Copyright
by
Katharine Elizabeth Criswell
2011

The Thesis Committee for Katharine Elizabeth Criswell
Certifies that this is the approved version of the following thesis:

The Comparative Osteology and Phylogenetic Relationships of
Lepidosirenid Lungfishes

APPROVED BY
SUPERVISING COMMITTEE:

Supervisor:

_______________________________________
Christopher J. Bell

_______________________________________
Timothy B. Rowe

______________________________________
Edward B. Daeschler

The Comparative Osteology and Phylogenetic Relationships of
Lepidosirenid Lungfishes

by

Katharine Elizabeth Criswell, B.S.

Thesis
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science in Geological Sciences

The University of Texas at Austin
May 2011

Dedication

To my parents, Rob and Kathy, and to my brother, Jason, who have given me
endless support in everything I have done

Acknowledgements

I thank my advisor, Chris Bell, for accepting me into his lab and giving me the
chance to prove myself as a scientist. He has taught me the importance of thinking
critically, communicating clearly and concisely, and employing ethical practices
throughout my career. He also has taught me how essential it is to maintain a broad
evolutionary perspective on all biological studies and to appreciate the complexity and
incompleteness of the fossil record. I am grateful to have had the opportunity to work
with him, and I know deep down he loves fish almost as much as I do. I also thank my
committee members, Tim Rowe and Ted Daeschler, for input and contributions to this
thesis. Tim has been a valuable resource in my education at the University of Texas,
teaching me the importance of the big-picture implications of my research, and the
significance of digital data preservation and management. I have benefited greatly from
our discussions on systematics, anatomy, and the nature of science. Ted always has been
a positive source of ideas, discussion, and inspiration for me. He is in part responsible for
my interest in studying fossil fishes, and I am thankful for his continual support
throughout my career.
I thank the following people for access to specimens throughout my time at UT:
Lyn Murray (Vertebrate Paleontology Laboratory, Austin, Texas), Dave Catania
(California Academy of Sciences; San Francisco, California), Barbara Brown (American
Museum of Natural History; New York, New York), Glenn Storrs (Cincinnati Museum
Center; Cincinnati, Ohio), Desui Miao (University of Kansas Natural History Museum;
Lawrence, Kansas), Robert H. Robins (Florida Museum of Natural History; Gainesville,
Florida), Mark McGrouther (Australian Museum; Sydney, Australia). Jessica Rosales
v

aided in the processing of my loans for alcohol-preserved specimens. This research was
funded by the Off Campus Research Fund, the Ronald K. DeFord Scholarship Fund, the
Ernest L. and Judith W. Endowment in Vertebrate Paleontology, the University of Texas
Analytical Fees Award, and Chris Bell.
The entire University of Texas paleontology group has been instrumental in my
success as a graduate student. Michelle Stocker and I have had hours of motivating
conversations about everything ranging from macroevolution to methods of teaching to
shoe shopping. I could not have asked for a better lab-mate and friend to begin the
program at UT with me, and I know that we will continue to interact and collaborate
throughout our careers. Jen Olori and Kerin Claeson were always available for
discussions, to answer questions, and to go out for frozen yogurt when we needed a
break. I am thankful to have had such driven colleagues to motivate me. I also thank
Sterling Nesbitt, Matt Brown, Heather Ahrens, Sebastian Egberts, Lyn Murray, Kyle
Womack, Christian George, Eric Ekdale, Travis Wicks, Rachel Simon, Robert
Burroughs, Zhiheng Li, Clint Boyd, Adam Smith, and Aj Debee for stimulating
discussions about my thesis and paleontology in general.
Julia Clarke was a wealth of knowledge and help on all systematic topics, for
which I am grateful, and James Sprinkle has given me insights on the invertebrate world
of evolution. Ann Molineux and Dean Hendrickson gave me the opportunity to learn
collections management and research, and funded me for several semesters. I also thank
Adam Cohen and Angie Thompson for their additional wisdom on proper collections
techniques. Matt Colbert and Jessie Maisano, along with the rest of the CT Lab, were so
helpful in providing six CT scans on which this research is based. Ernie Lundelius and
Wann Langston are amazing examples of scientists who truly love their work, and I hope
vi

to continue in their footsteps. I also thank Philip Guererro, who reminded me continually
about forms and due dates, and was always there to answer any and every question I had.
I thank Justin Garber, for understanding what it means to me to pursuit my
dreams, and for supporting me unconditionally through the process. My brother, Jason,
was my stress reliever throughout my Masters, and always had something funny or
encouraging to say. I also thank my mother, who inspires me every day to be a strong and
successful woman. I am grateful for the hours she has spent listening to me talk about
paleontology, even when she didn’t understand everything that I was saying. My dad
shares my interest in fishes, and has always pushed me to fulfill my scientific potential.
His strong work ethic and interest in the natural world motivates me to follow a career
path that I love.

vii

Abstract

The Comparative Osteology and Phylogenetic Relationships of
Lepidosirenid Lungfishes

Katharine Elizabeth Criswell, M.S.Geo.Sci.
The University of Texas at Austin, 2011

Supervisor: Christopher J. Bell

Lepidosirenidae is a clade of freshwater lungfishes that comprise the South
American Lepidosiren paradoxa and four African species of the genus Protopterus.
These two genera have been geographically separated since the Early Cretaceous breakup of Gondwana, but they share similar biology and skeletal morphology. The
lepidosirenid species traditionally were distinguished by a combination of features such
as head-to-body ratios, the number of pairs of vertebral ribs, and the presence or absence
of external gills, but there are no published discrete skeletal characteristics and no
published comparative studies including all extant species.
I used High Resolution X-Ray Computed Tomography (CT), X-Ray photography,
and alcohol-preserved, cleared-and-stained, and dry skeletal specimens from museum
collections to describe the skeletal morphology of all species of lepidosirenid lungfishes
viii

in a comparative context. I digitally disarticulated the bones in each CT scan to compile a
comprehensive comparative atlas of the cranial and pectoral elements of all extant
lungfish. I discovered that the anocleithrum in Lepidosiren paradoxa, which was
previously thought to be lacking, is actually present. I also identified skeletal differences
between species in the frontoparietal, parasphenoid, supraorbital, and suboperculum. I
incorporated those characters into the first morphological phylogenetic analysis to
determine the interrelationships of the lepidosirenids. I also used previously published
molecular sequence data from the ribosomal RNA gene 16s to run combined
morphological and molecular phylogenetic analyses. To generate phylogenetic
hypotheses using different types of data and different methods of determining phylogeny,
I employed the maximum parsimony, maximum likelihood, and Bayesian inference
methods.
Lepidosirenidae is monophyletic in almost all analyses, Protopterus is
monophyletic in each analysis, and Protopterus annectens and Protopterus aethiopicus
are sister taxa in every analysis. The phylogenetic positions of Protopterus dolloi and
Protopterus amphibius are incongruent in many of the analyses, which indicates that
further examination of the skeletal variation and addition of molecular sequences of
different genes is needed. Based on the comparative morphological atlas and the
phylogenetic analyses, questions of lepidosirenid biogeography, morphological variation
within lungfish, and better identification of lungfish fossils can now be investigated in a
more rigorous context.
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Chapter 1: The Comparative Osteology of Lepidosirenid Lungfishes

Katharine E. Criswell

INTRODUCTION

Natural History

Dipnoans are a unique clade of sarcopterygian fishes that have a long fossil
record, ranging from the Devonian Period to the Recent, that is found on almost every
continent on Earth (Bemis, 1982; Marshall, 1987). There are only three genera
encompassing six species of extant lungfish. These include the South American
Lepidosiren paradoxa, and the four African species Protopterus annectens, Protopterus
amphibius, Protopterus aethiopicus, and Protopterus dolloi, and the Australian
Neoceratodus forsteri (Fitzinger, 1837; Owen, 1839; Peters, 1844; Heckel, 1851; Krefft,
1870; Boulenger, 1900). Neoceratodus is endemic to only the Burnett and Mary river
systems in southeast Queensland, Australia, and is protected from collection under the
Queensland Fish and Oyster Act of 1914 (Arthington, 2008). Neoceratodus also was the
subject of many morphologic, ontogenetic, and biological studies (e.g., Kesteven, 1931;
Fox, 1965; Kemp, 1987; Kemp, 1999a). Lepidosiren and the four species of Protopterus
constitute the family Lepidosirenidae, the main focus of this study. The lepidosirenids
are not protected and commonly are used as a food fish throughout Africa (Greenwood,

1

1987) and are readily available on the pet trade. Comparative studies on the skull
morphology between genera, partial descriptions of the osteology of the skull of
lepidosirenids as a whole, and descriptions of the taxa Lepidosiren paradoxa, Protopterus
aethiopicus, and Protopterus annectens were published over the last 150 years (Cobbold,
1862; Wiedersheim, 1880; Wiedersheim, 1887; Wiedersheim, 1892; Bridge, 1898; Baird,
1923; Bemis, 1987). No comprehensive study of both the skull and pectoral girdle exists,
however, and almost no literature is available on the skeletal systems of Protopterus
amphibius and Protopterus dolloi.
Extant lungfish have numerous characteristics that make them unique from other
groups of fishes alive today. In the Devonian Period they evolved paired cranial ribs that
articulate with the occipital region of the skull. These ribs differ dramatically from
pleural ribs in shape and were used to assist in hyoid depression in the process of gulping
air from the surface (Long, 1993; Bemis and Lauder, 1986). Upper and lower ridged
tooth plates are also present in extant lungfish and are used in a slicing motion to
masticate food (Bemis and Lauder, 1986). Lungfish were most diverse in the Paleozoic,
but by the Mesozoic the number of species present in the fossil record decreased, and the
remaining lungfish shared similar characteristics that included convergence of the dorsal,
anal, and caudal fins into one connected fin covering the posterior half of the fish, fusion
or loss of many skull elements, and a reduction in ossification in the skull (Long, 1993;
Schultze and Chorn, 1997).
All five extant lepidosirenids have a conserved skull configuration and similar
biology. The geographic range of Protopterus annectens generally covers West African
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river drainages such as the Niger and Lake Chad, but it also is found in east African river
systems such as the Zambezi and Tana (Bemis, 1982). Protopterus aethiopicus is an east
African fish, with documented localities including the Nile, the Congo basin, Lake
Tanganyika, and Lake Victoria (Beadle, 1974). The range of Protopterus dolloi overlaps
with that of Protopterus aethiopicus; however the former is found more commonly in the
Congo River drainage than in the other river drainages. Protopterus amphibius is an east
African fish that shares its habitat with Protopterus annectens in the Tana and Zambezi
River systems. Many of these drainages experience annual wet and dry seasons in which
all species of Protopterus will estivate for up to eight months by biting mud and
expelling it out of their gills to dig burrows and secreting a mucus covering around
themselves (Wiedersheim, 1887; Goeldi, 1897; Greenwood, 1987). Lepidosirenids also
are obligate air breathers, and must breathe air through their lungs to acquire enough
oxygen to survive (Smith, 1931).
The ancestry of the lepidosirenids remains poorly understood. Their morphology
differs greatly from Neoceratodus and other ceratodontids in the shape of the
supraorbital, frontoparietal, and operculum, and the robustness of the pectoral girdle.
Neoceratodus also possesses multiple bones, such as the dermosphenotic, splenial, and
additional orbital elements, that the lepidosirenids lack (Kemp, 1998). The fossil record
of lepidosirenids is poor overall, and includes mostly isolated tooth plates with pterygoids
or prearticulars occasionally fused to the tooth plates (e.g., Fernandez et al., 1973;
Bondesio and Pascual, 1977; Kemp, 1983; Martin, 1984; Martin, 1997). Because the
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majority of fossils found represent only tooth plates, little material is available with
which to study the early history of the lepidosirenids.
The possibility that lepidosirenids evolved from an ancestor closely related to the
Permian lungfish Gnathorhiza was hypothesized previously based upon presumed
lifestyles of the two groups and similarities in the skull (Romer and Smith, 1934;
Berman, 1968). Lepidosirenids have the ability to estivate during dry periods, and
Gnathorhiza fossils were found preserved inside their burrows, indicating that
Gnathorhiza estivated as well. Lepidosirenids and Gnathorhiza were both thought to
have tooth plates that occluded with a shearing action (Romer and Smith, 1934). Also,
two long skull roof elements that resemble the supraorbitals of modern lepidosirenids in
their position and elongate shape also were present in Gnathorhiza (Carlson, 1968;
Berman, 1976). More recent phylogenies yielded different results. Several placed the
lepidosirenids within the Ceratodontiformes and as a sister group to Neoceratodus (Miles,
1977; Marshall, 1987; Schultze and Marshall, 1993). Recently, an alternative hypothesis
for the relationships of lepidosirenids was proposed, with Neoceratodus falling out as a
more basal taxon and Protopterus more closely related to the Triassic genera Arganodus,
Gosfordia, and Ptychoceratodus (Cavin et al., 2007). This uncertainty surrounding the
relationships of extant lungfish enhances the need for the discovery of additional
lepidosirenid fossil material and more information on the morphology of available
specimens.
In order to make more information on the morphology of extant lungfish
available, I used skeletal specimens as well as High Resolution X-Ray Computed
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Tomography scans to provide a detailed description of Protopterus annectens, and
compared it with all of the species of the Lepidosirenidae.

PREVIOUS MORPHOLOGICAL WORK

Skull Bone Terminology

The morphology of the skulls of Paleozoic lungfish varies greatly from both nondipnoan vertebrates and extant lungfish (Goodrich, 1925). Over geologic time, many of
the cranial elements of early representations of lungfish were lost or fused to other
elements, which effected the transition to the highly cartilaginous composition of the
skull that is seen today (Campbell et al., 1995; Kemp, 1999b). These evolutionary
modifications make it difficult to recognize skull bone homologies between early and
modern lungfish, as well as between Neoceratodus and the lepidosirenids. In order to
avoid the issue of homology, the use of letters to identify skull roof elements of fossil
specimens was adopted (Forster-Cooper, 1937; Denison, 1968; Campbell and Barwick,
1982; and Kemp, 1992). Assigning a letter or number to each bone in a fossil dipnoan
reduces implied homology associations that would result from assigning the names of
existing bones in other vertebrates. Modern lungfish, however, possess fewer bones than
their early counterparts, and the remaining elements are difficult to homologize. One
system incorporates the original letters used to identify skull roof bones and combines
letters for bones where the original elements are thought to have fused (Kemp, 1992).
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Inferences about fusions were made by referencing the locations of lateral line canals on
skull elements. This practice is problematic, however, because even though there may be
some indication as to where bones have fused, lepidosirenids do not have lateral line
grooves on their skull elements (Kemp, 1998). There is also no way to know for certain
which bones have fused and which have been lost without adequate developmental data.
Other authors employed the use of commonly accepted skull bone terms, and
assigned them based on the placement of the bone within the skull, but made note that the
homologies of many of those bones were uncertain (Owen, 1839; Bridge, 1898; Bemis,
1984). For example, the frontoparietal bone covers the frontal and parietal regions of the
skull, while the supraorbital elements provide the dorsal margin of the orbit. The specific
names used for each bone vary considerably. The terminology of several previous authors
is provided in Table 1.1. I follow the terminology proposed by Bemis (1982), with the
exception of the opercular and subopercular elements. I termed these operculum and
suboperculum, respectively.

Distinguishing Between Species

In the late 19th century there was much debate over the number of extant lungfish
species present in Africa and South America (Schneider, 1886; Baur, 1887; Ayers, 1892).
Because of the extreme similarities in lepidosirenid morphology, it was argued that all of
the lepidosirenids should be grouped into one genus, or possibly even one species (e.g.,
Ayers, 1892). Throughout the 1800s and early 1900s, however, many authors diagnosed
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four species of Protopterus based on body ratios, and meristic features such as the
number of ribs, the ratio of head-to-body length, and the presence or absence of external
gills in the adult (Trewavas, 1954; Poll, 1961). Various subspecies were also created for
the four African forms based on additional body proportion ratios (Poll, 1961).
The above features are problematic because the counts and ratios vary within
species. The number of documented ribs ranges from 27-30 in Protopterus amphibius,
from 34-37 in Protopterus annectens, from 37-41 in Protopterus aethiopicus, and from
47-54 in Protopterus dolloi (Trewavas, 1954). The ratio of the head compared to the
total body length or preanal length as a character to distinguish between species also is
not ideal because these ratios may overlap between species, ontogenetic stage was not
taken into account by previous authors, and ratios are both difficult to code into character
states for phylogenetic analysis and misleading in the absence of a knowledge of
maturity. The distributions of these ratios between males and females were studied for
both Protopterus annectens and Protopterus aethiopicus, but not for Protopterus
amphibius or Protopterus dolloi (Bemis, 1982). Similar ranges in body ratios were
observed for each sex and species studied. Those patterns, as well as body proportions
studied by other authors, are helpful for distinguishing between species, but are not
entirely reliable and are difficult to incorporate into a phylogenetic analysis (Poll, 1961).
The presence or absence, and number, of external gills, are more discrete characteristics,
but they can be polymorphic in the adult forms of some species. Additional recognizable
features are needed for improving species identification and determining the
interrelationships of extant lungfish.
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Previous Literature

Lepidosiren paradoxa was the first extant lungfish to be described (Fitzinger,
1837), with the four species of Protopterus being described in the subsequent 63 years
(Owen, 1839; Peters, 1844; Heckel, 1851; Boulenger, 1900). Neoceratodus was
originally described as a giant amphibian by Krefft (1870). Mostly just the external and
soft anatomy of the fishes was discussed in those descriptions and other early
comparative works (Lankester, 1896), while detailed descriptions of the skeletal and
nervous systems were not included. The skeletal morphology of Protopterus annectens,
Protopterus aethiopicus, and Lepidosiren paradoxa was documented through figures and
some description, but some of these accounts are difficult to obtain, incomplete, or do not
include all of the existing species (Wiedersheim, 1880; Bridge, 1898; Bemis, 1982;
Bemis, 1987; Kemp, 1998). Detailed studies of the soft anatomy are readily available,
and studies on the development, physiology, and biology are continually being published
(e.g., Parker, 1892; Budgett, 1900; Agar, 1906; Bemis and Lauder, 1986; Kemp, 1987;
Platt et al., 2004).
Literature on the fossil record of lepidosirenids is sparse, most likely because
fossils of this group are rare and incomplete. There are documented instances of
Protopterus tooth plates, with occasional partial pterygoids and prearticulars, from the
Cretaceous through Tertiary of Africa (Martin, 1984; Martin, 1997; Churcher and de
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Iuliis, 2001), but no additional skull material is recognized. Lepidosiren fossils were
reported from Paleocene-Eocene and Miocene deposits of South America, but consist of
only jaw and tooth plate elements as well (Fernandez et al., 1973; Bondesio and Pascual,
1977). Having more information available on the morphology of isolated elements will
make their identification in the field more likely.

Comparative Atlas

Here, I aim to improve knowledge about the morphology of lepidosirenid lungfish
by providing a detailed, comparative description of all osteological elements of the skull,
dentition, and pectoral girdle of Protopterus annectens. I also evaluated the skeletal
morphology of each additional species of Protopterus, as well as Lepidosiren, bone-bybone to identify discrete characteristics that may be used in the identification of species
and construction of phylogenetic relationships when soft tissue is not available. To make
skeletal data of extant lungfish widely accessible, I created a comparative atlas of all of
the skull, mandibular, and pectoral girdle elements for all species of lepidosirenid, as well
as Neoceratodus forsteri. This is the first instance where representations of all of these
elements for all living lungfish taxa are compiled together in a comparative format. This
is also the first instance in which the skulls of Protopterus amphibius and Protopterus
dolloi were studied and compared to the other lepidosirenid taxa.
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Figures 1.1 through 1.18 consist of photographs of dry skeletons of Protopterus
annectens (AMNH 55226, TMM M-2494, and AMNH 22455). Figures 1.19 through 1.58
make up the comparative atlas and consist of computed tomography reconstructions of
Protopterus annectens, Protopterus aethiopicus, Protopterus amphibius, Protopterus
dolloi, Lepidosiren paradoxa, and Neoceratodus forsteri (TMM M-1129, UF 137272,
CAS 47408, AMNH 246385, CAS 61327, and AMS I-40438-001). Figures 1.19 through
1.36 show the entire skull and mandible of each specimen in dorsal, ventral, and lateral
views, while figures 1.37 through 1.58 consist of the most informative views of each
element from each specimen scanned.

Abbreviations

Institutional abbreviations are AMNH, American Museum of Natural History,
New York, New York; TMM M, Vertebrate Paleontology Laboratory at the University of
Texas at Austin, Austin, Texas; CAS, California Academy of Sciences, San Francisco,
California; SU, Stanford University collections now housed at the California Academy of
Sciences, San Francisco, California; UF, University of Florida, Gainesville, Florida;
AMS, Australian Museum, Sydney, New South Wales, Australia; and KU, University of
Kansas Natural History Museum, Lawrence, Kansas.
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MATERIALS AND METHODS

Specimens Examined

I used digital High-Resolution X-Ray Computed Tomography (CT) scans, along
with dry skeletal specimens, to compare corresponding elements between species. I used
one alcohol preserved and six skeletally prepared lungfish specimens from the Vertebrate
Paleontology Laboratory collections at the University of Texas at Austin (TMM M) in
my comparative studies. I also obtained a loan of 29 specimens from the American
Museum of Natural History (AMNH), 27 of which were skeletally prepared, and 2 of
which were preserved in alcohol. I borrowed seven alcohol specimens from the
California Academy of Sciences (CAS) and Stanford collections (SU), which are housed
at CAS. Five specimens were previously acquired through a loan from the University of
Florida (UF) and were cleared and stained. One alcohol-preserved specimen of
Neoceratodus forsteri was also obtained on my behalf from the Australian Museum in
Sydney (AMS). See Table 1.2 for a complete list of specimen numbers.
I used a Canon EOS 5D digital camera with a 100 mm macro lens to photograph
specimens preserved as dry skeletons. I used a black velvet cloth as a background for the
specimens. I took multiple photographs for each view of each element and then used the
program Helicon Focus to merge those images together to create one photograph with all
aspects of the element in focus.
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High-Resolution X-Ray Computed Tomography

Alcohol-preserved specimens of each species of Protopterus as well as
Lepidosiren paradoxa and Neoceratodus forsteri were scanned using CT at the High
Resolution X-ray Computed Tomography facility at the University of Texas at Austin
(UTCT, www.digimorph.org). The CT scans consist of slices taken along the coronal axis
of the specimen from the tip of the snout to just posterior to the pectoral girdle (see
Tables 1.3 and 1.4 for scanning parameters). In Neoceratodus forsteri scans of both the
head and total body were completed. I then imported the images into VGStudio Max
2.0® (Volume Graphics, Heidelburg, Germany), and assembled them into image
sequences that could be viewed both as 3-dimensionally rendered volumes and re-sliced
as cross sections in sagittal and horizontal planes as well as coronal. I selected the
‘numbers up’ option for sorting to arrange the slices from anterior to posterior and
cropped the slices to preserve only the portion of the slices that was occupied by the
specimen and reduce the file size.
I digitally isolated each individual bone from the rest of the skull by hand so that
they could be viewed as individual elements. This was accomplished by tracing the
outline or suture of each bone in each slice. I then color-coded the various regions of
interest representing individual bones to allow for easier differentiation of elements.
Highlighting the area that one bone occupies in each cross section throughout the image
sequences allows for the portion of all slices that represent that one bone to be grouped
together. Once each element was isolated I rotated it into various informative views and
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saved images of the 3-dimensionally rendered volume. I also saved images of other
features in the skull that could be seen in each specimen, such as the presence of cartilage
in the braincase. For the comparative plates, I edited the images in Adobe PhotoShop®
(San Jose, California) and then placed the images for each element into Adobe
Illustrator® (San Jose, California) to view them comparatively. In the atlas the left
elements of each taxon are displayed.

DESCRIPTION OF THE SKULL AND PECTORAL GIRDLE

Skull

General configuration
The skulls of extant lepidosirenids are relatively long and much less ossified than
the skulls of all other lungfishes (Figures 1.1-1.3). Many areas of these skulls are
cartilaginous, and the bones surrounded by this cartilage vary in shape and extent.
Lepidosirenids do not have distinct orbits, however, there are cavities between the
frontoparietal and pterygoid, and under the supraorbital, where the optical apparatus is
housed. The pterygoids are robust bones that support the ridged pterygoid tooth plates.
The skull roof consists of the dermal ethmoid, frontoparietal, and paired supraorbital
bones, and is fairly narrow in width compared to the length of the skull. The dermal
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ethmoid and frontoparietal are midline bones that, when articulated, extend the entire
length of the skull, and the supraorbitals are paired bones that are positioned dorsal to,
and on either side of, the frontoparietal; they also extend posteriorly to the posterior
margin of the exoccipitals.
The two exoccipitals, along with the parasphenoid, make up the ossified
braincase. They enclose a hollow sphere with a textured exterior located ventral to the
frontoparietal at the far posterior end of the skull. The parasphenoid extends almost the
full length of the skull and contacts the pterygoids and frontoparietal to enclose portions
of the cranial cavity. Much of the braincase is cartilaginous, and many bones articulate in
simple, non-interdigitating abutments.
The squamosal, operculum, and suboperculum are additional bones positioned on
the lateral sides of the skull. The squamosal articulates with the prearticular, and the
operculum contacts the ventral surface of the squamosal. The suboperculum is positioned
posterior and ventral to the operculum. The ceratohyal is a paired bone that is located on
the ventral surface of the skull and loosely contacts the suboperculum posteriorly. The
elements that have little or no bone-to-bone contact, such as the anocleithrum, distal
portion of the squamosal, and the lateral portion of the frontoparietal, are variable in
shape within species.
The following description of the individual skull elements is based upon
Protopterus annectens (AMNH 55226, AMNH 22455, and TMM-M 2494). Differences
of other species of lepidosirenid are noted in the discussion. Figures 1.19-1.33 are CT
reconstructions of the dorsal, ventral, and lateral views of the skull for each species of
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lepidosirenid, and Figures 1.34-1.36 show the CT reconstructions of Neoceratodus
forsteri, to provide a complete comparative atlas of all extant species.

Dermal Ethmoid
The dermal ethmoid is a robust midline element. It is the anterior-most bone in
the skull, is located on the dorsal surface, and articulates posteriorly with the
supraorbitals at their anterior margin (Figures 1.1-1.3, 1.19-1.21). It is triangular in shape,
tapers anteriorly, and is faintly convex-dorsally (Figures 1.3, 1.4). The dorsal surface is
lightly ornamented in some specimens with small ridges that radiate outwardly from the
center of the bone. The anterior portion possesses a small depression on the dorsal
surface, and the posterior margin varies from almost straight (Figure 1.1) to strongly
serrated (Figure 1.4) to gently undulating. The ventral surface is relatively smooth and
free of features. In life, the edges of the ethmoid are surrounded by cartilage, which
causes some variation in shape. The lateral surfaces are usually relatively straight, but
may be slightly irregular or serrated, similar to the posterior margin of the element.

Supraorbital
The supraorbital is a paired element that sits on the dorsal surface of the skull and
extends from the posterior ridge of the pterygoid tooth plate posterior to the caudal
margin of the exoccipital (Figures 1.1-1.3, 1.19-1.21). It is elongate and flat, with a
complex anterior end and a posterior portion that tapers smoothly to a point at its
15

terminus (Figure 1.5). In dorsal view, the anterior margin appears relatively straight when
articulated with the skull, but is serrated or wavy when disarticulated (Figures 1.1, 1.5,
1.39). Cartilage surrounds this contact, which makes the edges of the bone variable in
shape. The supraorbital articulates at its anterior and dorsal edge with the dermal
ethmoid, while the medial edge contacts the opposing supraorbital at the midline. The
lateral edge of the anterior portion possesses a lateral process that varies slightly within
Protopterus annectens. Slight ornamentation, consisting of small ridges and depressions,
is present on the dorsal surface, and is more pronounced in larger individuals. The
supraorbital articulates to the pterygoid through a process descending from the anterior
portion of the element. The descending process fits into a groove on the dorsal surface of
the ascending process of the pterygoid. A small ridge also extends posterior from the
descending process and on the ventral surface of the supraorbital. It is positioned offcenter, with thinner flanges of bone extend laterally and medially from the dorsal portion
of this ridge to form a T-shape in cross section.

Frontoparietal
The frontoparietal is a midline bone that is elongate and extends the majority of
the length of the skull (Figures 1.1-1.3, 1.19-1.21). The entire element may curve slightly
in a concave-dorsally at its anterior and posterior margins. The lateral edges project
ventrolaterally from a central sagittal crest, and form a trough on the ventral surface
(Figure 1.6). The sagittal crest is positioned on the midline of the bone, extends the entire
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length, and is tallest posteriorly. In dorsal or ventral view, the frontoparietal is widest at
its midpoint while its mid-anterior and mid-posterior portions are much narrower. Its
anterior and posterior extremities are slightly flared (Figure 1.6). The anterior process of
the frontoparietal articulates snugly with the supraorbitals and pterygoids by filling the
void space between them. The posterior end of the bone tapers and rests on top of the
exoccipital. The posterior margin of the frontoparietal is pinched mediolaterally, and
forms a pocket that opens ventrally toward the exoccipital. At the middle portion of the
element the bone flares out laterally and forms small shelf-like projections, and two
processes of porous bone project ventrally from these to articulate with the dorsal
processes of the parasphenoid. The ventral surface of the element on both the anterior and
posterior ends has a unique texture, where small ridges and points of bone project
anteriorly and posteriorly in an irregular fashion.

Parasphenoid
The parasphenoid is another midline bone that is relatively conserved in
morphology even between genera of lepidosirenids. It forms the dorsal surface of the
palate as well as the floor of the braincase, and extends from the midpoint of the orbit
posteriorly to make up the extreme posterior margin of the skull (Figures 1.1-1.3, 1.191.21). It is flat throughout its length and possesses small ascending ridges that extend
dorsally to meet with the ventral processes of the frontoparietal (Figure 1.7). These
features form a trough-like structure and are tallest near the anterior margin.
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The

parasphenoid sits between and articulates to the pterygoids anteriorly, at the same area as
it articulates to the frontoparietal. The bone widens toward its midpoint and tapers
posteriorly. The posterior end is slightly thicker dorsoventrally than the anterior portion
and forms a rounded cotyle or hemicentrum from which the spinal cord extends. This
cotyle possesses two small, dorsally projecting processes that meet the posterior ends of
the exoccipitals and the first neural arch to form the foramen magnum.

Pterygoid
The pterygoid is a large, paired bone onto which the pterygoid tooth plate
articulates. The pterygoid extends from the anterior margin of the skull posterior to
approximately the midpoint of the skull (Figures 1.3, 1.19-1.21). It articulates at its
anterodorsal surface with the supraorbital via the ascending process of the pterygoid. The
ventral process of the supraorbital fits into a groove that extends along this process. The
posterior flange of the pterygoid also contacts the parasphenoid at its lateral margin. The
left and right elements are fused in adults at the pterygoid symphysis, and each bone also
fuses with its corresponding tooth plate.
The bone is sub-triangular in shape when viewed laterally, with a narrower
anterior portion from which extends the ascending dorsal process. Three additional
processes also extend anteriorly and laterally, and correspond to the ridges present on the
tooth plates (Figures 1.8-1.9). The anterior-most process protrudes anterolaterally and has
a rounded dorsal surface. The middle protuberance extends slightly laterally, but not past
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the lateral extent of any other bones in the skull. The posterior-most process projects
posterolaterally, and is much longer than the other two processes. The pterygoid in its
entirety is wider anteriorly, and becomes flattened mediolaterally as it extends towards
the parasphenoid. The posterior portion of the bone then flares out dorsoventrally to form
a flattened wing-shaped structure.

Operculum
The operculum is a paired element that sits ventral to the squamosal on the lateral
side of the skull. It is elongate and slender, and loosely contacts the squamosal and the
prearticular at its anterior margin (Figures 1.19-1.21). It is narrower at the proximal and
distal ends, widens slightly through the central region, and is somewhat curved with a
convex dorsal surface (Figure 1.10). This proximal tip of this element is slightly pointed.
Grooves extend the length of the bone on both the lateral and dorsomedial surfaces, while
the distal end is narrow and has little curvature.

Squamosal
The squamosal is a paired bone that sits on the lateral sides of the skull (Figures
1.1-1.3, 1.19-1.21). The anteroventral margin of this bone articulates loosely with the
concave posterior surfaces of the angular and prearticular, and is rounded and flattened
mediolaterally with a knobby process on the medial surface. Posteriorly, the bone widens
mediolaterally and flares out to form a concave trough that opens dorsolaterally (Figure
19

1.11). The ventral surface is slightly grooved near the lateral margin, with a small ridge
near the medial margin of the anterior end. The remainder of both the dorsal and ventral
surfaces is smooth and free of ornamentation.

Suboperculum
The suboperculum is a small, paired bone that is located ventrolaterally in the
skull, posterolateral to the ceratohyal and ventral to the operculum (Figures 1.19-1.21). It
is longer than it is tall and is flattened mediolaterally (Figure 1.12). The anterior and
posterior ends curve slightly dorsally, with a pointed anterior process at the anterior end
that extends dorsally, forming the bone into an almost triangular shape. The posterior end
tapers to a blunt point. A rounded ridge also runs along the ventral portion of the lateral
surface, and the medial surface of the bone is relatively smooth and slightly concave.

Ceratohyal
The ceratohyal is a long and slightly curved element that is located on the ventral
surface of the skull near the midpoint (Figures 1.13, 1.20, 1.21). It has a hollow shaft that
is filled with cartilage when the animal is alive. The proximal end articulates loosely with
the suboperculum midway along the skull, and the bone extends anteromedially to meet
its antimere at the midline.

Instead of being hollow and cylindrical in shape, the

proximal portion of bone is pinched shut. This end is flattened mediolaterally and
rounded dorsoventrally on the proximal surface, forming a semicircle shape. It also
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projects dorsoventrally from the width of the remainder of the bone and has a thin pocket
in between the pinched surfaces that is also filled with cartilage in life.
The medial surface of the proximal end of the ceratohyal is relatively smooth,
while small ridges and grooves are present on the lateral surface of the bone in
Protopterus and a small rounded knob is present on the bone in Lepidosiren (Figure
1.49). The shaft is more cylindrical than the proximal portion, and the distal end meets its
antimere at the midline of the skull on its ventral surface.

Exoccipital
The exoccipital is a paired bone that forms the posterior portion of the braincase
and articulates with the frontoparietal, parasphenoid, and the other exoccipital (Figures
1.1-1.3, 1.19-1.21). In Protopterus it is hemispherical in shape, somewhat porous, and
has a bumpy external surface (Figure 1.14). The anteroventral corner of the exoccipital
possesses a process that projects anteromedially to meet the anterior process of the other
exoccipital, and ventrally to meet the posterior portion of the parasphenoid. A pocket is
also present in the anterolateral margin that extends approximately two-thirds of the way
posteriorly, into and along the side of the bone.
The dorsal margin of the exoccipital curves slightly medially to contact the other
exoccipital along the midline, and the articulation surface is rougher and more porous
than the rest of the bone. When looking at the two exoccipitals in articulation, they pinch
together dorsally to fit inside the ventral trough of the frontoparietal. The medial surface
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of the bone is smooth. A foramen passes through the posteroventral end of the element,
along with an emargination that is occasionally also encircled by bone to form a second
foramen. These foramina provide canals through which the hypoglossal nerves pass
(Wiedersheim, 1880). The posterior margin of the exoccipital also articulates snugly
with the first neural arch to form the dorsal portion of the foramen magnum. The first
neural arch articulates ventrally with the parasphenoid.

Cranial Rib
The cranial rib is a paired element that articulates loosely with the exoccipitals at
the rear of the skull (Figures 1.19-1.21). Its proximal end is slightly expanded and
comprises two round or oval-shaped articulation surfaces that extend ventrolaterally to
form a long, cylindrical bone that is similar in structure to the ceratohyal (Figure 1.15). It
is hollow through much of its length, but is denser at the proximal end. The cranial rib
flares slightly as it extends posteroventrally, and in life is filled with cartilage.

Mandible

Prearticular
The prearticular is a robust, paired bone that forms a large part of the anterior
portion of the mandible (Figures 1.16, 1.17, 1.19-1.21). This bone fuses to the
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contralateral prearticular at the symphysis, and its dorsal surface fuses to the prearticular
tooth plate. It also articulates with the angular through a lateral groove in the bone and
forks slightly dorsoventrally to form the coronoid (dorsal) and angular (ventral)
processes. The general shape of the bone is of half of a mediolaterally flattened arch with
a rounded ventral surface. Mesially, it is thicker and more rounded, while the bone
becomes more mediolaterally flattened and dorsoventrally expanded at the distal edge.
The prearticular symphysis comprises a slightly sinuous suture similar to that
between the pterygoids, and is marked by a rounded ventral protuberance. Anteriorly, the
prearticular possesses two small, lateral processes that correspond to the anterior and
middle ridges in the tooth plate. They are rounded on their ventral surfaces and their
dorsal surfaces are articulated with their corresponding tooth plate ridges. The most
mesial process extends anterolaterally and is pronounced. The second is smaller and
protrudes slightly to the lateral side. A third point of articulation between the third ridge
of the tooth plate and the prearticular barely projects from the midpoint of the bone.
The remainder of the bone flares dorsoventrally and becomes much more
flattened. It forks at the posterior end with a dorsal and a ventral branch to accommodate
the articulation of the angular bone. The dorsal fork extends upward considerably, and
comes to two points; one point extends dorsally and the other posterodorsally. The
ventral branch extends farther posteriorly and comes to only one posteriorly-directed
point.
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Angular
The angular is a small, paired bone that sits on the lateral surface and posterior
end of the prearticular in a groove where the prearticular forks (Figures 1.16, 1.17, 1.191.21). It is mediolaterally flattened and articulates posteriorly with the squamosal and
pterygoid. It is triangular in shape and elongate from anterior to posterior. The longest tip
is directed anteriorly and reaches a point slightly posterior to the middle ridge of the
prearticular tooth plate. The posterior surface is concave and forms a cotyle for
articulation with the squamosal. The anterior portion of the dorsal surface of the angular
forms a small fenestra with the lateral surface of the prearticular. This opening
accommodates a division of the mandibular branch of the trigeminal nerve, and the
angular may have a small notch in its dorsal margin to form the fenestra (Bridge, 1898).

Dentition

General configuration
The lepidosirenids collectively do not possess individual teeth as in many other
vertebrates. Six tooth elements constitute the dental arrangement of the lepidosirenids
and include two small vomerine teeth as well as larger left and right pterygoid and
prearticular tooth plates (Figures 1.2, 1.3, 1.8, 1.9, 1.16, 1.17, 1.19-1.21). There are three
ridges on each tooth plate, and they occlude with each ridge resting in the corresponding
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grooves on the opposing tooth plate. In all of the specimens I examined, the tooth plates
exhibited differing amounts of wear.

Vomerine Teeth
Two vomerine teeth are suspended from the ventral surface of the anterior portion
of the dermal ethmoid (Figures 1.2, 1.3, 1.20, 1.21). They are held in articulation
anteriorly to the pterygoid tooth plates by cartilage, and are much smaller in size than the
robust tooth plates. They are conical in shape, taper slightly from proximal to distal, and
vary greatly within species in the details of their shape.

Pterygoid Tooth Plate
The pterygoid tooth plate is a dense, paired element that often fuses tightly to the
pterygoid (Figures 1.2, 1.3, 1.8, 1.9, 1.22). It also fuses to its contralateral tooth plate
through a sinuous suture at the midline. The symphysis is so tight, however, that together
the two tooth plates form essentially one element in the lepidosirenids. This tooth plate is
located anteriorly on the pterygoid and dorsal to the prearticular tooth plate. Three ridges
radiate outward from the center of the tooth plate. The anterior-most ridge extends
anterolaterally and also forms a pointed cusp that extends ventrally. It sits medial to the
first ridge in the prearticular tooth plate. The middle ridge is approximately the same
length as the anterior ridge, but extends laterally and comes to less of a point at its ventral
edge. It occludes between the anterior and middle ridges of the prearticular tooth plate.
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The final and posterior ridge in the pterygoid tooth plate is much longer than first two and
extends posterolaterally. It is also slightly serrated at its posterior margin. In occlusion,
this final ridge sits between the middle and posterior ridges of the prearticular tooth
plates.

Prearticular Tooth Plate
The prearticular tooth plate is a dense element that sits anteriorly on the mandible
and ventral to the skull. It fuses to the prearticular bone and contacts its antimere at the
prearticular symphysis (Figures 1.8, 1.9, 1.19, 1.22). Three ridges also are present in the
prearticular tooth plate. The anterior ridge extends first laterally then forms a gradual
curve anteriorly, and lengthens dorsally to form a pointed cusp. In occlusion it is
positioned between the anterior and middle ridges of the pterygoid tooth plate. The
middle ridge of the prearticular tooth plate is slightly longer than the anterior ridge and
projects laterally. The cusp at the lateral margin of the middle ridge is also conical in
shape, with the point extending dorsally. The middle ridge fits into the groove between
the middle and posterior ridges of the pterygoid tooth plate. Lastly, the posterior ridge of
the prearticular tooth plate extends much farther than the other two ridges and forms a
blade-like structure running posteriorly along the prearticular bone. The posterior surface
of the posterior ridge of the prearticular tooth plate is also somewhat serrated, similar to
the corresponding ridge in the pterygoid tooth plate. The posterior ridge of the
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prearticular tooth plate sits posterior to all of the ridges in the pterygoid tooth plate when
in occlusion.

Pectoral Girdle

General Configuration
The pectoral girdle is loosely articulated with the axial skeleton, and comprises
the anocleithrum, cleithrum, and clavicle in Protopterus (Figures 1.19-1.21). There are
many differences in the pectoral girdle of the two genera of lepidosirenids, but these
differences are more difficult to distinguish among species of Protopterus. The fins of
both genera are slender and much narrower than in Neoceratodus and all known extinct
lungfish. Instead of possessing a bony skeleton, they have a cartilaginous framework that
is not easily preserved in the rock record.

Anocleithrum
The anocleithrum is a small, slender paired bone in Protopterus, and does not
articulate directly with any other element in the skull (Figures 1.19-1.21). It is located in
the posterior portion of the skull, lateral to the exoccipital and dorsal to the remainder of
the pectoral girdle. Specifically, it can be found completely enclosed in a girdle
suspensory ligament (GSL) that connects the remainder of the pectoral girdle to the
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occipital region of the skull (Bridge, 1898). It is generally toothpick-shaped, and because
it does not articulate with any other bones or muscles, it is extremely variable in thickness
and length among all species of Protopterus (Figure 1.56).

Cleithrum
The cleithrum is a paired element that is loosely suspended from the body with
the GSL, and is positioned farther posterior than the exoccipital in life (Figures 1.191.21). It extends anteroventrally to contact the clavicle. It is the shape of an inverted V,
with a mediolaterally expanded process at the posterodorsal tip, and the widest portion of
the V forming a fork at the anteroventral margin to articulate with the clavicle. The bone
is thicker at the articulation with the GSL and along the medial edge, and becomes
thinner and flattened anteroposteriorly as it extends from this point. The lateral edge
curves slightly posteriorly to form a small ridge that extends the length of that edge. The
cleithrum and clavicle often fuse in Protopterus, and remain articulated after death
(Figure 1.18).

Clavicle
The clavicle is a paired element that is elongate and complex (Figure 1.18). It
extends from the posterior region of the skull in an anteroventral direction and comes
together with its antimere at the midline (Figures 1.19-1.21). The clavicle contacts the
cleithrum posterodorsally to form a strong articulation that is often maintained through
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skeletal preparation in extant specimens.

The proximal portion of the bone is

mediolaterally expanded and slightly concave on its anteromedial surface. It is narrow
and thicker at the midpoint, and the distal portion of the bone is curved anteromedially,
and extends slightly ventrally, so that the entire bone is concave medially. A small ridge
of bone extends anterolaterally from the dorsal surface of the distal portion of the bone.
The ventral surface of the distal portion also curves slightly anterolaterally to form an
elongate pocket that also opens anterolaterally.

Vertebrae and Ribs

The vertebrae of lepidosirenids comprise cartilaginous centra with paired bony
neural arches and elongate, segmented neural spines (Figures 1.19, 1.21). Pairs of thin,
curved ribs correspond to each neural arch and extend almost the entire length of the
body. The anterior margin of the first neural arch contacts the posterior margin of the
exoccipital and conforms to the shape of that surface. Subsequent neural arches are
similarly shaped.

DISCUSSION
In order to document the variation between all species of lepidosirenid, as well as
Neoceratodus forsteri, I compiled a comparative atlas of the skulls of six specimens. In
this atlas I compared the skeletal elements of one representative of each species of extant
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lungfish. This atlas is the first of its kind to include complete figures of all of the bones of
the skull, mandible, and pectoral girdle of all species of extant lungfish. The figures
consist of CT reconstructions of the dorsal, lateral, and ventral views of the skull of each
species. They also include comparative plates where CT reconstructions of each element
from each species are displayed in the same view to be more easily compared.

Comparisons Between Taxa

Dermal Ethmoid
The dermal ethmoid varies only slightly between Protopterus dolloi and the other
three species of Protopterus, but varies more noticeably between all species of
Protopterus and Lepidosiren. The dermal ethmoid of the specimen of Protopterus dolloi
that I examined displays a relatively wider base than in the other species of Protopterus
(Figure 1.37). In Lepidosiren, this element projects much farther past the anterior margin
of the pterygoid tooth plates than in Protopterus, but this can only be seen in articulated
specimens (Figures 1.31-1.33).

Supraorbital
The supraorbital varies greatly and is diagnostic between some species of
lepidosirenids (Figures 1.38-1.39). A lateral process is present on the anterior portion of
the supraorbital of Protopterus annectens, Protopterus aethiopicus, and Protopterus
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amphibius, forming its widest point (Figures 1.5, 1.19, 1.22, 1.25). This lateral process
varies in length and shape within species, and is therefore not diagnostic between these
three taxa. In Protopterus annectens it ranges in shape from a small, pointed
protuberance (Figure 1.2) to a larger, triangular-shaped point (Figure 1.5). Protopterus
dolloi and Lepidosiren, however, have a smooth lateral margin and lack the process
(Figures 1.30, 1.33).
The supraorbital differs between taxa in other ways as well. It is relatively shorter
and wider in Protopterus amphibius than in the other species, and tapers abruptly about
two-thirds down the length of the bone (Figures 1.25, 1.39). In Lepidosiren the
supraorbital is smoother than in Protopterus, and the ventral crest is positioned at the
medial edge of the ventral side. The supraorbital of Lepidosiren also does not contact its
antimere, has more even lateral edges than Protopterus, and is thinner dorsoventrally
throughout its entire length. It also has less ornamentation than Protopterus on its dorsal
surface, has a more rounded anterior edge, and its posterior end is more point-like, rather
than T-shaped in cross section.

Frontoparietal
Numerous differences in the frontoparietal separate all species of Protopterus
from Lepidosiren. Protopterus dolloi is the only species of Protopterus that shares some
characteristics with Lepidosiren that it does not share with the other species of
Protopterus. The overall width of the frontoparietal is narrower than the parasphenoid in
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Protopterus, but in Lepidosiren it is slightly wider than the parasphenoid and covers more
of the cranium (Figures 1.40, 1.41). In most species of Protopterus, the lateral edges of
the posterior end of the frontoparietal fold ventrally to form a tube-like groove where the
bone articulates with the exoccipitals, but the degree of folding varies slightly. In
Lepidosiren the posterior end is not pinched to form a tube, but only folds to the shape of
an inverted V, and tapers more to a point. Some variation occurs within Protopterus with
respect to the lateral edges of the frontoparietal. There can be a slight emargination
approximately two-thirds of the way to the posterior end. The anterior portion of the
frontoparietal also varies in how far anterior it extends. In Lepidosiren and Protopterus
dolloi the lateral processes extend farther forward, and the anterior process is reduced in
length. In Protopterus amphibius, Protopterus annectens, and Protopterus aethiopicus,
however, the lateral processes do not extend as far forward as in the other two
lepidosirenids, but the anterior process projects much farther.
The portion of the bone making up the anterior process, as well as the lateral,
shelf-like projections at the midpoint, is porous and splinter-like in Protopterus, but is
smoother and denser in Lepidosiren. The bone is also slightly wider at its anterior end
and flares out to be much wider through its center in Lepidosiren than in Protopterus. In
Lepidosiren, an additional ventrolateral process projects from each side of the anterior
end of the frontoparietal, and aids in articulation with the supraorbitals and pterygoids.
The ventrolateral extensions of bone that articulate with the parasphenoid project further
laterally than those in Protopterus and are more pronounced, with a notch in the bone
distal to each projection. On the ventral surface, another additional process is present on

32

each side of the main trough and medial to the larger wings. This process projects
ventrally to form a small prong.

Parasphenoid
The parasphenoid does not vary much between Protopterus and Lepidosiren. In
Protopterus, the wider portion of the parasphenoid that flares laterally is variable in
shape, with some individuals possessing a more geometric shape with straight sides and
distinctly angled edges, and others displaying a more rounded morphology (Figures 1.20,
1.23, 1.26, 1.29, 1.32, 1.42, 1.43). These margins in Lepidosiren, however, are more
consistently ovate and attenuating.

Pterygoid
The pterygoid displays some variation among species of Protopterus (Figures
1.44 and 1.45). It is wider mediolaterally in Lepidosiren than in Protopterus. The
posterior-most process extends directly laterally in Lepidosiren, while in Protopterus it
projects posterolaterally.

Operculum
In Protopterus, the proximal end of the operculum is slightly downturned and the
lateral groove is pronounced. A ridge on the dorsal surface of the bone projects dorsally
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and extends the length of the bone. The dorsomedial surface is flattened with a very
shallow groove that also extends lengthwise. The distal end of the bone is pointed. In
Lepidosiren, the anterior end curves ventrally in a hook-like manner, and the remainder
of the bone is straight and slender (Figure 1.46). It is twisted slightly posteriorly, with
the remainder of the bone dorsoventrally flattened and possessing slight grooves about
one-third of the way down the bone. The distal end of the bone also comes to a point, but
it is slightly flattened as well. Some variation exists within Protopterus in the degree of
down turning at the proximal end of this bone.

It is slightly more downturned in

Protopterus amphibius and Protopterus annectens than in Protopterus aethiopicus, but
does not display the amount of down turning that is present in Lepidosiren. That portion
of the bone also is more slender in Protopterus aethiopicus and thicker in Protopterus
amphibius and the medial groove in Protopterus annectens is shallower than in other
species. The operculum of Protopterus dolloi is more slender than it is in any species of
Protopterus, and the opercula of Protopterus annectens and Protopterus amphibius are
thicker dorsoventrally than the remainder of the species.

Squamosal
Some variation exists within Protopterus in the medial edge and distal flange of
the squamosal (1.47). A notch is occasionally present two-thirds of the way toward the
distal end of the bone, and the distal, flaring end is wider in some specimens than others
and can be rounded or more pointed. The presence of a notch varies within species, but
width and shape of the distal end varies between species. The squamosal of Protopterus
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aethiopicus, as well as Protopterus dolloi and juvenile Protopterus annectens, is
narrower and more pointed than the squamosal of Protopterus amphibius or the adult
Protopterus annectens. The squamosals in Lepidosiren paradoxa are narrower and
generally more ovular in shape than those of Protopterus. They also have a slightly larger
proximal process.

Suboperculum
The suboperculum, like the frontoparietal, varies slightly between the species of
the lepidosirenids (Figure 1.48). The morphology of this bone in Protopterus annectens
is similar to Protopterus aethiopicus. In Lepidosiren paradoxa, the suboperculum is more
horizontal, with the anterior and posterior edge bowing slightly ventrally. In Lepidosiren
an anterior process extends dorsally as well, but it is narrower than in Protopterus, and
the entire bone is relatively longer and narrower as well. The suboperculum in
Protopterus dolloi is more like that of Lepidosiren paradoxa; it is straighter and lacks the
lateral ridge that is present in Protopterus aethiopicus and Protopterus annectens. The
suboperculum of Protopterus amphibius is straight like that of Protopterus dolloi and
Lepidosiren, but a slight lateral ridge is also present, similar to the opercula of
Protopterus aethiopicus and Protopterus annectens (Figure 1.48).

Ceratohyal
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The distal end of the shaft displays a ridge that runs along the ventral surface in
all Protopterus species, but it is absent in Lepidosiren paradoxa. The ceratohyal is the
only hyoid bone present in the lepidosirenids, and there is no significant difference
between the different species of Protopterus with respect to this bone.

Exoccipital
The exoccipital varies greatly within all species of Protopterus, specifically
within the areas of the anterior process and a posterior notch (Figure 1.50). The
exoccipital also varies substantially between Protopterus and Lepidosiren in its overall
shape and articulations. In Lepidosiren, it is reduced in length, and forms an hourglass
shape more similar to that of an enlarged neural arch, rather than the hemispherical shape
seen in Protopterus. It lacks the pockets present in the exoccipital of Protopterus, and
does not articulate as thoroughly at its dorsal margin with the other exoccipital. It also
possesses a posterior process that is similar to the anterior process and is much larger
than the posterior extension of the exoccipital in Protopterus.

Cranial Rib
The cranial rib is conserved throughout lepidosirenids, with no considerable
variation (Figure 1.51).
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Prearticular
The prearticular varies between Lepidosiren and Protopterus in the width of
curvature of the bone (Figure 1.52 and 1.53). It is wider in Lepidosiren, running in a
nearly straight line across the anterior margin before curving laterally. In Protopterus
amphibius, the coronoid process does not extend as far dorsally as it does it the remainder
of the species.

Angular
The angulars of Protopterus annectens and Protopterus amphibius are similar in
shape to those of Protopterus aethiopicus (Figure 1.55). The anterior portion of the bone
is slightly more elongate relative to the rest of the bone in Protopterus annectens, and the
ventral margin of the bone is more convex in curvature in Protopterus amphibius. The
anterior process of the angular in Protopterus dolloi is curved slightly dorsoventrally. In
Lepidosiren paradoxa, the dorsal process of the cotyle is positioned farther anterior than
in all Protopterus species, and the bone is shorter relative to the prearticular than in
Protopterus.

Vomerine Teeth
Because they articulate to the skull through cartilage, they have no direct bone-tobone articulations to constrain their morphology. Within Protopterus annectens, I have
observed a number of varying shapes of vomerine teeth ranging from slightly bent to
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conical. The high amount of variation present in these elements within species of
Protopterus causes the shape of the vomerine teeth to be an ineffective species identifier
when studied among all species of lepidosirenid.

Pterygoid Tooth Plate
No noticeable differences are present between the species of Protopterus, but
some slight differences can be seen when comparing Protopterus to Lepidosiren. The
posterior ridge of the pterygoid, and the posterior ridge of the pterygoid tooth plate,
extend almost directly laterally from the pterygoid in Lepidosiren. In Protopterus, the
posterior ridge extends more posterolaterally than in Lepidosiren.

Prearticular Tooth Plate
Some variation in prearticular tooth plate shape can be seen throughout ontogeny.
In development, the tooth plates form from small, individual cusps that fuse together in
the adult lepidosirenids (Bemis, 1982). Small individuals, such as the specimen of
Protopterus dolloi used here, display a shorter and wider tooth plate morphology, with
the posterior-most blade of the tooth plate extending more laterally than it does in larger
specimens.
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Anocleithrum
The variation in the anocleithrum in Protopterus is not consistent enough to use
for species identification. Because the element is located entirely within the GSL, it has
no bony articulations that would provide for a more uniform shape within species of
Protopterus. Previous discussions of the anocleithrum state that it is completely absent in
Lepidosiren paradoxa (Bemis, 1987; Johanson, 2003), however, I identified this element
in the CT scan of CAS 61327.

In this specimen of Lepidosiren paradoxa, the

anocleithrum is extremely reduced, and is represented by a tiny sphere of bone that is
approximately 0.25 mm in diameter (Figure 1.56). Like the anocleithrum of all species of
Protopterus, the anocleithrum of Lepidosiren paradoxa is also located within the GSL,
and using traditional skeletal preparation methods and dissection techniques would cause
this bone to be missed or lost easily as soft tissue was removed.

Cleithrum
The cleithrum does not vary much among species of Protopterus. It maintains a
similar shape in Lepidosiren, but is smaller with respect to the overall size of the pectoral
girdle (Figure 1.57). It also has a more uniform thickness throughout the bone than
Protopterus. The posterodorsal tip that articulates to GSL is less mediolaterally expanded
and forms only a small knob. The lateral fork in the V, which provides the main
articulation with the clavicle, is longer than the medial fork. The cleithrum also possesses
a looser articulation with the clavicle in Lepidosiren than in Protopterus.
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Clavicle
The clavicles of each species of Protopterus show some variation, but not enough
to consistently distinguish between species (Figure 1.58). In Lepidosiren, the distal
portion of the clavicle flares anterolaterally, but does not form a trough that opens
laterally, like in Protopterus.

Vertebrae and Ribs
The number of vertebral ribs in each species varies slightly, but can be used to aid
in distinguishing between species. Protopterus amphibius has the smallest number of
ribs, with its count falling between 27 and 30 pairs (Trewavas, 1954). Protopterus
annectens can have anywhere from 32-37 pairs of ribs. Protopterus aethiopicus can have
38-40 pairs of ribs. Protopterus dolloi, known as the slender lungfish, can have anywhere
from 47-54 pairs of ribs, giving it the highest count of any species of Protopterus.
Lepidosiren has a rib count of 56+ pairs, which is the highest count of ribs for all extant
lungfish. Neoceratodus has 47-54 pairs of ribs (Ayers, 1893; Trewavas, 1954; Poll,
1961).
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Cartilage
An interesting feature that was visible in the CT scans, but not preserved in
skeletal specimens was the presence of several lobes of dense cartilage around the
braincase. Some of the cartilage was located along the inside walls of the exoccipitals,
but several larger lobes that project laterally can be seen anterior to the exoccipitals and
ventral to the frontoparietal (Figures 1.19, 1.22, 1.25, 1.28, and 1.31). Some amount of
cartilage was observed in each of the scans, with the largest amount seen in Protopterus
amphibius and Lepidosiren paradoxa displaying the smallest amount.

Limitations in Comparisons
Differences in skeletal morphology are observed in various bones in all of the
species considered. I was only able to study the skull of one representative of Protopterus
amphibius and one representative of Protopterus dolloi because museum collections are
limited to alcohol specimens, and these two species are less prevalent in collections than
Protopterus aethiopicus and Protopterus annectens.
The inferences I drew about differences between species are based off of the
amount of variation I observed within larger samples of Protopterus aethiopicus and
Protopterus annectens. If the differences that I saw in bones of Protopterus amphibius
and Protopterus dolloi surpassed the level of variation seen within all specimens of
Protopterus annectens or Protopterus aethiopicus I had on loan, I mentioned them here.
Morphological studies such as this would be much improved, however, if larger samples
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of Protopterus amphibius and Protopterus dolloi were collected and additional specimens
prepared as dry skeletons. The most recognizable differences can be seen between the
extant lungfish genera, but the species of Protopterus have recognizable characteristics as
well.

Ontogenetic Changes
I did not observe many ontogenetic changes in the specimens of Protopterus
annectens I acquired from museum loans, which ranged in absolute skull size from
approximately 29 mm to 135 mm. The anterior portion of the frontoparietal was
relatively longer in larger individuals than in smaller ones, and the prearticular also was
relatively wider in larger specimens. Some ontogenetic changes were observed in
Protopterus annectens and Protopterus aethiopicus where growth series of lungfish from
the same populations were accessible (Bemis, 1982). Both species experience positive
allometric growth in many skeletal elements as their total body size increases, however,
the rates at which they change are not always equal (Bemis, 1982). In very young
specimens, the ridges on the tooth plates consist of small denticles that later merge
together to form the ridges seen in adults (Bemis, 1982).

Identifying Characters for use in Phylogenetic Analysis
The characteristics of the skull bones that differ between species show potential
for use in phylogenetic analyses. Specifically, differences such as the shape of the
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exoccipitals, shape of the cleithra, shape of the frontoparietal, and the medial contact
between the supraorbitals help to differentiate the genera. Additional characteristics such
as the shape and lateral ridge on the suboperculum, anterior process of the frontoparietal,
and lateral process of the supraorbital all help to diagnose Protopterus species. The
relative size of the angular in comparison to the prearticular also varied between species.
Differences between the lepidosirenids and Neoceratodus are strikingly obvious in most
elements and can be observed in the comparative plates (Figures 1.37-1.58).
The presence of medial contact between the supraorbitals is variable between
genera. The elements do not meet at the midline in Lepidosiren, but they do in all species
of Protopterus. A lateral process is also present on the supraorbitals of Protopterus
aethiopicus, Protopterus annectens, and Protopterus amphibius, but it is absent in
Protopterus dolloi and Lepidosiren. Some features of the supraorbital, such as the lateral
process, vary slightly in size within species. Larger specimens of Protopterus also have
more pronounced ornamentation on the anterior, expanded portion of the supraorbital
than smaller specimens of the same species. Additional examinations of these
characteristics in a larger sample of lepidosirenids would help to elucidate whether
variation in size of the lateral process and ornamentation of the supraorbital could be used
as phylogenetic characters, or if they are traits that vary within species.
Several characteristics of the frontoparietal vary between species and may be
phylogenetically informative. The anterior portion of the element projects forward to sit
medial to the ascending processes of the pterygoids and ventral to the supraorbitals. In
Lepidosiren and Protopterus dolloi, the ventrolateral processes that contact the
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parasphenoid are positioned much further anterior in the frontoparietal, and extend almost
as far anterior as the portion that articulates with the pterygoids. In Protopterus
annectens, Protopterus amphibius, and Protopterus dolloi, this anterior portion projects
farther anteriorly, and extends farther past the lateral processes than in Protopterus dolloi
and Lepidosiren. When seen in dorsal view, the lateral extensions of the frontoparietal of
Protopterus amphibius project farther laterally than in all other species of Protopterus,
which are relatively slender. Lepidosiren has a much wider frontoparietal that extends
ventrolaterally and displays a set of lateral wings not present in of Protopterus.
The exoccipitals are diagnostic for genera, but the differences between those
elements are less reliable for species identification. In Lepidosiren, the exoccipital is
hourglass-shaped, and smaller in size than in Protopterus. Within Protopterus, however,
the exoccipital is too variable in the extent of the anterior process and the presence of a
posterior notch to aid in species identification.
The suboperculum varies in several respects between the Protopterus species. The
subopercula of Protopterus annectens and Protopterus aethiopicus are curved in a
concave-up direction, whereas the subopercula of Protopterus dolloi, Protopterus
amphibius, and Lepidosiren paradoxa are more horizontal or slightly downturned. The
presence of a lateral ridge can be seen in Protopterus annectens, Protopterus aethiopicus,
and Protopterus amphibius, and is absent in Protopterus dolloi and Lepidosiren
paradoxa.
The three genera of extant lungfish show a high degree of variation in the shape
of the anocleithrum. In most extinct lungfishes, and in Neoceratodus, the anocleithrum is
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large, ovular, and mediolaterally flattened. A clear trend in reduction of size can be seen
when looking at the lepidosirenids. The anocleithra in all species of Protopterus are
slender and needle-shaped, whereas the element is almost nonexistent in Lepidosiren.
Identifying these discrete characteristics is important to the study of lungfish
evolution because they provide additional ways to distinguish between species and more
characters that will help to elucidate evolutionary relationships. It is difficult to tell if
shared ratios of body measurements are homoplastic or homologous because there is no
way to further examine the structure or development of a proportion. Discrete
characteristics shared by several species can be studied in detail to determine their
similarity and possible homologies. They are also easier to incorporate into phylogenetic
datasets than body ratios because they can be more easily binned into character states.
Body ratios and other continuous data must be transformed from their quantitative state
into categories to be compatible with discrete characters in a phylogenetic analysis.

CONCLUSIONS
The fossil record of lepidosirenids consists of almost entirely dentition, and there
is a need for more information on the morphology of this group. By compiling the
comparative atlas shown below (Figures 1.37-1.58), I provide an example of the
morphology of the isolated skull and pectoral elements of each species of extant lungfish.
Illustrating the osteology of various groups of vertebrates in a comparative fashion is
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useful for developing new characters for phylogenetic analyses as well as allowing for
easier taxonomic identification.
This comparative atlas has applications for extinct, as well as extant, lungfish
taxa. By consolidating figures of the isolated skeletal elements of similar taxa in one
directory and providing a comparative description of the differences between genera and
species, it is easier to recognize patterns of evolution in specific regions of the skeleton.
Characters with the potential to be systematically informative also are easier to identify
when representatives of many different taxa are available in one catalog. As more
information on the skeletal anatomy of this group becomes available, the identification
and curation of isolated fossil elements found in the field, as well as the identification of
newly collected specimens of extant lepidosirenid species, will be made easier.
When studying specimens of Lepidosiren and Protopterus, several characteristics
of the skeleton are effective for species identification when used in combination with one
another. Many of the skull elements are too similar or experience too much intraspecific
variation to be confidently used to distinguish between species. When isolated, however,
characteristics present in the frontoparietal, supraorbital, and suboperculum can aid in
species identification, and many other skeletal elements vary substantially between the
genera. These characteristics can be incorporated into phylogenetic analyses to help
elucidate the interrelationships of extant lungfish.
The interrelationships of extant lungfish never were explored using skeletal
morphology. Various species of Protopterus or Lepidosiren were included in
phylogenetic analyses that explored higher-level taxon relationships (Cavin et. al., 2007;
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Schultze and Marshall, 1993), and all extant lungfish were included in a molecular
phylogeny (Tokita et. al., 2005). However, none of those analyses included all species of
extant lungfish while using skeletal morphology to determine their relationships. No
combined morphological and molecular phylogenies were ever published for this group
either. The inclusion of additional morphological characters into a phylogenetic analysis
to determine the interrelationships of extant lungfish has the potential to increase
understanding of the evolutionary history of this enigmatic group.
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ANATOMICAL ABBREVIATIONS

AN
AC
C
CLA
CL
CH
CR
DE
DS
EO
EOap
EOfos
EOhyp
FP
FPap
FPsc
FPvp
OP
PR
PRa
PRb
PRANfen
PRan
PRcor
PRsym
PRT
PRTa
PRTb
PRTc
PS
PSar
PSct
PT
PTsym
PTap
PTa

angular
anocleithrum
cartilage
clavicle
cleithrum
ceratohyal
cranial rib
dermal ethmoid
dermosphenotic
exoccipital
anterior process of the exoccipital
anterior fossa of the exoccipital
hypoglossal foramen in exoccipital
frontoparietal
anterior process of the frontoparietal
sagittal crest of the frontoparietal
ventral process of the frontoparietal
operculum
prearticular
anterior process of the prearticular that corresponds to the first ridge of the
tooth plate
second process of the prearticular that corresponds to the middle ridge of
the tooth plate
fenestra between the prearticular and angular
angular process of the prearticular
coronoid process of the prearticular
prearticular symphysis
prearticular tooth plate
anterior ridge of prearticular tooth plate
middle ridge of prearticular tooth plate
posterior ridge of prearticular tooth plate
parasphenoid
ascending ridge of the parasphenoid
cotyle present at the posterior end of the parasphenoid
pterygoid
pterygoid symphysis
ascending process of the pterygoid
anterior process of the pterygoid that corresponds to the first ridge of the
tooth plate
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PTb
PTc
PTT
PTTa
PTTb
PTTc
S
Sdp
Slp
SQ
SQac
SO
SP
V
VE

the second process of the pterygoid that corresponds to the second ridge of
the tooth plate
the posterior process of the pterygoid that corresponds to the third ridge of
the tooth plate
pterygoid tooth plate
the anterior ridge on the pterygoid tooth plate
the middle ridge on the pterygoid tooth plate
the posterior ridge on the pterygoid tooth plate
supraorbital
descending process of the supraorbital
lateral process of the supraorbital
squamosal
articular condyle of the squamosal
suboperculum
splenial
vomerine tooth
vertebra
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Bridge, 1898

Table 1.1:

parietal
preoperculum
stylohyoid
tympanic

basisphenoid/
basioccipital
intermaxillary
teeth
intermaxillary
posterior frontal
medial parietal
operculum
interoperculum
intertemporal

parietal
operculum
suboperculum
supratemporal/
intertemporal

postrostral
supraorbital

coronoid
pterygoid

Holmgren,
1949

operculum
suboperculum
supratemporal/
intertemporal

dermethmoid
frontal

vomer

parasphenoid

prearticular
pterygopalatine

Bertmar, 1965

frontoparietal
operculum
suboperculum
squamosal

vomer/
vomerine teeth
dermal ethmoid
supraorbital

parasphenoid

angular
prearticular
pterygoid

Bemis, 1982

ABC bone
operculum
suboperculum
YZ bone

EQ bone
JLM bone

vomer

parasphenoid

angular
prearticular
pterygopalatine

Kemp, 1992

Different terms applied to the same elements in the skulls of lepidosirenid lungfishes (Owen, 1839; Bridge,
1898; Edgeworth, 1935; de Beer, 1937; Holmgren, 1949; Bertmar, 1965; Bemis, 1982; Kemp, 1992). Modified
from Bemis, 1982.

frontoparietal
operculum
suboperculum
squamosal

supraorbitale

postrostral
frontal

dermal ethmoid
dermal
ectethmoid
frontoparietal
operculum
interoperculum
squamosal

parasphenoid

surangular
coronoid
palatopterygoid

de Beer, 1937

prevomer

parasphenoid

pterygoid

Edgeworth,
1935

vomer

parasphenoid

articular
angular
dentary
splenial
maxillopterygoid palatopterygoid

Owen, 1839
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Institution
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
TMM
TMM
TMM
TMM
TMM
TMM
TMM
CAS
CAS
SU
SU
UF
UF
AMS

Table 1.2:

Specimen
55203
55204
55205
55206
55207
55208
55209
55210
55211
55212
55214
55217
55218
55219
55220
55221
55222
55788
246385
22455
55226
55227
55228
55229
55230
55231
55232
55242
55243
M-1129
M-2493
M-2494
M-2496
M-2505
M-2506
M-4481
47408
61327
17743
36480
137272
147058
I.40438-001

Species
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
P. aethiopicus
L. paradoxa
P. dolloi
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
P. annectens
L. paradoxa
P. amphibius
L. paradoxa
L. paradoxa
L. paradoxa
P. aethiopicus
P. aethiopicus
N. forsteri

# in loan
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
3
2
1

Preservation
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
alcohol
alcohol
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
frozen
skeletal
skeletal
skeletal
skeletal
skeletal
skeletal
alcohol
alcohol
alcohol
alcohol
clear & stain
clear & stain
alcohol

Specimens examined and their mode of preservation.
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CT scanned?
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Y
N
N
N
N
N
N
N
N
N
N
Y
N
N
N
N
N
N
Y
Y
N
N
Y
N
Y
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Species

kV

Table 1.4:

Slice
thickness
0.08184 mm
Slice
thickness
0.5
mm
0.08184 mm
0.07386
0.5 mm
0.02683
0.07386
0.03205
0.02683
0.09546 mm
0.03205
0.1394 mm
0.09546 mm

Interslice
spacing
0.08184 mm
Interslice
spacing
0.5
mm
0.08184 mm
0.07386
0.5 mm
0.02683
0.07386
0.03205
0.02683
0.09546
0.03205
0.1394 mm
0.09546
1024
Size
512
1024
1024
512
1024
1024
1024
1024
1024
1024
1024
1024

Size
675
# Slices
274
675
1100
274
916
1100
1237
916
698
1237
1636
698

# Slices
34.5 mm
FOR
94 mm
34.5 mm
66 mm
94 mm
19 mm
66 mm
30 mm
19 mm
40 mm
30 mm
66 mm
40 mm

FOR
None
Offset
160%
None
None
160%
None
None
None
None
None
None
None
None

Offset

4800
4300
4000
4000
4000

3300
4200
5000
5000
5000

None

None

None

None

None

Empty
Container
Empty
Container
Empty
Container

Empty
Container
Air

Air
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600

None

Wedge
Air

Reconstructio Reconstructio
n Offset
n Scale
Filter
4300
1300
None

1400

1400

1600

1600

1400

1000

Views Taken
1400

3

2

2

2

2

4

Samples
view
2

per

0.1394 mm
0.1394 mm
1024
1636
66 mm
None
at0.18
the UTCT lab
and their scanning
parameters.
FOR,
field of reconstruction.

0.133
mA
1.8
0.133
0.18
1.8
0.16
0.18
0.14
0.16
0.18
0.14
0.18
0.18

mA

Specimens scanned at the UTCT lab and their scanning parameters, continued.

Species
Protopterus.
aethiopicus
TMM M-1129 Protopterus
annectens
CAS 47408
Protopterus
amphibius
AMNH
Protopterus
246385
dolloi
CAS 61327
Lepidosiren
paradoxa
AMS I-40438- Neoceratodus
001
forsteri head
AMS I-40438- Neoceratodus
001
forsteri body

Specimen
UF 137272

UF 137272
Protopterus. 180
Specimen
Species
kV
aethiopicus
TMM M-1129 Protopterus
420
UF 137272
Protopterus. 180
annectens
aethiopicus
CAS 47408
Protopterus
200
TMM M-1129 amphibius
Protopterus
420
annectens
AMNH
Protopterus
200
CAS 47408
Protopterus
200
246385
dolloi
amphibius
CAS 61327
Lepidosiren
210
AMNH
Protopterus
200
paradoxa
246385I-40438- Neoceratodus
dolloi
AMS
200
CAS 61327
Lepidosiren
001
forsteri
head 210
paradoxa
AMS I-40438- Neoceratodus
200
AMS I-40438- forsteri
Neoceratodus
001
body 200
001
forsteri head
AMS I-40438- Neoceratodus 200
Table
1.3: Specimens
CT scanned
001
forsteri body

Specimen

Figure 1.1: Dorsal view of the articulated skull of Protopterus annectens, AMNH 55226. Anterior is to the left. Scale bar
equals 1 cm.
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Figure 1.2: Ventral view of the articulated skull of Protopterus annectens, AMNH 55226. Anterior is to the left. Scale bar
equals 1 cm.
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Figure 1.3: Lateral view of the articulated skull of Protopterus annectens, AMNH 55226. Anterior is to the left. Scale bar
equals 1 cm.
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Figure 1.4: Dermal ethmoid of Protopterus annectens, TMM-M 2494. A. Dorsal view,
anterior is to the left. B. Ventral view, anterior is to the left. Scale bar equals
5 mm.

56

Figure 1.5: Left supraorbital of Protopterus annectens, AMNH 22455. A. Dorsal view,
anterior is to the left. B. Ventral view, anterior is to the left. C. Lateral view,
anterior is to the left. Scale bar equals 5 mm.
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Figure 1.6: Frontoparietal of Protopterus annectens, TMM-M 2494. A. Lateral view,
anterior is to the left. B. Dorsal view, anterior is to the left. C. Ventral view,
anterior is to the left. Scale bar equals 5 mm.
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Figure 1.7: Parasphenoid of Protopterus annectens, TMM-M 2494. A. Dorsal view,
anterior is to the left. B. Ventral view, anterior is to the left. C. Lateral view,
anterior is to the left. Scale bar equals 5 mm.
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Figure 1.8: Left and right pterygoids and pterygoid tooth plates of Protopterus annectens, TMM-M 2494. A.
ventral view, anterior is to the top. B. Dorsal view, anterior is to the top. Scale bar equals 5 mm.

Figure 1.9: Left and right pterygoids of Protopterus annectens, TMM-M 2494. A.
Anterior view. B. Lateral view, anterior is to the left. Scale bars equal 5 mm.
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Figure 1.10: Left operculum of Protopterus annectens, TMM-M 2494. A. Lateral view,
anterior is to the left. B. Medial view, anterior is to the right. Scale bar
equals 5 mm.
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Figure 1.11: Left squamosal of Protopterus annectens, AMNH 22455. A. Lateral view,
anterior is to the left. B. Dorsal view, anterior is to the left. Scale bar equals
5 mm.
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Figure 1.12: Left suboperculum of Protopterus annectens, TMM-M 2494. A. Lateral
view, anterior is to the left. B. Medial view, anterior is to the right. Scale bar
equals 5 mm.
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Figure 1.13: Left ceratohyal of Protopterus annectens, AMNH 22455. A. Lateral view,
anterior is to the left. B. Medial view, anterior is to the right. Scale bar
equals 5 mm.
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Figure 1.14: Left exoccipital of Protopterus annectens, TMM-M 2494. A. Lateral view,
anterior is to the left. B. Medial view, anterior is to the right. C. Dorsal view,
anterior is to the left. Scale bar equals 5 mm.
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Figure 1.15: Left cranial rib of Protopterus annectens, TMM-M 2494. A. Anterior view.
B. Posterior view. C. Dorsal view, anterior is to the left. Scale bars equal 5
mm.
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Figure 1.16: Articulated left and right mandibles of Protopterus annectens, TMM-M
2494. A. Dorsal view, anterior is to the left. B. Ventral view, anterior is to
the left. Scale bar equals 5 mm.
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Figure 1.17: Articulated left and right mandibles of Protopterus annectens, TMM-M
2494. A. Anterior view. B. Lateral view, anterior is to the left. Scale bar
equals 5 mm.
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Figure 1.18: Left cleithrum and clavicle of Protopterus annectens, TMM-M 2494. A.
Anterolateral view, anterior is to the left. B. Posteromedial view, anterior is
to the right. Scale bar equals 5 mm.
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Figure 1.19: Dorsal view of the CT reconstruction of the skull of Protopterus annectens,
TMM-M 1129. Scale bar equals 10 mm.
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Figure 1.20: Ventral view of the CT reconstruction of the skull of Protopterus annectens,
TMM-M 1129. Scale bar equals 10 mm.
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Figure 1.21: Lateral view of the CT reconstruction of the skull of Protopterus annectens,
TMM-M 1129. Scale bar equals 10 mm.
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Figure 1.22: Dorsal view of the CT reconstruction of the skull of Protopterus
aethiopicus, UF 137272. Scale bar equals 10 mm.
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Figure 1.23: Ventral view of the CT reconstruction of the skull of Protopterus
aethiopicus, UF 137272. Scale bar equals 10 mm.
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Figure 1.24: Lateral view of the CT reconstruction of the skull of Protopterus
aethiopicus, UF 137272. Scale bar equals 10 mm.
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Figure 1.25: Dorsal view of the CT reconstruction of the skull of Protopterus amphibius,
CAS 47408. Scale bar equals 10 mm.
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Figure 1.26: Ventral view of the CT reconstruction of the skull of Protopterus
amphibius, CAS 47408. Scale bar equals 10 mm.
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Figure 1.27: Lateral view of the CT reconstruction of the skull of Protopterus amphibius,
CAS 47408. Scale bar equals 10 mm.
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Figure 1.28: Dorsal view of the CT reconstruction of the skull of Protopterus dolloi,
AMNH 246385. Scale bar equals 10 mm.
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Figure 1.29: Ventral view of the CT reconstruction of the skull of Protopterus dolloi,
AMNH 246385. Scale bar equals 10 mm.
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Figure 1.30: Lateral view of the CT reconstruction of the skull of Protopterus dolloi,
AMNH 246385. Scale bar equals 10 mm.
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Figure 1.31: Dorsal view of the CT reconstruction of the skull of Lepidosiren paradoxa,
CAS 61327. Scale bar equals 10 mm.
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Figure 1.32: Ventral view of the CT reconstruction of the skull of Lepidosiren paradoxa,
CAS 61327. Scale bar equals 10 mm.
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Figure 1.33: Lateral view of the CT reconstruction of the skull of Lepidosiren paradoxa,
CAS 61327. Scale bar equals 10 mm.
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Figure 1.34: Dorsal view of the CT reconstruction of the skull of Neoceratodus forsteri,
AMS I-40438-001. Scale bar equals 10 mm.
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Figure 1.35: Ventral view of the CT reconstruction of the skull of Neoceratodus forsteri,
AMS I-40438-001. Scale bar equals 10 mm.
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Figure 1.36: Lateral view of the CT reconstruction of the skull of Neoceratodus forsteri,
AMS I-40438-001. Scale bar equals 10 mm.
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Figure 1.37: Dorsal view of the CT reconstructions of the dermal ethmoids of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Neoceratodus forsteri,
AMS I-40438-001. F. Protopterus amphibius, CAS 47408. Scale bars equal
5 mm.
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Figure 1.38: Dorsal view of the CT reconstructions of the left supraorbitals of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Neoceratodus forsteri,
AMS I-40438-001. F. Protopterus amphibius, CAS 47408. Scale bars equal
5 mm.
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Figure 1.39: Lateral view of the CT reconstructions of the left supraorbitals of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Neoceratodus forsteri,
AMS I-40438-001. F. Protopterus amphibius, CAS 47408. Scale bars equal
5 mm.
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Figure 1.40: Dorsal view of the CT reconstructions of the frontoparietals of extant
lungfishes, anterior is to the left. A. Protopterus aethiopicus, UF 137272. B.
Protopterus annectens, TMM-M 1129. C. Lepidosiren paradoxa, CAS
61327. D. Protopterus dolloi, AMNH 246385. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.41: Lateral view of the CT reconstructions of the frontoparietals of extant
lungfishes, anterior is to the left. A. Protopterus aethiopicus, UF 137272. B.
Protopterus annectens, TMM-M 1129. C. Lepidosiren paradoxa, CAS
61327. D. Protopterus dolloi, AMNH 246385. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.42: Dorsal view of the CT reconstructions of the parasphenoids of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.43: Lateral view of the CT reconstructions of the parasphenoids of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.44: Ventral view of the CT reconstructions of the left and right pterygoids of
extant lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS
61327. B. Protopterus annectens, TMM-M 1129. C. Protopterus dolloi,
AMNH 246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus
amphibius, CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale
bars equal 5 mm.
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Figure 1.45: Left lateral view of the CT reconstructions of the left and right pterygoids of
extant lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS
61327. B. Protopterus annectens, TMM-M 1129. C. Protopterus dolloi,
AMNH 246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus
amphibius, CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale
bars equal 5 mm.

123

124

Figure 1.46: Lateral view of the CT reconstructions of the left opercula of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.47: Lateral view of the CT reconstructions of the left squamosals of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.48: Lateral view of the CT reconstructions of the left subopercula of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.49: Lateral view of the CT reconstructions of the left ceratohyals of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.50: Lateral view of the CT reconstructions of the left exoccipitals of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 1
mm.
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Figure 1.51: Anterior view of the CT reconstructions of the left cranial ribs of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.52: Dorsal view of the CT reconstructions of the left and right prearticulars of
extant lungfishes, anterior is to the top. A. Lepidosiren paradoxa, CAS
61327. B. Protopterus annectens, TMM-M 1129. C. Protopterus dolloi,
AMNH 246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus
amphibius, CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale
bars equal 5 mm.
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Figure 1.53: Left lateral view of the CT reconstructions of the prearticulars of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Figure 1.54: Anterior view of the CT reconstructions of the vomerine teeth of extant
lungfishes. A. Lepidosiren paradoxa, CAS 61327.
B. Protopterus
annectens, TMM-M 1129. C. Protopterus dolloi, AMNH 246385. D.
Protopterus aethiopicus, UF 137272. E. Protopterus amphibius, CAS
47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 1 mm.
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Figure 1.55: Lateral view of the CT reconstructions of the left angulars of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 1
mm.
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Figure 1.56: Dorsal view of the CT reconstructions of the left anocleithra of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 1
mm.
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Figure 1.57: Anterodorsal view of the CT reconstructions of the left cleithra of extant
lungfishes. A. Lepidosiren paradoxa, CAS 61327.
B. Protopterus
annectens, TMM-M 1129. C. Protopterus dolloi, AMNH 246385. D.
Protopterus aethiopicus, UF 137272. E. Protopterus amphibius, CAS
47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 1 mm.
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Figure 1.58: Lateral view of the CT reconstructions of the left clavicles of extant
lungfishes, anterior is to the left. A. Lepidosiren paradoxa, CAS 61327. B.
Protopterus annectens, TMM-M 1129. C. Protopterus dolloi, AMNH
246385. D. Protopterus aethiopicus, UF 137272. E. Protopterus amphibius,
CAS 47408. F. Neoceratodus forsteri, AMS I-40438-001. Scale bars equal 5
mm.
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Chapter 2: The Phylogenetic Systematics of Extant Lungfishes

Katharine E. Criswell

INTRODUCTION
The evolutionary relationships of lungfishes are difficult to elucidate because
lungfishes have a long evolutionary history with unique skeletal modifications and are
represented today by only 6 species. Lepidosirenid lungfishes also are not well
represented in the Cenozoic fossil record, and much of the identifiable fossil material
consists of isolated tooth plates or associated jaw elements (Bondesio and Pascual, 1977;
Fernandez et al., 1973; Martin, 1984; Martin, 1997). The skulls of early lungfishes vary
from those of other fishes through the mosaic pattern of bones present on the skull roof of
lungfishes, making homologies between the elements in lungfish skulls and tetrapod
skulls difficult to determine (Kemp, 1998). The general skull morphology of many of the
Mesozoic and Cenozoic lungfishes also is disparate from that of Paleozoic lungfishes,
which increases the complexity of recognizing homologous elements even within Dipnoi
(Cavin et al., 2007).
All species of lepidosirenid lungfishes are similar to each other in body shape and
skull morphology, which makes species identification and differentiation difficult.
Characteristics that were used in the past to distinguish species include ratios such as
head length to preanal length, or predorsal length to preanal length, presence or absence
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of external gills, presence or absence of cartilaginous parameres in fins, and the number
of pairs of pleural ribs (Lankester, 1896; Trewavas, 1954; Poll, 1961). Some of these
characteristics are problematic because they are polymorphic or continuous and are not
easily separated into categories that can be incorporated into phylogenetic analyses.
Several phylogenetic hypotheses and comparative studies on the relationships of
lungfishes based on morphological data were published previously, but none were
attempted with the goal of elucidating the relationships of extant lungfishes (Bertmar,
1968a; Jarvik, 1968; Thompson and Campbell, 1971; Miles, 1977; Campbell and
Barwick, 1990; Schultze and Marshall, 1993; Schultze and Chorn, 1997; Schultze, 2001;
Schultze, 2004; Cavin et al., 2007). Here I combine numerous new discrete osteological
characters, soft tissue characters, and rRNA nucleotide characters into a comprehensive
phylogenetic analysis of extant lungfish relationships. I incorporated additional characters
into my phylogenetic analysis from elements and regions in the skull that were not
included previously, such as the ceratohyal, pectoral girdle elements, and opercular
elements. These bones are similar in shape, function, and in their contacts with other
elements, making the homology between these bones easier to interpret than that of the
skull roof elements, which in turn lessens the chance of comparing homoplastic
characters. I also attempted to avoid assumptions of homology between taxa by including
only skull roof characters that address the overall arrangement of the skull, and not
specific fusions or losses of individual skull bones.
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Previously Published Phylogenies
No published morphological phylogenies exist for extant lungfishes. Several
morphological phylogenies were published that include one or several extant lungfishes,
but none are comprehensive (Bertmar, 1968a; Bertmar, 1968b; Thompson and Campbell,
1971; Miles, 1977; Martin, 1982; Schultze and Marshall, 1993; Schultze and Chorn,
1997; Schultze, 2001; Schultze, 2004; Cavin et al., 2007). The purpose of those
phylogenies was to determine relationships between genera of lungfish and the
relationships between lungfishes and other vertebrate groups, not to elucidate the
relationships within extant lungfishes (Johanson and Ahlberg, 2011).
Numerous molecular phylogenies were published with the intention of
determining relationships between extant lungfishes and other groups of extant
vertebrates such as amphibians and actinopterygians (Zardoya and Meyer, 1996a;
Zardoya and Meyer, 1996b; Zardoya and Meyer, 1997; Brinkmann et al., 2004; Takezaki
et al., 2004). One molecular phylogeny for extant lungfishes was published, but the
authors did not include morphology in addition to the nucleotide data on which their
analysis was based (Tokita et al., 2005).
I examined the osteology, as well as external morphology, of all species of extant
lungfishes and combined those data with previously published molecular sequences in
order to provide a total evidence approach to determining their interrelationships. My
goal is to address the different hypotheses generated by using molecular and
morphological data in phylogenetic analyses, and to generate a more robust hypothesis of
the interrelationships of extant lungfishes.
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MATERIALS AND METHODS

Taxon Sampling
I scored 39 morphological characters for all species of extant lungfishes,
including Neoceratodus forsteri, Lepidosiren paradoxa, Protopterus annectens,
Protopterus aethiopicus, Protopterus amphibius, and Protopterus dolloi. I also examined
casts of the original specimens of the extinct taxon Arganodus atlantis, and included that
taxon as the outgroup based on its position in a previously published phylogenetic
analysis (Martin, 1979; Schultze, 2004). I obtained High Resolution X-Ray Computed
Tomography (CT) scans of one individual of each extant species in order to examine the
skulls and pectoral girdles in articulation as they were in life. Numerous dry, skeletal
specimens also were available for Protopterus aethiopicus, Protopterus annectens, and
Lepidosiren paradoxa. Several specimens of Protopterus aethiopicus were cleared and
stained as well, and I obtained whole body X-Rays of all of the specimens I obtained that
were preserved in alcohol.

Morphological Data

Permutation Tail Probability and Left Skewness Tests
I first tested the morphological data using the permutation tail probability test
(PTP), using 1000 permutation replicates, to determine if any cladistic structure is present
in the dataset, or if the character states are randomly distributed among the taxa (Faith
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and Cranston, 1991). I also employed a left-skewness test using 10,000 trees that were
randomly generated under the parsimony criterion to test the characters for a random
distribution (Hillis and Huelsenbeck, 1992). The PTP test returned a p value of 0.001,
indicating that the morphological data do have a cladistic structure, and the left-skewness
test returned a statistically significant g1 value of -1.27044, indicating that the character
states are more highly correlated among the taxa than what would be expected in a
random distribution.

Morphological Phylogenetic Analysis Using Parsimony
After testing the dataset for phylogenetic signal, I performed a phylogenetic
analysis in the software program PAUP* 4.0b10 (Swofford, 2002) using the maximum
parsimony method of inferring phylogeny. I ran an exhaustive search using unordered
characters of equal weight. I examined character transformations under both ACCTRAN
and DELTRAN optimizations. I examined nodal support by performing a nonparametric
bootstrap analysis with 1000 pseudoreplicates, random addition sequences with 10
additions per pseudoreplicate, and tree bisection and reconnection branch swapping. I
also calculated Bremer support values using a decay analysis in TreeRot version 2
(Sorenson, 1999).
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Molecular rRNA Sequence Data
I used the molecular dataset of Tokita et al. (2005), that included 937 nucleotide
base pairs from ribosomal RNA sequences of the 16s gene for 14 specimens of extant
species of lungfish. The data for Neoceratodus forsteri and Lepidosiren paradoxa were
taken from unpublished sequences made available on GenBank by Denk, et al., and the
base pairs for all species of Protopterus were sequenced by Tokita et al. (2005) for the
paper. Because the methods of inferring phylogeny described in that paper are unclear, I
was unable to directly reproduce their tree. I used several methods to determine
phylogeny from the molecular data including maximum likelihood in the phylogenetics
programs PAUP* and GARLI (Zwickl, 2006) and maximum parsimony using PAUP*.
I used Modeltest 3.7 (Posada and Crandall, 1998) to determine the model of
evolution that best fit the molecular data, which was the General Time Reversible model
with an estimated proportion of invariant rates and a gamma distribution (GTR + I + G),
with a -ln likelihood score of -3451.32088. I ran a heuristic search of 10,000 replicates
with 10 random addition sequences and tree bisection and reconnection branch swapping.
I also conducted a nonparametric bootstrap analyses using 1000 replicates with 10
random addition sequences and tree bisection and reconnection branch swapping. I ran
analyses using all fourteen sets of sequences and using one representative set of
sequences from each species of extant lungfish.
For the maximum parsimony analysis, I performed searches on matrices including
both the sequences from thirteen individuals and those from the six exemplar individuals
chosen from the original fourteen for use in the combined analyses. One sequence that
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was taken from a specimen of Protopterus dolloi grouped with the three specimens of
Protopterus annectens, instead of the other specimens of Protopterus dolloi in the
phylogenetic analysis done by Tokita et al. (2005). I did not include that problematic
specimen in my analyses. I was able to do an exhaustive search on the matrix including
six taxa. The characters were all unordered and of equal weight. I performed a heuristic
search on the matrix including thirteen sets of sequences, 1000 pseudoreplicates, and
random sequence addition with tree bisection and reconnection branch swapping. Once
again, I ran all characters as unordered and of equal weight.

Combined Morphological and Molecular Phylogenetic Analysis
I compiled the morphological characters and molecular sequences from one
representative of each species used by Tokita et al. (2005) and used them for a combined
phylogenetic analysis. I ran comprehensive phylogenetic analyses using maximum
parsimony and Bayesian methods of inferring phylogeny. I used PAUP* version 4.0b10
and MRBAYES version 3.2 for Bayesian inference (Huelsenbeck and Ronquist, 2001).
Because all of the character codings for the morphological phylogenetic analysis
represented the state of the species, not individual specimens, I chose one exemplar
molecular sequence from each species of Protopterus to use in the combined
phylogenetic analysis. That one sequence then corresponded to the morphological
character states for that particular species, which were derived from the examination of
numerous specimens in the cases of Protopterus aethiopicus, Protopterus annectens, and
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Lepidosiren paradoxa, but from one specimen for Protopterus dolloi, Protopterus
amphibius, and Neoceratodus forsteri.

Combined Phylogenetic Analysis using Bayesian Inference
I ran the analysis using Bayesian inference because this method of inferring
phylogeny allows for the application of different models of evolution to each data
partition (Nylander et al., 2004). I selected the best-fitting evolutionary model for the
molecular data using Modeltest 3.7. The Bayesian tree also was inferred using the GTR +
I + G model for the molecular data, with a partition between the rRNA data and the
morphological data, and the morphological data run using the Standard Discrete model. I
ran the analysis with four Markov chain Monte Carlo (MCMC) chains for 20 million
generations, sampling every hundredth tree, and discarding the first 2000 trees as burn-in.
I evaluated statistical support for the recovered clades using posterior probabilities.

Combined Phylogenetic Analysis using Parsimony
I ran an exhaustive search in PAUP* using both the morphological codings and
molecular sequences from one representative of each species. I ran all of the characters as
unordered, but because there are 162 parsimony-informative characters in the rRNA
sequence data and only 18 parsimony-informative characters in the morphological
dataset, I weighted the morphological characters by 9 to give them equal weight with the
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molecular characters. I examined nodal support as in the other parsimony analyses, with a
nonparametric bootstrap analysis with 1000 pseudoreplicates and 10 random sequence
additions with tree bisection and reconnection branch swapping. I also calculated decay
indices using TreeRot version 2.

Outgroup Selection
I selected Arganodus atlantis as the outgroup taxon because it was placed outside
of crown lungfishes in previous hypotheses of phylogenetic relationships and is relatively
complete (Schultze, 2004; Martin, 1981). Arganodus is a ceratodontid, for which
disarticulated material is known from the pterygoid, pterygoid tooth plate, prearticular,
prearticular tooth plate, angular, supraorbital, frontoparietal, dermal ethmoid,
parasphenoid, squamosal and lateral parietal elements. The specimens I examined are
casts made from the original material that is housed at the Museum national d’Histoire
naturelle, Paris, in the TAL collection.

Operational Taxonomic Units
My operational taxonomic units (OTUs) were all at the species level.
1. Arganodus atlantis
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Specimens examined (casts of original specimens): KU 60701, KU 60702, KU
60703, KU 60704, KU 60705, KU 60706, KU 60707, KU 60708, KU 60709, KU 60710,
KU 60711, KU 60712, KU 60713, KU 60714, KU 60715.
Remarks: Each catalog number denotes a disarticulated skull element. The
original material from which the casts were made is in the Muséum national d’Histoire
naturelle, Paris, TAL collection, and it was outside the means of this study to visit those
collections. I examined casts of the original material that were located at the University
of Kansas Museum of Natural History. The specimen numbers from the MNHN are TAL
301, TAL 302, TAL 303, TAL 304, TAL 305, TAL 306, TAL 307, TAL 308, TAL 309,
TAL 311, TAL 312, TAL 315, TAL 316, TAL 317, TAL 319, TAL 320, TAL 322, TAL
323, TAL 333, and TAL 336.

2. Neoceratodus forsteri
Specimens examined: AMS I.40438-001.
Remarks: This specimen is preserved in 70% ethanol and was made available to
me by a loan through the Australian Museum at Sydney. This specimen was CT scanned
at the UTCT facility at the University of Texas at Austin.

3. Lepidosiren paradoxa
Specimens examined: AMNH 55788, CAS 61327 (two individuals), CAS 17743
(two individuals), CAS 36480 (two individuals), TMM M-4481.
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Remarks: Only one of these specimens is preserved as a dry skeleton (TMM M4481); the rest of them are preserved in alcohol. One CAS 61327 individual was CT
scanned at the UTCT facility at the University of Texas at Austin.

4. Protopterus aethiopicus
Specimens examined: AMNH 55203, AMNH 55204, AMNH 55205, AMNH
55206, AMNH 55207, AMNH 55208, AMNH 55209, AMNH 55210, AMNH 55211,
AMNH 55212, AMNH 55214, AMNH 55217, AMNH 55218, AMNH 55219, AMNH
55220, AMNH 55221, AMNH 55222; UF 137272 (3 individuals), UF 147058 (2
individuals).
Remarks: I examined 22 specimens of Protopterus aethiopicus, and scored
character states only when all specimens that I studied shared that same character state.
All of the specimens I examined were preserved as dry skeletons. All of the American
Museum of Natural History specimens that I examined are preserved as dry skeletons. All
of the University of Florida specimens are cleared and stained. One UF 137272
individual was CT scanned at the UTCT facility at the University of Texas at Austin.

5. Protopterus annectens
Specimens examined: AMNH 22455, AMNH 55226, AMNH 55227, AMNH
55228, AMNH 55229, AMNH 55230, AMNH 55231, AMNH 55232, AMNH 55242,
AMNH 55243, TMM M-2219, TMM M-2493, TMM M-2494, TMM M-2496, TMM M2505, TMM M-2506.
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Remarks: I studied 16 specimens of Protopterus annectens, and scored character
states only where all specimens that I studied shared that same character state. The
specimen that was CT scanned, TMM M-2219, was done so while partially frozen and
cannot be located in the collection at present.

6. Protopterus amphibius
Specimens examined: CAS 47480.
Remarks: I examined the skeleton of one specimen of Protopterus amphibius
using High Resolution X-Ray Computed Tomography. This specimen is preserved in
alcohol.

7. Protopterus dolloi
Specimens examined: AMNH 246385.
Remarks: I examined the skeleton of one specimen of Protopterus dolloi using
High Resolution X-Ray Computed Tomography. This specimen is preserved in alcohol.

Morphological Character Selection and Analysis
I included several skeletal and soft tissue characters in my analysis that were used
previously to distinguish between species, or were used in previous phylogenetic analyses
(Trewavas, 1954; Poll, 1961; Schultze, 2004; Cavin et al., 2007). I developed numerous
new characters using CT scans of all extant species and visual examination of dried
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skeletons, cleared and stained skeletons, and X-Rays of alcohol-preserved specimens. I
discussed the morphology of these elements in Chapter 1 of this thesis.
Previously proposed characters that I utilized here include the presence or absence
of lateral parietals (character 6), the number of elements in the mediolateral series
(character 7), contact between both the pterygoid and prearticular tooth plates (characters
15 and 17), the presence or absence of sensory lines on the skull elements (character 31),
the presence or absence of external gills in the adult (character 32), the number of pairs of
pleural ribs (character 33), the presence or absence of the dermosphenotic (character 34),
and the morphology of the sutures between the median skull roof elements (character 36)
(Trewavas, 1954; Schultze, 2004; Cavin et al., 2007).

CHARACTER DESCRIPTIONS
1. Dermal ethmoid articulation (Figure 2.1); State 0, Midway through the skull; State 1,
anteriorly in the skull, with some lateral articulation to the supraorbitals; State 2,
anterior to the frontoparietal with no lateral contact with the supraorbitals.
In Arganodus atlantis the dermal ethmoid and the frontoparietal contact each
other at approximately the midpoint of the skull. The articulation is straight
mediolaterally, and the dermal ethmoid is pentagonal in shape. The supraorbitals
articulate with the lateral edge of the dermal ethmoid and with the anterolateral edges of
the frontoparietal. In State 1, seen in Neoceratodus forsteri, the contact between the
dermal ethmoid and the frontoparietal occurs more anteriorly in the skull, with the
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supraorbitals extending only slightly anteriorly past the suture to contact the sides of the
dermal ethmoid. The dermal ethmoid is more triangular in shape with a slightly flared tip.
Lepidosiren paradoxa and all species of Protopterus exhibit State 2, in which the
articulation between the dermal ethmoid and the frontoparietal is the most anterior. In
State 2, the supraorbitals do not articulate with the lateral edges of the dermal ethmoid at
all. They are instead positioned dorsal to those elements, and the anterior margins of the
supraorbitals extend to the same point as the anterior margins of the frontoparietals.

2. Frontoparietal, sagittal crest (Figure 2.1); State 0, crest absent; State 1, crest present.
A ridge that extends almost the entire length of the bone may be absent or present
on the dorsal surface of the frontoparietal. In State 0, in which the crest is absent, the
bone is relatively flat and uniform in thickness, and almost pentagonal in shape in dorsal
view. When present (State 1), the crest is positioned on the midline of the bone and
extends dorsally, and the remainder of the bone projects both laterally and ventrally from
it. A sagittal crest is present in both Lepidosiren paradoxa and all species of Protopterus,
but is absent in Arganodus atlantis and Neoceratodus forsteri.

3. Frontoparietal, presence of lateral process (Figure 2.1); State 0, lateral process absent;
State 1, lateral process present.
A lateral process on either side of the frontoparietal is absent in Arganodus
atlantis and Neoceratodus forsteri (State 0). The lateral process extends ventrolaterally to
articulate ventrally with the parasphenoid within lepidosirenids (State 1).
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4. Frontoparietal, anterior and lateral processes (Figure 2.1); State 0, Short anterior
process and long lateral processes; State 1, Long anterior process and short lateral
processes.
The anterior process of the frontoparietal is relatively short in Protopterus dolloi
and Lepidosiren paradoxa (State 0), and the lateral processes extend farther anterior than
in the other species of Protopterus. State 1 can be seen in Protopterus annectens,
Protopterus aethiopicus, and Protopterus amphibius, in which the anterior process is
much longer than in Protopterus dolloi and Lepidosiren paradoxa, and the lateral
processes do not project as far anteriorly. This character is not applicable for Arganodus
atlantis or Neoceratodus forsteri because anterior and lateral processes are not present on
the frontoparietal in those taxa; instead the element is approximately straight at its
anterior edge.

5. Frontoparietal, presence of ventral prongs (Figure 2.2); State 0, ventral prongs are
absent; State 1, ventral prongs are present.
State 0 can be seen on the ventral surface of the frontoparietal in Arganodus
atlantis, Neoceratodus forsteri, and all species of Protopterus, in which the element is
smooth with no ventral projections. State 1 is exemplified by Lepidosiren paradoxa, in
which two small prongs protrude ventrally from the ventral surface of the frontoparietal.
The prongs are positioned midway through the length of the element and are narrow and
blunt.
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6. Lateral parietals (Figure 2.3); State 0, absent; State 1, present.
(Modified from Schultze, 2004, character 14)
The skulls of are less ossified and more cartilaginous than those of ceratodontids,
and lepdiosirenids lack the lateral parietal elements (State 0). These bones are present in
Arganodus atlantis and Neoceratodus forsteri (State 1), and are located posterolaterally
in the skull. In previous literature, the lateral parietals of Arganodus atlantis were
described as a fusion of bones I and J, while the lateral parietals in Neoceratodus forsteri
were just the I bones (Kemp, 1998). In order to avoid assumptions about the loss or
fusion of elements, I use simply the character of presence or absence for the lateral
parietals.

7. Elements in mediolateral series (Figure 2.3); State 0, the supraorbital and the lateral
parietal; State 1, only the supraorbital.
(Modified from Cavin et al., 2007, character 3)
In Arganodus atlantis and Neoceratodus forsteri the mediolateral series of
elements of the skull roof comprises two elements, which are interpreted to be the
supraorbital and the lateral parietal (State 0). The mediolateral series of all lepidosirenids
is made up of only one element, the supraorbital (State 1).

8. Supraorbital, lateral process (Figure 2.3); State 0, absent or greatly reduced; State 1,
present and easily visible.
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A process extending laterally from the anterior portion of the supraorbital may be
either absent or greatly reduced, or present and easily visible. In State 0, the anterior
portion of the supraorbital is rounded, and relatively free of features. No lateral process
can be seen on the supraorbitals of Protopterus dolloi or Lepidosiren paradoxa. If the
lateral process is present (State 1), as in Protopterus annectens, Protopterus aethiopicus,
and Protopterus amphibius, it is triangular and pointed, and forms at the widest part of
the element. This process is located at approximately the level of the midpoint of the
articulation between the left and right supraorbitals, and on the lateral edge. This
character could not be scored for Arganodus atlantis or Neoceratodus forsteri because the
supraorbitals of those taxa are not positioned above the frontoparietal and their lateral
margins articulate to other skull roof elements.

9. Supraorbital, midline articulation (Figure 2.3); State 0, no contact and separated by
frontoparietal at midline; State 1, no contact, but positioned dorsal to frontoparietal;
State 2, left and right supraorbitals contact each other at the midline.
The supraorbital may be positioned either in the same plane as the frontoparietal
and articulating to it laterally, dorsal to it and not articulating with it, or dorsal to the
frontoparietal and contacting its antimere. The supraorbitals in Arganodus atlantis and
Neoceratodus forsteri and are positioned in the same plane as the frontoparietal and
articulate to it laterally (State 0). Lepidosiren paradoxa exhibits State 1, where the
supraorbitals are positioned dorsally to the frontoparietal on either side of the dorsal crest,
and do not contact each other. In all species of Protopterus, the supraorbitals are
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positioned on the dorsal surface of the frontoparietal but do contact each other at the
midline in a sagittal suture (State 2). In State 0, the supraorbital and frontoparietal are
similar in thickness, and the supraorbital articulates to the lateral edges of the
frontoparietal to form the dorsolateral portion of the skull roof. They do not taper
posteriorly or at any location sit dorsal to the frontoparietal. In State 1, in which the
supraorbitals are positioned dorsal to the frontoparietal, but do not contact each other,
they have slightly rounded anterior and medial edges and are generally thinner in their
posterior, tapering portions. In the State 2, in which they do contact each other in the
midline, it is only the anterior portion that does so, and the ratio of contact varies between
the species. From the point where the contact between elements ceases, the bones
decrease in width as they extend farther posterior in the skull.

10. Shape of operculum (Figure 2.4); State 0, Wide and flat; State 1 Narrow and slightly
downturned at anterior end; State 2 Narrow and substantially downturned at anterior
end.
In the State 0, seen in Neoceratodus forsteri, the operculum is mediolaterally flat
and more dorsoventrally expanded than in the lepidosirenids. In Neoceratodus forsteri, a
process is also present on the dorsal edge of the element that extends farther dorsally. In
all species of Protopterus the operculum is longer anteroposteriorly and much narrower
than in Neoceratodus. The anterior end of the element is slightly downturned, giving the
bone a curved, concave-down shape (State 1). In the State 2, seen in Lepidosiren
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paradoxa, the operculum is long and narrow, similar to that seen in Protopterus, but the
anterior portion is curved more ventrally and forms a claw-like shape.

11. Suboperculum, curvature (Figure 2.5); State 0, anteroposteriorly straight; State 1,
slightly curved in a concave-up direction.
The suboperculum can be either straight in an anterior-posterior direction (State
0), as in Protopterus amphibius, Protopterus dolloi, Lepidosiren paradoxa, and
Neoceratodus forsteri, or slightly curved in a concave-up direction (State 1), as in
Protopterus annectens and Protopterus aethiopicus. The suboperculum was not
preserved in any specimen of Arganodus atlantis.

12. Suboperculum, lateral ridge (Figure 2.5); State 0, absent; State 1, present.
A ridge extending the majority of the length of the element may be absent or
present on the lateral side of the suboperculum. When present, it is located on the ventral
portion of the lateral surface, and projects laterally from the bone, forming a lip-like
crest. This character varies between different species of Protopterus. The ridge is present
on the subopercula of Protopterus annectens, Protopterus aethiopicus, and Protopterus
amphibious (State 0), but is absent in Protopterus dolloi and Lepidosiren paradoxa (State
1). This ridge also is absent in Neoceratodus forsteri, and I could not score this character
for Arganodus atlantis because no suboperculum is known.

13. Suboperculum, dorsal process (Figure 2.5); State 0, absent; State 1, present.
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A dorsal process can either be absent or present on the dorsal and anterior portion
of the suboperculum. The dorsal process is triangular in shape, extends and tapers
dorsally, and is approximately twice the height of the remainder of the bone at the highest
point of the process. The process is present on the suboperculum of Lepidosiren
paradoxa and all species of Protopterus. In State 0 the bone simply retains an elongate,
elliptical shape. That is the state seen in Neoceratodus forsteri. I was not able to score the
character for Arganodus atlantis because no suboperculum was preserved.

14. Posterior pterygoid shape (Figure 2.6); State 0, straight; State 1, slightly flared; State
2, greatly flared dorsoventrally.
The posterior portion of the pterygoid displays three different character states
across included taxa. It extends straight posteriorly in Arganodus atlantis (0), and the
posterior end of the pterygoid is blunt. In Neoceratodus forsteri it flares both dorsally ad
ventrally as it extends posteriorly (State 1), and in all lepidosirenids the posterior portion
of the pterygoid flares dorsally and ventrally to a greater extent (State 2).

15. Pterygoid tooth plate contact (Figure 2.7); State 0, absent; State 1, present.
(Cavin et al., 2007, character 10)
The pterygoid tooth plate may or may not contact its antimere at the midline. In
Neoceratodus forsteri there is no contact between tooth plates (State 0), but in Arganodus
atlantis and all lepidosirenids the pterygoid tooth plate does contact its contralateral
element (State 1).
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16. Pterygoid tooth plates, number of ridges (Figure 2.7); State 0, 8 ridges; State 1, 6
ridges; State 2, 3 ridges.
The pterygoid tooth plate of Arganodus atlantis displays eight ridges on its
occlusal surface (State 0); six are present on the tooth plate of Neoceratodus forsteri
(State 1). The tooth plate of all species of Protopterus and Lepidosiren paradoxa has
three ridges on its occlusal surface (State 2).

17. Prearticular tooth plates, contact at midline (Figure 2.8); State 0, no contact; State 1,
slight contact at the posteromedial corner of the tooth plate, no fusion to one another;
State 2, they fuse substantially to each other and do not come apart.
(modified from Cavin et al., 2007, character 11)
The prearticular tooth plate can be either completely separated from its antimere,
contacting it at its posteromedial corner, or fused tightly to it. In Neoceratodus forsteri
the tooth plates do not contact each other at all (State 0). In Arganodus atlantis the tooth
plates contact each other slightly, but do not fuse to one another (State 1), and all species
of lepidosirenid display prearticular tooth plates that are fused tightly to one another
(State 2).

18. Prearticular, coronoid process (Figure 2.9); State 0, absent; State 1, present.
A coronoid process is present at the posterior end of the prearticular of all species
of Protopterus and Lepidosiren paradoxa (State 1), but is absent in Arganodus atlantis
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and Neoceratodus forsteri (State 0). When the coronoid process is present it forks
dorsally, away from the remainder of the prearticular, which extends farther posteriorly.

19. Vomerine teeth, shape (Figure 2.10); State 0, hemispherical and serrated; State 1,
conical.
The vomerine teeth can be either hemispherical in shape with slightly serrated
edges, as in State 0 in Neoceratodus forsteri, or they can be conical with the tapered point
extending ventrally, as in the lepidosirenids (State 1). The vomerine teeth are not known
from Arganodus atlantis.

20. Splenial (Figure 2.11); State 0, absent; State 1, present.
The splenial is present in Neoceratodus forsteri (State 1), but absent in all species
of Lepidosiren and Protopterus (State 0). The splenial sits ventral to the prearticular at
the anterior end of the mandible when it is present. No splenial is known for Arganodus
atlantis, but it is not known whether the element was absent, or just missing from the
fossil material.

21. Angular, relative length (Figure 2.11); State 0, same length as prearticular; State 1,
approximately half to 2/3 the length of prearticular; State 2, approximately 1/3 the
length of prearticular.
The angular contacts the prearticular medially, and in Arganodus atlantis and
Neoceratodus forsteri it is the same length as the combined length of the remaining
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mandibular elements (State 0). The proportions of the angular and prearticular vary
between species of Protopterus, however. In Protopterus amphibius, Protopterus
annectens, and Protopterus aethiopicus, the angular is more than half the length of the
prearticular (State 1), but in Lepidosiren paradoxa and Protopterus dolloi, the angular is
less than half of the length of the prearticular (State 2).

22. Parasphenoid, shape of posterior end (Figure 2.12); State 0, rounded; State 1, cotyle;
State 2, flared with a long posterior extension.
The parasphenoid of Arganodus atlantis tapers posteriorly and is rounded at its
most posterior margin (State 0), while a cotyle is present at the posterior end of the
parasphenoid in the lepidosirenid taxa (State 1). The cotyle is concave dorsally and the
neural arches articulate to the dorsal surface. In Neoceratodus forsteri the posterior
portion of the parasphenoid flares out slightly in a wing shape, and an elongate, blunt
process extends farther posteriorly from these wings (State 2).

23. Parasphenoid, ridges (Figure 2.12); State 0, two posterior ridges come together
midway through the element and extend anteriorly as a single ridge; State 1, two
posterior ridges come together midway through the element and then bifurcate again;
State 2, two ridges originating posteriorly that extend anterolaterally along the edges
of the parasphenoid
Ridges present on the posterior end of the parasphenoid on the dorsal surface of
the element exist in some form in all taxa examined. In Arganodus atlantis, the ridges are
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positioned laterally at the posterior end and converge near the midpoint of the element. A
single ridge then extends anteriorly from the midpoint to form a Y shape (State 0). In
Neoceratodus forsteri, two symmetrical ridges also are positioned posteriorly and meet at
the midline of the parasphenoid, but separate and extend laterally, terminating at the tips
of the lateral processes (State 1). The ridges on the parasphenoid of all species of
lepidosirenid are straight and extend the length of the element in line with the lateral
edges of the element (State 2).

24. Parasphenoid, shape of anterior portion (Figure 2.12); State 0, pointed medially; State
1, rounded, with two prongs that make up the anterior-most portion of the element;
State 2, rounded with two prongs that do not make up the anterior-most portion of the
element.
The shape of the anterior end of the parasphenoid ranges from pointed to
bifurcated to rounded. In Arganodus atlantis and Neoceratodus forsteri, the anterior-most
portion of the parasphenoid comes to a point at the midline that extends anteriorly (State
0). In Protopterus annectens, Protopterus aethiopicus, and Protopterus amphibius,
extensions of the ridges on the dorsal surface project farther anteriorly to form two
prongs that make up the farthest anterior extent of the element (State 1). In Protopterus
dolloi and Lepidosiren paradoxa the prongs are present, but do not make up the anteriormost margin of the bone. Instead, the parasphenoid is rounded anteriorly with the apex at
the midline of the element (State 2).
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25. Exoccipital, shape (Figure 2.13); State 0, tube-shaped; State 1, hemispherical.
The exoccipital of extant lungfishes can have two general forms. The exoccipitals
of Lepidosiren paradoxa and Neoceratodus forsteri are smaller and more hourglassshaped, with hollow centers that fill with cartilage in life (State 0). They resemble
enlarged neural arches, while those of Protopterus are more complicated and novel in
appearance. The exoccipitals of all species of Protopterus are hemispherical in shape
with each element meeting its antimere at the midline in a loose suture that extends the
full length of the bones (State 1). The exoccipital is not known for Arganodus atlantis.

26. Exoccipital, anterior process (Figure 2.13); State 0, absent; State 1, present.
An anterior process is present on the anteroventral surface of the exoccipital in all
species of Protopterus (State 0). It varies in shape within species, but generally is narrow
and curved concave dorsally. State 1 is seen in Lepidosiren paradoxa and Neoceratodus
forsteri, in which no anterior process is present on the exoccipitals. The exoccipital is not
known from Arganodus atlantis.

27. Ceratohyal, distal ridge (Figure 2.14); State 0, absent; State 1, present.
A ridge extending down the distal portion of the ceratohyal on its ventral surface
is present in all lepidosirenids (State 1), but absent in Neoceratodus forsteri (State 0). The
ceratohyal is not preserved in Arganodus atlantis.
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28. Anocleithrum, size and shape (Figure 2.15); State 0, large, flattened, and oval in
shape; State 1, small and toothpick-shaped; extremely small, spherical, and almost
undetectable.
The anocleithrum can be large and flat with an elliptical shape, much smaller and
toothpick-shaped, with no direct articulation to any other bone and varying slightly in the
overall morphology, or extremely small and almost undetectable. The anocleithrum of
Neoceratodus forsteri is large and elliptical, but it is thin and narrow in all species of
Protopterus. I was only able to identify the anocleithrum of Lepidosiren paradoxa
through the use of CT because it is so small (State 2). In the State 1 and State 2, the
anocleithrum is located entirely within a girdle suspensory ligament (GSL), which gives
it a variable morphology, and in State 2 it is round and less than a millimeter in total
diameter. The anocleithrum is not known for Arganodus atlantis.

29. Cleithrum, shape (Figure 2.16); State 0, elongate with no forking; State 1, tapers
proximally with slight distal forking; State 2, V-shaped with substantial forking.
The cleithrum of Neoceratodus forsteri is elongate, with a blunt proximal end and
a slightly rounded distal portion that is not forked (State 0). In all species of Protopterus
this element is slightly forked at the distal end and widens distally, with the narrowest
part at the proximal portion (State 1). The cleithrum of Lepidosiren paradoxa is Vshaped, with substantially more forking than the cleithra of Protopterus (State 2). The
cleithrum is not known for Arganodus atlantis.
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30. Clavicle, anterior pocket (Figure 2.17); State 0, absent; State 1, present.
The clavicle in all species of Protopterus, is folded anteriorly to form a pocket
that opens anteriorly (State 1). An emargination is also present on the lateral surface of
this pocket. No pocket is present in the clavicle of Neoceratodus forsteri or Lepidosiren
paradoxa (State 0). The clavicle is not known for Arganodus atlantis.

31. Sensory lines on skull elements; State 0, absent; State 1, present.
(Modified from Cavin et al., 2007, character 7)
In all lungfishes except lepidosirenids, imprints of the sensory lines are visible on
the skull elements (State 1). Lepidosirenids have a less ossified skull than other species of
lungfishes, and also do not display any evidence of the sensory canal system on their
skull bones (State 0).

32. External gills in adult; State 0, absent; State 1, present.
This character is variable in Protopterus annectens. Some specimens show
external gills in the adult form while others do not (Trewavas, 1954). In other taxa the
presence of external gills is more discrete. Protopterus amphibius retains external gills as
an adult and Protopterus annectens was observed with this condition as well (State 1)
(Trewavas, 1954). All other species of extant lungfish do not retain external gills in the
adult form (State 0). I could not score this character for Arganodus atlantis because it is a
soft-tissue character, and no soft tissue was preserved for that taxon.
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33. Rib number; State 0, 27-30 pairs; State 1, 32-37 pairs; State 2, 38-40 pairs; State 3,
47-54 pairs; State 4, 56+ pairs.
Each species of lepidosirenid can be distinguished by a different number of pairs
of ribs throughout the body. The number of pairs of ribs was never used in a phylogenetic
analysis, but was discussed in several studies that compared and attempted to
differentiate different species of lepidosirenids (Ayers, 1893; Trewavas, 1954; Poll,
1961). The ranges of numbers of ribs reflect the possible phenotypes seen within one
species of lepidosirenid. Each species has a particular range of possible numbers of ribs.
The known possible range of pairs of ribs in Protopterus amphibius is 27-30 (State 0), the
range for Protopterus annectens is 32-37 (State 1), the range for Protopterus aethiopicus
is 38-40 (State 2), and the range for Protopterus dolloi is 47-54(State 3). The number of
pairs of ribs for Neoceratodus forsteri falls within the range for Protopterus dolloi (State
3), and the range of pairs of ribs for Lepidosiren paradoxa is 56 or more (State 4). No
articulated postcranial material is available for Arganodus atlantis, so I was not able to
score this character for that taxon.

34. Dermosphenotic; State 0, free; State 1, fused or lacking.
(From Cavin et al., 2007, character 6)
In Neoceratodus forsteri, the dermosphenotic bone is free from the other skull
roof elements, and can be easily identified (State 0). In Arganodus atlantis, Lepidosiren
paradoxa, and all species of Protopterus, the dermosphenotic is not visible, and is either
fused to the other skull roof elements, or is lacking completely (State 1).
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35. Exoccipital; State 0, absent; State 1, present.
In all extant lungfishes the first neural arches are enlarged and function as the
exoccipitals, to which the cranial ribs articulate (State 1). Arganodus atlantis is not
known to have these modified neural arches, but the posterior portion of the skull is made
up of flat skull roof elements (State 0).

36. Sutures between median series of skull roofing bones; State 0, Straight or
overlapping; State 1, interdigitated.
(From Schultze, 2004, character 1)
The sutures between the median series of skull roof elements can either be
straight and smooth or interfingering. In Arganodus atlantis, Lepidosiren paradoxa, and
all species of Protopterus, the sutures are straight and even with some slight overlap of
elements (State 0). In Neoceratodus forsteri, the sutures between the elements in the
median series are interdigitated and jagged (State 1).

37. Curvature of ceratohyal (Figure 2.14); State 0, straight; State 1, slightly curved.
The shaft of the ceratohyal is straight in Neoceratodus forsteri (State 0), but is
slightly curved mediolaterally in Lepidosiren paradoxa and all species of Protopterus
(State 1). The ceratohyal is not preserved in Arganodus atlantis, and therefore could not
be scored.
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38. Angular, location of dorsal process (Figure 2.18); State 0, absent; State 1, posterior;
State 2, near midpoint.
The angular is located posteriorly in the jaw of lungfishes, on the lateral side of
the prearticular. A dorsal process with which the squamosal articulates is located on the
dorsal surface of the angular in some taxa, and can be positioned posteriorly on the
angular, or closer to the midpoint of the body. This process is absent in Arganodus
atlantis (State 0). In Neoceratodus forsteri, Protopterus aethiopicus, Protopterus
annectens, and Protopterus amphibius, it is located posteriorly on the bone (State 1). In
Protopterus dolloi and Lepidosiren paradoxa, it is located near the midpoint of the
element, making the angular more symmetrical in shape (State 2).

39. Lateral line entering skull table; State 0, through bone Z; State 1, above bones.
(Modified from Schultze, 2004)
The lateral line system enters the skull table through the squamosal, or bone YZ,
in Arganodus atlantis (State 0), but in Neoceratodus and all species of lepidosirenid it
enters above the bones and does not run through any skull elements (State 1).

RESULTS

Morphological Phylogenetic Analysis
My character-taxon matrix contained seven taxa and 39 characters. A total of 7%
of the matrix held no data, with 5% attributed to missing data, and 2% of the characters
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inapplicable. Of the 39 characters, 24 were binary, and 15 characters were multistate, and
all of the characters were unordered and equally weighted. I included one outgroup taxon,
Arganodus atlantis, which was shown in a previous phylogenetic analysis to be more
distantly related to the remaining ingroup taxa than the ingroup taxa are to each other
(Schultze, 2004). It was difficult to identify suitable outgroup taxa because much of the
Mesozoic and Cenozoic fossil record for lungfishes consists solely of tooth plate material
(Clack et al., 2011). Arganodus was one of the only taxa that was relatively complete and
available for study, and the material I examined comprised casts of the original Moroccan
specimens. There were six ingroup taxa, including the Australian Neoceratodus forsteri
and five species belonging to the family Lepidosirenidae.
I recovered one fully resolved, most parsimonious tree, with a length of 55, a
consistency index of 0.9818, and a retention index of 0.9474. Bootstrap and Bremer
support values are shown in Figure 2.19. I recovered Neoceratodus forsteri as the basalmost extant taxon, followed by Lepidosiren paradoxa. Protopterus is monophyletic, with
Protopterus dolloi as the basal-most species of Protopterus and Protopterus annectens
and Protopterus aethiopicus sister taxa to each other. Protopterus amphibius is the sister
taxon to the group including Protopterus aethiopicus and Protopterus annectens.

Node 2
Included Taxa: Neoceratodus forsteri, Lepidosiren paradoxa, Protopterus dolloi,
Protopterus amphibius, Protopterus aethiopicus, and Protopterus annectens.
Known Temporal Range: Early Triassic - present.
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Synapomorphies: 35 (0->1) exoccipital, present; 39 (0->1) lateral line entering
skull table above bones.

Node 3
Included Taxa: Lepidosiren paradoxa, Protopterus dolloi, Protopterus amphibius,
Protopterus aethiopicus, and Protopterus annectens.
Known Temporal Range: Early Cretaceous - present.
Synapomorphies: 1 (1->2) ethmoid articulation; 2 (0->1) sagittal crest present on
frontoparietal; 3 (0->1) lateral process present on frontoparietal; 6 (1->0) additional
lateral parietals present in skull; 7 (0->1) three bones present in mediolateral series; 13
(0->1) suboperculum, dorsal process present; 14 (1->2) posterior flaring of the pterygoid;
16 (1->2) 3 ridges in upper and lower tooth plates; 17 (0->2) prearticular tooth plates fuse
at midline; 18 (0->1) coronoid process present on prearticular; (19 0->1) vomerine teeth
small and conical; 20 (0->1) absence of a splenial element; 22 (2->1) cotyle present on
posterior parasphenoid; 23 (0->1) dorsal ridges present on parasphenoid; 26 (0->1)
anterior process present on exoccipitals; 31 (1->0) sensory line impressions absent; 37 (0>1) ceratohyal curved.

Node 4
Included Taxa: Protopterus dolloi, Protopterus amphibius, Protopterus
aethiopicus, and Protopterus annectens.
Known Temporal Range: Middle Cretaceous - present.
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Synapomorphies: 9 (1->2) supraorbitals articulate at midline; 10 (2->1)
operculum downturned slightly at anterior end; 25 (0->1) exoccipitals hemispherical in
shape; 27 (0->1) distal ridge present in ceratohyal; 28 (2->1) anocleithrum slender and
toothpick-shaped; 29 (2->1) cleithrum slightly forking; 30 (0->1) anterior pocket present
in clavicle.

Node 5
Included Taxa: Protopterus amphibius, Protopterus aethiopicus, and Protopterus
annectens.
Known Temporal Range: Middle Cretaceous - present.
Synapomorphies: 4 (1->0) long lateral processes and short anterior process on
frontoparietal; 8 (0->1) lateral process present on supraorbital; 12 (0->1) lateral ridge
present on suboperculum; 21 (2->1) angular is ½ to 2/3 of the length of the prearticular;
24 (2->1) two prongs of the anterior end of the parasphenoid make up the longest part.

Node 6
Included Taxa: Protopterus annectens and Protopterus aethiopicus
Known Temporal Range: Middle Cretaceous - present.
Synapomorphies: 11 (0->1) Suboperculum curved concave dorsally
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Molecular Phylogenetic Analysis
The molecular phylogenetic analysis of extant lungfishes run by Tokita et al.
(2005) included 937 rRNA nucleotide characters and 13 taxa. Of the total specimens
sequenced, one was of Neoceratodus forsteri, one was of Lepidosiren paradoxa, three
were of Protopterus annectens, three were of Protopterus amphibius, three were of
Protopterus aethiopicus, and two were of Protopterus dolloi. There was also one
problematic taxon that originally was identified as Protopterus dolloi, but grouped with
the three specimens of Protopterus annectens in their analysis. The results published by
Tokita et al. (2005) depicted Protopterus aethiopicus and Protopterus annectens as sister
taxa, with Protopterus dolloi as the sister taxon two the group including {Protopterus
aethiopicus + Protopterus annectens}. Protopterus amphibius was the most basal species
of Protopterus in that analysis, and Lepidosiren paradoxa was the sister group to all
species of Protopterus. Neoceratodus forsteri was the most basal species of extant
lungfishes in that hypothesis. I was not able to replicate the results of that analysis
because the authors did not provide sufficient information about the program used to run
the analysis or their model of evolution and parameters used to infer the phylogeny.
Using the sequences provided by Tokita et al. (2005), I obtained trees using the
maximum likelihood criterion in the programs PAUP* (Swofford, 2002) and GARLI
(Zwickl, 2006), and maximum parsimony, using PAUP*. I performed those analyses in
two trials. The first test included all of the original sequences, excluding the possibly
misidentified specimen. For the second test I used only the six sequences I employed for
the combined analysis. The two methods of inferring phylogeny using molecular
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sequences yielded disparate tree topologies from those using morphological data that I
performed under the maximum parsimony criterion.

Molecular Phylogenetic Analysis Using Parsimony
The phylogenetic analysis including thirteen of the original taxa and using
parsimony recovered a total of three most parsimonious trees. The strict consensus had a
length of 580 with a consistency index of 0.8259, a retention index of 0.8451, and had
228 parsimony-informative characters. Bootstrap and Bremer support values are shown
in Figure 2.20. There is no resolution in the base of this tree, with Neoceratodus forsteri,
Lepidosiren paradoxa, and the clade containing all species of Protopterus in a polytomy
together. Within the Protopterus clade, Protopterus annectens and Protopterus
aethiopicus group together as sister taxa, but there is no resolution between Protopterus
dolloi, Protopterus amphibius, and the clade containing Protopterus aethiopicus and
Protopterus annectens.
The phylogenetic analysis including only the six individuals used in the combined
analysis and using parsimony retained only one fully resolved tree with a length of 564, a
consistency index of 0.8369, a retention index of 0.5208, and 162 parsimony-informative
characters. Instead of an unresolved tree, as was seen when more individuals were
included, or a pectinate tree topology, as was seen in the morphological analysis, the
Protopterus clade is symmetrical, with Protopterus annectens and Protopterus
aethiopicus grouping together as sister taxa and Protopterus dolloi and Protopterus
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amphibius also grouping together. Bootstrap and Bremer support values are shown in
Figure 2.21.
The tree inferred using maximum parsimony shows Neoceratodus forsteri as the
outgroup to the remaining extant lungfishes, with Lepidosiren paradoxa as the most basal
species of lepidosirenid. The interrelationships of the Protopterus species form a
symmetrical tree and differ from those of both the morphological analysis and the
molecular hypothesis derived using likelihood instead of parsimony. Protopterus dolloi
and Protopterus amphibius are most closely related to one another in this analysis, and
Protopterus annectens and Protopterus aethiopicus are sister taxa. These two clades are
sister taxa to each other, forming a monophyletic Protopterus clade.

Molecular Phylogenetic Analysis Using Likelihood
The phylogenetic analyses that contained thirteen original sequences had -ln
likelihood scores of -3579.5558 when run in GARLI and -3579.4525 when run in
PAUP*. In the resulting tree, there is a polytomy between Neoceratodus forsteri,
Lepidosiren paradoxa, and the clade containing all species of Protopterus. The
relationships within the Protopterus clade show Protopterus amphibius falling out as the
most basal species. Protopterus aethiopicus and Protopterus annectens are most closely
related to one another, with Protopterus dolloi falling out as the sister taxon to that clade.
Bootstrap support values are depicted in Figure 2.22.
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The phylogenetic analyses using maximum likelihood that were run in both
GARLI and PAUP*, and contained six taxa, returned identical tree topologies (Figure
2.23). The likelihood score of the analysis run in GARLI was -3450.7690, and that run in
PAUP* was -3450.6598. The topology of this tree is congruent with that of the analysis
run using maximum likelihood and including thirteen taxa instead of six. The tree lacks
resolution at the base, with a polytomy existing between Neoceratodus forsteri,
Lepidosiren paradoxa, and the clade containing all species of Protopterus. Protopterus
amphibius is the most basal species of Protopterus, and Protopterus dolloi groups as the
sister taxon to the clade containing Protopterus annectens and Protopterus aethiopicus.

Combined Phylogenetic Analysis

Combined Phylogenetic Analysis using Maximum Parsimony
The combined analysis run using the maximum parsimony method in PAUP*
recovered one most parsimonious tree with the same topology as the morphological
phylogenetic analysis (Figure 2.24). The consistency index is 0.8982, the retention index
is 0.6564, and the tree has 984 steps. There are 172 parsimony-informative characters.
Lepidosirenidae is monophyletic, as is the genus Protopterus. Neoceratodus forsteri is
the most basal of all extant species, and Lepidosiren paradoxa is the most basal species
of the Lepidosirenidae. Protopterus dolloi is the most basal of all the species of
Protopterus, and Protopterus aethiopicus and Protopterus annectens group together as
sister taxa, as they do in all other analyses.
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Combined Phylogenetic Analysis using Bayesian Inference
The combined analysis run using Bayesian inference returned a 50% majority rule
consensus tree with monophyletic Lepidosirenidae and Protopterus clades (Figure 2.25).
However, the relationships between Protopterus dolloi, Protopterus amphibius, and the
clade containing Protopterus aethiopicus and Protopterus annectens are unresolved in
this analysis, owing to the conflicting signals coming from the characters in the
morphological and molecular data. The relationships of the outgroup taxa do not have
clear resolution either, with a basal polytomy present that includes Arganodus atlantis,
Neoceratodus forsteri, and the Lepidosirenidae clade. The sister-taxon relationship of
Protopterus annectens and Protopterus aethiopicus is retained in the combined analysis.

DISCUSSION
It is interesting to compare the results of the morphological and molecular
phylogenetic analyses with each other, as well as to compare the results of each run under
different methods of inferring phylogeny and different models of evolution. I recovered a
total of four different tree topologies for the interrelationships of Lepidosirenidae using
these different methods. Choosing the most appropriate model of evolution and method
for inferring phylogeny is crucial to obtaining the most likely hypothesis of evolutionary
relationships (Felsenstein, 1978; Posada and Crandall, 2001). Using maximum parsimony
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to infer phylogeny with molecular sequences may not be the best fitting method because
parsimony does not account for substitution rates in transitions and transversions for
nucleotide base pairs, but maximum likelihood does. Maximum likelihood also allows for
the specification of a particular model of evolution, in this case GTR + I + G, that
calculates the rates of substitution and the proportion of invariant sites based on the
structure of the gene used in the analysis.
The use of these different methods of inferring phylogeny and different types of
data allows for the identification of robust clades as well as areas of the phylogeny that
would benefit from additional study. The monophyly of Lepidosirenidae was supported
in every analysis, as was the monophyly of Protopterus. The sister group relationship
between Protopterus annectens and Protopterus aethiopicus also was recovered in every
type of analysis I ran. The constancy of this clade through all analyses reflects the higher
number of specimens available and the agreement of both the morphological and
molecular data.

Discussion of Morphological Characters
Several factors may have influenced the outcome of the phylogenetic analyses,
including the number of individuals with skeletal data available, the size of the specimens
I sampled, and lack of extinct taxa to include, and the use of data collected by other
researchers. I studied numerous specimens of Protopterus annectens and Protopterus
aethiopicus, but was only able to examine the skeletons of one specimen each of
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Protopterus amphibius and Protopterus dolloi because of their scarcity in museum
collections and their tendency to be preserved in alcohol. The skeletons of Lepidosiren
paradoxa and Neoceratodus forsteri are well documented in the literature.
The specimens I used to score characters for the morphological analysis also
varied substantially in size. The frontoparietal of the Protopterus dolloi was
approximately 15 mm in length (AMNH 246385), from the most anterior tip to the most
posterior point, and the frontoparietal of Protopterus amphibius was approximately 36
mm in length (CAS 47408). The smallest specimen of Protopterus annectens had a
frontoparietal length of 21 mm (TMM-M 2505), and the frontoparietal length of the
largest specimen was 84 mm (AMNH 55243). The length of the frontoparietal of the
smallest specimen of Protopterus aethiopicus was 15 mm (AMNH 55203) and the largest
was 158 mm (AMNH 22555). For Lepidosiren paradoxa, the frontoparietal lengths were
approximately 20 (CAS 61327) and 55 mm (TMM-M 4481). The frontoparietal length of
Neoceratodus forsteri was 18 mm (AMS I-40438-001). Because I had only one specimen
of each of Protopterus amphibius and Protopterus dolloi, it is possible that some of the
differences that I interpreted as intraspecific characters could actually be attributed to
ontogenetic changes. I did not see substantial ontogenetic variation in any areas of the
skeleton for which I scored characters in this analysis in the specimens for which I
examined numerous individuals. The analysis would benefit from additional sampling of
specimens of Lepidosiren paradoxa, Protopterus dolloi and Protopterus amphibius with
large ranges of sizes in the future.
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The total character matrix includes only five tooth plate, pterygoid, and
prearticular characters out of a total of 39 morphological characters. Because the majority
of the fossil record of lepidosirenid lungfishes consists of isolated tooth plates and jaw
elements (Bondesio and Pascual, 1977; Fernandez et al., 1973; Martin, 1984; Martin,
1997), I did not incorporate any of these fossils into this analysis. Including the known
tooth plates and jaw elements in the current matrix for morphological characters would
result in 87% missing data for those taxa. The addition of relatively complete, extinct
taxa in this phylogenetic analysis has the potential to increase resolution at the base of the
tree and to reconcile some of the discrepancies between the morphological and molecular
data, but the currently known fossils are too incomplete to be useful in determining the
interrelationships of crown lungfishes.
The general organization of the skulls of lungfishes, and the skull roof
specifically, changed much over geologic time. In Paleozoic lungfishes the skull roof
consisted of numerous small, flat elements, but Mesozoic and Cenozoic taxa fused or lost
many of those elements. The braincase also is largely cartilaginous in more recent taxa.
Those substantial changes in morphology over time make studying the phylogenetic
relationships of lungfishes difficult. In addition, including characters that pertain to
particular skull roof elements often involves assuming homologies between elements
where they are not known. Those assumptions can then lead to incorrect inferences of
phylogeny.
Previous phylogenetic analyses relied heavily on tooth plate and skull roof
characters. The inclusion of additional characters provides more independent information
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to help with the problem. As more fossil material from other regions of the skull and
pectoral girdle becomes available for additional Paleozoic and Cenozoic taxa, characters
pertaining to the ceratohyal, pectoral girdle, and opercular elements will be valuable
additions to studies that aim to investigate evolutionary relationships of extinct, as well as
extant, lungfishes.

Discussion of Molecular Characters
I used mitochondrial rRNA sequences from the supplemental data in a previously
published phylogeny, and therefore had no control over their methods of data collection
or sequence alignment. I also was unable to replicate the original analysis because the
authors did not provide sufficient information about the program used to run the analysis
or the specific model of evolution and parameters they chose. The 16s gene was used by
Tokita et al. (2005) to infer the interrelationships of crown lungfishes with respect to
other vertebrates, and the data comprise partial sequences of 937 base pairs. The ability
of various genes to represent accurately the genome of various taxa is a subject of debate
(Ripplinger and Sullivan, 2008; Makowsky et al., 2010). The sequencing of additional
genes and incorporation of these genes into phylogenetic analyses would provide a useful
test of the current hypothesis of relationships.
In the combined morphological and molecular analysis, Protopterus dolloi is the
sister taxon to the clade including Protopterus aethiopicus and Protopterus annectens.
This is the same tree topology recovered from the molecular analysis, but the
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morphological analysis recovers Protopterus amphibius as the sister taxon to the clade
including Protopterus annectens and Protopterus aethiopicus, rather than Protopterus
dolloi. The node from which these taxa branch is weakly supported in the combined
analysis, with a clade support value of 51. The node from which all of the lepidosirenids
branch has a clade support value of 100, the node from which Protopterus annectens and
Protopterus aethiopicus branch has a clade support value of 100, and the node from
which all species of Protopterus branch has a clade support value of 100. The
discrepancy between the morphological and molecular data highlights an area of
evolutionary history that should be further examined. With clade support values that are
so high for the other clades of lepidosirenids, a clade with a support value of only 51
should not be accepted as a valid outcome, but indicates where further sampling and
study are needed.
The specimens I used to score morphological characters were not the same
specimens from which the molecular sequences were taken. The specimens used in the
molecular phylogeny comprise sequences from several representatives of each species. I
did not have access to the original specimens from which the sequences were taken, so I
chose one of those representatives to serve as a link to the morphological data for the
combined analysis.
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Lepidosirenid Biogeography
With Protopterus dolloi recovered as the most basal species of Protopterus, and
Lepidosiren paradoxa as the most basal species of Lepidosirenidae, it is interesting to
compare the phylogeny and currently known geographic distributions of the
lepidosirenids to look for clues to biogeographic history of those taxa. Throughout much
of their evolutionary history lungfishes were globally distributed, but they currently exist
in freshwater drainages on only three continents. Lepidosirenid lungfishes are found both
in Africa and South America, and because they require freshwater habitats for survival,
those species have a close connection to the transformation and evolution of the river
basins they inhabit (Lundberg, 1993). Currently Lepidosiren paradoxa is the only
lungfish species recognized in South America, and it has a relatively cosmopolitan
distribution throughout eastern South America. Lepidosiren paradoxa was collected in
the Amazon River basin, Paraná River Basin, and various small rivers that drain directly
into the Caribbean Sea and Atlantic Ocean (Kerr, 1897; Goeldi, 1898; Fernandez et al.,
1973). In the 1800s several other species (Lepidosiren dissimilis, Lepidosiren articulata)
were described, but subsequently synonymized with Lepidosiren paradoxa because of a
lack of identifiable differences (Günther, 1870; Lankester, 1896). Little research has been
done recently to further examine and compare specimens of Lepidosiren that were
collected in different river drainages. Comparison of the skeletal morphology of different
populations of Lepidosiren to determine if any additional species exist would be
informative for future studies of biogeography.
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The geographic range of Protopterus annectens generally covers western African
river drainages such as the Niger and Lake Chad, but it also is found in east African river
systems such as the Zambezi and Tana (Bemis, 1982). Protopterus aethiopicus is an east
African fish, with documented localities including the Nile, the Congo basin, Lake
Tanganyika, and Lake Victoria (Beadle, 1974). The range of Protopterus dolloi overlaps
with that of Protopterus aethiopicus; however the former is found more commonly in the
Congo River drainage than in the other river drainages. Protopterus amphibius is an east
African fish that shares its habitat with Protopterus annectens in the Tana and Zambezi
River systems.
Africa and South America were connected to one another, as part of the
supercontinent Gondwana, throughout the Paleozoic and much of the Mesozoic Eras
(Pitman et al., 1993). They began to separate through continental drift during the Late
Jurassic, and were divided completely by the mid-Cretaceous (Blakey, 2008). With the
separation of Africa and South America the ancestral populations of lepidosirenids were
geographically separated from one another, and have remained separated for at least 105
million years (Pitman et al., 1993; Blakey, 2008).
Several ancestral characters that I discovered while scoring for the morphological
analysis are present in both Lepidosiren paradoxa and Protopterus dolloi, but the
remaining species of Protopterus show a divergent morphology. For example, the lateral
processes of the frontoparietal extend farther forward in Lepidosiren paradoxa and
Protopterus dolloi than they do in Protopterus aethiopicus, Protopterus annectens, and
Protopterus amphibius. The suboperculum of Protopterus dolloi and Lepidosiren
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paradoxa lacks a lateral ridge that is present in all other lepidosirenids, and the anterior
portion of the parasphenoid is more rounded than in all other lepidosirenids.
The presence of several plesiomorphic characters in Protopterus dolloi and
Lepidosiren paradoxa suggest a possible evolutionary origin of the Lepidosirenidae near
the margin of western central Africa and eastern South America. No comparative study
examining the ages and evolution of the various river basins in Africa along with the
distributions of the four species of Protopterus has been done to date. A study with that
objective would elucidate the tempo and mode of biogeographic events in that clade.
Because I was only able to sample one specimen of Protopterus dolloi and Protopterus
amphibius, more studies of the intraspecific variation of those species need to be done
before any definitive conclusions can be drawn. This is an interesting area for future
research, however, and has the potential to influence understanding of the biogeography
and evolutionary history of this ancient group.

CONCLUSIONS
This study represents the first morphological phylogenetic analysis developed to
study the interrelationships of extant lungfishes. Different methods of inferring
phylogeny (maximum parsimony, maximum likelihood, Bayesian inference), along with
different types of data (e.g., morphological and molecular) can lead to disparate
estimations of phylogeny. The phylogenies derived using only molecular sequences
yielded three different tree topologies, while the morphological data run using maximum
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parsimony yielded yet another topology not recovered from the molecular data. Several
clades consistently were recovered in every analysis I ran, which shows that they are
supported by different types of data. Lepidosirenidae is monophyletic in all but one
phylogeny and the monophyly of Protopterus is supported in all of the analyses (Figures
2.20-2.26). The sister group relationship of Protopterus annectens and Protopterus
aethiopicus is robust and also was recovered in every analysis I ran. The positions of
Protopterus amphibius and Protopterus dolloi are inconsistent, as is the position of
Neoceratodus forsteri at the base of the tree.
The results from the morphological phylogeny run using maximum parsimony
show Protopterus annectens and Protopterus aethiopicus as sister taxa to one another.
Protopterus amphibius is the sister taxon to that group, and Protopterus dolloi is the
sister taxon to the group of Protopterus annectens, Protopterus aethiopicus, and
Protopterus amphibius. The only character that differs between sister taxa Protopterus
annectens and Protopterus aethiopicus is the number of pairs of ribs. Those species were
documented to be distinguishable from one another through head to body ratios and
differences in molecular sequences as well, but they are extremely similar in overall
skeletal morphology. Protopterus amphibius can be distinguished from other species by
an additional character, the curvature of the suboperculum. Protopterus dolloi can be
distinguished by the absence of a lateral ridge on the suboperculum, the lack of lateral
process on the supraorbital, a rounded anterior parasphenoid, and relatively shorter lateral
process with relatively longer lateral processes on the frontoparietal.
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I recovered various tree topologies using only the molecular sequences. When
they were run using maximum likelihood there was no resolution at the base of the tree,
with Lepidosiren paradoxa, all species of Protopterus, and Neoceratodus forsteri
grouping in a polytomy (Figure 2.23). Within the Protopterus clade, Protopterus
amphibius was the most basal taxon, and Protopterus dolloi was the sister taxon to the
clade of {Protopterus annectens + Protopterus aethiopicus}. These relationships are in
direct conflict with the topology recovered by the morphological data, where Protopterus
dolloi is the most basal species of Protopterus.
The combined morphological and molecular analyses differed in their outputs,
with the analysis run using maximum parsimony recovering the same relationships as the
tree that was derived using maximum parsimony and only morphological data. The tree
recovered using Bayesian inference was less resolved than the one inferred using
parsimony, with a polytomy between Protopterus amphibius, Protopterus dolloi, and the
clade containing both Protopterus annectens and Protopterus aethiopicus. Protopterus
annectens and Protopterus aethiopicus group together as sister taxa once again.
The discrepancies in tree topology between the morphological analysis, molecular
analysis run using maximum parsimony, molecular analysis run using maximum
likelihood, and the combined morphological and molecular analysis run using Bayesian
inference highlight areas of lungfish evolutionary history that are not well understood and
would benefit from additional study. The phylogenetic positions of Protopterus
amphibius and Protopterus dolloi are particularly poorly resolved, with different
topologies resulting in almost all of the different methods utilized.
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This analysis was limited by the lack of complete fossils representing known
extinct taxa. As more complete lepidosirenid specimens are collected and made available,
a more complete picture of the evolution and biogeographic history of this clade can be
elucidated.
Additional sampling of specimens of Protopterus amphibius and Protopterus
dolloi would provide a larger sample size of individuals for which to assess interspecific
morphological variation. A comprehensive evaluation of the morphological variation
present in the skeletons of all species of extant lungfish would in turn provide a stronger
basis for the characters I propose here. Sequencing additional genes to include in
molecular and combined analyses also has the potential to approximate phylogeny more
accurately or provide evidence to support one of the existing hypotheses of relationships.
My study was limited by the number of specimens that were available in museum
collections, but it provides a baseline for future studies of the interrelationships of
lungfishes.
Lepidosiren and Protopterus are important taxa to study because they are an
example of a clade that has been geographically separated for an extensive period of
time, yet those genera still closely resemble each other both in external and internal
morphology. The plesiomorphic characters present in both Protopterus dolloi and
Lepidosiren paradoxa and the results from the morphological phylogenetic analysis
support the hypothesis that the clade originated in western African and eastern South
America, when the two continents were connected.
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FIGURES

Figure 2.1: Character states for characters 2, 3, and 4. The frontoparietal in (A, C, E)
dorsal view and (B, D, F) left lateral view of (A, B) Neoceratodus forsteri,
AMS I-40438-001, (C, D) Protopterus aethiopicus, UF 137272, and (E, F)
Protopterus dolloi, AMNH 246385. Anterior is to the left and scale bars
equal 5 mm.
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Figure 2.2: Character states for character 5, presence or absence of ventral prongs on the
frontoparietal. Frontoparietal in ventral view of A. Neoceratodus forsteri.
AMS I-40438-001, and B. Lepidosiren paradoxa, CAS 61327. Anterior is to
the left and scale bars equal 5 mm.
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Figure 2.3: Character states for characters 6, 7, 8, and 9. Dorsal view of the skull,
mandible, and pectoral girdle of A. Neoceratodus forsteri, AMS I-40438001, B. Lepidosiren paradoxa, CAS 61327, and C. Protopterus amphibius,
UF 137272. Anterior is to the left and scale bars equal 1 cm.
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Figure 2.4: Character states for character 10. Left operculum in lateral view of A.
Neoceratodus forsteri, AMS I-40438-001, B. Protopterus aethiopicus, CAS
47408, and C. Lepidosiren paradoxa, CAS 61327. Anterior is to the left and
scale bars equal 5 mm.
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Figure 2.5: Character states for characters 11, 12, and 13. Left suboperculum in lateral
view of A. Neoceratodus forsteri, AMS I-40438-001, B. Lepidosiren
paradoxa, CAS 61327, and C. Protopterus aethiopicus, CAS 47408.
Anterior is to the left and scale bars equal 5 mm.

206

Figure 2.6: Character states for character 14. Pterygoid in left lateral view of A.
Neoceratodus forsteri, AMS I-40438-001, and B. Protopterus aethiopicus,
UF 137272. Anterior is to the left and scale bars equal 5 mm.
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Figure 2.7: Character states for characters 15 and 16. Pterygoid tooth plates in ventral
view of A. Neoceratodus forsteri, AMS I-40438-001, B. Arganodus atlantis,
KU 60708, and C. Protopterus aethiopicus, UF 137272. Anterior is to the
top and scale bars equal 5 mm.
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Figure 2.8: Character states for character 17. Prearticular in ventral view of A.
Neoceratodus forsteri, AMS I-40438-001, B. Arganodus atlantis, KU
60710, and C. Protopterus aethiopicus, UF 137272. Anterior is to the top
and scale bars equal 5 mm.
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Figure 2.9: Character states for character 18. Prearticular in left lateral view of A.
Neoceratodus forsteri, AMS I-40438-001, and B. Protopterus aethiopicus,
UF 137272. Anterior is to the left and scale bars equal 5 mm.
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Figure 2.10: Character states for character 19. Vomerine teeth in anterior view of A.
Neoceratodus forsteri, AMS I-40438-001, and B. Protopterus aethiopicus,
UF 137272. Scale bars equal 1 mm.
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Figure 2.11: Character states for characters 20 and 21. The articulated skull, mandible,
and pectoral girdle in left lateral view of A. Neoceratodus forsteri, AMS I40438-001, B. Protopterus aethiopicus, UF 137272, and C. Protopterus
dolloi, AMNH 246385. Scale bars equal 1 cm.
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Figure 2.12: Character states for characters 22, 23, and 24. The parasphenoid in dorsal
view of A. Arganodus atlantis, KU 60711, B. Neoceratodus forsteri, AMS
I-40438-001, C. Lepidosiren paradoxa, CAS 61327, and D. Protopterus
amphibius, CAS 47408. Anterior is to the left and scale bars equal 5 mm.
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Figure 2.13: Character states for characters 25 and 26. Left exoccipital in left lateral view
of A. Neoceratodus forsteri, AMS I-40438-001, B. Lepidosiren paradoxa,
CAS 61327, and C. Protopterus aethiopicus, UF 137272. Anterior is to the
left and scale bars equal 5 mm.
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Figure 2.14: Character states for characters 27 and 37. Medial view of the left ceratohyals
of A. Neoceratodus forsteri, AMS I-40438-001, and B. Protopterus
aethiopicus, UF 137272. Anterior is to the left and scale bars equal 5 mm.

219

Figure 2.15: Character states for character 28. Left anocleithrum in anterior view of A.
Neoceratodus forsteri, AMS I-40438-001, B. Lepidosiren paradoxa, CAS
61327, and C. Protopterus annectens, TMM-M 1129. Scale bars equals 5
mm.
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Figure 2.16: Character states for character 29. Left cleithrum in anterodorsal view of A.
Neoceratodus forsteri, AMS I-40438-001, B. Protopterus annectens, TMMM 1129, and C. Lepidosiren paradoxa, CAS 61327. Scale bars equal 1 mm.
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Figure 2.17: Character states for character 30. Left clavicle in lateral view of A.
Neoceratodus forsteri, AMS I-40438-001, and B. Protopterus aethiopicus,
UF 137272. Anterior is to the left and scale bars equal five mm.
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Figure 2.18: Character states for character 38. A. Right angular in lateral view of
Arganodus atlantis, KU 60706. Image is reflected to make comparisons
with other taxa easier. Left angular in lateral view of B. Protopterus
aethiopicus, UF 137272 and C. Lepidosiren paradoxa, CAS 61327. Anterior
is to the left and scale bars equal 1 mm.
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Figure 2.19: Cladogram showing the relationships of extant lungfishes, using Arganodus
atlantis as the outgroup, inferred using morphological data and the
maximum parsimony method in PAUP*. Numbers to the right of nodes
indicate node numbers, numbers to the top left of nodes indicate bremer
support values, and numbers to the bottom left of nodes indicate bootstrap
support values.
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Figure 2.20: Cladogram showing the relationships of 13 individuals representing extant
lungfishes inferred using molecular rRNA sequences and the maximum
parsimony method in PAUP*. Numbers to the right of nodes indicate node
numbers, numbers to the top left of nodes indicate bremer support values,
and numbers to the bottom left of nodes indicate bootstrap support values.
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Figure 2.21: Cladogram showing the relationships of extant lungfishes inferred using
molecular rRNA sequences and the maximum parsimony method in
PAUP*. Numbers to the right of nodes indicate node numbers, numbers to
the top left of nodes indicate bremer support values, and numbers to the
bottom left of nodes indicate bootstrap support values.
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Figure 2.22: Cladogram showing the relationships of 13 individuals representing extant
lungfishes inferred using molecular rRNA sequences and the maximum
likelihood method in PAUP* and GARLI.
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Figure 2.23: Cladogram showing the relationships of six individuals representing extant
lungfishes inferred using molecular rRNA sequences and the maximum
likelihood method in PAUP* and GARLI. Numbers to the right of nodes
indicate node numbers and numbers to the bottom left of nodes indicate
bootstrap support values.
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Figure 2.24: Cladogram showing the relationships of six individuals representing extant
lungfishes inferred using both molecular rRNA sequences and
morphological data using the maximum parsimony method in PAUP*.
Numbers to the right of nodes indicate node numbers, numbers to the top
left of nodes indicate bremer support values, and numbers to the bottom left
of nodes indicate bootstrap support values.
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Figure 2.25: Cladogram showing the relationships of six individuals representing extant
lungfishes inferred using both molecular rRNA sequences and
morphological data using Bayesian inference method in MRBAYES.
Numbers to the right of nodes indicate node numbers and numbers to the
bottom left of nodes indicate clade credibility values.
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