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Abstraet
The osteology of represehtat.ives of the taxa placed inﬁéasterosteifermes by .
Pietsch (1978), i.e. Nelson's (1976) Gasterosteiformes, Syngnafhilforme‘s,
_Indostomiformes, Hypoptychidae, Pegasiformes, and Dactylop,terifermes, is examined in |
detail and éompared with that of represeﬁtatives of the major n_e,ote'leostean taxa. These
taxa and the genera used as their representatives are: Stomiiformes, Diplophos;

Aulopiformes, Saurida; Paracanthopterygii, Percopsis; Atherinomorpha,

Fundulus, Allanetta, and Melanotaenia; Beryciformes, Holocentrus; Scorpaeniformes,

Sebastes Pnonotus Asterotheca, and Cottus and Percnformes Percalates Plectroplites,

Perca and Ammodytes. Bones from all regions of the skeleton are examined and a total of

347,characters coded for analysis.

Analyses using the methods of phen.etics numerical phylogenetics, and
evajutionary systematics mdlcate that Pegasuformes and Dactylopternformes forma
distinct lineage linked with the cottoid lineage of Scorpaenlformes Gasterostenformes
also show affinities with Cottoidei. Phylogenetic and phenetic analyses support
(Gasterosteiforrhes+Hypoptychidee) and '
(Indostomiformes+Pegasiformee+Dactylopteriformes) groups, but’ evolutionary

‘systematics recognizes’instead a (Gasteroeteiformes+Syngnathiformes) grouping and
removes Hypoptychidae and |rjdestemifor;me5‘to separatellineages. This difference in
results is attributed to the more rigofou’s _W'eighﬁﬁg‘L'_iSed in the evolutionary analysis and
the inclusion of apomor_ph'ic tendenciee i'n this analysis.

The analyses ba/sedb on apbmorphy distribution are preferred to those based on
overaII similarity as more efficiently describing fhe distributions of both character states.
Those based on rigorous welghtmg by companson with outgroups are\p\eferred as
containi g mcgre accurate lmphed mformat;on about the absence in outgroups of those -
apomj;;mes used to define taxa. The use of apomorphic tendencies decreases the

~_eff|cuency of diagnoses in the hierarchy unlegs they are viewed as statements about
unexpressed genetic potential. Evolutionary systematic analyses and phylogenetic
conventlons for constructing an indented classxflcatlon provide the most satisfactory ~
classuflcatlon one most efficiently expressing mformatlon about character state .,

distribution and hypothesnzed underlymg genetic similarities.



@ v

Three new suborders of Scorpaenlformes are proposed Gasterosteondm

' contammg the present Gasterostelformas and Syngnathiformes, Dactyloptermdel,

| contammg egasu s and Dactylogteru§ and Indostomoidei, contanmng ndostom_,us_; The
intefrelationships of thesesuborders are uncertain. Hygoptychu; is removed from the
gr.puping‘and made incertae sedis. It may be best placed with Atherinomorpha, but shows

no strong affinities with any of the fishes examined.

W
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- 1. Introduction
"The cIassnfucatlon of the acanthopteryglan fishes as it stands at present is an
example of the ultimate futility of using assemblages of prlmmve characters to -
;ﬁpress relationship, with large, catch-all basal groups in effect defined
arbltrarlly by specializations that they do not have (Perc0|de|) Ieavmg many
'derlved and specvallzed groups of high.rank and of uncertain relatlonsh|ps with

. one another affy W|th 'the basal groups " Rosen and Patterson, 1969.
Whether one attrlbutes it to the use of prlmltnvech*‘r‘“acters or not, Rosen and

Patterson s picture of acanthopteryglan systematics is still accurate Although schema of

‘neoteleost relationships have been presented {Lauder and L|em, 1983, Nelson, 1984),

many acanthopterygian. taxa remain unattached, floating in controversy among their

branc' 2s. The order Gasterosteiformes (sensu Nelson, 1976) ! is one such taxon. This

order contains five genera of sticklebacks, family Gasterosteidae (Gasterosteus, Punaitius,

Apeltes, Culaga, and Spinachia) and two genera of tubesnouts, family Aulorhynchidae

~(Auhchthys and Aulorhynchus). All are restricted to the northern hemlsphere the

sticklebacks occurrlng in both fresh and salt water and the tubesnouts confined to coastal
Pacific waters. The order Gasteroste:formes is well-defined by both anatomical
characteristics, notably the bresence befor&he dorsal of a series of separated spings
and the presence-of lateral scutes instead of scales, and behavnoral characteristics. It has
been intensely stu‘died by students of- sPeci'es- and subspecies-level evolutionary,
processes but |ts affinities W|th other teleosts are not understood.

Banlster (1967) presents a detailed review of the history of the class:fucanon of.
Gasterosteifgrmes. It has been tradmonally placed'with Syngnathiformes, the order
containing the pipefishes, trempet'fisnes, and shipefishes. Members of this widespreai
marine order are characterized by their elongate tubular snouts:and rlgld armored bodies.
’ T'hey,have ceen linked with Gasterosteiformes on the basis of these cha'racters and their
reduced branchial skeletons. Several authors also include Indostornus,'a similarly elongate
and armored fish from l.éke Indawgi, Upper Burma, in this grouping (Prashad and Muker i,
1929 Bolin, 1936; Berg, 1840; Bertln and Arambourg, 1958). Pegaslformes (the

sea-moths), a small order of demersal lndo -Pacific fishes with flattened armored bodles

! ‘taxon names are usually according to Nelson, 1976; groupings of taxa are
_indicated by parentheses, e.g. (Percopsis + Acanthopterygii)
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have been added»to this assemblage by several autho'r\s (Gill, 1884; Smith—Woodward
1901; Goodruch 1909) There has been no consensus on the posmon of this composute |
group, whuch has usually been regarded as an independent lineage of fishes ansmg at
elther an advanced subacanthopteryglan or a primitive acanthapterygian level. It has been
placed with Atherlnomorpha (Swunnerton 1902 Branch, 1966), Scorpaenlformes (Artedi,
1738 Cuvier and Valencuennes 1829), and as'a prlmmve acanthopterygian group arising
below Berycn‘ormes (Jungersen, 1908; Regan, 1909; Jordan, 1823; Gosline, 1973;
Lauder and Liem, 1983). Banister (1967), after a detailed examination o‘f Gasterosteus

aculeatus , Spinachia spinachia, Aulichthvs jagonicus, Indostomus paradoxus, and

representative svngnathiforms, ‘suggested that these fishes represented three difl‘erent
Iineages. He included Gasterosteiformes (histAulorhyn'chiformeS),and Syngnathiformes (his
Adlostomiformes) in Protacanthogterygii, suggesting that they arose from a "myctophoid”
Lancestor and that their acanthopterygian features were due to parallel evolution. Banister’s
only statement about the possible relationship of these orders was that they might have

~ arisen from a common ancestor, since they shared modifications of the symplectlc
Banister removed Indostomus:to a separate order within Acanthopterygn but ln alater
-work (Banister, 1970) he revised this classification to place it within Paracanthopterygu
stilina separate order although he noted similarities which mlght tink it with the
batrachoid-gobiesocid llneage '

Since Banister’s revision, flsh systematncs has undergone changes which make his,
conclusions difficult to interpret. The "Protacanthopterygn within which he placed '
Gasterosteiformes and Syngnathiformes has been divided into four major taxa:
Salmon.iformes Stomiiformes Aulopiformes and Myctophiformes (Lauder and Liem,
1983}, and the "myctophmd ancestor postulated mlght now belong in either of the last
two orders. His placement of Indostomus within ParacanthOpterygn has also been
questloned by some lchthyologlsts (Pletsch 1978; Nelson 1984), a§ have the monophyly
of Paracanthopterygu itself (Fraser, 1972) and the status of the specrflc lineage he related
it to, the batrachoid- gobnesocnd lineage (Gosline, 1970)

ida (1976) united,Gasterosteiformes and Syngnathiformes in‘'one order,
"Syngnathiform'es“, and removed the monotypic family Hy.poptychida'e from the

ammodytid lineage within Perciformes to the gasterosteidlineage'of this order. He



suggested a relationship betwesn Hlygogtychus and Aulorhynchidae based on osteological-
and reproductive features particularly the structures of the premaxillae, reduced humbers
of branchiostegals demarcation of the lower part of the coracmd into an "infraclavicle”,
hypural fusnon,‘and hypothesized nest-building and egg-guarding behavior. He placed |
Hygogtychus in its own family within his suborder Gasterosteoidei. ‘

Pietsch (1978) accepted Ida's classification, but renamed the taxon .
"Gasterosteiformes” and augmented it by the addition of Pegasiformes and their fossil fi
relatives, the Rhamphosidae, which he placed in the syngnathid'lineage. He also suggested
replacing Indostomus in this grouo and adding Dactylopteriformes (his Cephalacanthidae;
uthe flying gurnards) to it, but did not assign these fishes specific positions. He did not
discuss the affinities of the group ;hus formed, except to note frhat‘ Pegasidae are
a.canthopterygian fishes. Lauder and Liem (1983) accepted Pietsch‘s‘definition‘of
"GesterOSteiformes“ with the exception of the inclusion of Dactylopteriformes. They |
placed '@asterosteiformes“ and Daotylopteriformes in'an unresolved trichotomy at the
base of Percomorpha between Lampridiformes and Beryciformes. \

The groups Gasterosteiformes, Syngnathiformes, lndostomus/Hypoptychus

4
Pegasus, and Dactylopterus have been placed with aleajor group of =

Neoteleostei. To answer questions about their relationships with these groups and with
one another, it is necessary to compare them vi/ith representatives of these groups, and
for cladistic analysis it is also desireable to compare them toa more primitive outgroup
The representatives of these groups are referned to throughout the thesis as framework
groups’ or 'framework taxa'.

The outgroup chosen is $ton1iiformes, which Lauder and Liem (1883) give as the
primitive sister group of AUlopiformes and all higher Neoteleostei. The representative
used is DIQIOQhOS which is regarded as the most primitive stomiiform (Fink and Weitzman,
1982), and is %efore the best indicator of the probabie characteristics of the common
ancestor of Stomiiformes and their more advanced sister group. ,

The "myctophoid level” of Banister (1967) is repre_sented by Saurida tumbil, a
member of Aulopiformes. Paracanthopterygii are represented by, l-!’ercogsis
omiscomaycus, regarded as one of the most primitive members of that group (Rosen and

Patterson, 1969).



Recent analysis of Atherinomorpha (Rosen and Parenti, 1981) suggests that

Atheriniformes is its most primitive order. Two atherinoids (Allanetta harringtonensis and

Melanotaenia higrans) are examined in detail, as is one representative of the more
advanced Cyprinodontoidei, Fundulus sp. Zehren (1979) suggests that Holocentrus arises '
at the base of 'Beryciformes,' making it a reasonable representative of basal beryciform

characteristics. | have examined Holocentrus lastoguttatus.

In the absence of an analysis of the relationships among scorpaemforms | have

exammed members of the scorpaenoid and cottoid lineages. Sebastes flavidus is chosen

gc, a generalized scorpaemd and the triglids Prionotus carolinus and Peristedion truncatum
are used because of superficial similarities with the study groups Pegasus and
Déctylogterds and because of a suggested relationship between Triglidae and the latter
(Starks, 1,930; quo‘fed in Gregory, i933). The cottoids Cottus cognatus and Gilbertidia

sigalutes and the agonid Asterotheca alascana are examined, the latter because

relationships between Agonidae and Pegasiformes have been suggested (Gijnthér, 1880;
cited in Pietsch, 1978). .
Relatioﬁships within Perciformés aré also unresolved, but the family Percichthyidae
.18 regarded asa prlmmve perciform group. Two specnes of Percichthyidae, Percalates

novaemaculatus and Plecterhtes ambiguus, are exammed as is the percid Perca

flavescens. Since Hypoptychus has been placed within the perciform family Ammodytidae,

a re'pres‘entative of this family (Ammocﬂtes hexapterus) is also examined.

Representatwes of all genera of Gasterosteiformes are exammed as are members.

of each famlly in Syngnathiformes: Aulostomidae (Aulostomus chmensus and A. maculatus),

Fistuariidae (Fistularia tabacarial, Macrorhamphosidae (Macrorhamphosus gracilis, M.

scolopax, and Notobggon lilliei), Centriscidae (Aeoliscus strigatus and Centriscus scutatus),

Solenostomidae (Solenostomus paradoxus), and Syngnathidae (Sy_nqnathus gis'eolineatus

Slng_athmdes biaculeatus, Solegnathus spmosussxmus and Hippocampus h ngcamgu s).

Indostomiformes and Hypoptychldae are monotypic taxa. Pegasnformes is represented by

Pegasus papilioc and P. volitans, and Dactylopteriformes is represented by Dactylopterus
: - : ' ‘ !
volitans. ‘

Although the osteblogy of many of the groups investigated has been studied, the

”

published descriptions have concentrated on different characters. | have therefore



presented desv“‘ Mbtions of, and tables sunﬁrizing; the characteré which are used in this

- study. These data appear in section lll of the thesis, 'Comparative Skeletal Anafdmy;‘. In’
Section IV, 'Syétematic Analyses’, | have jrs/vestigate& thé relationships between study

. groups and framework groups and betv(//een study groups: The data are analysed
separately by gach of the three major schools §f éyst'ematic;s: phenetic systematics,
phylogenetic'sys'tematijc:tlv’ cladi/stics), and evolutionary s,ysfematics (or synthetic
systematit;s). Proponents of eac?/ of these schools have declared their merits, and their
particular suitability for the inve#tigation of higher taxa (e.g. bavies, '1 983; Wiley, 188 1
Mayr, 1969., respectively). My burpose in applying all three is not primarily to enter into
the debate about their resp.ective worths, but.to gain whatever information about my study
groups each can supply. Accordingly, each school and its methods will be briefly defined
in its own settion. A separate classification is constfucted according to theA methods of -
each school, and the three sets of results are cdmpared in the final diséu_ssion and

conclusions.

%



Il. Methods and Materials
- The specimens referred to are cleared and ‘stained'(for bone only), unless
otherwuse indicated. Measurements and counts were made according to Hubbs and
Lagler’s (1964) specifications with the following exceptsons the last two elements of the
dorsal and anal fins were counted as two rays, regardless of whether they shared a
common base, and the head lengths Were measured frqm the anteriormost point of the
shout to the posterior border 6f the occipital condyle. bsteological terminology follows
Bamstar (1967) and Nelson (197 1). Abbreviations used in the figures apear in the key on
) pages xxv-xxvi. Figures contain the lot number ofthe specimens illustrated when more
than one lot of a species was examined. Data are presented both in descriptions, by
anatomical region, and in tables. Mean values for meristic and morphometric data are
presented, and miséing data are indicated with 'X’. Much more variation exists within the
groups represented than is listed in my ‘data, wHich only refer to conditions within the
specimens examined in detail. Variation as reflected in. the Iiferature is taken into account
later in the thesis, in the sections on characteli weighting. The different systematic
rﬁethods used are described in the 'Methods’ sections of the sepaqqte ;hapters..
| The specimens examined were from the following institutions: Australian Museum, .

Sydney (AMS), Humboldt State Universities Fishery Collection (HSU), California Academy of
_ Sciences (CAS), Carnegie Museum of Natufal History (CM), Harvard University Museum of

. Comparative Zoology (MCZ); Scripps Institution of Oceanography (SIO), Uhited States
Natiénal Museum, Smithsonian Institution (USNM), and the Un‘viversity of Alberta Museum of
Zoology (UAMZ). Specim/ens’v from the‘la'boratories of Dr. Bruce Collette, Df. D. Stein, and
- Dr. S. Weitzman were also examined. Specimens examined in detail and used in the |
analyées are indiqatéd with asterisks.

List of specimens examined |
Stomiiformes

Diglogho greyae USNM 135691, 1 specimen

*Dlgloggos maderensis USNM 186364 1 specnmen 11.6 cm. standard length (SL)
*Diplophos taenia USNM 206614, 1 specimen, 17.1cm. SL

coliection of Dr. S. Weitzman, IIOE Station 294 A, 1 specimen, 12.19cm. SL

Gonostoma elongatum, collection of Dr. S. Weitzman, Oregon Station,'32 19, 1 specimen

6



, Polymetme corythaeola, USNM 158797, 1 specimen

Thorophos érvops, USNM 3736, 1 specimen

!

) : L ~ .

Aulopiformes : /
*Saurida tumbil, UAMZ 4046, 2 specimens, 13.6 and 15.5 cm. SL; 1 spécimen not
. cleared and stai'neq, 18.3 cm. SL

®

Percopsiformes

- *Percopsis omiscomaycus, UAMZ 1577, 3 specimens; 6.64, 6.5, and 7.19 cm. SL

Atherinomorpha

Atherinoidei

*eAIlanetta harringtonensis, UAMZ 2673, 3 specimens, 5.92, 5.41, and 6.0.cm. SL

*Melanotaenia nigrans, USNM 173746, 2 specinténs, 6.11 and 5.87 cm. SL

Exocoetoidei
Ablennes hians, collection of Dr. B. Collette, 1 specimen
‘Belone belone, USNM 198408, 1 specimen
Belonion apodion, USNM 189540 #44, 1 specimen and #26, 1 specimen

Cololabis saira, USNM 50744, 1-specimen

Danichthys rondeleti, collection of Dr. B. Collette, Delaware N:26-7:57, 1 specimen .

Dermogenys viviparous, USNM 187727, 1 specimen

Euleptorhamphus velox, collection of Dr. B. Collette, 1 specimen

Fodiator acutus, collection of Dr. B. Collette, 1 specimen

Hemirhamphodon pogonognathus, USNM 84421, 1 specimen

Hemirhamphus bulao, collection of Dr. B. Collette, 1 specimen

Hyporhamphus acutus, USNM 115209, 1 specimen

Oxyporharm)husgg ., USNM 158059, 1 specimen

Platybelone argala, collection of Dr. B. Collette, 1 specirpen

Potamorrtiaphus guianensis, USNM 179484, 1 specimen

Pseudotylosurus sp., USNM 16771'14,’ 1 spgcimen




Rhynchorhamphus mallabar, USNM 214937, 1 specimen

Tylosurus fodiator, USNM 82235, 1 specimen

~ Xenentodon §p_ MCZ 8767, #7, 1 specimen'
Zenarchopterus gilli, USNM 173765, 1 specimen

*

Cyprinodontoidei
*Eundulus sp., UAMZ 5565, 5 specimens, 3.11, 2.96, 3.09, 3,10, and 3.09 cm. SL

Xiphophorus maculatus, UAMZ Uncétalogued, 1 adult, 15‘embryos, counterstained for

cartilage.

Beryciformes’

#Holocentrus laetoguttatus, UAMZ 916, 1 specimen

*Holocentrus sp., UAMZ uncatalogued, 1 specimen, 7.86 cm. SL

Scorpaeniformes

*Asterotheca alascana, UAMZ 1885, 3 specimens; No. 1 disarticulated, No.s 2 and 3 9.8

cm. and 10.0 cm. SL

*Cottus cognatus, UAMZ 2215, 6 specimens, 3.83, 4.42, 4.11, 3.88, 3.95, and 4.22
cm. SL

Gilbertidia sigaiutes, UAMZ 1976, 2 specimens, 4.23 and 4.64 cm. SL
Liparis dannyi, CAS 14920, 1 specimen '

Liparis florae, collection of D. Stein

- Peristedion trunéatum, USNM 188071, 3 specimens, 2 counterstained for cartilage,

11.54, 13.64, and 14.15cm. SL

#Prionotus carolinus, UAMZ 1819, 1 specimén, 11.55 cm. SL; 1 specimen, not cleared
and stained, 12.87 cm. SL
#Sebastes flavidus, UAMZ 3192, 3 specimens, 8.10, 8.22, and 7.5 cm. SL

#Sebastes ruberrimus, UAMZ 4817, prepared skeleton.

Perciformes

#*Ammodytes hexapterus, UAMZ 1485, 2 specimens, 8.2 and 7.93 ¢cm. SL



#Perca flavescens, UAMZ 1522, 3 specimens, 4.08, 5.56, and 5.53 cm. SL

#Percalates novaemaculatus AMSI 11607-002, 1 specimen, 5.13 cm. SL

#Plectroplites ambiguus, AMS! 18933-004, 1 s;;becimen, 5.38cm. SL

- Gasterosteiformes i

#Apeltes quadracus, UAMZ 5540, 8 spemmens, 2. 49 2.63,2.47,2.32, 2. 43 2.37,
2.58,and 2.21 cm. SL

#Aulichthys japonicus, UAMZ 5543, 4 specimens, 9.34, 11.25, 11.88,and 9.61 cm. SL

*Aulorhynchus flavidus, UAMZ 5541, 3 s"pecimiens, 8.37,. 7.9, an§5.85 cm. SL; UAMZ
1694, 4 specimens, 9.92, 10.56, 10.84, and 12.13 cm. SL
, | _
#Culaea inconstans, UAMZ 5023, 2.specimens, 5.38 and 6.09 cm. SL; UAMZ 5564, 3

specimens, 4.84, 4.29, and 4.12 cm. SL;; UAMZ 559, 10 specimens, 1.77, 1.25,.
1.75, 1.48, 1.88, 1.74, 1.90, 1.75, 256 and 2.13 cm. SL
*Gasterosteus aculeatus UAMZ 5512, 3 Specmens 6.97,4.37, and 2. 8 cm. SL; UAMZ

4727, 2 specnmens 4.7 and 5.32 cm. SL

»Pungitius pungitius, UAMZ 4437, 2 specimens, 5.10 and 5.52 cm. SL; UAMZ 4754, 3
specimens, 3.05, 3.3, and 3.65cm. SL

#Spinachia spinachia, UAMZ 5548, 6 Specimens,\‘l‘7.84, 5.47, 3.00, 6.14, 10.58, and
541cm. SL | ‘

 Syngnathiformes

®#Agoliscus strigatus, CAS 47118, 3 specimens, 10.12, 9.6,.anﬂd 10.57 cm. SL; 2

specimens not cleared and stained, 10.51 and 10.92 cm. SL

Aulostomus chinensis, CAS 47120, 3 specumens 15 87, 14.4,’and 15 93 cm. SL; one
specimen not cleared and stained, 16.23 cm. SL

‘*Aulostomus maculatus, SU 45551, 4 specimens, 18.78, 10.13, 8.28, and 8.98 cm. SL

Aulostomus sp.. UARMZ uncatalogued, prepared skull

Centriscus scutatus, CAS 4712 1, 1 specimen, 9.39 cm. SL; one specimen not cleared and

stained; 7.54 cm. SL; UAMZ 370, 2 specimens, 12.37 and 10.9 cm. SL -
*Fistularia tabacaria, UAMZ 3781, 3 specimens, 26.€, 29.55, and 27.65 cm. SL

*Hippocampus hippocampus, SU 1536, 1 specimen, 10.54 cm. SL; 2 specimens not
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#Macrorhamphosus gracilis, CAS 47118, 4 specimens, 6.77 4.35,5.97, and 7.12 cm:

cleared and stained, 9.97 and 9.82 cm. SL

SL; 1 specimen not cleared and stained, 6.08 cm. SL

Macrorhamphosus scolopax, SU 68756, 3 specimens. 9.13, 9.01,and89.03 cm. SL; one

specimen not cleared and stained, 8.94 cm. SL a

Notopogon lilliei, AMSI 10257, 1 specimen, 8.89 cm. SL; 1 specimen not cleared and y
stained, 12.17 cm. SL

Solegnathus spinosissimus, AMS!I 10257, 1 specimen, 41.8 cm. SL

*Solenostomus paradoxus, Humboldt State Universities Fisheries Collection (AMSI- 1)

18387-001, 1 specimen, 4.62 ém. SL; 2 specimens not cleared and stained, 6.49
and 6.05 cm. SL |
#Syngnathoides biaculeatus, LACM 37398-16, 1 specimen, 20.39 cm. SL; SU 68757, 1

specimer. 16.15 cm. SL
#Syngnathus griseolineatus, UAMZ 3190, 5 specimens, 15.38, 13.27, 12.96, 15.58, and
13.51em. SL

Indostomiformes
»adogtomus paradoxus, USNM 203888, 1 specimen, 2.61 cm. SL ; UAMZ uncatalogued,
from K. Banister, 1 specimen, 2.45 cm. SL; SIO 70-383, 1 specimen not cleared and

stained, 2.54 cm. SL

Hypoptychidae
*Hypoptychus dybowskii, UAMZ 5550, 3 specimens, 8.09, 8.18, and 7.74 cm. SL ‘

Pegasiformes , .
*Pegasus papilio, LACM 36886-1, 2 specimens, 5.54 and 5.45cm. SL
#Pggasus volitans, LACM 36887-1, 36887-2, 2 specimens, 10.57 and 8.67 cm. SL

Rhamphosus aculeatus, CM 4213, 2 specimens; CM 5310, 2 Specimens; CM5312,1

¢

specimen; CM 5328, 1 specimen

Dactylopteriformes



#Dactylopterus volitans, USNM 26 1386, 3 specimens, 2 counterstained for cartilage,

5.16, 4.5, and 5.19 cm. SL

o

™

1



lll. Comparative Skeletal Anatomy
The skeletons of the fishes examined are discussed in fourteen separate regions:
the ethmoid region. orbital region, cranium roof, cranium floor, upper jaws and
palatine-pterygoid arches, lower jaws and suspensoria, opercular series, hyoid arcl:mes,
branchial basket, pectoral gi‘rdle, pelvic skeleton, dorsal and anal fins, 'axial skeleton, and
caudal skeleton. Each anatomical section consists of brief descriptions of the bones of
the framework fishes, aetailed descriptions of the bones of the study groups, and

summarizing tables containing the coded data used in the subsequent analyses.

A. The Ethmoid Region

The bones making up the ethmoid region are the median and lateral ethmoids,
supraethmoid (in Syngnathiformes), rostrodermethmoid (in Diplophos), nasals, and vomer.
The characters from the ethnid region used in analyses are listed in Table A 1. Coded data
from framework groups are in Tables A2-3 and data f}om study groups are in Tables

A4-5

Framework

The ethmoid region in the stomiiform Diplophos is well described by Fink and
Weitzman (1982) but homologies between the bones they descrjbe and thosg in more
advanced fishes are not all clear. The rostrodermethmoid, which forms the roof of the .
snout, does not appear to have a homologue in any of the other fishes | examined, nor
does the 'anterior myodome bone'. The 'supraethmoid’, which consists of a horizontal
median plate with two laterally concave vertical flanges arising at its lateral edges,
resembles and is probably homologous with the median ethmoid of higher fishes. The
lateral ethmoids, nasals, and vomer appear to be homologous to the bones of the same
names in the other fishes | examined. The nasals of Diplophos are small curved troughs
open dorsally. The lateral ethmoids are vertical cylinders open medially, their lateral
surfaces covered by antorbitals. The dorsal end of each lateral ethmoid (dorsomedial
projection) touches the ventral surface of the frontal, and the ventral end (ventromedial
projection) touches the parasphenoid. The head of the vomer is wide and bears a few

large teeth on each edge; iits shaft extends posteriorly to the middle of the orbit.
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The lateral ethmoids and nasals of the aulopiform Saurida resembie those of

Dipiophos. but its median ethmoid consists of a flat dorsal plate with a mid-ventral flange
running along it. The head of the vomer 1s toothed and firrr?iy attached to the paiatines; its
shaft is short, not reaching the lateral ethmoids.

The lateral ethmoids of the paracanthopterygian Percopsis resemble those of
Diplophos. Its media}n ethmoid consists of two vertical plates connected dotsally by a
narrow horizontal pl}ate which projects in a peak between the nasals. The nasals are wide
and rectangular, bearing wide canals which are open dorsally. The vomér is toothless in
Percopsis bui toothed in Aphredoderus (Rosen & Patterson, 1969), and its shaft extends
past the lateral ethmoids.

The nasals in Atherinomorpha, according to Rosen (1964, are usually flat and
closely 'joined to the frontals. They; are flat in the specimens | examined. In Fundulus and

Melanotaenia the nasal lacks a sensory canal, but canals are present in Allanetta and

Menidia. In Allanetta the canals are not closed dorsally. The vomer is toothed in

Melanotaenia but is toothless in the others. The lateral ethmoids resemble those of

Percopsis; in A!@etta their ventromedial projections bear anterior processes. The median
ethmoid is a simple flat disc (Fig. A1). Rosen (1964) describad it as double in most
atherinomorphs, but it was single in the specin;:;ns I examined.

The nasals of Holocentrus are broad, curved laterally at their anterior ends, and do
not meet in the midiine. They bear broad indentations for the supraorbital canal and overlap
the frontals without being strongly sutured to them. The head of the vomer is toothless
and contacts the lateral ethmoids; its shaft extends past them into the orbit. The lateral

ethmoids are similar to those of Saurida and Diplophos. The median ethmoid has wide

vertical lateral plates and a narrow median plate. Its anterodorsal edge is deeply concave.
Nasals are present in most of the scorpaeniforms examined, and carry the

supraorbital canals in complete-bony tubes. In Asterotheca, Sebastes, Peristedion , and

Prionotus they meet anteriorly, forming a firm symphysis in Asterothecg and Peristedion

(Fig. A2). They are not firmly attached to the frontals. The vomers of Cottus, Sebastes, =~ =

Asterotheca, and Prionotus are toothed, but those of Liparus are not. In Prionotus the
head of the vomer bears lateral posterior-extensions connecting the lateral ethmoids and |

posterodorsal extensions lying over the parasphenoid. In all, the shafts of the vormters
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" extend to or past the posterior ends of the lateral ethmoids. - W

I did hot exarnine enough specimerzs to L’det’ermine the intrafamilial variability of the
Iateral ethmmds but Quast (1965) consndered them too varlable for use in distinguishing -
scorpaemform famllles Their Iateral faces are expanded mto bony plates in Sebastes

el

Asterotheca (F:g A3A), and Prtonotus but are narrow edges in Cottus (Fig. A3,B). In

Asterotheca and Sebastes the medial pro Jectlons of each Iateral ethmond are fused into a

single triangular.cone openmg medially ahd contactmg the meduan ethmoid dorsally the

vomer anteriorly, and the parasphenoud ventrally--~|ts posterior side is deeply concave. The -

median ethmosds of Cottus Asterotheca Prlonotus and LJaarus have transverse ventral

flanges " .

The percn‘orms | examined have narrow tubular nasals separated posterlorly by the_
med|an e?hmonds The vomers are toothed in aII except Ammodytes and do not connect
the Iateral ethmmds or extend above the paraspheno:ds “The lateral ethmmds of
permforms are similar to those of Percopsis, lacking Iateral faces or anterior and

o

posternor pro Jectnons The medlan ethmonds have well- developed Iateral faces, which meet

Ay

anternorly and posteriorly in Ammodytes.
1

1 : - ’ . >

Gasterostelformes R ‘ . S

*,

Gasterostelform nasals are relatnvely narrow and do not meet in the mldlme In all
except Gasterosteus a closed canal runs the full Iength of each nasgl which i loosely
attached to the frontal in Gasterosteus the canals are absent and the heavﬂy ‘ornamented -

-

\““‘-\
nasals are sutured to the frontals Gasterosteidae are distinguished by laminae wh|ch

extend ventrally from the Iateral edges of the nasals (F»g A4) bendmg medially toward the

vomers, often touchmg the Iateral ethmonds in all genera except ngachl
) The’ vomers are toothless thelr heads not strongly attached to any of the
surroundmg bones. Their shafts extend past the posterior ends of the lateral ethmoids.
. The lateral ethmoids in small Culaea are vertically placed cylinders between the
frontals and the'lachrymals. ln larger specithens a lateral face covers each cylinder and its

central portion is constricted, separating the dorsomedial and ventromedial projections.

. The former remains in contact with the frotital and the latter hends medially to lie with its

open end parallel. to the parasphenoid shaft. In Culaea'it is augmented by a posterior

e
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process. In Sginachia the lateral facé of the lateral ethmoid is expanded anteriorly and
supported b-y an anterior l'amina from the ventromedial projection. In Aulorhynchidae (th.
AB) the ‘anterior laminae extend further anteriorly than do the lateral faces of the bones.

There are no supraethmoids. The median ethmoids in Spinachia and Aulor‘hynchidae ‘
are flat, runnihg most pf the Iength pf the snout. Their posterior portions bear ventral

concavities whose lateral walls are expanded to contact the ventromedial projections of

the lateral ethmoids. In Culaea and Apeltes the lateral walls are expanded both dorsally and
ventrally and extend for most of the Iengths' of the median ethmoids. in Gasterosteus they

are‘e,xpanded, and the medial plate reduced, to the'point where the bone appears a

A

bilaminar vertical septum. : Q s

e Syngnathlformes

Nasals are absent in Syngnathldae and Solenostomidae. In Aulostomus the nasal ‘IS a
small tubular bone in the nasal cavity. The supraorbital sensory canal extends anterlorly
~ from t'he nasal cavity in an uno.ssufned tube. in Flstularla no nasal appears in the nasal cavity -
but a series of tubular bones encloses the suprao'rbital canal. | view these as homblogous

' to the nasals in Macrorhamphosus and Centriscidae (Flg AB), in whnch the nasais consist of -

thm canals running from the frontals to the tip of the snout, augmented ventr/ally in
Centrlscndae by thin flanges which form part of the rostrum walls
- The vomer forms the dorsal surface of the tup of the rostrum in all

Syngnathuformes but is almost covered by the supraethmond in-Aulostomus and F|stulana

In other Syngnathnformes much of the shaft of the vomer is exposed dorsally. in all except

'Syngnathldae {Fig. A7) the head of the vomer is small, augmented laterally by the palatines, -

to which it is tightly sutured in Aulostomus and Fistularia. Only in Macrorhamphosus does
the vo- - shaft extend posteriorly_past the lateral ethmoids. |

The syngnathiform "Ia_teral ethmoids have strehg|y developed lateral faces, bearing
long anterior projections in all except Syngnathidae. Jungersen {1910) identifies these as
fused lachrymals; they are similar to the lachrymals of Centriscus,.bUt cannot be separated

- from the lateral ethmoids in my specimensﬁnd, in all but Macrdrhamphosus, are supported

T : ' P
at least partially by anterior laminae from the ventromedial projections of the lateral

ethmoids.
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in Centrtscudae and Syngnathidae the Iateral faces of the lateral ethmouds are

square and the dorsomedial and ventromedlal projections of each are fused so that each

bone resembles a cube with its medlal side mlssmg. A posterior process extends to the

parasphenoid in most, and in Syngnathus and Synqnatheides an anterior process to the
median ethmoid is also present. ‘ ' ' .

The median ethmoid is covered by ai eculptured supraethmoid. I{s posterior portion
forms a cone opening into the orbit, the anterior myodome. In Syngnathoides,

Aulostomus, and Fistularia its 'ventrolateral edges are extended as bony ridges reaching the

lateral surface of the snout. In Centriscidae each ridge is expanded dorsally and ventrally

to form a lateral surface; in Macrorhamphosus two rldges feonnected by struts, arise

from each side. In both of these groups the ridges touch the nasals wh:ch are thus flrmly

- attached to the rostrum.

.

Indqstomus

Indostomus (Fig. AB) has no separate nasals. Instead, the enfire dorsal surface of

the sho‘ut is covered by a sculptured median bone which Banister (1970) cails the

supreethmeid. This bone both lies over and anterior to the vomer head and bears the

anterior extensions & the supraorhbital canals, leading me to believe that it is at least piartly
hom@logous to the nasals. The median ethmoid proper was unossified in my specimens, as
in Bamster S.

- The lateral ethmgi-’d_s are situated dorsally, forming part of the orbit roefs..The
medial projections of ea‘ehvl'ateral ethmoid are fused to form a singie structure projecting
directly inwards. The posterior faces of these strucfu?ég form part (;f the anterior wall of
the orbits.. The ventral surfaces of the lateral ethmoids bear longitudinal flang;es which
touch the pterygmds these flanges may be homologous to the palatmes of the other _
fishes examlned The heéd of the vomer is toothless and mdtstmct being completely fused
to the vehtral surface of the‘supraethmond; lts shaft extends posteriorly past the lateral |

al
<%

ethmoids.

a5
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Hypoptychus
The nasals of Hypoptychus are wide (an A9) and bear the supraorbital canal. The

lateral ethmolds (Flg A10)resemble those of the atherinoid Allanetta; their lateral surfaces
are edges rather than.plates and their ventromedial pro;ectlons are expanded anterlorly
and posteriorly to lie.along the parasphenond shaft. The mediaf ethmoid has deep Iateral
plates. The vomer is toothlgss and extends posteriorly past the lateral ethmoids to

mid-orbit. It is not expanded between the lateral ethmoids. oo

’

Pegasus

The rostrum in Pegasus is apparently formed from the nasals, since it shows a
median line and.\the_-remnant of a canal on each side of its posterior end (Fig. A11). Its
posteroventral portion 1S deeply excavated to form the cavit'y which receives the jaw
bones Posterolaterally the rostrum touches the lateral ethmoids. These bones have
expanded Iateral faces (Fig. A12) and reach posterodorsally to form part of each orbit
)roof. Their ventromedial and dorsomedial proyectnohs are fused into triangular cones
similar to those described in Asterotheca, and inclined posteriorly so that their posterior
faces enter the orbit, forming the anterior portion of the interorbital septum.

transverse Iamlna which touc e anterior sudes of the lateral ethmoids. The toothless

‘#

vomer occuples a Zostenor position, its head lying between the anterlor corners of the

The median ethmoid conits of a dorsal plate bearmg an anterlorly concave

i‘-' i

lateral ethmond_s 7 its shaft suturing to the parasphenoid between their posterior

corners..

‘

v-'\'Dactxlog:terus _
' The ethmoid region in Dactylogterus is highly modified, the tip of the snout Being

formed dorsally by a single large bone (Fig. A13) which bends ventrally to form the

anterior wall of a cavity which contains the upper ‘aw bones. This bone fills the position

'occupnedtyMsals m Pegasus or Asterotheca, but it shows no evidence of being a

paired structure. Its ventral surface bears lateral flanges resembhng those of the median .
ethmoid in other fishes, so | believe this bone to be at least partially homologous to the

median ethmoid. The highly sculptured component of this bone may be derived from either
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a supraethmvoid or from fused nasals. The fact that it lies dorsal and anterior to the vomer
head supports the latter view, the supraethmoids observed in Syngnathiformes beihg
located far behind the vomer head. '

The lateral ethmoids closely resemble those of Pegasus and Asterotheca in the

fusion of their medial projectioné,'but these do not extend posteriorly into the orbits. The
broad sculptured dorsal surfaces of the lateral ethmoids forp the anterior orbit roofs and
curve forwards to form the anterior walls of the orbits and the snout. Their fused medial
projections fouch the wide vomer head. The wide toothless vomer head bears a ventral

keel which terminates anteriorly in a transverse flange (Fig. A14).



Table A1 : Characters from the ethmoid region

~ (asterisks indicate those used in phenetic analyses)

%A1 .nasals present ( 1}/ absent (0)
‘_ *A2 | ateral ethmofds with broad lateral faces/ with.lateral edges
*A3.Lat>m extend posteriorly onto orbit roof / confined to anterior orbit wallé
*A4.Létera|lethmoids’ with/ wifhout anterolate'ré‘l exténsions | |
A5.Médian ethmdids with/ without ventrai t‘ransverse flanges
*Aé.MedyiaI ‘projections of each lateral ethmoid fused/ separate
*A7 Ventromedial projections with/ without anterior processes
*A8.Ventr.o‘rr;edial projections with/without posterior processes
*AQ.Ventromedial brojéctiqns extend pos‘terioriy into orbits/ lie anterior to orbits
" #*A10. Vomer with/ without dorsal projections over p‘arasphenoid
A17. Median ethmoid with/ without vertical lateral plates
A12. Median ethmoid horizontal median plate reduced/ broad | \
A13. Median ethmoid with/ without véntral ossification
~ A14. Median ethmoid with/ without ventrolateral ridges
A15. Median ethmoid. touches lateral éthmoidé’/ separatéﬂfrom lateral ethmoids
*A 16. Vomer head toothed/ toothless
*A17. Vomer head tightly attached/ not tightly attached to palatines
*A18. Vomer head fused to median ethmoid/ separate from median ethmoid | .
*A19. Vomer head connects/ does not connect lateral ethmoids
- #A20. Vomer shaft extends posteriorly past lateral ethmoids/’ends anterior to posterior
" tips of lateral ethmoids |
*A21. Vomer sr;aft meets/ does not meet parasphenoid
*A22. Vomer shaft exposed dorsally/ covered dorsally
A23. Snout length/ head length (%) o
A24. Median ethmoid léngth/ ‘héad length (%)
A25. Vomer length/head length (%)



Table A2 : Distpibutions of binary characters from

the ethmoid region among framework taxa

;
I

Taxon 12345 67890 12345 67890 12
Diplophos 10100 00000 10000 10001 10.
Saurida 10100 00000 00000 11000 10
Percopsis 10000 00000 11000 00001 10
Fundulus . 10000 00000 00000 00001 10
‘Melanotaenia ~ 10000 00000 0000X 10001 10
Allanetta 10000 01000 00001 00011 10
Holocentrus 10000 00000 11000 00011 10
Asterotheca 1110111110 10001 10001 10
Cot tus 10101 01000 11001 10001 10
Sebastes 11100 10001 00000 10000 10
Prionotus 11111 0101 00001 10011 10
Percalates * 1000X 00000 10000 10001 10
Plectroplites  1000X 00000 10000 10001 10
Perca 10000 00000 11000 10001 10

Ammodytes 10100 00000 10000 00001 10
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Table A3 : Distributions of numerica1 characters from;the

ethmoid region among framework taxa

Taxon : 23 24 25

Diplophos 25.1 17.4 11.7

Saur ida

Percopsis . 16.1 33.8 19.7

Fundulus 7.8 17.3 9.2 \
‘Melanotaenia X 23.5 X :
Allanetta 11.2 29.7 25.5

Holocentrus X X X

Asterotheca 16.2 24.6 20.2

Cottus 7 15.5 21.3 10.7

Sebastes - - 18.0 27.0 15.

Prionotus ' '

Percalates | 12.5 28.6 15.5

Plectroplites 14.9 36.7 14.4-

Perca ~10.2 27 14.4 "
Ammodytes 23.5 38.3 22.5




Table A4 : Distributions of binary characters

from the ethmoid region among study groups

Taxon 12345 67, 12345 67 12

Gasterosteus 11000 00000 14000 00001.10
Pungitius 11000 00000 10000 00001 10
Cuiaea 11000 00100 10000 00001 10
Apeltes 11000 00000 10000 00001 10
Spinachia 11110 01000 10000 00001 10
Aulichthys 11110 00100 10000 00001 10
‘Aulorhynchus 11110 00100 10000 00001 10
Syngnathus 01000 11100 1010X 00000 01
Syngnathoides 01000 J1100 1010X 00000 01
Hippocampus 01000 10100 1010X 00000 Ot
Solenostomus 01010 01000 10110 00000 11
Aulos tomus 11010 01000 10110 01000 11
Fistularia 11010 01000 10110 11000 11
Macrorhamphosus 11010 11100 10110 00001 11~
Aeoliscus 11010 11100 10110 00000 11
Indos tomus 11100 10000 xxxxXx 00101 10
Hypoptychus ~10000.01100 11000 00001 10
Pegasus 11101 10010 poo01 00010 10

Dactylopterus 11100 10000 10000 00011 10
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Table A5 : Distributions of numerical characters from the

ethmoid region among sthdy groups

Taxon 23 24 25
Gasterosteus ] 31.4 8.3 31.9
Pungitius . 26.4 8.2 20.2
Culaea 28.1 5.2 18.4
Apeltes 25.1 8.6 5.2
Spinachia 47.4 16.6 37.1
Aulichthys 55.8 27.6 38.7
Aulorhynchus 56.8 25.6 56.1
Syngnathus 55.2 31.0 45.2
Syngnathoides 60.6 47.0 32.5
Hippocampus 44,1 23.0 33.0
Solenos tomus 77.7 46.3 26.2
Aulostomus 70.8 61.8 48.5
Fistularia . g2.2 23.6 34.1
Macrorhamphos 62.4 41.5 68.9
Aepliscus 76.3 31.1 40.2
@ >

Indostomus »' 38.1 X X
Hynontvehus 3.9 15,6  37.2
Pegasus , 49-61 8.7 9.9
Dacty]opterus 22.8 16.8 23.5

/“\ :
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Figure Al : Ethmoid regions of Atherinomorpha, dorsal view
A - Allanetta harringtonensis X23.5 g
B - Fundulus sp., X23.5
: \
(abbreviations are listed on pages XxXv-xxvi) =

24
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Figure A2 : Nasal regions of Scorpaeniformes, dorsal view

A. Peristedion truncatum, X5.0

B. Asterotheca élascana, X23.5

2%
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Figure A3 : Whole heads of Cottoidei, left lateral views

-
A. Asterotheca éﬁﬁscana, X5.6

B. Cottus cognatus, X11.5
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Figure A 4: Pungitius pungitius, ethmoid region, ventral view. X 23.5

(UAMZ 4754)
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Figure A5: Aulorhynchus flayidus,f

ethmoid region, ventral view,yxvll.s

(UAMZ 1694)
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Figure A7: Syngnathoides biaculeatus,

snout with left jaws and suborbitals

removed,.dorsél view. X 11.5
(LACM 37398-16)
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Figure A8

: Indostomus paradoxus, neurocranium,

dorsal view, X 23.5 (UAMZ uncatalogued)
N
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Figure A9 * Hypoptychus dybowski
3
whole head, dorsal view, X11.6
"";31
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Figure A1l

/

:-Pegasus Q§p1116; whole head, dorsal view, X11.5
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Figure A 13 : Dactylopterus volitans, wh‘ole.he‘d; dorsal view,

L%

X 11.6
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Figure Al4:Dacty lopter@ﬁ_;

votitang, neurocranium;

vgnerall viewy, X11.6
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~ B. The Orbital Region

The orbital region is composed of the frontals, circumorbitals, sphenotics and
dermosﬁﬁenotics, orbitosphenoids, pterosphenoids, basisphenoid, and sclerotic bones
(when present). The characters from this region are listed in Table B1; coded data for

framework groups appear in Table B2, data for study groups in Table B3.

Framework

The frontals in Diplophos are plain flat bones carrying the supraorbital canals and
the lateral ends of the men;cal cross-canal. They lack both lateral and medial postorbital
processes. Each circumorbital series consists of an antorbital, a supraorbital, five delicate
suborbitals, and the dermosphenotic. The supraorbital covers the lateral sthmoid; the
antorbital lies before the eye in the position occupied by the anterior portion of the first
s‘uborbital { or lachrymal) in most other fishes. The remaining six circumorbital bones and
the dermosphenotics bear the infraorbital canal in open tréughs along their orbital edges.

The posterior walls of the orbits are almost horizontal and are composed of the
large flat pterosphenoids, which meet in the midline, and the single basisphenoid lying
posterior to and between the pterosphenoids and extending to the pargp.henoid shaft via

a ventral process. A large posterior myodome is present. ¥

1

The frontals in Saurida have slight lateral postorbital processes and bear the
suprad’ééipitgﬁcanals but no 5men‘cal cross-canal. Theivy bear smalt medial postorbital
processbe’s' Wﬁich contact the pterosphenoids. A basisphenoid is present but the posterior
myodome is not visible. The lachrymals extend anteriorly to the tips of the naséls; there
ar; four additional suborbitals and a dermospﬁenotic in each suborbitél series, all béaring
the infraorbital canal. Each eye is stiffened by an ossified sclerotic ring formed of anterior
and posterior bones.

Each of‘the frontals in Pércogsis bears a single short canal on its posterior half;
these canals extend obliquely forward, like supraorbitals, but instead of curving to follow
the orbit margihs they open medially. Rosen and Patterson (1969) give as a characteristi¢
of Percopsiformes the continuation of each supraorbital canal in a broad trough on the ‘

frontal, but | did not observe this. They also note that the posterior canal is absent in

Aphredoderus. There are no lateral postorbital processes, but a medial postorbital
i .
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process extends from each frontal to touch the pterosphenold There is no basusphenmd

but a myodome is present. Each suborbltal series consists of the Iachrymal four
suborbltals and the dernlosphenotlc The Iachrymals are large and extend to the tips of the
nasals, their dorsal margins -folded Iaterally to form open troughs for the infraorbital
canals The dorsal margm of each Iachrymal also bears a posteriorly concave preorbital
process and an anterodorsal process which Rosen and Patterson ( 1969) identify as an

antorbital. The,remaining suborbitals and the dermosphenotic bear the infraorbital ¢anal in-

wide troughs. There is no sclerotic ring

The frontals in Melanotaenia and Allanetta bear a supraorbital canal but no vestige

-

of the interorbital commlsures Lateral postorbital processes are short or absent and

“ medial postorbltal processes are shogt and touch the pterosphenmds {Fig. B1). The

ba5|sphen0|d and posterior myodome are present.

Rosen (1964) descrlbes Athermomorpha as dlstnngmshed by an lncomplete
' -
suborbltal serles consnstmg only of the Iachrymal and dermosphenotlc exceptin

melanotaenuds; which have a second suborbltal. My o_bservatl_ons agree with his. The

‘lachrymals, andthe second suborbitals in Melanotaenia, bear the infraorbital canals in

. troughs. The dermosphenotics consist of vertical troughs or of flanges along the

poster:or rims of the orbits; in Fundulus both the flanges and troughs are present, the

‘ troughs Iylng free along the orbital sndes of the flanges The sclerotic rings are present

and well~ developed as in Saurida:

P

The frontals in Holdcentrus bear the supraorbltal canals but no mental cross canals. -

: ‘Thelr postorbital processes are large,’ almost excludlng the dermosphenotlcs from the

orbit rims; the ventromedlal processes are very short and contact the pterosphenolds.

Orbitosphenoids and a basisphenoid are also present, as is the posterior myodome. Each

suborbital series consists of an antorba;t'al the lachryrnal four suborbitals; and the

‘dermosphenotlc Al except the antorbital bear the infraorbital carial in bony troughs A

suborbltal shelf extends inward from the median face of each suborbltal The
dermosphenotlcs are separated from the sphenotlcs and developed into tubular bones
along the pe¢ sterlor margins of the orblts Each sclerotic ring is reduced to two small

bones one on the anterlor side of the eye and one on the posterior side.
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The frontals of Sebastes, Asterotheca, and Prionotus bear both supraorbital and

mental cross canals. Medial postorbital processes extend to the pterospﬁenoids in all. The

basisphenoid is present in Sebastes but not in Astero Leca Cottus {Fig. ‘B2), or Prionotus;

“'s present in Sebastes and Pnonotus Quast {1965) states that the
g hienoid distinguishes Scorpaenldae and Hexagrammldae from the
cottid and agonid lines. '

The sdborpital rings are incomplete in Sebastes alutus and the posterior three.

suborbitals in Cettus are small and separated from one another. Quast (1965) notes that .
the third and fourth suborbitals are often absent in Scorpaenidae. In all, the lachrymals
contact the lateral ethmoids and the tips of the nasals and the suborbitals bear the -

infraorbital canals. Subocular shelves are present in all but Cottus and Prionotus: The third

suborbitals meet the preoperé:ula to form suborbital stays (Fig. A3).

The dermosphenotics in Prionotus and Sebastes form the posterior edges of the

.orbits ; those of Asterotheca are reduce—d"to small bones at the tips of the frontal

_postorbital processes. The dermosphenotics in Cottus are of normal size but do not

participate in the orbit margins. Sensory canals‘ar’e born by the dermosphenotics in -
Sebastes. Sclerotic bones similar to those of HoTOcentrus are present in Prionotus. '
‘The frontalsiin all percuforms examlned bear both supraorbital canals and, in all

except Ammodytes and Perca interorbital commlsures Their lateral and medlaLpostorbltal

processes are small. Pterosphenonds basisphenoids, and myodomes are present The

suborbital rings of Percalates Plectroplites, and Perca are complete _without suborbital

~shelves or stays. In Ammodyte s th& suborbital rings are open ventrally each consists of an

anterior lachrymal, a small splmt hke second suborbltal and two small, tubular posterior
bones. These may be dermosphenotlcs, butif so they are further separated, from the

sphenotics than are the dermosphenotics of any other fishes examined. The

' dermosphenotucs in Percalates and Plectr@htes bear the Junc’uons of the lateral and -

+

mfraorbttal canals those of Perca bear no caQals
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Gasteroste |foynes

Gasterostelform frontals bear the supraorb|tal canals and, m all except

-

E
Gasterosteus the mterorbltal commisures. Lateral postorbital processes are present, as

< 1'\1

are large medual postorbital processes Whlch contact the lateral processes of the

parasphenoid; there are no separate pterosphenoids (Fig. B3). Banister (1867) found

separate pterosphenoids in Aulichthys and Aulostomus, suggesting that.there may be i

variability in these species with respect to this character. The suborbital series of .
vGasterosteidae are incomplete posteriorly (Figs B4-5)Each consists of a lachrymal, a
small second suborbital, an?i a large thnrd suborbital wh|ch extends to touch the
preoperculum In ngachs the third suborbltal is extended posterlorly toward the angle of
the preoperculum in-other Gasterosteidae it extends ventrally to touch the antenor hmb of
the preoperculum in Aulorhynch|dae the suborbltal serles each consnst of the Iachrymal % _
and five narrow tubular sdborbitals {Fig. B6). Al bear the infraorbital canal.. The sphenotlcs »
are covered posterrorly by the dermopterotlcs and their anterior borders are almost
completely excluded from the erbits by the Iateral postorbital processes of the frontals.
The dermosphenotics and dermlopteroticsin Aulorhynchidae;(Fig. B7)are fused into one |
Iong tubular bone. Sclerotic bones are present in Aulichthys (Fig; BB).+
Syngnathiformes »

In Aulostorus and F:i:stutaria the frontals bear the supradrbital canals and remnants
of the interorbital commisures. The interorbitaj commisures are re‘ducedin

Macrorhamphos@d Centusmdae Syngnathldae and Solenostomius have no canals on

the frontals The frontals tack’ postorbltal processes and only i Aulostomus and o

Syngnathidae are medial postorb:talrprocesses present. In Syngnathoides, Syn@athus, and
Solenostbmus the frontals meet tﬁe parasphenoid lateral processes (Fig‘ B8), but'lin ”
ngcamgu Centriscoidei (Fig. BS A}, and Aulostommdet (Flg B9.B) the frontals and |
/ parasphenonds are separated by very narrow gaps whlqh are brldged by the oA
pterosphenonds. Pterospheno;ds are present in all Syngnathiformes? and F|stularia
| ;tabacaria has a process on the dorsal side of the parasphenoid shaft, at the posterior end
of the orbit, which may be homologaus to'a basisph‘enoid. Myodomes are present in all the

| o . . . - N

syngnathiforms examined except Syngnathus and Syngnathoides. :




.
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* v " Two families of Syngnathiformes have conspicuous suborbital bones..‘Centriscidae
have a single bone extending the full length of each side of the snout (Fig. A6,A),
Jungersen (1908) calls these bones the antorbitals, but ‘Banister (196%) calls them
infraorbitals and suggests that they may be homologous with the lachrymals. | agree with |

Banister, since these-bones occupy the positions usually filled by the lachrymals, betWeen

-

. the anterior margins of the orbits and the tip of the snout. In Centri'scivdae however, vth“e

"lachrymals” also occupy the positions filled by the anterlor and: ventral parf Mhe lateral

- that they are compound bones formed by the fusion of the lachrymals and lateral
ethmoids. There are no canals along these "lachrymals”; their anterior ends are often
subdivided into small bony plates. There are no posterior infraorbitals. . <

Syngnathidae have a different suborbital series, again confined td the anterior.
margms of the orbits and the sides of the snout A sernes of three flat bones fills the
space between the tip of the snout and the orblt (Fig. B 10). | believe these also to be

‘homologous to the lachrymals, resulting from a subdivision sumilar to that at the anterior
tips of the "lachrymalsi;'in Centriscidae. | |
o The dermosphenatics are wide and flat in all Syngnathiformes, extending ventraily
to form the posterodorsal orbit margins..In Centriscidae they.bear the infraorbilaf canals,

‘. but no traces of the interorbital cdmmisures. Sclerotic bones are présent only in

£ -
Aulostomus.

indostomus L o - Sl
In ndgstomu s the frontals bear the supraorbltal canals, but no traces of the

mterorbltal commisures.were obserVed Their lateral pbstorbltal processes are large and
thelr medlal postorbltal processes small, touchlng the: ptarosphenolds (Fig. B11). The
basnoccnptal and myodome are absent. The lachrymals are the only suborbntals present. The
‘posterlor edge of eachis expanded medially into anarrow plate forming the anterior wall .

" of the orblfs ﬂ\d an anterior vestige of the suborbltal shelf There are no ¢anals on the
lachf'{/‘glals The dermosphenotics are reduced to tiny plates on the posteroventral corners
of the lateral postorbltal processes of the frontals They also bear no canals There are no

i)

sclerotic bones! S S e
. ‘ ,
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ngogtxchu ' l
The frontals in. Hygogtychu s bear supraorbital and lnterorbltal commisures (Fig. AS)
but lack marked lateral and medial postorbltallproce_sses. The posteraor myodome is

present, as are'the pte?osphenoids fFig. B1 2),‘and the basisphenoid is absent. The

circumorbital rings are incomplete, each consisting only of the iachr_ymal and two

¢

suborbitals. The lachrymals extend anteriorly to the tips of the nasals; each bears the
infraorbital canal in a wide trough formed by its laterally folded dorsal edge. The posterior

margin of each is expanded into a wide posteriorly concava flange forming the anterior

" orbit wall (Fig. A 10). The remaining two suborbitals are flat and delicate, without canals.

There are no suborbital shelves or stays. The sphenotics bear no canals. Sclerotic bones

are absent.

Pegasus

The frontals of Pegasus papilio and P. volitans bear complete supraorbital canals

and rudimentary interorbital commisures (Fig. A11). Large media! postorbital processes
extend from them to the basisphenoid, which forms part of the interorbital septum (Flg bl
B13). Posterior to these processes the frontals meet the pterosphenoids, which curve
Backwards to suture to the sphenptucs. The suborbital rings are complete, each consisting
of a lachrymal and two suborbitals. All three bones in eac,h"series bear the infraorbital
canal (Fig. A12). The lachrymals form the anterior halves; -of the ventral margins of the '
orbits and each has a thin anterior process lying alon&the}SIde of the rostral cavity.
Suborbltals 2 and 3 liein an almost honzontal plane below the eyes, both strongly attached
to the preoperculum As well as formmg a horlzontal platform under the eye they and the
Iachrymals bear internal flanges forming subocular shelves.

The sphenotics bear the posterior portions of the infraorbital canals and the
anterlor portions of the lateral canals They form the posterior marglns of the orbits, the

frontals lacking Iateral postorbital processes Sclerotic bones are absent. . = \

[
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Dactylopterus
& I ¥
The frontals in Dactylogteru s bear supraorbital and mental cross-canals (Fig. A13),

but lack lateral and medial postorbital proceses. Large pterosphenmds extend ventrally

R
oty

from the frontals to form the interorbital se_"pt‘um“(Fig. B14,A) along with a. Iargé“_m\ > ‘
basisphenoid whi;h extends dorsally from fche parasphenoid. There is ho posteriif-;;’ v ¥
myodome. The sbhenoti-’cs are small and confined to the posterior corners of the"igrbits. |
Each bears the Iateral canal. ' ' . : ) o
Each orbltal ring is complete, formed of a lachrymal and three other suborb ats
(Fig. B14,B). Both the second and third suborbitals touch the lachrymal, the second being
excluded from the Ql’blt margin. It forms a long spined strut which extends posteriorly to
touch the aséénding limb of the preoperculum. Gregory (1933) identified the terminal part
of this strut as a seb"arate suborbital, buf | was unable to éeparate it from the strut. These
struts are very‘s‘ivmilvar in shape and position to the suborbital stays of Scorpaeniformes
(Fig. A3); differing mainly in their origin from the second r‘ather than the third suborbital.

The fourth suborbital is a slender tubular bone. All the bones in each orbital ring bear the

mfraorbltal canal.




TableB1: Charactérs from the orbital region
(asterisks indicate charéctlers used in phenetic analyses)
' |
#B1. Frontals bear(1)/ do:not bear(0) supraorbital caﬁals
#B2. Frontals bear / do hot bear interorbital commisures
#B3. Frontals with/ without lateral postorbital processes
#B4. Frontals reach/ do not réach néar posterior end of skull
#B5. Frontals touch/ do not touch parasphenoid lateral prpcésses
#B6. Lachrymals bear/ do not bear infraorbital canéls
#B7. Antorbitals present/ absent
. B8.Lachrymals subdividefj anteriorly/ not subdivided
B9. Suborbital rings complete/ incdmplete
*B10. Suborbiéals extena to fouch preopercula/ do.not touch preopercula
 #B11. Pterosphenoids present/ absent |
#B12. Basisphenoid present/ absent - \
- #B13. Posterior myodome present/ absent
*#B14. Dermdsphenotics bear/ &o néf bear lateral canals
*B15. Dermosphﬂenotics attached to sphenotics/ separate from sphenotics
' #B16. Frontals with/ without distinct medial postorbital procésseg
*B1 7; Dermosphenotics beaf/ do not bear ihfljaorbi_tal cané}s
*815; Sclerotic rings present/ absent ~
B1S. Orbit length/heyd length (%)’
B20. Frontal Iength7headiength (%)

48
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Table B2 : Distributions of characters from the orbital

region among framework taxa

Taxoh - 12345 67890 12345 678 9 0
Dip lophos 11000 11010 11101 011 21.4 36.8
Saurida 10100 10010 11001 101 27.7 X
Percopsis 11000 11010 10101 111 31.8 55.0
Fundulus 10110 10000 11100 111 30.6 41.2
Melanotaenia 10100 10000 11101 111 36.3 43.3
Allanetta 10010 10000 11101 101 47.2 56.1
- Holocentrus 10110 11010 11100 111 '45.8’ X
Asterotheca 11100 10011 10001 100 37.5 56.3
Cot tus . 10100 10001 10001 100 26.6 44.4
Sebastes - 11000 10XX1 11101 100 23.4 38.7
Prionotus 11000 10011 11101.101 X X
Percalates - 11110 10010 11111 111 35.6 60.9
Plectroplites 11110 10010 11111 111 34.0 53.1
Perca 10110 10010 11101.100 32.2 50
10110 10000 11100 101 32.5 44.6

Ammodytes
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Table B3 :‘Distributions of characters from the orbital

region among study groups

Taxon

- Gasterosteus 10101
Pungitius 11101
Culaea 11101
Apeltes 11101
Spinachia 11101
Aulichthys 11101
Au]orhynchus 11101
Syngnathus 00001
Syngnhathoides 00001
Hippocampus 00000
Solenostomus 00010
Aulostomus 11010
Fistularia 11010
Macrorhamphosus 10010
Aeoliscus 10010
Iﬁdostomus 10100
Hypoptychus 11000
Pegasus 11000
Dactylopterus '~ 11000

.00100

00000

10001 00101
10001 00101
10001 00101
10001 00101
10001 00101
10010 00101
10010 00101
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10101
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00100
00100
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00000
00000
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Figure B 1 : Allanetta harringtonensis posterior orbit wall, X 1ll.5

left ventrolateral view

(abbreviatibps are listed on pages XXv-xxvi)
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‘ anterior trigemino-
facialis foramen
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}
Figure B 2 : Cottus cognatus postorbital region, ventral view.

X 23.5 S




anterior .
trigeminofacialis
foramen

anterior
trigeminofacialis
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Figure B 3 : Postorhital regions of Gasterosteifofmes, ventral
ﬁ&iéws‘
A. Culaca inconstans, X 11.5 (UANZ 5023)
Aulorhynchus flavidus, X 11.6 (UAMZ 1§94)

N




18 (UAMZ 4754)

whole head, left lateral view, X

ius,.

ius pungiti

Pungit

Figure B 4
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A. Aulorhynchus flav1dus, X 7. 15 (UAMZ 5541)
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suborbitals

s

pop ' - dop- - . .

{ .

Figure B’ 7 Aulorhynchus flavidus, postorbital regidn;

left-lateral view, X 11.5 (UAMZ 5541)
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-~ Figure B .9 : Postorbital regions of‘Syngﬁﬁthiformes; left véQtrolateral -

views o ) , o ' S : . .
) A. Macrorhamphosus' gracilis, X 23.5 . |
. B. Fistularia tabacaria, X 11.5 ' R
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Figure B14 : Dactylopterus volitans
A. Left lateral view of neurocranium, X11.6

'B. Lateral view of left suspensorium, X11.6
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C. The Cranium Roof
The bones of the cranium roof are the supraoccipital, the parietals, the pterotics,
and the epiotics. Extrascapulars are often present. Characters from the cranium roof are-

listed in Table C1, with coded data for framework and study groups in Tables C2 and C3,

respectively. . "5?2

Framework

In D:glogho s the supraoccipital is small and is separated f%bm the frontals by

”_.,I\elongate parietals. The parietals meet in the dorsal midline and extend posteriofly along the

anterolateral edges of the supraoccipital to meet the epiotice, which form the posterior

corners of the cranium. The pterotics lie along the lateral borders of the parietals, forming

the sides of the skull; they bear the lateral sensory canals for‘vtheir ‘full lengths. Behind each

pter\otic this canal enters an L-shaped extrascapular, which also receives the

supratemporal canal from the post;rolateral corners of the pari‘e't‘a-l‘s.*

This basic arrangement is also found in Saurida. The parietals of‘S“aurida do not

?

bear the supratemporal canals, and its pterotics bear the Iateral canals between rudges of

.

bone, mstead of m closed tubes.

;@
in Percogsn s the paristals are separated anteriorly, and the supraoccupltal meets the
frontals. The shape of the skull is modified, the pterotncs bowing outwards to form large
posteroventral corners. The dermopterotics extend anteriorly over the sphenotrcs each
bearing a portion of the latera‘tSa canal'in an open trough. The extrascapular in Percopsisis |
T-shaped. | ‘ -
Theatheriniform cranial roof is variable. Parietals are present and separated in

+ Menidia and Fundulus, but they are absent in Melanotaenia nigrans and Allanetta

k harringtonensis. In these fishes, the posit‘ions of the parietals‘are' filled lqy e posterior ‘
portions of the frontals and the anteruor portions of the epiotics. The supraoccrpltal |s i -
contact with the frontals in all Athermomorpha and extends forward below them in y
dnstmctnve wedge shaped’ process (Flg 01) Rosen M‘ sted tE bnge
) proc‘ss as a dlstmgurshmg charactenstlc off&hgi
| ‘y 4 pterot|c$ in Melanotaema and Allanetta are elon§ ‘ i
e o :”’bosteraor halves of the sphenotics. The extrasc pulars are absent Berycnform Er ,

- -~ .‘ s g "
'1{," Tt
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i ) " .
roofs resemble those of Percopsis, but their pterotics‘“are not bowed outwa’rd to the
same degree (Zehren, 1979) The extrascapulars are present In HQIocentru s the frontals

are expanded posteriorly, nearly reaching the end of the crlplum : - '

,

In Scorpaeniformes some of the cramal roof oharNs found n up_logho and

5

A bt
Saurida are present. The parietals meet in the dorsal ml 2] skuu in Asterotheca

o

rom the cramal roof; in.

(Fig. C2,A) and Prionotus, aimost excluding the supr‘;c

Sebastes and Cottus (Fug C2.B), however, they are s bd. The pterotics are expanded

|nto posteroventral corners in Sebastes, but not in M the othenScorpasniformes |
examined. They bear the lateral canal in all, but th#e no extrascapulars.

In the perciforms | examnned the supraoccipitals are relatively small, and they bear
wedlge-shaped anterior processes only in Perca. Parieta‘lsa(e present but do not meet in

the midline. They partially cover the epiotics, which are simple limpet;shaped bones in

Percalates, Perca, and Ammodytes but bear posterior processes in Plectroplites,

-Stizostedion , and Myctoperca . The frontals are expanded posteriorly, nearly reaching the

posterior edge of the skull in Percalates and Plectroplites. The dermopterotics in -

Percalates, Perca, and Plectroplites overlap the poeterior margins of the sphenotics and

bear the lateral canals, which are continued posteriorly on T-shaped extrascapulars.

\

Gasterosteiformes » . .
Gasterosteiformes have relatively large supraoccipitals with Wedge-shaped

anterior processes which lie under the frontals..The sueraoceipitals are r-oughly »

diarr:ond-s‘haped‘,' their anterior margins bérdered by the frontaks and their lateral and

posterior madgins by the parietals and epiotics (Figs. C3-4). The parietals are relatively

‘large and flat, their posterlor borders meeting the epiotics and their lateral borders

meetmg the dermopterotncs in Gasterosteldae the dermopterotncs do not bear any marked

%
canals. In Aulorhynchldae however, they bear the lateral canals in pronounced bony

~cyhnders whxch extend anternorly over the sphenotlcs almost reachmg the orbits (Fig. B7).

oy l k;ave already referred to these, in discussion of the orb|tal reglon as fused

3; v ,u.“‘bsl'.« . .n‘)r

N
PN

rmﬂ}erohcs and dermosphenot'cs ;
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Syngnnfr\rformes

”*r

a

Syngnathiformes are dlstmgmshed by the absence of parnetals their positions

C-J

being flllem either anterior extensions of the epiotics (Syngnathidae and Solenostomus:
- &
Fig. C5), by posterior expansion of the frontals (Aulostorus (Fig. C6.A) and Fistularia), or '

v

by both (Macrorhamphosus and Centrnsmdae Fig. C6,B and C). e

The supraoccipital is relatively wide in Syngnathidae and Solenostomus (Fig. C5)

PN

and in Macrorhamphosus (Fig. C6,8), but narrow in other syngnathif'orms. It bears ap

. wedge-shaped anterior process in Aulostomus, Fistularia, Solenostomus, and

Syngnathidae. The supraoccipital in Solenostomus also bears arounded, platelike

posterodorsal extension. In Centriscidae and Macrorhamphosus the supraoccipital is a
thick sculptured bone, firmly sutured to the frontals and the epiotics.

The epiotics in Aulostomus, Fistularia, and Syngnathidae are limpet-shaped, their

posterolateral corners overlaip by the'posttemporals. In my specimen of Soienostomus
paradoxus they meet sach other behind the"’supraoccipital but this situation may vary, as
Banister (1967) did not observe it in his specimen. EacH of the epiotics in Solenostomus
also bears an anternor process which runs along the lateral edge of the supraoccnpatal The

plotucs in Macrorhamphosus and Centriscidae appear dorsally as flat plates, square in the

former and triangular in the latter, firmly sutured to the other cranial Bones. T

The dermopterotics are extended anter:orly in Aulostomus, Fnstularna and

)Macrorhamphosus but only in the latter do they cover haif or more of the sphenotics (Fig.

.AB,B). The dermopterotlcs of Aulostomus, Fistularia, and Centriscidae bear tubes for the

'Iateral sensory canals in the latter group the tubes are covered by and embedded in their
strong, ornamentéd surfaces.
’ mid:stomu -

My observations of the neurocranium of lndo;tomu agree, with Banister's (1970).
Parietals are Iacklng in thls species, their places being taken by the epiotics and frontals, as
m Centrlsconde| The supraoccupltal is roughly dlampﬁ-sr\aped without any anterior
vprocess, and its spine and the flat dorsal plates of the epnotlcs together form a bony plate

reaching posteriorily to the end of the first vertebra (Fig. A8). The épiotics are, otherwise,

simple bones forming the posterolateral corners of the cranium. The pterqt}cs form most

3



" Hypoptychus

B Pegasu

A

’

. of its sides but do’not overlap the sphenotics;' which are considerably reduced (see
,sectuon B) Parallel rudges run along each dermopterotlc to the frontal borne anterior .
.,portlon of the: Iateral sanSory canal | was unable to/tell whether these ridges bounded the

o posterlor portlon of the Iateral canal but |t seems reasonable to assume that they do so,

since they are contlnuous wrth rldges onthe frontal Wthh obwously do form a tube.

Ry -
\\.. - R

In Hygogtychu the supraocmpltal lS overlatn anterlorly by the frontals which bear

e posteromedlal processes extendmg towards lfs mldpomt and laterally by the parietals (Flg

A9). It bears an anterior wedge Ilke process extendlng below the frontals The parletals

' ._'are flat and extend posterrorly over the anterlor borders of the eplotlcs The epiotics are

{

simple l|mpet shaped bones formmg much of the posterlor face of the skull. The.pterotrcs
. are elongate; ove‘rlapping the sphenotics but the lateral canal on each side is borne in a
separate tube Iylng above the dermopterotlc {Fig. A 1 0) The canal carrled in-this tube

" branches behlnd it to form the supratemporal canal Wthh runs dorsally in a vertical tube,

and the postenor lateral’ canal which passes throug\h\a second horlzontal tubular bone on
its way to the posttemporal The anterlor tubular boneisina posmon WhICh suggests that

|t is homologous to the dermopterotlc but the vertlcal tube and the posterlor horizontal

.- tube may be- homologues elther of the dermopterotlc or the extrascapular 1 |ncI|ne to the
o latter view, as no other flshes exammed had dermopterotlcs which bore the ‘

supratemporal canals in vertical tubes.'

The supraocmpltal in ngasu (Flg Al 1)is maple leaf shaped with a thlck flat splne

and no anterlor process The parletals whnch are flat and sculptured Ile along its lateral

: “edges. The supraoqcnpltal is bordered posterlorly by the epiotics, whuch are small bones

confined to the posterlor surface of the skull and covered dorsolaterally by the .

posttemporals The dermopt’erotlcs are heavy and bear the lateral canal they do not a

v extend anterlorly over the sphenotlcs



Dactylopterus . .. S C et

The supraoccnpntal of Dactylogteru s is confined to, the mnd dorsal surface of the
{cramum the Iarge eplotucs meeting behind it (Fig. A13). It extends anteriorly between the
frontals but no anteruor process beneath them is vnsnble Large flat parietals lie on either
side of the supraocclpltal bordered posterlorly by the epiotics and small scale bones The-
lateral canal extends posterlorly over the pterotic and onto the enlarged posttemporal k

weo»

Extrascapulars are absent.

/‘ -\



Table C1: Characters from the crsnipm roof

(asterisks indicate those used |n phenetic enalyses) '

*C1. Supraoecipitai'with large (1)/ small (O) dorsal eiate'
' *Céﬁ'sﬁpraoecipital crest present/ absent " | " -

" %C3. Supraoccipital with/ witheuti'anterio‘r wedge-like process

#C4. Panetals present/ absent | '

*C5. Epnotlcs bear / do not bear posteruor processes »‘

#C6. Epiotics artlculate wnth ossmed hgaments/ ossified hgaments absent
' *C?. Dermopterotncs bear/ do not bear. lateral éanals

-

C8 Dermopterotlcs overlap over half / Iess than half of sphenotlcs
. *CQ Eplotlcs touch/ do r:ot touch’ supraocmpvtal o

C10: Extras\capular-s present/ absent .

#C11 - Supraoccipital and frontals separated/ téuehihg»

ci12. SUpraocéipital length/ head length (%) .

72



'FTabIe c2 . Distributions of characters from the -

cranium roof amohg framework taxa

5

Taxon - 2345 67
Dipliophos 01010 01011 1 20.6
Saurida © 11011 01011 1 X
Percopsis 11010 01111 0 35.8

. Fundulus 11111 00010 0 40.6
Melanotaenia 11100 0111Xx 0 29.7
Allanetta 11100 01110 0 33.2°

‘Holocentrus 11011 01011 0 X
Asterotheca 00011 01010 1 10.4 y
Cottus 11111:01011 0 32.6
Sebastes 11011 01010 0 24.9
ﬁriohotus’ 0101t 01010 1 X
Percalates 11010 01111 0 37.2

“Plectroplites 11011 01111 0 35.7
Perca - 11110 011110 32.0

v Ammodyte54‘ 10010 010110 27.7
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Table C3 Distributions of characters from the cranium

roof among study groups:

Taxo | 12345 67890

12
Gasterosteus 11110 00010 0 30.6
Pungitius 11110 00010 0 31.0
CuTlaea 11110: 00010 0 - 31.3
Apeltes 11110 .00010 0 36.7
Spinachia 11110 00010 0 22.6
- Aulichthys 11110 01110 0 18.5
. Aulorhynchus 11110 01110°0 18.3
.Syngnathus 11100 00010 0. 19.6
Syngnathoides 11100 00010 0 18.6
Hippocampus 11100 00010 0, 26.8
Solenostomus 11100 10010 0 .10.5
Aulostomus 11100 11110 0. 15.5
Fistularia 11100 11110 0 9.1
Macrorhamphosus 11000 00110 0 19.6
Aeoliscus 11000 01010 0 14.4
Indostomus 11000 01010 0 24.1
Hypoptychus 11110 01111 0 23.9 . '
Pegasus 11010 01010 0 20.0

~Dactylopterus ' 10010 01X10 0 40.9



"‘Figure C 1: Neurocrania of Atherinomorpha, dorsal views

A. Allanetta harringtonensis, X 11.5

B. Fundulus sp., X 23.5
(abbreviations are listed on pages xxv-xxvi)

o
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Figure C 3 :

Culaea inconstans (immature), neurocranium,

dorsal view, X 5.6
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Figure C 4 : Aulorhynchus flavidus, neurocranium, dorsal view,

X 11.5 (UAMZ 1694)
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Figure C 5 : Neurocrania of Syngnathiformes, dorsal views

A. Syngnathus griseolineatus, X 11.5

B. Hippocampus hippocampus, X 11.5

C. Solenostomus paradoxus, X 11.5







Figure C 6 : Neurocraniatqf‘Syngnathifdtmes, dorsal views

)

A. Adlostomus maéﬁlatus, X 11.5

Y

; B: Macrorhagphosﬁs'scoiopax, X 5.6

C.’AeoliScuspﬁtrigétus,'x 11.5

P
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D. The Cramum F|°°l' _ .
| The boneS fOrmlng the cranlum floor are the unpalred parasphenoud and _
_ basmccrpltal the Prootlcs “the exocclpltals and the ventral faces of the endopterotlcs The
lntercalarles (or oplsthotlcs) may or may not be present Characters from the cranlum |
floor are. llsted in Table Dl thelr coded values for framework and study groups in Tables
D2 and D3, resp,ectlvely.
| ErameWork o | |
__lpl_o_af19§ the parasphenord arlterlor process is narrow and extends anterlorly

’ almost to the vomer | head Its lateral processes are short and no carotld foramina are. '

' vuslble piercing them. The pOSterlor process is. broad and undlwded The anterior cramal

:floor is flat, formed by the Pl’ootlcs Each prootlc IS a rounded bone bordered medlally by |
| the parasphenold POstel’IOf ly by the basmcmpltal and exoccnpltal laterally by the pterotlc ‘
and sphenotlc, and anternorly by thepterosphenmd and bas:sphenond WhICh exclude it

from the postor b'ta| foramen One foramen opens Behing prootlc brldge one in ?ront

ofit.

The posterlor cranlal floor is ventrally convex the ba3|occ1p|tal and exoccnpltals

" pend downward on each snde of the parasphenmd posterlor process to form a deep otlc

' bulla (see F.g 7 of Flnk & Weltzman 1982) The exoccnpltals meet one-another dlrectly
_ above the baerCClpltaI condyle theur artlcular facets supplementlng it dorsally Each
vexocc1pltal is plef ced laterally by a slngle foramen The lntercalarles are present but are
R 'conflned to the POSterlor face of the cranium; eaq@eovers the Junctlon of: the pterotlc
: eplotlc and exOCC'Dltal . ¥ PR

In M the parasphenmd is expanded between the Iateral ethmouds and its. short

lateral processes are pierced by mlnute foramma Its posterlor process is very w1de o

h . almost coverlng 'fhe basrocmpltal and’ IS ventrally convex; posterlorly it |s divided into two

lobes between Wthh the basrocc1p|tal condyle emerges o

In this flSh both the anterlor and posterlor portlons of the cramal floor are ventrally
convex. The prootlc:s and exocmpltals extend dorsally from the parasphenOld baSIOCCIpItaI
' strut and then turn abruptly Iaterally SO that the parasphenold and basoccrprtal form a keel

runmng the length of the neurocranlum The prootlcs bend dorsally at the prootlc brldges
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so.that the anterior openings of the -triger'ninofacialls chambers open into the orbit. Each

‘prootlc has asingle posterlor foramen on its mid-ventral surface

The exoccnpltals do not form artlcular facets or condyles, but the vertlcal surface

-

of each bears a trlangular ventral prOCess A smgle lateral foramen opens at the base of

this process The hornzontal face of the bone is pierced by a second more anterior ventral 'i

I foramen lntercalarles lie on'the posteroventral fac;e.of the cranium, over the -

.exocmpltal eplotlc suture

ln Percopsr s the anterior process of the parasphenmd lS narrow and the lateral

‘ processes are long, pierced by carotld foramina. The posterior process is slender and
‘ ‘d|v1ded The basmcc:pltal and prootlcs are\bowed ventrally to form the posterlor and

-anterlor portlons of the otic bullae. The prootlc bends dorsally at the prootlc brldge the

trlgemlnofac:ahs chamber opens below the brldge via one d|V|ded foramen, and the -

anterlor face of the prootlc is p|erced by three addltlonal foramlna

- The exoccnpltals extend posterlorly to form large artlcular condyles they are

| separated from the prootlcs antenorly by the |arge lntercalarles Each exocc:pltal bears

- one foramen on its posterolateral surface ’ ventral to. the base of the COndyle and one '

ventral foramen on the flat anterlor portuon of the bone
Atherlnomorpha ‘have slender parasphenouds llke those of Percopsu in most

respects although their lateral processes are short in Melanotaenla and Allanetta and

d0uble in Fundulus (one panr extendlng dorsally to the pterosphenouds and the second
laterally to the prootics). A foramen appears on each side of the parasphenmd its anter:or

and medlal borders formed by the angle between the parasphenmd posterlor and lateral

. processes The prootlcs vary in Melanotaenla and Allanetta (Flg D1 A) Wthh lack the

: anterlor Iateral process from the parasphenold the prootlcs parhcupate i the postorbltal

foramlna The prootics of Fundulus (Flg D1 B) are excluded from the postorbltal foramlna |

- »'by the anterlor parasphenond processes and each is pnerced by two foramma behlnd the
: prootuc brldge Allanetta |acks the second posterlor prootnc foramlna but this may be

" because the prootlcs are only part1al|y oé‘sn‘ned in the spemmens | examlned

The basuoocnpltals in Fundulus and Melanotaenla are nearly flat and are bounded

. anterlorly by the prootlcs and laterally by the exocmpltals in AIIanetta however the

: basuoccupltal is reduced toa small diamond- shaped bone whose Iateral pomts are bent
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, ventrally, forming the posteromedial corners of the otic bullae. A large unossified area
separates the basioccipital frorn the prootic's an’d-pterotics

The exoccipitals form medially- facung artucular condyles Each exoccapltal is

‘ pnerced by a Iateral foramen (two in Allanetta and Fundulus) dorsal to the condyle and by a
ventral foramen in the flat anterlor portnon of the bone. intercalaries are absent .

In Holocentrus the parasphenond bears lateral flanges in the orbital regson and a
short posterlor process Itis not plerced by foramlna Each prootuc has a large anterlor
face puerced by two foramina:, which ns excluded from the postorbvtal foramen by the Ov
‘baS| and orbltosphenmds The postenor portion of each prootlc |s plerced by a smgle ‘

foramen. The basioccipital is relatively flat. lts condyle is augmented by exocclp|tal .
-vcondyles!SImllar to those in Atherlnomorpha As in Diplophos:; the exocc1p|tals meet above
the basnocc:pntal to form the ventral margnn of the foramen magnum They appear to have :
neither anterior nor lateral foramina and are f:rmly sutured to'the prootlcs anternorly ‘
" .Intercalarnes are Iocated on the ventral surface of the skull over the pterotuc exocmpltal
sutures o
| o the scorpaemforms examnned the parasphenmd is long sllghtly expanded

“between the ethmoids (except m Cottus) and has a wide posteruor process (Fug. D2). »ln '

o Sebastes Cottus and Asterotheca there is a foramen in the angle between the lateral and

posteruor processes m Prionotus the Iateral and. posternor processes are fused to form -
one wide plate, plercedvon each side by a forame_nthhe anterior faces of the proot_ncs;

: reach the postorbital .forame’n in -Sebastes and. Pri'onotus but are e‘x'cl‘uded- from it by the

parasphenond and pterosphenmds in Asterotheca and. Cottus (F|g 82) Quast (1965)

suggests that th|s Characterlstlc be used to separate the scorpaemd fnshes from the
hexagrammlds zamoleplds cottlds -and agonlds The trlgemmofamalls chambers open :
o through a smgle Iarge foramen beneath each prootlc br»dge the ventral faces- of the
":. prootlcs bear some extremely smaII central foramnna in aII except Cottus and similar tlny

: foramlna p:erce their anterlor faces in Sebastes and Pruonotus The basuoccnpctal is bowed

ventrally and exocmpltal condyles lie on elther side of its condyle A foramen opens on the
"base of each exocmpltal condyle and another Opens shghtly antenor to iton the body of

- ,each bone I observed lntercalanes only m Cottus

PR



In the Percn‘ormes examined the parasphenolds have Iaterl\a prtocesses (pierced by

| foramxna in Percalates and Plectroplltes) Each. tragemmofacuahs ohamber opens through

_ftwo foramina, one before and one behmd the prootrc brldge arrd asecOnd small foramen

is present in the antenor face of each prootic. In Ammodws and Perca the ventral face

of each prootnc |s puerced centrally by a second foramen The exoccnputals are \rery sumllar

to those of Sebastes each with a condyle and two foramina. Ammodytes. Perca and

lectrophte have mtercalarles, but I could see none in the speumen of Percalates

Gasterostelformes
Gasterosterform parasphenonds resemble those of the acanthOpteryglans

examlned (Flg 83) A snngle foramen opens at the center of each proot|c and each -

"trngemmofacuahs chamber opens antenorly via a foramen between the anterlor edge of the o

.pl'OOtIC and the posterlor edge of the parasphenold frontal strut Wthh bounds the
postorbltal foramen 1 refer to thrs as an nncomplete trngemunofamahs antenor foramen

| : The basnocc:pltals are. roughly pentagonal or fan- shaped and each forms the entlre
ocmpltal condyle The occipital condyle is flanked by flat posterlor extensmns from the
_exoccnpltals except in Aulorhynchu which has exoccrpntal condyles (an B3,BI. Each

extensnon is pnerced by a Iateral foramen The exocc:pltals of Gasterosteus Punqmus and

' Qelte each have two ventra| foramma

B

Syngnathlformes _
' I

Syngnathlfo m parasphenonds are dellcate compared to. those of other flshes the:r ‘

A b

functlon in supportl g the snout apparently bemg performed by the supraethmdudsy The. -

typlcal syngnathlfo m parasphenovd has a short, thin anteruor process extendung before

the orbrt for less than a third of the snout length (see Flg D3 A) Thns process is expanded"l ‘

laterally between he |ateral ethmomls Behmd the orblt it expands agaln to form short

broad lateral progesses, behmd which lt narrOWS gradually to form the posterlor process.

The carotid for

&

,lna when v:suble open in the angles between the Iateral and ‘posterior
processes. ' A ,
The prootics are dlstungmshed by possessaon of wnde prootnc brldges so that each

anterior trige lnofamalls foramen is separated from the ventral foramen by a wide flat



: space In Syngnathoides and Solegnathus each anterlor foramen opens between the .

'anternor margin of the prootlc and the frontal- parasphenmd strut (Fig. B8);.in all other.

Syngnathlformes it-is enclosed in the pmotlc and in Aulostom us and Flstularua each .

prootlc bears a. second more medial anterlor foramen. Most Syngnathlformes are .
dlstlngunshed by a W|de separatlon between their prootlcs and basnocmpnals (Flgs D3 5)

in Aulostomus and Fnstularla the pterotlcs nnterpose between the two (Flg D4 A) butin aII

2

others they are separated by a zone of cartllage The basuoccnpltals are narrow inall

Syngnathlformes except Macrorhampjosus (Flg D4.B) and Solenostomus (Flg D5), in

whlch the basmcmpltal extends laterally tor fl|l the area usually fllled by the ventral surfaces :
of the exoccnpltals In all Syngnathuformes the basnocmpltals form the ocmpnal condyles.

" Jungersen (19 1 Ol found exocmpltal condyles |n Syngnathldae and posterolateral
processes on the exocmpltals of Solenostomus | saw nenther The exoccnpltals |n

.Syngnathldae and Macrorhamphosus have two ventrally openmg foramlna but there are no

b
foramina in those of Solenostomus and Flstularla. Intercalaries are absent in all

‘Synghathiformes..

lndo$tomus v _

The parasphenord in Indostomus is snmple wuthout Iateral processes or foramma
(Fig: B1 ‘l) The prootics are conflned to the ventral face of the skull. Bamster (1970) states
._‘that gach trngemﬁofamalns chamber opens through two ventral foramma but I found only a
smgle foramen in the center of each ‘prootic and an mcomplete anterlor foramen whose
anterior margm was formed by the pterosphenoxd The baSIOCCIpItal is dnamond shaped
bordered anterlorly by the. prootlcs and posterlorly by the exoccnpltals Whlch extend |
posteruorly to form two rounded. exoccuputal condyles No foramma are visible on the

exocmpl_tals. E

Hygogtxchu .
The parasphenond of Hypoptychu is shghtly expanded between the ethmonds (Flg

B12). Below the posterlor portion of the orbit nt is expanded into.a plate WhICh forms the
posterior process: lts lateral processes are short each pierced by a large foramen The "

prootlcs are large and flattened and each has- a sungle ventral foramen. The bas:occupltal is
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fanfsh‘aped, its condyle flanked by well-developed exoccipital condyles. Each exoccipital

is pierced by a single lateral foramen and a single ventral foramen.

Pegasus ‘ |
' The parasphenoid in Pegasus is short and r

sust (Fig. B13), its broad anterior

process just reaching the. anterlor margln of the orblt e lateral processes are short and‘

stout w;th foramina located behlnd them The prootics are roughly circular and each has

one central foramen. The basmccrpltal is dlamond shaped, formnng the entire occnpltal

v _'condyle there are no exoccnpltal condyles Each exoccupltal is pierced by a Iateral foramen -
opening on the posterlor face of the skull and by a ventral foramen at |ts postenor margln

" There are no intercalaries.

Dactxlogterus

The parasphenmd is W|de with two short Iateral processes behind the orblts (Fig.
Al 4) The: carotld foramlna open inthe angles behtnd these processes. Its poster:or :
: process is wrde and not duwded Instead of lying on the ventral surface of the basiocciptal,

it lS sutured to the anterlor margm of that bone. The prootlcs are Iarge bones formiétg o

:‘t o

.most of the posterlor walls of the orbits, and each is plerced by a smgle ventral foramen
© and by t'wo antervor foramlna They contact the pterosphenmds and pterotlcs The lateral _ -
portlon of each prootnc bends dorsally to form the side of the neurocranium.
‘ The basuoccnpltal is narrow and flat The exoccnpltals bend sharply dorsal|y to form
' _"the walls. of the otic bullae and then Iaterally beneaththe lateral head Shleld The lateral face |
- of each exocmputal is pierced by three foramnna the anterlor of Wthh appears to be

» homologous with the ventral foramen of the exoccnpltal in other fnshes The central

foramen appears homologous W|th the lateral exocmp:tal foramen
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Table D1 ': Characters from the cranium floor

(asterisks indicate those used in phenetic analyses)

*D 1. Parasphenoid piercéd by carotid foramina ,”)/ not surroundirg carotid foramina (0) -
#D2, Parasphenocid ex‘pahdad/ not expanded between ethmoids : |
#D3. Paraéphenoid with/ without diéfincf lateral processes
*D4, Parésphenbid posterior proc‘gsé divided/ nl)t divided
*D5. Tkigeminofacialis anterior foraminacbmplete/ iﬁcomplete.
D6..Prootics with/ ‘without separate ventral foramina for Vil nerve
*D7 Prootlcs and exoccnpltals meet/ do not meet
*D8. Prootlcs with/ wuthout accesgory anterior foramen(a)
#DQ. Exocmpntals wuth/ without lateral foramina
*D1 O Exoccup|tals with/ without second ventral foramma
‘ '*D‘I1 Exocmpntal condyles present/ absent . _
D12. Basioccipital bowed ventrally to form otic ‘,bullae/' flat o
A*DV13. 'Leng‘th of basioccipital greater than/ less thén its Width
D14. Interbalafies présent./ absent
*D15. Prootics contact/ do not contact basioccipital »
*D16 Exoccnpltals separate / do not separate pterotlcs and basnoccnpltal
*D17. Prootlcs reach/ excluded from margin of postorbutal foramen
- D18. Parasphenoid Iength/ head Iength {%)

D 19. Neurocranium length/ standard_length,(%). |
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Table D2 : Distribution§ of characters from the cranium

f1oorl%mong framework taxa

B
13

Taxon 7 8 9
" Diplophos 01010 10 48.1 18
Saur ida 01111 10 X  18.3
Percogsis_ 11011 11 73.3 26.1
Fundulus 001i1 11111 10001 10 58.5 30.2
Welamotaenia 01111 11011 1x001 11 X  23.0
Al lanetta 01111 01110 11000 11 79.5 22.5
Holocentrus 00111 01100 10011 10 X - 25.4
Asterotheca 01111 1101C 11101 10 63.8 24.2
Cottus 00110 00010 11010 10 61.9 27.4
Sebastes 01111 11110 11101 11 68.3 34.4
Prionotus 11111 11110 11001 11 x  29.3
Percalates 10111 X1110 1X001 11 72.4 32.6
Plectroplites 10111 X1110 1X111 11 71.9 31.4
Perca 00111 11110 11010 11 70.0 30.1
Emmodytes 00111 11110 11010 11 76.0 16.1



Table D3 : Distributions of charac' « s from the cranium

floor amoné study groups

Taxon 1234 1234 7 8 9
Gasterosteus 10110 01011 00111 10 73.4 28.8
Pungitius 00110 01011 00111 10 72,1 27.1
Culaea 00110 01011 00111 10 64.3 29.9
Apeltes 10110 01010 00111 10 71.1 25.0
Spinachia 10110 01010 00111 10 67.3 26.1
Aulichthys 00110 01010 00111 10 61.2 25.1
Aulorhynchus 10100 01010 10111 10 - 76.7 25.3
Syngnathus 01101 10001 10100 00 54.3 12.0
.Syngnathoides 01100 10001 10100 00 53.1 18.0
Hippocampus 01101 10001 10100 00 58.6 19.4
Solenos tomus 01101 10000 10000 O+ 86.1 42.4
Aulostomus 01111 10010 10100.01 50.0 31.5
Fistularia 01011 10001 10100 00 30.0 33.9
Macrorhamphosus 01111 10001 10100 Ot 66.8 45.7
Aeoliscus 01111 10000 00100 01} 50.0 39.2
Indos tomus 00000 11000 10001 10 42 .6 20.2
~ Hypoptychus 11010 01010 11111 11 70.5 18.5
Peqasus 01110 01010 00001 11  27.6 30.8

Dactylopterus 01101 01110 00101 11  66.5 32.0




Figure D 1 : Neurocrania of Atherinomorpha, ventral views

A. Allanetta harringtonensis, X 11.5

B. Fundulus sp., X 23.5

(abbreviations are listed on pages xxv-xxvi)

-
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“”Figﬁré D3 : Neurocrania of

Syngnathi formes, ventral views

A. Syngnathoides biaculeatus,
U X'11.5 7 (LACM 37398-16)

'B. Hippocampus hippocampus; X L1.5 . -

¢
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Figure D 4 :‘NéQrOCrania,of

Syngnathiformes, ventral views

A. Aulostomus maculatus X 11.5

B. Macrorhamphosus gracilis X 11.5 -
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: Solecnostomus paradoxus,. aeurscranium,

véntral view,'X_Zj.Sg
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E The Upper Jaw and Palatme Arches ‘ ’
‘ The upper jaw’ is composed of the parred premanxillae and maxlllae The palatlne
_arches contaln thé palatme bones and the ecto- endo-, and metapterygmds The

‘ycharacters used. from this reglon are Ilsted in Table E1, and the coded data for framework

' and study taxa are ln Tables E2 and ES3, respectlvely S o o oy

' Framework o
The premaxrllae of Dlplopho are toothed and each bears a slngle posterlor
‘ process beglnmng sllghtly Iateral to the symphysls Fink, and Weltzman (1982) ldentlfy :
these as artlcular processes the maxrllae artlculate wuth thenr ventral Jurfaces The '
. maxnllae are elongate formmg over hatf of the toothed marglns of the upper )aw The
dorsal end of each bends medlally to form a srngle spatulate process which slldes under
) the af@cular process of the premaxrlla The maxnlla shaft has no distinct palatme process
' _'lts ventral end is flattened, toothed for almost ltS entlre Iength rts posterlor border is
covered by two supramaxrllae ’ .

- The, palatlnes are relatrvely short and stout wrth condylar heads and dorsomedlal

o flanges Teeth run along their ventral edges The ectopterygonds are elongate connectlng

- with the palatlnes behmd the lateral ethmords and runmng the full length of the orbits -

k .before glvmg rlse to ventral processes whrch l|e along the anterlor marglns of the
o quadrates The endo- and ectopterygoads lle\\above the dorsal borders of the quadrates

- The endopterygmds are connected to the palatme flanges anterlorly and bend medlally to :

- form rnost of the orblt floors and mterorbltal septum They have small teeth scattered

| ,along thelr anterlor borders The metapterygouds lie directly posterror to them each glvmg'
‘rlse to a posterolateral flange Wth‘h I|es over. the hyomand bula shaft. = )
In % the premaxrllae are the major bones formlng the: gape. Each is heavnly

toothed with a short artlcular process The maxnllae are very thin and closely applied to

the premaxullae The anterlor end of éach curves ventrally to pass under the artrcular
process of the premaxrlla lmmedlately lateral to thls process the Iateral edge of the _ : '_
' :: maxnlla bends dorsally to form a facet for artlculatlon wrth the palatlne head The palatmes :
: j"are short and toothed thelr medlal edges turned up into flanges bearmg facets Wthh I|e -

along the borders of the lateral ethmouds “The posterior end of each palat:ne is overlaln by |

-
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‘the ectopterygotd another flat toothed bone whuch runs stralght from the palatlne to the .
' mlddle of the’ anterlor edge of the quadrate The med|a| edge of each ectopterygoud lles - .
along the border of the endopterygosd a toothed oval bone ‘which extends medlally under
the orblt The metapterygmds are flat and toothless thelr posterlor portlons expanded to

- fill the space between the dorsal mar‘gms‘of the quadratesand the anterior hyomandibular

ercogsu has toothed premaxlllae each wuth a short ascendlng process anda
’ sllghtly shorter artlcular process both Iaterally compressed Rosen and Patterson (1969)

’ ‘recorded post- maxnllary processes in Percops:s and Aphredoderus but I d|d not see these -

~inmy specmens The dorsal and ventral artlcular heads of each maxilla are connected
posternorly by a bony flange This flange is: extended posterlorly into a Iarge process and a i
snmllar posterlor process extends from a pomt on the maxilla shaft dlrectly lateral to the

artucular heads Each palatlne has a comcal head extendlng anterolaterally and bearmg a

' -”v‘vertlcal flange on its dorsal surface The palatmes are expanded posterlorly into flat

‘vertncal plates each with an accessory medial flange formung a cone shaped fossa on ltS
-'anternor end The palatlnes are attached to both the endo and ecto pterygords The |
R ‘fOrmer are smaller than the palatmes the:r posterlor ends extendlng ventrally along the

"~ anterior borders of the quadrates the latter are Iarge ovoud bones bowed medlally to

| extend under the orbits. Both ecto and endo pterygmds are toothless in Percopg

' ,omlscomaycu Rosen and Patterson (1969l report that the ectopterygond is toothed in P

transmontana and that both are toothed in Aphredodendae The metapterygond is a roughly

‘rectangular plate bllammar at its posterlor end. It ﬂlls the space between the quadrate

o endopterygond and hyomandlbula ' '

- The premaxrllae of the athlnomorphs examtned each bear a smgle posteromedlal =
process in the form of a wide vertlcal flange (Flg El) Rosen and Patterson (1969) suggest:
| that these are homologous to artlcular processes They resemble more, however the
ascendmg processes of flshes Wthh have both ascendlng and artlcular processes (see

. Flg E2) ln these rnaxlllary articular process artlculatlons the maxillary heads fold around

B the posterlor edges of the articular processes and can exert anterlorly dlrected forces on

the premaxlllae through them The ascendlng processes on the other hand lle freely over :

the ventral artlcular heads of the maxnllae as do the smgle processes of Athermomorpha
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therlnomorph maxullae bend ventrally at theﬁ medlal ends to form the maxlllary hooks

(Rosen 1974). The dorsolateral portlons of these hooks are not developed into dlstmct

)

_dorsal artlcular heads in Fundulus or Allanetta but are 80 developed in Melanotaenia.

The palatines are relatlvely small, wide cylmdrlcal bones In all the species examined
: they bear ventral flanges in Melanotaenla the flanges are toothed. The ectopterygo:ds are.

g small The metapterygmds are reduced to small bones lying over the

' symplectinhyomandibular connectlons in Melanotaema and Allanetta; they are absent in -

B Fundulus

‘ The premaxnllae in Holocentrus ha&e ascandlng and artlcular processes

postmaxlllary processes, and teeth. The maxlllae have both dorsal and ventral artncular

- heads, connected by posterlor flanges Holocentrus lacks supramaxnllae but Zehren’
(1979) found them in many berycuform groups The palatlnes have comcal heads and
toothed ventral laminae. They are attached ventrally to both the ecto and endo pterygonds ‘
The ectopterygouds run along almost the full Iengths of the palatlne flanges and the

anterlor margms of the quadrates They are toothless in Holocentrus Endopterygouds are |
~large, their anterlor tlps attached to, the palatlnes and thelr antero ventral borders t6 the
ectopterygmds They also are toothless The metapterygmds are wnde flat bones fllllng the
.’gaps between the quadrates and hyomandlbulae ‘ _ o

Scorpaenlformes have toothed premaxnlae wnth both ascendlng and artrc:ular

'processes although in Pnonotus the ascendlng processes are reduced The ventral ends
j"of the premaxnlae are expanded |n all the postmaxnlary processes are distinct ln all except
Asterotheca The maxnllary heads resemble those of HOIOCentrus They do not have
“marked palatlne facets and are not greatly expanded Iaterally The palatmes are toothed in |

Asterotheca Sebastes and Prlonotus They have large cyllndrlcal heads and ventral

' _Iammae attached to the pterygords In Cottus and Asterotheca a lateral process extends
-from each palatme head. to the lachrymal (an E2, A and E3) ' '

In Cottus the. pterygmds are. fused lnto a smgle bone (Flg E2,B); in Sebastes

Asterotheca (Flg E3) and Prlonotus they are separate the ectopterygouds Iylng along the
anterlor borders of the quadrates The endopterng|ds extend medlally in alI three speues ‘
but only in Sebastes are they large enough to formthe floors of the orblts The '

‘ metapterygouds are relatlvely large runmng from: the quadrate fans to the hyomandlbula
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‘ shafts , . o

v " The percnformes examlned all have toothed premaxlllae with ascendmg artlcular

-~ and postmaxullary processes Thelr maxlllae resemble those of: Scorpaenlformes ln

| Ammodytes therr dorsal articular heads: glve rlse to dorsally- pro jectmg spurs Ammodytes
is also dlstmgmshed by the- presence of mcompresslble llgaments attachung the ventral

? maxlllary heads to the artlcular processes Percalates and Plectroplltes have a single

supramaxtlla above each maxilla.No specual palatlne facets are present the palatines
usually artlculatlng with the lateral sides of the dorsal artlcular heads of the maxillae. The
; palatlnes have cyllndrlcal heads. and vertlcal flanges asin Scorpaenlformes they are

toothed in Perca Stlzostedlon Percalates and Piectroplites and bear medlal processes to

" the vomers' in Stlzostedlon and Mvctoperca ln Ammodytes their ventral ﬂanges are

_ extremely large and reach posterlorly to the quadrates The ectopterygmds in Ammodyte
are reduced and lie along the dorsal marguns of the quadrates behind the ponnt at whlch the.
.palatlnes and the quadrates meet. ln other Permfomes the ectopterygords occupy their
'fnormal position along the anterlor margms of the quadrates and they are toothed in
'Percalates and Plectrophtes The endopterygouds are oval toothless bones extendlng |

under the orblts in aIl the Percnformes examlned and the metapterygouds are wide flat

bones gimilar 'to those of Sebastes.

Gasterostelformes _ ‘
Al Gasterosterformes (Flgs E4 5) have premaxlllae wuth long ascendmg

- processes toothed in all except female Auhchthy There are no artlcular processes and

| postmaxlllary processes are. present only in Aulichthys (Fig: 86 B). The maxlllary articular |
heads lie aIOng the dorsal and ventral srdes of the ascendlng processes {Fig. Ad); slight '
palatine facets are present on the posterlor margms of the max:llae dlrectly lateral to the
dorsal artlcular heads The posterlor tlps of the flanges connectnng the dorsal and ventral
artncular heads are developed into dlstrnct posterlor processes The palatines are slender
bones ‘each with a conical head which gives ruse to a lateral process {Fig. E4;B).

'_Posteroventrally each palatlne is attached to a triradiate bone whlch occuptes the posmons
of the ecto- and endo- pterygmds (ans E4 5); a ventral spur from this bone runs down the

anterior,nflargln of the .quadrate:and a wude vertlcal flange extends along the dorsal margin

\
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of the quadrate The metapterygouds are reduced to small spllnts of bone over the

symplectlc hyomandlbular connectlons

._ Syngnathlformes ) ';,’l . S o .
' In Syngnathlformes the gapes are bordered by toothless splke shaped premaxullae h
B iang E6) WhICh may bean short posterodorsal processes (Flg E6,B). Since thesa processes
lie over the artlcular heads of the maxillae W|thout bemg surrounded by them, | feel they ‘
_ are homologous to the ascendlng processes ina case of such reductlon however, _

vhomologles are hard to determlne The maxrlla heads are shortened and the dorsal articular

heads tilted ventrally The dorsal heads artnculate with the vomers. The palatnnes l|e

: _ragalnst rldges along the dorsal surfaces of the maxullae dlrectly lateral to-the maxlllary

articular heads The. maxﬂla shafts are wudely expanded into trlangular or rectangular

&l

plates. In Syngnathldae and Macrorhamph05us (Flg E6.B) the ventral edges of these plates
' may curve forward below the ventral tips of the premaxlllae '
The palatmes in ali except Centrlsmdae have: dlstlnct ‘conical heads lylng dlrectly

lateral to the vomer heads and, in Aulostomus and Flstularla tlghtly sutured to them In ‘

Aulostomus separate dorsal and ventral shafts appear to run posteriorly from the palatlne
‘heads the ventral shafts fusmg to the vomer and the dorsal shafts Iylng above the anterlor ’
end of the parasphenord (an E7). In'Fistularia the palatines run along the lateral edges of |
the vomer and are spurllke in shape and toothed ventrally In both genera the palatmes lie i in

grOOVes on the dorsolateral surfaces of the ectopterygords The ecto-and
>

L 'endopterygonds of Aulostommdel are fused into a single flat bone lylng along the dorsal

. 'and anterlor borders of each quadrate ; the metapterygoids are large flat bones_lylng along
the posterlor and posterodorsal margins of the quadrates (Flg E7). | ‘ N
In other syngnathlforms the palatmes are not sutured to the vomers The

:syngnathld palatlnes are short peg-shaped bones flttlng into grooves on the dorsal -
surfaces of the ectopterygords These flshes have separate ecto- and endopterygonds :
(Fig. EB,A). The ectopterygouds lie along the anterlor edges of the quadrates The |
endopterygo:ds are reduced to thin bones and only toucﬂ the anterodorsal borders of the
quadrates; the metapterygmds are absent The palatme arches of Solenostomus resemble

. those of Syngnathidae. . - R
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Macrorhamphosus and Centriscidae are distinguished by their possession of

'palatlnes which lie free on the lateral surfaces of the ectopterygmds (Flg E6). In

Macrorhamphosus the palatlnes have conlcal heads and long, ventrally curving shafts

whlle in centrlscnds they are-small oval bones In both the ecto- and endopterygoads are
separate the ectopterygords resembling. those of Syngnathldae and the endopterygords

lylng along the dorsal’ marglns of the quadrates (Fig. E8,B). The metapterygmds in

Macrbrhamphosus resemble those of Aulostomus but those of Centruscrdae are

»apparently partially fused to the preopercula.

Indostomus
The premaxlllae of |ndostomus are heavily toothed They lack distinct articular-and
‘ ascending processes and are attached firmly to the ethmovomerine hlock by a narrow
band ‘ofvcartilage. The maxillae are v.ery_small thin bones lying along the medial edges of the,
premaxillae, as illustrated in Banister (1970) '

A ridge runs along each side of the ventral surface of the median ethmond »
beginning directly behmd the maxilla ; these ridges occupy the posmons of the palatmes
and may represent fusion of the palatlnes arid median ethmord Their posterlor edges meet ‘
the pterygoids, Wthh run the length of the orblts before: reachrng the anterior borders of |
the quadrates (Flg E9) TheSe bones are probably homologous to the ectopterygords but
whether they also contaln elements of the endopterygonds is not clear from my materlal
The posterior borders of the quadrates touch the metapterygords WhICh are flat bones

lymg over the symplectlc hyomandlbular connectlons

| _ ngogtxchus
o ‘Ida (1876) reports sexual dlmorphlsm in premaxrllary dentltlon m ygogtychu
"males havmg toothed premaxrllae and females toothless premaxnllae The premaxlllary
ascendmg processes are extremely long and slender Articular processses are ‘absent but
' -postmaxlllary processes are present. The maxnllae haVe articular heads similar to those in

| ‘Flstulana each maxnlla bends ventrally to extend under the ascending process of the |
-_premaxulla The dorsal surface of each maxilla head glves rise to a short spurhke process

(Fig. A9). There are no palatine articular facet_s. The maxillary shafts are expanded but
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narrow again at their ventral ends.

The palatines are slender cylindrical bones whose dorsal portions bend toward the
dorsal midline to lie along the margins of the vomer (Fig. B12). Their posterior ends bend
laterally to meet-the-pterygoids. Gosline (1963) illustrates the 'ectopterygoid’ as a strut of
bone between the palatine and ’quadrate; in my specimens the pterygoids cover the entire
hedial surfaces of the quadrates (Fig. E10), extending behind them along the symplectics.
Their homologies are uncertain; since they overlap the anterior edges of the quadrates,
they can be homologized with the ectopterygoid's, but whether or not they contain
elements of the endopterygoids is not obvious from adult material. The metapterygoids |
are thin cylinders'lying along the symplectic-hyomandibular connections.

.

Pegasus

- The premaxiliae in Pegasus have flat ventral portions and styliform processes

© extending anterlorly These processes might be homologous with either ascendlng or

' artlculatlng processes they appear to have developed their anterior orlentatlon along with .
elongatlon of the anterior processes of the maxnll_ae and an rncreased antero-posterior tilt
of the premaxirllae.fThe maxillae a‘rticdlate with the premaxillae via ossified ligaments
eXtending from the premaxilla headsto articular facets on the medial sides of the. maxillary
shafts (Fig.. E1 1) The maxnllae bear short posterror processes and long, anterloriy dlrected ‘

processes. In Pegasus volltans the medial sides of. the maxnllary articular heads bear .

oblique Iedges endmg in posterlor condyles which articulate with the palatmes
(maxnlovomerrne ligaments of Pietsch, 1978) Jungerson (1 915) felt that these were fused
palatunes and ectopterygolds but they show no evrdence of compound or:gms There are

no separate pterygonds in Pegasus.

Dactxlogteru
The premaxnllae of Dactylogteru s are shortened and bear noticeable postmaxlllary

‘ processes (Fug E1 2 A). Each bea(\s along laterally compressed ascending process and a
shorter articular process. .The asceﬁndmg processes ‘are connected by a vertrcal flange of

s cart«lage. The premaxrllae are toothhd.
. } : .
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The maxillae have'dorsal and ventral articular heads connected posteriorly by
flanges simialr to those in Scorpaeniformes. They lack patatine articular facets. The entire
upper jaw apr')ar-atus, as._i‘n Pegasusm, slides in and out of a deep oavity between the vomer
ahd the median ethmoid/ nasal complex.

The palatines are relatively short bones, their heads bent ventromedially _Irke those
of Sebastes. They are toothless SR

Each pterygoud archi is composed of three bones (Fig. E12,B). The ectopterygonds
extend ventrally from the palatine flanges to the quadrate condyles. The endopterygoids
are flat and thin, lying along the dorsal margins of the ectopterygoids and bendmg medually .
to form part of each orbit floor. The remainder of each orbit floor is formed by a Iarge
§ flat bone extending medially from the suborbitals. Although these bones resemble the

endopterygc ds of Sebastes and Allanetta | was unable to separate them from the

SUbOFblta 5 and therefore regard them as enlarged suborbital shelves. The metapterygmds

are flattened bones Iymg along the dorsal edges of the symplectics.

‘A » ’
’; ’d*‘
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Table E1 : Charactérs from the upper jaw and paiatina arches

(asterisks indicate those usad in pheneatic analyses)

#E 1. Premaxillae toothed (1)/ toothless (0)
E2. Premaxillae bear / lack ascending processes
E3. Premaxillae bear/ lack articular processes
*E4. Premaxillae bear/ lack postmaxillary processes

#E5. Maxillae with forked/ single dorsal articular heads

*#E6. Ventral articular heads of maxillae elongated/ short

#E7. Maxillae 'with/ without palatine articular facets

*E8. Maxilla shafts greatly/ slightly expanded

*EQ. Maxillary hooks present/ absent

*E10. Dorsal and ventral maxilla heads connected/ not connected posteriorly
*E11. Palatine heads cylindrical/ blaterally cbmpressed

E12. Premaxillae with/ without anterior processes

108

E 13. Palatine shafts lie over the lateral surfaces of the pterygoids/ attached to dorsal

surfaces of pterygoids
*E14. Palatines toothed/ toothless

E15. Palatines larger than/ not larger than ectopterygoids
*E16. Pélatines fused to/ separate from ectopterygoids
#£17. Palatine heads bear/ lack lateral projections

*£18. Palatines fused to/ separate from median ethmoid

E 19. Ectopterygoids lie along/ do not lie along the anterior margins of the quadrates

E20. Ectopterygoids Iie'along‘/' do not lie along the dorsal margins of the quadrates

E21. Ectopterygoids toothed/ toothless

E22. Ectopterygoids with/ without long anterior processes
*E23. Separate endopterygoids present/ absent
#E24, Separate metapterygoids present/ absent
#E25, Supramaxillaé present/ absent

E26. Palatine length/head length (%)



109

Table E2 : Distributions of characters from the upper jaw

and palatine arches among framework taxa

- Taxon. 12345 67890 12345 67890 12345 6
Diplophos 10100 00100 10010 00011 01111 21.4
Saurida 10100 01000 10010 00010 10110 X
Percopsis \11100 00001 10001 00010 00110 22.4

}

Fundulus 11000 10010 10000 10010 00110 1.5
Melanotaenia 11000 00000 1X010 00010 00110 13.6
Allanetta 11000 00010 10000 00010 00110 27.2
Holocentrus 11110 01001 10010 00010 01110 X
Asterotheca 11100 00001 10011 00010 00110 27.8
Cottus 11111 00001 10001 ©010f1 01010 "25.6
Sebastes 11110 00101 10011 00011 01110 22.0
Prionotus 11110 10001 10010 00010 00110 X
Percalates 11110 00001 1X010 00010 10111 31.0
Plectroplites 11110 00001 1X010 00010 10111 30.1
Perca 11110 00001 10010 00010 00110 21.6
Ammody tes 11110 01 00001 00110 40.0

00001 100



Table E3 :

and palatine arches among study groups

-t

Taxon 1 7

Gasterosteus 11000 01000
Punqgitius 11000 01000
Culaea 11000 01000
Apeltes 11000 01000
Spinachia 11000 01000
Aulichthys 11010 01000
Aulorhynchus 11010 01000
Syngnathus 01000 01100
Syngnathoides 01000 01100
Hippocampus 01000 01100
Solenostomus . 01000 01100
Aulostomus 01000 01100
Fistularia 01000 01100
Macrorhamphosus 01000 01100
Aeoliscus, 01000 01100

Indos tomus

Hypoptychus

¥

Pegasus

Dactylopterus

10000 00000
11010 00010
0XX00 11000

11110 10001

10000
10000
10000
10000
10000
10000
10000

10000
10000
10000
10000
10000
10010
10100
00100

00000
10000
OXXO0X

10000

00010

1
0 00010

00010
00010
00010

1 00010

00010

00100
00100
00100
00100
00010
00010
00110
00100

01010

01010

XX000

01110

- i
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Distributions-of characters from the upper jaw



. (Taxx-Axx so3ed uo paISYT 9iE SUOTIBTADIqQE) . .
TR : : : ¢*11 X -ponowsi saties 1e3ITqI0qNS YITM. .
M31A. TrI93RY »fydae pro84ae3d pue unrtiosuadsns. 3jo7 *ETSUSUOIFUTIABY BITOUETIV : T - 2an3Tyq
BN h
. 3 : “ . — )



e . ‘ : . L

-lac nal ‘

Figure E 2 : Cottus cognatus

A. Premaxillae and pél@tines;,dbeal»VieW‘X 23.5':

B. Left palatine-pterygioid arch, medial view. X 23.5

/
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Figui‘e'E"é Left suspensoria of. Ca'st:efotste’ifbrnies,

: médi‘él‘ views
v .

A. Spimachia spinachia, X 15

(UAMZ 5512)

s . . . o
' + . X R .
.

- ' B. Gasterosteus aculeatus, X 11.
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L]
Figure E 11 : Pegasus volitans, jaws and 'palatine',

left lateral view, X 11.5



123

.
,!’ Y

Figure EiZ:fbgctylbgterus‘volitans

A. Premaxillae and maxillae, ventral view, X11.6

B. Left suspensorium, medial view, X11.6
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F. The Lower Jaw and Suspensoria

The lower jaws are formed of the dentaries, articulars, angulars,i‘and the sesamoid
articulars, if present. The suspensoria contain the quadrates, symplectics, and
hyomandibulae. Characters used from this region are listed in Table F1 and the coded data

for framework groups and study groups in Tables F2 and F3, respectively.

’ 1

Framework
The dentaries in Diplophos are toothed for aimost their full lengths, with no
elevated coronoid processes. Each is composed of a posteriorly concave lateral laminé
and a more deeply concave medial lamina. A narrow lateral ridge runs along the lower side
of each dentary; it continues along the articular to near the quadrate condyle.
| Each articular extends forward between the Iaterai and medial laminae 9f each

_Articulars in Diplophos lack corgnoid processes but have small sybdentary

»s. The angulars are small caps of bone on the posteroventral corners of the
i
¥ quad?ate is shaped like an acute isosceles triangle, its apex at the_quadrate
condyle. A narrow flange extends laterally from its posterior border and the symplectic. a
narrow cylindrical bone, lies along the medial side of its border directly obposite to this
flange. The symplectics do not extend past the quadrates. The hyomandibulae,,thé*re,
are more clésely attached to the metapterygoids thén to the symplectics. The &
h‘y'or.nandibula shafts have narrow lateral flanges and wide antevrodorsa| laminae. The cranial
condyles of each are fused, their bases separated by a foramen, and the opercular
condyles are elongate and extend postg_roventrally. |

» The dentaries of Saurida résembié those of Diplophos in shape and in tooth
position, although Saurida has many more teeth“than does Diplophos. Narrow bony tubes
run along their ventral sides; these probably carry the anterior ends of the
preoperculdrﬁandibular canals. There are no sesamoid articulars. The angulars are cones.
whose wide ends are attached to the ventral surfaces of the articulars below and behind
the quadrate condyles; each is covered laterally by a flat plat;e.

The quadrates are not fan-shaped, but are cylindricai bones extending

anterodorsally toward the pterygoids. The bases of these cylinders bear anterior and
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posterior flanges and, behlnd the posterior flanges small. posterlor shafts orlglnatmg near “

the quadrate artncular condyles These processes are probably formed by the fusuon of

- the quadrates and symplectlcs forno separate symplectvcs are visible. The hyomandlbulae'

are Iong curved bones whose anterior and posterlor eranial condyles are. short and wndely'i .
separated Their anterlor lamlnae are very Iarge '

In Percopsis s the bony troughs bearlng the preoperculomandlbular canals are so

large that they form most of the dentaries and the toothed dentary shafts lyrng above them

are compara_tlvely small. Coronold_processas are developed. The subdentary processes of

ki

the articulars are similar to and continuous with the ventral portions of the dentaries.
. R g ‘

Articular coronoid processes are present. The angulars, whose structures are similar to

those of Saurida, lie along the. med;al of the two laminae forming the subdentary

: processes The symple,etlcs are widened posteriorly, bearing both posterodorsal and

posteroventral lammae The hyomandlbalae are large, their cranial and opercular condyles
—
elongate and distinct from each other, but connected by laminae. Each hyomandlbula skaft

bears a large medial foramen and a wide antenor lamina whose ventral border is attached

fto the metapterygond

~The Athernnomorpha | examlned have toothed dentanes all except Melanotaenla

, have marked coronoud processes ln Fundulus and Allanetta the dentary posterior margms

_' are deeplycleft The preoperculomandlbular canals run along the articulars and dentarles in

' fAllanetta and Melanotaema The artlculars have coronOId processes only,gn Fundulus, but

“have subdentary processes in all the atherlnomorphs examined. Melgnotaem a has sesamoud

articulars. The angulars of Fundulus and Melanotaenla a‘re composed of vertical cones with

-antero\Ientral processes running under the artlculars In Allanetta their comc.al portions are

not dlstmct The quadmteshave dlstmct fans and posterlor processes and the symplectics
lie medaally along thelr ventral margins (Fig. Egl) The cranial condyles of the hyomandlbulae :

are separated in Fundulus and Allanetta but fusedi in Melanotaenla The hyomandlbulae of all

three have anternor lamlnae

The suspensorla of Holocentrus dlffer from those of Percops: in only a few

'pomts The dentarles have Wrolateral foramlna and the preoperculomandlbular canals are

Vs
borne along them in complete narrow tubes rather than ‘wide open ones. The artlculars in

Holocentrus have no subdentary processes The syrnplectlcs beér -only central laminae, and

v

R " 3 e
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the hyomandibular cranial condyles are fused.

The dentarles of Sebastes Asterotheca and Prlonotus resemble those of

. Holocentrus. Their arttculars have subdentary processes and sensory canals (Flg A3) The

angulars m Sebg stes and Pnonotus resemble those of Holocentrus in structure and

~ position.: Prlonotus Sebastes and Cottus (F|g E2 B) have wnde fan- shaped quadrates wnth

short posteroventral processes the quadrates of Asterotheca are cylmdncal rather than
fan shaped and reach antenorly to the palatlnes (Fug E3). The symplectlcs in all are
cylindrical with no notlceable flanges The hyomandlbular cramal condyles are separated ln
aII and anterior laminae are present their medlal foramina are absent in Prlonotus |
The dentaries in most.of the perciforms examined lack anterolateral foramina and
elevated coronoid processes Ammodyte has very unusual dentarles they are toothless
and their coronoid processes bend anteriorly to form hooks. The dentartes are very
deeply cleft posterlorly, the cleft extendmg anterlorly_to separate the coronmd. processes
and ventral shafts. A large long foramen pierces each dentary anteriorly leaving on.fy a-

delicate bony strut Between the coronoid process and the symphyseal knob The artlculars

inall the percn‘orms examlned lack notlceable subdentary processes and both déntarles

and art|culars bear the preoperculomandlbular canals. Ammodyte s has' ses@nond artlculars

The angulars are Qonstructed hke those of Holocentrus in Percalates Plectrophtes and

‘ Perca but they have no apparent comcal portlons in Ammodyte

: The quadrates in all except Ammodyte s are composed of W|de fans and short -
posterior processes n Ammodyte s the quadrates are cylindrical rather than fanhke and
bear anterlor processes to the pterygouds thelr posterlor processes are elongate The

symplectics have small central Iammae or none. The hyomandlbulae have separate cramal

v ~condyles in Percalates Plectrophtes and Ammodytss, but fused condyles in Perca

. Stizostedion , and Myctoperca The hyomandlbulae in Ammodyte s are aImost
- Cross- shaped their ‘shafts and anterior cramal condyles displaced anterlorly Foramma for '

‘ the 9th nerves are present; in Ammodyte many foramlna puerce the lamlnae between

hyomandlbular cranial heads
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: ,"Gasterosteus a small ventral flange is preSent at the mldpomts of the symplectlcs The

, vsymplectlcs of Culaea have small posteroventral laminae..

,anterlor lammae and medlal foramlna

_‘5Gasterostelformes " o

All Gasterostelformes except female Aullchthy s have toothed dentarles ln all the

dentarles haf)e well developed coronoud processes and deeply cleft posterlor marglns

Their artlculars also. have coronold processes (Flgs E4 5). Sesammd artlculars are present

in Gasterosteus Punqntlus Culaea and Aulorhynchldae short subdentary processes are

= present in Culaea The preoperculomandlbular canals extend along the artlculars and

: the only gasterosteld in which these canals are apparent although they may be present
o among the sculpturmg on the dentarues of the other specles The angulars conSlst of

: vertlcal cones and anteroventral processes as in most of the other flshes exarhlned The

longer snouted forms lsee Flg E4) The symplectlcs are cylmdrlcal wuth anterodorsal

‘ flanges lylng along the borders of the pterygonds (Figs. E4 B The symplectlcs of some

' Gasterostelformes are shown in Flg Fl in all Gasterosteldae except some specnmens of

The hyomandlbular cramal condyles are separate lFlgs E4 5) Thelr shafts b

Syngnathlformes . . ‘%‘.. .
' Most of the elongatlon in syngnathlform suspensorla appears ln the quadrates and

" symplectlcs The development of tubular snouts also mvolves some dorsal expansuon of
l \'the quadrates and symplectlcs to form theur walls (Flgs E7 B) except in those specues

: ; (Syngnathldae) in Wthh the antorbltals fl|| this- posutlon (F|g E8 A).

" The' dentarles in aII Syngnathlformes have coronmd processes A sequence of

¥ ‘dehtary shapes can be observed (Flg' F2) those of Flstularla are the least shortened have

the most: deeply cleft posterlor margms, and are toothed The dentarles in Aulgstgmu s are

‘.also too‘thed but the teeth are small The dentary posterior: lamlnae are cleft and the

" coronoid processes expanded Macrorhamphosus qracllls has slender dentarles wnth

relatlvely low coronold processes but in M colopax the dentaries- are shortened untll

: they approach the sl@ of equnlateral trlangles wnth one face deeply excavated The

’ dentarles in Aulorhynchldae but only along the dentaries in Gasterosteldae Gasterosteus is

_-quadrates are expanded mto fans wnth posteroventral processes whlch are longer in the -

. .
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dentarnes in Syngnathndae and Centrlscndae are tnangular Those in: Solenostomus resg@ble- N
syngnathid dentarles but have more deeply cleft posternor lamlnae o ,
- The artlculars in Syngnathlformes are strongly attached to the dentarles both by
dentary processes and by coronoid processes (Fig. E6). Subdentary processes are -

present In Macrorhamphosus Aulostomus and Flstularla the articular- coronoud processes

bear marked posterlor hooks The preoperculomandlbular canals extend along the

' artlculars and dentarles of, Aulostomus and Macrorhamphosgs and along the dentarles of

' Aeollscus The angulars have conlcal structure only in Macrorhamphosus The quadrates

a‘have relatlvely narrow bodles in Syngnathldae and Solenostomus and, m all except
VSyngnathldae are connected to their Iong posterlor processes by W|de sheets of bone ln )
Syngnathldae therr bodies and posterlor processes are separated by deep notches (Fig.
E8 A | e ' '
The symplectlcs are narrow cyllnders augmented by varlous flanges (Fig. F3l n
‘ Solenostomus a large anterodorsal flange extends from each symplectlc to the posterlor

A
edge of the quadrate formmg the snout. wall for al ast half its length Syngnathu and

; Syngnathoude have 3|m||ar anterlor flanges but the_

'as 1o the quadrates In Macrorhamphosus the- symplectlcs bear posterodorsal flanges to

the posterlor edges of the metapterygonds In Aulostomus and Fnstularla the syymplectlcs N

' :'are attached to the metapterygonds v:a anterlor flanges The symplect|cs in Centrlsmdae =
- are not easnly separable from the quadrates and bear anterogﬁ{sal flanges stmular to those o
found in Syngnathus The hyomandlbulae have fused cranlal condyles and slmple shafts

> 'Wlth anterlor lamlnae

| lhdostomus . _
, The dentarles are elongate in Indostomus extendlng almost to the orblts {Fig. E9).
l.'The coronond processes are small and the dentarles are not deeply cleft posterlorly The
: vartlculars lack ‘coronoid. processes ‘but have subdentary processes/T hey extend the full
| length of the orbits and form thelr ventral borders Angulars are small and wnthout
apparent comcal structure. The quadrates are elongated anterlorly e%tendung as far
‘ _fanterlorly as they do posternorly Thelr dorsal margms are concave and their anteroventral

'marglns thlckened into cyllndrlcal shafts. The- symplectlcs are slmple resemblmg squat

o o/ »-,

ake attached to»the antorbltals as well -



128
‘ l,""

yhnders c0nstrlcted centrally They bear narrow posterlor flanges The hyomandlbulae

have separate cranlal condyles and medial foramma Banister-(1970) |dent|fued sesam0|d

‘ _'artlculars lying in the tendons of the adductor mandtbulae but 1 did not see them inmy

»

specumens. ‘

ngoptychu :

'  The dentarles in Hypogtychu s are cleft posternorly (Fig. E 1 0) and are toothed in

males. Both they and the articulars have coron0|d processes and bear the '

preoperculomand|bular canals. The articulars have subdentary processes and sesamoml

: ”artlculars are present The angulars have comcal bodles and anteroventral processes
The quadrates are shaped llke those of Indostomus, extending both anterlorly and

: N

posterlorly from the|r articular condyles Theur posterior margnns are cylmdrlcal and each

IIS augmented by a posterlor process extendlng from the condyle along the dorsal edge of

‘ ) the preopercu|um The cyhndrlcal symplectlcs he along the dorsal surfaces of these

‘processes. Each symplectic has small dorsal and ventral flanges in its central gortlon Each

_“hyomandlbula artlculates with the skull via two long condyles and with the operculum by a

snmllarly elongate condyle There are no dlstlnct anterlor lammae on the hyomandlbulae but :
, \

medlalforamlna are pr.esen_t. ‘

D
o0

~Pegasus. | Lo oy | |
| egasu has toothless dentarles thhYWIde coronond processes and shghtly cleft .
"_v»posternor borders. The ventral portnon of each dentary runs along the full length of the -
artlcular to meet the angular there are therefore no subdentary processes on the .
artlculars The artnculars do however, bear marked coronord processes There are.no
sensory canals on elther bone. The angulars have conical posterodorsal portlons and flat -
', anteroventral flanges (Fig. Fa).. ‘ 'A | ' ‘
The quadrates show no cyllndrlcal structure They are Short Ieaf shaped bones ". |

wnthout elongate ventral’ processes The symplectlcs are wide, stout cylmders remforced |
‘.centrally by dorsal and ventral flanges The hyomandlbulae have short stout shafts They
extend posterlorly ata sharp angle so that thelr antenor cramal condyles extend forward

ata snmllar angle Small antenor Iammae connect these condyles wnth the quadrate shafts
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The cranial condyl‘es are widely sep“arated‘. There'are no medjal.for_aniina on the

‘hyomandibula shafts.

Dactxlogteru

The dentames of Dactylogteru are toothed with elevated coronond processes
- (Fig. E 12,B), and bear wide preoperculomandnbular canals The artlculars Iack both

‘ coron0|d processes and preoperculomandlbular canals The angulars Wthh he along their )
medla! surfaces resemble vertical cones. w1th anteroventral flanges. = v . A.
The quadrates are fan-shaped wuthout anterlor extensnons The symplectucs are
. flattened cyllnders bearlng very small central Iamlnae ' _ '
‘ | The hyomandlbulae of Dactylogteru s are unnque in havmg not three but flve dorsal '
artlcular heads. Two anterlor condyles artlculate W|th the sphenotlcs the central condyle
| _ artlculates W|th fhe pterotic, and the posterlor condyle art|culates with the opercula An

v .addutnona! elongate condyle extends medlally to attach to the prootlc bridge. Each

- hyomandibula bears a narrow anterior: lamina and a very large posterior amina.
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‘TableF1: Characters from the lower jaw and suspensoria o
| (aste'risk5‘ indicate those used in ,phene'tic- analyses)
#F 1. Dentaries. toothed (1)/ toothless (O)
,*F2 Dentarues W|th/ wuthout anterolateral foramlna o
.*F3 Dentarles have/ lack elevated coronoud processes
. F4. Dentanes touch/ do. not touch angulars

| *FS Posterlor borders of dentarles are deeply/ sltghtly cleft -

L '*FG Dentarles W|th/ without anter,odorsal struts

- ,'*F7 Dentarles bear/ do not bear preoperculomandubular canals

*F8 Artuculars have/ tack subdentary processes %
.*FQ Articulars have / lack elevated coronond processes

*F 1 0. Sesamoud artlculars are present/ absent e
#F 1"1 Artuculars bear/ do not bear- preoperculonﬁ#dnbular canais ‘

*F12. Angulars are cyhndrlcal/ noncylindrical . .

V*Fj;3' Angulars bear/ lack anterior processes ,

.*F14 Angulars form/ do not form quadrate artnculatlons

#F15, Quadrates have fanlnke/ cyhndrncal bodies

¥F1 6. Quadrate shafts make up over half/ less than half of quadrate lengths
*F17. Quadrates extend/ do not extend anterodorsally ’

B *F 18. Quadrate shafts are dlstlctly demarcated/ are confluent wnth quadrate bodies
. *ﬁS Symplectncs bear/ Iack centrab Iamlnae | ’ '
*FZO Symplectncs bear / Iack anterodorsat Iamlnae
¥F21. Sy_mplectlcs bear / ,lack .anteroventral laminae
© %F22. Sgnplectics'bear/ lack posterodorsal laminae. |
*F23 Symplectlcs bear/ lack posteroventral Iammae TR .

*F24 Cranial condyles of hyomandlbulae are separate/ fused
¥F25. Hyomandibulae have./: lack medlal forampna on shafts
_ *F.26. - omandibulae have/ ‘Iack'antkerjorzlaminae‘ S T C

. #F27. Quac ates artviculate with lower jaws behind/ anterior to the orbits -
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,Tablé F2 b'Diétribqtfons of_éharacters,From the lower jaw  '

and suspensoria.among framework taxa

~Taxon

Diplophos ~ 10001 00100 01001 00000 00001 11
. . . ‘ . . N i

 saurida. . 10001 0111011100 01000 00011 11
percopsis -~ 10101 01110 11101 00100.01111 10

Fundulus 11101 01110 0110100110 00
Melanotaenia - 100X0 01101 11101 00100 Ot
Allanetta 10101 01100.10101 00110 00

Y N

—

o il
o

0
1
0

Holocentrus 11101 01010 11101 00110 00001 10

0 01100. 00011 10"
1 00110 00011 10
1 00100 00001 10 -
1 00100 00010 10

" Asterotheca +1
- Cottus - . 10
.. Sebastes R

Prionotus 11

01 00100 00011 10

. percalates  100X1 11 |
11101 00100 00011 10
1
1

0
Plectroplites ~~ 100X1 0
0
1

- Perea 10101-

: 01.00110 00001 10 "~
- Ammodytes SO RRRERE

0100- 11110 00011 10"~
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Tab]e‘F3‘;‘Distributions bf characters from.the‘}oﬂer jaw

and suspensoria among study- groups
Taxon 12345 67830 12345 67890 12345 67
Gasterosteus 11111 0101101101 0011100011 10
Pungitius 10111 00011 01101 10111 00011 10
Culasa - 1111100111 01101 10111 00111 10
Apeltes 10111 00010 01101 00111 01011 10
~Spinachia . 11111 00010 .0110t 10010 01010 00
AuTichthys 10111 01011 11101 10001 00011 10
AuTorhynchus 11101 01011 11101 00101 00011 10
“Syngnathus 01110 00010 00100 10101 00001 10
Syngnathoides 00110 -00010 00100 10101 00001 10
‘Hippocampus 00110 00010 00100 10101 00000 10
 Solenostomus 00111 00110-00100 10001 00001 10
~ Aulostomus 10101 01110 10101 10001 00001 10
" Fistularia - 10101 00110 00101 10001 00001 10
‘Macrorhamphosus “00100 01110 411101 10000 01001 10
-~ Aeoliscus . 00100 01110.00101 -10001 00001 10 .~
_Indostomus - 10001 00100 00000 01000 01111 11
Hypoptychus . 10101 01111 11100 01110 00011 00
. Pegasus 00114 00010 01100 00010 00010 10

Dactylopterus 11101 01100 01101 00110 00011 10
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posterior ‘ . anterior

Figure F'1 : Left symplectics of Gastefosteiformes, medial»viéws

Splnachla splnachla, X 23. 5
Aulorhynchus flav1dus, X 11 5 (UAMZ 1694)
Pungltlus pungitius, X 23.5 (UAMZ 4754)

o 0O = >

Apeltes quadratqs, X 23.5
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Figure F 2 : Dentaries of Syngnathifdrmes

. AuloStomusvmaéulatué, left dehtary, medial view, X 7.5

.>Syngnéthus griseolineatus; right dentary, lateral view, X 36

Macrorhamphosus gracilis, right dentary, 1atgral view, X 48

o 0O w >

. Fistularia tabacaria, right dentary, lateral view; X 11.6
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G. The Opercular Region )
, b —

The opercular region contains the opercula, the subopercula, the interopercum,“

and the preopercula. Characters from this region are listed in Table G1, coded values for

framework groups in Table G2, and values for study groups in Table G3.

Framework

The preopercula in Diplophos are almost straight. They bear the posterior portions
of the preoperculomandibular canals in open troughs. The interopercula are glongated oval
‘bones, the dorsal one-half to two-thirds of each covered by the preopercula. The
opercula are triangular, their apices formed by pointed Iam.inae abové the 'condylar struts’,
which are thickened ridges extending from the opercular condyle to the posterior margin
of each operculum. The subopercula are wide flat bones without ascending limbs. They lie
‘along the ventral borders of the‘opercula. ' |

The preopercula in Saurida are narrow, nearly straight, and bear open sensory
canals. The interopercula have narrow anterior portions and wide posterior ends. The
opercula have triangular laminae below their condylar struts and square Iaminaeyabove
them, so that each operculum is shaped like a triangle with its apex pointed downWards.

which follow the

The subopercula have marked ascending limbs and wide ventral flar
posterior margins.of the opercula to the condylar struts.
. Percogsu s has L- ahaped preopercula W|th wnde posteriorly incomplete canals.
Their posiieroventral corners are widened and weakly serrated, with spines in
Aphredoderidae (Rosen & Patterson, 1969). The interopercula are flat, their posterior
ends a little deeper than their anterior ends and their ventral margins serrated; they are
approxnmately the same length as the ventral limbs of the preopercula. V

The opercular condylar struts in Percopsis extend posteroventrally rather than

directly posteriorly like those of Diplophos and Saurida. The flanges above and below

them are both triangular, giving the operculum a roughly diamond-shaped outline. its

anterodorsal and posteroventral borders are concave. Distinct vertical struts run along the
‘ 3

anteroventral margins of the opercula. The subopercula have short ascending processes

and long posterior processes which follow the opercula to the condylar struts.
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Athermo);norpha have.L- shaped canal bearmg preopercula w;th0ut any serratlons

or splnes on thelr posterlor borders. (F|g G1); Rosen (1964) glves the absence of

serratnons and spmes as a characterlstlc of the Atherlnomorpha The mteropercula are T

. relatlvely deep at thelr posterlor ends, but become slender and pomted anternorly

Condylar struts are not distinct on the opercula WhICh are unarmed The subopercula have

% _ both, ascendmg and posterlor limbs, the latter sllghtly expanded ventrally and closely

.

- opercula have marked condylar struts Wthh extend postenorly to end as opercular spines ~_f

-

followmg the borders of the opercula

Holocentrus has L- shaped canal- bearlng preopercula with many small posterior B

- Holocentys

.spines In some other Berymformes (Zehren 1979 the preopercula bear long spines at

thelr po-steroventral corners The mteropercula are oval plates sllghtly pointed at their

. anterlor ends, and they also bear posterlor spines. The opercula are armed, with Iong

%"
ventral Iammae and reduced condylar struts; they are expanded into square Iamunae above

_ the condylar struts and bear distinct vertlcal struts along the:r anterior edges The
subopercula have short ascending and posternor Iumbs and splnes along,thelr ‘ventral
‘margms R

The preopercula in Scorpaemformes are - shaped but in Asterotheca Perlstedlon

, and Prlonotus thelr anterlor llmbs are bent medlally to he on the ventral surfaces of their

' heads the expanded postenor corners of the preopercula form wide ventral shelves in

‘ Perlstedlon All Scorpaemformes examlned have canals aléng the preopercula and all have -

: .preopercular spmes The mteropercula vary those of Sebastes are ovoid, those of Cottus

and sterothec narrow anterlorly and those of Prnonotus narrow posterlorly The

- Fig. A3). The laminae above these struts are relatnvely small.

-~

Sebastes Cottus and Asterotheca have subopercula wnth ascendmg and posterior '

“limbs. The angles between the two limbs are acute. In Priohotus the asoendlng hmbs are
p-f‘)

reduced and the anteroventral corners of the bones are extended The posterlor limbs are - " - :

slender. In Asterotheca the.posteruor limbs of the subopercula lie along the medual SIdBIS'_»‘Of_.';' BRI

the opercula, rather than along their margms (Fig. A3,A).

15

~ The Percuformes I exammed have L~ shaped canal-bearmg preopercula in

Percalates Plectroplltes Perca and Stlzostedlon the preopercula have smali splnes along :

.thelr posterlor margms In Arnmodyte s their margms are serrated but the serrations are
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weak and soft The mteropercula are OVOId sllghtly wuder posterlorly it all except

Ammodyte . The opercula have. strong condylar struts and thlckened anterlor marglns

o they are armef'

follow: the opercular margms in Ammodyte the ventral edges of the subopercula are,
o deeply |nC|sed formmg long slender I‘obes ‘

i Gastemstelformes | ,

In Gasterostelformes the preopercula arel- shaped (Figs. B4- 5). They bear the

preoperculomandlbular canals The mteropercula are slendel; and their. posterior ends are

T J'.-enlarged The opercula of Gasterosteldae are shaped roughly like quarter circles, with

o their dorsal margnns horlzontal and their anterior margms almost vertlcal They have nelther ‘

dlstlnct condylar struts nor obvuously thnckened anterior margms In Aulorhynchudae the -
‘- opercula are ovotd or rectangular in shape lFlg B6) and agaln lack well- developed
condylar and anteromarglnal struts. The sub- opercula in  all Gasterostelformes have

. ascendmg and posterlor procesSes the anterlor ends of the posternor processes closely
'followmg the opercular marglns In ullchthy the posterlor processes of the subopercula

care expanded to form about one-thlrd of the area of each glll cover

| ,_“Syngnathiformes S

. The: mter and pre- opercula in Syngnathlformes are elongated to help form the
iy :snout walls and floors (Figs. A6 B1O E7-8). The preopercula have elongate ventral llmbs

.,‘._whlch extend for over half of the snout length in. Syngnathldae (Fig. B O) and

ot

b Sglenostomus and for the full length of the snout in Aulostomus Macrorhamphosus and
K :Centnsmdae (Flg AB); only in Flstularla are the preopercula conflned to the posterlor ’
'portnons of the snout The posteroventral corners of the preopercula are extended into -

short spurs in Syngnathndae Solenostomus and Macrorhamphosus and into wide lobes in -

- -Centrtscndae Their ascendmg llmbs are truncated in Syngnathldae and. relatuvely small in all

other Syngnatlﬁformes except Macrorhamphosus The preoperculomandlbular canals are

:borne n tubes on the preopercula of Macrorhamphosus and Centnemdae, in Aulostomus '

and Fvstularla only shallow lateral grooves are apparent

[
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CIn Maérorhamhosus and Centrlsmdae the mteropercula are slender shafts of bone K

' 'runmng al%ng the full Iengths of the preopercular anternor Ilmbs In Macrorhamphosus (Fig.

‘E8, B) the mteropercula are enlarged posterlorly The mteropercula of other -

Syngnathlformes are elongate flat plates in Aulostomus (Flg E7 A) and Flstularaa they .

| 'extend almost the full Iength of the snout but in Syngnathldae Fig.. E8 A) and

' Sglenostomu they are restrlcted to the central portlon of the snout Most Syngnathlform

(j:ﬁ?- ’

o opercula are oval to rectangular W|th the exceptrons of Macrorhamphosus in Wthh they

are trlangular (Fig. E8 B) and Centrnscndae (Flg A6 A) in whrch they are |rregularly

" rounded. Condylar and anteromargnnal struts are not apparent in any syngnathld or a

o Indostomu5' : R

| ‘the posternor hmbs are’ narrow varymg from sabre shaped |n Syngnatho:de to threadhke

/ the epercula

centrnscud opercula but are present in the other syngnathvforms examlned

The subopercula in Macrorhamphosus have slender ascendlng and posterlor limbs. :

C{Fig. A6 B).In Centrlseldae both lumbs are enlarged and the. subopercula form over hah‘:\@g

" 'the glll covers (Flg A6 A). ln Aulostomus and Flstularla only the ascendmg hmbs of the =

subopercula are enlarged formmg trlangular plates between the lnteropercula and the

'opercula In Syngnathndae (an E8 A) and Solenostomus the anterlor processes are lost and

é
N

in Solenostomus e

.\ . Trlte preopg’rcula in Indostomus lie above the posterlor ends o; the artlculars and

- ‘vtform the postM marglns of the orblts They have very short ventral hmbs and serrated

posterlor margms There ars no canals along the preopercula The mteropercula are

FEERE

B square and lie beh:nd the preopercula and the posterlor margnns of the artlculars The

) opercula are rounded w:th Iarge splnes on their. posterlor marglns No condylar struts are L

o present but a set of Iateral rudges radlate outwards from the condyle to the splnes The

o

‘ subopercula are represented only by thin rods lymg anng the posterodorsal corners of

»



 the opercula. ‘

| S '1.4?
vngoptxchu : ‘ ' ,

, The pwopercula in Hygoptychus areL- shaped thelr ventral: limbs reaohmg almost
to the quadrate condyles {Fig. A1 0). Both llmbs bear the preoperculomandlbular canal The
posterlor lamlnae are nelther expanded serrated nor armed The. mteropercula are
slender and expanded pos&erlorly (Fxg El 0) The’ ‘opercula are unarmed but thelr posterlor.
marguns are scalloped No condylar struts’are present The subopercula have short " "

“ascending llmbs and sabre shaped posterlor lumbs which Iue along the ventral margms of

S -

”Pegasu ‘
. In egasu the preopercula lie on the ventral surface of the head except for thelr
’ascendlng llmbs whlch bend dorsally onto the srdes of the head (Fig. A1 2) Almost half of

the length of each preoperculum |s made up of its expanded posterlor lamma Wthh

o ,forms most of the glll cover The preoperculomandlbular canals run along the anterlor

margnns of the preopercula Each glves rise to three radlal canals which extend onto these‘
enlarged flanges o o
The lnteropercula ln P. Qaglll are apparently reduced to long thln cylmdncal bones

lylng between the artlculars and the lnterhyonds in P vohtans they are flat and sllghtly

expanded postenorly The opercula are extremely small palmate bones wuth thlckened

‘antérior’ edges (Frg A12) The subopercula are eurved rods lymg posteroventrally to the :

opercula. o -
Dactxlogteru ' S . | S
- The mteropercula of Dactylogtemu sare reduced to thln bony spllnts The

- Ipreopercula are enlarged thelr posterlor borders belng expanded lnto Iong spmes ang

: 'G2) They bear large anternor flanges reachlng to the symplectlcs and posterodorsal

process%s whlch I|e over the. lateral sides of the opercula

«'ascendlng limbs. They are small bones whose expanded postenor ends touch the

"l’he opercula are relatlvely small and have no struts. The subopercula have no _

. posteroventral corners of the opercula thelr anterlor ends extendmg ventrally beneath the -

?

"preopercula%!? L SR e

.Y
¢



Table G1 Characters from the opercular region

(asterlsks mdlcate those used in phenetlc analyses)

~ .

' _*G‘1 Preopercula have dorsal and ventra! arms (1)/. Iack dlstmct dorsal and ventra| arms (0)

#G2. Preopercula bear/ do not bear preoperculomandnb\tar canals

*GS.Opercula have/ lack, dlstmct condylar struts

. %G4. ‘Postenor borders of preopercula are expanded/ not expanded

*fGS.'Posternor borders of preopercula are mcnsed or serrated/ enture '

- %G6. ,Preopercula are armed/ unarmed , '
- #G7. Interopercula extend full Iength of preopercula/ are shorter than: preopercula '

*G8. Anterlor ends of interopercula-are expanded/ not expanded

- *’GS.. Posterlor ends of mteropercula are expanded/ not expanded

*G1O Posterlor margnns of opercula are pomted/ rounded

*G11. Opercuia form most of the gill covers/ less than 2/ 3 of the gil covers
.’*G12 Opercula are armed/ unarmed ‘ '

‘ *G 13. Subopercula have ascendmg and postenor limbs / lack dlstmct ascendmg and..
, posternor limbs

'*G14 Ventral laminae of subopercula are expanded/ not expanded

*G15. Ventral laminae of subopercula are lobed/ entlre .

'.*Gls Postenor hmbs of subopercula reach/ ‘do ngf reach the posterlor margms of the'

.~‘.1

: opercula .

*G17 Posterior hmbs of subopercula closely follow/ do not closely follow margms of

: the opercu|a

G1 8. Opercula have/ jack dnstnnct anteromargmal struts

T #G19. Preopercula bend medlally to form the floors of the branchnal chambers/ do'not g

bend med|a||y
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 regions among study groups

L G
o SRR A
o B . VR -
R Ly
. e [

Taxon
Gasterosteus 11000 01010 10100 1100
Pungitius . 11000 01010 10100 1100
Culaea 11000 01010 10100 0100,
‘Apeltes £1000- 01010 10100 1100
Spinachia 11000 01010 10100 1100
Aalichthys - 11000 01010 10110 -0100.
* BuTorhynchus 11000 01010 10100 0100
Syngnathus 10010 00110 10000 0100
Syngnathoides 10010 00110 10000 0100
~ Hippocampus 10010 00110 10000 1100
‘Solenostomus . 10110 00111 10000 1010
“AuTos tomus 11100 01110 10100 0110
Fistularia 11100 01110 10100 0110
Macrorhamphosus 11110 01010 10100 1110
Aeoliscus ' _11010w01000 00110 0100'»
" Indostomus 0000t 00110 11000 0000
© Hypoptychus - - 11000 01010 1010070100
peyasus 11010700010 00000 0011
e S |
Dacfy]optergsk | 11010 10000 00000 0000;.
.. \ ‘ . . M R
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Table G3 : Diétributions-of:chaﬁacters from the opercular
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Figure G 1: Fundulus‘EE;; left.opercular series, lateral view, |

X 23.5

(abbreviations are listed on pages xxv-xxvi)
. - . . .
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H. The Hlyoi‘d Arch

The hyoid arches are comprised of the unpaired urohyal and glossohyal, two pairs
I of. hypohyals and one palr each of ceratohyals eplhyals and interhyals. Characters from,
this regnon appear in Table H1 and their coded values for framework and study groups

{respectively) in Tables H2 and H3. :

Frarhework

ny DlQlOQhO the small toothed glossohyal is shaped llke a broad cone lylng over the
anteruor symphysns of the hymd arches. Two hypohyals are present in each arch, one Iymg
above the other at the medlal end of the ceratohyal The ceratohyals are flat rectangular
bones, their anterior borders slightly convex and their posterlor borders slightly concave.,
They are attached to the epihyals by simple, aimost straight borders. The epihyals are
|lkeW|Se rectangular wnth convex anterior borders, their posterodorsal corners excavated
to receive the ventral ends of the rod- shaped lnterhyals Flfteen branchlostegal rays are
present on each arch, the flrst lnserted on the ventral hypohyal and the rest at equal
»intervals along the arch, ten on the ceratohyal and four on the epihyal. The penultimate
branchlostegal is sabre shaped the ultimate expanded into a broad plate. The urohyal is &
thm vertlcal blade of bone bearlng dorsolateral flanges in large specumens accordlng to
Fink and Weitzman (1982). __ _

,§_au_ri§_a‘also has a toothed glossohyal; its base‘isconical but its d‘orsal surface
Iextends anteriorl;l as a ventrally concave flange. The hypohyals and ceratohyals resemble
those of Dlploghos but the ceratohyal is sllghtly narrower in its centre than at its ends.
The eplhyals are flat and rectangular; a ridge runs along the lateral srdes of both cerato-
| and eplhyals The mterhyals are cylmdrlcal Each arch. bears saxteen branchuostegals five of -
Wthh artlculate wuth the narrow central portion of the ceratohyal five W|th |t/s postenor
.portion, and six Wlth the eplhyal The urohyal isa plain vertlcal blade of bone
' Percogsl s has a short comcal glossohyal and two palrs of hypohyals The ventral
_hypohyals he along the anteroventral margins.of the ceratohyals The ceratohyals are
shaped llke flattened hourglasses with dorsal and ventral flanges. augmentlng their central
' ‘constnctlons. Thelr enlarged p,osterlor margins are attached to the triangular epihyals;

 wide grooves run along the dorsal edges of the cerato- and epihyals and a series of
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toothplates runs along their vehtromedial edges. The interhyals are cylindrical. Six
‘ branchiostegals‘ are present on each hyoid arch, two articulating with the the ceratohyal .
shaft, three with its posterior expansion, and one with the epihyal. The urohyals are simple
vertical blades.

’ vAtherihomorphs have conical glossohyals, toothless in Fwduius and Melanotaenia

but toothed in Allanetta. Two pairs of hypohyals are preéent (Fig. H1), the dorsal hypohyals

lying along the anterodorsal borders of the ceratohyals in Melanotaenia and Allanetta. The
ceratohyals have relatively narrow anterior shafts and wide posterior heads, a shape which
Rosen (1964) described as characteristic of the Atherinomorpha. In the atherinomorphs |
examined, the ceratohyals are attached to the epihyals by dorsal struts originating on the |
epihyals. Rosen (1964; Fig. 14) ivllustrates‘ such struts from severalb other atherinomorphs,
but does not indicate from which bohes they arise. The epihyals are triangular, their . ,
posterior corners articulating with cyl.ihdri.cal'interhyals. Rosen (1964) and Rosen and
Parenti ( 198 1) have discussed the. atherin‘omorph branchiostegals in deta‘il'. They are
divided into two series; the anterior branchiostegals are thin and delicate and insert on the
shafts of the ceratohyals while The posternor ones are bladelike and insert on the
expanded posterlor heads of the ceratohyals and on the epihyals. The urohyals of the -

.-
atherinomorphs | examined had ventrolateral flanges, narrow in Fundulus and Allanetta and

) Wide in Melahotaehia. These ventral flanges appear to be characteristic of atherinomorpha,
appearin'g in almdst all the atherinomofph urohyals fiéured by Kusaka (1874}
Zehren (1979) describes the beryciform glossohyals as variable both in presence .
‘;and,'when present, in morphology. The glossohyal of Holocentrus is long and flattened,
without feeth.rTwo pairs of hypohyals arerbresent, neither overlapping the ceratohyals.
The ceratohyals are usually rectangular, according to Zehren, but ih Holocentrus they are
centrally constfiéted like those of Percogsis, and have large posterior heads_attached to
the trlangular epnhyals Vertical flanges often piefced by oval foramina, arise from the
ceratohyal dorsal marglns (Zehren 1879). The interhyals are cylindrical. Branchnostegals
| arise from the shafts and heads of the ceratohyals and from the epihyals. As arule more
than two branchiostegals insert on the shafts and they are-similar in size to those inserting
~on the ceratohyal heads and the ep:hyals The urohyal is.a deep blade posterlorly concave

and with a slightly thickened ventra| border The concave posteruor border i is evident in all
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the beryciform urohyals ffgured in Kusaka (1974).
The glossohyais vary in structure ambng the scorpaeniforms examined. In

Prionotus and Sebastes they are flattened, but the glossohyal of Sebastes retains some

conical structure. Astervotheca and Cottus have no-glossohyals. Al have two pairs of
hypohyals,' the dorsal pair overlapping the ceratohyals (Fig. H2). The ceratohyals have
slightly constricted shafts and simple connections with the triangular epihyals. The
interhyals are cylindrical. ?ranchiestegals articulate with the shafts and heads of the
ceratohyals and with the :pihyals; those articulating with the ceratohyal shafts are siender.
~ The urohyals are posteriorly concave with narrow dorsolateral flanges, in Sebastes and

Prionotus, and with wide posteriorly incised ventrolateral flanges in Asterotheca.

The glossohyals of the perciforms examined are cylindrical, those of Perca and
‘ Stizostedioh slightly flattened. All have two pairs of hypohyals and in Ammodytes and
Perca the dorsal pair overlap the ceratohyal. The Feratohyals of Percalates and
Plectroglites.resemble those of Holocentrus, their dorsal laminae pierced by elongate

foramina. In Perca, Stizostedion . and Ammodytes neither the dorsal laminae nor the dorsal

foramina are apparent. The ceratohyals are attached to the eiphyals by lateral struts in

Percalates, Plectroplites, Lipogramma , Mugil , and Aequidens ; in Centropomus they are

connected by medial struts and in Stizostedion by complex sutures. The connections are

simple in Perca and Ammodytes, and Blennius and Chaenopsis have dorsal struts like those
found in Atherinomorpha. The epihyals are triangular and the interhyals cylindrical.

Branchiostegals are arranged like those of Scerpaeniformes. The urohyals are-vertical

plates, posteriorly concave in Perca but entire in Percalates, Plectroplites, and

Ammodytes; in Percalates and Plectroplites they bear narrpw yenfrolateral flanges.

Gasterosteiformes ‘ _ 7
Gasterosteiform glossohyals are simple rods, slightly flattened poste_riorly. Two
pairs of hypohyals are present the dorsal pair (and the ventral pair, in Aulichthys)
overlappmg the ceratohyals {Fig. H3). The ceratohyals have harrow shafts and wide heads
and in all Gasterostelforms except Auhchthy they bear dorsal struts extendlng to the

eplhyals The ep;hyals are triangular and the interhyals hourglass- shaped The urohyals are

‘divided into a vent?%l blade and a dorsal, posteriorly directed spur in Spinachia, Culaea and

R
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Aulorhynchidae, and in my small spemmens of PUngltufg but not in Kusaka 4‘?3"924) slightly

larger Spemmens All have ventrolateral flanges Wthh gre posterlorly mcnsed m ngachl .

Aulorhynchidae, and my Pungitius (but not in Kusaka's). Branchnos‘egals artlculate only WIth ‘

fyanes e i
R B y{ §

the widened heads of the ceratohyals. .

Syngnathiformes ’ ™y N
Most of my observations of syngnathiform hyoid arches agree with Jungersen’s

(1908, 1910). Thelr glossohyals are cylmdrocal They are short thin, and fragile in |

Syngnathidae, and hardly extend anteriorly before the hypohyals They are elongate and

slender in Aulostomus and Fistularia and are augmented by lateral flanges in

Macrorhamphosus and Centriscidae. Solenostomus has no glossohyal.,The other elements
of the hyoid arches are extensively overlapped so that tHe connectidhs between them
involve their lateral and medial surfaces rather than their anterior and posterior edges.
There are two pairs of hy‘pohyals the ventral by far the largest; in all except »

Solenostomus they are almost entlrely confined to the ventromedial sides of the ‘

ceratohyals. In Macrorhamphosus and Centriscidae the dorsal hypohyals are reduced to

small plates tuppmg the posterodorsal processes of the ventral hypohyals (Fig. H4); in

Aulostomus, Fistularia, and Syngnathidae their posi{iohs are more anterior (Fig. H5).
Solenostomus is unusual in that ité hypohyals are of equal size, occupyin‘g the dorsal-and -

ventral positions seen ih most fishes.

The ceratchyals in Solenostomus and Macrorhamphosus are shaped like flattened

rods slightly constricted centrally In Syngnath:Jae Aulostomus, and Fistularia they are

almost triangular, their apices anterior and their lateral sides aimost completely covered by

the hypo- and epihyals. The eplhyals are triangular in Solenostomus, Aulostomus, and
Fistularia. They extend anteriorly along the lateral sides of the ceratohyals in Syngnathidae,

along both sides in Aulostomus and Fistularia, and along their medial sides in

Macrorhamphosus and Centriscidae. In Aulostomus and Fistularia an anterodorsal process

from each spihyal meets a dorsal process from the ceratohyal to form the rim of a dorsal
‘foram.en. :
The interhyals articulate with the sphenotics by rounded condyles: In Centriscidae

they are simply rounded knobs of bone on the posterodorsal corners of the epihyals. In |
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Macrorhamphosus they g enlarged into irregularly rounded bones. In Solenostomus and

Syngnathidae they bear medial flanges, and in Aulostomus and Fistularia are enlarged into

bony fansaith expanded dorsal articular surfaces.

The uréhyals of Syngnathidae, Aulostomus, and Fistularia are simple, slightly

-flattened rods; those of Solenostomus and Centriscidae bear deeply incised dorsglatarjal

flanges, and Macrorhamphosus has a deep urohyal with slightly incised dorsolateral
. e '
flanges. The branchiostegals in Syngnethiformes are reduced in number and, in most,

insert on the epihyals. In Aulostomus and Fistularia the first ray“on each side inserts on the

ceratohyal; in Centriscidae the last ray inserts on the interhyal.
4
Indostomus ,

The 'glossohyal of Indostomus (bas;ihyal of Banister, 1970) is the Ia.rgest element of
the hyoid arch, a stout cylindrical bone reaching aimost the entire length of the shout.
There are two pairs of hypohyals, the dorsal lying along the dorsal border of the
ceratohyal (fig. H6,A). The ceratohyals are almost hourglass-shaped. The epihyals are
triangul_ar; Banister (1970) reports dorsal cénnections_ between the ceratov'- and epihyais,
but in the specimens | examined the connéctions between them were srimple‘;' (Fig. H6,A).
The interhyals are flattened, broadened cylinders, constricted centrally. The urohyal bears

ventroiateral fianges; its blade is incised posteriorly. The branchiostegals.articulate with

| the n;rrowest porfions of the ceratohyals, with their expanded g'osterior heads, and with

_~the cartilage between the cerato- and epihyals.

2%
Hypoptychus ‘ v ‘
' The glossohyal of Hypoptychus is lang and cylindrical with a slight ventral flange.
There are two pa/i'rs of hypohyals, the ventral curving over the anterior ends of the
ceratdhyals and the dorsal pair lying in notches on the anterodorsal edges of the
ceraicohyals {Fig. H6.,B). The ceratohyalé expand posterio}ly to simple connections with the
epibiyals. The interhyals are short wide cylinders and the urohyal bears posteriorly incised .

ventrolateral flanges. Two branchiéstegals’ articulate with the head &ach ceratohyals and

two with each épihyal. .

P -

e
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Pejgagus . ‘ | : x

Pegasu volltans has a very short stout Cylmdrncal glossohyal P. Qanllo a longer -

i
!

o comcal one. Both have two pairs of hypohyals inP, gagllu (Flg H6,C) both lle along the

anternor marglns of the ceratohyals whnle inP. v?htans the dorsal hypohyals lie along thelr

‘ dorsal margms The ceﬁ'atohyals and eplhyals are depressed but an hourglass-shaped
, .structure |s visible m the ceratohyals Pletsch (1978) noted dorsal spurs between the epu- )
o and ceratohyals, but l saw.none; rather the two are connected by medial struts |n P. ' a‘-"»‘,

' Qan]l 0.and by complex sutures inP. v ol;tans The mterhyals are cyllndncal The urohyal of

P gaplllo |s a slmple vertlcal blade Whnle that of P. vohtans has. both dorso- and B .

- ventrolateral flan’ges Both specaes have one thm branchnostegal msertlng on the shdft of

y each ceratohyal one on each ceratohyal head and three’bn each eplhyal

The glossohyal of Dactylogteru sis cyllndrucal and toothless Two palrs of

B ‘hypohyals are present the dorsal pair lylng along the dorsal marglns of the ceratohyals o
_'(an H7). The ceratohyals are centrally constricted, and each bears a small dorsal

. projection on its posterodorsal corner The ceratohyals and eplhyals are connected by ,

. sumple straight borders The ep1hyals are tnangular each. bearlng a small dors cess on ,

I lts anterodorsal corner Wthh s bound to the dorsal process of the ceratohyal The

lnterhyals are simple cylnndrlcal bones Two small l#anchuostegal rays artleulate wnth each

ceratohyal shaft and four broader ones artlculate wuth each epuhyal 'l’he urohyal blade 1s

: deeply unmsed posterlorly and bears narrow dorsolateral flanges and Wldel" ventrolateral

@ .
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, Table H1 Characters from the hyorcl arches

’ (astensks mdleate those used in phenetic enalyses)

e

A - . e

Hl Glossohyal cylrndncal(l)/ flatteu,ed o) -
‘H2. Glossohyal tOOthed/ toothless 'j S

Bt *H3 Dorsal hyophals overlap ceratohyals/ I|e anterlor to ceratohyals

."*H4 Ventral hypohyals overlap ceratohyals/ lie anterror to ceratohyals

*H6 Ceratohyals constncted/ npt ‘?Qnst ed c’én’trally o

CwHS Ceratohyals expanded/ no‘g,axpandeﬁt Q\terlor end ‘_ ;_\; o _- _

-

“iostruts ongunateoneplhyals o : B

Y

#H l 0 Ceratohyal posterlor heads bear / do not. bear branchlostegals

e . oy

#H8. C atohyals attached to eplhyals by medial or lateral struts/ no- medlal or la

*HQ’ ratohyal shafts bear/ do not bear branchrostegals

CwH1T Ceratohyals with/ without toothplates

*H12 Eplhyals trlangular/ quadrangular

N
I *H13 E lhyals wnth/ wrthout toothplates : o
C Ry by ;;‘ ? : : . - J
f"&:%ﬁ lnterhpyals cyllggrecal/ rounded "‘q- . 9 ' :
o *H15 Posterior branchlostegals expanded mto plates/ not expanded
*H16. Urohyal wrth/ wnthout dorsolateral flanges - ‘\;u;
’ \
*Hl7 Urohyal wuth/ without ventrolateral ﬂanges *
=
H18. Urohyal flanges posterlorly mcnsed/ entlre
' .*l-ll?. Urohyal blade postenorly,mcrsed/_}entlre - ¢
¥H20; H'ypohyals bear/ do not bear branchiostegals o .
~ . . . . - - .
o ! .
® :

ATn
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o '*H7 Ceratohyals attached to eprhyals b ?sal gtruts orlgmatlrvg on eplhyals/ no dorsal

teral struts

R

¥



. Table H2 : Distributions

_arches

.-Taani* ;*\'-."
" Diplophos

‘. .saurida - 11001

- Percopsis
(@L SR
Fundulus -+ -
. Melanotaenia
‘,\Aljapetté

" Holocentrus

Asterotheca
. Cottus '

. Sepasteﬁ . 00100
- Prionotus '

ercalates -
Plectroplites
Perca .
Ammodytes

10000
.10000

10100

A

10011
10000 1101
10100 -

00001 1
XX100"
Xx100
00100

10100 -

of characters from the hyold

tamOnd_framework taxa

00011. 0001 1. 1‘00‘01 ~.

.

10014 00010 00000

11110%90000

’ » ﬂ-
R
"uvl/

185
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'1,‘Tab1e.H3 sttrxbutlons of characters from the hyoxd

. arches among study groups |

Claxon ‘_"‘4_"7 12345 67
" Gasterosteus 10100 10001.01010 01000 |
Pungifius 10100 10001 01010 01010
Culasa ..~ 10100 10001 01010 04010 '
Apelies 10100- 10001 0109 ‘01000
Spinachia . 10100.10001. 01010 01110
Aulichthys . 10110 10001 01010 01110
Aulorhynchus 10100 10001 01010 01110
|  $yhgnathus- .~ 10110 00100 00000 00000
" Syngnathoides 1011 00100 00000 00000
*° - . Hippocampus. 10110-00100 00000 00000 - -
Solenostomus: .. XX@00 10000 01000 10100
- Aulostomus . . 10110 00101 01000 00000
 Fistularia 10110 00101 01000 00000 * -
: Macrorhamphosus 10110 10100 00000 10110
Aeoliscus 10110 00100 00000 10110 .
'inddsfomus %% 10104 10011701010 10010
SN |
' Hypoptychus 10110 10001 01010 01110 -

' Pegasus '5‘v1;101*0'10113 00010 11110 - *

Dactylopterus - movoff§§p10701o1b 11110

* - both states are found -



Figure H 1°: Hyoid arches of Atheringmorphaf left lateral .views
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A. Melanotaenia nigrams, X' 11,5
B.’All'anet;ta hatrin‘gﬁensi’g, X 23.5 ® o .
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.Figurg H3 Hy01d arches of Gasterosteiformes leﬁtwlateral views

A. Spinachia spinachia, X 23 5

- " B. Apeltes quadracus, X 48 ‘ oy h;,n
'C. Gasterosteus aculeatus, X 23.5 (UAMZ 5512)
D. Aulichthys japonicus, X 23.5
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»
Figure H 4 }3Hyoid arches of Syngnathiformes, left lateral views

A Macrorhamphosus gracilis, X 48 -

RS

B. Centriscus scutétgs, X 48 (UAMZ 370)
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Figure H 5 : Hyoid arches of Syngnathiformes,

X 48

A. Syngnathus griseolineafus,

B. Aulostomus chinenfis, "}
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Figure H 6 : Hyoid arches of study groups, left lateral views

A, Indostomus paradoxus, X ABV\(USNM 203888)

~ B. Hypoptychus dybowski, X 23.5

C. Pegasus papilio, X 23.5
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”'M2'7.Nun'\\berofvertebraé-" e o ‘_ , .

!

. M2‘v8. Precaudal vertebrae/tota! vertebrae (%) N
u M29. Number of ep|pleural ribs ) | E
MSO Number of pleural fribs _' b‘j'\ S | .

“_MSJ. Body depth/standard‘t”hgth (%) L e
'M@._Body w1dth/standard length (%) | o o -
._ M33 Length of fcrst four vertebrae/ standard Jength (%) oy
M334. Average length of first vertebrae/ Iength of central vertebrae

M35 Average Iength of last caudal vertebrae/ Iength of oo |

flrst caudal vertebrae

: W used ohly in bmary character analyses (mcludlng phenetuc analyses) o

O~
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Table M2 : Distributions of binary‘éﬁaracfers from

'f the axia1'ske1eton among framework taxa
, , R —

!
I

Taxon ' 12345 67890 12345 67890 12345 6

" Diplophos 100010 11001 10011 11101 01110 0
L R ) . . a ’ b - ‘. \\\ :
vSéUfida.;>, ! 01009 90100:10011f11Q1o 01110'0,‘-

Percopsis - 11000 01111 10010 11001 01110 0

© Fundulus . 00001 01111 10010 11
‘Welanotaenia 11001 00111 10010 11001
' Allanetta - 11001 00111 10010 11

ToLo-
oo
LTOoOo00O

" Holocentrus . 11000 1111110010 11011 11110.0°

11 10000 1
1110010 1
11 1
11 1

. Asterofheca 10000 00
Cottus 10000 00
Sebastes 11000 10
0

' 1011110010
Prionotus = 11000.0'

110000

cooco .
oo

o

(e

N .
OOOO-
PR e JUSET QT G

Percalates - 01000 00111 10010-1100
- Plectroplites 01000 00111.10010 1100
' 0111 1100

0111 1101

"~ Perca .~ ..01000 0
Ammodytes « 11000 O

10010

- ocoooo
e y=t=x=]
cooco
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,Tab1e M4 ;'DistribUtions of binary characters from the

!

‘axial skeleton among study groups

' DactyTgpterus

Taxon 12345 67890 12345 67890 12345 67
. Gasterosteus 01000 00111 00010 11001 10010 0 -
Pungitius 01000 0011.1 10010 11000 11110 0
Culaea 01000 00111 10010 11001 11110 0 .
Apeltes 01000 00111 00010 11001 11010 0 :
Spinachia 01000 00011 00010 11000 01110 0
AuTichthys 01000 00011 00010 11000 11010 0
 AuTorhynchus 01000 (0011 00010 01000 11010 1
Syngnathus 101000 00110 00100 01000 00000 1
Syndnathoides 01000 00110 00100 1000 00000 f
Hippocampus 01000 00110 00100 01000 10000 1
Solenostomus 01000 01111 10000 00000 01000 0
Aulos tomus 01100 00111 11000 01011 00110 0
Fistularia 01100 00011 10000 01010 11111 0
- Macrorhamphosus 01000 01111 10000 01031 01101 1
leoTiscus 01100 00101 10100 01011 00101 1
Indostomus . 01000 00110 01100 01001 10011 0
" Hypoptychus 01000 00110 00000 11011 01110 0
- Pegasus 01100 00110 00100 11101 10000 0
11100 00101 10100 10101 00110 0
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anterior : . B ' posterior

- Figure M 1 : Vertebrae of Atherinomorpha, left lateral views

L A.»é}}ahetta harringtonensis vertebra 1 - 6, X 23.5

B. Fundulus sp., vert al- 5, X 23.5 -
| - W
(abbreviations are lis&ed on pages xxv-xxvi)

v
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anterior posterior

Figure M2 : Cottus cognatus veftebrae,‘ left laceral,views,, X23'.5_

Al Ve\‘r\'t‘é'b‘rae._l -6

' B. Vertebrae 10-17



<

Figure M 3 :

A. Vertebrae 1-4, X 23.5

B. Caudal vertebrae 6-~7, X 23.5
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. . :
anterior nosterior
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Tanterior ' posterior

Figure M 4: Aulorhynchus flavidus, vertebrae 9 - 11 and

associated right scutes, ventral view. X 23.5 (UAMZ 1694)



274

P

doiiaisod

TSMRIA TBIB3BT 33J3T ‘sriqelisa

STIL X '8 - vy aviqaizap g
STET X ‘€ - 1 svaqazzay -y

SMieIndew snwolsoiny :¢ K 2and1y

10T103jue




275

G olx S2Inds 333] PaleId0SSE YIJA mM3TA [BIJUIL ‘g

S 11 X ‘m3jAa 1ei1a3eY] 31337 'y

{~1 9r1qa113A ‘sY11oe13 snsoydmeyloaoey : 9 W 2an3yy

107133ue



276

o)

»

§°Il X ‘sa3inas 31ydji pajejoosse

U® G-y Bd3P1GIIaa ‘snduwedoddyy sndwesoddip g

‘9-1 9B1G2313A -"SnJPaUF[08SFAT snyjeudulg 'y

foany

SM31A TB1331BTOIUIA

1337 ‘aepryieuduis jo ariqaiiay { W 2an814

JOT193]jue



-t

277

g /‘
s
;
s ©
- b4 4
' i
‘
.
. :
anterior .. L. L _ L. - posterior
t %
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Y »

e

"Figure M.8 : Indostomus paradoxus,.vertebrae 1—3,1eftu1aterél view,

<X 48 (USNM 203888)

o



<

Figure 'M -9 : Hypoptychus dybowski, last precaudal and-first three:

Vgaudal;ve:tebréé,’1éft3léteral'view;'X723,5"
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. antorior

-‘Figuférn'.“’e'.D"’C‘tybl.’terus-:VoiitanS-,'- vertebrae, left lateral views ..
A.7V¢rtebfae.l—6, X,Il.61".
'B. Caudal vertebrae 1-7, X 11.6 .

..



N. The Caudal Skeleton .~ | | |

‘ The caudal skeleton lsim'ade up of the posterlor preural yertebrae, -th'eu‘ral centra;

the bones s‘upported by or arislng ‘from’ther‘n the hypurals the epurals the uroneural’an‘d
“the parhypural) and the rays supported by these bones Characters from this reglon are
llsted in Table N1° and thelr coded values fOr framework and study groups are in Tables N2

_ and N3 respectlvely

-Framework ' } . | 0 _

The hypurals m DlQ|OQhO are supported by a compound centrum composed of the s
flrst preural and flrst ural centra and by a separate second ural centrum Hypurals 1and 2
'are supported by the c0mpound centrum these: along Wlth the parhypural form the

ventral hypural complex Hypurals 3- 6 form the dorsal hypural complex based on the

L second ural centrum Thls complex is supplemented dorsally by two uroneurals and three

'epurals The second preural centrum bears 3 short autogenous neural splne Wthh touches .
the thlrd epural In two of the three spec:mens examlned Jt also bears a complete neural
splne on its anterlor end. A full autogenous haamal splne is present its ventral end
.supportlng a prlncrpal ray; in onhe specrmen an aCCessory anterlor haemal spme is present
Saurlda has a deeply forked caudal fm sUPported by slx hypurals snmllar to those

of DlQlOQhO s in their position. There is only one ObVlOUS ural centrum The parhypural and

two uroneurals are autogenous and separated fr om the hypurals Two epurals are present o

The second preural centrum bears an lncomplete neural $p|ne and a full haemal splne both ’
autogenous The haemal spme supports prlnc;.pal rays '
In Percopsu the hypurals are supported by a compound centrum and afree second‘

ural centrum Only four separate hypurals are preésent; hypurals 1 and 2 appear to be ‘

_ g fused Hypurals 3-5are supported by the second ural centrum. Two uroneurals and two

. epurals are present and the second preural Centrum bears both z a full neural spine and a full‘ i
haemal splne the latter supportlng a prmcnpal ray- | L |
"Rosen ( l 964) thoroughly revrewed the athermomorph caudal skeletOn my

B observatlons agree wuth hlS Melanotaenia shows the least caudal fu3|on It has five .-

_ hypurals four formlng the dorsal hypural plate and all arISIng from a single compound

’ centrum A smgle uroneural is present as are two epurals The parhypural is almost :



"'..'are almost absent I

A : _282
completely fused to the lower hypural plate. Both the uroneura‘liend parhypural support |
principal rays The second preural centrum bears an lncomplete neural spine. Allanetta (Flg
" N1,B) differs from Melanotaenla in hypural number all of |ts‘ﬁpper'hypurals are fused to
one another leaving it with two separate ‘hypural plates Its parhypural |s entlrely separated
.from the hypurals Fundulus (Fig. N1 ,A)-has.an almost completely symmetrlcal caudal
| 'skeleton its hypurals fused into a single fan flanked dorsally by an autogenous uroneural
and ventrally by an autogenous parhypural Epurals are absent The second preural centrum
bears complete neural and haemal spmes lqoth of whlch support prlnc1pal rays.

The berycuform Holocentrus has five hypurals two formmg the ventral hypural
plate and th ee formlng the dorsal plate Two dorsal hypurals are supported by the second \
ural centru whlch is autogenous ina small specamen but fused to the compound centrum
“in‘alarger one. One or two uroneurals and three epurals are present The second preural
‘centrum bears an autogenous haemal splne Wthh supports prlncrpal rays and alow '
vneural arch | | s |

Fuslon of the caudal skeleton appears in both Subgroups of Scorpaenlformes .

'examlned Sebastes has four free hypurals two formlng the ventral hypural plate and two-

B : the. dorsal plate supplemented dorsally by two uroneurals and three epurals n Cottus(Flg '

N2 A) Asterotheca(Flg N2, B), and Prlonotus however the hypurals are fused mto two
!

-plates A smgle uroneural is present in each of these three fused to. the hypurals in Cottus»

and Prlonotus but autogenous ln Asterotheca Prlonotus and Cottus have in addltlon three "

’ epurals Both Prlonotus and Asterotheca have complete neural splnes on the second

- preural centra The umber of caudal rays lS reduced ln Asterotheca ancl proc:urrent rays . » =

both cott0|ds the caudal rays extend sllghtly lateraily ln an: altet;n tmg L

R
. e

. , pattern

s

- Plectropllt s and Percalates have four hypurals arranged as'in. Sebastes F’erbafhas o

five, three formln the dorsal hypural plate Percalates and Plectroplltes haVe a second

o ‘uroneural All thr e species have three epurals Ammodyte has a more hlghly fused caudal
'skeleton wrth o ly three hypurals two form the dorsal hypural plate and one forms the v
_ ventral plate A I Percrformes exammed have separate uroneurals and parhypurals Wthh )
-support prlncn aI rays and thelr second preural centra bear non autogenous mcomplete

‘ »neural splnes

Se ar o
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. Gastemstelformes

All GasterOStelformes (e g Flgs ‘N3-4) have hughly fused caudal skeletons Each of

_ the upper and Iower hypural plates isa smgle element W|th the uroneural fused to the

‘ upper and the parhypural fused to the lower In adults of all except Gasterosteus the two

hypural plates are fused with one another Juvenlle Gasterosteus and adult __9_!.'1"@.27-bﬁ (F.g

-_N3 A) have. two epurals in adult Gasterosteus (Fig. N3, B) only one is separate while the
'~A~second epural in adult ngachn ais closely apphed to the upper hypural plate The Second

preural centra bear full non autogenous neural spmes in all.

Syngnathlformes |

Syngnathlformes also have hlghly fused caudal skeletons the entire caudal Plate

' ,and fm are. lostin many Syngathldae In those Syngnathnformes with a caudal skeleton all’

the ma Jor elements are fused though they may Stl” be dustlngwshable n all except

Sy Jnathus and Solenostomus the hypurals are arranged mto dorsal and ventral hYPUl‘aI

plates fused at thelr bases and the uroneural is fused to the dorsal hypural plate m all

L except Solenostomus In Centr:smdae (F:g NG, AJ and Macrorhamphosus (Flg N5 Bl a

'g.remnant of the second ural centrum is V|51ble at the base of the upper hypural plate A
' smgle epural l|es along the dorsal border of the dorsal hypural plate and in A?_Ci's.c—‘ﬁ an
‘.f autogenous parhypural lies along lts ventral border Both support prrnmpal rays The o

- second prgural centrum bears complete non autogenous neural and haemal spmes

Aulostomus ll'-'lg N6, A) and Flstularla lack the second ural centrum therr parhypurals are

separate but. not autogenous and thelr epurals are supplemented by tlny splmts along thelr '

anteroventral borders

Solenostomus (Flg N6 B) has a wude anteruorly extendmg uroneural and a Slmllar

. parhypural the uroneural 1S partlally separate but the parhypural is fused to the hYPurals
‘The second preural centrum has no. neural Splne anda small haemal splne M (Fug
'N6 C) has an even more. reduced caudal skeleton wnth the uroneural and parhYF’Ural

'completely fused to the hypural fan. lts second preural centrum however bears a

complete neural spnne a normal haemal arch and lateral processes The other -

Syngnathudae exammed have no ‘caudal flns or skeletons o



.Pegasus

~on all posterlor caudal vertebrae are merely low crests: . : : o v% "".»,,9

B _Dagtxlogterus -

" autogenous. The second preural centrum does not bear a full neural spine.

284

Indos'totnus E

' The caudal skeleton of Indostomus (Fig. N7,A) is fused into a single.plate appa'rently

contalnlng the hypurals parhypural and uroneural. No epurals are present The second

preural centrum is fused to the scutes surroundlng lt The caudal i is symmetrucal each half

) . containing two procurrent rays and fuve to six pnncupal rays

: Hygogtychu

Hygoptyghu s (Fig. N7,B) has two distinct hypural plates the Iower fused to the

parhypural The uroneural lies along the dorsal- edge of the upper plate Two epurals are
"present The second preural centrum has a full neural splne Nelther uroneural nor

| pa,rhypural completely support a pnncupal ray.

The entlre caudal skeleton of Pegasus (Flg N7.C)is fused |nto a small heavy bony l

plate Wthh supports elght pnncnpal rays Procurrent rays are absent The second preural

\centrum apparently bears a full neural splne but thls character is unclear smce the spines-

_ supported by.the fused preural and ural centra Three epurals lle along the’ dorsal margm

of this complex The flrst extends anterlorly along the dorsal margln of. the second preural

, ‘centrum The ventral hypural plate contams one separate hypural and a large ventral

R complex apparently formed of the ventral hypurals and the parhypural The haemal splne

on the second preural centrum extends almost to the posternor end of the hypural plate

5 The parh’ypural and Athe haernal spines of th_e second‘and‘ third preu}ral centra are

The dorsal hypurals |n Dactylogteru are fused lnto a sungle plate ang N8) Wthh is
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Table N1 : Characters from the caudal skeleton

(asvterisvks indicate those used in phenettc ahalyses)

%N 1. Caudal present (1)/ absent (0)
N2. Second ural centrum present/ absent
N3. Second uroneural present/ absent
N4. Fnrst uroneural separate from/ fused to the hypurals -
N5"." Uroneural autogenous/ attached to preural vertebra | y
N6. Uroneural supports/ does not support principal caudal rays
N7.Parhypural separate from/ fusedto hypurals '
' N8.'Parhypural autogenous/ attached to prevral vertebra
| .NS. Parhypural supports/ does not support prmcupal caudal rays
N10.Epural #3 present/ absent ’
N1.1. Preural centrum #2 bears a qu/ part|a| neural spine
N12. Preural centrum #2 bears an autogenous/ attached neural spine
N1 3'. Upper hypurals are separate from/ fused to one another |
.N14. Lower ;ypurals are separate from/ fused to one' another
- N15. Hypurals are organized into dorsal and ventral plates/ fused into a single plate
. N'16. Number of dorsal caudal rays | |
N17. Number of ventral caudal rays
N18. Length of longest caudal ray/ standard.‘length (%)
N19. Depth of caudal peduncle / standard Iertgth (%) ‘
'N20. Length of hypural complex/ standard Iength (%)
N2"1.'.'Length of hypural complex/ average length of central vertebrae

&
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Figure N 1 : Caudal skeletons of Atherinomorpha,

left lateral views

A. Fundulus sp., X 11.3

" B. Allanetta harringtonensis, X 23.5

(abbreviations'are listed on pages xxv-xxvi)

Lo






290

Figure N 2 : Caudal skeletons of Cottoidei, left lateral views

A. Cottus cognatus, X 23.5

B. Asterotheca alascana, X 23.5°




" Flgure ¥ 3 :

ﬁ Paudal skelptons of Casteros**idac,

,A, Splnachla spinachla, X 23.5 -

'B.. Gasterosteus aculeatus, X 23.5-(UAMZ‘5512)

left latoral views

291
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Figure N 4‘} Caudal skeietons of'Auldrhyﬁchidae,:1eft'létéral views

: A Aulorhyﬁchus fl’avidué;.-x 23.5° (UAMZ 169&) ‘

B.Aulichthys _lzgp_@p_i_c_is_’, X 23.5



. Figure N 5 : Caudal skeletons of - Syngnathiformes

left lateral v1ews

A. Acoliscus strigatus, X 48

B{iMacrbrhamRhOSQs gracilis;fx 48



T




- Figure N 6;:‘Cagdal skeietdnsféf SYngnatﬁifdrmés,"

v left.latéraivyiews

A. Aulostomus chinemsis, X 23.5

i o N ‘SQIIen'OSt‘:ovm‘u‘.s paradoxus, X 23.5

C,ISYngnathusvgriseélineatus, X 48






Figure N 7 Caudal éké”le_t’ohs of Stuld}; _gf_oups; »

left lateral views

A Indbstomué p'aradoxus' (after Banister, 1970)

'-*.”B_.h"Hypopt'ychUS djb'owsk;, X 23.5,'

- .C. P‘egh:sus papilio, X _23.‘5.‘
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1

'Figuré‘NSE Dactylopterus volitans , caudal skeletor,

left laterallview, X 23.5



IV. Systematic Analyses

A. Introduction
The three schools of systematics as | have applied them form a sectuence of
analyses incorporating inereasingly stringent charac‘ter;weightihg criteria. In phenetics all ;
characters andi all character states are Weighted equally. in aneighted humerical
‘phylogenetics the derived states of all characters ere'gi'ven equal weight, but their
primitive states are given no weight. In weighted‘ numerical phylogenetics derived states
which seem to appear indeeendently in two or more taxa are given no waeight. Finally, in
evolutienary systematics a priori weighting_is applied, with derived states involving loss
" or reduction being given less weight than those involving the gain of a structure.
The analyses may therefore be viewed not only as a comparison of the three
| different schools of systemati'cs but also as an investigation of the'effects of the'
appllcatron of welghtmg technlques regardless of the schools of systematncs with which

they are assocnated in thns study
B. Phenetic Systemetics

Introduetion
| Phenetic syster'natiCS»vieyvs tax‘a as groeps of‘p‘henotypically sitnilar organisms and
vnews classification as a process of summarlzmg the characterlshcs of organusms

’ phylogenetlc relatlonshlps are of mterest on|y msofar as they commde wnth similarity
relatnonshlps. Phenetics, therefore, ignores most of the criteria of relationship used by
_phylegen'etib and eVOIutionary systerhatists, replacing them with the criter_ien of overall
similerity . This is the theoretical simi'larity vbetwee"n two individuals if they are compared in
Tevery respect. It is _approximlatedvby taking an’averag’e of their similarities over a large .
number of individual characters. The resutts of these _me_aserfements are then p_r:esented as |
. a resemblence matrix (ﬁohlf’ and Sokal, 1'_9.8 1) andla separate process of clustering is used
. tor'find groups of similar organisms This is the apprbach u‘sed in this theSis ‘ Aiternatively
the calcuiatuons of sxmﬂarntnes and clustering may be avonded by presengng the orgamsms

»

as pomts on a scatter plot each of whose axes represents a'combination of characters, In

,‘300
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this type of analysis (e.g. principal components analysis) the organisms’ similarities are
represented by their relative positions on the graph and they are grouped visually by the’
mvestlgator | '

Phenetlc methods like all systematic methods can be vuewed as progressive

simplification of a data set in order to represent it within the relatively inflexible

* framework of a hierarchical classification. Since phenetics admits no theoretical rationale

s

for de-emphasizing certain character states or characters, it simplifies data through
averaging and approximation. ‘
The first step in a phenetic analysis is the reduction of a data matrix (e.g. Tables

A2, A3, B2, etc.) to a resemblance matrix which displays the similarities or dissimilarities

" between each pair of organisms or taxa (Operational Taxo_n‘orr'lic Units, OTUs). Many

aifferent resemblance ccefficients exist for phenetic analysis, but since each represents a
defimuon of resemblance there is no independent criter.i'on' of resemblance against which
to measure their efflcsencnes | . ‘ |
The overall srmllarmes or overall dissimilarities of the OTUs having been calculated,
an attempt is made to find the one groupmg of the OTUs which best expresses all of them.
Thls may be done by expressing the OTUs as pomts on a scatter plot (ordination}, by.
constructmg minimum length trees linking them, or by segregatlng them lnto clusters by
any one of several algorlthms. The last of these is the more commonly used, for binary
data and results in a hierarchical arrangement of OTUs WhICh can readily be transformed

into a classn‘lcatlon It is at this level that dlfferent methods can be tested both for the

‘falthfulness of their results to the orginal resemblance matrlx and for the extent to which

_they express. the data. In every type of phenetic ahaylsns ‘however, funal groups are

deflned on their overall slmllarlty rather than on possession of particular characters or
character states {i.e., groups are based on the number of shared character states, rather _
than-on the specmc character states sharedl ’

The tree produced in a phenetlc analysis is not necessarily incompatible with the
construction of evolutionary or phylogenetic hypotheses. Its proponents suggest that
members of'phenetic groups will usually also be phylogenetically related to one another,
relationships being indicated by similarity (Sneath and Sokal, 1973). Phenetic analysis hes .

q‘ o
been suggested as a superior method for the recognition of phylogenetic lineages which-. .
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may have undergone large amounts of divergence and reversal, obscuring their
distinguishing synapomorphies (Gauld and Mound, 1982; Davies, 1983). Such authors
suggest the use of phenetics to delineate groups which are then interpreted with
reference to phylogenetic analyses, the characteristics shared within each phenetic group
being evaluated for probable apomorphies which can be used in constructing taxon

definitions.

Methods v

All analyses are performed by the corhputer packages CLUSTAN and
NEW:CLUSTAN (Wishart, 1978; 1882), with the exceptions of Gower's W, which is
‘calculatefd manually from character distribution data provided by CLUSTAN.

Two different clustering algerithms and seven resemblance coefficients are tested
against one another on a preliminéry data set of 169 binary characters. The clustering
algorithms used are the commonly used Unweighted Pair-Group Mean Average (UPGVA),
Which sequentially unites those clusters of OTUs whose mean positions are closést to one
another, and a nearest-neighbor single linkage algorithm which unites clusters that contain
each other’s nearest neighbors. Each clustering method is used on similarity matrices
generated by the simple matching coefficient (SMC), Rog‘ers-Tanimoto coeff'icient, Yule
coefficient, product-moment correlation coefficient, and Farris’ special similarity
coefficient, and on dissimilarity matrices‘expreSsing squared euclidean distance (=average
distance, =manhattan metric) and er.ror sum of squares (see Wishart, 1978 and Farris,
1979b for calculation of coefficients). Each enalysis is tested for faithfuiness to the
resemblance matrix by calculation of the cophenetic correlation coefficient (Sneath ahd
Sokal 1973) betwsen resemblances in the orngmal matrix and those expressed in the final
dendrogram Each is also tested for expression of the data (or prednctnwty ) by the '
calculation of Gower S W {Gower, _1974; Fig.P 1), the number of correct predictions
~about the members of a cluster which will be made if the cluster is"described’ as having
the character states appearing in the majority of its members, at the eight-cluster to
three-ciuster_ levels. The stability of each analysis as data are added is calculated by
performihg repeated analyses on rand‘omly selected 60-character subsets of the data and

measuring their similarity to the resemblance matrices derived from the full data set by the
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cophenetic correlation coefficient. A close correlation between the classific.ations based
on 60 characters and one based on 169 (a high average subset correlation, Table P 1)
indicates a method which is relatively unaffected by the introduction of new data and will
yield a stable classification. The results of these tests appear in Table P1. Those methods
which show the highest cophenetic correlations and subset correlations and the highest
W-values are used for analysis of a more complete binary data set including all the 231
binary characters for which values are available from all members of both study groups
and %ramework groups. Thié data set is dictated by the restraints on the clustering |
program, which will neither combine binary and numerical data nor use characters which
are not measured for all OTUs.

Each final analysis consists of construction of a resemblance matrix and a
den'drogram followed by calculation of cophenetic correlation between the two and of
Gower's W for the terk to two-cluster levels. Each final dendrogram is then tested by
subjection to two iterative relocation procedures in which the OTUs are randomly assigned
to clusters and then shifted between them until they ar~e arranged into clusters whose

members most closely resemble one another.

Results "

Comparison of Phenetic Methods _ :

The highest cophenetic correIAation, \0‘.945, is that between a matrix of
squared euclidean distances and the dendrogir\arg constructed from it by
nearest-neighbor clustering (Table P 1). This is the only case in which a
nearest-neighbor clustering is preferable to UPGMA. Cop\henetic correlations over
0.9 are obtained for UPGMA analyses based on simple matching coeff'icient, Rogers
and Tanimoto's coefficient, product-moment correlation coefficient, and Farris’
special similarity. In all analyses except those using squared euclidean distances
UPGMA clustering yields a higher cop.h,enetic correlation than does near est-neighbor
clustering.

Average subset correlation c_oefficiehis are relatively high, all exceeding 0.8.
Squared euclidean distance, simple rﬁatching coefficient, and Rogers and Tanimoto's

coefficient yield average subset correlations above 0.9 with both clusterinp
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algorithms, and product-moment correlations yield a correlation over 0.9 with
UPGMA clustering. Again, UPGMA clustering gives consistently higher correlations
than does naarest-;eighbor clustering.

Gower's W values are higher for all UPGMA analyses than for -
nearest-neighbor analyses, and are highest for analyses based on squared euclidean
distances and simple matching coefficients. Farris’ special similgrity has unusually
low W-values with both clustering methods.

Of the methods tested, UPGMA clustering shows general superiority over
nearest-neighbor clustering. The squared euclidean distance and simple matching
coefficients give best results in terms of predictivity (Gower's W) and stability
(average subgroup correlation) of the final results, although Rogers and Tanimoto's
coefficient and Farris’ special similarity give higher cophenetic correlations. My final
analyses were performed using UPGMA clustering with squared euclidean distance,

simple matching coefficient, and Rogers and Tanimoto's coefficient.

Phenetic relatioﬁships of study and framework groups

All of the phenetic clustering methods applied to the complete data set
yietded the same dendrogram, as did all iterative relocation procedures (Figs. P2-5).
The differences in cophenetic corrélation coefficients, then, only indicate
differences in the resemblance matrices. All three resemblance coefficients yield
matrices which agree closely with the dendrogram. This denérogram does not
expre;s the data particularly well, however, -as evident from the values of Gower's
W from the nine- to two-cluster levels; out of 7,854 character state predictions
fade at each cluster |8vel, an average of 86% are correct (Table P2).

The between-framework group p‘henetic relationships (Fig. P2) differ greatly
from the phylogenetic relationships hypothesized for these groups (Fig. Cl. 1),
although some of the same groups are recognized. Atherinomorpﬁa is recognized at
the 0.85 simple matching coefficient (SMC) level and Scoweniformes at the 0.79

SMC level, but the two scorpaeniform suborders are not separated. The order. ...

Perciformes is not recognized, Percopsis and Hologentrus being more similar to

Perca, Plectroplites, and Percalates than is Ammodytes. The taxonomic levels of the

different framework groups are not correlated with fixed levels of similarity, but all
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.

v-of the presently accepted orders have been separated by the O 72 SlVlC level; thls
may, then, be regarded as the mmlmum svmllarlty level at Wthh two OTUs may be -
,placed in- the same order R : o '

- The study groups do not resen'lble any framework group sufﬂcrently to be

firmly placed in the same order by thls crlterlon Gasterostelformes are llnked to the

: unlted framework groups by a Punqmus Cottus srmllanty at the 0 723 SMC level, lf

either of the similarity coeffrcaents is, used and by Pungltlus*Cottus Culaea Fundulus

and Culaea- Allanetta SImtIarmes at the O 723 SMC level in. all analyses Hygoptychu

s linked to Ammodyte above the O 72 SMC level Syngnathlformes resembles

Percuformes most closely wuth a Macrorhamphosus Perca slmllarlty in the analyses R

- smg squared euchdean dlstance (dlstance coefﬂctent of 0. 329) and

Macrorhamphosus Percopsrs and Macrorhamphosns‘«lzerca sumllarmes of O 671

. ) SMC Dactylogteru resembles Prlonotus more thag\ any other OTU in all analyses |
(SMC 0. 723) and is also snmnlar to Asterotheca (SMC O 70 1. Gasterosteuformes |
: }mlght therefore be placed in elther Scorpaemformes or Atherlnomorpha '
Hypoptychus placed in Perc:formes and actylopteru mlght be placed in ‘
Scorpaemformes all cases fallmg on the borderlme of the requlred srmllartty level
Three order level groupmgs appear among the study groups (Flgs P3 B)..

‘Hygogtychu sis hnked to Gasterostelformes by a dvpgptychus Culaea smnlartty of

O 766 SMC; it resembles all members of Gasterostelformes at SMC Ievels above _' '

- 0. 72. Gasterostelformes (Flg P4) is |tself defmed at the 0 88 SMC level |ts two

. ‘.subgroups bemg unlted by an 0. 896 SMC. lmk between Aullchthys and Punqmus

Syngnathtformes may be vsewed as one very dlverse order or as two orders
itis united at the 0.71 SMC level (Flg P5). lts subgroups (Syngnathldae oo

- Solenost’omus) and (Aulostomondel + Centrnscmdell bemg dlstmgwshed at the 0 72 -

’ O 73 SMC level and lmked to ohe another by a Macrorhamghosus Solenostomus llnk

" atthe 0.775 SMC level. j

'l.

Dactylopterus gasus and lndostomus form a separate group on the flnal

dendrogram (Fig. P3) but |t is poorly deflned bemg dlstlngwshed atthe 0. 68 SMC

level. Indostomus resembles egasu s more than it does any other OTUs but that 1s L

only at the 0 662 level; and Pegasu resembles Dactylogteﬂls most closely at the

o
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0. 7\14 Ievel Only- Peqasus and Dactylopterus therefore, can be regarded as N

- belonging in the same order. “'(A
: Discussion

Phenetic methods seem to reflect the data gatherlng techmque in their segregation
of the framework groups The data for study groups were selected before the
framework taxa were examlned and therefore many- character states uniting some study

groups but absent from alt framework taxa were noted In phylogenetrc and evolutionary

systematlcs these would be |nterpreted as apomorphles,ﬁonly conveying mformatlon about :

"the study groups possessmg them Phenetlcs ver views both states of. these

"characters as equally |mportant and they therefore prov;de a block of data supportmg the' S

._amalgamatlon of all the framework groups It appears then that data for phenetlc
analyses should be collected over the entlre set of OTUs at one time, wrth an attempt made
to concentrate upon aII of them equally ‘ - ‘ _ v g

' lf some of the segregatlon of framework groups is due to data collectlon ,
-‘ _ methods then the sumllarmes between study groups and framework taxa may have been
underestumated ThlS leaves open the posslblllty that Gasterostelformes vaogtychu and
) Dactylopteru s are Imked wuth framework groups at the order Ievel Placmg them wrth
those taxa, however would dlstort thelr srmllarltles wrth other framewOrk groups as
vportrayed on the dendrogram lt is necessary to remember that the dendrogral‘n is,: llke a
'hlerarchlcal phenetrc classrflcatlon slmply a two-d:mensuonal representahon of the C

_complex sumllarltles among the OTUs The best way to mclude ina classmcatuon the

posslbmtles of Gasterostelformes Athermomorpha Gasterostelformes Scorpaenrformes

and. Dactylopteru Scorpaemformes Ilnks would be by phenetrc sequencmg” of- the s

=Darate orders Ieadlng to-a classrflcatlon in Wthh each order is near |ts nearest

'
Fl

‘ nelghbors as follows:.

- Order Atherml_formes B
Order Gasteroste_lform'es :
Order,Scorpa'eni_formes e

Order Dactylopterus - v '
Order Pegasus R
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M
| '.O'rder Indostomus: g
.-Order Syngnathlformes
Order Percrformes
There |s a hmut to the extent to WhICh such resemblances can be expressed It is .‘ |
" |mpOSS|ble to place Hygogtychu |n thls sequence for example in a posmon whlch wnll ,
-slndlcate |ts s|mllar|t|es o both Gasterostelformes and Ammodyte - S

The practlce of applylng set levels of snmllarlty to the complete dendrogram in
_forder to defme taxon levels does not seem appllcable to this anaIysns unless | were
L ‘A prepared to completely re- evaluate neoteleost classcflcatlon it would also as pomted out
above, |gnore those SImllarltaes WhICh ‘cannot be weﬂ expressed in the dendrogram | have
therefore subdmded the orders Gasterostelformes and Syngnathlformes wuthout '
reference to the rest of the dendrogram Thrs may also be more valid because data on-
_these two groups were gathered together and slmllarmes wnthln them may be. more-
comparable 4 ‘ ‘ | _

Syngnathlformes (Frg P5) can be dlwded mto suborders at the 0. 75 O 77 SMC |
level, resulting in. the suborders Syngnatho:del and Aulostomcmdel Dlvrsuon of
Gasterostelformes at thls level (an P4) forms the suborders Gasterosteonden and |
‘Hypoptychoxdel , S : e % o |
' Famvlles W|thln the suborders may be separated at the 0.85- 0.9 SMC level,
d|V|d|ng Gasterosteondel into Gasterosteldae and Aulorhynchndae Syngnathoxdel into

Syngnathxdae and Solenostomldae and. Aulestomo:del into Aulostomidae. and

B ’ Macrorhamphos:dae The last two famxlles might be further dlwded mto subfamllles at the

B

0. 95 SMC level but 'such dlwsuon would not be suxtable for Gasterosteldae WhICh

dlssolves mto a cluster of OTUs all resembllng one another at the 0. 88 0.95 SMC level

B v '

& nclusuon

. e

The study groups cannot be placed together in one order, or mdeed in any
separate taxon accordmg to phenet:c results. They do form three separate clusters,

-'(Gasterosterformes + Hypoptychus) (Dactvlopterus +. Peqasus + Indostomus), and

Syngnathlformes but only the first and last of these are. defmed at or near the level at

‘ ‘;whlch the framework orders are’ defmed All three of these clusters contam members

o807 -
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‘_clusters and in the cases of (Gasterostelformes + Hypoptychus) and (Dactylopterus +

N ‘Peqasus + Indostomus) the s:mllantres wath framework .groups-are at the order Ievel

(Gasterostelformes + Hygogtychu ) may be linked wuth etther Athermomorpha or

Scorpaennformes (Dactylopterus + Pegasus + lndostomus) may be Imked w:th

__SMC) suborders (0. 75 0. 77 SMC) famxlles (O 85-0:9 SMC) and subfam:hes (0. 95

Scorpaemformes

"A classuﬂcatnon reached by applylng ﬂexnble snmvlaruty levels to defme orders (O 72

‘ SMC) to the study groups (but not the framework groups) and by attemptmg to place each '

order between the two to wh:ch itis most s:mular results in the: followmg classnflcatlon

Order Atherlnomorpha

Order Gasterostelformes

Suborder Hypoptychoidei

" Suborder Gasterosteoidei ,

v Farhily Gas‘terosteidae '

~ Family Aulorhynchndae B

Order Scorpaenuformes

e Order Dactylg :fbrmes o
- OrderPegasu es B

% Order lndostomlformes o

-

Order Syngnathnformes ’,

_ Suborder SyngnathOIdei: B

Fam:ly Syngnathtdae ‘

Fam:ly Solenostomldae X

Suborder Aulostomouden

Fam:ly Aulostom;dae _

“Su'bfamily Aulostominae

Subfamily Fistulariinae

~ Family Macrorhamphosidae

Subfam:ly Macrorhamphosmae

Subfamtly Centrtscmae i

. i}u

g;v‘
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Order Percrformes
The wrthm-study group phenetnc classn‘lca’uon is mternally consistent;

subgroups bemg delmeated clearly and at setlevels. Its relatnonshlp to neoteleost

N classn‘ncatlon asa whole | is obscure however smce framework groups are separated

‘ at wndely dlfferent levels Thls restrlcts the usefulness of the phenetlc cIassnflcatlon

)
3
L T
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Tablé P2 GoWer s W values for the f1na]

dendrogram, 10- to 2- cluster levels
10- cluster level - 7.155
9-cluster level. 7099
8-cluster level 7027 .
- 7-cluster level 6961 .
“B-cluster level 6839 . -
- 5-cluster tevel . 6827 -
4-cluster level . 6536
3-cluster level . 6426
. 2-cluster level 6305
TOTAL 61,179

311,
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- Figure Pl Calculating Cowerfs'wbv'

'fourQCIuSter'level‘  :' ; B ,‘.l - £:  SO 1 a
h the majority character state for cluster AB is unknown, elther state
will glve one wrong predlctlon All other predlctlons are correct.

V=5 (out of 6 p0551ble predlctlons)

. three- cluster level: _ ‘ . . _
a the majority cnaracter state for cluster A- D 1s (1) It uredicts the,w
_charactcr statcs for A, C and D correctly, but errs 1n predlctlng

B s state. All other pnedlctlons are’ correct i .5 out- of 6

two— cluster leve1 .
the maJorlty character State for A-E is (1), it 6¥%d1cts the states
of B and E 1ncorrectly All other . predlctlons are correct

JWY= 4 out of’ 6

~ one- cluster level .
the maworltv character state for A—F is unknown; either state will .
lead to 3 correct and 3 1ncorrect predlctlons W =3 out of 6 '

E o | | S » N o
' TOTAL GOWER'S W = 17 out of a possible 24 predictions are correct



. Figure P2: Phenetic dendrogram of framework taxa
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.

C. Phylogenetic or Cladistic Analysis

Introduction
Phylogenetic systematics is an attempt to determine the genealogical history of

organisms and to represent this history exactly in a hierarchical classification. The
genealogical histor“y is reconstructéd by identifying those subgroups of the group being
studied which share a common ancestor; such a subgroup is referred to as a clade. The
members of a clade are recognized by their joint possession of shared derived

. characters, or synapomorphies, which are presumed to have arisen in their common
ancestor. Only synapomorphies can provide information about common ancestry. The
terms ‘resemblance’ and 'similarity’ are used in this chapter, accordingly, to indicate
resemblance in derived character states. .

Derived character states, or apomorphies, can be recognized by several criteria,

including comparison with fossil relatives of the group being investigated and analysis of

criterion, however, is comparison with extant relatives, or outgroups; a character state
that appears both in members of the group being studied and in the outgroup is regaﬂrded
as primitive. ’

Clades are not{.egarde'd as groups defined by the possession of *icular
synapomorphies, but as lineages, historical individuals recognized by the pos&ssion of
_thése synapomorphies. Since each lineage is ultimately based on a speciation event, the
synapomorphies distinguishing large clades will not necessarily be more noticeable or
more stable than those distinguishing species (E. 0. Wiley, pers. comm.). As Cracraft
(1982) has pointéd out, since clades are not defined by their characters, phylogenetic
analysis can omly indicate relation‘ships; neither the lack of synapomorphies nor the
presence of autapomorphies can conclusively demonstrate that a given organism does not
belong to a particular taxon. A hypothesis of monophyly can only be disputed, in
phylogenstics, by the introduction of a better-supported hypothesis.

| In order to determine whether Gasterosteifbrmes, Syngnathiformes, Indostomus,

Hypoptychus, Pegasus, and Dactylopterus should be recognized as a clade; therefore, it is

necessary to compare the hypothesis that they do comprise a clade with the alternative

e
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vhypotheses that have been outllned in the general introduction.

Lauder and Liem (1983) (Flg CI 1) provide an overview of the proposed ‘
phylogenetlc relatlonshlps between the different framework groups “with Wthh the study o
‘ .groups have been affmated The various hypotheses of relatlonshlps between framework
and study groups can be compared by mvestlgaﬂng the' synapomorphy dlstrlb "ons :

supporting the placement of study groups in dif ferent positions on this o mewor N

~ cladogram. Flgure CI 2 shows the framework cladogram composed of the partlcular
representatlves of framework groups which 1 have mvestlgated Thls is’ the actual
framework cladogram on which the study groups were placed; | have performed the
“’phylogenetuc analyses 3s though it provided an adequate representatlon of Flgure Cl ‘l
results : .
: | The analyses i thts section are based on the school of phylogenetlc systematlcs‘ ' :
‘ outllned by Farrls (1979a 1979b) Wiley (1981), Eldredge and Cracraft (1980) Brooks et
al. (1984) and Maddlson et al. (1984, among others. This school mterpretes phylogenetuc
analyses in terms of parsumony attempting to find those hypotheses of relatlonshup that
' requure the fewest hypothes:zed character state changes. Computer algorlthms are often
'used to construct mmlmum-length trees the shortest tree {i.e. the one wuth the fewest
hypotheslzed character state changes or evolut|onary steps) being preferred Also based
‘on the concept of parslmony are the methods of character state optlmlzatlon onto an
| 'exlstmg cladogram Optlmlzatlon procedures infer the character si‘%tes at the lnternal
; nodes of a cladogram from the character states at its termmalﬁ’nodes mlmmlzmg the
- number of hypotheslzed evolutlonary steps alon; the cladogram SR
Methods , T , , .
o Throughout thls sectlon l use tﬁ’e termmology of Maddlson et al (1984) to. descrlbe
: the components of a cladogram usmg the term node to refer both to branch pomts '
- within a cladogram and to termunal taxa and the term mternode to refer to any segment of
 the cladogram lying between@o nodes. ' | ' i

w
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'Comparis‘onsbetween st_udy,g’_roups and framev'\/ork groups - :
Unwelghted Numer:cal Phylogenetlcs , _ o
' ' The posutlons of the study groups on the framework cladogram are :
" assessed by a senes of comparlsons between each study group and the _
. .framework groups The apomorphles assocrated W|th each framework group
are ldenttfned by mappmg the states of each character onto the framework
'- cladogram in an CI 2 and usmg the Farrls opt“ mizat|on procedure (Brooks et N
, 1984) to flnd the most probable character states for the mternal nodes of
the cladogram A character state that appears along the lnternode attachlng a
framework group to the mam stem of the cladogram is accepted as- an R
‘ apOmorphy of that framework group The appearance of one of these o -
' apomorphles ln a study group provndes evudence supportmg the hypotheS|s
‘ that the study group and framework group |n questaon shared a common R j -
’ jancestor e R E .' R ;'.,,“T:_b. SRR

For the study groups lndostomus ﬂygoptychus Peqasus and

. 'Dactylogteru thus can’ be determlned dlrectly from an exammatlon of the
",coded data In the two groups Gasteroste:formes and %gnathlformes
,however some of the apomorphles are present in only a few of the specres '
| '-exammed Only those apomorphues that appear in the hypothetlcal common |

: .. N ‘ancestor of the study group can represent synapomorphnes with a framework
taxon These ancestra! character states can be determmed by applymg an :
: 'optlmlzation procedure to cladograms of the study groups o
Wnthm study group cladograms are generated by the computernzed
) ;Wagner tree procedure PHYLIP (Felsensteln 1982) usmg data set-s of the 44,’ o
‘ characters varyung wnthm Gasterostelformes and the 109 varymg w:thm
_‘Syngnathuformes . o L '_ '
. ' Thns computer package generates unrooted trees To apply |
’ ‘optlmnzatnon and make hypotheses about ancestral character states the trees .
: .must be rooted the pcsntlon of the root depends on whlch sulte of character .
”-‘tstates is regarded as prlmmve My study mvolves hypothesnzmg many |

' dlfferent posmons on the framework cladogram for these study groups and.



each pos:tuon on the framework represents a d:fferent supposed orlgun for

) the study group: and therefore a dvfferent su1te of prlmmve character states A

g separate Wagner analysus is therefore performed for each companson that

| mvolves placmg the study group m a dufferent _position. The character states at

vﬁthe node dlrectly below the pomt at WhICh the study group. is supposed to

) have orlglnated on the framework cladogram (the rootmg node an Cl. 3 are

mcluded in the analys:s as an add:tlonal spemes The posmon of thts rootlng

node on the resultmg W|th|n study group Wagner tree deflnes the root of that

ftree and the pomt at wh:ch the rootmg node attaches to the other members

~vof the study group us the node representmg the common ancestor of the ’

study group

For example wuthln Gasterostetformes trees rntended for comparlson

. wnth Saurrda are rooted at NODE A on Flg Cl. 2 those compared wuth

‘,'_Percogs: s at NODE B those compared thh Athermomorpha and Percomorpha o

- (Perc;formes + Scorpaemformes) at NODE D those compared wuth

' Scorpaemformes and Percuformes at NODE E and those compared

o were mtr@uced in order of mcreasmg advancement mdex (number of

janalyses three standard orders were used for each rootlng F;rst 1

at NODE C those compared wath Holocentrus and

scorpaemform subgroups at NODE SC

Snnce the order of specnes lntroductlon affects the r _-

' apomorphnes w1th reference to the rootlng node) the rootmg node belng
K 'lntroduced flrst second, the rooting node most advanced and Ieast

f .advanced' spemes were mtroduced followed by the others in order of -

‘ mcreasmg advancement mdex Iast speoles were mtroduced in the' sequence

| whuch ylelded the shortest unrooted w:thm Gasterostelformes or

JRC A

'W|th|n Syngnathuformes tree and the rootlng node mtroduced last Character -
L __;states at'the bases of the: wnthln study group Wagner trees were determmed o
i by downward optlmnzatlon Smce the trees are all'of similar- lengths onIy '
C those states (ecognuzed as ancestral in. aII of the trees generated usung a glven

,rootlng node are regarded as unamblguous
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The numbers of. apomorphles shared by the study groups with each
framework group appear in the tables as synapomorphles (S) Some‘éf the
‘framework groups include others for example study groups are compared

to both( ercopsis + Acanthopterygn) and its subgroup Scorpaenlformes A

synapomorphy umtlng a study group wnth (Percopm s+ Acanthopterygu) is also ’

con5|stent Wlth its relatnonshlp to any members of that group (e g

i.Scorpaenrformes) unless the synapomorphy has been reversed along an

- lntervemng mternode In Fig. CI 4 for example the character state(l) arlses

along the mternode leadlng to lPercogm + Acanthopterygu) ‘and |ts presence '
ina study group would be a synapomorphy unltlng the two ThlS . N -
synapomorphy would also be consnstent with the study group s placemen/
with Percopsn Acanthopterygn Athermomorpha and Percomorpha for/ the
study group could be placed as a'sister group of any of these w:thout
‘ hypothesmng any addltlonal evolutlonary steps lt would not be consnstent |
: 'w1th the study group ‘s placement wlthln Percomorpha because members of

,6»

Percomorpha have lost state {1, an c

resence m a study group placed
within Percomorpha would involve. hypothes:zmg lts reappearance in. the study .
’ '.group The numbers of synapomorphles conststent with dlfferent placements

of the study groups or consnstent synapomorphles are |nd|cated by C’ in-

- 'the tables

The second method of comparlson useé@ is a parsnmony crlterlon
'approxlmatmg that used ina. dlstance based Wagner analysls (e. g. Wlley
- ;198 1). The numbers of hypothesuzed evolutlonary steps added to the overall
cladogram by placmg a study group in different posltlons are determmed by

countlng the numbers of characters in Whlch the ancestral state of the study

. group dlffers from the state present over the mternode to V‘Jthh |t is. belng

S various posmons are lndlcated by W

‘attached. The numbers of evolutlonary steps are mdlcated by 'L’ inthe tables

and the numbers of steps in the w:thln study group cladograms rooted at the
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" Weighting- based methods

Character welghtlng is an attempt to separate a data set into characters

- that are more likely. to appear lndependently in unrelated specles and those
.- whose lndependent appearance is unhkely the latter belng regarded as

. contalnmg more umportant phylogenetlc mformatlon In the school of E

o phylogenetlcs that J am followmg welghtlng is based pnmarlly on observatlon

o of the dlstrlbutlon of an apomorphy among outgroup taxa or Wlthm the study

- group partlcular types of apomorphles are not regarded as belng mtrms:cally

more likely: to evolvein parallel but partucular apomorphles may be observed

‘ .to have done so and may therefore be gNen lower welght (for comparrson of . o
-thls method and a pr/or/ werghtlng see the evolutlonary systematlcs sectlon)

- "' Thls welghtlng may. be applled elth’ér by analysrs of each apomorphy \Mth o
‘reference to’ some already establlshed relatronshlps hke those in the .

: frameﬁxork cladogram used |n thls ‘study, or by the use of algorlthms to

|dent|fy characters that undergo many: state changes along the tree belng

. constructed and de emphasuze thelr contrlbutlon to the total length of the tree

'thr_eesteps. \

' (Felsensteln 1981) I use the former method applylng werghtlng criteria in

\ .

Fant

”Prlmary welghtrng _ ,. S |
' Prlmary welghtﬁﬁg is the removal from the data set of those
- apomorphles Wthh arise lndependently along the. mternodes leadmg to-
two or more dlfferent framework groups These: are regarded both as
o Ahomoplasres and as unlnformatlve for dlscrlmmatmg between
o framework groups The remamlng apomorphles are those Wthh arlse
along the lnternode leadlng 10 only one framework group they.are

- re.f_er.red toin the text as apomorphles dlstmgmshlng that taxon

Secondary werghtlng
', in secondary welghtlng not only those apomorphles whlch
,'appear as apomorphles characterlzmg two or more of the framework ‘,

‘groups are removed from. the data set but those appearlng m any
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framework specnes outsnde the framework group they dlstmgunsh The
_appllcatlon of thls Cl'ltel'lOl’l removes any apomorphles that have arisen
. by reversal slnce these character states appear in more prlmltlve
framework groups It also removes any apomorphles that have -
| »apparently arlsen lh parallel both along the mternode Ieadlng to one

_framework group and m 3 termmal taxon of another framework group

'. Tertlary welghtlng
- Tertiary: welghtlng |s an extenslon of secondary welghtlng using
the llterature as a supplémentary source of mformatlon about the |

dlstrlbutlon of the apomorphles bemg welghted

~ Comparisons b_e‘t"wee_n;'S"tudy Groups o

Unwelghted Numerlcal Phylogenetlcs '

After sach study group. is examlned it lS asslgned |ts best supported

'posmon(s) on the framework and subsequent study groups are compared

- 'Wlth lt For example, Gasterostelformes mlght belong with elther Cottus or

Ammodytes. To test the afflnltnes of other study groups thh A

. Gasterosteuformes in the former posntlon Gasterostelformes is placed W|th
Cottus as the prlmary study group Fig. Cl 5) The apomorphles dlstmgu:shmg

' »Gastérostelformes W|th|n the. cottold Imeage are determmed by comparmg the

basal states of Gasterostelformes wrth the character states along the

‘ lnternode to whlch rt has been attached Other study groups the secondary

‘ study groups are then examlned for possessmn of these apomorphles

Characters for whlch Gasterostelformes and Cottondel share the same

'state are constant along the lnternode leadmg to Gasterosteuformes
o ‘ leferences between the character states along this mternode and the states
o rln the secondary study group represent evolutlonary steps added to the _

' overall cladogram lf the secondary study group is attached to that |nternode

, The data set relevant for comparlsons among study groups |s small

: venough to allow analysns by the PHYLIP program mentloned above Wagner

' rtrees are generated by the same procedures descrlbed for W|th|n study group
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. Wagrer trees, using the character states along the_internodesleadi‘ng to.

Cottus_!and Ammodytes as alternative rootlng nodes. .
Weiyghtingr‘ba'sed mgthods_ ‘

Prlmary Welghtlng
- Prlmary welghtlng removes from consrderatlon thOSe
synapomorphles that can support a study group s placement in two ‘
; dlfferent lncompatlble pOSItIOhS Slnce the relationships. among the:
: 'study groups are unknown the dlstrlbutlon of apomorphles among the o
.,‘study groups themselves cannot be used for welghtlng If the study '
'fgroups are assumed to belong together however, any charaoter state
' appearlng as an- apomorphy boﬁ ina study group and along the
- , mternode Ieadlng to a framework group may be regarded as havnng
arasen mdependently in these Pgsutlons In prlmary welghtlng these _
apomorphles are removed from the data set used to assess

: relatlonshlps between study»groups. .

Secondary and Tertlary Welghtlng L
These welghtlng steps, like the scondary and tertlary welghtlng
in the prevnous analyses remove apomorphles that appear in any flshes ' '
: outside the study groups from the data set Tertlary welghtmg is, agaln
based ona lvlterature search. | ' '

o
L

Chque Methods
‘ Felsensteln (198 1) has suggested a dlfferent approach to
character welghtlng based on the |lkellh00d of agiven cladogram Thls
‘ ‘v,_method uses ‘the number of state changes'in a character along the tree '
| being constructed as an index of the probablllty of change in the :
o 'character Characters wnth more state changes than states will be less ': |
' rellable mdrcators of monophyletlc groups; havmg undergone reversal
.or parallellsm and cladograms whlch requ1re many such characte%swnl

g . be less hkely Both the. number of steps in the cladogram and the number
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of uninf'ormati\re characters 'Whic\h must be hypothesized ta accept the, .
cladogram are mlmmlzed in this welghtlng model The most strlngent
application of this crlterlon is that in whrch only one state change |s
aIIowed ln a character and any’ character for Wthh homoplasnes must be

- hypothesrzed Is- dlscarded as unlnformatlve This is clnque analysrs or

| ‘strlct compaubullty analysis. 1t generates the tree Wthh lS supported by
'. the largest set of completely c0mpat|ble characters Cllque analysns was

performed by Felsensteln s PHYLIP prograpt

Results

| , Withﬁt;Gaste‘rOSteifOrmes and'-Syngnath‘yiformesAWagn.er Trees
"The repeated Wagner analyses of Gasterostelformes were mconclusuve
srnce dlfferent trees were generated for most rootlng nodes’ and orders of ETU
lntroductuon (Flgs Cl 6- 7) '
| For trees rooted at NODES A and B Gasterosteus had the Iowest _
advancement mdex for those rooted at NODE C Aullchthy had the lowest
- advancement mdex and for all: succeednng nodes _Qe_lte_ had the lowest
. advancement |ndex In all of the trees except two of those rooted at NODE D the
two famrlles Aulorhynchldae and Gasterosteldae were separated at the root.’
: Within- Gasterostelformes Wagner analysrs then supports the division of this order .
~into the two groups currently named Famlly Aulorhynchldae and Farmly s :l’ L
Gasterosteldae (Nelson 1976l The synapomorphles dlstlngwshlng these families
| appearin Table CI.1. R | ' |
‘ » Relatlonshlps W|thln Gasterosterdae remaln amblguous since no’ subgroups ,
within thns fam»ly appear m al cladograms Elght of the twelve cladograms support av‘ R

(Culaea +Punqat|us) grouplng but this group is dlstmgunshed by only one character

’ ‘state (presence of postneurapophyses) and thls state is pIes:omorphlc w:th respect
to all the posltlons for Gasterostelformes on’ the framework cladogram There is no' .
X f consensus on @ mterrelatlonshlps of other’ gasterostelds ' _
| o OnIy one unrooted wathm Syngnathlformes tree was generated, and rootmg

nodes attached to'it. ln only two places (Flg Cl 8) ln all rooted analyses Aulostomus :
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» had the lowest advancement index. Both rootlngs dlvnded Syngnathlformes into -
three groups corresponding to the currently accepted superfamllles Aulostomondea

(Aulostomus +Fistularia) and Centrrscondea (Macrorhamphosus +Aeol|scus) and .

~ suborder Syngnatholdeu (Syngnathus +Synqnath01des +H|ppocampus

+Solenostomus) they dlsagreed only in'the order in which the flrst two groups were
affixed to the main branch of-the tree, one separatlng the. macrorhamphos1d Ilneage :
" from all other syngnathlforms and one separatlng the: aulostomld llneage In no case |
were these two groups segregated together so my data do not justify the currently
'acceptad Suborder Aulostomondel contammg Aulostomordae and Centruscondae

(Nelson 1976). The synapomorphles supportlng the subgroups of Syngnathlformes

-appegr in Table cle. -~
3 Study Group Positions on the Framework Cladogram .

Unwelghted Numerlcal Phylogenetlcs -
Table Cl 3 contams the lnst of apomorphies. dlstlngulshmg framework ‘
" vgroups and the study groups Wthh share them The numbers of apomorphles
shared by framework groups -and study groups are presented in Table Cl. 4 as |
n are the numbers of synapomorphles consnstent wlth each grouplng :
: The numbers of synapomorphles dlrectly supportlng dlfferent study
group posntlons are hlghest when Gasterostelformes and Dactylogteru sare
placed. wuth (Percopsis + Acanthopterygn) and when Syngnathlformes

'Indostomus and vaoptychus are placed with Ammodytes Peqasus could be ‘

' ‘placed in erther posrtlon The synapomorphles uniting study groups W|th
’ (Percogsn s+ Acanthopterygn) whlle supportlng study group positions along
. the NODE A NODE B mternode also support their placements W|th|n
, (Percopsis + Acanthopterygu) and are mcluded in the numbers of
1synapomorph|es consstent wuth these posmons :
Wlthln (Percopsis + Aczanthopterygn) all of the study groups except
Gasterostelformes ‘and Dactylopterus: share the most apomorphles with

Ammodytes Dactylopterus is also strongly lmked to Scorpaemformes and -

Gasterostelformes mlght be placed wuth euther Athermomorpha or
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Ammodytes.
' Consistent synapOmorphy counts‘give adifferent picture. of
_ relationships between study groups and framework groups. All of the study

groups, with the exceptions of HypOptychus and Pegasus, are placed with or

| wuthln Scorpaemformes by this criterion. Both proptychus and Peqasus are-

placed with Ammodyte

Distance data (Table C!.5) show that Gaster,osteiformes,,

Syngnathiformes, Indostomus, and Hypoptychus are attached to the
framework cladogram by the shortest internode when they are‘placed with

: Amrr'uddy-tes, while Peqasusband Dactylopterus are closest to Cottus. None of

¢

the study groups are linked to Athéfindmorpha by this criterion The _
difference in rooting internode lengths, or total Iengths added in the rases of\
Gasterostesformes and Syngnathnformes assocuated with placmg studly
groups with Ammodytes and scorpaemf_orms are relatively small for all study
groups except Syngnéthiformes and Hypoptychus. - ' '
Unwelghted phylogenetlc analyses all agree in placmg Hygogtychu as "
a suster group of Ammodyte sandin placing Dactylogteru wnth or within
Scorpaemformes ‘but dlsagree in.their placement of the other study groups
Since raw numbers of synapomorphles and evolutlonary steps do not give
unamblguous results more doetalled examrnatlon of the synapomorphies

supportlng the dnfferent posmons is necessary . This is accomplished by

welghtmg
Weighting-based Methods

Prlmary Weighting
- Within {Percopsis + Acanthopterygu) all study groups share
many apomorphles with Ammodyte Atherinomorpha, and ‘
Scorpaamformes (or scorpaeanorm sqbgroups). This is partly ’aue to .
“the presenc'e’-of a suite o'f.apomorp'hie;s which appear independently ih
these three ffamework groups. Ammodytes and members of |

Athe’rir_\onﬁ'o_rpha and Scorpaeniformes share incomplete suborbital
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‘ ringe, ceratohyals overlain by the dorsal hypohyals, cleithra expanded
ventrally i‘nto symphyseal plates, abse:\ce of supraneurals t)efore the
first dor sal elemant, and non-autogenous parhypura‘Is. Members of
Atherinomorpha and Scorpaeniformes both have lateral ethmdids with
fused medial pro;ectuons parasphenouds extending for 60~ 70% of the
head length and expanded between the lateral ethmords medran
ethmoids without lateral faces and supraoccnpltals with anterlor .
" wedge- hke processes; members of both lack intercalaries and have onty . ’
one uroneural. Ammodytes s and members of Scorpaemformes share
lateral ethmoids extending posteriorly onto the orbit roof,
5upraoccip‘itals without posterior crests‘or spines, large palatines, |
eCtOpteryg‘oids lying along the dorsal borders of the quadrates,
flattened angulars, quadrates without fanlike bodies and with
anterodorsal extensions, first epibranchials without toothplates, soft
dorsals and enals without anterior spines, relatively short eaudal fins and
'hypural ‘corhplexes \and fewer than three epurals. Al of these
apomorphres are found in one or more of the study groups, contrrbutmg
© ta the ambngunty surrounding their placement. All of them are removed
| by the application of primary weigt,ing.f -

The‘apomorphies remaining after primary weighting, or
“distinguishing apomorphies, are identified by asterisks in Table CI.3; the -
' nur?nber's of them shared by study groups appsar in Table CI.6.

~ All study groups show a higher affinity for |
(Pgrcogsr s + Acanthopterygn) than for any other framework group.

“Within (Percopsis + Acanthopterygii), Gasterosteiformes, Indostomus,

Pegasus, and ‘Dacg;lopterds"share more distinguishing apbmorp'h'ies with
| SCorpéeniformes or members therebf than with any 'otherrframew’ork
groups Syngnathuformes share more with Atherinomorpha and

. Hygogtychu s shares most with Ammodytes. For all study groups except
" Hypoptychus, more weighted synapomorphres are consostent with

placement-within Scorpaeniformes than with any other placement.
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Secondary and Tertiary Weighting
Since these weighting steps differ only in the sources from

which the information used are gathered, | apply them t'ogether.‘wBl‘oth
remove apomorphues which appear in more than one position on the
framework cladogram, or appear in fnshg'not on the framework, from
the data set. The apomorphies which remain after secondary weighting,
which is based on the framawork groups examined, are listed in Table
Ci.7. Those which are removad from the list because of their
appearance in other fish groups in the literature are listed in Table CI.8,
along with the groups from which they are recorded and the relevant
‘refer}en‘ce(s). Table C1.9 contains the numbers of synapohorphies linking
study and framework groups after secondary and ter"cjary weighting
have been applied.

Gasterostenformes Indostomus Peqasus and Dactylogteru

share *' & most apomorples with Scorpaeniformes or members thereof,

althou= more apomorphies are consistent with a relationship between .

Indostomus and Ammodytes. Synga tl;lformes share more apomorphies

with Ammodytes than ywith a_'ny g mework taxa, but consnstent

‘synapomorphy counts support their P . ment'with either

Atheljinomorpha or Cottus. Hypoptychus shares the most apomorphies

with Atherinomorpha and consistent synapomorphy counts support its

placement with either Atherinomorpha or Cottus.

© Summary

~ Allof the synapomorphy counts applled place the study groups with or .
within ( grcopsis + Acanthopterygii). Within (P grcopsis + Acanthopterygn)
unweighted synapomorphy counts support both Athermomorpha
\Scorpaemformes and Ammodytes as sister groups for the study groups. The

numbers of evolutionary steps added to the cladogram are minimized when

Pegasus and Dactylopterus are placed within Scorpaemformes and the other

study groups are placed W|th ‘Ammodytes.
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The application of primary weighting removes much of the support for
placing the study groups with Atherinomorpha and Ammodytes, and the
application of secondary and tertiary weighting leaves Scorpaeniformes and
scorpaeniform subgroups as the best- supported sister groups for all study
groups ex&*ypt Hypoptychus and Syngnathiformes. This leaves open the
possibility that the study groups form a mono‘phyletio group arising near or
within Scorpaeniformes with Hypoptychus and Syngnathiformes having
mdependently acquired some of the apomorphles distinguishing Ammodytes

and Athermomorpha
Comparison of the Study Groups

- Unweighted Numerical Phylogenetics
Since thelr positions on the framework cladogram are ambiguous,
study groups are compared to ©ohe another with reference to both positions,

: wnthln Scorpa?nlformes and with Ammodytes. The apomorphies distinguishing
each’study group wheo affixed to the NODE CD-Cottus internode and NODE
E-Amm‘odytes internode (see Fig. Cl.2) are used for identification of

: synaporf_worphies, The numbers of apomorphies shared by different pairs of
study groups wheﬁ placed mthese posmons are Ilsted in Table CI.10. Study
groups share mor‘e agomorpbges wuth one ‘énottgf thamwnth framework

groups and rhore synapomc&: hrés arméﬁglsteh?’wuth%tu dy grouﬁs
: “i?y b S» 4 RS i
placement wnth bne another th W@h thelr placemen S

groups

actylogtért‘&&are more wnth Pegasu all other groups are most c!osely

allied wm‘} I’F\dostomus The relatlonshlps mdlcated when study groups are




332
position, and Hypoptychus,which shares more with Gasterosteiformes than
with Indostomus.

When a primary study group has been affixed to an internode on the
framework cladogram, how many evolutionary steps will be added to the
cladogram if another, secondary study group is attached to the primary study
group? Table Cl.11 contains these figures. If Gasterosteiformes is the primary
study group, for example, and Syngnathiformes the secondary study group
(see Fig. CI.5), the length of the internode between Syngnathiformes and the
hybothesized common ancestor of Syngnathiformes and Gasterosteiformes is
45 steps if they are placed with Cottus, 53 if they are placed with
Ammodytes. The length of the internode between Gasterosteiformes and the
common ancestor is found by considering Syngnathiformes to be the primary
study group and Gasterosteiformes to be the secondary study group; itis 35
steps if they are placed with Cottus and 29 if they are placed with
Ammodytes.

Every study group is closer to the internode leading to at least one
other study group than it is to any position on the framework (compare Tables

CL.5 and Cl. 11). When the study groups are placeg either framework

position, all of them except Indostomus are closesi g " a:terosteiformes than
to other study groups. Indostpmus is closer to Syngnathiformes.

Both synapomorﬁphy cc;/sunts and distance measurements, then, support
the hypothesis that the study groups belong together. Théy do not provide
clear indications of the relationships among the study groups, however.
Wagpner tree analysis performed on the characters which vary among study
groups (156 characters when study groups are rooted at Atherinomorpha, 92
when they are rooted at Cottoidef) yieids the trees in Figures Ci.9 and 10. The
shortest trees generated are those rooted at Cottoidei. There is little
consensus among these trees, however. Four of the five group

9
Gasterostelformesj and Hypoptychus together, and three place Pegagis with
indostomus. Of the three trees rooted at Ammodytes, twag contain the P

(Gasterosteiformes + Hypoptychus) group and two contain the (Indostomus +
; : NCOSIOMIUS



Pegasu s) group e
Unwelghted analyses then indicate closer- relatlonshlps among study
'groups than between study groups and framework taxa but do not provnde
clear deflmtlons of these relatlonshlps e EEEIE
' Welghting-BaSed'Methods

Prlmary Welghtlng N )

: For prlmary welghtlng those apomorphles Wthh appear both m

X study grOup“s and along the mternodes Ieadmg to framework groups are : ,_'

‘removed from the data set, The numbers of synapomorphle: umting e
o 'palrs of study groups after prlmary welghtmg are llsted m Table Cl 12

Most pairs of study groups are umted by more synapomorphues

when placed with Ammodyte than when placed wuth Cottus In both

posntnons indostomus, Peqasus andoDactylopterus are more smnlar to

one another than to other study groups Syngnathlformes resemble

' Indostomus vaoptychus and Pegasu equally |f they are placed wuth

'Cottus butare most similar to Pegasu when placed thh Ammodyte
In both pos»tnons Gasterostelformes resemble Hypogtychu but when
they are placed with Ammodyte Gasterostelformes resemble Pegasu

and Hmogtychu equally

;Secondary and Tertlary Welghtlng B ’." i . o @"”

These weughtmg procedures reduce the data set to those
character states which appear to be present only ln the study groups
Some of these are not: characters Wthh seem llkely to be so restncted
in dlstrlbutlcn (for example the lack ot? ceratobranchlal dentltlon) but I

,-dud not fmd Papers recordmg thelr occurrence |n other fnshes The o
counts of these synapomorphles appear |n Table Cl 13 Accordmg to -

them Gas‘terostelformes and Hygogtychu are each other s- closest

' relatives, unlted by flve synapomorphles Th‘,_Se are
1. Ceratohyal shafts do not bear branchnostegal rays o

2. Second ceratobranchlals lack toothplates

w7



"‘Cllque Analysls L

o ‘Second ceratobranchlals lack toothplates

Pleural ribs are absent.
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o Coracmd shafts are mmsed anterlorly

Fourth actunosts bear anteroventral quke llke processes and

Postneurapophyses arf'oe absent

: Indostomus Peqasus and Dactylopterus are |I’k8Wl$e Imked

“ together Pegasu sharmg f|ve apomorphles wnth each of the others All
'vthree possess the synapomorphles . o ' '
, 2

Second ceratobranchtals lack toothplates and )
Neural arches are closed for thelr full lengths )

ln addltlon lndostomus and Peqasus share

- ;_"-Palatmes lack cylmdrlcal heads »
: lThlI’d eplbranchlals lack uncunate processes and

Postneurapophyses are absent

Pegasus and Dactylopterus share m addmon the apomorphles

: .Postenor borders of the preopercula are expanded

By

o ,V'Posttemporals are co- ossnfled w:th the cranrum and
. The first four vertebrae are fused ‘
- Syngnathlformes share three apomorphles wuth _
b.Gasterostelformes /and three wuth lndostomus The three shared wuth
: vGasterostelformes are: ' |
1.

. Symplectlcs with anterodorsal lammae
2

'Ceratohyal shafts do not bear branchlostegal rays and

Syngnathlformes and lndostomus share

" Lachrymals do not bear |nfraorb|tal camals = o

*'Second ceratobranchials lack toothplates, and i

Chque anaIyS|s welghts characters not on the:r dlstrubutlons

' .among framework groups but on the congruence thh one another of ;

 their dlstrlbutlons among the study groups



o , I‘ Cllque analysus performed on the same data ylelded l 1 trees

“ ‘g - V'r w rooted at COttOIdBI (Flg CI 1 1) and six rooted at Ammodytldae (Flg

. l-:t;,-: : cl. 12) The trees rooted at COttOldel agree only in the formatlon of a

- (Pe g sus + Dactylopterus) grouplng and ln retaunmg Indostomus and

R o ypogtychu -on, a smgleahneage although Gasterostelformes and
. ,: Syngnathtformes are often mcluded wnth the. Iatter two groups In two
. " ‘of the cladograms Gasterostelformes are separated frorn all other . Cf g
groups and in'two: Syngnathlformes are separated . o
‘:’ ) If the study groups are placed Wwith Ammodyte S, there is. even
. less consensus among cllque-based trees A llneage contalnlng '

' ‘Gasterostelformes Hypoptychus and lndostomus appear:s in all but the

: : y:nterrelatlonshlps of these three vary Relatlonshlps among the dm
' ‘three study groups are also unclear Elther F’egasu lS placed wvth ‘
Syngnathlformes and Qactylogteru remalns separate from a‘ll the 7 A
others or egasu IS placed wuth Dactylopteru s and Syngnathlformes is
: separated from all the others S R R 3
, . . RS : - X : - '
_Dlscusslon

The posmons of study groups on the framework cladogram are clear only for i

' Peqasus and Dactyliterus Wthh are placed wnth Cottondel by all criteria except

»

unwelghted synapomorphy counts Smce dlfferent crlterla glve 'ﬂlfferent placements for

: _the otheﬁ??ur study groups |t |s necessary to consxder WhICh aspects of the data wnll be ’

emphasued by the dnfferent crlteraa - __ _
The flrst crlterlon used numbers of synapomorphles supportnng a glven grouplng o
(Table Cl 4) has the dlsadvantage of lgnormg the extent to Wthh synapomorphles ,
| characterlze subgroups of the taxon in Wthh they first anse it ldentlfles apomo;phles ’
/ only at thelr flrst appearance Wthh allows it to mdlcate hlgher cladlstuc slmllamty between o
( ercogsu + Acanthopterygn) and study groups than between rcogsn and the study -
o groups even though all apomorphles present ln (Percogsns+ Acanthopterygu) (ie.at
NODE B in an Cl.2) must necessarlly have been present in Percopsn ThtS cruterlon may

"l therefore be expected to place study groups w1th taxa rather than thhm them Thls '



tendency may explam the fact that all study groups except lndostomus and Hypoptychus '

“are placed with (P, ercogsn s+ Acanthopterygu) by unwelghted synapomorphy counts lt may‘_ |

'also explaln the fact that Ammodyte shares more’ dxrect synapomorphles with study
groups than do cottmd specres the apomorphles in WhICh Ammodyte resembles study

'-groups are consldered under the flve categornes (Perc0951 + Acanthopterygn)

Acanthbpterygn Perc0morpha (Percn‘ormes+Scorpaen|formesl ‘and Percrformes whule.,_.

thOSe present in Cottus or Asterotheca may appear as apOmorphles of sux other groups
P ercops: s + Acanthopterygn) Acanthopterygn Percomorpha '
;_(Percn‘ormes + Scorpaenlformes) Scorpaenlformes and Cottmdel
3 The crlterlon of consnstent synapomorphles is used to avond th|s problem This -
ount mlmucs the method usually used to place an organlem ina known framework that of

: f|tt|ng it mto success:vely smaller groups ‘within one another It can be mlsleadmg

however when reversals occur wrthln a group ln Flg Cl 4, for example the presence rn a T

" study group of state (‘I) |s a synapomorphy dlrectly supportlng a study group-

(P ercogm s+ Acanthopterygu) link and is cons:stent W|th suster group relatlons between 1 o

“the study group and Percopsns Acanthopterygn Athermomorpha and- Percomorpha even

' though |t is not present in Percomorpha Wlth respect to Percomorpha whnch has
'-ulndergone reversal m thls character state (1) IS ples,lomorphlc The conS|stent ' ‘
synapomorphy crltenon s therefore open to the crntnc1sm that it uses plesaomorphles as-.
‘. mdlcatuve of relatlonshlps wnth taxa in Wthh they are not present' " : '
v ‘ The same problem appears in the dustance measurements between study groups .
and framework groups Flgure CI 13 rllustrates such a srtuatlon The apomorphnc character
' -states found in taxa Cc and D are ples:omo,rphrc w:th respect to the very derlved taxon E
: Therefore a study group ldentlcal to taxon C is completely plesnomorphlc w1th respect to
» taxon E. It can be placed at any of lnternodes one to flve W|th an equally short rootlng

.\/ .

mternode and an equal nUmber of synapomorphles wnll be consrstent w:th each

V

Qlacement

¥

?@ ;p”"' In- thlS manner the mclusron of Ammodyte s on my framework cladogram vi
reclassmes many of the synapomorphles whlch unlte study groups wnth ‘ _
P ercopsu s+ Acanthopterygn) Acanthopterygu and Percomorpha as symplesnomorphnes
These ap;;morph:es are however stnll mcluded in the numbers of synapomorphles
”f’t B -

: T

€ v
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conslstent W|th study group Ammodyte relatuonshlps and are not regarded as..
evolutlonary steps. separatmg the study groups from the NODE E- Ammodyte mternode :
' Accordungly the cnterlon of consnstent synapomorphles unites Gasterostelformes with
' ‘Ammodyte sby 70 synapomorphles 11 of WhICh are reversed in mmodyte and six of B
“which are amblguous in mmodyte Only two of the 72 synapomorphles con5|stent with

B the placement of Gasterostelformes w:th Cottus are reversed or. amblguous in Cottus and -

".only three of the 68 conslstent wrth a Gasterostelformes Asterotheca link are reversed .

| “or amblguous in Asterotheca Hypoptvchus is more flrmly placed with Ammodytes onIy

B two of the synapomorphles consustent thh their lmkage beung reversed in Ammodyte

- When the conslstent synapomorphy counts are rewsed to contaln only those

‘ synapomorphles Wthh are actual-l.y present in both groups belng compared the flgures in -

_ Table Cl 14 remaln These support the placement of vaoptvchus wuth Ammodvtes and of -
~all other ‘study gr0ups wnthln Cott0|de| Whnle thls revused crlterlon can be classlfled as. .

' sumllarlty*based emphasmng the shared character states found in study groups and ,

. Cottondeu even though W|th respect to mmodytes they may be. plesnomorphlc | belleve

it to be superlor to the orlglnal consnstent synapomorphy counts. The orlgmal crlterlon '
’ used the same pleslomorphlc character states as evndence for posntlomng study groups
but regarded their possesswn as evudence not only for relatlonshlp wnth framework
.groups WhICh shared them but wuth those Wthh Had lost them The revised consvstent
. _synapomorphy crnterlon attempts to flnd gmu}ps whuch are not only well*supported by
. synapomorphles but do not contaln members Whlch lack those synapomorphles ‘

The questnon of the effect of hlghly apomorphic taxa on dlstance based
phylogenetlc methods has not been dlscussed in detall A snuatlon llke that in an Cl 13 it
‘whlch a species can be as parsumonlously placed wuth one (E) with Wthh it shares no
character states as wnth one (Cl to which |t is identical, seems unsatisfactory. At the root
of thlS problem agaln is the questnon of whether the character states in’ questlon are
’ apomorphlc or plesnomorphlc The problem only arlses in my study wuth respect to , ,’ - .
'characters Wthh have undergone state change followed by reversal on the framework .
cladogram The best strategy for deallng W|th such characters may be to regard them as .
mposmble to polarlze and remove them from the data set the presence of reversals in

~ them classrfles them as homoplasnous and they are removed from the data set by



‘ ‘secondary welghtmg crltena

Primary welghtlng removes apomorphles whlch have evolved in parallel among the !

~ framework groups but does not affect those Wthh havé only undergone reversal The |

ynapomorphy counts after thlS wenghtlng is applled agree wlth unwellghted

&th
f

.»synapomorphy counts in placmg Gasterostelformes and Dactylopteru

P ercogsu s+ Acanthopterygn) They also place Syngnathlformes Indos!omus Pegasus

. andH Hypo Qtychu wrthl grcogsn s+ Acanthopterygn) greatly reducung the umbers of
: synapomorphles llnklng these study groups wuth Ammodyte Wlthm f

'(Percopy + Acanthopterygn) the Iargest numbers of synapomorphles after prlmary
welghtmg are consrstent W|th the placement of all. study groups except Hygogtychu

- '_w1th|n Cottoudel and the placement of Hypchhus with Ammodytes

In secondary and tertlary welghtmg characters whlch have undergone reversal
' am0ng framework groups and character states WhICh have evolved in parallel |n termlnal '
members of framework groups and/ orin flshes not examlned in. thls study are rémoved
'sThe applncatlon of these wenghtlng crlterla greatly reduces the sme of the data set The ,
o _relatnonshlps supported by these synapomorphy counts (Tab Cl 9) support the placement
: of all study groups except Syngnathtformes and Hypogtychu wuth or wnthm : ’ ‘
, Scorpaenlformes n all cases except that of Dactylogteru however only one or two
- .' more synapomorphles support the scorpaenlform placement than support placement wuth
‘Ammodyte s o Atherlnomorpha - - L ,' ERR f o
For all the study groups except Hygoptychu a ma;orlty of the phylogenetlc

- crlterla support posmons on the framework cladogram in the cottoud region, Only

Dactylopteru is placed here by all crltena The two criteria Wthh most strongly support

Ammodyte as slster group to the study groups consnstent synapomorphy counts and -
dlstance m’easurements are those most affected by tHe presence of reversals or l
- amblguous characters Analyses whlch attempt to remove these characters tend to move ‘
\-the study groups mto the cottond reglon C | ]
o The tendency of all- crlterla to place the study groups in: one. of the same two :
) posmons on the frameWOrk cladogram ms open the posslblllty that they form a

~ monophyletic clade in one of these posutlons That hypothesas lS strongly supported by the

ir ‘

. fact that by all crlterla except a few of the welghted analyses the study groups resemble .

i£d
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one another more than they resemble any framework taxa. The only cases in which study

' groups appear better allied with framework groups argin the prlmary welghted analyses

of Gasterosteiformes and Hypoptychus (compare Table_s Cl.6 and CI.1 2) ‘and in the tertiary

. weighted analyses of all study groups (compare Tables C1.9 and CI. 13). All of these are
cases in whlch the study groups share more apomorphles with |

P ercopsu 5+ Acanthopterygn) than with other study groups but as dlscussed above many

of the synapomorphnes umtmg study groups wnth P er00951 s+ Acanthopterygn) are also

- found in other study groups The dlsagreement between the relatlonshlps lmphed by
' numbers of consustent synapomorphles (Table Cl. 10) and by welghted synapomorphy
, counts (Tables Cl.12- -13) raise the questlon of whether some of the consnstent

: synapomorphles uniting study groups are |n fact as dlscussed above character states

whnch are not actually present in both of the groups they unlte When these numbers are.

: _corrected to remove reversals and amblguous characters however (T able CI 15) they stlll

. strongly support the study groups placements wuth one another rather than W|th any _

framework groups.

Two subgroups appear in a ma Jorlty of the analySes comparmg study groups wuth _‘ S

' one another these are (Gasterostelformes +. Hypoptvchusl and (lndostomus + Peqa5us +

Dactylogteru s). The pOSlthl’l of Syngnathlformes is hlghly amblguous some crlterla place -

it wnth Gasterostelformes some place it w:th lndostomus and some place it wuth

H}(QQthchu ‘Z By - : .» T { ’ .-"\

b, e

Wagner analyses do not unamblguously SUpport any glven grouplngs of study

B . "groups even hough the dlstance measurements in Table Cl l 1 sup ort th°e groups
; P

‘ '.'(Gasterosteuformes + Hypoptychus) and (lndostomus +Syngnath|formes) ThIS

: idlsagreement probably arises because of dlfferences between my measurement of the

-’dlstances between study groups and the measurements made in the Wagner algOrlthm ;

In my use of the dlstance cruterson for companson of study groups 1 treated each -

‘" -panr of study groups mdeuaIly Rather than afflxlng the best-supported secondary study'

group to the mternode leadmg to the prlmary study group and comparmg subsequent

’ .study groups to the three resultung mternodes (Flg Cl 14 A) l compared all secondary
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y results for characters whuch might be homoplasnes in a fully resolved study group
'cladogram may not appear in dlstances calculated by thls method For example if '
‘ Syngnathlformes were afflxed to the' Gasterostelformes Cottoudel lnternode as'in Fig.
Cl 14,A two of the. three unternodes resultmg would have state 0 for the character

‘suborbital stay’. Attaching Pe jasus or Dactyggterus to elther of these mternodes would

_involve hypothesuzmg a reacqulsltlon of the suborbltal stay When Pegasu and
Dactylogteru are compared with the rootmg mternodes of Gasterostelformes and

B Syngnathlformes ds in Flg Cl 14,B, however, the suborbltal stay is not a.

T dlstance mformatlve character.

My‘method therefore |s less sensmve to homoplasles w1th|n atree contalnlng
several stud‘y groups than s a tradltlonal Wagner method This lnsensrtlwty may be
: regarded as a welghtlng crlterlon smce it does not lnclude character states found ln the
supposed common ancestor and secondarlly lost in the dlstance counts Whlle ‘my method B
|s adequate for comparlson of two study groups lt cannct be expected to clearly mdncate -
']relatlonshlps among three or more. At that Ievel the Wagner tree algorlthm is more .

premse slnce it takes pre\nously hypothesued relatlonshlps between study groups lnto ‘

o account when addmg anew study group to the tree. The Wagner trees were very :

' susceptnble to changes in the order of ETU mtroductlon however and the dlfferences m
tree lengths were mlnor |nd|cat|ng that the data are hlghly lncongruent e

_ Welghtlng methods are based on. the reasonlng that such lncongruence is due to
- the presence of homopla5|ous characters and that these can be ldentlfled and removed

o 'from the data set Synapomorphy counts based on welghted data (T ables CI 12- 13)

- .support the formatlon of an (Indostomus + Peqasus + Dac lopterus) group and a.

' '(Gasterostelformes + Hygoptychu s) group The posmon of Syngnathlformes among study
- ,groups remalns amblguous

Cllque methods support the (Pelsus + Dac Jlop_terus) group but glve dufferent

\
R

are supported by more thana small subset of the characters I see no reason to accept the
. -basac assumptlon of the cllque anaIysns that character state dlstrlbutlon among the study
groups is unrelated to character state dlstrlbutnon outslde them, and sol prefer the

/

S jprlmary to tertlary welghtlng crlterla My preference is of llttle lmportance in this case



s»nce the cllque analyses do not agree among themselves on any groupmgs WhICh
‘contradnct the other weighted analyses. ‘

| : My majorlty consensus tree for the study groups (Flg CI 15) ‘!s an unresolved
trlchotomy contammg the groups (Gasterostelformes + Hypoptychu s}, Syngnathlformes

‘and (lndostomus + Peqasus + Dactylopterus) The Iatter group is also an unresolved

trlchotomy since synapomorphy counts lnducate that Dactyloptgru s shares the most

apomorphles wuth Peqasus but Peqasus shares more wnth lndostomus than W|th

. Dactylogteru

The posmon of’ this composnte taxon on the framework cladogram is unclear

o because many of the synapomorphles which umte it to Cottondeu are plesuomorphles wrth

: respect to Ammodyte its alternatlve sister group. I therefore regard it as a percomorph
'order whose position cannot be prec1se|y determmed in the absence of more detailed and

thorough investigation of Scorpaemformes and Percnforme_s.v

Conclusnon

Gasterostelformes Syngnathuformes Indostomus Hypoptychus Pegasus and

T Dactylopteru form a polythetlc monophyletlc percomorph group whlch can be deflned

o only by one relatlvely mlnor synapomorphy the absence of dentltlon on the first three

: palrs of ceratobranchlals relatlve to character states along the mternodes leadmg to elther '
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: Cottus or Ammodytes Study groups with the exceptlon of Gasterostelformes have thll’d" =

’ actnnosts attached to. the coracoids and lack eplpleural ribs. Wlth the exceptlon of
:Syngnath|formes they have opercula w:thout condylar struts Al except indostomus have'

,‘ fourth ceratobranchlals W|thout toothplates gtd all exéept yp@tychu have o
basnocmpltals Wthh are not bowed ventrally AII e>é’cept Dactylopteru have maxnllae wnth

separated dorsal and ventral artlcular heads and a full neural splne on the second preural

o centrum

y propose retalmng the name Gasterostelformes for this taxon and d|V|d|ng lt into -

B three suborders n B o

" Order Gasterosteuforme Y
Suborder Gasterostedider
: Superfamnly G%sterosteoidae :

2o

W

NEIE Y



segregatlon of either (Pegsus + Dactylopterus) or (Pec@sus + Indostomus) asa

Family Aulorhynchidae -
Family Gasterosteidae
. Superfamily Hypoptychoidae
Farnily Hypoptychidae
Suborder Syngnathoidei |
| Superfamlly Centnscoudae
Famnly Macrorhamph05|dae
~ Family Centriscidae
, Super_fa'mily AUIostomoidae “
‘Family Aulostomidae
Family Fistula‘riidae
Superfamily Syngnathoidae
Family Solenostomidae
Fam'iiy Syngnathidae
Subfamily Syngnathinae

Subfamily Hippocampinae

. Suborder Daotylopteroidei '

" Family Dactylopteridae.
- Family Pegasidae

Family ‘Indostomid’ae

342

I have retamed exnstmg nomenclature as much as possible. The suborder contaamng

) monophyletlc group

kW N

© The new suborder Gaster0stamde| is characternzed by the following -
‘ synapomorphnes '

1. -.Sesamond art:culars are present

Epnbranchnals 3 and 4 artnculate 3

Coracoid shafts are incised anteriorly

Coracoids have posterior extensions past actinosts

'Dactylogteru Pegasu and Indostomus is named for its (apparently) most pIesmmorphuc :

~member, and superfammes are not specified wuthm it because my data do not support the’
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Exoccipital condyles are absent

343

Scapular foramina are not circular

Fourth actinosts have anteroventral spikes to coracoids
Urohyal lacks dorsolateral flanges. |

Within this suborder Superfamlly Gasterostemdae is characterized by:
Nasals have ventromedial flanges '

¢

Frontals touch parasphenoids

" Pterosphenoids are absent

Frontals have dtstmct medral postorbntal processes

Prootics are excluded from the po‘storbital foramen

Palatine heads bear Iateral pro;ectnons ‘

Ectopterygouds extend along the dorsal borders of the quadrates
Symplectlcs bear anterodorsal laminae

Ceratohyals and epihyals are connected by a dorsal strut
Ectocoracmds are present ’

Fourth-actinosts are not connected to coracoids by anteroventral flanges

‘Pelvic plates lack antéromedial flanges

.~ Pelvic plates bear ascending processes

Soft dorsal fin has anterior spines” -
Separated spines are present before the soft dorsal
Supraneurals are present behmd the soft dorsal

Anal fin has anterior spines -

’ Central dorsal pterygiophOres are flattened

~ Epipleural ribs are present

Haemal -arches are plerced by Iateral foramina’

. Uroneural is autogenous.

My analysis of this 'superfamily‘separates’it into the two families listed, whose

apomorphies appear in Table CI. T, but does not give any resolution below the family level.

1.

o

The superfamlly Hypoptychmdae is characterized by
Lateral ethmoids have narrow Iateral faces .

Ventromednal pro Jectlons of lateral ethmonds have posterlor processes
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10,
11.
12.
13,
1a,
15.
16.
17.
18.

Medial plate of median ethmoid is reduced
Extrascapulars are present

Parasphenoid does not have distinct fateral processes
Maxillary hooks are present |
Quadrates do not have fanlike bodies

Quadrates extend anterdorsally |

Hyomahdibulae lack anterior laminae

. £ =
Hypaobranchials are straight

_ Fifth ceratobranchials are toothless

Fifth ceratobranchials are not expanded laterally
Fourth a'ctin‘o‘sts.aré fused to'corvacoids |
Pelvic fins and plates are absent

First anal pterygiophore extends Between ribs
First uroneural is separate from the hypurals
More than 7 dorsal soft rays are present

Preneurapophyses are absent.

344

The suborder Syngnathondel shares Synapomorphles W|th both Gasterosteoidei

‘and Dactylopterondel; in addition, several apomorphies appear both in Syngnathoudel and in

. one of the members of Dactylopteroidei. This would tend to indicate a closer relationship

between the latter two suborders, but is insufficient to ‘place Syngnathoidei firmly with

-either Dactylopterus, Pegasus, or Indostomus; if a relationship between the two

apomorphies (see discussion under Evolutionary Systematics).

—

> o » w N

Syngnathoidei and superfamilies within Gasterosteoidei share:

incomplete suborbital series

Baslsphenoid is absent

'Supfaoccip’ital bears anterior wedge-like process.

Ventral hypohyals overlap ceratohyals

» Ceratohyal shaft does not support branchlostegal rays

~ Pelvic plates do not bear anteromedial spurs.

’sub.Orde\rs is postulated, it must be on the basis of a shared tendency to develop certain



D
12.
13.
14.
15.
16.
17.
18.
19.

o Ulh W N
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The synapomorphies characterizing the subgroups of Syngnathoidei have been described |
in Table C!.5. Since both of the alternative rootings for this group (sée Fig. Cl.8) appear

among Wagner trees rooted at NODE E, the three superfamilies within Syngnathoidei are

™ -Rostcleithra are present Ry

ay,

SyngnathOIde| and members of Dactylopfproudet share
Premaxillae lack postmaxnllary'procéssas < e
, w‘l M d % LI
Dentaries and artlculars do not bear preoperculo mandnbular canals

A

‘ 0wk
Quadrates do not have distinct shafts > %" AR e e W

% o
Cranial condyles of each hyomandibula,; ara connectﬂi
-

Pleural Tibs are absent.
Syngnathoidei itself is characterized by:
Lateral eth'moids have anterolateral extensions
Median ethmoid is ossified ventrally
Maedian ethmoid bears ventrolateral ridges
Vomer shaft is exposed dorsally
Frontals reach near posterior end of the skuvll
Prooﬁcs do not meet exoccipitals or basioccipital
Exoccipitals do not separate pterotics and basioccipital
Maxilla shafts are greatly expanded
Palatine length is less than 10% of head length | ‘ S
Ceratohyéls are hot const.rictedbcentrany
interhyals are not cylindrical. | |
Basibranchials aré absent :
POSttemporéls lack mgdian struts
Actinosts are constricted centrally ahd bear lateral flanges on their distal end.s
4 peivic rays are pre:sent
Shout-pelvig fin distance is more than 50% of standard iength
Aﬁterior vertébrae are elongafed and fused |
Soft dorsal lies above caudal vertebrae

Posterior dorsal pterygiophores are fused .

presented as an unresolved trichotomy.
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The suborder Dactylopteroidei is characterized by many synapomorphies. but the

vast majority of these occur in only two of the three families within the suborder. The only

synapomorphies shared by all three families are:

1.

© ® N O O P w N

Mo~ O

10.
11.
12.

Lateral ethmoids extend posteriorly onto orbit roof

Medial projections of each lateral ethm'oid are fused -
Posterior rﬁyodome is absent .
Dermosphenotics bear infraoebital canals

Ectopterygoids have long anterior processes

Interopercula are shdrt

Subopercula lack ascending I’imbs

Subopercula do not lie along the margins of the opercula

Ceratohyal shafts bear branchiostegal rays

Urohyal bears dorsolateral flanges

Posttemporals lack anteroventral processes
Neural arches are closed for their full lengths.
Within Dactylopteroidei, Dactylopteridae and Pegasidae share the apomorphies:

.

Vomer head connects lateral ethmoids ‘.

" Suborbitals extend to touch preopercula

Basisphenoid is present

Prootics lack separate ventral foramina P

Exoccipital condyles are absent

Ventral articular heads of maxillae are elongatqu'hj#

Posterior bordefé of preopercula are expanded to form most of the gill covers;

opercula are reduced |

Third pharyngobran(:hials lack anterior cylindrical processes

Posttemporals are co-ossified with the cranium

Pelvic plates bear anteromedial spurs

Transverse bones are present '

First four-vertebrae are fusdd.: @
Dactylopteridae and indostomidae share:

Posterior process of the parasphenoid is not divided o
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- g Ceratohyals are expanded anteirlorly

- Articulars lack elevated coronoid processes R

' ],\lasals are either absent or completely fused to medlan ethmond

E Basnocmpltal |s wider than Iong
5 Scapulae are fused to first actinosts -

; Preneurapephyses prehaemapophyses and posthaemapophyses are absent

- and Indostomidae ahd: Pegasndae share

‘Palatlnes are poorly developed wnthout cyhndrlcal heads

Ao

ALY

' _Bodles are encased in bony plates. 5 ',

fo -Sclerotlc rlngs are present

" Qactylogteru is further characterlzed by

o

SupraoCclpltal crest |s absent

o ;_'Supraocclpltal Iength lS more than 40% of head Iength
- Prootlcs have accessory anterlor trlgemmofamalls foramlna
V;Premaxallae have artlcular processes ' :

- Dorsal and ventral artlcular heads of each maxrlla aré connected by a posterlor

\

' flange

- Hyomandlbulae have complex heads with flve artlcular surfaces

" 0.

ERiN

oem T

16,
17.

) Hyomandlbulae bear large posterlor flanges ‘

Interopercma are: not expanded posterlorly

s

Preopercula are armed

B Posterlor heads of ceratohyals do not support branchlostegals '

1‘4‘2;:

18.
14. :."v.'Flrst actlriosts are plerced by foramlna v LR

" 18,

Clelthra do n have dlstlnct "head" and ”sha.ft" reglons

jBaS|branch|als have lateral flanges . )

~

. Pelvic and pector/al glrdles touch each other

18.

19
20.

' Precaudal neural arc_hes dre nenperforate

i
elvnc plates bear dorsomedlal struts reachlng to the clelthrum: :
Pelvic plates are. puerced by lateral foramma g

Anterlor splnous dorsal is present S B PR

Fll’sf vertebra is shortened

T .




21
: v
23
’ _"24
| 25

26

A
2.
3
. ‘3
.‘5 |
6.
7:
8

10;
. ’f1

12

?

13.

1"4

'17
s

\'"121

Antenor transverse erocesses are absent

Vertebrae bear dorsolateral sprnes

Parhypural ns autogenous

Thn‘d epural is present

Second preural centrum bears an mcomplete neura! spme S

Lower hypurals are separate from each other’“

Hypural plate Iength is more than 5% of standard length

Nasals are fused wo a rostrum
Medlan et'hmmd begrs ave .
Mednal pro jectlons of Iateuiethm%ds extend posternorly |nto the orb:ts n o
Medlan ethmmd Iacks Iateral faces

Med:an ethmond touches Iateral ethmonds '

Pegasu is characterlzed by

V‘

tral tFan,sverse flange

“

Vomer shaft |s short not extendmg posterlorly past Iateral ethmoxds

Dermosphenot:cs bear Iateral canals

Frontals bear dlstlnct ventromedlal processes S

Paraspheno:d Iength is 27 28% of head Iength

Premaxulae and dentarnes are. toothle;s =
) e
g / ,

Endopte;.ygouds are absent

Dentanes touch angulars .

oo

o e

Hyomandlbulae Iack mednal foramma

Preopercula bend medlally to- form the floors of the branchlal chambers

Ceratohyals are attached to eplhyals by complex lateral sutures '

Thnrd baS|branchlal is absent

Second and third hypobranchlals are absent :

Hypobranchuals Iack anteruor processes

Coracmd shafts do not touch ctei'thra . S

Scapular foramma are Szomplete

#

4

' ’22 Actmosts are sutured

13

% . . - . e s <
ethar; 4nd' },ggsé‘apulaé aad coraco;ds

1 23 Haemal laminae do not‘ extend theanth of ea@caudal vertebrum

¢

hY

, .

o 19 Clelthra bear posteromedlal ext.ensbns to coraconds

: .‘ mE

-~
L3

—
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2.
13,

'14

: ',15.

19
.. 20.

21
22
24
25,

- 26.

28.
29:
30.

. >
. Clelthra lack anterlor symphysns ‘

Pelvic fms are spmeless

lndostomus is characterlzed by

Medlan ethm0|d palatmes and vomer are fused ,
Lachrymals do not bear lnfraorbltal canals ‘

All suborbltal bones except lachrymals are absent
Parletals are absent ‘ |
Parasphenmd lacks Iateral processes .

Prootlcs have separate ventral foramlna L, o

Exocmprtal lateral foramma are absent

- Prootlcs do not reach the margm of the postorbltal foramen .

Premax:llae lack ascehdmg processes ‘ S
Ectopterygonds do not lne along the anterlor margms of. the quadrates .
Dentarles lack elevated coronOld processes N '
Angulars are. flat without anternor processes

Symplectlcs bear posterodorsal and posteroventral Iammae e

@uadrates artlculate with lower jaws behlnd the orblts e

Preopercula lack dlstmct dorsal and ventral arms
18. ':. Preopercula lack preopﬁculomandnbular canals
17.

18.

Posterlor borders of preoper’cula are mmsed
Opercula are armed

Hypobranchlals bear anterlor processes ‘ . o
Fourth ceratob,r_anchlals ,are, toothed o \' :
‘Postt'enwporals"do'no't bear-lateral-canals_ o~

_Clelthra bear posterolateral Iamlnae covenng scapular foramma :

- Coracoids bear postenor extensmns past the actmosts

Actmosts are elongate and fourth actlhosts bear anteroventral extens»ons'

'Pelwc plates Iack medlal propesses and sutures

' Separate splnes precede sett dorsal

. S SIS
: OSSlled tendoms are present in the axlal musbulature . é :

- Haemall canals are closed for thenr full lengths

‘ v . -wl
. o Lo f
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Many Qf the apomorphues dustmgmshmg members of this suborder also appear
'W|th|n Syngnathé&del suggestmg that these study groups share a cpmmon genome W|th
the propensnty to. develop such apomorphnes The effect of consndermg these posslble

o parallel apomorphnes as mdrcators of relatnonshnp is dnscussed in the sectnon on

Evoiutnonary Systemattcs The trlchotomles in my cladogram may be |mposs|ble to resolve

by numerlcal phylogenetuc methods untll such methods are reflned to take parallel o '\, c

"apomorphnes into account
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mo Table'_Cl..t: Ap'o'm’or‘phias chqracvtéllfizving‘ sﬁbgrdups of.Géstarosta.i,ermes '
" Gésterdsteidae

- BY(0) Suborbital rings mcomplete ‘
B10(1) Suborbital stays present
- .B18(0) Sclerotic rings absent . . . ‘ :
C7(0). Dermopterotics do not bear lateral canals -
E4(0) Premaxillae lack postmaxillary processes . - .
-F7(0) Dentaries do not bear preoperculomandibular canals
~F11(0) Articulars do not béar preoperculomand;bular canals
. F19(1) Symplectics bear central laminae . :
- 137(0) Fourth pharyngobranchials absent -
- J1(1) Posttemporals bear cylindrital median struts - o
.+ «J12(0) Cleithra shafts without ventral axpansnon mto symphyseal plate L
- J29(1) Fourth.-actinosts enlarged ‘ '
~ - L4(1) Supraneurals before dorsal

4

NEUL T _Aulorhyn‘éhida_e'

AB(Y) Vantromedlal pro Jectnons wnth postenor processes
. ,B9(1) Suborbijtal rings complete
~ B10(0) Suborbital stays absent PR e .

'B18(1) Scleroticringspresent g - *

C8(1) Dermopterotics overlap.over alf of sphenqtucs '

. G¥6(0; Subopercula posterior: limbs do not reach the dorsal: borders of the operdula 1
~16{0) B%granchaal #1 similar to succeeding basnbranchlals Ce

L A37(1) rth pharyngobranchials present .- - oy _’ o L s
"J1(0) Posttemporals lack cylindrical median struts - . IR
' J?H Posttémporals r&§emble lateral scutes or scales. - e R
7 .J12(1) Cleithra shafts | ventral expansion,into symphyseaf‘pla te c
T d31) Actinosts: attacH ‘to ohe-&jother via sutures’ j{ N
L 18(0) Soft dorsal not supported anteriorly by precwdal E&M'ae L ' e
' M20(0) Haemal spmes .do not ongmate anternorly IV L
. R RO
) E} A
y )
. = . / . s /
1 I A Ve
2T : "
Lo : t \\
o o ‘ .
‘. ) P ,;. .lﬁ"‘: o
" . ) ;A «., ) ‘:_ . ] ,\
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' Table Cl.2 : Apomorphies characterizing subgroups of Syngnathiformes .

* (Macrorhamphosus + Aeoimg '
. . 4
C3(0) Supraoccupltal lacks antaruor wedge l|ke process .
E13(1) Palatine shafts lie over lateral surfaces of pterygouds
_H1(0) Glossohyal not cylindrical . : o
~H3(0) Dorsal hyophals do not overlap ceratohyals 2
H16(1) Urohyal with dorsolateral flanges - S
H18(1) Urohyal flanges posteriorly incised
H19(1) Urohyal blade posteriorly’ mcnsed 5
[2(1) Basibranchial #2 present
. I3(1)Basnbranchnal* pres ' o
11 1(0) Hypobranoklef’ d! indrical
-112(1) Hypobgape ‘i rior processes )
127(1). Third 8{% “ o cinate processes - - R ‘,gg&x :
- 128(1) Third g8 {C anchials articolate -~ - /- A
- J20(0) Scapt B to the size of actinosts © IR SN
. J22(1).Scdpu beders notched to receive actmdsts : '
<. J28(1)Fourth 3 W With anteroventral ‘spikes
r429(1) Fourth actingsts enlarged

'L6(1) First dorsal element supported by pterygnophore complex
he "N2( Ay} Second ural centrum presenta

T (AUIos'tonius'+ Fistuléi'i'a) .
LN : ° a _- . . i_o )

9(1) Vomar wrth dorsal pro )ectuons over parasphenonds
(1) Vomer head tightly attached to palatines - -~ - ,
C6(1) Epiotics articulate with ossified ligaments o B -
C8(1) Dermopterotics overlap over half ¢f sphenotics '&
E20(1) Ectopterygoids lie along dorsal borders of quadrates Lo
. E23 arate endopterygoids absent o o )
E2,4 arate metapterygoids prasent : . SR
- F1(1) Dentaries toothed , I( S
‘F5(1)Mbsterior borders of dentaries are’ deeply c o
"F8(1) Articulars have subdentary processes. . :
* G4(0) Posterior borders of preopercula are not expanded : 4
H10(1) Ceratohyal posterior heads bear branchi stegal rays
-J18(1) Ectocoracoids present _
" J25(1) Actinosts elongate B
- J2610) Actinosts without lateral dlstal flanges » :
‘M12{1) Ossified tendons are present in the axial muséulatuf’e ' R _ A
. M24(1) Haemal laminae extend the full lengths of centra - -~ . * B ) S
'M26(0j Vertebrae do not bedr lateral processes to scutes ’ ’ '
«N7(1) E’arhypural separate from hypurals .

' ; . Syngnathidae+Solenostomus : -

;n N

, A 10) nasals absent

. L ,
-B1(0) Frontals lack supraorbital canals - SO - ’ :
- D4(0) Parasphenoid posterior process not dwuded L P
' F4(1) Dentaries touch angulars - o A S S
F15(0) Quadrates lack fanlike bodies " - TN

' G2(0) Preopercula lack preoperculomandlbular canals - o : 0

’
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" Table Cl.2 céhtinuéd_ R
. G7(0) Interopercula do not extend ful

" L15(0) Proximal anal pterygiophore
M3(0) First four vertebra are not fus

hd

G13(0) Subopercula fack ascending limbs
110(0) Third hypobranchialsapgent -~ .~~~
[23(0) Fifth:ceratobranchials lack teeth- -~ . . 7

124(0) Fifth ceratobranchials are’

125(0) First epibranchi

als lack unGj!

ot laterally ,
jnate processes’ . .’

137(0) Fourth pharyhgobranchials"ab'sent_
J17(0) Coracoid. fans hot incised L

. J32(0)First postcleithra absent
. K8(0) Pelvic platesiack medialp
“ K12(1) Pelvics are thoracic

7 L14{0) Proximal dorsal pteryg

M 19(0) Posterior tran
M20(0) Haemal spines

~ M23(0) Posthaemapophy
. 'M25(0) Haemal canal is not closed o

Ly

. N

- i r)
»-J

§ e
A

sverse process

-

rocesses’ .
S6S o

iophores lack flanges
hores dack ‘flan |

I'length of pr.,?qopefcula ’

@s . F v
ed . ’9 g "‘“ T
es are absent . .7
do not originate anteriorly ~ “: .
ses are absent. SRR T
viFits full fength %o oo

-3 '.
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d.
_ , Table Cl. 3 Apomorphles characterizing framework subgroups
with the study groups in which they -appear and the character numbers; states, and ,
- descriptions. Asterisks indicate apomorphues whnch do not appaar on the internode Ieadmg
~ to any other framework group. : _ _

G= Gasterostelformes‘
S = Syngnathuformes

%stomus o e

1 chué ' T T '
ggsus ‘ T IR

D"'atloteru , I L ‘ &

: SaurLda (Auloplformos) '
" A11(0)Median ethmoids lack \ateral faces
*A 17(1)Vomer head tightly attachedto palatines
S . = *A20(0)Vomer shaft'does not extend posteriorly past lateral ethmouds
P . A25 Votner less than 15% of head length

'U

L | PD B13(BPosterior myodome absent ‘
E S HPD D 2(1)Parasphenoid expanded between ethmoids

.1 P D13(0lLength of basioccipital not greater than its: W|dth
GS P E 7(1)Maxillae with palatine articular facets - o
. o *E21(1)Ec£;ppterygc>|ds toothed - C : F O A Wﬂ,m
© . HP . F15(0)Quadrates lack fanlike bodies - - . . B T A
T "IH: F17(J)Q?uadrateg,arfend*am@dopsauw R "..ﬂ,,k', IR - R
; ‘G*4{1)\Ventral laminae of subopercula.are expanded e o
o G |H ‘D G 18(0)Opercula lackdistinct anteromarglnal struts N
™ P # 3(0)Basibranchial #3 absent. ‘ . , .
' USI P #|16(0)First ceratobranchials lack gnll rakers - o .
13 1(1)interarcual cartilages present =
G H.  J210)Scapular foramina ovoid Co \
IHP #V110(0)Preneurapophiyses absent - - . ‘)
~ SH MI19(1)Posterior transverse processes are ﬁresent ‘
: #M20(0)Haemal spines do not originate anteraorly
‘ ‘ (Parcogms + AcanthOptorygn) ‘ a
‘SH *ﬂ(O)Lateral ethmoids do not extend posterlorly onto orbut roof - ;
GSIHPD A 16(0)Vomer head toottiless - ' o Ty
GSIHP  #A23 §nout length more than 25% of head length
G D A25 Vomer length 17-31% of head length '
vH - #C 8(1)Dermopterotics querlap over half of sphenqtucs
'GSIHPD #C 1 1(0)Suptaoccipjtal .ang frontals not separated
D »D 8(1)Prootics v‘xzfﬁ accedspry antétior foramena) .
' SIH  #D11(1)Exoccipitdl condylespresent: : b , -
S HPD #D T7(1)Prootics reach margin of postorbital foramen S
GS PD#D19 Head length more than.22% standard length .~ ' _ -~ ‘
GS H D »E 2(1)Premaxillae begr ascending process - ' :

.D #E10(1)Dorsal and ventral maxilla articular heads connected postenorly
GSIHPD E 14(0)Palatines toothliess
GS HPD #F 3(1)Dentaries have elevated corohond processes
' 'H D #F18(1)Quadrates have distinct shafts
GS HPD #F27(0)Quadrates articulate with lower jaws in front of the orbnts
. GS HPD »G 1(1)Preopercula have dorsal and ventral arms
1 ‘#G 5(1)Posterior borders of preopercula are incised or serrated .
_ GSIHPD #H 2(0)Glossohyal toothless
G IH D#H12(1)Epihyats triangular - -
QSIHPD #| 4(0)Basibranchials lack toothplates or. teeth
" H «»l 6(1)Basibranchial #1 deep %,
D =l 7(1)Basibranchials with lateral flanges
* #13(1)Hypobranchial heads bent posteriorly '
G I"PD#I24(1)Fifth ceratobranchials expanded laterally . ' , .
-G H *J22(1)Scapula posteruor borders'notched to recewe actinosts
- 5 :
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Table C.3 contmued . ,' L ‘ ’

G HP =J25(0)Actinosts not elongate ' o ‘ .
- SIHPD #J30(1)Third actinosts attached to coraconds , L : S
G - - %K 5(0)Pelvic plates lack anteromedial flanges =~ v ; '
G D #K 12(1)Pelvics are thoracic: :
-G . P #K13(1Pelvic fins articulate with ventral pro ;ectnons from the pelv:c plates

. #K15(1)Pelvic plates bear overlapping medial processes

GS PD K18 Anterior processes make up less than 8 % of pelvic plates lengths
G - L 3(1)Soft dorsal with anterior spmes y .
G - #L9(1)Anal spinous : ‘ ?
GSIHPD »L 15(1)Proximal anal pterygiophores bear flange :
GSI DL21:2 or more dorsal spines o ‘
GSIHP  #M 9(1)Precaudal neural arches are pnerced by lataral foramma L ,
GSIHPD* M15(0)Epineurals absent - .
~ GSI PD M27Fewer than 50 vertebrae : .

~GSI PD M30 Fewar than 25 pleural ribs - o S
© * GSIHPD #N12(0)Preural centrum #2 does not bear an autogenous neural spnne
-~ .GSIHP N14(O)Lower hypurals are nat sqparated from ane another oy

‘ : : Perco sis (Paracanthoptorygll)
H - A12( 1)Medsan ethmord megla[ plate reduced - - 0 S
S P A23 Snout iangth more than 40% of head Iength @ P
GSIH B 12(0)Basisphenoid absent . , Tas L
GSIHP B 18(0)Sclerotic rings absent . S
E 15( 1)Palatines larger than ectoptery onds ' o
vl #F22(1)Symplectics bear posterodorsal laminae
| #F23(1)Symplectics bear posteroventral lamipae

83

SHP #H 4(1)Ventral hypohyals overlap ceratohyais . .9 = = = S
- .»#H11(1)Ceratohyals with toothplates _ ' : : L
'*H13(1)Epthyals with toothplates ’ . AN AR
#|'5(1)Ventral toothplate behind last basnbranchual R [ N

PD 135(Q)Third pharyngobranchials lack anterior cylmdrucal processes v "k

GS P #J172(HWCoracoid fans incisea - _ : e
: P. #K18 Snout to pelvic base 45% standard length ‘ A
GS. PD K 19 Anterior processes make. up less than 70% of pelwc plates Iengths o
GS! PD L 6(0IFirst dorsal element not supported by a pterygiophore complex ‘ ‘
G | D #L13(0)Proximal dorsal pterygrophores not cylindrical :
. ..M29 2 epipleural Ribs .

GSIHP N18Caudal fin length Iess than 20% of. standard length

: Acanthoptorygn
S #B 4(1)Frontals reach near posterior end of skull
~ 'HPD F19( ¥iSymplsctics bear central laminae "
GS HP  #H 5(0)Ceratohyals not expanded at anterior end :
HPD-#H17(1)Urohyal with ventrolateral flanges’ i '
.aGglFiPD #{14(0)HMypobranchials lagk-toothplatas
1 PD #J 5(0)Posttemporalsiack anterbventral processes
GS! PD #K10(0)Pelvic actinosts absent’ - .
#.14(1)Pelvic plates bear anteromedial spurs -
GSI PD'K 17 -Fewer than 8 pelvic rays
- D#L 1(1)Anterior spinous dorsal .
GSIHPD #L12(1)Proximal and medial pteryglophores fused
G D L21 6 or more.dorsal spines
GS! ' D.#L23First dorsal spine less than 19% ot-standard Iangth
GSIH D L27 Anal base more than 10% of standard length . _ .
: .GSI PD M28 Fewer than 50% of vertebrae are precaudal
‘SIHPD N 5{0lUroneural not autogenous
SI PD #N 6(1)Uroneural, if distinct, supports prnncspal caudal rays

o



Table Cl.3 continued - *
‘ Atherinomorpha
P A11(0)Median ethmoid lacks lateral faces
SIH B 9(0)Suborbital rm?s incomplete
GSH  C 3({1)Supraoccipital with anterior wedge-hke process
Sl C 4(0)Parietals absent
D C12 Supraoccipital more than 36% of head length
S HPD D 2(1)Parasphencid expanded batween ethmoids
- D10(1)Exoccipitals with second ventral foramma
Sl PD D14(0)Intercalaries absent
H D D18 Parasphenoid 59-70% of head Iength g
SIH  #E 3(0)Premaxillae lack articular processes
H. «E 9(1)Maxillary hooks present =~ -
. G H D «E26Palatines 11-26% of head iength -
| D F S(0)Articylars lack elevated coronoid processes
G HPD »G 3(0)Opertula lack distinct condylar struts
G 14{1)Subopercula ventral laminae expanded

G
6

"~ G IH D G18(0)Opercula lack distinct anteromarginal struts

GSIHPD H 3(1)Dorsal hyophals overlap ceratohyals
#H 7(1)Ceratohyals attached to epihyals by dor'sal struts orngmatnng on epohyals
GS HPD #I2 1(0)Fourth ceratobranchials without tbothplates
, I3.1(1)interarcual cartilages present
- GSH  J21(0)Scapular foramina ovoid - , _ L
: #J23(0)Scapulae do not bear rays : :
'G | P «#J39Pectoral base - pelvic base 8-20% of standard length Y
G ~ %K 8(1)Pelvic plates bear ascending processes -
Sl #K 9{0)Pelvic plates lack posteromedial processes , ]
D L 4(0)No supraneurals before dorsal : o S (
‘GS D #L20 7-11 dorsal rays > ‘ ¥ < R
HP. #L22Snout - first dorsal eiement 45 76% of standard iength : .
i #L26Snout - first anal element 45-60% of standard length
4  t27 Anal base 18542% of standard length . ~
*M 5(1)Neural spines of the first four vertebra are dlstglly expanded
'S4 M2740-43 vertebrae . S '
- GSHP M34First vertebra/ middle vertebra .9 1 2
SIH  #M35Last vertsbra/middle vertebra .85
GSIHPD N 3(0)Second yroneural: absent T
GSIHP - N 8(0)Parhypural not autogenous '
GSIHPD N13(O)Upper hypurals are not separate from one another

e

' Percomorpha >
*C 5(1)Epiotic posterior processes present
H- D #E 4{1)Premaxillae bear postmaxillary processes
D #»G 6(1)Preopercuia are armed
I ' G12(1)Opgrcula are armed L.
. #H 1{0)Glossohyal not cylindric -
- SIHP *I26(O)Second epibranchials la%cmate processes
G . D J38Pectoral base - pelvic base leas than 7% of standard Iength
G ' PD K 7(1)Pglvic plates are-joined by medial suture .
_GSI PD L 6(0) First dorsal element supportgd by a smgle pteryguophore
SH #L20 12 or more dorsal rays v
G L21 11 of more dorsal spines
L22 Spout to first dorsal element less than 43%
# 25 3-4 Anal spines .
G D M30 8-11 pleural ribs . : "

L . ) 3

Holocentrus (Beryciformes)
H  A12(1)Median ethmoid medial plate reduced
PD A 19(1)Vomer head connects lateral ethmoids _
#A24 Median ethmoid more than 30% of head length
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Table CI.3 continued
*B20 Frontal more than 62% of head length
Sl C 4(O)Parieta és absent
Si *D 9(0)Exoctlpitals lack lateral foramina
GSI PD D.lg(O)Basloccnpltal nd¥ bowed ventrally
I - ,D17(0)Prootics do not reach margin of postorbital foramen
- #D 18 Parasphenoid more than 80% of head length
GS P E 7(1)Maxillae with palatine articular facets -
iH D E22(1)Ectopterygoids with long anterior processes
G P F 8(0)Articulars lack subdentary processes
S . #F24(0)Hyomandibular cranial condyles are not separate”
| *G 8(1)interopercula expanded anteriorly
IHPD G16/0)Subopercula posterior limbs dd not reach the posterior marglns of the
: opercula
G HPD H19(1)Urohyal blade posteriorly incised
#|15(1)Hypobranchials with teeth
HPD 137(0)Fourth pharyngobranchials absent
S #J 1(0)Posttemporals lack cylindrigal median struts
I P "J 3(1)Posttemporals resemble latBFal scutes or scales
PD »J 4(0)Posttemporals lack anterodorsal processes
- #J 8(1)Second supracieithra present
- DK16(1)Petvic plates are pierced by lateral foramina '
L 18(0)Soft dorsal not supported anteriorly by precaudal vertebrae
. *M6(1)Precaudal vertebra bear autogenous neural arches
SH = M1S(1)Posterior transverse processes are present
G I'P '#M21(1)Haemal arches are pierced by lateral foramina
: *M31 Body depth more than 35% of standard length

G

e (Porclformes + Scorpasniformes)
- SIH-D B16(0) k distinct medial postorbital processes
SIHP -B18(0) gs absent -
*D 6(1)Pr ‘with separate ventral foramina for Vill nerve
G%IH D M 10(0)Cleithra lack posterormedial ‘extensions to ~oracsitis
*J38Pectoral fin length 10-17% of stahdard iength

D J39 Distance between pectoral and pelvnc fin bases Iess than 3% of standard

length ~ . " Gt (P B
G D =1 1(1)Pelvic and pectoral g:r&'les touch each other
!4
v ~ Scorpaeniformes

GSI PD »A 2(1 )Lateral ethmoids with broad lateral faces
| PD-#A 3(1)Lateral ethmoids extend posteriorly onto orbit roofs
P %A 5(1)Median éthmoid with ventral transverse flange
SH A 7(l)Lateral ethmoid medial projections fused. .

P #A15(1)Median ethmoid touches lateral ethmoids
D #A23 Snout less than 25% ofhead length
D AQ5 Vomer less than 27% of head length ‘ :

N

=3

G IHPD »B ¥(Q)Frontals do not reach near pesterior end of skul
PD #B10(1)Suborbital stays present
GSiH  B17(0)Dermosphenotics lack infraorbitgl canals ,
Gi P #8189 Orbit length less than 25%. of head\eingth ' L~
P #B20 Frontal length less.than 40% of head length
GSI PD*C1 O(D)Extrascapulars absent . , - N
€12 Supraoccipital 10-12% of head length
S HPD D 2(1)Parasphencid expanded between ethmo:ds , ¢
SI. PD D 14(0)intercalaries absent .. : .
G DD 18 Parasphenoid 62-68% of head length :
~ E15{1)Palatines larger than ectopterygoids
| PD #G17(0)Posterior limbs of subopercula do not closely follow opercular margins
GSIHPD H 3(1)Dorsal hyophals overiap ceratohyals -
I D *l12(1)Hypobranchla|s wnth anterior processes
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*Table Cl.3 continued

"SI ©D #l 6(0iBasibranchial #1 fot deep Ly

Vel oy
)
0

PD I135(0)Third pharyn obranchuals wuthout anterior cylindrical processes
J12(1)Cléithra shafts with ventral expansion into symphyseal plate .
P #J19(0)Scapular foramina incomplete , -
G IHPD #J27(0)Actinosts not constricted centrally
D #J38 Pectoral fin length more than 25% of standard length
I D #K18 Snout - pelvic base 26-38% of standard length
Sl P K19Anterior processes make up 80- 92% of pelvic plate lengths
SIHPD L 3{0)Soft dorsal without anterior spines
D L 4(0)No supraneurals before dorsal. .
S HPD M289 0-5 epipleural ribs
GSIHPD N 3(0)Second uroneural absent ’ .
G H_  #N 6(0)lUroneural, if distinct.does not support prmclpal caudal rays '
GSIHP N 8(0)Parhypural not autogenous ,
GSIHPD N 13(0)Upper hypurals not separate from one gnother
S HPD N20 Hypural comptex/ caudal vertebra length ess than 2

Scorpnnoudal ,
*A10( 1)Vomer with dorsal projections over parasphenoud
P A11(0)Median ethmoid lacks lateral faces
SHPD #B 3(0)Frontals lack lateral postorbital processes
1 PD #G 7(0)interopercula do not extend full length of preopercula
#K20 Peivic plate length more than 15% of standard length

, Cottoidei - SR )2

GSi B1 2(0)Basnsphen§|d absent - . : L

| PD B13(0)Posterior myodome absent ) ae R
GSIHP  »D 8(0)Prootics lack accessory anterior foramina
G | D 17(0)Prootics do not reach the margin of the postorbntal foramen Yo
GSIHPD #%32(0)First pharyngobranchials absent . L - :

‘HPD 137(0)Fourth pharyngobranchials absent ' A T

D.»J 9(0)Cleithra without distinct heads -
G | P K17 2-3 pelvic rays
© S P #K20 Pelvic piate length iess than 10% of standard length
SIHPD L S(0)Anal not spinous

"G D L21 6-8 dorsal spines

. #M 2(0)First vertebra does not bear a compiete neural arch _
G IHPD *N 7(O)Parhypura| not separate from hypurals : )

W
- . Cottus

H  ®A 2(0) Lateral ethmoids with narrow lateral edges

H  A12(1)Median ethmoid medial plate reduced

I = «B 2(0)Frontals lack mental cross-canals , :
SIH B 9(0)Suborbital rings incomplete : .

H  C 3(1)Supraoccipital with anterior wedge-like process

G HP «D 5(0)Trigeminofacialis anterior foramina incomplete

S *D 7(0)Prootics and exoccipitals do not meet

S #D 15(0)Prootics do not contact basioccipital , .
»E 5(1)Maxillae with forked dorsal articular heads B
GSIHPD E 14(0)Palatines-toothless - T YR
G - #E 17(1)Palatife hedds bear lateral ro' ction ¢ L

G *E20( 1)Ectopterygoids.lie alopg.do
- H DE2211)EctoptarygoadsAmth o
+G P - #E23(0)Separate endopter
S) . F12(0)Angulars are not cylindri€ : : Sl » |
"HPD F 19(1)Symplectics bear centgal lam > AT - L S
GS HPD G 5(0)Posterior borders of eoperc aare’ or 'serfe RN
" GS HRD. G 12(0)0pércula are not armed, - BN

. . . <7
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Table C!.3 continued S
GSIHP I 7(0)Basibranchials lack lateral flanges

D #i11(0iHypobranchials not cylindrical’ ot
GSIHPD 129(0)Epibranchials lack toothplates . . | .
| P J 3(1)Posttemporals resernble lateral scutes or scales

| P #J20(1)Scapulae reduced to the size of
G IHP *J32(0)First postcleithraabsent = -

# 14(0)Proximal dorsal pterygioph

~ #L15(0)Proximal anal pterygiophore

GS! PD QQI:l(O)First uroneural not separate

' Asterotheca g ] o
| PD A 6(1)Lateral ethmoid medial prcjedli#hs fused
H  »A 8(1)Ventromedial projections il posterior processes

P »A 9(1)Ventromedial proje‘ctiow'vd posteridriy into orbit
|

G I #B20Frontal more than 50% o ‘length
#C 1(0)Supraoccipital without | dorsal plate
D C 2(0)Supraoccipital crest absent ,
C 12 Supraoccipital less than 11% of head length .
GSH D D13(})Length of basioccipital greater than its-width
S| P «E 4{0)Premaxillae lack postmaxillary processes ™.
IHP F15(0)Quadrates lack fanlike bodies _
IH  F17(1)Quadrates extend anterodorsally . :
P #G19(1)Preopercula bend medially to form the fioors of the branchial chambers
G IHPD H19(1)Urohyal blade posteriorly incised o -
. GSIHPD #119(0)Third ceratobranchials without toothplates
IHP 125(0JFirst epibranchials without uncinate processes
| P . %i33(0)Second pharyngobranchials absent B
| P #J24(1)Scapulae and first actinosts fused
H  J35(1)Fourth actinosts fused to coracoids
G PDK 7(1)Pelvic plates are joined by medial suture

QK 16(1)Pelvic plates are pierced by lateral foramina v
S P K19 Anterior processes make up more than 90% of pelvic piate lengths
G 1! » 16(0)Central pterygiophores flattened dor;oven‘tijally
G | Bl 17(1)Distal and medial pterygiophores fused \
S L 18(0)Soft dorsal not supportad anteriorly by precaudal vertebrae

-GS L 19(0)Anal not supported anteriorly by precaudal vertebrae
o {20 6 dorsal rays .
SIHPD #M 14(0Epipleural ribs are absent » /
. SIHPD M2SNo epipleural ribs '
. BSIHP N10(0)Epural #3 absert

GSIHP #N11(1)Preural centrum #2 bears a full neural spine
 GSjP N 18 Caudal fin length less than 15% of standard length

. .
4

o

Perciformes
_GSIHP A23 Snout more than 34% of head length
P B14(1)Dermogphenoctics bear lateral canals -
G C 12 SupraocBipital 28-37% of head length
G P D18 Parasphenoid 70-76% of head length A ‘ '
' E25(1)Supramaxillae present ‘ : _
G - P :F 8(0)Articulars lack subdentary processes
| _DF 9(0)Articulars lack elevated coronoid processes .

: 5 St - J13(1)Cleithra with posterolateral laminae over scapular foramina

TN #6(1)Coracoids with:posterior extensions past actinosts
? M. D wJ25(DActinosts elongate” " LA ’
© GSIHP L 1{0O)Noseparate anterior spinous dorsal :
GS L 19(0)Anal not supported anteriorly by precaudal vertebrae’
SIHP L210-5 or 14-16 dorsal spines :
GS! ©D M28 Fewer than 50% of vertebrae are precaudal
" .. - M29 12-45 epipleural ribs e ,
. -~ - > 4
» . ‘ \

3

L g W
"y sy }”:‘5‘ :
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Table cl.3 continued. -
w «p P

M34 Furst vertebra/mlddle vertebra .96-1.14 -

.

| Ammodytes

1 PD A 3(1)Latera| sthmoids extend posteriorly onto orbit roof
‘@SIHPD A 16(0)Vomer head toothiess

GS H
GSIH

#A25 Vomer more than 34% of head length
B 9(0)Suborbital rings incompiete
#B 15(0)Dermosphenotics not attached to sphenotncs

D C 2(0)Supraoccipital crest absent

H

#D 19 Head length less than 20% of standard length

GSIHPD E 14(0)Palatines toothiess

I
G

P
G

G P
GS AP

GSIHP

E 15(1)Palatines larger than ectopterygoids .

lwE 19(0)Ectopterygoids do not lie along anterior borders of the quadrates

E20(1)Ectopterygoids lie along dorsal borders of quadrates
#F 1(0)Dentaries toothiess

D »F 2(1)Dentaries with anterolateral foramina

#F 4(1)Dentaries touch angulars

#F 6(1)Dentaries with anterodorsal struts

F 9(1)Articulars bear elevated coronoid processes

»F 10(1)Sesamoid articulars are present
F12(0)Angulars are not conlcal _
F 15(0)Quadrates lack fanlike b’

»F 16(1)Quadrate shafts make uover half their Iengths
F17(1)Quadrates extege anterodorsally

#*(G 6(0)Preopercula are not armed

GSIHPD #G10(0)Posterior margins of opercula are not pointed
GS HPD G12(0)Opercula are not armed  »

G 14(1)Subopercula ventral laminae are expanded
»G 15(1)Subopercula ventral laminae are lobed

GSIHPD »117(0)Firstceratobranchials lack toothplates

. H
HP

#|24(0)Fifth ceratobranchials not expanded lateraily
125(0)First epibranchials lack uncinate processes

GSlHPD 129(0)Epibranchials lack toothplates

p
SiH
H
H

»J11(0)Cleithra lack anterior symphysis

J12(1)Cleithra shafts with ventral expansion into symphysea plate

»J14(0)Coracoid shafts do not reach cleithra

»K 2(0)Pelvic spines absent o -
K17 No pelvic rays

#K20 Peivic piates 0% of standard Iength

« SIHPD L 3(0)Soft dorsal without anterior spines

D L 4(0INo supraneurals before dorsal

*

SIHPD L 8(0)Anal not spinous

H

»L.1 1(1)First anal pterygndphore extends ‘dorsally between ribs

IHPD L 19(1)Anal supported anteriorily by precaudal vertebrae

P

0w v 0n
ITIT I IX

S

L20 More than 17 dorsal rays

#.2 1 No dorsal spines

L22 Snout to first dorsal elemant less than.30% of) standard length
# 24 More than 13 anairays

L26 Snout to anal base less than,30% of stangard length
M19(1)Posterior transverse pfocesses are present
M27 More than"40 vertebrae

#M28 More than 53% of verta ev are precaudal

M28 More than 40 epipleural

*M30 More than 35 pleural rlbs

#M3 1Body depth 10% of standard length

PD »M35 Last caudal vertebra length/ middie vertebra length > 1
SIHPD N 5(0)Uroneural not autogenaus

GSIHP
GSIHP
GSIHP

N 8(0)Parhypural not autogenaus ‘ .
N 10(0)Epural #3 absent
N14(OiLower hypurals are not separate from one another

360
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'Table Cl.3 continued

G H

--§:\

N18 Caudal fin length less than 10% of standard length
P N20 Hypural complex/caudal vertebra 1.2
. / '
I
(.
\\ .
‘. '
-
Y X ’
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Table Cl 7 : Secondary’ Weighting: Framework group apomorphies not lppnring in
any other framework groups examined,

with the study groups in which they occur and the character numbers, states, ahd
descriptions.

[y

Saurida (Aulopiformes)

IHP %M 10(0)Preneurapophyses absent

3

: (Percopsis + Acanthoptarygu)
SH «A 3(O)Lateral ethmoids do not extend posterioriy onto orbit roof
GSIHP  #A23 Snout length more than 25% of head length
.-H  »C 8(1)Dermopterotics overlap over half of sphenotics
GSIHPD #C 1 1(0)Supraoccipital and frontals not separated
D #D 8(1)Prootics wijth accessory anterior foramena).
SIH  D11(1)Exoccipital condyles presént
S HPD #D 17(1)Prootics reach margin of postorbital foramen
GS- PD %D 19 Head length more than 22% standard length
GSH D D#E 2t1)Premaxillae bear ascending process
. D#E10(1)Dorsal and ventral maxilla articular heads connected posteriorly
GS HPD #F 3(1)Dentaries have elevated coronoid processes
H D #F18(1)Quadrates have distinct shafts
GS HPD #F27(0)Quadrates articulate with lower jaws in front of the orbits
GS HPD #G 1(1)Preopercula have dorsal and ventral arms
I *G 5(1)Posterior borders of preopercula are incised or serrated
GSIHPD #H 2(0)Glossohyal toothiess
G IH D #H12(1)Epihyals triangular
GSIHPD # 4(0)Basibranchials lack toothpiates or teeth
H =l 6(1)Basibranchial #1 deep
D # 7(1)Basibranchials with iateral flanges
I PD #124(1)rifth ceratdbranchials expanded iaterally -
H  %J22(1)Scapula posterior borders notched to recelve actinosts
HP #J25(0)Actinosts not elongate .
SIHPD *J30(1)Third actinosts attached to coracoids

D #K12(1)Pelvics are thoracic
P #K13(1)Pelvic fins articulate with ventral pro jections from the pelvnc plates
#K 15(1)Pelvic plates bear overlapping media! processes

G
G
G
G #K 5(0)Pelvic plates lack anteromedial flanges
G .
G
G

"~ #L 3(1)Soft dorsal with anterior spines’
G #_ 9(1)Anal spinous
GSIHPD #L 15(1)Proximal anal pterygnophores bear flanges
GSIHP  #M S(1)Precaudal neural arches are pierced by Iateral foramnna
GSIHPD #M 15(0)Epineurals absent -
GSIHPD #N 12(0)Preural centrum #2 does not bear an autogenous neural spine

Percopsis (Paracanthopterygii)

E B(1)Palatines larger than ectopier‘yg'ouds
SHP #H &(1)Ventral hypohyals overlap ceratohyals
P #K18 Snout to pelvic base 45% standard length

: Acanthopterygii -
S #B 4(1)Frontals reach near posterior end of skull
GSHP =H 5(0iCeratohyais not expanded at anterior end .
G HPD »#H17(1)Urohyal with ventrolateral flanges

GSIHPD #114(0)Hypobranchials lack toothplates
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Table Cl.7 continued
| PD «J 5(0)Posttemporals lack anteroventral processes
GS! PD #K 10({0)Pelvic actinosts absent
PD #K 14(1)Pelvic plates bear anteromedial spurs

D L 1{1)Anterior spinous dorsal
GSIHPD »L 12(1)Proximal and medial ptery%ophores fused
GS!I D #L23First dorsal spine less than 19% of standard length

Si PD #N 6(1)Uroneural, |f distinct, supports prmcnpal caudal rays

, Atherinomorpha
GSIH  «E 3(0)Premaxillae lack articular processes
H  #E 9(1)Maxillary hooks present :
G IHPD »G 3(0)Operculalack distinct condylar struts
G #K 8(1)Pelvic plates bear ascending processes

Percomorpha
H D *E 4(1)Premaxillae bear postmaxillary processes
D *G 6(1)Preopercula are armed .

Holocentrus (Beryciformes)
LD *J 4(0)Posttemporals lack antarodorsal processes

(Perciformes + Scorpaeniformes):
G D *K 11(1)Pelvic and pectoral girdies touch each other

Scorpaeniformes
GSI PD #A 2(1)Lateral ethmoids with broad lateral faces
P A 5(1)Median ethmoid with ventral transverse flange -
PD #B 10(1)Suborbitals reach proepercula
I D #12(1)Hypobranchials with anterior processes
P ®J19(0)Scapular foramina incomplete :
D #J38 Pectoral fin Iength more than 25% of standard length

Scorpaenoidei

No distinguishing synapomorphies

" Cottoidei

No distinguishing synepomorphies

-

Cottus .

G IHP #D 5(0)Trigeminofacialis anterior foramina incomplete
G "#E 17(1)Palatine heads bear lateral projections
G IHP *E23(0)Separate endopterygoids absent .
G D« 11(0Hypobranchials not cylindrical

& .
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Table Cl.7 continued
GS1 PD #N 4(0O)First uroneural not separate from the hypurals

Astorothoca \

P #A 9(1)Ventromedial projections extend posteriorly into orbit
"1 P #33(0)Second pharyngobranchials absent .
G | Dw#L17(1)Distal and medial pterygiophores fused

Perciformes ' o

No distinguishing synapomorphies

AN i . Ammodytes

1 #E lg(kctopterygmds do not lie along anterior borders of the quadrates
P #F 1(0)Dentaries toothless _
G P #F 4{1)Dentaries touch angulars
S #F 16(1)Quadrate shafts make up over half their lengths
| #J11(0)Cleithra lack anterior symphysis' '
H ~ #K20 Pelvic plates 0% of standard iength
S #M3 1Body depth 10% of standard length
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Table C1.8 : Tertiary Weighting: Apomorphies nppeiring in other framework taxa not
sxamined '

With the character number and state, the taxon from which it is reported, and the
reference

Apomorphies distinguishing' (Percopsis + Acanthopterygil)

E2(1 Characoidei | Roberts, 1874

F27 (0) . Characoidei Roberts, 1974
G1(1) Sternoptychidae Woeitzman, 1974
H12 (1) Sternoptychidae : Weitzman, 1874
K12 (1) Pantodon Nelson, 1971
N12{0) Sternoptychidae : Weitzman, 1974
and Characoidei, . s, ' Rbberts, 1974

E 1 gyt
. AR o

G310 ,Sternop_tychidae' | Weitzman, 1974
Apomorphies distinguishing Percomorpha

G6l Sfernobtychidae Weitzman, 1974.
Apomorphie§ distinguishing Scorpaeniformes

A2(1) Doradidae Eigenmann, 1925
B10 (1) Anabantidae Liem, 1963

Apomorphies distinguishing Ammodytes

K200 many other groups Nelson, 1871
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Perciformes
<
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&= Scorpaeni formes
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Atherihomorpﬁa;*
Paracanthopterygii
. , |
Myctoppiformes
Aulopiformes

Stomiiformes

i
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Cenera1‘Cladogram o

f Neoteleostei "

Figure C1.1

1982)

(modified from Lauder and‘Lieﬁ,
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r— Ammﬁdztes .
exapterus

Perca flavescens

Plectroplites
' ambiguus

PERCIFORMES

Percalates
.. novaemaculatus
pr——

Asterotheca = -
‘———‘——agzscana

Cottus cognatus

Prionotus carolinus

SCORPAENIFORMES

Sebastes‘fiavidgg

e

Holocentrus’,
laetoguttatus

B Fundulus sp.

Melanotaenia
nigrans .

Allanetta

ATHERINOMORPHA

harringtonensis

Percopsis

omiscomaycus

Saurida tumbil

T

Diplophos tdenia

Diplophos maderensis

"NODE CD

)

{ NODE SC

YNODE E-

ONODE D

NODE C

Framework

NODE B

Figure C1.2
groups examined

NODE A
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Figure Cl1.4 : The consistent synapomorphyvcgiggximn; S
. _ . T e e
’ : NN o
13

Rl

@

f.a study group has state (1), this will be a: synapomorphy
dir ctly supportlng its placement attachg% to internode - 1
synapomorphy will be consistent w1th the study group s .
placement attached to internodes-1-5. Iﬁ ‘will not be con51stent

with the study group s placement within Percomorpha.
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’

*

Primary Study Group Secondary Study Group Sister Group

Figure Cl.5 : Comparing study groups  * -

The primary study group is united with the
> : sister group via ancestor A. The consequences
of forming a group containing the primary and

. x .
- secondary study groups on the cladogram are:

Number of synapomorphies (S) = steps on internode B
Rooting internode length = steps on ‘internode C

The rooting internode length of the reciprocal comparison gives the

number of steps on internode D



Figure C1.6 : Within-Gasterosteiformes Wagner trees
A. Rooted at NODE A, least advanced introduced first
B. Rooted at NODE A, most advanced introduced first
C. Rooted at NODE B, least advanced introduced first,
rooted at NODE C, most advanced introduced first,
~and Wagner analysis of complete data set (PHYSYS)
D. Rooted at NODE B, most advanced introduced first

E. Rooted at NODE C, least advanced introduced first

F. Rooted at NODE D, least advanced introduced first

9

[N

R #Y ‘}xg’a .
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c p A G S AULI AULO S ‘A G C P AULI AULO

B

76 steps

. 72 steps

G s A P C AULI AULO G.A R c S AylLl  AULO

[)_

73 steps:

C

(,
G C A S PAWL A A G C P S AUl AuLO

E

81 steps 74 steps



J

Figure (1.7

‘bmost advanced introduced first
tg. % rootings, except NODE D,
whenever Culaeca 23 d Sglnachla are introduced
tegether.

J. Rooted at NODE SC, least advanced introduced first:

K. Rooted at NODE SC, most advanced introduced first

L. Generated by Wagner analysis of complete data set
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A C P G S AULY AULO A P G C S AULI  AULO

79 steps , 75 steps

C P S A G AULI  AULO .C P G A S AULI  AULO

M steps

C P G a2 g oAUl ALLO G S C P A AUl AUO

K

78 steps

L

78 steps
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M AEOL F AULO SOL HIP SYU SYO

156 steps

F AULO M AEOL SOL HIP SYU SYO

M - Macrorhamphosus gracilis

AEOL - Aeoliscus strigatus

F - Fistularia tabacaria

AULQO. - Aulostomus maculatus and

A. chinensis

SOL - Solenostomus paradoxus

HIP - Hippocampus hippocampus

SYU - Syngnathus griseolineatus

SYO - Syngnathoides biaculeatus

Figure Cl. 8 : Within-Syngnathiformes Wagner trees

A. Rooted at NODE A, least advanced ETU introduced flrst
Rooted at NODE C, both orders of introduction,
Rooted at NODE D, most.advanced ETU introduced first,

and Rooted at NODE E, most advanced ETU introdiyced first

B. Rooted at NODE A, most advanced ETU introduded first,
Rooted at NODE B, both orders of 1ntroduct10n
Rooted .at NODE D, least advanced ETU introduced first,
Rooted at NODE E, least advanced ETU introduced first,
Rooted at NODE SC, both orders of introduction,

and Wagner analyses of complete data set (PHYSYS)
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226 steps

22 steps

Figure C1.9

Cottoidei

Study group

‘Wagner trees, rooted at
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Stens

Figure C1.10 : Study group

Wagner trees, rooted at Ammodytidae

249 stens
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Goos o

13 chars

15 chars 29 chars

v

Figure Cl.11 : Clique analyses of study groups, rooted at Cottoidei



26 chars ' - 27 chars

21 chars - 25 chars -.

Figure C1.12 : Clique analyses of study groups, rooted at

Ammodytidae

388
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A B ' ¢ n ’ ' B
00000 00000~ . 11000 11001 00110

11000

ngufe €1.13 : Comparison of synapomorphy and‘parsimony criteria
A study group identical to C would be equidigfant from internodes 1-5
Total éynapomorphy counts’(S) would place it ‘with CDE

Consistent syhapomqrphies would place.iﬁ with C, D, or E
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Gy ) | Cot (1) [ lS(O) Cot (1)

Wigner method - Pegasus (P) is. placed by comparison with each
previously hypothesized internode ; its pl.cement with either

G or S would involve a reversal.

Gon S Cot(1) . s(0) . D) Cot(1)

(1)

NODE SC. (1) NODE SC (1)

%%@My method - study groups are considered separately ; Pegasus -

-may be placed with either without a homoplasy.

Figure 'C1.14 : Differences between the traditional Wagner method for
estimating distances between study groups, and the method used in

_this thesis
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Indostomus ' - ' _

Pegasus

Dactylopterus

Syngnathus

Syngnathoides

Hippocampus

Figure Cl. 15: Majority Consensus

cladogram of Gasterosteiformes

Solenostomus

Al

s,
Aulostomus
Fistularia

Ma&rorhamphosus

Aeoliscus

Hypoptychus

Aulorhynchus,_ - . .. .

Aulichthys

Spinachia

Apeltes

.

Gasterosteus

Pungitius

Cﬁlaea
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L. Evolutionary or Synthetic Systematics

Introduct|on _ -
" Evolutionary and phylogenetb“systematlcs ‘both base phylogeny reconstructlon on
the analysrs of synapomorphy distribution’patterns. Classical evolutlonary systematrc
‘ analyses as explamed by IVlayr (1969) however recognlze two knnds of information which
have not yet been integrated mto phy|ogenetrc systematics as descrlbed in the prewous
saction. These are the information about relationships contamed in paraIIeI apomorphles
or 'apomorphic tendencies’ and the information about the amount of genetic change
“hypothesized to accompanjy different kinds of character state changes which is contained
bin a priori weighting. ' |
’ Apomorphic tendencies-are apomorphies which a'p'pear‘in a few members of a |
group, but not at its basal node. The common. ancestor is not hypothesrzed to have
' possessed the apomorphy in question, but to have possessed a genome which could
readrly evolve into the apomorphy ‘ |
~ The mclusuon of these apomorphres in phylogenetlc systematlcs is under debate ¢
Th‘e arguments in favor of their mclusnon draw on the idea that use of such apomorphles is
a practical necessity, particularly in higher-level systematics {Cantino, 1982; Saether,
1983). Those against their use point out that diagnosing a group by synapomorphies which
. are present in only a minority of its members reduces the amount of c':orreot information
about group members contained in the classlflcatlon (Rasmussen, 1983). |
' A pr/or/ wenghtmg according to hypotheses about the relatlve amounts of genetlc '
v:change needed to produce different types of apomorphles is one of the basic methods of
evolutaonary systematrcs (Mayr, 1969). It can be lnterpreted either as an attempt to infer
genetic similarity from synapomorphy dlstrlbutlons or as an attempt to determine the
probability of different apomorphles independent appearance. While some
phylogenetumsts have advocated a pr/or/ weighting on the latter grounds {Hecht and
Edwards, 1976' Gosliner and Ghiselin, 1984), it has not yet been incorporated into the
. school of- phylogenetrcs outlined by Wiley (1881), E|dredge and Cracraft (1980), and the
others cited ln the previous sectlon Statements crmcxsmg the use of a pr/or/ welghtrng

appear in the writings of phylogenetncrsts (see Henmg 1966:1 19 120; Gaffney

1
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1979: 100; Eldredge and Cracraft, 1980:66-67). | therefore view its use as a convention
still distinguishing evolutiona‘ry phylogeny reconstruction from phylogenetic analysis.

By my definition an evolutionary analysis for the purpose of phylogeny
reconstruction is an analysis of synapomorphy distribution in which apomo'rphic . -
tendencies are considered and all apomorphies, are given weights according to the
supposed amount of genetic change they represent Since both of these potential sources
of phylogenetic information are being dlscussed by humericat phylogenetncusts the
distinction |-draw here between the two schools will probably prove to: be ephemeral

“The more obvious dafferences between evolutionary and phylogenetic systematlcs

o lle in the conventions by which a phylogeny once reconstructed, is expressed in a

cIassuflcatlon Evolutnonary systematnsts attempt to express information about both

genealogy and similarity in the final classxflcatlon. To this end they commonly remove a

highly derived member of a monophyletic group into its own distinct taxon, leaving its

' primitive relatives in a separate paraphyletic taxon, one which contains some but not all of

the descendants of a single ancestral species. They may \also use distinctiveness

measurements such as the number or hypothesized ‘genetic significance of a taxon's

dustlngmshmg character states to determine its taxonomnc rank.
Evolutlonary systematlcs then, IS dustnngunshed from phylogenetics by its attempts
through character weighting and a more flexible approach to delxneatmg and rankmg taxa

(l e.: recognizing paraphyletlc taxa), to mclude lnformatnon on unexpressed and prnmltnve

-genetic ,snmllarntles in a classification rather than restrictingitto a summary of the

distributions of apomorphies and/orlphylogenetic’relationshlps.

Methods o ,_ ' —

Evolutionary systematlc analyses were performed in the same mahner as

'phylogenetlc analyses except for the inclusion of apomorphlc tendencies and the

apphcatlon of a priori weighting.

Apomorphic Tendencies
Apomorphlc tendencies are those apomorphles that appear in some
members of a taxon, but not at its basal node. Thenr recognmon introduces an

element of vagueness into the analys:s for the apomorphies arising along internodes

*

s .
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ieading to Cottus, Asterotheca, Cottoidei, and Scorpaenoidei may be viewed as,

expressions of "apomorphic tendencies characterizing Scorpaeniformes. in addition,
apomorphies appearlng along the mternode leading to Ammodytes may be viewed as
the expressnons of percnform apomorphlc tendencies.

Within framework.groups, an apomorphy that appears in two places may be
viewed eithf as an e'xpression of an apomorphic tendency or as an example of
convergent evolution. The latter is usually invoked when an apomorphy appears in
" two organisms whose close relatives are not closely rélated to each other,
‘particularly wnen the a\pomorphy in question can be identified as an adaptatien to
similar habits .or environmenits in the two species possessing it. I have been unable to
make such evaluations of the apomorphies used in this study; with few exvceptions, I
cannot make mean‘ingful statements about their adaptive values. For this reason, |
have chosen to regard all muitiple o&currences of apomorphies as expressions of
apomorphlc tendencies. '

| |dentlfy apomorph;c tendenmes usmg the framework cladogram and
optimization methods from the preoedlng section. Apomorphies that appear to have
arisen independently several times are regarded as expressions of apomorphic
‘tendencies of the smallest monophy!eiic framework group containing-all ofitheir
appearances. This means that all of the apomarphies appearing more than once are
reclassified as apomorphic tendencies,of larger groups. The data set us'.ed for
‘ 'evolu‘tionary systematics; then, »corresponds to the apomorphies remaining after
secondary phylogenetio weighting plus the n.ypothesized apomorphie tendencies.

Because apomorphies are regarded as distinguishing only those framework
groups which contain all of their appearances reversals do not appear in the lists of
apomorphues For this reason all of the synapomorphues that unite a study group
with a framework group are consistent with the study group ] relatnonshlp to all
members of that framework group \ _

"~ Apomorphic tendenmes of the study groups were identified with reference
to the within-study group cladograms presented in Figures Ev.1-2. The two families
of Gasterosteiformes are regarded as sister. groups, with Spinachia a probable

. 3 , .
intermediate between them. Two possibilities are presented for interrelationships of

i



396

syngnathiform subgroups: in one Centriscoidei is the most primitive group, and in
the other Aulostomoidei is the most primitive group (Fig. Ev.2).

Three kinds of apomorphic tendencies were distinguished in these study
groups. Type 1 were apomorphies t.hat might have been present in the common
ancestor of the group: these are those which appear in most or all of the members
of one of the subgroups arising from the basal node (Fig. Ev. 1, characters A-C; Fig.
Ev.2, characters A- B} Type 2 apomorphic tendencces appear once within the study
group (Fig. Ev. 1, character D; Fig. Ev.2, characters C-D). Type 3 apomorphuc
_tendencies appear independently in members of more than one subgroup (Fig. Ev.1,
character E; Fig. Ev.2, character E). These types of apomorphie tendencies are

indicated in the data tables by superscrivpts le.g. G, S%.

A priori Weighting

Since | know llttle about the adaptive values of the characters used, my a
priori weighting of apomorphues is primarily based on the two criteria of their
distributions and whether they represent galn or loss of a character

First, apomorphies that are present in a a majority of the members of the
groups they distinguish are given higher weight than those which are present in only
afew members, on the reasoning that since they do not appear to have undergone
much reversal in the groups they distinguish they are tikely to also persist in other
species which have inherited them from the common -ancestor. )

This means that shared apomorphic tendencies are of less weight than
apomorphies found in enough members of a group to be attributed to its ancestral
species. Among the apomorphic tendencies found in the study groups type 1 are
most hughly weighted, since these may be attributed to the ancestral species. Type 3
are given the next hlghest weught since their widespread occurrence within the
study groups indicates that they are expressions of tendencies ‘shared by all study
group members '(and, presumably, by the ancestralv species). Type 2 apomorphic

" tendencies are the least reliable, appearing only once within the study group. They
are glven the least weight, since there is little justlification for inferring a tendency of

the group from an apomorphy found in only one part of it.
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W?ighting according to whether the apomorphy represents a loss or a gain
of structures is based on the reasoning that since a large number of genetic changes
may interfere with a gene's expression, the loss of structures in two species need
not indicate that they have undergone the same genetic change. The acquisition or
modificat‘ion of acharacter, however, is more likely to be associated with a specific
change in the.genome. Acquisitions are thergfore more likely to be homologous to
one another than are losses. Apomor_phies involving the loss of characters, then, are

given less weight than those involving their acquisition.

Results

Comparison between study groups and framework groups
The apomorphies and apomorphic tendencies distinguishing framework
groups appear in Table Ev. 1, élong with the study groubs sharing them. The numbers
of synapomorphies and shared apomorphic tendencies appear in Table Ev.2.
~ Synapomorphy counts place all study groups v’vithi,n‘(Parcogsis + Acanthbpterygii)_,
Acanthopterygii, and Scorpaeniformes. Numbers of consistent sy_napomorphies and
shared apomorphic tendencies supporf relations between the study gfdups and

Cottus.

T/ Gasterosteiformes

Gasterosteiformes belong with or within (Percopsis + Acanthopterygii)
on the basis of synapomorphy counts. Only three o‘f their synapomorphies '
with (Percopsis + Acanthopterygii) and four of the apomorphic tendencies
shared by both groups are Iossels'. All four of the-apomorphies o_f

| (Percopsis + Acanthopterygii) which are found in allits members are also -
found in Gasterosteiformes. These are:
1. Exoccipital coﬁdyles .are present
2. Quadrates have»distinc't shafts
3. Pelvic fins are thoracic, articulating with ventral projections from the
pelvié plates

4.  Precaudal neural arches are pierced by lateral foramina.
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The first of these appears in only one member of Gasterosteiformes,
but the second appears in both families. The last two apomorphies appear at
the basa! node of Gasterosteiformes.

Several of the apomorphies and apomorphic tendencies of
P ercogsns + Acanthopterygu) appear in members of all its major subgroups -

Percogsm Atherinomorpha, Holocentrus Scorpaeniformes, and Percrformes

Eleven of these are also found in Gasterosteiformes. These are:

1. Supraoccipital and frontals are not separated

Head length is more than 22% of standard length

Dentaries have elevated coronoid processes

First basibranchials are deeper than succeeding basibranchials
Fifth ceratobranchials are expanded laterally

Third actibnost's are attached to coracoids

Soft dorsal has anterior spine(s)

Anal has anterior spine(s) |

Proximal anal pterygiophores have flanges

o

Orbit length is more than 30% of head length

—_
—

Frontal length is more than 40% of head length.

Al except three of these are found at the basal node of
Gasteroste|formes

: Gasterosteiformes share many fewer apomorphues with
Acanthopterygn than with (P ercogsn s+ Acanthopterygu) but share many more
apomorphic tendencres with Acanthopterygu Three of the synapomorphles
and eight of the shared apomorphlc tendencies are loss characters. None of
the remair\ing synapomorphies and shared apomorphic tendencies are present
in all the members of Acanthopterygii examined, and only three are found in all

the subgroups of Acanthopterygii. These are:

1. Urohyal has ventrolateral flanges
2. Dentaries have anterolateral foramina
3.  Pelvic plates are joined together by a median suture. \
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The first and last of these are found at the basal node of
Gasterosteiformes and the dentary anterolateral foramina have apparently
arisen at Iaast twice within Gasterosteiformes

Within Acanthopterygii, Gasterosteiformes shar‘e four or more
apomorphies and apomorphic tendencies with Scorpaeniformes,
Scorpaenoidei, and Cottus. All of the similarities with Scorpaeniformes are
apomorphic tendencies. They are:

1. Lateral ethmoids bear anterolateral extensions

2. Lateral ethmoid ventromedial projections have posterior processes

3. Central pterygiophores supporting the dorsal spines are flattened and
expanded into horizontal plates, the distal pterygiophores fused to their
.doisal surfaces

4, 'Parh‘yp‘ural does not support principal caudal rays.

The last of these is a questionable similafity, since its presence may be
due either to modifications of the caudal fin ray - parhypural relationship or to
loss of adistinct parhypural. The latter case obtains in Gasterosteiformes.

The fusion ‘of dorsal spine supportsis found in several groups of
\perciforms, but differs from that in Gaéteros;ceiformes and Asterotheca. In
Triacanthodidae and Triacanthidae the medial and distal pterygiophores
supporting the dorsal spine appear fused (Tyler, 1968), but in both they form a
different type of articulation with the spines. in the former, spines articulate
with a p_roi:ess which encloses a complete foramen. The dorsal rim of this
foramen passes through a hole in the spine, so that the pterygiophore and
spine are locked together like two Iinl‘<s of a chain. in the latter only the
poéterior portion of the process remains, again passing'through a hole in the
spine. Tyler (1970) describes laterally expanded pterygiophores supporting the
spines in Acanthuridae: These plates super ficially resemble those supporting
the é‘pines of Gasterosteiformes, but in Acanthuridae the expanded distal
pterygiophores form the posterior portion of each plate. Exarhination of the
transition between pterygiophores supporting the dorsal spines and soft rays

of Gasterosteiformes”r‘eveals that the cylindrical ‘core’ of the medial
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pterygiophore supporting the last spine extends to the posterior edge of the
spine-supporting plate, articulating with the distal pterygiobhore supporting
the first soft rdy. This distal pterygiophore lies at the center of thé plate
supporting the first soft ray (Fig. L3). This indicates that if expanded distal
pterygiophores form any portion of the gasterosteiform pterygiophore
plates, they would be more likely to form the anterior portions. This may be
the case, for gasterosteiform dorsal spines articulate at the midpoint of each
plate as opposed to those of Acanthuridae, which articulate at its anterior
edge.

Comparison of gasterosteiform dorsal spine supports and those of
'Asterotheca, the scorpaeniform which best e-xhibits the fused
pterygiophores, further support this hypothesis of the anterior placément of
distal pterygiophores, for the anterior dorsal rays of Asterotheca articulate
anteriorly with small, laterally expanded plates which may represent distal
pterygiophores. The fused dorsal supports in Gasterosteiformes and
Asterotheca, then, are dist’inguished by their expansion anterior to the base of
the spine and by the extension of the central pterygiophores to their posterior
margins. '

Gasterosteiformes share one apomorphy with Scorpaenoidei, the
relatively long pelvic plates. The three apom‘orphic tendencies they share with
Scorpaenoidei are all losses. .

Gasterosteiformes and Cottus are united by the five synapomorphies:
1. Trigeminofacialis anterior foramina are not completely syrrounded by

the prootics N
Palatine heads bear lateral projections -
Separate endopteryg{oids- are absent

Hypobranchials are fiattened

o R W N

First uroneural is fused to the aorsal hypurals.

The pterygoid and uroneural - hypural fusions may be viewed aé either
fusion or loss characters. In the case of the former fusion seems the more
likely explanation, since the singlt_a anterior pterygoid contains dlements filling

4



401

the positions filled in other fishes by the ecto- and endopterygoids (bordering
the anterior and dorsal margins of the quadrates. respectively). The endo- and

ectopterygoids appear to be fused in both Asterotheca and Cottus, although in

the former the ectopterygoids may be instead fused to the palatine. In Cottus
(Fig. E2) the pterygoids are triangular plates. the bases of which are slightly
indented in a manner reminescent of the trifurcate pterygoids in
Gasterosteiformes (Fig. E4). The posterior portions of the compound
pterygoids in Cottus do not extend for the full lerigth of the quédrates asin
Gasterosteiformes, nor do they touch the symplectic flanges: indeed, the
presence in Gasterosteiformes of anterodorsal symplectic flanges extending
to the compound pterygoids and separating the quadrates from the
'metaptergoids appears to be the single major difference between cottoid and
gastérosteiform suspensoria.

The anterior trigeminofacialis foramina in Gasterosteidae are bordered
posteriorly by the prootics and anteriorly by the overlapping parasphenoid and
frontal processes (Fig. B3,A). in Aulorhynchidae the foramina are larger and
are laterally bounded by the sphenotics (Fig. B3.B), and in Cottus a similar
situation exists, with the dif ference that the frontals and parasphenoid of
Cottus do not meet, the gaps between them being bridged by the
pterosphenoids, which form the anterior margins of the trigeminofacialis
foramina (Fig. B2). The pterosphenoids are very similar in shape, size, and
position to the medial postorbital brocesses of the frontals in
Gasterosteiformes, and Banister (1967) described separate pterosphenoids in
the positidn of these processes in Aulorhynchidae. Although | did not observe
separate pterosphenoids in any Gasterosteiformes, it seems reasonable to
hypothesize that the state in Aulorhynchidag evolved from one similar to that
in Cottus, by fusmn of the frontals and pterosphenoids.

The palatine lateral extensions are rudlmﬁhry in Cottus and ,5
Aulorhynchidae, consisting of sumple lateral flanges (Figs. E2, EB), but mm
Gasterosteidae they are developed into backward pointing hooks which

extend ventrolaterally to contact the anterior ends of the lachrymais (Figs. A4,

~
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Gasterosteiformes share very. few apomorphies with acanthopterygian'
Qroups other than “Scorpaen:invforrnes. They resemble Atherinomorpha in:
1. Premaxi»lla'e do not bear articolar processes '
2. Dermopterotics do not bear lateral canals
3. Pel\ric plates bear ascending processes. ‘ .
The first two of lthese synapomorphies represent losses. The last,.
a|thoogh’it does not appear in all atherinomorphs, appears to be unique to this
~ series. Ascending processes \appear on the pelvnc plates of many members of
Exocoetldae lncludlng some in which they bend posternorly to closely
resemble the procgsses in SanaChl and’ AUi-orhynchldae (Flgs K4-5).
However, the pelvic plates in exocoet:ds<are relatlvely delicate and are not
' ornamented while those of Gasteroste:formes are usually heavy and appear
to be at least partly formed from dermal elements Jn Gasterosteus the
ascending process |s functlonally mvojved in the supportxve and protective
functions of the lateral sautes (Relmchen 1983) and is aimost mdustnngunshable :
from them m structure . R
| Gasterostelformes resembie Permformes in 'thelr possessron of
| dentanes touchmg the angulars and of quadrates whose shafts make up over
half their lengths. The_sepond of these ha_s apparently arisen _at, Ieast twice

within Gasterosteiformes appearing in'Pungitius Culaea, Spinachia, and’

3
Y

Aulschthys Itis- found wnthm both long- snouted and short-snouted members :

L}of the order ' '
Syngnathiformes

| Syngnathrforfmes llke Gasterostenformes show strong affinities with

(Percogsn + Acanthopterygu) on the baS|s of synapomorphles and with

o Acanthopterygn on the basis of shared apomorphic tendencues. Three of.their

__! synapomorphies with@(Pércog‘ sis + Acanthopterygii) and three of the sha'red

: apomorphic tendencies are losse's Of the remaining ones, ‘th‘ree are found in
all members of (Percogs| s+ Acanthopterygn) These are:

1. Exoccnpltal condyles’'are present »
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2. Quadrates have disiinct %’\af’cé X ’

3. Precaudal neural arches are pierced by lateral foramina,

. The second of these has apvparently arisen indepehdenﬂy in

Syngnathidae. - ! v
Eight' synapomorpies and shared apomorphié tendencies with

Syngnathiformes are found i.n all major subgﬁoups of

{Percopsis + Acanthopterygn) These are: ;

1. Supraocc:pna! and frontals are in cpntact

Head length is more’ than, of standard |ength

Frontal léng‘th is more than 40% of head length

Dentaries have elevated Vcoro-n’oid processes

Fifth c"eratobranvc_:.hials are expanded laterally

ThiFg actinosts are énached to coracoids

Anal has anterior spine(s)

©® N OO p ® N

Proximal anal pterygiop'hbr_es bear flanges.
Cne of these, the spinous anal, is found only in one member of :

Syngnathuformes (Macrorhamphosus).

Three of the. apomorphnes shared by Syngnathlformes and
Acanthopterygii are losses, as are seven of their shared apomorphlc
tendenéies; Of the remainder only one is found in all the m.ajdr subgroups of
Acanthdpterygii ; this is the presence of anterolateral fordmina in the dentaries,

“and it appears to have arisen independently within S/ﬁgﬁathifprmes.

Withih Acanthopterygii, Syngnathiformes share the most apomorphies

and épqmorphic fendencies -_w_ith Scorpaeniformgs and Ah}n'odytes. One of .
~ the apomorphic‘tendencies shared with Scorpaeniformes~is the loss of
epupleural I’IbS the other apomorphles and apomorphic tendencnes are:

1. Hypobranchmls bear anternor processes \ A.
Lateral ethrgf%olds have ante}ro‘latera{ extensions
Medial pro jecfions of each lateral ’é'thmoiid are fused

Lateral ethmoid ventromedial pro jectnons bear poster:or processes

o op L N

Scapulae are ‘reduced to-the size of actlnosts
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6. Central and distal pterygiophores supporting the dorsal spines are
fused '

The anterior processes on the hypobranchials of Macrorhamphosus

the syngnathiform in which they are best developed (Fig. 13), are

better-developed than those of the scorpaeniforms examined Those of the

- third hypobranchials are flattened and laterally expanded conS|derably

different from those in Scorpaeniformes from which, however, they might

have Tbeen derived.

The fusion of the medial proieetions of each Iateral ethmoud into a

, cube or funnel-shaped structure opening medially appears to be associated

W|th the development of a strong ethmoid region in which the nasals,
ethmoids, and frontals.'are solidly attached to one another. The lateral

ethmoids of fishes with this type of ethmoid region are strongly suturedto .

. the frontals and extend onto the orbit roofs and often into the interorbital

septum. They usually have expanded lateral faces, firmly attached to the

- frontals and nasals In the framework groups | examined this type of ethmoid

Q ,
'region_appears/only within Scorpaeniformes. | was unable to determine’
L / .

whether these characters appear in other fishes with highly fused snouts.

The scapulae in Syngnathidae Solenostomus, and Aulostomoidei are
reduoed to the size of actinosts, making the pectoral skeletons appear to have
five free actinosts (Figs. J6-7). This trend is similar to that seen in Liparis and_
illustrated from three cottoids by Regan (1813), although the Scapulae and
actinosts of scorpaeniformes are ’f_lat, rounded piates, while those of
Sypgnathiformes are hourglass-shaped. The presence of scapular reduction in
bof'gh armored and' unarmored members of Syngnathiformes and in the
unarmored Liparis indicates that-it is not necessarily related to the
development of dermal scutes which provide external support for the
pectoral skeleton. The reduction.is more extreme, however in the armored
Syngnathidae in which the scapulae lose all contact wnth the cleithra.

The anterior dorsal spines of Aulostomus are supported by fused

proximal, medial, and distal pterygiophores, but these do not resemble those

=
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of Gasterosteiformes or Scorpaeniformes. The central pterygiophofes are

not expanded laterally and the prox|mal pteryglophores are strongly

compressed and expanded antero- posterlorly to resemble wude vertlcal :

“blades of bone.

Syngnathiformes in addition share four aperno_rphies with _Qo_tg;_s";
These are: - |
1. Trngemmofacnahs anterior: foramina are hot completely surrounded by
the prootics

2. Separate endopterygoids.are absent

- 3. Hypobranchials are flattened

4.+ Uroneurals are fused to dorsal hypurals. ‘ , .
The trigeminofacialis anterior foramina of Syngnathoides are .
incomplete as are those of olegnathu a genus not examined i in detall but

notable for also sharing the fusxon of pterosphenoid and frontal found in

Gasterosteiformes. The ecto- and endopterygoids are fused in both members . . E

of Aulostomoidae examined (Fig. E7), the composite pterygoids of both lying

-along y'eljior and dofsal rnargins of the quadratésf In neither_genusfdo the

E interpose between the quadrates and metapterygoids, although
symplectic flanges are developed ‘

Syngnathlformes share two apomorphlc tendencies with Percn‘ormes

) the mteropercula with expanded anterior ends and the shortened haemal ‘

Iamunae Within Percnformes they share four. apomorphies with A[?modytes
one of whichis a Ioss of dentary teeth. The other three are: e
1. Quadrate shafts make up over half ot the quadrate lengths ”
2. Cleithra do not meet in an anterior symphysis »
3. Body depth is |ess than 10% of standard length.

The second of these has apparently evolved mdependently in Fu“s'ﬁJlana
and Syngnathldae In the latter, it may be a snde effect of general reduction in

the pectoral skeleton The third is ‘an effect of elongatlon appearing in many

fishes.
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Indostomus ]

. Indostomus, like all the other study groups, shares more apomorphies
with (Percopsis+ Acanthopterygii) than with any other framework groups.
Only two (quadrates with distinct shafts and precaudal neural arches pierced
by lateral foramina) are found in all merpbers of (Percopsis + Acanthopte»r.ygii).
Five more, are found within all major subgroups of ’ |
(Percopsis + Acantho#terygii-). These are:

1. Supracccipital and frontals are in contact

2 Fifth ceratobranchials are expanded Jaterally

3 Third actino;ts are attached to coracoids

4. Proximal anal pterygiophores bear flanges

5 Frontal length is more than 40% of head jength.

| None of the synapomorphles of Indostomus and Acanthopterygii are
found in all members of Acanthopterygii or in all of |ts ma}or subgroups. Six
of the 21 synapomorphles and shared apomorphic tendencies are Iosses
Within Acanthopterygii, Indostomus shares the largest number of apomorphlc
tendencies with Scorp'aeniformes and the largest number of »apomorphnes ‘

~ with Cottus. It is united with Scorpaeniformes by:

1. Hypobranchials be“ar anterior processes '

2 Medial prbjéctions of each Iateranl ethmoid are fused

3. Scapulae are Eéducéd'to the size 6anctino.st’s

4 Scapulae are fused to first actmosts | ‘

5 Central pterygiophores supportlng the dorsal spines are flattened and -

fused tovdlstal pterygiophores..

Indostomus shows most of the characters descri‘bed,above»as
associated with fusion and strengthening of tﬁe ethmoia région. Its pectoral
girdie (Fig. J.Q) is also chatacteriied by fusion. Not only are the scapulae and
first actinosts apparently fused bﬁt the cohplexes thus formed are fused
dorsally to the cleithra, which are themsel\‘/jes fused posteriorly and ventrally
to external scutes which form a hard shieid ovef tﬁe entire pectoral girdie. A.

similar situation obtains in Asterotheca (Fig. J2,B), with the éxcepﬁon of the
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absence of a'lateral scute coyering the pectoral girdle, and in Cottus (Fig.
J2,A) what may be vaewed as an intermediate situation is seen; the scapula
bears a reduced first actunost closely applied to its surface. Regan (I9I3)
iflustrates pectoral skeletons wnth only three free actinosts from members of
the unarmored scorpaenlform f-amlly Synanceldae. A

The synapomorphies unmng Indostomus and Cottus are:

1. Trlgemmofamahs anterlor foramnna are not completely surrounded by
the prootics

2. Separate‘ endopterygoids are absent

3. Uroneural is fused to‘:i‘th‘e dorsal hypurals.
The trigeminofacialis‘anterior foramina in Indostomus (Fig. B9) differ

from those in .Gasterosteiformes and Syngn‘athiformes and from those of
Cottus in the exclusion of the pa/rasphenmd from their margms The ‘ |
parasphenmd in Indostomus has no lateral processes and as a result the entire
7 anterior margins of the tngemmofacnahs foramina are formed by the
pterosphenoids. The pterosphenoids are almost square, in contrast to the
i..triangular pterosphenoids ¢f _Syngnethiformes and Cottus. Banister (I870)

ilustrates the foramina with the sphenotics forming their lateral margins but

the sphenotics are not digtinctly separated from the prootics in my specimens,

$0 | am unable to assess Wwhether Indostomus resembles Cottus in thns as\pect
Indostomus is ngt hsted as sharmg fusuon of the ecto- and
endopterygonds with Cgttus snmply because the single bones which form the
pterygoid struts in Indostomus (Fig. ES) contain no components along the.
dorsal .Iborders- of the quadrates, and therefore can be interpreted as
ectopterygoids. They may well be composite pterygoids, however, and the .

possibility must be borne in mind.

Hygogtychus .
Hygogtyohus' shares very few apomorphies or apomorphic tendencies

with any framew'ork gr ups other than-(Pgrcogsis + Acanthopterygii) and

Acanthopterygvii. It shares three of the apomorphies found in all members of

(Percopsis + Acanthopterygii), to wit:
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1. Exoccipital condyles afe present
2.  Quadrates have distinct shafts
3.  Precaudal neural arches are pierced by lateral foramina.

Six more apomorphies present in all major. subgroups of
(Percogsié + Acanthopterygii) are present in Hypoptychus. These are:
1L Supraqccipital and frontals are in contact
2.  First t?aéibranchial is deeper than succeeding basibranchials
3 Third actinosts are attached to coracoids
4. - Proximal anal pterygiophores bear flanges
5 Frontal lengthis more than 40% of head length.

Only one of the Hy‘go'gtychus - Acanthopterygii synapomorphies, the
urohyal with vehtrol;teral flanges, is found in all subgroups of
Acanthopterygii. Within Acanthopterygii, Hypoptychus shares apomorphies
only with Athefinomorpha, Percdrﬁorpha, and Cottus. it :e,!‘hares the absence of
premaxillary ascending processes and the development'of maxillary hooks
with Atherinomorpha, as well as the tendency to develop dentaries whose
pésterior margins are not deeply concave. These premaxillary and ma_xillary :
apomorphles are characterls’uc of Atherinomorpha.

ygogtychu s shares one apomorphy, the presence of posémanxillary
processes on the premalelae, wuth Pgrc_:omorpha. Within Percomorpha it
resembiles Scorpaeﬁiformes in’ three apomofphic tendencies, two of which
a‘r‘e. losses. Thé third is the p[eéence 6vf posterior processes on the
ventromedial projectionsbf the Iaieral ethhoids.

The two synapomorphies uniting Hypoptychus and Cottus are the

incomplete trigeminofacialis anterior foramina and the absencé_bf separate
"endopterygoids. The anteriér trigeminofacialis foramina are nb_t distinct in
Hypoptychus; the pterosphenmds and parasphenond Iateral processes are both
raduced and do not meet one another, so that if there are anteruor foramina
their anterior margins are either cartilagous or absent. It is dlfﬂcult to compare

v

this situation with those of Cottus and the other study groups.
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As in Indostomus, a single pterygoid bone is present in each
palatopterygoid arch. These are triangular bénés, Yike {hdse of Cottus, but
‘instead of Iymg along the anterior and dorsal borders of the quadrates they lie
flat along their medial surfaces (Fig. E10). This posmon is most similar to that
of the endopterygoids in other fishes, but the bones also extend anteriorly to

meet the palatines, a position usually filled by the ec;topterygoids.

Pe‘gasus

Pegasus shares two of the apvo‘morphies found in all members of
(Percopsis + Aca'nthopterygii), the pelvic fins articulating with ventral
projections from the pelvic plates and the perforate precaudal neural arches.
Six more apomorphies are:found in Pégasus and in all major subgroups of
(Percopsis + Acanthoptérygii). They are: |
1. Supraoccipital and frontals are in contact
Head length is more than 22% of standard length
Dentaries have elevated coronoid processés |
Fifth ceratobranchials are expanded laterally

Third actinosts are attached to coracoids

2 T

Proximal anal pterygiophores bear flanges. -

Three apomorphnes appear in Pegasus s and in all ma jor subgroups of
Acanthopterygii - the urohyal with ventrolateral flanges, the pelvic plates with |
anteromedial spurs, and the pelvic plates Jomed by medial sutures. Within
Acanthopterygii, Pegasus shares the most apomorphic tendencies with
Scorpaeniformes. They are: - . 3 |
1. Median ethmoid bears a veniral transverse flange
2 Median projec.tilons of each lateral ethmoid are fusetd. :

3. Preopercula bend mediélly to form the floor's of the branchial chambers
4 Scapulae are reduced in size to that of actinosts
5 Scapulae areifused to firsf actinoéts.

The presence of atrans_vérse flange across the median ethmoid and
the fused median projecﬁons of the lateral ethmoids may be viewed ,as‘ parts

of the tendency-towards fusion and strengthening of the ethmoid region.
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ngasus and Asterotheca share almost identical modifications of the

preopercula, whose posterior corners bend medially and almost meet at the

ventral midline of the head. This modification appears also in Prionotus , Trigla,

and Peristedion (Gregory, 1933), making it an ap,omorphi_ci tendency of
Scorpaeniformes. It might be explained as associated with the de\)elopment of
a depressed head. However, in the paracanthopterygian fi‘shes Lophius and
Ogcocephalus , which have’similarly depressed heads, the preopercula.are
moved dorsally to lie on the flat dorsal surfaces of the he_adé.

Pegasus sharés three apomorphic tendencies with Scorpaenoidei, but |
all are losses. It shares three apémorphies with Cottus; these are
1. Trigeminofacialis foramina are inéomplete

‘2. Separate endopterygoids are absent
3. Uroneural is fused to the dorsal hypurals.

The trigeminofacialis anterior foramina are absent, the various nerves
usually passing through them perhaps éxiting through the ventral
trigemindfacialis foramina. The shared lack of separate endopterygoids is of’
little significance, since all pterygoids are absent in Pegasus.

| " Two synapomorphi.es, the extension of the lateral ethmoid
ventromedial projecﬁons postekiorly to enter the orbits and the absence of

the second pharyngobranchials, unite Pegasus and Asterotheca. The latter is a

loss character. The former appears to be restricted to these fishes; it does
not appear in any of the other species in which- the lateral ethmoids have fused
medial projections, or in any of the other species with well-developed
interorbital septa. A ' .
Pegasus r'eserhbles‘Perciformes in two apomorphic tendencies, the
’ dérmosphenotics bearing lateral canals énd the shortened haemal laminae. It
shares two more with Ammodytes, but one is the loss of dentary teeth; the

other is the presencé of contact between dentaries and angulars.
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. Dactylopterus
Dactylopterus shares only one of the apomorphies present in all
members of (Percopsis + Acanthopterygii), the quadrates with distinct shafts.
It shares ten of the apomorphies or apomorphic tendéncies appearing in all
major subgroups of (Percopsis + Acanthopterygii). These are:
1. Supraoccipital and frontais are in contiact
Prootics bear accessory anterior foramina
Head length is more than 22% of standard length
Dentaries have elevated. coronoid processes
First basibranchials are deeper than succeeding basibranchials
Fifth ceratobranchials are expanded laterally
Third actinosts are attached to coracoids |

Proximal anal pterygiophores bear flanges

© ©o N o 0 & WL D

Orbit length is more than 30% of head length

o

Frontal Ievngth is more than 40% of head length.
‘Within (Percopsis + Acanthopterygii. it possesses four of the
apomorphies found in all members of Acanthopterygii. These are:
1 “Urohyal has ventrolateral flanges
2 Dentaries bear anterolateral foramina
3. ~ Pelvic plates bear anteromediél spurs
4 Pelvic plates are joined by a medial suture.

Within Acanthopterygii, Dactylopterus shares more apomorphies with
Scorpaeniformes, Scorpaenoidei, and Cottus than with other groups. It
resembles Scorpaeniformes in:

1. | Hypobranchials bear anterior processes

2 Pectoral fin length is more than 25% of standard length

3. . Median projections of each ‘lateral ethmoid’are fused

4 Central dorsal pterygiophores are flattened, distal pterygiophores fused
to ‘their dorsal surfaces

5.  Epipleural ribs are absent.
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The last of these is aloss, and the fusion of the lateral ethmoid medial
projections may be part of a general fusion of the ethmoid region. The
supports for the dorsal se‘ines (Figure L6) resemble those of Asterotheca and
indostomus, with the exception of the presence of two foramina lying
posteriorly; to the base of each of the anterior four spines. Similar foramina
are present in Gasterosteus. |

The synapomorphies uniting Dactylopterus and Scorpaehoidei are
interopercula without expanded posterior ends and the absence of
prehaemapophyses. The apomorphies shared with Cottus are flattened
hypobranchials and fusion of the uroneural and hypurals. Neither of these sets
of synapomorfShies provides strong evidence for placing Dactylopterus with

-

‘the group in question.

Summary ‘

All of the Astudy groups belong'with or within
" (Percopsis + Acanthopterygii) on the basis ef synapomorphy counts. All aiso
show strong affmlty with Acanthopterygii, but this affinity is based in every

‘case on shared apomorphlc tendencies. Within Acanthopterygn all except

Pegasus and Dactylopterus share apomorphies and/ or apomorphic tendencies
with Atherinomorpha but only in Hypoptychus are any of these strong |
indicators of relationship. All show affinity for Scorpaeniformes and
scorpaeniform subgroups based in most cases on charactefs of the ethmoid
region, fused ecto- end endopterygoids, reduction of the trigeminofacialis
anterior foramina, reduction of the scapulae wﬂh or without their fusion to the
first actinosts, and fusion of the central and distal pterygiophores to form
flattened supports fer. the dorsal spihes. Hygogﬁycpgé xalplr\e fails-to clearly
display any of these apomorphies.. . ‘, 7: AN -

- Like the phylogenetic analyses evolutlonarv}«sy.stemancs leaves open
the possibility that the study groUps form a monophyletic lineage near or
within Scorpaeniformes. It differs from phylogenetic analysesiﬁ providing
stronger reasons to remove Hypoptychus from this area to that of

»Atherinomorpha, and does not indicate Ammodytes as a possible sister group
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for the study groups.

Relationships among study groups

The apomorphies relévant for comparisdn between study g;odps are those

\which appear only within them, since any which appear in both framework groups

and study groups are regarded as apomorphic tendencies of the smallest
monophyletic taxon containing both the groups. Apomorphic tendencies, by
definition, are likely to appear in parallel and therefore will not yield precise
i'nformation about the interrelationships of members of the group which they
characterize. | )

Table Ev.3 contains the character states applicable to determining
relationships .among study groups, with summaries of their distributions. Table Ev. 4
shows the numbers of synapomorphies uniting various s{udy groups. The first
number refers to the number of shared apomorphies which appear to be present at
the basal nodes of both study groups; the second number, in each pair involving
either Gasterosteiformes or Syngnathiformes, refers to the number of shared
apomorphies occurring within Gasterosteiformes or Syngnathiformes, but not at fHe
basal node. Tt.wese would represent apomorphic tendencies.

Study groups share many more apémorphies and apomorphic tendencies
with one another than with any framework groups except
(Percopsis + Acanthopterygii) and Adanthopterygii. Only one apomorphy is found in
all the study groups’, however, and this is the loss of dentition on the second
ceratobranchials. A set of apomorphies related to snout and body elongation is
found in most study groups These mclude increases in the relative lengths of the
snout and vomer and decreases in the relative lengths of the fins, orbit. and the
cranial bones which do not form the snout. These may be common in elongate
fishes.

Another set of apomorphies are losses - of the cranial canal system and
supracleithra, thé ‘teeth on premaxillae and the teeth, toothplates, and bones of the
branéhial apparatus, the metapterygoids, the anterior branchiostegal rays, »

postneurapophyses, and portions of the caudal skeleton.
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The introduction of apomorphic tendencies increases the perceived
similarities between all groups and Gasterosteiformes and Syngnathiformes. All of
the study groups share more apomorphies and apomorphic tendencies with

Syngnathiformes than with one another.

Gasterosteiformes

Gasterosteiformes resemble Syngnathiformes in four shared ’
apomorphies and 18 apomorphic tendencies, many of which are associat_ed -
with elongation or skeletal reduction. Those not associqted with these
tendencies are:
1.  Ectocoracoids are present

5. Fourth actinosts are attached to coracoids by anteroventral processes

w

Frontals bear medial postarbital processes touching the parasphenoid
lateral processes ‘

Coracoid shafts are incised anteriorly

Soft dorsal is preceded by separated dorsal spines.

Vertebrae bear lateral processes extending to the scutes

N o o s

Urohyél flanges are not incised posteriorly.

Ectocoracoids, sculptured dermal bones lying laterally to the coracoids
(Figs. J3-4), appear only in Fistularia among extant Syngnathiformes. They are
distinctive in Fistularia, being large and elongate, extending almost to the pelvic

glrdles Apparent ectocoracoids are V|S|ble in the fossil syngnathlform .

Gasterorhamphosus (Sorblm 1981); these are extremely large, leaf- shaped
Bones similar to neither those of Gasterosteiformes nor those of Fistularia.
The anteroventral processes of the fourth actinosts of

Gasterostelformes (Figs. J3-4) are relatlvely smail, while in Centroscoidei, the
only syngnathiform group possessing them, they may exceed the entire
aat;nost complexes in size (Fig. J8). _

’;" i The gasterosteiform frontal- parasphenond connectlons have been
diséussed above. They appear in all the members of Gastergsteuformes 1

examined (Fig. B3) and in three members of the syngnathid lineage of

‘Syngnathiformes (Fig. B8). While the connections are distinctive and similar,
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théy must be viewed as apomorphic tendencies since they are restrlcted-,
within Syngnathiformes, to the highly apomorph‘i\c Syngnathidae. Separate
anterior dorsal spines appear in Mastacembelidae, Notacanthidae,
Rachycentridae, and Cheimarrichthyiidae (Nelson, 1976), and those found in
Syngnathiformes differ from those in Gasterosteiformes both in size and

strength and in the nature of their internal supports.

Among Gasterosteiformes, only Aulorhynchus has well-devéloped

connections between the vertebrae and the lateral scutes (Fig. M4). Tﬂang‘ular

lateral processes extend from the vertebrae to overlap simitar processes

extending medially from the scutes. In Macrorhamphosus and Syngnathidae

(Figs. M6-7), the scutes and vertebrae are connected by similar triangular
vertebral procevsses, but there are no medially extending processes from the
scutes; in Aeoliscus, the vertebral processes extend the full iength of each of
the anterior, elongated centra.

il
Gasterosteiformes share aimost the same number of“apomorphic

character states with Indostomus, Hypoptychus, and Pegasus. All have urohyal
flanges which are not incised posteriorly and a decrease in the relative length
of the median ethmoid. Gasterosteiformes share characters of snout and
body proportions with all three, as well as reduced dentition a he loss of
branchial bones. In addition, Gasterosteiformes and Hygogtychusaﬁare
coracoid shafts incised anteriorly and fourth actinosts connected to the
coracoids by anteroventral processes. Hypoptychus resembles one member
of Gasterosteiformes, Aulichthys, in the fusion of its fourth actinosts and
coracoids and in its sexually dimorphic dentition. In the absence of any other
unigue synapomorphies, these do not seem to outweigh the shared
apomorphies,uniting Hypoptychus and Atherinomorpha.

Gasterosteiformes and Indostomus share the development of
anteroventrai processes on the fourth actinosts, the presence of separate
dorsal spines preceding the soft dorsal, and reduction in the number of pleural
ribs. The homology of the last is very questionable, since Indostomus has no

ribs. The actinost projections of Indostomus resemble those of e



&

.Syngnathifermes
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Gesterosteiformes in size (Fig. J9) rather than those of Syngnathiformes; the
actinosts themselves, however, are very different from those of either
group.

4

Gasterosteiformes andPegasus share, in addition to characters of -

, elongatlon and skeletal reductron actinosts attached to one another by

sutures as opposed to those of Syngnathrformes Wthh are attached by
over[appmg laminae, and pelvic plates with posterior processes developed SO

that their anterior processes make up less than 70% of their lengths.

«

~ Although Syngnathiformes share many epomorphies and apomorphic -

' tendenci_es with Gasterosteiformes, as discu_esed above, they show a higher
“affinity for Pegasus in Table Ev.4. A closer investigation of the shared
» apomorphies and shared apomorphic tendencies; however, shows that most -

. of them represent losses or morphometric characters associated with

elongation. S'ome of the remaining ”’synapomorphies particolerly the entire ‘

urohyal ﬂanges and shorténed anterior processes of the pelvnc plates are

. found in the r‘najorlty of the study groups Syngnathlformes and Pegasu s also

share
1. PreoperoUIa are exoended posteriorly ‘gi
Opercula are reduced ‘ o
'Posttemporale are co-ossifjne'd with the cianium
" Neural arches are’ closad for their full Iengths |
\ ‘Fewer than 23 vertebrae are present
)

The anterior four vertebrae are fused. .

1

" All of these apom'orphies are also found in Dactylopterus. In most of

them the states in Syngnathuformes are quite distinct from those found in

,Peqasus and Dactvlopterus The preopercula of Syngnathlformes are

expanded. ostﬁxorly but do not forfn much of the gill covers whereas in

Pegasu% and Dactylogteru they form a large portion of the gill covers, filling

the posmons fulled by the subopercdla in Syngnathlformes (compare Flgs AB,

,_ | B.10 with Figs. A12, G2). The antenor vertebra of Pegasus and Dactylopterus - -

H . S



are similar in length to succeeding vertebra and are connected by complex.

sutures between fhe centra (Figs. M10- 1 1) while those of Syngnathiformes

are elongated, with simple connections between centra and confluent lateral

and dorsal flanges (Figs M5-6). | ‘
Syngnathlformes share as many apomorphies and apmorphic

tendencnes with Indostomus as with Gasterostelformes many of them inthe

" same Ioss or elongation characters. in.both Syngnathiformes and Indostomus

1. Pectorals have more than 19 rays (also found in Dactylogteru )

2 Pelvic plates lack-medial processes

3. Ossified tendone'are presentin the axial 'mvuscu‘lature

4 NeuraLarches are close‘d for their full Ie‘ngfhs (also found in Pegasus and

Dactylopterus)
. Haemal arches are closed for tneir full Iengths

o

6. Fewer than 23 vertebrae are present (also found in F’egasu and

Dactylogteru )

Ossified tendons or intramuscular bones app%,in the axial

-

musculature of Aulostomus and Indostomus. Such bones appear in primitive

fishes (e.g. Ostariophysi), although.thcse of A‘ulcstomus and Indostomus seem

to be longer and placed N a unusual longltudmal orientation. Still, this character
can represent nothing more than an apomorphlc tendency if that. " R
‘The haemal canals closed for their full Iengths appear in Fistularia and’
Centriscoidei, so they may have been present in the common ancestor of
Syngnathiformes. )
Indostomus
) Indoston'_tus shares the Iargest numbers of apomorphies and
ap'cmorphic'tendencies with,Syngnatniformes bct, as described above, most
of them are aIsAo fdund in other study groups or aré/loss‘characters or related
jo elongatlon Indostomus shares equal numbers of apomorphles and
apomorphic tendenc:es wuth Gasterostelformes and Pegasu ' )

The only Indostomus - Gasterosteiformes apomorphies not associated.

. with elongation or skeletal reduction are the presence of fourth actinosts with



. 418
anteroventral processes and of anterior separate.d,dorsal spines. The actinost
processes of Indostomus resemble those of Gasterasteiformes more than
~ they resemble those of other study gronps, but the acﬁinosts themselves ars
quite different in size and shape. The separated dorsal spinos, as'noted above,
occur in several groups outsnde the: study groups.

All of the apomorphles shared by Indostomus and Peqasus mvolve the

{

elongation of snout and body and the reductlon‘of the skeletal system. Whnle
Indostomus shares many. scorpaeniform apomorphic tendencies with Pegasus
and Dactylopterus, these cannot be used to indicate relationships between

“them.

Hygogtychu
Hygogtychu s shares similar numbers of apomorphles and apomorphlc

tendencies with Gasterosteiformes and Syngnathlformes as discussed above.

The only dlstlnctlve synapomorphles uniting it wuth Gasterostelformes are th

Syngnathuformes hke those unmng it with Gasterostelformes are related to"
skeletal reduction and elongation. The’ fourth actlnosts 'of both bear
anteroventral processes but they are very different in morphology. The
coracoid shafts are incised anteriorly Fig. J10), but this cnaractér is also

‘ found in Gasterosteiformes None of these apomorphles seems to provude as
strong evidence to support a link between Hygogtychu s and one of these
study groups asis provided supportmg a link between Hypoptychus and

Atherinomorpha. B " - » s

Pegasus
ega§u shares by far the most apomorphres and apomorphrc

fendencues wnth Syngnathn‘ormes but most represent elongatnon and skeletal

N ‘@ctron. Two of the shared apomorphies remalnmg after these are
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removed the expanded preopercula and the fused anterior vertebrae’'are
‘quite dlfferent in the two groups, leaving them united by reduced opercula,
posttemporals co-ossnfned with the crania, and neural. arches closed for their,
full lengths; all of these are also found in Dactylopterus.
~ Pegasus shares the same number of apomorphies with

) Gasterosteiformes and Dactylopterus. it is united to Gasterosteiformes by
characteris of the actinosts, which are sutured together,A and the pelvic plates,
whose anterior processes make up less than 70% of their Iengths.

Several of the shared apomorphies of Pegasus s and Dactylopterus also
appear in Syngnathiformes, but W|th important differences as described
above The preopercula form significant portions of the gill covers in these
fishes, the posttemporals are co- -ossified with the crama the pelvic anterior

| processes are short, the first four vertebraare suturally united, and the neural

arches are closed for their full Iengt,hs i addltion, each has transversely

By £

extendlng bones arising from the’ rior precaudal vertebrae, and the fused
nasals of both are.excavated ventrally to form a deep cavity which receives

,1’\
™

_ the bones of the upper jaws.

Déctylopterus -

Dactylopterus shares the most apomgs;‘phles and apomorphic-
tendencnes with Syngnath:formes many of. them associated with skeletal -
reduction and several more found in Pegasus as well, as discussed. The
synapomorphnes most strongly supporting a Dactylopterus Syngnathiformes
link are the absence of branchiostegal rays arising from the posterior heads of
the ceratohyals and an increased number of pectoral rays (which is also found
in |ndostomus) The ceratohyals of Syngnathldae and Aulostomoidei are aImost
completely covered lateraily by the eplhyals‘fFlg/ HB), to which the
branchiostegals are attached; this is in strong contrast to the relatively
_unspecialized hyoid arches\f Dactylogterus (Fig. H7). The high numbers of
pectoral rays are also found in Paracanthopterygn and in salmomform fishes .
(Hart, 1873); they are therefore either primitive character states or the -

apomorphic tendencies of a much larger-group. g "eitJ\er case, they are not
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good indicators of relationship among study groups.
The strongest evidence for a plaéement of Dactylopterus seems to be

that presented above for its relationship with Pegasus. -

Summary
Few distinctive apomorphies unite study groups, and most of these are
losses or are associated with elongation and are likely fo appear in.many
unrelated fishes with similar elohgated bodies and/ or snouts. Some unique
shared apomorphies link Gasterosteiformes and Syngnathiformes, most of
them appearing independently in eadh group. These are the presenee of
symplectic dorsal laminae, frontal-paresphenoid conneetiohs‘, lateraf - /
extensions from the vertebra@' to thelateral scutes, and gctOCoraég“ids
/ leewuse\ﬁgq__ggé and Dactylopterus are linked by expanded preopercula
reduced opercula, fused anterior vertebrae, the presence of transverse
bones and dev/el\ojpment of the fused nasal bones to forma cavnty into whnch
the upper Jayretracts Indostomus shows a few Imks with - |
(Gasterosteiformes + Syngnathiformes) - separate anterlor dorsal spines and
actinosts with anterodorsal processes. The (Gasterosteiformes + |
Syngnathuformes) and (Peqasus + Dactylopterus) Ilneages share tendencnes

. ‘

to\Nards fusion of the ante}nor vertebrae neural canals closed for their full

lengths, and co-ossificatibn of the crania and postterhporals. There seems to
be no strong evidence supporting the placement of Hypoptychus with any of
_ the study groups; it is linked to vAuIic_hthys..by two eynapemorphies, but the '

same number place it with,Athe‘rinomorpha.

Discussion

All of the study groubs sHare more apomorphies with ‘ _' !
- (Percopsis + Acanthopterygii) than with any other framework groups', as in the
phyiogenetic results. They are united to Acanthopterygii by'apomorphic tendencies,
although few of these are among the tendencies regarded as distinbuishing '
Acanthopterygii by previous workers (e,g,vGreenwood et al., 1966; Lauder and Liem,

1983). The study groups likewise all share some apomorphies or apomorphic tendencies
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with Atherinomorpha, but only in the case of Hypoptychus are any of them recognized as
characteristic of the series. Hypoptychus shares the mexillary hooks, structures which |

- did not see in, or find recOrded- from, any fishes outside Atherinomorpha and which Rosen
© (1964) recorded from all atherinomorph subgroups Wthh possessed majxillae. It
‘possesses several other athermomorph characters given high weight by Rosen, mcludnng
the supraocmputal with a wedge-shaped anterlor process the premaxiliae wnth0ut
ascending processes, the supracleuthra contalned within the borders of the cleithra, the -
scapulae notched posteriorly to receive the actinosts, and the ceratohyals expanded
posteriorly All of these apomorphn_es, however, were also observed in

non- athermomorph flshes | | » : .

* Relatively few apomorphles or apomorphuc tendenc:es dlstlnguush Percomorpha in
my study, wh;ch agrees in this respect with most others Study groups share few
apomorphles with this group. accordingly; they also possess few apomorphies linking
them dnrectly to (Perciformes + Scorpaemformes) All, however, share several
: apomorphlc character states with Scorpaemformes and Cottus

' - Agroup containing the scorpaemformes examined, and all the study groups except
Hypoptychus, may be characterized by its members- possess:on of strengthened and
fused ethmoid regions, with lateral ethmoids enlarged to form part of the orbit roof and
part of the posterior walls of the snout Thenr medla! projections are often fused. The
nasals are fused or meet anterlorly ina symphysns posteriorly, they are tightly sutured to
the frontals Most of these fishes have reduced opercula the preOpercula or subopercula
forming the ventral parts of the gill covers Often the preopercula form the ventral gill
covers and the subopercula are dnsplaced posteriorly, not fo||owmg the opercular
©. margins. The scapulae are often reduced in size and their foramina mcomplete often they |
are fused to the first actinosts: The dorsal spines are supported by fused central and dlstal
pterygiophores, the central pterygiophores expanded laterally into plates under the bases
of the spines. N ‘ '

The presence of suborbital stays is tradmona!ly a highly weighted apomorphy
regarded as diagnostic of Scorpaennformes (Gosline, 197 1; Nelson, 1876). Their
presence‘emong the study groups, then, is an important link among these groups.

However, since the stays are not present in all of the study groups, they would be less
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universally present in a (Scorpaeniformes + study groups) taxon, and their Weight might
decrease. |

The suborbital staysin Scorpaeniformes are formed by posterior expansion of the
third suborbitals to touch the ascending arms of the preopercula (Fig. A3), but they vary in
their development from extension into broad flat plates like those in Pegasus, which may u
also touch the anterior limbs of the preopercula, to _éxtension into narrow struts extending |
horizontally backward to the preopercula. In Gasterosteiformes the
suborbital-preoperculum connection does nof usually involve thé ascending arm of the
preoperculum, except in Spinachia (Fig. B5). In Aulorhynchidae the third subo_rbitals lie over
.the anterior preopercula limbs but are not expanded and both their lack of expansion and
contiguity with the preopercula mught be expl%\ed as due to snout elongatlon in
Gasterostevdae the third suborbitals resemble the anterior halves of those in Spinachia,
extending ventrally to the anterior limb of the preopercula but not posteriorly to their
ascending limbs. A clasSical.‘lécorpaeniform {Borbital stay, then, is present only in
Spinachia among gasterosteiforms.

The suborbital stays in Dactylogteru s (Fig. B 14,B) resemble those of Scorpaenidae
and Cottidae, extending posteriorly to the ascending arm of the preopercqlum. They
invo!ve,. however, the second suborbitals rather than the third. It should also be noted that
similar connections between the suborbitals.and.preopercula have evolved in at least one
unrglated grogp'(Anabantidae; Liem, 1963). This casts doubt on the importance of the. '
suborbital. stay as 'a diaghostic character of Scorpaeniformes.

Within Scorpaenifbrrﬁes, the study groups seem to fit into the cottoid lineage, in .
which the anterior trigeminofac’ialis foramena are incomplete or absent, the ecto- and
endoptefygbids are often fused, and the lateral e‘thmobids may extend posteriorly into the
Whterorbital septum. ' |

Three separate lineages can be distinguished among the study grons.
syngnatmformes a large and variable group, shares the largest numbers of apomorphles

+r, all of the other study groups. Most are reduct:on characters; members of
Jyr.:~athiformes have reduced cranial canal systems, branchial arches and dentittens
nasa's and parietals, hyoid arches, suborbital series, pectoral and pelvic girdles, vertebral

processes, ribs, and caudal skeletons. Several of these trends in reduction, however,
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seem to have occurred within Syngnathiformes, appearing in its most specialized
members. The_y syngnathid lineage, for example, shows most of the derived reductions

while Macrorhamphosus, on the other hand, has fully developed nasals and branchial

arches‘, well-developed if small pec_toral g’frdles, a full complement of anterior and
posterior vertebral processes, and a caqdél skeletdn in which not only two distinct hypural-
~ plates but a second ural centrum are distinguishable. This means that many of the
‘reductions whic‘h'unité Syngﬁathiformes and other study g'rbu'ps must be viewed as
apomorbhic tendencies; such apomorphies can hardly be'weighted highly.
'~ When paralle! losses are discounted, Syngnathiformes still shares the most
apomorphies with Gasterosteiformes. Among these are: |
1. Fr&ntals and pterosphenonds are fused, formlng direct connections between the
frontals and parasphenond
2. Anterodorsal or posterodorsal laminae extend from the symplectics, separating the
endopterygoids-and hyomandibulae . :
Subopercula are expanded ventrally to form‘ part of the gi/H covers

The anterior series of branchiostegal rays is absent

Coracoid shafts are antekiorly bifurcated, laterally supplemented by ectocoracoids

> o » W

Fourth actinosts are larger than the others, connected to the coracoids by
anteroventral processes | ' |
7. ¢ Dorsal finis preceded by separated spines

8. Lateral scutes are connected to lateral processes of the vertebrae.

Based on these apomorphies, | jdentify a lineage containing Gasterosteiformes and
Syngnathiformes. This study was not designed to investig'até relafionships between genera
within vthese’grou_ps, but when they are placed together within Scokpaéniformes éome
hypotheses about those.relatipns‘hips can be madé.’ .

Within Gasterosteiformes, Aulorhthhidae appears to be the more primitive
lineage. Its members lack the highly developed spin‘e.s and scutes of Ga_sterosteidae; they
also possess complete suborbital rings, four pairs of phéryngobranchials, postr'nalelary '
processes on th@,emaxullae well- developed preoperculomandsbular canals, and
actinosts of equal sizes and, in Aulichthys, urogenital papllla similar 'to those found in

 members of Cottoidei (Sasaki, 1877). Aulorhynchidae share two apomorphies with
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Syngnathiformes which are not found in Gasterosteidae - the expanded subopercula and
the vertebral processes to lateral scutes. The first of these is found in the oldest fossil

syngnathiform, Gasterorhamphasus (Sorbini, 198 1), suggesting that it may have been

present in the common ancestor of Gasterosteiformes and Syngnathiformes. The second

cannot be observed in Gasterorhamphosus but is present in its living relatives

Maérorhamphosus and Aeoliscus and in Syngnathidae.

Within Syngnathiformes the macrorhamphosid-centriscid lineage appears to be the
most primitive, including members with compiete nasal bones, separate ecto’-'/:;d\\\
endopterygoids, angulars with a conical cdmponent, interopercula with expanded \
posterior ends, two basibranchials, third and fourth epibranchials articulating via uncinate |
processes, scapula'e of normal size relative to the actinos_tsy and enclosing complete
scapular foramina, anterior spinous dorsal fins not composed of separated spines,

spinous anal fins, scales, autogenous parhypurals, and distinct second ural centra. The

fossil Gasterorhamphosus has, in addition, three separéte epurals and-an interorbital
septum composed of the 6rbitosphenoids. Members of tiﬂis group possess all the
heavily;weighted Gasterosteiformes -Syngnathiformes synapomorphies except fusion of
the frontals and vpterosphenoids. It seems reasonable to hypothesize that both the
‘gasterOSteiform and syngnathathiform lineages arose from a common ancestor. fhe
relationships betWeén syngnathiform lineages are, however, still unclear.
Macrorhamphosid and centriscid fishes~ share with aulostomids trze highly developed
median ethmoids with ventrolateral ridges. distinctive lateral ethmoids with anterior
extensions, elongate dermopterotics, flattened hypobranchials, ectocoracoids, elongated
and fused anterior vertebrae, and posterior transverse processes on the vertebrae.
However, the macrorhamphosid ahd syngnathid lineages share lateral ethmoids with fused
medial projections, reduced interorbital commisures, loss of teeth, posteriorly eXpanded
preopercula, narrow fifth ceratobranchials, and vertebral processes supporting the

" scutes. Of these two sets of shared apomorphies, the latter seems weakest. It involves
many fusion and reduction characters. lts one strong shared apomorphy,'the presence of
vertebral processeés to the scutes, cannot be evaluated in the scuteless aulostomid

fishes, and may be represented by the posterior transverse processes on their vertebrae.
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Aulostomid and syngnathid lineages are united by their possession of dorsal
hypohyals lying along the ceratohyals, reduction in the branchial baskét (particularly, the
" loss of the third basibranchial, the uncinate processes of the third epibranchials, and the
anterior processes of the hypobranchials, and the development of elongate, narrow
pharyngobranchials), reduction of the scapulae to bones resembling actinosts, and
. reduction of the haemal laminae to narrow struts of bone. Again, most of these shared
épomorphies represent reduction or loss, with the exception of the first.

Gasterostsif ormes and Syngnathiformes, although they appear to be fishes of
cottoid anceétry, have lost some of the distinguishing characteristics of Scorpaeniformes
and, in the case of Syngnathiformes, many of the distinguisﬁing characters of
Acanthopterygii and Percomorpha_lncluding them in Scorpaeniformes, theréfore, onId
adversely affect the definition of this group-and imply that members of Gasterosteiformes
and Syngnathiformes possessed scorpaeniform characters which they have in fact lost.
For these reasons | have assigned these fishe; to their own order, Gasterosteiformes.

Pegasus and Dactylopterus are the study groups which show the most

scorpaeniform characters; in'particular;’they possess suborbital stays, nasals meeting in
the dorsal midiine, and, in Dactylopterus, armed opercular apparatus. For these reasons, |
include them within Scorpaeniformes as a suborder, Dactylopteroidei, placed near
Cottoidei. Of thesey fisheé, Dactylopterus appears to be less derived than Pegasus. It has
retained a short snout, scales, an anterior spinous dorsal, ribs, and separate hypurals. Two
of these characters, s.cales and the anterior spinous dorsal, are present in the fossil
pegasid hhamghosus, suggesting that they are also primitive for Pegasidae.

The (Pegasus + Dactylopterus) lineage and the (Gasterosteiformes +

_Syngnathiformes) lineage share very few apomorphies other than skeletal reductions. Both
groups contain members with fused anterior vertebrae, but those of Pegasus and
Dactylopterus are connected via complex sutures between centra 4while those in
Syngnathiforrﬁes are elongate, with simple connections between centra and fused lateral
and dorsal flanges. The neural canals are clésed for their full lengths in Syngnathiformes,

Pegasus, and Dactylopterus, as they are in Indostomus, but this may be another

manifestation of the common trend towards skeletal reduction and fusion, as may the

posttemporals co:ossified with the cranium. Indostomus may be placed with
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Syngnathif ormes on the basis of its network of intermuscular bones and the presence of
anterovent?al processes on its fourth actinosts, and as'such it might provide a link
between the two groups: but, as noted-above, the first of these synapomorphies must be.
rggarded as a parallelism at best, and the second is soA dissimilar, in Indostomus and
Syngnathiformes as to be questionable. There i$ not strong enough evidence either to

unite (Gasterosteiformes + Syngnathiformes) with (Pegasus + Dactylopterus) or to unite

either with Indostomus. | therefore leave Indostomus in its own order, Indostomiformes.

Conclusions

These relationships are summarized in Fié. Ev.3. The three groups
Gasterosteiformes, Indostomiformes, and Dactyloptzroidei all are hypothesized to have
arisen from cottoid ancestors, but there ié not enough evidence to decide whether they
form a monophyletic group. Within Gasterosteiformes, the macrorhamphosid lineage is
most primitive, having given rise to modern macrorhamphdsids, aulostomids, énd\
syngnathids on one hand, and to aulorhynchids and gasterosteids on the other. The former
groups have diverged greatly from the ancestral condition, retaining few scbrpae‘niform '
characters. ' ?

Although the members of Déctylopteroidei are épecialized, they rétain more
cottoid éharacters than do either lineage within Gasterosteiformes. Dactylopterus is the
more primitive of the two dactylopteroid lineages. |

iIndostomus is a lineage with approximately equal ties to Gasterosteiformes and
Dactylopteroidei, and for this reason its position must be left uncertain. Hypoptychus does
not appear to belong anywhere in this assemblage, but rather to be a derived '
atherinomorph. |

The classification suggésted is;

Order Scorpaeniformes (in part)
Suborder Cottoidei
Suborder Dactylopteroidei
Superfamilyv Dacylopteroidae
Super family Pegasoidae

Order Gasterosteiformes
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Suborder Gasterosteoidei
Family Gasterosteidae i
Family Aulorhynchidae
Suborder Syngnathoidei 1 - ,
Superfamily Macrorhamphosoi&ae ‘
Family Macrorhamphosidae
Family Aulostomidae :
Superfamily Syngnathoidae
Family Solenostomidae
Family Hippocampidae
Family Syngnathidae
Order Indostoﬁwiformeé
The monotypic order Hypoptychiformés is removed from Gasterosteiformes and+*
placed provisionally with Atherinomorpha, although its affinities are still unclear.
" This classific i n leaves Scorpaeniformes as a paraphyletic group, from which

tWo separate order - ~ave arisen. Its major advantage is its retention of the characteristics

distinguishing Scorpaeniformes, the suborbital%:ranial and opercular spines,

rounded pectorals with free anterior rays, and W¥ided caudal fins (Nelson, 1976).

Scorpaeniformes thus remains a well-distinguished gr of‘bony-headed, mainly
bottom-dwelling fishes. Dactylopteroidei is one of the several bottom-dwelling lineages
within Scorpaeniformes, and as such has retained or evolved in parallel a Iarge number of
characters found in other scorpaeniforms. It is distinguished by fusion of the nasals into a
median bone with a ventral cavity into which the uppet jaw bones fit, enlarged
posttemporails and preopercula, sutured anterior vertebrae, and "transverse bones". ot
The new order Gasterosteiformes is a lineage of open-water or weed-dwelling
fishes. These fishes lack the suborbital stays and head spines of Scorpaeniformes, having
evolved instead elongate, tubular snouts (pa;i'tially formedby dorsal flanges frorﬁ the
symplectics). expanded subopercula, reduced branchiostegal series and pelvic plates,
strong connections between the fourth actinosts and the coracoids, and lateral processes

connecting the vertebrae with the lateral scutes.
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The order indostomiformes shares some characteristics of both the other
lineages. It is apparently a benthic fish which feeds on the bottom or in mid-water, and it

shows a combination of characters foundsin benthic cottoids and in Gasterosteiformes.

% .
3l 4
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Table Ev.1 : Apomorphies and apomorphic tendencies of framework
groups

with the study groups in which they occur and the character numbers. states,
and descriptions. Apomorphic tendencies appearing within

L Gasterosteiformes and Syngnathiformes ar e indicated as follows:

PR
{

G' - may appear in the commor ancestor of Gasterosteiformes
G? - appear once within Gasterosteiformes
G’ - appear independently more than once within Gasterosteiformes

Saurida (Aulopiformes)

Apomorphies' ‘ ’
SHHP M 10(0)Preneurapophyses absent

(Percopsis + Acanthopterygii)

Apomorphies ‘ .
_G?S H A 3(0lLateral ethmoids do not extend posteriorly onto orbit roof
G S IHP A23 Snout length more than 25% of head length
G!S'H C 8(1)Dermopterotics overiap over half of sphenotics
G S IHPDC 1 1(0)Supraoccipital and frontals not separated
D D 8(1)Prootics with accessory anterior foramen(a)
G:SIH D11(1Exoccipital condyles present
S HPD D17(1)Prootics reach margin of postorbitai foramen
G S PD D19 Head length more than 22% standard length
- D E10(1)Dorsal and ventral maxilla articular heads g
G S HPD F 3(1)Dentaries have elevated coronoid process#
G°S*H D F18(1)Quadrates Have distinct shafts R )
I G 5(1)Posterior borders of preopeércula are incised or serrated
Gg IHPD H 2(0)Blossohyal toothiess .
G5 HPD | 4(0)Basibranchials lack tootMplates or teeth

)nected posteriorty
.o

Tar

-, G% H 16(1)Basibranchial #1 deep

4

D | 7{1)Basibranchials with lateral flanges
G S!l PD I124(1)Fifth ceratobranchials expanded laterally
GS'H  J22(1)Scapula posterior borders notched to receive actinosts
G 3tHP  J25(0)Actinosts not elongate
G*S IHPD J30(1)Third actinosts attached to coracoids .
GS? K 5(0)Pelvic plates lack-anteromedial flanges g
G P K13(1)Pelvic fins articulate with ventral projections from the pelvic plates
K 15(1)Pelvic plates bear overlapping medial processes

G L 3(1)Soft dorsal with anterior spines
GS? L 9(1)Anal spinous
G S IHPD L 15(1)Proximal anai pterygiophores bear flanges
G S HP M 9(1)Precaudal neural arches are pierced by lateral foramina
G S IHPD M15(0)Epineurals absent

Apomorphic tendencies ' .
H  A12(1)Median ethmoid medial plate reduced 4
HPD A 16(0)Vomer head toothless '
H
H

| ;
[ B 12(0)Basisphenoid absent i
D B 19 Orbit length over 30% of head length :
D B20 Frontal length over 40% of head length N

D 7(0)Prootics and exoccipitals do not meet

2

OOOQ

S
S
Si
S
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Table Ev.1 continued ' B

E 15(1)Palatine larger than ectopterygoid
G:S! - F22(1)Symplectics bear posterodorsal laminae
G F23(1)Symplectics bear posteroventral laminae

~ 15(1)Ventral toothplate behind last basibranchial ,
G*S? PD I135(0)Third pharyngobranchial without anterior cylindrical process
G S P K18 Snout - pelvic base more than 40% of standard length
G 1t DULI 3(0) First anal element supported by a snngle pteryglophore

-Percopsis (Parac\anthopterygii)

Apomorphles
G2S HP H 4(1)Ventral hypohyals overlap ceratohyals ,

| . @ P K 18 Snout to pelvuc base 45% standard Iength

v . ' Py

Acanthopterygii, o

Apomorphles ' T ‘
S. B 4(1)Frontals reach near posternor end of skull
G S HP' H 5(0)Ceratohyals not expanded at anterior end -
-~ G. HPDH17(1)Urohyal with ventrolateral flanges
G S IHPD 114(0)Hypobranchials lack toothplates
- 3*S! PD J 5(0)Pesttemporals lack anteroventral processes
G S| PDK10(O)Pelvic actinosts absent
: PD K14(1)Pelvic plates bear anteromedial spurs
-§? - DL 1{1)Anterior spinous dorsal
S HP
S
S

P

D L12{1)Proximal and medial pteryguophores fused
D L23First dorsal spine less than 19% of standard length
DN 6(1)Uroneura| |f distinct, supports pnncupal caudal rays

GSI
GS!
!

o Apomorph:c tendencnes
GiS H A.7(1)Lateral ethmoid ventromedial projections wuth antenor processes 2
P’ A15(1)Median ethmoid touches lateral ethmoids- L
PD A19(1)Vomer head connects lateral ethmoids  ga
G H - B 9(0)Suborbital rings-incomplete . ' o R )
- B15(0)Dermosphenotics separate from. sphenotncs
C 3(1)Supraoccipital with anterior wedge- |ke process -
PD C 10(0)Extrascapulars absent .
D 6(1)Prootics with separate ventral foramuna for VIl nerve
PD D 12(0) Basioccipital ventral surface flat
PD D 14(0)intercalaries absent
PD E 6(1)Ventral articular heads of maxillae Iong
G3s: - DF2(1 )Deqtarnes with anterolateral foramena
G . H F10(1)%8samoid articulars are present
s HPD F 12(0)Anguiars are noncylindrical
S PD G 7(Qjinteropercula are shorter than preopercula
. 115(1)Hypobranchials with teeth .~ -
SUHP  125(0)First epibranchials without uncinate processes
G S IHPD 129(0)Epibranchials withowut toothplates -
‘G S IHPD 132(0)First pharyngobranchials absent.
G SUH D J10(0)Cleithra without ppsteromedial extensions to the coracmds ) S
‘G SH  J16(1)Cdgacoids with pbsterior extensions past actinosts o Lo
G'S* P J19(0)Scapwular foramina incomplete . ' X
G S*H - J210)Scapular foramena circular
Gs . J29(1)Fourth actinosts enlarged
G - PD K 7{1)Pelvic plates are joined by medial sutures
G D K 16(1 )Pelvnc plates are plerced by lateral foramena.
V& .

1

Sy
S
Sl
St
Si

L



G K 8(1)Pelvic plates bear ascendmg processes

L P A 5(1)Mednan ethmord with ventral transverse flange

Ev.1 continued
K17 5 pelvic rays

G §? 21(1)Haemal arches are pier8ed by lateral foramma

& RS\ 7(0Parhypural fused to hypurals -~ : S
&N 8(0)Parhypural not autogenous '
) N1 3(0)Upper hypurals are fused to one another

. Atherinornorpha

Lo Apomorphnes o
GSIH E 3(0)Premaxiliae lack articular processes
H  E 9(1)Maxillary hooks present

L}
¥

o Apomorphnc tendencues
Gis? C 7(0)Dermopterotics do not bear. lateral canals -
E16(1)Palatines fused to ectopterygoids '
SHHPD F 5(0)Posterior borders of dentaries slightly cleft’

"~ K 4(0)Pelvic plates lack. anteromednal processes

' _Poréomorpha .

- Apomorphaes R '
G H DE4(1)Premaxall »bear postmaxillary' processes. -

. -
R Apomorphic tg:daéc:es '
G S* P . F 8(0)Articulars. subdentary processes

St P 137(0)Fourth gharyngobranchials absent
Gsi P J3(1)Posttem‘oralsqﬁasemble lateral scutes -

IR ‘wﬁformw

Apomorphres

' ~G’S’ PD.J 4(O)Posttempora|s lack anterodorsal processes

° . ’;‘,)

(P-rcifor.mes + Sco.rpaaniformes)

- Apomorphies™ = '
G '~ DK 1(1)Pe|vrc and pectoral girdles touch each other

Apomorphrc tendencnes
&GS IHP B 18(0)Sclerotic rings absent
L .bC 2(O)Supraocc1p|tal crast absent
Scorpa‘qniformes ;

e

Apomorphnes :

#" g“ .

18(0)The anterior end of the soft dorsal lies ovber caudal vertebrae =

431
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Table Ev.1 continued o

-1 D 11201 )Hypobranchxals with anterior processes

D J38 Pectoral fin Iength more ‘than 25% of standard length

w

‘ Apomorphnc tendenc:es B
G's A 4(T)Lateral ethmoids with anterolateral extensions
. 'S PD A 6(1)Medial projections of each lateral ethmoid fused
G'S*H A 8(1)Lateral ethmoid ventromedial projections with posterior processes
P G19(1)Preopercula bend medially to form the floors of the branchiai chambers
S| P J20(1)Scapulae reduced to the size of actinosts SR =N
I P J24(1)Scapulae and first actinosts fused ‘
G s L 16(0)Central dorsal pterygiophores flattened dorsoventraily
S IHPD M30 Epipieural ribs are absent =~ .
G H N8OParhypural does not support prmcupal caudal ra¥$

oo

| o . Scorpaenoidei ‘
'\ . o L ‘ L

s - Apomorphnes S ' : % :
@& ‘ KZQ Pelvnc plate Iength more than 15% of standard length - « s

-Apomorphic tendencies
G2s? P F25(0Hyomandibulae lack medial foramina on shafts
S* D G 9(0)Posterior ends of mteropercula are not expanded
G*S*l PD M22(0)Prehaemapophyses are absent ‘ , .
G S’l P M23(0)Posthaemapophyses are absent _ ,3 o 8

o

Cottojdei o

¢

No distinguishing synapomorphies

* P o
' Cottus

. Apomorphnes Lo *

G SHP D 5(0iTrigeminofacialis anterior foramina incomplete

G E 17(1)Palatine heads bear lateral projections

G HP E23(0)Sepgrate endopterygoids absent

G S* D 111(0Hypobranchials not cylindrical R
GS1 PD N 4(0)First uroneural not separate from the hypurals

. Asterotheca SRR A

Apomorphles : '
P A 9(1)Ventromedial projections extend posteriorly into orbnt
-1 P 133(0)Second phatyngobranchials absent |
G | DL17(1)Distal and medial pteryglophoras fused

Perciformes
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Table Ev.1 contmued :
No dustmgunshmg apomorphnes

. Apomorphlc tendencies o i,

P B14(1)Dermosphenctics bear lateral canals S o ' n
. 81 G 8(1)Anterior ends of interopercula are expanded . v

S P. M24(0)Haemal laminae short : v ,

) Ammddﬁas '

- ‘ Apomorphies
| E19(0)Ectopterygoids do not lue along anterior borders of the quadrates
. §'. P F 1{0)Dentaries toothless ,
- G 'P F4{1)Dentaries touch angulars - '
G*S ' F16(1)Quadrate shafts make up over half their Iengths ,
S J11(0)Cleithra lack anterior symphysis
S M31Body depth 10% of standard Iength
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Table Ev.3: Apomorphnesmppearmg only within study groups
with the study groups in which they. appear gharacter number, state, and

description.
S? A1(0) nasals absent ' ' b
'S A13(1) Median ethmoid with ventral ossification he
S A14(1) Median ethmoid with ventrolateral ridges = v r
I~ A18(1) Vomer head fused to median athmoid’ el
S? A21(0) Vomer shaft does not meet parasphenoid  *
S A22(1) Vomer shaft exposed dorsally
G S IHP A23 Snout length over 25% of head length - . ‘
G! HP D 'A24 Median ethmoid length less than 17% of head Iength
S? A24 Median ethmoid length more than 39% of head len
G - A25 Vomer length less than 9% of head length .
GS'H  A25 Vomer length more than 25% of head length
S? B 1(0) Frontals lack supraorbital canals
Gs? B5(1) Frontals touch parasphenoid ventrolaterally
S| B6(0) Lachrymals lack infraorbital canals °
.8 B8(1) Lachrymals subdivided anteriorly - : :
G B 11 (0) Pterosphenoids are absent

G's ' P B19 Orbit length less than 2 1% of head Iangth
P . B20 Frontal length less than 36% of head length

S? C6(1) Epiotics articulate with ossified ligaments
82 * €12 Supraoccipital length less than 10% of head Iength
S2H D3(0) Parasphenoid without distinct lateral processes
S D 16(0) Exoccipitals do not separate pterotics and.basioccipital- -
St P - D18:Parasphenoid length less than 48% of head length
S D 19 Neurocranium length less than 16% of standard length
.S D 19 Neurocranium length more than 33% of standard length

'S P E1(0) Premaxillae not toothed

Sl P E11(0) Palatine heads not cylindrical ‘

St E13(1) Palatine shafts lie over lateral surfaces of pterygmds
| E18(1) Palatines fused to median ethmoid

S! P E24(0) Separate metapterygoids absent

G*S - E26 Palatine length less than 1 1% aof head length -

GS F20(1) Symplectics bear anterodorsal laminae :

@ H. F26(0) Hyomandibulae lack anterior laminae - - S
S - G2(0) Preopercula lack preoperculomandibular canals '

S P D G4{1) Posterior borders of preopercula are expanded
S* P DG11(0)Opercula do not form most of the gill covers
GS H A9(0) Ceratohyal shafts lack branchiostegals’
S. D-H10(0) Ceratohyal posterior heads lack branchnostegals
S. H14(0) Interhyals not cylindrical ~
G'S* HP D H18 (1) Urohyal flanges entire

S 11(0) Basibranchial # 1 absent

St 12(0) Basibranchial #2 absent

S? P 19(0) Second hypobranchials absent
S? P 110(0) Third hypobranchials absent

G S IHP'D 118(0) Second ceratobranchials without toothplates

S H  123(0) Fifth ceratobranchials without teeth

Sit. ® 127(0) Third epibranchials lack uncinate processes

S* ° 130(1) First epibranchials with teeth -

S? 134 (0} Second pharyngo ichials’ toothless

S? 136 (0} Third pharyngobr als toothless : : ,
S3 P D J6l1) Posttemporals co-ossified with cranium : v , .
S D J7(0) Supracjeithra absent _ ‘ :

S*H J15(1) Coracoid shafts incised antériorly .

St J18(1) Ectocoracoids present .

S Actinosts with lateral distal flanges

SHH uth actinosts with anteroventral spikes .

R0 oY)

A

=g

osts attached to one another V|a sutures



436

Table Ev.3 continued _
- H )36 Fewer than 10 pectoral rays
S D J36 More than 19 pectoral radys, i : o
S. - J37 Snout- pectoral base less than 17% of standard length -

S J37 Snout- pectoral base more than 42% of standard length
G!*S| - - J38 Longest pectoral ray less than 10% of standard length
S K6(0) Pelvic plates lack medial processes

: K 18 Snout - pelvic base more than 56% of standard length
G'S: P'D K19 Anterior process of pelvic plate less than 70% of plate length
S H K20 Pelvic plate length less than 5% of standard length x

G? K20 Pelvic plate length more.than 18% of standard length
G S L2(1) Separated dorsal spines
G L5(1) Supraneurals behind dorsal
S - L7(1)Posterior dorsal pterygiophores fused -
G L2 1 More than 16 dorsal spines ' v
S L22 Snout - first dorsal eilement more than 67% of standard length
G*si L273 First dorsal spine length less than 5% of standard length -
7'SaHP  L24 Fewer than 8 analrays - = f
- S L26 Snout - anal base more than 70% of standard length
S L27 Anal base length less than S% of standard length

St P DM3(1 First four vertebra are fused . :
G SiHP - M1 10) Postneurapophyses absent ' : :
- & M12(1) Ossified tendons are present in the axial musculature
S P DM13(1) Neural arches are closed for their full lengths
52 D M17(0) Anterior transverse processes absent’
P D M18 (1) Transverse bones arepresent " o :
sy - M25(1) Haemal canal closed over its full length = - '

G'S . M26(1) Vertebrae bear lateral processes to scutes or scales
S| PiD M27 Fewer than 23 vertebrae N ,
s? M28 Less than 29% of vertebrae are precaudal

G'S |. P- ~ M30 Fewer than 7 pleural ribs- o

- 82 M3 1 Body depth less than S% ofstandard length .

P D M32 Body width less than 22% of standard length ‘ : '
S PDM33 Length of first four vertabrae more than 11% of standard length
St - M34 Average length of first six vertebrae morg than 1.2 times average length
of central vertebrae ’ i ] .
| ' M34 Average length of first six vertabrae less than 0.7 times average length of -
central vertebrae - I S :
G* -~ D M35-Average length of last six vertebrae more than 1.1 times average length of
bl central vertebrae - - o e ‘
8 35 Average length of last six vertebrae less than 0.67 times average length of
: @entral vertebrae e ' S v ,
» &1 . N1(0) Caudal absent -
S P DN16 Fewer than 6 dorsal principal caudal rays
St P N17 Fewer than 5 ventral principal caudal rays -
G:SH N 18 Longest calidal ray less than 10% of standard length
S P N19Depthof caudal peduncle less than 4% of standard length
S Pt - N20 Length of hypural complex ;ess than 1.7% of standard length
G*S: P N21 Lengthof hypural complex less than 1.2 times average Iengtg of central
: vertaebrae ° ) . : :
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A 0 0 1 1 1 1 1

B 11 o 0 0 0

C 1 1 0 0 0 O©

D 1 0 o 0 ©0 0 0
1

E 1 0 0o . 1 1 0 0

AULI AULO S G ¢ P A

Figure Ev.l! : Apomorphic tendencies of Gasterosteiformes

Characters A-C - Type 1 aﬁomorphic tendencies, may appear in the -

' common ancestor of Gasterqsteiformes

Character ‘D - Type 2 apomorphic tendency, appearlng 1ndependently
once w1th1n Gasterosteiformes

Character E - Type 3 apomorphidggéqggndy, appearing 1ndependently
two or more times within Gasterosteiformes
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A 1 1 0 0 0 0
B 11 0 0 1 1 1 1
C 1 0 0 0 0 0
D 0 0 0 1 1 1 1
E 1 0 1 0 0 1 0 0

A 11 ) 0 0

B 11 0 o0 1 1 1 1

c 1 0 0o 0 0 0 0

D 0 0 0 1 111

E 1 0 - 1 0 0 1 0 0
AULO F  AEOL M SOL  HIP  SYO SYU

- Figure Ev.2 : Apomorphic tendencies of Syngnathiformes

Charactérs A arid B - Type 1l apomdrphic tendencies, may appear in
: ' the common ancestor of Syngnathiformes

Characters C and D - Type 2 apomorphic tendehcies, appearing
independently once within Syngnathiformes

Character E - Type 3 apomorphic tendehcy, appearing independently
two. or more times within Syngnathiformes '

~
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: Evolutionary
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tree- of the study groups



. V. Discussion ‘

All three schools of systematics recognize particular relationships both among
study; groups and between study grons and framework taxa, All recognize affinities
between Dactylopterus and Pegasus and between Dactylopterus and Scorpaeniformes,
particularly Asterotheca. All also find Gasterosteiformes-Scorpaenifdrmes ‘relationships
and find that Syngnathiformes and Indostomus are more closely related to other study
groups than to Any framework taxa.

The three schools yield results disagreeing on five main points. These are: ’
1. Is Gaster osteiformes more closely related to Hypoptychus than it is to Cottoidei?

(Phylogenetics and pheneticS - yes; evolutionary systematics - no)
2. Is Gasterosteiformes fnore closely related to Syngnathiformes than it is to

~ Cottoidei? (Evolutionary-systematics and phylogenetics - yes: phenetics - no)

3. Is Gasterosteiformes mare closely related to (Pegasus+Dactylopterus) than either is

to Cottoidei? {Phylogenetics - yes; evolutionary systematics and phenetics - no)

4. Is Gasterosteiformes more closely related to Syngnathiformes than it is to
{Pegasus+Dactylopterus)? (Evolutionary systematics - yes. phylogenstics and
phenetics - no) ) |

5. is (Pegasus +Dactylogteru s) more closely related to Indostomus than it is to
Cottoidei? (Phylogenetics and phenetics - yes evolutlonary systematics - no)

Comparison between the different schools’ answers to these problems is possible

" only if they can be tested; against a criterion which is not dependent on the particular.'aims

and philosophical bases of one of the schoolé. The criterion which has been most widely

recommended for th's purpose is 'Information corltent’ (Farris, 1979a) or 'Predictivity’

| {Gower, 1974). Proponents of all three schools have recommended this as a criterion for

svaluating classifications (for examples, see Farris, 1979a; Archie, 1984). Information

content is the extent to which the ciaséification, or hierarchiéél scheme.of relationships,
expressés the distributions of the character states used tb construcjit\.Tle ideal
classification or relationship scheme expresses all the data in as few statements as
possible, thus maximizing both its informativeness‘and its e‘fficiency.

Oqe measure of information content is Gower's W used above to compare

' AP . ‘ - :
phenetic methods (see Fig. P 1). This method is not applicable to phylogenetic or

441 °
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evolutionary class:ficataons however becauseﬁ« measures the ‘E"’é"’o Jvhich the

Wl
distributions of all statea of a character are reflei;;ted in the grod‘ups recqgnized. In Figure
Di.1, for example, the ' 1’ state of the character. shown is’ escribed by the qo AB at
the three-cluster level, but the O state appears in f% separate groups J/‘ghe hierarchy s
failure to exphcmy predict the dlsf(ribution of the 'O’ sta% appears, in the measurement of
Gower's W, at the two- and one~ cluster Ievels where the maiorlty character states of the
groups ABC and ABCD fail to correctly predict the states found in CandD.

Phylogenetic criteria for measuring information con{ent view each hierarchical
group as representing a statement about one character state, the apomorphic state. |
indices like Farris' (1980} statement count or Archie’s (1980; 1984) predictive value,

‘ therefore, view the hierarchy in Figure Di. 1 as maximally informative, containing both the
explicit information "A and B have state (1)” and the implied information "C and D do not
have state (1)". | will call such statements, which imply their complements, "ONLY"
statements (e.g. "(ONLY)V A and B have state (1)"). Phylogeneticists measure the information
content of a hierarchy by the number of ONLY statements required to describe the
distributions of all character states. Farris measures this simply by counting the
statements; Archie uses a numerical index similar to Gower's W but only consndering the
number of correct predictions made within the hierarchical group that contains all
occurrences of the character state (the minimaily inclusive taxon). This approach is-
identical to that used in the evolutionary systematic analyses, where all apomorphies
'appearing more than once are regarded as apomorphic tendencies of the smallest

monophylstic group that contains all their occurrences

Are information content indices which measure how well a hierarchy explic;itly

describes one state of each character applicable to the results of analyses whichaimto .

explicitly describe the distributions of all character states, or vice versa? The goal
accepted by proponents of all schools is simply to describe the distributions of all
character states in the fewest stetements, $0 unless explicif statements are viewed as
intrinsically more valuable than their implied complements there is no reason not to apply |
phylogenetic information content indices to phenetic results. The results of both schools
should be compared for information content by that index’ which expresses their maximum

possible information content.

k3
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Farris (1979a, 1980) presents a mathematical argument to show that while the total

numbers of shared character states can be recovered from a matrix of apomorphic
s'rm‘il”ities {i.e. from the set of ONLY statements describing the hierarchy), the converse is
not true; this is intuitively obvious in that the use of ONLY statements allows one statement
to describe the distributions of two char;cter states. Given this attribute of ONLY
statements they mus-‘t be gccepted as the most ef ficient way of expressing information
about the data, and informatiap inéices relying on them must ge applicable to any
systematic method which gives effigient expression of t‘ﬁe data as its major géal, which
phenetics does.

The question of {hese i;\dices’ apyplicability to evolutionary systematics is morg
difficult, since evolutionary systematics attempts not to most efficiently express all the
data but to most efficiently express the distributions of the most highly weighted
characters and character states. Farris (1979a) has indirectly addreséed this question in his
diséussion of rooting, or of the problem of deciding whfch state of a character shall be
describéd by an ONLY statement and which left to implication.

Farris’ argument deals mainly with presence/absénce characters, and is based on
the conceﬁt that an ONLY statemént about the presence of a c;iaracter contains more
information than.one ab:out its absence. In'his example, the statement "Articulars are

,.bpresent” implies the presence of heads, jaws, bone, etc., and is thus a more informative

. ‘statement thén "articulars are absent”. This is essentially gn argument about correlation, a

-highly informative character state being one that is logically correlated with.a number of
characters not used in the study, but it can also be}ﬂted in terms of the directly-and
indirectly implied information about the distribution of the other character state, as
foliows.

In an analysis of chordata the statement "(ONLY) gnathostomes have the articular”
directly implies the statement "noh-gnathostomg chordates do not'have the articular”. It
INDIRECTL‘Y implies the statement "All organisms except gnathbsiomes d_é not have the
articular’, and since we hope the immediate hierarchy.\‘?'vill be part of an overall hierarchy of
all organisms, we are concerned with these indirect implicaﬁf@. The alternative ONLY
statement, "(ONLY) non-gnathostome éhordates do not have the articular”, has an equally

accurate direct implication ("gnathostomes have the articular#ibut its indirect implication

5



("aII organisms except non- gnathostome chordates have the/ rticular’} is obvlously false.
, The ldea of choosmg to descrlbe the dlstrlbutlons of character states in a way that -
- maxumlzes the accuracy of both expllclt ONLY statements and of their implied :

. complements IS not new. It corresponds to the |dea| of character homogenelty wnthln
groups and heterogénelty between them heird by all three schools (agaln see Farrls 1979a
.and Archle 1980 1984) and even more dlrectly to the phenetlc goal of mmlmlzmg
exclusnon errors the number of occurrences of a character state outsude the cluster
which it dlstlnguushes (Gower, 1974) It provrdes an mformatlon content based ratuonale

' not only. for character/ character state wenghtnng but for the use.of comparlson wrth other
,_\,,_orgamsms m determmung welghts If.a character/character state is present in many other

-
organisms, the mformatlon |mpI|ed by an ONLY statement about |ts distribution within the

,rmmedlate cIassuflcatlon wnll be less acourate " S L
All three schools of systematlcs share the goal of expressmg the r?ost mformatlon *
'A'about characterlstlcs inthe fewest statements therefore the efficiency of all in
' ,recogmzmg the most mformratlve grouplngs of the specnes studned can be fairly Judged on
the numbers of ONLY statements and modlflers of these Wthh they requlre to express
‘the dlstrlbutlons of the mqst lnformatlve character states, these bemg the, ones not found
’Iﬂ organlsms outslde the groups bemg studied (The. most mformatlve chara:}r states for
g the study groups are llsted in Table Di. 1).Fhis is equal to the length of the hiérarchical tree -
. i contalnlng the study spemes smce a new statement must be made at every character state -

°

“change.

i

Smce the criteria used to regogmze the most mformatwe character states ‘are ’.*,3:;. '

’ Athose used in e/\go(uonary we:ghtmg one would expect evolutlonary systematlc results o
- yletd the hlerarchy Wthl’j best expressés thelr distribution. Thls is true, but by a narrow

marglg the. evolutlor)ary systema.tlc tree (an Ev 3) requrres 247 statements {or steps) to
express the dlstrlbutlons of hlghly mformatuve characters (Table Di. 1) as opposed to 260
statements for phenetlcs (Flgs P2 5) and 252 for phylogenetlcs (Fug Cl. 15). The sllghtly

o shorter evolutlonary ‘and phenetlc trees seem to be due to their recognltlon of a separate |

(Peqasus+Dactvlopterus) groupmg when phylogenetlc results are rev:s@d to contam this

a /group they express the. data in only '248 statements The presence or absence of a

: lGasterostesformes+HyQogtychus) group does not'make much dlfference Two characters
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. 3 |
can be explalned more pars:monlously with the mtroductlon of this group, and one
requires an ‘extra statement The presence of a lGasterostelformes+Syngnathlformes)
. group: also makes I|ttle dlfference saving one statement and. the amalgamatnon of all the
| study groups saves two statemenits. - ) - oy “ W ‘
No attempt, was made to assess mformatlon contents with respect to framework

group mterrelatlonshlps There are several characters however, Wthh dlstlngmsh such

groups as (P SI‘COQSI +Acanthopterygn) Acanthopterygui Percomorpha and

;,(Permformes + Scorpoemforrryl md which would be explamed by the phylogenetlc and

evolutlonary resultsbegp' thas *y the »bhenetuc result& Wthh do not recognlze these

groups. ' L " ”
" Comparlson of the results by mformatlon criteria does not provnde strong reaso;s\
to prefer any one of the three hypotheses of relatnonshlp listed above In‘thé absence of
more data therefore itis necessary either-to accept only the pomts on whnch all three

schools agree duwdlng the study groups mto"four separate Imeages whlch form a A \

' pentachotomy with Cotto:del or to choose among the competung results on other

v.

grounds | have accepted the results of the evolutlonary analys.

£ e My preference for@tus analysis j ‘based. on the fact tha it includes vboth all the

b4
mformatnog&rescnbed above fon‘% t oretncally most informative’ hnerarchy and some

addltlonal mformatuon which is not recognlzed by any other analyses; this is mformatlon 5@1

a -

. -
apomorphnc tendencres (Cantlno 1982; Saether 1983) The use of these characters in

determmlng relatlonshlps is not justlfled by mformatlon content, for it mvolves descrlblng

groups as possessmg, and bemg dlstmgunshed by the possession of, charactér states
- kY

?.
Which in fact appear mdependently in a few spemes of each Jroup (Rasmussen, 1983lt 1
They appear to represent areal phenornanon however and one whnch is sngmflcant in the

diagnoses of higher taxa (Cantmo 1982) ln addition, parallehsm is prevalent.ln
N

Gasterostelformes a} the spec:es leyel le. g Bell 197.9) Parallellsm is certatnly a proble’m e

for the systematfst and it both obscures relatlonshnps andB'educes the |nformat|on

*

content of the hlerarchy ( |ch are realby éhe same thmg) lf we- lnterprete the character

states in orgamsms as the results bf,ev Yar qﬁa e, however we can vnew even
Q V

R

' parallellsms as contammg mformatlonm relatlmsh@ s:nce the ||kel|hood of two

K closely related (genetlcally st;'.;ular) orgamsms developlng the same appmorph:c trait ns
: S . .

: : R W . ‘.
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. .,hlgher than the llkellhood of its appearance in two distantly related and/or genetlcally

dissimilar organlsms The use of apomorphlc tendenc:es is an attempt to extract

' lnformatlon about unexpressed portlons of the genome from apomorphuc character states

which would otherW|se be discarded as mtractable

My cIaSslflcatuon of all multiple occurrences as apomorphlc tendencues errs on the
side of optimism as much as classifications WhICh regard all multiple occurrences as
umnformatlve homoplasnes err on the Slde of pessnmlsm It is the same assumptuon

however that Archie (1980, 1984) found necessary for the measurement of mformatlon

. content As such, itis compatlble with numerlcal phylogenetlc analyses Ideally, ard data

-to ldentlfy the possnbﬂnty—of -a shared genetlc basus for apomorphles ocourrlng several

on the genetlc lmpllcatnons of dlfferent character state changes should be used to ldentlfy -

posslble apomorphlc tendencues In the absence of these data I feel itis st|ll more useful

- times, partlcularly when they are apparently umque to and wndespread among the groups

beln@compared than to clasS|fy them as uninformative homoplasues smply because thelr

g vdlstrubutlon does not correspond to a monophyletlc grouplng

Y



C _
>\ : }‘- 447

Table Di. 1 H‘Lgh'ly mformative character states appearing only within study groups
-~ with the study groups in which they appear, charatter number state, and

descrlptuon
S A13(1) Median ethmoid with ventral ossification
S “A14(1) Median ethmoid with ventrolateral ridges
i A18(1) Vomer head fused to median-ethmoid
S? - A21(0) Vomer shaft does not meet parasphenoid :
S A22(1) Vomer shaft exposed dorsally ' ‘

G S IHP  A23 Snout length over 25% of head length
G* HP D A24 Median ethmoid length less than 17% of head Iength

s A24 Median ethmoid length more than 39% of head length
G* . - A25 Vomer length less than 9% of head length .
G S'H  A25 Vomer length more than 25% of head length
. G8 - BS( 1) Frontals touch parasphenoid ventrolateraily
S* B8(1) Lachrymals subdivided anteriorly 3y ’

G!S P! B19 Orbit length less than 21% of head lengthy
P B20 Frontal length less than 36% of héad length

S? C6(1) Epiotics articulate with ossified ligaments
S? C12 Suypraoccipital langth less than 10% of head length ‘ : L
S D 16(0) Exoccipitals do'not separate pterotics and basnoccnpltal s
* CHE P "'D18 Paraspharioid length less than 48% of head length T .
‘ ~ 8§ ., 'D19 Neurocranium length lgss than 16% Of standard length
- sY. D 19 Neurocranium length mere than 33% of standard length
L L E13(1) Palatine shafts lie over lateral surfaces of pterygoids
! | . E18(1) Palatines fused to median ethmoid
G*S ~ E26 Palatine length less than 11% of head length
~.GS . F20(1y Symplectics bear anterodorsal laminae

S P D G4(1) Posterior borders of preopercula are expanded

- S* P D G11(0).Opercula do not form most of the gill covers

G S H. . HS(0) Ceratohyal shafts lack branchiostegals -
S . D H.10(0) Ceratohyal posterior heads lac}c branchlostegals

S . H14(0) Interhyals not cylindrical ' :
G'S HP D H18 (1)Urohyal flakges entire o ) .
S’ I30(1) First epibranchials-with teeth ' :

LS P b J6(1) Posttemporals co-ossified with,cranium
G S*H J15(1) Coracoid shafts incised anteriorly

GS' . J18(1) Ectocoracoids present
) - J26(1) Actinosts with lateral distal flanges
- G S'IH J28(1) Fourth actinosts with anteroventral spikes :
. G' - P _ J31(1) Actinosts attached to one another via sutures ©~ - . ¢

‘H J36 Fewer than 10 pectoral rays - ‘
Sl D J36 Mpre than 19 pectoral rayy = .- “

8 . 7 J37 Snout - pectoral base less n 17% of standard length
- J37 Snout - pectoral basé morg-ghan 42% of-standard length
G | J38 Longest pectoral ray less 10%.of standard length g
S K6(0) Pelvic plates lack medial processes
S K'{ 8 Snout - pelvic base more than 56% of standard length

@ G S* P1D K19 Anterior process of pelvic plate less than 70% of plate Iength
SH, K2 Ivic plate length less.than 5% of standard length

G - K lvic plate length more than 18% of standard Iength :
G Sl - L2%1) Separated dorsal spines
G . LB(1) Supraneurals behind dorsal

S  47(1) Posterior dorsal pterygiophores fused S L
G*  + L21 More than 16 dorsal spines ., ¥ g

.S ' L22 Snout - first dorsal element more than 67% of standard Iength

G:s? L23 First dorsal spine length less. than 5% of standard length '

- S21- P D L24 Fewer than 8 anal rays’ -

S L26 Snout - anal base more than 70% of standard ley

S L27 4nal base length less than 9% of standard Iengt’h’
St PD M3(1)=F|rst four vertebra are fused |

L .
) R “ .
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Table Di.1, continued

S M12(1) Ossified tendons are present in the axial musculature
Sl P DM13(1) Neural arches are closed for their full lengths
S M25(1) Haemal canal closed over its full length

G’S M26(1) Vertebrae bear lateral processes to scutes or scales

Sl P'D M27 Fewer than 23 vertebrae
S* '~ M28 Less than 29% of-vertebrae are precaudal
G’S | P - M30 Fewer than 7 pleural ribs - o
. S? M3 1 Body depth less thah 9% of standard length :
P D M32 Body width less than 22% of standard length ,
' S 'P'DM33 Length of first four vertebrae more than11% of standard length
St M34 Average length of first six vertebrae more than 1.2 times average length
_ of central vertebrae
| M34 Average length of first six| vertebrae less than O 7 tnmes average Iength of.
o . _central vertebrae -
AR C D M35 Average length of last six vertebrae more than 1.1 tlmes average Iength of
central vertebrae ’
: 2 M35 Average length of last six vertabrae less. than C. 67 tlmes average length of
. central vertebrae
~ : P D N 16 Fewer than 6 dorsal pruncnpal caudal rays ' - S
Sr- N 17 Fewer than 5 ventral principalcaudal rays o N
' G’S’lH N 18 Longest caudal ray less than 10% of standard Iength : ‘ R
-~ § P~ N19Depth of caudal peduncie less than 4% of standard length
S! P* N20Length of hypural complex ;ess than 1.7% of standard length
G’Si P N21 Length of hy;;;al com‘plex less than 1.2 times average length of central

vertebrae o _
7, y’, A ' N - ’
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L 4
J-cluster level
2-cluster level '
l1-cluster level
" R | 4 of 4 ’
‘i ster level.,.;;......w = 3 out of 4
l—dluétef,level.N....;.JQ.W = 2 out of & e B
. ‘ i ‘ .
'....9 out of-12 °

TOTAL M v eeeeeeeainnnnanien o

B e

L d

.. Farris 'statement number crlterlon.

”AB'has state (1)" completely explalns the dlstrlbutlon of gtate (1)
it 1leles, "C and D hgle state o (assumlng there are onl3 two ‘
@ p0551ble states), thlS completely explalns iiﬁ distributlon of atate
0 I T
(0) s . .

One statement explains one charactér; maximum informat%gn content.

.

i 2 e

"Archie's Predictive Value: fg/, : . o
Mlnlmally inclusive -taxon for. state (1) is AB. Its majorlty _\
character state is ). Two correct predlctlons about states w1th1n

//‘

‘AB are made by the majority" state 4

»

Predqulve value : 2 correct predlctions/ 2 possible p;}dlCthnS ‘

PV = 1 : maximum predlctlve -value,

i o

T S ; :
e ' . P ‘ . - v ‘ |
Flgure D1 1, Comparlng phenetlc and ph&loggnetlc d&itgg?a oft Tt

i information content o E 0

Wi
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VI Qonclusnons

The groups GaSterosteuformes Syngnath:formes Indostomus, vagp JChUS

Pegasus and Dactylopterue may form a single monophyletic polythetlc taxon ansmg frdm

the cottoid Imeage of Scorpaenlformes but no highly mformatuve characters define this

group. A|I members of it, however share a larger number of synapomor hIBS with one

e s

another than with any framework ta)i‘ ’Two separate hneages are evident, one giving rise

to (Pegasus+Dactonpterus) the other to Synghath_ﬁormes -and Ga%ro@elformes (anure

: Ev 1). The position of Indostomus |s ambnguous a@hd@h total numEers of

.-.;.

L

synapomorphies and overall smulérmes place it wutH‘ (Pegasus+ . y opterus), few of the

character states umtmg them #e hughly wenghted It does however appear to: be related % 4 %‘3

to Cottordeu and to the syri'gnathn‘orm and dactyloptend lmeages Hypopt

L st

d"wlth Gasterostenfor‘mes by total synapomorphnes and overall S|m|Iarmes but ‘only

' two ﬁf the shared character states are of high weight. Hygoptychu s also shares one highly

we@hted g‘aracter wnth Atherlnomorpha so it cannot be furmly placed with either group

and must be made /ncertae sedis.

[

~and many .of them mvd n apomorphic te'ndencies rather than on disttnguishing .

- U\

' ‘apomorphies MMy use of the evolutionary systematic concepts.of apomorphic tendencies

and a priori weighting do not, however dictate the use of evolutionary systematio

methods of constructmg a classnf;catlon The evolutlonary classification contains

paraphyletic groups (e.g. &orpaemformes) Wthh pthent.We Wency of the
es i

classification; for examptq |f the paraphyletuc taxon Scorpaemfor separated.from v

\Gasterostelformes it-is then impossible to descrnbe the dnstnbutron of a synapomorphy

umtmg Gasteroste:formes and Cottoidei in fewer than two, statem nts Smce only the

presence of synapomorphues umtmg Gasterostelformes and Co? ei justmes my placing .

1

Gasteroste:formes as the descendants of a cottoid ancestor meetnon of the

paraphyletlc taxon Scorpaemformes resutts m a classmcatnon which obscures the data ‘
which lvuew as indicating relationiships. "~ , . B
f - B

The advantage of the evolutuonary classnfxcatnon is the amount of defmltnon

assocnated with ltsjjgroups the paraphyletrc Scorpaemformes can be dlstlngu:shed by

possessmn of suborbutal stays (and, by lmphcatnon ‘of a particular genetic makeup

N

as0 .

The relationsbips among the stt?‘dy grOups are not obvious or precisely determined,

h'u " sllkewrse R

|

,,»r/

X
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resulting i in theur development) It is not clear to me, however, that jt is vaIuab|e to retain a

-

" set of distinguishing apomorphies whose justification is thetr nnducatnon of underlying

genetlc snmnlanty when the data lndlcate that the actual genetic sumllarlty shared by all the

scorpae‘hsiorm ttshes and thelr derlvatwes ns the presence of a.genome Wthh tends to

evolve into these apomorphlc characters if apomorph|es like the suborb|ta| stay, Wthh

the expressnons of an apomorphic tendency there is no reason to exclude those members

of the scorpaenlform Imeage which have lost them from the taxon Scorpaemformes

- appears in several d|fferent morpholognes W|th|n the taxon it. dnstmgulshes are viewed as

In the mterests of most clearly expressing the distributions of both apomorphies

and hypothesized apomorphnc tendencies, | choose to represent the relatuor;shlps in Fugure

e

paraphgletlc taka The threq study group hneages are all, assrgned subordmal status
A

% 9N o e

L2E

_ Ev.1 as directly, as possnble in an indented classification, av0|d|ng the constructron of

%q'c M“ f‘f%

) ;because ‘?here are not enough data to justify placing one: of tﬁem as the suster group of the

other two. Families within the syngnathoud lineage are named by phyletlc sequencmg (see '

‘Wnley, 1881). The proposed classification is:

Order Scorpaeniformes (in part)
| Suborder Cottoidei r X
Subo‘njer Gasterostoidei
Superfamily Gasterosteoidae |
Famiu_Aulorhynchid e
Family Gasterdsteida O
SJperfamily Syngnathoidae y
’ Family Centnscnd,ae ~
- Subfamily Macrorhamphosnnae
Subfamily Aulostominae '
Family Solenostomidae
Family Syngnathldae
Suborder Dactylopteroudel
¥ Superfamily Dactylopteroidae'

Superfamily Pegasoidae -
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Suborder Indostomoidei

The suborder Gasterostoidei is di‘stinguisned by only-a few synapomorpnles

- found in all its members, or even at the basal nodes of its subgroups. These are:

® o & oW N

’ ;Urohyal bears dorsolateral flanges - T

<Pelvic plates bear ascénding processes

Suborbital series are incomplete

Basusphenond is absent ?
Supraocmpltal bears antenor wedge- Ilke proc ss
Ventral hypohyals overlap ceratohyals l S » \ _‘ *{ ’

_Ceratohyal shaft does not support branchiostegal rays

Pelvnc plates do not bear anteromednal spurs

Itis, however &ungwshed by the possess:on w‘t@ln bdth }-
superfamlhes of several paral|e| synapomorphies, or appmorphlc tendencues
These mclude the followmg - ﬁ Ty
Symplectnc Iamnnae extend between the endd and me@t::pter);gonds - i
Frontals and pterosphenmds are fused ’ L
Subopercula are expanded - ' L o Coe

Ectocoracoids are present : S

Bodies are elongated

Snouts are slongated and tubujar
Dermal armor. is present.

Coracoid shafts are incised anteriorly

-

Fourth actinosts are 'connected' to the coracoids by anteroventral processes

: Vertebrae are connected to the Iaterat scutes, by lateral processes

Superfamnly Gasturosteoudae is dnstmgu:shed by the followmg characters:
Nasals’ bear ventromedaal ﬂanges
Prootics are excluqed from the postorbital foramen » g
Palatme heads bear spurhke lateral pro Jectlons .

Ceratohyals and eplhyals are connected by a  dorsal strut , .

L

Pelvic plates lack anteromedial flanges

Supraneurals are present bethind the soft dorsal

I
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Pelvic spines are present.

The apomorphies distinguishing the families Aulorhynchidae and

Gasterosteidae are listed in the phylogenetic section, in Table Cl. 1.

Superfamily Si'ngnathoidae is distinguished by possession of the following

ch_aracters:

1.

® 0 A w N

o o N

_A,—l.—a._)
w-p - O

p
Median ethmoid is ossified ventrally
Median ethmoid bears ventrolateral ridges
Vomerdehaft is exposed dorsally

f’rootics do not meet axoccipitals or basioccipital
E"xoccipi‘tals separate pterotics and I:‘aasi'occipital
Maxilla shafté“are greatly expanzied '
Cranial condyles 6f each hyemandibula are connacted
Ceratohyais are not constricted centrally gt
Interhyals are not cylindrieal

Basibranchials are absent o : - N

, Anterlor vertebrae are elongated and fused

Soft dorsal is supported by caudal vertebrae only s

Body is elongate ‘cased in armor. N v r,., ’

The chawacters d|stmguushmg the mduvudual famuhes of Syngnathondae have

L)

been listed in the phylogenetic section (Table CL.2).

DactyIOpterondel share with one another the following swappmorphies:

‘Nasals are fused, with ventral concavities into which the upper jaws retract

Post)erior borders of preopercula are expanded to form most of the gill

- covers; opercula are redu%dj‘ . L A

Posttemporals are c0f9ssifi with the cranium A
. .

a
Transverse bones are present
L]

First four vertebrae are connected by complex sutures between the centra.

" Dactylopterus is further distinguished by:

Supraoccipital crest is absent

Hyomandibulae have complex heads with five articular surfaces

Hyomandibulae bear Iarge posterior flanges
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10.
11.
12.
13.
14.

15.

© o N~ o 0 R N -

10.
1.
AN

- 12e
13.
14.

15.,

16.

17.

. Coracoid shafts do hot touch clei hra

454

Ectopterygoids have long anterior processes ,

Postertdr heads of ceratohyals do not support branchiostegals

Basibranchials h;%/e lateral flanges

Supracleithra are absent

Cleithra do not have distinct "head” and "shaft" regions

Postcleithra are present ’

First actinosts are pierced by fdramina

Pelvic plates bear dorsomedial struts reaching to the cleithrum

Pelvic plates are pierced by ateral foramina

Supraneurals are absent |

Anterior transverse processes are absent

Vertebrae bear dorsoléteral ‘spin.es on each side of the neural spines.
Pegasus is distinguished by;

Body depressed. with b_dny armor

Nasalg fused into arostrum
jections of lateral ethmoids extend postariorly into the orbits
Mécijan ethmoid Ia§ks lateral faqgs ' o
Vomer shaft is short, not extendthg posteriorly past lateral ethmoids
Pterygoids are absént. ;.o e T A o -

Hyomandlbulae lack mednaHOramma v .
Preopercula bend medially to form the floors of the branchial chambers
Ceratohyals are attached to epihyals by complex lateral sutg‘res '
Third basibrancmgus absent . —

Second and third_hyb ranchials are absent

Hypobranchials lack anteriorprocesses ‘ \\

Cleithra bear posteromedlal extensions to coracoids

Scapular foramina are incomplete -
Actunosts are sutured together, and to scapulae and coracoids

Haemal laminae do ‘not extend the full Iength of each caudal vertebra.

-~
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Dactylopteroudea It resembles the former in the following: w :
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indostomoidei shares several characters with both GasterosteldeL and

1. Separate dorsal spines are present before the soft dorsal ‘
Fourth actinosts are connected to coracoids via anteroventral projections -
Dentaries and articulars do not bear sensory canals

Pelvic fins are spineless AN S

Pelvic plates lack medial processes and sutures '

Ossified tendons are present in the axial_‘rRysculature B !

A R

Haemal canals are closed for their full lengths,

and resembles Dactylopteroidei in:

—_

Posterior myodome is absent

Dermosphenotics bear infraorbital canals

interopercula are shorter thari preopercula

Subopercula do not follow the opercular margans

Pterygoid arch is reduced; palatines are apparently fused to pterygouds
metapterygoids are absent | TR L S
6. Scapulae and first actinosts are fused. ‘
" Indostomaidei is distinguishéd from all other study groups,gy:
Median ethmoid, palatines, and vomer are fused

v

Exoccipital lateral foramina are absent

-

Quadrates articulatg with lower jaws behind the orbits

Preop@rcula lack preoperculomandibular canals

A

Fourth ceratobranchials are toothed.
p The relationships suggested here are of c‘oursq.provisional. Further S

investigation is needed in several'areas, including a more detailed study of
- R PEERNY

rela@ionship's among scorpaeniférm suborders and invés*ation of the pogsibie

relat:onshnps between these orders and the study groups slnce mqny of the S

these study groups are all hlgh]y

- ~ TN
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members of paracanthopterygian Iiheages “of Afhewineniorpha’ or of Beryciformes,
and the only derived perc:form examlned was Ammddyte The further
mterrelatlonsmps of the study groups lre ot likely’ to beoome more obvuous unless

Nre found i in the course of amore

Jb) new apomorphndmaracters are,

(a) closer relatives of the mdavudual gr

b

thorough investigation of Percom
discovered, probably.in the soft!n : The hugh amount of parallehsm known to
occur withi‘nAmembers of this gr Jgge and below thespbcnes level, and apparent in
the ambiguity of their relatiohsw the numpers of apomorphic tendencies they
share, suggests that a ciear p ® of their phylogeny may be unettainable until |
methods of interpreting paraﬂeiisms’have been further developed. This group offers
an excellent study set for the investigation of parallehsms since its members also
show parallelisms with members of their snster groups within Scorpaeniformes and,

in the case of Centriscoidae, with Triacanthodidae (Perciformes).

e
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