THE BIOGEOGRAPHY OF LUNGFISHES WITH A DESCRIPTION OF NEW FOSSIL
TAXA FROM EAST AFRICA

By

Sifa Ephraim Ngasala

A DISSERTATION
Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Geological Sciences — Doctor of Philosophy

2016



ABSTRACT

THE BIOGEOGRAPHY OF LUNGFISHES WITH A DESCRIPTION OF NEW FOSSIL
TAXA FROM EAST AFRICA

By
Sifa Ephraim Ngasala

The number of publications on and discoveries of new fossil lungfish species and genera
has generally shown, despite some fluctuations, an increase in numbers. This is particularly the
case in in Africa, Australia and South America, where lungfishes still survive as an extant group.
Australian lungfishes have received the most attention, with one possible reason being the
declaration that the surviving Australian lungfish is an endangered species, and the number of
research expeditions and active researchers based there over a long period of time.

While Australia has received a great deal of attention, the evolution of African
lungfishes, while noteworthy, has not been studied with the same level of intensity. This study
focuses on newly discovered fossil lungfish specimens from Kenya and Tanzania, and then looks
at Africa lungfish biogeography in a broader context.

The Cretaceous fauna of Turkana, Kenya, includes a lungfish pterygopalatine tooth
plate, which is here described as Ceratodus due to the possession of multiple ceratodontid
features, including six separate ridges on the occlusal surface of the tooth plate, the characteristic
curvature of the tooth plate, and the specimen’s length to width ratio of almost 2:1.

Tooth plates from in the Late Oligocene fauna in the Rukwa Rift Basin (RRB) of
southwestern Tanzania are here assigned to two different genera; Ceratodus and Protopterus.
The Ceratodus from RRB is smaller in size as compared to the Cretaceous specimen from
Turkana but retains features typical of ceratodontid lungfish, and it is sufficiently distinct to be

described as a new species -- Ceratodus mbedeae.



Protopterus lungfish specimens from the RRB exhibit typical features of that genus,
which survived to day in Africa, including three blade-like protruding tooth ridges and a
relatively flat posterior angle in the upper jaw. The RRB Protopterus are not here consider
sufficiently distinct to justify erection of a new species. Mapping parsimony analysis of
endemism (PAE) of lungfish biogeography indicates significant changes over time. Of note are
the much broader geographic distribution of lungfishes early in their history, contrasts in
composition of Paleozoic versus Mesozoic assemblages, and the abrupt turnover of major groups
at the end of the Devonian. Modern lungfish are today restricted to tropical regions of Africa,
South America and Australia.

The similarity dendogram generated by the PAE study results in three major clusters
(clades), the first cluster that constitutes Australia and Europe appears to be very distinct from
the other two, namely Africa, Madagascar and South America, and Asia and North America.

Madagascar is shown to be more similar to South America than to Africa within that cluster.
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PREFACE

Since the scientific discovery of first lungfish, the fascination with this unique group has
never ceased. From the earliest studies, even basic classification was debatable as some lungfish
were considered amphibians and some argued for placement among the fishes. Fossil remains of
lungfishes have been found in different parts of the world and from geological deposits of
different ages. For that reason, scientists of multiple backgrounds have shown interest in
studying this group of fish, from paleontologists, geologists, taxonomists, dentists and many
other fields of study.

This dissertation work is based on three major sources of information; literature review of
the studies of lungfish through time as Chapter 1, description of fossil specimens from East
Africa including one new species, in Chapters 2, 3, and 4, and data from different sources and
databases for the broader biogeographic perspective presented in Chapter 5. The chapters
describing fossil lungfish from the Rukwa Rift Basin (RRB) of Tanzania are linked to my
participation as a member of the field teams exploring the RRB, and the fossil lungfish from
Lake Turkana in Kenya is provided courtesy of my colleagues Patrick O’Connor and Joseph
Sertich.

This dissertation aims at contributing to the body of knowledge on the evolution and
fossil record of African lungfishes, which are not only intrinsically interesting due to their ability
to use both lungs and gills to breathe, but also continue to play a major role as a group linked to
the evolution of tetrapods — the four limbed vertebrates. In that context the fossil record of
lungfishes in Africa, which is one of the three continents where the group is still extant, and the
group’s biogeographic history as revealed through both cluster and parsimony analysis of

endemism, are of interest to an audience that reaches beyond fossil fish specialists. This study
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will contribute to our understanding of what was happening in Africa during and after the break-
up of the supercontinent of Gondwanaland.

It is my intention to submit the individual chapters for publication to different peer-
reviewed journals, including the Journal of Vertebrate Paleontology, Diversity and Distributions

and Journal of African Earth Sciences.
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CHAPTER I

1 INTRODUCTION

1.0 Introduction

This work intends to do three major things. Firstly, highlight further the interest and
discovery history of lungfish since first described lungfish in 1862 through the intensive review
and analysis of publications. Secondly, to expand our knowledge on the new geographical ranges
and distribution patterns by describing systematically one new species and two genera for the
first time in the new geographic range (East Africa). Thirdly, propose the new hypothesis
concerning biogeography of lungfish using cluster analysis and use parsimony analysis of

endemism.

1.1 Lungfish

In the geological record, lungfish appeared for the first time in the Early Devonian
(Miles, 1977). The geographical ranges and diversity have fluctuated significantly through time.
Today there are only three surviving genera containing six species restricted to three continents;
Africa (Protopterus (P. annectens, P. amphibius, P. aethiopicus and P. dolloi), Australia
(Neoceratodus forsteri) and South America (Lepidesiren paradoxa). Fossil lungfish remains
include relatively complete cranial material, dental plates and their estivation burrows.

Ecologically, the habitats of lungfishes, especially African and South American species

are in pools, seasonal rivers, and shallow lakes in hot regions experiencing long dry periods



during which estivate in burrows covered with dried-up mucus, where they can survive several
months to up to four years and until the onset of the next rainy season.

One of the characteristics which make lungfish one of the few organisms special is their
ability to breath using lungs which actually is the reason they were named ‘lungfish’ make them
special and able to live on land temporarily. They are capable of breathing in two different ways.
They breathe using gills like any other fish but also using mouths through lungs. During
aestivating time in burrows, they leave only tiny opening that is tube like leading up to fish's
anterior end for breathing. In the underground, they minimize metabolism to conserve energy

and avoid excretion.

1.2 Rationale

Because of wide geographical range and geological span, some records of lungfish have
enjoyed more attention than the other and some regions with potential records have received less
or no attention at all. In this study the publications of lungfish especially discoveries of new
species or genera is reviewed. The sub-Saharan Africa region is getting more attention because
of its potential record but very few studies have been conducted and published. To do so three
chapters are dedicated to describing new material from the region. Most of the record in Africa is
concentrated in the northern and western Africa but the living lungfish in the continent today are

in south of Sahara.

1.3 Statement of the problem

The considered monophyletic group (Takezaki et al., 2004) of lungfish is widely

distributed in three continents for extant lungfish and six continents for fossil remains. Several



authors (e.g. Marshall, 1986; Tohyama, 2000; Takezaki et al., 2004; Shan, 2011) have done
good work in studying systematically the biogeography of lungfish using different methods
(e.g. morphology, molecular data). The one thing, which has been missing, is detailed mapping
of all lungfish data including both extant and extinct genera. Other authors in their previous
work used different methods and different number of genera. Latest is the work by Marshall,
1986 who used only 55 genera known at that time. This up to date data matrix allow for
proposition of stronger biogeographical hypothesis of distribution, pattern and possible
influencing forces to such patterns.

In Africa, extant lungfishes occur mainly in sub Saharan Africa, while fossil lungfish are
found primarily in northern and western Africa. That may have happened either due to the
amount of effort (chapter 2) i.e. number of researchers working in the region or geologic and
taphonomic reason. The fieldworks were done by two major expeditions in the eastern Africa
(RRBP in Tanzania and in Turkana Kenya) in region and geologic deposits have recovered fossil
lungfish material ranging from isolated broken well-preserved tooth plates to articulated
specimens. It is this region that previously, O'Connor et al., 2004 referred to as 'African Gap' of
vertebrate fossil record in the attempt to piece together information about the role and what
happened in the region during Gondwanaland breakup, we found and here in | report the new

findings to 'fill the African Gap'.

1.4 Objectives

The goals of this work are as follows:
1. To review the publications of the discoveries of lungfishes in order to detect the clear pattern

and general trend of the effort and discoveries in six different continents,



2. To describe three recently recovered lungfish material from eastern Africa the region
previously described as ‘African Gap’ due scarcity and rarity of the vertebrate fossil record and
3. By using data matrix of genera/region (areas of endemism), to carefully use two methods of
similarity and endemism method propose the hypothesis explaining the possible rationale of the

observed distribution and pattern of the extinct and extant lungfish record.

1.5 Significance of the study

The clear understanding of how much effort has been put in different geographic areas
especially continents for this matter and the number of findings is expected to get proper
historical insight of the studies of lungfishes. Moreover, as these studies in many cases go
simultaneously with other studies can give a bigger picture of what has been happening in
paleontological efforts and publications. A good example for this is the 1940 - 1949 decade when
most research as disrupted by WWII. The findings of this study will reopen up the efforts of
more and intense paleontological and geological expeditions in regions like sub Saharan Africa
where logically due to their sporadic record of extinct lungfish and availability of lungfish in
most pools of water in swampy areas. Such effort is key for not only expansion of lungfish
record but also other vertebrate and invertebrate, which repeatedly have been found, associated
with lungfish fossils.

Many other paleontological expeditions and publications (e.g. Germany Tanganyika
Tendaguru Expedition) suffered similar drop during WWI.

The biogeographic hypotheses proposed using both cluster analysis and parsimony
analysis of endemicity (PAE) will shed new light of the similarity and shared areas of endemism

for different lungfish genera. Such hypotheses can be further tested using extensive data matrix



including phylogenetic data (morphometric and genetic) to establish more concise and robust
paleobiogeographic relationships among different genera or at species level.

In addition, due to its peculiar nature of lungfish especially its place in evolution, the
findings of this study can be a good addition to the body of scientific knowledge to be applied by
other fields as well especially as evidence of the impact of plate tectonics in different episodes to

the distribution, proliferation and extinction of major groups of different taxa.



CHAPTER II

2 BREAKTHROUGHS IN LUNGFISH STUDIES AND HISTORICAL ANALYSIS

2.0 Introduction

The first account of the dipnoan group of Sarcopterygian fish was published by
(Parkinson, 1811) as the first discovery and description of the lungfish known. Ever since there
has been numerous discoveries and descriptions of lungfish. Conant, 1986 and Marshall, 1986
gave detailed literature history and listing of all thus far discovered Dipnoans. There has been an
extraordinary increase in our knowledge of the Dipnoan group for the past three decades since
those great historical accounts with respect to the number of new forms discovered. In addition,
those historical accounts did not cover the discovery trend that is the main focus of this study.

The definition of Dipnoan group proposed by (Muller, 1844) is followed in the present
study. The synonyms and all naming attempts are included as an indication of effort towards the
description of lungfish species both at specific and generic level.

In part, this work tries to measure the relationship between the number of species
discovered over time and the effort in terms of number of active authors for each decade from
the first publication to current decade. My hypothesis is that more effort put (i.e. number of
active authors per decade) will result to more discoveries. The study also intends to investigate
the consistency of these studies over decades, where | hypothesize to have had some fluctuations
but steady increase as new findings and more researchers with interest in studying lungfish have
been increasing over time.

The study explores further the contribution of each continent to the knowledge pool

coming in from the discoveries and publications from all six continents where the record of



lungfish either living or extinct have been found. The driving hypothesis is that; there has been
similar active researches and publications in all continents.

In summary, the present study has several specific objectives. The first one is to analyze
the record of known lungfish species through literature review. As it became apparent, clear that
the rate of discovery of the new species is likely to have direct correlation to the amount of effort
in studying lungfish at that particular time. A second objective was to statistically determine such
correlation if it is due to reduced research efforts or due to reduced opportunities because the
present sampling is nearing completion.

Studies of the morphological descriptions of representative lungfish and biogeographic

distribution studies are found in other chapters of this thesis.

2.1 Methods

The examination of historical trends in the discovery of new species was used as an
approach to access the study of the lungfish known so far. The dates of discovery of new species
were taken to be the years of their first descriptions including the ones later considered as
synonyms (in some cases). This approach was used in two ways. The first one was to examine
historical trends in the discoveries of the lungfish species over time (in terms of decades). This
was done using histogram plotting of number of new species described (named) for each decade
starting with the first description in 1820. Any publication prior to that year 1820 was considered
as (<1820) regardless of the decade. The second one is using MS Excel 2013 to analyze and
study the relationship between active researchers over time and the number of species discovered
during that decade. This aimed at using correlation coefficient (R?) as a measure of the impact of

number of findings regardless of the geological time period. The aim is to see the effectiveness



of the amount of effort in scientific findings (discoveries and publications) for this particular case
lungfish description (naming) of new species.

Further exploratory work was done by investigating the contribution of number of
publications from six continents and African subcontinent of Madagascar by examining the

number of publications from each continent over all decades.



2.2 Results
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Figure 2.1: Discovery and description of new species in the family Dipnoi, 1820 — 2020, whereby x-axis are decades and y-axis
number of species (disregarding all synonyms).



Table 2.1: Discovery of new species in percentage for each decade

Decade # of Species Discovered in %
<1820 1.02
1820-1829 0.68
1830-1839 4.08
1840-1849 3.06
1850-1859 4.08
1860-1869 3.40
1870-1879 6.80
1880-1889 4.76
1890-1899 6.12
1900-1909 4.76
1910-1919 2.72
1920-1929 3.74
1930-1939 4.08
1940-1949 1.36
1950-1959 3.74
1960-1969 9.52
1970-1979 7.14
1980-1989 8.50
1990-1999 13.27
2000-2009 6.12
2010-2020 1.02
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Table 2.2: Discovery through time for all six continents and Madagascar as subcontinent. The “<1820” column represents the lungfish
with discoveries before that 1820 year regardless of the decade. The list includes all the synonyms.

Row Labels Africa Asia Australia Europe Madagascar North America South America

<1820 0 0 1 0 0 0 1
1820-1829 0 0 0 2 0 0
1830-1839 19 0 0 12 0 1 14
1840-1849 8 0 0 10 0 2 0
1850-1859 18 4 0 4 0 0 0
1860-1869 0 0 0 13 0 0 0
1870-1879 0 0 10 4 0 17 0
1880-1889 0 0 1 6 0 1 0
1890-1899 0 0 2 2 0 15 3
1900-1909 12 0 4 2 0 7 2
1910-1919 6 0 9 0 0 1 1
1920-1929 0 0 14 2 2 5 0
1930-1939 0 0 2 10 0 6 0
1940-1949 2 2 0 2 0 0 0
1950-1959 5 2 0 7 0 5 0
1960-1969 33 2 0 6 0 13 2
1970-1979 8 2 4 9 0 12 1
1980-1989 12 2 12 3 1 5 3
1990-1999 18 3 44 6 0 3 0
2000-2009 7 2 9 3 2 4 1
2010-2020 2 0 1 0 0 0 1
Grand Total 150 19 113 103 5 107 29
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Figure 2.2: Graph showing the correlation between # of Active First authors and # of species discovered for each decade from 1820 —
2020.
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Figure 2.3: Publication rate as a measure of discovery rate of new fossils. The dotted line represent the general trend of number of
publications through time.
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Figure 2.1 shows the number of discoveries and description of species from the first
discovery of lungfish in 1820 and some few more publications, which happened before that year.
Table 2.1 lists the relative amount for each decade.

Two major bell curves can be deduced from the findings. It can clearly be seen that there
has been a large increase in the number of newly described species starting third decade (1830 -
1840 forming a bell curve with the decade 1840 - 1850 (20 species) with the highest pick at the
decade 1870 - 1880. The decade 1940 - 1950 witnessed the drastic drop of newly described
species to less than five. The second bell shape started in the decade beginning from 1950 to
1960 before another slow discoveries or because we are at the second portion of this decade,
2010 - 2020, while figures for discoveries from 1990 to 2000 have shown an impressive spike of
more than thirty-five discoveries.

Figure 2.2 intends to display the correlation between number of active authors and
number of lungfish species discovered (named). There is ‘strong correlation’ of 0.6558. The
worthy noted outlier is when there is about twenty active authors (which is the largest of all) and
the number of named species was only 15, even less than when only 10 active authors who
named more than 28 new species.

The figure 2.3 and table 2.2 show the comparison of six continents and subcontinent of
Madagascar in Africa the number of distribution over period of decades in time. From this
analysis, we can deduce where the effort went as means to expand the analysis done in figure
2.1. For example, that huge spike we see for discoveries in the decade 1990 to 2000 is clearly
from the extreme effort in Australia (figure 2.3). During the drastic drop of the decade from 1940
to 1950 the work was done only in three continents; Asia, Europe and Africa each with only two

publications. The continent of Europe has shown contribution in publications almost in all
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decades with the highest contribution in the decade between 1860 and 1870 when it was the only
continent with contribution. From figure 2.3 we can clearly see the first publication if from
lungfish from Australia followed by South America. Another drastic drop between 1910 to 1920
which can be seen in figure 2.1 are seen here to be a result of only two continents Africa and
Australia contributed publications while Europe for the first time had no lungfish publications
and North America and South America had one for each.

To sum up, although after a huge spike in the 1990 to 2000 decade there is significant
drop in the following decade. Nevertheless, the general trend in a dotted line show the low but

steady increase from the first decade to this decade.

2.3 Discussion

In this study, I investigated three major things, number and timing of lungfish
discoveries; effort in terms of active authors and the regional (continents) contribution to the
body of knowledge of lungfishes to review thoroughly the trend of lungfish studies.

The results show that despite the general fluctuations of these studies from decade to
decade the sinusoidal curve with encompassing two major bell (normal) curves which can be
deduced from the findings from the decade of 1830 - 1840 and the decade 1870 - 1880 while the
second normal curve starting from the decade 1950 - 1960 to 2010 - 2020. In between there are
noticeable drastic drops like that of the decade 1940 - 1950 and stand out spikes like that of
decade 1990 - 2000. The first bell curve is smaller than the second one that support the
hypothesis that despite these fluctuations from year to year, decade to decade and notably before
WWI and WWII the studies have been relatively consistent with low but significant increase in

number of species discoveries, descriptions and naming.
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The findings from this study strongly support the hypothesis that the more the effort i.e.
number of active researchers at certain time the higher the number of discoveries with the ‘strong
correlation’ of 0.6558 which imply one of the factors contributed to more discoveries is amount
of effort as a result of active ground work participation.

The results from the analysis of publications and discoveries from different continent
does not support the hypothesis that similarly all continents had equal findings over time.
Instead, what we see is probably only Europe can be considered to have been actively explored
throughout except for the decade of 1910 - 1920 that coincidentally is during WWI which most
of European countries actively participated. In addition, during the decade of 1940 - 1950 there
is another huge drastic drop of lungfish researches. Another decade noteworthy is 1860 - 1870
when only Europe was active in publications and discoveries of lungfish. Gaston, 1996 suggests
that it is difficult to have one generally accepted model for the long-term (speciation to
extinction) temporal dynamics of species which might have contributed to the discrepancies of
number of lungfishes described from different continents.

Conant, 1986 lists more than 2200 publications in the bibliography from 1811 to 1985,
mostly taxonomic or reporting field studies. From 1985 to 2012 an approximate additional 200
papers on various subjects from anatomy, phylogeny, biochemistry, internal systems, behavior to
reporting new discoveries. It is unlikely that the present records in this study for the years 1985-
2012 are yet complete. In general, the trend in the numbers of papers published to 1939 was
similar to that for new species discovered.

The balance between taxonomic papers and those on other topics within the gross
statistics on publication rates has changed significantly since early 1960s when more attention

has been on biochemistry, genetics and behavior. In addition, the 1970's and 1980's have seen an
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increase in publications on aspects of lungfish ecology and anatomy that are not oriented directly
to taxonomy or distribution records. Barry, 2010 and Goudswaard et al., 2002 established that it
has been recognized that lungfishes are admirable experimental animals for basic studies on
predation, behavior and population dynamics to be a reason for tremendous amount of attention
studies on lungfish have received.

The decline in the rates at which new species and new genera are discovered in the last
two decades on a worldwide basis and in most localized geographic areas could have two
possible causes. The first is that most forms already have been discovered in the well collected
parts of the world especially in North America and Europe. This would be a decline in
opportunity. The second is that research emphasis on the search for new forms has declined in
those areas while more effort has been directed toward other parts of the world like Africa and
South America. Measuring decline of opportunity is a bit more complicated and will not be
discussed much in the present study. It involves the number of active people/teams engaged in
research in relation to what they are able to recover. The rate at which papers on the lungfish are
published is the only measure of research effort available.

Additional research needs to be conducted to determine the findings of other
paleontological and geological researches how well fit in the patterns of global economic and
social event impact them. Particularly for taxa whose geographical ranges and geological span is
huge so that comparison of different continents and if possible regions or countries is possible.

This study raises a number of questions that are important to future studies on the
biogeography, historical analysis and phylogeny of the Lungfish. The first of these is whether
historical analysis of new forms can provide a sound basis for assessing the degree to which the

present evaluation of the species and genera are complete and for predicting future trends in the
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discovery of new forms. This question can be answered at the genera level simply by examining
the discovery rates of new species as a whole. However, this is too general a level to be of much
value because it cannot shed light on whether present samples of the various groups of species
that together comprise the family total of more than 200 nominal species are nearing completion.
Before this question can be answered at levels below the family, it is necessary to establish some
objective basis for organizing the species in the family into groupings that can be examined
individually and on a comparative basis. At present highly disputed, full comparative data for

phylogeny are available because of complexity of different recovered parts of fossils.

2.4 Conclusions

The decline in the rates at which new species and new genera are discovered in the last
two decades on a worldwide basis and in most localized geographic areas could have two causes.
The first one is that most forms already have been discovered in the well collected parts of the
world especially in North America and Europe. This would be a decline in opportunity. The
second one is that research emphasis on the search for new forms has declined in those areas
while more effort has been directed toward other parts of the world like Africa and South
America.

The studies and publications of lungfishes have been modestly increasing. In part, it is
due to the increase of researchers and new geographical horizons and possibly the technology
involved. While researches have been actively working in all continents where the lungfish
record is known, over time (decades) some places have received more attention than the other.
Overall recently more attention being directed to the three continents where we still have extant

lungfish; Australia, Africa and South America.
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It is concluded that the relative number and discoveries pattern in terms of geographical
distribution are unlikely to change significantly in future as less and less effort are put in Europe
and North America and Asia. Meanwhile more effort and opportunities seem to favor southern
hemisphere. That is concluded so if and only if the trend of the past two decades will stay the
same and that this is true with the exception of Australia, where future discoveries of new

patterns are probable if past collection efforts continue.
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CHAPTER IlI

3 A NEARLY COMPLETE CERATODONTID LUNGFISH TOOTH PLATE FROM THE
UPPER CRETACEOUS LAPURR SANDSTONE, TURKANA, KENYA

3.0 Introduction and Background

The Cretaceous vertebrate fossil record from Continental Africa remains relatively poorly
known, and in particular, how large-scale landform alterations (e.qg., rifting, uplift) influenced
biotic evolution. This bias is even more pronounced when comparing the circum-Saharan and
sub-Saharan regions of the continent. Thus, virtually any identifiable fossil discovery from the
sub-equatorial region of Africa is of particular interest for the value of basic paleontological data
(e.g., developing ideas of species richness/diversity). The lack of diversity and scarcity of the
fossil record was dubbed by O’Connor et al (2006) as the ‘African Gap’. Although Lungfish
from this part of Africa have been known since 19th century, represented by extant taxa —
Protopterus aethiopicus, P. amphibius, P. dolloi, it was only recently when Gottfried et al (2009)
described the ceratodontid Lupaceratodus useviaensis as the first dipnoan fossil from the
Cretaceous of this entire region, specifically from the Rukwa Rift Basin in southwestern
Tanzania. The Cenozoic fossil record of the group from the region consists of Protopterus sp.,
known from the early Pleistocene from Kanam and East Turkana, Kenya (Schwartz, 1983) and
from the Late Miocene of Tanzania (Stewart, 1997).

In general, the Mesozoic fossil record of Dipnoi from the continent of Africa has been
largely restricted to a few areas on the northern and western regions, with a selection of
Mesozoic lungfish taxa that include: Arganodus arganensis from Upper Triassic (Carnian) of

Morocco (Martin, 1979); Asiatoceratodus tiguidiensis from Tithonian age of Niger and Ethiopia
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(Tabaste, 1963); Ceratodus africanus from Cretaceous of Egypt, Algeria, Niger, Tunisia,
Morocco and from Jurassic of Algeria (Haug, 1905); Ceratodus carinatus from Cenomanian of
Sudan (Schaal, 1984); Ceratodus humei from the Campanian of Egypt (Priem, 1914);
Lavocatodus humei from Cenomanian of Morocco and Mali (Tabaste, 1963); Lavocatodus humei
from Cenomanian of Sudan and Egypt (Schaal, 1984; Werner, 1996); Ceratodus tuberculatus
from Campanian-Late Cretaceous of Egypt (Churcher, 1995) and from Cretaceous of Sudan
(Tabaste, 1963); Dipnotuberculus gnathodus from Givetian of Morocco (Campbell et al, 2002);
Lavocatodus protopteroides from Coniacian-Santonian of Mali (Martin, 1983), from the
Cenomanian of Sudan (Werner, 1995) and from Turonian-Campanian of Sahara (Tabaste, 1963);
Lupaceratodus useviaensis from Cretaceous of Tanzania (Gottfried et al., 2009); Microceratodus
angolensis from Early Triassic of Angola (Texeira, 1947); Protopterus sp. from Coniacian-
Santonian of Mali (Broin et al., 1974); Protopterus sp. from Cenomanian of Sudan (Werner,
1994); Ptychoceratodus ornatus from Early Triassic of South Africa (Martin, 1982) and
Ceratodus pectinatus from Early Cretaceous of (Tabatse, 1963); Protopterus nigeriensis from
Coniacian-Santonian of Niger (Martin, 1997); Protopterus regulatus from Campanian of Egypt
(Schaal, 1984); and Protopterus rhinocryptis from of Mozambique (Gray, 1850). Also, see
Claeson et al., (2014) for a review of the Late Cretaceous lungfishes from the northern Sahara.
This chapter provides the description of one of the regionally oldest fossil ceratodontid
genus from the Upper Cretaceous Lapurr Sandstone, Turkana, Kenya. The firstly described taxon

is assigned to the genus based on its tooth morphology.
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3.1 Geographical and Geological Settings

The locality (Figure 3.1) where the described specimen was recovered (marked by a ‘star’
on the map) is located on the northwestern part of Kenya within the Turkana Basin between
longitude 36° 15° and 36° 20 and latitude 4° 20’ and 4° 25’ in the Kenyan Rift Valley (part of
eastern arm of Great East African Rift VValley) and represents an Upper Cretaceous continental
sequence known as the Lapurr Sandstone. Typical of deposits of this nature, outcrops are rare
(Haughton, 1963; Dingle et al., 1983; Mateer et al., 1992) and geographically restricted. The
lungfish tooth plate was collected from rocks that represent a succession of fine to coarse arkosic
fluvial deposits (Turkana Grits which is considered of Cretaceous age based on poorly preserved
dinosaur bones (Arambourg and Wolf, 1969; Sertich et al., 2006) outcropping in Lapurr Range.
The precise age of the sandstone is still indeterminate but non-comformably resting over
Precambrian basement. Above the sandstones is a well-preserved layer of Oligocene basalts. The
development of the Cenomanian-Paleogene Anza Rift system (Bosworth and Morley, 1994;
Morley et al. 1999, Tiercelin et al. 2004) is likely related to deposition of the Lapurr sandstone,
although the inference of Upper Cretaceous (Turonian-- early Campanian) is based on
comparisons with subsurface geological information (Winn et al., 1993; Bosworth and Morley,
1994) and overall faunal composition.

The fossiliferous Turkana Grits has so far yielded fossils of dinosaurs (Sertich et al.,

2006) and other Mesozoic reptiles (O’Connor et al., 2011).
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1 Lake deposits and soils (Recent)

Lake deposits (Pliocene - Pleistocene)

- Basalts (Oligocene)

Lapurr sandstone (Late Cretaceous)

Basement metamorphics (Precambrian)

Lake Turkana

Figure 3.1: Locality map of the region of western Turkana, Kenya, where the material of Ceratodus genera was collected (modified
from O'Connor et al., 2011). The star indicate the specimen recovery site.
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3.2 Materials and Methods

This paper examines the partial tooth plate (KMN 8754) housed in the Kenya
National Museum. A digital camera was used to capture the surface morphology of the specimen
and Adobe Illustrator and Photoshop were employed for the measurements and annotation from
background images. The angles and lengths of different parts of tooth plate represent standard
metrics that have been used by several authors (Campbell & Barwick, 1985; Long, 1987; Kemp,

1997; Gottfried, 2009) as a way to provide ratios that are unique to different lungfish taxa.

3.2.1 Systematic Paleontology

Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Muller, 1846
Order CERATODONTIFORMES Berg, 1940
Family CERATODONTIDAE Gill, 1872

Genus CERATODUS Agassiz, 1838.
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Figure 3.2: A lateral (buccal) view of the lungfish tooth plate specimen. B occlusal view of the
specimen with annotations of different features and both angle and length measurements used in
the study.
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3.4 units

B labial

mesial internal angle

Figure 3.3: Terminology and position of measurements as used by Kirkland (1987) based on
Ceratodus stewarti after Vorob’yeva and Minikh, 1968 and Martin, 1980. The top (A)
illustrative drawing shows the inferred broken portion of lower part of the tooth. The lower
drawing (B) showing orientation and reference points from which measurement in Table 3.1

were made.
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Table 3.1: Measurements of Ceratodus specimen KMN 8754 from reference points provided in
figure 3.3. Additional measurements were adapted from Milner & Kirkland (2006) for
comparative purposes with Ceratodus stewarti, C. fossanovum (averaged from Kirkland, 1989,
1998) and C. cf. guentheri.

Measurement  C.stewarti C.guantheri  C. fossanovum Turkana (KMN 8754)
<ABC 115 100 119 140
<CiCp 86 77 90 95
<C2Cp 65 51 49 58
<CsCp 33 24 21 35
<C4Cp na na na 23
<CsCp na na na 12
BC,/BC; 82.6 94 77 82.7
BC1/BCp 101.7 89 96 112.6
C1Cr/BCp 139.2 122 128 154.1
C1C,/BC, 56.5 32 61 63.3
C1Co/C1Cp 41.3 44 44 46.3
C1C/BCp 57.5 39 57 71.3
C2Cs/CoCp 61.2 50 60 44.6

3.3 Description

A massive left pterygopalatine tooth plate measuring 3.94 cm long (maximum length
from Cp to C1) and 2.4 cm wide (from C> to B) with six ridge crests and a partial pterygoid bone
still attached to it. The ridge crests show consistent decrease from lingual to mesial margin with
the inner obtuse angle (<ABC ~ 12°) and right angled C1Cp (<C1Cp ~ 90°). The ridges are
shallow and relatively wide and flat.

Both lingual and mesial margins from obtuse angles, 130° and 160° respectively.

Cs to Cy angles are almost the same while the other two are the same.

Cs is almost cutting the tooth plate in half.

The angle CpCs is about 39°
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KNM 8754 is a left pterygopalatine tooth plate, preserving a small portion of the
pterygoid bone. The tooth plate fragment is relatively large, measuring 4.2 cm long and 2.5 cm
wide giving it a length:width ratio of 3.5:2. The tooth plate is wide and short, with six
apparently non-tuberculated radial ridges of variable height from occlusal surface. In general, the
apical margin of the ridges is not sharply crested. The ridges are well developed and separated by
deep and wide interior furrows that become shallower posteriorly. There are four small ridges at
the posterior end, all of which are very close to one another. Abraded petrodentine covers the
entire occlusal surface of the tooth plate and is particularly noticeable along the ridges.

The four well-preserved posterior ridges are smoothly curvilinear and converge toward
the middle of lingual margin (Figure 3.2). The posterior-most ridge (Cp) is nearly straight. By
contrast, the anterior-most ridge (C1) has a distinct bend (about 130°) at approximately two-
thirds of the distance from the buccal margin. The second ridge is intermediate (C2), being
curvilinear, but having the most significant bend along its course. In general, the ridges are
relatively wide and flat with the exception of C1. The angle at the mesial-buccal margin is
approximately 160 degrees. The very wide mesial internal angle is approximately 140 degrees,
contrasting with the typically less than 120 degrees known for most species of Ceratodus. The
largest portions of the first, second and third ridges are nearly parallel to the mesial-buccal
margin, whereas the last three posterior (or distal) ridges form progressively oblique angles to

the mesial-buccal margin and become increasingly parallel to the lingual margin.

3.4 Discussion

The features and biometry based on angles between ridges and length to breadth ratio

within the specimen RRBP 04289 and how it compares with other previously studied lungfishes,
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in conclusion, is decidedly typical of the order Ceratodontiformes. In the first place of support
for this is the possession of features like; presence of four well-preserved posterior ridges that are
smoothly curvilinear and converge toward the middle of lingual margin while the second ridge is
intermediate, being curvilinear, but having the most significant bend along its course. In the
second place of support for this is the, it is how the measurements fit in well within the genus;
the curvature of ridges from the mesial to lingual side of the tooth plate angles are slightly obtuse
to very acute while length ratios display constancy almost throughout with the exception.

Martin, 1982a uses sharpness of tooth plate crests to differentiate Ptychoceratodontidae,
with high cutting crests from Ceratodontidae which have low, broad crushing crests. The
specimen RRBP 04289 described herein is characterized with relatively broad, flat crests and
very shallow furrows which would indicate a family association with the Ceratodontidae with
three genera, Ceratodus, Neoceratodus (the surviving monotypic extant Australian genus) and
Metaceratodus (Schultze, 1992). Previously (Chapman, 1914) considered it as a subgenus
because the features appeared to be between the two.

Despite having some slight damage on edges, broken pterygoid bone from beginning to
the end of the tooth plate, due to wear the key features (Kemp, 1997) such as: broad and flat
tooth plates; robust ridges that originate medially; and presence of occlusal pits and preservation
of the suture line which shows how firmly they were attached, and suggests the specimen
belongs to the genus Ceratodus. This fits well in Agassiz (1838) original description of the genus
Ceratodus, characterized by having a convex margin directed inward (i.e., lingually), with the
prongs (ridges) facing outward.

The differences between the specimen and Lupaceratodus and another ceratodus

described in “Chapter 4” in this work. This tooth plate clearly differs from Lupaceratodus in
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lacking curved ridges (only the first-preserved ridge in RRBP 04289, KNM 8754 is curved). The
specimen also differs from another African Cretaceous fossil, Ceratodus tuberculatus (Churcher
et al., 2006) origionally Retodus tuberculatus (Tabaste, 1963) from Kharga Oasis, Egypt, by the
lack of large oval punctuations and especially by the absence of a line of tubercles along the
apical margin of each ridge. Finally, KNM 8754 differs from Metaceratodus (Chapman, 1914;
Schultze, 1992; Kemp, 1997) from Australia and South America in southern hemisphere by the
shape of the ridges, which are larger and less robust than those of Metaceratodus.

Cretaceous lungfish (Martin, 1995) are readily distinguishable from Triassic and
Jurassic by having mostly six and in few cases five or seven different number of ridge crests.
Their tooth plates are broad (with ratio almost 2:1 for breadth:width) and relatively low ridge
crests (Milner & Kirkland, 2006). The ratio of breadth to width for this specimen is 3.5:2. The
lingual margin is near straight (>160 degree) while the mesial internal angle is about 110
degrees. Like most typical Cretaceous Ceratodus, a line from second ridge tip to mesial internal
bend, appear to divide the tooth plate into two halves.

Despite of the minor differences, it is clear that this material resembles the general
shape, form of the ridges and ornamentation of the Ceratodus africanus tooth plates (Cunha and
Ferreira, 1980) and those of Ceratodus humei (Toledo, 2006). That said, there is no enough
biometric or distinctive features evidence to place in one of the species or erect new species for
the moment.

Of the very significant interest is that this specimen from Turkana is the first
representative of ceratodontid lungfish in the region and age which highlight the closing
geographical gap from what previously restricted in the northern and western Africa. However,

since this specimen is only partially preserved, it is not possible to refer it to any of the nominal
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species of the genus Ceratodus, nor to erect a novel species based on the preserved morphology
(Vorob’eva, 1967).

Systematic interpretation based on tooth plates must be approached cautiously because of
intraspecific and ontogenetic variability, which can hinder both quantitative and qualitative
analyses (Alves, 2012). Kemp, 1996, 1997 recognizes the intraspecific and ontogenetic
variability among the genus Ceratodus and Neoceratodus which further complicates the
possibility of pinpointing confidently for now based on the pterygopalatine specimen we have
regardless of its uniqueness to name it as a separate new species. Smith & Krupina, 2009 point
out the easier way to differentiate adult from juvenile lungfish is by observing on their tooth
plate the presence or absence of conical bumps (denticles). The presence or indication of
gradient size change of denticles imply the plate is from juvenile lungfish.

To my knowledge this represents the second described Cretaceous lungfish fossil from
the eastern part of Africa, following (Gottfried et al., 2009) description of Lupaceratodus
useviaensis from middle Cretaceous Galula Formation (Roberts et al., 2010) exposed in the
Rukwa Rift Basin of Tanzania.

The assigning of the Lapurr Grits, Turkana, Kenya to the upper Cretaceous based on the
remains of preserved fragmented dinosaur bone (Arambourg and Wolf, 1969; Sertich et al.,
2006) and later description of pterodactyloid pterosaur (O’Connor et al., 2011) get new
evidencing support from the description of Ceratodus lungfish, which were not only present
during this period but also have had known occurrence in fossil record to the north, from the
Kharga Oasis, Egypt.

In overall tooth plate structure and biometry, the specimen in the present study mostly

resembles the genus Ceratodus described by Agassiz, 1838 in his description of Ceratodus
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diutinus, especially in the robustness of the ridges and its characteristic obtuse to acute curvature
and angles formed in between. This study adds evidence to previous knowledge that Lapurr
(Grits) Sandstone in the northwestern part of Kenya, Turkana is appropriately assigned to the

upper Cretaceous.
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CHAPTER IV

4 A NEW SPECIES OF THE LUNGFISH CERATODUS (DIPNOI) FROM THE LATE
PALEOGENE OF THE RUKWA RIFT BASIN IN SOUTHWESTERN TANZANIA

4.0 Introduction

Lungfish species of the extinct genus of Ceratodus have been found from all continents
with the exception of Antarctica (where the only record is from the Triassic of Antarctica
(Young, 1991)) in geological deposits of Mesozoic age (Cavin et al., 2015). During this time,
they were widespread and diverse. In this part of Africa there is no single record of Ceratodus in
Cenozoic geological deposits, instead Protopterus genus is the only one previously described.

Several authors (e.g. Marchalonis, 1969; Kemp, 1977; Shuler, 2000) suggested the very
close relationship between Ceratodus genus and the extant Australian lungfish Neoceratodus
forsteri that in turn share same Ceratodontidae family. The other two surviving lungfish genera
are Protopterus from Africa and Lepidesiren from South America.

Ceratodus is recognizable by its unique tooth plate with grooves and ridges
morphological features for both upper and lower plate. Despite change of number of ridges over
time (Martin, 1995), but principally they look morphologically the same. In some cases, skull
roof has reliably been used to identify Ceratodus (Kemp, 1998) despite the variation in the
number and arrangement of bones composing the skull roof.

Following the recent discoveries by two major expeditions, the Rukwa Rift Basin Project
(RRBP) and Turkana Project in East Africa, of several vertebrates including lungfishes in a
region that previously termed as “African Gap” by O’Connor et al., 2011 due to the evolutionary
history of the fossil vertebrate taxa being poorly documented have sparked more research work

to be done.
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In this work using well-preserved pterygoid palatine tooth plate, I report a new species of
a Ceratodus genus from the Late Paleogene of the Rukwa Rift Basin (RRB) in Southwestern

Tanzania.

4.1 Geographical and Geological Context

The Nsungwe Formation is exposed at the Songwe area in Mbeya region, southwest of
Tanzania (Figure 4.1) between (8°30°, 8°40°S, 33°00°, 33°10’E) latitude and longitude
respectively.

It consists of a succession of two members, the lower Utengule Member and upper
Songwe Member of about 400 meters thick, spanning much of the Lower Paleogene especially
Oligocene period.

The sediments in the lower member, that overlying purple and red sandstones of the
Galula Formation, are dominantly coarse-grained and provide the best exposures in the
Formation and can stand out white sandstone/conglomerate unit and composed mainly of well-
rounded quartz pebbles.

The top sequence of Songwe member is almost four times thicker than and distinct from
Utengule Member below it by the composition of finer grains varying from a thin, green cross-
bedded/ripple-laminated sandstone to a series of richly fossiliferous red, orange, and gray—green
siltstones, mudstones, laminated claystones, lenticular sandstones, and devitrified bentonitic tuffs
(Roberts et al., 2010).

This specimen and other vertebrate fossils in locality are from within same fluvial facies
at localities TZ-01, TZ-01S, TZP-2, and Nsungwe 2, four of the richest localities of the Songwe

Member of the Nsungwe Formation.
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Figure 4.1: Geographical area and outcrop area of the Nsungwe Formation where the specimen described herein was recovered in the
Rukwa Rift Basin, southwestern Tanzania. The inset Africa map showing Tanzania (shaded black), study area depicted as a grey box.
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4.2 Materials and Methodology

The fossil material (specimen RRBP 04289) described in this work was collected during
field campaigns by the ongoing Rukwa Rift Basin Project (RRBP) from the late Oligocene
Nsungwe Formation in the Rukwa Rift Basin of southwestern Tanzania conducted since 2001. It
is a single well-preserved pterygopalatine tooth plate currently held at Ohio University and
available for study upon request; the fossil is the property of the Tanzania Antiquities Division.

Lungfish fossils were mechanically prepared by K. Whitman. Comparative materials
included Fig. 3 of RRBP 04289 (Lupaceratodus useviaensis) and from different literature
including comparisons of rarer forms were made with specimens figured in the literature
(Kirkland, 1987; Milner & Kirkland, 2006).

Specimens were magnified on a Nikon stereomicroscope bundled with Spot Advanced
software (version 3.5.8), and photographed using a Spot Insight QE Color camera (model 4.2,
image resolution 2048 by 2048) at different focal points, creating image stacks of 4-9 pictures
per specimen. Focused photomontages were then assembled from stacks of images using the
program Helicon Focus (version 5.3.4) to generate the figure plates. For each specimen, the
angular and length measurements were made using Adobe Illustrator and Photoshop CS 6. Most
Nsungwe lungfish specimens are incomplete, although some allow for precise measurements of
some aspects of their morphology.

Specimens were assigned to lungfish taxon based on shape and configuration of the
ridges of the tooth plates. Tooth plate characteristics have previously been used in differentiation
and description of lungfishes (e.g. Martin, 1980, 1982). Morphological descriptions in the
following sections follow terminology used on extant Protopterus aethiopicus from Tanzania

(Figure 4.2).
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4.3 Systematic Paleontology

Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Muller, 1846
Order CERATODONTIFORMES Berg, 1940
Family CERATODONTIDAE Gill, 1872
Genus CERATODUS Agassiz, 1838

Species CERATODUS MBEDEAE, sp. nov (Figure 4.2)

4.4  Specimen

Rukwa Rift Basin Project (RRBP) 09247, incomplete left pterygopalatine tooth plate.

4.5 Diagnosis

Unlike other typical Ceratodus, there are five distinctive features/reasons that seem to be
unique to this specimen. The first one is crests C2 and C3 are more cylindrical (Figure 4.2) in
nature with conical (marked by blue stroke on Figure 4.2) like feature (cusps) developing on the
mesial-internal side. The furrow between the two is smallest and deepest of the rest. Secondly,
the buccal margin displays unusual closure between the consecutive ridges. That make them
when stood upright look more like prearticular (upper) tooth plate of Protopterus with the
exception of more than three ridges that is the normal state for Protopterus. Also for that reason
show no much difference in the crests end as typical Ceratodus would have that as a consequence
makes it impossible to use measurements as used by Kirkland, 1987 based on Ceratodus

stewarti, after Vorob’yeva and Minikh, 1968 and Martin, 1980 to do comparative analysis with
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other Ceratodus. Thirdly, C4 and C5 remarkable flattening toward each other leaving huge
furrow on either side. Both ridges have developed a line of weakness (marked by red stroke in
Figure 4.2) as if would be shed or knocked off somehow later. That feature is unique to this
specimen only among Ceratodus. The broken ridge 1 or C1 seem to be flat with little bump
(ridge) than continuation of flat furrow between C1 and C2 which is more like PRTc in
Protopterus. Fourthly, the relative curvature (bending) as seen in Figure 4.2 from C1to Cp is

like a bend in Protopterus to the prearticular symphysis (PRsymp).

4.6 Locality and Age

The studied specimens were recovered from Rukwa Rift Basin (RRB) within East
African Rift Valley System which began forming in the Miocene (22 — 25 Ma.), on the north of
Lake Nyasa and southwest of Lake Tanganyika. The deposits are mainly a sequence of

fossiliferous continental rift-fill.

4.7 Etymology

The species is named Ceratodus mbedeae, sp. Nov. in recognition of prominent

Tanzanian sedimentologist, Prof. Evelyne Mbede, who has worked extensively in the region.

4.8 Description

A small (about 12 mm C;Cp long and 6 mm BC4 wide ceratodontid lungfish tooth plate

with six ridge crests. In between the ridges are relatively wide well-like furrows. The furrows do
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not cut-across the edges of the crown. They are partially filled with grayish medium to coarse-
grained sediment.

The tooth plate crown is ornamented with straight ridges in the middle and curved ridges
on the lingual and mesial sides. From the labial viewpoint ridges, appear to be relatively flat with
smooth round corners. The five furrows decrease outwardly in size from the largest in the
middle.

With the exception of C1Cp being slightly acute the rest of the ridges form sharp angles,
the sharpest being CsCp - 20 degrees.

This single known specimen of Ceratodus mbedeae sp. nov. (RRBP 09247) is a
moderately well-preserved pterygopalatine tooth plate with broken terminal ridges (C1 & Cp).
Due to wear, the buccal margin which exhibits unusual features is partially broken. On the
mesial margin, the crest of the ridge C1 is partially broken but appears to be low and well joined
above the furrow between C1 and C2. The occlusal surface is worn and smooth with a pointed
mesial internal end and multiple ridges within an interdentenal mass of flattened lake-like
furrows in occlusal view (Figure 4.5). The occlusal surface for C4 and C5 closes in while C6 is
flatter anteriorly on the lingual margin.

The pterygopalatine specimen is about 12 mm long and 6 mm wide with the typical
Ceratodus length:width ratio of 2:1. The specimen is completely disarticulated from the
pterygoid with unusual bending at its anterior end instead of a more concave to flat shape.
Overall, the specimen is morphologically unique for its time interval relative to temporal

availability from that seen in other Ceratodus species from Africa and other continents.
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pterygoid attachment surface
buccal margin

Figure 4.2: lllustration of the RRBP 09247 lungfish specimen ceratodontid (Ceratodus mbedeae
sp. nov.) tooth plate material showing morphological terms used in this study A. is lateral
posterior (buccal) view and B. is occlusal top view with sediment partially filling furrows.
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Figure 4.3: For comparison purpose Lupaceratodus useviaensis upper left tooth plate and a
portion of the pterygoid element (RRBP 04289), from the Cretaceous Galula Formation (Red
Sandstone Group), Rukwa region, southwestern Tanzania (Gottfried et al., 2009)

PTTc
PTsym surface PTap

N

£

A
PTTa

PTTb
PTTc

Figure 4.4: For comparison is modern lungfish P. aethiopicus from L. Victoria Tanzania. A is
the occlusal lateral view and B is dorsal lateral view.
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4.9 Discussion and Conclusion

Despite the wear and partial tear at the edge portion of ridge 1 and 6, the state of
preservation and the morphological clarity of important features of the single specimen RRBP
04289 allow to confidently assigning it to the Ceratodus genus and new species. The proposed
new species is Ceratodus mbedeae sp. nov. The specimen described herein is characterized with
relatively broad, flat crests and very shallow furrows.

In Africa, there are three major lungfish genera in fossil record, Lavocatodus,
Protopterus and Ceratodus. The tooth plate for the genus Protopterus has one columnar anterior
most blade with cusp and the other two without cusps pointing backward (Otero, 2010) while the
Lavocatodus genus is identified by the absence of a distinct suture between the pre-angular and
pre-articular in the tooth plates (Martin, 1995). On the other hand, this specimen RRBP 04289
like the typical Ceratodus defined originally by Agassiz, (1838) is mainly characterized by
having a convex margin directed inward (i.e. lingually) with the prongs (ridges) facing outward.

The number of ridges on the Ceratodus has been associated with the evolution of the taxa
by gradual increase of the ridges as part of their adaptation in new ecological habitats. Teller,
1891 documented when reporting Ceratodus sturii that Triassic Ceratodus exhibited more than
five crests on the upper/lower tooth plates, noting that all members of the genus before the
Triassic exhibited four or less crests. Cope, 1876 suggested that Ceratodus specimens exhibiting
more than five crests were rare and that those found in Cretaceous deposits exhibited six ridges.
The ridges in the Cretaceous forms were weak, flat and transversal and backwardly directed
crests like that of C. sturii from Triassic. Churcher & deluliis, 2001 interpreted the morphology
on C. humei from the Baris Formation in the Kharga Oasis of Egypt to exhibit five radiating

ridges and crests with a tiny sixth denticulation. Cretaceous Ceratodus generally exhibit
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distinctive four bowed shearing ridges that are subparallel and at a right angle to both the lingual
and buccal borders of the element (Churcher et al., 2006). Tabaste, 1963 suggested the typical
occlusal pattern for Cretaceous Ceratodus to be six ridges, or alternatively five ridges with
additional one or two reduced lingually. The closest modern form to the Ceratodus specimens
described herein thought to be the extant Australian lungfish, preserving at maximum seven
ridges directed forwardly, with the seventh small or sometimes absent (Kemp, 1977).

The lungfish tooth plate (RRBP 04289) from the Nsungwe Formation is found alongside
other Cenozoic taxa including invertebrates (Feldmann, 2007), anurans (Blackburn et al., 2015)
crocodylians (Stevens et al., 2016), snakes (McCartney et al., 2014), and mammals (Stevens et
al, 2005, 2006, 2008, 2013).

Elsewnhere in the region (East Africa) we find only Protopterus genus fossil lungfish
which belong to the Lepidosirenidae. Other lungfish material from Cretaceous deposits in the
region include a Ceratodus lungfish tooth plate (Chapter 3 of this work) from Lupurr, Turkana
Kenya and Lupaceratodus useviensis (Gottfried, 2009) from Usevia, in western Tanzania.

The tooth plate described in this study is representative of one of the scarce and sparse
record of lungfish record in Africa and first from Paleogene geological deposits in Africa.
Previously, most lungfish tooth plate are from the Early Cretaceous and have been assigned
either to the genus Ceratodus or Lavocatodus while the lungfish material assigned to the genus
Protopterus mostly of Cenozoic age and from sub-Saharan Africa. Consequently, for the first
time introduce a new species, Ceratodus mbedeae from the Late Paleogene of the Rukwa Rift

Basin in Southwestern Tanzania.
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CHAPTER V

5 ANEW PROTOPTERUS ASSEMBLAGE RECORD OF CENOZOIC LUNGFISHES
FROM TANZANIA

5.0 Introduction

Lungfish are one of living lobe-finned fish whose records date back to the Devonian,
distinctively can tolerate low-oxygen environments associated with seasonal drying. Today there
are three genera of extant lungfish: Protopterus (Africa), Lepidosiren (South America), and
Neocerotadus (Australia). In Africa, lungfish are represented by four species all of them
belonging to the genus Protopterus.

The Cenozoic record of African lungfishes is more geographically and phylogenetically
diverse. Of over 50 publications documenting Cenozoic fossil lungfish, less than 5% derive from
south of the Sahara (Table 5.1). Yet it is the sub-Saharan region that hosts all modern African
lungfish (Table 5.2). The eastern African Cenozoic lungfish record documents Protopterus sp.
from a number of sites in Kenya, including Rusinga, Loperet, Ombo, Kirium, Lothagam, Omo
River and East Turkana. Pleistocene deposits in Manonga Valley in central Tanzania have long
been the only Cenozoic lungfish record in that country. Given the sparse record of the Dipnoan
clade in the African Cenozoic fossil record, any new materials are important for understanding
the diversification of the clade.

In this chapter, I describe recently collected lungfish fossils from the late Oligocene

Nsungwe Formation in the Rukwa Rift Basin (RRB) of southwestern Tanzania (Figure 5.1).
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Table 5.1: The Cenozoic fossil record of African lungfishes (adapted from Otero, 2010)

Species Locality Country Age Reference
P. sp.cf aethiopicus Ishango RDC Middle Pleistocene Greenwood, 1959
Protopterus sp. Katanga RDC Middle Pleistocene Brooks et al., 1995
Protopterus sp. Ishango RDC Middle Pleistocene Greenwood, 1959
Protopterus sp. East Turkana Kenya Early Pleistocene Schwartz, 1983
Protopterus sp. Kanam Kenya Early Pleistocene Schwartz, 1983
Protopterus sp. Upper Semliki RDC Early Pleistocene Greenwood, 1959
Protopterus sp. Lake Malawi Malawi Early Pleistocene Coryndon, 1966
Protopterus sp. East Turkana Kenya Late Pliocene Schwartz, 1983
Protopterus sp. Lothagam Kenya Late Pliocene Stewart, 2003
Protopterus sp. Omo River Kenya Late Pliocene Schwartz, 1983
P. sp. cf. annectens Wadi Natrun Egypt Late Pliocene Stromer, 1914
Protopterus sp. Lake Uganda Early Pliocene Van Neer, 1994
Protopterus sp. Lothagam Kenya Early Pliocene Stewart, 2003;
Protopterus sp. Sinda Mohari RDC Early Pliocene Greenwood and Howes, 1975
Protopterus sp. Manonga Tanzania Early Pliocene Stewart, 1997
Protopterus sp. Lake Uganda Late Miocene Van Neer, 1994
Protopterus sp. Lothagam Kenya Late Miocene Stewart, 2003
Protopterus sp. Sinda Mohari RDC Late Miocene Greenwood and Howes, 1975
Protopterus sp. Manonga Tanzania Late Miocene Stewart, 1997
Protopterus sp. Kirimun Kenya Middle Miocene Van Couvering 1972, 1977
Protopterus sp. Ombo Kenya Middle Miocene Schwartz, 1983
Protopterus polli Malembe Cabinda RDC Early Miocene Dartevelle and Casier, 1949
Protopterus sp. Loperot Kenya Early Miocene Van Couvering 1972; 1982, Mead, 1975

Greenwood 1951;
Protopterus sp. Rusinga Kenya Early Miocene Van Couvering 1972, 1977, Schwartz, 1983
Lepidosiren paradoxa Fayoum Egypt Early Oligocene Stromer, 1910
Protopterus aethiopicus Fayoum Egypt Early Oligocene Stromer, 1911
Protopterus annectens Fayoum Egypt Early Oligocene Stromer, 1912
Protopterus libycus Fayoum Egypt Early Oligocene Stromer, 1913

Late Eocene
Protopterus sp. Dur At Talha Libya (Priabonian) Otero et al. in review
Late Eocene

Protopterus sp. cf. elongus Birket Qarun Egypt (Priabonian) Murray et al., 2010
Lavocatodus sp. Bir el Ater Algeria Middle Eocene Martin, 1995
Protopterus elongus Tilemsi Mali Middle Eocene Martin, 1996
Lavocatodus humei Tamaguilelt Niger Middle Eocene Martin 1983; Patterson and Longbottom, 1989
Lavocatodus sp. Tamaguilelt Niger Middle Eocene Lavocat, 1955
Protopterus sp. Glib Zegdou Algeria Middle Eocene Adaci et al., 2007
Protopterus sp. El Kohol Algeria Early Eocene Martin, 1995
Lavocatodus casieri lullemeden Niger Paleocene (Thanetian) Cappetta, 1972
Lavocatodus giganteus In Farghas Mali Paleocene (Thanetian) Martin, 1995
Protopterus sp. Himzi Morocco Paleocene (Thanetian) Martin, 1995
Protopterus sp. Adrar Mgorn Morocco Paleocene (Thanetian) Martin, 1995
“?Protopterus crassidens Dakhlel Oasis Egypt Campanian Churcher and De luliis, 2001
“?Protopterus regulatus Bahariya and Kharga Egypt Campanian Schaal, 1984
Lavocatodus protopteroides Several localities Sahara Turonian-Campanian Tabaste 1963; Martin, 1984a
Lavocatodus protopteroides In Beceten Mali Coniacian-Santonian Martin, 1983
Protopterus nigeriensis In Beceten Niger Coniacian-Santonian Martin, 1997
Protopterus sp. In Beceten Mali Coniacian-Santonian Broinet al., 1974
Protopterus sp. Wadi Milk Sudan Cenomanian Werner, 1994
Lavocatodus protopteroides Wadi Milk Sudan Cenomanian Werner, 1995
Lavocatodus humei Wadi Milk Sudan Cenomanian Werner, 1996
Lavocatodus humei Djoua Valley Egypt Cenomanian Haug, 1905
Lavocatodus humei Bahariya and Kharga Egypt Cenomanian Schaal, 1984

Tabaste 1963;
Lavocatodus humei Kem Kem beds Morocco Cenomanian Dutheil, 1999
Lavocatodus humei Tafilalet Mali Cenomanian Tabaste, 1963
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This chapter follows description of Lupaceratodus useviaensis (Gottfried et al., 2009)
from Cretaceous Usevia Formation deposits in the region, and represents the first Late Oligocene
lungfish from the Rukwa Rift Basin (Gottfried, 2006). Importantly, recovery of dipnoan
materials from the Paleogene of Africa below the equator helps to address a sizable gap in the
fossil record of lungfishes, adding breadth to the Nsungwe Formation fauna and deepening
paleoecological insights into the late Oligocene record of the continental African interior
(Roberts et al., 2010, 2012). This study builds upon on the late Oligocene Nsungwe Formation
faunal record of fossil invertebrates (e.g., Feldmann et al., 2007), alestid fishes (Stevens et al., in
press), ptychadenid anurans (Gottfried, 2007, Blackburn et al., 2015), crocodylians (O’Connor et
al., 2012.), boid and colubroid snakes (McCartney et al, 2014), and several clades of mammals

(Stevens et al, 2005, 2006, 2008, 2009a & b, 2013).

5.1 Geological and Geographical Setting

The Nsungwe formation represents the outcropping eroded sedimentary rocks of the
sequence of continental rift-fill deposits of the Songwe sub-basin of the Rukwa Rift Basin
(RRB), that is further subdivided into the lower Utengule and upper Songwe member (Roberts et
al., 2010, 12). The Nsungwe sediments, overlaying the Galula Formation, were accumulated in
the Early Paleogene.

All lungfish material described in this chapter were recovered from the Songwe Member,
assigned a Late Oligocene (24.95 MY) age based on biostratigraphy, dated ash beds, and detrital
zircon geochronology (Stevens et al., 2005, 2006, 2008, 2009, 2013; Roberts et al., 2010, 2012).
The Fossil-bearing sediments apart from lungfish recently other aquatic taxa such as alestid

fishes, frogs, crustaceans and mollusks have been recovered.

46



The specimen described herein was recovered by a team of the Rukwa Rift Basin Project
(RRBP) Expedition (2001 - to date) working in Mbeya Region in southwestern Tanzania about
20 kilometers from the regional capital between (8°30°, 8°40°S, 33%00°, 33°10°E) latitude and
longitude respectively (Figure 5.1). Specimens were collected from three fossil localities along
the river banks of the Songwe and Nsungwe rivers, each about one quarter mile from the

Zambia-Tanzania highway.
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Figure 5.1: A map showing the research area in the Rukwa Rift Basin (RRB) of southwestern Tanzania where all lungfish specimen
studied herein were recovered from.
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5.2 Materials and Methods

All fossil lungfish specimens described in this chapter were collected from the late
Oligocene Nsungwe Formation in the Rukwa Rift Basin of southwestern Tanzania. Five isolated
specimens were collected from 3 localities: TZP-2, Nsungwe 2 and Nsungwe 2B. Casts of the
fossils are held at Ohio University and are available for study upon request; original fossils are
the property of the Tanzania Antiquities Division. Lungfish fossils were mechanically prepared
by K. Whitman. Comparative materials included: RRBP 09247; RRBP 04147; RRBP 08314,
RRBP 05429 and RRBP 09059 all actual specimen numbers). Additional comparisons of rarer
forms were made with specimens figured in the literature (Kirkland, 1987; Milner & Kirkland,
2006).

Specimens were magnified on a Nikon stereomicroscope bundled with Spot Advanced
software (version 3.5.8), and photographed using a Spot Insight QE Color camera (model 4.2,
image resolution 2048 by 2048) at different focal points, creating image stacks of 4-9 pictures
per specimen. Focused photomontages were then assembled from stacks of images using the
program Helicon Focus (version 5.3.4) to generate the figure plates. For each specimen, the
following measurements were made using Adobe Illustrator and Photoshop CS 6. Most of
Nsungwe lungfish specimens are incomplete, although some dimensions allow for precise
measurements.

Specimens were assigned to lungfish taxon based on shape and configuration and
morphometric measurements of the ridges of tooth plate. Tooth plate characteristics have
previously been used in differentiation and description of lungfishes (e.g. Martin, 1980, 1982).
Morphological descriptions in the following sections follow terminology as labeled on modern

Protopterus aethiopicus from Tanzania (Figure 5.2).
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Table 5.2: Showing all abbreviations used in the photos and illustrative drawings

AC
AN

C

CH
CL
CLA
CR
DE
EO
FP
OP
PR
PRa
PRan
PRb
PRc
PRcor
PRsym
PRTa
PRTb

PRTc

anocleithrum

angular

cartilage

ceratohyal

cleithrum

clavicle

cranial rib

dermal ethmoid

exoccipital

frontoparietal

operculum

prearticular

anterior process of the prearticular
angular process of the prearticular

middle process of the prearticular
posterior process of the prearticular
coronoid process of the prearticular
prearticular symphysis

anterior ridge of the prearticular tooth plate
middle ridge of the prearticular tooth plate

posterior ridge of the prearticular tooth plate
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Table 5.2 (cont’d)
PS
PT
PTap
PTTa
PTTb

PTTc

SO

SPR

SQ

VE

parasphenoid

pterygoid

ascending process of the pterygoid
anterior ridge of the pterygoid tooth plate
middle ridge of pterygoid tooth plate
posterior ridge of the pterygoid tooth plate
supraorbital

suboperculum

supraangular

squamosal

vomerine tooth

vertebra
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PRcor PRTc

AN PRTc PRTa

Figure 5.2: Modern lungfish with annotations and labeled mandible features C1; C2; D1;
D2 where, C2 is side view of left lower tooth plate articulated to prearticular; D2 is side view of
right lower tooth plate articulated to prearticular; C1 is lateral of the occlusal view of left lower
tooth plate articulated to prearticular; D1 is lateral of the occlusal view of right lower tooth plate
articulated to prearticular. For abbreviations see Table 5.2.
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PT

Figure 5.3: Modern lungfish with annotations and labeled maxilla features Al; A2; B1; B2
where, B2 is side view of left upper tooth plate articulated to pterygoid; A2 is side view of right
upper tooth plate articulated to pterygoid; Al is lateral of the occlusal view of left upper tooth
plate articulated to pterygoid; B1 is lateral of the occlusal view of right upper tooth plate
articulated to pterygoid. For abbreviations see Table 5.2.
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5.2.1 Systematic Paleontology

Superclass OSTEICHTHYES Huxley, 1880
Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Muller, 1845
Family PROTOPTERIDAE (Owen, 1839)
Genus PROTOPTERUS (Owen, 1839)

Species Protopterus sp.

5.2.2 Modern Lungfish

Today, there are only two families of lungfish surviving, namely, Lepidosirenidae and
Ceratodontidae. The Lepidosiren in South America, Protopterus in Africa, and Neoceratodus in
Australia. In the genus Protopterus, largely confined to tropical Africa, four species; P.
annectens, P. amphibius, P. aethiopicus and P. Dolloi exist (Maina, 1987). Lungfish taxonomy
and classification has mainly based on two things, either the tooth plate (anatomy and
morphology) or skull roof bones (humber and pattern of arrangement). Herein we mostly study
the mouth (buccal) bones i.e. teeth and their attachment.

In order to do so, | will be comparing, especially for Protopterus fossil bones with a total
of eight buccal recently prepared specimens available at Ohio University of Protopterus

aethiopicus from Lake Victoria in northern Tanzania (Figure 5.2) were used.

54



5.3 Background: Description of Modern Protopterus Specimen

5.3.1 Mandibles - Prearticular

The prearticular is important integral part of the mandible that bear a pair of dense
whitish lower tooth plate anteriorly (Figure 5.2). As for pterygoid the left and right pair of
prearticular are joined at prearticular symphysis (PRsymp surface). The prearticular is a robust,
paired bone that forms a large part of the anterior portion of the mandible (Figure 5.2). The
prearticular robustically at the dorsal surface fuses the upper tooth plate with three ridges, each
with specific shape and function.

The angular (A), paired bone that sits on the lateral surface and posterior end of the
prearticular in a groove, gradually projects dorsally at about 40 degrees from prearticular bone
which at posterior-most position it has another less dense process project upward (PRcor).

There are three ridges present in the prearticular tooth plate with the two anterior-most
ones (PRTa and PRTDb) forming pointed cusp-cylindrical shape and the last one (PRTc)
flattening posteriorly. Between the two anterior ridges there is deeper furrow compared to the
next one between PRTb (the longest) and PRTc which is shallower and decreasing backwardly.

While the two anterior ridges form the conical cusps in occlusion, the posterior ridge
extends much farther than the other two ridges and forms a serrated blade-like structure running
posteriorly along the prearticular bone. The two anterior ridges of the lower tooth plates from
both sides of prearticular fit between the anterior and middle ridges of the pterygoid tooth plate
while the posterior ridge of the prearticular tooth plate sits posterior to all of the ridges in the
pterygoid tooth plate when in occlusion.

Here is a list of specimen used for comparison figure 5.2: C2 is side view of left lower

tooth plate articulated to prearticular; D2 is side view of right lower tooth plate articulated to
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prearticular; C1 is lateral of the occlusal view of left lower tooth plate articulated to prearticular

and D1 is lateral of the occlusal view of right lower tooth plate articulated to prearticular.

5.3.2 Maxilla - Pterygoid

The pterygoid is a large, maxilla paired bone that bear essential front upper tooth plate in
lungfish. The pterygoid has three major blade-like that are fused tightly to it, but relatively
thicker sniping teeth, namely, anterior ridge of the pterygoid tooth plate (PTTa), middle ridge of
pterygoid tooth plate (PTTb) and posterior ridge of the pterygoid tooth plate (PTTc).

They are dense, and in ridges with sinusoidal furrows widening backward with its first
(PTTa) forming acute angle with PTTb.

The pterygoid articulates at its anterodorsal surface with the supraorbital that fits into a
groove that extends along the ascending process (PTap). The elements of a pair of pterygoid are
fused in adults at the pterygoid symphysis (PTsym surface from Figure 5.2B).

The bone is in same level as the top of anterior tooth plate when placed laterally as in Fig
2B. Al with its ventral posterior-most process descending and ascending dorsal process extends
upward. In addition to ascending process there are also other three additional tooth plate ridges
processes that extend anteriorly and laterally.

The modern lungfish used herein for comparison (P. aethiopicus) pterygoid (Figure 5.2B)
is widens and its posterior-most process projects posterolaterally. The posterior-most processes
which flare out dorsoventrally to form a flattened wing-shaped structure are less dense and
slightly translucent.

Here is a list of specimen used for comparison figure 5.2: B2 is side view of left upper

tooth plate articulated to pterygoid, A2 is side view of right upper tooth plate articulated to
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pterygoid, Al is lateral of the occlusal view of left upper tooth plate articulated to pterygoid and

B1 is lateral of the occlusal view of right upper tooth plate articulated to pterygoid.

5.3.3 Systematic Paleontology

Superclass OSTEICHTHYES Huxley, 1880
Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Miller, 1845
Family PROTOPTERIDAE (Owen, 1839)
Genus PROTOPTERUS (Owen, 1839)

Species Protopterus sp.

57



5.3.3.1 Specimen RRBP 05429 - Protopterus Right Maxilla

Figure 5.4: RRBP 05429: Protopterus right maxilla; A is latitudinal side view and B is exterior
lateral view
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Figure 5.5: RRBP 05429: Protopterus aethiopicus from L. Victoria Tanzania right maxilla (A)
comparable to the specimen in photo B and in drawing C. The abbreviations meaning are found
in Table 2. U and V shows corresponding curvature features between fossil and modern lungfish.
L is for possible line of breakage in the fossil.
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5.3.3.2 PRBP 05429 Description

The specimen PRBP 05429 is a pterygopalatine with broken (missing) posterior most
process and pterygoid ascending process (PTap) and PTTc. It displays signs of compression due
to multiple cracks running through the bone, while the occlusal part of the tooth plate remain
well in place attached to the pterygoid

The remarkable distinguishing features from the modern P. aethiopicus include the
considerable huge distance between the beginning of the PTap and anterior end occlusal of the
tooth plate. In modern lungfish (P. aethiopicus) as can be seen in fig 3B, the base of the PTap is
just next to the intersection of PTa and PTh. That means the petrodentine portion is well reduced
in the specimen or in other words has increased significantly over time.

Second notable feature is the massive portion of the pterygoid bone. The bone form an
angle of about right angle with the PTTc process while in modern lungfish is very acute of less
than 10 degrees.

The pterygoid bone itself even with the absence of posterior most process appear to be
thing posteriorly and bent ventrally when placed standing laterally as opposed to P. aethiopicus
which displays general horizontal orientation.

The three tooth plate ridges and two sulci in between is the critical characteristic for
Protopterus is well preserved in place despite all other differences from modern lungfish.

It is safe to say this is definitely Protopterus but also it is not P. aethiopicus not the other
two described specimens. Meantime we refrain to suggest species level as there is no reliable
reference to naming Protopterus species when entirely relying on the tooth plate and jaw bone
data alone. Poll, 1961 uses only meristic characters to classify modern African lungfish. Other

researchers have not been able to full use teeth as criteria for distinguishing Protopterus. For
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that reason, we can only confidently say the genus level but not get into suggesting species name

for now.

5.3.4 Systematic Paleontology

Superclass OSTEICHTHYES Huxley, 1880
Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Muller, 1845
Family PROTOPTERIDAE (Owen, 1839)
Genus PROTOPTERUS (Owen, 1839)

Species Protopterus sp.
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5.3.4.1 Specimen RRBP 08314 - Protopterus Left Maxilla

PTTb  sediment filling furrows

Symp surface

Figure 5.6: RRBP 08314: Protopterus left maxilla with A. lateral occlusal view and B. oblique
top view.
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Figure 5.7: Fig Interpretive Drawing of RRBP 08314: Protopterus top left maxilla (B) and
interpretive drawing of modern lungfish from Fig. 2. A1 upper left maxilla. The dotted line, L,
represent the possible broken location of RRBP 08314, while numbers 1 — 3 are ridges of the

tooth plate.
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5.3.4.2 Material, Horizon, Locality, and Age

This one particular specimen is a near complete and well preserved tooth plate (Fig. 7,
7A, 7B) well isolated from the prearticular and missing proper edges due to wear. It has been
catalogued RRBP 05429 and housed in Ohio University Museum is from the locality TZP 2 near
the confluence of Nsungwe and Songwe river, in Mbeya Region, Tanzania (Fig. 1). The locality
is in the RRB as part of the EARS. It is fluvial facies assigned a Late Oligocene (24.95 MY) age

of the Songwe Member of the Nsungwe Formation.

5.3.4.3 PRBP 08314 Description

The well-preserved specimen PRBP 08314 is a left maxilla bone (pterygopalatine)
attached to the massive portion of an upper tooth plate. The noticeable wear on the plate are the
occlusal (top) portion of anterior tooth (PTTa) and on the flat part pointing backward (Fig. 4A)
and its serrations of posterior tooth plate (PTTc). The specimen is very small, approximately 10
mm long and 5 mm deep.

The symphysis surface (symp surface) where this left pterygoid bone come into contact
with the right counterpart is more or less vertical and straight from PTTa as opposed to modern
lungfish, P. aethiopicus, where there is strong convex bend.

Another important feature which distinguishes this specimen from P. aethiopicus is the
PTap bone. Despite its base being very similar in terms of where it starts but is hardly ascending
at all. It is horizontal laterally and in full contact with the pterygoid bone although they are not

fused together.
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In the specimen the sulcus between PTTa and PTTb is deep and form an acute angle. The
sulcus can be seen in Fig 4a filled with graying sediment. In the modern lungfish (Fig. 3B) it is
in V-shape, and very shallow especially compared to angle between PTTa and PTTb.

It is very difficult to tell apart for certain the shape and concavity of the pterygoid bone as
the specimen does not extend that far, is broken right at the beginning of the bone. But taking the
PTap orientation as a guide of the extension then suggests the very horizontal and tight to the
pterygoid bone.

The shape, angle sizes and orientation of the tooth plate ridges and sulci show no any
congruence to either modern or the other specimen, PRBP 04147 described above. That brings us
to similar situation where we evidently place the specimen in the Protopterus genus but cannot

conclusively determine the species level.

5.3.5 Systematic Paleontology

Superclass OSTEICHTHYES Huxley, 1880
Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Miller, 1845
Family PROTOPTERIDAE (Owen, 1839)
Genus PROTOPTERUS (Owen, 1839)

Species Protopterus sp.
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5.3.5.1 Specimen RRBP 04147: Protopterus Mandible

PRTb
broken PRTc

broken surfaces

PRTc furrow
PRTb

-/ Ridge
7

PRTa

Figure 5.8: RRBP 04147: Protopterus mandible. A is fossil specimen and B is extant specimen
for comparison.
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Figure 5.9: Interpretive Drawing of RRBP 04147: A is interpretive drawing of genus Protopterus
right lower tooth plate specimen and B is interpretive drawing of lower tooth plate of the P.
aethiopicus from Lake Victoria, Tanzania. The dotted line, L, represent the possible broken
location of RRBP 04147 at the end of dentine-like hard material, and numbers 1 — 4 are ridges of
the tooth plate.
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5.3.5.2 Material, Horizon, Locality, and Age

This one particular specimen is a near complete and well preserved tooth plate (Fig. 7,
7A, 7B) well isolated from the prearticular and missing proper edges due to wear. It has been
catalogued RRBP 04147 and housed in Ohio University Museum is from the locality TZP 2 near
the confluence of Nsungwe and Songwe river, in Mbeya Region, Tanzania (Fig. 1). The locality
is in the RRB as part of the EARS. It is fluvial facies assigned a Late Oligocene (24.95 MY) age

of the Songwe Member of the Nsungwe Formation.

5.3.5.3 PRBP 04147 Description

This is an incomplete massive right lower tooth plate (LTP) of Protopterus. Although
partially broken posteriorly and ventrally leaving only a few but very essential and recognizable
evidence. There are characteristic PTTa and PTTb Protopterus tooth ridges on the plate. The two
ridges have conical-shaped cusps, columnar (cylindrical to triangular prism) blade like crests on
the occlusal with wide gaps in between which fit well with pterygopalatine tooth plate (Figure
5.5).

At the posterior breaking surface, you can extrapolate easily the extension of the PRTc to
being flat pointing posteriorly parallel to angular (A). On the ventral breaking surface there is
clear indication to be along the angular suture line which defines Protopterus (Martin, 1995).
That removes Lavacatodus, which is characteristically closest to Protopterus as a possible
consideration.

The angles between ridges and sulci depth and orientation set this apart from modern
lungfish, P. aethiopicus (Figure 5.6), whose angles are very sinusoidal in nature. The angle

between PRTa and PRTb is dipping backward in PRTb sulcus and in general very wide at the
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base on the other hand in P. aethiopicus angle between PRTa and PRTb is in U shape as a part of
continuum of sinusoidal wave like all the way from PRTc to the anterior most end of the lower
tooth plate.

The angle formed by the sulcus between PRTb and PRTc is well sloping toward PRTc in
more V-shape pointing backward displaying the forward leaning sinusoidal curve.

The middle ridge, PRTb, is wide and at base two ridge like structure twining converges at
the top with pointy cusp. That is different from the modern PRTb which is basically singular
column throughout with only conical cusp at the top.

The two ridges PRTa and PRTb in the specimen curve backward and thinning in
screwdriver shape a little bit as you move from base to the cusps’ top. In the P. aethiopicus no
bending but uniform diameter, straight and parallel to each other from base to cusps with their
conical cusps small and start almost near the top.

This is one specimen with features typical of Protopterus and the presence of suture line
between prearticular (PR) and angular (A) along the ventral breaking surface further isolate the
possibility to be genus Lavacatodus par Martin (1995) definition. Three strong vertical and
almost parallel blade-like ridges make it non confusable with Ceratodus genus another close

clade of African fossil lungfish.
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5.3.6 Systematic Paleontology

Superclass OSTEICHTHYES Huxley, 1880
Class SARCOPTERYGII Romer, 1955
Subclass DIPNOI Muller, 1845
Family PROTOPTERIDAE (Owen, 1839)
Genus PROTOPTERUS (Owen, 1839)

Species Protopterus sp.

5.4 Discussion

Morphologically, many typical features such as; the distinctive tooth plate with three
crests are columnar petrodentine; the pterygoid, bearing an ascending process (PTap) in the
posterior position with a broad groove; first two crests (PTTc and PTTb) of the tooth plates
short, with no cusps and pointing backward, and the third crest (PTTa) long and with cusps of
the specimen RRBP 05429 studied herein suggest that it belonged to Protopterus genus of
lungfish.

Temporally and geographically for Africa, this is a new addition to already known fossil
record of lungfish of Protopterus genus such as Protopterus libycus from Fayoum, Egypt (Early
Oligocene) Stromer, 1910; Protopterus sp. from Dur At Talha, Libya (Late Eocene (Priabonian))
Otero et al., 2015; Protopterus sp. cf. elongus from Birket Qarun, Egypt (late Eocene
(Priabonian)) Murray et al., 2010; Protopterus sp. from Glib Zegdou, Algeria (middle Eocene)
Adaci et al., 2007; Protopterus sp. from EI Kohol, Algeria (Early Eocene) Martin, 1995;
Protopterus sp. from Ilimzi, Morocco (Paleocene (Thanetian)) Martin, 1995 and Protopterus sp.

from Adrar Mgorn, Morocco (Paleocene (Thanetian)) Martin, 1995. And for this part of Africa,
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in southwest Tanzania, is a new and first described Protopterus record to be reported. This
finding expand the horizon of the Cenozoic lungfish from Africa.

Despite the fact that some authors (e.g. Schultze, 2004; Cavin et al., 2007) in their
analyses found most of these families to be paraphyletic, other taxonomists (e.g. Martin, 1982,
1984; Kemp, 1998) recognize Ceratodontidae, Neoceratodontidae, Asiatoceratodontidae,
Ptychoceratodontidae and Lepidosirenidae. In the debate one thing agreed by almost
unanimously is the clear distinction of the family Lepidesirenidae, in the order
Lepidosireniformes with three (Martin, 1995) genera Lavocatodus, Protopterus and Lepidosiren,
from the rest for their distinctive columnar petrodentine is present in the tooth plates (Lison,
1941; Denison, 1974; Miles, 1977); angular and pre-articular firmly sutured in the lower jaw,
with a tall ascending coronoid process and a wide pulp cavity (Martin, 1983; Kemp, 1998);
upper jaw composed of the pterygoid, bearing an ascending process in the posterior position with
a broad groove (Martin, 1983; Bemis, 1986; Kemp, 1998); tooth plates with three crests; first
two crests of the tooth plates short, with no cusps, and the third crest long and with cusps (Kemp,
2003); upper and lower plates contiguous in the mid-line (Kemp, 1998).

This is definitely not the first Protopterus to be described from Africa. Other
Protopterus, in the fossil record, are Protopterus libycus (Stromer, 1910), Protopterus polli
(Dartevelle & Casier, 1949), Protopterus elongus (Martin, 1995) and Protopterus nigeriensis
(Martin 1997). The rest just like this specimen are not that definitive to be placed in specific
species. The erecting of these four nominative species each used features and method which in
turn raise problems of its own to naming Protopterus just based on isolated jaw or tooth plate
before you end up with multiplication of fossil species (Martin, 1983). Protopterus libycus was

described based on the height of the crests and the fusion of the ridges; Protopterus polli is based
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on an angle between the tooth plate crests that differ from that in the modern specimens, and
some specimens have four crests; Protopterus nigeriensis based on number and size of the crests
on tooth plate and Protopterus elongus based on its inferred size compared to modern specimen.

For lungfish, in this case Protopterus, when specimen of jaw with tooth plate is broken or
disarticulated like this one adds even more complications to identifying of the species. On the
other hand, it is quite easy to tell apart the genus level as it has been possible from distinctive
features.

It is imperative to develop some form of standard method for identifying common
features among Protopterus and from there being able to differentiate taxa. Otherwise it is safe to
stop at Protopterus sp. (Greenwood, 1959). In the classification of modern African lungfish
(Poll, 1961) relied solely on meristic measurements which provide no help to suggest the fossil
material like specimen RRBP 05429 belong to one of the modern lungfish only with intraspecific
different features or it completely different because there are no shared traits for their
pterygopalatine tooth plates.

The finding of this Protopterus, also allows speculation of their existence and survival in
the region where we still find similar living genus to be attributed to not only their ability to
estivate but also to employ a variety of other strategies, including moving into marginal swampy
habitats, to survive the prolonged dry seasons characteristic of African continental climates.

In general, the reporting of this first record of Protopterus from the Nsungwe Paleogene
Formation in southwest Tanzania adds to our knowledge, about the diversity, temporal and
geographical range of Protopterus during Paleogene and as previous authors it is very difficult to
assign this Protopterus into a specific new species just based on the jaw fragments which are

commonly preserved.
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CHAPTER VI

6 PARSIMONY ANALYSIS OF ENDEMICITY (PAE) OF LUNGFISH GENERA

6.0 Introduction

6.0.1 Lungfish

Lungfishes or famously known as dipnoan, due to their "dual breathing behavior' are
considered as a bridging creature which moved onto the land from water (Maina, 1987) as they
are one of the closest living group of fish to the tetrapods. They are characterized by the
possession of a 'lung’ opening off the ventral side of the esophagus (Chew et al., 2004).

The geological record of three genera of living lungfishes; Lepidosiren from South
America, Protopterus from Africa and Neoceratodus from Australia dates back to as far as early
Devonian (Berman, 1976; Bemis, 1986) when their ancestors were more massive and widespread
(Romer, 1955; Qiao & Zhu, 2015). The earliest record of fossil lungfish is Rhinodipterus found
from early Devonian marine deposits of the Gogo formation of Western Australia (Clement &
Long, 2010) followed by fossils found from almost all continents and freshwater deposits of
various geological times (e.g. Schultze & Chorn, 1997; Gunther, 1871). One of the most
characteristic biological properties of the lungfish, is their ability to estivate - survive in turbid
environment by hibernating in burrows for up to a year until dry season ends (Wilkie et al.,
2006). That has enabled lungfish to survive in a wide range of aquatic habitats from lakes e.g.
Lake Victoria (Goudswaard et al., 2002) and Lake Baringo in Kenya (Baer et al., 1992); river
amazon basin (Wake, 1986), rivers in west Africa e.g. Anambra river in Anambra State, Nigeria
(Ikechukwu & Obinnaya 2010), River Congo Basin (Trewavas, 1954); also in swampy areas like

in Central Africa (Greenwood 1986), Permian Texas (Berman, 1968). Second outstanding
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feature of lungfish is their dentition, which includes strong tooth plates which are preserved as
fossils (Gunther, 1871), and unique skull fragments (Clement, 2009). In general fossil lungfish
are essentially known from isolated teeth and skull fragments and estivation burrows (Carlson,
1968).

Despite the amount of both historical and taxonomic record which include geological and
geographical data, very few biogeographical studies have been done thus far (e.g. Marshall,
1986; Clement, 2012) With the availability of different biogeographical method, none of the
previous studies have employed PAE analysis, cluster analysis and in depth geographical
distribution of lungfish to study biogeographical distribution of lungfish that start from Devonian

to present taxa from different location.

6.0.2 Cluster Analysis

The type of clustering that is used in this study is similarity clustering that is concerned
with creating groups of individuals on the basis of similarity (Chatfield and Collins, 1980;
Everitt, 1980; Gordon, 1981; Dillon and Goldstein, 1984; Romesburg, 1984; James and
McCulloch, 1990; van Tongeren 1995).

Clustering, as many other biogeography statistical techniques has its own limitations
(Everitt, 1980). Despite those limitations similarity analysis as a method of clustering analysis
should be used as an exploratory step in the analysis. Johnston, 1976 suggests that while
clustering creates groups, one needs to discover if the criteria are better met by the dismantling
of existing groups, thus requiring further analysis than a simple clustering procedure. The second

test does not necessarily need to be a completely different and in this case PAE is used.
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6.0.3 Parsimony Analysis of Endemicity (PAE)

Parsimony analysis of endemicity (PAE) (Rosen, 1988) or parsimony analysis of
distributions (PAD) (Trejo-Torres & Ackerman, 2001) — uses a parsimony algorithm in order to
obtain an area cladogram, based on the taxa inhabiting the areas (Rosen, 1988; Rosen & Smith,
1988; Morrone & Crisci, 1995). PAE has been applied by several authors to establish
relationships among different biogeographical units, e.g. localities, quadrats, areas of endemism,
continents, islands, etc. (Craw, 1989; Cracraft, 1991; Myers, 1991; Morrone, 1994a,b, 1998;
Fernandes et al., 1995; Morrone et al., 1997, 1999; Posadas et al., 1997; Geraads, 1998;
Sfenthourakis & Giokas, 1998; Watanabe, 1998; Glasby & Alvarez, 1999; Luna-Vega et al.,
1999, 2000; Espinosa-Organista et al., 2000; Ron, 2000; Bisconti et al., 2001; Ippi & Flores,
2001; Morrone & Marquez, 2001; Trejo-Torres & Ackerman, 2001; Garcia-Barros et al., 2002).

The present study in the bigger picture aim at generating useful information on the
distributional patterns of lungfish and assist in detecting and proposing areas that are important
from a biogeographic viewpoint for these widely distributed fishes covering almost all
geographic ranges of the world. This is done by analyzing the distributional patterns and to
detect areas of richness and endemism of lungfish by applying endemism indices to grid-cells,
and biogeographic analyses applying a parsimony analysis of endemicity (PAE) method. While
other earlier phylogenetic and biogeography studies of the lungfish have covered either some
genera or species and some just specific zoogeographical regions in this study will expand the
taxa and zoogeographical regions data to further investigate the biogeographical distribution

through time.
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Figure 6.1: Geographic distribution of species of lungfish in the fossil record with numbers of known genera. Noteworthy are the
contrast in composition of Paleozoic and Mesozoic assemblages, abrupt change of great groups at top of the Devonian and restriction
of pre-Devonian lungfish to a relatively single superfamily (Dipnorhynchus).

76



6.1 Methodology

Distributional data were obtained from the review of more than 100 published articles,
books and with this information; | constructed a georeferenciated records database. From
distributional data, geographic distribution map of each taxon were obtained using ArcView GIS
(ESRI, 1999).

Then a presence-absence matrix was generated for the compilation of lungfish genera
accross all continents. Binary cluster analysis was applied to the data, and the biogeographic
relationships of lungfish genera were examined using Ward similarity coefficient (Rice &
Bellarnd 1982, Birks 1987) using R software (Hornik, 2011). Ward similarity measures the
degree of overlap among continents in terms of their taxa occurance. The same data were
subjected to parsimony analysis of endemicity (PAE; Rosen 1988, Morrone and Crisci 1995
using PAUP 4.0 Swafford, 2000 with hypothetical ancestral continent consisting of all absences
as outgroup, heuristic searches employing TBR branch swapping.

This procedure yielded a systematic matrix of distances among biogeographic units
(continents) for rough comparison to the similarity in degree of overlap among the fauna done by
Ward dendogram of similarity. Basic steps of PAE, as modified by Morrone (1994a) for
identifying areas of endemism, are as follows:

e ldentifying zoological regions on a global map to be used in the analysis,
considering continents only where at least one locality of one genus exists.

e Construct a data matrix where columns represent the taxa and rows represent the
areas (quadrats, provinces, etc.). If a taxon is present in the area, the entry is ‘1’ and if it
is absent, the entry is ‘0’. A hypothetical area coded with ‘0’ for all columns is added to

root the cladogram.
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e Undertake a parsimony analysis of the data matrix. In case several cladograms
result, obtain a strict consensus cladogram.

e ldentify in the cladogram the groups of areas defined by at least two taxa.

6.2 Results

6.2.1 Parsimony Analysis of Endemicity (PAE)

This Parsimony Analysis of Endemicity (PAE) analysis aim to present a hypothesis for
the sequence of branching within lineages by examining the distributions of shared-derived
character states (synapomorphies). The relationships between genera of lungfishes were
evaluated using PAUP version 4.0b4a (Swofford, 2000). The hypothetical region was used as the
outgroup which is hypothetical ancestor for rooting phylogenetic trees as it basically has the
most primitive character states lacking in the rest of the lungfishes.

In the parsimony analysis of endemicity (PAE) of the widespread record of lungfishes six
continents, Europe, Australia, North America, Africa, South America and Asia clade and the
African subcontinent (Madagascar) were included together with hypothetical area coded with all
‘0’ as an outgroup. The data matrix (Table 6) had in total 87 lungfish genera x 7 regions of
endemism.

The PAE vyielded a single most parsimonious area cladogram, with 103 steps, consistency
index of 0.60, and retention index of 0.64 (Figure 6.2); taxa diagnosing the nodes in the
cladogram are detailed in Table 6). Seven nested monophyletic groups were distinguished within

the cladogram.
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Table 6.1: Part 1 of the Genera x areas (continents) Data matrix for Cluster Analysis and
Parsimony Analysis of Endemism

North South
Genus Africa  Asia  Australia Europe Madagascar America America

o

0

[ER
o
o
o
o

Adelargo
Adololopas
Amadeodipterus
Andreyeichthys
Apatorhynchus
Aphelodus
Archaeceratodus
Arganodus
Ariguna
Asiatoceratodus
Atlantoceratodus
Beltanodus
Cathlorhynchus
Ceratodus
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Table 6.2: Part 2 of the Genera x areas (continents) Data matrix for Cluster Analysis and
Parsimony Analysis of Endemism

North South
Genus Africa  Asia  Australia Europe Madagascar America America
Gnathorhiza 0 0 0 1 0 1 0
Gosfordia 0 0 1 0 0 0 0
Griphognathus 0 0 1 1 0 1 0
Grossipterus 0 0 0 1 0 1 0
Harajicadipterus 0 0 1 0 0 0 0
Holodipterus 0 0 1 1 0 0 0
Ichnomylax 0 0 1 1 0 0 0
lowadipterus 0 0 0 0 0 1 0
Iranorhynchus 0 0 0 0 0 1 0
Jarvikia 0 0 0 0 0 1 0
Lavocatodus 1 0 0 0 0 1 0
Lepidosiren 1 0 0 0 0 0 1
Lupaceratodus 1 0 0 0 0 0 0
Megapleuron 0 0 0 0 0 1 0
Melanognathus 0 0 0 0 0 1 0
Metaceratodus 0 0 1 0 0 0 0
Microceratodus 1 0 0 0 0 0 0
Mioceratodus 0 0 1 0 0 0 0
Namatozodia 0 0 0 0 0 0 0
Neoceratodus 1 0 1 0 0 0 0
Nielsenia 0 0 0 1 0 0 0
Oervigia 0 0 0 1 0 0 0
Orlovichthys 0 0 0 1 0 0 0
Osteoplax 0 0 0 1 0 0 0
Palaeodaphus 0 0 0 1 0 0 0
Palaeospondylus 0 0 0 1 0 0 0
Paleophicthys 0 0 0 0 0 1 0
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Table 6.3: Part 3 of the Genera x areas (continents) Data matrix for Cluster Analysis and
Parsimony Analysis of Endemism

North South
Genus Africa Asia Australia Europe Madagascar America America
Paraceratodus 0 0 0 0 1 0 0
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Figure 6.2: Dendrogram summarizing the overall similarity among the area units (continents). In
this instance the UPGMA procedure was used based on the square matrix of similarities derived
from Ward’s (1963) similarity index with the concentration ellipse level of 95%.
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Figure 6.3: PAE strict consensus cladogram of 54 most parsimonious area cladograms showing three main clades: the African
subcontinent (Madagascar); the Europe, Australia and North America; and the Africa, South America and Asia clade. The inset is a
cladogram as produced by PAUP 4.0.
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6.3 Discussion

A total of 87 (Table 6.1-3) genera of lungfish, both fossils and living were included in the
analyses for geographical distribution, PAE analysis (cladogram) and similarity (dendrogram).
The different geological periods with different numbers of representative (six extant genera and

the rest extinct genera) and geographical ranges throughout time were considered.

6.3.1 Distribution Pattern (Geographic ranges)

For the living lungfish we find them (Figure 6.1) on three continents; South America
(Lepidesiren genus), Australia (1 Neoceratodus genus) and Africa (1 Protopterus genus — P.
dolloi, P. aethiopicus, P. amphibious and P. annectens).

Lepidesiren of South America which has only one species (Bishop, 1968) are mainly
found in the amazon basin in Brazil and bordering countries like Bolivia, Paraguay and Uruguay
in rivers like Parana River, Iguazu River and Tapajos River.

African Protopterus is represented by four species (Bemis, 1986) and found in Western
Africa in countries like Nigeria (Anambra river), Cameroon in Mbakaou river and Lake Bankim;
in east Africa in lakes Victoria in Tanzania and Baringo in Kenya and rivers like Victoria Nile;
while in northern Africa are found in Sudan (e.g. river Nile, Egypt (river Nile and Ethiopia (river
Omo) and Central Africa found mainly in Congo river basin in DRC and Congo in rivers like
Congo river.

In Australia there is only one extant taxon, Neoceratodus forsteri, the closest living

relative to the ancient Ceratodus (Kemp, 1997) in rivers St Mary and Bunnett in Queensland in
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eastern Australia (Kemp, 2001). Due to their small number and significance in evolution are
designated in special group of endangered species (Kemp, 2000).

Such distribution of extant lungfishes whereby the African and south American being
very close — both of them in same family of lepidesirenformes is very interesting. The two
genera are sharing aestivating (Greenwood, 1986) behavior and both can use two methods in
breathing either by lungs or gills (Kemp, 1999). The Australian lungfish seem to have retained
most of primitive lungfish characters like being obligatory gill breathers, massive tooth plates,
larger and tougher scales and inability to estivate.

For the fossil lungfish through time we see changes of endemism and geographic ranges.
In the early Devonian, they are mostly pan African. In Jurassic they are mostly restricted to
northern hemisphere especially in Europe and North America. In general, over time the richness
and abundance have been dying out from 87 genera for Mesozoic to less than 40 during
Cenozoic and now only 3 genera surviving.

Africa is the only continent with a fossil record from the Devonian to present extant
lungfish. On the island of Madagascar, which fragmented away from the mainland Africa during
the Mid-Jurassic (Eagles and Konig, 2008; Konig and Jokat, 2010; Royer and Coffin, 1992), the
only two lungfish recorded are early Triassic Beltanodus ambilobensis from Ambilobe, northern
Madagascar (Schultze, 1981); Cretaceous (Campanian) Ceratodus madagascariensis from
central Madagascar (Agassiz, 1838; Priem, 1924); Triassic Paraceratodus germaini from
Sakamena Medio Formation, southwest Madagascar Sakamena Medio Formation

Madagascar (Marshall, 1986) and Late Triassic (Carnian) Ptychoceratodus acutus from

Isalo Group, Isalo Il beds, Madagascar (Priem, 1924; Jaekel, 1926 and Martin et al., 1999)
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Recently five (5) genera have been reported from Triassic of China Ceratodus
heshanggouensis from Watang, Xingxian, Shanxi Province Heshanggou Formation, China (Liu
and Yah, 1957); Middle Jurassic Ceratodus minor from Shung-ya-kou, Hai-t'ang-pu, Kiangyou,
Szechuan-China (Liu and Yah, 1957); Ceratodus szechuanensis from Shung-ya-kou, Hai-t'ang-
pu, Kiangyou, Szechuan-China (Agassiz, 1838; Young, 1942); Lower Jurassic Ceratodus
youngi from Weiyuan, West Szechuan-China (Agassiz, 1838; Liu et Yah, 1957); Late Devonian
Chirodipterus liangchengi from Hunan, China (Gross, 1933; Campbell and Barwick, 1990a);
Early Devonian (Lochkovian) Diabolepis speratus from Xitun Formation of Yunnan, China
(Chang and Yu, 1984); Early Devonian (Lochkovian) Diabolepis speratus from Formation of
Yunnan, China (Chang and Yu, 1984); Devonian (early Emsian) Erikia jarviki Erikia from
Gumu of Wenshan, Yunnan; Guangnan, Yunnan, China Pojiao Formation; late Jurassic
Ferganaceratodus szechuanensis from Thailand, Asia; late Eifelian (Middle Devonian)
Sinodipterus beibei from Qingmen in the suburb of Zhaotong, Yunnan, China Qujing Formation
(Qiao, T. and Zhu, M., 2009); Lower Devonian (Late Emsian) Sorbitorhynchus deleaskitus from
Zhongping Village, Xiangzhou County, Guangxi Zhuang Autonomous Region, China the Liuhui
Member of the Dale (formerly Sipai) Formation (Campbell & Barwick, 1990) and late Emsian,
Lower Devonian Tarachomylax multicostatus from Zhanyi, eastern Yunnan Province, South
China making a total of 8 genera from Asia alone. In general Asia provide scares and sparse
record of lungfish both in terms of quantity and geographical distribution.

The key highlight of the general distribution pattern of the timing of geographic ranges
and the timing of geologic and climatic events do give very little information but somehow
interesting. Africa and SA etc. Phylogenetic analyses (Marshall, 1986) like PBA, cladistics

analysis etc. tied to these events would be the best way to conclusively make sound statement
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(theory) on the general pattern. For now, it is suffice to say distribution pattern of lungfish genera

through time at least mirrors the timing of some major geologic and climatic events.

6.3.2 Cluster Analysis

The dendogram (Figure 6.3) from the similarity cluster analysis aims at first to
summarize data to help detect patterns and relationships of lungfishes both living and extinct
which would help to predict and secondly devise hypothesis (Gordon, 1981) about the patterns
and relationships for their basic distribution. The dendogram in conjunction with the parsimony
analysis of endemicity together may suggest the possible pattern with the biogeographical
distribution of lungfish.

A cluster analysis performed using Ward’s matrix on the biogeographical data of
lungfishes produced the resulting dendrogram illustrated in Figure 6.3. A cluster analysis
performed using Ward’s matrix on the biogeographical data of lungfishes produced the resulting
dendrogram illustrated in Figure 6.3.

The dendogram form three major clusters (clades). The first cluster which constitute
Australia and Europe appear to be very distinct in terms of similarity from the other two. The
other two clusters are the cluster of Africa, Madagascar and South America and the cluster of
Asia and North America. In the second cluster it shows Madagascar to be more similar to South
America than Africa in that big cluster.

The link suggesting Africa, Madagascar and South America to have more similarities is
the most significant one for this study because it clearly identifies the close relationship of even
modern lungfish in those continents especially Africa and South America. Further investigations

of these results reveal that, once again, plate tectonics (and possibly climate) is the major force
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causing the clustering at this point. On the other hand, the clustering of Asia and North America
and their proximity through times during breaking up and joining of continents lends more
evidence to the idea that plate tectonics is the primary clustering influence. The cluster formed
by the continents of Australia and Europe prior to joining with the other two continents very
likely is not based on simple explanation of plate tectonics but rather homoplasy (convergent

evolution) due to similar environmental pressures.

6.3.3 PAE Cladogram

The second analysis following the cluster analysis in Parsimony Analysis of Endemicity
(PAE) using areas of endemism. Six continents and the sub African continent of Madagascar
were used as areas of endemism. In using presence/absence data only, there is an implicit
assumption that taxa found at a particular area are sufficiently abundant to ensure their
representation for other similar taxa endemic to that area. Dipnoi are a widespread and diverse
clade ideally suited for biogeographic studies as they relatively abundant and distinct in different
continents.

The three clades generated in PAE corroborates the three clusters found in similarity
cluster analysis with some differences in groupings. In PAE the African subcontinent of
Madagascar appear to form a clade of its own and South America which in cluster analysis is
closest is in the second degree of closeness. Australia and Europe clade are still in the same
cluster although the North America in the cluster analysis is associated with Asia.

In general, there is still some similarity of the clustering like number of clades and basic
member compositions of each clade. There is also a notable shifting and rearrangements of some

members of these clusters.
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6.4 Conclusion

The geographical distribution analysis, cluster analysis and Parsimony Analysis of
Endemicity (PAE) have been employed to study the patterns and possible influences of the
distribution of lungfish 87 genera.

The distribution map (Figure 1) shows throughout historical records of lungfish from
extinct record to modern lungfish record they have been widely distributed. Especially for extinct
record it indicates the occupancy of this group of sarcopterygians to have been found in all
continents with the exception of Antarctica where we ye to find their remains. Modern lungfish
with three genera are only restricted in three continents, Africa, South America and Australia.

The cluster analysis and Parsimony Analysis of Endemicity (PAE) both generate three
clusters of areas of similar patterns of distribution (Figure 2) and areas of endemism (Figure 3)
respectively. The clustering appears to mirror the formation and break ups of the continents
which suggests the plate tectonics to have played important role in the distribution patterns of
lungfishes. In some cases, like closeness (similarity) of Australia and Europe might be due to

parallel evolution due to environmental pressure.
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