CARTILAGE AND BONE DEVELOPMENT IN SCOMBROID FISHES
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ABSTRACT

Early development of cartilage and bone was examined in representative species of the scombroid fish
families Scombrolabracidae, Gempylidae, Trichiuridae, Scombridae, Istiophoridae, and Xiphiidae from
cleared and stained larval size series. Development of the dorsal and anal fins and their pterygiophore
supports, development of the neural and haemal spines and hypural complex, and ossification of the
vertebrae were studied. The first appearance and location of these skeletal elements in cartilage were
noted, and then the direction of new additions was observed. Direction of ossification of these elements
was also noted. There were three major kinds of verebral column development: The first was shared
by Scombrolabracidae, Scombridae in part - Scombrini, Scomberomorini, and Thunnini; the second was
shared by Gempylidae, Sarda (Scombridae in part - Sardini), Istiophoridae, and Xiphiidae; the third kind
was found in T'richiurus (Trichiuridae). Saddle-shaped ossifications of the vertebrae were found only
in the Scombrolabracidae, and Gempylidae, and Scombridae. Four major kinds of fin and pterygiophore
development were observed in the scombroid families: Scombrolabracidae and Scombridae in part - Scom-
brini shared one kind; Gempylidae, Trichiuridae, and Scombridae in part - Scomberomeorini, Sardini, and
Thunnini shared another kind, which had some variations for different taxa; Istiophoridae had the third
kind; and Xiphiidae had the fourth kind. Initial ossification of the vertebral column started in one place
in Seombrolabrax, Gempylidae, Trichiurus, and Xiphias, in two places in Scomberomorus, Sarda, Thun-
nus, and Istiophorus, and in four places in Seomber and Acanthocybium. From our investigation, we
are just beginning to learn about developmental characters and we cannot interpret their full meaning
until more developmental work has heen accomplished; we can only state that billfish (Istiophoridae,
Xiphiidae) are very different from all other scombroids studied and that Scombrolabrax shows affinity

with the scombroids.

In this paper we describe development of selected
osteological features of families in the suborder
Scombroidei. We helieve that this ontogenetic data
will be useful in future taxonomic studies to aid in
establishing familial relationships. Under current
classification the scombroids comprise various num-
bers of families. Greenwood et al. (1966) recognized
six families in the suborder Scombroidei: Scom-
bridae, Gempylidae, Trichiuridae, Istiophoridae,
Xiphiidae, and Luvaridae. Gosline (1968), Potthoff
et al. (1980), and Collette et al. (1984) included the
family Scombrolabracidae in the Scombroidei, but
Johnson (in press) removed it recently. Collette et
al. (1984), Leis and Richards (1984), and Tyler et
al.2 removed the Luvaridae from the Scombroidei.
For this study we examined ontogenetic series of
representative genera of the families Scombrola-
bracidae, Gempylidae, Trichiuridae, Scombridae
(four tribes), Istiophoridae, and Xiphiidae.

1Southeast Fisheries Center Miami Laboratory, National Marine
Fisheries Service, NOAA, 75 Virginia Beach Drive, Miami, FL
33149.

2Tyler, J. C., G. D. Johnson, I. Nakamura, and B. B. Collette.
Qsteology and relationships of the oceanic fish Luvarus imperialis
(Luvaridae): an acanthuroid not a scombroid. Unpubl. manuser.
National Museum of Natural History, Wash., DC 20560.
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Research on the larvae and young stages of scom-
broids, particularly tunas (Richards and Klawe 1972)
has been extensive. In general, most papers deal
with the external description of the larvae and
juveniles (Okiyama and Ueyanagi 1978); few exist
that address the internal morphology and develop-
ment of scombroids and those are mostly on scom-
brids. Kramer (1960) described bone development
in the mackerel (Preumatophorus diego = Scomber
japonicus). Potthoff and Richards (1970), Matsu-
moto et al. (1972), and Richards and Potthoff (1974)
published osteological characters for juvenile scom-
brids. Cartilage and bone development were de-
scribed in Thunnus atlanticus (Potthoff 1975), Seom-
brolabrax heterolepis (Potthoff et al. 1980), and
Xiphias gladius (Potthoff and Kelley 1982). Kohno
et al. (1984) described fin and cartilaginous fin sup-
port development in Scomber japonicus. To our
knowledge no developmental studies of cartilage and
bone have been made for the scombroid families
Istiophoridae and Gempylidae, although a part of
the research presented here was published in Col-
lette et al. (1984). Since Collette et al. (1984), we
have conducted additional research and have dis-
covered several errors in our published observations.
We have added developmental series of Scomber
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Spp., Scomberomorus spp., Acanthocybium solanderi
and Sarda sarda (Scombridae), Trichiurus lepturus
(Trichiuridae), and Makaira nigricans (Istiophor-
idae). We examined numerous juvenile and adult
Trichiuridae; our findings are incorporated here. In

FISHERY BULLETIN: VOL. 84, NO. 3

table 161 of Collette et al. (1984), observations from
the gempylid Diplospinus multistriatus were er-
roneously listed under Trichiuridae. In this paper
we have revised and corrected that table and incor-
porated all our new findings (Tables 1, 2).

TaBLE 1.—Developmental and osteological features and counts

Trichiruidae Scombridae
with tail and
without pelvic fin,
tail and Benthodesmus
Scombrolabracidae pelvic fin, Evoxymetapon Scombrini
(Scombrolabrax) Gempylidae Trichiurus idopus (Scomben)
Predorsal bones:
present or absent absent present or absent absent absent
or absent?
number 0 Oor1 0 0 0
First anteriormost dorsal
pterygiophore:
supports number of 2 2 2 2 2
fin spines
inserts in interneural
space number 3 2 2 2 3
First anteriormost anal
pterygiophore:
supports number of 3 20r3 2 43 2
spines or rays
Middle radials:
present or absent present presents present present present
Dorsal and anal stay:
present or absent present present not determined . present present
ossifies to one or two one part one or - one part one part
parts two parts®
posteriorly bifurcated nonbifurcated bifurcated —_ nonbifurcated bifurcated
or nonbifurcated
Pelvic fin:
spine, ray count 1,5 1,5;1,4;1.2; - 1,1;1,2 1,5
1.1;1
Preural centrum 3:
neural spine with or
without cartilage tip with with —_ with with
haemal spine autogenous autogenous autogenous —_ ontogenetically autogenous
or nonautogenous fused
Vertebrae inclusive of
urostyle supporting
caudal rays:
number 3 3 —_ 3 3
Number of vertebrae:
precaudal + caudal = 13 + 17 = 30 usually more 40 + 126 = 166 fewer 13,14 +
total precaudal, precaudal, 17,18 =
fewer caudall, more caudal, 3
total 31-67 total 99-182
Epurals:
number 3 3 — 1 (ontogenetic 2
fusion from 2)
Anterior epural fused with
neural arch of Pu, No No - No No

Data from Fritzsche and Johnson (1980) and G. D. Johnson (text footnote).
2Ruvettus, Thyrsitops and Tongaichthys have one predorsal bone.
3Rexea and Thyrsites (Lelonura) have two spines, Nealotus ontogenetically has three spines but second spine fuses to basipterygium during devel-

opment.

“Two of these spines are extreme vestiges.
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METHODS

Scombroid larvae were cleared and stained for
cartilage and bone (Potthoff 1984) and subsequent-
ly measured in millimeters with a calibrated ocular

for the scombroid families and Morone, a primitive perciform fish.

micrometer under a binocular microscope. Noto-
chord length (NL) was measured on preflexion and
flexion stage larvae from the anterior tip of the up-
per jaw to the posterior tip of the notochord. Stan-
dard length (SL) was measured from the anterior

Scombridae—Continued

Scomberomorini Scomberomorini Sardini Thunnini Istiophoridae Xiphiidae Percichthyidae
(Scomberomorus)  (Acanthocybium) (Sarda) (Thunnus) (Istiophorus) (Xiphias) (Morone)!
absent absent absent absent absent absent present
0 0 0 [} 0 0 3
2 2 2 2 3 1t03, 3
mostly 2
3 3 2 3 1 2 3
3 not known 3 3 2 1103, 3
mostly 2
present present present present present absent present
present present present present present present present
one part one part one part one part one part one part one part
nonbifurcated slightly bifurcated bifurcated bifurcated, non- nonbifurcated
bifurcated sometimes bifurcated
non-
bifurcated
1,5 1,5 1,5 1,5 1,2 0 1,5
with with with with with without with
autogenous autogenous autogenous autogenous autogenous non- autogenous
autogenous
45 5 5 4 3 2 3
(16-22) + (30-32) + 26 + 25 = 51 fewer 12+ 12=24 15+11 =26 12+ 13 =25
(24-32) = (31-33) = precaudal, 114+13=24 16 +10=26 11+ 14 =25
(41-53) (62-64) more caudal,
total 39-41
2 2 2 2 3 3 3
No No No Yes No No No

SNeoepinnula lacks middle radials.

¢ epidocybium, Rexea, Diplospinus, Paradiplospinus, Tongaichthys, and Gempylus have a one-part stay, all other gempylids have a two-part stay.
Diplospinus ontogenetically usually has three epurals, posterior two epurals are fused to one in adults, but some Diplospinus develop only two
epurals.
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TABLE 1.—Continued.
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Trichiuridae Scombridae
with tail and
without pelvic fin,
tail and Benthodesmus
Scombrolabracidae pelvic fin, Evoxymetapon Scombrini
(Scombrolabrax) Gempylidae Trichiurus Lepidopus (Scomber)
Uroneural:
number 2 2 —_ 1 1
Hypural 5:
present or absent present present - absent present
fused or separate separate separate — not known fused to
uroneural
proximally
Ontogenetic hypural fusion:
fusion of hypurals 1 & 2
to ventral plate is in
cartilaginous or no fusion if present, — not known cartilaginous
ossified state ossified
fusion of hypurals 3 & 4
to dorsal plate is in
cartilaginous or no fusion If present, —_ not known cartilaginous
ossified state ossified or ossified
Procurrent spur (Johnson
1975):
present or absent present present, - absent absent
reduced or
absent
Stay on 4th pharyngo-
branchial (G. D. Johnson,
text footnote):
present or absent absent absent absent absent present
TABLE 2.—Developmental features for the scombroid
Neural and haemal arches and
spines, parapophyses and
hypural parts initially develop
in the following places on the
notochord by the following se-  Developing pterygiophores
quence. Addition isina given  and fin spines and rays are
direction. added in a direction.
Scombrolabracidae 1. Anterodorsad, posteriorly.  First dorsal: anteriorly and
(Scombrolabrax) 2. Posteroventrad, posteriorly  posteriorly. Second dorsal: an-
and anteriorly. teriorly and posteriorly. Anal:
3. Ventrad at center, posteri-  anteriorly and posteriorly.
orly and anteriorly.
4. Dorsad at center, posterior-
ly and anteriorly.
Gempylidae 1. Anterodorsad, posteriorly.  First dorsal: posteriorly. Sec-
(Gempylus, 2. Posteroventrad, posterioly ond dorsal: anteriorly and
Nesiarchus, and anteriorly. posteriorly. Anal: anteriorly
Diplospinus) 3. Ventrad at center, posteri-  and posteriorly.
orly and anteriorly.
Trichiuridae 1. Anterodorsad, posteriorly. Entire dorsal and anal: poste-
(Trichiurus) 2. Ventrad at center, posteri- - riorly.

orly and anteriorly.
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Scombridae—Continued

Scomberomorini Scomberomorini Sardini Thunnini Istiophoridae Xiphiidae Percichthyidae
(Scomberomorus)  (Acanthocybium) (Sarda) (Thunnus) (Istiophorus) (Xiphias) (Morone)
1 1 1 1 1 1 2
present present present present absent present present
separate fused to separate separate — separate separate
uroneural
proximally
cartilaginous cartilaginous cartilaginous cartilaginous cartilaginous ossified no fusion
or ossified
cartilaginous cartilaginous cartilaginous cartilaginous cartilaginous ossifed no fusion
or ossified or ossified or ossified
absent absent absent absent absent absent present
present present present present present present absent

families and Morone, a primitive perciform fish.

Sequence of fin and associ-
ated pterygiophore develop-
ment.

First anteriormost dorsal and
anal pterygiophore develop
from one or two pieces of carti-
lage.

Number of initial places of
ossification along vertebrat
column; centra develop from
saddle-shaped ossifications at
bases of neural and haemal
arches.

1. Second dorsal and anal
concurrently.

2. First dorsal. First dorsal
separated from second
dorsal during part of devel-
opment.

-

. First dorsal.

2. Second dorsal and anal
concurrently. First dorsal
separated from second
dorsal during part of devel-
opment.

1. All dorsal rays and pteryg-
iophores dorsoanterior to
anal fin.

2. All dorsal rays and pteryg-
iophores opposite future
anterior portion of anal fin.

3. All anal rays and pterygio-

phores.

Dorsal from one piece, anal
from two pieces.

Dorsal from one piece, anal
from two pieces.

Dorsal and anal from one
piece.

1;Yes

1;Yes
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TABLE 2.—Continued.
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Neural and haemal arches and
spines, parapophyses and
hypural parts initially develop
in the following places on the
notochord by the following se-
quence. Addition is in a given
direction.

Developing pterygiophores
and fin spines and rays are
added in a direction.

Scombridae,
Scombrini
(Scomber)

Scombridae,
Scomberomorini
(Scomberomorus)

Scombridae,
Scombseromorini
(Acanthocybium)

Scombridae,
Sardini
(Sarda)

Scombridae,
Thunnini
(Thunnus)

Istiophoridae
(/stiophorus)

Xiphiidae
(Xiphias)

Percichthyidae
(Morone)!

1. Posteroventrad, posteriorly
and anteriorly.

2. Ventrad at center, posteri-
orly and anteriorly.

3. Dorsad at center, posterior-
ly and anteriorly.

4. Anterodorsad, posteriorly.

1. Anterodorsad, posteriorly.

2. Posteroventrad, posteriorly
and anteriorly.

3. Ventrad at center, posteri-
orly and anteriorly.

4. Dorsad at center, posterior-
ly and anteriorly.

Not entirely known. Smallest

specimen available had al-

ready two centers of initial

development: anterodorsad

and posteroventrad.

1. Anterodorsad, posteriorly.

2. Posteroventrad, posteriorly
and anteriorly.

3. Ventrad at center, posteri-
orly and anteriorly.

1. Anterodorsad, posteriorly.

2. Posteroventrad, posteriorly
and anteriorly.

3. Ventrad at center, posteri-
orly and anteriorly.

4. Dorsad at center, posterior-
ly and anteriorly.

1. Anterodorsad, posteriorly.

2. Posteroventrad, posteriorly
and anteriorly.

3. Ventrad at center, haemal
spines posteriorly, para-
pophyses anteriorly.

1. Anterodorsad, posteriorly. ~

2. Posteroventrad, posteriorly
and anteriorly.

3. Ventrad at center, posteri-
orly and anteriorly.

Anterodorsad, posteriorly.
Ventrad at center, posteriorly
and anteriorly. Posteroven-
trad, posteriorly and anterior-
ly. Initial sequence not known,
not known if neural arches and
spines develop initially at
center.

First dorsal: pterygiophores
anteriorly and posteriorly.
Spines: one anteriorly, rest
posteriorly. Second dorsal: an-
teriorly and posteriorly. Anal:
anteriorly and posteriorly.

First dorsal: posteriorly. Sec-
ond dorsal: anteriorly and pos-
teriorly. Anal: anteriorly and
posteriorly.

First dorsal: probably posteri-
orly. Second dorsal: anteriorly
and posteriorly. Anal: anterior-
ly and posteriorly.

First dorsal: pterygiophores
posteriorly. Spines: first one
anteriorly, rest posteriorly.
Second dorsal: probably ante-
riorly and posteriorly. Anal:
anteriorly and posteriorly.

First dorsal: pterygiophores
posteriorly. Spines: first one
anteriorly, rest posteriorly.
Second dorsal: anteriorly and
posteriorly. Anal: some ante-
riorly, most posteriorly.

Entire dorsal: very few anteri-
orly, most posteriorly. Anal:
very few anteriorly, most pos-
teriorly.

Entire dorsal: anteriorly and
posteriorly. Anal: very few an-
teriorly, most posteriorly.

First dorsal: anteriorly and
posteriorly. Second dorsal: an-
teriorly and posteriorly. Anal:
anteriorly and posteriorly.

1Data from Fritzsche and Johnson (1980) and G. D. Johnson (text footnote 3).
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Sequence of fin and associ-
ated pterygiophore develop-
ment.

First anteriormost dorsal and
anal pterygiophore develop
from one or two pieces of carti-
lage.

Number of initial places of
ossification along vertebral
column; centra develop from
saddle-shaped ossifications at
bases of neural and haemal
arches.

1. Second dorsal and anal
concurrently.
2. First dorsal.

1. First dorsal.

2. Second dorsal and anal
concurrently. First dorsal
separated from second
dorsal during part of devel-
opment.

-

. First dorsal.

2. Second dorsal and anal
concurrently. First dorsal
separated from second
dorsal during part of devel-
opment.

1. First dorsal.

2. Second dorsal and anal
concurrently. Not known if
first dorsal is separated
from second dorsal during
part of development.

1. First dorsal.

2. Second dorsal and anal al-

most concurrently. First

dorsal separated from sec-
ond dorsal during part of
development.

iy

. First dorsal.

2. Second dorsal and anal
concurrently. First dorsal
not separated from second
dorsal during development.

1. Second dorsal and anal
concurrently.

2. First dorsal. First dorsal
and first anal not separated
from second dorsal and
second anal during devel-
opment.

1. Second dorsal and anal
concurrently.

2. First dorsal. Separation or
continuity of first and sec-
ond dorsals not known.

Dorsal and anal from one
piece.

Dorsal from one piece, anal
from two pieces.

Dorsal probably from one
piece, anal not known.

Dorsal from one piece, anal
probably from two pieces.

Dorsal from one piece, anal
from two pieces.

Dorsal from one piece, anal
from two pieces.

Variable, dorsal and anal may
develop from one or two
pieces.

Dorsal and anal from two
pleces.

4;Yes

2;Yes

4;Not known

2?;Yes

2;Yes

2;No

1;No

?:No
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tip of the upper jaw to the posterior margin of the
hypural bones. Xiphias larvae were measured from
the anterior margin of the eye to the posterior tip
of the notochord for eye notochord length (ENL) or
from the anterior margin of the eye to the posterior
margin of the hypural bones for eye standard length
(ESL).

FAMILY SCOMBROLABRACIDAE
Figure 1

Thirty Scombrolabraz heterolepis larvae (2.9-10.4
mm NL or SL) were available.

Development of the vertebral column initially
started in four places on the notochord: 1) antero-
dorsad (neural arches and spines of future centra
1-3), 2) posteroventrad (parhypural, hypurals), 3)
ventrad at the center (haemal arches and spines on
future centra 16-21), and 4) dorsad at the center
(neural arches and spines on future centra 12-28).
The anterior neural spines were added in a posterior
direction whereas the neural and haemal spines at
the center of the body were added anteriorly and
posteriorly. The two areas of neural spine develop-
ment coalesced around the eighth neural spine
anteriorly and just anterior to the hypural complex
posteriorly. The hypurals were added in a posterior
direction, but the parhypural and the two autoge-
nous haemal spines were added anteriorly (Table 2).
Ossification of the vertebral column in Scombrola-
brax initially started in one place with the ante-
riormost neural arches and spines and proceeded in
a posterior direction. The hypural complex was the
last along the vertebral column to start ossifying.
Vertebrae first ossified by forming saddles of bone
dorsad and ventrad around the notochord. As ossi-
fication proceeded the saddles merged laterally
forming an hourglass-shaped vertebra in the lateral
view.

Cartilaginous second dorsal and anal fin pterygio-
phores developed first simultaneously above inter-
neural spaces 15-17 and below interhaemal spaces
16-19 before the anterior neural arches and spines
had coalesced. The addition of cartilaginous second
dorsal and anal fin pterygiophores was in an ante-
rior and posterior direction. First dorsal fin pteryg-
iophores appeared second above interneural spaces
4-7, to which pterygiophores were added anterior-
ly and posteriorly, terminating anteriorly in the
third interneural space and joining with the second
dorsal fin pterygiophores posteriorly. Dorsal and
anal fin rays and spines developed in the same se-
quence as their corresponding pterygiophores, but
a little later (Table 2).
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Scombrolabrax heterolepis does not develop pre-
dorsal bones. The first dorsal pterygiophore orig-
inated from one piece of cartilage and inserted in
the third interneural space supporting two fin spines
(one supernumerary spine). The first anal pterygio-
phore developed from two pieces of cartilage and
supported three spines (two supernumerary spines).
The posteriormost five or six dorsal -and anal pte-
rygiophores had middle radials. The last dorsal and
anal pterygiophore supported a double ray and had
a nonbifurcated stay (Table 1).

In S. heterolepis, first caudal development of the
cartilaginous parhypural and hypurals 1 and 2 was
concurrent with the anterior development of the
neural spines and the central appearance of haemal
spines. The hypural complex development was
described by Potthoff et al. (1980). Scombrolabraz
heterolepis had the basic perciform caudal skeleton
(Gosline 1968), with no hypural fusion observed in
adults. The neural and haemal elements of preural
centra 2 and 3 supported the procurrent caudal rays.
A procurrent spur was present on the posteriormost
ventral secondary caudal ray with a basally fore-
shortened ray anterior to it (Johnson 1975) (Table 1).

FAMILY GEMPYLIDAE
Figures 2-4

One hundred and ten gempylids in 11 genera were
available: 33 Gempylus serpens (3.7-9.9, 160 mm NL
or SL), 23 Nesiarchus nasutus, (2.6-10.2, 55, 242 mm
NL or SL), 7 Neoepinnula orientalis (3.3-7.1, 112
mm NL or SL), 11 Nealotus tripes (3.4-11.9, 24-140
mm NL or SL), 5 Lepidocybium flavobrunneum
(5.5-35.3 mm NL or SL), 5 Promethichthys prome-
theus (26.4-161 mm SL), 2 Rexea sp. (132, 155 mm
SL), 2 Ruwvettus pretiosus (209, 212 mm SL), 1
Thyrsitops lepidopoides (160 mm SL), 16
Diplospinus multistriatus (3.4-13.5 mm NL or SL),
5 Thyrsites atun (= Leionura, 83-254 mm SL). Of
these, G. serpens, D. multistriatus, and N. nasutus
yielded complete developmental series.

Development of the vertebral column initially
started in three places on the notochord: 1) antero-
dorsad (neural arches and spines on future centra
1-6); 2) posteroventrad (hypurals); and 3) ventrad
at the center (anterior haemal arches and posterior
parapophyses). The neural arches and spines were

FIGURE 1.—Schematic representation of vertebral column, dorsal
and anal fin, pterygiophore, and hypural development in Secom-
brolabrazx heterolepis, Scombrolabracidae. Cartilage, white; ossi-
fying, stippled. Scale represents interneural and interhaemal space

number and vertebra number.
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FIGURE 2.—Schematic representation of vertebral column, dorsal and anal fin, pterygiophore, and hypural development in Gempylus
serpens, Gempylidae. Cartilage, white; ossifying, stippled. Scale represents interneural and interhaemal space number and vertebra

number.

added in a posterior direction. Haemal arches and
spines developed only when the neural spines
reached the caudal area, and they were added in a
posterior direction. Parapophyses were added ante-
riorly. The hypurals were added posteriorly, the par-
hypural and the autogenous haemal spines were
added anteriorly (Table 2). Ossification of the verte-
bral column in the gempylid genera examined by us
initially started in one place and was similar to the
ossification in Scombrolabraz, except in Diplospinus
the vertebral column was ossified to preural centrum
6 when the urostyle and the hypurals initially started
to ossify. Saddle-shaped vertebral ossifications were
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observed in all gempylids examined, similar to those
described for Scombrolabrax.

Gempylids developed first dorsal fin pterygio-
phores and fin spines first, after only a few carti-
laginous neural spines had developed. Development
of first dorsal fin pterygiophores and spines was in
a posterior direction. During early development the
neural spines were anterior to the first dordal fin
pterygiophores and fin spines, but later they
developed faster and were posterior to the pterygio-
phores. Pterygiophores of the second dorsal and anal
fins developed before the developing first dorsal fin
pterygiophores and had joined with the second dor-
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sal fin pterygiophores. Addition of second dorsal and
anal pterygiophores was then in an anterior and
posterior direction. The same development was
observed for the second dorsal and anal fin rays and
anal spines at slightly greater size (Table 2).
Most gempylid genera lack predorsal bones, ex-
cept Tongaichthys (Nakamura and Fujii 1983),
Ruvettus (Potthoff’s pers. obs.), and Thyrsitops
(Sato 1983) which have one predorsal bone, The first
dorsal pterygiophore originated from one piece of

cartilage and inserted in the second interneural
space supporting two fin spines (one supernumerary
spine). In three Atlantic Lepidocybium, the first dor-
sal pterygiophore inserted in the second interneural
space, but in two Pacific specimens it was found in
the third space. The first anal pterygiophore was
considerably larger than the following pterygio-
phores and presumably developed from two pieces
of cartilage. It supported three anal spines (two
supernumerary spines) except in adults of Rezea,
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Thyrsites (Leionura), and Nealotus where only two
spines were supported (one supernumerary). Lar-
vae of Nealotus have three spines associated with
the first anal pterygiophore, but in juveniles the sec-
ond anal spine was fusing to the posterior process
of the pterygiophore. No evidence of a similar fu-
sion was observed in Rexea or Thyrsites (Leionura).

\~ ), : ¢35
Nk / - o £ '% Gempylids had middle radials in one to six posterior-
R S/ 1*° § & most dorsal and anal pterygiophores (except Neo-
a @ § epinnula lacked middle radials). A double ray, and
2 7 1s 2 5 a two-part posteriorly bifurcated stay was associated
E 1o £ with the last dorsal and anal pterygiophore in ap-
N O 1° e proximately one half of the genera. Lepidoeybium,
._’%ﬁa 3 -8 ‘E,—E Gempylus, Diplospinus, Paradiplospinus, Tongaich-
'§~$_ S 1z &8 thys, and Rexea had a one-part posteriorly bifurcated
\;\ 1s &% stay (Table 1).
%;Q 1% £ g’ First caudal development of the cartilaginous
?l\j% .'_ 1% g § parhypural and hypurals 1 and 2 was concurrent
'% S Je 548 with anterior development of a few neural spines
;\\Q\ "‘ 1. & 5 and some first dorsal fin pterygiophores and fin
% RS 1 $73 spines. The gempylid genera studied by us developed
;%-"{2 N+ is —;,—g all parts found in basic perciform caudal skeletons
%,% S 1o g‘ g (Gosline 1968);;}?ve1} the smaller second uroneural.
NN 1. % Caudal parts then fuse differently in the various
%"%‘ S 1% # £ genera of adults (Matsubara and Iwai 1958). The
\:§ ] 4 § % neural and haemal elements of preural centra 2 and
\% 1 ™7 3 supported the procurrent caudal rays. In the gem-
i‘;\ X :: T pylids the procurrent spur on the posteriormost ven-
\% o 1 3 ;;‘ tral secondary caudal ray may be present, reduced,
\\& 18 g ¢ or absent. Johnson (1975) examined two species in
\\\}:\%‘ R s 8 § which it was absent (Table 1).
N 18 %5
\'\ N {8 B
\% 4. 88 FAMILY TRICHIURIDAE
\\i\‘% N 1% —25 Figures 5-8
N 48 2 5
NN j-_ —: % qﬁ; Seventy-three trichiurids in four genera were
NN 1% <3 available: 61 Trichiurus (4.5-26, 300, 803, 510 mm
i& N 1~ g% TL), 8 Benthodesmus (4.5, 12 mm NL, 65-120, 541,
\\;;;\\ Jo 23 545 mm SL), 3 Evoxymetapon (210-550 mm SL), 1
\%« N 1o 8 & Lepidopus (280 mm SL). Only Trichiurus yielded
N N \ 1= §'§ a complete developmental series.
\\ 1= g g Development of the vertebral column in T'richi-
ol - 1o | Z urus initially started in two places on the noto-
“ NS 1 £ % chord: 1) anterodorsad (neural arch and spine on
N 1~ = g future centrum 1), and 2) ventrad at the center (an-
e ¥ & terior haemal arches and posterior parapophyses).
1., =& Cartilaginous neural arches and spines were added
1 2 g in a posterior direction. Haemal arches and spines

developed when the neural spines reached the ante-
rior future caudal vertebrae. Addition of haemal
arches and spines was also in a posterior direction
(Table 2). Trichiurus lacked a caudal complex. Ossi-
fication of the vertebral column started initially in
one place, with the anteriormost neural spines and
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FIGURE 6.—Left lateral view of the anteriormost three dorsal pterygiophores inserting in the interneural
spaces 2-4 from a juvenile T'richiurus lepturus 510 mm TL. D, distal radial; Ns, neural spine; P, proximal
radial; R, ray or spine; X, a new pterygiophore element of unknown homology. Cartilage, white; bone,

stippled.

arches and proceeded in a posterior direction.
Saddle-shaped ossifications of the vertebrae as seen
in Scombrolabrocidae, Gempylidae, and Scombridae
were not observed in Trichiurus, instead vertebral
ossification started laterally on both sides of the
notochord as a thin strip of bone. During further
development the lateral strip elongated dorsad
and ventrad joining the strip from the opposite
side and forming a ring of bone around the noto-
chord.

Trichiurus first developed two of the three ante-
rior dorsal fin spines. Next the first dorsal pteryg-
iophore developed. Then dorsal pterygiophores, the
third dorsal fin spine, and the dorsal fin rays were
added in a posterior direction, with the pterygio-
phore development being slightly posterior to the
ray development and considerably posterior to the
neural arch and spine development. The single large
anal spine developed first after dorsal fin ray and
pterygiophore development had dorsally passed the
anterior portion of the anal fin fold. Next, the large
first anal fin pterygiophore and some haemal arches
and spines developed. Further development con-
sisted of the addition of anal fin rays, pterygio-

phores, and haemal arches and spines in a posterior
direction. The haemal arches and spines and the anal
fin rays developed slightly anterior to the anal pte-
rygiophores. The anal pterygiophores were slightly
anterior to the dorsal fin ray and pterygiophore
development (Table 2).

Trichiurus lacked predorsal bones. The first dor-
sal pterygiophore supported two fin spines (one
supernumerary) and originated from one piece of
cartilage. In larvae the first dorsal pterygiophore
inserted between the split neural arch and spine of
the first centrum, thus inserting into the first and
second interneural spaces. However, in adults the
first dorsal pterygiophore inserted into the second
interneural space. All following interneural and
interhaemal spaces accommodated one pterygio-
phore per space. The first anal pterygiophore was
larger than the following pterygiophores, but it
developed from one piece of cartilage and sup-
ported one supernumerary spine and one ray (Table
1).

The pterygiophores in Trichiurus and probably
in most if not all species of the Trichiuridae are
anatomically different from those of other scom-
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e v

F1GURE 7.—Two dorsal fin pterygiophores from Trichiurus lepturus 510 mm TL, taken directly from
opposite the anterior portion of the anal fin. A, left lateral view of the pterygiophores and rays; the
left side of the posterior ray has been removed. Cartilage, white; ossifying, stippled. B, dorsal view
of one of the two pterygiophores; unfused parts have been disarticulated. C, dorsal view of
pterygiophore in B, unfused parts have been left articulated. For abbreviations see Figure 6.

broids (G. D. Johnson3). The anteriormost two dor-
sal pterygiophores supported three spines, which
were the only dorsal fin spines and which had ser-
rations in larvae and juveniles, but were smooth in
adults. The anterior two pterygiophores had two
parts each and supported fin spines. The 3d-127th
pterygiophores had three parts and supported fin

3G. David Johnson, Curator (Fishes), Smithsonian Institution,
National Museum of Natural History, Wash., DC 20560, pers. com-
mun. 1985,
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rays, the distal parts being located between the
bifurcate bases of the rays. These distal parts were
not homologous with distal radials and are labeled
“X” in Figures 6-8. The 128th-130th pterygiophores
had four parts, and the last three pterygiophores
(131st-133d) had become vestigial having a variable
number of parts, usually from two to four. Anal fin
pterygiophores were anatomically similar to the dor-
sal fin pterygiophores. The first anal fin spine was
large and serrated in larvae and juveniles but
became small and smooth in adults. Trichiurus lar-
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vae and juveniles developed an anal fin in which the
rays were of the same length as those in the dorsal
fin, but the anal rays became very short and vestigial
in adults. In adult Trichiurus the posterior end of
the dorsal fin was anterior to the posterior end of
the anal fin. Other trichiurids (Benthodesmus, Evoz-
ymetapon, Lepidopus) examined by us had pte-
rygiophore arrangements similar to Trichiurus.

FAMILY SCOMBRIDAE

The family is a very speciose group which is
divided into two subfamilies (Collette et al. 1984).
For the monotypic Gasterochismatinae, larvae were
not obtainable, but one or more species for each of
the four tribes of the Scombrinae was studied.

Tribe Scombrini
Figure 9

Twenty-two Scomber japonicus (4.4 mm NL - 9.6
mm SL, 100, 103 mm SL) and 12 S. scombrus (5.7
mm NL - 8.2 mm SL) were used in this study. Many
more Scomber smaller than 5.5 mm NL were avail-
able but showed no cartilage development along the
notochord. In addition, developmental studies on
Scomber by Kramer (1960) and Kohno et al. (1984)
were consulted.

Development of the vertebral column in Scomber
initially started in four places on the notochord: 1)
posteroventrad (parhypural, hypurals 1 and 2), 2)
ventrad at the center (anterior haemal arches and
spines), 3)dorsad at the center (neural arches and
spines above developing haemal arches and spines),
and 4) anterodorsad (neural arches and spines of
future centra 1-3). The anterior neural spines were
added posteriorly, the neural spines at the center
of the notochord were added anteriorly and poste-
riorly, the haemal spines were added posteriorly, but
the parapophyses were added anteriorly. The hypu-
rals were added in a posterior direction, but the two
autogenous haemal spines were added anteriorly.
The dorsal and ventral areas of development co-
alesced completing the cartilaginous ontogeny of the
vertebral column. Ossification of the vertebral
column (neural and haemal spines, vertebrae, and
hypural complex) initially started in four places:
1) dorsoanteriorly (anteriormost neural arches and
spines), 2) ventrad at the center (anterior haemal
arches and spines and posterior parapophyses), 3)
posteriorly (hypural complex), and 4) dorsad at the
center (neural arches and spines). The four initial
areas of ossification coalesced as ossification pro-
gressed. Vertebrae in Scomber initially had saddle-
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homology cannot he determined: for other abbreviations see Figure 6, Cartilage, white;

bone, stippled.

FIGURE 8.—Left lateral view of the three posteriormost dorsal fin pterygiophores from
Trichiurus lepturus 303 mm TL. M, middle radial; ?, pterygiophore parts where
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shaped ossifications similar to those described for
Secombrolabraz (Table 2).

Cartilaginous second dorsal and anal fin pteryg-
iophores developed first simultaneously above inter-
neural spaces and below interhaemal spaces 17-19.
The addition of cartilaginous second dorsal and anal
fin pterygiophores was in an anterior and posterior
direction. Cartilaginous first dorsal fin pterygio-
phores appeared second above interneural spaces
5-8 and were added anteriorly and posteriorly, ter-
minating anteriorly in the third interneural space
and joining with the second dorsal fin pterygio-
phores posteriorly. Second dorsal and anal fin rays
developed in the same sequence as their correspond-
ing pterygiophore, but a little later. The first dor-
sal fin spines developed from anterior in a posterior
direction, but the anteriormost (supernumerary)
spine first developed when seven first dorsal fin
spines were already present (Table 2).

Scomber lacked predorsal bones. The first dorsal
pterygiophore originated from one piece of cartilage
and inserted in the third interneural space support-
ing two fin spines (one supernumerary spine). The
first anal pterygiophore was considerably larger
than all other pterygiophores, but it originated from
only one piece of cartilage supporting two anal
spines (one supernumerary spine). The posterior-
most six dorsal and anal pterygiophores had mid-
dle radials. The last dorsal and anal pterygiophore
supported a double finlet and had a posteriorly bi-
furcated stay (Table 1).

In Scomber, caudal development of the cartilag-
inous parhypural and hypurals 1 and 2 was first
before any other development of cartilaginous
haemal or neural arches and spines along the noto-
chord. The development of the hypural complex
from the first appearance of cartilaginous hypurals
to ossification onset was described by Kohno et al.
(1984) and our findings are in agreement with theirs.
Kramer (1960) described the ossification sequence
in the hypural complex of Scomber. In our speci-
mens, hypurals 1 and 2 were fusing to a ventral
hypural plate before ossification onset. Hypurals 3
and 4 were fusing in some larvae before and in
others after ossification onset. The neural and
haemal elements of preural centra 2 and 3 supported
the procurrent caudal rays. A procurrent spur and
a basally foreshortened ray were absent in Scomber
(Johnson 1975) (Table 1).

Tribe Scomberomorini
Figures 10, 11

Thirty-nine specimens were available: 9 Scomber-

omorus covelle (4.1-6.2 mm NL), 17 S. maculatus
(6.1 mm NL - 10.2 mm SL, 40.5-67.5 mm SL), 3 S.
regalis (5.3, 6.5 mm NL, 85.0 mm SL), 4 S. tritor
(6.0 mm NL - 8.0 mm SL), 6 Acanthocybium solan-
deri (6.2 mm NL - 10.8 mm SL). None of the above
five species yielded complete developmental series.
However, S. cavalla specimens showed the cartilag-
inous ontogeny of the vertebral column, of the dor-
sal and anal fin pterygiophores and of the hypural
complex. The S. maculatus specimens showed the
latter phases of pterygiophore and hypural complex
development, dorsal and anal fin development, and
the ossification of the vertebral column and the
hypural complex. Specimens of S. regalis and S.
tritor provided evidence that development for the
Atlantic species of Scomberomorus is very similar.
Specimens of A. solanderi gave incomplete infor-
mation on cartilaginous vertebral column develop-
ment, but adequate information on dorsal and anal
pterygiophore, on dorsal and anal fin, on hypural
complex development, and on the ossification se-
quence of the vertebral column.

Development of the vertebral column in Scomber-
omorus initially started in four places on the noto-
chord: 1)anterodorsad (neural arches and spines on
future centra 1-3), 2) posteroventrad (parhypural,
hypurals 1 and 2), 3) ventrad at the center (four
haemal arches and spines), and 4) dorsad at the
center (six neural arches and spines above initial
haemal spine development). The anterior neural
spines were added posteriad, the neural spines at
the center of the notochord were added anteriorly
and posteriorly, the haemal spines were added most-
ly posteriorly but a few were added in an anterior
direction. All parapophyses were added in an ante-
rior direction. The hypurals were added in a poste-
rior direction, but the two autogenous haemal spines
were added in an anterior direction. The dorsal and
ventral areas of development coalesced and thus car-
tilaginous ontogeny of the vertebral column was
complete. Ossification of the vertebral column ini-
tially started in two places: 1) anteriorly (neural
arches and spines, and centra) and 2) posteriorly
(hypural complex). Ossification of the neural arches
and spines and centra was in a posterior direction.
In the hypural complex ossification started with the
urostyle and proceeded anteriorly to preural cen-
trum 3. Then the ventral hypural plate started to
ossify followed by the dorsal plate, the parhypural,
and the two autogenous haemal spines. Last to start
ossification were the epurals, the uroneural, and the
neural spines. Vertebrae in Scomberomorus had
saddle-shaped ossifications similar to those de-
scribed for Scombrolabrax (Table 2).
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Two to five cartilaginous first dorsal fin pteryg-
iophores developed first above interneural spaces
3-5 at the time of ossification onset of the anterior-
most neural arches and spines. The addition of car-
tilaginous first dorsal fin pterygiophores was in a
posterior direction. Five cartilaginous second dor-
sal and anal fin pterygiophores developed second
simultaneously in the anterior portions of the future
second dorsal and anal fins. Some addition of carti-
laginous second dorsal and anal fin pterygiophores
occurred in an anterior direction, but most of the
addition was posteriorly. Dorsal and anal fin rays
and spines developed in the same sequence as their
corresponding pterygiophores, but a little later
(Table 2).

Scomberomorus does not develop predorsal bones.
The first dorsal pterygiophore originated from one
piece of cartilage and inserted in the third inter-
neural space supporting two fin spines (one super-
numerary spine). The first anal pterygiophore
developed from two pieces of cartilage and sup-
ported three spines (two supernumerary spines). The
posteriormost nine dorsal and anal pterygiophores
had middle radials. The last dorsal and anal pteryg-
iophore supported a double finlet and had a non-
bifurcated stay (Table 1).

In Scomberomorus, first caudal development of
the cartilaginous parhypural and hypurals 1 and 2
was concurrent with the anterior development of the
neural spines and the central appearance of haemal
spines. Hypurals 3-5 were added posteriorly, the two
autogenous haemal spines anteriorly. Hypurals 1
and 2 and hypurals 3 and 4 fused before ossifica-
tion onset to a cartilaginous ventral and dorsal
hypural plate. The dorsal and ventral plates fused
after ossification to a single hypural plate with a cen-
tral notch (Collette and Russo 1984). Hypural 5
gradually fused with the paired uroneural forming
an autogenous bone resembling a third epural and
mistaken as such by Leccia (1958). Two epurals
developed anterior to the uroneural-hypural 5. These
epurals remained autogenous. The neural and hae-
mal elements of preural centra 2, 3, 4, and 5 sup-
ported the procurrent caudal rays. A procurrent
spur and basally foreshortened ray were absent in
Scomberomorus (Johnson 1975) (Table 1).

Only six Acanthocybium solanderi were available.
We were therefore unable to ascertain a complete
developmental sequence. Qur smallest 6.2 mm NL
specimen had two cartilaginous development centers
along the notochord: some neural spines and arches
anteriorly and the parhypural, hypural 1-3 poste-
riorly. The next larger specimen 9.2 mm SL had all
neural and haemal arches and spines developed, thus
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we were unable to tell if in A canthocybium four ini-
tial centers (as in Scomberomorus) or only three
centers (as in Xiphias and Sarda) of cartilaginous
development along the notochord were present. In
all our Acanthocybium specimens, hypurals 1 and
2 gradually fused before ossification onset to a ven-
tral cartilaginous hypural plate. In the 8.5 mm SL
Acanthocybium, hypurals 3 and 4 were fusing before
ossification onset; in the larger 9.5 and 10.4 mm SL
specimens hypurals 3 and 4 were ossifying while still
separate. The dorsal and ventral hypural plates were
fused in adults to one plate with a notch (Conrad
1938; Collette and Russo 1984) (Table 1). Ossifica-
tion of the vertebral column initially started in four
places and was similar to the ossification in Scomber.
The development of the dorsal and anal fins and
their supporting pterygiophores in Acanthocybium
was similar to that described in Seomberomorus.

Tribe Sardini
Figure 12

Ninety-nine Sarda sarda (2.4-9.0 mm NL or SL,
59-102 mm SL) were available. Of the larval speci-
mens (2.4-9.0 mm NL or SL) only 32 were larger
than 5 mm NL, and of these 10 were between 6.0
and 6.9 mm NL or SL, 6 were between 7.0 and 7.9
mm NL or SL, and 3 were larger than 8 mm SL.
Thus, since development of the vertebral column in
Sarda begins around 5 mm NL, only 32 specimens
were useful to our study and they were too few to
yield a complete developmental series. Our conclu-
sions on Sardini development are not as well sup-
ported as for most other scombroids.

Development of the vertebral column in Sarda ini-
tially started in three places on the notochord: 1)
anterodorsad (neural arch and spine of future cen-
trum 1), 2) posteroventrad (parhypural, hypurals 1
and 2), and 3) ventrad at center (haemal arches and
spines, parapophyses). The anterior neural spines
were added in a posterior direction and the haemal
spines probably first appeared when the correspond-
ing neural spines developed above them at the
center of the notochord. Our evidence, however, is
only indirect, because one 7.5 mm NL specimen had
21 neural spines and no haemal spines, but our 8.1
mm SL specimen had all neural and haemal spines
developed. The cartilaginous hypurals were added
posteriorly, but we could not observe the anterior
addition of the autogenous haemal spines, although
we assume that it happens in Sarda as in other
scombroids with tails. Ossification of the vertebral
column in Sarda initially started in two places: ante-
riorly (neural arches and spines) and posteriorly
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(hypural complex). Our largest 9.0 mm SL specimen
showed ossification to the 11th neural spine. We do
not know if ossification in Sarda proceeds entirely
posteriad or if in Sarda, as in Scomber and Acantho-
cybium, there is some central ossification of neural
and haemal spines before the anterior ossification
has reached the center of the column. The hypural
complex started to ossify early at the time ossifica-
tion on the neural spines began anteriorly. Verte-
brae in Sarda had saddle-shaped ossifications similar
to those described for Scombrolabrax (Table 2).
Cartilaginous first dorsal fin pterygiophores devel-
oped first anteriorly above interneural spaces 2-10
in the 8.1 mm SL specimen. Addition of cartilag-
inous first dorsal fin pterygiophores was in a poste-
rior direction. The 8.4 mm specimen had all first dor-

sal fin pterygiophores and some second dorsal and
anal fin pterygiophores and they were continuous
with each other. Therefore, we are unable to deter-
mine if second dorsal and anal fin pterygiophores
in Sarda developed before first dorsal fin pteryg-
iophores were joined with the second dorsal fin
pterygiophores. Three first dorsal fin spines were
present in the 8.1 mm SL specimen, serially asso-
ciated with the first three pterygiophores. Addition
of first dorsal fin spines was in a posterior direc-
tion, except for the anteriormost first spine (super-
numerary), which developed later in the 9.0 mm SL
Sarda. Second dorsal and anal fin rays were not
developed in our 9.0 mm SL specimen. Our 59 mm
SL specimen had the full adult compliment of fin
rays (Table 2).
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Sarda did not develop predorsal bones. The first
dorsal pterygiophore originated from one piece of
cartilage and inserted in the second interneural
space supporting two spines (one supernumerary
spine). We do not know if the first anal pterygio-
phore originated from one or two pieces of cartilage,
but it is most likely that it originated from two pieces
because it supported three fin elements (two super-
numerary spines). The posteriormost seven to nine
dorsal and anal pterygiophores had middle radials.
The last dorsal and anal pterygiophore supported
a double finlet and had a posteriorly bifurcated stay
(Table 1).

In Sarda first caudal development of the carti-
laginous parhypural and hypurals 1 and 2 was con-
current with the beginning development of the ante-
riormost neural arches and spines. Hypurals 1 and
2 fused in the cartilaginous state to form the ven-
tral hypural plate. In three specimens, hypurals 3
and 4 were separate after ossification onset. These
hypurals were fused to the dorsal hypural plate in
juveniles. Hypural 5, the uroneural and two epurals
were separate in our juveniles. Collette and Chao
(1975) found that in adults the dorsal and ventral
plates fused to one hypural plate without a notch
and that the uroneural fused with hypural 5, but the
two epurals remained autogenous. The neural and
haemal] elements of preural centra 2, 3, 4, and 5 sup-
ported the procurrent caudal rays. A procurrent
spur and a basally foreshortened ray were absent
in Sarda (Johnson 1975) (Table 1).

Tribe Thunnini
Figure 13

More than 86 specimens were available: 86 Thun-
nus (mostly 7. atlanticus and a few Thunnus spp.,
3.7-9.7 mm NL or SL), and a small number of Auxis,
Euthynnus, and Katsuwonus. We were unable to
observe early cartilaginous development in all
genera except Thunnus.

Development of the vertebral column in Thunnus
initially started in four places on the notochord: 1)
anterodorsad (neural arches and spines of future
vertebrae 1-3), 2) posteroventrad (hypurals 1 and
2), 3) ventrad at the center (anteriormost five
haemal arches and spines and posteriormost two
parapophyses), and 4) dorsad at the center (five
neural arches and spines above initial haemal arch
and spine development). The anterior neural arches
and spines were added in a posterior direction, the
central neural arches and spines were added ante-
riorly (coalescing around the future 14th centrum)
and posteriorly toward the epurals. The parapophy-
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ses were added in an anterior direction, whereas the
haemal arches and spines were developing in a pos-
terior direction. In the hypural complex hypurals
were added posteriorly, but the parhypural and the
two autogenous haemal spines were added in an
anterior direction, coalescing with the central
haemal arches and spines. Ossification of the verte-
bral column in Thunnini initially started in two
places similar to the ossification described for Scom-
beromorus. Saddle-shaped vertebral ossification
development was observed in all Thunnini examined,
similar to the development described for Scombro-
labrax (Table 2).

In Thunnini, cartilaginous first dorsal fin pteryg-
iophores developed anteriorly in interneural spaces
3-6 when only few cartilaginous neural spines were
present. Additional pterygiophores were added in
a posterior direction. Later, small cartilaginous sec-
ond dorsal fin pterygiophores appeared in the mid-
dle of the vertebral column above interneural spaces
15-22. As the first dorsal fin pterygiophores devel-
oped in a posterior direction, the second dorsal fin
pterygiophores developed in an anterior and poste-
rior direction until all the dorsal pterygiophores
were continuous. Anal pterygiophores appeared
below interhaemal spaces 20-25 and developed in an
anterior and posterior direction. Addition of the first
dorsal fin spines was in a posterior direction, except
for the anteriormost spine (supernumerary), which
developed when the second and third spine were
already present. The second dorsal and anal fin rays
developed in the same sequence as their correspond-
ing pterygiophores but a little later (Table 2).

All Thunnini species examined lacked predorsal
bones. The first dorsal pterygiophore originated
from one piece of cartilage and inserted in the third
interneural space supporting two fin spines (one
supernumerary spine). The first anal pterygiophore
developed from two pieces of cartilage and sup-
ported three fin spines (two supernumerary spines)
(Potthoff 1975). Middle radials were present on the
posterior eight or nine finlet supporting dorsal and
anal pterygiophores. A one-part posteriorly bifur-
cated stay developed with the posteriormost dorsal
and anal fin pterygiophores (Table 1).

In Thunnus, the caudal complex began to develop
very early concurrently with the first anteriormost
neural spines. Hypurals 1 and 2 and hypurals 3 and
4 developed separate cartilages and fused to a car-
tilaginous dorsal and ventral hypural plate. Potthoff
(1975) stated that hypurals 1 and 2 developed as one
piece of cartilage from the start, but he examined
only specimens larger than 5.0 mm NL not stained
for cartilage. The dorsal and ventral hypural plates
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fused after ossification, but the small hypural 5 re-
mained separate. Preural centra 2 and 3 each had
an autogenous haemal spine. Two epurals and one
uroneural developed dorsad. The anterior epural
fused with the neural arch of Pu, and the uroneural
fused to the urostyle (Potthoff 1975). The neural and
haemal elements of preural centra 2, 3, and 4 sup-
ported the procurrent caudal rays. A procurrent
spur and basally foreshortened ray were absent in
the Thunnini (Johnson 1975) (Table 1).

FAMILY ISTIOPHORIDAE
Figure 14

One hundred and sixteen istiophorids (3.0-227 mm
NL or SL) were available. Most specimens were
caught in the Gulf Stream off Miami, FL. In 67 of
the specimens we were able to count vertebrae; all
had a count of 12 +12. This identified them as Istio-
phorus platypterus or Tetrapturus spp. (Merrett
1971; Richards 1974). The 67 specimens with the
12+ 12 vertebral count, and the remainder, which
were too small for vertebral counts, probably were
I. platypterus because most adult istiophorids cap-
tured in the Gulf Stream off Miami are that species.
In addition, 12 Makaira nigricans (3.8-5.9 mm NL,
13.3 and 220 mm SL) identified by W. J. Richards*
were examined. The 13.3 and 220 mm SL specimens
had a count of 11+13 vertebrae.

Development of the vertebral column initially
started in three places on the notochord: 1) antero-
dorsad (neural arches and spines on future centra
1and 2), 2)posteroventrad (hypurals), and 3) ven-
trad at the center (anterior haemal arches and pos-
terior parapophyses). The neural arches and spines
were added in a posterior direction. The haemal
arches and spines also were added in a posterior
direction at the time when neural arches and spines
appeared above on the notochord. Parapophyses
were added anteriorly. Hypural bones were added
in a posterior direction, but the parhypural and the
two autogenous haemal spines were added anterior-
ly. Ossification of the vertebral column in istiophor-
ids initially started in two places: ossification of the
anteriormost neural spines and arches proceeded in
a posterior direction. The hypural complex started
ossification before all neural and haemal spines were
ossifying. Saddle-shaped ossifications of the verte-
brae as observed in the Scombrolabracidae, Gem-
pylidae, and Scombridae were not observed in the

4W. J. Richards, Senior Scientist, Southeast Fisheries Center
Miami Laboratory, National Marine Fisheries Service, NOAA, 75
Virginia Beach Drive, Miami, FL 33149, pers. commun. 1983.
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Istiophoridae during ontogeny. First ossification of
vertebrae in Istiophoridae was evidenced by the for-
mation of rings of bone around the notochord (Table
2).

Cartilaginous dorsal pterygiophores appeared first
above interneural spaces 3-5. Dorsal pterygiophore
addition was mostly in a posterior direction, except
that those pterygiophores over interneural spaces
2 and 1 were added in an anterior direction. When
dorsal pterygiophore development extended to
above the anterior portion of the anal fin fold, car-
tilaginous anterior anal pterygiophores were seen
below interhaemal spaces 13 and 14, and their addi-
tion was posteriorly abreast of the dorsal pterygio-
phores. At larger sizes dorsal and anal finrays
developed in the same sequence as their supporting
pterygiophores (Table 2).

Istiophorids did not have predorsal bones, instead
the first three interneural spaces were filled with
fin spine supporting pterygiophores. The first dor-
sal pterygiophore originated from one piece of car-
tilage and inserted in the first interneural space sup-
porting three spines (two supernumerary spines).
The anteriormost spine was either small, reduced,
or vestigial. The first anal pterygiophore developed
from two pieces of cartilage supporting two fin
spines (one supernumerary spine). Istiophorids had
one middle radial and one posteriorly bifur-
cated (sometimes nonbifurcated) stay with the
posteriormost dorsal and anal pterygiophore. The
posteriormost dorsal and anal ray were double
(Table 1).

In istiophorids, the caudal complex started to
develop after the precaudal neural spines had devel-
oped. The parhypural and hypurals 1-4 developed
as separate cartilages. In most istiophorid specimens
the cartilages of hypurals 1 and 2 and hypurals 3
and 4 fused to a lower and upper hypural plate
before ossification; in some specimens fusion did not
take place until after ossification onset for the up-
per and lower hypurals. Also, there were specimens
in which none of the cartilaginous hypurals fused.
The 5th hypural did not develop in istiophorids. Dor-
sad 3 epurals and 1 uroneural developed. Preural
centra 2 and 8 each had one autogenous haemal
spine. In adult istiophorids, the fusion of the bones
in the caudal complex was extensive (Gregory and
Conrad 1937); we examined adult specimens of
Istiophorus, Tetrapturus, and Makaira and found
identical hypural fusions in the three genera. The
three epurals remained autogenous, but the uro-
neural, hypurals 1-4, and the parhypural were fused
with each other and with the urostyle to form a
notched hypural plate. The neural and haemal



POTTHOFF ET AL.: DEVELOPMENT OF SCOMBROID FISHES

2 4 6 8 10 12 14 16 18 20 22 24
,_L‘Jr I 1 T 1 T 1 1 1 1 T 1 T T 1 T T T 1 l3°'|“mNIL 1
——
I—A——ﬂﬂ.LLﬂﬂﬂﬂﬂﬂrgJ,, 4-0mm NL
—
M Yy
rﬂlf (UL L q gy 43 mm NL
202000000 0 %
ﬂJL/fJ [ A 45mmNL
— "_’(W"'_’>
779
IJH 11 CU L 100 g004040080%
N NN

[2 ﬂ/;il;’iﬂ/ﬁ(/ﬂ/;,ﬂ 797804

HLL[LK_ILLLLILMJL/ . VDA
LY \k \\ \\ \ \f \Y—Q——Q—(m?

PIVITIIIFIE ¥ ¥
MUUMMWMﬂJ 7 zh/iJJ(IdMﬂ 790400 6-6 mm NL

L/{ [ (Il LLLF L7

N
Ry

A

\\_“\\ R
/ ’ A "/"/”///;f’
{/’imf//// /i/*/f/ (4 SIALS 2 g0 oo o e,

A

SR PP TR N s
Y )
u\\‘a\“a““\%\“\%“ﬁ““\‘l

o?ﬁ%f%%ﬁ%}/yy/;}}’é}%;;ﬁ?ﬁé}5"5’ Ctsgise VT om S/L /, /
e e e e e A TR
&\\\"\‘\\\\'\\\‘ \\,\\\mﬁ- \\:;,

%‘i}«\" SR

%};&&‘“&\

1
2 4 6 8 10 I2 I8 20 22 24
FIGURE 14.—Schematic representation of vertebral column, dorsal and anal fin, pterygiophore, and hypural development in
Istiophorus platypterus, Istiophoridae. Cartilage, white; ossifying, stippled. Scale represents interneural and interhaemal space
number and vertebra number.

673



elements of preural centra 2 and 3 supported pro-
current caudal rays. A procurrent spur and basally
foreshortened ray were absent in the Istiophoridae
(Johnson 1975) (Table 1).

FAMILY XIPHIIDAE
Figure 15

Ninety-five Xiphias gladius specimens (3.7-19.5
ENL or ESL) of this monotypic genus and species
studied by Potthoff and Kelley (1982) were reex-
amined by us.

Development of the vertebral column initially
started in three places on the notochord: 1)antero-
dorsad (neural arches and spines on future centra
1-3), 2) posteroventrad on the notochord (hypurals),
and 3)ventrad at the center (anterior haemal arches
and posterior parapophyses). The neural arches and
spines were added in a posterior direction. When
the developing neural spines had passed the pre-
caudal area, some of the anterior haemal spines
started to develop (except the anteriormost two of

FISHERY BULLETIN: VOL. 84, NO. 3

the future caudal vertebrae). Addition of cartilag-
inous neural and haemal spines was in a posterior
direction, except the first two haemal spines which
developed anteriorly. Hypural complex bones were
added in an anterior and posterior direction. Ossi-
fication of the vertebral column in Xiphias initially
started in one place with the anteriormost neural
arches and spines. Ossification then proceeded in a
posterior direction with the hypural complex ossify-
ing last. Saddle-shaped ossifications of the vertebrae
as observed in the Scombrolabracidae, Gempylidae,
and Scombridae was not observed in Xiphias dur-
ing ontogeny. Instead, vertebral ossification was
first noted in Xiphias by the appearance of dorso-
ventral fractures on the notochord followed by the
appearance of ossified vertebrae between the frac-
tures (Table 2).

Cartilaginous dorsal and anal pterygiophores
developed simultaneously before the neural and
haemal spines had reached the area. The dorsal
pterygiophores first developed in a group below the
future middle of the dorsal fin above the future inter-
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neural spaces 13-16. The anal pterygiophores first
developed in a group above the future anterior part
of the anal fin below interhaemal spaces 16-18. Fur-
ther addition of cartilaginous dorsal and anal pte-
rygiophores was in an anterior and posterior direc-
tion. The posterior pterygiophore additions dorsad
and ventrad were completed before the anterior
additions ceased. The full complement of anal pte-
rygiophores was reached before the full dorsal com-
plement. Dorsal and anal fin rays first originated
in the same areas as the pterygiophores, but at
larger sizes with addition of rays in the same direc-
tions (Table 2).

Xiphias did not have predorsal bones. The first
dorsal pterygiophore originated from one or two
pieces of cartilage and inserted in the second inter-
neural space, supporting from one to three fin
spines. The first anal pterygiophore developed from
one or two pieces of cartilage, supporting from one
to three fin spines. Xiphias had no middle radials
in the dorsal or anal pterygiophores, but a double
ray and a nonbifurcated stay were associated with
the posteriormost dorsal and anal pterygiophores
(Potthoff and Kelley 1982) (Table 1).

In Xiphias, cartilaginous hypurals were first seen
before precaudal neural spine development was com-
plete, but after dorsal and anal pterygiophore devel-
opment had started. The hypural complex develop-
ment was described by Potthoff and Kelley (1982).
Hypurals 1-5 and the parhypural developed from
separate cartilages, and there was no cartilage fu-
sion. There were three epurals and one uroneural.
Only one autogenous haemal spine was present on
preural centrum 2. In adults the three epurals, the
uroneural, hypural 5, and the parhypural remained
autogenous, but hypurals 1-4 fused with each other
and the urostyle forming a notched hypural plate
(Gregory and Conrad 1937). The neural and haemal
elements of only preural centrum 2 supported the
procurrent caudal rays. A procurrent spur and basal-
ly foreshortened ray were absent in Xiphias (John-
son 1975) (Table 1).

DISCUSSION AND CONCLUSION

Developmental features observed in our study are
illustrated in Figures 4-5 and 9-15. These features
along with meristic and osteological characters are
compared among the six scombroid families and the
primitive percoid Morone in Tables 1 and 2. Al-
though our conclusions are still preliminary because
of lack of adequate developmental series for many
genera, some comparisons, based largely on devel-
opment, are worth noticing.

There are three major kinds of early development
and addition of the cartilaginous neural and haemal
arches and spines along the notochord. Each kind
may differ slightly between taxa. Scombrolabraz,
Scomber (Scombrini), Scomberomorus (Scombero-
morini), and Thunnini have one kind in which there
are four initial developments on the notochord, but
not necessarily in the given order, e.g., anteriorly
dorsad, centrally dorsad, centrally ventrad, and pos-
teriorly ventrad with a subsequent merger of the
initial areas. Gempylidae, Sarda (Sardini), Istio-
phoridae, and Xiphiidae have a second kind in which
there are three initial developments, e.g., anterior-
ly dorsad, centrally ventrad, and posteriorly ven-
trad; then the addition is from anterior in a poste-
rior direction with a merger in the posterior, near
the hypural complex. Trichiurus, which lacks hypu-
rals, has the third kind in which there are two ini-
tial developments, e.g., anteriorly dorsad and cen-
trally ventrad with addition in a posterior direction.
We could not fully determine the cartilaginous
development for Acanthocybium, because of an in-
complete series, and for trichiurids with tails,
because a series was lacking.

In the Scombrolabracidae, Gempylidae, and Scom-
bridae, the vertebrae first develop by coalescence
of saddle-shaped ossifications positioned dorsad and
ventrad. We were not able to observe saddle-shaped
ossification in Acanthocybium because we lacked
specimens. The other scombroid families, Trichiu-
ridae (Trichiurus), Istiophoridae, and Xiphiidae, and
the primitive percoid Morone did not have these
saddle-shaped ossifications. Saddle-shaped ossifica-
tions have been observed during ontogeny in other
perciform fish such as Enchelyurus brunneolus
(Blenniidae) by Watson® and Lutjanus campechanus
(Lutjanidae) by Potthoff and Kelleyé. We are unable
to comment at this time on the significance of these
saddle-shaped ossifications until the ontogeny of
many more taxa is studied.

In the Scombrinae two species belonging to two
different tribes share a peculiar ossification se-
quence not observed by us in any other scombroids.
Both in Scomber (Scombrini) and Acanthocybium
(Sardini), initial ossification of the neural and haemal
arches and spines and the hypural complex started
at four locations on the vertebral column (Kramer

t*Watson, W. Larval development of Enchelyurus brunneolus
from Hawaiian waters (Pisces: Blennidae: Omobranchini). Un-
publ. manuscr. Marine Ecological Consultants of Southern
California, 533 Stevens Avenue, Soloma Beach, CA 92075.

$Research on the development of Lutjanus campechanus is in
progress at the Southeast Fisheries Center Miami Laboratory, Na-
tional Marine Fisheries Service, NOAA, 75 Virginia Beach Drive,
Miami, FL 38149.
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1960). In other scombroids initial ossification was
only anterior and posterior (Scomberomorus, Sarda
?, Thunnus, Istiophoridae) or only anterior (Scom-
brolabrax, Gempylidae, Trichiurus, Xiphias).
We believe that the relationship of Acanthocybi-
um to the Sardini should be re-examined in the
future.

The Scombrini and Scombrolabrax (Figs. 1, 9)
share a primitive development in which the second
dorsal fin, anal fin, and pterygiophores develop first
from a center anteriorly and posteriorly, and the
first dorsal fin and pterygiophores develop second,
from a center anteriorly and posteriorly in Scom-
brolabrax, but posteriorly only in Scomber except
for the first dorsal fin spine, which was added later.
The Gempylidae, Thunnini, and Scomberomorus
(Figs. 2, 3, 4, 10, 13) share an advanced develop-
ment in which the first dorsal fin and pterygiophores
develop first from the anteriormost element in a
posterior direction, and the second dorsal fin, anal
fin, and pterygiophores develop second from a
center anteriorly and posteriorly, the first dorsal fin
being separate from the second dorsal fin during
part of the ontogeny. In Acanthocybium, Sarda, and
Thunnini, the development is similar to the advanced
development of the Gempylidae and Scomberomorus
except in Acanthocybium, Sardae, and Thunnini, the
second dorsal fin spine developed first, the first dor-
sal fin spine was added later. The first dorsal fin was
separate for part of the ontogeny from the second
dorsal in Acanthocybium, but we were unable to
observe this in Sarda because of the lack of an ade-
quate size series. In T'richiurus (Fig. 5), the dorsal
fin and pterygiophores develop from the anterior-
most element posteriorly. When dorsal fin develop-
ment reaches above the anal fin, the anal fin
develops from its anteriormost element in a poste-
rior direction. Dorsal and anal fin development then
proceed posteriorly at about the same pace. T'ri-
chiurus has a peculiar developmental feature, which
was not observed in any other scombroid. It was that
the anteriormost dorsal fin spines and anal spine and
rays develop before their corresponding pterygio-
phores. Pterygiophore development soon overtook
fin ray development and during further development
more pterygiophores are present than fin rays. In
the Istiophoridae and Xiphiidae, dorsal and anal fin
development differ from the previously described
groups. In the Istiophoridae (Fig. 14) the first dor-
sal fin and pterygiophores develop first from a
center anteriorly and posteriorly. When the poste-
rior portion of the first dorsal fin development
reaches above the anterior portion of the anal fin,
anal rays and pterygiophores are added mostly pos-
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teriorly, although a few elements develop in an
anterior direction. The second dorsal fin develops
only in a posterior direction consecutive to the first
dorsal fin. In Xiphias (Fig. 15), the second dorsal
and anal fins and pterygiophores develop first from
a center anteriorly and posteriorly. Development of
the first dorsal fin and pterygiophores then is con-
tinuous with the second dorsal fin in an anterior
direction only.

The hypurals in all scombroids develop as separate
cartilages. Only in Scombrolabrax is there no fusion
of the hypurals in the adults. In the Gempylidae the
extent of the hypural fusion varies for different
genera and we did not observe fusion in the carti-
laginous state. For the trichiurids with tails, not
enough specimens were available to make observa-
tions on hypural fusion. In the remaining scombroids
(Scombridae, Istiophoridae, Xiphiidae) hypurals 1-4
are fused to one hypural plate in adults. Fusion to
one hypural plate came about during ontogeny by
fusion of hypurals 1 and 2 to a ventral and hypurals
3 and 4 to a dorsal hypural plate, with subsequent
fusion of these into one plate. For the ventral plate,
cartilaginous fusion occurs in all tribes of the Scom-
bridae, but in the Istiophoridae fusion is either from
cartilaginous or ossifying hypurals 1 and 2 and in
Xiphias it is always from ossifying hypurals (Table
1). In Scomber, Acanthocybium, and Istiophoridae,
the fusion of hypurals 3 and 4 to the dorsal hypural
plate is variable and occurs either during the carti-
laginous or ossifying state. In Sarda three speci-
mens have fusion of hypurals 3 and 4 in the ossify-
ing state. In Scomberomorus and Thunnus the fusion
to the dorsal hypural plate occurs always in the car-
tilaginous state, whereas in Xiphias it is always in
the ossifying state (Table 1).

The number of centra supporting the caudal rays
varies in the scombroids. In Scombrolabraz, Gem-
pylidae, Trichiuridae with tails, Secomber, and Istio-
phoridae, three vertebrae (including the urostyle)
support the caudal rays. In Xiphias only two verte-
brae support the rays. In the Scombridae more
vertebrae are involved with the support of the
caudal rays, except in Scomber. In the Scombero-
morus species examined by us, five centra support
the rays, but in some species of Scomberomorus only
four centra are involved (Collette and Russo 1984).
In Acanthocybium (Collette and Russo 1984) and
Sarda, five centra are involved with the support of
the rays, whereas in Thunnus only four centra sup-
port the caudal rays (Table 1).

Johnson (fn. 3; in press) is of the opinion that
Scombrolabraz does not belong in the Scombroidei
because it lacks most defining specializations of this
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group. Bond and Uyeno (1981) removed Scombrola-
braz from the Scombroidei on the basis of one spe-
cialized character. We are of the opinion that Scom-
brolabrax should be retained in the Scombroidei
until we fully understand the significance of devel-
opmental characters. Scombrolubrax shares many
characters with other scombroids, in particular the
absence of predorsal bones coupled with the ante-
rior pterygiophore interneural insertion sequence,
the saddle-shaped ossifications of the vertebrae, the
sequence of neural and haemal arch and spine devel-
opment and the striking resemblance of Scombro-
labraz to Thunnini larvae.

Gempylid and trichiurid relationships await fur-
ther study when complete series of larvae of more
species become available. We believe that Gempy-
lus and Diplospinus are similar and very closely
related. We also believe that the gempylids and tri-
chiurids are very closely related, the trichiurids
representing an advanced gempylid group.

Johnson (in press) has discovered a specialization
(a stay on the 4th pharyngobranchial) unique to the
Scombridae, Istiophoridae, and Xiphiidae but absent
in other Perciformes. From our study we believe
that the billfish (Xiphias and Istiophoridae) do not
belong in the Scombroidei because they differ in
many developmental and meristic characters from
other scombroid members (Tables 1, 2). However,
until more developmental studies are done to deter-
mine the meaning and significance of developmen-
tal characters, it would be premature to suggest
rearranging the Scombroidei.

The full value of early developmental studies for
systematic purposes will be realized when similar
studies have been completed on a greater variety
of fishes. Only then will we be able to interpret the
meaning and significance of some developmental
characters presented here.
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