely to sequence in
the fin development. Increment of swimming speed with larval
growth is shown in Figs.77 and 78 for Pagrus major and P. oliva-
ceus, respectively. P. major increased their swimming speeds
harply compared to that for P. olivaceus. The swimming speed of
P. major is three time greater than did P. olivaceus for the
maximum. This difference in swimming performance may resulted
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from the fin structure. Sharp rise in swimming speed of P. major
occurred when the continuous fin-fold began to develop into the
separate shape. In addition, the caudal fin changed coincidental-
ly its marginal shape from rounded to truncated with increasing
swimming speed.  Whereas, the swimming speed of P. olivaceus
increased gradually with growth until they began to settle on the
bottom in the tank. No marked change of fin-fold, excepting
disappearance of the elongated armature was observed with the
morphological development. It is likely that P. olivaceus began
to settle on the bottom as early as possible to compensate poor
swimming ability. In the rearing tank survivors stayed on the
bottom at the developmental stage H (Fig.55), before complete eye
migration.

Thus, the fin development and structure are assumed to play a
important role for swimming activity. According to field observa
tion, larval P. major was attacked by predator, Chaetognaths,
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Sagitta crassa and mullet Mugil cephalus in an earthen pond
(Fukuhara and Fukunaga,1984), but they were not found in the
predator’s stomach after reaching the early juvenile stage, about
7.5 mm SL. This evidence indicates partly the increasing capabil-
ity to avoid the predators as they grew.

Concerning the flatfish, settlement was seen for the larvae
when they started eye migration in the field (Minami, 1981; 1982)
and in the laboratory conditions. These behaviour of the flatfish
are presumably related with strategic adaptation to avoid the
predation in the field. '

As the fish progressed their growth, pigment pattern seemed to
be apparent for some species, and the pigment pattern was usually
concerned with behavioural change for a certain period in the
early life stage. In the Sparid fish, P. major and A. schlegeli
formed characteristically the pigment pattern when they were
staged newly transformed juvenile (Figs.33, 44). The Jjuvenile
which formed the pigment pattern shifted habitation from surface
to the bottom. In the rearing tank larval P. major began to stay
on the bottom when they commenced the formation of the pigment
pattern. According to the observation in the semi-natural condi-
tions, the smallest size of the bottom dweller in 150 samplings
measured 10.5 mm SL (Fukuhara,1985) at which the stripe formation
was finished (Fig.33), and the pigment pattern was not discerned
in the larvae swam in the upper layer.

Thus, the stripe formation is indicative for shifting the
habitation in the fish which has the stripe during early 1life
stage. Both reared and wild conditions, a phenomenon of coinci-
dence between stripe formation and habitat shift has been well-
known in various species (Fukusho,1975; Hoshiai,1977; Zama et
al.,1977; Schroder and Zaret,1979).

Consequently, the stripe which is considered to play roles of
concealment and specific communication may be a requisite charac-
ter when they avoid the predator in the new surroundings.

2)Significance of biological information on fish production
Recently artificial fish propagation became increasingly
important measures to produce the fingerlings for both intensive
and extensive aquaculture. Because the procurement of fingerlings
from the wild stock for these activities should be decreased
theoretically to conserve the natural populations. As a matter of
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fact, the wild catch for the cage culture are regulated for the
fingerlings of yellowtail and red sea bream. Therefore, the
artificial propagation in the hatcheries must be performed effec-
tively to produce the large number of fingerlings for cage cul-
ture and for releasing.

During the course of larval rearing, information on diagnostic
characteristics of reared fish is a prerequisite for establishing
the effective rearing systems. Optimum time of the initial feed-
ing must be determined by behavioural maneuver of larvae as well
as physiological changes of energy source. Food density also
largely depends on specific characteristics of swimming activi-
ties. Newly hatched larvae like E. japonica should be fed immedi-
ately with higher prey density after yolk absorption because of
poor locomotion activity. On the other hand, the larvae which
show active locomotion before yolk absorption could be maintained
with lower prey density than that of poor swimming groups. The
developing larvae are able to regulate their foraging speed with
prey density in the rearing tank (Fukuhara and Kishida,1980;
Fukuhara,1983b). In the lower prey condition, the larvae usually
swam faster than that in higher density (Wyatt,1972; Hunter and
Thomas, 1974; Hunter,1981; Munk and Kioerboe,1985). Therefore, the
prey density is an important factor in the rearing procedure in
terms of saving cost of the prey and water quality control.

Biological characters in larval behaviour described in this
study may provide the fundamental information to perform reasona-
ble feeding techniques in rearing commercially important species,
and to understand the larval mortality in early stage.

The feeding techniques used to be carried out in mass produc-
tion are desired to regard the specific characteristics on
behaviour for the initial feeding larvae and the increasing
swimming ability to search the prey with their growth. As regards
ecological investigation, not only developmental stage but also
various characters related with behaviour must be considered to
determine sampling method, time and location for better under-
standing different developmental stages. The external organs of
fin structure, pigment pattern and squamation provide useful
information to clarify the diversity of specific life style as
mentioned before.

Restocking activity, so called artificial releasing of hatch-
ery-bred fingerlings is the most important measures to recruit
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reared fishes to the natural populations. Despite of vigorous
efforts, the effect of the artificial releasing is still unstable
and unknown for many species. Various experimentations on releas-
ing techniques have been conducted on optimum fish length, re-
leasing sites and intermediate breeding before 1liberation.
Little trial, however, 1is conducted to adopt the diagnostic
features of designated fish in the releasing procedures. Fish
size to be released varied widely with each trials. To determine
the optimum fish size, various biological parameters should be
regarded with each species in the releasing.

From morphological and behavioural observations, a shift of
habitation usually occurred after fish reached the juvenile stage
both in the laboratory conditions and in situ. These findings
indicate that the fish acquired the capability of adaptation, and
required new habitation after reaching the juvenile stage.

ACKNOWLEDGMENTS

I sincerely appreciate Professor Tamotsu IWAI, Kyoto Universi-
ty for his invaluable suggestion and encouragement for this
study. Thanks also due to Dr.Masaru TANAKA, Kyoto University for
his helpful advice on the paper. I also wish to express my hearty
thanks for many favors and encouragement given to me by Drs. M.
FUJIYA, S. SAKAGUCHI, Director of Nansei Regional Fisheries
Research Laboratory, N. NAKAMURA, K. OHCHI, K. TANAKA, Aquacul-
ture Division of Nansei Regional Fisheries Research Laboratory,
K. FUKUSHO, National Institute of Aquaculture, Mr. K. NOGAMI,
Japan Sea Regional Fisheries Research Laboratory and T. FUSHIMI,
Hiroshima Prefectural Fisheries Experimental Station. Thanks are
extended to Messrs. K. ISHIOKA, Tokai Regional Fisheries Research
Laboratory and S. UMEZAWA, Japan Sea Regional Fisheries Research
Laboratory for their helpful advice regarding the statistical
analysis and colleagues of my division for various aids in con-
ducting the rearing experiment.

I am indebted to Drs. H. ROSENTHAL, Biologische Anstalt Helgo-—
land , C.S. MaNOOCH III, Southeast Fisheries Center, Beaufort
Laboratory, H.G. MOSER, Southwest Fisheries Center, C. MAHNKEN
Northwest and Alaska Fisheries Center and A.W. WHITE, Woods Hole

—112 -



Oceanographic Institution for their critical reading and criti-
cism of the papers throughout the course of this study.

REFERENCES

Avila,E.M. and J.V.Juario(1987) Yolk and oil globule utilization
and developmental morphology of the digestive tract epithelium
in larval rabbitfish, Siganus guttatus (Bloch). Aquaculture,
65,319-331.

Apostolopoulos,J.S.(1976) Combined effect of temperature and
salinity of the hatching rate, hatching time and total body
length of the newly hatched larvae of the Japanese red sea
bream Pagrus major. La mer,14(1),23-30.

Azeta,M. (1981) Some considerations on the high mortality during
the larval stage of fish with special reference to the fluctu-
ation of population-Based on the population dynamics investi-
gations of early 1life history of anchovy. Rep.Fish.
Res.Inv.,(22),7-28.

Bagarinao,T(1986) Yolk resorption, onset of feeding and survival
potential of 1larvae of three tropical marine fish species
reared in the laboratory. Marine Biology,91,449-459.

Balart,E.F.(1985) Development of median and paired fin skeleton
of Paralichthys olivaceus (Pleuronectiformes:
Paralichthyidae). Japan.J.Ichtpyol.,31(4),398—410.

Blaxter,J.H.S.(1975) Reared and wild fish-how do they compare ?
10th European Symposium on Marine Biology,1,11-26.

Blaxter,J.H.S. and M.E.Staines(1971) Food searching potential in
marine fish larvae. In "Fourth European Marine Biology Sympo-
sium” (ed. by D.J.Crisp), Cambridge University Press, Cam
bridge,467-485.

Blaxter,J.H.S.(1986) Development of sense organs and behaviour
of teleost larvae with special reference to feeding and preda-
tor avoidance. Trans.Am.Fish.Soc.,115,98-114.

Bond,C.E. (1979) Biology of Fishes. Saunders College Publishing,
Philadelphia,514 pp.

Fukuhara,0.(1974) The influences of initial delay of feeding on
survival, growth and development of the red sea bream larvae,
Chrysophrys major Temminck et Schlegel. Bull.Nansei Reg.Fish.
Res. Lab.,(7),19-29.

Fukuhara,0.(1977) Some morphological observations on larvae and
juveniles of the Kurodai, Mylio macrocephalus (Sparidae: Tele-
ostei) reared in the laboratory. Bull.Nansei Reg.Fish.Res.Lab.,
(10),1-186.

- 113 -



Fukuhara,0.(1978) Morphological studies of larvae of red sea
bream-III. Formation of black stripes. Bull.Nansei Reg.Fish.
Res.Lab.,(11),1-8.

Fukuhara,0.(1983a) On the eggs of Hexagrammidae fish <collected
in Hiroshima bay. The aquaculture(the suisanzoushoku),
19(5/6),241-246.

Fukuhara,O.(1983b) Effect of prey density on the swimming beha-
viour of larval black porgy, Acanthopagrus schlegellil
(Bleeker). Bull.Nansei Reg.Fish.Res.Lab.,(15),97-101.

Fukuhara,0.(1984a) Development of biological characters in early
stages of seed production of commercially important marine
fishes. In "Proceedings of the seventh U.S.-Japan meeting on
aquaculture, marine finfish culture, Tokyo, Japan, October 3-
4,1978"(ed. C.J.Sindermann), NOAA Tech.Rep.NMFS 10,3-9.

Fukuhara,0.(1984b) Relation between organic formation and beha-
viours. Aquabiology,(32),184-190.

Fukuhara,0.(1985) Functional morphology and behaviour of early
life stages of red sea bream. Bull.Japan.Soc.Scient.Fish.1111,
51(5),731-743.

Fukuhara,0.(1986a) Morphological and functional development of
Japanese flounder in early life stage. Bull.Japan.
Soc.Scient.Fish.,52(1),81-91.

Fukuhara,0.(1986b) Qualitative evaluation of artificially reared
fry. 1In "Sea Farming Technology of Red Sea Bream”" (ed.M.
Tanaka and Y.Matsumiya),Kouseisha Kouseikaku, Tokyo,26-36.

Fukuhara,0.(1988) Morphological and functional development of
larval and juvenile Limanda yokohamae (Pisces: Pleuronecti-
dae) reared in the laboratory. Marine Biology ,99,271-281.

Fukuhara,0. and K.Kuniyuki(1978) Morphological development in
the wild larvae of Madai, Chrysophrys major, as compared to
that in the laboratory-reared larvae. Bull.Nansei Reg.Fish.
Res.Lab.,(11),19-25.

Fukuhara,0. and T.Kishida(1980) Some observations on the swim-
ming behaviour as related to feeding in the red sea bream
larvae reared under laboratory conditions. Bull.Nanseli
Reg.Fish.Res.Lab.,(12),9-20.

Fukuhara,0. and T.Fushimi(1982) Development of fins and squama-
tion 1in Percichthyid fish, Lateolabrax japonicus.
Japan.J.Ichthyol.,29(2),173-178.

Fukuhara,0. and T.Fukunaga(1984) Predation by sagitta on 1larval

fish in earthen pond. Bull.Nansei Reg.Fish.Res.Lab.,(17),
151-153.

—114 —



Fukuhara,0. and T.Fushimi(1988) Fin differentiation and squama-
tion of artificially reared grouper, Epinephelus akaara. Aqua-
culture,69,379-386.

Fukuhara,0. and K.Takao(1988) Growth and larval behaviour of
Engraulis japonica in captivity. J.Appl.Ichthyol.,4,158-167.

Fukusho,K.(1975) Developement of color pattern in Oplegnathus
fasciatus, useful indicator in rearing. Japan.J.Ichthyol.,
22(1),23-30.

Gorbunova,N.N.(1970) Spawning and development of greenlings
(Family Hexagrammidae).In "Greenlings"(ed.by T.S.Rass), Trans-
lated from Russian-Israel Program for Scientific Translations,
Jerusalem,121-185.

Gosline,W.A.(1971) Functional Morphology and Classification of
Teleostean Fishes. The University Press of Hawaii,
Honolulu, 208pp.

Harada,T.,S.Umeda,0.Murata,H.Kumai and K.Mizuno(1966) On the
growth and rearing methods of the fry of Hirame (Para-
lichthys olivaceus) obtained by artificial fertilization.
Bull.Fish.Lab.Kinki Univ.,(1),289-303.

Hayashi,S.(1961) Fishery biology of the Japanese anchovy Engrau-
lis japonica (Houttuyn). Bull.Tokai Reg.Fish.Res.Lab.,(31),
145-268.

Hiramoto,Y. and K.Kobayashi(1979).0n the artificial rearing of
Paralichthys olivaceus. Tech.Rep.Farm.Fish.,8(1),41-51.

Honma,M. (1983) Studies on the structure and function of the
alimentary tract of pink salmon (Oncorhynchus gorbuscha) in
the early stages. Scient.Rep.Hokkaido Fish.Hatch.,(38),1-11.

Hongchao,R. (1984) Studies on the eggs and larvae of Engraulis
Jjaponicus. Studia Marina Sinica,(22),29-56.

Hoshiai,G.(1977) Larvae and juveniles of the Scorpaenid fish,
Sebastes schlegeli. Japan.J.Ichthyol.,24(1),35-42.

Houde,E.D.(1972) Development and early life history of the
northern sennet, Sphyraena borealis Dekay (Pisces:Sphyraeni-
dae) reared in the laboratory. Fish.Bull.,70(1),185-195.

Houde,E. (1974) Effects of temperature and delayed feeding on
growth and survival of larvae of three species of sub-
tropical marine fishes. Marine Biology, 26,271-285.

Hsiao-Wei,C.,X.Gui-fen and S.Xue-shen(1965) A description of the
important morphological characters of the eggs and larvae of
two flat fishes, Paralichthys olivaceus (T. & S.) and Zebrias
zebra (Bloch). Oceanol.Limnol.Sinica,(7),158-180.

— 115 -



Hunter,J.R.(1972) Swimming and feeding behavior of larval an-
chovy Engraulis mordax. Fish.Bull.,70(3),821-831.

Hunter,J.R.(1980) The behavior and ecology of marine fish lar-
vae. In "Fish Behavior and its Use in the Capture and Culture
of Fishes. ICLARM Conference Proceedings 5"(ed.by J.E.
Bardach,J.J.Magnuson,R.C.May and J.M.Reinhart),ICLARM,Manila,
287-330.

Hunter,J.R. and G.L.Thomas(1974) Effect of prey distribution and
density on the searching and feeding behaviour of larval
anchovy Engraulis mordax Girard. In "The Early Life History
of Fish" (ed.by J.H.S.Blaxter), Springer-Verlag,Berlin,b559-574.

Hunter,J.R. and C.A.Kimbrell(1980) Early life history of Pacific
mackerel, Scomber japonicus. Fish.Bull.,78(1),89-101.

Imabayashi,H.(1980) Settling mechanism of larvae of bastard
halibut, Paralichthys olivaceus, in the nursery ground, esti-
mated from the size distribution. Bull.Japan.Soc.Sci.Fish.,
46(4),419-426.

Ishida.0. and K.Tanaka(1976) Ecological investigation of Japa-
nese flounder population-I. Egg development and larvae.
Bull.Chiba Pref.Fish.Exp.St. (35),23-30.

Iwai,T.(1962) Studies on the Plecoglossus altivelis problems:
Embryology and histophysiology of digestive and osmo-
regulatory organs. Bull.Misaki Mar.Biol.Inst.Kyoto Univ.,(2),
1-101.

Iwai,T.(1972) Feeding of teleost larvae: A review. La mer, 10
(2),29-40.

Iwai,T.(1980) Sensory anatomy and feeding of fish larvae. In
"Fish Behavior and its use in the capture and culture of
fishes. ICLARM Conference Proceedings 5"(ed.by J.E.Bardach,
J.J.Magnuson, R.C.May and J.M.Reinhart),ICLARM,Manila,b287-330.

Iwashita,T.(1979) A trial of juvenile production of Japanese sea
bass, Lateolabrax japonicus in a large-scale tank. Bull.
Kumamoto Pref.Fish.Exp.St.,(1),45-52.

Kaeriyama,M. (1986) Ecological study on early life of the chum
salmon, Oncorhynchus keta (Walbaum). Scient.Rep.Hokkaido
Salmon Hatch., (40),31-92.

Kaeriyama,M. and T. Bunya(1982) Morphological and ecological
characteristics of phasic development from fry to fingerling
in the chum salmon. Bull.Japan.Soc.Scient.Fish.,,48(11),
1537-1544.

Kasahara,S.,R.Hirano and Y.Ohshima(1960) A study on the growth

and rearing methods of the fry of black porgy, Mylio macro-
cephalus (Basilewsky). Bull.Japan.Soc.Sci.Fish.,26(3),239-244.

— 116 —



Kato,F.,M.Okiyama and M.Tajima(1974) External morphology and
discrimination of two species of flounders belonging to the
genus Limanda (L. yokohamae, and L. herzensteini) from the
Japan sea. Bull.Jap.Sea Reg.Fish.Lab.,(25),63-87.

Kawamura,G.,T.Tsuda,H.Kumai and S.Ohashi(1984) The visual cell
morphology of Pagrus major and its adaptive changes with
shift from pelagic to benthic habits. Bull.Japan.Soc. Scient.
Fish.,50(12),1975-1980.

Kawamura,G. and K.Ishida(1985) Changes in sense organ morphology
and behaviour with growth in the flounder Paralichthys
olivaceus. Bull.Japan.Soc.Scient.Fish.,51(2),155-165.

Kayano,Y. and T.0da(1986) Rearing experiment of red spotted
grouper Epinephelus akaara larvae using a large tank. Bull.
Okayama Pref.Exp.St.,(1),66-70.

Kayano,Y. and T.0da(1987) Rearing experiment of red spotted
grouper Epinephelus akaara larvae with diatoms. Bull.
Okayama Pref.Exp.St.,(2),56-61.

Keenleyside,M.H.A.(1979) Diversity and Adaptation in Fish Beha-
viour. Springer-Verlag, Berlin, 208 pp.

Kim,Y.U.,R.Hirano and S.Egusa(1971) Morphological changes with
the advance of growth in fishes of genus Mylio I.Morpholo-
gical changes of preopercular bone. Publ.Mar.Lab.Pusan
Fish.Coll.,(4),39-46.

Kim,J.Y. and Y.M.Kim(1986) Growth of juvenile anchovy Engraulis
japonica 1in the Korean waters, as determined by daily
growth increments in otoliths. Bull.Fish.Res.Dev.Agency, (37),
151-156.

Kimura,S.(1987) Studies on the fishery biology of the threeline
grunt Parapristipoma trilineatum (Pisces: Haemulidae). Bull.
Fac.Fish.Mie Univ.,(14),113-235.

Kishida,T. and O.Fukuhara(1981) Experimental study on the swim-
ming ability of laboratory-reared larvae and juveniles of
Japanese red sea bream, Chrysophrys major (Sparidae).
Bull.Nansei Reg.Fish.Res.Lab.,(13),9-17.

Kitajima,T.(1978) Acquisition of fertilized eggs and masscul-
ture of juveniles of red sea bream, Pagrus major. Spec.Rep.
Nagasaki Pref.Inst.Fish.,(5),1-92.

Kohno,H.,Y.Taki,Y.Ogasawara,S.Yoshioki,M.Taketomi and M.Inoue
(1983) Development of swimming and feeding functions 1in
larval Pagrus major. Japan.J.Ichthyol.,30(1),47-60.

Kohno,H.,S.Hara and Y.Taki(1986) early larval development of the

seabass Lates calcarifer with emphasis on the transition
of energy sources. Bull.Japan.Soc.Sci.Fish.,52(10),1719-1725.

- 117 —



Lagler,K.F.,J.E.Bardach and R.R.Miller(1962) Ichthyology: The
Study of Fishes. John Wiley & Sons,Inc.,New York,545 pp.

Masumura,K.(1976) Effect of light-intercepting to prevent the
cannibalism occurring in process of artificial prorogation of
sea bass, Lateolabrax japonicus (Cuvier).(Preliminary report).
Bull.Hiroshima Fish.Exp.St.,(6/7),21-26.

Matsui,I.(1938) The development of the alimental system of Ayu
(Plecoglossus altivelis T. and S.) in relation to the
feeding habit. J. Fish.,(33),457-469.

Matsumiya,Y.,T.Mitani and M.Tanaka(1982) Changes in distribution
pattern and condition coefficient of the juvenile Japanese
sea bass with the Chikugo river ascending. Bull. Japan. Soc.
Scient.Fish.,48(2),129-138.

Matsuoka,M. and T.Iwai(1984) Development of the myotomal mass-
culture in the red sea bream. Bull.Japan.Soc.Scient.Fish.,
50(1),29-35.

Matsuoka,M. (1987) Development of the skeletal tissues and skele-
tal muscles in the red sea bream. Bull.Seikai Reg.Fish.Res.
Lab.(65),1-114.

May,R.C.(1971) Effects of delayed initial feeding on larvae of
the grunion, Leuresthes tenuis (Ayres). Fish.Bull.,69(2),
411-425.

Minami,T.(1981) The early life history of a flounder Limanda
yokohamae. Bull.Japan.Soc.Scient.Fish.,47(11),1411-1419.

Minami,T.(1982) The early life history of a flounder Paralich-
thys olivaceus. Bull.Japan.Soc.Scient.Fish.,48(11),1581-1588.

Mitani,I.(1988) Characteristics of daily age composition of
larvae of Japanese anchovy Engraulis japonica in the fishing
ground in Sagami bay. Nippon Suisan Gakkaishi,54(2),209-214.

Mito,S.(1966) Fish eggs and Larvae. Soyosha,Tokyo, 74pp.

Miyazaki University(1983) Report on Ecological Investigation
of Ayu fish in the Gokase River System, Faculty of Agriculture,
53-57.

Mori.K.(1980) Migration of a Sparid fish, Pagrus major, from
pelagic to demersal life as observed in Yuya bay, Yamaguchi.
Bull.Seikai Reg.Fish.Res.Lab.,(54),59-78.

Mori,K.(1984)'Ear1y life history of Lutjanus vitta (Lutjanidae)
in Yuya bay, the Sea of Japan, Japan.J.Ichthyol.,30(4),374-392.

Moser,H.G. (1981) Morphological and functional aspects of marine

fish larvae. In "Marine Fish Larvae"(ed.by R.Lasker),
Washington Sea Grant Program, Washington,90-131.

- 118 —



Moyle,P.B. and J.J.Cech,Jr.(1982) Fishes: An Introduction to
Ichthyology. Prentice-Hall,Inc.,New Jersey, 593 pp.

Munk,P. and T.Kioerboe(1985) Feeding behaviour and swimming acti-
vity of larval herring (Clupea harengus) in relation to density
of copepod nauplii. Mar.Ecol.Prog.Ser. 24(1/2), 15-21.

Mututani,K.(1988) Growth and metamorphosis of lafvae of the
marbled sole Limanda yokohamae (Gunter) in culture.
Suisanzoshoku(The aquaculture), 36(1),27-32.

Nakamura,H.(1936) The early life history of coastal fishes
appeared around Kominato. Youshokukaishi,6(7/8),133-139.

Nishikawa,Y.(1975) Feeding of larval and juvenile skipjack tuna
in relation to the development of their stomachs. Bull.Far
Seas Fish.Res.Lab.,(12),221-236.

Norman,J.R. and H.Greenwood(1975) A History of Fishes.3rd ed.
Halstead Press,New York,467pp.

Ochi,H.,S.Umeda and A.Ochiai(1984) Differentiation and develop-
ment of the digestive organs of jack mackerel larvae and
juvenile. Rep.Usa mar.biol.Inst.Kochi Univ.,(6),51-60.

O’Connell,C.P.(1981) Development of organ systems in the north-
ern anchovy, Engraulis mordax, and other teleosts. Amer.
Zool.,21,429-446.

Okiyama,M. (1967) Study on the early life history of a flounder
Paralichthys olivaceus (Temminck et Schlegel) 1I.Description
of postlarvae. Bull.Jap.Sea Reg.Fish.Res.Lab., (17),1-12.

Okiyama,M.(1974) Studies on the early life history of a floun-
der, Paralichthys olivaceus (Temminck et Schlegel)
II. Descriptions of juveniles and the comparison with those of
the related species. Bull.Jap.Sea Reg.Fish.Res.Lab.,(25),39-61

Quast,J.C.(1964) Meristic variation in the Hexagrammid fishes.
Fish.Bull.,83(3),589-609.

Rosenthal,H. and G.Hempel(1970) Experimental studies in feeding
and food requirements of herring larvae (Clupea harengus L.)
In "Marine Food Chains"(ed.by J.H.Steele), Univ.Calif.Press,
Berkeley,344-364.

Ryland,J.S.(1963) Observations of the development of larvae of
the plaice, Pleuronectes platessa L.,in aquaria. J.Cons.perm.
int Explor.Mer.,30(2),177-195.

Schroder,S.L. and T.M.Zaret(1979) The adaptive significance of
color patterns in Cichla ocellaris. Copeia,(1),43-47.

Seikai,T.(1985) Metamorphosing and settling processes of flat-
fish larvae analyzed from rearing experiments. Bull.Japan.Soc.

- 119 —



Fish.Ocean.,(47/48),81-84.

Shen,S.C.(1969) Comparative study of the gill structure and
feeding habits of the anchovy, Engraulis japonica (Hout.).
Bull.Inst.Zool.,Academia Sinica,(8),21-35.

Shirota,A.(1978a) Studies on the mouth size of fish larvae-II
Specific characteristics of the upper jaw length., Bull.Japan.
Soc.Scient.Fish.,44(11),1171-1177.

Shirota,A.(1978b) Studies on the mouth size of fish larvae-III
Relationship between inflection point of the upper jaw growth
and morphological-ecological change.,Bull.Japan.Soc.Scient.
Fish.,44(11),1179-1182.

Takahashi,Y.(1985) Morphological and behavioral changes with
growth in reared larvae and juveniles of a flounder, Para-
lichthys olivaceus. The aquaculture (The suisanzoshoku),33(1),
43-52.

Takahashi,K.,G.Hoshiai and H.Abe(1986) Distribution and migra-
tion of Limanda yokohamae (Gunter) larvae in Ishinomaki bay
and Mangoku bay. The aquaculture(The suisanzoshoku ),34(1),1-8.

Takashima,F.(1976) Anomalies in hatchery reared ayu, Plecoglos-
sus altivelis 1II. Malformation of the skeleton in the larva.
J.Tokyo Univ.Fish.,62(2),99-112.

Tanaka,M.(1969a) Studies on the structure and function of the
digestive system in teleost larvae-I. Development of the di-
gestive system during prelarval stage. Japan.J.Ichthyol.,16(1),
1-9.

Tanaka,M. (1969b) Studies on the structure and function of the
digestive system in teleost larvae-II. Characteristics of the
digestive system in larvae at the stage of first feeding.
Japan.J.Ichthyol.,16(2),41-49.

Tanaka,M. (1973) Studies on the structure and function of the
digestive system of teleost larvae. Ph.D. Dissertation, Kyoto
Univ.,Japan, 136 pp.

Tanaka,M.(1985) Factors affecting the inshore migration of
pelagic larval and demersal juvenile red sea bream Pagrus
major to a nursery ground. Trans.Am.Fish.Soc.,114,471-477.

Tanaka,M.,S.Kawai and S.Yamamoto(1972) On the development of the
digestive system and changes in activities of digestive
enzymes during larval and juvenile stages in Ayu. Bull.Japan.
Soc.Sci.Fish.,38(10),1143-1152.

Tanaka,M. and Y.Matsumiya(1982) The early 1l1life history of

Japanese sea bass-especially on transitional process to juve-
nile. Tech.Rep.Farm.Fish.,11(2),49-65.

- 120 —



Tange,K.(1980) On the rearing of Hexagrammos otakii by using
artificial diet. Tech.Rep.Farm.Fish.,9(1),31-38.

Theilacker,G.H.(1978) Effect of starvation on the histological
and morphological characteristics of jack mackerel, Trachurus
symmetricus, larvae. Fish.Bull.,76(2),403-414.

Tsuji,S.(1985) The ecology of Japanese anchovy larvae in the
'Shirashu’ fishery. Aquabiology.,(7),353-358.

Tsukamoto,K. and T.Kajihara(1984) On the relation between yolk
absorption and swimming activity in the ayu larvae Plecoglo-
ssus altivelis. Bull.Japan.Soc.Sci.Fish.,50(1),59-61.

Uchida,K.(1958a) Eggs, larvae and juvenile of Engraulis japonica
(Houttuyn) (Engraulidae). In "Studies on the Eggs, Larvae
and Juvenile of Japanese Fishes"(ed.by K.Uchida), Series I,
Kyushu Univ.,Fukuoka,17-18.

Uchida,K.(1958b) Eggs, 1larvae and Jjuvenile of Plecoglossus
altivelis Temminck et Schlegel (Plecoglossidae).In "Studies
on the Eggs, Larvae and Juvenile of Japanese Fishes"(ed.by K.
Uchida),Series I, Kyushu Univ.,Fukuoka,b18-19.

Uchida,K.(1958c) Larvae and juvenile of Seriola quinqueradiata
Temminck et Schlegel (Carangidae).In "Studies on the Eggs,
Larvae and Juvenile of Japanese Fishes"(ed.by K.Uchida),
Series I, Kyushu Univ.,Fukuoka,53-54.

Uchida,K.(1966) Metamorphosis of Fishes. In"Embryology of Verte-
brata" (ed.M.Kume),Baifukan,Tokyo,115-122.

Uchida,K.,S.Imai,S.Mito,S.Fujita,M.Ueno,Y.Shojima,T.Senta,M.Tahuku
and Y.Dotu(1958) Studies on the Eggs, Larvae and Juvenile of
Japanese Fishes, Series 1I. Second Lab. Fish. Biol.,Fish.
Depart.Fac.Agri. Kyushu Univ.,Fukuoka,b89 pp (with 86pls).

Umeda,S.(1978) Influences of timing at initial food supply on
survival, growth and digestive organs in early post yolk-sac
larvae of the yellowtail, Seriola quinqueradiata. Rep.Fish.
Lab.Kochi Univ.,(3),1-8.

Umeda,S. and A.Ochiai(1973) On the development of the structure
and function of the alimentary tract of the yellowtail from
the larval to the juvenile stage. Bull.Japan.Soc.Scient.Fish.,
39(9),923-930.

Watanabe,T. (1970) Morphology and ecology of early stages of life
in Japanese common mackerel, Scomber japonicus Houttuyn, with
special reference to fluctuation of population. Bull.Tokai
Reg.Fish.Res.Lab.,(62),1-283.

Watanabe,T. and S.Hattori(1971) Morphological division of devel-

opmental stages of fishes and their ecological characteristics.
Sakana (7),54-59.

- 121 -



Wyatt,T.(1972) Some effects of food density on the growth and
behaviour of plaice larvae. Marine Biology,14,210-216.

Xiaowei,Z.,H.Guifen and S.Xueshen(1980) Morphological studies of
the eggs, larvae and young fish of the black porgy, Sparus
macrocephalus(Basilewsky). Acta Zoologica Sinica,26(4),331-336.

Yamada,M. ,H.Keitoku and H.Mizukure(1982) Rearing trials of
Hexgrammos otakii for developing artificial propagation(1982).
Ann.Rep.Hiroshima Pref.Farm.Center-1981,58-64.

Yamagishi,H.(1969) Postembryonal growth and its variability of
the three marine fishes with special reference to the mecha-
nism of growth variation in fishes. Res.Popul.Ecol.,11(1),14-33.

Yamashita,Y. and T.Aoyama(1985) Hatching time, yolk sac absorp-
tion, onset of feeding, and early growth of the Japanese sand
eel Ammodytes personatus. Bull.Japan.Soc.Scient.Fish.,51(11),
1777-1780.

Yamashita,Y. and T.Aoyama(1986) Starvation resistance of larvae
of the Japanese sand eel Ammodytes personatus. Bull.Japan.
Soc.Scient.Fish.,52(4),635-639.

Yasunaga,Y.(1971) Studies on the feeding habit and growth of the
plaice, Paralichthys olivaceus, in the larval stage. Bull.
Tokai Reg.Fish.Res.Lab.,(68),31-43.

Yasunaga,Y.(1972) The development of the digestive gland of the
plaice larvae, Paralichthys elivaceus. Bull.Tokai Reg.Fish.
Res.Lab., (69),75-89.

Yin,M.C. and J.H.S.Blaxter(1986) Morphological changes during
growth and starvation of larval cod (Gadus morhua L.) and
flounder(Platichthys flesus L.). J.Exp.Mar.Biol.Ecol., 104,
215-228.

Yusa,T.(1960) Eggs and larvae of flatfishes in the coastal
waters of Hokkaido IV Emryonic development of mub dab Limanda
yokohamae Gunther. Bull.Tohoku Reg.Fish.Res.Lab.,(17),15-30.

Yusa,T.,C.R.Forrester and C.Iioka(1971) Eggs and 1larvae of
Limanda yokohamae (Gunther). Fish Res.Bd.Canada Tech.Rep.,
(236),1-21.

Yusa,T.(1979) Environment and life history of flatfish.
Fish.Eng.,16(1),33-45.

Zama,A.,M.Asai and F.Yasuda(1977) Changes with growth in bony

cranial projections and color patterns in the Japanese
boarfish, Pentaceros japonicus. Japan.J.Ichthyol.,24(1),26-34.

— 122 —





