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terminal taxa. Two characters of males supported
monophyly of the Ceratioidei: an extreme sexual
dimorphism in which males are dwarfed relative
to females (character 72, 1), and denticular
bones present (character 79, 1). Characters of
males and larvae supported monophyly of the
Ceratiidae: eyes of males huge (73, 1), eyes of
males bowl-shaped (74, 1), and larvae ‘““hump-
backed’ (84, 1). Monophyly of the Gigantactini-
dae was supported by one additional male
character: olfactory organs huge (75, 2). One
character provided additional evidence for
monophyly of the Linophrynidae, eyes of males
tubular (74, 2), while within the Linophrynidae,
Borophryne and Linophryne shared one male
character: premaxillae greatly reduced or absent
(77, 1).

DiscussioN

Comparisons with previous hypotheses.—In some
ways the relationships proposed here corroborate
the findings of earlier studies of ceratioid
evolution, but in more ways they are vastly
different. Some of the similarities and more
significant differences are summarized below,
along with additional pertinent comments.
Centrophrynidae and Ceratiidae (Figs. 2A, B,
4A-C, 5A-C): Despite Bertelsen’s (1951:28)
conclusion that the Centrophrynidae ‘‘shows no
obviously close relationship to any other family,”
Pietsch (1972:43, fig. 25) argued in support of
a lineage containing the Centrophrynidae and
Ceratiidae, listing 11 shared character states,
most of which are incorporated here in this
study. A sister-group relationship between these
two families, however, was later challenged by
both Pietsch (1979:23, figs. 25, 26) and Bertelsen
(1984:333, fig. 171). A basal position among
ceratioid families for either of these two families,
as proposed here, has never been suggested
before. Both taxa are deeply nested within the
suborder in all earlier phylogenetic hypotheses.
Himantolophidae, Diceratiidae, Melanoceti-
dae, Thaumatichthyidae, and Oneirodidae
(Figs. 2C-J, 3A, B, 4D-J, 5D-J, 6A-C): The
sequential step-wise divergence of these five
families is not too surprising given that a similar
arrangement has been proposed in nearly all
previously published discussions of ceratioid
relationships. In contrast to the present findings,
however, all earlier proposals suggest that the
Melanocetidae diverged first, followed in order
by the Diceratiidae, Himantolophidae, and
Oneirodidae (including the Thaumatichthyi-
dae), according to Regan and Trewavas (1932);
and the Himantolophidae, Diceratiidae, and
Oneirodidae (including the Thaumatichthyi-

dae), according to Bertelsen (1951, 1984) and
Pietsch (1979). A monophyletic Himantolophi-
dae, Melanocetidae, and Diceratiidae is sup-
ported by one character, ventromedial exten-
sions of the frontal that make no contact with the
parasphenoid (8, 1). No other non-homoplastic
character supports any other alternative resolu-
tion.

Thaumatichthyidae (Figs. 2H, 1, 4G, 5H):
Regan (1925b, 1926), followed by Regan and
Trewavas (1932), Bertelsen (1951), and Maul
(1961, 1962), chose not to recognize Smith and
Radcliffe’s (1912) Thaumatichthyidae, placing
the two relevant genera Thaumatichthys and
Lasiognathus in the family Oneirodidae. Pietsch
(1972:18) resurrected the Thaumatichthyidae to
include both genera, stating that these two taxa
“‘possess several important and unique charac-
ters that justify familial status.”” Bertelsen and
Struhsaker (1977), however, compared the oste-
ology of Thaumatichthys and Lasiognathus, point-
ing out that the latter appears more closely
related to the Oneirodidae in several of the
characters in which it differs most from Thauma-
tichthys. They (1977:34) concluded that ‘it
becomes a subjective choice whether the genera
Lasiognathus and Thaumatichthys both should be
included in the Oneirodidae as Regan (1926)
did, or placed together in Thaumatichthyidae as
proposed by Pietsch (1972), or whether each of
them should be referred to a family of its own.”
At the same time, however, they cited the two
unique features used by Pietsch (1972) to
diagnose the Thaumatichthyidae (premaxillae
extending anteriorly far beyond lower jaw, and
enlarged dermal denticles associated with the
esca) and added a third (dorsal portion of
opercle divided into two or more branches). In
the end, they chose to retain the Thaumatichthyi-
dae in the enlarged sense as proposed by Pietsch
(1972) and supported in the present analysis. It
should be noted, however, that preliminary
results of a molecular analysis of ceratioid
evolution place Lasiognathus deep within the
Oneirodidae, leaving Thaumatichthys as the only
known genus of the Thaumatichthyidae (Masaki
Miya, pers. comm., 20 December 2005; see
below).

No character in this analysis unequivocally
supports a sister-group relationship of a Thauma-
tichthyidae composed of Lasiognathus and Thau-
matichthys and the Oneirodidae. However, two
characters show convergence between Lasiog-
nathus (to the exclusion of Thaumatichthys) and
most members of the Oneirodidae, and two
other characters are convergent also with the
Linophrynidae and Ceratiidae or both. Three of
these characters are associated with the frontal






PIETSCH AND ORR—PHYLOGENY OF CERATIOID ANGLERFISHES 27

currently understood, reproductive modes in
lophiiform fishes exist in four states: (1) males
never attach themselves to females; (2) males
attach temporarily to females but never become
parasitic; (3) parasitism is facultative in some
taxa; and (4) parasitism is obligate in other taxa
(Pietsch, 1976, 2005). Obviously, the latter three
states are derived relative to the first, but the
results of this study provide no basis for further
character-state transformation. While Character
state 1 describes the outgroup taxa identified in
this study, all ingroup taxa (i.e., ceratioids) are
characterized by males that become attached to
females (Pietsch, 2005): those of the Centro-
phrynidae, Himantolophidae, Diceratiidae, Mel-
anocetidae, Thaumatichthyidae, Gigantactini-
dae, and all the better known oneirodid genera
except Bertella and Leptacanthichthys apparently
attach themselves temporarily (Character state
2); those of the Caulophrynidae and oneirodid
genera Bertella and Leptacanthichthys are faculta-
tive parasites (state 3); and those of the Ceratii-
dae, Neoceratiidae, and Linophrynidae are obli-
gate sexual parasites (state 4). When mapped on
the strict consensus trees proposed here
(Figs. 17, 18), these character states appear more
or less scattered throughout the branches. In the
most basal ceratioid clade proposed here, at-
tached males have never been found in the
Centrophrynidae (despite more than 40 known
females, 18-247 mm SL), yet numerous exam-
ples of parasitized females are known for both
genera of its sister-family, the Ceratiidae (Pietsch,
2005:223, table 1). On the other hand, the
himantolophid-diceratiid—-melanocetid lineages,
all thought to reproduce by way of temporary
non-parasitic attachment, are deeply nested
within the suborder, while the thauma-
tichthyid-oneirodid clade contains primarily
non-parasitic forms, but also at least two genera
that employ facultative parasitism. Finally, the
terminal assemblage containing the Caulophry-
nidae through Linophrynidae displays a mosaic
of all three derived reproductive modes. Wheth-
er temporary attachment and facultative parasit-
ism are precursors to obligate parasitism, or the
former are more derived states of the latter, is
thus still unknown.

The disjunct pattern of occurrence of sexual
parasitism within ceratioids appears to be the
result of independent acquisition among the
various lineages rather than a repeated loss of
this attribute within the suborder. Evidence to
support this notion comes from the many
differences in the precise nature of male-female
attachment among the various taxa (Pietsch,
2005): nearly always single males attached in-
variably on the belly in Ceratias, but multiple

males (as many as eight) found almost anywhere
on the body in Cryptopsaras; males fused to the tip
of a cylindrical stalk of female tissue in the
oneirodid genera Bertella and Leptacanthichthys;
attached to the apex of an unpigmented conical
growth from the female in Caulophryne; broadly
attached males, with fully occluded mouths in
Neoceratias; multiple males common in Haplo-
phryne, attached anywhere on the head and body,
and always involving a papilla of female tissue
that fills the mouth of the male; and, finally,
single males are always the rule in Linophryne,
almost always attached upside down at nearly the
same spot on the ventral mid-line of the female.
Having been established independently at least
three and possibly as many as seven times within
the suborder, it seems evident that sexual
parasitism in ceratioid anglerfishes, with all its
extreme complexity of morphological, physiolog-
ical, and behavioral adaptations, is a considerably
less drastic evolutionary event than might be
supposed. When viewed in this light, it is perhaps
surprising that this remarkably successful re-
productive strategy has not evolved in other
vertebrate taxa that have come to occupy the
deep-sea.

ACKNOWLEDGMENTS

We thank the many curators and their staffs
around the world, who over the years made
lophiiform material available and/or provided
hospitality during visits to their respective institu-
tions. We also thank J. Caruso, D. Grobecker,
H.-c. Ho, C. Kenaley, R. Kuiter, D. Shale, and E.
Widder for allowing us to reproduce their
photographs of anglerfishes; D. Greenfield, D.
Johnson, C. Kenaley, and D. Stevenson for
extremely helpful critiques of the manuscript;
G. Duker, K. McKinney, J. Lee, and W. Carlson
for computer support; C. Kenaley for computer
graphics; and K. Maslenikov (UW) for curatorial
assistance. The work was supported by National
Science Foundation Grant DEB-0314637, T. W.
Pietsch, principal investigator.

LITERATURE CITED

BERG, L. S. 1940. Classification of fishes, both recent
and fossil. Travaux de I’'Institut Zoologique de
I’Académie des Sciences de I’'URSS 5:87-517 [Re-
print, J. W. Edwards, Ann Arbor, Michigan, 1947.]

BERTELSEN, E. 1951. The ceratioid fishes. Ontogeny,
taxonomy, distribution and biology. Dana Report,
Copenhagen, 39.

BERTELSEN, E. 1982. Notes on Linophrynidae VIII:
a review of the genus Linophryne, with new records
and descriptions of two new species. Steenstrupia
8:49-104.



30 COPEIA, 2007, NO. 1

PieTscH, T. W. 1984. Lophiiformes: development and
relationships, p. 320-325. In: Ontogeny and Sys-
tematics of Fishes. H. G. Moser, W. J. Richards, D. M.
Cohen, M. P. Fahay, A. W. Kendall, Jr., and S. L.
Richardson (eds.). American Society of Ichthyolo-
gists and Herpetologists, Special Publication No. 1.

PieTscH, T. W. 1986. Systematics and distribution of
bathypelagic anglerfishes of the family Ceratiidae
(Order: Lophiiformes). Copeia 1986:479-493.

PIETSCH, T. W. 2005. Dimorphism, parasitism, and sex
revisited: modes of reproduction among deep-sea
ceratioid anglerfishes (Teleostei: Lophiiformes).
Ichthyological Research 52:207-236.

PieTscH, T. W., aND D. B. GROBECKER. 1987. Frogfishes
of the World: Systematics, Zoogeography, and
Behavioral Ecology. Stanford University Press,
Stanford, California.

PiETSCH, T. W., AND J. P. VAN DuZzEeR. 1980. Systematics
and distribution of ceratioid anglerfishes of the
family Melanocetidae, with description of a new
species from the eastern North Pacific Ocean.
Fishery Bulletin 78:59-87.

ReGAN, C. T. 1912. The classification of the teleostean
fishes of the order Pediculati. Annals and Magazine
of Natural History, Series 8, 9:277-289.

ReGAN, C. T. 1925a. Dwarfed males parasitic on the
females in oceanic angler-fishes (Pediculati, Cer-
atioidea). Proceedings of the Royal Society, B,
97:386-400.

ReGAN, C. T. 1925b. New ceratioid fishes from the N.
Atlantic, the Caribbean Sea, and the Gulf of
Panama, collected by the “‘Dana.’”” Annals and
Magazine of Natural History, Series 8, 8:561-567.

RecaN, C. T. 1926. The pediculate fishes of the
suborder Ceratioidea. Dana Oceanographic Re-
port, Copenhagen, 2.

RecaN, C. T., AND E. TrRewavas. 1932. Deep-sea
anglerfish (Ceratioidea). Dana Report, Copenha-
gen, 2.

RoseN, D. E., AND C. PATTERSON. 1969. The structure
and relationships of the paracanthopterygian

fishes. Bulletin of the American Museum of
Natural History 141:357-474.

SHEDLOCK, A. M., T. W. PIETscH, M. G. HAvGooD, P.
BENTZEN, AND M. HAseGAwA. 2004. Molecular sys-
tematics and life history evolution of anglerfishes
(Teleostei: Lophiiformes): evidence from mitochon-
drial DNA. Steenstrupia, Copenhagen, 28:129-144.

SIMMONS, M. P., AND M. Miva. 2004. Efficiently
resolving the basal clades of a phylogenetic tree
using Bayesian and parsimony approaches: a case
study using mitogenomic data from 100 higher
teleost fishes. Molecular Phylogenetics and Evolu-
tion 31:351-362.

SMiITH, H. M., AND L. RaDcLIFFE. 1912. Scientific
results of the Philippine Cruise of the fisheries
steamer “‘Albatross,” 1907-1910, No. 20. Descrip-
tion of a new family of pediculate fishes from
Celebes. Proceedings of the United States National
Museum 42:579-581.

UwaTE, K. R. 1979. Revision of the anglerfish family
Diceratiidae, with descriptions of two new species.
Copeia 1979:129-144.

WaTsoN, W., AND H. J. WALKER. 2004. The world’s
smallest vertebrate, Schindleria brevipinguis, a new
paedomorphic species in the family Schindleriidae
(Perciformes: Gobioidei). Records of the Austra-
lian Museum 56:139-142.

(TWP) ScHOOL OF AQUATIC AND FISHERY SCIENCES,
COLLEGE OF OCEAN AND FISHERY SCIENCES, UNI-
VERSITY OF WASHINGTON, CAampus Box 355020,
SEATTLE, WASHINGTON 98195-5020; AnD (JWO)
NATIONAL MARINE FISHERIES SERVICE, ALASKA
FISHERIES ScCIENCE CENTER, 7600 SAND POINT
Way NE, SEATTLE, WASHINGTON 98115. E-mail:
(TWP) twp@u.washington.edu; and (JWO)
James.Orr@noaa.gov. Send reprint requests to
TWP. Submitted: 20 April 2006. Accepted: 8
Nov. 2006. Section editor: D. Buth.



