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importance of the subject, which I have undertaken to treat; since the merit of the choice 

would serve to render the weakness of the execution still more apparent, and still less 

excusable."-Edward Gibbon. This quote is by a favorite author in his own preface to The 

History ofthe Decline and Fall ofthe Roman Empire. Although I am a great admirer of his 

groundbreaking approach to thoroughly researching a topic before writing and of his 

writing style-gorgeously lush with wit and intelligence-but inappropriate in a scientific 

treatise, what I am left to emulate in this paper is his modesty. He was self-deprecating 

before writing one of the great works of English literature and history, while I have much 

more to be modest about in this small work If any one of my readers has a kind word for it 
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I shall be exceedingly grateful and if I hear that anyone finds value in this work, it will bring 

me great joy. 

All results and interpretations in this thesis are original work of the author except where 
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ABSTRACT 

Stratigraphic identification and correlation as well as fine timescale resolution for the 

Ordovician and Silurian periods are highly dependent upon the identification of graptolite 

fossils found in the strata. Taxonomic identification is greatly aided by an understanding of 

the evolutionary history of the taxa. The Axonophora, a suborder of the Graptoloidea, arose 

in the Darriwilian Stage of the Middle Ordovician and became the dominant planktic 

graptolites during the Late Ordovician. Chronostratigraphy of the Middle to Late 

Ordovician worldwide can be resolved in time units of less than a million years with the aid 

of axonophoran graptolites and other fossils. Although evolutionary relationships within 

the Late Ordovician Axonophora are well-established, their early phylogenetic history has 

been unresolved. Recent phylogenetic studies (Fortey et al. 2005, Mitchell et al. 2007) 

incorporated twenty-eight of the ninety-three Darriwilian Axonophora (not including stem 

Diplograptoidea) catalogued by Sadler et al. (2009). In this study, I have used 

morphological analysis of thirty-nine previously uncoded axonophoran taxa to develop a 

phylogenetic matrix of discrete codes, melded with pre-existing character sets from other 

researchers, based on the 117-character Mitchell et al. (2009) data set derived from the 

Mitchell et al. (2007) study of the Diplograptoidea (all of which are included in the 

Axonophora), but with additions and modifications to the character set. No characters have 

been deleted, to keep the data matrix consistent with previous studies. Several qualitative 

characters have been now quantified using continuous measurements. This study, thus, 

expands on previous analyses, thereby providing a more detailed and highly supported 

resolution of axonophoran clade phylogeny and evolution. 
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The majority of added data has come from published material from which high-quality 

specimen photographs and camera lucida drawings were used to perform the character 

coding. I photographed and analyzed additional unpublished material from several 

museum repositories. Thirty-four distal characters were down-weighted due to strong 

correlation with early astogenetic characters. I used TNT 1.5 phylogenetic software to do 

the analysis, resulting in over 1 trillion trees being generated and assessed. My analysis 

consistently produced a single most parsimonious tree (MPT) that was highly resolved. 

Bootstrap analysis, however, showed that this tree is not robust, with most branches 

weakly supported. Nevertheless, an analysis of the next 1314 suboptimal trees found far 

more support for the MPT in the form of strong sub-tree agreement. Results of several 

previous studies are confirmed-for example, the levisograptids are found to be a 

paraphyletic stem group leading to the undulograptids and all other Axonophora (Maletz 

2011a). One taxon-Levisograptus dicellograptoides-that was provisionally assigned to 

Levisograptus with some question by Maletz (1998) is found to be securely assignable to 

this genus. Two large clades are found to share a common ancestor with the stem lineage 

taxon Pseudoclimacograptus scharenbergi. Both also have stem lineage 

archiclimacograptids at their base. These include a well-supported Dicranograptacea 

including both the Dicranograptinae and the Dicaulograptidae. The normalograptids are 

found to be the most derived clade in the Darriwilian Axonophora. Support is found for 

assignment of Ar. ambiguus to the Archiclimacograptus genus (Maletz 201 lb) and the 

separation of the Haddingograptus genus fromArchiclimacograptus (Maletz 2011b). 

Several other recently published hypotheses are analyzed and found to be not supported 

by this phylogeny. 
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I defined and evaluated a set of thirteen continuous characters to determine whether 

improvements in the phylogenetic models could be achieved by replacing discrete 

qualitative characters with quantitative ones. Due to TNT treating continuous characters 

as ordered, which they largely are not, I found it necessary to convert measured characters 

into discrete characters by using Finite Mixture Coding techniques to bin the thirteen 

measurements. I demonstrate that five of these thirteen characters are statistically 

improved over the existing discrete characters. 
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1.0 INTRODUCTION 

Although evolutionary thinking has a history beginning in antiquity, it is traditional to 

date modern evolutionary theory to 1858 with the publication of Darwin's Origin ofSpecies. 

With that foundation, it was inevitable that the concept of a "family tree" would be applied 

to the relationship between extant organisms and fossils. Only eight years after Darwin's 

publication, Ernst Haeckel first published a "tree of life" in 1866 in his seminal Generelle 

Morphologie, in which he also coined the term "phylogeny". With over 2000 identified 

species and hundreds of genera, the phylogenetic relationships of the various graptolite 

taxa have long been of interest. Phylogeny began with traditional taxonomy, which 

attempted to determine nearness of relationship between species based on morphology, so 

they could be assigned to genus, family, order, and other traditional clades. 

The first formal classification of the Grap tolo idea into families-closely related 

organisms based on morphological similarities-was Lapworth (1873) and appears thus in 

outline, with the details omitted: 

"ANALYTICAL TABLE OF THE GENERA OF GRAPTOLITES 

"RHABDOPHORA (Allman) 

"SECTION I. GRAPTOLITIDAE 

"MONOPRIONIDAE 

"Family I. Monograptidae 

"Family II. Nemagraptidae 

"Family III. Dichograptidae 

"MONO-DI-PRIONIDAE 

"Family IV. Dicranograptidae 
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"DIPRIONIDAE 

"Family V. Diplograptidae 

"TETRAPRIONIDAE 

"Family VI. Phyllograptidae 

"SECTION II. RETIOLOIDEA 

"Family VII. Glossograptidae 

"Family VIII. Retiolitidae" 

Rhabdophora (Allman) refers to a suborder erected in the Hydrozoa Owen, 1843, to 

accommodate the graptolites when it was believed that they were a hydroid. Hemichordata 

Bates, 1885, was not known as a phylum in 1875. 

Two years later, Hopkinson and Lapworth (1875) republished the classification 

dropping the classification level for Monoprionidae, Mono-di-prionidae, Diprionidae, and 

Tetraprionidae; and adding the dendroid Graptolithina as suborder Cladophora (omitted 

here). This paper established the name Graptoloidea Lapworth, 1875 ( originally spelled 

Graptolitidae) , which has subsequently become widely used to refer to the clade 

comprising planktic graptolites. Their classification appears thus: 

"Class HYDROZOA, Huxley 

"Order HYDROIDA, Huxley 

"Division Graptolithina, Bronn 

"Suborder Rhabdophora 

"Section GRAPTOLITIDAE 

"Family Monograptidae 

"Family Nemagraptidae 
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"Family Dichograptidae 

"Family Dicranograptidae 

"Family Diplograptidae 

"Family Phyllograptidae 

"Section RETIOLOIDEA -

"Family Glossograptidae 

"Family Retiolitidae" 

In that paper, they were both prescient in predicting the power of graptolite fossils for 

stratigraphic dating and unknowingly ironic in noting that graptolites as Hydroida were 

long misinterpreted (italics mine). "Perhaps the most patent result of these researches is 

the circumstance that they clearly demonstrate that the Hydroida ofthese ancient rocks, so 

long shunned or misinterpreted by the systematist, are rapidly emerging from the obscurity 

which has enveloped them, and will perhaps soon stand side-by-side with the better 

understood Brachiopoda and Crustacea as unerring exponents of the true geological age of 

the most widely separated rocks in which they are found" (p.639). 

With some puts and takes, the basics of this classification held for decades. Bulman 

(1970) was able to note that, "To a remarkable extent this still constitutes the basis of 

current classification." This changed with a breakthrough in phylogenetic studies which 

came in 1950 when Willie Hennig published his cladistic methodology for phylogenetic 

systematics, as he had developed and applied it to his studies of insects. An English 

translation (Basic Outline ofa Theory ofPhylogenetic Systematics, 1965) led to the 

dominance of this approach in the study of evolutionary relationships, with Cartmill (1981) 

noting that, "Over the last three decades, the ideas of the late German entomologist Willie 
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Hennig have had an increasingly pervasive influence on the way many biologists think 

about systematics and classification. Hennig's work has been particularly influential in the 

United States, where a revised English language version of his 1950 magnum opus, 

Grundziige einer Theorie der phylogenetischen Systematik, was published in 1966" (p. 73). 

ORD D 0 

Figure 1.0.1. Text-fig 1 from Fortey & Cooper {1986). A cladogram produced by hand-calculated groupings of 

characters for anisograptids the first graptolites in the evolutionary series leading to the Axonophora. 
Numbers are apomorphies, letters are retained primitive characters. See Fortey & Cooper (1986) p. 634 for 

details of coding. With computerization, much larger data matrices can be processed. 

In cladistics, the genealogical connections are based on evidence of uniquely shared 

similarities (synapomorphies) derived evolutionarily from a common ancestor. The 

objective is to develop a cladogram for the group of organisms being evaluated where the 

branchings indicate genealogy and show the evolutionary changes in characters among 

taxa. The laborious hand calculated groupings as in the cladogram above were an obvious 

target for computerization. Several software packages have been developed that take 
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character matrices as input, evaluate possible trees, and select a best tree (or set of best 

trees), usually based on parsimony or maximum likelihood. These include PAUP developed 

and published by DL Swofford in 1983, followed by McClade (Maddison & Maddison) in 

1987, and TNT (Goloboff) in 2005. 

Hennig's phylogenetic systematics is the currently accepted process for studying and 

analyzing taxonomy and evolutionary studies in all biological systems including 

paleontology. However, in cladistics as in any other use of computerized tools, the quality 

of the analysis is only as good as the quality of the data that one puts into it. Hence, it is 

vital to select characters that one suspects are derived from common ancestors 

(homologies) that provide a strong phylogenetic signal and to analyze and code specimens 

accurately according to the standard developed for each character. Independently derived 

characters found in two or more different taxa that are not inherited from a common 

ancestor (homoplasies) are the bane of cladistics. It is important to identify these and 

either eliminate them or to find a way to code each individual convergence as a separate 

character state. In this, I have not always been successful, and much has been left for future 

work. 

A phylogenetic analysis culminating in a cladogram does not represent a "right answer." 

It is a hypothesis on evolutionary relationships that needs to be tested. As Fortey & Cooper 

(1986) noted, a cladogram is not an evolutionary tree, however, it can be useful in 

examining the logic of a given classification scheme and it is useful in determining the 

taxonomic status of subgroups, and for identifying monophyletic groups. This is its key 

contribution. Maletz (2014b) provided a key quote from Willie Hennig's 1950 work: 

"Monophyly is the central dogma of modern taxonomy." 
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1.1 PROBLEM STATEMENT 

Modern cladistic analysis techniques have been applied to various sets of graptoloid 

taxa. These frequently find that previously established taxonomic groups are polyphyletic. 

This study builds principally on the analysis of diplograptid phylogeny done by my advisor 

Dr. Charles Mitchell and his collaborators Dr. Daniel Goldman, Susan Klosterman, Dr. Jorg 

Maletz, Dr. H. David Sheets, and Dr. Michael Melchin, published in their 2007 paper, 

"Phylogeny of the Ordovician Diplograptoidea" (see Section 2.2 for summary). A more 

recent phylogenetic study (Maletz et al. 2009) has brought resolution to Early to Middle 

Ordovician graptoloid phylogeny, including anoxophoran ancestry up to the diplograptid

neograptid split. This still leaves a gap with origins of the anoxophoran climacograptids, 

normalograptids, lasiograptids, and dicranograptids. As noted by Mitchell et al. (2007) 

(p.333), "The tree reveals little certainty about the relations among these well supported 

clades, despite the good resolution shown in the consensus of the MPTs" (Most 

Parsimonious Trees). Their bootstrap analysis showed that many clades were weakly 

supported, with unresolved polytomies. My goal of improving resolution of Axonophora 

phylogeny has addressed some of these remaining issues. Retiolitids, petalolithids, and 

monograptids-arising after the Darriwilian-are out of scope for this current study. 

Frech (1897) seems to have been the first to recognize that all the later graptolites 

have a nema incorporated into their rhabdosomes and have a sicula at the proximal end, 

though Lapworth (1875) recognized that both structures were important. Frech therefore 

divided all graptolites into two orders-the Axonolipa, or forms without an axis, and the 

Axonophora, or forms with an axis. His classification fell into disuse, but Axonophora was 

resurrected in Maletz et al. 2009 upon realization that the same families that Frech 
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included in this order naturally fell out as a clade in their phylogeny. Fortey et al. (2005) 

also recognize this clade, but specifically rejected using the name Axonophora to identify 

it. This study focuses specifically on axonophoran graptolites of the Middle Ordovician 

Darriwilian Stage, which encompasses their origination and initial radiation. The best 

previous phylogenetic models have been enhanced and refined by more than doubling the 

number of taxa considered. 

1.2 STUDY GOALS 

Establishing an expanded phylogeny for the Axonophora supports analysis of possible 

causes of their directional macro-evolutionary history. Refinement of the phylogenetic 

relationships among the axonophoran taxa aids researchers investigating rates of 

evolutionary change during past times of dramatic climate change, as during the Late 

Ordovician. My first and most important goal is to produce the best possible phylogenetic 

model for the Darriwilian Axonophora to create an evolutionary base against which the 

evidence of continued evolution through time can be compared. My second goal is to test 

the application of continuous characters in seeking to improve phylogenetic results. My 

third goal is to use the improved resolution of the evolutionary history of the Axonophora 

to test several evolutionary hypotheses postulated by previous authors and of a few 

hypotheses original with this study. Several examples of support for hypotheses are 

included in the RESULTS section, as well as a number for which support was not found. 

Other goals include comparing these results to other studies to identify consistencies and 

discrepancies, to establish a database of published axonophoran graptolite images for 

future researchers to use, and to create the foundation for future research building on this 

study. 
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2.0 STUDY BACKGROUND 

Very little in the following introductory material is original to myself. Rather, it is a 

review of the work of many other authors which provides the necessary background to 

understand the new research and results which I have undertaken. The Axonophora 

suborder of the Graptoloidea Lapworth, 1875 sensu Fortey & Cooper, 1986 are placed in 

taxonomic and phylogenetic context with some historical background showing trends and 

changes in research and thoughts on this evolutionary group. They have been the subject 

of several phylogenetic studies either wholly or in part. These studies are reviewed to 

identify where I have derived some of the assumptions and approaches that I have 

undertaken as well as to show how our understanding of their evolution has grown 

through time based on the additional research of many workers. Note that throughout this 

work, excepting when quoting other authors, I follow Recommendation 6.1A of the 

International Code of Phylogenetic Nomenclature, and all scientific names are italicized, 

including those above the genus level. 

The in-scope Darriwilian axonophoran graptolites have been identified from all 

candidates in the Sadler, Cooper & Melchin (2011) constrained optimization graptolite data 

base. See Section 3.1 for a discussion of the process and Section 3.4 for the specifics in 

identifying the in-scope taxa. Sixty-seven taxa had materials sufficient to code in the 

character matrix for this phylogenetic analysis. These are: 

Amplexograptus Elles and Wood, 1907-Am. arctus Elles & Wood, 1907; Am. perexcavatus 

Lapworth, 1876. 

Archiclimacograptus Mitchell, 1987-Ar. ambiguus Maletz, 2011c; Ar.? pungens 

(Ruedemann, 1904); Ar. angulatus (Bulman, 1953); Ar. caelatus (Lapworth, 1875); Ar. 
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confertus (Lapworth, 1875); Ar. decoratus (Harris & Thomas, 1935); Ar. modicellus 

(Harris & Thomas, 1935); Ar. osloensis Goldman, Nolvak, & Maletz, 2015; Ar. riddellensis 

(Harris, 1924); Ar. sebyensis (Jaanusson, 1960); Ar. sheldoni (Hughes, 1989). 

Climacograptus Hall, 1865-C/. antiquus Lapworth, 1873, Cl. biformis Mu & Lee, 1958. 

Dicaulograptus Rickards & Bulman, 1965-Dicaul. cumdiscus Finney, 1985; Dicaul. hystrix 

(Bulman, 1932); Dicaul. luperus (Jaanusson, 1960); Dicaul. trechnus Ni, 1991. 

Dicranograptus Hall, 1865-Dicr. irregularis Hadding, 1913. 

Diplograptus M'Coy, 1850-Dip/. ellesi Bulman, 1963; Dip/. foliaceus (Murchison, 1839). 

Eoglyptograptus Mitchell, 1987-E. asymmetros Chen, 2016; E. gerhardi Maletz, 2010; E. 

jaroslavi (Boucek, 1973), E. sp 2 Maletz, 1997. 

Gymnograptus Bulman, 1953-G. linnarsoni (Moberg, 1896); G. ejuncidus (Berry, 1964). 

Haddingograptus Maletz, 1997-Ha. eurystoma (Jaanusson, 1960); Ha. hap/us (Jaanusson, 

1960); Ha. intermedius (Berry, 1964); Ha. maennili Goldman et al., 2015; Ha. oliveri 

(Boucek, 1973); Ha. tarimensis Chen, 2016. 

Hustedograptus Mitchell, 1987-Hu. quebecensis Maletz, 2009; Hu. vikarbyensis (Jaanusson, 

1960); Hu. bulmani Mitchell, Brussa, & Maletz, 2008; Hu. teretiusculus (Hisinger, 1840) 

sensu Jaanusson, 1960. 

Jiangxigraptus Yu and Fang, 1966, emend. Goldman, 2016-j. exilis (Elles & Wood, 1904);]. 

gurleyi (Lapworth, 1896);]. intortus (Lapworth, 1880);]. salopiensis (Elles & Wood, 

1904);]. vagus (Hadding, 1913). 

Levisograptus Maletz, 2011 - L. austrodentatus (Harris and Keble, 1932); L. dentatus 

(Brongniart, 1828); L. dicellograptoides (Maletz, 1998); L. primus (Legg, 1976); L. sinicus 

(Mu & Lee, 1958); L. sinodentatus (Mu & Lee, 1958). 
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Normalograptus Legrand, 1987-N. antiquus Ge et al., 1990; N. brevis (Elles & Wood, 1906); 

N. euglyphus (Lapworth, 1880); N. kukersianus (Wiman, 1895). 

Oelandograptus Mitchell, 1987-0. oelandicus (Bulman, 1963). 

Proclimacograptus Maletz, 1997-Procl. angustatus (Ekstrom, 193 7); Procl. bulmani Maletz, 

1997. 

Prolasiograptus Lee, 1963-Prol. retusus (Lapworth, 1880). 

Pseudamplexograptus Mitchell, 1987-Ps. distichus (Eichwald, 1840), Ps. latus (Bulman, 

1931). 

Pseudoclimacograptus Pribyl, 1947, emend. Mitchell, 1987-P. scharenbergi (Lapworth, 

1876). 

Undulograptus Boucek, 1973-U. cumbrensis (Bulman, 1963); U. klabavensis Boucek, 1973; 

U. marathonensis (Clarkson, 1963); U.? sp. A Williams, 1992; U.? sp. B Williams, 1992; U. 

novaki (Perner, 1895); U. camptochilus (Skevington, 1965); and U. formosus (Mu & Lee, 

1958). 

In cases henceforth where the genus designation of these taxa is clear, they will be 

abbreviated as shown above. 

SECTION 2.1 THE AXONOPHORA 

In 1897, the Lethaea geognostica oder Beschreibung und Abbi/dung der fiir die Gebirgs

Formationen bezeichnendsten Versteinerungen ("Lethaea Geognostica or Description and 

Illustration ofthe Characteristic Fossils ofMountain Formations") was published, written by 

Fritz Frech. This was a continuation of the published but unfinished 1876 "Lethaea 

palaeozoica': oder Beschreibung und Abbi/dung der fiir die einzelnen Abtheilungen der 

palaeozoischen Formation bezeichnendsten Versteinerungen ("Lethaea palaeozoica, or 
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description and illustration ofthe most characteristic fossils ofthe various divisions ofthe 

Paleozoic Formation'] by Carl Ferdinand van Roemer, who had died in 1891. The Lethaea 

geognostica included Frech's lengthy monograph on graptolites. On page 551, Frech 

wrote, "Dieselben sind mit einer Axe versehen (Axonophora) oder entbehren dieselbe 

(Axonolipa) und tragen die verschieden angeordneten, haufig mit stachelartigen Anhangen 

versehenen Hydrotheken (Zelle, Theka), van denen sich die Hulle des Embryonalpolypen 

(Sicula) meist deutlich abhebt." ("They are provided with an axis (Axonophora) or they 

lack the same (Axonolipa) and they carry variously arranged hydrothecae ( cells, thecae ), 

often provided with spiny appendages, of which the envelope of the embryonic polyp 

(Sicula) usually stands out clearly.") 

With this, he divided all graptolites into two orders, the Axonophora-those that have 

an extended nema (Frech's "axis" or also "virgula", both obsolete terms) to which the 

thecae of biserial or monoserial stipes attached-and the Axonolipa, those that do not. This 

is roughly akin to dividing animal life into "vertebrates" and "invertebrates", those that 

have a backbone and those that do not. In both cases, the former groups (Axonophora and 

"vertebrates") are descended from members of the latter groups, making the latter groups 

paraphyletic and less useful as clades. With the limited knowledge of the time (this was 

1897) much of what Frech deduced is recognized now as incorrect, and much was not 

accepted even by his peers (see Elles and Wood, 1908). However, he was prescient in 

recognizing that the extended nema provided support for the stipe(s) in a broad group of 

graptolites that were related by this feature. He did not recognize that this "axis" was the 

same structure as the nema in earlier graptolites (Bulman 1970), but he did discern the 

function that it performed. He found this in all the biserial graptolites that he examined 
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and he also found it in the monoserial graptolites, leading him to join these two groups in 

his Axonophora. 

Frech's Axonophora was divided into four families-Climacograptidi, Diplograptidi, 

Monograptidi, and Retiolitidi. His Climacograptidi included the genus Climacograptus 

(which at that time also included Pseudoclimacograptus scharenbergi and 

Normalograptus kuckersianus), two genera (Retiograptus and Dicranograptus) which have 

since been assigned to their own families, and a genus (Monoclimacis) which was erected to 

include monograptid species which had perceived "climacograptid" thecae but has since 

been returned to the Monograptidae. The climacograptid family was defined by Frech as 

having thecae "at right angles, outer edge straight, and indented by the thecal 

apertures." (This and the following material is summarized from the English 

translation of some material and assessment in Elles and Wood, 1908.) 

His Diplograptidi were defined by having a "rhabdosome with two rows of 

cells; hydrothecae oblique; outer edge toothed." It included the genus Diplograptus, 

at that time also including Hustedograptus teretiusculus and other non-Darriwilian 

genera; the genera Glossograptus, Glyptograptus, Orthograptus, Petalograptus, 

Cephalograptus, and Dimorphograptus. Currently recognized genera such as 

Levisograptus, Oelandograptus, Eoglyptograptus, Normalograptus, and Hustedograptus 

have been erected based on taxa previously assigned to Glyptograptus. His Monograptidi 

included the genera Monograptus, Pristiograptus, Rastrites and his newly erected 

Linograptus; and his Retiolitidi included the genera Retiolites, Stomatograptus, 

Lasiograptus, and his newly erected Gothograptus. 
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Although Ruedemann used Frech's Axonophora concept with changes in his 1908 and 

1947 books, many other researchers did not follow Frech' s scheme. Even Ruedemann 

removed the dicellograptids and dicranograptids from the Axonophora and placed them in 

the Axonolipa. Elles and Wood described Frech's classification in their 1908 volume VII 

history, but did not use it anywhere in their systematic paleontology. Bulman (1932 -

1936) did not reference the Axonophora, and in his 1955 Treatise on Invertebrate 

Paleontology, Part V, he dismissed Frech's defining character, noting that "Frech's 

suggested orders, Axonolipa and Axonophora, based essentially on absence or presence of 

an "axis," really reflect the degree of scandency attained by the rhabdosome, following the 

reduction in stipe number to two or one (p. V44)." In his 1970 edition, he stated that, "This 

emphasis on the presence or absence of a virgula was, of course, quite excessive, for Frech 

did not appreciate the identity of the virgula with the nema." and that "The terms Axonolipa 

and Axonophora are often useful adjectivally, but are not now accepted as having any 

taxonomic value (p. V7)." "Quite excessive" is a harsh dismissal indeed. This was likely 

due to the desire by graptolite workers to keep the Monograptina in a separate suborder 

from the Diplograptina based on their apparently significantly different morphologies ( see 

systematic paleontology in Bulman 1955 and Bulman 1970). Frech's work has more 

recently been recognized as correct (Maletz et al. 2009, Maletz 2014b) and is accepted 

here, modified as described below. See Section 2.2 for more discussion of the classification 

history. 

The suborder Axonophora (Frech, 1897 sensu Maletz 2014b) is composed of the clades 

(infraorders) of Diplograptina (sensu Mitchell et al. 2007) and Neograptina (Storch et al. 

2011). Stem axonophorans (Exigraptus Mu et al. 2002, Apiograptus Cooper & McLaurin, 
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1974; Levisograptus; Undulograptus) are included in Diplograptina by some authors 

(Maletz 2014b), and kept separate outside of the two infraorders by others (Mitchell et al. 

2007, Maletz et al. 2009). Otherwise, Diplograptina includes Dicranograptoidea Lapworth, 

1873, Diplograptoidea Mitchell et al., 2007 (Diplograptidae Lap worth, 1873, and 

Lasiograptidae Lapworth, 1880e), and Climacograptoidea Frech sensu Storch et al. 2011. 

Morphologically, the Axonophora are biserial, bistipular (having a single dicalycal theca 

that gave rise to two separate thecal series), di pleural (the dorsal walls of the two thecal 

series are back-to-back) graptoloids with platycalycal (budding on reverse side leaving the 

sicula mostly exposed on the obverse side) proximal end developed from dicalycal theca 2 1 

(henceforth, th21) or later thecae (Bulman 1963, Maletz et al. 2016). Other axonophoran 

apomorphies include a metasicular origin for th11 ( except that Levisograptus sinodentatus 

colonies apparently retain the primitive prosicular origin and Archiclimacograptus sheldoni 

may convergently have that character based on Hughes [1964, p. 64] description) and a 

simple ventral virgella. Maletz identifies Levisograptus as having the more primitive 

lanceolate rutellum (Maletz 2010) rather than the normal virgella. This is true for L. 

sinodentatus, L. austrodentatus, L. dicellograptoides, and L. sinicus, but both L. prim us and L. 

dentatus have normal virgellas (Mitchell et al. 2007). 

Cladistically (using a node-based definition), the Axonophora are the clade that includes 

the common ancestor of Diplograptus pristis (Hisinger, 1837) and Exigraptus clavus Mu, 

1979, and all its descendants; or for those who might prefer the longer-surviving 

Neograptina lineage, they are the clade that includes the common ancestor of Monograptus 

priodon (Bronn, 1835) and Exigraptus clavus Mu, 1979, and all its descendants. 
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Storch et al. 2011 defines the Neograptina as including Proclimacograptus angustatus, 0. 

oelandicus, and Undulograptus formosus with the normalograptids and monograptids. 

The Axonophora arose in the Dapingian, with the oldest known taxon to date being 

Exigraptus clavus (First Appearance Datum (FAD) at ~468.9 Mya), followed by 

Levisograptus sinodentatus at ~468.2 Mya, L. austrodentatus at ~467.7 Mya, L. primus at 

~467.3 Mya, Undulograptus formosus at ~467.2 Mya, L. sinicus at ~466.9 Mya, and L. 

dentatus at ~466.5 Mya. The earliest archiclimacograptid (Diplograptina) is 

Archiclimacograptus osloensis Goldman 2015 (~466.6 Mya) and the earliest diplograptid 

(Diplograptina) is Oelandograptus oelandicus Bulman 1963 (~464.5 Mya). All dates are 

based on Sadler, Cooper & Melchin (2011). 

To put the Axonophora in context, it is the last evolved suborder of the monophyletic 

Graptoloidea, which is the major order of planktonic graptolites possessing in morphology 

a nema caudal to the pendent sicula in their adult form (i.e., they are "nematophorous") and 

bilaterally symmetric colonies, secondarily lost in Monograptacea (Fortey and Cooper 

1986). The Graptoloidea arose early in the Lower Ordovician Tremadocian Stage from 

among the benthic dendroid graptolites. Cladistically, using a node-based definition, 

Graptoloidea can be defined as the common ancestor of Anisograptus delicatulus Cooper & 

Stewart, 1979 and Exigraptus uniformis Mu, 1979 and all its descendants. Either definition, 

by morphology or cladistically, would exclude a few possibly planktonic dendroid 

graptolites (Kraft & Kraft 2008, Skevington 1963). 

Within the Graptoloidea, the other suborders in stratigraphic and phylogenetic 

sequence (following Maletz 2014b, see cladogram in Figure 2.2.9) leading to the 

Axonophora, are the Graptodendroidina Mu & Lin, 1981; the Sinograpta Maletz, Carlucci & 
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Figure 2.1.1. Camera lucida and other drawings of selected axonophoran taxa arranged by first appearance 

datum. 1. Levisograptus sinodentatus (Mu & Lee 1958) NIGP32357 obverse (Chen et al. 2001 fig. 6V); 2. 
Levisograptus austrodentatus SM A51687 reverse (Mitchell 1994 fig. 21); 3. Levisograptus dentatus GSC 

134266 reverse (Maletz 2011a fig. 6C); 4. Undu/ograptus cumbrensis SM A53044a reverse (Mitchell 

1992 Fig2F); 5.0elandograptus oelandicus Cn 59891 reverse (Mitchell 1992 Fig3b); 6. 
Archic/imacograptus decoratus P310856 proximal detail ((Harris & Thomas, 1935) fig. 3:35); 7. 
Dicau/ograptus hystrix bl 0045 reverse (Bulman 1932 Plate VIII Fig. 15); 8. Haddingograptus 
oliveri PMO 138.565 reverse (Maletz 1997b fig 30K). All figures approximately l0X. 

9 10 11 12 13 14 15 
Figure 2.1.2. 9. Hustedograptus bulmani RM Cn 59946 (RM 011279) reverse (Mitchell 1992 fig. 3g); 10. 

Eoglyptograptus gerhardi PZ-NRM Cn 305 reverse (Maletz 2011a fig. 1D); 11. Normalograptus kuckersianis RM 

Cn 59935 reverse Mitchell 1987 fig. llK; 12. Gymnograptus linnarssoni (Urbanek 1959 Plate 1.1); 13. 

Amplexograptus perexcavatus MCZ 115917 (Goldman et al. 2002 fig. 2-6); 14. Dicranograptus irregularis 
BM Q.5654 reverse (Hughes 1989 fig. 20a); 15. Jiangxigraptus (Dicel/ograptus) exilis NIGP151786 (Chen et 
al. 2010 fig. 3C). Al I figures approximately l0X 

Mitchell, 2009; the Dichograptina Lapworth, 1873b; and the Glossograptina Jaanusson, 

1960. The Sinograpta are monophyletic. The Glossograptina however are paraphyletic, 
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having an ancestor of the Axonophora within it. The Dichograptina and the 

Graptodendroidina are also paraphyletic in the same way. 

The anoxophoran development of biserial, bistipular, di pleural stipes encasing the 

nema appeared relatively suddenly at the same stratigraphic horizon worldwide 

(Skevington, 1968, fide Skevington, 197 4) with some notable exceptions. They have not yet 

been found in eastern North America (Maletz 1997b, Goldman et al. 2013), nor in most of 

Scandinavia until the Levisograptus sinicus Subzone late in the Levisograptus austrodentatus 

Biozone (Maletz, 2005). The former case may be due to the depth of the slope successions 

being too great for what had become shallow water taxa, and in the latter case Maletz finds 

it simply "inexplicable." Levisograptus austrodentatus is very widespread, and is used to 

define the base of the Darriwilian. The slightly older L. sinodentatus appeared in the late 

Dapingian and survived into the Darriwilian. The Exigraptus genus may be the first of the 

axonophoran graptolites and are also late Dapingian earlier than L. sinodentatus. However, 

axonophorans were a small part of the early Darriwilian fauna which were dominated by 

the Dichograptidae, Isograptidae, Glossograptidae, and to a lesser extent the 

Sigmagraptidae. There was a major shift in the mid-Darriwilian in which diversity plunged 

considerably (Goldman et al. 2013, Zhang and Chen 2008), following which there was a 

major radiation of axonophorans. 

I have developed a composite range chart for the in-scope taxa in the graptoloid 

sequence database reported in Sadler, Cooper & Melchin (2011) used by them to construct 

global timelines for graptoloid taxa, representing all identifiable taxa up to that time. FADs 

and LADs (Last Appearance Datum) were flexed slightly and proportionally to 

accommodate the change in the Darriwilian lower and upper bounds published in 
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which range into the Sandbian. Those which have ranges extending beyond 455 mya are 

indicated with a dashed line. 

The origins of the Axonophora had been problematic for a long time with numbers of 

potential ancestors identified by various authors. These included Tetragraptus (Bulman 

1936), Isograptus (Thomas 1960; Jenkins 1980; Chen and Finney 1985), Maeandrograptus 

(Jenkins 1980), Phyllograptus (Cooper and Fortey 1982), Arienigraptus (Chen and Finney 

1985), Perrisograptus (Williams and Stevens 1988), Pseudisograptus and Exigraptus (Chen 

1982, Mitchell et al. 1995). Fortey et al. (2005) attempted to resolve this with a cladistic 

analysis, using Tetragraptus, Expansograptus extensus, and Didymograptellus bifidus as 

outgroups; the above identified potential ancestors; several non-axonophorans 

(Pendeograptus, Holmograptus, Cardiograptus, Bergstroemograptus, Glossograptus, 

Cryptograptus); and early axonophorans including Undulograptus sinodentatus, U. 

austrodentatus, U. formosus, U. sinicus, Oelandograptus, Hustedograptus, Eog lyptograptus, 

Pseudoclimacograptus, and Archiclimacograptus. Using 46 characters, they recovered the 

axonophoran graptolites as a clade (though they did not identify it as such), with 

Exigraptus as either the most recent common ancestor or the earliest axonophoran 

followed closely by Apiograptus crudus and Levisograptus sinodentatus. Pseudisograptus 

was recovered as the sister group to this clade, and is considered by Fortey et al. (2005) as 

being the most closely related non-axonophoran sharing a common ancestor. The 

glossograptids were another non-axonophoran lineage that appeared at about the same 

time as the Axonophora and in which the homoplasious biserial stipes were arranged side

by-side in a monopleural arrangement. Fortey et al. (2005) confirmed the separation of 

glossograptids from diplograptid clades. Maletz et al. (2009) also recovered 
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Pseudisograptus and Exigraptus along with Arienigraptus as stem axonophorans, derived 

from an isograptid stem group and sharing a common ancestor with glossograptids. 

Although this analysis roots the Axonophora in an ancestral lineage, it does not provide 

much information on how the Axonophora originated. We are likely missing taxa that 

would connect Levisograptus sinodentatus with Exigraptus and the isograptids and which 

would show us step-by-step how the changes in the early astogeny took place. When ( and 

if) such fossils are found, they will provide the early axonophoran evolutionary insight that 

we currently lack. 

In addition to apparently rapidly proliferating worldwide after their origination, the 

Axonophora apparently also accomplished a sudden shift in environmental adaptations. All 

available evidence indicates that the isograptids and pseudoisograptids were deep-water 

taxa (Goldman et al. 2016) and if so, the axonophorans evolved from a deep-water ancestor 

and radiated into more near-shore shallow-water environments. For example, Zhang & 

Chen (2008) analyzed graptolite diversity both temporally and geographically in a series of 

regions in south China representing distinct environments, from the Zhujiang Region with 

its deep-water basin deposits to the Jiannan Region with its deep-water slope deposits up 

to the Yangtze Region with shallow platform deposits. They found evidence for the deep

water origination of early axonophorans ( diplograptids) and for their subsequent rapid 

evolution while dispersing into progressively shallower habitats. Moreover, Goldman et al. 

(2013) used a parsimony based cladistic analysis which incorporated geographical regions 

to determine geographical origins of the Axonophora. They found, based on the best 

available data and assuming the accuracy of the phylogenetic model of Mitchell et al. 

(2007), that the earliest axonophorans such as Exigraptus, Levisograptus sinodentatus, 
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Figure 2. 1.4, after Sadler, Cooper, & Melchin (2011). Standing species richness of the Graptoloidea family level 

groups, Darriwilian Axonophora shown in red. 

Levisograptus austrodentatus and Undulograptus marathonensis have a geographical origin 

in paleotropical South China. In addition, they found that the Diplograptidae (Mitchell et al. 
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2007) including Diplograptus and Amplexigraptus evolved in Baltoscandia and Avalonia, 

that the Dicranograptoidea originated in South China and Baltoscandia with the majority of 

clade members (Dicranograptus, Dicellograptus and Nemagraptus) having evolved in 

Baltoscandia and Avalonia, and that the Climacograptoidea (which include the genera 

Archiclimacograptus, Pseudoclimacograptus, Climacograptus, and Haddingograptus) appear 

to have originated in low-paleolatitude localities of South China and western 

Newfoundland (Laurentia). Exigraptus for example is found in the Canadian Cordillera, 

Victoria Australia, South China, and Argentina pre-Cordillera; while Levisograptus 

sinodentatus is found in South China, Nevada/Idaho, and the Argentina Precordillera. 

These two have South China and the Argentina Precordillera in common. Levisograptus 

austrodentatus is found in the Canadian Cordillera, Victoria Australia, South China, Texas, 

and Nevada/Idaho. Thus only South China is shared by these three taxa. Levisograptus 

sinicus also shares South China among the localities in which it is found. (Location data 

taken from Goldman et al. 2016 figure 26.5.) 

SECTION 2.2 PREVIOUS PHYLOGENETIC STUDIES AND RESULTS 

The Axonophora, under different names, have been represented in several past 

cladistics studies, including Fortey & Cooper (1986), Mitchell (1987), Fortey et al. (2005), 

Mitchell et al. (2007), Carlucci (2008), Maletz et al. (2009), Maletz (201 lb) , Melchin et al. 

(2011), and Maletz (2014b). 

1. Fortey, RA. & Cooper, RA. (1986). A Phylogenetic Classification of the Graptoloids. 

This ground-breaking study was the first application of modern phylogenetics to the 

evolution of graptolites and the authors aggressively encompassed the entire order 

Graptoloidea (excluding only retiolitids) from its origination. However, despite PAUP's 
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availability starting in 1983, this study was performed doing all of the calculations and the 

mapping by hand. (PAUP was not generally known until after 1986. Between 1983 and 

1986, it was cited in only eleven studies, none of them in the paleontological community.) 

Cooper and Fortey (1983) had previously emphasized the importance of the early astogeny 

of graptolites in determining their phylogeny. In this study the majority of characters 

distinguishing the higher level taxa (genera, families, infraorders, suborders, etc.) are based 

on the shape of the sicula and the development of what Mitchell (1997b) subsequently 

designated as the primordial thecae at the proximal end. 

A major contribution of the study was to provide cladistic evidence for the inclusion of 

the anisograptids in the Graptoloidea rather than in the dendroid graptolites. Their 

analysis then identified two suborders above the anisograptids in the Graptoloidea, the 

Dichograptina and the novel Virgellina with the latter being all graptoloids that had a 

virgella and the former being all those without one. Because they focused on the presence 

of a virgella as a defining synapomorphy for the group, they excluded Exigraptus and 

Apiograptus. Somewhat ironically, they noted that the nearest existing prior established 

suborder was Axonophora, before discarding the notion of using it. The difference in 

morphology between the earlier evolved lamellar rutellum and the virgella was not 

recognized until Maletz (2010), leading to some confusions by Fortey & Cooper (1986). 

Fortey & Cooper (1986) apparently did not recognize that the virgella of Phyllograptus 

and Xiphograptus is not homologous with that in the Axonophora. As discussed in Mitchell, 

Maletz, and Zhang (1995), in the former two genera, the "virgella" spine is on the dorsal 

side of the sicula and in the latter two groups the virgella is on the ventral side. Maletz et 

al. (2009) provided evidence (p. 13) for independent origins of the dorsal virgella in 
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Phyllograptus and in the stem reclinatids (Maletz et al. 2009, figure 2) including 

Xiphograptus, indicating that this feature arose three times with only the Axonophora 

having it on the ventral side of the sicula. Further discussion can be found in Maletz (2010) 

where he asserted that the small ventral rutellum in Phyllograptus and Xiphograptus noted 

by Mitchell et al. (1995) is homologous with the axonophoran virgella, and that 

Levisograptus sinicus and L. primus "among other early biserials" possess the intermediate 

stage lamelliform rutellum. Also, where Fortey & Cooper (1986) believed that the origin of 

thl 1 moved from the anti-virgellar side to the virgella side, Maletz (2010) noted that the 

origin of thl 1 remained constant and that the earlier lineages had dorsal rutelli as opposed 

to the axonophoran ventral virgella. Fortey et al. (2005) though recognizing that the 

rutellum and virgella may not be homologous even with the Mitchell et al. (1995) and 

Maletz (2010) insights still insisted that the name Virgellina was the best description for 

the axonophoran graptolites. In this, I do not agree with them and concur with Mitchell et 

al. (1995). 

After discussion of the suborder Dichograptina Lapworth 1873b, Fortey & Cooper 

(1986) arrive at the Axonophora (their Virgellina). Although they include Xiphograptus, 

Phyllograptus and the Abrograptinae in this clade, I concur with Maletz et al. (2009) and 

Maletz (2014b) in excluding these from the Axonophora. Withoutthese, the Virgellina 

sensu Fortey et al., 2005 equals the Axonophora. 

The cladogram developed by Fortey & Cooper (1986) for the Virgellina/Axonophora 

follows in figure 2.2.1. For the time and the constraints imposed by manually 

calculating the cladogram and those from less understanding of the morphologies, this 

is really quite a good result. The characters they used to arrive at these results include 

24 



• 

• • 

seven axonophoran apomorphies: #67 virgella present (mistakenly shown as also 

applying to the Phyllograptidae, see comments above), #68/69 dichotomy d3 and d2 

suppressed (which is the cumulative way of expressing that there is only one dicalycal 

theca), #70 the metasicular origin of th 1, #71 possessing sigmoidally curved thecae, 

#72 having th2 1 as the dicalycal theca, #73 "capacity for cladia generation," #74 

biserial, and #75 simple sicula with dorsal sinus. We now know that #72 is not the 

primitive state. The levisograptids have th2 2 as the dicalycal theca, as does Exigraptus 

with whom they share an ancestor. Their assumption was likely based on the dicalycal 

state in the undulograptids, such as "Glyptograptus" dentatus on their tree. Character 
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Figure 2.2.1. Text-fig 9 from Fortey & Cooper {1986). This shows their Virgellina with the likely spurious 

inclusion of Xiphograptus, Phyl/ograptus and the Abrograptinae. The removal of these leaves the Axonophora 

as defined by Frech (1897) and as treated in this study. 
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• 

#75 was established by Maletz (2010) as not being an apomorphy for the Axonophora 

(see notes above). I also question #73 as a valid apomorphy, since no Darriwilian 

axonophoran before Nemagraptus exilis (out of scope for this study) develops cladia. 

Except for #73, all of these characters are included in my own data matrix. 

The remaining characters used in the Fortey & Cooper study are all 

synapomorphies for specific clades: #76 the left handed origin of thl 2, #77 

complication of sicular apertural margin (equivalent to multiple characters in the 

current data matrix such as having a dorsal notch, rutellum, lappets, spines, or lateral 

fold); #78 having an asymmetrical proximal end (in either elevation or inclination or 

YREJ..UiM. Subordet" Suborder 
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Figure 2.2.2. Text-fig 9 from Fortey & Cooper (1986) with Xiphograptus, Phyl/ograptus and the Abrograptinae 

removed, leaving the Axonophora. 

both), #79 no dicalycal theca (monograptids and cyrtograptids), #80 location of the 

26 



sinus for the origin of th21, #81 cladia present (they also indicated "or potentially so", 

but I wouldn't know how to measure this in a fossil, though it can possibly be deduced 

from a completed tree), #82 type B proximal pattern, #83 symmetrical proximal end, 

#84 type A proximal end, #85 type C proximal end, #86 partial or complete 

monoseriality, and #87 reduction of periderm. All of these, or variations thereof, are 

included in the current data matrix. Only #79, #81, #86, and #87 are of no use in the 

Darriwilian Axonophora, all of them being universally absent. Also, in addition to 

pattern types "A", "B'', and "C" used in Fortey & Cooper (1986), other pattern types are 

required for study of the Darriwilian axonophorans (see discussion under Mitchell 

1987 below). Fortey & Cooper (1986) were aware of the nine early astogeny patterns 

of Mitchell (1987). 

2. Mitchell, C.E. (1987). Evolution and Phylogenetic Classification of the Diplograptacea. 

This was a seminal work in graptolite phylogeny, as evidenced by the fact that is the 

most cited (130 citations) of all the works listed in this section, and it was immensely 

valuable to me not only in understanding the evolutionary importance of various 

characters, but also in applying them in this study. Of his nine patterns of astogenetic 

development, only "E" and "I" (not evolved until the Silurian) is not used in the current 

study. Additionally, his pattern "U" published in 1990 is used. 

Mitchell applied his astogeny patterns to diplograptacean evolution and mapped his 

findings onto the Fortey & Cooper (1986) phylogenetic tree, retaining the Virgellina 

suborder, but moving the Dicranograptidae into the Diplograptacea. Here the clade names 

atthe tips of branches have been replaced with the letter codes of his patterns, or genus 

abbreviations. See caption for figure 2.2.4. Mitchell also applied these techniques to 
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several additional phylogenetic trees constructed manually in the same manner as in 

Fortey & Cooper (1986). See figures 2.2.5 and 2.2.6. 

SUBORDER VIRGELLINA 
I Stem-groupSUPER· 

FAMILy .--------------□-ip_lo_g_ra_p_ta_c_e_a___________ Phytlograptidae 

FAMILy Orthograptidae Dicranograptidae Monograptidae Diplograptidae Phyllograptidae 
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f 40 48---r--
18 35-3721
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16 19 14 10-1261 15 13

60 
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Figure 2.2.4. Text figure 13A from Mitchell (1987) showing the evolutionary relationships of his astogenetic 

patterns as a cladogram fit into the Fortey & Cooper (1986) phylogenetic scheme. Character letters placed at 

end branches represent astogenetic patterns A-1, except "01" which represents Oelandograptus, "N" which 

represents Nemagraptus, "M" which represents monograptids, and "Is" which represents /sograptus. 

Mitchell introduces a much richer set of characters to define the Diplograptacea than had 

Fortey & Cooper (1986). Note that Mitchell's characters #25-27 (leading to Nemagraptus) 

and #40-47 (leading to monograptids) are not considered here, as they are out of scope for 

the current study. The rest of these all appear in figure 2.2.4, and the list in Appendix F is 

taken verbatim from Mitchell (1987) with my notation on whether the characters also found 

in Fortey & Cooper (1986) or whether it was new with Mitchell (1987). 

Virtually all of these characters are retained in the Mitchell et al. (2007) study as well as 

in my own analysis, though the majority of them are subsumed as character states within 

more complex characters. A few of Fortey and Cooper's (1986) characters are dropped: #74 
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biserial, #75 simple sicula with dorsal sinus, #80 location of the sinus for the origin ofth21, 

#87 reduction of periderm; and #82, #84, #85 type B, A, C proximal ends, respectively. 

These latter three are all encompassed in far more detail in Mitchell's individual 

astogenetic characters above. 

In his text figure 14, Mitchell retains the Orthograptidae family which he accepts from 

Fortey & Cooper (1986) as a sister group to the Diplograptidae, Dicranograptidae, and the 

Monograptidae families. 

3. Fortey, RA., Zhang, Y.-D., & Mellish, C. (2005). The relationships of biserial graptolites. 

Asserting (p.1241) that "The appearance of scandent biserial graptolites in the Middle 

Ordovician is one of the most important events in graptolite evolution," this team 

presented the earliest computer-analyzed phylogenetic tree for the Axonophora that I could 

find, equivalent to their Virgellina (Fortey & Cooper 1986). Their analysis of forty-six 

characters for twenty-five taxa was run using PAUP version 4.0b10 phylogenetic software 

on a Macintosh computer. The objective was not to produce a fully resolved phylogeny but 

rather to assess the various proposals made to that time for evolutionary origins of the 

scandent biserial ( axonophoran) graptolites. Their results in identifying axonophoran 

antecedents was covered in section 2.1. For the Axonophora, excluding Exigraptus, there 

were only nine taxa-Levisograptus sinodentatus, L. austrodentatus, L. sinicus, 

Undulograptus formosus, and five taxa coded at the generic level, Oelandograptus, 

Hustedograptus, Eoglyptograptus, Pseudoclimacograptus, and Archiclimacograptus. (These 

latter five were abbreviated as species level detail was not required to meet their 

objective.) 
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Figure 2.2.5. An extract showing the Axonophora including Figure 2.2.6. An extract showing fifty per cent majority rule 

Exigraptus and the stem group Pseudisograptus from Fortey tree for the Axonophora with stem group Pseudisograptus, 

et al. (2005) text-figure 5, a strict consensus tree showing showing more resolved relationships and level of support 

the relationships between biserial taxa. from Fortey et al. (2005) text-figure 6. 

Thirty-six of their forty-six characters vary within the Axonophora, but only twenty-one 

of these are still used in Mitchell et al. (2007) and in my own analysis. The matrix yielded 

twenty most parsimonious trees and the team published a strict consensus tree 

representing those twenty, so there are a number of polytomies. It does put L. sinodentatus 

as the most basal member of the group. The remaining levisograptids and Undulograptus 

formosus are grouped albeit as a polytomy having a common ancestor with 

Archiclimacograptus which in turn is in the stem group for the remaining taxa, three of 

which are in the same clade in my own phylogenetic model. Pseudoclimacograptus is the 

only one which appears misplaced compared to later studies including my own. 

4. Mitchell, C.E., Goldman, D., Klosterman, S.L., Maletz, J., Sheets, H.D. & Melchin, M.J. 

(2007). Phylogeny of the Diplograptoidea. 

My study uses the Mitchell et al. (2007) study Phylogeny ofthe Diplograptoidea as a 

foundation and I use all of their ninety-four multistate discrete characters, plus twenty

three additional characters developed afterwards (see Mitchell, Maletz, and Goldman 2009 
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below). Their study represents the best available published analysis of anoxophoran 

phylogeny until Maletz (2014b) which also relied upon it. Mitchell et al. (2007) is used as 

the foundation of other recent analyses, such as the Goldman et al. (2013) study of 

graptolite paleobiogeography, the Storch et al. (2011) upper Katian and Hirnantian study 

in which the Neograptina infraorder was erected, the Maletz (2011) proposals on 

Climacograptus andArchiclimacograptus, and the Maletz (2014b) taxonomic proposal for 

the Pterobranchia classification of Graptolithina taxa and of fossil and extant 

Cephalodiscida. Of their eighty-seven species, twenty-eight are also found among the 

ninety-three Darriwilian Axonophora identified in the Cooper et al. (2009) database, 

leaving sixty-five other Darriwilian candidates to be assessed for the current study (see 

section 3.4 and Appendix C). 

A 

Cl: 0.36 
Rl:O.n 
RC: 0.26 Superfamily Diplograptacea 
Tree length: 802 steps Suborder Diplograptina 
Strict concensus of 25 MPT's 

Figure 2.2. 7. The phylogeny presented in Mitchell et al. (2007) figure lA. 

The Mitchell et al. (2007) eighty-seven Diplograptoidea data set included two basal 

diplograptids (Undulograptus sinodentatus and U. austrodentatus) that were used as 
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outgroups. Their analysis used the PAUP 4.10b phylogenetic software package to perform 

parsimony searches among all possible phylogenetic trees. The heuristic procedure was to 

form starting trees by stepwise addition ofrandomly selected taxa with 400 additional 

sequence replicates. Branch swapping was by "tree bisection-reconnection" (TBR). As they 

noted, "We repeated this procedure using a number of other starting trees, branch addition, 

and branch swapping options, but in each case we obtained the same set of most-parsimonious 

trees with minor differences involving relations among closely related terminal branches" (p. 

333). 

Their analysis produced a set of twenty-five equally most parsimonious trees that were 

highly resolved (see figure 2.2. 7 above) from which the strict consensus tree was developed. 

However, their bootstrap analysis showed that the MPTs were not very robust and most 

groups were not well supported, a problem shared in the current study. One group that 

they noted as being very well supported is the Dicranograptacea with a bootstrap value of 

88%, and made up of Dicranograptus, Dicellograptus (the five in-scope taxa now assigned 

to Jiangxigraptus), and Dicaulograptus. Without the non-Darriwilian taxa they used, but 

with eight additional taxa this family is also well supported in the current study. The 

normalograptids fall out as a well-supported clade (66% bootstrap value), but as the most 

derived clade in the Diplograptoidea. The authors offered a number of logical reasons why 

this cannot be, and made a manual cut and move of this clade to create their proposed 

phylogeny. This shows below as a dotted line where they "cut" the clade and moved it to 

form a monophyletic group with the clade that runs from Undulograptus formosus to 

Proclimacograptus angustatus. Thus, they expressed a preference to see it in a clade which 

has in its stem group Oelandograptus oelandicus and Procl. angustatus. The current study 
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accommodates that but also replicates sharing a common ancestor with the 

Climacograptacea which they found problematical. Their second manual cut and move was 

a derived group of climacograptids, which they moved to join the clade from 

Archiclimacograptus modicellus to Ar. meridionalis as the most derived group in the 

Climacograptacea, joining the haddingograptids and a group of archiclimacograptids - Ar. 

modicellus, Ar. decoratus, and Ar. sebyensis. The current study finds Pseudoclimacograptus 

scharenbergi to be not included in this clade but rather basal to it and the normalograptids, 

and to share a common ancestor with the haddingograptids but not in a monophyletic 

clade. The rest of their analysis concerns taxa which are out of scope for the current study. 

Two other issues with their phylogeny were dealt with subsequently by Dr. Jorg Maletz, 

one of the co-authors. The first, documented in this paper, was the mix of astogenetic 

patterns "U" and "C" in the Undulograptus genus, with the pattern "U" taxa requiring a new 

name and revised description (see Maletz 2011a for the erection of Levisograptus and the 

resolution of this issue). The second that they recognized was the nature of the 

paraphyletic archiclimacograptid group with haddingograptids falling out in their midst, 

made worse by the manual move appending the derived climacograptids to it (see notes on 

Maletz 2011b, below). 

5. Mitchell, C.E., Maletz, J. & Goldman, D. (2009). What is Diplograptus? 

In this abbreviated study, the authors selected thirty-nine taxa that were particularly 

relevant in examining the phylogeny of Diplograptus pristis from the original eighty-seven 

taxa in their 2007 study discussed above. New material and a reconsideration of 

previously known specimens of Diplograptus pristis led the authors to recode that taxon 

and run a new phylogenetic model. Of particular interest to me in performing the current 
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study was their expansion of the previous 94-character set to 117 characters. This 117-

character set is used in the current study. Only three taxa from the Darriwilian were used 

by the authors and these provide no information of value in the current study. 

6. Carlucci, J. (2008). Phylogenetic analysis, systematics, and evolution of early Ordovician 

graptolites. Also, Maletz, J., Carlucci, J. & Mitchell, C.E. (2009). Graptoloid Cladistics, 

Taxonomy and Phylogeny. 

Carlucci's data set ( also used in Maletz, Carlucci, & Mitchell 2009, discussed below) 

consisted of thirty-three Graptoloidea taxa, with the primitive anisograptid Rhabdinopora 

flabelliformis chosen to serve as the outgroup, and these taxa were coded for forty-seven 

characters, some of which are primitive characters not relevant to the Axonophora. 

Based upon isolated specimens of graptolites (Early to Middle Ordovician age) from the 

Cow Head Group of western Newfoundland, Canada, Carlucci's study was limited to pre

Darriwilian graptolites and included none of the Axonophora excepting only Exigraptus. 

Nonetheless it is a very relevant study, as it provides additional support for the work done 

in Fortey et al. (2005) and demonstrates the antecedent evolution of the Axonophora 

leaving off at exactly the point in their evolutionary story where I pick it up. One difference 

is that Carlucci includes the arienigraptids as part of the stem group leading to Axonophora 

whereas Fortey et al. (2005) have it earlier sharing a common ancestor with the 

glossograptids and axonophorans. Both studies show Pseudisograptus belonging to the 

great monophyletic clade of axonophorans that begins with Exigraptus, and despite lacking 

some of the key morphological attributes perhaps cladistically Pseudisograptus should be 

included in Axonophora. This question is outside of the scope of my study (but see Maletz 

2014b). 
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Carlucci's consideration of continuous characters was of interest, though he had to 

discard most. His sicula length-width ratio is the only one that is in common with the 

current study. 

The Carlucci (2008) research work was enhanced in Maletz, Carlucci, & Mitchell (2009) 

with an attempt to refine the complex phylogeny by introducing multiple new levels and 

names ( according to conventions defined by de Queiroz 2007) to adequately define the 

large number of clades, leading to Subdivisions, Supercohorts, Cohorts, Subcohorts, 

Superorders, Suborders, Infraorders, and the like. According to de Queiroz (2007), groups 

above families are not intended to reflect degree of relationship or taxonomic organization, 

but rather evolutionary relationships. They are structured based on shared apomorphies 

and their time of evolutionary branching. Thus, the "cohort" Pan-Sinograpta, with 528 taxa 

in the Sadler, Cooper & Melchin (2011) database and three families, is placed in a 

taxonomic group five levels above the much larger "infraorder" Axonophora, and the "super 

order" Pan-Tetragrapta with only seven genera and 109 taxa in the Sadler, Cooper & 

Melchin (2011) database is three taxonomic levels above. Regardless, the much more 

complex phylogenetic model is largely consistent with that of Fortey et al. (2005), but 

provides a great deal more insight into the evolution of the Graptoloidea. Maletz, Carlucci, 

& Mitchell (2009) revived the clade name Axonophora, but applied it more narrowly than 

Frech did, excluding Exigraptus, Levisograptus and most Undulograptus taxa. These latter 

taxa were placed in an axonophoran stem group, which was included with the Axonophora 

in a "Pan-Axonophora" suborder. I do not identify clade names above the genus level in the 

current study. 
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Suborder Suborder 
Pan-Glosso Pan-Axonophora 

grapta 

Superorder 
Pan-Tetrag rapta 

Cohort 
Pan-Sinograpta 

stem reclinatids 

1-----~ 4 Cohort Pan-Reclinata 

....,...,......___...------<2 Supercohort Eugraptoloida 

Subdivision Graptoloida 

Figure 2.2.8. The phylogeny presented in Maletz et al. (2009) figure 2. 

7. Maletz, J., (2011a). Climacograptus pungens Ruedemann, 1904 and the Definition of the 

Darriwilian (Ordovician) Graptolite Genus Archiclimacograptus Mitchell, 1987. 

Based on the Mitchell et al. (2007) phylogenetic analysis and his own analysis of the 

taxa in question, Maletz proposed a move of the haddingograptids to share a common 

ancestor with Undulograptus formosus and to have a common ancestry with 

Pseudoclimacograptus scharenbergi. The phylogeny appears to be a manual effort based on 

the cladistics in the Mitchell et al. (2007) study. See section 5.9 for the detail on how my 

study supports this hypothesis. 
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8. Maletz, J. (2014b). The Classification of the Pterobranchia (Cephalodiscida and 

Graptolithina). 

A new phylogenetic analysis was not run for this paper, to be adopted for the up

coming revision of the Treatise on Invertebrate Paleontology, Part V (Hemichordata), but the 

taxonomy reported in Maletz et al. (2009) was revisited and significantly simplified, 

consistent with PhyloCode which states that clade names are not intended to be taxonomic 

ranks. As shown in Figure 2.2.9, Tetragraptidae has been reduced to a family in 

Dicranograptina (which replaces the "stem reclinatids"), the Isograptidae have been 

included in glossograptids (though with some still on the stem leading to the Axonophora), 

and Exigraptus is identified as the currently most basal known member of the Axonophora, 

whether one applies Frech's defining characteristic of an extended nema to which the 

thecae of biserial or monoserial stipes attached or the modern equivalent apomorphies of a 

biserial di pleural rhabdosome enclosing the nema. Maletz synonymized the suborder 

Axonophora (p. 507) with Virgellina Fortey & Cooper, 1986 ( excluding abrograptids, 

xiphograptids, and phyllograptids) and emended in Fortey et al. (2005); with the 

Diplograptacea Mitchell, 1987; and Diplograptoidea Mitchell et al., 2007 (however, this last 

synonymy requires explicitly adding Exigraptus). It should also be synonymized with Pan

Axonophora Maletz et al., 2009 (minus the isograptid stem lineage below Exigraptus 

uniformis). 

As shown in Figure 2.2.10B, Maletz has recognized Axonophora as a monophyletic clade. 

However, he has included the stem axonophorans in the Diplograptina. This may be 

unnecessary, as it is not required that all members of a clade also be in a top clade ( de 

Queiroz 2007). Diplograptina may be better recognized as a monophyletic clade sister to 
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Monograptina, as Maletz et al. (2009) had it. Also interesting in Figure 2.2.l0A is the 

identification of the problematical Undulograptus marathonensis as Levisograptus, which is 

not repeated in tree B. Maletz (2014b) does not include a revision of this taxon. See 

section 5.4 for an analysis and discussion of the generic placement of U. marathonensis. 

2.3 THE DARRIWILIAN STAGE OF THE MIDDLE ORDOVICIAN EPOCH 

The fossils of the Ordovician Epoch from 485.4 to 443.7 Ma (all dates from Gradstein et 

al. 2012) provide evidence for the Great Ordovician Biodiversification Event (GOBE) 

wherein the number of preserved taxa is about three times greater than in the Cambrian. 

This diversity increase included the planktic realm, in which there was an expansion of 

planktonic trilobites and the introduction of the prolific planktic Graptoloidea in large 

numbers as well as other less readily preservable metazoans (Rigby & Milsom 2000). 

In 1996, the International Subcommission on Ordovician Stratigraphy created a new 

global classification of the Ordovician System of three series (Lower, Middle, and Upper) 

and seven stages. The Darriwilian Stage was set as the upper stage of the Middle 

Ordovician Series with the Global Stratotype Section and Point (GSSP) defined in the 

Huangnitang section in China, beginning at the FAD of the graptolite Levisograptus 

(Undulograptus) austrodentatus (as documented in Mitchell et al. 1997), with a base 

boundary established at about 467.3 million years ago to 458.4 million years ago (plus or 

minus 3 million years). A boundary age revision by the International Commission of 

Stratigraphy (ICS) reset the estimated dates at 468.1 to 460.9 Ma± 1.6 myr (Gradstein et al. 

2004). The ICS recognized the GSSP upper boundary for the Darriwilian when it 

established the base of the newly named Sandbian Stage at the base of the Nemagraptus 

gracilis zone at Fagelsang, Scania, Sweden. A further revision in the Geologic Time Scale by 
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the ICS recalibrated the boundary dates to 467.3 to 458.4 Ma± 1.1 myr (Gradstein et al. 

2012). The Darriwilian is thus an 8.9 million-year-long time unit that is the upper stage of 

the Middle Ordovician. The boundary dates are not arbitrary, but are set on the best 

available dating methods, including potassium-argon and uranium-lead (zircon crystal) 

radiogenic isotope techniques, 40Ar-39Ar neutron irradiation monitor dating method, the 

carbon isotope excursions, and, of course, fossil correlations with sites of known ages 
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based on these methods (see Gradstein et al. 2004). The accuracy has also improved with 

subsequent study-± 3 Ma in 1997, to ±1.6 Ma in 2004, to ±1.1 Ma in 2012. The 

Darriwilian stage is generally divided into four biozones, designated Dal through Da4, 

based on the Australian biozones. 

Climate and geography were apparently conducive to a cosmopolitan distribution of 

Levisograptus austrodentatus. Somewhat after the Levisograptus austrodentatus 

appearance, species became more provincial. Skevington (1974) identified two major 

graptolite faunal provinces that arose in the late Arenig ( early Darriwilian) after a long 

period ofrelatively uniform worldwide temperatures. One of these which he named the 

"Pacific province faunas" included those whose fossils are now found in Australia, New 

Zealand, China, middle Asia, Taimyr, Kazakhstan, Kirgizia, North America, South America 

(Argentina), Western Ireland, Southwest Scotland, and West Central Norway. The other, 

his "Atlantic province faunas" included those whose fossils are now found in Wales, 

England, South and East Ireland, continental Europe (from the Mediterranean northwards 

to the Baltic and from the western seaboard eastwards to Bohemia), North Africa, and 

South America (Bolivia and Peru). While many graptolite taxa were endemic to one or the 

other of these, there were many that are found in both provinces ("pandemic"). 

Populations became more provincial during the Darriwilian, such that many regions today 

have unique biozones for this time period. Loydell's graptolite biozone correlation charts 

(2012) identify six different provinces in the Darriwilian above the Levisograptus 

austrodentatus Biozone (however, Baltica and Laurentia have nearly identical biozones). 

Skevington attributed the differences primarily to latitudinal variation in surface water 

temperatures, based on paleomagnetic, tectonic, biological, and environmental 
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information. The Pacific province faunas straddled the Darriwilian paleoequator from 30° 

north to 30° south, and the cool/temperate Atlantic province faunas occurred in higher 

latitudes (greater than 30° south) and show less diversity than in the Pacific province. 

Additional discussion can be found in Cooper et al. (2004); Zhang, Chen, & Goldman 

(2007); and Sadler, Cooper, & Melchin (2011). 

50-.----------------~ Another trend in the Darriwilian, 
4 5 ...... .. ......................... .... .. ...............Diversity ············ ·· /\······························· 
40 

111 

..... . r d (d ... ) . ;..-itotaL(dJ. ... 

nz;\ ~ 
shown explicitly in Figure 2.1.4 above, 

is the increase in diversity of 

Graptoloidea taxa during Dal, followed 

0 +--~~~..:.......----,,:;.....;.,...;;'-,--~~~~~~~~ by a diversity crash ( extinction event?) 1 3 5 7 9 11 13 15 17 
ITREMADOCIANI ARENIG I DARRIWI LIAN I CARADOC I 

Figure 2.3.2. Diversity plot for Baltica. (Cooper et al. 2004, with significant losses in the 
Figure 27.3, page 288). 

dichograptid and sigmagraptid clades 

at the end of Dal, at which point axonophoran diversity increases. Beginning in Da3, 

axonophorans become the dominant graptoloids. Zhang & Chen (2008) found increasing 

axonophoran diversity in South China through the Darriwilian with platform taxa 

increasing from five taxa at the beginning to fifteen by mid-Darriwilian, and with 

diplograptids replacing dichograptids and glossograptids on the slope and increasing from 

two taxa to twelve. Comparison of these populations to Australasia, Baltica, and Avalonia 

finds the same trend of increasing diversity during this time globally (Cooper et al. 2004). 

Climacograptids greatly increase in diversity beginning in Da2, and the normalograptids 

diversified. Cooper (1979) reported an 80 percent turnover of taxa at the top of Da2 in 

New Zealand, and Lenz & Jackson (1986) similarly found a decline from fifty-two to 

fourteen taxa at the top of Da2. Axonophoran graptolites become an ever increasing 
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proportion of the total population, until at the end of the Darriwilian isograptids and 

sigmagraptids become extinct and dichograptids are greatly reduced in numbers. Sadler, 

Cooper & Melchin (2011) and Cooper & Sadler (2012) report an extinction event at the end 

of the Darriwilian which they say is the one of the most severe prior to the Hirnantian. 

The increase in marine biodiversity that began with the Ordovician was likely driven by 

the increase in area of shallow continental seas especially in the tropics, with tectonic plate 

drift creating geographic separation into several provinces ( dispersal of the continents was 

at a maximum despite the concentration of many plates in Gondwana), an associated 

increase in volcanism, and other biological and geological factors (Servais et al. 2010). 

Ordovician diversity had two significant peaks, one in the late Arenig ( early Darriwilian, 

Dal) and one in the late Llanvirn (late Darriwilian, Da4; Cooper & Sadler 2012), which for 

the Graptoloidea show graphically in Figure 2.1.4. A eustatic curve is included in Figure 

2.3.1 and shows a slow and intermittent regression that began in the Dapingian through 

the early Darriwilian with a short-lived mid-Darriwilian transgression and regression, 

followed by a slow transgression peaking at the end of the Darriwilian. The climate 

appears to have been stable at about modern equatorial temperatures throughout the 

Darriwilian as measured using apatite oxygen isotope composition (Trotter et al. 2008,fide 

Cooper & Sadler 2012). 
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3.0 MATERIALS & METHODS 

3.1 OVERVIEW OF DATA SPECIMENS AND SOURCES 

Candidate Darriwilian graptolites have been identified from the Sadler, Cooper & 

Melchin (2011) constrained optimization graptolite data base. Their database of graptoloid 

taxon ranges contained 582 stratigraphic sections and 2214 distinct taxa that had been 

reported from at least one section. The database showed 378 graptolite taxa found in 

Darriwilian strata. Of these, 93 taxa were assigned to axonophoran families and were 

candidates to be included in this study. I identified few additional taxa and these have also 

been included. 

Once I identified the viable candidates I then searched the literature as 

comprehensively as time and resources permitted. (See Section 3.4 for a discussion of the 

specifics in identifying the in-scope taxa.) The specimens of axonophoran graptolites used 

in this analysis principally came from photographs already published by other authors. 

found drawings and usable illustrations in eighty-one different published papers and I 

reviewed over a thousand candidate specimens. Hundreds of these specimens were 

selected to be used in coding the characters in the character matrix. The selected 

specimens are listed in Appendix C and are also identified as such in the description on 

each of the plates in Appendix G. 

Several older publications ( e.g. , Ruedemann 1947) provided detailed illustrations, but 

these were not used, as the original specimens were not identified, and may have been 

uncatalogued and not available to current researchers. Some of these have been useful in 

providing scale, where more suitable specimens were published without usable scale. 
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Others provide generic illustrations for the purpose of comparison in identifying specimens 

(e.g., Zalasiewicz et al. 2009), and these also are not suitable for coding. 

In addition, scores of specimens were examined and photographed in seven collections. 

These were at the American Museum of Natural History (AMNH), the Yale Peabody Museum 

of Natural History (YPM), the Paleontological Research Institution (PRI), the Geological 

Survey of Canada (GSC), the Smithsonian Institution National Museum of Natural History 

(NMNH), a collection on loan to Dr. C.E. Mitchell from the Naturhistoriska riksmuseet (RM 

Cn, RM 01) in Stockholm, Sweden, and the personal collection of Dr. C.E. Mitchell at SUNY 

Buffalo. 

One candidate taxon, Skanegraptus Janus (Maletz 2011c), was not included in the final 

version of this study. The source paper was acquired after the other taxa had been coded 

and analysis was underway. When it was coded and added to a data matrix that produced 

sets of robust trees, the trees collapsed. The strict consensus tree was almost entirely 

polytomies, and even the majority rule tree could not resolve eighteen taxa. Some effort 

was made to attempt to understand the cause, but it had to be set aside rather than delay 

completion of the thesis. This taxon needs to be analyzed in detail to determine the causes 

of disruption and determine what fixes need to be made to successfully incorporate this 

currently problematical taxon. This is listed in section 7.0 as a follow-on project. 
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Figure 3.1.1. Effects of adding Skanegraptus janus to the data set. Left, the Strict Consensus tree of 

82 MPTs showing majority of taxa in a polytomy. Right, the Majority Rule tree from the same data 

set, showing eighteen unresolved taxa. 

3.2 CHARACTERS, CODING, AND WEIGHTING 

Fortey et al. (2005, p. 1247) remind us that as phylogeneticists, our interest should be 

in the characteristics of the animal that we are studying, but for graptolites we do not have 

the animal, we only have the proteinaceous domicile that its zooids secreted to live in. In 

this, we are in much the same situation studying a fossil bivalve or brachiopod shell 

secreted and grown as a part of its biological activity while knowing little about the soft 

parts of the animal itself, except for those that made an impression on the shell surface. 

The characteristics of the graptolite exoskeleton are consistent within populations and 

distinctly different enough from other populations to be identifiable to a specific taxon. We 

assume thatthe characters of the rhabdosome are reflective of the mode of life of the 
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colony and that its distinctions reflect in some part the distinctiveness of the original 

species. To date, there is still no known usable soft bodied fossil of a planktic graptolite 

(Maletz 2014b), and hence we do not yet understand how the rhabdosome was used by the 

colony (Dr. C.E. Mitchell pers. comm.). 

As noted in section 2.2, the current phylogenetic analysis is based on a 117-character 

set developed collaboratively by several researchers and last used in the Mitchell, Maletz, & 

Goldman (2009) phylogenetic analysis of Diplograptus. This analysis used a data matrix 

coded for thirty-nine taxa, all of which were previously included in the Mitchell et al. 

(2007) eighty-seven specie, ninety-four character Diplograptacea phylogenetic analysis. 

Together, these two studies are henceforth referred to as "the prior studies" in discussing 

characters used in this study. 

The current 117-character set is summarized in the following paragraphs. For detail on 

each character, including definition, character states, and examples, see Appendix A. The 

number in parentheses following each character is the character number as it appears in 

the data matrix (Appendix B) and in the detailed description of characters (Appendix A). 

Wherever "distal" thecae are referenced, I use th51, except in cases where that theca is 

damaged or its character state is obscured. 

There are ten characters covering prosicula and sicula shape and condition, and virgella 

states. These are Sicula Shape (2), Dorsal Notch in Sicular Aperture (4), Ventral Notch in 

Sicular Aperture Adjacent to Virgella (13), Elaboration of the Dorsal Side of the Sicular 

Aperture (5), Prosicular Reduction (7), Prosicular Rod States (8), Virgella Configuration 

(15), Virgellar Development (16), Virgellar Elaboration (17), and Virgellar Spine Length 

(18). 
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There are twenty-three characters that define the proximal structure and early 

astogeny of the rhabdosome, the configuration of primordial thecae and the position of the 

dicalycal theca, the patterns of prothecal budding, and the enclosure of the sicula. These 

are Theca 11 Foramen Location (39), Theca 11 Foramen Construction (24), Dorsal 

Deflection of the Sicula (1 ), Sicula Obverse Exposure (3), Theca 11 Tucked Under (78), 

Theca 12 Foramen Position (33), The ca 12 Foramen Location (Origin) ( 40), Mode of Theca 

l2 to Theca 21 Differentiation (29), Dicalycal Position (21), Metathecal Differentiation 

Theca 21 to Theca 22 Prothecae (27), Metathecal Differentiation Theca 22 Daughter (28), 

Number of Primordial Thecae (30), Proximal Symmetry (34), Sicular Enclosure On Theca 1 2 

Side (37), Sicular Enclosure On Theca 11 Side (38), Dorsal Sicular Exposure (23), Growth 

Form of Descending Theca 12 Protheca ( 41), Theca 21 Descending Protheca Handedness 

( 42), Theca 21 Prothecal Growth Geometry ( 43), Theca 22 Prothecal Growth Geometry ( 45), 

Theca 31 Prothecal Growth Geometry ( 48), Theca 21 Flange Location ( 44), and Theca 31 as 

Lateral Bud from Dicalycal Theca 21 ( 46). 

There are twenty characters that describe the rhabdosome architecture including the 

nema and specialized developments such as presence or absence of parathecae, scapulae, 

parasiculae, membranes, cladia, and lacinia. These are Parathecae (6), Proximal Spine 

Membranes (9), Sicula/Stipe Relationship (10), Virgellar Parasicula (14), Theca 11 

Parasicula (11 ), Theca l2 Parasicula (12), Cladial Branches (19), Determinant Colony 

Growth (20), Distal Dorsal Wall of Stipe (22), Geometry of Stipes (25), Lacinia (26), Nema 

Development (31), Nema Support Structure (32), Rhabdosome Torsion (35), Scapulae (36), 

Thecal Number at Dicranograptid Bifurcation (50), Distal Thecal Apertural Excavation 
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Depth (55), Intrathecal Fold (68), Prothecal Folds (69), and Proximal Dorsal Wall of Stipe 

(70). 

There are forty-seven characters for the repeated characters describing thecal shape 

and spine development at four places along the rhabdosome: at thl 1, thl2, th31, and distally 

(th5 1). These are repeating homologous characters that often are the same in these four 

positions, but which often vary in character state expressed. Because these characters are 

developmentally related, they are down-weighted in the phylogenetic analysis, as 

described below. There are also three that assess gradients in shape and four other 

characters. The characters are Metathecal Geometry for The ca 11 (79) and The ca 12 (84), 

and the closely related Interthecal Septum Configuration for The ca 31 ( 49) and Distal The ca 

(58); Apertural Orientation Theca 11 (71), Theca 12 (83), Theca 31 (87), and Distal Theca 

(52); Primary Apertural Shape Theca 11 (72), Theca 12 (85), Theca 31 (88), and Distal Theca 

(53); Secondary Lateral Apertural Features Theca 11 (73), Theca 12 (82), Theca 31 (89), and 

Distal Theca (64); Apertural Isolation Theca 11 (74), Theca 31 (93), and Distal Theca (63); 

Apertural Thickening Theca 11 (75), Theca 31 (90), and Distal Theca (54); Genicular 

Elaboration Theca 11 (76), Theca 31 (91), and Distal Theca (56); Genicular Shape Theca 11 

(77), Theca 31 (92), and Distal Theca (62); Pseudogeniculum Theca 11 (80), Theca 12 (86), 

Theca 31 (94), and Distal Theca (65); Sub-Apertural Inclination Theca 31 (96), and Distal 

Theca (66); Supra-Apertural Configuration Theca 11 (81), Theca 31 (97), and Distal Theca 

(61); Interthecal Septum Inclination Theca 31 (47), and Distal Theca (57); Ventral Median 

Thecal Spine Location Theca 11 (103), Theca 12 (105), Theca 31 (106), and Distal Theca 

(99); Ventral Median Thecal Spine Condition Theca 11 (102), Theca 12 (104), Theca 31 

(107), and Distal Theca (98); Sub-Apertural Configuration Theca 31 (95), Distal Prothecal 
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Differentiation (59), Distal Thecal Overlap (67), Pattern of Change in Thecal Shape (51), 

Theca 11 Additional Thecal Spines (101), Ventral Median Thecal Spine Length Gradient 

(108), and Lateral Apertural Spine Length Gradient (100). 

There are nine characters that describe presence of peridermal thinning, presence ( or 

observability) of the list structure, and the presence of a thecal mesh. The characters are 

Distal Aboral List (109), Distal Post-Apertural Lists (110), Periderm Reduction (111), 

Theca l1 Birds-Eye Thinning (112), Theca l1 Metathecal Reduction (113) , Theca l1 

Periderm State (114), Theca 31 Aboral Lists (115), Theca 31 PostApertural Lists (116), and 

Thecal Mesh (117). 

Since this 117-character data set is designed to also be applied to non-axonophoran 

taxa in other studies, there are fifteen characters that are essentially not used in this study 

because they do not apply. All the following are coded as "absent" or at a constant value 

and hence have no phylogenetic effect in this study. They are retained so that the matrix 

for this study can be combined with others in the future. The non-participating characters 

are Virgellar Elaboration (17), Parathecae (6), Proximal Spine Membranes (9), Theca 11 

Parasicula (Secondary Tube Grown from the Sicular Aperture) (11), Theca l2 Parasicula 

(12), Determinant Colony Growth (20), Lacinia (26), Scapulae (36), Theca 11 Secondary 

Lateral Apertural Features (73), Theca 31 Lateral Apertural Features (89), Theca 11 

Additional Thecal Spines (101), Theca l1 Birds-Eye Thinning (112), Theca l1 Metathecal 

Reduction (113), Theca l1 Periderm State (114), and Thecal Mesh (Reticulum) (117). 

Coding 

The coding done on the twenty-eight taxa from the Mitchell et al. 2007 study by those 

authors has been accepted, and used as the model for coding the thirty-nine taxa being 
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newly added to this database. The specimen images selected for this study were reviewed 

and individually coded. Published photographs, camera lucida drawings, and my own 

photographs were used for this, and other illustrations and drawings were used for 

guidance. Discrepancies in the coding led to some specimens being discarded as not being 

sufficiently well-preserved to code accurately or because they were likely not of the taxa to 

which they were assigned. In other cases, polymorphisms were recognized within the 

taxon being studied, and these were coded to indicate that both morphologies existed. 

Weighting 

Thirty-four characters were down-weighted due to strong correlation. In TNT, weights 

must be from 1 to 65, so a fully-weighted character is weighted at 65. Thirty-three of these 

are thecal characters that repeat from early astogeny thecae (thl 1, 12) to later thecae ( such 

as th3 1 and th5 1) or from th3 1 to more distal thecae (e.g., th5 1) with greater or lesser 

correlation between their character states. These are summarized in the table below. 

These had all been down-weighted in Mitchell et al. (2007), but the weighting here is 

substantially different, as would be expected by having a different data set. 

These characters are not developmentally independent of one another, which 

phylogenetics demands of characters. Instead, there are similarities between thecae within 

a specimen of a given taxon as they grow up the rhabdosome, but there are differences as 

well. Since they are related to some degree but not entirely, I used correlation analysis to 

determine the degree of relationship and used this to reduce the weight given to the 

character proportionally. The Microsoft Excel CORREL() function was utilized to calculate 

the sample correlation coefficient, r1k, which is equal to the covariance of j,k divided by the 

product of the standard deviations of j and k (Pik = cov (j,k)/ Sx Sy), and which is an estimate 
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of Pik-the unknown correlation coefficient of the whole population. This correlation 

coefficient was tested to ensure that I could be at least 95% confident that the sample 

result reflects the unknown value for the whole population by calculating the t-test statistic 

and comparing it to the table of Student t-distribution in Davis (2002). 

Theca 11 Theca 12 Theca 3 1 Distal 

Character Description Char Weight Char Weight Char Weight Char Weight 

Aperture Orientation 71 65 83 61 87 56 52 23 

Ventral Median Spine Location 103 65 105 17 106 14 99 4 

Ventral Median Spines Condition 102 65 104 23 107 21 98 12 

Primary Apertural Shape 72 65 85 41 88 29 53 13 

Apertural Thickening 75 65 -- -- 90 34 54 12 

Geniculum Shape 77 65 -- -- 92 27 62 4 

Genicular Elaboration 76 65 -- -- 91 30 56 4 

Secondary Apertural Features 73 65 82 65 89 0 64 45 

Apertural Isolation 74 65 -- -- 93 15 63 1 

Supra-Apertural Configuration 87 65 -- -- 97 44 61 47 

Pseudogeniculum 80 65 86 0 94 0 65 0 

Subapertural Inclination -- -- -- -- 96 65 66 29 

Interthecal Septum Inclination -- -- -- -- 47 65 57 54 

Aboral Lists -- -- -- -- 115 65 109 28 

Metathecal Geometry 79 65 84 40 -- -- -- --

Subapertural Configuration -- -- -- -- 95 65 60 34 

Interthecal Septum Configuration -- -- -- -- 49 65 58 24 

Post Apertural Lists -- -- -- -- 116 65 110 25 

Table 3.2.1. Weights applied to correlated characters 

For example, Aperture Orientation in thl 2 is weakly correlated to the orientation of 

thl1, but with more than 95% confidence, so it is down-weighted. The correlation 

coefficient in this case is 0.24. The sample size n is 66, so there are 64 degrees of freedom 

(n - 2). Calculating the t-test of correlation variable, t = (0.24*(SQRT(66-2)))/ (SQRT(1-

(0.24A 2))) = 1.997. The one-tail Student t-distribution value (right tail) at .05 is 1.669. 

Since tis greater than this, I am more than 95% confident in this result. The weight to be 

applied is its estimate of independent variance (1-r2) as done in Mitchell et al. (2007), and 
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multiplying that by the full weighting of the thl 1 orientation (e.g., 65 X (1-0.242) = 61). 

Thus, the weight shown in Table 3.2.1 for thl 2 Aperture Orientation (first row) is 61. 

Similarly, the th3 1 orientation has a 0.36 correlation to that in thl 1, passes 95% confidence 

with t =3.162, and it is weighted the same way (e.g., 65 X (1-0.362) =56). The orientation 

of th51 is mostly highly correlated to that of th3 1 and it is weighted by determining its 

estimate of independent variance and multiplying that by the weighting of the th3 1 

orientation (e.g. , 56 X (1-0.732) = 23). Note that for some characters, the th5 1 value is more 

strongly correlated with thl1 or thl2 . One anomaly is noted. For the two characters 

"Secondary Apertural Features" and "Pseudogeniculum," the coded values for thl 1 and th3 1 

are all identical, ( and also for th5 1 for "Pseudogeniculum"). These should be given a weight 

of "O" or dropped as a character. Zero weights are not allowed in TNT and the characters 

have varying values in other taxa outside the scope of this project, so they are retained, 

with a minimal weight of "1," which should not significantly affect outcomes. 

3.3 SOFTWARE AND HARDWARE USED 

1. Phylogenetic tree development began with the "Tree Analysis Using New Technology" 

(TNT) phylogenetic software Version 1.1 (Goloboff et al. 2005, 2006) and finished with 

TNT Version 1.5 (Goloboff et al. 2016). Potential result changes from version 

differences was tested and I found that the newer version did not introduce any 

discrepancies. I used TNT to analyze my discrete character data sets as well as my 

continuous character data sets. TNT has a number of options in analyzing phylogenetic 

models, and the use of these is documented in section 4.1. 

2. The FMCBox statistical analysis software was written in 2003 using MatLab by Dr. H. 

David Sheets, one of my advisors, who kindly made it available to me. I used it to 
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convert my population of continuous character value measurements to discrete 

character coding values. The software implements the Finite Mixture Coding (FMC) 

statistical inference procedures described in Strait et al. (1996) to determine iteratively 

the number of different theoretical statistical populations that are required to make up 

the pattern found in the data set. 

3. All other statistical calculations were performed in Microsoft Excel 2016. 

4. A DinoLite AM4113T Digital Microscope was used to enable photography atthe various 

museums in compatible formats and scales. Depth of field issues were apparent, so a 

Dino Lite model AM4115ZT was acquired as it had the additional capability of taking a 

series of images at different focal distances, which could be digitally stacked to produce 

a single image in focus for the entire depth of the specimen. Specimens in the 

Naturhistoriska riksmuseet collection and the Dr. C.E. Mitchell personal collection at UB 

were photographed with this device. 

5. DinoCapture 2.0 Digital Image Analyzer software was used to manipulate and analyze 

the digital images from the DinoLite microscope (including measurements). 

6. All graphics image processing was done with Adobe Photoshop Elements Version 2 and 

Adobe Photoshop Elements 2018 on an Acer /Gateway laptop computer Model P5SW0 

with Windows 7, subsequently completed on an HP notebook 15T with Windows 10. 

7. All phylogenetic software, especially for the staggering number of computations 

required in evaluating prospective trees in determining the set of most parsimonious 

trees and in creating a consensus tree were run on a HP Pavilion 500 4th Generation 

Intel® Core™ i3-4150 processor dual-core running at 3.5GHz with 8 GB of memory and 

3MB Shared Cache. This system runs 80% faster than the computer used in in the 
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Mitchell et al. (2007) study and has substantially more memory, enabling the large 

dataset here to be processed efficiently 

3.4 DATA COLLECTION SPECIMENS 

Specimens convincingly identified as belonging to the in-scope taxa are principally used. 

Specimens referred to taxa were used judiciously, depending on the degree of uncertainty 

expressed by the authors. Some authors, such as Hughes (1989), used "cf" in the case 

where original specimens no longer exist for direct comparison, as in his Dicellograptus cf 

intortus. In these cases, I included the specimens in the taxon. In other cases, such as in 

Maletz (201 la), specimens have been referred, but with expressed skepticism that they are 

the same taxon due to morphological or temporal differences, or both. Some, such as 

Maletz's Eoglyptograptus sp. 2, have been included here as separate taxa. Some of these 

may be awaiting the original author's more complete analysis and description. Other 

referrals fall between these and are considered case by case, usually being excluded from 

consideration for coding, but are included in the plates and figures. Specimens identified as 

having affinity with established taxa, but without sufficient similarity to be "referred" are 

excluded altogether. In many cases, the preservation is too poor to allow identification, and 

in others the morphology is sufficiently different to not allow identification as a known 

taxon, though enough similarities exist to posit a relationship. Specimens with designations 

for new taxa yet undescribed indicated with "sp. cf", "n. sp. ", "aff", et cetera are also 

excluded. 

Several of the taxa are important biostratigraphically, and these appear extensively in 

the literature, with many specimens available for phylogenetic coding. Some of these 

papers explicitly note that specimens have been selected for this reason (e.g., Zhang, Song, 
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& Zhang 2011). Other taxa are rarely covered in the literature, and for several, no examples 

could be found. Many revisions in the taxonomic classification have been made over the 

years, and in quite a few cases overmuch splitting has been recognized ( often due to 

taphonomic distortions) and previously established taxa have been combined. For the most 

part these have been accepted. In some cases, sufficient undistorted material exists to code 

the different populations, and thereby provide some testing of the revisions. These are 

noted below. 

A key issue in the use of specimens is the quality of preservation. This is covered more 

completely in the following section (3.6 Taphonomic Variances), but key is that the 

distortions occurring after burial (rupturing, flattening, stretching, shearing, etc.) change 

the shape of the fossil such that measurements are not comparable, and even cause 

researchers to classify specimens of the same taxon as separate taxa. In this study, 

therefore, three-dimensional specimens are analyzed as a group and relief specimens are 

included only if it can be demonstrated that no significant distortion occurred. Low relief 

and flattened specimens are not used, except for characters not amenable to distortion, 

such as virgella length and sicula length, and for a few taxa clearly identified in this section 

in which only flattened specimens are available. These have been used, while recognizing 

the risk, for coding characters that are not likely to have changed with the distortion, and 

coding ambiguous ones as questionable("?"). 

In most all cases, the coding has used not only the images referenced in Appendix C, but 

also written descriptions published either informally or as part of systematic paleontology. 

Selected taxa are treated more fully in ''Appendix D - Axonophoran Systematic 

Paleontology". Although only the coded specimens are listed below, the plates (Appendix 
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G) include all available identified specimens, with those used in coding noted with an 

asterisk. 

The use of drawings in coding is somewhat problematical. Although it is assumed that 

most published drawings are from camera lucid a projections and are accurate portrayals of 

the specimens, very few authors have specified that that is the case. Those that have are 

Elles & Wood ( all publications), Mitchell (1987), Williams & Stevens (1988), Mitchell 

(1994), Taylor (1997), Goldman et al. (2002), Ganis (2004), Mitchell et al. (2008), Zhang et 

al. (2009), Chen et al. (2010), and Goldman et al. (2015). These have been trusted. All 

others are used only when insufficient material otherwise exists or if they are entirely 

consistent with actual specimens. Otherwise, they are frequently used for guidance, but 

not measured. 

Some taxa are problematical in their genus assignments. This is particularly true for 

Diplograptus foliaceous and Diplograptus ellesi. These two do not form a clade in the vast 

majority of the trees in this study, and their characters are not in alignment with the type 

species Diplograptus pristis. In the trees and in the analysis section "Diplograptus" has had 

quotation marks placed around it to indicate that the genus assignment is questionable. 

Another issue exists with gymnograptid specimens identified as belonging to 

Gymnograptus retusus. The taxon was originally established as Lasiograptus retusus by 

Lapworth (1880) based on a British specimen (BU 1349) from the Llandeilo Shales north of 

Llandrindod Wells. Berry (1964) published three specimens found in Oslo, one of which he 

assigned to Lasiograptus retusus and two others to G. linnarsoni. Maletz (1997b) used these 

and other material and reorganized this taxon as Gymnograptus retusus. Dr. Mitchell and I 

believe that the Berry (1964) Norwegian material was misidentified by Maletz (1997b) and 
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that this material is not the same taxon as the type specimen for Prolasiograptus retusus. 

An analysis of this issue is in Section 5.10. 

3.5 CHARACTER REVISIONS FOR QUANTITATIVE (CONTINUOUS) CHARACTERS 

As noted in Section 3.2 (Characters, Coding, and Weighting), this character analysis is 

based on the defined axonophoran 117-character set developed collaboratively by several 

researchers. All the characters used in the prior studies and after were "discrete 

characters," in which two or more readily discernable morphs exist. One example is the 

binary form that includes absence/presence of a trait-for example, a parasicula ( a 

secondary tube grown from the sicular aperture) can be present ( as it is in a few taxa) or 

absent. Another form can be multistate, but still discrete, where there are three or more 

morphs possible. An example is the location of the dicalycal theca. This could be th1 2, th2 1, 

th2 2, th31, or the biserial split could be delayed to a more distal theca, or the rhabdosome 

could be "aseptate," in which no medium septum is formed. 

Fourteen characters are continuously variable, being quantitative characters that can 

be measured. Due to the restrictions imposed by older phylogenetic software that was not 

capable of handling continuous characters, the prior studies were forced to treat these as 

discrete characters by establishing artificial boundaries between states (based presumably 

on statistical clustering) to make them discrete. Each species could thus be "binned" with 

physically similar taxa. In this study, thirteen of these (11.1 % of the 117 characters) are 

treated as quantitative, with hope that this may provide some additional resolution to the 

phylogeny. Discussion of these thirteen characters follows below. One other-Thl 2 

foramen location ( originally Character 39)-might be a candidate for quantitative 

measurement, but in reality could not be measured with the material at hand, due to being 
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a very tiny feature that is almost immediately obscured by peridermal growth. The best 

that could be done in prior studies was to estimate in which third (upper, middle, lower) of 

the protheca it occurs (unless absent), or if it occurs in the metatheca (upward grown part 

ofth11), and that scheme is continued herein. 

The major problem with "binned" characters is illustrated in this hypothetical example. 

Assume that a character is set up with three states comparing the length of the primary 

dimension with a secondary dimension. "Binning" requires that boundaries be set up 

between states. In this case, the three states are that the ratio of the secondary dimension 

to the primary dimension is 0.00 to 0.3 3 ( state 1 ), or 0.34 to 0.6 7 ( state two), or 0.68 to 

1.00 (state three). Three specimens with ratios of 0.15, 0.50, and 0.85 would be coded as 

"1", "2", and "3", distinctly different. However, two specimens with ratios of 0.10 and 0.32 

would be coded equally as "1" and "1", despite a wide range of difference between them, 

and another ofratio 0.34 would be coded as "2", possibly ( and artificially) forcing it into a 

different clade, despite being nearly identical to the second specimen with a ratio of 0.32. 

Continuous characters represent not only variation between taxa, but also variation 

among individuals within a species. Statistical clustering based on ranges and means of 

values can provide phylogenetic signal (Goloboff et al. 2005). 

The TNT software requires that all continuous (measured) characters be at the 

beginning of the sequence (Goloboff et al., 2003b). Hence, these characters have been 

repositioned from their original location in the matrix and renumbered from 1 to 13. The 

original character number is notated. The software also requires that measured characters 

be scored with values between 0 and 65 (inclusive), using up to three decimal values (i.e., 

values between 0.000 and 65.000). Some of the measured character coding was adapted to 
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fit this requirement, specifically that involving angles. I found that the TNT software treats 

continuous characters as ordered characters, rather than performing statistical clustering 

based on ranges and means of values, though this was not clear from documentation. The 

results of this analysis are covered in section 4.2. 

All characters were measured using the DinoCapture 2.0 software graphical analysis 

features, described in section 3.3. Although measurements are made to three decimal 

places, this implies an accuracy that cannot be justified in actuality. For example, on linear 

measurements made in millimeters, it implies accuracy to one micron. In actuality, the 

software tool itself is not capable of measuring a 1-micron distance. Further, the majority 

of specimens analyzed have been scanned from publications and the measurements are 

based upon the published scales. It is clear that the original scales themselves are not 

accurate to this degree, and that some accuracy is lost in the reproduction and publishing 

process. Some specimens have been published without scales and scale has been added 

from closely related specimens of the same taxon and in several cases from camera lucida 

drawings with scales. Examples exist of photographic specimens with scales and camera 

lucida drawings with scales for the same specimen within a 

single paper in which the scales themselves do not match. 

Specimens photographed with the digital microscope are 

measured with carefully calibrated scales, but would still 

be suspect at the third decimal place. For this reason, all 
Table 3.5.1. Angles measured on 

Amplexograptus perexcavatus 
measurements have been rounded to one decimal place specimens. 

before being used in calculations. Similarly, all angles have been rounded to the nearest 

whole, without decimals. 
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In most cases, multiple specimens are available for coding in each taxon. This gives 

multiple measurements for each character. In all cases where multiple measurable 

specimens have been collected, the measured values represent the mean of several 

measured specimens. Due to variances in individual specimen expression, preservation of 

the formation, photographic/drawing shortfalls, and measurement inconsistencies, a range 

of values will result. The mean of measured values for specimens within a taxon is used in 

the phylogenetic analysis. On the prior page is a table of measurements for character 5 

("Theca 11 apertural orientation angle of inclination") for the seven measurable specimens 

of Amplexograptus perexcavatus. The mean value is 57°, and it is that which is entered into 

the matrix. Only actual measurements have been used for ratios-in no case have averages 

from measured specimens been applied to those that could not be measured. 

Where examples illustrated below have been taken from previously published material, 

both the author and date of publication are noted. Remaining cases use my own 

photographs. 

Where isolated, three-dimensional specimens are being measured, there is a high 

confidence in the measurement results. However, most relief specimens available have 

been flattened to a greater or lesser degree during fossilization and subsequent diagenetic 

compaction of the strata, leading to deformation of the preserved specimen. Consequently, 

I use isolated and preserved-in-high-relief ( although often partially flattened) specimens 

exclusively. In some cases, comparison of measurements between isolated and partially 

flattened relief specimens were made to ensure that the measurements accurately reflect 

comparable states. It should be possible to reverse engineer accurate measurements even 

from completely flattened material, but that is beyond the scope of this paper. 
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Questionable measurements due to deformation or coverage by later periderm have been 

coded with a"?". Further discussion of the effects of deformation is found in Section 3.6. 

Character 1: "Sicula Shape Ratio of Length to Width". This is character 2 "Sicula Shape" 

in the discrete scheme, in which it is a 3-state character, where the shape is judged to be 

"Blunt" (value= "O", using Normalograptus as the standard-species not specified), 

"Medium" (value= "1"), or "Slender" (value= "2", using Levisograptus sinodentatus as the 

standard). It is here calculated as the ratio of the length to the width. The length of the 

sicula is measured from the distal end of the prosicula (where the nema attaches) to the 

base of the virgella. The width is measured at the aperture of the sicula from the base of 

the virgella to the dorsal edge. 

Carlucci (2008) measured both sicula length and apertural width for thirty-two taxa of 

Lower Ordovician graptolites from the Cow Head and Table Head Groups in western 

Newfoundland. From these he calculated a "Sicular Length/Aperture Width" character (his 

character 40), which is equivalent to this character. None of the taxa in his study overlap 

with the ones in this study. Three illustrative examples follow. Note that in the illustrative 

examples for the characters following, several flattened and low relief specimens are 

shown. These were not used in the final analysis, only three-dimensional and high-relief 

specimens were used. In all cases in this paper the scale bar is 1 millimeter. 

Levisograptus sinicus and Dicaulograptus hystrix were coded as "Slender" (value= 1) in 

the prior studies. Archiclimacograptus confertus is here coded for the first time. 

By comparison, the ratio of length to width in Normalograptus antiquus is about 2.4 to 

1, and that of L. sinodentatus is about 5.0 to 1, about half that as for L. sinicus. If "Medium" 

is the average between these, then it would scale at 3.7 to 1. Both Dicaul. hystrix and L. 
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sinicus are significantly more "slender" than L. sinodentatus. Archiclimacograptus confertus 

falls between N. antiquus and L. sinodentatus, and was scored as "Medium" under the 

discrete scheme. 

B. 
Figure 3.5.01. A. Archic/imacograptus confertus GSC 132338. With a measured length of 0.78mm and width of 

0.18mm, this specimen has a length to width ratio of 4.33. B. Dicau/ograptus hystrix PZ-NRM Cn 59953. With a 

measured length of 1.01mm and width of 0.13mm, this specimen has a length to width ratio of 7.69. C. 

Levisograptus sinicus GSC 102836. With a measured length of 1.14 mm and width of 0.12mm, this specimen has 

a length to width ratio of 9.5. 

Character 2: "Sicula Obverse% Exposure". This is character 3 "Sicula Obverse 

Exposure" in the discrete scheme in which it is a 3-state character, where the exposure is 

judged to be "Short" (value= "O", if approximately one-third of the sicula is exposed, or 

less), "Medium" (value= "1", if approximately one-half of the sicula is exposed), or "Long" 

(value= "2", if approximately two-thirds or more of the sicula is exposed). It is here 

calculated as the ratio of the length of the exposure to the length of the sicula. The length of 

the sicula is measured as in character 1. The length of the exposure is measured from the 

point of enclosure by more distal thecae to the base of the virgella. The calculated ratio 

expresses the percentage of the sicula that is exposed after being enclosed. Three 

illustrative examples follow. 

All three of these taxa, Haddingograptus eurystoma, Normalograptus kuckersianis, and 

Pseudamplexograptus distichus had previously been coded. Haddingograptus eurystoma 
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and N. kuckersianis were both coded as "short" in the discrete coding, though this specimen 

of N. kuckersianis should be coded as "medium." Ps. distichus had been coded in the prior 

studies as having a "long" obverse exposure ( = "2"), consistent with this specimen. 

51 
A. B. C. 

Figure 3.5.02. A. Haddingograptus eurystoma RM 01 203. With a measured sicula length of 1.01 mm and 

exposure of 0.35 mm, this specimen has a "Sicula Obverse% Exposure ratio" of 35%. B. Pseudamplexograptus 
distichus PZ-NRM Cn 1704. With a measured sicula length of 3.79 mm and exposure of 2.74 mm, this specimen 

has a "Sicula Obverse% Exposure ratio" of 72%. C. Norma/ograptus kuckersianis uncatalogued specimen 

Goldman et al. 2011 fig. lJ. With a measured sicula length of 0.97 mm and exposure of 0.55 mm, this specimen 

has a "Sicula Obverse% Exposure ratio" of 57%. 

Character 3: "Virgellar Spine Length% Sicular Length". This is character 18 "Virgellar 

Spine Length" in the discrete scheme, in which it is a 3-state character, where the spine 

length is judged to be "Short" (value= "O", ifless than one-third of the sicula length), 

"Medium" (value= "1", if between one-half of the sicula length and the full sicula length), or 

"Long" (value= "2", if greater than the full sicular length). It is here calculated as the ratio 

of the length of the virgellar spine to the length of the sicula. The length of the sicula is 

measured as in character 1. The length of the virgellar spine is measured from the point of 

attachment to the sicula to the tip of virgella. Three illustrative examples follow on the next 

page. 

Of these three specimens, Haddingograptus eurystoma had previously been coded, and 

was scored as "Short" (value= "O"), consistent with the current measurement. 

Archiclimacograptus ambiguus and Amplexograptus arctus are here coded for the first time. 
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This character has an issue as a measured character. In order to measure the sicula and 

virgella to determine their ratio, both must be visible. Since the sicula is entirely enclosed 

in mature rhabdosomes, generally only immature specimens can be measured. Since it is 

likely that the virgella continued to grow as the specimen matured, this character actually 

becomes "Virgellar Spine Length % Sicular Length in Immature Specimens". Also, since in 

the discrete case the relative lengths can be estimated even though the sicula is no longer 

visible, I have a much smaller sample in the continuous measurement case. 

A. 

C 
Figure 3.5.03. A. Amplexograptus arctus USNM 138667. Black line is 1 mm scale bar. White line is 11.3 mm 

virgellar spine length. With a measured sicula length of 1.32 mm, this specimen has a "Virgellar Spine Length% 

Sicular Length" of 856%. B. Archic/imacograptus ambiguus GSC 80838. With a measured sicula length of 1.21 

mm and a virgellar spine length of 0.51 mm, this specimen has a "Virgellar Spine Length% Sicular Length" of 

42%. C. Ha. eurystoma RM 01 203. With a measured sicula length of 1.04 mm and a virgellar spine length of 

0.27 mm, this specimen has a "Virgellar Spine Length% Sicular Length" of 26%. 

Character 4: "Dorsal Sicular Exposure% Sicular Aperture Width". This is character 23 

"Dorsal Sicular Exposure" in the discrete scheme, in which it is a 5-state character, where 

the exposure is judged to be "No Exposure" (value= "O"), "Less Than Sicular Aperture 

Width" (value= "1"), "Approximately Sicular Aperture Width" (value= "2"), "Greater Than 

Sicular Aperture Width" (value= "3"), or "Equal to or Greater Than Half Sicular Length" 

(value= "4"). It is here calculated as the ratio of the length of the dorsal sicular exposure to 

the width of the sicular aperture. The width of the sicula at the aperture is measured as in 

character 1. The dorsal sicular exposure is measured from the lowest point of th2 1 
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attachment to the sicula to the dorsal edge of the sicula opening. Three illustrative 

examples follow. 

A. 
Figure 3.5.04. A. Archic/imacograptus cae/atus GSC 119834d. With a measured sicula width of 0.34 mm and 

dorsal exposure of 0.13 mm, This Specimen Has a "Dorsal Sicular Exposure% Sicular Aperture Width" of 37%. B. 

Norma/ograptus antiquus PMO 138.455 (Maletz 1997b). With a measured sicula width of 0.26 mm and dorsal 

exposure of 0.29 mm, this specimen has a "Dorsal Sicular Exposure% Sicular Aperture Width" of 112%. C. 

Haddingograptus eurystoma bl 2774. With a measured sicula width of 0.24 mm and dorsal exposure of 0.10 

mm, this specimen has a "Dorsal Sicular Exposure% Sicular Aperture Width" of 41%. 

Of these three specimens, Haddingograptus eurystoma and N. antiquus had previously 

been coded, and were scored as "No Exposure" (value= "O") and "Approximately Sicular 

Aperture Width" (value= "2") respectively. N. antiquus prior coding is consistent with the 

current measurements, Ha. eurystoma is not. In fact, of the twenty-one measurable 

specimens of this taxon, only two specimens show no exposure. It is possible that the 

coding associated with Ha. eurystoma were actually from specimens now assigned to Ha. 

tarimensis. Archiclimacograptus caelatus is here coded for the first time. 

Character 5: "Theca 11 Apertural Orientation Angle oflnclination". This is character 71 

"Theca 11 Apertural Orientation" in the discrete scheme, in which it is a 3-state character, 

where the inclination is judged to be "Everted" (value= "O"), "Horizontal" (value= "1"), or 

"Introverted" (value= "2"). 
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It is here measured as the angle of inclination from the midline of the rhabdosome. This 

measurement (and other angular measurements to follow) requires identification of the 

midline. This is accomplished by measuring the distance between the outermost surfaces 

of th21 and th2 2, identifying the midpoint, measuring the distance between the outermost 

surfaces of th5 1 and th52, identifying that midpoint, and connecting the midpoints. This 

line should approximately fall on the medium septum (on undistorted specimens). In some 

cases, th41 and th42 have had to be used or th5 1 and th42, but with minimal loss of 

consistency. 

The line of inclination is drawn from the apertural opening atthe aboral wall ofth1 1 to 

the ventral edge. This will be parallel to the top of the most distal fusellar growth bands of 

the the ca, if visible. Apertural elaborations such as cusps, spines, lobes, notches, and 

lappets are ignored. Note the projecting lappet on Amplexograptus perexcavatus in the first 

example below. Everted apertures will have an angle of less than 90°, horizontal apertures 

will have an angle of about 90°, and introverted apertures will have an angle greater than 

90°. Three illustrative examples follow on the next page. 

The angular measurement indicated in yellow here and subsequently (or in red) is 

emphasized for illustrative purposes and is five times the thickness of the fine lines used in 

the actual angular measurement. Measured angles here and in all subsequent angular 

measurements are rounded to the nearest degree. Because the TNT software can only 

handle values between 0 and 65, the values are divided by 100 and then entered. 

All three of these taxa had previously been coded, and were scored as "0" ("Everted"), 

"1" ("Horizontal"), and "2" (Introverted") respectively. The first two were scored 

consistent with the current measurements, but this specimen of Undulograptus 
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camptochilus is found by measurement to be much closer to horizontal than to introverted. 

Note that the Amplexograptus perexcavatus specimen is coded from a camera lucida 

drawing rather than from a photograph. No photographed specimens of Am. perexcavatus 

early astogeny were found in the literature, but most characters could be coded from the 

one usable photograph and several consistent camera lucida drawings. Camera lucida 

drawings of three-dimensional specimens have been used in the coding of some specimens, 

and as guides in other cases. 

A. B. 
Figure 3.5.05. A. Amplexograptus perexcavatus MCZ 115914 (Goldman 2002). The "Theca 11 Apertural 
Orientation Angle of Inclination" is 46°. B. Norma/ograptus antiquus PMO 138.598 (Maletz 1997b). The "Theca 

11 Apertural Orientation Angle of Inclination" is 87°. C. Undu/ograptus camptochi/us IRScNB A336 (Servais & 
Maletz 1992). The "Theca 11 Apertural Orientation Angle of Inclination" is 91°. 

Character 6: "Theca 12 Apertural Orientation Angle of Inclination". This is character 83 

"Theca 12 Apertural Orientation" in the discrete scheme, in which it is a 3-state character, 

where the inclination is judged to be "Everted" (value= "O"), "Horizontal" (value= "1"), or 

"Introverted" (value= "2"). It is here measured as the angle of inclination from the midline 

of the rhabdosome, determined as for character 5 above. The line of inclination is drawn 

from the apertural opening at the ab oral wall of thl 2 to the ventral edge. Three illustrative 

examples follow. 
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Of these three taxa, Hustedograptus teretiusculus had previously been coded, and was 

scored as "1" ("Horizontal"), consistent with the current measurements-83° from 

horizontal. Gymnograptus ejuncidus and Haddingograptus intermedius are here coded for 

the first time. 

B 
Figure 3.5.06. A. Gymnograptus ejuncidus PMO 69.880 (Maletz 1997b). The "Theca 12 Apertural Orientation 

Angle of Inclination" is 57°. B. Hustedograptus teretiusculus PMO 138.882 (Maletz 1997b). The "Theca 12 

Apertural Orientation Angle of Inclination" is 83°. C. Haddingograptus intermedius PMO 138.699 (Maletz 

1997b). The ''Theca 12 Apertural Orientation Angle of Inclination" is 104°. 

Character 7: "Theca 31 Interthecal Septum Angle of Inclination". This is character 4 7 

"Theca 31 Interthecal Septum Inclination" in the discrete scheme, in which it is a 3-state 

character, where the inclination is judged to be "Approximately Parallel" (value= "O"), 

"Outwardly Inclined" (value= "1"), or "Inwardly Inclined" (value= "2"). It is here 

measured as the angle of inclination from a perpendicular drawn from the midline of the 

rhabdosome, as discussed in character 5, above, to pass through the interthecal septum of 

th3 1 atthe point where a trend line can be drawn. 

Note that the septum is invariably curved to some degree, and that the line is fitted to 

the curve to approximate a least-squares fitting. In the case of taxa where the interthecal 

septum inclines inward ( discrete value = "2") towards the midline, the angle will be less 
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than 90° and the perpendicular will be made to pass through where the curve breaks 

inward. In the case of taxa where the interthecal septum is approximately parallel 

( discrete value = "0"), the angle will be about 90° and the perpendicular will pass through 

where the curve breaks upward-if at all. In the case of taxa where the interthecal septum 

inclines outward ( discrete value = "1"), away from the midline, the angle will be more than 

90° and the perpendicular will pass through where the curve breaks outward. The 

interthecal septum is built by the th3 1 metatheca and is utilized by the protheca of th41 . 

Two illustrative examples follow. 

In the examples below, Haddingograptus oliveri is entered as 0.61 (not 61) and 

Archiclimacograptus sebyensis is entered as 1.22. Ha. oliveri had previously been coded, 

and was scored as 2 "Inwardly Inclined", consistent with the current measurement. Ar. 

sebyensis had previously been coded, and was scored as O"Outwardly Inclined", consistent 

with the current measurement. 

A 
Figure 3.5.07. A. Haddingograptus o/iveri PMO 138.259 (Maletz 1997b). The 'Theca 31 lnterthecal Septum 

Angle of Inclination" is 61°. B. Archic/imacograptus sebyensis PMO 138.792 (Maletz 1997b). The "Theca 31 

lnterthecal Septum Angle of Inclination" is 122°. 

Character 8: "Theca 31 Apertural Orientation Angle of Inclination". This is character 

87, "Theca 31 Apertural Orientation" in the discrete scheme, in which it is a 3-state 

character, where the inclination is judged to be "Everted" (value= "0"), "Horizontal" (value 

= "1"), or "Introverted" (value= "2"). 
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As in the similar character 5, it is now measured as the angle of inclination from the 

midline of the rhabdosome, determined as for character 5 above. The line of inclination is 

drawn from the apertural opening at the ab oral wall of th3 1 to the ventral edge. This will 

be parallel to the top of the most distal fusellar growth bands of the theca, if visible. 

Apertural elaborations such as cusps, spines, lobes, notches, and lappets are ignored. 

Everted apertures will have an angle ofless than 90°, horizontal apertures will have an 

angle of about 90°, and introverted apertures will have an angle greater than 90°. Three 

illustrative examples follow. 

!~ 
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Figure 3.5.08. A. Levisograptus dentatus GSC 134275. The "Theca 31 Apertural Orientation Angle of Inclination" 

is 75°. B. Amplexograptus perexcavatus MCZ 115928 Goldman 2002. The "Theca 31 Apertural Orientation Angle 

of Inclination " is 84°. C. Archic/imacograptus pungens GSC 132341. The "Theca 31 Apertural Orientation Angle 

of Inclination" is 122°. 

Of these three taxa, Amplexograptus perexcavatus had previously been coded, and was 

scored as "1" ("Horizontal"), consistent with the current measurements. Levisograptus 

dentatus and Archic/imacograptus pungens are here coded for the first time. 

Character 9: "Theca 31 Sub-Apertural Angle of Inclination". This was Character 66 

"Theca 31 Subapertural Inclination" in the discrete scheme, in which it is a 5-state 
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character, where the inclination is judged to be "Strongly Outward" (value= "O"), 

"Moderately Outward" (value= "1"), "Parallel to axis" (value= "2"), "Moderately Inward" 

(value= "3"), or "Strongly Inward" (value= "4"). 

It is here measured as the angle of inclination from a perpendicular drawn from the 

midline of the rhabdosome to pass through the ventral wall of th3 1 at half the length 

between its apertural lip and the previous theca's (th2 1) aperture. The angular 

measurement line from the perpendicular is fitted to the curve (if any). In the case of taxa 

where the sub-apertural wall inclines outward ( discrete values = "O" or "1") away from the 

midline, the angle will be more than 90°. In the case of taxa where the sub-apertural wall is 

approximately parallel to the midline ( discrete value = "2"), the angle will be about 90°. In 

the case oftaxa where the sub-apertural wall inclines inward (discrete values= "3" or "4") 

towards the midline, the angle will be less than 90°. Three illustrative examples follow. 

,, 

( 

Figure 3.5.09. A. Haddingograptus o/iveri PMO 138.565 (Maletz 1997b). The ''Theca 31 Sub-Apertural Angle of 

Inclination" is 63°. B. Undu/ograptus formosus (CEM collection). The "Theca 31 Sub-Apertural Angle of 
Inclination" is 93°. C. Hustedograptus teretiuscu/us PMO 138.274 {Maletz 1997b). The "Theca 31 Sub-Apertural 
Angle of Inclination" is 110°. 
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All three of these specimens had previously been coded. Haddingograptus oliveri was 

scored as 4 ("Strongly Inward"), Undulograptus formosus was scored as "Parallel to axis" 

(value= 2), and Hustedograptus teretiusculus was scored as "Strongly Outward" (value= 0), 

each consistent with the current measurements. 

Character 10: "Theca 51 Interthecal Septum Angle of Inclination." This is character 5 7 

"Distal Interthecal Septum Inclination" in the discrete scheme, in which it is a three state 

character, where the inclination is judged to be "Approximately Parallel" (value= "O"), 

"Outwardly Inclined" (value= "1"), or "Inwardly Inclined" (value= "2"). The prior studies 

considered thecal shape characters at locations th1, thl 2, th31, and "distal theca," without 

defining in the publications which specific theca were used to represent distal characters. 

Here I fix on th5 1 to represent distal thecal characters. Although the Darriwilian 

Axonophora have either thl 2 or th21 as the dicalycal theca (or are aseptate - e.g., 

Amplexograptus perexcavatus and Gymnograptus linnarsoni), other axonophoran taxa in the 

late Ordovician have th2 2, th31, or even later theca (e.g., Hustedograptus uplandicus, 

Orthograptus whitfieldi) as the dicalycal theca. With a dicalycal th3 1 giving rise to th3 2 and 

th41, proximal development can extend up to this point. I want a designated point beyond 

here to provide our distal characters, such that the scheme can be extended to encompass 

all biserial graptolites. Alternatively, a case can be made to vary this by species and in each 

case select a theca three or more positions beyond the dicalycal theca to provide the distal 

characters. However, this would fail to accommodate aseptate taxa, so I have chosen to fix 

th5 1 as the representative of distal theca in all taxa. 

As in the similar character 7, it is here measured as the angle of inclination from a 

perpendicular drawn to pass through the interthecal septum of thS 1 at the point where a 
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trend line can be drawn. Also as in character 7, the line is fitted to the curve to 

approximate a least-squares fitting. In the case of taxa where the interthecal septum 

inclines inward ( discrete value = "2") towards the midline, the angle will be less than 90° 

and the perpendicular will be made to pass through where the curve breaks inward. In the 

case of taxa where the interthecal septum is approximately parallel ( discrete value = "O"), 

the angle will be about 90° and the perpendicular will pass through where the curve breaks 

upward-if at all. In the case of taxa where the interthecal septum inclines outward 

( discrete value = "1"), away from the midline, the angle will be more than 90° and the 

perpendicular will pass through where the curve breaks outward. The interthecal septum 

is built by the th5 1 metatheca and is utilized by the protheca of theca 61. Two illustrative 

examples follow. 

Archiclimacograptus decoratus had previously been coded, and was scored as "2" 

"Inwardly Inclined", consistent with the current measurement. Dicaulograptus cumdiscus 

is here coded for the first time. 

B. 
Figure 3.5.10. A. Dicau/ograptus cum discus USNM 377408. The "Theca 51 lnterthecal Septum Angle of 

Inclination" is 55°. B. Archic/imacograptus decoratus GSC 132342 (Maletz 1997b). The "Theca 51 lnterthecal 

Septum Angle of Inclination" is 107°. 

Character 11: "Theca 51 Apertural Orientation Angle of Inclination". This is character 

52 "Distal Thecal Apertural Orientation" in the discrete scheme, in which it is a 3-state 
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character, where the inclination is judged to be "Everted" (value= "O"), "Horizontal" (value 

= "1"), or "Introverted" (value= "2"). 

It is here measured as the angle of inclination from the midline of the rhabdosome, 

determined as for character 5 above. The line of inclination is drawn from the apertural 

opening at the aboral wall of thS 1 to the ventral edge. This is parallel to the top of the most 

distal fusellar growth bands of the theca, if visible. Apertural elaborations such as cusps, 

spines, lobes, notches, and lappets are ignored. Everted apertures will have an angle of less 

than 90°, horizontal apertures will have an angle of about 90°, and introverted apertures 

will have an angle greater than 90°. Three illustrative examples follow. 

Of these three specimens, Amplexograptus perexcavatus and Haddingograptus 

eurystoma had previously been coded, and were both scored as 1 ("Horizontal") , consistent 

with the current measurements-only 4° from horizontal in one case, but 9° from 

horizontal in the other. Gymnograptus ejuncidus is here coded for the first time. 

Figure 3.5.11. A. Amplexograptus perexcavatus MCZ 115928 (Goldman 2002). The ''Theca 51 Apertural 
Orientation Angle of Inclination" is 86°. B. Haddingograptus eurystoma RM 011685. The ''Theca 51 Apertural 

Orientation Angle of Inclination" is 99°. C. Gymnograptus ejuncidus PMO 69.883 (Maletz 1997b). The "Theca 51 

Apertural Orientation Angle of Inclination" is 59°. 
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Character 12: "Theca 51 Sub-Apertural Angle of Inclination". This is character 66 

"Distal Thecal Sub Apertural Inclination" in the discrete scheme, in which it is a 5-state 

character, where the inclination is judged to be "Strongly Outward" (value= "O"), 

"Moderately Outward" (value= "1"), "Parallel to axis" (value= "2"), "Moderately Inward" 

(value= "3"), or "Strongly Inward" (value= "4"). As with character 9, it is here measured as 

the angle of inclination from a perpendicular drawn from the midline of the rhabdosome to 

pass through the ventral wall of th5 1 at half the length between its apertural lip and the 

previous theca's (th41) aperture. 

The angular measurement line from the perpendicular is fitted to the curve (if any). In 

the case of taxa where the sub-apertural wall inclines outward ( discrete values= "O" or 

"1"), away from the midline, the angle will be more than 90°. In the case of taxa where the 

sub-apertural wall is approximately parallel ( discrete value = "2"), the angle will be about 

90°. In the case of taxa where the sub-apertural wall inclines inward ( discrete values = "3" 

or "4") towards the midline, the angle will be less than 90°. Three illustrative examples 

follow on the next page. 

Of these three specimens, Proclimacograptus angustatus had previously been coded, 

and was scored as "2" ("Parallel to axis"), consistent with the current measurements. 

Haddingograptus intermedius and Eoglyptograptus asymmetros are here coded for the first 

time. 
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Figure 3.5.12. A. Eog/yptograptus asymmetros PMO 138.557 (Maletz 1997b). The "Theca 51 Sub-Apertural 

Angle of Inclination" is 113°. B. Haddingograptus intermedius PMO 138.699 (Maletz 1997b). The "Theca 51 Sub

Apertural Angle of Inclination" is 67°. C. Proc/imacograptus angustatus PMO 138.809 (Maletz 1997b). The 

''Theca 51 Sub-Apertural Angle of Inclination" is 92°. 

Character 13: "Theca 51 Apertural Excavation Depth% of Rhabdosome Width". This is 

character 55 "Distal Thecal Apertural Excavation Depth" in the discrete scheme, in which it 

is a 2-state character, where the inclination is judged to be "Shallow (Less Than 25% 

Rhabdosome Width)" (value= "0"), or "Deep" (value= "1"). The depth of the apertural 

excavation is here measured and compared to the width of the rhabdosome from th5 1 to 

th5 2 • For example, in the case of Levisograptus dentatus below, the apertural excavation 

depth is measured at 0.23 mm, and the width of the rhabdosome from th5 1 to th52 is 

measured at 1.05 mm. The ratio is 0.21, or 21%. Three illustrative examples follow on the 

next page. 
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Figure 3.5.13. A. Levisograptus dentatus GSC 134279. The "Theca 51 Apertural Excavation Depth % of 
Rhabdosome Width" is 21%. B. Haddingograptus hap/us RM 01 227. The "Theca 51 Apertural Excavation Depth 

% of Rhabdosome Width" is 23%. C. Oelandograptus oe/andicus RM 01 #395. The "Theca 51 Apertural 

Excavation Depth % of Rhabdosome Width" is 19%. 

Of these three specimens, Oelandograptus oelandicus had previously been coded, and 

was scored as "Shallow" (value= "O"), consistent with the current measurements. L. 

dentatus and Haddingograptus hap/us are here coded for the first time. 

3.6 TAPHONOMIC VARIANCES 

There are issues in attempting to fill the existing character data set from the basal 

anoxophoran fossils that exist as specimens with less-than-perfect preservation. The 

proteinaceous tubular rhadosomes of graptolites are readily deformed and can be 

carbonized or replaced by other materials during diagenetic compression of the sediments 

in which they lie. Our ability to distinguish phylogenetic characters is thus compromised. 

Specimens from different locations range from fully three-dimensional specimens preserved 

in limestones and high-relief specimens often reinforced by iron pyrite deposits and only 

slightly flattened to specimens that are completely flattened. In the most common case, 
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when specimens are completely flattened and carbonized in shale beds, key characters 

such as those of early astogeny may be altogether obscured (see Maletz 201 lc). 

Researchers have sought out the rarer examples of undeformed or lightly deformed 

specimens for phylogenetic analysis whenever possible. In the Albani et al. (2001) study of 

the upper part of the Middle Ordovician Cape Cormorant Formation in western 

Newfoundland for example, they reported (p. 389) that, "Well-preserved graptolites were 

collected from shales and limestones through the whole succession. The best results were 

achieved by chemically isolating specimens with hydrofluoric acid from the shales, as this 

method produced the most diverse faunas. Also, the rare or small species, usually not 

visible on the shale surfaces, were recovered with this method. The periderm of the 

specimens is usually intact. The specimens are completely flattened. but they show 

sufficient details of the proximal development and fusellar structure to enable a specific 

determination. There is no indication of visible tectonic distortion or thermal overprint in 

the graptolite periderm.... Three-dimensionally preserved specimens are rare and have 

been etched from a few limestone layers" ( emphasis is mine). The Mitchell et al. (2007) 

study used chemically isolated, three-dimensional material or specimens preserved as 

pyritized, internal three-dimensional molds for their sampled species, and excluded species 

known only from two-dimensional fossil material. This ensured that characters were 

comparable between taxa. The Carlucci (2008) and Maletz et al. (2009) studies shared the 

use of a set of chemically isolated graptolite material from the Cow Head and Table Head 

groups of western Newfoundland. This material shows fine details of structure, but all the 
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Figure 3.6.1. Effects of flattening on three taxa. a, b. Haddingograptus eurystoma (Jaanusson, 1960) chemically 

isolated three-dimensional specimen RM 011685 obverse, & partially flattened relief specimen NIGP 157480 

(NJ 365) obverse (Chen 2016 fig. 6-79G); c,d. Oelandograptus oe/andicus (Bulman, 1963) chemically isolated 

three-dimensional specimen RM 01395 Cn59890 obverse, & flattened low relief specimen MHNC 13178 

obverse Mitchell et al. (2008) fig. 10.8; e,f,g. Pseudamplexograptus distichus Eichwald, 1840 chemically isolated 

three-dimensional specimen RM 01140 obverse, flattened low relief specimen RM Cn 54583 obv Jaanusson 

(1960) Plate 5 fig. 5, flattened PMO 69.867 Berry 1964 Plate 14 fig 1. 

specimens in those two studies were completely flattened (Carlucci 2008), and thus 

deformed at least somewhat, but to an unknown extent due to the lack of three

dimensional material to which to compare them. Still, with comparable preservation, the 

characters were comparable between taxa. 

Figure 3.6.1 above provides a comparison that Carlucci (2008) lacked for his specimens 

to illustrate the effects of flattening. Three dimensional specimens from the 

Naturhistoriska riksmuseet collection that were chemically isolated by Gerhard Holm in the 

late 19th Century are shown in figures 3.6.1.a,c,&e. These are in Dr. C.E. Mitchell's 

possession and I photographed and examined each of them. Displayed next to each of them 

is a corresponding specimen of the same taxon that has been flattened during original 
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preservation but which retains some degree ofrelief (figures 3.6.1.b,d,&f). In each case in 

the flattened specimen, the width of the sicula, base of the virgella, and width of the 

rhabdosome is expanded relative to the rhabdosome's length. The inter-thecal distances 

are slightly expanded. The early astogeny characters remain discernable (if not overgrown 

by later thecae). The shape of the median septum, spine and virgella lengths, and angle of 

the thecal openings remain similar to those in the three-dimensional specimens. The shape 

of the inter-thecal septae remain similar but are differentially expanded from thecal base to 

opening, providing additional emphasis to the shape. The thecal subapertural walls are 

splayed somewhat in each flattened specimen, significantly so in Oelandograptus 

oelandicus, with the result that the thecal openings appear larger. Figure 3.6.1.g shows a 

completely flattened specimen for comparison with figures 3.6.1.e&f. All distortions are 

proportionally worse, with the the cal splay being most noticably so. However, in all the 

above cases and others, discrete coding can be successfully and accurately accomplished 

based on the somewhat distorted relief specimens and even on flattened specimens, with 

some risk if no relief specimens exist for comparison. This confirms the approach of 

Carlucci (2008) and Maletz et al. (2009) especially since relief specimens of their taxa were 

available for comparison though not specifically mentioned. 

While it should be possible to use a comparison like this to recreate the undistorted 

shape of a taxon for which we possess no three-dimensional specimens, such an exercise is 

beyond the scope of this study. 

All of the above concerns taphonomic distortions, as a specimen is flattened during 

preservation. There is also the issue of tectonic deformation of the fossils if the rock itself 

is deformed by geologic processes over time. For example, the Pseudamplexograptus 
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distichus in Figure 3.6.lg above is likely to be tectonically widened as well as flattened (Dr. 

C.E. Mitchell pers. comm.) 

In the worst case, a specimen may be rendered so dissimilar to type specimens as to be 

difficult to accurately identify. An excellent case study in this is provided by Jenkins (1980). 

In an important paper, Bulman (1963a) among many other things named several new taxa, 

including Glyptograptus shelvensis, Glyptograptus austrodentatus var. anglicus, and 

Glyptograptus austrodentatus var. mutabilis, all from the Shelve Church Beds in Shropshire, 

England. Glyptograptus shelvensis is described as being like "G. dentatus in the characters of 

the thecae and the general appearance of the proximal end, but differs in its smaller size and 

more parallel-sided rhabdosome (p. 676)" and also being prosoblastic. Glyptograptus 

autrodentatus var. anglicus, is described as being more like G. austrodentatus, 

( streptoblastic) and with a blunt symmetric proximal end. Glyptograptus austrodentatus var. 

mutabilis, is described as like G. austrodentatus but slenderer than G. austrodentatus var. 

anglicus. Jenkins (1980) reinvestigated the original material and discovered that the slabs 

were tectonically deformed and stretched more along one axis than in the other. The ratio 

is 1:0.72 as shown by the ellipse in figure 3.6.2, with the direction of deformation shown by 

a line next to each specimen. Those that are perpendicular to the line of deformation were 

stretched width-wise and made broader (e.g., 3.6.2.A), those that are parallel to the line were 

stretched lengthwise and made longer and seemingly slenderer (e.g., 3.6.2.D), and those at 

an angle ( e.g., 3.6.2.B & 3.6.2.C), thinned to a lesser degree than those lying parallel and 

creating an offset between thl 1 and thl 2 that makes it incorrectly look prosoblastic. Jenkins 

(1980) concludes this analysis noting (p. 293) that, "Each of these varietal names therefore 

represents a preservation aspect of the single species Glyptograptus shelvensis - the name 
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with taxonomic priority." Jenkins placed all of these in the genus Undulograptus and they 

are considered by Maletz (2011a) to be in Levisograptus, and by Mitchell (pers. comm.) as 

possibly a junior synonym of Levisograptus dentatus. The poor quality of all of these 

preservational variations precluded their being used in this analysis. In the plates, they are 

included with L. dentatus 

" 

A 
B 

C 

0 
Figure 3.6.2. Tectonic distortions varying by orientation of the specimen. From Jenkins (1980) Figure 3. 

3.7 CASE STUDY 1: Reconciliation of Eoglyptograptus gerhardi, Eoglyptograptus 
asymmetros (formerly Eoglyptograptus sp.cf. E. gerhardl], Eoglyptograptus jaroslavi, 
and Eoglyptograptus sp. 2. 

There have been questions about the Eolyptograptus genus since it was erected by 

Mitchell (1987). Mitchell included Glyptograptus cernuus Jaanusson, 1960, G. dentatus 
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Brongniart, 1828 (sensu Bulman 1963a), and Pseudoclimacograptus jaroslavi Boucek, 1973 

in the new genus, with Eoglyptograptus dentatus Brongniart, 1828 (sensu Bulman 1963a), 

as the type species. Prior to considering the analysis of characters, I will take the next 

several paragraphs to review the taxonomic history of E. dentatus. 

History of Eoglyptograptus in Scientific Press 

Originally, Brongniart (1828) described four graptolite fragments under the name 

Fucoides dentatus from Pointe de Levis ( also Point Levy, Levi) in Quebec, Canada. In this 

book on world-wide fossil plants, the fragments were described as fossil plant material, 

"Quoi qu'il en soit, and cette plante differe entierement de toutes celles que nous 

connaissons dans les mers actuelles." ("In any event, this plant is entirely different from all 

those we know in the current seas.") 

During the mid-nineteenth century Geologic Survey of Canada, graptolite specimens 

were collected in Quebec in 1854 and 1855. These were turned over to Professor James 

Hall of the New York Museum for analysis and description. Hall (1858) described 22 

Figure 3. 7.1. From Brongniart (1828), his four figures of Fucoides dentatus (Plate VI, figs. 9-12). 
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species of graptolites from the Hudson River Group of Pointe de Levis, Quebec, Canada. 

Many of these were described as new species, including one he named Graptolithus 

pristiniformis. In Hall (1865) the original report was revised, and pristiniformis was 

assigned to the Diplograptus genus. Following his description of Graptolithus bryonoides on 

page 84, he includes the following note: 

"I have little doubt that this species is identical with Fucoides serra of Brongniart (Veg. 

Fossil es, p. 70, 1828). The locality of that species is "Pointe Levi pres Quebec," which is 

the same with that of G. bryonoides; and the figures of Brongniart correspond with figs. 9 

and 10 of plate 4 of this memoir. The Fucoides dentatus of the same author is probably 

identical to G. pristiniformis of this memoir, being from the same locality. It is only since 

these descriptions have been in print, and published references made to them, that I 

have discovered this identity, or I would have proposed to substitute the specific names 

of Brongniart for those given by me in 185 7. I take the first opportunity of making the 

correction." (Hall 1858, p.84.) 

Following his expanded description of Diplograptus pristiniformis, he includes this 

follow-on note: "This species is probably identical with Fucoides dentatus, Brongniart, ut 

cit." (Hall 1858, p.121.) 

Figure 3.7.2. From Hall (1865), two of his figures of 0. pristiniformis (Plate XIII, fig. 15 (above) and fig. 17 
(below)). 
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Elles and Wood (1907) continued the identification of English specimens as conspecific 

with the North American Diplograptus dentatus, which had begun with Nicholson (1868) 

and continued by Lapworth (1875). Lapworth had erected a sub-genus of Diplograptus 

that he named Glyptograptus, and assigned dentatus to it. Bulman (1931) established 

Glyptograptus as a separate genus rather than a sub-genus of Diplograptus. 

Bulman (1936) described many of the over three thousand unpublished three

dimensional chemically isolated specimens that had been prepared by Swedish 

paleontologist Gerhard Holm. Bulman assigned many of these to G. dentatus citing Elles 

and Wood (1907). He erected a new taxon, which he called" G. dentatus-teretiusculus 

transient" for specimens of G. dentatus that appeared to him to grade into G. teretiusculus. 

As Brongniart's original published material was apparently lost, Bulman (1963a) selected a 

neotype (specimen GSC 943) from the specimens described by Hall (1865) as Graptolithus 

pristiniformis, which Hall considered as likely conspecific with Brongniart's taxon. This 

neotype is the specimen figured as Hall (1865) Plate XIII, Figure 17, in Figure 3.6.2 above. 

"The original specimens of Brongniart's Fucoides dentatus can no longer be traced and 

must be assumed lost. It is therefore proposed that one of the originals of Hall's 

Diplograptus pristiniformis be taken as the neo-type, and the species is defined with 

reference to this and redescribed (Bulman 1963a p.665)." Also, "The specimens are 

probably from the same locality, and the identity has been accepted for nearly a century 

(Bulman 1963a p.672)." 

The species is defined by the North American material. However, Bulman (1963a) 

continued to identify English and Swedish specimens as G. dentatus. He erected several 

new Glyptograptus varieties referred to G. dentatus, including var. anglicus and var. 
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mutabilis. As noted in Section 3.5, Jenkins (1980) demonstrated that these new varieties 

were all preservational variations of G. shelvensis Bulman, 1963a, not distinct taxa. Bulman 

also erected a variety G. austrodentatus var. oelandicus out of his 1936 "G. dentatus

teretiusculus transient" specimens. 

Boucek (1973) established Pseudoclimacograptus (Undulograptus) jaroslavi based on 

two specimens from the black shale Sarka Formation in Bohemia. One, UBB-149, had 

photographs and drawn illustrations in his paper; the other, UBB-150, had a drawn 

illustration only. Mitchell (1987), as noted above, assigned this taxon to Eoglyptograptus. 

The only other published specimens referred to this taxon are from the Karadere 

Formation of the Pontus Mountains of Turkey. They are represented by two drawn 

illustrations of material from in Dean et al. (2000) from "about twenty-five specimens on 

one slab ... almost flattened but well preserved, with slight tectonic deformation" (p. 571). 

Maletz (2011a) challenged the Dean et al. (2000) referral of their material to 

Eoglyptograptus. "Rickards (in Dean et al. 2000) also referred to specimens of E. jaroslavi 

Boucek, 1973. The identity of this material is unclear, as no details of the rhabdosome 

structure are available. The specimens lack proximal spines and have a fusiform proximal 

shape, suggesting a normalograptid instead" (Maletz 2011a, p. 861). For this reason, I have 

not included the Dean et al. (2000) material for coding in this study. 

Mitchell (1987) used the Holm specimens identified by Bulman (1936) as G. dentatus. 

He realized based on their early astogeny that they were not correctly assigned to 

Glyptograptus but rather needed to be assigned to a new genus that he named 

Eoglyptograptus, with E. dentatus (sensu Bulman 1963a) as the type species, as noted 

above. "This emphasis on the Baltic material reflected the better preservation and more 
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complete study of that material as well as the poorly understood characters of the type 

material of the species then known as G. dentatus Brongniart, 1828" (Dr. C.E. Mitchell pers. 

comm.). 

Previously, Jaanusson (1960) had established a new taxon, Glyptograptus vikarbyensis. 

Mitchell (1987) erected the genus Hustedograptus and included Glyptograptus vikarbyensis 

Jaanusson (1960). Mitchell (1992) realized that a number of specimens of Bulman (1963a) 

"G. dentatus-teretiusculus transient" with "Pattern A" early astogeny were unrelated to 

Glyptograptus dentatus as then understood (sensu Bulman 1963a) but rather were better 

placed in the new Hustedograptus genus and designated them as Hustedograptus n. sp. This 

was carried forward in Mitchell & Maletz (1995), and Maletz (1997b). Mitchell, Brussa, & 

Maletz (2008) wrote the formal description of the new taxon as Hustedograptus bulmani. 

Although the Eoglyptograptus genus has remained distinct, Zhang et al. (2009) regarded 

E. cernuus as conspecific with Hu. vikarbyensis Jaanusson 1960, thereby removing one of 

the three original taxa assigned to this genus. Mitchell also erected a new genus, 

Oelandograptus, for G. austrodentatus var. oelandicus based on its "Pattern A" early 

astogeny and its distinct thecal form. 

Maletz (1997b) assigned the Elles and Wood (1907) Diplograptus dentatus specimens 

to Hu. vikarbyensis, removing them from G. dentatus. This eliminated the foundation of the 

Bulman (1936) erroneous referral of the Holm specimens to G. dentatus. In this paper, 

Maletz also noted (p. 45), "The Scandinavian species called Eoglyptograptus dentatus 

(Brongniart) sensu Bulman (1963) should be re-described under a new name and taken as 

the type species of a redefined genus Eoglyptograptus. This, however, is beyond the scope 

of this paper." 
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Mitchell et al. (2007) performed a phylogenetic analysis of the Ordovician 

Diplograptoidea using a sample of 87 species ranging in age from early Darriwilian to Katian 

for which 94 characters were coded. Among their observations were that the 

"Undulograptus" species were actually paraphyletic, and that a more detailed analysis would 

be required and that at least one new genus would be needed. 

"This bootstrap analysis demonstrates strong support for recognition of a broadly inclusive 

derived group of diplograptoideans and a paraphyletic stem group comprising the set of 

"Undulograptus" species that possess a Pattern U proximal structure (Mitchell, 1994 ). This 

set of species will need a new name, however, since the type species of the genus is 

Undulograptus formosus, which has a Pattern C proximal structure and other derived 

features." (Mitchell et al. 2007, p. 333.) 

Believing that using the much younger European Bulman (1963a) material to describe 

the North American species E. dentatus was leading to errors and confusion (see Maletz & 

Mitchell 1995 and Maletz 1997b), Maletz (201 la) redescribed Fucoides dentatus based on 

the Brongniart (1828) plates, the Hall (1865) Graptolithus pristiniformis material in the 

Geological Survey of Canada collection, and topotypes collected within the same strata at 

Pointe de Levis. This analysis showed that the type material, with its "Pattern U" astogeny, 

bore little resemblance to Glyptograptus and Eoglyptograptus, but was closely related to the 

G. austrodentatus group of early axonophoran graptolites. A new genus was required, 

consistent with the recommendation of Mitchell et al. (2007), and he named it 

Levisograptus, after Pointe de Levis where the fossils were found, with Fucoides dentatus 

Brongniart, 1828 as the type species. The remaining problematic "Pattern U" astogeny 

species from the Mitchell et al. (2007) paper fit neatly within the new genus and Maletz 
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assigned them as Levisograptus austrodentatus, L. primus, and L. sinicus; and possibly L. 

sinodentatus, L. dicellograptoides, and L. intersitus. That left the issue of the type species of 

Eoglyptograptus (E. dentatus sensu Bulman 1963a), which was not included in L. dentatus. 

He assessed the Bulman (1963a) and Skevington (1963) Baltic material used by Mitchell 

(1987) to establish Eoglyptograptus and concluded that the genus diagnosis of Mitchell 

(1987) remained sound and that the only action required was to rename the type material, 

to which he gave the name E. gerhardi. His listing of species in Eoglyptograptus also 

continued to include E. jaroslavi Bou eek, 1973; E. sp. 2 Maletz, 1997; and E. sp. Maletz et al., 

2007; and to which he added the new taxon E. sp. cf. E. gerhardi. Maletz considered E. 

bouceki Rickards in Dean et al. (2000) to be misidentified, and did not include it. 

Maletz (201 la) considered E. sp. cf. E. gerhardi to be a separate species from E. gerhardi 

based on "small differences in the proximal development on the obverse side of the 

rhabdosome" (p. 863) and its appearance in younger strata, but he declined to describe and 

name it. Chen (2016) has erected a new taxon, E. asymmetros, which includes E. sp. cf. E. 

gerhardi Maletz 201 la, E. sp. 2 Maletz 1997, and other Maletz (1997b) specimens 

previously referred to E. dentatus Brongniart, 1828 (sensu Bulman 1963a). 

E. sp. 2 was first described in Maletz (1997b). Mitchell (pers. comm.) considers that this 

material may be conspecific with E. jaroslavi. Maletz (2011a) did not assign E. sp. 2 to 

either E. gerhardi or E. sp. cf. E. gerhardi. However, he included a photograph of E. sp. 2 

specimen PMO 138.584 in his Text-Figure 7C and identifies it as being E. sp. cf. E. gerhardi 

sp. nov. As noted above, Chen (2016) has included E. sp. 2 in E. asymmetros. (Maletz was a 

reviewer of Chen 2016.) 
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Thus, it has taken many researchers much effort to unravel the confusion that has 

enveloped Fucoides dentatus and Eoglyptograptus. Several, including Nicholson (1868), 

Lapworth (1875), Elles and Wood (1907), and Bulman (1936, 1963a), have inadvertently 

confounded the taxonomy by apparently erroneous assignment of specimens they believed 

to be conspecific. All the associated specimens have been split into three currently 

recognized genera-Levisograptus, Eoglyptograptus, and Hustedograptus, each with several 

species. It is with this background that the current analysis of phylogenetically instructive 

characters in these clades has been undertaken. 

Analysis of Eoglyptograptus Morphology 

I evaluated and character-coded the four Eoglyptograptus taxa encompassed in this 

study without reference to previous coding of E. dentatus (sensu Bulman 1963a). There are 

117 discrete morphological characters considered in the first phase of the phylogenetic 

analysis in this study. In my coding, I have found that 10 of these characters differ between 

E. gerhardi and E. asymmetros, 12 characters differ between E. jaroslavi and E. asymmetros, 

and 17 characters differ between E. jaroslavi and E. gerhardi. The number of differences 

( discussed in detail below) supports the hypothesis that each of these is a separate, though 

closely related, tax on. I thus concur with Maletz (2011a) that his E. sp. cf. E. gerhardi (now 

E. asymmetros) is separate from E. gerhardi. Based on the results of my analysis, I also 

concur with Bou eek (1973) that E. jaroslavi is a distinct taxon, and I concur with Mitchell 

(1987) that it belongs within Eoglyptograptus. 

Note that characters numbered 53, 55, 61, 85, 88, and 92 in the following analysis have 

very low weighting, being highly correlated with more proximal characters. (Each 

character identified here as a number is described in detail below.) (See section 3.2 on the 
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weighting.) E. sp. 2 is distinct from E. gerhardi, differing in eighteen characters ( characters 

numbered 1, 3, 18, 52, 53, 55, 61, 71, 77, 78, 79, 81, 83, 85, 92, 96, 102, and 103). As to 

whether E. sp. 2 is conspecific with either E. jaroslavi or E. asymmetros, I find that only 

three characters differ between E. sp. 2 and E. jaroslavi (characters 79, 83, and 88), and that 

there are nine characters that differ between E. sp. 2 and E. asymmetros (characters 

number 18, 53, 61, 71, 77, 81, 87, 102, and 103). 

I have coded E. sp. 2 separately and I conclude from the following analysis that it is a 

separate taxon more closely related to E. jaroslavi than to E. asymmetros. I dispute the Chen 

(2016) inclusion of E. sp. 2 in E. asymmetros. It is also possible that E. sp. 2 may be a 

conspecific variation with E. jaroslavi. 

Several key specimens used for coding are included as illustrations below. See Plates 

17, 18, and 19 for comprehensive illustrations of all Eoglyptograptus specimen material 

available for this study. In the following character-by-character analysis, I have purposely 

excluded most of the characters that are the same among all Eoglyptograptus taxa. 

However, all characters relating to the early astogeny of these taxa were compared, even if 

the same, as these are the most revealing in determining relationships between taxa. These 

characters are indicated with an asterisk. 

Note that a number of these discrete characters were evaluated as potentially 

continuous characters in the final phylogenetic analyses in this study. These are characters 

3, 18, 55, 71, 83, and 96. 
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a b C d e f g 
Figure 3. 7.3. Eog/yptograptus obverse views. a. E. gerhardi RM 01 396 Cn59895 (author's photo), b. E. gerhardi 

PZ-NRM Cn 1280 (Bulman 1936 Plate 3 fig. 2), c. f. asymmetros PMO 138.763 (Maletz 1997b Plate 2D), d. E. 

asymmetros PMO 138.587 (Maletz 1997b Plate 2A), e. f. asymmetros PMO 138.763 (Maletz 1997b fig. 20H), f. E. 

jaros/avi UUG-BB 149 (Boucek 1973 Plate XXll-07), g. E. sp 2 PMO 138.584 (Maletz 1997b Plate 7E). 

Character 1*. Dorsal Deflection of the Sicula. As shown in the obverse views below, E. 

gerhardi is "Deflected Toward Dorsal Side" ( code = "1"), whereas both E. asymmetros and E. 

jaroslavi are "Straight" ( code = "O"). E. sp. 2 is also straight, like E. jaroslavi. 

Character 3*. Sicula Obverse Exposure. As shown in the obverse views above, E. 

gerhardi is "Short ( ~one-third)" ( code = "O"), whereas each of the others is "Medium 

(~one-half)" (code= "1"). 

Character 18*. Virgellar spine length. The material illustrated above and below is 

supplemented with notes from the systematic paleontology and other specimens as noted. 

E. gerhardi's virgella is "Long (greater than sicular length)" (code= "2"). Boucek (1973) 

has only two specimens of E. jaroslavi and the drawings of neither of shows the virgella 

(though the specimens or the illustrations may be incomplete). The photograph of UUG-BB 

149 appears to show a short portion of the virgella. Due to the absence of information on 

this structure, E. jaroslavi is coded as "Unknown (code="?"). The photographs of E. 

asymmetros are cropped at the bottom and thus failed to show the virgella. The drawings 

of Maletz, as with PMO 138.512 below, show well-developed virgellae. Such specimens 
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include PMO 138.557, PMO 138.572, PMO 138.573, PMO 138.676, and PMO 138.673, as 

well as NIGP 149264 (BSSD-4-21) Zhang, Fan, & Liu 2009. Most specimens have a virgella 

that is "Medium (1/2 length to full sicular length)" (code= "1"), with the illustrated virgella 

of PMO 138.512 being anomalous as "long," and suspect as it is illustrated as poorly 

preserved. For E. sp. 2, the best preserved virgella is shown in PMO 138.584 Maletz 1997b 

fig. 16G. It is of "short" (code= "0") length. 

Character 21*. Dicalycal Position. As shown in the reverse views below, all four taxa 

have been coded as having th2 2 ( code = "2") as the dicalycal theca. 

Character 27*. Metathecal differentiation Theca 21 to Theca 22 prothecae. In all four 

taxa th2 1 turns up before th2 2 arises distally (Pattern A or B) (code= "3"). 

a b C d e f g h 
Figure 3. 7.4. Eog/yptograptus reverse views. a. f. gerhardi RM 01 396 Cn 59895 (author's photo), b. f. gerhardi 
PZ-NRM Cn 1280 (Bulman 1936 Plate 3 fig. 1), c. f. gerhardi PZ-NRM Cn 305 (Maletz 2011a fig. 10), d. f. 

asymmetros PMO 138.670 (Maletz et al. 2011 fig. 8B), e. f. asymmetros PMO 138.583 (Maletz 2011a fig. 7A), f. 
E. asymmetros PMO 138.512 (Maletz 1997b fig. 20D), g. f. jaros/avi UUG-BB 150 (Boucek 1973 fig. 37a), h. f. sp 

2 PMO 138.584 (Maletz 1997b Plate 2E). 

Character 28*. Metathecal differentiation Theca 22 daughter. In all four taxa, the 

differentiation is distal (code= "2"). 

Character 29*. Mode of The ca 12- Theca 21 Differentiation. In all four taxa, the 

differentiation is direct (Patterns U, A, C, D). (code = "0"). 
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Character 30*. Number of Primordial Thecae. All four taxa have three primordial 

thecae ( and two crossing canals, Pattern B) ( code = "3"). 

Character 41*. Growth form of descending Theca l2 protheca. E. gerhardi is coded as 

streptoblastic, but is not streptoblastic in the pure sense, in that it goes somewhat sideways 

and then down and up, according to Bulman's wax model. The growth form of E.jaroslavi, 

E. asymmetros, and E. sp 2 cannot be determined, and each is coded with a question mark 

("?"). 

Character 42*. Theca 21 descending protheca handedness. In all four taxa, th2 1 grows 

from the left of the thl 2 protheca (Pattern A or B) (code= "1"). 

Character 43*. Theca 21 Prothecal Growth Geometry. In all four taxa, th2 1 descends 

with th2 2 before ascending (U-shaped) (code= "O"). 

Character 44*. Theca 21 Flange Location. In all four taxa, the flange is absent 

(Continuous Tube as in Undulograptus and Isograptus) (code= "O"). 

Character 45*. Theca 22 Prothecal Growth Geometry. In all four taxa, the th2 2 protheca 

is ascending only (D,E,F,G,H,K ...) (code= "4"). 

Character 46*. Theca 31 as lateral bud from Theca 21 dicalycal. In all four taxa, this is 

absent ( code = "O"). 

Character 48*. Theca 31 protheca growth geometry. In all four taxa, the th3 1 protheca 

is ascending only (code= "4"). 

Character 49. Theca 31 Interthecal Septum Configuration. All four taxa have been 

coded as having septa that are for the most part "Straight" (code= "O"). E. gerhardi does 

evince a slight concavity, as does E. asymmetros, but only the drawn illustration E. gerhardi 
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Cn 59937 Mitchell 1987 fig. 31 depicts it as decidedly concave, and this is considered 

anomalous. 

Character 53. Distal Thecal Apertural Shape. E. gerhardi and E. asymmetros have 

"Paired lateral lobes" ( code = "3"), though those of E. asymmetros are less distinct, whereas 

E. jaroslavi and E. sp 2 are "Straight" ( code = "O"). 

Character 55. Distal Thecal Apertural Excavation Depth. E. gerhardi is "Shallow" ( code 

= "O"), less than 25% rhabdosome width. E. asymmetros, E. jaroslavi and E. sp 2 are "Deep" 

( code = "1"), though only somewhat more than 25%. 

Character 61. Distal Thecae Supra-Apertural Configuration. E. gerhardi and E. 

asymmetros are "Straight and Strongly Inclined" ( code = "1"). E. jaroslavi and E. sp 2 are 

somewhat "Concave" ( code = "3"). (The differences may however be from preservational 

distortion.) 

Character 70. Proximal Dorsal Wall of Stipe (shown in reverse views). All four taxa 

have been coded as having proximal dorsal walls that are mostly "Straight" ( code = "1"). 

Character 71. Theca 11 Aperture Orientation. E. gerhardi and E. asymmetros are 

"Everted" ( code = "O"). E. jaroslavi and E. sp 2 are "Horizontal" ( code = "1"). 

Character 77. Theca 11 Geniculum Shape. E. gerhardi and E. asymmetros are "Absent" 

(code= "O"). E. jaroslavi and E. sp 2 are "Flowing (Indistinct)" (code= "1"). 

Character 78. The ca 11 tucked under. E. gerhardi is tucked under ( code = "1"), 

whereas E. asymmetros, E. jaroslavi and E. sp. 2 are not tucked under ( absent, code = "O"). 

Character 79. The ca 11 Geometry. E. gerhardi, E. asymmetros and E. sp 2 are "J

Shaped" ( code = "2"). Only E. jaroslavi is "U-Shaped" ( code = "3"). 
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Character 81. Theca 11 Supra-Apertural Configuration. E. gerhardi and E. asymmetros 

are "Straight and Weakly Inclined" (code= "O"). E.jaroslavi and E. sp 2 are somewhat more 

"Straight and Strongly Inclined" ( code = "1"). 

Character 83. Theca 12 Aperture Orientation. E. asymmetros and E. sp 2 are 

approximately "Horizontal" ( code = "O"). E. gerhardi and E. jaroslavi are "Everted" ( code = 

"1"). 

Character 85. Theca 12 Primary Apertural Shape. E. gerhardi has "Paired Lateral 

Lobes" (code= "3"). E. asymmetros, E.jaroslavi and E. sp 2 are "Straight" (code= "O"). 

Character 87. Theca 3.1 Apertural Orientation. E. asymmetros is "Horizontal" (code= 

"1"). E. gerhardi, E. jaroslavi and E. sp 2 are "Everted" ( code = "O") 

Character 88. Theca 3.1 Apertural Shape. E. gerhardi, E. asymmetros, and E. sp 2 have 

"Paired Lateral Lobes" ( code = "3"). E. jaroslavi is "Straight" ( code = "O"). 

Character 92. Theca 31 Geniculum Shape. E. gerhardi is "Flowing (Indistinct)" ( code = 

"1"). E. asymmetros, E.jaroslavi and E. sp 2 are "Openly Rounded" (code= "2"). 

Character 96. Theca 31 Subapertural Inclination. E. gerhardi is "Strongly Outwards" 

( code = "O"). E. jaroslavi and E. sp 2 are "Moderately Outwards" ( code = "1"). 

Character 102. Theca 11 Ventral Median Thecal Spine Condition. In E. gerhardi and E. 

asymmetros there is a spine and it is "Normal" ( code = "3"). In E. jaroslavi and E. sp 2 the 

spine is "Absent" (code= "O"). The spine does not appear on most of the selected 

illustrated specimens of E. asymmetros, but Maletz 201 la notes that, "The thecal spine on 

thl1 is often difficult to see in the Norwegian material and is lacking altogether in some 

specimens. This may in part be preservational ..." (p. 863). 
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Character 103. Theca 11 Ventral Median Thecal Spine Location. As noted above, in E. 

jaroslavi and E. sp 2 the spine is "Absent" ( code = "0"). In E. gerhardi and E. asymmetros, the 

spine is an "Apertural spine" ( code = "1"). 

3.8 CASE STUDY 2: Reconciliation of Levisograptus dentatus coding 

As noted above, Maletz (2011a) redescribed Fucoides dentatus as Levisograptus 

dentatus based on the material of Hall (1865) and topotypes. Eoglyptograptus dentatus 

(sensu Bulman 1963) was used as the basis for establishing the Eoglyptograptus genus by 

Mitchell (1987). E. dentatus was one of the Darriwilian taxa that were coded in the 

phylogenetic analysis by Mitchell et al. (2007). It came as no surprise that the coding was 

based on the E. dentatus (sensu Bulman 1963) Baltic material. Below, with extensive 

portions cut out, is the result in one of the phylogenetic trees developed early in this 

analysis. The levisograptids are all at the base of the tree where they belong, however E. 

dentatus_Bulman (which I renamed Levisograptus dentatus without changing the coding) 

fell out amongst the eoglyptograptids and hustedograptids. It was clear that the original 

coding would have to be addressed and redone based on the Maletz (2011a) description. 

Leuise.? sinedentatus 
Leu iso._austredentatus

---{: 181 Leuise. sinicus 
118 -{ ---c= Leu~so.?_d~cellograpteides-c111 -[ Leu1se._pr1nus

Undule. cunbrensis 
1
81 Undule. nouakit Undule.:klabauensis

108 Undule9r. fornesus 
{ Archicl. ~arathenensis 

55 - Undule9r.Tcanptochilus 
- Arch1cl.?_pun9ens 

Horn. _haddingi 
_____r-- Undule._n.sp.BCWillians) 
~ Undule._n.sp.A(Willians)

58 ~ Precl inace._an,astatus 
----._ 8eland._oeland1cus 

Preclinace._bulo,ani
[091,._jareslaui~ ,5 Eegl,._gerhardi

58- , ~____r--____r-- Eegl,._sp.cf._E._gerhard~F5 7,5L ______r---- Husted. ~uebecens1s 
111181------i __r- iiusled_!sr . _bulo,an i

118101
_ 
------i,s_ leuiso . dentatu,

65 110_____r-- iiusted._uikar~,ensis 
~ Hustedegr._teretiusculus 

Figure 3.8.1. Portion phylogenetic tree, produced early in this project, whichshowis L. dentatus in unlikely highly 

derived position, far from where it belongs near the top of the tree. This is possibly due to the Mitchell et al. 

(2007) coding being based on non- E. dentatus material. 
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Leuiso. austrodentatus 
Leu1so.? sinodentatus 

-Leuiso. sinicus 
Leuiso . ?_dicellograptoides
Leviso. dentatus 

Leu1so ._pr i111us 
Undulo. cu111brensis 

- Archicl. 111arathonensis 
Undu1o. klabauensis 

Undulogr._for111osus
Undu lo. nouak i 

Undulo._n.sp.BCWillia111s)
Undulo._n.sp.ACWillia111s)

Undulogr._ca111ptochilus
Archicl.?_pun,ens 

Figure 3.8.2. Portion of more recent phylogenetic tree showing Levisograptus dentatus position after recoding, in 

a much more likely position among the other levisograptids. 

I examined each individual character, and determined that twenty-five of them needed 

to be recoded. After doing so, L. dentatus behaved well in the next phylogenetic analysis, 

and the tree, (Fig. 3.8.2, again much abbreviated) shows it falling amongst the rest of the 

Levisograptids where it belongs. The twenty-five characters are described below with 

detailed justification for each change. 

Several key specimens used for coding are included as illustrations on the next page. 

See Plate 34 for comprehensive illustrations of all L. dentatus specimen material available 

for this study. Comparison with L. prim us for each character is made, as the new 

phylogenetic analysis shows that L. prim us is closely related to L. dentatus. 

Character 2. Sicula Shape. Where the sicula shape is "Blunt (as in Normalograptus)" 

(code= "O") in the original coding, it is now coded as "Slender (as in Sinodentatus)" (code= 

"2"). See figures 3.8.3 g, h, & j, below. Note that this coding differs from L. primus, which is 

coded as "Blunt." 

Character 27. Metathecal differentiation Theca 21 to Theca 22 prothecae. Where the 

differentiation is "Hood-flange fusion to form symmetrical pair (A,C)" (code= "1") in the 
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original coding, it is now coded as "Prothecal dichotomy (U)" ( code = "O"). See figures 3.8.3 

d, e, f, & h. Note that this coding is the same as for L. primus. 

g 

h 
a C 

Figure 3.8.3. L. dentatus specimens, reverse views. a,b. Type specimen GSC 943 (Bulman 1963 fig. 4a and Plate 

96-1); c. GSC 134279 (Maletz 2011a fig. 6E); d,e. GSC 134266 reverse (Maletz 2011a fig. SG and author's photo); 

f GSC 134266 (Maletz 2011a fig. SG); g. GSC 134270 (Maletz 2011a fig. SE); h. GSC 134277 (author's 

photograph). 

Character 28. Metathecal differentiation Theca 22 daughter. Where the differentiation 

is "Distal" (code= "2") in the original coding, it is now coded as "Hood-flange fusion, 

symmetrical pair with th3 1 (U)" (code= "1"). See figures 3.8.3 d, e, f, & h. Note that this 

coding is the same as for L. primus. 

Character 30. Number of Primordial Thecae. Where the number of primordial thecae 

is four (code= "4") in the original coding, it is now coded as five (code= "5"). See figures 

3.8.3 d, e, f, & h. Note that this coding is the same as for L. primus. 

Character 34. Proximal Symmetry. Where the symmetry is Ai (Elevation Bases 

Different, Inclination Different)" ( code = "1") in the original coding, it is now coded from 

non-deformed specimens as "SI (Elevation Bases Similar, Inclination Similar)" ( code = "2"). 
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See figures 3.8.4 hand 3.8.5 j. In this, L. primus is different and is coded as "AI (Elevation 

Bases Different, Inclination Similar)" (code= "O"). 
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Figure 3.8.4. L. dentatus specimens, obverse views. i. GSC 134279 (author's photograph); j. GSC 134277 (Maletz 

2011a fig. 6C); k. GSC 134272 (Maletz 2011a fig. SH). 

Characters 37. Sicular enclosure on Theca 12 side. Where the enclosure is by th2 2 

"2nd" (code= "2") in the original coding, it is now coded as enclosed by th3 2 "3rd" (code= 

"3"). See figures 3.8.4 i&j. Note that this coding is the same as for L. primus. 

Character 42. Theca 21 descending protheca handedness. Where the th2 1 growth is 

"Left-handed (Pattern A, B)" ( code = "1") in the original coding, it is now coded as "Right

handed (Patterns U, C, D)" (code= "O"). See figures 3.8.3 d, e, f, & h. Note that this coding is 

the same as for L. primus. 

Character 44. Theca 21 Flange Location. Where the location is "Low Right (at Sicula 

thl 1 Juncture)" ( code = "2") in the original coding, it is now coded as "Absent (Continuous 

Tube as in Undulograptus and Isograptus)" (code= "O"). See figures 3.8.3 d, e, f, & h. Note 

that this coding is the same as for L. primus. 

Character 45. Theca 22 Prothecal Growth Geometry. Where the growth is "Lateral to 

ascending ( A,C)" ( code = "3") in the original coding, it is now coded as "Descending with 
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next before ascending (U-shaped)" ( code = "O"). See figures 3.8.3 d, e, f, g, & h. Note that 

this coding is the same as for L. primus. 

Character 48. Theca 31 protheca growth geometry. Where the 

growth is "Ascending only" (code= "4") in the original coding, it is 

now coded as "Lateral to ascending" ( code = "3"). See figures 3.8.3 d, 

e, f, & h. Note that this coding is the same as for L. primus. 

Character 49. Theca 31 Interthecal Septum Configuration. 

Where the configuration is "Straight" ( code = "O") in the original 

coding, it is now coded as "Z-sigmoid" ( code = "4"). See figures 3.8.4 i 

Figure 3.8.5.I L.and 3.8.5 1. Note that this coding is the same as for L. primus. 
dentatus. GSC 134266 

reverse view Maletz
Character 52. Distal Thecal Apertural Orientation. Where the 2011a fig. lC ("based 

on GSC 134266 and 
orientation is "Everted" ( code = "O") in the original coding, it is now additional information 

from other 

coded as "Horizontal" ( code = "1"). See figures 3.8.3 a & c, and 3.8.4 i. specimens" p. 852). 

Note that this coding is the same as for L. primus. 

Character 54. Distal Thecal Apertural Thickening. Where the thickening is "None" 

( code = "O") in the original coding, it cannot be distinguished in the available specimens 

and is now coded as "unknown" ( code = "?"). L. primus has a visible selvage ( code = "2"). 

Character 58. Distal Interthecal Septum Configuration. Where the configuration is 

"Straight" ( code = "O") in the original coding, it is now coded as "Double sigmoid" ( code = 

"5"). See figures 3.8.4 i and 3.8.5 1. Note that this coding is the same as for L. primus. 

Character 67. Distal Thecal Overlap. Where the overlap is "Reduced Diplo (Between 

Successive Aps" ( code = "3") in the original coding, it is now coded as "Frondose (Iso., 
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Undulo, Petalo) Well Below Preceding Aperture" (code= 110"). See figures 3.8.4 i and 3.8.5 1. 

Note that this coding is the same as for L. primus. 

Character 70. Proximal Dorsal Wall of Stipe. Where the proximal dorsal wall is 

described as "Straight" ( code = 11 1") in the original coding, it cannot be distinguished in the 

available specimens and is now coded as "unknown" (code= 11?"). L. primus has an 

undulose wall ( code = 11 2"). 

Character 75. Theca 11 Apertural Thickening. Where the thickening is "None" (code= 

110") in the original coding, it cannot be distinguished in the available specimens and is now 

coded as "unknown" ( code = 11?"). L. primus has a visible selvage ( code = 11 2"). 

Character 77. Theca 11 Geniculum Shape. Where the geniculum is "Absent" (code= 

110") in the original coding, it is now coded as "Openly Rounded" ( code = 11 2"). See figures 

3.8.3 e, f, & g and 3.8.4 i & j. Note that L. primus is coded as having both "Openly Rounded 11 

(code = 11 2") and "Tightly Rounded" ( code = 11 3") states. 

Character 79. Theca 11 Geometry. Where the shape is "L-Shaped" ( code = 11 1") in the 

original coding, it is now coded as "J-Shaped" (code= 11 2"). See figures 3.8.3 e, g, & h. Note 

that this coding is the same as for L. primus. 

Character 87. Theca 3.1 apertural orientation. Where the orientation is "Everted" 

(code= 110") in the original coding, it is now coded as "Horizontal" (code= 11 1"). See figures 

3.8.3 band 3.8.4 i. Note that L. primus differs from both of these and is "Introverted" ( code 

= 112"). 

Character 95. Theca 31 Subapertural Configuration. Where the sub-apertural outer 

wall is "Straight" (code= 110") in the original coding, it is now coded as "Convex 11 (code= 

11 2"). See figures 3.8.3 band 3.8.4 i. Note that this coding is the same as for L. primus. 
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Character 96. Theca 31 Subapertural Inclination. Where the inclination is "Moderately 

Outwards" ( code = "1") in the original coding, it is now coded as "Parallel to axis" ( code = 

"2"). See figures 3.8.3 band 3.8.4 i. Note that this coding is the same as for L. primus. 

Character 97. Theca 31 Supra-Apertural Configuration. Where the supra-apertural 

wall is "Concave" ( code = "3") in the original coding, it is now coded as "Straight and 

Weakly Inclined" (code= "O"). See figures 3.8.3 band 3.8.4 i. L. primus has a "Concave" 

supra-apertural wall ( code = "3"). 

Character 104. Theca 12 ventral spine condition. Where there is no ventral spine 

"Absent" (code= "O") in the original coding, it is now coded as "Spine - Normal" (code= 

"3"). See figures 3.8.3 c, e, g, h, i, & k. Note that this is the same as for L. primus. 

Character 105. Theca l2 Ventral Median Thecal Spine Location. Where there is no 

ventral spine "Absent" ( code = "O") in the original coding, it is now coded as an "Apertural" 

spine (code= "1"). See figures 3.8.3 c, e, g, h, i, & k. Note that this is the same as for L. 

primus. 
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4.0 ANALYTICAL RESULTS 

Once I completed discrete coding of the additional thirty-nine specimens and made 

measurements for the continuous coding of the twenty-five taxon sample, I performed a 

phylogenetic analysis first using discrete coding only, then using continuous coding, and 

then using continuous codes converted to discrete codes using the Finite Mixture Coding 

(FMC) process (Strait et al. 1996). Before starting any of these, however, I created some 

baseline phylogenetic models were to assess the results of using newer software. 

As previously noted, the data set of phylogenetic characters and codes in the current study 

are based upon that used in Mitchell et al. (2007) by extracting the twenty-eight taxa that 

occurred in the Darriwilian ( eliminating the fifty- nine taxa from the Sandbian and Katian 

stages) and adding thirty-nine additional Darriwilian taxa found in museum collections and 

published papers. Since I have used TNT phylogenetic software in the current study, 

whereas the prior studies were done using PAUP 4.10b, I wanted to begin by rerunning the 

original study using TNT to ensure that the results were compatible and that significant result 

changes were not introduced simply by the change in software. This, however, could not be 

recreated precisely as the 2007 data matrix was no longer available. This baseline run was 

made with the 117-character data matrix used in the Mitchell et al. (2009) study. This was a 

modification of the 2007 data matrix. With 23 additional characters, this is known to yield 

somewhat different results, so it is expected that some taxa will be misplaced, but if the tree 

produced with TNT is largely the same as that produced with PAUP, I will be confident that the 

software performs in an equivalent manner. Note, though, that the 2007 tree to which this is 

being compared is a "consensus" tree, and not one of the 25 actually produced at that time. 

This introduces a further source of discrepancy. 
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Figure 4.0.1. One of the most parsimonious trees produced in the attempt to re-create the results of Mitchell et al. 
(2007). Although this tree was selected for being closest to the Mitchell et al. (2007) study consensus tree, the 

other MPTs were trivially different. The numbers are internal node numbers generated by TNT. 
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Note that the outgroup is identified as Undulograptus sinodentatus rather than as 

Levisograptus. As the study progressed this and the other levisograptids listed here as 

Undulograptus were relabeled consistent with Maletz (2011a). As expected, none of the 

several trees produced were identical to the 2007 consensus tree, but the results are close. 

In Figure 4.0.1, I display Tree #82, with a length of 1291 steps. In this tree, node 162 

(Haddingograptus eurystoma, Ha. oliveri, Ha. "tableheadensis'J is placed differently than in 

the 2007 study and is a part of current node 138, below Archiclimacograptus sebyensis, in 

the 2007 study. Node 153 (dicaulograptids, dicellograptids, and nemagraptids) is a sister 

group to node 138, rather than within it. Node 159 (Hustedograptus bulmani and 

Eoglyptograptus dentatus-actually E. gerhardi) consistently appears two nodes higher and 

is a sister group to Urbanograptus retioloides. Except for these, and a few cases where taxa 

are interchanged without changing a clade, the current tree is surprisingly close to the 

2007 consensus tree, given the differences made in the 2009 data matrix. 

I created the second baseline TNT phylogenetic model by extracting the data for the 

twenty-eight Darriwilian axonophoran graptolites from the Mitchell et al. (2009) modified 

data set. This produced a single most parsimonious tree, so a strict consensus tree was 

unnecessary. The model allowed for up to 99,999 trees to be retained (the maximum 

number of allowed by the TNT software). This run was completed after 4.1 trillion 

rearrangements were examined. As in the original study, branch swapping was by TBR. This 

result was no different from a previous run that had allowed up to 50,000 trees to be retained, 

with replicates run until the minimum length had been found 2000 times. As with the first 

baseline run of eighty-eight taxa, differences accrued from the effects of the twenty-three 

additional characters in the modified 2009 data set. There is also likely some effect due to the 
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elimination of fifty-nine non-Darriwilian taxa. If there is also an effect from a change in the 

software, this is impossible to isolate. 

Undulogr._sinodentatus
Undulogr. austrodentatus 

UnduTogr._sinicus
Undulogr._dicellograptoides
Undulogr._prirnus

Undulogr._marathonensis
Undulogr._formosus

Undulogr._camptochilus
Hacding. _oli veri 
Hadding._eurystoma
Pseudocl. scharenbergi

DiceI. _vagus
Dicaulogr._hystrix
Archicl._sebyensis

Pseudamp. distichus 
Arch icf. _rnodice l lus 
Archicl._decoratus 

Proclim?_pungens
Proclimacogr. angustatus 

r-- Oeland._oefandicus 
41 ➔ , EogJyp,_dentatus Bulman 

40 Hustedogr._bufmani
Hustedogr._teretiusculus

Ampl,_perexcavatus 
r-- Gymn._linnarsoni 

52 4~,Norm._antiquus 
54 Norm._eu~lyphus

Norm._kukersianus 
Norm._brevis 

Figure 4.0.2. Single most parsimonious tree from the phylogenetic model of twenty-eight Darriwilian taxa that 

were included in the Mitchell et al. (2007) study. Node numbers were suppressed, and only those referred to in 
the text have been manually replaced. Note that a twenty-ninth taxon is included here, Eog/yp. dentatus 
Bulman, which was later dropped from the list of accepted taxa from the prior study. 

In the twenty-eight taxa baseline tree above (Figure 4.0.2), the positions of the first eight 

taxa are identical to the results in Mitchell et al. (2007). There are four differences after that. 

First, the original study organized these taxa in several stem lineages and six high level clades. 

Here we have a single stem lineage and all remaining taxa fall into only two clades. Second, 
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Pseudoclimacograptus scharenbergi is much earlier in the tree than it was in Mitchell et al. 

(2007), where it appears between branches number 52 and 54. The earlier position is in 

better agreement with the stratigraphic appearance ( according to the Sadler et al. 2011 

constrained optimization graptolite data base), though Archiclimacograptus decoratus does 

appear earlier, where it shows later here. Third, Pseudamplexograptus distichus also 

appears earlier in the tree in somewhat better agreement with stratigraphy, where it 

appeared between branches 41 and 40 in the prior study. However, here it is too early, as 

both Archiclimacograptus decoratus and Ar. modicellus should appear earlier than it. 

Fourth, the clade made up of Dicellograptus vagus (later reassigned by Chen 2016 to 

Jiangxigraptus) and Dicaulograptus hystrix is earlier than before and also in better 

agreement with stratigraphy. In the prior study it appeared above Ps. distichus between 

branches 41 and 40. The coding revisions made by the Mitchell et al. (2007) team after the 

publication of that paper has improved the tree. 

This character and taxa matrix and resulting phylogenetic tree became the basis for the 

next phase in the study, in which additional taxa were coded and added to the matrix. 

4.1 Phylogenetic Analysis Using Discrete Characters 

The procedure I followed in adding to the twenty-eight taxa matrix derived from the 

2009 study was to code a single new taxon selected as typical for a genus so as to gain an 

understanding of the character states that distinguished that genus from others. The 

remaining taxa for the genus were then coded, beginning with Archiclimacograptus (with 

seven additional taxa added to the four archiclimacograptids in the Mitchell et al. (2007) 

study). With the addition of each set of a few new taxa, I ran phylogenetic trees, analyzed 

them, and discussed the results with my advisor, Dr. Mitchell. Anomalies would frequently 
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occur during the early stages, with taxa falling out on the trees in places where they clearly 

did not belong. Coding errors (and the occasional typographical error) had to be corrected 

while my morphological knowledge of graptolites increased and my skills improved. When 

an anomaly occurred, the taxon in question was compared character by character to its 

next most similar taxon, both in the coding and in the photographic examples ( often in the 

same genus) and to other taxa to which it was close. In this way, I insured thatthe 

differences between taxa were captured and that every character coded was based on 

actual differences ( and similarities) between the specimens. In no case was any change 

made to force a closer fit between purportedly related taxa. I let the taxa fall where they would 

in the tree. Only in this way could I identify possible taxonomic discrepancies in previous 

studies compared to my model. Oftentimes, however, necessary corrections did bring believed 

related taxa together. 

An interesting event occurred in 2017 when we received a copy of Chen (2016) Darriwilian 

to Katian (Ordovician) Grap to lites from Northwest China after my coding was completed, the 

discrete phylogenetic model analysis with sixty-six taxa was complete, and continuous 

coding was well underway. Although there is much material in this volume for future work 

expanding on the current study, their results on one of the in-scope taxa required response. 

Their finding, with which I concurred, was that the specimens of Haddingograptus 

eurystoma in my analysis comprised two distinct populations, each of which was a separate 

species. A substantial number were identified by that team as Haddingograptus eurystoma, 

while others were described as a new taxon, Ha. tarimensis. This necessitated recoding 

each of the two populations independently with Ha. tarimensis added as a sixty-seventh 

taxon to the data set. Phylogenetic analysis confirmed the distinctness of Ha. tarimensis. 
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The initial analysis used NONA Pee-Wee "Rule 1" to generate and assess over 1 trillion 

trees (1,011,720,453,709 trees). The program parameters were constructed to continue 

until the lowest score had been hit 10,000 times. This produced a single most 

parsimonious tree, as the 10,000 lowest scores ultimately all belonged to the same tree, 

randomly generated 10,000 times through different transformations. 

Leu iso . _sinodentatus 
Le1Jiso .Jlentatus 

Leuiso ._austl"odentatus 
Leu iso. _sinicus 
Lev iso. _dice llogPapto ides 
Levi:.o._JJ1·imu:. 

Undulo. _cmnhi-ens is 
Undulo ._1<labauens is 

Undulo .Jomosus 
Undulo. _nouaki 

Undulo .Jl -•P. B_( William•)
Undulo .Jl .sp. A_(llilliams) 

Undulo . ...Jllarathonen:.is 
Undulo ._carriptochilus 

Al"chic 1.?_pungens

HaddJ:ldf;:: ~::;;:::niiii 
Haddingo ._tal"irriensis 

Haddingo. _eul"ystoma 
Haddingo ._o liueri 

Pro las io . _r,e t us us 
Haddingo . .J,aplus

Pseudoc 1. _schaPenhel"gi 
Rrchicl . ...J11odicellus 
Archie l. _decoratus 
A:rchicl. _sebyens is 

APcldc 1. _os lo ensis 
Pseuda'1p._latus 
Pse udamp. _dist ic hus 

Al"chic 1. _confel"tus 
Dicaulo . .J,ystPix 

Die au lo ._trechnus 
Dicaulo. _lupe1•us 

, Dipa.ulo ._cu,mdiscus 
D1.crano . _irregularis 

Jiangxi.Jurleyi
Jiangxi._uagus 
Jiangxi. _exilis 

Jiangxi. _salopiensis 
Jiangxi. _int01~tus 

Ai-chic l._angulatus 
Archicl._cae latus 

APchicl. _sheldoni 
Archie l. _amhiguus 

Glimaco. _antiquus 
Climaco ._bifopmis 

Oelando ._oelandicus 
P1,0climaco ._bulmani 
Pl"oclimaco ._angustatus

Hustedo_quehecens is 
Hustedo . ....bulmani 

Hustedo ._uikal"hyensis 
Hustedo. _tel"etiusculus 

Eoglj:;}~if:~:::t~metros 
Eoglypto. _sp-2
Eoglypto. _ja~oslau i 
"Diplo. uJoliaceus 

Ampl._arctus 
Ampl._pel"excauatus

Gy'1no ._ejuncidus_(sp_JD 
GyJ1mo ._linnarsoni 
"Diplo."_elle•i

Nol"m._antiquus 
NoPm._eugl_.!lphus 

Ho r111. J<ukers ian us 
Ho I'm. _b1,e u is 

Figure 4.1.1. Single most parsimonious tree found under "Rule 1" and all other techniques from the 

phylogenetic model of sixty-seven Darriwilian taxa that are in scope for this current study. This tree, run late in 

this study, is the only one which identifies the jiangxigraptids consistent with Chen 2016, before which they 

were identified as dicellograptids. 

The "Rule 1" implementation uses sectorial searches (a "divide-and-conquer" 

technique) and tree fusing techniques as defaults. I accepted these and the ratchet and 
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drift technique options were not added. In the sectorial searches, both the random 

sectorial search technique (RSS-where sectors are selected at random) and constrained 

sectorial search technique (CSS-where sectors are selected by reference to polytomies in 

a constraint tree) were the accepted defaults. The exclusive sectorial search option (XSS

in which non-overlapping sectors are selected so that their size is as uniform as possible to 

cover the entire tree) was not added. In both RSS and CSS, the global swap and size 

selection defaults were accepted. In the tree fusing algorithm, which uses TBR, all of the 

program defaults were accepted. In actual execution of "rule 1", either the sectorial 

search algorithm or the TBR algorithm is randomly selected to be applied to the next 

successive search. The options set for these runs besides the lowest score cut-off included 

collapsing trees temporarily for consensus calculation. 

Bootstrapping indicates that the branches are weakly supported and that the tree may 

not be reliable. The bootstrap technique for assessing the confidence limits that can be 

placed on a given tree-set attempts to estimate the sampling error that would be found in 

repeated sampling by using a surrogate-random resampling with replacement from 

within the existing data set (Felsenstein 1985). My bootstrap analysis used the Poisson

modified bootstrapping technique, which generates random frequencies from a Poisson 

distribution in which the bootstrap samples are of variable number of characters with 

mean size of n=l 17 (Hanley and MacGibbon 2006). (See Figure 4.1.2, next page.) This 

technique gives somewhat better support values than the standard sampling that uses 

constant size replacement samples. However, the average support value for branches was 

only 17.0 ( occasionally 16. 9) using the Poisson technique based on 100,000 sample sets 

(vs. 16.6 for the standard method). Although no groups occur together a somewhat ideal 
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95% of the time (Felsenstein 1985), or even 90%, two groups are relatively well

supported: Amplexograptus arctus and Am. perexcavatus occur together 86% of the time, 

and Archiclimacograptus decoratus and Ar. modicellus occur together 87% of the time. 

Accepting as little as 50% support only brings in the Dicaulograptus cumdiscus and D. 

luperus pair at 70%, the Dicranograptus irregularis/dicellograptids grouping at 75%, and 

the dicellograptids grouped together in 60% of samples. (Also Undulograptus cumbrensis 

grouped with all other taxa above the levisograptids a mere 51% of the time.) Bootstrap 

analysis using the standard technique produced these same well-supported groups, with 

scores of 89%, 69%, 77%, 58%, and 45% respectively. The bootstrap analysis using the 

Poisson-modified technique under SPR appears on the next page as Figure 4.1.2. 

The resulting most parsimonious tree (MPT) has a length ( or fit of tree) score of 45,925. 

This might seem surprising, but in TNT the length score is affected by the user-supplied 

weighting scheme. Weights must be set to be values from 1 to 65. (The PAUP-run 

weighting scheme from Mitchell et al. (2007) had values from .04 to 1. When first applied 

in TNT, they all defaulted to 1. Weights for this study have been rescaled to be from 3 to 

65. See page 51 for discussion.) Since the length score is affected by the user-defined 

weights, using larger weights ( e.g., 65 rather than 1) gives a higher score value, all other 

factors being equal. For example, using a weight of "1" on every character yields a length 

score of 941, which represents the actual length of the tree (no weight effect). Using a 

weight of "65" on every character yields tree and bootstrap scores that are identical to the 

tree gotten with a weight of "1", since every weight is still equal. However, the length score 

in this case is 61,165, exactly 65 times as much. With an average character weight of 52.5, 
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the derived score of 45,925 (hereafter referred to as "weighted length") is equivalent to an 

actual most parsimonious "tree length" of 875. 

Figure 4.1.2. Bootstrap analysis using the Poisson-modified technique under SPR. 
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With only one most parsimonious tree, another way to test robustness is to introduce a 

set of next longest suboptimal trees and run a consensus (majority rule) tree to determine 

how frequently the MPT branches are supported. I first ran an analysis accepting trees of 

weighted length of up to 45,963. This entire range covers all trees with a calculated 

unweighted equivalent tree length of 875, which when accounting for the weighting are 

trivially shorter than the MPT. This generated a total of forty-seven trees. The consensus 

tree is exhibited in Figure 4.1.3. Several branches show less than 100% consensus 

indicating that various taxa move around the tree as suboptimal lengths are added. 

An interesting case is that of Levisograptus dentatus. In the MPT, this taxon fell between 

Levisograptus sinodentatus and L. austrodentatus, which does not match its stratigraphic 

occurrence. However, in the consensus tree we see that in twenty-nine of the forty-seven 

trees generated ( 61 % of the time) it falls between the L. sinicus/L. dicellograptoides sister 

pair and L. prim us, a much better match to the stratigraphy. 

A second interesting case is that of the normalograptids. 93% of the time these share a 

common ancestor with Diplograptus ellesi, these five taxa with the two gymnograptids, and 

these seven taxa with the amplexograptids. However, in three of the forty-seven trees the 

normalograptids are paired as having a common ancestor with Archiclimacograptus 

sheldoni and with Dip/. ellesi moving to share an ancestor with Dip/. foliaceous. In one other 

case the normalograptids pair with the gymnograptids, with Dip/. ellesi preceding them in 

the tree. These four anomalous cases (7% of the total) drive all of the variation in the 

entire clade beginning with Archiclimacograptus angulatus. 

The third case in this first run concerns Undulograptus marathonensis and U. 

camptochilus. In the bootstrap trees, these could find no support in any of their 
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relationships and were reported out in the polytomy. The lack of support is evidenced in 

these forty-seven trees as they appear in several combinations. Although they most 

frequently appear (75% of the time) with U. camptochilus sharing a common ancestor with 

the less derived U. marathonensis, they interchange positions with each other in several 

different trees, and occasionally individually or together they move to the undulograptid 

clade that descends from a common ancestor with U. cumbrensis. Although not stable in 

position, they always appear with the other undulograptids. 

Majorit, rule tree (froM 47 treu, cut 50) 

Leuiso. sinodent.ltus ____r-- [euiu._austrodentatus: 
L10o__s-- 1oo______r-- leuiso. _sinicus7.,-{_ -----,____ Lniso. _dicellograptoides 

61 --r: Lniso. _denlatus 
61 Leuiso. priMu§mo-[ O'ndulo. cu111br e nsis ____r=-- Undulo. khbaucnsis 

100 '°L e,_____r-- Unilulo. for111osus 
R2 L1DD- ll'ndulo. noYaki-[100-{ --r,;;;;: ,--- D'ndulo._n.sp.B_(WilliaMs) 

-----,____ Undu lo._n.sp.A_rni lliaMs) 
Undulo,_rl'ltrathonensis 

7o { Uodulo.i~!~f!r~~~t~i11ens 
57 ----[,; Haddingo, _ inter111ediuli 

100 Haddin110,_macnnili 
100 Haddingo. _to1rimcn1is 1DD{~ ~---r:-~ H,ddi,,, . .,,,,t,m,

100 Linn~H•ifdingo.oliueri
100-------i100---C::: PrOlasio ._retusus 

100 Pseudocl. _scharenbergi Haddingo. _haplus 

100------c:::: :~~~:~::=::~!~:i~~-
100 Archicl. _seb11en!li!I 

-{ Archicl. o!lloen!li!I 

100 100-[-{1oo---Gao_____r---- Pleud11Mp._l~tu~ 
L.._ PseudaMp. d1sltchus 

100 -[ Archicl. _confertUs 
Dieaulo ._h11strilc

{ 100 55-{;-~ Dieaulo . . ,_trtehnus 
7 Dieaulo. _ luperus 

100- 1001 100_~ _Dicaulo . .,.cumdiscus 

---c: D1crano. 1rre9ular1s 
100 100---c:== J!an9x!._9urleyi 

100-{ J!an9x!--"a$u~ 
J111n9x1._ex1lu 

100~,-- J~ ,m9x~--~111lopiensis 
--.___ J1111ngx1._mtortus 

--c: Archicl._111nsuhtuli 
100 -[ Archicl. _cuhtu: 

93 Archicl._t:heldoni 
100 -{ -C Archicl._a111biguus

Cli111aco. _antiquus 
100 100---k Climaco. _biformi, 

100 Oelando. oehndicu!I"i ~---Gao_____r---- Pi="ocl~Maco. _bulMani 
L.._ ProcltMaco. _angustatus 

Hustedo quebecensis 
93___r-- HuStedo. _ bul111aniln--[ ,og_____r---- Hushdo. _uihr~,ensis 

--.___ Husledo._terel1usculus 
i3 -E E09l,Pto.u11rrnelros
-[ Eo9l11pto.:9erhardi 

93 100---c= ~:;l::~:::j:r!shYi 
ii-{ --[ "Diplo,"_foliaceus 

93 -{100--C:::::: ::: ~:::~~!~:1lY1llUi
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Figure 4.1.3. Consensus tree found under "Rule 1" of the forty-seven trees with weighted lengths up to 45,963. 

The consensus tree for the 1314 trees with weighted lengths up to 46,016 is identical in structure. 

I ran a second analysis equivalent accepting trees of weighted length up to 46,016. This 

included all trees with calculated unweighted tree lengths of 875 to 877. This generated a 

total of 1314 unique trees. The consensus tree is identical in structure to that from the first 
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analysis shown below (Figure 4.1.3), though the percentages vary somewhat due to the 

larger sample. 

Although the bootstrap analysis implicated the most parsimonious tree as not well

supported, this suboptimal tree analysis encompassing a large suite of alternative trees 

that are less than 0.2% longer than the MPT shows that the MPT is in fact rather robust. 

While bootstrapping is a useful tool, in this case it does not provide the best way to 

determine the validity of the MPT (see Sanderson 1995, "Objections to Bootstrapping" for 

more discussion on this). 

Sensitivity analysis - Heuristics 

Since running the program to produce 10,000 lowest scores generated only one most 

parsimonious tree, I made a series of runs to generate only 1,000 lowest scores, as I 

theorized that the results would be identical. An identical set of options was used under 

"Rule 1", and after over 100 billion (101,184,613,763) rearrangements were generated and 

assessed, the 1,000 lowest scores ultimately all belonged to the same single most 

parsimonious tree. It is, of course, identical to the one generated using the lowest 10,000 

scores, has the same tree length value (45,925) and generates identical bootstrap values 

(branch means of 17.0 and 16.6, respectively). Also, running bootstrap analyses with only 

1,000 iterations (vs. 100,000) produced nearly identical bootstrap values (branch means of 

16.9 and 16.6, for the Poisson and standard techniques, respectively). 

"Rule 1" as outlined by Swofford and Begle (1993) was one of their three possible rules 

to deal with zero-length branches. The "Rule 1" heuristic is to collapse an interior branch if 

the minimum possible length of the branch is zero. (If a most parsimonious reconstruction 

(MPR) is found for each character such that no length is assigned to the branch, the branch 
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is collapsed.) Goloboff (2005) made Rule 1 the TNT default, as he had with the NONA 

software before (1993a). The other techniques for tree generation in TNT use tree 

collapsing rules under SPR, TBR, "Rule 3", "Rule 4", and "identical state sets." There is also 

the option to do no tree collapsing. In SPR (subtree pruning and regrafting), a subtree is 

detached from the main tree and is then reinserted in another location on the main tree to 

create a new node. In TBR (tree bisection and reconnection), a subtree is detached from 

the main tree at an interior node and then all possible connections are made between 

edges of the two trees to generate multiple new trees. Swofford and Begle's (1993) "Rule 

3" is to "collapse an interior branch if the maximum possible length of the branch is zero 

( emphasis mine); that is, if all MPRs assign zero length to the branch for every character, 

then the branch is collapsed." "Rule 4" is a modification to "Rule 3" proposed by 

Coddington and Scharff (1994), which is to "discard all trees that must contain a zero

length branch" ( emphasis mine). "Identical state sets" occur when the sets of ancestors 

and descendants are identical. 

Running the data matrix under SPR rules until the lowest value was achieved 1,000 

times resulted in again finding the identical single most parsimonious tree with the same 

tree length value (45,925) and same bootstrap values (branch means of 16.9 and 16.6, 

respectively, after 1000 iterations) -after 100.5 billion rearrangements were tried. 

Running the data matrix under TBR rules until the lowest value was achieved 1,000 

times achieved identical results-same tree, same score, same bootstrap results-after 

101.2 billion rearrangements were tried. Iterations and run times are comparable to those 

under "Rule 1." "Rule 3" also yielded identical results after 101.2 billion rearrangements 

were tried, as did "identical state sets" (101.2 billion rearrangements). "Rule 4" also 
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yielded identical results, except that bootstrapping cannot be used in "Rule 4" nor can any 

other resampling analysis, such as jackknife or symmetric resampling. It is interesting that 

runs using the option of not collapsing trees provided the same results with equivalent run 

times. This implies that collapsing zero-length branches either has no effect on run-time, 

or that there were no zero-length branches found among all the trees generated. 

While significant differences might be found with extraordinarily large datasets, it turns 

out that with this data set of sixty-seven taxa and 117 characters, it makes no difference at 

all which algorithms are used, as all achieve the same results. 

Sensitivity analysis - Rooting and Processing Sequence 

The TNT software is a "black box", though the development team at AMNH is well 

regarded, and with the version 1.6 used in this study, errors found by other researchers 

have been corrected. In addition to the aforementioned cases in which varying the 

heuristic rules were employed and changing the number of trees to be assessed produced 

identical results, I performed two other sensitivity tests to ensure that the software 

behaves consistent with expectations and that different approaches do not change the 

results. For example, rerooting a tree will change how it is displayed but should not change 

the underlying structure nor the relationships among taxa. Levisograptus sinodentatus has 

been used as the outgroup throughout and L. austrodentatus shows up as the second most 

basal taxon in nearly two-thirds of the possible trees. To test varying the outgroup, I made 

L. austrodentatus the outgroup in one run and except for the interchange between L. 

austrodentatus and L. sinodentatus, in every other aspect the tree remained identical, as it 

should. Similarly, regardless of the order in which taxa are presented, the software should 

produce the same results each time. In this test, I generated three different random-order 

119 



lists of taxa (though keeping L. sinodentatus first in each list as the outgroup) and ran each 

of those. As theoretically required, it made no difference in what order the remaining taxa 

were listed in the data matrix, as each variation produced identical results. 

4.2 Phylogenetic Analysis Using Continuous Characters 

Twenty-five taxa in the study collection had three-dimensional specimens suitable for 

taking continuous character measurements on the 13 measurable characters. These were 

supplemented with a few high relief specimens judged sufficiently non-deformed to 

provide additional data points and they were used if their measurements were consistent 

with those of the three-dimensional specimens. The twenty-five taxa are Amplexograptus 

perexcavatus, Archiclimacograptus caelatus, Ar. confertus, Ar. decoratus, Ar. modicellus, Ar. 

osloensis, Ar. sebyensis, Dicaulograptus cumdiscus, Dicaul. hystrix, Dicaul. luperus, 

Eoglyptograptus gerhardi, Gymnograptus linnarsoni, Haddingograptus eurystoma, Ha. 

hap/us, Ha. maennili, Ha. oliveri, Hustedograptus bulmani, Hu. teretiusculus, Levisograptus 

primus, L. sinicus, Normalograptus kukersianus, Oelandograptus oelandicus, 

Proclimacograptus angustatus, Pseudoclimacograptus distichus, and Undulograptus 

camptochilus. L. sinicus, the most basal taxon in this subset both in the discrete character 

trees and based on its FAD, was designated the outgroup in these models. 

The TNT phylogenetic software is documented as being well able to handle continuous 

characters. However, I failed to find any material in the existing TNT documentation that 

explained how this was done in the software. My hope was that character measurements 

would be statistically binned, as most of these characters were not demonstrated to be 

ordered. However, early runs of the software demonstrated that the measured continuous 

characters were in fact dealt with as ordered characters. (Further discussion begins on 
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page 129.) Ordered characters are those in which change is obliged to follow a fixed path 

from a primitive state to a derived state to a yet more derived state and so forth. A discrete 

code example is the "maximum number of stipes" (Maletz et al. 2009) which can vary from 

more than four, to four, to two, to one and which presumably must follow that sequence in 

evolution without omitting intermediate steps. Continuous characters can also be ordered, 

if there is an evolutionary sequence in which a character becomes, for example, ever 

shorter or ever longer through time. 

Discrete Character Analysis for Reduced Taxa Data Set 

First, the above set of taxa was run with discrete characters only to create a base set 

against which to compare the continuous character results. Phylogenetic trees were 

created using all four available models. The TNT "Rule 1" model ran faster than other 

models, gave equivalent results, and enabled resampling analysis. (See "Rule 1" write-up in 

section 4.1.) The model was run to yield 10,000 trees oflowest score, which were 

produced after 23,233,712,193 rearrangements. This tree scored 20,301, which after 

allowing for the weighting is equivalent to a tree length of 387. 

Without the data from the forty-three taxa that were deleted from the matrix, the 

results change somewhat. Following the tree from the top down (see fig. 4.2.1, next page), 

we first find the grouping of Oelandograptus oelandicus and Proclimacograptus. angustatus 

sharing a hypothetical common ancestor with Undulograptus camptochilus as in the sixty

seven taxa model phylogeny. However, Normalograptus kukersianus has moved to be 

included in this grouping, where it was grouped with the hustedograptids, Amplexograptus 

perexcavatus and Gymnograptus linnarsoni in the sixty-seven taxa model phylogeny. This 

first grouping is also now dissociated from Archiclimacograptus caelatus that has moved 
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elsewhere, though still with the archiclimacograptids. Notably, this clade-small as it is

recovers the Neograptina of Storch et al. (2011). (See section 5.2 for further discussion.) 

Note that this grouping is not well supported in the bootstrap analysis of 10,000 samplings, 

but it was as poorly supported in the bootstrap analysis for the full sixty-seven taxa set. 

The bootstrap results for the discrete character run follows in figure 4.2.2. The bootstrap 

score using the Poisson correction technique has an average group support of 28.9%, with 

strong support for only a few groups. The lack of support also causes the bootstrap tree to 

differ in structure from the MPT. 

ce:an,j, oe:an,i~~us 
Proc ::. ima co . _ angu s tatus 
Norm. kukersianu s 
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Figure 4.2.1. Most parsimonious phylogenetic tree based on discrete characters for the twenty-five taxon for 
which continuous characters were analyzed. 

The second grouping in the MPT above consists of the haddingograptids, and it is 

consistent with that grouping in the full sixty-seven taxa set. Note that the support for this 

group in the bootstrap analysis is much better than in that for the full sixty-seven taxa set, 

and support for the Haddingograptus eurystoma/Ha. maennili/Ha. oliveri sub-group is at 

nearly 50%. 
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Figure 4.2.2. Poisson-based bootstrap analysis of the discrete characters baseline for the twenty-five taxon for 
which continuous characters were analyzed. 

The third grouping in the MPT in figure 4.2.1 is Archiclimacograptus decoratus and Ar. 

modicellus, with a hypothetical shared ancestor with Ar. sebyensis, the same as in the full 

sixty-seven taxa set. Bootstrap support is high, improving slightly from 84% to 90%. 

The fourth grouping in the MPT is Ar. confertus with the dicaulograptids and also with a 

hypothetical shared ancestor with Ar. sebyensis, the same as in the full sixty-seven taxa set. 

Added to this group is Ar. caelatus, which moved ( as noted above) from the first grouping. 

There is strong bootstrap support for the dicaulograptids in both this and the full set, but 

neither bootstrap analysis recovered their grouping with Ar. confertus. 

The last grouping in the MPT is of the hustedograptids with Eoglyptograptus gerhardi, 

Gymnograptus linnarsoni, and Amplexograptus perexcavatus and all posited in this model to 

share immediate common ancestry with Ar. osloensis and Pseudamplexograptus distichus. 

The phylogeny in the full sixty-seven taxa model does not recover this last grouping to be 

with Ar. osloensis, and Ps. distichus, nor does the bootstrap analysis recover this. The 
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grouping of E. gerhardi with the hustedograptids has only moderate bootstrap support at 

32% here and is not recovered in the bootstrap analysis of the full sixty-seven taxa set. 

This reduced set is supported more strongly overall (with average 28.9% support for 

the branches) but has several changes from the full set that are not supported at all. 

Continuous Character Analysis 

I created a database of 1153 individual measurements on 152 individual specimens in 

Microsoft Excel as input for this process. The deficiency is that only twenty-five of the 

original sixty-seven taxa are represented. The remaining forty-three original taxa had no 

three-dimensional or high-relief specimens and could not provide comparable 

measurements. 

I next created phylogenetic trees using all four available models with the complete 

continuous character data set. As with the discrete data set, the "Rule 1" model gave the 

best results-running faster while yielding equivalent results and permitting resampling 

analysis. The tree following ( see fig. 4.2.3, next page) provided a score of 17,868, with 

10,000 occurrences of the lowest score. The score is equivalent to a tree length of 361, 

which is 18 changes shorter than the discrete character tree. 

There are two significant anomalies in this result. Most researchers would likely look 

askance on an assertion that the Normalograptacea (Mitchell et al. 2007)-Undulograptus 

camptochilus, 0. oelandicus, and P. angustatus-had their origins in the haddingograptids. 

My expectation was to have them appear basal to the rest and above Levisograptus prim us, 

and to have Normalograptus kuckersianus cluster with them. Similarly, the Diplogratidae 

Mitchell et al., 2007-Amplexograptus perexcavatus, Gymnograptus linnarsoni, 
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Hustedograptus bulmani, Hustedograptus teretiusculus, Eoglyptograptus gerhardi-are 

likely to have common ancestry with the archiclimacograptids, but not within them. 
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Figure 4.2.3 The most parsimonious phylogenetic tree with the complete continuous character data set 

produced using "Rule 1" heuristics. 

As expected, the other models (TBR, SPR, and "Rule 4") produced identical trees as they 

had in the previous analysis (see page 117). Each model had a matching length of 17,868, 

and varied only in the amount of time it took to run. 

The bootstrap analysis results for the Rule 1 tree (fig. 4.2.4, next page), again with the 

Poisson sampling providing the most robust results, approached that of the discrete 

character data set, with an average group support of 26.3, and strong support for only a 

few groups. Note that the bootstrap analysis recovers Undulograptus camptochilus as basal 

to all taxa above Levisograptus prim us with relatively high support at 86%, and that it 

recovers Amplexograptus perexcavatus, Gymnograptus linnarsoni, Hustedograptus bulmani, 

Hu. teretiusculus, and Eoglyptograptus gerhardi as having common ancestry with the 
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archiclimacograptids, but not within them. This is an expected result, but it has low 

confidence. 
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Figure 4.2.4. The continuous character Bootstrap Analysis tree, under the "Rule 1" heuristic. 

The discrepancies documented above and others indicate that the full suite of 

continuous characters did not provide an improvement over the models generated using 

the existing discrete character set. I believed that it was possible that individual continuous 

characters or groups of characters might provide improved results over the discrete 

character set, and the following analysis was undertaken to assess that. 

To test whether individual continuous characters may be weaker than their discrete 

counterparts, I backed each character out one at a time, replacing their continuous 

character values with the original discrete character values, while leaving the other twelve. 

Character 1, "Sicula Shape Ratio of Length to Width", could not be calculated for two of the 

twenty-five taxa, making it potentially weak. Removing the continuous measurements and 
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substituting the discrete coding resulted in the following tree. It scored 17,626, which is 

equivalentto a tree length of 3 36 (51 changes shorter than the fully discrete character 

tree), which yields improved results over retaining the character as continuous. Therefore, 

including character 1 as a continuous character, with this set of 25 taxa, provides a worse 

result than excluding it, so the character is dropped from the final analysis. The character 

may be valid, and an increased sample size in the future may demonstrate its validity. The 

principle issue is that the calculation requires juvenile specimens, in which the sicular 

length can be measured before it is enclosed and obscured. For many taxa, these 

specimens have not been identified. The bootstrap analysis results, again with Poisson 

providing the most robust results, exceeded that of the character as continuous in the data 

set, with an average group support of 27.8. 
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Figure 4.2.5. Continuous data characters tree, with Character 1 removed. 
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Character 2, "Sicula Obverse% Exposure", could not be calculated for six of the twenty

five taxa, making it potentially the weakest of all the continuous characters. Removing this 

continuous measurement and substituting the discrete coding resulted in a different tree, 

but surprisingly with a score of 19,426, equivalent to a tree length of 370. Although this is 

a better score than the discrete-character-only tree had, removing the character made the 

tree less parsimonious than with the character as continuous, so this character is retained 

as continuous. The Poisson bootstrap group support score of 26. 7, however, is better than 

when the character is continuous. This same tree is generated by dropping character 4, 

"Dorsal Sicular Exposure % Sicular Aperture Width." Removing this character's continuous 

coding and substituting the discrete coding resulted in a tree with a lower score of 19,147, 
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Figure 4.2.6. Continuous data characters tree, with Character 2 removed. 
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equivalent to a tree length of 365, a bit shorter than with dropping character 2. This is a 

better score than the discrete character only tree had, but worse than with the character as 

continuous, so Character 4 is also retained as continuous. 

Analysis of the remaining characters produced similar results and indicated both that 

characters 2 through 13 should be retained and that this approach was not going to get to a 

usable answer, due to the fact that these characters are treated as ordered, which was not 

yet apparent to this point but which the following analysis made clear. (Results available to 

anyone interested.) Therefore, I set this approach aside in favor of analyzing each 

character individually as a standalone character. In this, a phylogenetic model was created 

for the twenty-five taxa, each with a single character data matrix. The objective was to 

compare these results to the existing discrete tree and stratigraphic occurrences to 

determine if any of the continuous characters actually were ordered. 

In Figure 4.2.7 on next page, I show the results of the single most parsimonious tree 

with Character 1, "Sicula Shape Ratio of Length to Width", as the only character. This 

confirms thatthe TNT software processes continuous characters as ordered characters. 

This model posits that the descendants of the common ancestor with Levisograptus sinicus 

(the most basal taxon, which had an average ratio of 7.9) had two lineages-one in which 

the ratio was ever increasing until it reached 9.29 with 0. oelandicus, and the other in 

which the ratio was ever decreasing until it reached 3.1 in Archiclimacograptus modicellus. 

That the tree is incorrect and that the sicular shape ratio is not ordered is demonstrated by 

the separation of taxa that are otherwise closely related (e.g., Ar. decoratus and Ar. 

modicellus) and by taxa that are clearly out of sequence with their stratigraphic occurrence 

(e.g., Ar. osloensis, which is the first taxon to appear after Levisograptus sinicus). 
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Figure 4.2.7. Character 1 tree with measurement values. 

In Figure 4.2.8 below is one of the twenty-five possible trees for Character 2, "Sicula 

Obverse% Exposure", as the only character. The character could not be measured (value 

"?") in the L. sinicus outgroup so there are twenty-five ways to arrange the ascending and 

descending branches-it is essentially unrooted. In this tree, by way of example, the model 

posits a branch in which the ratio increases from 0.57 until it reached 0.81 with Ar. 
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Figure 4.2.8. Character 2 tree with measurement values. 
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modicellus, and the other in which the ratio decreases until Ar. decoratus at 0.19. This tree 

also is invalid for the same reasons as those for Character 1, with the additional case of 

lumping of dissimilar taxa into the same clad es (e.g., the Dicaulograptus cumdiscus and 

Archiclimacograptus caelatus pairing and the Eoglyptograptus gerhardi and Ar. decoratus 

pairing). 

A final example of an invalid tree ( also for separation of closely related taxa, for 

stratigraphic inconsistencies, and for pairing dissimilar taxa in the same clade) is that for 

Character 3, "Virgellar Spine Length% Sicular Length" (Figure 4.2.12), which also has 

ascending and descending branches from the L. sinicus ratio value of 6.6, ending at Ar. 

modi cell us and Ar. osloensis and 18.4 and Amplexograptus perexcavatus at 3.8. 

6. EOO· Leviso._sinicus 
6.:oo· Norm._kukersianus . 

< " {6.000· Lensa._pnmus
) (i t._ { {E.OOO 6.000· Radding, oliveri 

6 .000 {5.400· Archicl.=decoratus 
6. 600 S.400 .:vo{4.:00· Hadding._eurystoma

4 3.800· Ampl._perexcavatus 
6. 800· Undulogr. _camptochilus , 

_ " {7 .:o · Oeland._oelandicus6 8 0 7 00{ ·- 7.: oo· Hadding. maennili 
7.:oo 7.600· Dicaulog~ ._ct:mdiscus {

7.Eoo{ {7.600· Hustedogr ._teretiusculus 
7. 600 {7 . 800· Archicl. _sebyensis 

7. 800 {S.0OO· Dicaulogr._hystrix 
8. 000 {9.:00· Hustedogr. _bulmani 

9.:o {10.EOO· Dicaulogr ._l~perus 
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10 . SOO {13, 800· Gymn._linna~SO~l 
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1s.:o {:o.:oo· Eogly. gerhardi 

1~ •40 {1° 400--Archicl. osloensis18 600 ,. -
· · 19. H,o· Archicl. _m,)dicellus 

Figure 4.2.9. Character 3 tree with contiuous character values demonstrating that Character 3, Virgellar Spine 

Length% Sicular Length, is not an ordered character though treated as such within TNT. 

Assessment of the remaining ten characters found none in which the evidence would 

show an evolutionary ordering of measured values. (Trees and discussion available upon 

request.) This is entirely due to the manner in which the TNT software handles continuous 

characters. Each distinct measurement value becomes an individual character state. For 
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many of characters there are thus twenty-five different states. This puts virtually every 

taxon on a paraphyletic stem group leading to a two taxa clade at the endpoint. Clad es of 

taxa with similar values cannot be created. It comes as no surprise that none of these 

characters are ordered, but the analysis demonstrating that is worthwhile. It is also no 

surprise that the resulting trees bear little resemblance to actual relationships or 

stratigraphic appearance order. 

Although it is disappointing that TNT's methodology for handling "continuous 

characters analyzed as such" (Goloboff 2006) cannot assist us in dealing with the plasticity 

of characters in the rhabdosome construction, I successfully moved on to another proven 

methodology for using continuous characters in phylogenetic coding. This is "Finite 

Mixture Coding" developed by Strait et al. (1996). 

4.3 Phylogenetic Analysis Using Finite Mixture Coding On Continuous Characters 

Introduction 

Continuously variable characters have been recognized as potentially useful in 

phylogenetic analysis since at least 197 6. In most cladistic analyses, many of the 

morphological features are continuous in nature, and some are useful in phylogenetic 

analysis (Strait et al., 1996). However, until the release of the TNT phylogenetic software 

(2003), it was necessary to convert continuously variable characters into discrete 

characters, as data matrices of discrete codes were required by available software 

(Hennig86, PAUP, Nona, etc.). To avoid arbitrary conversions of continuous data, a number 

of techniques were proposed, including gap coding, range coding, segment coding, and 

others. 
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With the failure of TNT's "continuous characters analyzed as such" to accommodate the 

plasticity of graptolite structure changes in multiple directions through time ( see section 

4.2 above), I determined to convert the measures to discrete characters so as to group 

them in phylogenetically useful ways. Desiring a methodology that rigorously applies 

statistics to the problem, I chose Finite Mixture Coding (Strait et al., 1996), henceforward 

"FMC." This method uses statistical inference to take a population of individual specimen 

character values and determine iteratively how many different theoretical statistical 

populations are required to make up the pattern found in the data set. These may 

represent biological populations, and one hopes that they do, but that is not a foregone 

conclusion and the results require interpretation and the application of reasonableness 

tests. There may be only one population (single-state), or there may be two or more. 

These could be due to species differences, genera differences, sex differences, ontogenetic 

differences, or other differences. In this graptolite population under study, species 

differences are expected. Biological populations are known to be normally distributed in 

their character occurrences, and FMC uses normal distributions. However, the tendency 

towards normal distributions is affected by small sample sizes, such as those in this study. 

FMC follows a complex three-step "goodness of fit" procedure in which one to n mixture 

density functions are first generated using estimates for the mean and standard deviation 

for each distribution in the mixture density function. First, the best one-normal, the best 

two-normal, and so forth up ton (n is chosen by the researcher) are each found. The 

objective-achieving "best fit"-is found by maximizing the "likelihood statistic", L. Then 

each mixture density function is tested to see if it provides the best fit relative to the others, 

through comparing the various density function mixtures using the Akaike information 
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criterion (AIC; Akaike, 197 4). In AIC, each fitting is giving a weight, which is increased with 

the number of parameters. Thus, marginal improvements in fit with more distributions 

may not offset the added weight. If a combination of three normal distributions provides 

the best fit, then that is evidence that there are three different populations within the data 

set. In the best fitting mix of distributions, each has its own contribution ("weight") to the 

overall fit. The final FMC step is to assign each specimen to one of the distributions based 

on the probability of its being drawn from those distributions. If three distributions are 

found to be the best fit, then codes will be "0","1", and "2"). 

This analysis is all done on values, but the values are attributes of the taxa being 

analyzed. Most data sets will require multiple overlapping distributions in their solution, 

and with the overlap, some values will not only fit nicely into more than one distribution, 

they are likely to fit more than one with 95% or better confidence. 

A program ("FMCBox") to implement the procedures described in Strait et al. (1996) 

was written in 2003 using MatLab by Dr. H. David Sheets. It allows for a maximum of six 

distributions (where Strait et al., 1996 noted that theoretically there is no limit) and in 

place of using the Akaike Information Criterion (AIC), it uses a variation-AIC-compact-to 

calculate the AIC score for each model. In small-sample applications (such as this one), 

AIC-C is more accurate and often dramatically outperforms AIC as a selection criterion. The 

model with the lowest AIC score is preferred. AIC weights are also calculated and 

displayed, with the weight being the relative probability that a given model is correct, as 

emphasized by Dr. Sheets. 

Three outputs from this program have been used in the analyses following. The first is a 

histogram of the input data with the results of the model fitting. Each model ( single-state 
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through 6-state) is displayed, though often less than six models are generated. For each, 

the AIC value, the AIC deviance, and the AIC weight (probability) are displayed. AIC 

deviance is the difference between that model's AIC score and that of the best model. The 

second is a projection of the best fit curve on the histogram with the mean and standard 

deviation of each of the component distributions listed together with the relative weight of 

each (that sum to 1.00). Both of these charts are shown for each character following. 

Where more than one multi-state model is possible, the one best fitting that character's 

case (including match to morphology) is displayed. 

The third output used here are tables of FMC values, all of which are in Appendix E. 

There is a table for each of the multi-state models for each character. The firsttwo columns 

are the specimen name and character measurement, which are my inputs. The unique 

specimen names are created from the taxa, the repository, and the catalogue number. 

Thus, the specimen of Levisograptus primus catalogued as number 102846 in the Geological 

Survey of Canada is identified as L_prim_GSC_102846. The next set of columns (labeled 

"Boundary 1 Boundary 2 ...") indicate whether the specimen was within the 95% 

confidence interval of each of the normal distributions used in the model (value= 1) or not 

(value=O). Following are a set of columns (labeled "Prob under 1, Prob under 2 ...") that 

give the relative likelihood of the specimen belonging to that distribution. The last two 

columns give the FMC assignment of the specimen to a group. The last ("group {Prob}") is 

based on the likelihood score ("magnitude of the normal function at the specimen value"). 

The second to last ("group {bound}") is based on the confidence interval, with a value of O if 

not in any normal distribution and a value of -1 if in more than one with at least 95% 

confidence. 
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FMCBox makes specimen assignments to groups based on the statistics. Thus, in the 

output table for Character 1 ("Sicula Shape Ratio") in Appendix E, we find L_prim_GSC_ 

102846 with a ratio value of 6.03:1 assigned to the second grouping ("group {bound}") 

because that is the only grouping to which it belongs with at least 95% confidence. It is 

also assigned there ("group {Prob}") because its probability of belonging is 61.8% vs. a 

32.8% probability of belong to the first grouping. Just above it, the value for Pa_dist_RM_ 

01_66 (5.85:1) can belong to either grouping with 95% confidence and cannot be assigned 

on that basis, so is assigned to the first grouping based on its 52.5% probability of 

membership. This does not mean that these are the "right answers" in the real world, 

simply the best statistically based answer given the data. 

In interpreting the results, I have sought to identify improvements over the existing 

discrete cases. I specifically define an improvement to be a statistically-supported 

refinement in the number of character states, a statistically-based boundary between 

characters, or identification of taxa that fall between or span characters ( so they can be 

coded as being a polymorphy). 

FMC only sees individual specimens and does not make predictions of whether a taxon 

might belong to more than one grouping. In assigning taxa to groups (based on 

distributions), I have used the arbitrary criterion that a taxon must have at least a 66. 7% 

likelihood (2:1) of belonging there based on its mean. As I noted in section 3.1 on coding, 

TNT supports polymorphic characters, enabling the varying states to be put in brackets to 

represent that both character states are found in a taxon. In logic, this is an "AND" 

condition. This covers the condition in this data set where the distribution of 

measurements for a taxon spans two or more population distributions found by FMC. TNT 
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does not, however, support the logical "OR" case, in which it is phylogenetically informative 

to know that a taxon's character state could be state 1 OR state 2, but not state 3, state 4, or 

any other. 

There are several cases in this data set where the highest likelihood value is less than 

66.7%. These are deemed to fall between two distributions and should be coded as 

belonging to one or the other, with uncertainty as to which. These are generally taxa for 

which there is only one specimen. For example, for Character 3 ("Virgellar Spine Length% 

Sicular Length"), Gymnograptus linnarsoni at 36% virgellar spine length has a likelihood of 

46% of belonging to the second distribution and a likelihood of 54% of belonging to the 

third distribution. Based on my choice to use a minimum likelihood value of 66.7% to 

make a discrete assignment, it cannot be coded as either. If there were more than one 

specimen with variation in this character, it is likely that it would be found to have values 

spanning the two distributions. Coding such a character with a "?" would state that we 

have no information on the character. This is less accurate than assuming that it belongs to 

both distributions, so I have chosen to code these instances as polymorphic, which is not 

quite the case but more accurate and informative than the other choices. What is really 

needed is the "OR" option as it exists in PAUP. 

Since a character that has only one state is not a character at all and has no phylogenetic 

value, the statistics in several cases suggest that the character should be dropped. 

However, if it has recognizable states and phylogenetic value, either a lower weighted 

model will be used, or the original discrete coding will be retained in preference to the 

continuously variable measurements. Due to small sample sizes, it is not infrequent for the 

FMC statistics to be in disagreement with the morphology. The morphology always wins. 
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In several cases, the FMC statistics improve on the discrete case. To help emphasize these, I 

provide a third chart in which the pre-determined taxon means are mapped onto the 

histogram of specimen measurements. In some cases, there is only one specimen, and that 

specimen's measurements are the mean. In other cases, there are several specimens for 

the taxon, and their measurements form a distribution of their own with a mean value. 

These taxon means are the yellow bars superimposed on the blue histograms. There is no 

meaning to the length of the lines for the means-all are an equal arbitrary length. 

Although I have twenty-five taxa for which character measurements have been made, for 

some taxa there may be no measurable specimen for a character, which is why some are 

missing. 

Application 

Character 1: "Sicula Shape Ratio." 

This was Character 2 "Sicula Shape" in the discrete quantitative matrix. As a discrete 

character, it has three defined states. These are: "sicula shape blunt ( as in 

Normalograptus)" (coded as "O"), "sicula shape medium" (coded as "1"), and "sicula shape 

slender (as in Sinodentatus)" (coded as "2"). 

This character has a sample of sixty-six measured specimens. Of the sixty-seven taxa in 

the discrete analysis, ten were coded as "sicula shape blunt," thirty-three were coded as 

"sicula shape medium," and sixteen were coded as "sicula shape slender." (Eight could not 

be determined.) All three states are represented in the twenty-five taxon continuous case; 

thus all are relevant when comparing the following results to the discrete case. 

The FMC analysis finds that a two-state model is supported with 95.4% likelihood and a 

three-state model is supported with 4.5% likelihood. The first grouping in the two-state 
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Charl Char 1 
Distribution of Character Values Distribution of Character Values 
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Figure 4.3.la. Line 2 shows that two normal Figure 4.3.lb. The two distributions found by FMC 

populations are found with FMC with over 95% analysis. 

likelihood. 

model has a mean of 4.4:1 ratio of sicular length to width, a SD of 0.8, and a range from 

3.0:1 to 5.6:1. It consists of thirteen taxa from the blunt Gymnograptus linnarsoni (at 3.7:1) 

to Eoglyptograptusgerhardi (at 5.6:1) in Figure 4.1-3c. The second grouping has a mean of 

7.6:1, a SD of 1.6, and a range from 6.2:1 to 11.1:1. It consists of seven taxa from 

Undulograptus camptochilus (at 6.8:1) to the very slender Oelandograptus oelandicus (at 

9.3:1). These groupings match the morphologies of this shape, and reflectthe distribution 

evidenced in Figure 4.1-3c. This two-state model is used in coding. Note thatthis reduces 

us from a three-state model in the discrete coding, but the statistics and the morphology 

justify this. 

Although not statistically justified at only 4.5% likelihood, I examined the second model 

to see if a third "medium" state was found in it. The two groupings in the two-state model 

are also found in the three-state model, with identical taxa. The additional grouping has a 

mean of 6.3:1, a SD of 0.4, a range from 6.2:1 to 6.6:1, and consists of six specimens of taxa 

whose means are in the other groupings. Discounting this anomalous grouping, the three

state model is actually the same as the two-state model. 
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Character 1: Sicula Shape Rat io 2 State model (Statistical Li keli hood 95 .5%) 

Figure 4.3.lc. Mapping of taxa mean values on the FMC distributions, showing the two-state model (green line). 

Character 2: "Sicula Obverse% Exposure". 

This was Character 3 "Sicula Obverse Exposure" in the discrete quantitative matrix. As a 

discrete character, it has three states. These are "short ( ~ one third)" coded as "O," 

"medium (~one half)" coded as "1," and "long (~two thirds or more)" coded as "2." 

This character has a sample of only fifteen measured specimens. Of the sixty-seven taxa 

in the discrete analysis, ten were coded as "short," thirty-three were coded as "medium," 

and sixteen were coded as "long." (Another eight taxa were coded as being indeterminate.) 

Char2 Char2 
Distribution of Character Values D1stnbu11on of Character Values 
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Figure 4.3.2a. Line 2 shows that a single normal Figure 4.3.2b. The distribution found by FMC analysis 
population is all but certain with FMC. for the single-state model. 
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All three states are represented in the twenty-five taxon continuous case; thus all are 

relevant when comparing the following results to the discrete case. 

The FMC analysis finds that an uninformative one-state model is supported with 99.5% 

likelihood. A two-state model is possible, though with less than 0.5% likelihood. No other 

model is statistically possible. 

FMC is unable to distinguish even between short and long morphologies, and it shows an 

extraordinarily low statistical likelihood of any model matching the morphology of the 

specimens. This may be due to the very small (n=15) sample size. Therefore, for 

morphological reasons, the existing discrete coding will be used in this phylogenetic model 

rather than the continuous coding. 
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•·•Character 2: Sicula Obverse% Exposure 1 State model (Statistical Likelihood 99.8%) 

Figure 4.3.2c. Mapping of taxa mean values on the FMC distribution, showing the single-state model (green 

line). 

Character 3: "Virgellar Spine Length% Sicular Length." 

This was Character 18 "Virgellar spine length" in the discrete quantitative matrix. As a 

discrete character, it has three defined states. These are: "short (less than 1/2 sicular 

length)" coded as "O", "medium (1/2 length to full sicular length)" coded as "1", and "long 

(greater than sicular length)" coded as "2". 
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This character has a sample of fifty-seven measured specimens. Of the sixty-seven taxa 

in the discrete analysis, fourteen were coded as "short," twenty were coded as "medium," 

and nineteen were coded as "long." (Another fourteen taxa were coded as being 

indeterminate.) All three states are represented in the twenty-five taxon continuous case; 

thus all are relevant when comparing the following results to the discrete case. 

Char 3 Char'3 
Distribution of Character Values Distribution of Character Values 
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3: -67.814767 0.000000 0.816104 Q440259 Q411869 0 086404 
4: -57,929800 9.884967 0.005824 0 035289 0,909572 0.111490 
5: -64,684925 3.129841 0.170651 0 002098 0,137592 0 043835 
6: -39,907945 27 906821 0.000001 

Figure 4.3.3a. Lines 3 and 5 show that a Figure 4.3.3b. The five distributions found in 
three-state model and a five-state model are the five-state model by FMC analysis. 
found with FMC. 

The FMC analysis finds that two models have to be evaluated to cover 95% probability 

that a true model has been included. A three-state model is supported with 81.6% 

probability and a five-state model is supported with 17.1 % probability. 

The three-state model, though statistically more likely, proves to actually be a two-state 

model. The first grouping consists solely of one low value specimen of Archiclimacograptus 

sebyensis, which taxon actually belongs to the second grouping, based on the taxon mean. 

The first grouping is therefore ignored. The third grouping consists only of Ar. caelatus, the 

only taxon with specimens having "long" virgellae. The second state includes all other taxa. 

This highlights two issues with this character. First, as noted in section 3.5, most of the 
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measurements are for immature specimens possessing shorter virgellae than mature 

specimens. The discrete coding includes many mature specimens and estimates the length 

ratio. Compared to the discrete coding, the measured specimens skew the distribution to 

the short end. Second, the distribution shown by FMC to include all but Ar. caelatus may 

indicate that the previous practice of categorizing this character as having short, medium, 

and long states may be incorrect, and that this character does not have statistically 

distinguishable "short" and "medium" states. It may be composed first of a continuous 

distribution of short and medium virgellae and also a second state of long virgellae. 

The five-state model has similar anomalies and proves to actually be a three-state model. 

The first statistical grouping again consists solely of the low value specimen of Ar. sebyensis 

and is rejected. The fifth grouping, with a mean of 14% virgellar spine length, a SD of 4%, 

and a range from 19% to 23% is entirely within the second distribution, and the four 

specimens that could belong to it have probabilities of that ranging from only 0.1 % to 1.3%. 

Since these four specimens are also the low value tail of larger populations, the existence of 

this state is rejected. The specimens are considered to be only part of the second grouping, 

where there is 95% or more confidence of their membership and where the likelihood of 

their membership is from 88% to 90%. This leaves three groupings to be considered-the 

second, third, and fourth. 

The second grouping, with a mean of 29%, a SD of 5%, and a range from 15% to 33%, 

consists of ten taxa from Ar. confertus to Levisograptus sinicus in Figure 4.3.3C, and they 

range from 69% to 90% likelihood of belonging to this grouping. Note that Undulograptus 

camptochilus (at 34% virgellar spine length and only 62 % likelihood of belonging to the 

second grouping) falls between the second and third groupings and might belong to either, 
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and so is coded as both, as are Gymnograptus linnarsoni (at 36% virgellar spine length and 

with only 54% likelihood of belonging to the third grouping) and Oelandograptus 

oelandicus (with specimens in both groupings). 

The third grouping has a mean of 41 %, a SD of 9%, a range from 38% to 54%, and 

consists of seven taxa from Dicaulograptus cumdiscus to Proclimacograptus angustatus in 

Figure 4.3.3C. All seven taxa fall within the 95% confidence interval for this distribution, 

and they range from 72% to 100% likelihood of belonging to this distribution. 

The fourth grouping has a mean of 91 %, a SD of 11 %, a range from 80% to 100%, and 

consists only of Archiclimacograptus caelatus. Ar. caelatus has one specimen in the third 

distribution as well, and so is coded as belonging to both the third and fourth distributions. 

Note, however, that a character value such as this that is found in only one tax on ( an 

autapomorphy) has no phylogenetic value beyond helping to define Ar. caelatus as a 

separate taxon from its nearest relatives. 
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Figure 4.1-3c. Mapping of taxa mean values on the FMC distributions, showing the five-state model. 

Since the two-state model has only the autapomorphy for Ar. caelatus separating it from 

all other taxa, it does not convey any information about relationships among these taxa and 
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is discarded. The more informative three-state model extracted from FMC's five-state 

model will be used. 

Character 4: "Dorsal Sicular Exposure% Sicular Aperture Width". 

This was Character 23 "Dorsal Sicular Exposure" in the discrete quantitative matrix. As 

a discrete character, it has five defined states. These are: "no exposure" ( coded as "O"), 

"less than sicular aperture width" (coded as "1"), "approximately equal to sicular aperture 

width" (coded as "2"), "greater than sicular aperture width" (coded as "3"), and "equal to or 

greater than half sicular length" ( coded as "4"). There is no clearly specified demarcation 

between the fourth state and the fifth, and we see in the first character (Sicula Shape Ratio) 

that sicula lengths ( and thus also half lengths) vary greatly. I presume the fourth state to 

encompass all exposures greater than the sicula width but less than one-half the length, 

although this is often unknowable after enclosure. 

Of the sixty-seven taxa in the discrete analysis, forty-five are coded as "no exposure", 

nineteen are coded as "less than sicular aperture width", two are coded as "approximately 

equal to sicular aperture width", none of them were coded as "greater than sicular aperture 

width" ("3"), and only one is coded as "equal to or greater than half sicular length." Only 

the first two states are included among the twenty-five measured taxa, and are relevant 

when comparing the following results to the discrete case. 

This character has a sample of ninety-three measured specimens-the largest sample of 

any measured character. The FMC analysis finds four populations (potential character 

states) with 100% likelihood. Three of these populations are supported by further 

analysis. The second listed grouping is made up solely of all specimens with no exposure 

(mean of 0.00 and SD of 0.00). This has the largest population and includes thirty-seven 
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specimens in seventeen taxa. Only nine of these taxa have no exposure in all their 

specimens, which indicates that "no exposure" may be a distinctive state for these, but is 

only the lower range for the other eight, hence, this is not entirely a single natural 

population. 

Char4 Char4 
Distribut ion of Character Values Distribution of Character Values 
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Models Completed Model u:r,g 4 normal d ,triiuion: 
AICValues. RelativeAIC values &Weights we,;µ Mean STD 

1: -46.248484 2203.866040 0.000000 0002860 •Q161143 0.1340r.l 
2: ·297.504205 1952.610319 0.000000 0 291708 ·Oco:x:Ol 0 OOXOJ 
3' ·262.607875 1987.506650 0.000000 0 622270 0 148939 0 106149 
4: ·2250.114524 0.0000001 .000000 0023162 0.387999 0.14062\i 

5: ·2109.224050 140.890474 0.000000 
6: ·236.109121 2014.005403 0.000000 

Figure 4.3.4a. Line 4 shows that four normal Figure 4.3.4b. The four distributions found by FMC 

populations are found w ith certainty with FMC. analysis. 

The first- and third-listed groupings in Figure 4.3.4b have dorsal exposure means of 16% 

and 15% of the sicular width, SDs of 13% and 11 %, and ranges from 2% to 9% and from 

2% to 42% respectively. These are entirely overlapping groups, and the six specimens that 

make up the first grouping range are also assigned by FMC to the third grouping, with 

likelihoods of 94% to 98%. The first grouping is thus a statistical anomaly. The third 

grouping consists of fourteen taxa from Archiclimacograptus sebyensis to Haddingograptus 

eurystoma in Figure 4.3.4c. While it is tempting to consider that Oelandograptus oelandicus 

and Ar. sebyensis might be a separate grouping too small to be recognized as such 

statistically, the population distributions are wide enough to demonstrate that the 

character is quite plastic within a taxon and that the lower range of several of these falling 

at zero puts 0. oelandicus and Ar. sebyensis securely within this distribution. 
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The fourth-listed grouping, which has a mean of0.39 and SD of 0.14, encompasses only 

Normalograptus kukersianus and Gymnograptus linnarsoni. These two are distinctively 

different enough that they may represent morphologically different states and are 

combined here because the sample sizes are too small to separate them with any statistical 

validity. However, in this data set, separating these two would give each of them an 

autapomorphy eliminating the value of the shared character state that FMC finds. 

Thus, the three states that will be coded are for those taxa that have only exposures that 

measure at 0.0 (code=0), those that have mean measures between 1 % and 30% (Ar. 

sebyensis to Ha. eurystoma, code=l), and those that have mean measures of 52% or more 

(N. kukersianus and G. linnarsoni, code=3). There are no taxa that fall between groupings or 

that span multiple groupings. 
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Figure 4.3.4c. Mapping of taxa mean values on the FMC distributions, showing the five-state model. 

Character 5: "Theca 11 Apertural Orientation Angle oflnclination". 

This was Character 71 "Theca 11 Aperture Orientation" in the discrete quantitative 

matrix. As a discrete character, it has three defined states. These are: "everted" ( coded as 

"0"), "horizontal" (coded as "1"), and "introverted" (coded as "2"). 
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This character has a sample of seventy-six measured specimens. Of the sixty-seven taxa 

in the discrete analysis, twenty-five are coded as "everted", thirty-one are coded as 

"horizontal", and eleven are coded as "introverted." All three states are represented in the 

twenty-five taxon continuous case; thus all are relevant when comparing the following 

results to the discrete case. 

The FMC analysis finds that two models have to be evaluated to cover 95% probability 

that a true model has been included. The single-state model has only 41 % likelihood, and 

the plot of taxon means shows that this phylogenetically uninformative case is also 

morphologically unlikely. The two-state model, with 57% likelihood, has only the strongly 

everted Pseudamplexograptus distichus together with a few second-state specimens making 

up the first grouping, and all other taxa making up the second. The first grouping has a 

mean of 35°, a SD of 1 °, and a range from 33° to 36°. It is entirely within the second 

grouping, which has taxa having both smaller and larger values than those in the first state. 

This is morphologically unlikely, and offers little in the way ofresolution. FMC also finds 

that these specimens, besides being in the first distribution with 95% confidence, are also 
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Distribution of Character Values Distribution of Character Values 
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Figure 4-3.Sa. Lines 1 and 2 show that two normal Figure 4.3.Sb. The distributions found by FMC analysis 

distributions providing 97.9% total relative weight are of the two-state model. 

found w ith FMC. 
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in the second with 95% confidence. It is a statistical anomaly, accurately reflecting the 

distribution of values, but not the underlying morphology. Interestingly, it does support 

the existence of a "strongly everted" state, which would support splitting the everted state, 

had FMC also found support for any other discrete state. 

The five-state model more closely mimics the discrete character case, but with only 2% 

statistical likelihood, provides no support for it. 

Although the seventy-six specimens measured for this character are a relatively large 

sample, FMC is unable to distinguish between everted, approximately horizontal, and 

moderately introverted morphologies. Therefore, for morphological reasons, the existing 

discrete coding will be used in this phylogenetic model rather than the continuous coding. 
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0.45 Character 5: Th 1.1 Apertural Angle 2 State model (Statistical Likelihood 57.4%) 

Figure 4.3.Sc. Mapping of taxa mean values on the FMC distributions, showing the two-state model. 

Character 6: "Theca 12 Apertural Orientation Angle of Inclination." 

This was Character 83 "Theca 12 Aperture Orientation" in the discrete quantitative 

matrix. As a discrete character, it has three defined states. These are: "everted" ( coded as 

"O"), "horizontal" (coded as "1"), and "introverted" (coded as "2"). 
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This character has a sample of seventy-one measured specimens. Of the sixty-seven taxa 

in the discrete analysis, thirty-three were coded as "everted," eighteen were coded as 

"horizontal," and fourteen were coded as "introverted." (Haddingograptus oliveri and Ha. 

tarimensis were coded as having some specimens that were everted and some horizontal.) 

All three states are represented in the twenty-five taxon continuous case; thus all are 

relevant when comparing the following results to the discrete case. 

Char 6 Char 6 
O,stnbution of Character Values Distribution of Character Values 
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2: 53.088450 0.000000 0. 943945 0.041700 1.746898 0.026165 
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Figure 4.3.6a. Line 2 shows that the two-state model Figure 4.3.6b. The distributions found by FMC analysis 
has 94.4% likelihood. for the two-state model. 

The FMC analysis finds that two models have to be evaluated to cover 95% probability 

that a true model has been included. FMC analysis finds that a one-state model is 

supported with 5% likelihood. I cannot use a one state character out of FMC unless it is 

clear from the morphology that there are not separate states, so I reject the one-state 

model. 

The two-state model is supported with 94.4% likelihood. The second grouping has a 

mean of 175°, a SD of 3°, a range from 171° to 177°, and consists only of the strongly 

introverted Dicaulograptus hystrix. All other specimens are in the first grouping (mean of 

73°, a SD of 30°, a range from 18° to 134°). The two-state model is essentially a single-state 
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model in which one taxon (Dicaul. hystrix) has been split out to form a second state. Unlike 

most other characters, there are no specimens that are found in more than one distribution 

with at least 95% confidence, so this split is well supported. 

Although the seventy-one specimens measured for this character are a relatively large 

sample, FMC is unable to distinguish between everted, approximately horizontal, and 

moderately introverted morphologies. Therefore, for morphological reasons, the existing 

discrete coding will be used in this phylogenetic model rather than the continuous coding. 

It is possible that the statistics are showing us that, except for the strongly introverted 

Dicaul. hystrix, the character forms a continuous gradient not amenable to "bucketing" as 

discrete characters. The recognition of a discrete strongly introverted Dicaul. hystrix by 

FMC might also support splitting the introverted state into "moderately introverted" and 

"strongly introverted" states. These considerations are left for future research. 

Ac 

cae"I
Ps_ G_ Am_ Ha_ _0 L:- _ Hu_ N""b,Idist li rm per eur, oel Slnl t ere k~k 
0.35 0.39 0.59 0.70 0.75 0.82 0.92 0.97 1.00 

:LS 

:LO 

1011 s 

0 
0.18 0.34 0.50 0.66 0.82 0.98 1.14 1.30 1.46 1.62 1.78 

Ac_ 

oslo 
E 
g;rh 

l_ 
prim 

Ha-
maen 

Ha-
hap t 

Ac_ 
conf 

D-
l,p 

A,_ 

dee 
A 
modi 

u-
rnmp 

Ac 
seb,,. 

D 
hYst 

D- 0.52 0.55 0.74 Ha- 0.63 0.95 0.99 l.OS 1.21 1.33 1.75 
oliv 

0.38 Pc_ 

'"• Character 6: Th 1.2 Apertural Angle 2 State model (Statistical Likelihood 94.4%)
o.n 

Figure 4.3.6c. Mapping of taxa mean values on the FMC distributions, showing the two-state model. 

Character 7: "Theca 31 Interthecal Septum Angle of Inclination." 

This was Character 4 7 "Theca 12 Aperture Orientation" in the discrete quantitative 

matrix. As a discrete character, it has three defined states. These are: "~ parallel" ( coded 

as "O"), "outwardly inclined" ( coded as "1"), and "inwardly inclined" ( coded as "2"). 
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This character has a sample of sixty-one measured specimens. Of the sixty-seven taxa in 

the discrete analysis, eighteen were coded as"~ parallel," forty-two were coded as 

"outwardly inclined," and six were coded as "inwardly inclined." (One other, 

Undulograptus novaki, is unknown.) All three states are represented in the twenty-five 

taxon continuous case; thus all are relevant when comparing the following results to the 

discrete case. 
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Figure 4.3.la. Line 4 shows that four normal Figure 4.3.lb. The distributions found by FMC analysis 

populations are strongly supported with FMC. assuming a four-state model. 

The FMC analysis finds that four populations/character states is the most likely case 

with 97% likelihood. The analysis following supports having three states, though. 

The first distribution has a mean of 53° and a SD of 9°. This consists of the specimens 

(and taxon means) in Figure 4.3.Sc from 39° to 66°, and includes Ps Pseudamplexograptus 

distichus and Dicaulograptus cumdiscus, as well as a few specimens from other 

distributions. Dicaul. luperus falls between the first grouping (65% likelihood) and second 

grouping (35% likelihood), but unknown as to which and is coded as belonging to both. 

The second distribution is shown on line 4 and has a mean of 94°, a SD of 14 °, and a 

range from 74° to 105°. This encompasses the specimens (and taxon means) from 
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Haddingograptus oliveri (at 73°) to Hustedograptus bulmani (at 105°). Most of these have 

likelihoods of 71 % to 97% of belonging to this distribution. Hu. bulmani, however, has a 

lower likelihood of 57% for belonging to this distribution vs. 43% for belonging to the 

third, and has specimens in each distribution. It is therefore coded as belonging to both 

states. 

The third distribution (line 2) has a mean of 121°and a SD of 13°. This encompasses all 

specimens (and taxon means) from 108° to 152°. In Figure 4.3.Sc, these are all the 

remaining taxa from Archiclimacograptus confertus (at 108°) to Gymnograptus linnarsoni 

(at 148°). Most of these have likelihoods of 72% to 100% of belonging to this distribution. 

Two have less likelihood. These are Ar. confertus at only 55% likelihood (and with 

specimens in the second and third distributions) and Ha. maennili whose sole specimen is 

also at 55% likelihood. Each will be coded as having both values, as will 0. oelandicus, 

which has specimens in the second and third distributions. 
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Character 7: Th 3.1 lnterThecal Septum Angle, 4 State model (Statistical Likelihood 97.2%) 

Figure 4.3. le. Mapping of taxa mean values on the FMC distributions. 

The fourth distribution (line 3) consists of a single specimen of G. linnarsoni that is at the 

right tail of its distribution at 166°. It is included in the third distribution with the rest of 

that taxon. 
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The three states are different than the three in the discrete coding, in that the second 

state ("horizontal") is much broader (73° to 105°) than was applied in the discrete coding. 

Character 8: "Theca 31 Apertural Septum Angle of Inclination." 

This was Character 87 "Theca 31 Aperture Orientation" in the discrete quantitative 

matrix. As a discrete character, it has three defined states. These are: "everted" ( coded as 

"O"), "horizontal" (coded as "1"), and "introverted" (coded as "2"). 

This character has a sample of sixty-three measured specimens. Of the sixty-seven taxa 

in the discrete analysis, eleven were coded as "everted," twenty-three were coded as 

"horizontal," and thirty-three were coded as "introverted." All three states are represented 

in the twenty-five taxon continuous case; thus all are relevant when comparing the 

following results to the discrete case. 
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Figure 4.3.Ba. Lines 1 through 3 show that three Figure 4.3.Bb. The distributions found by FMC analysis 
groupings must be considered with FMC. assuming a three-state model. 

The FMC analysis finds that an uninformative one-state model is supported with 87.4% 

likelihood. Though less likely statistically, the multi-state models are more likely 

morphologically. The two-state and three-state models are possible, with statistical 
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likelihoods of 6.6% and 4.3% respectively. The four-state model with only 1.6% likelihood 

is not considered. 

The second grouping in the two-state model has a mean of 142°, a SD of 4°, a range from 

137° to 147°, and consists only of Dicaulograptus cumdiscus, Archiclimacograptus 

modicellus, and Dicaul. hystrix. The first grouping has a mean of 92°, a SD of 20°, and range 

from 38° to 130°, and contains the other 22 taxa. Although the most likely of the multi-state 

models, this model provides less resolution and maps more poorly with the morphology of 

the specimens than the three-state model so I discard it. 
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Character 8: Th 31 Apertural Angle, 3 State model (Statistical Likelihood 4.3%) 

Figure 4.3.Bc. Mapping of taxa mean values on the FMC distributions. 

The first grouping in the three-state model has a mean of 67°, a SD of 16°, a range from 

38° to 72°, and contains Gymnograptus linnarsoni, Hustedograptus bulmani, and 

Eoglyptograptus gerhardi, all coded as "everted" in the discrete coding model. 

Pseudamplexograptus distichus has two specimens in the first grouping and six in the 

second and is coded as being in both. 

The third grouping, with a mean of 121 °, a SD of 14°, and a range from 110° to 147°, 

contains eight taxa shown in Figure 4.3.8c from Archiclimacograptus caelatus (at 111 °) to 

Dicaul. hystrix (at 147°). These were all coded as "introverted" in the discrete coding 
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model. Five taxa-Archiclimacograptus sebyensis, Haddingograptus oliveri, Levisograptus 

primus, Normalograptus kukersianus, and Proclimacograptus angustatus- have specimens 

in both the second and third groupings and are so coded. 

The remaining thirteen taxa are in the second grouping, with a mean of 89°, SD of 7°, and 

range from 79° to 100°. These are the taxa from Ha. N hap/us (at 76°) to Procl. angustatus 

(at 108°) as shown in Figure 4.3.8c. Most of these were coded as "horizontal" in the 

discrete coding model. This model mimics the three morphological states discerned by 

experienced graptolite phylogeneticists. Note that the FMC second grouping is much 

broader than in the discrete case and includes one taxon (Pseudamplexograptus distichus) 

that was coded as everted, and five (Archiclimacograptus osloensis, Hustedograptus 

teretiusculus, Dicaul. luperus, Ar. sebyensis, and L. primus) that had been coded as 

introverted. The three-state model is used in coding. 

Character 9: "Theca 31 Sub-Apertural Angle oflnclination." 

This was Character 96 "Theca 31 Subapertural Inclination" in the discrete quantitative 

matrix. As a discrete character, it has five defined states. These are: "strongly outwards" 

(coded as "0"), "moderately outwards" (coded as "1"), "parallel to axis" (coded as "2"), 

"moderately inwards" (coded as "3"), and "strongly inwards" ( coded as "4"). With the 

measurement of angles from a perpendicular (see section 3.4 ), the measurements shown in 

Figure 4.3.llc below range from smallest to largest (from "strongly inwards" to "strongly 

outwards"), which reverses the discrete coding. Thus, the smallest angles are for taxa that 

have the most "Strongly Inwards" inclination. This is true for character 12 also, which is 

the same measure for th5 1. 
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This character has a sample of sixty-four measured specimens. Of the sixty-seven taxa in 

the discrete analysis, four were coded as "strongly outwards," twelve were coded as 

"moderately outwards," thirty-two were coded as "parallel to axis," ten were coded as 

"moderately inwards," and nine were coded as "strongly inwards." All five states are 

represented in the twenty-five taxon continuous case; thus all are relevant when 

comparing the following results to the discrete case. 

The FMC analysis finds that a two-state model is supported with 91.0% likelihood. This 

is less than 95% likelihood and the one-state model is uninformative, so the 3.6% 

likelihood three-state model will also be considered. 
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Figure 4.3.9a. Line 2 shows that a two-state Figure 4.3.9b. The distributions found by 
model is well-supported with FMC. FMC analysis for the three-state model. 

In the two-state model, the first grouping has a mean of 73°, a SD of 3°, and a range from 

68° to 78°. It is a grouping entirely within the second grouping, with second grouping tails 

at its low and high ends. Three of the ten taxa in this first grouping also have specimens in 

the second grouping low tail, and another three have specimens in the second grouping 

high tail. This first grouping is an anomaly that would make biological sense if it were the 
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middle grouping in a three-grouping model. Although the three-state model has a low 

likelihood (3.6%), it is examined to see if it is preferred. 

In the three-state model, the first grouping has a mean of 35°, a SD of 11°, and a range of 

20° to 47° (the "strongly inwards" discrete state) and consists of the three taxa 

Dicaulograptus hystrix, Dicaul. cumdiscus, and Dicaul. luperus, with Archiclimacograptus 

osloensis falling between the first and second groups, and coded as both. The third 

grouping has a mean of 148°, SD of 9°, and a range of 137° to 159°. It consists solely of 

Gymnograptus linnarsoni, and represents the "strongly outwards" discrete state. 

The second grouping has a mean of 85° and a SD of 14°. This encompasses the other 

specimens from 67° to 118° and includes twenty taxon means. Within this relatively small 

sample of specimens, FMC is unable to distinguish between the distinctive inwardly 

inclined and outwardly inclined morphologies. Therefore, for morphological reasons, the 

existing discrete coding will be used in this phylogenetic model rather than the continuous 

coding. 
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Character 9: Th 31 Sub-Apertural Angle, 3 State model (Statistical Likelihood 3.6%) 

Figure 4.3.9c. Mapping of taxa mean values on the FMC distributions, showing the four-state model. 
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Character 10: "Theca 51 Interthecal Septum Angle oflnclination." 

This was Character 57 "Distal Interthecal Septum Inclination" in the discrete 

quantitative matrix. As a discrete character, it has three defined states. These are: 

"inwardly inclined" (coded as "O"), "~ parallel to colony axis" (coded as "1"), and 

"outwardly inclined" (coded as "2"). 

This character has a sample of fifty measured specimens. As shown in section 3.1, of the 

sixty-seven taxa in the discrete analysis, six were coded as "inwardly inclined," fifteen were 

coded as"~ parallel to colony axis," and forty-six were coded as "outwardly inclined." All 

three states are represented in the twenty-five taxon continuous case; thus all are relevant 

when comparing the following results to the discrete case. 

Char10 Char10 
Distribution of Character Values Distribution of Character Values 

--~-~-~ 12 ----r-----.-----r---, 12 

10 10 

8 

6 

2 
Models Completed 

AICValues. RelativeAIC values t Weights 
1: 16.467109 0.000000 0,981878 

W~ 
1 

usrig not 
Mean 

1019204 

tr 
STD 

0.273336 
2: 24.490562 8.023453 0.017774 

3: 32.753229 16.286120 0.000285 
4: 35.784608 19.3174990.000063 
5: 71.569424 55.1 023160.000000 
6: 61 ,331023 44.8639150.000000 

Figure 4.3.l0a. Line 2 shows that a single normal Figure 4.3.lOb. The distributions found by FMC 

population is all but certain with FMC. analysis for the single-state model. 

This character has a sample of fifty measured specimens. The FMC analysis finds that an 

uninformative one-state model is supported with 98.2% likelihood. A two-state model, 

though possible with only 1.8% likelihood, is rejected as unsupported. Thus, the existing 

coding for the discrete case will be used, unmodified by the continuous character 

measurements. 
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Character 10: Th 51 lnterThecal Septum Angle, 1 State model (Statistical Likelihood 98.2%) 

Figure 4.3.l0c. Mapping of taxa mean values on the FMC distributions, showing the single-state model. 

Character 11: "Theca 51 Apertural Orientation Angle oflnclination." 

This was Character 52 "Distal Thecal Apertural Orientation" in the discrete quantitative 

matrix. As a discrete character, it has three defined states. These are: "everted" ( coded as 

"O"), "horizontal" (coded as "1"), and "introverted" (coded as "2"). 

This character has a sample of fifty-two measured specimens. Of the sixty-seven taxa in 

the discrete analysis, nine were coded as "everted," thirty-one were coded as "horizontal," 

and twenty-six were coded as "introverted." ("Diplograptus" ellesi, not in this data set, was 

coded as having both "horizontal" and "introverted" specimens.) All three states are 

represented in the twenty-five taxon continuous case; thus all are relevant when 

comparing the following results to the discrete case. 
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Char 11 Char 11 
Distribution of Character Values Distribution of Character Values 
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1· ·2.900662 0IXml00.986910 1 0.951523 0.224747 
2: s.n1 1 u 9.621776 o.008034 
3. 1.no1S2 10.611 424 0.004898 
4: 14.605310 17.5059720.lm156 
5. 23.75l350 26.6540120,0CDXJ2 
6: 37 603531 40 504193 0 lXmlO 

Figure 4.3.lla. Line 1 shows that a single normal Figure 4.3.llb. The distribution found by FMC analysis 

population is all but certain with FMC. for the single-state model. 

The FMC analysis finds that an uninformative one-state model is supported with 98.7% 

likelihood. Multi-state models are possible, though with likelihoods so low as to be 

unsupportable. FMC is unable to distinguish between somewhat everted, approximately 

horizontal, and moderately everted morphologies, and it shows an extraordinarily low 

statistical likelihood of any model matching the morphology of the specimens. Therefore, 

for morphological reasons, the existing discrete coding will be used in this phylogenetic 

model rather than the continuous coding. 
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Character 11: Th 51 Apertural Angle, 1 State model (Statistical Likelihood 98.7%) 

Figure 4.3.llc. Mapping of taxa mean values on the FMC distributions, showing the single-state model. 
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Character 12: "Theca 51 Sub Apertural Angle oflnclination." 

This was Character 66 "Distal thecae sub-apertural inclination" in the discrete 

quantitative matrix. As a discrete character, it has five defined states. These are: "strongly 

outwards" (coded as "O"), "moderately outwards" (coded as "1"), "parallel to axis" (coded 

as "2"), "moderately inwards" (coded as "3"), and "strongly inwards" (coded as "4"). 

This character has a sample of fifty-two measured specimens. Of the sixty-seven taxa in 

the discrete analysis, four were coded as "strongly outwards," eighteen were coded as 

"moderately outwards," twenty-six were coded as "parallel to axis," fourteen were coded as 

"moderately inwards," and five were coded as "strongly inwards." None of the twenty-five 

continuous coded specimens were in the first discrete state, so I am actually comparing the 

FMC results to a four-state discrete model. 

Char 12 Char 12 
Distribution of Character Values Distribution of Character Values 
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2 

0 
,,___.,....._ ___.....___.......__ ___..__........._---J.:,____ 1.6 

Models Completed Model using 3 namol cisbibuions 
AICVolues, ReloliveAIC volues &Weighls W,i,Jv Meon STD 

1: -5.824315 4.715(600.086352 0 045460 0.296743 0 040044 
2- 2-538467 13.0778420.001319 0 940607 0.848839 0186777 
3: -10.539375 0.000000 0.912290 0 013933 1. 510008 0 000009 
4: 9.593547 20.132922 0.000039 

5: 27.111479 37.650854 0.000000 
6: 41 .855727 52.3951020.000000 

Figure 4.3.12a. Line 2 shows that the three-state Figure 4.3.12b. The distributions found by FMC 
model has 91.2% likelihood. analysis for the three-state case. 

The Finite Mixture Coding analysis finds that a three-state model is supported with 

91.2% likelihood. As with Character 8, I cannot use a one state character out of FMC unless 

it is clear from the morphology that there are not separate states, so I reject the one-state 

case, which is at 8.6% likelihood. 
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In the three-state case, the first distribution has a mean of 30°, a SD of 4°, a range from 

29° to 35°, and consists of the strongly inwardly inclined Dicaulograptus hystrix and Dicaul. 

cumdiscus. The third distribution has a mean of 115°, and a SD of 0°, as it consists solely of 

the strongly outwardly inclined Gymnograptus linnarsoni. The second distribution has a 

mean of 85°, a SD of 19°, a range from 53° to 120°, and consists of the remaining twenty-two 

taxa, and morphologies from strongly inwards (Archiclimacograptus osloensis, at 53°) to 

outwards (0. oelandicus, at 120°). While there are 7° gaps between the inwardly inclined 

Haddingograptus oliveri at 66° and Ha. eurystoma at 73° and between Ha. maennili at 80° 

and Ar. decoratus at 87° there is nothing in this analysis to suggest any statistical basis for 

dividing this distribution. For morphological reasons, the existing discrete coding will be 

used in this phylogenetic model rather than the continuous coding. 
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Character 12: Theca 51 Sub Apertural Angle of Inclination, 3 State model (Statistical Likelihood 91.2%) 

Figure 4.3.12c. Mapping of taxa mean values on the FMC distributions, showing the three-state case. 

Character 13: "Theca 51 Apertural Excavation Depth% of Rhabdosome Width." 

This was Character 55 "Distal Thecal Apertural Excavation Depth" in the discrete 

quantitative matrix. As a discrete character, it has only two defined states. These are: 

"shallow (less than 25% rhabdosome width)" (coded as "0") and "deep" (coded as "1"). 

This character has a sample of fifty-two measured specimens. Of the sixty-seven taxa in the 
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discrete analysis, thirty-one were coded as "shallow" and thirty-six were coded as "deep." 

Both states are relevant when comparing the following results to the discrete case. 

Char 13 Char 13 
Distribution of Character Values Distribution of Character Values 
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Figure 4.3.13a. Line 2 shows that the two-state model Figure 4.3.13b. The distributions found by FMC 
has 28.2% likelihood. analysis for the two-state model. 

The FMC analysis finds that a phylogenetic uninformative one-state model is supported 

with 70.9% likelihood. A two-state model is also possible, with 28.2% likelihood. The first 

distribution in this has a mean of 21 % excavation, a SD of 2 %, and a range from 16% to 

23%. Equivalent to the discrete "shallow" state, it consists of eleven taxa from 

Levisograptus sinicus to Hustedograptus teretiusculus. Four of these-Gymnograptus 

linnarsoni, Haddingograptus eurystoma, Ha. hap/us, and Proclimacograptus angustatus

also have specimens in the second grouping and are coded as being in both. 

The second distribution has a mean of 29% excavation, a SD of 5%, and a range from 

25% to 43%. Equivalent to the discrete "deep" state, it consists of thirteen taxa from 

Archiclimacograptus caelatus to Dicaulograptus hystrix. Normalograptus kukersianus and 

Undulograptus camptochilus also have specimens in the first grouping and are coded as 

being in both. 
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Thus, FMC fully agrees with the discrete states for this character, and provides statistical 

support for what previous workers had already done. No changes were made to this 

character, except for coding taxa that have both states. 
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Character 13 : Th 51 Apertural Excavation Depth%, 4 State model (Statistical Likelihood 100%} 

Figure 4.3.13c. Mapping of taxa mean values on the FMC distributions, showing the three-state model. 

Phylogenetic Analysis 

The data changes were entered into a new data matrix and a new phylogenetic analysis 

was run. Results are displayed in Figure 4.3.14 below. 
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Figure 4.3.14. Phylogenetic tree with continuous Figure 4.3.15. Poisson-based bootstrap analysis of 

character measurements converted into discrete the continuous to discrete characters under FMC. 

characters using Finite Mixture Coding. 

Changes made in integrating the continuous codes into the discrete coding matrix using 

the finite mixture coding procedures introduced no anomalies in the tree. In fact, the new 

165 



tree is identical to that of the baseline twenty-five taxon discrete tree. So, the continuous 

characters also made no improvements to the previous discrete character tree. This is not 

surprising, as after the FMC analysis changes were made to only five characters, with the 

other eight retaining the existing discrete coding. For the five characters (numbers 1, 2, 3, 7, 

and 8), the changes made were not very significant, and proved to have no discernible effect. 

As a proof of concept, I believe the continuous coding exercise was a success, and future 

applications may well demonstrate significant improvements in phylogenetic modeling 

results. Using continuous measurements met my expectations in not significantly changing 

the tree developed under the discrete coding, but did not offer much in refining the positions 

of various affected taxa and reducing the number of homoplasies. Future work with 

continuous measurements will require a much larger sample size and a significant increase 

in the number of taxa over the twenty-five that could be included in this study. 
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5.0 RESULTS (HYPOTHESIS TESTING) 

A newly proposed phylogenetic model is always of interest, but is of value only if it 

helps to resolve existing problems and leads to new lines of research. Here we use the 

results of the phylogenetic analysis of the discrete character set to evaluate a number of 

hypotheses and determine whether this new model supports them or fails to support them. 

Some of these have likely already been resolved, but I do not find that in the literature. In 

several of these cases, I conduct a character by character review to show the robustness of 

the phylogenetic model, and in others I rely solely upon the results of the model to provide 

a resolution. 

5.1 Hypothesis: Undulograptus dicellograptoides is a member of the Levisograptus 

genus (Maletz 2011a). 

In erecting the Levisograptus genus, Maletz (2011a) provisionally assigned U. 

dicellograptoides to this genus. Maletz (2011a) noted that the characters of U. 

dicellograptoides are consistent with the levisograptids, especially to U. sinicus-including 

having a pattern U astogeny, long undulating thecae, introverted apertures, and 

subapertural spines. He also noted that, "The inclusion of Undulograptus dicellograptoides 

Maletz, 1998 in Levisograptus is advocated herein, but is uncertain" (p. 857), with the 

uncertainty due to its lack of a biserial rhabdosome. 

The phylogenetic tree developed in this study (fig. 4.1.1) demonstrates the support in 

this model for U. dicellograptoides to be assigned to the Levisograptus genus. As seen in the 

tree, the model derives Levisograptus dicellograptoides as most likely having a common 

ancestor with L. sinicus, the two of them having a common ancestor in turn with L. prim us, 
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and the three of them sharing a common ancestor with L. austrodentatus. Given that it is 

bracketed above and below by levisograptids, then it is certainly a levisograptid also. 

In examining why this should be, we find first that L. dicellograptoides is most closely 

related to L. sinicus (as indicated in the tree and as posited by Maletz 2011a). These two 

are a sister group, united by six synapomorphies that separate them from the rest of the 

levisograptids. See Figure 5.1 below. 

The early astogeny of graptolites is highly conservative and the patterns of change 

within the first few thecae are highly useful in determining phylogeny (Mitchell 1987). As 

noted in section 3.2, there are ten characters covering prosicula and sicula shape and 

condition and virgella states, twenty-three characters that define the proximal structure 

and early astogeny of the rhabdosome, and sixteen for theca 11 and theca 12 characters that 

repeat with more distal thecae. Among these fifty-two early astogeny characters, forty-six 

are identical in the levisograptids, uniting L. dicellograptoides with the rest of this genus. 

(In all of the following, the numeral within quotation marks is the character state code 

value used in the phylogenetic analysis.) Altogether, including distal characters, it differs 

from L. sinicus in twenty-one characters. Fourteen of these are apomorphies of L. 

dicellograptoides and seven are apomorphies of L. sinicus. 

Five of the fourteen L. dicellograptoides apomorphies are related to its two stipes failing 

both to form a median septum and becoming biserial, much as Jiangxigraptus and 

Dicranograptus do later in the Darriwilian with homoplasious versions of these characters. 

These are "Sicula/Stipe Relationship" (Character 10, which moves from scandent biserial 

("3") to free and central ("O")), "Geometry of Stipes" (Character 25, which moves from 
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scandent biserial (''5") to two reclined series ("2")), "Nema Support Structure" (Character 

32, which moves from embedded in full median septum ("O") to free throughout ("3")), 

"Thecal Number at Dicranograptid Bifurcation" (Character 50, which moves from no 

bifurcation ("4") to second pair ("0")), "Sicular enclosure on The ca 12 side" (Character 3 7, 

which moves from 4th ("4") to not covered ("0")), and "Sicular Enclosure on Theca 11 Side" 

(Character 38, which also moves from 4th ("4") to not covered ("0")), (This last one was 

not identified by TNT as a apomorphy). So this single evolutionary change leads to six 

apomorphies in the character matrix. Of the remaining nine characters, six concern distal 

development that rarely affect phylogeny at a genus level. The remaining three early 

astogeny characters will be considered here. 

In the "The ca 12 foramen location (origin)" ( character 40), L. dicellograptoides has its 

origin of theca 12 in the middle third of its theca 11 protheca (2), whereas other 

levisograptids have it in the upper third of its theca 11 protheca (1). This is an apomorphy 

for L. dicellograptoides, but it is a minor deviation from the general pattern and insufficient 

to justify erecting a separate genus. It may be related to the loss of biseriality. 

In "Virgellar spine length" ( character 18), L. dicellograptoides has a medium length 

virgella (1/2 length to full sicular length) (1), whereas most levisograptids have a short 

virgella (less than 1/2 sicular length) (0). However, L. dentatus also has a medium length 

virgella so L. dicellograptoides is not distinct in this. 

In the "Theca l2 Metathecal Geometry" (character 84), L. dicellograptoides has an open 

"J"-shape (1), whereas most other levisograptids have a "U" shape (3). However, L. 

sinodentatus has a tight "J"-shape (2) so L. dicellograptoides is not distinct in varying in this 
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character. This is not a defining character at the genus level and recurs throughout many 

other genera. 

L. dicellograptoides is less derived than L. primus and despite the significant 

morphological change involved with losing the biserial, di pleural stipular structure, the 

character set that I use (and other researchers have used) keeps it within the 

levisograptids. A similar morphology arises in the dicellograptids, but there are also 

enough other character changes in that group that they clearly separate out as a clade of 

their own, which L. dicellograptoides does not. The Maletz (201 lc) hypothesis is supported 

by this study, and I no longer consider the assignment of this taxon to the Levisograptus 

genus to be provisional. 

5.2 Hypothesis: The normalograptids clade share a common ancestor with 

Proclimacograptus angustatus and Oelandograptus oelandicus (Mitchell et al. 2007) 

The phylogenetic model presented in the Mitchell et al. (2007) study posited the 

normalograptid clade as being one of the last two evolved and most derived clad es in the 

Diplograptoidea. This clade included Normalograptus rotundus, N. angustus, N. 

mohawkensis, N. kukersianis, N. brevis, N. euglyphus, and N. antiquus, the latter four of which 

are also included in this study. This result was so at odds with the known time of origin 

stratigraphically and believed relationships based on morphology that the team developed 

a new tree manually in which this clade was cut from its existing position and placed in a 

phylogenetic position that the team felt was better justified. The position they chose put 

this clade as a crown clade above Proclimacograptus angustatus and Oelandograptus 

oelandicus. 
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This study also finds the normalograptids to be a late evolved Darriwilian crown group 

(which is consistent with the stratigraphy, see Figure 2.1.3). However, this model also 

posits that 0. oelandicus and Procl. angustatus are in a separate clade with the 

climacograptids and are not part of the stem group leading to the normalograptids. Thus 

this study does not support the hypothesis, and more research and analysis will be required 

on this clade. However, although the sixty-seven taxa discrete coding analysis does not 

recover this clade, there is some additional evidence here for it. As noted on page 122, the 

twenty-five taxon discrete coding analysis for those taxa in the continuous coding model 

does recover this clade. 

In my model, the Neograptina are represented only by the Normalograptidae during the 

Darriwilian. The amplexograptids and gymnograptids are their closest antecedents in my 

model. Mitchell et al. 2009 found the amplexograptids to be a sister group to Diplograptus 

pristis so they are not in the Neograptina. Storch et al. 2011 did not include the 

gymnograptids in their study so it is open as to whether or not they (and "Diplograptus" 

elles1) are part of the Neograptina. 

Both Diplograptina and Neograptina appear to have arisen out of the anoxophoran stem 

group. Both clades are posited to have a common ancestor with Undulograptus 

marathonensis or a closely allied species by Mitchell et al. (2007), but my model 

questionably proposes that the Neograptina (genus Normalograptus) share a common 

ancestor much later with "Diplograptus" ellesi and before that with the Gymnograptus 

genus, or if those two are included in Neograptina , then with the amplexograptids and the 

eoglyptograptids. 
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The question about the affinities of Normalograptus is closely related to issues 

surrounding the scope of the Neograptina Storch et al. (2011). They posited the 

normalograptids to be derived from antecedents shared with 0. oelandicus and Prod. 

angustatus. In addition, Storch et al. (2011) find the base of this clade in a common 

ancestor with Undulograptus formosus. Maletz (2014b) notes that U. formosus may be 

misplaced in the Neograptina. My analysis concurs that U. formosus is not closely related to 

either the normalograptids or Proclimacograptus (see Figure 4.1.1), supporting Maletz 

(2014b) but failing to support the Storch et al. (2011) proposed antecedents for the 

Neograptina. 

In his text figure 14, Mitchell retains the Orthograptidae family which he accepts from 

Fortey & Cooper (1986) as a sister group to the Diplograptidae, Dicranograptidae, and the 

Monograptidae families. A major difference in my results is that I find these 

'Orthograptidae' genera - Oelandograptus, Hustedograptus, Amplexograptus, and 

Gymnograptus to make up a stem group leading to the normalograptids, and presumably 

the monograptids. (See figure 4.1.1.) 

5.3 Hypothesis: Archiclimacograptus? ambiguus belongs in the genus 

Archiclimacograptus (Maletz 2011b) 

This taxon was erected in Maletz (2011b) and he provisionally assigned it to 

Archiclimacograptus. The species name comes "From the Latin ambiguus; ambigere to be 

undecided; based on the uncertain relationship of this species (Maletz, 2011c, pg. 1365)." 

Also, "The inclusion of this species in the genus Archiclimacograptus is uncertain as the 

proximal development is not known in detail and the thecal style differs considerably from 

other species of the genus. The species is provisionally included here as it appears to be 
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most closely related to Archiclimacograptus pungens" (p. 1366). The newly developed 

coding is based on the three-dimensional material that Maletz used to erect the taxon. Its 

placement in the phylogeny seems to indicate that it can be reliably assigned to 

Archiclimacograptus, despite Maletz's observation that it was likely closely related to 

Archiclimacograptus? pungens, which may have to be excluded from Archiclimacograptus 

(see section 5.5 below.) 

Archiclimacograptus ambiguus is the sister taxon to Ar. sheldoni, united by three 

synapomorphies that separate them from the rest of the archiclimacograptids. See Figure 

5.1 above. Each of these two have a large number of apomorphies of their own, implying 

that a number of intermediate taxa may yet be undiscovered. Ar. ambiguus has seventeen 

apomorphies, nine of which are early astogeny, and two of those are shared with other 

archiclimacograptids. Although a theca 22 sicular enclosure (Character 37) is the primitive 

state in this clade, derived from the common ancestor with Undulograptus camptochilus 

and shared by Ar. angulatus, Ar. decoratus, Ar. modi cell us, Ar. osloensis, and Ar. sebyensis; Ar. 

ambiguus has a theca 32 sicular enclosure, as do Ar. caelatus and Ar. confertus. Ar. ambiguus 

also has theca 31 as lateral bud from theca 21 dicalycal (Character 46) like the majority of 

archiclimacograptids, although several including the closely related Ar. sheldoni and Ar. 

caelatus retain the primitive state, in which this feature is absent. These unique states are 

considered following. 

In the "Dorsal sicular exposure" ( character 23), Ar. ambiguus has an exposure that is at 

least half of the sicular length ( 4 ), whereas the other archiclimacograptids have no 

exposure (0), excepting Ar. confertus, which has an exposure that is less than the sicular 

aperture width (1). This is an autapomorphy for Ar. ambiguus shared with no other 
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Darriwilian Axonophora. However, I judge it as insufficient by itself to justify establishing a 

new genus. The remaining eight characters are not autapomorphies and none of them are 

diagnostic for a genus. 

In the "Ventral Notch in Sicular Aperture Adjacent to Virgella" ( character 13), Ar. 

ambiguus has a ventral notch, whereas the other archiclimacograptids do not. A ventral 

notch is rare in Darriwilian Axonophora and only two other taxa have this character. 

In the "Virgella Configuration" ( character 15), Ar. ambiguus has a straight virgella that is 

deflected (1 ), whereas the other archiclimacograptids have a parallel virgella that is 

straight (0). A deflected virgella is rare in Darriwilian Axonophora and only two other taxa 

have this character. 

In the "Proximal Dorsal Wall of Stipe" ( character 70), Ar. ambiguus has an undulose wall 

(2), whereas the other archiclimacograptids have zigzag walls (3), excepting Ar. sheldoni, 

which has a straight wall (1). Although most genera have the same state throughout for 

this character, that is not universal and in addition to Archiclimacograptus we see variation 

in this character in Levisograptus, Undulograptus, Normalograptus, andjiangxigraptus. 

In the "The ca 11 Apertural Thickening" ( character 7 5), Ar. ambiguus has apertural 

margin thickening (1 ), whereas the other archiclimacograptids have a selvage thickening 

that surrounds the entire aperture (2). The marginal thickening is a state shared with 

many other taxa outside of Archiclimacograptus. 

In the "Theca 11 Metathecal Geometry" ( character 79), Ar. ambiguus has an "L"-shaped 

thl 1 (1), which though rare in Darriwilian Axonophora also occurs in Hustedograptus 

bulmani and Pseudamplexograptus distichus, which do not otherwise appear to be closely 
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related to Ar. ambiguous (or to each other). Most of the other archiclimacograptids have a 

"J"-shaped thl 1 (2), though Ar. angulatus and Ar. sebyensis have a "U"-shaped thl 1 (3). 

In the "Theca 11 Supra-Apertural Configuration" ( character 81 ), Ar. ambiguus has a 

convex thl 1 supra-apertural wall (2), whereas in the other archiclimacograptids it is 

concave (3), except in Ar. osloensis in which it is straight and strongly inclined (1 ). This is 

another character that varies within other genera and that is not diagnostic. 

Thus, the phylogenetic model in this study supports Maletz (201 lb) in assigning this 

taxon to Archiclimacograptus. Unfortunately, although the assignment to 

Archiclimacograptus is no longer ambiguous, the taxon will have to retain "ambiguus" for 

the specific name. 

5.4 Hypothesis: Climacograptus marathonensis Clarkson, 1963 belongs in the genus 

Archiclimacograptus (Maletz 1995) 

This taxon was originally described as Climacograptus marathonensis sp.nov. in Clarkson 

(1963). I do not find a reference to it as Archiclimacograptus marathonensis earlier than 

Maletz (1995), so I presume that Maletz originated the proposed reassignment there. Maletz 

(1995) did not describe Ar. marathonensis but labeled a figure that he had drawn (Figure 1-19) 

as that taxon, and identified a specimen found in the Albjara core as that taxon. Maletz 

(1997b) did provide a formal description of the taxon as Ar. marathonensis. In that description, 

he noted that this taxon could be diagnosed by "long undulating thecae, thecal apertures 

simple, median septum strongly undulating proximally, but straight distally." The 

reference to "long undulating thecae" brings to mind Boucek's diagnosis of the 

Undulograptus genus (which at that time included taxa that Maletz (2011A) included in 

Levisograptus and that share this character), "Median septum more or less undulate, not 
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sharply zig-zag without horizontal grooves (processes). Thecae less pronouncedly 

sigmoidal; apertural excavations transverse; supragenicular walls straight, not convex." 

This diagnosis was particularly relevant when early runs of the phylogenetic model 

showed this taxon to be within the Undulograptus genus. 

A comparison coding review was conducted and confirmed that the characters of this 

taxon were consistent with those of Undulograptus rather than with Archiclimacograptus. 

It shares a common ancestor withUndulo._cuAbrensis 
Undulo.J(labauensis

Undulo.Jormosus 
Undulo . ...nouaki the more derived UndulograptusUndulo.Jl.sp.B_(Williams) 

.-------"= =-LlwloL.U.dLLll]u;o~ -r i p.R_(WilliaAS)i Undulo . .Jlla1•athonensj s 
Ondul o._camptoc i l us camptochilus and the two of themr- Archicl.?__pungens

I r--- Haddingo._intermedius 

in turn share a common ancestor 
Figure 5.5.1. Excerpt from the tree in Figure 4.1.1 showing 

position of Climacograptus marathonensis. with a clade of five 

undulograptids and then a common ancestor in turn with U. cumbrensis. Although I have 

no photographed specimens of U. marathonensis, I do have a number of drawings of relief 

specimens executed in sufficient detail to allow for coding of this taxon. U. marathonensis 

is actually most similar to U. formosus among the undulograptids. It has one 

synapomorphy and eight apomorphies not shared with U. formosus in addition to which U. 

formosus has one synapomorphy and two apomorphies not shared with U. marathonensis 

(for a total distance of twelve character changes). U. klabavensis has eight more 

apomorphies than U. formosus (for a total distance of eighteen character changes), and U. 

camptochilus adds three synapomorphies and nine more apomorphies to the distance 

from U. marathonensis (for a total distance of twenty character changes). Of the U. 

marathonensis apomorphies, two are distal characters, three are early astogeny, and three 
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concern primordial thecae spine development. The three early astogeny that are unique 

are considered here. 

In the "Number of Primordial Thecae" ( character 30), U. marathonensis has five (5), 

whereas all other undulograptids have four ( 4) as do all archiclimacograptids. This 

character is a primitive character shared with all levisograptids, and does not specifically 

join U. marathonensis to either Undulograptus or Archiclimacograptus. 

In the "Theca 31 As Lateral Bud from Theca 21 Dicalycal" (Character 46). U. 

marathonensis has th2 1 

dicalycal like other 
Pseudocl._scharenbergi

Archicl. ~odicellus 
Rrchicl. - decoratus 
Archicl . : sebyensis undulograptids, but it is the 

Archicl. _ osloensis 
L___,------ PseudaMp. _ latus 

PseudaMp. _ distichus 
~ - -- Archicl. _ confertus 

tus only one that has th3 1 as a 
._caelatus 

rchicl._sheldoni 
rchicl. _ aMbiguus 

~-- CliMaco._ antiquus lateral bud, and is the first 
Figure 5.3.2. Abbreviated homoplasy tree for Character 46. Taxa in 

red have the primitive state of th3 1 as a downward bud and taxa in axonophoran to develop this 
blue have th3 1 as a lateral bud. Taxa not in the direct lineage have 

been deleted. 
character trait. Five of the 

nine archiclimacograptids in this study share this character state with U. marathonensis, 

but four do not, so this character also does not necessarily join U. marathonensis to 

Archiclimacograptus. (The primitive trait is for th3 1 to be downward growing from origin 

before turning upward. In figure 5.3.2, taxa with the primitive trait are shown in red, those 

with the derived trait are in blue.) Of note is that in the clade that includes Ar. modicellus, 

all have the derived trait but in the clade that includes Ar. angulatus, all have the primitive 

trait, except that the derived trait shows up in Ar. ambiguus. It is disconcerting to see this 

character trait appear as a homoplasy in closely successive taxa. I consider it likely 
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that this originated once, and is disconnected due to missing taxa in the matrix, but this is 

speculative. 

In the "Proximal Dorsal Wall of Stipe" ( character 70), U. marathonensis has a zigzag 

dorsal wall (3), whereas those of all other undulograptids are undulose (2). However, 

archiclimacograptids have a range of dorsal wall architectures and for five of them (Ar. 

caelatus, Ar. decoratus, Ar. modicellus, Ar. osloensis, and Ar. sebyensis) it is zig-zag (3). In this 

character, U. marathonensis is more like an archiclimacograptid. However, this character is 

greatly outweighed in comparing U. marathonensis to archiclimacograptids in other early 

astogeny characters, in which it is identical to other undulograptids. The four thl 1 and thl 2 

spine condition characters are the same in U. marathonensis as they are in U. sp A and U. sp 

B, having a normal mesial spine on both thecae. While most archiclimacograptids have 

spines on both of these thecae, the majority have apertural spines on thl 1, with only Ar. 

modicellus, Ar. decoratus, and Ar. sebyensis having mesial spines. These characters vary 

within many genera and it is not unusual that they would do so in the undulograptids as 

well. 

With all but three early astogeny characters linking U. marathonensis to the 

undulograptids and only one connecting it to the archiclimacograptids, the weight of 

evidence fails to support the Maletz (1995) assignment to Archiclimacograptus and instead 

finds it well within Undulograptus. This taxon's placement among undulograptids in the 

tree is driven by the major character differences discussed above and others. The Maletz 

(1995) assignment is likely an artifact of the levisograptids (with their pattern U early 

astogeny) being subsumed within the pattern C-bearing Undulograptus genus at that time. 

Maletz (1995) may have assigned U. marathonensis to Archiclimacograptus rather than 
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Undulograptus because it has a pattern C early astogeny as do many archiclimacograptids 

and not a pattern U (Maletz 1997b, p. 53). 

Figure 5.5.2. These specimens are among those used in the reconciliation of Climacograptus marathonensis. L. to 

r., a,b. Undu/ograptus cumbrensis SM A53044 Bulman 1963 Pl 96-7, SM A53044a Mitchell reverse 1992 fig. 2F; c, d. 
Undu/ograptusformosus specimen CM-S2-Tl-S2 (Mitchell personal collection), NIGP 9971b Mitchell reverse 1992 

fig. 2C; e. Archic/imacograptus marathonensis PMO 155.510 reverse Maletz 97 fig. 24E; f,g. Undu/ograptus 
camptochi/us IRScNB A3365 reverse Servais & Maletz 1992 Plate 111-3 V2, IRScNB A3376 Servais & Maletz 1992 

Plate 1-15, h,i. Archic/imacograptus riddel/ensis GSC 132343, PMO 69.913(10) obverse Maletz 1997 fig. 25E. 

5.5 Hypothesis: Climacograptus pungens might be better assigned to the 

Archiclimacograptus genus (Maletz 2011c) 

In this case, Archiclimacograptus? pungens was the generic assignment given in Maletz 

2011c. Maletz (2011c) referred this taxon toArchiclimacograptus based on three-dimensional 

material that he considered conspecific to the type material of Climacograptus pungens 

(Ruedemann 1904 ). The questionable nature of the assignment to the Archiclimacograptus 

genus is his own. Maletz 2011c made the referral due to the shared Pattern C astogeny, which 

also occurs in Undulograptus. He notes that, "The species is here referred to the genus 

Archiclimacograptus, based on the proximal development and thecal style. The main 

difference to other species is the asymmetry and the lack of the thl 2 apertural spine (p. 

1365)." The 2007 analysis failed to support this assignment, as does the current study. There 

are enough other differences to create a separation from the other Archiclimacograptus taxa. 
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Among the Darriwilian Axonophora in this study, Ar.? pungens shares a common ancestor 

with Undulograptus camptochilus and has ten characters that differ from that ancestor, four 

of which are in the early astogeny. The more derived Haddingograptus intermedius shares 

a common ancestor with Ar.? pungens and it coincidentally has ten characters that differ 

from that ancestor, four 

ad ingo._intermedius of which are in the earlyHaddingo._Jllaennili
Haddingo._tarimensis

Haddingo._eurystoma
Haddingo._oliueri astogeny. The closest 

Prolasio._retusus 
Haddingo ._haplus

Pseudocl. _schaJ•enbe••gi relation of Ar.? pungens Archicl . ..Jllodicellus 
Archicl. _decoratus 
Archicl._sebyensis 
~ Archicl._osloensis among the 

Figure 5.7.1. Excerpt from the tree in Figure 4.1.1 showing position of Ar. archiclimacograptids is 
pungens. 

Ar. sebyensis with thirty

three character state changes between them, twelve of which are early astogeny, making it 

very unlikely to be more closely related to archiclimacograptids than to undulograptids or 

haddingograptids. More research needs to be done on Ar.? pungens, but this study fails to 

support the hypothesis. 

5.6 Hypothesis: Hustedograptus bulmani may be better placed in Eoglyptograptus 

(Mitchell personal communication) 

Although stratigraphically 

~----===--u-rn<"1""K"1t1r.-_-n ika¥byensis contemporaneous with
Hustedo._te¥etiusculusr- Eoglypto.__ge¥ha¥di 

Eoglyptograptus gerhardi, this 
Figure 5.6.1. Excerpt from the tree in Figure 4.1.1 showing 

position of Hustedograptus bulmani. phylogenetic model shows 

Hustedograptus bulmani securely within the hustedograptids, and fails to support this 

hypothesis. 
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5.7 Hypothesis: Eoglyptograptus. sp. 2 Maletz, 1997 belongs within Eoglyptograptus 

asymmetros. (Chen 2016) 

The character by character analysis on pp. 91-97 demonstrates that Eoglyptograptus sp. 

2 is more closely related to E. jaroslavi than to E. asymmetros, and fails to support the Chen 

(2016) inclusion of E. sp. 2 in E. asymmetros. Although it is possible that E. sp. 2 may be a 

conspecific variation with E. jaroslavi, I will in the near future write a formal description of 

this taxon using the technique and template described in Appendix D. 

Material has been taken from Maletz (1997b) (two drawn illustrations and three 

photographs of two specimens). Coding is based on relief specimens PMO 138.534 and 

PMO 138.538. See Plate 19. 

5.8 Hypothesis: Archiclimacograptus appears in multiple clades and should be split into 

at least two genera 

At the bottom of the phylogenetic tree in Figure 4.1.1, there are two great clades of the 

most derived Darriwilian Axonophora. Of some concern to Dr. Mitchell and myself is that 

archiclimacograptids appear in both of these clad es. In the first of these the crown clade of 

the jiangxigraptids with Dicranograptus is posited to have a common ancestor with the 

dicaulograptids and both in turn having common ancestors with Archiclimacograptus 

confertus, Ar. sebyensis, and Ar. modi cell us. In the second, a clade beginning with the 

hustedograptids and leading to the normalograptids shares a common ancestor with the 

climacograptids and both of these in turn have common ancestors with Ar. sheldoni, Ar. 

caelatus, and Ar. angulatus. It is possible that these two branches of the 
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archiclimacograptids with their descendants need to be recognized by giving the 

archiclimacograptids in one of these branches a new genus name. 

To resolve this, a phylogenetic model was run with the deletion of most taxa above the 

archiclimacograptids to see if the archiclimacograptids by themselves resolved into two 

separate clades. Deleted were the pseudamplexograptids, dicaulograptids, dicellograptids 

and Dicranograptus irregularis from the first clade and the climacograptids, 

proclimacograptids, hustedograptids, eoglyptograptids, diplograptids, amplexograptids, 

gymograptids, 
Leviso._sinodentatus 

Leviso._dentatus 
Leviso._austrodentatus 

Lev iso. _s i nicus normalograptids, and 
Leviso._dicellograptoides
Leviso. primus

Unduf'o. cumbrensis 
Undulo.~klabavensis Oelandograptus

Unduio. formosus 
Unduf'o. novaki 

Unduf'o._n.sp.B_(Williams)
Undulo._n.sp.A_(Williams) oelandicus from theUndulo. marathonensis 

Unduf'o._camptochilus
Archicl.?_pungens

Haddingo._intermedius
Haddingo. maennili second clade. Also 

Haddingo._tarimensis
Haddingo._eurystoma

Haddingo._oliveri
Prolasio._retusus deleted was 
Haddingo._haplus

Archicl._modicellus 
Archicl._decoratus 
Archie!. sebyensis Pseudoclimacograptus

Archic1.,confertus
Archie,. osloensis 

Archic1.,an9ulatus
Archie,. caelatus scharenbergi. What weArchic!._sheldoni 

Archicl._ambiguus 

Figure 5.8.1. Excerpt from abbreviated tree without post-archiclimacograptid find with this is that we 
Axonophora. Note that the tree above Undu/ograptus camptochi/us is identical 

to the tree in Figure 4.1.1. do have two clades. In 

the first, Ar. modicellus and Ar. decoratus are more closely related to each other than to 

succeeding archiclimacograptids. However, they are separated from the common ancestor 

that they have with Ar. sebyensis by three distal character changes, one th3 1 change ( a 

bilobed flange where the primitive state is none), and only one early astogeny change ( also 

gaining a bilobed flange). The clade that includes Ar. sebyensis has only two character 

changes from the common ancestor with Ar. modicellus and Ar. decoratus. These are the 
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gaining of distal aboral lists that connect the dorsal lists aperturewards of the nema at both 

th3 1 and distally. If these two lineages had gone extinct before giving rise to other genera, 

we would not question their assignment to a single genus. With only minor character 

differences between the two archiclimacograptid clades, in my opinion there is no 

justification for establishing a new genus to separate them. Thus, this analysis fails to 

support the hypothesis that there are two or more genera lurking within and mis-assigned 

to Archiclimacograptus. 

5.9 Hypothesis: Haddingograptids are misplaced in the Archiclimacograptus genus 

(Maletz 2011a) 

Based on the Mitchell et al. (2007) phylogenetic analysis and his own analysis of the 

taxa in question, Maletz (201 lb) proposed thatthe haddingograptids were not within 

Archiclimacograptus but rather shared a recent common ancestor with Undulograptus 

formosus and to have given rise to Pseudoclimacograptus scharenbergi. I find in the current 

study that the haddingograptids are a sister taxon to a clade made up of P. scharenbergi 

(see Figure 4.1.1), the archiclimacograptids, and other more derived taxa. P. scharenbergi 

does not arise within the haddingograptids. I also find that, together with that clade, the 

haddingograptids have a common ancestor with U.camptochilus, but not that they arise 

within the undulograptids. However, the current study also finds that the problematical 

Ar.? pungens (revised in Maletz 2011a) sits antecedent to this clade, not inconsistent with 

the Mitchell et al. (2007) study. (See discussion in section 5.5 above.) I support the Maletz 

(2011b) move of the haddingograptids from within the archiclimacograptids to show them 

as a sister clade to Archiclimacograptus, but this study does not support the other proposed 

relationships. 
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5.10 Hypothesis: Three Berry (1964) specimens (PMO 69.880, PMO 69.882, PMO 

69.883) are gymnograptids, specifically Gymnograptus retusus according to Maletz 

(1997b). 

Maletz (1997b) seems to have based his diagnosis on an unpublished drawing of the type 

specimen (BU 1349) by Jenkins (1979, PhD thesis) and on specimen PMO 69.880 that Berry 

(1964) identified as Lasiograptus retusus. Both of these are included in the list of 

specimens he published to be included in Gymnograptus retusus, but there may have been 

confusion over specimen PMO 69.880, as there is apparently more than one specimen on 

the slab. The specimen published by Maletz (1997b) in Plate 6 figure L is not the same 

taxon, although it is labelled as such under text-figure 36. It belongs to a gymnograptid, not 

to L. retusus. The Maletz (1997b) description of this gymnograptid retained the 1880 

Lapworth holotype for L. retusus, indicating that he was reorganizing this taxon, and not 

establishing a new one with the same specific name retusus. I cannot comment on the 

Jenkins drawing, but the Elles & Wood 1908 Plate XXXIV fig 3a drawing of BU 1349 

prepared under Lapworth's direction shows distinct differences from the gymnograptid 

material, as do the photograph and drawing by Dr. Mitchell. See figure 5.10.1 below. 

Henceforth, I will refer to the Berry (1964) specimen as PMO 69.880a and the Maletz 

(1997b) Plate 6 figure L specimen as PMO 69.880b. 

Excluding BU 1349 and PMO 69.880b, the remaining material appears to be related and 

was correctly recognized by Maletz (1997b) as a gymnograptid taxon separate from G. 

linnarsoni. This taxon was first described by Berry (1964) as a new subspecies that he 

named G. linnarssoni ejuncidus. Under precedence, elevating this taxon to a species level as 
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Maletz (1997b) proposed requires that it be named Gymnograptus ejuncidus Berry, 1964, 

and I refer to it that way henceforward. 
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Figure 5.10.1. A,B,C Pro/asiograptus retusus BU 1349 holotype (CE.Mitchell photograph, 

CE.Mitchell camera lucida drawing, Elles & Wood 1908 Plate XXXIV fig 3a); D. Lasiograptus retusus 
PMO 69.880a (Berry 1964 Plate 16-02); E. Gymnograptus retusus PMO 69.880b (Maletz 1997b 

The tree in Figure 4.1.1 shows that this taxon is a sister to G. linnarssoni. The two have 

five shared apomorphies, two of which are in the early astogeny. These are: 1) having a 

single antivirgellar spine on the dorsal side of the sicular aperture, where their 

normalograptid sister clade have none, and 2) having their thl 1 foramen in the lower third 

of the metasicula. The other three are: 3) no ventral median spine length gradient, 4) 

thinned fusellar tissue (but no clathria), and 5) having th3 1 aboral lists that connect dorsal 

lists apertureward of the nema. G. ejuncidus has four apomorphies two of which are in the 

early astogeny. These are: 1) having a medium sicula obverse exposure (~one half), where 

G. linnarsoni has a long obverse exposure, and 2) having a straight and strongly inclined thl 1 

supra-apertural wall where G. linnarsoni has a concave one. The other two are in having 

th3 1 and distal thecae apertural spines, where G. linnarsoni has none. G. linnarsoni has seven 

apomorphies only one of which is in the early astogeny. This is in having a virgella that is 

strongly deflected toward thl 1 rather than straight. The most significant change more 
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distally is in losing the geniculum. Other apomorphies involve changes in th3 1 and distal 

thecae apertural shape and thickening, and in G. linnarsoni having paired apertural spines. 

In my opinion, the differences between G. linnarsoni and G. ejuncidus are minor and 

insufficient to warrant erecting a separate genus for G. ejuncidus. 

On the other hand, as tree in Figure 4.1.1 shows, there is a wide distance between the 

two gymnograptids and Prolasiograptus retusus, which is found as a derived taxon above 

the haddingograptids. There are twenty-eight characters that differ between G. ejuncidus 

and P. retusus, and thirteen of these are among the critical early astogeny characters. These 

are very different creatures and there is no justification for including Pro/. retusus among 

the gymnograptids. However, there is a question as to whether Prolasiograptus retusus is 

actually a haddingograptid, or, more to the point, whether Haddingograptus is a junior 

synonym for the Prolasiograptus genus. Pro/. retusus has ten apomorphies separating it 

from the Haddingograptus clade, only three of which are early astogeny characters. For 

these, it differs in its proximal symmetry in having different inclinations of thl 1 and thl2, in 

having its th2 1 flange location in the low central position rather than on thl 1 as a pouch 

below the th2 2 crossing canal, and in having an apertural margin only on thl 1 rather than a 

selvage. Further analysis to answer this question is beyond the scope of this thesis, but is 

considered as a potential follow-on project. 
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6.0 SYSTEMATIC PALEONTOLOGY APPROACH 

The recognition of phylogenetic characters used in the data matrix is far more extensive 

that than typically used in systematics (the naming and description of taxa). Using the 

phylogenetic data matrix originally developed by Mitchell, Goldman, Klosterman, Maletz, 

Sheets, & Melchin (2007), I have made use of the characters to develop a rigorously 

detailed template for systematic description of graptolite taxa. Seven species examples are 

offered in Appendix D. I will provide additional examples in the future, especially for 

axonophoran taxa which have not been adequately described in the past, and for those that 

are being reorganized or erected as a result of this thesis project. 

A taxon is defined by the physical type specimen (holotype) designated by the original 

researcher who established the taxon. Occasionally, the type specimen will have been lost 

or destroyed, and another specimen of the same species will be selected as a substitute 

(neotype). A formal written description by the original researcher (or author) of the taxon 

is based on the type specimen and other specimens securely assigned to this taxon. This 

will also generally be done by any follow-on researcher who revises the taxon or who adds 

new information on the taxon. This description is called "Systematic Paleontology." 

Systematic paleontology consists of a number of standardized sections, including 

identification of the original author of the taxon, a listing of all published specimens 

included in the taxon (both previously published and those included in the new systematic 

paleontology), identification of the type material by repository and collection number, a 

comprehensive description of the taxon (which may include a diagnosis of specific features 

uniquely identifying the taxon), identification oflocation(s) and biostratigraphic 

distribution of the taxon, and any additional notes or discussion felt valuable by the author. 
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Only the description of the taxon is affected by my changes. The astogenetic pattern of 

Mitchell (1987) is included as a summary, but the individual characters that lead to that 

pattern are specified. 

Here we will consider the description of the early astogeny of Haddingograptus 

eurystoma for the first two thecae, excerpted from the description in Appendix D and 

expanded with parenthetical number of each character being described: "This scandent 

biserial ( character 10) taxon exhibits a pattern C astogeny, with theca 21 as the dicalycal 

theca ( char. 21) and four primordial thecae (30). Both proximally (70) and distally (22), 

the dorsal wall is zig-zag. The thecal shapes (51) are uniform throughout the length of the 

rhabdosome and intrathecal folds (68) are present. Based on three-dimensional 

specimens, the sicula is straight (1), with length of about 1.0 mm and apertural width of 

about .24 mm, giving it a medium length to width ratio (2) of about 4.3. The straight 

virgella (15,16) is of short length (18), less than 4/10 the length of the sicula-the longest 

observed unbroken length was .4 mm. The nema, embedded in the full median septum 

(32), is normal (31) and well-developed in many specimens. The sicula gives rise to theca 

11 from an off axis porus (24) in the middle third of the metasicular (39). The ca 11 is U

shaped (79), with an everted (71) ( average angle of 69°), concave aperture (72) reinforced 

with a selvage (75). Theca 11 has no apertural spine (101,102,103)." 

For more detail on this and other taxa, see Appendix D. 
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7.0 FUTURE WORK 

A number of additional projects have grown out of the one that led to this thesis, which 

could not be included because they would have gone far beyond the scope of this current 

project or because they arose too late to be included. Several of these are planned in my 

own future work, and others may perhaps be of interest to future M.S. candidates in the 

SUNY Buffalo geology program. 

First, my addition of thirty-nine taxa has demonstrated the value of an increased sample 

size in the resolving power of the phylogenetic model. Recent papers, especially the Chen 

2016 publication, provide additional specimens for the in-scope taxa in this thesis and 

additional taxa that can be added to increase the scope, including several that are newly

erected. Additional specimens are also available for some taxa, which may enable the 

addition of discrete codes to replace some of those currently coded as unknown ("?"). 

Expanding the scope of the current study is a high priority. 

Second, a revised approach to systematic taxon descriptions has been offered in 

Appendix D with a few examples. One of my next projects will be to complete this for all of 

the in-scope Darriwilian Axonophora. 

Third, the results of the Finite Mixture Coding analysis of continuous characters shows 

promise, and likely demands a significantly larger sample of both taxa and specimens to 

prove successful. While the supply of additional three-dimensional specimens may be 

limited, it may be possible to code additional high-relief/partially-flattened specimens for 

continuous measurements and integrate these into the existing data set. This will be a 

statistical integration and is not the same as the eighth project described below. 
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Fourth, as noted in section 3.1, Skanegraptusjanus (Maletz 2011c) needs to be analyzed 

in detail to determine the reasons for the disruption it caused in the phylogenetic analysis 

and determine what fixes need to be made to successfully incorporate this currently 

problematical taxon. 

Fifth, the data matrix covers only morphological character states and yields results that 

are occasionally inconsistent with the stratigraphic occurrence of taxa. It should be 

possible to incorporate stratigraphy with morphology in a phylogeny (Fisher 2008, 

O'Connor & Wills 2016, see also Lazarus & Prothero 1984, Fox-Fisher-Leighton 1999, and 

Adrain & Westrop 2001). Techniques such as stratocladistics should be applied to this data 

matrix to see if time-resolution/consistency can be improved. 

Sixth, the current version of the phylogenetic model includes a number of homoplasies, 

which may be amenable to coding as unique character states rather than simply being an 

evolutionary recurrence of exactly the same character. The building of proteinaceous tubes 

by graptolites is a simple affair, and some indistinguishable recurrences/homoplasies exist, 

but there may be some that can be better distinguished. 

Seventh, the current study produced only one Most Parsimonious Tree. However, 

although this is the most likely solution, it is not the only hypothesis, and an analysis of a 

set of somewhat longer trees should be undertaken to determine the cost (in 

length/evolutionary steps) of trees that might be more consistent with current 

evolutionary thinking among graptolite workers. As an example, what steps would be 

required to get the normalograptids to fall where many scientists think they should, and 

what is the likelihood of that sequence? 
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Eighth, as previously noted, it may be possible to better understand the distortions that 

are introduced by flattening ofrhabdosomes of various types, and to use this knowledge to 

reverse engineer the structure of the three-dimensional originals from flattened specimens 

and to code taxa consistently from specimens in various states of deformity ( see section 3.6 

on taphonomic variances). This should be relatively simple for high-relief specimens, but it 

may be possible to reconstruct even low-relief specimens, and possibly those that are 

completely flattened. 

Ninth, although two months were spent in evaluating the use of morphometrics to be 

applied to graptolite phylogenetics, adding this proved to be infeasible due to the time 

constraints of the thesis project. However, thecal shape in early astogeny and further up 

the rhabdosome development is a promising area for the development of characters with 

phylogenetic significance that may improve the robustness and resolution of the 

phylogenetic model. Morphometrics has been explored by others for applicability to 

graptolites, but remains promising. 

Tenth, in addition to adding currently excluded Darriwilian taxa to this study, the 

succeeding epic-the Sandbian-has a large number of taxa that when added to this study 

would greatly increase the base and go far to flesh out the phylogenetic tree from the 2007 

study. This could potentially resolve relationship issues is these clades as well. 

Eleventh, evidence has been found for a massive meteoric impact in Baltica at about 

458.5 MYA (Ormo et al. 2014). This is near the Darriwilian-Sandbian boundary and 

research may determine that there were biological effects in the graptolite communities 

there at that time. 
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Twelfth, in this model Diplograptus foliaceus and Diplograptus ellesi do not form a 

diplograptid clade, but have both Amplexograptus and Gymnograptus between them, 

indicating that at least one of them (more likely both) will have to be reassigned to a 

different genus. This will require more extensive analysis than could be undertaken in this 

study. Additional diplograptids from the Sandbian and Katian will have to be added to the 

matrix and their characters studied to resolve this. The type species Diplograptus pristis 

will have to be included. 

Thirteenth, Maletz (1997b) erected Haddingograptus that may be a junior synonym for 

Prolasiograptus. Further analysis of this clade is required to determine relationships. 

Fourteenth, Exigraptus uniformis would make a superior outgroup relative to 

Levisograptus sinodentatus. Enough material is now at hand to code Ex. uniformis and add 

it to the data matrix. 
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8.0 CONCLUSIONS 

The original proposal for this study was to add additional taxa to the Darriwilian 

Axonophora in the Mitchell et al. (2007) study by identifying candidate taxa from the 

literature, coding them, adding them to the data matrix, and then using the more advanced 

TNT phylogenetic software to determine if additional resolution could be gotten in the 

phylogenetic model. This current study has met that requirement, but has also expanded 

well beyond that proposal particularly in the addition of continuous characters. This has 

benefited my own skills and knowledge development, and I hope that other researchers in 

this field will find these additions useful. 

The phylogenetic model produced in this study is both more robust and more highly 

resolved than was expected and has proven useful in resolving a number of issues of 

axonophoran relationships. These have been summarized in the results section, but are not 

comprehensive, as this model clearly can be used to resolve some remaining issues. 

Although relatively robust, the bootstrap analysis shows that many of the branches are 

weakly supported. This can only be improved by identifying additional characters with 

phylogenetic significance or by identifying additional character states to resolve 

homoplasies. The morphology of these creatures is well understood so it is unlikely that 

more than a few additional useful discrete characters can be identified, though 

morphometrics may help with that. It is also quite likely that improvements in the 

identification and addition of character states can aid in this. 

The use of continuous characters, although it failed to enhance the model in the current 

study, shows promise and additional research expanding the number of taxa measured and 

significantly increasing the sample sizes should lead to more usable results. It is notable 

195 



that five characters were found to be significant as continuous characters, and they were 

useful in confirming the boundary conditions between states used in the discrete character 

phylogenetic model. 

Although it does not represent new research, a great deal of effort was expended to 

locate and capture photographic, camera lucida, and other drawn images to use in coding. 

These thousands of images of Darriwilian Axonophora are now collected together in a 

single repository. The plates ( Appendix G) present this database of published axonophoran 

graptolite images. I will provide digital media with these images on request for other 

researchers to use. New in this image database are hundreds of never before published 

specimens that I photographed from a number of collections. 

Most importantly, this new phylogenetic model for the Darriwilian Axonophora 

provides a foundation for additional research in the phylogeny of this very interesting 

order. The refined taxonomy may aid as an input in stratigraphic analysis and correlation, 

timescale resolution, and paleo-climactic research studies. 
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APPENDIX A - DETAILS OF CHARACTER STATES 

Following is a listing of each of the 117 characters in the data set together with the 

various states and associated codes that can be assigned. Notes on some of the characters 

have been added. 

Character 1. Dorsal Deflection of the Sicula: Straight (0), Deflected Toward Dorsal Side (1), 

Deflected Toward Ventral Side (2) 

Character 2. Sicula Shape: Sicula Shape Blunt ( as in Normalograptus) (0), Sicula Shape 

Medium (1 ), Sicula Shape Slender ( as in Sinodentatus) (2) 

Character 3. Sicula Obverse Exposure: Short (~one third) (0), Medium (~one half) (1), 

Long ( ~ two thirds or more) (2) 

Character 4. Dorsal Notch in Sicular Aperture: Absent (0), Shallow (1), Deep (2) 

Character 5. Elaboration of the dorsal side of the sicular aperture: None (0), Dorsal 

Rutellum (Ventral Lappet) (1), Paired Dorsal Lappets (2), Paired Antivirgellar 

Spines (3), Single Antivirgellar Spine ( 4), Forked Antivirgellar Spines (5), Lateral 

Fold in Margin (6) 

Character 6. Parathecae: Absent (0), Theca 1 pair (1), Theca 2 pair (2), Theca 3 pair or 

more (3) 

Notes: These are supra-spinous tubes extending from the thecal apertures. This 

character is always absent (0) in Darriwilian Axonophora. 

Character 7. Prosicular reduction: Sclerotized Conus (0), Periderm Reduced or Absent with 

One or More Rods (1) 

Note: This character is always Sclerotized Conus (0) in Darriwilian Axonophora. 
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Character 8. Prosicular Rod States: Sclerotized Conus (0), Reduced Periderm with 

Strengthened Rods (1 ), Double Rods (2), Single Rod (3) 

Character 9. Proximal Spine Membranes: Absent (0), Present (1) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Character 10. Sicula/Stipe Relationship: Free and central (in symmetry plane) ( as in 

Dicellograptus elegans) (0), Partly enclosed and central ( as in Dicranograptus 

irregularis) (1 ), Leaning toward stipe 2 ( as in Dicellograptus alabamensis) (2), 

Scandent biserial (3) 

Character 11. Theca 11 Parasicula (), Absent (0), Present (1) 

Note: This is a secondary tube grown from the sicular aperture. This character 

is always absent (0) in Darriwilian Axonophora. 

Character 12. Theca 12 Parasicula: Absent (0), Present (1) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Character 13. Ventral Notch in Sicular Aperture Adjacent to Virgella: Absent (0), Present 

(1) 

Character 14. Virgellar Parasicula: Absent (0), Present (1) 

Character 15. Virgella Configuration: Straight and Parallel (0), Straight and Deflected (1), 

Recurved Parallel (2), Recurved and Deflected (3), Strongly Deflected Toward 

thl 1 from Sicula Aperture ( 4) 

Character 16. Virgellar development: Virgella (0), Lanceolate rutellum (1) 

Character 17. Virgellar Elaboration: Simple (0), Dichotomized (1), Second Order 

Dichotomies (2), Ancora (3), Distal Expansion into Vane or Bulb ( 4 ), Distal Mesh 

(5). 
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Note: This character is always "simple" (0) in Darriwilian Axonophora. 

Character 18. Virgellar spine length: Short (less than 1/2 sicular length) (0), Medium (1/2 

length to full sicular length) (1), Long (greater than sicular length) (2) 

Character 19. Cladial Branches: Absent= 0, exc. Nemagr. (0), Unpaired - Alternate (1), 

Unpaired - One Side (2), Paired (3) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Character 20. Determinant Colony Growth: "Normal" colony length (0), Colony with limited 

growth & distinct terminal theca ('appendix') (1) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Character 21. Dicalycal Position: Theca 12 (0), Theca 21 (1), Theca 22 (2), Theca 31 (3), 

Delayed ( 4 ), Aseptate (5) 

Character 22. Distal Dorsal Wall of Stipe: Unistipular (0), Straight (1), Undulose (2), Zigzag 

(3) 

Character 23. Dorsal sicular exposure: No exposure (0), << sicular aperture width (1), ~ 

sicular aperture width (2), >> sicular aperture width (3), = or>> half sicular 

length ( 4) 

Note: For practical purposes in the Axonophora, the fourth and fifth states are 

the same, though they may be meaningful in other clades. Of the sixty-seven 

taxa, none are coded as "3" and only one (Archiclimacograptus ambiguus) is 

coded as "4". 

Character 24. Theca 11 Foramen Construction: Prosicular porus (as in L. sinodentatus) (0), 

Metasicular porus, off axis (1 ), M-porus, on axis ( as in C. (D.) spiniferus) (2), M-
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porus, with primary fusellar deflection (3), Sinus & lacuna ( 4 ), Prosicular porus 

close to apex ( as in Archiclimacograptus sheldoni) (5). 

Character 25. Geometry of Stipes: Two pendent series (0), Two horizontal series (1), Two 

reclined series (2), Two reclined series + enclosure of sicula (3), Scandent to 

reclined series, Y-shaped) ( 4 ), Scandent biserial (5), Scandent uniserial to 

biserial (6), Scandent uniserial (7) 

Character 26. Lacinia: Absent (0), Lacinia Confined to Apertural Region of the Thecae (1), 

Lacinia Surrounds Entire Colony (2) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Character 27. Metathecal differentiation Theca 21 to Theca 22 prothecae: Prothecal 

dichotomy (U) (0), Hood-flange fusion to form symmetrical pair (A, C) (1), 

Reduced hood-bar linked (D) (2), Distal (E, F, G, H) (3), Asymmetrical lateral bud 

(4) 

Character 28. Metathecal differentiation Theca 22 daughter: Prothecal dichotomy (0), 

Hood-flange fusion, symmetrical pair with Theca 31 (U) (1), Distal (2) 

Character 29. Mode of The ca l2 to The ca 21 Differentiation: Direct (U, A, C, D) (Dichotomy) 

(0), Indirect (G) - Hood X Flange Fusion; Symmetrical Pair (1 ), Bar X Reduced 

Hood (K) (2), Unconformable Distal Differentiation of Theca 21 Protheca (E, H) 

(3), Lateral Bud from Continuous Tube (Lasio) ( 4), Crossing Canal Reduced: 

Hood+ Strap (5), Clathriate, No Distinct Crossing Canal (6), Conformable Distal 

Differentiation (F) (7) 

Character 30. Number of Primordial Thecae: 0 (monograptids) (0), 1 (artus, I, I) (1), 2 

(isograptid, E, F, H) (2), 3 (G, D, K) (3), 4 (A, C) (4), 5 (U) (5) 
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Character 31. Nema development: Normal (0), Exaggerated (1), Lanceolate 3-vaned 

nematularium (2), Elongate distal vanes (3), Globular vanes ( 4), Branched nema 

(5) 

Character 32. Nema Support Structure: Embedded in full median septum (0), Supported by 

complete cross-bars (1), Supported by cross-bars on one side (2), Free 

throughout (3), Nema-supported proximally by v-shaped aboral lists throughout 

( 4 ), Embedded in dorsal wall of uniserial stipe (5), Embedded in obverse wall of 

rhabdosome-not scandent' (6) 

Character 33. Theca 12 Foramen Position: Dorsal Reverse (0), Adjacent to Sicula; Hooded 

(1), Non-Hooded, Adjacent (2), Ascending (3), Foramen Absent ( 4) 

Character 34. Proximal Symmetry: AI (Elevation Bases Different, Inclination Similar) (0), 

Ai (Elevation Bases Different, Inclination Different) (1), SI (Elevation Bases 

Similar, Inclination Similar) (2), Si (Elevation Bases Similar, Inclination 

Different) (3) 

Character 35. Rhabdosome Torsion: No Torsion (0), Spiral or Helical (1) 

Note: This character is "no torsion" (0) in the in-scope Darriwilian Axonophora, 

exceptJiangxigraptus gurleyi and]. intortus. 

Character 36. Scapulae: Absent (0), Present (1), Basal Dichotomy (2), Disk or Paddles (3), 

Numerous, Linked to Lacinia by Complex ( 4) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Characters 37. Sicular enclosure on Theca l2 side: Not covered (0), 1st (1), 2nd (2), 3rd (3), 

4th ( 4), 5th (5) 
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Character 38. Sicular Enclosure on The ca 11 Side: Not covered (0), 1st (1), 2nd (2), 3rd (3), 

4th ( 4), 5th (5) 

Character 39. Theca 11 Foramen Location: Prothecal origin (0), Upper third of metasicula 

(1), Middle third of metasicula (2), Lower third of metasicula (3) 

Character 40. Theca 12 foramen location ( origin), Absent (0), In Upper Third of Theca 11 

Protheca (1 ), In Middle Third of Theca 11 Protheca (2), In Lower Third of Theca 

11Protheca (3), In Upward Growing Part of Theca 11 ( 4) 

Character 41. Growth form of descending Theca 12 protheca: Streptoblastic (0), 

Prosoblastic (1), Distal Type Differentiation (No Crossing Canal) (2), Lost -

Clathriate (3) 

Character 42. Theca 21 descending protheca handedness: Right-handed (Patterns U, C, D) 

(0), Left-handed (Pattern A, B) (1), Distal (G, F, E, K, H) (2), Lost - Clathriate (3) 

Character 43. Theca 21 Prothecal Growth Geometry: Descending with Theca 22 before 

ascending (U-shaped) (0), Ascending before descending with Theca 22 (S

shaped) (1), Minor descending (I-shaped, Lasiograptids) (2), Lateral to 

ascending (G, D) (3), ascending only (E, F, H, K) ( 4) 

Character 44. Theca 21 Flange Location: Absent (Continuous Tube As In Undulograptus and 

Isograptus) (0), Low Central (Between The ca 11 and Theca 12 Covers Theca 12 

Crossing Canal) (1 ), Low Right ( at Sicula Theca 11 Juncture) (2), Low Theca 11 

(On The ca l1 Protheca) (3), High Central (Up On Exposed 1.2 Crossing Canal) ( 4 ), 

High Right (At Theca 11 -Sicula Border Theca 12 Crossing Canal Well Exposed) 

(5), Lost G, K (6), Distal (Above Complete Arch Of Prosoblastic Theca 12) (7), On 
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Theca 11 As Pouch Below 2.2 Crossing Canal. (8), Lost F, H, E (9), Lost Not 

Sclerotized (A) 

Character 45. Theca 22 Prothecal Growth Geometry: Descending with next before 

ascending (U-shaped) (0), Ascending before descending with next (S-shaped) 

(1), Minor descending (I-shaped) (2), Lateral to ascending (A, C) (3), Ascending 

only (D, E, F, G, H, K) (4) 

Character 46. Theca 31 as lateral bud from dicalycal Theca 21 : Absent (0), Present (as in 

Archiclimacograptus decoratus) (1) 

Character 47. Theca 31 interthecal septum inclination: ~ Parallel (0), Outwardly Inclined 

(1), Inwardly Inclined (2), Outwardly Inclined Curving to Inwardly Inclined (3) 

Character 48. Theca 31 prothecal growth geometry: Descending with next before ascending 

(U-shaped) (0), Descending with Next after Ascending (S-shaped) (1), Minor 

descending (I-shaped) (2), Lateral to ascending (3), Ascending only ( 4) 

Character 49. Theca 31 Interthecal Septum Configuration: Straight (0), Concave (1), Convex 

(2), S-sigmoid (Dicellograptus) (3), Z-sigmoid ( 4 ), Double sigmoidal (5), L

shaped (as in Arienigraptus) (6), U-shaped (as in Exigraptus and 

Pseudisograptus) (7) 

Character 50. Thecal Number at Dicranograptid Bifurcation (Binned), Dicellograptid 

(Second Pair) (0), Dicranograptid 1 (3 or 4) (1), Dicranograptid 2 (5 to 12) (2), 

Dicranograptid 3 (13 to 20) (3), No Bifurcation ( 4) 

Character 51. Pattern of Change in Thecal Shape: Uniform (0), Gradual - entire (1 ), Gradual 

- mesial (2), Gradual - proximal (3), Biform - proximal ( 4 ), Biform - mesial (5), 

Biform - distal (6), Change at bifurcation (7) 
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Character 52. Distal Thecal Apertural Orientation: Everted (0), Horizontal (1), Introverted 

(2) 

Character 53. Distal Thecal Primary Apertural Shape: Straight (0), Concave (1), Ventral 

lobe (2), Paired lateral lobes (3), Paired lateral lappets ( 4) 

Character 54. Distal Thecal Apertural Thickening: None (0), Apertural Margin (1), Selvage 

(Maletz: surrounding entire aperture) (2), Genicular Thickening (3) 

Character 55. Distal Thecal Apertural Excavation Depth: Shallow (Less Than 25% 

Rhabdosome Width) (0), Deep (1) 

Character 56. Distal Thecae Genicular Elaboration: None (0), Ventral Flange (Faraci. 

innotatus) (1), Bi-lobed Flange (A. prominens) (2), Wrap-Around Shelf (3), 

Overhanging Awning ( 4), Bifurcated Ventral Spine (5), Paired Ventral Spines 

(Paraortho., Dicaul. hystrix) (6), Four or More Genicular Spines (Hirsut.) (7), 

Genicular Disks (Dicaul. cumdiscus) (8), Ventral Spine (9) 

Character 57. Distal Interthecal Septum Inclination: Inwardly Inclined (0), ~ Parallel to 

Colony Axis (1 ), Outwardly Inclined (2), Outwardly Inclined Curving to Inwardly 

Inclined (3) 

Character 58. Distal Interthecal Septum Configuration: Straight (0), Concave (1), Convex 

(2), S-sigmoid (Dicellograptus) (3), Z-sigmoid ( 4 ), Double sigmoid (5) 

Character 59. Distal Prothecal Differentiation: Unconformable (0), Interfingering (1), 

Clathrial Junction (2) 

Note: This character is "unconformable" (0) in Darriwilian Axonophora, except in 

most Normalograptus, which have "interfingering". 
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Character 60. Distal Subapertural Shape: Straight (0), Concave (1) , Convex (2), Introtorted 

Aperture Sigmoid (Dicellograptus) (3), Hooked Outward Sigmoid 

(Pseudoglyptograptus) ( 4) 

Character 61. Distal Thecae Supra-Apertural Configuration: Straight and Weakly Inclined 

(0), Straight and Strongly Inclined (1 ), Convex (2), Concave (3), Sigmoidal ( 4) 

Character 62. Distal Thecae Genicular Shape: Absent (0), Flowing (Indistinct) (1), Openly 

Rounded (2), Tightly Rounded (3), Sharp ( 4) 

Character 63. Distal Thecal Apertural Isolation: None (0), Hooked (1), Introtorted (2) 

Character 64. Distal Thecae Lateral Apertural Features: None (0), Paired spines (1), 

Branched Paired spines (2), Paired dorsal notches (3), Paired ventral cusps ( 4) 

Character 65. Distal Thecae Pseudogeniculum: Absent (0), Facet (Oelandograptus) (1), 

Rounded (2), Sharp and Short Subapertural Ventral Wall (3), Sharp and Medium 

Subapertural Wall ( 4) 

Character 66. Distal thecae sub-apertural inclination: Strong Outward (0), Moderate 

Outward (1), Parallel (2), Moderate Inward (3), Strong Inward ( 4) 

Character 67. Distal Thecal Overlap: Frondose (Iso., Undulo, Petalo) Well Below Preceding 

Aperture (0), 'Long Archaic Diplo (Below Opposite Zig) (1), 'Short Archaic Diplo 

(Below Own Zig) (2), Reduced Diplo (Between Successive Aps (3), Zig Anchored 

and Above)' ( 4), Minimal to None (Primarily Retiolitid-Types) (5) 

Character 68. Intrathecal Fold: Absent (0), Present (1) 

Character 69. Prothecal Folds: Absent (0), Present (1) 

Note: This character is absent (0) in Darriwilian Axonophora, except in 

Jiangxigraptus and Dicellograptus. 
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Character 70. Proximal Dorsal Wall of Stipe: Unistipular Biserial (Aseptate) (0), Straight 

(1), Undulose (2), Zigzag (3) 

Character 71. Theca l1 Apertural Orientation: Everted (0), Horizontal (1), Introverted (2) 

Character 72. Theca 11 Primary apertural shape (lateral view), Straight (0), Concave (1 ), 

Ventral lobe (2), Paired lateral lobes (3), Paired lateral lappets (4) 

Character 73. Theca 11 Secondary Lateral Apertural Features: None (0), Paired spines (1), 

Branched paired spines (2), Paired dorsal notches (3), Paired lateral cusps ( 4) 

Note: This character is always "none" (0) in Darriwilian Axonophora. 

Character 7 4. Theca 11 Apertural isolation: No isolation (0), Hooked (1 ), Introtorted (2) 

Note: This character is "no isolation" (0) in Darriwilian Axonophora, except in 

Jiangxigraptus and Dicellograptus, where it is introtorted. 

Character 75. Theca l1 Apertural Thickening: None (0), Apertural margin (1), Selvage 

(Maletz: surrounding entire aperture) (2), Genicular thickening (3) 

Character 76. Theca 11 Genicular Elaboration: None (0), Ventral Flange (Faraci. innotatus) 

(1), Bi-lobed Flange (A. prominens) (2), Wrap-Around Shelf (3), Overhanging 

Awning (4), Ventral Spine (5), Bifurcated Ventral Spine (6), Paired Ventral 

Spines (Paraortho., Dicaul. hystrix) (7), Four Or More Genicular Spines (Hirsut.) 

(8), Genicular Disks (Dicaul. cumdiscus) (9) 

Character 77. Theca 11 Genicular Shape: Absent (0), Flowing (Indistinct) (1), Openly 

Rounded (2), Tightly Rounded (3), Sharply Rounded ( 4) 

Character 78. Theca 11 tucked under: Absent (0), Present (1) 

Character 79. Theca 11 Metathecal Geometry: Pendant (0), L-Shaped (1), I-Shaped (2), U

Shaped (3), Tight U-Shape ( 4), Metatheca in Obverse Contact with Sicula (5), 
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Metatheca in Obverse & Reverse Contact with Sicula (6), No Descending Growth 

- Out and Up (7) 

Character 80. Theca 11 Pseudogeniculum: Absent (0), Facet (1), Openly Rounded (2), Sharp 

and Short Subapertural Ventral Wall (3), Sharp and Medium Subapertural Wall 

(4) 

Note: This is a geniculum-like structure above the thl 1 aperture. Tightness is 

judged by radius of curvature of thecal tube relative to the tube width. This 

character is "none" (0) in Darriwilian Axonophora, except in Oelandograptus, 

which is facetted (1). 

Character 81. Theca 11 Supra-Apertural Configuration: Straight and Weakly Inclined (0), 

Straight and Strongly Inclined (1 ), Convex (2), Concave (3), Sigmoidal ( 4 ), Absent 

(5) 

Character 82. Theca 12 Secondary Lateral Apertural Features: None= 0, exc. Hustedogr = 4. 

(0), Paired Spines (1), Branched Paired Spines Lobe (2), Paired Dorsal Notches 

(3), Paired Ventral Cusps ( 4) 

Note: This character is None (0) in Darriwilian Axonophora, except in 

Hustedograptus, which has Paired Ventral Cusps ( 4). 

Character 83. Theca 12 Apertural Orientation: Horizontal (0), Everted (1 ), Introverted (2) 

Character 84. Theca 12 Metathecal Geometry: L-shaped (0), Open I-shaped (1 ), Tight I

shaped (2), U shaped (3), Upward only ( 4) 

Character 85. Theca l2 Primary Apertural Shape: Straight (0), Concave (1), Ventral Lobe 

(2), Paired Lateral Lobes (3), Paired Lateral Lappets ( 4) 
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Character 86. Theca 12 Pseudogeniculum: Absent= 0, exc. Oel. (0), Facet (Oelandograptus) 

(1), Rounded (2), Sharp and Short Subapertural Ventral Wall (3), Sharp and 

Medium Subapertural Wall ( 4) 

Note: As in character 80. This character is "none" (0) in Darriwilian Axonophora, 

except in Oelandograptus, which is facetted (1). 

Character 87. Theca 31 apertural orientation: Everted (0), Horizontal (1), Introverted (2) 

Character 88. Theca 31 Apertural Shape: Straight (0), Concave (1), Ventral Lobe (2), Paired 

Lateral Lobes (3), Paired Lateral Lappets ( 4) 

Character 89. Theca 31 Lateral Apertural Features: None (0), Paired Spines (1), Branched 

Paired Spines (2), Paired Dorsal Notches (3), Paired Ventral (Maletz: Dorsal) 

Cusps ( 4) 

Note: This character is always "none" (0) in Darriwilian Axonophora. 

Character 90. Theca 31 Apertural Thickening: None (0), Apertural Margin (1), Selvage 

(Maletz: surrounding entire aperture) (2), Genicular Thickening (3) 

Character 91. Theca 31 Genicular Elaboration: None (0), Ventral Flange (1), Bi-lobed Flange 

(2), Wrap-Around Shelf (3), Overhanging Awning ( 4), Ventral Spine (5), 

Bifurcated Ventral Spine (6), Paired Ventral Spines (7), 4 or More Genicular 

Spines (8), Genicular Discs (9) 

Character 92. Theca 31 Genicular Shape: Absent (0), Flowing (Indistinct) (1), Openly 

Rounded (2), Tightly Rounded (3), Sharply rounded ( 4) 

Character 93. Theca 31 Apertural Isolation: No isolation (0), Hooked (1), Introtorted (2) 

Note: This character is "no isolation" (0) in Darriwilian Axonophora, except in 

Jiangxigraptus and Dicellograptus. 
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Character 94. Theca 31 Pseudogeniculum: Absent= 0, exc. Oel. (0), Facet (Oelandograptus) 

(1), Rounded (2), Sharp and Short Subapertural Ventral Wall (3), Sharp and 

Medium Subapertural Wall ( 4) 

Note: As in character 80. This character is "none" (0) in Darriwilian Axonophora, 

except in Oelandograptus, which is facetted (1). 

Character 95. Theca 31 Sub-Apertural Configuration: Straight (0), Concave (1), Convex (2), 

Introtorted Sigmoid (Dicellograptus) (3), Hooked Outward Sigmoidal 

(Pseudoglyptograptus) ( 4) 

Character 96. Theca 31 Sub-Apertural Inclination: Strongly Outwards (0), Moderately 

Outwards (1), Parallel to axis (2), Moderately Inwards (3), Strongly Inwards ( 4) 

Character 97. Theca 31 Supra-Apertural Configuration: Straight and Weakly Inclined (0), 

Straight and Strongly Inclined (1 ), Convex (2), Concave (3), Sigmoidal ( 4) 

Character 98. Distal Ventral Median Thecal Spine Condition: Absent (0), Spatulate 

Rutellum - Normal Length (1), Spatulate Rutellum - Exaggerated - (Long) (2), 

Spine - Normal (3), Spine - Exaggerated ( 4 ), Spine Bifurcating (5) 

Character 99. Distal Ventral Median Thecal Spine Location: Absent (0), Apertural (1), 

Mesial (2), Pseudogenicular (3) 

Character 100. Lateral Apertural Spine Length Gradient: No Gradient (0), Shortest to 

Longest (Orthograptus. spinigerus) (1), Longestto Shortest Gradient (2), Longest 

to Absent (3), Theca Lost ( 4), No Lateral Apertural Spines (5) 

Character 101. Theca l1Additional Thecal Spines: Absent (0), Present (1) 

Note: This character is always absent (0) in Darriwilian Axonophora. 
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Character 102. Theca 11 Ventral Median Thecal Spine Condition: Absent (0), Spatulate 

Rutellum - Normal Length (1), Spatulate Rutellum - Exaggerated - (Long) (2), 

Spine - Normal (3), Spine - Exaggerated ( 4 ), Spine Bifurcating (5) 

Character 103. Theca 11 Ventral Median Thecal Spine Location: Absent (0), Apertural spine 

(Maletz: state 3 as in 0. calcaratus) (1), Mesial spine (Maletz: 5 as in A. latus) (2), 

pseudogenicular (3), Basal spine (Maletz: 8 as in C. (C.) spiniferus) (4) 

Character 104. Theca 12 Ventral Median Thecal Spine condition: Absent (0), Spatulate 

Rutellum - Normal Length (1), Spatulate Rutellum - Exaggerated - (Long) (2), 

Spine - Normal (3), Spine - Exaggerated ( 4 ), Spine Bifurcating (5) 

Character 105. Theca 12 Ventral Median Thecal Spine Location: Absent (0), Apertural (1), 

Mesial (2), Pseudogenicular (3), Basal ( 4) 

Character 106. Theca 31 Ventral Median Thecal Spine Location: Absent (0), Apertural (1), 

Mesial (2), Pseudogenicular (3) 

Character 107. Theca 31 Ventral Median Thecal Spine Condition: Absent (0), Spatulate 

Rutellum - Normal Length (1), Spatulate Rutellum - Exaggerated - (Long) (2), 

Spine - Normal (3), Spine - Exaggerated ( 4), Bifid Spine Butterflies (5), Multiple 

Irregular ( 6) 

Character 108. Ventral Median Thecal Spine Length Gradient: No Gradient (0), Shortest to 

Longest Gradient (1), Longest to Shortest Gradient (2), Longest to Absent 

(Oepikograptus bekkeri) (3), Theca Lost ( 4), No Ventral Median Spines After 

First Pair (5) 

Character 109. Distal Aboral List: Absent (0), Connect Dorsal Lists to Nema (1), Connect 

Dorsal Lists Aperturewards of Nema (2) 
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Character 110. Distal Post-Apertural Lists: Absent (0), Present at Dorsal and Apertural List 

Junctions (1), Present and Connects Dorsal Lists Only (2) 

Character 111. Periderm Reduction: No Reduction= 0, exc. Gymnogr. (0), Fusellar Tissue 

Thinned, No Clathria (1), Ventral Fusellar Reduction and Clathria (2), General 

Clathria and Thecal Mesh (3), Clathria Only ( 4) 

Character 112. Theca 11 Birds-eye thinning: Absent (0), Present (1) 

Note: This character is always absent (0) in Darriwilian Axonophora. 

Character 113. Theca 11 Metathecal Reduction: None (full descending metatheca) (0), 

Reverse wall complete below Theca 12 foramen (1), Incomplete Below Foramen 

(2) 

Note: This character is always "none" (0) in Darriwilian Axonophora. 

Character 114. Theca l1 Periderm State: Normal Fusellar Periderm (0), Ventral Periderm 

Reduction (1), Clathriate (2) 

Note: All Darriwilian Axonophora have normal fusellar periderm (0). 

Character 115. Theca 31 Aboral Lists: Absent (0), Connect Dorsal Lists to Nema (1), 

Connect Dorsal Lists Apertureward of Nema (2) 

Character 116. Theca 31 Post Apertural Lists: Absent (0), Present at Dorsal and Apertural 

List Junctions (1), Present and Connect Dorsal Lists Only (2) 

Character 117. Thecal Mesh (Reticulum): Continuous Periderm (0), Clathriate but without 

Reticulum (1), Planar Reticulum over Well Organized Clathria (2), Planar 

Reticulum Not Distinct from Clathria (3), Reticular Mesh Merged with Lateral 

Lacinia (4), 

Note: All Darriwilian Axonophora have continuous periderm (0). 
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APPENDIX B - MATRICES OF CHARACTER STATE CODES BY TAXA 

This matrix is provided in NEXUS format suitable to be used in TNT and in other 
phylogenetic programs with suitable modifications. 

1. Matrix of 6 7 taxa and 117 discrete characters for Darriwilian Axonophora 
xread 
'Matrix based on Mitchell et al. - 2007 revised (DiploL(88) 2008) data set with removal of 
non-Darriwilian Axonophora and addition of 39 taxa, making 67 taxa assessed in all. 
Weight scheme is 1 to 65' 

117 67 

Leviso._sinodentatus 
120000000300000100002100500105000200[45]4310010001044302100200010000001 
0203001020203012302301020021300501111005??0000??0 
Leviso._austrodentatus 
120000000300000100002[12]015001050002004[34]210010000244312110250031000 
1010203001020[23]03003302301020022300503131005??0000??0 
Ampl._perexcavatus 
0121300003000000000050015032130201003321123640142401420122003300013000 
04001020203012401402140001300503100005010000010 
Archicl.? _pungens 
001000000300000001001201501204000000222100183004240232001202?400023002 
13002041203003302302040023300503100005020000020 
Archicl._decoratus 
0120000003000000010011015012044002002321001331042412121220003100022103 
10002240203003302102240022300503232005010000020 
Undulo._marathonensis 
0100000003000000010012015002050000003321001031044411000014023400020103 
13002040203003302002040022300503232005??0000??0 
Archicl._modicellus 
0120000003000000010011015012040002002321001331042402121210003400022103 
13002240203003302102240022300503232005?100000?0 
Archicl._sebyensis 
0120000003000000010013015012040002002321001331042402321012003420022103 
10002040303023302302040022300503232005210000220 
Dicaulo._hystrix 
01105000030000000100120150120400020023110013301424020010220234214420?3 
2312204020312130201204202434200323224021?000210 
Jiangxi._ vagus 
01??00000100?0000100120?2012040602000011010?301430223200220334200321122 
3022040303023302302042031300503232233210000210 
Gymno._linnarsoni 
0020400003000040000050115032320101003332124940140400110020001001033000 
00001000403014000101000003100500000060001000200 
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Haddingo._eurystoma 
0100000003000000000013015012040000002321001831142401020212023400032103 
11002240303003001002240023300500000005020000020 
Haddingo._oliveri 
010000000300000000001301501204000000232100183124240102120202?400032103 
110022403030[01]3001002240024300500000005020000020 
Hustedo._bulmani 
0110000003000000010021015012040000002321010330140400020020001000003001 
00000000100021000401010001100503131005020000020 
Hustedo._teretiusculus 
0111200003000000000021015012040001003321010330140402010020000004013001 
04001000200411002401010020300003131005010000010 
Leviso._dicellograptoides 
12?0000000000001010022012001050602000022001000134002321023023000230102 
13002020203021302302010032331503131230??0000?10 
Leviso._dentatus 
02100000030000000100210150010500020033210000001344014?002500300001000? 
0400?020203013401401010022000503131005010000010 
Leviso._primus 
1110000003000000000021015001050000003311001000134411221425023400020102 
030020[23]0203003302302440022300503131005020000020 
Leviso._sinicus 
1200000003000001000023015001050000004421001000024431211025024200010103 
230020[23]0303023302302030032332503232230??0000??0 
Norm._antiquus 
002000??030000000?00112?5032320??00012221249401404010010200040000130011 
1000021403004101001010001000500000005000000000 
Norm._brevis 
0000000003000000000011115032320030001223224940042401001012103300023001 
11001031403014100102030002300500000005000000000 
Norm._euglyphus 
0000000003000000000012115032320030002222224940142401020022103300013002 
11001021403004101102020001300500000005??0000??0 
Norm._kukersian us 
0000100003000000000012115032320010002222224940042401021012103400023002 
10002031403004001002040002300500000005000000200 
Oelando._oelandicus 
0100000003000000020012015012040002002311010[12]301424014010220030001120 
0213000000313003011301000102300500000005020000020 
Proclimaco._angustatus 
0100000003000000010012015012030002002221000840042401000014003300023002 
11000031303003001101030002300500000005??0000??0 
Pseudamp._distichus 
0120000003000000010011015012040002003321001331142401020022003400022103 
00002010103001000002040022300503131005210000210 
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Pseudocl._scharenbergi 
1110001203000110010023115022032102002321103740042402121412022400?22103 
110020303030030021024400223?0503200005000000220 
Undulo._camptochilus 
01100000030000000200120150120400000023210010301444?2320415022400020102 
23002340303023302002040004300500000005??00000?0 
Undulo._formosus 
0200000003000000020012015002040000003321001000044401000015001100020102 
10002010203003002002010002300500000005??0000000 
Archicl._angulatus 
0020000003000000000013015012040002002211001430042401221021003400022103 
00002040303013002002040002300503131005010000020 
Archicl._confertus 
01200000030000000[01]0032115012040002003311001?302424023210020034000211 
0310002020203003302002040023300503535005??0000??0 
Ampl._arctus 
0121000003000100020050015032130??300332?1236401424010211220033000130000 
0001020202011001002040001300503100005??0000??0 
Archicl._ambiguus 
0120000003001010000011415012040001003311100331042402111001000204033002 
03001011102013301301010002200503131005200000200 
Ar chi cl._caelatus 
0120000003000100020011015012040002003311001330042402121012023400013103 
20002040203013002102040003300503132005??0000??0 
Archicl._osloensis 
01100000030000000000130?50120400?20023???003313424021101320032000421030 
0002110201013002002120024200503132005210000210 
Archicl._sheldoni 
22?0000003000000000021055002320?00002201114?30142402131112003300023?010 
3002131203003202102140002300503100005??0000??0 
Climaco._antiquus 
0?1000??030001000200110?501203[01]0?200221??0??3114?40102112?003300022001 
1000?020203003101002140002300503132005??0000??0 
Climaco._biformis 
001000??030000000100?20?50????0??00022????????14240102102000330002?0011000? 
02020300?001002?40002300500000005??0000??0 
Dicaulo._cumdiscus 
12200000030000100100?311501204000000331100?330342402121832023320042003 
21022930203021102102932024300503232005110000110 
Dicaulo._luperus 
02?000000300000001002311501204000000??110013303424020210320234200421032 
3022140203023102102142024300500000005110000110 
Dicaulo._trechnus 
02?00000030000000100?301501204000200??110013301424023210320234204430031 
0001040203101302302522024342503232240110000110 
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Jiangxi._exilis 
00200000010000000100110?20120406020000??113?301420221010220332200230?11 
100001020002310210?012034332503232230??0000??0 
Jiangxi._gurleyi 
01??00000100?0000100120?20120403?210003??13?301430223?002203342003311223 
022020303023302302042031300503232233??0000??0 
Jiangxi._intortus 
12200000020000000100120?201204060210001??10?301420221200220332200220120 
3022010303023102102022032302503232233??0000??0 
Jiangxi._salopiensis 
122000000200?000010011012012040602000021110?30143022120122033320032112 
23022030303023302302142033300503232233??0000??0 
Dicrano._irregularis 
012100000300100000001101401204000200331101033014225232002[12]0333200330 
0323022040303023302302042023332503232230210000210 
Diplo._ellesi 
0??000??030000000100501 ?503???03??????????????14042 [12] 021 ?20?03400023??00000 
?040?0301?001002?40002300500000005??0000??0 
Diplo._foliaceus 
011000??030000000100501?50321403?00033????3?4014042002012000130000300000 
002010201011000002120000231503132100??0000??0 
E o glypto._gerhardi 
1100000003000000020021115032030000002321010040140401310020001200013001 
00001001300013300301010000100503100005??0000??0 
Eoglypto._asymmetros 
011000??030000000100211?50320300?00023???1004014240131102000120001300100 
001000200003001301020001100503200005??0000??0 
Eoglypto._jaroslavi 
011000??030000000000211?50320300?00023?1?100401404000?102000320001300110 
001010301013000001020001100500000005??0000??0 
Eoglypto._sp_2 
011000??030000000000211?50320300?00023?1?100401404000?102000320001300110 
001010201003000301020001100500000005??0000??0 
Gymno ._sp _A_(Maletz) 
011040??03000000000050115032320?01003332?249401404000200200011000030000 
0001010401014000002040000131500000130??1000200 
Haddingo._haplus 
010000000300000000001311501204000000232?001831142400020122001400032103 
00002040303003001002140004300500000005020000020 
Haddingo._intermedius 
001000??03000000010013015012040000002321001831042402021402023400032103 
11002440203003002002440022300500000005??0000??0 
Haddingo._maennili 
0??000??030000000000130?50120400?000?????0?831242401021402023400032103230 
024402030030010024400233005000000050?0000??0 
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Hustedo_quebecensis 
01100000030000000100110?50120400?0002311?103301424103200200031000130010 
0000000203011300302020002300503131005??0000??0 
Hustedo._ vikarbyensis 
01100000030000000100210?50120400?200332??103301404010200200112040130010 
3001000200011302202010021100503132005??0000??0 
Proclimaco._bulmani 
0120000003000000000011215032030002002221013840142401000020001200013002 
1000002030200320010?030002300500000005??0000??0 
Pseudamp._latus 
0??000??030000000100110??0120400?200???????33114?40102002?003400022?0?0000 
?0?0?0?001001002040002300503132005??0000??0 
Undulo._cumbrensis 
0??00000030000000100220?50020400?100332??0?0?01?443222101502310002010210 
00?02030[03]003001302040022100500000005??0000??0 
Undulo._klabavensis 
0220000003000000000012015002040000003301?0?0?00454020?00150241000300021 
000?01030400300200?010023400500000005??0000??0 
Undulo._novaki 
02?00000030000000200110150?20?00?000?321????00?4?4010?102?0?1?0002??021000 
?01020200300210?020002[24]00500000005??0000??0 
Undulo._n.sp.A_(Williams) 
02000000030010000200120?50020400?00022?????0?01424010?0021001200020?0200 
00?01020101300100?020002100503232005??0000??0 
Undulo._n.sp.B_(Williams) 
02201000030000000200?21?50???400?000332100????1424010?0022014200013002100 
0?03020100300100?030002300503232005??0000??0 
Prolasio._retusus 
0??000??030000000000131?50120401?100?????0?131142401021922003400023003100 
01040?0300?001002540002300500000000??0000?00 
Haddingo._tarimensis 
0??000??030000000?00131?50120400?00023???0?83104240102140202?400032103110 
024403030[01]3001002440023300500000005??0000??0 

ccode 
/65-[0 /65-[1 /65-[2 /65-[3 /65-[4 /65-[5 /65-[6 /65-[7 /65-[8 /65-[9 /65-[10 /65-[11 
/65-[12 /65-[13 /65-[14 /65-[15 /65-[16 /65-[17 /65-[18 /65-[19 
/65-[20 /65-[21 /65-[22 /65-[23 /65-[24 /65-[25 /65-[26 /65-[27 /65-[28 /65-[29 /65-[30 
/65-[31 /65-[32 /65-[33 /65-[34 /65-[35 /18-[36 /65-[37 /65-[38 /65-[39 
/65-[40 /65-[41 /65-[42 /65-[43 /65-[44 /65-[45 /65-[46 /65-[47 /65-[48 /65-[49 /65-[50 
/23-[51 /13-[52 /12-[53 /65-[54 /4-[55 /54-[56 /24-[57 /65-[58 /34-[59 
/47-[60 /4-[61 /1-[62 /45-[63 /1-[64 /29-[65 /65-[66 /65-[67 /65-[68 /65-[69 /65-[70 
/65-[71 /65-[72 /65-[73 /65-[74 /65-[75 /65-[76 /65-[77 /65-[78 /65-[79 
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/65-[80 /65-[81 /65-[82 /40-[83 /41-[84 /1-[85 /56-[86 /29-[87 /1-[88 /34-[89 /30-[90 
/27-[91 /15-[92 /1-[93 /65-[94 /65-[95 /44-[96 /12-[97 /4-[98 /65-[99 
/65-[100 /65-[101 /65-[102 /23-[103 /17-[104 /13-[105 /21-[106 /65-[107 /28-[108 /25-
[109 /65-[110 /65-[111 /65-[112 /65-[113 /65-[114 /65-[115 /65-[116 

2. Matrix of 25 taxa with 13 continuous characters and 104 discrete characters for 
Darriwilian Axonophora 

nstates cont; 
nstates 32; 
sectsch:slack 20; 
xread 
'Matrix based on Mitchell et al. 2007 revised (DiploL(88) 2008) 
This file has only the 25 taxa for which continuous measurements could be made and 
has the new weighting scheme. The first block of 13 characters are continuous' 

117 25 

&[continuous] 
Leviso._sinicus 7.27?? 0.00 12.80 18.40 23.20 23.80 11.00 27.80 23.00 11.80 3.60 
Ampl._perexcavatus 4.6? 3.80 0.00 10.60 14.00 23.00 16.60 19.20 23.60 17.00 20.20 4.20 
Archicl._caelatus 4.7 16.40 18.20 0.00 14.60 20.00 14.80 22.20 18.20 13.00 22.20 18.20 5.40 
Archicl._confertus 4.33 11.40 17.40 3.60 17.60 16.60 21.60 23.80 22.80 22.20 24.40 25.00 
4.40 
Archicl._decoratus 6.0 3.80 5.40 0.00 13.80 19.80 20.20 24.80 16.80 21.40 20.60 17.40 6.40 
Archicl._modicellus 3.116.20 18.40 4.60 18.40 21.80 15.80 28.00 14.60 22.80 25.40 19.20 
6.60 
Archicl._osloensis 3.13 16.20 18.40 0.00 8.20 7.60 24.40 18.80 28.60 27.80 30.60 10.60 4.20 
Archicl._sebyensis 7.07? 7.80 0.20 23.20 26.60 19.40 20.80 17.60 20.40 23.00 13.00 5.40 
Dicaulogr._cumdiscus 4.95 17.00 7.60 0.00 7.20 7.60 26.80 12.40 30.40 11.20 19.20 26.20 
6.40 
Dicaulogr._hystrix 8.8 6.40 8.00 5.80 37.80 58.80 21.80 22.20 7.80 12.00 24.40 7.60 8.60 
Dicaulogr._luperus 7.7? 10.60 10.60 25.20 19.00 11.80 20.00 12.40 6.80 18.80 11.80 7.20 
Eogly._gerhardi 5.6 5.20 20.20 0.00 12.00 10.40 23.60 14.40 22.20 14.20 15.80 22.00 5.80 
Gymn._linnarsoni 3.7 9.00 13.80 12.00 11.60 7.80 29.60 9.40 29.60 32.00 10.20 27.00 3.20 
Hadding._eurystoma 4.69 10.60 4.20 5.20 13.80 15.00 24.00 17.40 15.80 24.80 18.40 15.00 
4.80 
Hadding._haplus ? ? ? 20.60 10.80 13.80 27.20 12.80 13.80 28.40 11.60 13.20 5.40 
Hadding._maennili ? ? 7.20 4.00 19.00 14.80 22.20 19.40 14.80 22.40 19.80 16.00 6.80 
Hadding._oliveri 4.54? 6.00 0.00 16.00 15.40 14.60 20.20 15.20 16.00 21.80 13.20 6.80 
Hustedogr._bulmani 4.9 9.60 9.20 3.00 9.00 11.80 21.00 12.80 22.60 22.60 18.00 23.20 4.60 
Hustedogr._teretiusculus 4.72 ? 7.60 4.00 8.80 19.40 24.00 19.60 22.00 20.80 22.80 22.80 
4.60 
Leviso._primus 5.41? 6.002.4010.4013.00 14.4020.6014.4011.8019.8015.40 6.40 
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Norm._kukersianus 4.18 11.40 6.20 10.40 16.80 20.00 18.20 19.40 17.40 19.00 19.60 18.00 
6.00 
Oeland._oelandicus 9.29? 7.20 0.60 14.40 16.40 15.80 17.60 20.40 17.20 16.20 21.60 4.00 
Proclimaco._angustatus 12.38 7.40 10.80 3.60 16.80 15.40 17.20 21.60 16.80 17.20 18.80 
18.20 4.40 
Pseudamp._distichus 4.32 11.80 6.40 3.40 7.00 7.00 10.20 15.20 19.60 11.60 13.40 19.60 
3.80 
Undulogr._camptochilus 6.80? 6.80 0.00 23.40 24.20 19.60 26.20 14.20 18.20 22.60 15.80 
5.60 

&[numeric] 
Leviso._sinicus 
100000030000010002315001050000004421001000244321050242000010330020[23]0 
303033030203003332503232230??0000??0 
Ampl._perexcavatus 
0130000300000000050150321302010033211236404240421200330003000400102020 
3024040214000300503100005010000010 
Archicl._caelatus 
0000000300010000011150120400020033110013304240120202340003103000204020 
3030010204000300503132005??0000??0 
Archicl._conf ertus 
000000030000000003215012040002003311001?304240320200340001104000202020 
3033000204002300503535005??0000??0 
Archicl._decoratus 
0000000300000000011150120440020023210013314241122000310002103000224020 
3033010224002300503232005010000020 
Archicl._modicellus 
0000000300000000011150120400020023210013314240122000340002103300224020 
3033010224002300503232005?100000?0 
Archicl._osloensis 
0000000300000000013?50120400?20023???0033142401112003200021030002110201 
030000212002200503132005210000210 
Archicl._sebyensis 
0000000300000000013150120400020023210013314240320200342002103000204030 
3033030204002300503232005210000220 
Dicaulogr._cumdiscus 
10000003000010000?31501204000000331100?3304240128202332002003102293020 
3011010293202300503232005110000110 
Dicaulogr._hystrix 
00500003000000000121501204000200231100133042400002023421420?3312204020 
311300120420234200323224021?000210 
Dicaulogr._luperus 
00000003000000000231501204000000??110013304240020202342002103302214020 
3031010214202300500000005110000110 
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Eogly._gerhardi 
1000000300000000021150320300000023210100404040310000120003001000100120 
0033030101000100503100005??0000??0 
Gymn._linnarsoni 
0040000300004000050150323201010033321249404040110000100103000000100040 
3040010100000100500000060001000200 
Hadding._eurystoma 
0000000300000000013150120400000023210018314240022202340002103100224030 
3030000224002300500000005020000020 
Hadding._haplus 
00000003000000000131501204000000232?0018314240021200140002103000204030 
3030000214000300500000005020000020 
Hadding._maennili 
0000??0300000000013?50120400?000?????0?831424002420234000210330024402030 
300002440023005000000050?0000??0 
Hadding._oliveri 
0000000300000000013150120400000023210018314240022202?40002103100224030 
3030000224002300500000005020000020 
Husted o gr._bulmani 
0000000300000000021150120400000023210103304040020000100003001000000010 
0010040101000100503131005020000020 
Hustedogr._teretiusculus 
0120000300000000021150120400010033210103304040010000000403001400100020 
0410040101002300003131005010000010 
Leviso._primus 
100000030000000002115001050000003311001000344122450234000010230020[23]0 
203033030244002300503131005020000020 
N orm._kukersian us 
0010000300000000012150323200100022222249404240020210340003002000203140 
3040000204000300500000005000000200 
Oeland._oelandicus 
000000030000000001215012040002002311010[12]3042404002003000120023000000 
313030130100010300500000005020000020 
Proclimaco._angustatus 
0000000300000000012150120300020022210008404240000400330003002100003130 
3030010103000300500000005??0000??0 
Pseudamp._distichus 
0000000300000000011150120400020033210013314240020200340002103000201010 
3010000204002300503131005210000210 
Undulogr._camptochilus 
000000030000000001215012040000002321001030444?324502240000102300234030 
3033000204000300500000005??00000?0 

ccode 
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/65[0 /65[1 /65[2 /65[3 /65[4 /65[5 /65[6 /42[7 /65[8 /23[9 /9[10 /25[11 /65[12 /65[13 
/65[14 /65[15 /65[16 /65[17 /65[18 /65[19 
/65[20 /65[21 /65[22 /65[23 /65[24 /65[25 /65[26 /65[27 /65[28 /65[29 /65[30 /65[31 
/65[32 /65[33 /65[34 /65[35 /65[36 /65[37 /65[38 /65[39 
/65[40 /65[41 /65[42 /65[43 /65[44 /65[45 /65[46 /65[47 /65[48 /65[49 /65[50 /65[51 
/65[52 /65[53 /65[54 /65[55 /65[56 /65[57 /65[58 /9[59 
/8[60 /29[61 /51[62 /65[63 /23[64 /8[65 /4[66 /35[67 /8[68 /1[69 /65[70 /65[71 /65[72 
/65[73 /65[74 /65[75 /65[76 /65[77 /65[78 /65[79 
/65[80 /65[81 /65[82 /65[83 /65[84 /36[85 /29[86 /8[87 /21[88 /52[89 /8[90 /29[91 
/7[92 /7[93 /3[94 /65[95 /14[96 /4[97 /11[98 /65[99 
/65[100 /65[101 /65[102 /31[103 /45[104 /38[105 /29[106 /65[107 /25[108 /10[109 
/65[110 /65[111 /65[112 /65[113 /65[114 /65[115 /65[116 
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APPENDIX C - DATA COLLECTION SPECIMEN DETAILS 

The following materials were identified for the discrete coding of the sixty-seven 

Darriwilian taxa. The analysis was reported in section 4.1. A subset of twenty-five of these 

had the coding of thirteen of their discrete characters replaced by continuous 

measurements, which is not reflected in the comments below. See sections 3.5 and 4.24 

discussion of these. 

Amplexograptus arctus Elles & Wood, 1907 

Eight drawn illustrations are provided by Elles & Wood (1907), and three photographs 

by Ross & Berry (1963). I photographed two of the Ross and Berry specimens at the 

National Museum of Natural History. None of the photographic or examined specimens 

show early astogeny. The Ellis & Wood illustrations are low resolution, but provided some 

guidance for early astogeny. All specimens are flattened and apparently distorted. Coding 

is based on specimens USNM 138667, GSM23071a, and GSM23071b. See Plate 1. 

Amplexograptus perexcavatus Lapworth, 1876 

Eight drawn illustrations are provided by Elles & Wood (1907), and two photographs 

and fifteen drawn illustrations by Goldman, Campbell, & Rahl (2002). Some of the 

specimens show early astogeny. I photographed six additional specimens at the Geological 

Survey of Canada. Coding is based on isolated three-dimensional specimens MCZ 115911, 

MCZ 115913, MCZ 115914, MCZ 115917, MCZ 115927, MCZ 115928. This taxon had 

previously been coded by Mitchell, Maletz, & Goldman. See Plate 2. 

Archiclimacograptus ambiguus Maletz, 2011b 

This appears only in Maletz (2011b), who provides nine drawn illustrations and one 

photograph. The latter is an isolated and partially flattened specimen. I photographed 

242 



twenty-two additional specimens at the Geological Survey of Canada, several of which were 

isolated specimens (though flattened), including early astogeny. The author's 

photographed specimens included seven of those drawn by Maletz. Coding is based on 

relief specimens GSC 134831 and GSC 134832, and isolated flattened specimens GSC 

81800, GSC 81801, GSC 81802, GSC 81804, GSC 81805, and GSC 81838. See Plate 3. 

Archiclimacograptus angulatus angulatus (Bulman, 1953) 

This is identified before Maletz (1997b) as Climacograptus scharenbergi var. angulatus 

or Pseudoclimacograptus angulatus. The majority of specimen material comes from Maletz 

(1997b), who included seven drawn illustrations and six photographs, covering six 

specimens. Material has also been taken from Chen et al. (2006; one drawn illustration), 

Chen et al. (2012; one drawn illustration), Zhang et al. (2009; seven photographs); and 

Zhang, Fan, & Liu (2009; two drawn illustrations). I photographed three additional 

specimens at the Paleontological Research Institution. These were identified as 

Archiclimacograptus angulatus mag nus and may possibly be Ar. riddellensis (Maletz 1997b) 

or Ar. sebyensis. These were not included in coding. None of the photographed or drawn 

specimens show early astogeny. Coding is based on relief specimens Chen et al. (2006) 

figure 7F, J; NIGP 139777 (AEP280), NIGP 149277, NIGP 149278, NIGP 149279, PMO 

138.534, and PMO 138.543. See Plate 4. 

Archiclimacograptus caelatus (Lapworth, 1875) 

This is identified before Maletz (1997b) variously as Diplograptus caelatus or 

Amplexograptus caelatus, occasionally with the variant coelatus (especially in older works). 

Maletz (1997b) included Archiclimacograptus confertus in this taxon, but many researchers, 

including Maletz (2009), continued to identify Ar. confertus separately, and I follow that 
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convention in not including it here. The majority of specimen material in this study comes 

from Maletz (1997b), who included eighteen drawn illustrations and three photographs. 

Material has also been taken from Elles & Wood (1907; six drawn illustrations), Albani et al. 

(2001; five drawn illustrations), Chen et al. (2006; one drawn illustration), Chen et al. 

(2010; one drawn illustration), and Zhang et al. (2011; one photograph). I photographed 

nine additional specimens at the Geological Survey of Canada, some of which are three

dimensional and include early astogeny, and one at the Yale Peabody Museum. Coding is 

based on three-dimensional isolated specimens GSC 119834a, b, c, d; and GSC 119835a, b; 

and on relief specimens GSC 119840, and PMO 138.264. See Plates 5a-c. 

Archiclimacograptus confertus (Lapworth, 1875) 

This is identified variously as Diplograptus caelatus or Amplexograptus caelatus, Dip/. 

confertus, Amplexograptus confertus, or Pseudamplexograptus confertus. Maletz (1997b) 

equates this to Ar. caelatus, but as noted above these have been coded separately. Material 

has been taken from Elles & Wood (1906; six drawn illustrations), Servais & Maletz (1992; 

one drawn illustration), Wang & Chen (1994; five photographs), Ross & Berry (1963; three 

photographs), Chen et al. (2001; two drawn illustrations), Chen et al. (2006; two drawn 

illustrations), Maletz (2009; five drawn illustrations and seven photographs), and Maletz et 

al. (2011; one photograph). I photographed two additional specimens at the Geological 

Survey of Canada ( several of which were three-dimensional isolated specimens, including 

early astogeny), two at the National Museum of Natural History, and two at the Yale 

Peabody Museum. Coding is based on three-dimensional isolated specimens GSC 133338, 

GSC 133531, GSC 133532, GSC 133533, and one flattened YPM specimen uncatalogued (for 

parasicula). See Plates 6a-c. 
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Archiclimacograptus decoratus (Harris & Thomas, 1935) 

Prior to Maletz (1997b), this taxon had been identified as Pseudamplexograptus 

decoratus. Material has been taken from Harris & Thomas (1935; four drawn illustrations), 

Servais & Maletz (1992; one drawn illustration), Ross & Berry (1963; nine photographs), 

Hughes (1989; five drawn illustrations and two photographs), VandenBerg & Cooper (1992; 

two drawn illustrations), Albani et al. (2001; three drawn illustrations), Norford et al. 

(2002; one drawn illustration), Maletz (2009; one drawn illustrations and two 

photographs), and Maletz et al. (2011; two photographs). I photographed two additional 

specimens at the American Muse um of Natural History and five three-dimensional isolated 

specimens, including early astogeny were photographed at the Geological Survey of Canada. 

Coding is based on three-dimensional isolated specimens GSC 132342, GSC 133527, GSC 

119826, GSC 119826b, relief specimen SM X3056, and flattened specimen AMNH 41715F 

(for parasicula). This taxon had previously been coded by Mitchell, Maletz, & Goldman. See 

Plates 7a-c. 

Archiclimacograptus modicellus (Harris & Thomas, 1935) 

This taxon was originally described as Amplexograptus modicellus. Material has been 

taken from Ross & Berry (1963; one drawn illustration), VandenBerg & Cooper (1992; one 

drawn illustration), Maletz (2010; one photograph), Chen (2016; four photographs), and 

two specimens photographed by myself at the Geological Survey of Canada, including early 

astogeny. Coding is based on specimens isolated three-dimensional specimens GSC 

132337, and GSC 132379, and relief specimen USNM 138674. This taxon had previously 

been coded by Mitchell, Maletz, & Goldman. See Plate 8. 
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Archiclimacograptus osloensis Goldman, Nolvak, & Maletz, 2015 

This appears only in Goldman et al. (2015) who provide photographs of two specimens. 

Coding is based on isolated three-dimensional specimens GIT 717-7 and relief specimen 

PMO 212.851 (holotype). See Plate 8. 

Archiclimacograptus? pungens (Ruedemann, 1904) 

This taxon was originally described as Climacograptus pungens. Material has been taken 

from Maletz (2010; six photographs and two drawn illustrations), and Maletz (2011b; 

repeating the previous with additional material, total of twelve photographs and eight 

drawn illustrations). This material included several isolated three-dimensional specimens, 

including early astogeny, and I photographed one of these and one additional specimen at 

the Geological Survey of Canada. Coding is based on isolated relief specimens GSC 132341, 

GSC 133516, 133528, 133529, and133535, and on isolated flattened specimens 134833, 

and 134834. This taxon had previously been coded by Mitchell, Maletz, & Goldman. See 

Plates 9a and 9b. 

Archiclimacograptus sebyensis Jaanusson, 1960 

This is identified before Maletz (1997b) as P. angulatus sebyensis. It is possible, as 

proposed by several authors, that Ar. sebyensis is a synonymy of Ar. riddellensis. Isolated 

three-dimensional material has been taken from Mitchell (1987) (three drawn illustrations 

of early astogeny). Low relief (flattened) material has been taken from Hughes (1989) 

(four drawn illustrations and two photographs), Maletz (1997b) (three drawn illustrations 

and three photographs), Maletz (1995) (one drawn illustration), Maletz (2011b) (one 

drawn illustration and three photographs-same specimens as Maletz 1997b), and Chen 

(2016) (ten photographs). Two additional isolated three-dimensional specimens were 
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photographed by myself from the Naturhistoriska riksmuseet collection ( one of early 

astogeny used in Mitchell 1987). 

Coding is based on relief specimens UM 01 980, UM 01 981, PMO 138.787, PMO 138.792, 

RM Cn 59803, RM Cn 59884, RM Cn 59885, SM X3077, and SM X3081. This taxon had 

previously been coded by Mitchell, Maletz, & Goldman. See Plate 10. 

Archiclimacograptus sheldoni (Hughes, 1989) 

Published as Climacograptus sheldoni in Hughes (1989), it was reassigned to 

Archiclimacograptus in Maletz (201 lb). This appears only in Hughes (1989), who provides 

four drawn illustrations and one photograph. Coding, with some risk, is based on the only 

usable specimen-SM X3070, which is flattened. See Plate 8. 

Climacograptus antiquus Lapworth, 1873 

Material has been taken from Elles & Wood (1906; seven drawn illustrations) and 

Hughes (1989; two drawn illustrations and five photographs). I photographed two 

additional specimens at the American Museum of Natural History. All specimens appear 

flattened and no early astogeny is available. Coding is based on specimens SM X3064 and 

BM Q1102. See Plate 11. 

Climacograptus biformis Mu & Lee, 1958 

Only one specimen has been identified from a photograph and drawn illustration in 

Bulman (1963a). Coding, with some risk, is based on the single flattened specimen GSM 

JR4141. See Plate 11. 

Dicaulograptus cumdiscus Finney, 1985 

This appears only in Finney (1985), who provides three drawn illustrations and five 

photographs of the only two known specimens. These are isolated, three dimensional 
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specimens. Additional photographs of these specimens were made by the author at the 

National Museum of Natural History. Coding is based on specimens USNM 377408 and 

USNM 377409. See Plate 12. 

Dicaulograptus hystrix (Bulman, 1932) 

Published as Lasiograptus hystrix, it was reassigned to Dicaulograptus in Rickards & 

Bulman (1965). Material has been taken from Bulman (1970; two drawn illustrations, 

including one early astogeny) and Mitchell (1987; six drawn illustrations, all early 

astogeny). I photographed one additional isolated three-dimensional specimen of early 

astogeny from the Naturhistoriska riksmuseet collection in the care of C.E. Mitchell. Coding 

is based on specimens RM Cn 59927, RM Cn 59928, RM Cn 59953, and Bulman (1970) 

figures 94a & 94b. This taxon had previously been coded by Mitchell, Maletz, & Goldman. 

See Plate 13. 

Dicaulograptus luperus (Jaanusson, 1960) 

Published originally as Pseudoclimacograptus luperus and also published as 

Haddingograptus luperus. Two early astogeny drawn illustrations are provided by Mitchell 

(1987) and two photographs by Maletz (1997b ). Coding is based on specimens PMO 

212.749, RM Cn 54587, and RM Cn 59929. See Plate 12. 

Dicaulograptus trechnus Ni, 1991 

Material has been taken from Maletz (1997b; four drawn illustrations, including one 

early astogeny) and from Berry (1964; four photographs ( as Lasiograptus? sp.)). Specimens 

are flattened and poor quality. Coding, with significant risk, is based on specimens PMO 

69.909, PMO 69.909-2, PMO 69.909-3, PMO 69.910, PMO 69.911, and PMO 69.912. See 

Plate 12. 
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Dicranograptus irregularis Hadding, 1913 

Material has been taken from Hughes (1989; two drawn illustrations and two 

photographs), and Berry (1964; four photographs). Coding is based on relief specimens BM 

Q.5653, BM Q.5654, and BM Q.5655. See Plate 14. 

"Diplograptus" ellesi Bulman, 1963 

Material has been taken from Bulman (1963a; two drawn illustrations and one 

photograph). All specimens are flattened. Coding, with significant risk, is based on BMNH 

Q1174 and SM A18129. See Plate 15. 

"Diplograptus" foliaceus (Murchison, 1839) 

Material has been taken from Elles & Wood (1906; ten drawn illustrations), and Hughes 

(1989; four drawn illustrations and four photographs). I photographed one additional 

specimen at the Paleontological Research Institution and five at the Yale Peabody Museum. 

All specimens are flattened. Coding, with some risk, is based on BU 1288, SM X3061, YPM 

8008-1, and YPM 8008-2. See Plate 15. 

Eoglyptograptus asymmetros Chen, 2016 

Maletz (1997b) identified material of this taxon as E. dentatus and also as 

Eoglyptograptus sp. cf. E. gerhardi in Maletz (2010). Material has been taken from Maletz 

(1997b; eleven drawn illustrations and thirteen photographs), Maletz (201 la; one drawn 

illustration and nine photographs), Zhang et al. (2009b; one drawn illustration and two 

photographs), and Chen (2016; eight drawings). Coding is based on relief specimens PMO 

138.553, PMO 138.557, PMO 138.583, PMO 138.590, PMO 138.670, PMO 138.763, and PMO 

138.889. See Plates 16a and 16b. 
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Eoglyptograptus gerhardi Maletz, 2010 

Material has been taken from Bulman (1936; three drawn illustrations and four 

photograph-based drawings), Bulman (1963a; one drawn illustration), Bulman (1963b; one 

drawn illustration), Mitchell (1987; two drawn illustrations), Mitchell (1992; two drawn 

illustrations), and Maletz (2011a; two drawn illustrations). I photographed one additional 

isolated three-dimensional specimen from the Naturhistoriska riksmuseet collection. 

Coding is based on three-dimensional specimens RM 011228, RM 011232, RM 011280, RM 

Cn 59937, RM Cn 59895, and PZ-NRM RM Cn 305, and relief specimen PMO 212.878. See 

Plates 17a and 17b. 

Eoglyptograptus jaroslavi (Boucek, 1973) 

Material has been taken from Boucek (1973; three drawn illustrations and one 

photograph of two specimens) and Dean et al. (2000; two drawn illustrations). Coding is 

based on relief specimens UUG-BB 149 and UUG-BB 150. See Plate 18. 

Eoglyptograptus sp.2 Maletz, 1997 

Material has been taken from Maletz (1997b; two drawn illustrations and three 

photographs of two specimens). Coding is based on relief specimens PMO 138.534 and 

PMO 138.538. See Plate 17b. 

Gymnograptus linnarssoni (Moberg, 1896) 

Material has been taken from Urbanek (1959; six drawn illustrations and two 

photographs), Berry (1964; one photograph), Maletz (1997b; one drawn illustration), 

Zhang et al. (2011; one photograph), Maletz (2011b; one drawn illustration), and Goldman 

et al. (2015; one photograph). Coding is based on three dimensional specimens GIT 717-3, 
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Urbanek 1959 Plates 1.1 & 1.2, and supporting Urbanek 1959 drawings. This taxon had 

previously been coded by Mitchell, Maletz, & Goldman. See Plate 19. 

Gymnograptus ejuncidus (Berry, 1964) 

This is identified as Lasiograptus retusus by Berry (1964) and Hughes (1989), 

Gymnograptus linnarssoni ejuncidus by Berry (1964), and Gymnograptus retusus by Maletz 

(1997b) and Maletz et al. (2011 ). Material has been taken from Berry (1964; three 

photographs), Hughes (1989; two photographs), Maletz (1997b; seven drawn illustrations 

and two photographs), and Maletz eta!. (2011; one photograph). Maletz (1997b) identifies 

the Hughes (1989) Welsh specimens as conspecific with the Berry (1964) Norwegian 

material that he also examined, and we follow that here. However, Dr. Mitchell identifies 

these specimens as not being in conformance with the type specimen for Prolasiograptus 

retusus so I provisionally label these specimens as Gymnograptus ejuncidus based on the 

Berry 1964 identification of the new taxon as Gymnograptus linnarssoni ejuncidus, since in 

my phylogenetic model they fall as a sister group to Gymnograptus linnarsoni. The type 

specimen for Prolasiograptus retusus BU 1349 is not included here, nor are the related Elles 

& Wood 1908 specimens BU 1350 and BU 1421, Coding is based on relief specimens PMO 

69.880, PMO 69.883, and PMO 213.231. See Plate 20. 

Haddingograptus eurystoma (Jaanusson, 1960) 

This is identified before Maletz (1997b) variously as Archiclimacograptus eurystoma or 

P. eurystoma. However, most of the specimen material in Maletz (1997b) has been revised 

and reassigned to Haddingograptus tarimensis Chen et al. (2016). Material has been taken 

from Mitchell (1987; six drawn illustrations based on isolated three-dimensional early 

astogeny specimens), Chen et al. (2006; five drawn illustrations), and Chen (2016; three 
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photographs and nine drawn illustrations). I photographed ten additional isolated three

dimensional specimens from the Naturhistoriska riksmuseet collection. Coding is based on 

three-dimensional specimens RM Cn 59891, RM Cn 59921, RM Cn 59922, RM 01 164, RM 01 

185, RM 01189, RM 01202, RM 01203, RM 01232, RM 011685; and relief specimens PMO 

138.270, PMO 138.608, PMO 138.792-1; and semi-relief (flattened) specimen PMO 

138.406. This taxon had previously been coded by Mitchell, Maletz, & Goldman. See Plate 

21a and 21b. 

Haddingograptus hap/us (Jaanusson, 1960) 

This is identified before Maletz (1997b) as Lasiograptus hap/us. Three drawn 

illustrations based on isolated three-dimensional early astogeny specimens are provided by 

Mitchell (1987) and two drawn illustrations based on an isolated high relief specimen are 

provided by Maletz (1997b). I photographed two additional isolated three-dimensional 

specimens from the Naturhistoriska riksmuseet collection. Coding is based on three

dimensional specimens RM 01213, RM 01227, RM Cn 59925 and RM Cn 59962; and high 

relief specimen Nr 213. See Plate 22. 

Haddingograptus intermedius (Berry, 1964) 

This is identified before Maletz (1997b) as Pseudoclimacograptus scharenbergi 

intermedius. It also appears as Climacograptus repetitus (Berry 1964) and Ar.? intermedius 

(Maletz 1995). Material has been taken from Berry (1964; three photographs), Maletz 

(1995; one drawn illustration) and Maletz (1997b; two drawn illustrations and two 

photographs). None of the photographic specimens show early astogeny. Coding is based 

on relief specimens PMO 69.869 and PMO 138.699. See Plate 23. 
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Haddingograptus maennili Goldman et al., 2015 

One specimen has been identified from a photograph and drawn illustration in Goldman 

et al. (2015). Coding is based on the single three-dimensional specimen GIT 717-8. See 

Plate 23. 

Haddingograptus oliveri (Boucek, 1973) 

This is identified before Maletz (1997b) as P. oliveri. This is also identified variously as 

Archiclimacograptus oliveri (Maletz 1995) and Climacograptus repetitus (Berry 1964). The 

majority of specimen material comes from Maletz (1997b), who included 21 drawn 

illustrations and 22 photographs. Other material has been taken from Berry (1964; five 

photographs), Maletz (1995; one drawn illustration), Albani et al. (2001; three drawn 

illustrations), Ganis (2004; eight drawn illustrations and two photographs), Chen et al. 

(2006; one drawn illustration), Zhang et al. (2009; one photograph), and Maletz (201 lb; 

one drawn illustration). I photographed one additional isolated three-dimensional 

specimen from the Naturhistoriska riksmuseet collection, and three specimens at the 

Geological Survey of Canada, including one from Albani et al. (2001) showing early 

astogeny. Coding is based on three-dimensional specimens RM 01213, RM 01227, relief 

specimens PMO 138.624, PMO 138.790, PMO 138.610, PMO 138.558, and PMO 138.441-1, 

and flattened specimens GSC 119827b and GSC 132347 (for early astogeny). This taxon 

had previously been coded by Mitchell, Maletz, & Goldman. See Plates 24a-d. 

Haddingograptus tarimensis Chen, 2016 

The majority of specimen material comes from Maletz (1997b), who identified it as 

Haddingograptus eurystoma and included eighteen drawn illustrations and eleven 

photographs. Material has also been taken from Chen (2016; three drawn illustrations and 
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two photographs). Coding is based on high relief specimens NIGP 157479 (NJ 319), NIGP 

157481 (NJ 363), PMO 138.406, PMO 138.608, PMO 138.270, PMO 138.766, PMO 138.792-

1, and semi-relief (flattened) specimen PMO 138.406. See Plates 25a and 25b. 

Hustedograptus bulmani Mitchell, Brussa, & Maletz, 2008 

This is also identified as Hustedograptus n.sp. (Maletz 1997b). Material has been taken 

from Bulman (1936; four drawn illustrations), Mitchell (1992; two drawn illustrations), 

Maletz (1997b; five drawn illustrations and seven photographs), Mitchell et al. (2008; six 

drawn illustrations and three photographs), and Maletz (2011a; one drawn illustration). I 

photographed two additional isolated three-dimensional specimens from the 

Naturhistoriska riksmuseet collection. Coding is based on three-dimensional specimens 

PZ-NRM Cn 306, RM Cn 59894, RM Cn 59920, and RM-Cn59946; and relief specimens 

MHNC 13183, MHNC 13192, and PMO 155.788. This taxon had previously been coded by 

Mitchell, Maletz, & Goldman. See Plates 26a and 26b. 

Hustedograptus quebecensis Maletz, 2009 

All of the published specimen material comes from Maletz (2009), who included four 

drawn illustrations and four photographs. Three of these specimens were also 

photographed by myself at the Geological Survey of Canada. Coding is based on relief 

specimens GSC 133513, GSC 133514, GSC 133515, and GSC 133546. See Plate 26b. 

Hustedograptus teretiusculus (Hisinger, 1840) sensu Jaanusson, 1960 

Material has been taken from Elles & Wood (1906; nine drawn illustrations), Ross & 

Berry (1963; six photographs), Berry (1964; six photographs), Boucek (1973; seven 

photographs), Mitchell (1987; two drawn illustrations), Hughes (1989; two drawn 

illustrations and one photograph), Mitchell (1990; one drawn illustration), Maletz (1997b; 
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eleven drawn illustrations and three photographs), Norford et al. (2002; one drawn 

illustration), Ganis (2004; seven drawn illustrations and three photographs), Chen et al. 

(2006; two drawn illustrations), Zhang et al. (2009; seven photographs), Zhang, Fan, & Liu 

(2009; three drawn illustrations), Chen et al. (2010; one drawn illustration and one 

photograph), Chen (2016; ten drawn illustrations and fourteen photographs), and 

Goldman et al. (2015; one photograph). I photographed one additional specimen at the 

Paleontological Research Institution. Coding is based on three-dimensional specimens RM 

Cn 59886 and GIT 717-4; relief specimens PMO 138.274, PMO 138.822, NIGP 157397, NIGP 

157396, UM 01 765, UM 01 983, and flattened specimens BU1275, BU1279, NIGP 149270. 

This taxon had previously been coded by Mitchell, Maletz, & Goldman. See Plates 27a-k. 

Hustedograptus vikarbyensis (Jaanusson, 1960) 

This was known as Glyptograptus vikarbyensis before Mitchell 1987. Material has been 

taken from Berry (1964; one photograph), Maletz (1997b; ten drawn illustrations and four 

photographs), Zhang et al. (2009; five photographs), Zhang, Fan, & Liu (2009; three drawn 

illustrations), Maletz et al. (2011; one photograph), and Gutierrez-Marco (2012; two 

photographs). Coding is based on relief specimens PMO 138.609, PMO 138.613, and PMO 

138.585; and flattened specimens NIGP 149259 and Gutierrez-Marco (2012) fig. 2m. See 

Plate 28a and 28b. 

Jiangxigraptus exilis (Elles & Wood, 1904) 

This was known as Dicellograptus sextans exilis prior to Chen 2016. Material has been 

taken from Elles & Wood (1904; five drawn illustrations), from Ross & Berry (1963; two 

photographs), from Chen et al. (2010; five drawn illustrations and one photograph), and 

from Chen (2016; five drawn illustrations and three photographs). All specimens are 
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flattened and apparently distorted. I photographed one additional specimen at the Yale 

Peabody Museum. Coding is based on specimens Elles & Wood (1904) figure 97, NIGP 

139771(AEP280), NIGP 151786, Chen eta!. (2006) figure 7F, J; USNM 138563a, and YPM 

ACCN 2272. See Plate 29. 

Jiangxigraptus gurleyi (Lapworth, 1896) 

This was known as Dicellograptus gurleyi prior to Chen 2016. Material has been taken 

from Churkin & Carter (1996; 5 drawn illustrations), from Ross & Berry (1963; three 

photographs), from Chen et al. (2006; 2 drawn illustrations), Chen et al. (2010; 1 

photograph), from Lenz & Chen (1984; 1 photograph and 7 drawn illustrations), from 

Zhang et al. (2011; 1 photograph), and from Chen (2016; four drawn illustrations and four 

photographs). I photographed three additional specimens at the Paleontological Research 

Institution (PRI), and I photographed three specimens figured by Churkin & Carter (1996) 

at the Smithsonian Institution National Museum of Natural History. All specimens are 

flattened and apparently distorted. Coding is based on specimens NIGP 139765 (AEP262a), 

NIGP 153690, NIGP 135760, PRI 1251-1, USNM 138555, USNM 138557, USNM 379095, and 

Chen et al. (2006) figures 6E&G. See Plate 30a and 30b. 

Jiangxigraptus intortus (Lapworth, 1880) 

This was known as Dicellograptus intortus prior to Chen 2016. Material has been taken 

from Elles & Wood (1904; ten drawn illustrations), Ross & Berry (1963; one photograph), 

Hughes (1989; one drawn illustration and two photographs), Chen et al. (2010; one 

photograph), and from Chen (2016; three drawn illustrations and four photographs). 

photographed four additional specimens at the Paleontological Research Institution and 

four specimens at the Smithsonian Institution National Museum of Natural History, 
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including one that was published by Ross & Berry (1963). All specimens are flattened and 

apparently distorted. Coding is based on specimens PRI K2753-1, PRI K2753-4, NIGP 

157259, GSE 5468, BU1084, BU 1396a, BU 1396b, and BU 1397. See Plate 31a and 31b. 

Jiangxigraptus salopiensis (Elles & Wood, 1904) 

This was known as Dicellograptus divaricatus var. salopiensis and Dicellograptus 

salopiensis prior to Chen 2016. Material has been taken from Elles & Wood (1904; seven 

drawn illustrations), Bulman (1963a; one photograph), Hughes (1989; three drawn 

illustrations and two photographs), Churkin & Carter (1996; two drawn illustrations), Ganis 

(2004; two photographs), Goldman et al. (2015; one photograph), and from Chen (2016; 

seven drawn illustrations and seven photographs). All specimens are flattened and 

apparently distorted. Coding is based on specimens BU XXX Elles & Wood 1904 Plate XX 

7d, BU XXX Elles & Wood 1904 Plate XX 7b, BU XXX Elles & Wood 1904 Plate XX 7c, USNM 

379089, GIT 717-5, LO 2435t, SM A18491, SM A18511, SM A18512, and Bulman (1963a) 

Ch3 figure ld. See Plates 32a, b and c. 

Jiangxigraptus vagus (Hadding, 1913) 

This was known as Dicellograptus vagus prior to Chen 2016. Material has been taken 

from VandenBerg & Cooper (1992; two drawn illustrations), Berry (1964; three 

photographs), Zhang et al. (2011; one photograph), Chen et al. (2012; two drawn 

illustrations), Goldman et al. (2015; one photograph), and from Chen (2016; seven drawn 

illustrations and five photographs). All specimens are flattened. Coding is based on 

specimens GIT 717-6, PMO 69.858, unidentified PMO specimen from Maletz eta!. 2007 fig. 

4L, unidentified specimen from Maletz eta!. 2016 fig. 17-17, NIGP 157313 (AFF284), NIGP 

157314 (AFF284), and NIGP 152525 (NJ365). See Plates 33a and 33b. 
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Levisograptus austrodentatus (Harris and Keble, 1932) revised Maletz 2011a 

This is identified before Maletz (2011a) variously as Diplograptus austrodentatus, 

Glyptograptus austrodentatus, Undulograptus austrodentatus, and Pseudoclimacograptus 

austrodentatus. It includes G. austrodentatus americanus and G. shelvensis with its variants 

G. austrodentatus mutabilis, and G. austrodentatus anglicus, which have been demonstrated 

to be taphonomically distorted variations of G. shelvensis (Jenkins 1980). Material has been 

taken from Bulman (1963a; 29 drawn illustrations and 16 photographs), Jenkins (1980; 

three drawn illustrations and one photograph), Fortey & Cooper 1983 ( one drawn 

illustration), Williams & Stevens (1988; 27 drawn illustrations and nine photographs), 

Mitchell (1992; two drawn illustrations), Mitchell (1994; three drawn illustrations), Li 

(1994; five photographs), Churkin & Carter (1996; one drawn illustration), Mitchell (1997; 

one photograph), Chen et al. (2001; 22 drawn illustrations), Caballe (2005; one drawn 

illustration), Fortey et al. (2005; five drawn illustrations and five photographs), Norford et 

al. (2002; one drawn illustration), Maletz et al. (2009; one drawn illustration), Maletz 

(2011a; three drawn illustrations), and Chen eta/. (2012; one drawn illustration). I 

photographed two additional specimens at the Geological Survey of Canada. Coding is 

based on relief specimens NIGP 136161, NIGP 136163, NIGP 136164; and flattened 

specimens SM A51689, SM A51692, SM A51698, GSC 81566, GSC 81829, GSC 81830, GSC 

81831, GSC 81838, and GSC 81840. This taxon had previously been coded by Mitchell, 

Maletz, & Goldman. See Plates 34a-e. 

Levisograptus dentatus (Brongniart, 1828) revised Maletz 2011a 

This is identified before Maletz (201 la) variously as Fucoides dentatus, Diplograptus 

dentatus, Glyptograptus dentatus, E. dentatus, and Undulograptus dentatus. Material has 
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been taken from Elles & Wood (1906; six drawn illustrations), Bulman (1963a; five drawn 

illustrations and two photographs), Mitchell (1987; two drawn illustrations), Mitchell 

(1990; one drawn illustration), Li (1994; five photographs), Maletz (1997b; one drawn 

illustration), Zhang et al. (2009; two photographs), Maletz (2011a; 17 drawn illustrations 

and three photographs), and Maletz et al. (2011; one photograph). I photographed nine 

additional specimens at the Geological Survey of Canada. Coding is based on and flattened 

specimens GSC 943, GSC 134275, GSC 134277, and GSC 134279. See Plates 35a-c. 

Levisograptus dicellograptoides (Maletz, 1998) revised Maletz 2011a 

This is identified before Maletz (201 la) as Undulograptus dicellograptoides and includes 

Undulograptus n.sp . Kraft & Kraft (2003). Material has been taken from Maletz 1998 ( eight 

drawn illustrations and six photographs), Chen et al. (2001; one drawn illustration), and 

Kraft & Kraft (2003; two photographs). Coding is based on flattened specimens S 03635, 

GSC 117617, GSC 117619, GSC 117620, and GSC 117622. This taxon had previously been 

coded by Mitchell, Maletz, & Goldman. See Plate 36. 

Levisograptus primus (Legg, 1976) revised Maletz 2011a 

This is identified before Maletz (201 la) variously as P. primus or Undulograptus primus, 

and includes Undulograptus sp. A (Mitchell 1992). Material has been taken from Mitchell 

(1990; three drawn illustrations), Mitchell (1992; two drawn illustrations), Mitchell (1994; 

24 drawn illustrations), Maletz (2011b; one drawn illustration), and Maletz & Ahlberg 

(2011; one photograph). I photographed twenty-four additional specimens at the 

Geological Survey of Canada. Coding is based on isolated three-dimensional specimens GSC 

102846-4, GSC 102846-6, GSC 102851, GSC 102852, GSC 102856, GSC 102857, GSC 
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102858, and GSC 10285X. This taxon had previously been coded by Mitchell, Maletz, & 

Goldman. See Plates 37a and 37b. 

Levisograptus sinicus (Mu & Lee, 1958) revised Maletz 2011a 

This is identified before Maletz (2011a) as Undulograptus sinicus. Material has been 

taken from Mitchell (1992; three drawn illustrations), Mitchell (1994; seven drawn 

illustrations), Chen et al. (2001; three drawn illustrations), Caballe (2005; one drawn 

illustration), Fortey et al. (2005; two photographs), Maletz (2009; nine drawn 

illustrations), and Maletz & Ahlberg (2011; two photographs). I photographed thirty-four 

additional specimens at the Geological Survey of Canada. Coding is based on isolated three

dimensional specimens GSC 102835, GSC 102836, GSC 102837, GSC 133366, GSC 133378, 

GSC 133380, GSC 133382, GSC 133383, GSC 133384, GSC 133386, GSC 133387; and on 

relief specimens LO 6234t and LO 10591t. This taxon had previously been coded by 

Mitchell, Maletz, & Goldman. See Plates 38a and 38b. 

Levisograptus sinodentatus (Mu & Lee, 1958) revised Maletz 2011a 

This is identified before Maletz (2011a) as Glyptograptus sinodentatus, P. sinodentatus 

or Undulograptus sinodentatus. Material has been taken from Mitchell (1994; five drawn 

illustrations), Li (1994; one drawn illustration and five photographs), Mitchell et al. (1995; 

one drawn illustration), Mitchell et al. (1997; one photograph), Chen et al. (2001; nine 

drawn illustrations), and Fortey et al. (2005; two drawn illustrations and one photograph). 

Coding is based on relief specimens NIGP 9764, NIGP 9765, NIGP 116487, NIGP 116488, 

NIGP 124866, and NIGP 136160. This taxon had previously been coded by Mitchell, Maletz, 

& Goldman. See Plate 39a and 39b. 
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Normalograptus antiquus Ge et al., 1990 

Material has been taken from Maletz (1997b; eight drawn illustrations and six 

photographs), Ganis (2004; one drawn illustration and one photograph), Maletz (2011b; 

two drawn illustrations and one photograph), Maletz et al. (2011; one photograph), and 

Maletz (2014b; one photograph). Coding is based on isolated three-dimensional 

specimens; on relief specimens PMO 138.279, PMO 138.282, PMO 138.455, PMO 138.598, 

PMO 138.625. This taxon had previously been coded by Mitchell, Maletz, & Goldman. See 

Plates 40a and 40b. 

Normalograptus brevis (Elles & Wood, 1906) 

This is also identified in older papers as Climacograptus brevis or Glyptograptus brevis. 

Material has been taken from Elles & Wood (1906; eight drawn illustrations), Mitchell 

(1987; five drawn illustrations), Hughes (1989; three drawn illustrations and four 

photographs), Mitchell (1990; two drawn illustrations), Ganis (2004; one drawn 

illustration), Chen eta!. (2010; two drawn illustrations), Zhang eta!. (2011; one 

photograph), Maletz (2014b; one photograph), and Chen (2016; four photographs). Coding 

is based on isolated three-dimensional specimens Mitchell (1990) figure 11.1 0G; on relief 

specimens BM Q5675, MCZ 9462-2, LO 2407t, NIGP 157649, NIGP 157653; and flattened 

specimens A 18679 and A 18684. This taxon had previously been coded by Mitchell, 

Maletz, & Goldman. See Plates 41a and 41b. 

Normalograptus euglyphus (Lapworth, 1880) 

Originally Glyptograptus teretiusculus euglyphus, it also appears as Glyptograptus 

euglyphus. Material has been taken from Elles & Wood (1906; five drawn illustrations), 

Ross & Berry (1963; five photographs), Berry (1964; two photographs), Churkin & Carter 
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(1996; six drawn illustrations), and Maletz et al. (2011; one photograph). I photographed 

six specimens at the Smithsonian Institution National Museum of Natural History, including 

two published by Churkin & Carter (1996). All specimens are flattened. Coding is based on 

PMO 212.767, NIGP 157673 (NJ367), GSE 5494, GSE 190, BU 1281. This taxon had 

previously been coded by Mitchell, Maletz, & Goldman. See Plates 42a-c. 

Normalograptus kuckersianus (Wiman, 1895) 

Originally Climacograptus kuckersianus, it also appears as Glyptograptus kuckersianus. 

Material has been taken from Ruedemann 1898 (one drawn illustration), Ruedemann 

1904(one drawn illustration), Mitchell (1987; 13 drawn illustrations), and Goldman eta!. 

(2002; two photographs). Coding is based on isolated three-dimensional specimens RM Cn 

59930, RM Cn 59932, RM Cn 59934, RM Cn 59936, and Goldman et al. (2002) figures 11 & 

1J. This taxon had previously been coded by Mitchell, Maletz, & Goldman. See Plate 43. 

Oelandograptus oelandicus (Bulman, 1963) revised Mitchell, 1987 

Originally Glyptograptus austrodentatus oelandicus, material has been taken from 

Bulman (1936; 14 drawn illustrations), Bulman (1963a; eleven drawn illustrations), 

Mitchell (1987; four drawn illustrations), Mitchell (1990; four drawn illustrations), Mitchell 

(1992; two drawn illustrations), Maletz (1997b; six drawn illustrations), Fortey et al. 

(2005; two drawn illustrations), Mitchell et al. (2008; two drawn illustrations and three 

photographs), Maletz (2011a; one drawn illustration), and Maletz & Ahlberg (2011; one 

photograph). I photographed six additional isolated three-dimensional specimens from the 

Naturhistoriska riksmuseet collection. Coding is based on isolated three-dimensional 

specimens RM 01222, RM 011638, RM 01295, RM 01 307, RM 011647, Cn 59882/RM 01 

1834, RM Cn 59890/RM 01395, RM Cn 59891/RM 01498, RM Cn 59892/RM 01401, RM Cn 
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59893/RM 01494, RM Cn 59911; and on relief specimen MHNC 13178. This taxon had 

previously been coded by Mitchell, Maletz, & Goldman. See Plates 44a and 44b. 

Proclimacograptus angustatus (Ekstrom, 1937) 

Originally Climacograptus angustatus. Material has been taken from Elles & Wood 

(1907; four drawn illustrations), Berry (1964; five photographs), Boucek (1973; three 

drawn illustrations and ten photographs), Mitchell (1987; five drawn illustrations), Maletz 

(1997b; 20 drawn illustrations and six photographs), Chen et al. (2006; two drawn 

illustrations), Zhang eta!. (2009; one photograph), Maletz (2011b; three photographs), 

Maletz et al. (2011; one photograph), and Chen (2016; five drawn illustrations and three 

photographs). Coding is based on isolated three-dimensional specimens RM 01 983, RM 01 

984, RM 01985, and on relief specimens LO 11202t, LO 11205t, PMO 138.222, PMO 

138.225, PMO 138.659, PMO 138.525, PMO 138.587, and PMO 138.809. This taxon had 

previously been coded by Mitchell, Maletz, & Goldman. See Plates 45a-c. 

Proclimacograptus bulmani Maletz, 1997 

This appears only in Maletz (1997b), who provides three drawn illustrations and one 

photograph. Coding is based on relief specimens PMO 138.690, PMO 138.711, and PMO 

155.616. This taxon had previously been coded by Mitchell, Maletz, & Goldman. See Plate 

46. 

Prolasiograptus retusus (Lapworth, 1880) 

Originally Lasiograptus retusus. Material has been taken from Elles & Wood 1908 (two 

drawn illustrations), and from Dr. Mitchell's personal collection ( one drawn illustration). 

See Plate 47. 

263 



Pseudamplexograptus distichus (Eichwald, 1840) revised Maletz 1997b 

Originally Lomatoceras distichus, it also appears as Climacograptus distichus, and 

includes Orthograptus calcaratus priscus, Amplexograptus tubulus, and Am. munimentus. 

Material has been taken from Elles & Wood (1907; seven drawn illustrations), Berry (1964; 

six photographs), Mitchell (1987; two drawn illustrations), Maletz (1995; one drawn 

illustration), Maletz (1997b; seven drawn illustrations and three photographs), Maletz 

2014a (six drawn illustrations), and Goldman et al. (2015; one photograph). I 

photographed twenty-six additional isolated three-dimensional specimens from the 

Naturhistoriska riksmuseet collection. Coding is based on isolated three-dimensional 

specimens RM 0166, RM 01 73, RM 01 74, RM 01 77, RM 01 78, RM 01 79, RM 0180, RM 01 

83, RM 0184, RM 0189, RM 01126, RM 01135, RM 01140, RM 011700, RM 011702, RM 01 

1710, RM 011731, RM Cn 59921, RM Cn 59922, and GIT 717-2; and on flattened specimens 

PMO 69.867, PMO 69.867. See Plates 48a and 48b. 

Pseudamplexograptus latus Bulman, 1931 

This appears only Mitchell et al. (2008; two drawn illustrations and three photographs). 

The material is flattened. Coding is based solely on specimen MHNC 13193. See Plate 46. 

Pseudoclimacograptus scharenbergi scharenbergi Lapworth, 1876 

Originally Climacograptus scharenbergi. Material has been taken from Elles & Wood 

(1906; nine drawn illustrations), Ross & Berry (1963; two photographs), Berry (1964; two 

photographs), Mitchell (1987; ten drawn illustrations), Hughes (1989; one drawn 

illustration and one photograph), Ganis (2004; three drawn illustrations), Fortey et al. 

(2005; two drawn illustrations), Chen et al. (2006; three drawn illustrations), Zhang et al. 

(2011; one photograph), and Maletz (2011b; one drawn illustration). I photographed one 
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additional specimen atthe American Museum of Natural History, one isolated three

dimensional specimen was photographed from the Naturhistoriska riksmuseet collection, 

and six isolated three-dimensional specimens were photographed from Dr. C.E. Mitchell's 

personal collection. Coding is based on isolated three-dimensional specimens MCZ 9464-1, 

MCZ 9464-3, MCZ 9464-6, MCZ 9464- 7, and two unpublished specimens from Dr. 

Mitchell's private collection; and on flattened specimens BU 1415, BU 1416, BU 1424. This 

taxon had previously been coded by Mitchell, Maletz, & Goldman. See Plates 49a-d. 

Undulograptus camptochilus Skevington, 1965 

Material has been taken from Bulman (1936; twelve photograph-based drawings), 

Mitchell (1990; one drawn illustration), Servais & Maletz (1992; four drawn illustrations 

and three photographs), Mitchell (1992; two drawn illustrations), Maletz (1995; one drawn 

illustration), Maletz (201 lb; one drawn illustration). Coding is based on isolated three

dimensional specimens RM Cn 59944, RM Cn 59945, RM Cn 296, RM Cn 298, RM Cn 1318; 

and on relief specimens IRScNB A3365, and IRScNB A3376. This taxon had previously been 

coded by Mitchell, Maletz, & Goldman. See Plates 50a and 50b. 

Undulograptus cumbrensis Bulman, 1963 

Originally P. cumbrensis. Material has been taken from Bulman (1963a; six drawn 

illustrations and two photographs), Jenkins (1980; one drawn illustration), Mitchell (1994; 

four drawn illustrations), Maletz (1997b; one drawn illustration), Chen et al. (2001; one 

drawn illustration), and Maletz & Ahlberg (2011; one photograph). Coding is based on 

flattened specimens LO 6428t, LO 10596t, NIGP 116485, SM A53040a, SM A53044, SM 

A53133, and SM A53139. See Plates 51a and 51b. 
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Undulograptus formosus Mu & Lee, 1958 

Originally P. formosus. Material has been taken from Mitchell (1992; three drawn 

illustrations), Chen et al. (2001; three drawn illustrations), Rickards et al. (2001; two 

drawn illustrations), Caballe (2005; one drawn illustration), Fortey et al. (2005; two drawn 

illustrations and two photographs), Maletz (2011a; one drawn illustration), and Maletz 

(201 lb; one drawn illustration). I photographed four additional specimens from the 

personal collection of C.E. Mitchell at SUNY Buffalo. Coding is based on relief specimens 

CM-S2-T1-S1, CM-S2-T1-S2, CM-S2-T1-S10, SM.X 28087, SM.X 28101, NIGP 136170, and 

NIGP 136172. This taxon had previously been coded by Mitchell, Maletz, & Goldman. See 

Plates 52a and 52b. 

Undulograptus klabavensis Boucek, 1973 

Material has been taken from Boucek (1973; five photographs) and Jenkins (1980; one 

drawn illustration). This may be a junior synonym for Undulograptus novaki (Kraft and 

Kraft 2003). Coding is based on relief specimens UUG-BB 151, UUG-BB 152, and UUG-BB 

153. See Plate 53. 

Undulograptus marathonensis Clarkson, 1963 

Maletz (1995,1997b) identified this taxon as Archiclimacograptus marathonensis. It had 

been identified variously as Climacograptus marathonensis and Proclimacograptus 

marathonensis. All material is from Maletz (1997b; six drawn illustrations of four 

specimens). Coding is based on relief specimens MCZ 9509, PMO 155.500, PMO 155.501, 

and PMO 155.510. With no actual or photographed specimens, some risks are noted in the 

coding. This taxon had previously been coded by Mitchell, Maletz, & Goldman as 

Undulograptus marathonensis. See Plate 54. 
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Undulograptus novaki Perner, 1895 

Originally Climacograptus novaki, it also appears as Pseudoclimacograptus novaki. 

Material has been taken from Boucek 1973 (four drawn illustrations and four photographs) 

and Kraft & Kraft (2003; two photographs). Material is poor and coding is with significant 

risk. Coding is based on relief specimens L 7529, UUG-BB 152, and S 03743. See Plate 55. 

Undulograptus n. sp. A Williams, 1992 

Material has been taken from Williams 1992 ( eleven drawn illustrations and three 

photographs) and Maletz (2001; one drawn illustration). Maletz (2011a) includes this 

taxon in the Eoglyptograptus genera but without providing supporting phylogenetic 

analysis. Coding is based on flattened specimens GSC 87640, GSC 87641, GSC 87686, GSC 

87687, and GSC 87736. See Plate 56. 

Undulograptus n. sp. B Williams, 1992 

This appears only in Williams 1992, who provides seven drawn illustrations and three 

photographs. Coding is based on flattened specimens GSC 87731, GSC 87733, and GSC 

87739. See Plate 56. 

The following taxa are excluded from the study. Reasons for exclusion are noted. 

Amplexograptus differtus Harris & Thomas, 1935 

Only one specimen has been identified from a photograph in Ross and Berry (1963). 

Missing the proximal end, this taxon is not coded or included in the analysis. 

Archiclimacograptus micidus Berry, 1964 

Raised to species level in Maletz (1997b), this was described as Archiclimacograptus 

angulatus micidus by Berry (1964). Only specimen has been identified (photograph Maletz 
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1997b) and with poor photographic resolution and apparently poor preservation, this 

taxon is not coded or included in the analysis. 

Archiclimacograptus riddellensis (Harris, 1924) 

This is identified before Maletz (1997b) variously as Climacograptus riddellensis and P. 

riddellensis. It also includes Ar. angulatus magnus Berry, 1964. Ar. sebyensis is a possible 

synonym, but has been coded separately. Maletz (1997b) identified this material as 

conspecific with Ar. sebyensis. This is open to debate. However, if they are two separate 

taxa, then other material referred to Ar. riddellensis has to be reevaluated, which is beyond 

the scope of this project. With only the Australian specimens certain, including VandenBerg 

& Cooper (1992; two drawn illustrations) and seven completely flattened YPM specimens 

that I photographed, I decided to exclude this taxon from the study. A separate project 

should be undertaken to resolve this and add Ar. riddellensis to the data matrix. 

Climacograptus latus Elles & Wood, 1906 

This appears only in Elles & Wood (1906) with eleven drawn illustrations. With 

insufficient detail and no material of early astogeny, this taxon is excluded in this study. 

Climacograptus n.sp.2 Podhalanska, 1980 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Climacograptus tailbertensis Skevington, 1970 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 
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Dicellograptus geniculatus Bulman, 1932 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Diplograptus hollingsworthi Skevington, 1970 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Diplograptus modestus sibiricus 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Diplograptus notabilis 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Eoglyptograptus bouceki Dean et al., 2000 

With three drawings from Dean et al. 2000 of insufficient quality to code and no 

photographs of specimens, this taxon is not coded or included in the analysis. Maletz 

(201 la) indicates thatthe species is questionable. 

Eoglyptograptus sp. Maletz et al., 2007 

Maletz et al. (2007) has a photograph of a specimen identified only as Eoglyptograptus sp., 

also published in Maletz (2011a) and Maletz eta!. (2011). This taxon is not coded or 

included in the analysis. 

Glyptograptus graciosus Soboloevskaya, 1980 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 
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Glyptograptus mutabilis Bulman, 1963a 

With three drawings and one photograph from Bulman (1963a) , this taxon is not coded 

or included in the analysis. Maletz (2011a) noted that most of the taxa described in Bulman 

(1963a) from the Darriwilian of Britain are too poorly preserved for a precise taxonomic 

identification. This taxon was also synonymized as a tectonic deformation morph by 

Jenkins 1980. Maletz (2011a) assigns these to the genus Levisograptus. 

Glyptograptus shelvensis Bulman, 1963a 

Although Bulman (1963a) provides six drawings and four photographs covering nine 

specimens of this taxon, the material is so poor that it is not coded or included in the 

analysis. Maletz (201 la) assigns this taxon to the genus Levisograptus. 

Hustedograptus (Orthograptus, Diplograptus) propinquus Hadding, 1913 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Hustedograptus dashabensis 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Hustedograptus denticulatus 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Hustedograptus n. sp. Zhang et al., 2007 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 
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Dicellograptus bispiralis Ruedemann, 1947 

Churkin & Carter (1996) provided three drawn illustrations of insufficient quality to 

code. I photographed two of the Churkin & Carter specimens at the National Museum of 

Natural History, but the specimens are flattened film impressions with poor preservation 

and impossible to code with any confidence. None of the photographic or examined 

specimens show early astogeny. No usable photographs or any other examples were 

located. This taxon is not coded or included in the analysis. 

Dicellograptus mui Yu & Fang, 1966 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Lasiograptus jiangxiensis 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Lasiograptus? spinatus 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Levisograptus? intersitus Harris & Thomas, 1935 (revised Maletz 2011a) 

This is identified before Maletz (2011a) as Undulograptus intersitus. With one outline 

drawing from VandenBerg & Cooper (1992) and no photographs, this taxon is not coded or 

included in the analysis. 

Nemagraptus subtilis Hadding, 1913 

With one outline drawing from VandenBerg & Cooper (1992) and two photographs of 

specimens preserved as films, this taxon is not coded or included in the analysis. 
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Normalograptus haddingi, Glimberg 

Originally Climacograptus haddingi, this appears only in Glimberg (1952) with four 

drawings of specimens inadmissible for coding and in Mitchell (1990), who provides one 

drawn illustration, as P. haddingi, also deemed insufficient. 

Prolasiograptus hap/us praecursor Dean et al., 2000 

With one drawing from Dean et al. (2000) and no photographs of specimens, plus the 

Dean et al. (2000) note that" These are problematical fossils ...", this taxon is not coded or 

included in the analysis. 

Pseudoclimacograptus scharenbergi stenostoma Bulman, 1957 

With one drawing and two photographs of specimens from Lenz & Chen (1984) of 

insufficient quality to code, this taxon is not coded or included in the analysis. 

Pseudoclimacograptus subminimus Keble & Harris, 1934 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Pseudoclimacograptus wannanensis Li, 1984 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Undulograptus? mui Dean et al., 2000 

With one drawing of insufficient quality to code from Dean et al. (2000) and no 

photographs of specimens, this taxon is not coded or included in the analysis. 

Undulograptus? praesextans Mu, Ge, & Yin 

With two drawings of insufficient quality to code from Chen et al. (2001) and no 

photographs of specimens, this taxon is not coded or included in the analysis. 
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Undulograptus? xiushanensis Mu 

With two drawings of insufficient quality to code from Chen et al. (2001) and no 

photographs of specimens, this taxon is not coded or included in the analysis. 

Undulograptus n.sp.1 Servais & Maletz, 1992 

With one drawing of a partial specimen from Servais & Maletz (1992) and no 

photographs of specimens, this taxon is not coded or included in the analysis. 

Undulograptus n.sp.1 Zhang et al., 2007 

Referenced in a composite range chart, no specimens have been identified from the 

available published material. This taxon is excluded in this study. 

Undulograptus n.sp.2 Zhang et al., 2007 

Referenced in a composite range chart, no specimens have been identified from the 

available published material. This taxon is excluded in this study. 

Undulograptus situ/us Legg, 1976 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Undulograptus spinosus 

No specimens have been identified from the available published material. This taxon is 

excluded in this study. 

Undulograptus tongziensis Chen and Lin, 1978 

Originally Pseudoclimacograptus tongziensis. No specimens have been identified from 

the available published material. This taxon is excluded in this study. 
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APPENDIX D -AXONOPHORAN SYSTEMATICS 

Example cases under the proposed scheme follow for Haddingograptus eurystoma, H. 

ha plus, H. oliveri, H. tarimensis, Oelandograptus oelandicus, and Pseudamplexograptus 

distichus. See Section 6.0 Systematic Paleontology Approach for description of process 

used. 

Order GRAPTOLOIDEA Lapworth, 1875 

Suborder AXONOPHORA Frech, 1897 (p. 607) 

(Maletz 2014b, p.507): [= Virgellina Fortey & Cooper, 1986, p. 639; Fortey et al. 2005, p. 

1255 (pars; see Maletz 2010 for the exclusion of xiphograptids and phyllograptids); 

=Diplograptacea in Mitchell, 1987; =Diplograptoidea in Mitchell et al. 2007] 

Definition: Cladistically (using a node-based definition), the Axonophora are the 

monophyletic clade that includes the common ancestor of Diplograptus pristis (Hisinger, 

1837) and Exigraptus clavus Mu, 1979, and all its descendants. Alternatively, using the 

longer-surviving Neograptina lineage, they are the clade that includes the common ancestor 

of Monograptus priodon (Bronn, 1835) and Exigraptus clavus Mu, 1979, and all its 

descendants. Maletz (2014b) prefers an apomorphy-based definition of the Axonophora as 

the first species to acquire a biserial, di pleural rhabdosome and all its descendants 

( assuming "biserial, di pleural" to be a single apomorphy, as is likely). 

Discussion: Morphologically, the Axonophora are scandent, biserial, distipular, di pleural 

graptoloids with platycalycal proximal end developed from dicalycal theca 21 or later 

thecae (Bulman 1963, Dr. C.E. Mitchell pers. comm.). They can be secondarily horizontal or 

reclined rather than scandent, and uniserial rather than biserial. They have a nema caudal 

to the pendent sicula in their adult form. The nema is encased by the biserial di pleural 
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stipes or attached to the uniserial stipes in all but a few cases where it is free and short. 

They have a virgella, which is a lanceolate rutellum in Levisograptus sinodentatus, L. 

austrodentatus, and L. sinicus and a true virgella after those three, except the virgella is not 

known in Exigraptus. 

The proximal development is complex, with prosicular or more commonly metasicular 

origin of thl 1 and delayed dicalycal theca. Although the Diplograptacea (Mitchell, 1987) 

and the Diplograptoidea (Mitchell et al. 2007) are expressed as equivalent to the 

Axonophora in the Maletz (2104b) definition used above, both exclude Exigraptus Mu, 

which should be included. Maletz (2104b) also advocates for the inclusion of Apiograptus 

Cooper & McLaurin (p. 508). 

Infraorder DIPLOGRAPTINA (Lapworth, 1880, emend. Storch, et al. , 2011) 

Diagnosis (Storch, et al. , 2011, p.315): The Diplograptina is the total clade comprising 

all species sharing a more recent common ancestor with Diplograptus pristis than with 

Monograptus priodon. 

Description (Storch, eta/., 2011, p.315): The primitive species of this clade exhibit 

rhabdosomes with a relatively symmetrical proximal end, in which both thl 1 and thl 2 

exhibit subapertural spines, the proximal structure is of the Pattern C type, and thecae have 

somewhat reduced prothecal overlap compared to the more primitive undulograptid 

double-sigmoid thecal form. More derived species exhibit a diverse array of colony forms 

and thecal structures, including species with multiple stipes such as Pleurograptus and 

complex retiolite-type forms within the Lasiograptidae ... 
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Included taxa: (Storch, et al., 2011, p.315) Superfamilies Dicranograptoidea, 

Diplograptoidea and Climacograptoidea. Superfamily Dicranograptoidea Lapworth, 1873, 

emend. Mitchell et al., 2007b 

Discussion: (Storch, et al., 2011, p.315) Several recent phylogenetic studies suggest that 

Dicranograptus, Dicellograptus, Nemagraptus and their relatives form a clade (Fortey & 

Cooper 1986, Mitchell 1987) and that this clade was derived from within the Diplograptina 

(Mitchell et al. 2007b). Within this group evidence from Nemagraptus, Amphigraptus, and 

Tangyagraptus suggests that a multi-stiped condition arose several times independently 

from a Dicellograptus-like ancestor (Finney 1985, Mu et al. 1993, Goldman, pers. comm. 

2010, Bates, pers. comm. 2010). Thus, the Nemagraptidae Lapworth, 1873 does not appear 

to represent a monophyletic group and we include all the cladia-bearing "nemagraptids", 

including Pleurograptus lui, within an undivided Dicranograptoidea. 

Genus HADDINGOGRAPTUS Maletz, 1997b, emended 

Type species: Haddingograptus oliveri (Boucek, 1973) 

Diagnosis: The proximal structure of this genus is of pattern C astogeny, with four 

primordial thecae. Theca 12 and theca 11 form an asymmetric pair with dissimilar 

elevation of their bases, but have a similar moderately outward inclination. The median 

septum is usually sharply zigzag-shaped both proximally and distally. Thecae 11 and 12 

have no spines nor do any subsequent thecae. The streptoblastic theca 12 is straight and 

approximately horizontal. Distally the thecal openings are straight and inclined inward. 

Theca 31 bud laterally from dicalycal theca 21 before it ascended. Theca 51 begins below its 

own zig in the short archaic diplograptid pattern. 
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Included species: Pseudoclimacograptus eurystoma (Jaanusson, 1960); (?)Lasiograptus hap/us 

(Jaanusson, 1960); Climacograptus angulatus intermedius (Berry, 1964); Climacograptus repetitus 

(Berry, 1964) (syn. of Climacograptus angulatus intermedius (Berry, 1964)); Haddingograptus 

maennili Goldman et al., 2015; Pseudoclimacograptus oliveri (Boucek, 1973); Haddingograptus 

tarimensis Chen, 2016. Maletz (1997b) included Pseudoclimacograptus luperus (Jaanusson, 

1960) when erecting this genus, but it was recognized as Dicaulograptus luperus in Maletz et al. 

(2007) and I include it as such in this study and not here with Haddingograptus. Maletz 

(1997b) also included ?Pseudoclimacograptus scharenbergi var. minor (Mu, Lee & Geh, 1960) (? 

syn. of Pseudoclimacograptus oliveri (Boucek, 1973), but I had no specimens of this taxon to 

evaluate. 

Remarks: The haddingograptids share common ancestors with the undulograptids and 

levisograptids and may have arisen from within the undulograptids. Many of their 

character traits are symplesiomorphies shared with the latter two groups. 

HADDINGOGRAPTUS EURYSTOMA Jaanusson, 1960 

Plates 21A Figures 1-61, 21B Figures 1-27 

1932 Climacograptus scharenbergi (Lapworth, 1876) - Bulman, pp. 6-10, pl. I, figs. 1-22, 2 7-

30, 34-35, text-figs. 1-3. 

1960 Pseudoclimacograptus eurystoma n. sp. - Jaanusson 1960, pp. 327-330, pl. 4, fig. 10; 

text-fig. 7 A. 

1987 Pseudoclimacograptus (Archiclimacograptus) eurystoma (Jaanusson, 1960) - Mitchell, 

figs. 4A-F. 

non 1997 Haddingograptus eurystoma (Jaanusson, 1960) - Maletz, pp. 66-68, text-figs. 

29A,B; 31C-L; ?32C-G; Pl. 5B,D-L. 
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2006 Haddingograptus eurystoma (Jaanusson, 1960) - Chen et al., p. 156, p.159, figs. SE-I. 

non 2011 Haddingograptus eurystoma (Jaanusson, 1960) - Maletz, pp. 852-853, fig. BG. 

2016 Haddingograptus eurystoma (Jaanusson, 1960) - Chen 2016, p. 242, figs. A-D; p. 246, 

figs. A, F-G. 

Type material: Jaanusson (1960) formally designated the holotype to be Naturhistoriska 

riksmuseet specimen RM 01232 (figured by Bulman 1932, on Pl. 1, fig. 19) and re-described 

and re-figured this specimen (Jaanusson 1960, text-fig. 7A, also see Plate 28A, fig. 23 and 

Plate 28B, fig. 19). 

Material: Measurements were made on fifteen three-dimensional specimens on loan to 

Dr. C. E. Mitchell at SUNY Buffalo from the Naturhistoriska riksmuseet Holm collection and 

on 13 three-dimensional specimens in Bulman 1932. Measurements referred to below are 

based on these specimens. Published illustrations of 5 additional three-dimensional 

specimens in Bulman (1932), one relief specimen from Jaanusson (1960), and line 

drawings of three three-dimensional specimens from Mitchell (1987) and one from 

Jaanusson (1960) were examined for discrete coding. 

Description: This taxon exhibits a pattern C astogeny, with theca 21 as the dicalycal theca 

and four primordial thecae. Both proximally and distally, the dorsal wall is zig-zag. The 

thecal shapes are uniform throughout the length of the rhabdosome and intrathecal folds 

are present. Based on three-dimensional specimens, the sicula is straight, with length of 

about 1.0mm and apertural width of about 0.24mm, giving it a medium length to width 

ratio of about 4.3. The straight virgella is of short length, less than 4/10 the length of the 

sicula-the longest observed unbroken length was 0.4mm. The nema, embedded in the full 

median septum, is normal and well-developed in many specimens. The sicula gives rise to 
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thl 1 from an off axis porus in the middle third of the metasicular. Theca 11 is U-shaped, 

with an everted ( average angle of 69°), concave aperture reinforced with a selvage. Theca 

11 has no apertural spine. 

The streptoblastic th12 arises dorsally from a foramen in the upper third on the left side 

of the protheca, grown across the protheca to the reverse (right) side before descending. 

Theca 12 and thl 1 form an asymmetric pair with dissimilar elevation of their bases though 

with similar inclination of their upward grown metathecae. Although two specimens have 

thl 2 descending to the aperture of the sicula and show no dorsal exposure of the sicula, 

seven measured specimens showed minor exposure from 19-4 7% of the sicula width 

(average 26% sicula width). Theca 12 has no apertural spine, nor do any subsequent 

thecae. Theca 12 has a U-shaped metathecal geometry and a straight, primary aperture 

with an approximately horizontal orientation ( average angle of 7 6 °). 

Theca 21 arises ascending directly from the thl 2 protheca before descending (S-shaped) 

right-handed until its hood fuses with a pouch-shaped flange on thl 1 below the th2 2 

crossing canal. Theca 21 then splits to form a symmetrical pair, arising while th2 2 grows 

laterally to the dorsal side of the sicula before ascending. The ca 21 forms a concave supra

apertural wall above thl 1 ending in a sharply rounded geniculum, with a bi-lobed flange. 

Theca 31 buds laterally before ascending from the dicalycal th2 1 and has a convex 

outwardly inclined interthecal septum ( average 120°) with th2 1. The th31 aperture is about 

horizontal ( average 87°), straight, and reinforced with a selvage. The subapertural wall of 

th3 1 is convex and inclines moderately inward (average 79°). Theca 41 forms a concave 

supra-apertural wall above th3 1 ending in a sharply rounded geniculum, with a bi-lobed 

flange. In th31, post apertural lists are present and connect the dorsal lists. Theca 22 
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encloses the sicula on the obverse side together with th3 1 on the reverse side. The 

enclosed sicula has a medium obverse exposure, with an average length of 0.48mm 

compared to the average sicula length of 1.02mm-a ratio of about 0.47. 

The distal th5 1 has a convex outwardly inclined interthecal septum ( average 123°) with 

th41. The aperture is horizontal ( average 92°) and straight, and reinforced with a selvage. 

Its apertural excavation depth is shallow, less than 25% of the rhabdosome width. Its 

subapertural wall is convex and inclines moderately inward (average 75°). Theca 61 forms 

a concave supra-apertural wall above th5 1 ending in a sharp geniculum, with a bi-lobed 

flange. Theca 51 arises below its own zig. As in th3 1, post apertural lists are present and 

connect the dorsal lists. 

Haddingograptus eurystoma differs from the similar Haddingograptus oliveri in having 

an outwardly inclined th3 1 interthecal septum rather than inwardly inclined, a moderately 

inclined inward th3 1 subapertural wall rather than strongly inclined, an outwardly inclined 

interthecal septum rather than inwardly inclined, and a shallow rather than deep distal 

apertural excavation depth. 

Occurrence: Measured specimens are from the Folkeslunda Limestone (Gra Lituitkalk) 

exposures in Lerkaka, Gardslosa, and Folkeslunda, Sweden. The holotype (Jaanusson 

1960) is from Gardslosa. The Maletz (1997b) PMO specimens are from the upper part of 

the Sjostrand member of the Elnes Formation atthe northern side of Almedalsveien in 

Slemmestad, Norway. The Chen et al. (2006) specimens are from the Nicholsonograptus 

fasciculatus Biozone in the Jiangnan slope belt. 
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Biostratigraphic distribution: Maletz (1997b) and Chen et al. (2006) find 

Haddingograptus eurystoma in the Nicholsonograptus fasciculatus Zone. Maletz (1997b) 

also finds it in the Pseudamplexograptus distichus Zone. 

HADDINGOGRAPTUS HAPLUS (Jaanusson, 1960) 

Plate 22 Figures 1-17 

1932 Climacograptus scharenbergi (Lapworth, 1876) - Bulman, Pl. I, figs. 23-26. 

1960 Lasiograptus hap/us n. sp. - Jaanusson, pp. 336-338, pl. V, fig. 7; text-fig. SA. 

1987 Prolasiograptus hap/us (Jaanusson, 1960) - Mitchell, figs. 4G-I. 

1997 Haddingograptus hap/us (Jaanusson, 1960) - Maletz, p. 62, text-figs. 29G, 29H. 

?2000 Prolasiograptus hap/us praecursor subsp. nov. - Dean et al., p. 573, fig. 12m. 

Type material: Jaanusson (1960) formally designated the holotype to be Naturhistoriska 

riksmuseet specimen Cn 54601 and described and figured it (Jaanusson (1960), text-fig. SB 

and plate V fig 6, also see Plate 29, figs. 15 and 16.) 

Material: Measurements were made on one three-dimensional specimen on loan to Dr. 

Mitchell at SUNY Buffalo from the Naturhistoriska riksmuseet Holm collection (RM 01227), 

on two three-dimensional specimens in Bulman (1932, RM Cn 59925/01229, RM 01226), 

and two three-dimensional specimens in Jaanusson (1960, RM Cn 54598, RM Cn 54601). 

Measurements referred to below are based on these specimens. Line drawings of one 

three-dimensional specimen from Mitchell (1987), two three-dimensional specimens from 

Maletz (1997b), and one from Jaanusson (1960) were examined for discrete coding. A 

possible sub-species described by Dean et al. (2000)-H. hap/us praecursor-is included on 

Plate 22, but was not included in this study. 
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Description: This taxon exhibits a pattern C proximal structure. Theca 21 is the dicalycal 

theca and there are four primordial thecae. The dorsal walls of the thecae make a zig-zag 

medium septum throughout the length of the tubarium. The thecal shapes are uniform for 

the length of the tubarium and intrathecal folds are present (Maletz 1997b, contrary to the 

interpretation presented in Bulman 1932, Jaanusson 1960, and Mitchell 1987). No 

specimens of early astogeny are included in this study, so the work and estimates of 

previous researchers (Mitchell et al. 1987, Jaanusson 1960) are accepted here. The 

previous researchers report that the sicula is straight and estimate it to have a medium 

length:width ratio. The straight virgella is short-less than half the length of the sicula. 

The longest observed unbroken length was 0.44mm. The nema, embedded in the full 

median septum, is normal and well-developed in many specimens. The sicula is reported 

to have a th11 origin from an off axis porus in the middle third of the metasicular. The ca 11 

is U-shaped, with an everted (mean angle of 57°) straight aperture, which is reinforced with 

a selvage. Theca 11 has no apertural spine, nor do any subsequent thecae. 

The streptoblastic thl 2 is reported to originate dorsally from a foramen in the upper 

third on the left side of the th11 protheca, and grew across the protheca to the reverse 

(right) side before it grew downward. Theca 12 and thl 1 form an asymmetric pair with 

dissimilar elevation of their bases though with similar inclination of their upward grown 

metathecae. All five measured specimens show minor dorsal exposure (average 29% 

sicula width). Theca 12 has a U-shaped metathecal geometry and a straight primary 

aperture. Only three specimens could be measured for thl 2 aperture orientation. Two are 

everted ( each with angle of 69°) and one more mature introverted specimen (RM Cn 

54601) measures 121°. Assuming that these three specimens are correctly assigned to this 
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taxon, it is possible that periderm at the aperture continued to build up as the organism 

matured, changing the orientation. 

Theca 21 originated and grew upward directly from the thl 2 protheca before it grew 

downward (S-shaped) towards thl 1, until its hood fused with a pouch-shaped flange on 

thl 1 below the th2 2 crossing canal. The ca 21 then split to form a symmetric pair, and grew 

upward while th2 2 grew laterally to the dorsal side of the sicula before it grew upward. 

Theca 21 forms a concave supra-apertural wall above thl 1 ending in a sharply rounded 

geniculum. There is no flange. 

Theca 31 originated laterally before it grew downward from the dicalycal th2 1 and it has 

a convex outwardly inclined interthecal septum ( average 128°) with th2 1. The th31 

aperture is approximately horizontal ( average 79°), straight, and reinforced with a selvage. 

The subapertural wall of th31 is straight and inclines strongly inward ( average 73°). Theca 

41 forms a concave supra-apertural wall above th3 1 ending in a sharply rounded geniculum, 

with a ventral flange. In th3 1, post apertural lists are present and connect the dorsal lists. 

Theca 22 encloses the sicula on the obverse side together with th3 1 on the reverse side. 

With sicula length unknown, I accept previous researchers' reports that the enclosed sicula 

has a short obverse exposure. 

The distal thS 1 has a convex outwardly inclined interthecal septum ( average 12 7°) with 

th41. The aperture is everted ( average 68°) and straight, and reinforced with a selvage. Its 

apertural excavation depth is shallow, less than 25% rhabdosome width. Its subapertural 

wall is straight and inclines moderately inward ( average 63°). The ca 61 forms a straight 

supra-apertural wall above th5 1 ending in a sharp geniculum, with a ventral flange. Theca 

51 arises below its own zig. Although not visible in available specimens, previous 
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researchers report that post apertural lists are present and connect the dorsal lists in distal 

thecae. 

Haddingograptus hap/us differs from Haddingograptus eurystoma in having an outwardly 

inclined th3 1 interthecal septum rather than inwardly inclined, a moderately inclined 

inward th3 1 subapertural wall rather than strongly inclined, an outwardly inclined 

interthecal septum rather than inwardly inclined, and a shallow rather than deep distal 

apertural excavation depth. 

Occurrence: All specimens are from the Folkeslunda Limestone (Gra Lituitkalk) 

exposures at Lerkaka, Gardslosa, and Folkeslunda, on Oland, Sweden, except the SM 

X.26 764 Haddingograptus hap/us praecursor specimen of Dean et al. (2000), which is from 

the upper Arenig level of the Karadere Formation east of Zirze in the Pontus Mountains of 

northern Turkey. The holotype (Jaanusson 1960) is from Gardslosa. 

Biostratigraphic distribution: The Folkeslunda Limestone is in the Pseudamplexograptus 

distichus Zone (Maletz 1997b). 

HADDINGOGRAPTUS MAENNILI Goldman et al., 2015 

Plate 23 Figure 7 

Type material: Goldman et al. (2015) formally designated the holotype to be Institute of 

Geology at Tallinn University of Technology specimen GIT 717-8 and described and 

photographed it (Goldman et al. 2015, fig. 5G, also see Plate 30, fig. 7). 

Material: Measurements and discrete character evaluations were made on specimen GIT 

717-8-the sole published specimen of this taxon. 

Description: This taxon appeared to Goldman et al. (2015) to exhibit a pattern C 

astogeny, with th2 1 as the dicalycal theca and four primordial thecae. Both proximally and 
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distally, the dorsal wall is strongly zig-zag. The thecal shapes are uniform throughout the 

length of the rhabdosome and intrathecal folds are present. The sicula is straight, with 

unknown length and apertural width of about 0.2mm. Goldman et al. (2015) estimate it to 

have a medium length to width ratio. The straight virgella is of short length, less than 4/10 

the length of the sicula-the length on GIT 717-8 is 0.36mm. The nema, embedded in the 

full median septum, is normal and well-developed. The sicula gives rise to thl 1 from an off 

axis porus in the middle third of the metasicular. Theca 11 is I-shaped, with an 

approximately horizontal slightly introverted aperture ( angle of 95° on the type specimen) 

with paired lateral lobes and reinforced with a selvage. Theca 11 has no apertural spine. 

Due to the absence of early astogeny examples, many developmental characters cannot 

be ascertained, such as the structure of the prosicula, the formation of the thl 1 and thl 2 

foramens, the growth of thl 2 (presumed streptoblastic but not known), nor can the 

proportions of key features such as sicula shape, virgellar length, and obverse exposure be 

determined due to lack of information on sicular length. 

The ca 12 and th11 form an asymmetric pair with dissimilar elevation of their bases 

though with similar inclination of their upward grown metathecae. There is no dorsal 

exposure of the sicula below thl 2. Theca 12 has no apertural spine, nor do any subsequent 

thecae. Theca 12 has a U-shaped metathecal geometry and a straight, primary aperture 

with an approximately horizontal to somewhat everted orientation ( angle of 7 4°). 

Theca 21 arises ascending directly from the thl 2 protheca before descending (S-shaped) 

right-handed until its hood fuses with a pouch-shaped flange on thl 1 below the th2 2 

crossing canal and then splits to form a symmetrical pair, arising while th2 2 grows laterally 
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to the dorsal side of the sicula before ascending. Theca 21 forms a concave supra-apertural 

wall above thl 1 ending in a sharply rounded geniculum, with an overhanging awning. 

Theca 31 buds laterally before ascending from the dicalycal th2 1 and has a convex 

inwardly inclined interthecal septum (111°) with th2 1 . The th3 1 aperture is horizontal to 

slightly introverted (97°), straight, and reinforced with a selvage. The subapertural wall of 

th3 1 is convex and inclines moderately inward (74°). Theca 41 forms a concave supra

apertural wall above th3 1 ending in a sharply rounded geniculum, with an overhanging 

awning. In th31, post apertural lists are present and connect the dorsal lists. Theca 22 

encloses the sicula on the obverse side together with th3 1 on the reverse side. The 

published specimen shows the reverse side only, so the length of the obverse exposure is 

unknown. 

The distal th5 1 has a convex inwardly inclined interthecal septum (112°) with th4 1. The 

aperture is horizontal to slightly introverted (99°) and straight, and reinforced with a 

selvage. Its apertural excavation depth is deep, approximately 34% of the rhabdosome 

width. Its subapertural wall is convex and inclines moderately inward (80°). Theca 61 

forms a concave supra-apertural wall above th5 1 ending in a sharp geniculum, with an 

overhanging awning. Theca 51 arises below its own zig. As in th3 1, post apertural lists are 

present and connect the dorsal lists. 

Haddingograptus maennili differs from the similar Haddingograptus oliveri in having a 

distinctively strongly asymmetrical proximal end with a looped I-shaped thl 1 encircling an 

open space and with lateral lobes, and in all geniculums having overhanging awnings 

(collars). 

286 



Occurrence: The holotype and three other specimens were found in the Stirnas 

Formation in the western Latvian Kandava-25 drill core. 

Biostratigraphic distribution: The Stirnas Formation is equivalent to the Folkeslunda and 

is in the Pseudamplexograptus distichus Biozone. 

HADDINGOGRAPTUS OLIVERI (Boucek, 1973) 

Plate 24a Figures 1-18, plate 24b Figures 1-30, plate 24c Figures 1-19, plate 24d Figures 1-

10. 

1913 Climacograptus scharenbergi (Lapworth, 1876) - Hadding, pp. 50-52, pl. 3, fig. 20 * 

1953 Climacograptus scharenbergi (Lapworth, 1876) - Bulman, pp. 510-511, pl. 1, figs. 1-7; 

text-fig. 1A-C * 

?1960 Pseudoclimacograptus cf. scharenbergi (Lapworth, 1876) - Jaanusson, pp. 331-332, pl. 

2, figs. 4-7. 

?1964 Climacograptus scharenbergi (Lapworth, 1876) - Berry, pp. 137-139, pl. 13, fig. 8. 

1964 Climacograptus cf. C. scharenbergi (Lapworth, 1876) - Berry, pp. 138-139, pl. 12, figs. 

7,8. 

1973 Pseudoclimacograptus (Pseudoclimacograptus) oliveri n. sp. - Bou eek, p. 121 ( no figure). 

1995 Haddingograptus oliveri (Boucek, 1973) - Maletz, fig. 1.16. 

1997 Haddingograptus oliveri (Boucek, 1973) - Maletz, pp. 64-65, pl. 4, figs A-S; pl. 7, figs I, J; 

text-figs 30A-S, 32A, B. 

2011 Haddingograptus oliveri (Boucek, 1973) - Maletz et al., pp. 850-853; figs. 7X,8H. 

2004 Haddingograptus oliveri (Boucek, 1973) - Ganis, pp. 51-54. pp. 118-119, pp.122-123; figs. 

1.18-1-1.18-8 

2005 Haddingograptus oliveri (Boucek, 1973) - Ganis, pp. 808-810; figs. 7N, 7U. 
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2001 Haddingograptus oliveri (Boucek, 1973) - Albani et al, p. 391, p. 394; figs. 4C, 4Q, 4R. 

2009 Haddingograptus oliveri (Boucek, 1973) - Zhang et al, p. 316, p. 326; figs. 7K, 7P. 

2006 Haddingograptus oliveri (Boucek, 1973) - Chen et al., p. 156, p.159; fig. SR. 

* Synonymy taken from Maletz (1997b ). I have not examined these specimens. 

Type material: Boucek (1973) formally designated the holotype to be Naturhistoriska 

riksmuseet specimen RM 012539, Holm's Collection, Stockholm, figured by Bulman (1953) 

on plate 1, fig. 3 and on text-fig. 1A. 

Material: Measurements were made on two three-dimensional specimens at the 

Geological Survey of Canada (GSC 119827a, GSC 119827b). Relief specimens PMO 138.624, 

PMO 138.790, PMO 138.610, PMO 138.558, and PMO 138.441-1, and flattened specimens 

GSC 119827b and GSC 132347 (for early astogeny) were examined for discrete coding. 

Description: This taxon exhibits a pattern C astogeny, with th2 1 as the dicalycal theca and 

four primordial thecae. Both proximally and distally, the dorsal wall is zig-zag. The thecal 

shapes are uniform throughout the length of the rhabdosome and intrathecal folds are 

present. Based on three-dimensional specimens, the sicula is deflected toward the dorsal 

side, with length of about 0.9mm and apertural width of about .2mm, giving it a medium 

length to width ratio of about 4.4. The straight virgella is of short length, less than 3/10 the 

length of the sicula-the longest observed unbroken length was 0.26mm. The nema, 

embedded in the full median septum, is normal and well-developed in many specimens. 

The sicula gives rise to thl 1 from an off axis porus in the middle third of the metasicular. 

Theca l1 is U-shaped, with an everted (average angle of 80°), concave aperture, which is 

reinforced with a selvage. Theca 11 has no apertural spine. 
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The streptoblastic th12 arises dorsally from a foramen in the upper third on the left side 

of the protheca, grown across the protheca to the reverse (right) side before descending. 

Theca 12 and thl 1 form an asymmetric pair with dissimilar elevation of their bases though 

with similar inclination of their upward grown metathecae. Although two specimens have 

thl 2 descending to the aperture of the sicula and show no dorsal exposure of the sicula, two 

other measured specimens showed exposure from 19-4 7% of the sicula width ( average 

26%). Theca 12 has no apertural spine, nor do any subsequent thecae. Theca 12 has a U

shaped metathecal geometry and a straight, primary aperture with an approximately 

horizontal orientation (average angle of 76°). 

Theca 21 arises ascending directly from the thl 2 protheca before descending (S-shaped) 

right-handed until its hood fuses with a pouch-shaped flange on thl 1 below the th2 2 

crossing canal and then splits to form a symmetrical pair, arising while th2 2 grows laterally 

to the dorsal side of the sicula before ascending. Theca 21 forms a concave supra-apertural 

wall above thl 1 ending in a sharply rounded geniculum, with a bi-lobed flange. 

Theca 31 buds laterally before ascending from the dicalycal th2 1 and has a convex 

inwardly inclined interthecal septum (average 120°) with th2 1 . The th3 1 aperture is about 

horizontal ( average 87°), straight, and reinforced with a selvage. The subapertural wall of 

th3 1 is convex and inclines strongly inward ( average 76°). The ca 4 1 forms a concave supra

apertural wall above th3 1 ending in a sharply rounded geniculum, with a bi-lobed flange. In 

th31, post apertural lists are present and connect the dorsal lists. Theca 22 encloses the 

sicula on the obverse side together with th3 1 on the reverse side. The enclosed sicula has a 

short obverse exposure, with an average length of 0.48mm compared to the average sicula 

length of 1.02mm-a ratio of about 0.47. 
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The distal th5 1 has a convex inwardly inclined interthecal septum ( average 123°) with 

th41. The aperture is horizontal ( average 92°) and straight, and reinforced with a selvage. 

Its apertural excavation depth is deep, greater than 25% rhabdosome width. Its 

subapertural wall is convex and inclines moderately inward (average 75°). Theca 61 forms 

a concave supra-apertural wall above th5 1 ending in a sharp geniculum, with a bi-lobed 

flange. Theca 51 arises below its own zig. As in th3 1, post apertural lists are present and 

connect the dorsal lists. 

Haddingograptus oliveri differs from the similar Haddingograptus eurystoma in having 

an inwardly inclined th3 1 interthecal septum rather than outwardly inclined, a strongly 

inclined inward th3 1 subapertural wall rather than moderately inclined, an inwardly 

inclined interthecal septum rather than outwardly inclined, and a deep rather than shallow 

distal apertural excavation depth. 

Occurrence: The holotype is from Rigshospitalet, Oslo; Llanvirn, Ogygiocaris Series, 

Zone 4 a cc, according to Boucek (1973). 

Biostratigraphic distribution: Didymograptus murchisoni Zone according to Boucek 

(1973). 

Discussion: Maletz (1997b) suggested that the Jaanusson 1960 specimens and the Berry 

1964 PMO 69.895 (pl. 13, fig. 8) specimen may be H. oliveri, but without the proximal ends, 

this suggestion remains provisional. 

HADDINGOGRAPTUS TARIMENSIS Chen, 2016 

Plates 25a Figures 1-28, 25b Figures 1-7 

1997 Haddingograptus eurystoma (Jaanusson, 1960) - Maletz, pp. 66-68, text-figs. 29B, 31C

L, 32C-G; Pl. SB, D-L. 
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2011 Haddingograptus eurystoma (Jaanusson, 1960) - Maletz, pp. 852-853, fig. BG. 

2016 Haddingograptus tarimensis (Chen, 2016) pp. 242-243, 246,248; Figs 6-78 J, N; 6-79 

B,D 

Type material: Designated by Chen (2016) as specimen NIGP 157481, figured as Fig. 6-78 

Jwith a photograph as Fig. 6-79 B. The specimen is in the collection at the Nanjing Institute 

of Geology and Palaeontology of the Chinese Academy of Sciences. 

Material: Published photographs of 10 relief specimens in Maletz (1997b) and of two 

relief specimens in Chen (2016) were examined, as well as 20 camera lucida drawings in 

Maletz (1997b) and two in Chen (2016). 

Description: This taxon exhibits a pattern C astogeny, with th2 1 as the dicalycal theca and 

four primordial thecae. Both proximally and distally, the dorsal wall is zig-zag. The thecal 

shapes are uniform throughout the length of the rhabdosome and intrathecal folds are 

present. The sicula appears to be straight from the exposed portion on most specimens. 

The straight virgella has no elaboration and may be of short length ( as most 

Haddingograptus taxa have), but without knowledge of sicula length, this cannot be 

ascertained. The nema, embedded in the full median septum, is normal and well-developed 

in some specimens that preserve the distal end. Theca 11 is U-shaped, with an everted 

concave aperture reinforced with a selvage. Theca 11 has no apertural spine, nor do any 

subsequent thecae. 

Due to the absence of early astogeny examples, many developmental characters cannot 

be ascertained, such as the structure of the prosicula, the formation of the thl 1 and thl 2 

foramens, the growth of thl 2 (presumed streptoblastic but not known), nor can the 
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proportions of key features such as sicula shape, virgellar length, and obverse exposure be 

determined due to lack of information on sicular length. 

The ca 12 and th11 have a similar inclination of their upward grown metathecae, but have 

a dissimilar elevation of their bases. Several specimens show minor dorsal exposure, 

significantly less than the sicula width. Theca 12 has a U-shaped metathecal geometry and 

a straight-shaped aperture with an approximately horizontal orientation. 

Theca 21 descended (S-shaped) right-handed until its hood fused with a pouch-shaped 

flange on thl1 below the th2 2 crossing canal. (Presumably, as with other Haddingograptus 

taxa, it ascended directly from the thl 2 protheca before descending, but this is not known.) 

Theca 21 then split to form a symmetrical pair, and ascended while th2 2 grew laterally to 

the dorsal side of the sicula before it ascended. Theca 21 forms a concave supra-apertural 

wall above thl 1 ending in a sharply rounded geniculum, with an overhanging awning. 

Theca 31 bud laterally before it ascended from the dicalycal th2 1 and it has a convex 

outwardly inclined interthecal septum with th2 1. The th3 1 aperture is about horizontal, 

straight, and reinforced with a selvage. The subapertural wall of th3 1 is convex and inclines 

moderately inward. Theca 41 forms a concave supra-apertural wall above th3 1 ending in a 

sharply rounded geniculum, with an overhanging awning. In specimens at hand, in neither 

th3 1 nor in distal thecae (th5 1) can post apertural lists or dorsal lists be ascertained, though 

they are presumed to exist. Theca 22 encloses the sicula on the obverse side together with 

th3 1 on the reverse side. 

The distal th5 1 has a convex inwardly inclined interthecal septum with th41 . The 

aperture is horizontal and straight, and reinforced with a selvage. Its apertural excavation 

depth is deep, more than 25% of the rhabdosome width. Its subapertural wall is convex 
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and inclines moderately inward. Theca 61 forms a concave supra-apertural wall above th5 1 

ending in a tightly rounded geniculum, with an overhanging awning. Theca 51 arises below 

its own zig. 

Haddingograptus tarimensis differs from the similar H. maennili in five characters. It 

differs in having a short dorsal sicular exposure (less than the width of the aperture, 

character 23) where H. maennili has no dorsal sicular exposure (similar in this to H. 

eurystoma). It differs in having a U-shaped thl 1 where H. maennili has a J-shape (character 

79) and in having a theca 31 interthecal septum inclination that is approximately parallel 

rather than inwardly inclined. It also differs in having a thl 1 aperture orientation that is 

horizontal rather than introverted and in having a primary thl 1 apertural shape that is 

concave rather than having paired lateral lobes. 

Occurrence: The Chen (2016) specimens are reported to be common in the Saergan 

Formation at Dawangou Kalp in, W. Xinjiang. The Maletz (1997b) PMO specimens are 

from the upper part of the Sjostrand member of the Elnes Formation at the northern side 

of Almedalsveien in Slemmestad, Norway. 

Biostratigraphic distribution: Maletz (1997b) finds Haddingograptus tarimensis in the 

Nicholsonograptus fasciculatus and Pseudamplexograptus distichus zones in Norway. Chen 

(2016) finds Haddingograptus tarimensis in the D. murchisoni to the N. gracilis biozones in 

W. Xinjiang. 

Genus OELANDOGRAPTUS (Mitchell 1987) 

Type species. Glyptograptus austrodentatus oelandicus Bulman, 1963a, (monotypic genus) 

Diagnosis: (Mitchell 1987, p. 383): Median septum undulatory, weakly sigmoidal thecae 

with long, outwards inclined infragenicular wall, sharply rounded geniculum and short, 
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nearly vertical supragenicular wall. Thecal apertures slightly everted and undulatory with 

a concave ventral margin. Sicular aperture simple. Primordial astogeny follows pattern A 

and the proximal end is evenly rounded to somewhat blunt and nearly symmetrical. 

OELANDOGRAPTUS OELANDICUS (Bulman, 1963, revised Mitchell, 1987) 

Plate 45a figures 1-35, plate 45b Figures 1-18 

1936 Glyptograptus dentatus (Brongniart, 1828); Bulman pp. 49-57, text-figs. 18-21; pl. 3, 

figs. 5-7, 12-13, 14-21; and pl. 4, figs. 4-6. 

1963 Glyptograptus austrodentatus var. oelandicus n.var.; Bulman, pp. 682-683, text figs. 2 

a-d, 8; pl. 97, figs. 16, 17. [Nomen nudum.] 

1965 Glyptograptus austrodentatus var. oelandicus (Bulman, 1963); Skevington, pp 58-60, 

text-figs. 63-65. 

1987 Oelandograptus austrodentatus oelandicus (Bulman, 1963); Mitchell, p. 383, text-fig. 

2B-D, 2J. 

1992 Oelandograptus oelandicus (Bulman, 1963); Mitchell, p. 174, text-fig. 3a, 3b. 

1997 Oelandograptus oelandicus (Bulman, 1963); Maletz, pp. 48-49, text-fig. 21 A-F. 

2000 Glyptograptus austrodentatus var. oelandicus var. nov. (Bulman, 1963); Dean, et al., 

pp. 569-572, text-fig. 12a-c. 

2008 Oelandograptus oelandicus (Bulman, 1963); Mitchell, Brussa, & Maletz, pp. 1121-

1123, text-fig. 9.1, 9.2, 10.3, 10.6, 10.8. 

2011 Oelandograptus oelandicus (Bulman, 1963); Maletz & Ahlberg, pp. 358, 359, text-fig. 

6A. 
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Type material: The holotype is Glyptograptus dentatus - Bulman 1936, pl. 3, figs. 5-7 

(Holm Collection, no. 307, Naturhistoriska riksmuseet, Stockholm); Glaukonithaltig gra 

Vaginatumkalk, Hallumden, Oland. 

Material: Measurements were made on six three-dimensional specimens on loan to Dr. 

Mitchell at SUNY Buffalo from the Naturhistoriska riksmuseet Holm collection, and on 

published illustrations of 7 three-dimensional specimens in Bulman 1936. Published 

illustrations of line drawings of nine three-dimensional specimens from Bulman 1936, four 

from Mitchell 1987, three from Skevington 1965, and one from Mitchell 1992 were 

examined, along with five low relief specimens from Maletz 1997, three from Mitchell et al. 

2008, and one from Maletz & Ahlberg 2011, and drawings of three specimens in Mitchell 

1990, two specimens in Mitchell 1992, and three specimens in Dean et al. 2000. 

Description: This taxon exhibits a pattern A astogeny, with th2 1 as the dicalycal theca 

and four primordial thecae. The dorsal wall is undulose. The thecal shapes are uniform 

throughout the length of the rhabdosome. Based on three-dimensional specimens, the 

sicula is straight, with length of about 1.4mm and apertural width of about 4mm, giving it a 

medium length to width ratio of about 4.3. The straight virgella is long, being 1.3 to 1.5mm 

long in the best preserved specimens ( e.g., Cn59890 and MHNC 13178). The nema, 

embedded in the full median septum, is normal and well-developed in many specimens. 

The sicula gave rise to thl 1 from an off axis porus in the middle third of the metasicular. 

Theca 11 is U-shaped, with an almost horizontal (80-85°), straight aperture, and with paired 

lateral lappets, and with no spine. Successive thecae are also spineless. 

The streptoblastic thl 2 arose dorsally from a foramen in the upper third on the left side 

of the protheca, and grew across the protheca to the reverse (right) side before descending. 
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Theca 12 and thl 1 form a symmetric pair with similar elevation of their bases and similar 

inclination of their upward grown metathecae, and show no dorsal exposure of the sicula. 

The ca 12 has an apertural spine. There are no ventral median spines after this pair. Theca 

12 has a U-shaped metathecal geometry and a straight primary aperture with an almost 

horizontal (85-87°) orientation. 

Theca 21 descended directly from the thl 2 protheca (U-shaped) left-handed until its hood 

fused with a flange low between thl 1 and thl 2 ( on thl2 crossing canal) in some specimens 

and at the sicula-thl 1 junction in other specimens and split to form symmetrical pair, and 

arose while th2 2 grew laterally to the dorsal side of the sicula before ascending. Theca 21 

formed a concave supra-apertural wall above thl 1, without a geniculum, but with a faceted 

pseudogeniculum. Theca 22 formed a similar faceted pseudogeniculum above thl 2. 

Theca 31 ascended from the dicalycal th2 1 and has a convex outwardly inclined ( average 

130°) interthecal septum with th21. Theca 31 has a straight, almost horizontal (88-92°) 

aperture with periderm thickening along the aperture edge. The subapertural wall of th3 1 

is straight and inclined about parallel (92-101°) to the axis of the rhabdosome. Theca 31 

together with th2 2 encloses the sicula on the obverse side. Theca 41 forms a concave supra

apertural wall above th3 1, without a geniculum, but with a faceted pseudogeniculum. 

Theca 31 has no aboral lists. Post-apertural lists are present at the dorsal junctions but not 

at the apertural list junctions. The enclosed sicula has a short obverse exposure, with an 

average length of 0.69mm compared to the average sicula length of 1.46mm-a ratio of less 

than half. 

The distal th5 1 has a convex outwardly inclined ( average 13 5°) interthecal septum with 

th41. The aperture is almost horizontal (88-89°), and straight, and has paired lateral 
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lappets. Its apertural excavation depth is shallow, between 19-22% of the rhabdosome 

width. Its subapertural wall is straight and inclined moderately outward at about 120°. 

Theca 61 forms a concave supra-apertural wall above th51, without a geniculum, but with a 

faceted pseudogeniculum. Theca 51 arises below its own zig and the thecal overlap with 

preceding thecae is characterized as "short archaic diplo." As in th31, th51 has post

apertural lists at the dorsal list junctions, but no aboral lists or post-apertural lists at the 

apertural list junctions. 

Oelandograptus oelandicus significantly differs from its most similar relatives 

Climacograptus biformis by 21 characters and Proclimacograptus angustatus by 23 

characters. It is distinguished by its long supra-apertural walls ending in a 

pseudogeniculum below its parallel-to-the-axis subapertural wall, paired lateral lappets at 

the aperture, and long virgella when preserved exposure. 

Discussion: Maletz (1997b) provides six line drawings of Oelandograptus oelandicus 

specimens. He considered his identification of these to be "problematical" as these are 

flattened specimens on shale and difficult to correlate to the three-dimensional specimens 

on which the taxon is based. Maletz's referral of these specimens to Oelandograptus 

oelandicus is accepted here. Two of these (Plate 45B fig. 8 and fig. 12, Maletz (1997b) fig. 

21A and 21C) are identified as being from the slab PMO 155.497, but are clearly different 

specimens. I have followed the protocol used elsewhere in Maletz (1997b) in identifying 

these as 155.497(1) and 155.497(2) respectively. 

Occurrence: Examined specimens are from the Holen Limestone ( = Glaukonithaltig gra 

Vaginatumkalk of Holm and Bulman), Oland; Ontikan Series, Kunda Stage. It is also found 

in the Elnes Formation from the Olso region of Norway (Maletz 1997b); in the Coroico 
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Formation southwest of Consata in Bolivia (Mitchell, Brussa, & Maletz (2008); in the T0yen 

Shale Formation at Lerhamn, NW Scania, southern Sweden (Maletz & Ahlberg 2011); and in 

the Karadere Formation of the Karadere-Zirze area in the Pontus Mountains 

Biostratigraphic distribution: Maletz (1997b) reports these as in the D. hirundo and D. 

bifidus zones. 

Genus PSEUDAMPLEXOGRAPTUS (Mitchell 1987) 

Type species ( original designation): Lomatoceras distichus Eichwald, 1840 

Diagnosis: (Maletz, 1997b, p. 57, emended from Mitchell 1987, p. 389): Taxon with 

broadly rounded proximal end and pattern C astogeny; median septum sharply zigzag to 

straight, usually without distinct prothecal septa. Th2 1 generally dicalycal and with the 

region between the metatheca of th11 and th12 on the reverse side occupied by an exposed 

patch of the right-handed crossing canal ofth2 1 flanked or enclosed by the prothecae of both 

th3 1 and thZZ. Early origin of th3 1 from the prothecal part of thZ1. Infragenicular walls and 

theca! apertures inclined towards the rhabdosome midline. Thl 1 and thl2 with straight 

apertures and apertural spines. 

Species included. Lomatoceras distichus Eichwald, Amplexograptus latus Bulman, 1931. 

Mitchell (1987) also includes Amplexograptus maxwelli Ekstrom, 1937 (non Decker 1935), 

which is out of scope for this study. 

PSEUDAMPLEXOGRAPTUS DISTICHUS (Eichwald, 1840) 

Plates 47A Figures 1-14, 47B Figures 1-26, 47C Figures 1-42, 47D Figures 1-21, 

1840 Lomatoceras distichus m. - Eichwald, p. 101. 

1860 Diplograptus distichus m. - Eichwald, p. 425, pl. 26, figs. 7a, 7b. 
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1907 Diplograptus (Orthograptus) calcaratus var. priscus var. nov. - Elles & Wood, p. 244, pl. 

30, figs. 6a-c; text-fig. 164. 

1932 Climacograptus orthoceratophilus n. sp. - Bulman, p. 17-20, pl. 4, figs. 1-28, pl. 5, figs. 

1-6, text-figs. 9,10. 

1960 Climacograptus distichus (Eichwald) - Jaanusson, p. 334-335, pl. 5, fig. 5. 

1964 Amplexograptus munimentus n. sp. - Berry, p. 141-143, pl. 14, figs. 1-4. 

1964Amplexograptus tubulus n. sp. - Berry, p. 144-145, pl. 14, fig. 6. 

1964 Amplexograptus cf. tubulus n. sp. - Berry, pl. 14, fig. 5. 

1987 Pseudamplexograptus distichus Mitchell, p. 356, figs. 20, 2P. 

1997 Pseudamplexograptus distichus Maletz, p. 97, pl. 6, figs. F,G; text-fig. p. 51, figs 23 D,E; 

p. 60, figs. 27 A-G 

2011 Pseudamplexograptus distichus Maletz, p. 851, fig. SF. 

Type material: Carl Eduard von Eichwald did not formally designate a holotype when he 

first described this taxon in 1840, but referred to a small fragmentary specimen in his 

possession from the island of Odinsholm (Osmussaare ), Estonia. This specimen, which he 

illustrated in his 1860 monograph (see Plate 47A, fig. 1), was borrowed by Holm and 

became part of the Naturhistoriska riksmuseet collection. Jaanusson identified this 

specimen (Cn 54583) as the original, designated it to be the lectotype, and described and 

figured it (Jaanusson 1960, pl. 5, fig. 5, also see Plate 4 7 A, fig. 2). 

Material: Measurements were made on twenty-five three-dimensional specimens on 

loan to Dr. Mitchell from the Naturhistoriska riksmuseet specimens at SUNY Buffalo from 

the Holm collection. Published illustrations of 22 three-dimensional specimens in Bulman 

1932, one three-dimensional specimen from Goldman et al. 2015, and line drawings of two 
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three-dimensional specimens from Mitchell 1987 were examined, along with one low relief 

specimen from Jaanusson 1960, three low relief specimens from Berry 1964 and Maletz 

1997b, and drawings of three specimens in Elles and Wood 1907. 

Description: This taxon exhibits a pattern C astogeny, with th2 1 as the dicalycal theca 

and four primordial thecae. Proximally, the dorsal wall is zig-zag, but distally, it is straight. 

The thecal shapes are uniform throughout the length of the rhabdosome and intrathecal 

folds are present. Based on three-dimensional specimens, the sicula is straight, with length 

of about 1.4mm and apertural width of about 0.3mm, giving it a medium length to width 

ratio of about 4.3. The straight virgella is of short length, approaching 1/2 the length of the 

sicula-the longest observed unbroken length was 0.64mm. The nema, embedded in the 

full median septum, is normal and well-developed in many specimens. The sicula gives rise 

to th11 from an off axis porus in the middle third of the metasicular. The ca 11 is L-shaped, 

with an everted, straight aperture, which is reinforced with a selvage and with an apertural 

spine. 

The streptoblastic thl 2 arises dorsally from a foramen in the upper third on the left side 

of the protheca, grown across the protheca to the reverse (right) side before descending. 

Theca 12 and thl 1 form a symmetric pair with similar elevation of their bases and similar 

inclination of their upward grown metathecae. Although many specimens have thl 2 

descending to the aperture of the sicula and showing no dorsal exposure of the sicula, eight 

specimens showed minor exposure, but with all but one being less than 20% of the sicula 

width. Theca 12 has an apertural spine. There are no ventral median spines after this pair. 

Theca 12 has an open I-shaped metathecal geometry and a straight primary aperture with 

horizontal orientation. 
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Theca 21 arises ascending directly from the thl 2 protheca before descending (s-shaped) 

right-handed until its hood fuses with a flange low on thl 1 ( on thl 1 protheca) and splits to 

form symmetrical pair, arising while th2 2 grows laterally to the dorsal side of the sicula 

before ascending. Theca 21 forms a concave supra-apertural wall above thl 1 ending in an 

indistinct flowing geniculum. 

Theca 31 buds laterally before ascending from the dicalycal th2 1 and has a convex 

outwardly inclined interthecal septum with th21. Theca 31 is everted ( average 82°), with a 

straight aperture, which is reinforced with a selvage. The subapertural wall of th3 1 is 

convex and inclined parallel to the axis of the rhabdosome. The ca 41 forms a concave 

supra-apertural wall above th3 1 ending in a sharply rounded geniculum. In th3 1, aboral 

lists connect dorsal lists apertureward of the nema and post apertural lists are present at 

the dorsal and apertural list junctions. Theca 32 arises distally from th2 2 and together with 

th3 1 encloses the sicula on the obverse side. The enclosed sicula has a medium obverse 

exposure, with an average length of 0.69mm compared to the average sicula length of 

1.46mm-a ratio of less than half. 

The distal th5 1 has a convex outwardly inclined interthecal septum with th41. The 

aperture is horizontal and straight, and reinforced with a selvage. Its apertural excavation 

depth is shallow, less than 25% rhabdosome width. Its subapertural wall is straight and 

inclined parallel to the axis of the rhabdosome. Theca 61 forms a concave supra-apertural 

wall above th5 1 ending in a sharp geniculum. Theca 51 arises below its own zig and the 

thecal overlap with preceding thecae is characterized as "short archaic diplo." As in th31, 

ab oral lists connect dorsal lists apertureward of the nema and post apertural lists are 

present at the dorsal and apertural list junctions. 
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Pseudamplexograptus distichus differs from Pseudamplexograptus latus in having an 

everted th31rather than horizontal, a convex theca 31 subapertural wall rather than 

straight, and in having an apertural spine on thl 2 rather than a mesial spine. Thirty-three 

character differences separate Pseudamplexograptus distichus from the most closely related 

archiclimacograptids-A. osloensis and A. riddellensis. 

Occurrence: Examined specimens are from the Folkeslunda Limestone (Gra Lituitkalk) 

exposures in Lerkaka, Gardslosa, and Folkeslunda, Sweden. The lectotype (RM No. Cn 

54583, coll. Holm 1883) is from the Lasnamagi Stage (C1b), of Vaike Pakri, Osmussaar, 

Estonia. Jaanusson (1960) reports that it is also found in the Seby Limestone of Oland, 

Sweden and in Oslo, Norway in the Upper Didymograptus Shale. Maletz (1997b) equates 

Diplograptus (Orthograptus) calcaratus var. priscus (Elles and Wood 1907) from the late 

Llanvirn of Abereiddy Bay with Pseudamplexograptus distichus. 

Biostratigraphic distribution: Maletz (1997b) notes that "the species has its first 

appearance at the base of the Pseudamplexograptus distichus Zone, and may range into the 

Llandeilian. There are not enough data to confirm the exact biostratigraphic range of the 

species." The Albjara core in Scania, Sweden includes the complete range of 

Pseudamplexograptus distichus (Maletz 1995). Mitchell (1987) has it from the upper D. 

murchisoni Zone. 
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APPENDIX E - FMC OUTPUT TABLES 

Character 1 "Sicula Shape Ratio" FMC Two-State Model Output Table 
Prob Prob 
under under Group 

Specimen Variable 1 2 {Prob} 
Ha_eury_RM_01_2 3 5 3 2.99 0.978 0.022 1 
Pa_dist_RM_Ol_77 3.15 0.979 0.021 1 
Pa_dist_RM_01_89 3.17 0.979 0.021 1 
Ha_eury_RM_01_2 3 5 2 3.35 0.980 0.020 1 
Ar_cael_GSC_ll9834-2 3.38 0.980 0.020 1 
Pa dist RM 01 78 3.56 0.980 0.020 1 
Ha eury_ RM 01 2350 3.58 0.980 0.020 1 
N_kuke_Goldman_2011_1I 3.58 0.980 0.020 1 
Pa_ dist_RM_ 0 l_7 3 3.6 0.980 0.020 1 
Pa_ dist_RM_ 01_2 7 3 5 3.66 0.979 0.021 1 
G_linn_Urb_Fig2 3.68 0.979 0.021 1 
Pa_dist_RM_Ol_83 3.79 0.978 0.022 1 
Pa dist RM 01 74 3.82 0.978 0.022 1 
N kuke RM Cn 59933 3.84 0.978 0.022 1 
N_kuke_Goldman_2011_1J 3.93 0.976 0.024 1 
Am_pere_MCZ_l 15911 3.98 0.976 0.024 1 
Ar_conf_GSC_133531 4.09 0.973 0.027 1 
Pa_dist_RM_ 01_84 4.17 0.972 0.028 1 
Ha eury_ RM 01 2346 4.2 0.971 0.029 1 
N kuke RM Cn 59936 4.22 0.970 0.030 1 
Pa dist RM 01 79 4.22 0.970 0.030 1 
Ar _conf_ GSC_l 32 3 38 4.33 0.966 0.034 1 
Ha_oliv _GSC_l 19827b 4.54 0.956 0.044 1 
N_kuke_RM_Cn_59932 4.63 0.950 0.050 1 
Pa_dist_RM_01_1704 4.66 0.948 0.052 1 
Ha_eury_RM_01_203 4.69 0.945 0.055 1 
Hu tere RM Cn 59886 4.72 0.943 0.057 1 
E gerh RM 01 1228 4.73 0.942 0.058 1 
Ha_eury_RM_01_2354 4.74 0.941 0.059 1 
N_kuke_RM_Cn_59930 4.84 0.930 0.070 1 
Ar_cael_GSC_119835a 4.85 0.929 0.071 1 
L_prim_GSC_102851 4.86 0.928 0.072 1 
Hu_bulm_GSC_59920 4.94 0.917 0.083 1 
D cumd NMNH 377408 4.95 0.916 0.084 1 
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Character 1 "Sicula Shape Ratio" FMC Two-State Model Output Table 
(continued) 

Specimen 
Ar cael GSC 119835b 
L prim GSC 102846-6 

Pa dist RM 01 2731 
L_prim_GSC_10284 7 
Ar _cael_GSC_l 19834-0 
L_sini_GSC_133382 
Pa_ dist_RM_ 0 l_8 0 
L_prim_GSC_102851-
856 
Pa_ dist_RM_ 0 l_6 6 

L _prim GSC 102846 
Ar deco GSC 132342 
Ar deco GSC 119826b 
L_sini_GSC_133384 
Ar_seby_RM_01_59803 
Ar_seby_RM_01_59884 
U_camp_RM_01_296 

0 oela RM 01 295 
D lupe RM Cn 59927 
Ar seby UM 01 981 
Ar _cael_ GSC_l 19834-1 
Ar_deco_GSC_133527 
D_hyst_RM_01_44 
D_hyst_RM_Ol_43 
D_hyst_RM_Ol_42 

0 oela RM 01 Figl4 
O_oela_RM_Cn_59892 
D _hyst_RM_ 01_3 9 

L_sini_GSC_102836 
O _oela_RM_ 01_294 

Variable 
5.03 
5.06 
5.12 
5.45 
5.48 
5.52 

5.6 

5.66 
5.85 
6.03 
6.23 
6.36 
6.57 
6.58 
6.64 

6.8 
7.68 
7.74 
7.99 
8.18 
8.36 
8.47 
8.52 

8.7 
9.13 
9.26 
9.61 
9.73 

11.08 

Prob 
under 

1 
0.902 
0.897 
0.884 
0.776 
0.762 
0.742 
0.698 

0.661 
0.525 
0.382 
0.236 
0.160 
0.078 
0.075 
0.059 
0.031 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Prob 
under 

2 
0.098 
0.103 
0.116 
0.224 
0.238 
0.258 
0.302 

0.339 
0.475 
0.618 
0.764 
0.840 
0.922 
0.925 
0.941 
0.969 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

Group 
{Prob} 

1 
1 
1 
1 
1 
1 
1 

1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
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Character 3 "Virgellar Spine Length% Sicular Length" FMC Five State Model Output 
Table 

CHARACTER3 

Specimen 
Ar_seby_UM_Ol_980 

L_sini_GSC_133382 

Ha eury RM Ol 203 

Ha eury RM Ol 2346 

Pa dist RM Ol 80 

Ar conf GSC 132338 

Pa dist RM Ol 77 

Am_pere_MCZ_115911 

E_gerh_RM_Ol_l 2 28 

Pa dist RM Ol 83 

L _prim GSC 102846-6 

N kuke RM Cn 59933 

Ar deco GSC 132342 

Ar deco GSC 133527 

Ha_eury_RM_Ol_2354 

L_prim_GSC_l 0 2846 

L sini GSC 133384 

0 oela RM Ol 294 

Pa dist RM Ol 2731 

Ar seby RM Ol 59803 

Ha oliv GSC 119827b 

L_prim_GSC_10 2847 
L_prim_GSC_102851/856-
3 

N kuke RM Cn 59930 

N kuke RM Cn 59936 

0 oela RM Ol 295 

Pa_dist_RM_Ol_66 

N_kuke_Goldman_2011_1J 

N kuke RM Cn 59932 

Pa dist RM Ol 74 

U camp RM Ol 296 

Variable 
0.15 

0.19 

0.21 

0.22 

0.23 

0.24 

0.24 

0.25 

0.25 

0.25 

0.26 

0.26 

0.27 

0.27 

0.27 

0.27 

0.27 

0.27 

0.28 

0.3 

0.3 

0.3 

0.3 

0.31 

0.31 

0.32 

0.32 

0.33 

0.33 

0.34 

0.34 

Prob 
under 
1 

0.999 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Prob 
under 
2 

0.001 

0.881 

0.901 

0.904 

0.905 

0.903 

0.903 

0.898 

0.898 

0.898 

0.891 

0.891 

0.880 

0.880 

0.880 

0.880 

0.880 

0.880 

0.865 

0.819 

0.819 

0.819 

0.819 

0.785 

0.785 

0.742 

0.742 

0.688 

0.688 

0.623 

0.623 

Prob 
under 
3 

0.000 

0.106 

0.096 

0.094 

0.094 

0.097 

0.097 

0.102 

0.102 

0.102 

0.109 

0.109 

0.120 

0.120 

0.120 

0.120 

0.120 

0.120 

0.135 

0.181 

0.181 

0.181 

0.181 

0.215 

0.215 

0.258 

0.258 

0.312 

0.312 

0.377 

0.377 

Prob 
under 
4 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Prob 
under Group 
5 {Prob} 
0.000 1 

0.013 2 

0.004 2 

0.002 2 

0.001 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 

0.000 2 
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Character 3 "Virgellar Spine Length% Sicular Length" FMC Five State Model Output 
Table ( cont.) 

CHARACTER3 Prob Prob Prob Prob Prob 
under under under under under Group 

Specimen Variable 1 2 3 4 5 {Prob} 
L _prim GSC 102851 0.35 0.000 0.546 0.454 0.000 0.000 2 

Pa dist RM Ol 1704 0.36 0.000 0.469 0.531 0.000 0.000 3 

G_linn_Urb_Fig2 0.36 0.000 0.460 0.540 0.000 0.000 3 

Pa_dist_RM_Ol_73 0.37 0.000 0.370 0.630 0.000 0.000 3 

D_cumd_NMNH_377408 0.38 0.000 0.283 0.717 0.000 0.000 3 

D hyst RM Ol 42 0.38 0.000 0.283 0.717 0.000 0.000 3 

Hu tere RM Cn 59886 0.38 0.000 0.283 0.717 0.000 0.000 3 

Ar deco GSC 119826b 0.39 0.000 0.206 0.794 0.000 0.000 3 

Ha eury RM Ol 2350 0.39 0.000 0.206 0.794 0.000 0.000 3 

Ha_eury_RM_Ol_23 5 3 0.4 0.000 0.142 0.858 0.000 0.000 3 

D_hyst_RM_Ol_43 0.42 0.000 0.059 0.941 0.000 0.000 3 

0 oela RM Ol Figl4 0.42 0.000 0.059 0.941 0.000 0.000 3 

D hyst RM Ol 39 0.43 0.000 0.035 0.965 0.000 0.000 3 

D hyst RM Ol 44 0.43 0.000 0.035 0.965 0.000 0.000 3 

Ha hapl RM Ol 227 0.43 0.000 0.035 0.965 0.000 0.000 3 

0 oela RM Cn 59892 0.44 0.000 0.021 0.979 0.000 0.000 3 

Ha_eury_RM_Ol_23 5 2 0.45 0.000 0.012 0.988 0.000 0.000 3 

Hu_bulm_GSC_59920 0.45 0.000 0.012 0.988 0.000 0.000 3 

D lupe RM Cn 59927 0.47 0.000 0.003 0.997 0.000 0.000 3 

Ar cael GSC 119834-1 0.49 0.000 0.001 0.999 0.000 0.000 3 

Pa dist RM Ol 79 0.5 0.000 0.000 0.999 0.000 0.000 3 

L sini GSC 133384/6-2 0.53 0.000 0.000 0.999 0.000 0.000 3 

Pc ang RM Ol 983 0.54 0.000 0.000 0.999 0.001 0.000 3 

D_lupe_RM_Cn_54587 0.59 0.000 0.000 0.992 0.008 0.000 3 

Ar_cael_GSC_119835a 0.8 0.000 0.000 0.001 0.999 0.000 4 

Ar cael GSC 119834-2 1 0.000 0.000 0.000 1.000 0.000 4 
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Character 4 "Dorsal Sicular Exposure % Sicular Aperture Width" FMC Four-State 
Mode10utput Table 

Specimen 
Am_pere_MCZ_115927 
Am_pere_MCZ_115928 
Ar cael GSC 119834-1 
Ar cael GSC 119835a 
Ar deco GSC 119826a 
Ar_deco_GSC_119826c 
Ar_deco_GSC_133527 
Ar_oslo_PMO_212837 
Ar_seby_UM_01_980 
Ar seby UM 01 981 
D cumd NMNH 377408 
D lupe PMO 212749 
E_gerh_RM_Cn_1280 
E_gerh_RM_01_1228 
Ha_eury_RM_01_1685 
Ha_eury_RM_01_232 
Ha maen GIT 717-8 
Ha oliv GSC 119827b 
Hu_bulm_GSC_306 
Hu_bulm_GSC_59846 
L_prim_GSC_102846 
L_prim_GSC_102857 
L_sini_GSC_133366 
Pa dist RM 01 117 
Pa dist RM 01 119 
Pa_dist_RM_Ol_126 
Pa_dist_RM_01_1700 
Pa_dist_RM_Ol_79 
Pa_dist_RM_01_80 
Pa_dist_RM_01_83 

Pa dist RM 01 84 
Pc ang UUG-BB 146 
U_camp_RM_Cn_59944 
U_camp_RM_Cn_59945 
U_camp_RM_01_485 
O_oela_RM_01_2 9 5 

Variable 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.02 

Prob 
under 
1 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.063 

Prob 
under 
2 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
0.000 

Prob Prob 
under under Group 
3 4 {Prob} 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.000 0.000 2 
0.935 0.002 3 
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Character 4 "Dorsal Sicular Exposure % Sicular Aperture Width" FMC Four-State 
Model Output Table 
(continued) 

Specimen 
O_oela_RM_Ol_294 
Ar _seby _RM_01_59884 
Pa_dist_RM_01_1706 
Pa_ dist_RM_ 0 l_7 8 
Pa_ dist_RM_ 01_2 7 3 5 
Pa dist RM 01 135 
Ar deco GSC 119826b 
Hu_bulm_GSC_59920 
L_prim_GSC_102851 
Pa_dist_RM_01_1702 
Pa_dist_RM_01_1704 
Pc_ang_PMO_138809 
L prim GSC 102847 
Ar deco GSC 132342 
Ar_conf_GSC_133531 
Hu_bulm_GSC_59894 
L_prim_GSC_102851&856-3 
Ar_modi_GSC_133379 
Ha_eury_RM_01_1741 
Ha eury RM 01 201 
Hu tere RM Cn 59886 
Pa_dist_RM_01_2 731 
Ha_eury_RM_01_189 
Hu_tere_SGU_Jaan60_Pl-
III_Fig10 
Pa_dist_RM_01_1710 
Pc_ang_RM_01_983 
Ar_conf_GSC_132338 
Pa_dist_RM_Ol_89 

D hyst RM 01 44 
Ha hapl RM 01 227 
Pa_dist_RM_ 01_121 
D_hyst_RM_Ol_42 
Ha_hapl_RM_Ol_226 
D_hyst_RM_Ol_43 

Variable 
0.03 
0.04 
0.04 
0.04 
0.08 
0.09 
0.12 
0.12 
0.14 
0.15 
0.15 
0.15 
0.16 
0.17 
0.18 
0.18 
0.18 
0.19 
0.19 
0.19 
0.19 
0.19 

0.2 

0.2 
0.2 
0.2 

0.23 
0.23 
0.24 
0.24 
0.27 
0.28 
0.29 

0.3 

Prob 
under 

1 
0.051 
0.042 
0.042 
0.042 
0.019 
0.016 
0.009 
0.009 
0.006 
0.005 
0.005 
0.005 
0.005 
0.004 
0.003 
0.003 
0.003 
0.003 
0.003 
0.003 
0.003 
0.003 
0.002 

0.002 
0.002 
0.002 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 

Prob 
under 

2 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Prob Prob 
under under Group 

3 4 {Prob} 
0.947 0.002 3 
0.956 0.002 3 
0.956 0.002 3 
0.956 0.002 3 
0.978 0.003 3 
0.981 0.003 3 
0.986 0.005 3 
0.986 0.005 3 
0.988 0.006 3 
0.988 0.007 3 
0.988 0.007 3 
0.988 0.007 3 
0.988 0.007 3 
0.988 0.009 3 
0.987 0.010 3 
0.987 0.010 3 
0.987 0.010 3 
0.986 0.011 3 
0.986 0.011 3 
0.986 0.011 3 
0.986 0.011 3 
0.986 0.011 3 
0.985 0.013 3 

0.985 0.013 3 
0.985 0.013 3 
0.985 0.013 3 
0.979 0.020 3 
0.979 0.020 3 
0.976 0.023 3 
0.976 0.023 3 
0.963 0.036 3 
0.956 0.043 3 
0.949 0.051 3 
0.940 0.060 3 
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Character 4 "Dorsal Sicular Exposure % Sicular Aperture Width" FMC Four-State 
Model Output Table 
(continued) 

Specimen 
D_lupe_RM_Cn_59927 
Ha_eury _RM_01_2346 
Ha_eury_RM_01_230 
Ha_eury_RM_Ol_233 
Ha_eury_RM_01_2345 
Ha hapl RM Cn 54601 
Ha eury RM 01 2774 
Ha_hapl_RM_Ol_229 
Ha_eury_RM_01_203 
Ha_eury_RM_01_164 
N_kuke_Goldman_2011_11 
Pc_ang_RM_ 0 l_984 
Ha eury RM 01 197 
Ha eury_ RM 01 2354 
Ha_eury_RM_Ol_231 
Ha_eury_RM_01_228 
Ha_eury_RM_01_166 
Ha_eury_RM_01_2 3 51 
N_kuke_RM_Cn_59936 
G linn Urb Fig4 
G linn Urb Pll 1 
N_kuke_Goldman_2011_1J 
G_linn_GIT_717-3 

Variable 
0.3 
0.3 

0.31 
0.31 
0.31 
0.31 
0.32 
0.32 
0.35 
0.36 
0.36 
0.36 
0.37 
0.37 
0.42 
0.45 
0.47 
0.47 
0.49 
0.53 
0.67 

0.7 
0.88 

Prob 
under 

1 
0.001 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Prob 
under 

2 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Prob Prob 
under under Group 

3 4 {Prob} 
0.940 0.060 3 
0.940 0.060 3 
0.929 0.071 3 
0.929 0.071 3 
0.929 0.071 3 
0.929 0.071 3 
0.916 0.084 3 
0.916 0.084 3 
0.860 0.140 3 
0.834 0.166 3 
0.834 0.166 3 
0.834 0.166 3 
0.804 0.196 3 
0.804 0.196 3 
0.584 0.416 3 
0.413 0.587 4 
0.303 0.697 4 
0.303 0.697 4 
0.210 0.790 4 
0.086 0.914 4 
0.002 0.998 4 
0.001 0.999 4 
0.000 1.000 4 
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Character 5 11 Theca 11 Apertural Orientation Angle of Inclination 11 

FMC Two-State Mode1 0 utput Table 

Specimen Variable 

Pa dist RM 140 0.21 

Pa dist RM 1700 0.25 

Pa dist RM 79 0.27 

Pa_dist_RM_l19 0.27 

Pa_dist_RM_l17 0.28 

Pa dist RM 89 0.3 

Pa dist RM 2731 0.33 

Pa dist RM 121 0.33 

Pa dist RM 83 0.34 

Pa dist RM 1710 0.34 

Hu_bulm_GSC_306 0.35 

G_linn_GIT_717-3 0.35 

D cumd NMNH 377408 0.36 

Pa dist RM 1704 0.36 

Pa dist RM 126 0.36 

Pa dist RM 1702 0.37 

Ar oslo GIT 717-7 0.41 

Pa_dist_RM_2735 0.42 
Hu_tere_SGU_Jaan60_Pl-
III Fig10 0.44 

Pa dist RM 78 0.49 

Am _pere MCZ 115927 0.5 

L _prim GSC 102856 0.51 

L_sini_LO_10591t 0.51 

L_prim_GSC_l 02 85 7 0.52 

Ha hapl RM Cn 54601 0.52 

G linn Urb Pl11 0.53 

E_gerh RM Cn 1280 0.54 

Hu bulm GSC 59846 0.54 

Ha hapl RM 227 0.54 

Am_pere_MCZ_115928 0.56 

Ha_eury_RM_197 0.56 

Ha oliv PMO 138565 0.59 

0 oela RM 307 0.59 

Ha eury RM 233 0.61 

Ar seby_ RM 59803 0.62 

Prob 
under 1 

0.041 

0.338 

0.541 

0.541 

0.619 

0.716 

0.747 

0.747 

0.731 

0.731 

0.702 

0.702 

0.655 

0.655 

0.655 

0.590 

0.195 

0.116 

0.031 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Prob Group 
under 2 {Prob} 

0.959 2 

0.662 2 

0.459 1 

0.459 1 

0.381 1 

0.284 1 

0.253 1 

0.253 1 

0.269 1 

0.269 1 

0.298 1 

0.298 1 

0.345 1 

0.345 1 

0.345 1 

0.410 1 

0.805 2 

0.884 2 

0.969 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 
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Character 5 11 Theca 11 Apertural Orientation Angle of Inclination 11 

FMC Two-State Model Output Table ( cont.) 

Specimen 

D lupe RM Cn 54587 

Ha eury RM 164 

Pa dist RM 135 

E_gerh_RM_1228 

Ar_deco_GSC_119826b 

Ha hapl RM 226 

Ar deco GSC 133527 

Ha eury RM 232 

Ar deco GSC 119826c 

Ha eurv RM 231 

Ha_eury_RM_2 2 8 

Ha_eury_RM_166 

N kuke RM Cn 59935 

Ar cael GSC 119835a 

Ha eurv. RM 2774 

Ha eurv RM 1685 

Ar deco GSC 119826a 

N_kuke_Ruedeman_1908_353 

L_sini_GSC_133366 

Pc ang PMO 138525 

N kuke RM Cn 54606 

Ar conf GSC 133531 

N kuke RM Cn 54607 

N_kuke_Goldman_2011_1J 

O_oela_RM_Cn_59891 

G linn Urb Fig4 

Pc ang PMO 138809 

Ha eurv. RM 1741 

N kuke Goldman 2011 11 

Ar conf GSC 132338 

Ar_modi_GSC_133379 

Ha_maen_GIT_717-8 

U camp RM 485 

Ha oliv PMO 138441-1 

Ar sebv. RM 59884 

Variable 

0.62 

0.63 

0.64 

0.66 

0.66 

0.66 

0.67 

0.68 

0.68 

0.7 

0.7 

0.71 

0.72 

0.73 

0.73 

0.74 

0.74 

0.76 

0.77 

0.82 

0.83 

0.84 

0.84 

0.85 

0.85 

0.86 

0.87 

0.79 

0.91 

0.92 

0.92 

0.95 

0.97 

1.02 

1.15 

Prob 
under 1 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Prob Group 
under 2 {Prob} 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

1.000 2 

311 



Character 5 11 Theca 11 Apertural Orientation Angle of Inclination 11 

FMC Two-State Model Output Table ( cont.) 

Prob Prob Group 
Specimen Variable under 1 under 2 {Prob} 

Ar seby_ UM 980 1.18 0.000 1.000 2 

U camp RM Cn 59944 1.22 0.000 1.000 2 

U camp RM Cn 59945 1.33 0.000 1.000 2 

D_hyst_RM_44 1.37 0.000 1.000 2 

D_hyst_RM_ 43 1.51 0.000 1.000 2 

D hyst RM 48 1.54 0.000 1.000 2 
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Character 6 11 Theca 12 Apertural Orientation Angle of Inclination 11 

FMC Two-State Mode1 0 utput Table 

Specimen Variable 

Pa dist RM 89 0.18 

G linn Urb Fig4 0.24 

Pa_dist_RM_135 0.24 

Pa_dist_RM_l40 0.25 

Pa_dist_RM_l704 0.25 

Pa dist RM 119 0.32 

Pa dist RM 83 0.32 

Pa dist RM 78 0.33 

Pa dist RM 1700 0.34 

Pa_dist_RM_l 702 0.37 

Ar_oslo_GIT_717-7 0.38 

D cumd NMNH 377408 0.38 

Pa dist RM 2735 0.4 

Pa dist RM 117 0.41 

Pa dist RM 79 0.41 

G linn Urb P11 0.42 

L_prim_GSC_102857 0.44 

Pa_dist_RM_121 0.45 

Pa dist RM 126 0.5 

Pa dist RM 1710 0.5 

G linn GIT 717-3 0.51 

E gerh RM Cn 1280 0.52 

Hu bulm GSC 59846 0.56 

Ha_eury_RM_230 0.58 

Ha_eury_RM_232 0.58 

Ha eury RM 197 0.61 

Hu bulm GSC 306 0.62 

Ha eury RM 164 0.64 

Am pere MCZ 115928 0.66 

Ha hapl RM 226 0.69 

Ha_hapl_RM_227 0.69 

Ha_oliv _PMO_138565 0.69 

Am _pere MCZ 115927 0.73 

Ha maen GIT 717-8 0.74 

Ha eury RM 166 0.75 

Prob 
under 
1 

0.521 

0.693 

0.693 

0.710 

0.710 

0.761 

0.761 

0.760 

0.756 

0.733 

0.721 

0.721 

0.687 

0.666 

0.666 

0.642 

0.582 

0.547 

0.335 

0.335 

0.290 

0.247 

0.108 

0.065 

0.065 

0.027 

0.019 

0.010 

0.005 

0.001 

0.001 

0.001 

0.000 

0.000 

0.000 

Prob 
under Group 
2 {Prob} 

0.479 1 

0.307 1 

0.307 1 

0.290 1 

0.290 1 

0.239 1 

0.239 1 

0.240 1 

0.244 1 

0.267 1 

0.279 1 

0.279 1 

0.313 1 

0.334 1 

0.334 1 

0.358 1 

0.418 1 

0.453 1 

0.665 2 

0.665 2 

0.710 2 

0.753 2 

0.892 2 

0.935 2 

0.935 2 

0.973 2 

0.981 2 

0.990 2 

0.995 2 

0.999 2 

0.999 2 

0.999 2 

1.000 2 

1.000 2 

1.000 2 
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Character 6 11 Theca 12 Apertural Orientation Angle of Inclination 11 

FMC Two-State Model Output Table ( cont.) 
Prob Prob 

under under Group 
Specimen Variable 1 2 {Prob} 

Pc ang PMO 138525 0.77 0.000 1.000 2 

0 oela RM 307 0.79 0.000 1.000 2 

Ar_deco_GSC_119826c 0.83 0.000 1.000 2 

Ar_conf_GSC_132338 0.84 0.000 1.000 2 

Ar_conf_GSC_133531 0.84 0.000 1.000 2 

Ha oliv PMO 138441-1 0.85 0.000 1.000 2 

Ha eury RM 233 0.86 0.000 1.000 2 

L _prim GSC 102856 0.86 0.000 1.000 2 

L sini GSC 133366 0.86 0.000 1.000 2 

O_oela_RM_Cn_59891 0.86 0.000 1.000 2 

Ha_eury_RM_2774 0.88 0.000 1.000 2 

N kuke Goldman 2011 11 0.91 0.000 1.000 2 

Ha hapl RM Cn 54601 0.92 0.000 1.000 2 

N kuke Goldman 2011 1J 0.95 0.000 1.000 2 

N kuke RM Cn 59935 0.95 0.000 1.000 2 

Ha eury RM 1685 0.97 0.000 1.000 2 

Hu_tere_SGU_Jaan60_111-10 0.97 0.000 1.000 2 

L_sini_LO_10591t 0.99 0.000 1.000 2 

Ar cael GSC 119834-0 1 0.000 1.000 2 

Ar deco GSC 133527 1 0.000 1.000 2 

Ar deco GSC 119826a 1.02 0.000 1.000 2 

N kuke RM Cn 54607 1.02 0.000 1.000 2 

N kuke Ruedeman 1908 353 1.03 0.000 1.000 2 

N_kuke_RM_Cn_54606 1.08 0.000 1.000 2 

Ar_modi_GSC_133379 1.09 0.000 1.000 2 

Ar deco GSC 119826b 1.16 0.000 1.000 2 

U camp RM 485 1.18 0.000 1.000 2 

U camp RM Cn 59945 1.21 0.000 1.000 2 

U camp RM Cn 59944 1.25 0.000 1.000 2 

Ar seby_ RM 59884 1.31 0.000 1.000 2 

Ar_seby_UM_980 1.34 0.000 1.000 2 

D _hyst_RM_ 48 1.71 0.000 1.000 2 

D hyst RM 44 1.76 0.000 1.000 2 

D hyst RM 43 1.77 0.000 1.000 2 
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Character 7 "Theca 31 Interthecal Septum Angle oflnclination" 
FMC Four State Mod 1 0 e utput T bla e 

Prob Prob Prob Prob 
under under under under Group 

Specimen Variable 1 2 3 4 {Prob} 

Pa dist RM Ol 135 0.39 0.999 0.000 0.000 0.001 1 

Pa dist RM Ol 140 0.45 0.997 0.000 0.000 0.003 1 

D_cumd_NMNH_377408 0.46 0.996 0.000 0.000 0.004 1 

Pa_dist_RM_Ol_121 0.48 0.995 0.000 0.000 0.005 1 

O_oela_RM_Cn_59891 0.49 0.994 0.000 0.000 0.006 1 

Pa dist RM Ol 126 0.5 0.993 0.000 0.000 0.007 1 

Pa dist RM Ol 117 0.51 0.991 0.000 0.000 0.009 1 

Pa dist RM Ol 119 0.56 0.973 0.000 0.000 0.027 1 

Pa dist RM Ol 1710 0.58 0.957 0.000 0.000 0.043 1 

Pa_dist_RM_Ol_l702 0.63 0.854 0.000 0.000 0.145 1 

Ha_oliv_PMO_138441-1 0.66 0.712 0.000 0.000 0.288 1 

D lupe PMO 212749 0.67 0.646 0.000 0.000 0.354 1 

Ar cael PMO 138435 0.74 0.157 0.003 0.000 0.839 4 

Pc ang PMO 138809 0.77 0.060 0.007 0.000 0.933 4 

Ar modi GSC 133379 0.79 0.030 0.010 0.000 0.961 4 

Ha oliv PMO 138565 0.8 0.020 0.012 0.000 0.968 4 

N_kuke_Rued_l908-353 0.83 0.006 0.020 0.000 0.974 4 

N_kuke_RM_Cn_59935 0.87 0.001 0.039 0.000 0.960 4 

N kuke Goldman 2011 1J 0.89 0.000 0.054 0.000 0.946 4 

N kuke RM Cn 54606 0.92 0.000 0.086 0.000 0.914 4 

U camp RM Cn 59944 0.93 0.000 0.100 0.000 0.900 4 

Ar seby RM Ol 59884 0.93 0.000 0.100 0.000 0.900 4 

N kuke Goldman 2011 11 0.95 0.000 0.133 0.000 0.867 4 

N_kuke_RM_Cn_54607 0.95 0.000 0.133 0.000 0.867 4 

Pc_ang_PMO_138525 0.95 0.000 0.133 0.000 0.867 4 

U camp RM Ol 485 0.97 0.000 0.176 0.000 0.824 4 

Ha eury RM Ol 197 0.98 0.000 0.201 0.000 0.799 4 

Hu bulm GSC 59846 1.01 0.000 0.289 0.000 0.711 4 

Ar seby UM Ol 980 1.02 0.000 0.323 0.000 0.677 4 

Ar deco GSC 132342 1.02 0.000 0.323 0.000 0.677 4 

Ar_deco_GSC_134836 1.04 0.000 0.395 0.000 0.605 4 

U_camp_RM_Cn_59945 1.05 0.000 0.433 0.000 0.567 4 

Ar conf GSC 133533 1.08 0.000 0.549 0.000 0.451 2 

Hu bulm GSC 306 1.09 0.000 0.587 0.000 0.413 2 

0 oela RM Ol 307 1.1 0.000 0.623 0.000 0.377 2 

Ha maen GIT 717-8 1.11 0.000 0.658 0.000 0.342 2 
Character 7 "Theca 31 Interthecal Septum Angle oflnclination" 
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FMC Four State Model Output Table (cont. 

Specimen 

Am_pere_MCZ_115928 

L_prim_ GSC_l O2856 

Ha hapl RM Ol 227 

L sini GSC 133366 

Ha eury RM Ol 164 

L sini LO 10591t 

E _gerh RM Cn 1280 

Am_pere_MCZ_115927 
Hu_tere_SGU_Jaan60_111-
10 

Ha eury RM Ol 166 

Ha hapl RM Cn 54601 

Ha eury RM Ol 233 

Ha_eury_RM_Ol_2774 

Ar_oslo_GIT_717-7 

Ha eury RM Ol 232 

Ha eury RM Ol 1685 

Ha hapl RM Ol 226 

Ha eury RM Ol 1741 

Ha eury RM Ol 228 

G_linn_ U rb_Pl 11 

D_hyst_RM_Ol_48 

Ha_eury_RM_01_2344 

G linn GIT 717-3 

D hyst RM Ol 44 

G linn Urb Fig4 

Variable 

1.13 

1.14 

1.15 

1.16 

1.16 

1.17 

1.18 

1.18 

1.2 

1.2 

1.21 

1.21 

1.21 

1.22 

1.22 

1.28 

1.28 

1.31 

1.37 

1.37 

1.37 

1.38 

1.42 

1.52 

1.66 

Prob 
under 

1 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Prob 
under 

2 

0.723 

0.752 

0.779 

0.803 

0.803 

0.825 

0.845 

0.845 

0.880 

0.880 

0.894 

0.894 

0.894 

0.907 

0.907 

0.958 

0.958 

0.972 

0.987 

0.987 

0.987 

0.989 

0.993 

0.998 

0.000 

Prob Prob 
under under Group 

3 4 {Prob} 

0.000 0.277 2 

0.000 0.248 2 

0.000 0.222 2 

0.000 0.197 2 

0.000 0.197 2 

0.000 0.175 2 

0.000 0.155 2 

0.000 0.155 2 

0.000 0.120 2 

0.000 0.120 2 

0.000 0.106 2 

0.000 0.106 2 

0.000 0.106 2 

0.000 0.093 2 

0.000 0.093 2 

0.000 0.042 2 

0.000 0.042 2 

0.000 0.028 2 

0.000 0.013 2 

0.000 0.013 2 

0.000 0.013 2 

0.000 0.011 2 

0.000 0.007 2 

0.000 0.002 2 

1.000 0.000 3 
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APPENDIX F-TABLE OF CHARACTERS USED IN MITCHELL (1987) 

The following synapomorphies appear in Mitchell's figure 13A, a cladogram of the 

Diplograptacea. The first column are Mitchell's character numbers, which appear on the 

cladogram in figure 2.2.4. The second column indicates whether the character also appears 

in Fortey & Cooper (1986)-indicated by "F&C" followed by Fortey and Cooper's character 

number-or whether it is "new" with Mitchell's analysis. The third column is Mitchell's 

description of the character. In addition to these Mitchell also uses retained primitive 

characters, indicated by a small case letter. These are: a (F&C #83), quasi-symmetrical 

proximal end; b, left-handed origin ofth21; c, paired origins of metatheca ofth2 1 and 

protheca ofth2 1; d, left-handed origin ofth1 2 from th11; e, broad proximal end with th2 1 

occupying region between protheca and metatheca ofthl 1; f, th2 1 with descending crossing 

canal; g, retained characters 10-12 from the below table. 

Char F&C? Description 
I F&C #67 virgella present 
II F&C #68 dichotomy d3 suppressed 
1 F&C #70 metasicular origin of thl1 

2 F&C #72 dichotomy dl delayed to th2 1 

3 F&C #69 dichotomy d2 suppressed 
4 F&C #76 thl2 with left-handed origin from thl 1 

5 new metatheca of th2 1 and protheca of th2 2 arise from paired foramina 
formed by fusion of downward-growing crossing canal of th2 1 with 
upward-growing flange 

6 F&C #88 scandent dipleural rhabdosome architecture 
7 F&C #73 capacity for cladia generation 
8 F&C #71 sigmoidal thecae 
9 new cuspate thecal apertures 
10 new right-handed origin of th2 1 

11 new sharply geniculate thecae 
12 new introverted thecal apertures 
13 F&C #78 asymmetrical proximal end 
14 new origin ofth22 delayed to distal portion of protheca of th2 1 and removed 

from set of primordial thecae 
15 F&C #77 elaborated sicular aperture ( also see # 19) 
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16 new asymmetrical proximal end among advanced species 
17 new paired antivirgellar spines among advanced species 
18 new delay of dicalycal theca to th31 among advanced species 
19 F&C #77 complex notched and lappet-bearing sicular aperture 
20 F&C #86 colony achieves capacity for wholly /partially uniserial stipes (see #79) 
21 new isolated, introverted thecal apertures 
22 new geniculate dicranograptid thecae with prominent growth line 

unconformity in protheca 
23 new uni-biserial condition 
24 new metathecae of thl1 and thl2 horizontal, forming uniserial, reclined to 

horizontal stipes 
28 sicula extensively exposed on obverse side 
29 new thl 2-th21 form as a pair and with th2 2 non-primordial 
30 new second and third crossing canals lost 
31 new metatheca ofthl2 and protheca ofth2 1 formed by fusion of upward-

growing flange and hood-like crossing canal of thl2 
32 new protheca of thl 2 is simple upward-growing flange that is not connected 

to its reduced hood-like crossing canal 
33 new metatheca of thl2 and protheca ofth2 1 formed by division of protheca 

of th12 

34 new thl1 with metatheca closely pressed against its protheca 
35 new crossing canal of thl 2 suppressed 
36 new protheca ofthl1 partly surrounded by its metatheca 
37 new th21 no longer a primordial theca 
38 new protheca of thl2 forms from isolated, upward-growing flange 
39 new reverse wall of metatheca of thl 1 commonly free prior to growth of 

th1 2 

48 new crossing canal of th2 1 visible as oval or diamond-shaped patch 
positioned on or near median plane of rhabdosome 

49 new th22 no longer primordial 
50 new dicalycal theca delayed to th22 or later 
51 new asymmetrical sicula strongly deflected to dorsal side 
52 new metasicula with bands comprising condensed fuselli 
53 new prosicula commonly absent 
54 new crossing canal of th2 1 reduced to hood-like form 
55 new protheca ofth2 1 formed by upward-growing flange that does not fuse 

with crossing canal 
56 new crossing canal of thl 2 suppressed 
57 new protheca ofth1 2 formed from isolated, upward-growing flange 
58 new th21 no longer primordial 
59 new virgella reflected across sicular aperture 
60 new undulating median septum 
61 new sigmoidal thecae with short, nearly vertical supragenicular wall and 

gentle geniculum. 
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APPENDIX G - SPECIMENS USED IN ANALYSIS - PHOTOGRAPHS AND COLLECTION 

The following explains conventions that I have used on the following plate. 

1) Specimens without an original author specified are photographs that I have taken 

myself. All others are reproduced from published papers included in the bibliography. 

In some places, I have identified the photographs I took for clarity when mixed with 

those of other authors. 

2) Several terms in the specimen descriptions have been abbreviated. Obverse always 

appears as "obv", reverse as "rev", unpublished as "unpub." Figures from other 

publications are indicated by "fig." 

3) Where authors have provided multiple images of the same specimen, I have 

reproduced the most relevant one and noted the redundancies in the specimen 

descriptions. 

4) All scales have been set at 10X, except several early astogeny specimens have been set 

at 20X to display very small features, and specimens that are too large to fit on a page 

or that have poor resolution not warranting magnification at 10X have been reduced. 

This has required the specimens of several authors to be either reduced or expanded to 

normalize the scale. For digital photographs that I took, the scale bars have been 

digitally created using the measurement software provided with the Dino-Mite digital 

microscope. Scale for published specimens has been taken from that indicated by 

original authors' scales (bars or dots) where provided. For specimen illustrations that 

had no scale originally, I have provided one based on the specimen scale as declared in 

their texts. Scales in many cases are inconsistent between sources. This may in some 

cases be due to original publication errors (e.g., published changed size of illustration 
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without accounting for scale change). Some inconsistencies are found even within 

some papers. In other cases, where the illustrations are taken from pdf versions rather 

than the original publications, there may possibly be scale errors introduced in the 

conversion process. While comparisons between specimens within a published source 

are legitimate, there are some risks in making comparisons between measurements on 

specimens taken from different sources. Since all my continuous measurement 

characters are based on proportions, this does not affect my results. 

5) Specimens used in coding have been indicated by an "*" and are listed. 
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Plate 1: Amplexograptus arctus Elles & Wood, 1907 
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Plate 1: Amplexograptus arctus Elles & Wood, 1907. 1,2; USNM 138667*, 1. Full - length, 2. proximal end without I 
virgella (also Ross & Berry 1963 Plate 10.12); 3 . NIGP 157533 (NJ359) (Chen 2016 fig. 6-83E); 4. USNM 138668 (also Ross &f 
Berry 1963 Plate 10.18); 5. USNM 138666 (Ross & Berry 1963 Plate 10.11); 6-15. (specimens from Elles & Wood 1907) 6. 

' GSM 23071a* fig. 187a; 7. GSM 23071b* fig. 187b; 8,15. GSM 23069a* obv fig. 187c, Plate XXXI fig. 16b; 9. GSM 23069b* 
obv fig. 187d; 10. GSM 23071c distal fig. 187e; 11. GSM 23071d distal fig. 187f; 12, 16. GSM 23069c* rev Plate XXXl-16c; 13. 
GSM 23070 Plate XXXl-16a; 14. GSM 23071e Plate XXXl-16d. Notes: All specimens flattened . Specimens 1, 6,7,8,9 & 12 used 
in coding. All specimens at l0X with 1 mm scale bar, except 1 at 5X; 5 at 8X; 6, 7 at 20X, 13-16 at 3X. Scales for figs 5-16 not 
from original authors . Figure 3 converted to greyscale. 
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Plate 2a: Amplexograptus perexcavatus Lapworth, 1876 
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Plate 2a: Amplexograptus perexcavatus Lapworth, 1876. 1,2: SEM photographs MCZ 115927* , 115928* ; 3. MCZ 115912 
(Goldman et al. 2002 fig. 2-1); 4.: MCZ 115911 * (Goldman et al. 2002 fig . 2-1); 5*,6,7*,8*, 14. unlabeled specimens on 
slab BU 1297 (Goldman et al. 2002 figs.1-4, 1-6, 1-2, 1-5, 1-3); 9-12: BU1297a, obv (Elles & Wood 1907 Plate XXXI 15a), 
counterpart of 1297 (Goldman et al. 2002 fig. 1-7), type specimen obv (Lapworth 1876 Plate II fig. 38), distal obv (Elles & 
Wood 1907 Fig. 184c), see also Lapworth 1880; 13: specimen identified as BU 1297a, not the same as 9-12, neotype of A. 

perexcavatus (Goldman et al. 2002 fig.1-8); 15. GSE5493 (M4185c, Elles & Wood 1906 Plate XXXI 15c); 16,17. BU1297b, 
rev (Elles & Wood 1906 Plate XXXI 15b), specimen no.1030 on slab BU 1297 (Goldman et al. 2002 fig. 1-1) . Notes: All 

specimens flattened, except 1-4 three dimensional. All specimens at 5X with 1 mm scale bar, except 1,2 at l0X, 3,4 at 
20X. No scales are from original authors . Specimen drawings5,6,7,8,10,13,14,17 by C.E. Mitchell, all labelled as "Type 
specimens of Amplexograptus perexcavatus Lapworth" by Goldman et al. 2002. Specimen 11 originally published as 
Diplograptus per-excavatus, specimens 9,15,16 as Diplograptus (Amplexograptus) perexcavatus. 
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1 

Plate 2b: Amplexograptus perexcavatus Lapworth, 1876 
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Plate 2: Amplexograptus perexcavatus Lapworth, 1876. 1. MCZ 115913* obv (Goldman et al. 2002 fig . 2-3); 2. MCZ 

115914* rev (Goldman et al. 2002 fig. 2-4); 3. MCZ 115915* obv (Goldman et al. 2002 fig. 2-5); 4. MCZ 115916* rev 
(Goldman et al. 2002 fig. 2-6); 5. MCZ 115917 rev (Goldman et al. 2002 fig. 2-7); 6. MCZ 115918 rev (Goldman et al. 2002 
fig. 2-8); 7. MCZ 115919* rev (Goldman et al. 2002 fig. 2-9); 8. MCZ 115920* obv (Goldman et al. 2002 fig. 2-10). Notes: 
All specimens three dimensional. All specimens at 5X with 1 mm scale bars. No scales from original authors. Specimens 

in figs 1-4,7,8 used in coding. 
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Plate 3: Archiclimacograptus ambiguus Maletz, 2011c 

- r . 
8 9 10 11 12 

13 14 15 16 17 18 19 20 21 22 23 24 

27 28 29 30 31 32 33 34 35 36 

25 26 

u39 43 
41 42

37 38 

Plate 3: Archic/imacograptus ambiguus Maletz, 2011c. 1,3. GSC 81801 * obv & rev, rev (Maletz 2011c fig. 4P); 4,5. 81804-
807a* obv & rev: 6,7. GSC 81800-02a* obv & rev; 8,9. GSC 81804-807b* obv & rev; 10-12. GSC 81802b* obv & rev, rev 
(Maletz 2011c fig. 40); 13,14. GSC 81800-02c* obv & rev, 15,16. GSC 81800-02d* obv & rev, 17,18. GSC 81804-807c* obv 
& rev, 19,20. GSC 81800-02e* obv & rev, 21,22. GSC 81838-40a* obv & rev, 23,24. GSC 81838-40b* obv & rev, 25,26. GSC 
81800-02f* obv & rev, 27-29. GSC 81838* obv (Maletz 2011c fig . 4D), obv & rev; 30-32. GSC 81805* obv & rev, rev 
(Maletz 2011c fig. 4K); 33. GSC 103964 Mitchell 1992 fig . 11, 34. GSC 81800-02g rev; 35,36. GSC 134831 * rev (Maletz 
2011c fig. SA), obv (Maletz 2011c fig. 4L); 37,38. GSC 102765 obv, obv (Maletz 2011c fig. 4B); 39,40. GSC 102763 
(ho/otype) obv, obv (Maletz 2011c fig. 4A); 41,42. GSC 102764 obv, Z. GSC 102764 obv Maletz 2011c fig. 4C, CC. GSC 
103963 Mitchell 1992 fig. lF. Notes: All specimens flattened, except 33 & 43 semi-relief. Specimens 1-26 at 12X with 1 
mm scale bar, 27-43 at l0X. Specimens 1-31 & 35 used in coding. Scales for figs 33,36,43 not from original authors. 
Specimens 33 & 43 published as Climacograptus pungens. Specimen photographs 1,2,4-11,13-26,28-31,34 taken by 
author. 
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Plate 4a: Archiclimacograptus angulatus angulatus (Bulman, 1953) 
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Plate 4a: Archic/imacograptus angu/atus angu/atus (Bulman, 1953). 1. PRI K3753 oblique view, 2. 
Specimen on same slab as PRI K3753, 3. NIGP 149266 (BSSD-4-6) obv (Zhang et al. 2009 fig. 70); 4. NIGP 

149275 (BSSD-4-24) obv (Zhang et al. 2009 fig. 8M); 5. NIGP 149276 (BSSD-4-21a-6) (Zhang et al. 2009 fig. 

81); 6, 7. NIGP 149277 (BSSD-4-21b) rev (Zhang et al. 2009 fig. 8J, Zhang Fan Liu 2009 fig. 2L); 8. NIGP 
149278 (BSSD-4-24) rev (Zhang et al. 2009 fig. 8K); 9, 10. NIGP 149279 (BSSD-4-21a) obv (Zhang et al. 2009 

fig. 8L, Zhang Fan Liu fig. 2009 2C); 11,13. PMO 138.543 rev (Maletz 1997 Plate 3A), (Maletz 1997 fig. 25R), 

Maletz 2011c fig. 2F (NH4CIO2 coated), (see also Maletz 1997 fig. 23B, Maletz 2011a fig. 2K); 14. NIGP 

149280 (BSSD-4-21c) (Zhang et al. 2009 fig. 8N ); 15. NIGP152528 (Chen et al. 2012 fig. 41); 16. PMO 138.473 

rev (Maletz 1997 fig. 25V); 17,18. PMO 138.456 obv (Maletz 1997 Plate 3L latex cast), (Maletz 1997 fig. 

25U); 19,20. PMO 138.467 obv (Maletz 1997 Plate 3G NH 4CIO2 coated), (Maletz 1997 fig. 25T); 21,22. PMO 

138.468 obv (Maletz 1997 Plate 3C), (Maletz 1997 fig. 25W); 23,24. PMO 138.534 obv (Maletz 1997 Plate 

3B), (Maletz 1997 fig. 25X). , Notes: All specimens flattened or in low relief. All specimens at lOX with 1 

mm scale bar or 1mm between dots. Specimens 6,9,11,16,23 used in coding. Scales for figs 

11, 13,17, 19,21,23 not from original author. 
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Plate 4b: Archiclimacograptus angulatus angulatus (Bulman, 1953) 

5 

Plate 4b: Archic/imacograptus angu/atus angu/atus (Bulman,1953). 1. NIGP 157534 (NJ337) rev (Chen 2016 

fig. 6-83F); 2. NIGP 157546 (NJ365) rev (Chen 2016 fig. 6-83D); 3. NIGP 157575 (NJ338) obv (Chen 2016 fig. 6-

83C); 4. NIGP 149275 (BSSD-4-24) obv (Zhang et al. 2009 fig. 8M); 5. NIGP 157545 (NJ361) obv (Chen 2016 

fig. 6-83B ); 6. NIGP 157535 (NJ341) obv Chen 2016 fig. 6-83A). Notes: All specimens flattened except 3 in 

relief. All specimens at lOX with 1 mm scale bar. Specimen 1 used in coding. Figures 1-6 converted to 

greyscale. All images have been lightened. 

Additional note on previous plate 4a material: Maletz 1997 was inconsistent in his specimen labeling such 

that Figure N above was labelled as PMO 138.468 whereas Figure M was labelled PMO 138.456 and Figure P 

was labelled PMO 138.456 whereas Figure O was labelled PMO 138.468. I have assumed in these two cases 
that his plate labels are correct and his figure labels are mistaken, but it might be vice versa. 
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Plate Sa: Archiclimacograptus caelatus (Lapworth, 1875) 
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Plate Sa: Archic/imacograptus caelatus / (Lapworth, 1875). 1,2. GSC 119835b* uncat spec rev & obv; 3,4. GSC 
119835a* uncat spec obv & rev; 5,6. GSC 119834b* uncat spec antivirgellar & virgellar sides; 7-10. GSC 119835* obv & 
rev, (Albani et al. 2001 Fig. 4P & 4K obv & rev); 11, 12. GSC 119834d uncat spec obv & rev, 13, 14. GSC 119834c* uncat spec 
obv & rev, 15. GSC 119837 rev (Albani et al. 2001 Fig4M);16, 17. GSC 119834* rev & obv, 18. GSC 119835 obv (Albani et al. 
2001 Fig4P); 19,20. PMO 138.264* rev, rev (Maletz 1997 Fig. 26N & Plate 3S); 21. PMO 138.333 rev (Maletz 1997 Fig. 
26M); 22. PMO 138.256 rev (Maletz 1997 Fig. 26L); 23,30. SM A19036 (holotype, Elles & Wood 1907 Plate XXI fig. 17a 
proximal detail, complete); 24. SM A19035 (Elles & Wood 1907 Plate XXXI 17b); 25,29. SM A19034 (Elles & Wood 1907 
Plate XXXI 17c, Elles & Wood 1906 Fig. 186*); 26. PMO 138.247 rev (Maletz 1997 Fig. 26K) ; 27. PMO 138.895 obv Maletz 
1997 Fig. 23G, 28. PMO 138.846(1)* obv Maletz 1997 Fig. 26H . Notes: All specimens at l0X with 1 mm scale bar or dots, 
except 24,25,30 at 4X. Specimens in figs 1,3,5,7, 13,16,19 used in coding. Scales for figs 19,23,28 not from original authors. 
Specimens 24,25,29,30 originally published as Diplograptus (Amplexograptus) coelatus. 
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Plate Sb: Archiclimacograptus caelatus (Lapworth, 1875) 
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Plate Sb: Archic/imacograptus cae/atus (Lapworth, 1875). 
1. NIGP 157565 (NJ365) (Chen 2016 Fig. 6-85D); 2. NIGP 

6157556 (NJ359) rev (Chen 2016 Fig. 6-84C); 3 . NIGP 157558 (NJ352) rev 
(Chen 2016 Fig. 6-84B); 4. NIGP 157566 (FG46) obv (Chen 2016 Fig. 6-85C); 5. NIGP 157563 (AFF282) (Chen 2016 Fig. 6-85G); 
6. NIGP 157564 (AFF282) rev (Chen 2016 Fig. 6-85B); 7. NIGP 157555 (NJ335) rev (Chen 2016 Fig. 6-84A) . Notes: All 

specimens at l0X with 1 mm scale bar or dots, except 2,3,7 at 6X. No specimens used in coding. Figures 1,4,5,6 converted to 
greyscale and lightened. 
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Plate Sc: Archiclimacograptus caelatus (Lapworth, 1875) 

5 

Plate Sc: Archic/imacograptus caelatus (Lapworth, 1875 ). 

1. NIGP 153684 (AEP-HD3-4-1) obv (Zhang et al. 2011 Fig. 3C, 

also Zhang et al. 2011 Fig. 3C); 2-4. PMO 138.825* obv (Maletz 

1997 Plate 3W, Fig. 261, Plate 3V); 5. YPM 32496; 6, 7. GSC 
6 7 8119849, GSC 119849 rev, rev (Albani et al. 2001 Fig4Y); 8. NIGP 

151799 Chen et al. 2010 Fig. 3P. Notes: All specimens at lOX with 1 mm scale 
bar or dots, except 8 at 6X. Scales for figs 4, 7 not from original authors. Figure 5 converted to greyscale. 
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Plate Sd: Archiclimacograptus caelatus (Lapworth, 1875) 

1 2 3 

Plate Sd: Archic/imacograptus caelatus (Lapworth, 1875). 1,2. GSC 119840 rev (author's photo, Albani et al. 2001 Fig4L); 

3. PMO 138.895(1)* obv (Maletz 1997 Fig. 26A); 4. PMO 138.435 rev (Maletz 1997 Fig. 260); 5, 6. PMO 138.889 obv 
(Maletz 1997 Fig. 26C, reverse Maletz 1997 Fig. 26B); 7. PMO 138.893(1) rev (Maletz 1997 Fig. 26D) ; 8. PMO 138.885 obv 
(Maletz 1997 Fig. 26FX). Notes: All specimens at l0X with 1 mm scale bar or dots. No specimens used in coding. Scales 
for fig. 1 not from original author. Albani et al. 2001 listed fig. 2 as GSC 119836. 
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Plate 6a: Archiclimacograptus confertus (Lapworth, 1873) 
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Aate 6a, A,-d,;d;m,cogmpto< ,::fe,tos (La pworth :873). 1•,/GSC I\!j ~ --~ 
132338 obv (author's, Maletz et al. 2011 fig. 7N); 3. GSC 133542 rev f j 
(Maletz 2009 fig. 7H); 4 *-6. GSC 133531 obv (Maletz 2009 fig. SQ, rev fig. 19 4 '! 
SR & 71); 7. GSM 16454 (Elles & Wood 1906 fig . 185a); 8 *-10. GSC 133533 obv (Maletz 2009 fig. 
SY & 7A, rev fig. SX); 11. GSC 133541 rev (Maletz 2009 fig. 7B); 12. GSC 133510 rev (Maletz 2009 fig. ' 

7C); 13. GSM 16447 (Elles & Wood 1907 fig . 185b); 14, 15. GSC 133532 obv (Maletz 2009 fig . SV & rev 
fig. SW); 16,20. A 54376 (Elles & Wood 1907 Plate XXXI 18e proximal & complete); 17. A 17426 (Elles & 
Wood 1907 Plate XXXI 18a); 19. GSM 23077 Pr 2658 (Elles & Wood 1907 Plate XXXI 18c); 21. A 17427 (Elles 
& Wood 1907 Plate XXXI 18b). Notes: All specimens at l0X with 1 mm scale bars or dots, except #20 at SX. 
Specimens in figs 1,4,8 used in coding. Scales for figs . 7,13,16-20 not from original authors. Specimens 
7,13,16-20 originally published as Amplexograptus confertus. 
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Plate 6b: Archiclimacograptus confertus (Lapworth, 1873) 
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Plate 6b: Archic/imacograptus confertus (Lapworth, 1873). 
1,2. GSM 16447a&b (Elles & Wood 1907 Plate XXXI 18d); 3. 
A 54376 Elles & Wood 1907 fig . 185c; 4. Gg 32 (Wang & Chen 1994 Plate 2A); 5. NIGP10892 , 9 
(Chen et al. 2001 fig. 7 AA); 6. IRScNB A3378 (Servais & Maletz 1992 Plate 1-18); 7. Gg 29 (Wang 
& Chen 1994 Plate 2K); 8. Gg 35 (Wang & Chen 1994 Plate 2B); 9. Gg 28 (Wang & Chen 1994 Plate 2C); 10 ,i 

•7~··· 

10. Gg 34 (Wang & Chen 1994 Plate 2D). Notes: All specimens at l0X with 1 mm scale bars or dots. 
No specimens used in coding. No scales from original authors. Specimens 1-4, 7-10 originally published as Amplexograptus 
confertus. 
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Plate 6c: Archiclimacograptus confertus (Lapworth, 1873) 
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Plate Ge: Archic/imacograptus confertus (Lapworth, 1873). 1. NIGP139779 (AEP257) (Chen et al. 2006 fig. 4B); 2. USNM 
138670 (Ross & Berry 1963 Plate 10.14); 3. USNM 138669 (Ross & Berry 1963 Plate 10.16); 4. USNM 138511 (Ross & Berry 
1963 Plate 10.13); 5. YPM uncatalogued specimen A*; 6. (111-13) (Chen et al. 2006 fig. 4C); 7. IRScNB A3378 (Servais & Maletz 

1992 Plate 1-18); 8. USNM 138670 A; 9. USNM 138511; 10. YPM uncatalogued specimen B; 11. USNM 138672 A. Notes: All 
specimens at lOX with 1 mm scale bars or dots. No specimens used in coding. Scales for figs 1-4,6, 7 not from original 
authors . Specimens 1,6, 7 originally published as Pseudamplexograptus confertus, #2-4 as Amplexograptus confertus. 
NIGP137197 
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Plate 7a: Archiclimacograptus decoratus (Harris & Thomas, 1935) 
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Plate 7a: Archic/imacograptus decoratus (Harris & Thomas, 1935). 1,2. GSC 119826b* obv & rev; 3,4. GSC 
119826ba* obv & rev; 5,6. GSC 119826c* obv & rev; 7. GSC 119826 rev (Albani et al. 2001 Fig4B); 8. GSC 133543 rev (Maletz 
2009 fig. 7J); 9,10. GSC 133527* obv & rev (Maletz 2009 fig. SK & SP); 11. GSC 132342* (Maletz et al. 2011 fig. 7R, see also 
Albani et al. 2001 FigSA); 12. GSC 134836* rev (Maletz 2011c fig. lF); 13. UA 892 (Norford et al. 2002 fig. 6.10); 14. AMNH 
41715G distal with nematularium; 15-18. (all from Harris & Thomas 1935 fig . 3:35 courtesy A.H.M. VandenBerg) P310856* 
proximal detail, P31932 distal "vane" (nematularium), P31931 * holotype proximal & distal ends (see also VandenBerg & 
Cooper 1992 fig. 7CC & Hughes,1989 fig. 22a); 19. P31932 (VandenBerg & Cooper 1992 fig. 778B); 20. SM X3057 (Hughes 

1989 fig. 22b) . Notes: All specimens at l0X with 1 mm scale bar or dots, except 13, 16-20 at SX. 13,15-19 published as 
Pseudoc/imacograptus decoratus, 7,20 as Diplograptus decoratus. Specimen 13 published scale questionable. Specimens 

1,3,5,9,11,12,15 used in coding. Scales for figs 7,8,19,10 not from original authors . 
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Plate 7b: Archiclimacograptus decoratus (Harris & Thomas, 1935) 
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Plate 7b: Archic/imacograptus decoratus (Harris & Thomas, 
1935. 1. USNM 138649 (Ross & Berry 1963 Plate 10.5); 
2. USNM 54343 (Ross & Berry 1963 Plate 10.9); 6 7 
3 . USNM 138660 (Ross & Berry 1963 Plate 10.10); 8 6 
4 . USNM 138661 (Ross & Berry 1963 Plate 10.15); 5 . USNM 138656 (Ross & Berry 
1963 Plate 10.29); 6. USNM 138655 (Ross & Berry 1963 Plate 10.8); 7. USNM 138652 (Ross 
& Berry 1963 Plate 10.30); 8. USNM 138654 Ross & Berry 1963 Plate 10.7; 9. USNM 138653 (Ross & Berry 
1963 Plate 10.6); 10. USNM 138648 (Ross & Berry 1963 Plate 10.7) . Notes: All specimens at 4X with 1 mm 
scale bar. No specimens used in coding. All originally published as Dip/ograptus decoratus. 5,6, 8,9 identified 
by Ross & Berry as n. var. amplexograptoideus, 2,3,4 as n. var. multus Scales for figs 1-10 not from original 
authors. 10 
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Plate 7c: Archiclimacograptus decoratus (Harris & Thomas, 1935) 
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Plate 7c: Archic/imacograptus decoratus (Harris & Thomas, 1935). 1. IRScNB 
A1619 (Servais & Maletz 1992 Plate 1-16); 2. BM Q.5272 (Hughes 1989 fig . 22d); 

3. GSC 119850 (Albani et al. 2001 Fig4Z); 4,5. SM X3056* obv (Hughes 1989 fig. 22c & 
Plate 4c, see also fig. 23k); 6. GSC 132335 nematularium; 7,8 . AMNH 41715F* proximal 
& entire, 9. SM X3057 (Hughes 1989 Plate 4d) . Notes: Specimens 6,7 at l0X with 1 mm 
scale bar, 4 at 8X, 1-3,5 at 5X, 9 at 2X. Specimens 1-5, 9 originally published as 
Dip/ograptus decoratus. No specimens used in coding. Scales for figs 1-5 not from 
original authors . Specimen 9 reduced from published 5X, but believed to be larger. 
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Plate 8: Archiclimacograptus modicellus (Harris and Thomas, 1935) 
Archiclimacograptus osloensis Goldman et al., 2015, & 
Archiclimacograptus sheldoni (Hughes, 1989) 
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Plate 8: Figs. 1-6 Archic/imacograptus modicel/us (Harris and 

Thomas, 1935). 1 *, 2.; GSC 132337 obv, rev (authors' photo, 
Maletz et al 2011 fig. 7M); 3 *, 4. GSC 133379 WBC4.91.25s 
(Maletz 2010 fig. 51, authors' photo); 5. VandenBerg & Cooper 

16 17 18 1992 fig. 7W; 6. USNM 138674 (Ross & Berry 1963 fig. 3) . Figs. 7-
14 Archic/imacograptus osloensis Goldman et al., 2015. 7*. GIT 

717-7 (Goldman et al. 2015 fig. SF); 8,9 *. PMO 212.837 rev & obv (Maletz et al. 2007 fig. 4A,4C, also Maletz et al. 2011 fig. 
8K); 10*. PMO 212.851 (Holotype, Goldman et al. 2015 fig. 4A); 11. NIGP 157460 (AFF 283) (Chen 2016 fig. 6-91A); 12. NIGP 
157598 (NJ 361) (Chen 2016 fig. 6-91B); 13. NIGP 157459 (AFF 281) )Chen 2016 fig . 6-91C); 14. NIGP 157599 (AFF 283) (Chen 
2016 fig. 6-91D). Figs. 15-18 Archic/imacograptus sheldoni (Hughes, 1989). 15,16. SM X3070 rev (Holotype, Hughes 1989 
Plate Sc & fig . 22j); 17. SM X3073 (Hughes 1989 fig. 22i); 18. SM X3071 (Hughes 1989 fig. 22m). Notes: All specimens at l0X 
with 1 mm scale bars. Specimens in figs 1,3, 7,9,10 used in coding. Scales for figs 3,5,6 not from original authors . Specimen 
4 originally published as Pseudoc/imacograptus modicel/us, 5 as Amplexograptus modicel/us, 8,9 as Archic/imacograptus sp., 
15-18 as Climacograptus sheldoni. 
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Plate 09: Archiclimacograptus? pungens (Ruedemann, 1904) 
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Plate 09: Archic/imacograptus? pungens (Ruedemann, 1904). 1*. GSC 134834 obv (Maletz 2011c fig. SK); 2,3. GSC 133544 
rev (Maletz 2011c fig. SH & Maletz 2009 fig. 7E); 4*-8. GSC 133529 rev (Maletz 2011c fig. SC & fig . 4E,obv Maletz 2011c fig. 

1
SF, fig. 4F, & author's showing Th 1 now broken); 9-12. GSC 133528 rev (Maletz 2011c fig. SM, fig. 41, obv Maletz 2009 fig. 
SU & Maletz 2011c fig. 4J); 13*. GSC 132341 obv author's; 14*-17. GSC 133530 obv (Maletz 2011c fig. ST fig. 4H, rev fig. SD 

& 4G) ; 18*-20. GSC 133516 rev (Maletz 2011c fig. SG, Maletz 2009 fig. 7D, Maletz 2011c fig . SB treated with NH 4CIO); 21 *. 

GSC 134833 obv (Maletz 2011c fig. SJ); 22*. GSC 134835 (Maletz 2011c fig. SL); 23. MCZ 9519 (Mitchell 1992 figlg); 24. 
Ruedemann 1947 Pl 71 fig . 39; 25. NYSM 5786 (holotype Ruedemann 1947 Pl 71) ; 26. NYSM 5784 rev (Maletz 2011c fig. 
4M); 27. Ruedemann 1947 Pl 71 fig. 37; 28. NYSM 5789 rev (Maletz 2011c fig. 4N); 29. Ruedemann 1947 Pl 71 fig. 36; 30. 
Ruedemann 1947 Pl 71 fig. 41. Notes: All specimens at l0X with 1 mm scale bars or dots, except specimen 1 at 20X,24-30 
at SX. Specimens in figs 1,4,9,13,14,18,21, 22 used in coding. Scales for figs. 23,24-30 not from original authors. Scales for 
specimens 26 & 28 were not published, they are rescaled to match others. Specimens 23,24, 25, 27,29,30 originally 
published as Climacograptus pungens. Specimens 27 & 28 may be same specimen. 
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Plate 10a: Archiclimacograptus sebyensis (Jaanusson, 1960) 
& Archiclimacograptus riddellensis (Harris, 1924) 
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Plate 10a: Archic/imacograptus sebyensis (Jaanusson, 1960 & Archic/imacograptus 
riddel/ensis (Harris, 1924). NOTE: These two taxa may be conspecific (Hughes 1989, 

VanderBerg & Cooper 1992, Maletz 1997b) or they may be distinct (Jaanusson 1960, 

Chen 2016). 1. UM 01 980* obv holotype (Jaanusson 1960 Plate IV fig. 8) ; 2,3. 

Cn 59803* obv & rev (Mitchell 1987 fig. 2N & 2Q); 4,5. Cn 59885* rev (Mitchell 1987 

fig. 21 & author's, specimen damaged); 6. UM 01 981* rev (Jaanusson 1960 Plate IV 

fig. 7); 7,8. Cn 59884* obv, rev; 9. RM Cn 59803 obv; 10. UM 01 978 fragment 

(Jaanusson 1960 Plate IV fig. 6); 11. UM 01 977 ventral (Jaanusson 1960 Plate IV fig. 9); 
12. UM 01 975 fragment (Jaanusson 1960 Plate IV fig. 5); 13. Jaanusson 1960 fig. 7-D; 22 23 

14. PMO 138.787 rev (Maletz 2011c fig. 2G, also Maletz 1997b Plate 3U); 15. NIGP 157622 (NJ335) (Chen 2016 

fig. 6-94F); 16. NIGP 157621 (AFF281) (Chen 2016 fig. 6-94B); 17, 18. PMO 138.792 obv (Maletz 1997 Plate 3K 

also Maletz 2011c fig. 2E, & fig. 251); 19-23. PMO 138.785* rev (Maletz 2011c fig. 2D,2C also Maletz 1997 Plate 
3R,2B,2A also Maletz 1997 Plate 3D, Maletz 1997 fig. 25M). Additional Notes: All specimens at l0X with 1 mm 
scale bars or dots, except 14 at 20X & 22 at 5X. Scales for figs 1-4,6-12 not from original authors. Specimens in 

figs 1-5,7-11, 13-15 used in coding. Specimen in fig. 14 identified by Maletz 2011c as a latex casting and in figs 

15&17 as coated with NH
4
CIO

2
• Specimens in figs. 1, 6, 10-13 originally published as Pseudoc/imacograptus 

angu/atus sebyensis, specimens in figs. 2-4 as Ps. (Archic/imacograptus subgen. nov.) angu/atus sebyensis, 
specimens in figs 14,17-25 as Ar. riddel/ensis in Maletz (1997b) & as Ar. sebyensis in Maletz (2011c), specimens 

in figs 15,16 as Ar. sebyensis. 
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Plate 10b: Archiclimacograptus sebyensis (Jaanusson, 1960) 
& Archiclimacograptus riddellensis (Harris, 1924) 
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Plate 10b: Archic/imacograptus sebyensis (Jaanusson, 1960) & Archic/imacograptus riddel/ensis 'l__ ., , 
(Harris, 1924). 1,2. NIGP 157620 (NJ365) Chen 2016 fig . 6-93N, fig. 6-94E); 3. PMO 138.726* rev 
Maletz 1997 Plate 3M (treated with NH

4
CIO

2
); 4. PMO 138.469* obv Maletz 1997 Plate 3P (latex); 20 21 

5. NIGP 157619 (NJ334) (Chen 2016 fig. 6-94A); 6. NIGP 157623 (NJ342) (Chen 2016 
fig. 6-94G); 7. PMO 69.866(8) rev Maletz 1997 fig . 25D; 8. PMO 69.913(6) rev Maletz 1997 fig. 25D; 9. PMO 138.760 rev 

Maletz 1997 fig. 25H; 10. PMO 138.792-3 obv Maletz 1997 fig. 25L; 11. PMO 138.439 rev Maletz 1997 fig. 25S; 12. PMO 
138.313 rev Maletz 1997 fig. 25Q; 13. PMO 138.707 rev Maletz 1997 Plate 3H; 14. PMO 138.757* obv Maletz 1997 Plate 3N; 
15. PMO 138.737 frag Maletz 1997 Plate 30 (treated with NHllO ); 16. PMO 138.472 obv Maletz 1997 fig. 23A; 17. PMO 

2 

69.913(10) obv Maletz 1997 fig. 25E; 18. PMO 138.360 rev Maletz 1997 fig. 25P; 19. PMO 138.509 rev Maletz 1997 fig. 250; 
20. PMO 69.874 obv Maletz 1997 fig. 25F; 21. PMO 138.472 obv Maletz 1997 fig. 25J. Notes: All specimens at lOX with 1 
mm scale bars or dots. Specimens in figs 3,4,14 used in coding. Scales for figs 3,4,13,14,15 not from original author. 
Specimens in figs. 1,2,5,6, published as Archic/imacograptus sebyensis, all others as Archic/imacograptus riddel/ensis. 
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Plate 10c: Archiclimacograptus sebyensis (Jaanusson, 1960) 
& Archiclimacograptus riddellensis (Harris, 1924) 
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Plate 10c: Archic/imacograptus sebyensis (Jaanusson, 1960) & Archic/imacograptus riddel/ensis 
(Harris, 1924). 1. PMO 138.527 obv (Maletz 1997 fig. 25N); 2. YPM 32500 obv; 3,4. PMO 138.516 
obv (Maletz 1997 fig. 25K & Plate 3T); 5. PMO 138.538b obv (Maletz 1997 Plate 3Q); 6. PMO 
138.661 obv (Maletz 1997 Plate 3F); 7. PMO 138.427b rev (Maletz 1997 Plate 3J, treated with 
NH CIO ); 8. SM X3080 obv (Hughes 1989); 9. SM X3081 * obv (Hughes 1989 Plate 3j); 10. SM

4 2 

X3077 * (Hughes 1989 Plate 3k); 11. SM X3076 rev (Hughes 1989 fig. 28k also fig. 23j identified as 
SM X3075); 12. SM X3075 rev (Hughes 1989 fig. 281); 13. VandenBerg & Cooper 1992 fig. 7Y; 14. 
VandenBerg & Cooper 1992 fig. 7Z; 15,16. PMO 69.913 rev (Maletz 1997 fig. 25A & Berry 1964 

Plate 11-10). Notes: All specimens at l0X with 1 mm scale bars or dots, except 1 & 2 at 20X, 10 & 
11 at 8X, 16 at 4X. Specimens in figs 1,4,14 used in coding. Scales for figs 4-8,10,11, 13,14,16 not 
from original authors . Specimens 1,3-7,15 published as Archic/imacograptus riddel/ensis, 8-12 as 
Ps. angu/atus sebyensis 13-14 originally published as Pseudoc/imacograptus (Ar.) riddel/ensis, 16 as 16 
Climacograptus angu/atus magnus. 
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Plate 10d: Archiclimacograptus sebyensis (Jaanusson, 1960) 
& Archiclimacograptus riddellensis (Harris, 1924) 
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Plate 10d: Archic/imacograptus sebyensis (Jaanusson, 1960) & Archic/imacograptus riddel/ensis 
(Harris, 1924). 1. USNM 138632 (Ross & Berry 1963 Plate 9.8); 2 *. YPM 152416; 3. YPM uncat; 4. YPM 152381; 5. NIGP 
153683 * (AEP-HD3-45a-7) (Zhang et al. 2011 fig. 3B); 6. GSC 119836 * rev; 7,8. NIGP 149274* (BSSD-4-8) (Zhang et al. 2009b 
fig. 8F & Zhang Fan Liu fig. 2009 2A); 9. NIGP 149275 (BSSD-4-24) (Zhang Fan Liu 2009 fig. 2B); 10. PMO 69.913(13) rev 

(Maletz 1997 fig. 25C); 11. GSC 119838 (Albani et al. 2001 fig. 4N); 12. GSC 132343 * (Maletz et al. 2011 fig. 7S); 13. NIGP 
152517 (Chen et al. 2012 fig. 4A) . Notes: All specimens at lOX with 1 mm scale bars or dots. Specimens in figs 2,5,7,12 used 
in coding. Scales for figs 1,11 not from original authors. Specimens 5,7-13 published as Ar. riddel/ensis, 1 as Climacograptus 
riddel/ensis. 
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Plate lOe: Archiclimacograptus sebyensis (Jaanusson, 1960) 
& Archiclimacograptus riddellensis (Harris, 1924) 
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Plate lOe: Archic/imacograptus sebyensis (Jaanusson, 1960) & 
Archic/imacograptus riddel/ensis (Harris, 1924). 1. NIGP 157604 (NJ311) 

Chen 2016 fig. 6-93A; 2. NIGP 157458 (AFF284) Chen 2016 fig. 6-93B; 3. NIGP 157494 (NJ367) Chen 

2016 fig. 6-93F; 4. NIGP 157482 (AFF285) Chen 2016 fig. 6-93L; 5. NIGP 157562 (AFF283) Chen 2016 

fig . 6-93K; 6. NIGP 157610 (AFF283) Chen 2016 fig . 6-93C; 7. NIGP 157484 (AFF285) Chen 2016 fig. 6-93J; 8. NIGP 157612 

(AFF285) Chen 2016 fig. 6-93H; 9. NIGP 157483 (AFF285) Chen 2016 fig. 6-93G; 10. NIGP 157638 (FG21) Chen 2016 fig . 6-

93E. Notes: All specimens at lOX with 1 mm scale bars or dots. All specimens published as Ar. riddel/ensis. 
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Plate lOf: Archiclimacograptus sebyensis (Jaanusson, 1960) 
& Archiclimacograptus riddellensis (Harris, 1924) 

13 14 

Plate lOf: Archic/imacograptus sebyensis (Jaanusson, 1960) & Archic/imacograptus riddel/ensis (Harris, 1924). 1. PMO 
69.905 (Berry 1964 Plate 12-04); 2,3. PMO 69 .874 distal (Berry 1964 Plate 11-06 & Maletz 1997 fig. 25G); 4. PMO 69.878 
(Berry 1964 Plate 12-03). 12. PMO 69.902 (Berry 1964 Plate 13-04); 13. PMO 69.875 (Berry 1964 Plate 11-09); 14. PMO 
69.877 (Berry 1964 Plate 12-05). Archic/imacograptus cf. A. riddel/ensis Harris 1924. 5. NHM qq 134 (Ganis 2005 fig. 71 also 
Ganis 2004 fig. 1.17-2); 6,7. NHM qq 135 obv (Ganis 2004 fig. 1.17-1 also Ganis 2005 fig . 7H); 8 . NHM qq 133 (Ganis 2005 fig. 
7N also Ganis 2004 fig. 1.17-6); 9 . NHM qq 137( Ganis 2005 fig. 7L also Ganis 2004 fig. 1.17-5); 10. NHM qq 131 (Ganis 2005 
fig. 7K also Ganis 2004 fig. 1.17-4); 11. NHM qq 138 obv (Ganis 2005 fig. 7J also Ganis 2004 fig. 1.17-3); Notes: All specimens 
at l0X with 1 mm scale bars or dots, except 1 at 8X, 4 at 5X. Scales for figs 1-4,6, 7 not from original authors Specimens 
1,2,4,13,14 originally published as Climacograptus angu/atus magnus, specimen 12 as Climacograptus angu/atus. 
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Plate lla: Climacograptus antiquus antiquus (Lapworth MS, 1873) 
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Plate lla: Climacograptus antiquus antiquus (Lapworth MS, 1873). 1,2. BU 1291* lectotype (Hughes 1989 Plate 3e & Elles & 
Wood 1906 Plate XXXI fig . 10c); 3. BU 1182 (Elles & Wood 1906 Plate XXVII fig. 4e); 4. BU 1180 (Elles & Wood 1906 Plate 
XXVII fig . 4c); 5,6. BU1178a (Elles & Wood 1906 Plate XXVII fig. 4a & Hughes 1989 fig . 22g); 7,8. BU 1290 (Elles & Wood 1906 
Plate XXXI fig. l0B & Hughes 1989 Plate 3c); 9-11. BU 1179 (Elles & Wood 1906 Plate XXVII fig. 4b, distal fig. 130c, proximal 

fig . 130b). Notes: Figs . 8,9 at 3X with 1 mm scale bars, figs. 1,2,5,10,11 at 4X, figs. 3,4 at 5X, figs 6, 7 at l0X. Specimens in 
figs 1,5,10 used in coding. Scales not from original authors. Specimens 2 & 10 originally published as Dip/ograptus multidens 

compactus. 
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Plate llb: Climacograptus antiquus antiquus (Lapworth 
MS, 1873) & Climacograptus biformis (Mu & Li, 1958) 
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Plate llb: Figs . 1-9 Climacograptus antiquus 10 
antiquus (Lapworth MS, 1873). 1. SM X3064 * 
(Hughes 1989 Plate Sn); 2. BM Q1102 * (Hughes 
1989 Plate Sm); 3. BU 1183 (Elles & Wood 1906 fig. 130d); 4, 6. BU 1178 (Elles & Wood 1906 fig . 130a 
& Plate XXVII fig. 4a proximal); 5. BU 1182 (Elles & Wood 1906 Plate XXVII fig. 4e proximal); 7. BU 
1180 (Elles & Wood 1906 Plate XXVII fig. 4c proximal); 8. BU 1289 (Elles & Wood 1906 Plate XXXI fig. 
10a); 9. BU 1179 (Elles & Wood 1906 Plate XXVII fig. 4b). Figs . 10,11. Climacograptus cf biformis (Mu 

& Li, 1958). 10, 11. GSM JR4141 obv Plate 96-6 & fig . lla. Notes: All specimens at l0X with 1 mm 8 
scale bars, except #8 at 3X, #4 & 9 at SX. Specimens in figs 1,2 used in coding. Scales not from original 
authors . Specimen 8 originally published as Dip/ograptus multidens compactus. 
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Plate 12: Dicaulograptus cumdiscus Finney 1985, Dicaulograptus luperus 
Jaanusson 1960, Dicaulograptus trechnus Ni 1991 
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Plate 12: Figs. 1-12 Dicaulograptus cumdiscus (Finney, 1985). All figures of only known specimen USNM 377408 * , 1. distal 

end obv; 2. distal end rev; 3. distal end ventral aspect (Finney 1985 fig. 3); 4. obv (Finney 1985 fig . 2); 5. distal end ventral 
side; 6. distal end rev with some rotation to left; 7. proximal end obv; 8. proximal end obv (Finney 1985 fig. 1); 9,10. 
proximal end drawings obv and rev (Finney 1985 fig. 7); 11. distal view of proximal piece showing arrangement of pleural 
disks (Finney 1985 fig . 4); 12. proximal aspect of part of theca showing structure of pleural disks (Finney 1985 fig. 5) . Figs. 

13-20 Dicaulograptus luperus Jaanusson 1960. 13. PMO 212.749 * (Maletz et al. 2007 fig. 4D NH CI0 coating); 14, 15. RM
4 2 

Cn 54587* rev (Mitchell 1987 fig. 4L also Jaanusson 1960 fig . 7C, Jaanusson 1960 Plate IV fig. 1); 16. PMO 212 .749 * (Maletz 

et al. 2007 fig. 4B NH CI0 coating); 17. RM Cn 59929 * rev (Mitchell 1987 fig. 40); 18, 19. RM Cn 54588 scalariform 
4 2 

(Jaanusson 1960 Plate IV fig. 4, side A Jaanusson 1960 Plate IV fig. 1). Figs. 21-27 Dicaulograptus trechnus Ni 1991. 20. PMO 
69.909-2 (Maletz 1997 fig. 28B); 21. PMO 69.909-3 (Maletz 1997 fig. 28C); 22. PMO 69 .912 (Berry 1964 Plate 16-4); 23,24. 
PMO 69 .911 (Berry 1964 Plate 16-5, Maletz 1997 fig. 28A); 25. PMO 69.910 (Berry 1964 Plate 16-6); 26, 27. PMO 69.909 * 
(Berry 1964 Plate 16-7, Maletz 1997 fig. 28D) . Notes: All specimens at l0X with 1 mm scale bars or dots, except 22-27 at 
8X. Specimens in figs 1-16 ,20,21,26,27 used in coding. Scales for figs 3,4,8-15,17,18, 22,24,25,26 not from original authors . 
Specimens 14,15,17-19 originally published as Pseudoc/imacograptus luperus, specimens 22,23,25,26 as Lasiograptus? sp. 
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Plate 13: Dicaulograptus hystrix Bulman, 1932 
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Plate 13: Dicau/ograptus hystrix Bulman, 1932. All specimens from Bulman (1932) unless indicated otherwise. 1. 01 0037* 
rev (Plate VIII fig . 01); 2-5. Cn 59927* {01 0038) rev & ventral (Plate VIII figs. 02&03b), obv & rev (Mitchell 1987 figs. 4N&O); 
6. 01 0039* reverse (Plate VIII fig. 04); 7-9. 01 0040* dorsal, dorsal oblique, rev (Plate VIII figs . 07, 06, 05); 10-13. Cn 59928* 
(01 0041) obv & rev (Plate VIII figs. 08 & 09), left-lateral & rev (Mitchell 1987 figs. 4K&J); 14,15. 010042* obv & rev (Plate VIII 

figs. 10 & 11); 16, 17. 01 0043* obv & rev (Plate VIII figs . 13 & 12); 18. Cn59953* (01 0052) rev (author's photo); 19,20. 01 
0045* obv & rev (Plate VIII figs . 14 & 15 also Bulman 1970 fig. 94b); 21. 01 0045* rev (Plate VIII fig. 16); 22,23. 01 0046* rev 
& scalariform (Plate IX figs. 01 & 02); 24. 01 0050 rev (Plate IX fig. 08); 25-27. 01 0051 obv, oblique, scalariform (Plate IX figs . 
09,10,11); 28. 01 0049 distal (Plate IX fig. 07); 29,30. 01 0047* obv (Plate IX figs. 04&03); 31,32. 01 0048* obv & rev (Plate IX 
figs. 06&05 also Bulman 1970 fig. 94a) . Notes: All specimens at lOX with 1 mm scale bars or dots, except 1-15 at 20X. All 
specimens except those in figs. 24-28 used in coding. No scales are from original authors. All Bulman 1932 specimens 
originally published as Lasiograptus hystrix. 
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Plate 14: Dicranograptus irregularis Hadding, 1913 

6 

5 

Plate 14: Dicranograptus irregularis Hadding, 1913. 1. PMO 69.861 (Berry 1964 Plate 11-01); 2. PMO 69.860 (Berry 1964 
Plate 11-02); 3. PMO 69.859 (Berry 1964 Plate 11-03); 4. Q.5653 obv (Hughes 1989 fig. 20b); 5. BM Q.5654 rev (Hughes 1989 
fig. 20a); 6. BM Q.5655 * obv (Hughes 1989 Plate lf); 7. LO 2432t * obv lectotype (Hughes 1989 Plate lg); 8. PMO 69.859 
(Berry 1964 Plate 11-04). Notes: All specimens at l0X with 1 mm scale bars, except specimen 8 at 4X. Specimens in figs 6,7 
used in coding. Scales not from original authors . 
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Plate 15a: Diplograptus ellesi Bulman, 1963, Diplograptus foliaceus 
(Murchison, 1839) 

8 

Plate 15a: Dip/ograptus el/esi Bulman, 1963. 1,2. 

BMNH Q1174 * (Bulman 1963 Pl 96-9, fig. llc); 3. SM 
A18129 * (Bulman 1963 fig. llb). Dip/ograptus 

foliaceus (Murchison, 1839). 4. SM X3061 (Hughes 
1989 Plate 3d); 5. SM A23760 (Hughes 1989 Plate 

3a); 6,8. BU 1288* rev (Hughes 1989 Plate 3f ,fig. 
23A); 7. BU 1285* Elles & Wood 1907 fig. 177a; 9. 
BU1288 Elles & Wood 1907 fig . 178. 
Notes: Specimens 3,8,9 at l0X with 1 mm scale bars, 
specimens 1,2 at 7X., specimens 6,7 at 5X, specimens 
4,5 at 2.5X. Specimens in figs 1,3,6,7 used in coding. 
No scales from original authors . Specimen 9 
originally published as Mesograptus multidens. 
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Plate 15b: Diplograptus foliaceus (Murchison, 1839) 
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Plate 15c: Diplograptus foliaceus (Murchison, 1839) 
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Plate 15c: Dip/ograptus fo/iaceus (Murchison, 1839). 1. YPM 202220; 2. SM X3059 (Hughes 1989 Plate 3b); 3. GSM GSC 
6926a type (Elles & Wood 1907 Plate XXXI 8a); 4. GSM GSC 6926b (Elles & Wood 1907 Plate XXXI 8b); 5. YPM 8008-2a two 

specimens obv & scaliform views; 6. YPM 8008-la obv; 7. YPM uncat prox; 8. Unknown BU specimen Elles & Wood 1907 fig. 
177b. Notes: All specimens at l0X with 1 mm scale bars, except specimens 3,4 at SX, specimen 1 at 3X, specimen 2 at 2.SX. 
Specimens in figs 3,4,6 used in coding. Scales for figs 2,3 not from original authors. Specimens 3,4,8 originally published as 
Mesoograptus fo/iaceus. Specimens 1,5,6, 7 unpublished. 
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Plate 16a: Eoglyptograptus asymmetros Chen, 2016 
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Plate 16a: Eoglyptograptus asymmetros Chen, 2016. 1,7. PMO 138.763* obv (Maletz 1997 fig. 20H also fig. 16F, Plate 2D); 
2,3. PMO155.889* rev & obv (Maletz 2011a fig. 7G, 7H also Maletz 1997 Plate 7H,K); 4. PMO 138.670* rev (Maletz et al. 
2011 also Maletz 1997 Plate 2B); 5. PMO 138.553* rev (Maletz 2011a fig. 7F); 6,8. NIGP 149264* (BSSD-4-21) obv (Zhang et 
al. 2009b fig. 2P also Zhang et al. 2009a fig. 2P, fig . 7J); 9. PMO 138.572 obv (Maletz 1997 fig . 20E); 10. PMO 138.590* rev 
(Maletz 1997 Plate 2F latex); 11. PMO 138.512 rev (Maletz 1997 fig. 20D); 12.14. PMO 138.583* rev (Maletz 1997b Plate 2C 
also Maletz 2011a fig. 7A, Maletz 1997 fig. 20B); 13. PMO 138.587 obv (Maletz 1997 Plate 2A) ; 15. PMO 138.676 rev (Maletz 
1997 fig. 20G); 16,17. PMO 138.557* obv (Maletz 1997 Plate 2J, fig. 20F also Maletz 1997 Plate 6H); 18. NIGP 149263 (BPSD-
1-9) (Zhang et al. 2009b fig. 71); 19. PMO 138.573 obv (Maletz 1997 fig. 20A). Notes: All specimens at lOX with 1 mm scale 

bar or dots. Specimens 2-4,7, 6-9,11-13,15-19 originally published as Eoglyptograptus dentatus. Specimens 1-5,7,10,12,14, 
16 used in coding. All specimens originally published as Eoglyptograptus dentatus, and except 18 as Eoglyptograptus sp. cf. 
Eoglyptograptus gerhardi in Maletz (2011a). 
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Plate 16b: Eoglyptograptus asymmetros Chen, 2016 

2 3 

Plate 1Gb: Eog/yptograptus asymmetros Chen, 2016. All specimens from Chen 2016. 1. NIGP 1157422 (NJ337) fig. 6-71B; 2. 
NIGP 157423 (NJ341) fig. 6-71D; 3. NIGP 157419 (NJ334) fig. 6-71E; 4. NIGP 157428 (NJ336) fig. 6-71F; 5. NIGP 157417 
(NJ338) fig. 6-71G; 6. NIGP 157421 (NJ336) fig. 6-71A; 7. NIGP 157420 (NJ336) fig. 6-71C; 8. NIGP 157475 (NJ367) fig. 6-71H. 
Notes: All specimens at lOX with 1 mm scale bars. 
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Plate 17a: Eoglyptograptus gerhardi Maletz, 2011a 
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Plate 17a: Eog/yptograptus gerhardi Maletz, 2011a. 

1:2. RM #396 Cn59895* obv & rev; 3. PZ-NRM Cn~ 305* rev (Maletz 2011a fig. 1D also fig. 2J); 4:5. PZ-~~½ 
}) 

12 NRM Cn 1280* obv & rev (Bulman 1936 Plate 3 fig. 1, 
fig. 2 also Bulman 1963 Pl 96-3 & Maletz 2011a fig. ~ /-, I 

6A&B); 6:7. PZ-NRM Cn 305* obv & rev (Bulman 1936 
\ f Plate 3 fig. 3 & fig. 4); 8. PZ-NRM Cn 419 obv (Bulman 

1936 fig. 22b also Bulman 1963 fig. 4d); 9. PZ-NRM Cn 

393 (Bulman 1936 fig. 22c); 10. 011232* rev (Bulman 
11 1963b fig. le also Skevington 1965 fig. 62a); 11. PZ

91~/.
L 

I NRM Cn 496 obv (Bulman 1936 fig. 22a); 12. RM-

Cn59947 rev (Mitchell 1992 Fig3d); 13. 01 1223* ventral oblique (Skevington 1965 fig. 60); 14-16. 01 1228* obv 

& rev (Skevington 1965 fig. 61b & 61a, rev Mitchell 1987 fig. 3J correcting errors in fig. 15); 17. Cn 59937* rev 
(Mitchell 1987 fig. 31). Notes: All specimens at l0X with 1 mm scale bar or dots: except 13-16 at 20X. Scales 

for figs 3-17 not from original authors. Specimens 4-10 published as Glytograptus dentatus-teretiusculus 
transient, 13-15 as Glyptograptus dentatus: 16 as Eog/yptograptus dentatus. Specimens 1-7,10,13-17 used in 

coding. 
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Plate 17b: Eoglyptograptus gerhardi Maletz, 2011a 
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Plate 17b: Eog/yptograptus gerhardi Maletz, 2011a. 1-4. PZ-NRM Cn 419 wax model proximal end (Bulman 

1936 Plate 4 fig. 1 obv, fig. 3 rev, fig. 2 oblique scalariform views, serial sections Bulman 1936 fig. 23); 5. 
Bulman 1963 thecal diagram. Notes: Specimens 1-4 at 35X magnification. Specimens 1-5 published as 

Glytograptus dentatus-teretiuscu/us transient. Specimen in 1-4 used in coding. 
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Plate 18: Eoglyptograptus jaroslavi (Boucek 1973) & 
Eoglyptograptus sp. 2 (Maletz 1997b) 
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Plate 18: Figs. 1-6,11 Eoglyptograptus jaroslavi (Boucek, 1973). 1-3. UUG-BB 149 obv (Bou eek 1973 Plate 
XXll-07, Plate XXl-07, fig. 37b also fig. 37c); 4. UUG-BB 150 rev (Boucek 1973 fig. 37a); 5. SM X.26757 obv 
(Dean et al. 2000 fig. 12f); 6. SM X.26758 rev (Dean et al. 2000 fig. 12g); 12. proximal development UUG-149 
(Boucek 1973 fig. 36d). Figs. 7-10,12 Eoglyptograptus sp. 2 Maletz, 1997b. 7-8. PMO 138.584 rev (Maletz 
1997b Plate 2E also Maletz et al. 2011 fig. 8C & Maletz 2011a fig. 7C, Plate 7D fig. 16C); 10-11. PMO 138.584 
obv (Maletz 1997b Plate 7E, fig. 20C) ; 13. PMO 138.538 reverse (Maletz 1997 fig . 201) . Notes: All specimens 
at l0X with 1 mm scale bar or dots. Scales for figs 1-4,7-9 not from original authors. Specimens in figs 1,5,6, • 

7-10 used in coding. Specimens 1-6, 11 originally published as Pseudoc/imacograptus {Undulograptus) 1? 
jaroslavi. 
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Plate 19: Gymnograptus ejuncidus Berry, 1964 
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Plate 20: Gymnograptus ejuncidus Berry, 1964. 1-3. PMO 69.880b* rev (Maletz 1997b fig . 36E, PMO 69.880 Maletz 1997b 
Plate 6L, Maletz 1997b fig . 36C); 4. PMO 69.882 (Berry 1964 Plate 16-03); 5-8. PMO 69.883* obv (Berry 1964 Plate 16-01, 
Maletz 1997b fig. 36B, Maletz 1997b Plate 6M, Maletz 1997b fig. 36D); 9. PMO 213.231 obv (Maletz et al. 2007 fig. 4D also 
Maletz et al. 2011 fig. SE); 10. Urbanek 1959 fig. 18* (B, median septum; C, subapertural process); 11. SM X3094 (Hughes 
1989 Plate 2c) . Notes: All specimens at l0X with 1 mm scale bars or dots. Specimens in figs 2,8,10 used in coding. Scales for 
figs 2,4,6,8,12 not from original authors. Specimens 1-3,6-9 originally published as Gymnograptus retusus, specimen 4,5 as 
Gymnograptus linnarssoni ejuncidus, specimen 10 as Gymnograptus sp., specimen 11 as Lasiograptus? retusus. 
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Plate 20: Gymnograptus linnarssoni (Moberg, 1896) 
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Plate 19: Gymnograptus linnarssoni (Moberg, 1896). 1. Urbanek 1959 fig . lA*; ,2,3. Urbanek 1959 figs . 2A* & 2B; 4. 
Urbanek 1959 fig. 3*; 5,6. Urbanek 1959 figs . 4 * & 5; 7. GIT 717-3* (Goldman et al. 2015 fig. SB); 8,9. Urbanek 1959 fig. 9* & 
Plate 1.2; 10. Urbanek 1959 Plate 1.1*; 11. NIGP 153689 (AEP-HD1-34a) (Zhang et al. 2011 fig. 3J); 12,13. PMO 69 .881 (Berry 
1964 Plate 14-11 & Maletz 1997 fig . 36A) . Notes: All specimens at l0X with 1 mm scale bars or dots. Specimens in figs 1-10 
used in coding. Scales for figs 1-6,8-10 not from original author. 
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Plate 21A: Haddingograptus eurystoma (Jaanusson, 1960) 
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Plate 21a: Haddingograptus eurystoma (Jaanusson, 1960). Figures 1-38 from Bulman 1932: 1,2. RM 61 2352 obv & rev (Plate 

I figs. 1,2); 3,4. RM 61 2353 obv & rev (Plate I fig. 3,4); 5,6. RM 61 2350 obv & rev (Plate I fig. 5,6 also Text fig. lb); 7. RM 61 
2346 rev (Plate I fig. 9); 8,9. RM 61 2349 dorsal & ventral scaliform view (Plate I fig. 7,8); 10,11. RM 61 2354 obv & rev (Plate 
I fig. 10,11); 12,13. RM 61 2351 rev & dorsal scalariform (Plate I fig . 12,13); 14. RM 61 2345 obv (Plate I fig. 14); 15,16. RM 61 
231 obv & rev (Plate I fig. 15,16); 17,18. RM 61 230 obv & rev (Plate I figs. 20, 21); 19. RM 61 218 obv section showing 
internal structure (Plate I fig. 30); 20,21. RM 61 2344 obv & rev (Plate I figs. 17,18); 22. RM 61 228 obv (Plate I fig. 22); 23. RM 
61 232 holotype obv (Plate I fig . 19); 24,25. RM 01151 ventral and dorsal sub-scalariform views showing internal structure 
(Plate I figs. 31,32); 26. RM 01 2357 median section (Plate I fig. 33); 27. RM 01 2366 (Plate I fig. 34); 28. RM 01 2365 (Plate I 
fig. 35); 29. diagrammatic dissection showing internal structure (fig. 3); 30-32. RM 01150 obv, scalariform, & oblique rev 
(Plate I figs. 27-29); 37. thecal diagram (fig. 2); 38. RM 61 200 rev (text fig. la). Figures 39-61 are author's: 39,40. RM 01199 

obv & rev; 41,42. RM 61 201 obv & rev; 43,44. RM 61 202 obv & rev; 45,46. RM 61 203 obv & rev; 47,48. RM 01185 obv & 
rev; 49,50. RM 61 2774 obv & rev; 51, 52. RM 01189 obv & rev; 53,54. RM 011741 obv & rev; 55. RM 01196 obv; 56,57. RM 
61 233 obv & rev; 58,59. RM 011685 obv & rev; 60, 61. RM 01197 obv & rev. Notes: All specimens at l0X with 1 mm scale 
bars, except fig. 38 at 20X. Scales for figs. 1-32 not from original author. All specimens used in coding. Specimens figs. 1-38 
published as Pseudoc/imacograptus scharenbergi. 
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Plate 21B: Haddingograptus eurystoma (Jaanusson, 1960) 
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Plate 21b: Haddingograptus eurystoma (Jaanusson, 1960). 1. SGU 152 rev (Jaanusson 1960 Plate IV fig. 10); 2-4. RM Cn 
54605 (61 232) holotype obv (Jaanusson 1960 fig. 7A), obv & rev (author's); 5,6. RM 01164 obv & rev (author's); 7,8. RM 61 
166 obv & rev (author's); 9. based on RM 01166 rev (Maletz 1997 fig. 29A); 10. NIGP 157468 (AFT-X 509) (Chen et al. 2016 
fig. 6-79A); 11,12. NIGP 157476 (NJ 365) obv (Chen 2016 figs. 6-79F, 6-78c); 13,14. NIGP 157480 (NJ 365) obv (Chen 2016 
figs. 6-79G, 6-78D); 15.NIGP 157474 (NJ336) (Chen 2016 fig. 6-78B); 16. NIGP 157473 (NJ334) rev (Chen 2016 fig. 6-78A); 17. 
NIGP139752 (AEP257) frag (Chen et al. 2006 fig. 51); 18. NIGP139749 (AEP257) obv (Chen et al. 2006 fig. SE); 19. 

NIGP137214 (111-19-H) rev (Chen et al. 2006 fig . SF); 20. NIGP139750 (AEP257) obv (Chen et al. 2006 fig. SG); 21. 
NIGP139751 (AEP258) rev (Chen et al. 2006 fig. SH); 21-25. RM Cn 59921 right-lateral, oblique rev, left-lateral (Mitchell 1987 

figs. 4B, 4A, 4C, 4D); 26, 27. RM Cn 59922 rev, oblique rev (Mitchell 1987 figs. 4F, 4E). Notes: All specimens at l0X with 1 
mm scale bars . Scales for figs . 1,2,17-27 not from original authors. Specimens in figs. 1-9,11-14,22-27 used in coding. Figs . 
1,2,22-27 published as Pseudoc/imacograptus eurystoma. 
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Plate 22: Haddingograptus hap/us (Jaanusson, 1960) 
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Plate 22: Haddingograptus hap/us (Jaanusson, 1960). 1. Cn 59962 rev (Mitchell 1987 fig. 41); 2-5. RM Cn 59925 

(01 229)* obv & rev (Bulman 1932 Plate I figs. 23 & 24, Mitchell 1987 figs. 4G & H); 6. RM Cn 54600 obv 

(Jaanusson 1960 fig. 8C); 7,8. RM Cn 54598* rev (Jaanusson 1960 fig. 8A & Plate V fig. 7); 9,10. Nr 213 (RM 01 
213) obv & rev (Maletz 1997 figs. 29G & H); 11,12. RM 01 226* obv & rev (Bulman 1932 Plate I figs. 25 & 26); 

13,14. RM 01 227* obv & rev (author); 15,16. RM Cn 54601 * Holotype rev (Jaanusson 1960 fig. 8B & Plate V fig. 

6). Haddingograptus hap/us praecursor (Dean et al. 2000). 17. SM X.26764 Holotype (Dean et al. 2000 fig. 

12m). Notes: All specimens at lOX with 1 mm scale bar or dots. Scales for figs 1-8,11,12,15,16 not from 

original authors. Figs. 2,3,11,12 originally published as Climacograptus scharenbergi, figs. 1,4,5 as 

Pro/asiograptus hap/us, figs. 6-8,15,16 as Lasiograptus hap/us, 17 as Pro/asiograptus hap/us praecursor. 
Specimens 2,3,8,11-14,16 used in coding. 
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Plate 23: Haddingograptus intermedius (Berry, 1964), 
Haddingograptus maennili Goldman et al., 2015 

6 

Plate 23: Figs. 1-6 Haddingograptus intermedius (Berry, 1964) 

1-3. PMO 69.869* holotype rev (Maletz 1997b fig. 31A, Maletz 

1997b Plate SC, Berry 1964 fig. 12-02); 4. PMO 69.863 (Berry 

1964 Plate 13-06); 5,6. PMO 138.699* obv (Maletz 1997 Plate 

SA, Maletz 1997 fig. 318). 

Fig. 7 Haddingograptus maennili Goldman et al., 2015. 7. GIT 

717-8* holotype (Goldman et al. 2015 fig. SG). Notes: All 

specimens at lOX with 1 mm scale bar or dots. Scales for figs 

2-4,6 not from original authors. Specimen 3 originally 

published as Climacograptus scharenbergi intermedius, 4 as 

Climacograptus repetitus. Specimens 2,3,6, 7 used in coding. 

3 4 
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Plate 24a: Haddingograptus oliveri (Boucek, 1973) 
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Plate 24a: Haddingograptus oliveri (Boucek, 1973). 1,2. GSC 119827a obv & rev; 3-5. GSC 119827b* obv & rev; 6. GSC 
132347* (Maletz et al. 2011 fig. 7X); 7. NIGP 149265 (BSSD-1-2) (Zhang et al. 2009 fig. 7P); 8,9. PMO 138.441-1 * obv & rev 
(Maletz 1997 Plate 71 & 7J); 10. NIGP 149265 (BSSD-1-2) (Zhang et al. 2009 fig. 7K); 11,12. PMO 138.565 rev (Maletz 1997 
Plate 4E latex casting & fig. 30K); 13,14. PMO 138.239 obv (Maletz 1997 Plate 4J coated with NHllO & fig. 30M); 15,16. 

2 

NIGP 157487 (NJ 301) obv (Chen 2016 fig. 6-79C & 6-78F) ; 17. NIGP 157498 (FG 28) (Chen 2016 fig . 6-79H); 18. NIGP 
157497 (FG 23) (Chen 2016 fig. 6-791). Notes: All specimens at l0X with 1 mm scale bars or dots. Scales for figs 4,8,9 not 

from original authors. Specimens in figs 3-6,8,9 used in coding. 
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Plate 24b: Haddingograptus oliveri (Boucek, 1973) 
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Plate 24b: Haddingograptus oliveri (Boucek, 1973). 1,2. PMO 138.624* obv (Maletz 1997 Plate 4G & fig. 30G); 3,4. PMO 
138.561* obv (Maletz 1997 Plate 40 & fig. 30C); 5,6. PMO 138.485 obv (Maletz 1997 Plate 41 & fig. 30P); 7,8. PMO 138.265 
obv (Maletz 1997 Plate 4R & fig. 30Q); 9.10. PMO 138.261 fragment (Maletz 1997 Plate 4C & 30J); 11, 12. PMO 138.259* 
rev (Maletz 1997 Plate 4S & fig. 30N); 13, 14. PMO 138.219 rev (Maletz 1997 Plate 4N & fig. 301); 15. PMO 138.790* rev 
(Maletz 1997 Plate 4H); 16. PMO 155.538 obv (Maletz 1997 fig. 32A); 17. PMO 138.823 fragment (Maletz 1997 fig. 30B); 

18. PMO 138.441 rev (Maletz 1997 fig. 30R); 19. PMO 138.610* rev (Maletz 1997 Plate 4B); 20. PMO 138.615 (Maletz et al. 
2011 fig. 8H also Maletz et al. 2011 fig. 8H); 21. PMO 138.558* rev (Maletz 1997 Plate 4Q); 22. PMO 138.574 obv (Maletz 
1997 Plate 4D latex casting also fig. 4L); 23. PMO 138.835 fragment (Maletz 1997 Plate 4F latex casting); 24. PMO 

138.558* rev (Maletz 1997 Plate 4P); 25. PMO 138.XXX oblique (Maletz 1997 Plate 4A); 26. PMO 138.811 obv (Maletz 
1997 fig. 30A); 27. PMO 138.686 rev (Maletz 1997 fig. 30S); 28. PMO 138.234-1 obv (Maletz 1997 fig . 30E); 29. PMO 
138.441 obv (Maletz 1997 fig . 300); 30. PMO 138.717 obv (Maletz 1997 fig. 30D) . Notes: All specimens at l0X with 1 mm 

scale bars or dots. Scales for figs 15,19-25 not from Maletz 1997b. Specimens in figs 1,5,11,15,19,24 used in coding. 
Specimens in figs. 1,3,11,15,19,21,24 identified by Maletz 1997b as coated with NHllO • Specimen 25 was identified as 

2 

PMO 138.XXX in Maletz 1997b. Specimens 21 and 24 were each identified as PMO 138.558 in Maletz 1997b, but appear to 
be different specimens. 
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Plate 24c: Haddinqoqraptus oliveri (Boucek, 1973) 

Plate 24c: Haddingograptus oliveri (Boucek, 1973). 1,2. NHM qq 144 obv (Ganis 2004 fig. 1.18-lb & Ganis 2005 fig. 7Q also 
Ganis 2004 fig. 1.18-la); 3,4. NHM qq 141 obv (Ganis 2004 fig. l.18-2b & Ganis 2005 fig. 7T also Ganis 2004 fig. l.18-2a); 5. 
NHM qq 139 (Ganis 2005 fig. 7P also Ganis 2004 fig. 1.18-4); 6. NHM qq 164 (Ganis 2005 fig. 7S also Ganis 2004 fig. 1.18-5); 
7. NHM qq 143 (Ganis 2005 fig. 70 also Ganis 2004 fig. 1.18-6); 8. NHM qq 145 (Ganis 2005 fig . 7N also Ganis 2004 fig. 1.18-
8); 9. GSC 119833 (Albani et al. 2001 Fig4R) ; 10. PMO 138.234-2 obv (Maletz 1997 fig. 30H) ; 11. PMO 138.574 obv (Maletz 
1997 fig. 30L); 12. GSC 119832 (Albani et al. 2001 Fig4Q); 13. NHM qq 140 (Ganis 2005 fig. 7R also Ganis 2004 fig. 1.18-7); 
14. PMO 138.317 obv (Maletz 1997 Plate 4K); 15. PMO 138.567 obv (Maletz 1997 fig . 30F); 16. NHM qq 142 obv (Ganis 2005 
fig. 7U also Ganis 2004 fig. 1.18-3); 17. PMO 69.898 (Berry 1964 Plate 12-07); 18. PMO 155.479 fragment (Maletz 1997 fig. 
32B); 19. PMO 69.900 (Berry 1964 Plate 12-08). Notes: All specimens at l0X with 1 mm scale bars or dots. Scales for figs 

9,10,12,14,17,19 not from original authors. No specimens used in coding. Specimens 17,19 originally published as 
Climacograptus cf. C. scharenbergi. 
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Plate 24d: Haddingograptus oliveri (Boucek, 1973) 
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Plate 24d: Haddingograptus o/iveri (Boucek, 1973). 1. NIGP 157489 (NJ320) (Chen 2016 fig. 6-78H); 2. NIGP 157490 (NJ346) 
(Chen 2016 fig. 6-78K); 3. NIGP 13090 (WM23) (Chen 2016 fig. 6-78G); 4. NIGP 157488 (NJ302) (Chen 2016 fig. 6-78Q); 5. 
NIGP 157495 (FG20) (Chen 2016 fig. 6-78P); 6. NIGP 157496 (FG43) (Chen 2016 fig. 6-78R); 7. GSC 119841-1; 8. GSC 119854; 
9. GSC 119841-2; 10. NIGP137217 (11I-16-H) (Chen et al. 2006 fig. SR) . Notes: No specimens used in coding. All specimens at 

lOX with 1 mm scale bars or dots. Scale on fig. 10 not from Chen et al. 2006, published scale for this specimen questionable. 
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Plate 25a: Haddingograptus tarimensis Chen, 2016 
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Plate 25a: Haddingograptus tarimensis Chen, 2016. 1,2. NIGP 157479 (NJ 319)* (Chen 2016 fig. 6-79D & fig. 6-78N); 3,4. 
NIGP 157481 (NJ 363)* holotype (Chen 2016 fig. 6-79B & fig. 6-78J); 5, 6. PMO 138.406* rev (Maletz 1997 Plate SF & fig . 

31C); 7,8. PMO 155.852 obv & rev (Maletz 1997 figs. 31E&F); 9. PMO 138.800 rev (Maletz 1997 Plate SG); 10. PMO 138.602 
rev (Maletz 1997 Plate SH); 11. PMO 138.608* obv (Maletz 1997 Plate SD); 12,13. PMO 138.645 obv (Maletz 1997 Plate SK 

coated with NH CI0 & fig. 31J); 14,15. PMO 138.270* obv (Maletz 1997 Plate 51 coated with NH CI0 & fig. 310); 16.
4 2 4 2 

PMO 138.766* obv (Maletz 1997 Plate SL); 17. PMO 138.792* obv (Maletz 1997 Plate SJ coated with NH 4CIOJ; 18. PMO 

138.792-1 * (Maletz 1997 Plate SE coated with NH CI0 also in Maletz et al. 2011 fig. 8G); 19. PMO 138.686 rev (Maletz
4 2 

1997 Plate SB); 20. PMO 138.400 obv (Maletz 1997 fig. 31G); 21. PMO 138.792-2 obv (Maletz 1997 fig. 31N); 22. PMO 
138.828 obv (Maletz 1997 fig. 31L); 23. PMO 138.394 rev (Maletz 1997 fig. 31M); 24. PMO 138.368 rev (Maletz 1997 fig. 
29B); 25. based on RM 01166 rev (Maletz 1997 fig. 29A); 26. un-identified PMO specimen obv (Maletz 1997 fig. 31K); 27. 
PMO 138.606 rev (Maletz 1997 fig. 31D); 28. NIGP 157501 (NJ355) (Chen 2016 fig. 6-780) . Notes: All specimens at lOX 
with 1 mm scale bar. Specimens in figs 1,3,6,11,14,16-18 used in coding. Figs 5-27 published as Haddingograptus eurystoma. 
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Plate 25b: Haddingograptus tarimensis Chen, 2016 

Plate 25b: Haddingograptus tarimensis Chen, 2016. 1. PMO 155.560 obv (Maletz 1997 fig. 32G); 2. PMO 155.563 rev 
(Maletz 1997 fig. 32C); 3. PMO 155.561 rev (Maletz 1997 fig. 32E); 4. PMO 155.565 rev (Maletz 1997 fig. 32D); 5. PMO 
155.523 rev (Maletz 1997 fig. 32F); 6. PMO 138.368 rev (Maletz 1997 fig. 311); 7. PMO 69 .863 rev (Maletz 1997 fig. 31H) . 
Note: All specimens at lOX with 1 mm scale bar or dots. Figs 1-7 published as Haddingograptus eurystoma. No specimens 
used in coding. 
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Plate 26a: Hustedograptus bulmani Mitchell, Brussa & Maletz, 2008 
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Plate 26a: Hustedograptus bulmani Mitchell, Brussa & Maletz, 2008. 1,2. Cn 59920* rev author's photo, Mitchell et al. 
2008 fig. 11.3); 3-5. Cn 59894* rev (author's photo, rev Mitchell et al. 2008 fig. 11.5, obv Mitchell et al. 2008 fig. 11.4); 6. Cn 
59919 rev (Mitchell et al. 2008 fig. 11.6); 7-9. RM Cn 59946* (RM 011279) holotype obv & rev (Bulman 1936 Plate 3 fig. 

10&11, rev Mitchell 1992 fig. 3g see also Maletz 2011a fig. lE); 10. MHNC 13192* obv (Mitchell et al. 2008 fig. 10.12); 11-12. 
MHNC 13182 obv (Mitchell et al. 2008 fig. 10.1, fig. 9.5) ; 13-14. PMO 155.882-3 obv (Maletz 1997 fig. 19D, Plate lJ) ; 15,16. 
PMO 155.880-5 rev (Maletz 1997 Plate 1D, fig. 19B); 17,18. PMO 155.880-5 obv (Maletz 1997 Plate lE, fig. 19C); 19. PMO 
138.788* obv (Maletz 1997 Plate 2K); 20,21. PZ-NRM Cn 306* obv & rev (Bulman 1936 Plate 3 fig. 8&9). Notes: All 
specimens at l0X with 1 mm scale bar or dots, except figs 1,2,10 at 20X. Scales for figs 7,8,12-20 not from original authors. 
Specimens in figs 1,3,7,8,19,20 used in coding. figs . 7,8,20,21 published as Glyptograptus dentatus-teretiusculus transient, 
figs 9,13-19 published as Hustedograptus sp. nov. 
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Plate 26b: Hustedograptus bulmani Mitchell, Brussa, & Maletz, 2008, 
Hustedograptus quebecensis Maletz, 2009 
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Plate 2Gb: Fig. 1-8 Hustedograptus bulmani Mitchell, Brussa, & Maletz, 2008. 1. PMO 138.481 rev (Maletz 1997 fig. 19E); 
2. PMO 138.782 obv (Maletz 1997 fig. 19F); 3. PMO 155.879 obv (Maletz 1997 fig. 19A); 4. BMNH Q5803 (Mitchell 1992 
Fig3e); 5. PMO 69.913-12 obv (Maletz 1997 fig. 19G); 6. PMO 138.775 obv (Maletz 1997 fig. 19H); 7. MHNC 13184 
(Mitchell et al. 2008 fig. 10.2); 8. MHNC 13183* rev (Mitchell et al. 2008 fig. 9.6). Fig. 9-16 Hustedograptus quebecensis 
Maletz, 2009. 9.10. GSC 133514* obv (author's photo, see also Maletz 2009 fig. 3Q& Maletz 2009 fig. 7M); 11,12. GSC 
133513* obv (Maletz 2009 fig . 3L & fig. 7L); 13. GSC 133546* obv (Maletz 2009 fig . SJ); 14,15. GSC 133515* rev (Maletz 
2009 fig. 3R & fig 7F); 16. GSC 133545 obv (Maletz 2009 fig . 7G) . Notes: All specimens at lOX with 1 mm scale bar or 
dots. Specimens in figs . 9,11,13,14 used in coding. 
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Plate 27a: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 
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Plate 27a: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960}. 
1-3. RM Cn 59886 * obv & rev (Mitchell 1987fig . 2L & 2M}, obv (author); 4. UM 
OJ 765 * rev (Jaanusson 1960 Plate Ill fig. 9}; 5. UM Ol 983 * rev (Jaanusson 1960 
Plate Ill fig . 11}; 6. SGU (Jaanusson 1960 Plate Ill fig. 10}; 7,8,11,15. A.18822 
(Elles & Wood 1906figs 171c, 171d, prox &full Plate XXXI lb}; 9,16. BU 1275* 
(Elles & Wood 1906 fig . 171a, Plate XXXI la}; 10. BU 1279* (Elles & Wood 1906 
fig . 171b}; 12,13. BU 1278 (Elles & Wood 1906 prox & full Plate XXXI le}; 14. BU 
1277 (Elles & Wood 1906 Plate XXXI ld}; 17. BU 1276 (Elles & Wood 1906 Plate 

XXXI le}. Notes: All specimens at 10X with 1 mm scale bar, exceptfig. 14-17 at 
5X, fig. 18 at 3.5X. Specimens in figs. 1-5,9,10,11 used in coding. fig. 3 published 
as Glyptograptus cernuus, figs 4-16 as Glyptograptus teretiuscu/us. 

15 17 
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Plate 27b: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 
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Plate 27b: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 1. GIT 717- • 

4* (Goldman et al. 2015 fig. SC); 2,3. PMO 138.822* obv (Maletz 1997b Plate 2H latex & fig. 
17B); 4. PMO 138.633 obv (Maletz 1997b fig. 17E); 5. PMO 69.887 rev (Maletz 1997b fig. 
17C); 6. PMO 138.697 rev (Maletz 1997b fig. 17A); 7. PMO 138.822 obv (Maletz 1997b fig. 12 
17B); 8-11. PMO 138.274* rev (Maletz 1997b Plate 7G & fig. 17H), obv (Maletz 1997b Plate 
7F & fig. 17F); 12. PMO 138.620 rev oblique (Maletz 1997b fig. 17G); 13. PMO 138.689 rev 
(Maletz 1997b fig. 17D). Notes: All specimens at lOX with 1 mm scale bar or dots. 
Specimens in figs. 1,2,8, & 10 used in coding. 
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Plate 27c: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 
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Plate 27c: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 
1,2. NIGP 157395 (AFF 283) obv (Chen 2016 fig . 6-68K & fig. 6-67B); 3,4. NIGP 
157672 (NJ363) obv (Chen 2016 fig. 6-68L & fig. SJ); 5. NIGP 157397 (AFF283) * rev 
(Chen 2016 fig. 6-68H); 6,7. NIGP 157396 (AFF 283)* obv (Chen 2016 fig . 6-68G & 
fig . 6-67F) ; 8. NIGP 157407 (NJ 365) (Chen 2016 fig. 6-68E) ; 9,10. NIGP 157394 
(AFF 281) rev (Chen 2016 fig. 6-68B & fig. 6-67H) . Notes: All specimens at lOX 
with 1 mm scale bar. Original authors' scale on #5 is suspect. Specimens in figs. 5 
& 6 used in coding. 
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Plate 27d: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 

Plate 27d: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 1. 
NIGP 157413 (FG28) (Chen 2016 fig. 6-68D); 2. NIGP 157408 (NJ367) obv (Chen 2016 
fig. 6-68C); 3. NIGP 157404 (AFF281) rev (Chen 2016 fig . 6-69B, 4. NIGP 157410 
(AFC6) rev (Chen 2016 fig. 6-69C); 5. NIGP 157405 (AFF281) rev (Chen 2016 fig. 6-
69A); 6. NIGP 157409 (AFC 2j) (Chen 2016 fig. 6-68A) . Notes: All specimens at l0X 
with 1 mm scale bar, except specimen 6 at 8X. 
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Plate 27e: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 
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Plate 27e: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 1. NIGP 

157406 (AFF 283) obv (Chen 2016 fig. 6-681); 2,3. NIGP 157398 (AFF 283) rev (Chen 2016 fig. 

6-68F & fig. 6-67E); 5. NIGP 157411 (AFC13) obv (Chen 2016 fig. 6-69D); 6. NIGP 137200a 

(111 -14-H) (Chen et al. 2006 fig. SJ); 7. NIGP 157400 (NJ336) (Chen 2016 fig. 6-67D); 8. NIGP 
157401 (NJ346) (Chen 2016 fig. 6-67A); 9. NIGP 157399 (NJ308) (Chen 2016 fig. 6-671) . 8 

Hustedograptus teretiuscu/us? 4. NIGP 157414 (FG 8) (Chen 2016 fig . 6-68J) . Notes: All 

specimens at l0X with 1 mm scale bar, except specimens 6-8 at 8X, specimen 5 at SX. 
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Plate 27f: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 
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Plate 27f: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960) . 1,2. NHM qq 147 (Ganis 2004 fig. l.16-3b 

& 3a also Ganis 2005 fig. 7E); 3,4. NHM qq 153 obv (Ganis 2004 fig. 1.16-lb & la also Ganis 2005 fig. 7B); 5,6. NHM qq 150 
(Ganis 2004 fig. l .16-2b & 2a also Ganis 2005 fig. 7 A); 7. NHM qq 149 (Ganis 2004 fig. 1.16-6 also Ganis 2005 fig. 7G); 8. 
NHM qq 151 (Ganis 2004 fig. 1.16-7 also Ganis 2005 fig. 7F); 9. NHM qq 154 (Ganis 2004 fig. 1.16-4 also Ganis 2005 fig. 7C); 

10. NHM qq 146 (Ganis 2004 fig. 1.16-5 also Ganis 2005 fig. 7D); 11. NIGP 139753(AEP280) (Chen et al. 2006 fig. SK) . 

Notes: All specimens at l0X with 1 mm scale bar, except 7-11 at 8X. 
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Plate 27g: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 

2 

Plate 27g: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 1. UUG-BB 150 (Boucek 1973 Plate XXIV-
01); 2. UUG-BB 167 (Boucek 1973 Plate XXIV-03: 3. UUG-BB 168 (Boucek 1973 Plate XXIV-05, 4. UUG-BB 164 (Boucek 1973 

Plate XXIV-02); 5. UUG-BB 165 (Boucek 1973 Plate XXIV-04); 6. UUG-BB 166 (Boucek 1973 Plate XXIV-06). Notes: All 
specimens at 7X with 1 mm scale bar. Figures 1-6 published as Glyptograptus teretiuscu/us . 
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Plate 27h: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson, 1960) 
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Plate 27h: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson, 1960). 1,2. NIGP 149270 (BPSD_l-
55)* (Zhang et al. 2009 fig. 8D & fig. SH also Zhang et al. 2009a fig. 2H); 3,4. NIGP 149273 (BSSD-4-37) (Zhang et al. 2009b 
fig . 8H & fig. SG also Zhang et al. 2009a fig. 2M); 5. NIGP 149267 (BSSD-4-62) (Zhang et al. 2009b fig . 8A); 6. NIGP 149273 
(BSSD-4-37) (Zhang et al. 2009b fig. SE); 7,8. NIGP 149272 (BPSD-1-46) (Zhang et al. 2009 fig. 8G & fig. SG also Zhang et al. 
2009a fig . 2G) ; 9. NIGP 149268 (BPSD-1-37) (Zhang et al. 2009b fig . 8B); 10. NIGP 149269 (BSSD-4-35) (Zhang et al. 2009 
fig. SC). Figures 11,12 Hustedograptus teretiusculus var. occidentalis. 11. USNM 138548 (Ross & Berry 1963 Plate 11.8); 

12. USNM 138547a (Ross & Berry 1963 Plate 11.7). Notes: All specimens at l0X with 1 mm scale bar, except 11,12 at 4X. 
Specimen in fig. 1 used in coding. fig. 11,12 published as Glyptograptus teretiusculus var. occidentalis. 
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Plate 27i: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 

Plate 27i: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 1. PMO 69 .886 (Berry 1964 
Plate 15-07); 2. PMO 69 .987 (Berry 1964 Plate 15-08): 4. PMO 69.907 (Berry 1964 Plate 14-06}; 5,6. PMO 
69.888 (Berry 1964 Plate 14-04 & 14-05). Hustedograptus cf. H. teretiuscu/us. 3. PMO 69.906 (Berry 1964 

Plate 14-03). Notes: Specimens 1-3 at 8X with 1 mm scale bar, specimen 4 at 6X, specimen 5,6 at 2X. Fig. 1 
& 2 published as Orthograptus sp., fig. 3 as Glyptograptus cf. G. teretiuscu/us. 
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Plate 27j: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 

3 

Plate 27j : Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 

1960). 1. USNM 138686 (Ross & Berry 1963 Plate 10.24); 3. USNM 8556 (Ross 
& Berry 1963 Plate 11.9); 4. USNM 138687 (Ross & Berry 1963 Plate 11.5); 
5,6. SM X3067 (Hughes 1989 fig. 22f & Plate 4e). Hustedograptus cf. H. 
teretiuscu/us 2. USNM 138688 (Ross & Berry 1963 Plate 10.19) . Notes: 
Specimens 1-3 at 8X with 1 mm scale bar, specimen 4 at 6X, specimen 5,6 at 

5 6 
2X. fig . 1 published as Glyptograptus aft. G. teretiuscu/us, figs 2-6 as 
Glyptograptus cf. G. teretiuscu/us. 

4 
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Plate 27k: Hustedograptus teretiusculus (Hisinger, 1840 sensu Jaanusson 1960) 
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Plate 27k: Hustedograptus teretiuscu/us (Hisinger, 1840 sensu Jaanusson, 1960). 1,2. NIGP151798 (Chen et al. 2010 fig. 4L 
& fig. 30) . Hustedograptus cf. H. teretiuscu/us 3. PRI K12117, 4. PMO 69.886 (Berry 1964 Plate 15-07); 5. PMO 69.987 
(Berry 1964 Plate 15-08). Notes: Specimens 1-3 at l0X, with 1 mm scale bar, specimens 4,5 at 8X. Figs 4,5 originally 
published as Orthograptus sp. 
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Plate 28a: Hustedograptus vikarbyensis (Jaanusson, 1960) 
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Plate 28a: Hustedograptus vikarbyensis (Jaanusson, 1960). 1. UM D761 rev (Jaanusson 1960 Plate Ill fig. 8); 

2. UM D765 rev (Jaanusson 1960 Plate Ill fig. 9); 3. UM D763 rev (Jaanusson 1960 Plate Ill fig. 7); 4. UM D262 f,i 
(Jaanusson 1960 Plate Ill fig. 6); 5 . GSM 23075 Elles & Wood 1907 fig. 174a); 6. PMO 138.822 obv latex cast (Maletz 

1997 Plate 2H); 7,8. PMO 138.609 obv (Maletz 1997 Plate 2G coated with NHpo , fig . 18F); 9,11. GSM 23073 rev W 
2 

(Elles & Wood 1907 fig . 174b); 10. GSM 23074 obv (Elles & Wood 1907 Plate XXXI fig. 4d l0X); 12. A.17409 (Elles & Wood 
1907 Plate XXXI fig. 4a); 13. GSM 23072 (Elles & Wood 1907 Plate XXXI fig . 4b) . Notes: All specimens at l0X with 1 mm 

scale bars or dots, except 13 at 8X. Specimens in figs 1,3,5,6,7,9.10 used in coding. Scales for figs 1-7,9-13 not from original 
authors . Specimens 1,3,4 originally published as Glyptograptus vikarbyensis, 2 as Glyptograptus cernuus, 5,9-13 as 
Glyptograptus dentatus . 
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Plate 28b: Hustedograptus vikarbyensis (Jaanusson, 1960) 
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Plate 28b: Hustedograptus vikarbyensis (Jaanusson, 1960). 1,2. NIGP 149259 (BSSD-4-38)* rev 
(Zhang et al. 2009 fig. 7H, Zhang Fan Liu 2009 fig. 2F); 3,4. NIGP 149260 (BSSD-4-58) (Zhang et al. 
2009 fig. 7L, Zhang Fan Liu 2009 fig. 2L); 5,6. NIGP 149261 (BPSD-1-19) rev (Zhang et al. 2009 fig. 
7M, Zhang Fan Liu 2009 fig . 2F); 7,8 . PMO 138.613* obv (Maletz 1997b Plate 2M coated with 
NHllO , Maletz 1997b Plate 2I latex casting); 9. NIGP 149258 (BSSD-4-3) (Zhang et al. 2009 fig. 

2 

7G); 10. Gutierrez-Marco 2012 fig. 2m; 11 . NIGP 149262 (BSSD-4-21) rev (Zhang et al. 2009 fig. 
7N); 13. PMO 69.885 (Berry 1964 Plate 15-12); 14. Gutierrez-Marco 2012 fig. 21. 
12. Hustedograptus cf. vikarbyensis NIGP 157415 (AFF283) obv (Chen 2016 fig. 6-67G). 

Notes: All specimens at l0X with 1 mm scale bars or dots, except 12 at 20X, 14 at 8X. Specimens 14 
in figs 1, 7 used in coding. Scales for figs. 7,8,10,13,14 not from original authors. Specimen 13 
originally published as Orthograptus calcaratus cf. var. acutus. 
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Plate 28c: Hustedograptus vikarbyensis (Jaanusson, 1960) 
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Plate 28c: Hustedograptus vikarbyensis (Jaanusson, 1960). 1. PMO 69.886 obv (Maletz 1997 fig . 18A); 2. PMO 138.252 
obv (Maletz 1997 fig . 18G); 3. PMO 138.722 obv (Maletz 1997 fig. 18D); 4. PMO 138.303 obv (Maletz 1997 fig. 18E); 5. 
GSM 23076 Elles & Wood 1907 fig. 174c; 6. PMO 138.254 rev (Maletz 1997 fig. 181); 7. PMO 138.298 obv (Maletz 1997 
fig. 18C); 8 . PMO 138.718 obv (Maletz 1997 fig. 18B); 9. PMO 138.585 obv (Maletz 1997 fig. 18H); 10. PMO 138.692 rev 
(Maletz 1997 fig. 18J). Notes: All specimens at lOX with 1 mm scale bars or dots. No specimens used in coding. Scale for 
fig. 5 not from original authors. Specimen 5 originally published as Glyptograptus dentatus. 
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Plate 29a: Jiangxigraptus exilis (Elles & Wood, 1904) 
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Plate 29a: Jiangxigraptus exilis (Elles & Wood, 1904). 1. NIGP157293* (Chen 2016 fig . 6-36A); 2. NIGP157291 * (Chen 
2016 fig. 6-36C); 3. NIGP157290* (Chen 2016 fig. 6-36B); 4. NIGP151786* (Chen et al. 2010 fig. 4B, fig. 3C); 6. YPM ACCN 
2272; 7. USNM 138564 (Ross & Berry 1963 Plate 6.15); 8. USNM 138563a (Ross & Berry 1963 Plate 6.07). Notes: 

Specimens 1,2,3,4,6,7 at lOX with 1 mm scale bars. Scales for figs 7,8 not from original authors. Specimens in figs 1,2,3,4 
used in coding. Specimens 7,8 originally published as Dicel/ograptus sextans, var. exilis; specimens 4,5 as Dicel/ograptus 
sextans exilis. 
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Plate 29b: Jiangxigraptus exilis (Elles & Wood, 1904) 

Plate 29b: Jiangxigraptus exilis (Elles & Wood, 
1904). 1. NIGP135756(11I-22-H2) (Chen et al. 
2006 fig. 7F); 2. NIGP139771(AEP280) (Chen et 
al. 2006 fig. 7J); 3. GSE 5469 (M1199a) (Elles & 
Wood 1904 Plate XXI 2c); 4. GSE 5469 (M1199b) 

(Elles & Wood 1904 Plate XXI 2d); 5. unknown 
specimen (Elles & Wood 1904 Plate XXI 2b); 
6,7. BU 1100* rev (Elles & Wood 1904 Plate XXI 
2d, prox fig. 97). Notes: All specimens at l0X, 1 
mm scale bars at specimens 1 & 7 apply to all. 
No scales are from original authors . Specimen 

in fig. 7 used in coding. Specimens 1,2 
originally published as Dicel/ograptus sextans 
exilis, specimens3-7 as Dicel/ograptus sextans, 
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Plate 30a: Jiangxigraptus gurleyi (Lapworth, 1896). 1,2. GSC 73106 (Lenz & Chen 1984 Plate 4-8, Lenz & Chen 1984 Plate 
2-5); 3,4. USNM 379093 (author's photo, Churkin & Carter 1996 fig. 33A); 5. USNM 138555 (Ross & Berry 1963 Plate 
6.14); 8. USNM 138557 (Ross & Berry 1963 Plate 6.18). Notes: All Specimens 1-4 at l0X, specimens 5,6 at 8X with 1 mm 
scale bars. Specimen in fig. 1 used in coding. Scales for figs 1-6 not from original authors. All specimens originally 

published as Dicel/ograptus gurleyi. 
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Plate 30b: Jiangxigraptus gurleyi (Lapworth, 1896) 

Plate 30b: Jiangxigraptus gurleyi (Lapworth, 1896). 1. NIGP 157255 (NJ365) (Chen et al. 2016 fig . 6-37B); 2. NIGP 157257 
(FG50) (Chen et al. 2016 fig. 6-37D); 3. NIGP 157253 (AFF281) (Chen et al. 2016 fig. 6-37 A); 4. NIGP 153690 (AEP-HD3-32-1) 
(Zhang et al. 2011 fig. 3K). Dicel/ograptus cf. D. gurleyi 5. NIGP151804 (Chen et al. 2010 fig. 41) . Notes: All specimens at lOX 
with 1 mm scale bars . Specimen in fig. 4 used in coding. All specimens originally published as Dicel/ograptus gurleyi. 
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Plate 30c: Jiangxigraptus gurleyi (Lapworth, 1896) 
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Plate 30c: Jiangxigraptus gurleyi (Lapworth, 1896).1. USNM 379095-3; 2. PRI 1251-1; 3. USNM 379095; 4. USNM 138556 
(Ross & Berry 1963 Plate 6.16); 5. GSC 73115 (Lenz & Chen 1984 Plate 2-14); 6. GSC 73116 (Lenz & Chen 1984 Plate 2-15). 
Notes: Specimens 1-3 at l0X with 1 mm scale bars, specimens 4-6 at 8X. No specimens used in coding. Scales for figs 4-6 
not from original authors . All specimens originally published as Dicel/ograptus gurleyi . 
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Plate 30d: Jiangxigraptus gurleyi (Lapworth, 1896) 
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Plate 30d: Jiangxigraptus gurleyi (Lapworth, 1896). 1. GSC 73119 (Lenz & Chen 1984 Plate 2-17); 2. GSC 73120 (Lenz & Chen 
1984 Plate 2-18) ; 3. GSC 73102 (Lenz & Chen 1984 Plate 2-1) ; 4. GSC 73104 (Lenz & Chen 1984 Plate 2-3); 5. GSC 73103 (Lenz 
& Chen 1984 Plate 2-2); 6. GSC 73107 (Lenz & Chen 1984 Plate 2-6); 7. GSC 73105 (Lenz & Chen 1984 Plate 2-4). Notes: All 
specimens at 8X with 1 mm scale bars or dots. No specimens used in coding. Scales for all figures not from original authors. 
All specimens originally published as Dicel/ograptus gurleyi. 
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Plate 30e: Jiangxigraptus gurleyi (Lapworth, 1896) 

3 

1 

Plate 30e: Jiangxigraptus gurleyi (Lapworth, 1896). 1. NIGP135760 (Chen et al. 2006 fig. 6E); 2. NIGP139765(AEP262a) 
(Chen et al. 2006 fig. 6G); 3. USNM 379095 (Churkin & Carter 1996 fig. 33F); 4. USNM 379095 (Churkin & Carter 1996 fig. 
33E); 5. USNM 379092 (Churkin & Carter 1996 fig . 32J); 6. USNM 379094 (Churkin & Carter 1996 fig. 33B). Notes: All 
specimens at 5X with 1 mm scale bars except specimens 4 at 3.SX. No specimens used in coding. Scales for figures not 
from original authors. All specimens originally published as Dicel/ograptus gurleyi. 
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Plate 31a: Jianxigraptus intortus (Lapworth, 1880) 

11 

Plate 31a: Jianxigraptus intortus (Lapworth, 1880). 1,2. NIGP 157260 (NJ369) (Chen 2016 fig. 6-38B & 38C); 3*. PRI K2753-

1; 4. USNM 138558; 4,5. USNM 023777 (Ross & Berry 1963 Plate 6.23 & author's photo) ; 7,8 *. NIGP 157259 (NJ367) full & 
proximal (Chen 2016 fig. 6-38A & 38D); 9. USNM 509913; 10. USNM 138559 (Ross & Berry 1963 Plate 6.25); 11 *. PRI 

K2753-4. Notes: All specimens at 5X with 1 mm scale bars or dots, except figs . 8,11 at l0X. Specimens in figs 3,8,11 used in 
coding. All scales from original authors . Specimen 6 originally published as Dicel/ograptus intortus. One published 

specimen, BM Q.5661 (Hughes 1989 Plate lb), is too dark to reproduce. Fig. 4 is published as 5X but appears smaller. 
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Plate 31b: Jianxigraptus intortus (Lapworth, 1880) 

Plate 31b: Jianxigraptus intortus (Lapworth, 1880). 1 *,2. GSE 5468 [M2326d] proximal & full (Elles & Wood 1904 Plate XX 

4b); 3 *,4. BU 1396a proximal & full (Elles & Wood 1904 fig. 90a & Plate XX 4d); 5,6. BU 1083 proximal & full (Elles & 
Wood 1904 Plate XX 4a); 7. BU 1084 (Elles & Wood 1904 Plate XX 4c); 8 *,9. BU 1397 proximal & full (Elles & Wood 1904 
Plate XX 4e); 10*, 11. BU 1396b proximal & full (Elles & Wood 1904 fig. 90b & Plate XX 4f) . Notes: Specimens 1,3,8,10 at 
l0X with 1 mm scale bars; Specimens 2,4,6,7,9,11 at 3X. Specimens in figs 1,3,5,8,10 used in coding. Scales for figs 1-11 
not from original authors. All specimens originally published as Dicel/ograptus intortus. BU 1396a Elles & Wood 1904 

Plate XX 4d appears to have been truncated at the proximal end in the printing process, but fig. 90a shows the complete 
proximal end. 
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Plate 33a: Jiangxigraptus salopiensis (Elles & Wood, 1904) 
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Plate 33a: Jiangxigraptus sa/opiensis 
(Elles & Wood, 1904). 1,5. BU 1082 
proximal & full (Elles & Wood 1904 Plate lO 11 
XX 7d); 2,6. A. 18491 proximal & full (Elles & Wood 1904 Plate XX 7b); 3,7. A. 18490 proximal & full (Elles & Wood 1904 Plate 
XX 7a); 4,8. BU 1081 proximal & full (Elles & Wood 1904 Plate XX 7c); 9. BU 1395 (Elles & Wood 1904 Plate XX 7e); 10. BU 
1393 (Elles & Wood 1904 fig . 89a); 11. BU 1395 (Elles & Wood 1904 fig. 89b) . Notes: Specimens 1-4, 10,11 at l0X with 1 

mm scale bars, specimens 5-9 at 5X. Specimens in figs 1,2,4 used in coding. Scales for figures not from original authors . All 
specimens originally published as Dicel/ograptus divaricatus sa/opiensis. 
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Plate 33b: Jiangxigraptus salopiensis (Elles & Wood, 1904) 
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Plate 33b: Jiangxigraptus sa/opiensis (Elles & Wood, 1904). 1 *. SM A18511 (Hughes 1989 Plate ld); 2*. SM A18512 (Hughes 
1989 Plate le); 3. GIT 717-5 (Goldman et al. 2015 fig. SD); 4*,5. USNM 379089 full & proximal (Churkin & Carter 1996 fig. 
32B also fig. 32C); 6. USGS 524814 (Ganis 2004 fig. 2.16V); 7. SM A18490 lectotype (Hughes 1989 fig. 19e); 8. SM A.18491 
(Hughes 1989 fig. 19f); 9. USGS 524813 (Ganis 2004 fig. 2.16U); 10,11. LO 2435t proximal & full (Hughes 1989 fig. 19d); 12. 

USNM 379088 (Churkin & Carter 1996 fig. 32A also fig . 32D); 13. Strachan 1959*, fig . I after Bulman 1963a Ch3 Fig ld. 
Notes: Specimens 3,5,8 at l0X with 1 mm scale bars, specimens 1,2,4,6,7,9 at SX, specimen 10 at 20X. Specimens in figs 1-
4,8,11 used in coding. Scales for figs 1,2,4-11 not from original authors. Specimens 4,5 originally published as Dicel/ograptus 
divaricatus sa/opensis, all others as Dicel/ograptus sa/opiensis. 
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Plate 33c: Jiangxigraptus salopiensis (Elles & Wood, 1904) 

3 

6 

Plate 33c: Jiangxigraptus sa/opiensis (Elles & Wood, 1904). 1. NIGP 157274 (AFF283) (Chen 2016 fig. 6-41F); 2. NIGP 157280 
(AFC72) (Chen 2016 fig. 6-41D); 3. NIGP 157273 (NJ371) (Chen 2016 fig. 6-41C); 4. NIGP 157279 (AFT-X-509) (Chen 2016 fig. 
6-41E); 5. NIGP 157272 (NJ371) (Chen 2016 fig . 6-41B); 6. NIGP 157282 (AFC250) (Chen 2016 fig. 6-41G) . Notes: All 
specimens at l0X with 1 mm scale bars . No specimens used in coding. 

397 



6 

Plate 33a: Jiangxigraptus vagus (Hadding, 1913) 
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Plate 33a: Jiangxigraptus vagus (Hadding, 1913). 1. PMO 69.879 & PMO 69.858 (Berry 1964 Plate 10-4); 2. PMO 69.858* 
(Berry 1964 Plate 10-4); 3. specimen with PMO 69.879 (Berry 1964 Plate 10-4); 4. PMO 69.879 (Berry 1964 Plate 10-3); 5. 
unidentified PMO specimen * (Maletz et al 2007 Fig 4L); 6. unidentified specimen * (Maletz et al 2016 Fig 17-17); 7. 
unidentified PMO specimen (Maletz et al 2007 Fig 40); 8. NIGP152525 (Chen et al. 2012 Fig 4i) ; 9. GIT 717-6 * (Goldman et 
al. 2015 Fig SE); 10. NIGP 153686 (AEP-HD4-8b-2) (Zhang et al. 2011 Fig 3G) . Jiangxigraptus cf. vagus. 11. VandenBerg & 
Cooper 1992 Fig 7U . Notes: All specimens at l0X with 1 mm scale bars, except #1 at SX. Specimens in figs 2,5,6,9 used in 
coding. Scales for figures 1-6,11 not from original authors . All specimens originally published as Dicel/ograptus vagus. 
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Plate 33b: Jiangxigraptus vagus (Hadding, 1913) 
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Plate 33b: Jiangxigraptus vagus (Hadding, 1913). 1. NIGP 157313 (AFF284) * (Chen 2016 Fig 6-46A); 2. NIGP 157312 
(NJ367) (Chen 2016 Fig 6-46C); 3. NIGP 157309 (NJ363) (Chen 2016 Fig 6-46D); 4. NIGP 157314 (AFF284) * (Chen 2016 Fig 

6-46B) ; 5,6. NIGP 152525 (NJ365) * (Chen 2016 Fig 6-46G, Fig 6-45F) ; 7. NIGP 157309 (NJ363) (Chen 2016 Fig 6-45C); 8. 
NIGP 157308 (NJ361) (Chen 2016 Fig 6-45E) ; 9. NIGP 157307 (NJ365) (Chen 2016 Fig 6-45G); 10. NIGP 157311 (NJ374) 

(Chen 2016 Fig 6-45D); 11. NIGP 157305 (NJ365) (Chen 2016 Fig 6-45B) . Notes: All specimens at lOX with 1 mm scale 

bars. Specimens in figs 1,4,5 used in coding. 
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Plate 34a: levisograptus austrodentatus (Harris & Keble, 1932) 
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Plate 34a: Levisograptus austrodentatus (Harris & Keble, 1932). 1,2,7,11 . uncatalogued specimens* CE.Mitchell collection; 
3. GSC 81830* obv (Williams & Stevens 1988 plate 34-12); 4, GSC 81587 obv (Williams & Stevens 1988 fig. 81A); 5. GSC 
81831 Williams & Stevens (1988) plate 34-11); 6. A51698 rev (Bulman 1963 Plate 97 fig. 12); 8 . GSC 81549 obv (Williams & 
Stevens 1988 fig. 81B); 9. GSC 81829* obv (Williams & Stevens 1988 plate 34-13); 10. SM A51618 rev (Jenkins 1980 Fig7D); 
12. GSC 81555 rev (Williams & Stevens 1988 fig . 81C); 13,14. NIGP136161 rev (Fortey et al. 2005 fig. 16-G); 15. GSC 81840 

rev (Williams & Stevens 1988 plate 33-2; 16. NIGP136162* rev (Fortey et al. 2005 fig. 13B); 17. GSC 81838* obv (Williams & 
Stevens 1988 plate 33-1); 18,19. SM A51692rev (Bulman 1963 Plate 97 fig . 7, text fig. 6c); 20,21. SM A51691 rev (Bulman 
1963 Plate 97 fig. 6, text fig . 6b); 22,23. SM A51689 Bulman 1963 Plate 97 fig. 9, text fig . 6a). Notes: Specimens 1-17 at 20X 
with 1 mm scale bars or dots, specimens 18-23 at l0X. Specimens in figs 1-37,9,11,13,16,17 used in coding. No scales from 
original authors. Specimens 6,17-20,22,33 originally published as Glyptograptus austrodentatus austrodentatus, 10,13-15 

as Undulograptus austrodentatus. 3-5,8,9,12,16,23 as Undulograptus austrodentatus austrodentatus. 
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Plate 34b: levisograptus austrodentatus (Harris & Keble, 1932) 
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Plate 34b: Levisograptus austrodentatus (Harris & Keble, 1932). 1. NIGP136165 (AEP138)* Fortey et al. 2005 fig. 16-H; 2,3. 
NIGP 136164* (Fortey et al. 2005 figs. 16-E, 13); 4-8. SM A.51688 obv (Jenkins 1980 fig. 1, fig. 4B), latex mold (Bulman 

1963a Pl 97-15, fig. 6e), (Mitchell 1994 fig. 2H); 9. uncatalogued specimen* (Mitchell et al. 1997 fig. 6B); 10,11. SM A51687 
rev (Mitchell 1994 fig . 2F, Bulman 1963 fig. 6d); 12,13. NIGP136163 rev (Fortey et al. 2005 fig. 16F, 13C); 14. 011232* rev 
(Skevington 1963 fig. 62a after Bulman 1963a, also Cooper & Fortey 1983 fig. 5); 15.18,19. uncatalogued specimens* 
CE.Mitchell collection; 17. GSC 81579 rev (Williams & Stevens 1988 plate 31-6); 20. NIGP136173 (AEP3)* rev (Fortey et al. 
2005 fig. 16-D); 21 . NIGP136166* rev (Fortey et al. 2005 fig. l0C ); 22. GSC 81697 obv (Williams & Stevens 1988 plate 31-
3); 23. JOS4.2 obv (Maletz et al. 2010 fig. 6G); 24. GSC 81566 Obv (Williams & Stevens 1988 plate 31-4); 25. GSC 81675 

(Williams & Stevens 1988 plate 31-6. Notes: All specimens at l0X with 1 mm scale bars or dots, except specimens 1-8,10-
13,20,21 at approximately l0X. Specimens in figs 1,2,9,14,15,18-21 used in coding. Scales for specimens 6,17,22,24,25 not 
from original authors. Specimens 6,7,11,14 originally published as Glyptograptus austrodentatus austrodentatus; 
specimens 4,5,9,22 as Undulograptus austrodentatus, specimens 1-3,8,10,12,13,17,20-22,24,25 as Undulograptus 
austrodentatus austrodentatus. 

401 



1 

Plate 34c: levisograptus austrodentatus (Harris & Keble, 1932) 
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Plate 34c: Levisograptus austrodentatus (Harris & Keble, 1932). 1. SM A51689 rev (Bulman 1963 Plate 97-9; 
2. SM A51691 rev (Bulman 1963 Plate 97 fig. 6); 3 . SM A51692 obv (Bulman 1963 Plate 97 fig. 7); 4. SM A5169 
(Bulman 1963 Plate 97 fig. 8); 5. 01 419 internal cast model (Bulman 1963a text fig . la); 6. NIGP 32359 (Li 199 

Plate 3H); 7. NIGP 32365 (Li 1994 Plate 3J); 8 . NIGP 32364 (Li 1994 Plate 31); 9. BMNH Q1178 (Bulman 1963 
Plate 97 fig . 2); 10 .. uncatalogued specimen CE.Mitchell collection; 11,12. BMNH Q1178 (Bulman 1963 Plate 
97 fig . 2, text fig . Sf); 13. SM A40784 rev (Bulman 1963 Plate 97-3); 14. SM A54388 rev (Bulman 1963 Plate 

97-1). Notes: All specimens at lOX with 1 mm scale bars or dots, except specimens 1-4,9,11-14 at approx.
imately lOX, and specimen 5 at approximately 20X. No specimens used in coding. Scales for specimens 6-8 not from 
original author. Specimens 1-5 originally published as Glyptograptus austrodentatus austrodentatus; 6-8 as 
Pseudoc/imacograptus {Undu/ograptus) austrodentatus. 9 as Glyptograptus she/vensis, 14 as G. cf she/vensis. 
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Plate 34d: levisograptus austrodentatus (Harris & Keble, 1932) 
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Plate 34d: Levisograptus austrodentatus (Harris & Keble, 1932). 1. NIGP 9746 obv (Li 1994 Plate 3G); 2. NIGP 

32363 rev (Li 1994 Plate 3K); 3. SM A54406 obv (Bulman 1963 Plate 97 fig. 13); 4,5. GSC 8074* obv (author's 
photo, Bulman 1963a Plate 97 fig . 19); 6,7. SM A53803 obv Bulman 1963a Plate 97 fig. 18, text fig. 7a); 8. SM 
A54405 (Bulman 1963 Plate 97 fig. 11); 9 . SM A54398 (Bulman 1963 Plate 97 fig. 10). Notes: All specimens at 

l0X with 1 mm scale bars or dots, except specimens 3,5-9 at approximately l0X. Specimens in figs 4,5 used 
in coding. Scales for specimens 1,2 not from original authors. Specimens 1,2 originally published as 
Pseudoc/imacograptus {Undu/ograptus) austrodentatus, 4-7 as Glyptograptus austrodentatus americanus; 
3,8,9 as Glyptograptus austrodentatus cf. americanus. 
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Plate 34e: levisograptus austrodentatus (Harris & Keble, 1932) 
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Plate 34e: Levisograptus austrodentatus (Harris & Keble, 1932). 1. SM A49506b (Bulman 1963 Plate 97 fig. 5); 2,3. 
Glyptograptus austrodentatus anglicus SM A40786 (Bulman 1963a Plate 97 fig. 4, text fig. 7e); 4. SM A40796 (Bulman 
1963 fig. Se); 5. SM A40791b (Bulman 1963 fig. Sc); 6. SM A40788b (Bulman 1963 fig. Sa); 7. SM A40798 (Bulman 1963 fig. 

Sb); 8. SM A45891b Bulman 1963 fig. Sd); 9,10. SM A23025a obv (Bulman 1963b fig. 9b, Jenkins 1980 Fig4A); 11. USNM 
379135 (Churkin & Carter 1996 fig. 36K); 12. NIGP 32346 (Chen et al. 2001 fig. 6BB); 13. NIGP 32372 (Chen et al. 2001 fig. 
7C); 14. SM A45906a obv (Bulman 1963b fig . 7f ); 15. SM A40799 obv (Bulman 1963b fig . 7e); 16. SM A45892 rev Bulman 
1963b fig. 7c); 17. SM A53381 obv (Bulman 1963b fig. 7b); 18. SM A18162 obv (Bulman 1963b fig. 7a); 19. VandenBerg & 
Cooper 1992 fig . 7Q; 20. NIGP 152523 (Chen et al. 2012 fig. 4g); 21. USNM 379135 rev (Churkin & Carter 1996 fig. 36K); 
22. NIGP 129753 (Chen et al. 2001 fig. 6EE); 23. NIGP 32361 (Chen et al. 2001 fig. 6X); 24. NIGP 32358b (Chen et al. 2001 
fig. 6V); 25. NIGP 32356 (Chen et al. 2001 fig. 6L); 26. NIGP 106519 (Chen et al. 2001 fig. 6K); 27. MLP 18410 (Caba lie 2005 
fig. 3-20); 28. YPM 32855 rev (Mitchell 1992 fig. lb); 29. YPM 32847 obv (Mitchell 1992 fig. la). Notes: Specimens 1,2,3 at 

approx. l0X; specimens 4-9, 14-18 at approx. SX; specimens 10-13, 19-29 at SX with 1 mm scale bars or dots. No 
specimens used in coding. Scales for specimens 10,12,13,22-26,28,29 not from original authors . Specimens 1,3,14,15 
originally published as Glyptograptus austrodentatus mutabilis; 2,16-18 as Glyptograptus austrodentatus anglicus; 4-

8,11,21 as G. shelvensis; 12,13,19,20,23-29 as Undulograptus austrodentatus; 9,10 as G. austrodentatus americanus; 22 
as U.cf. austrodentatus. 
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Plate 34f: levisograptus austrodentatus (Harris & Keble, 1932) 
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Plate 34f: Levisograptus austrodentatus (Harris & Keble, 1932). Figures 1-4 from Bulman 1963a. 1. SM A40789a 
rev fig. 7d; 2. SM A40789a rev counterpart fig. 7d; 3. SM A23024 rev fig. 9c; 4. SM A53801 obv fig. 9d. Figures 5-
26 from Williams & Stevens (1988) . 5. GSC 81679 fig. 81F; 6. GSC 81567 fig. 81E; 7. GSC 81581 fig. 81D; 8. GSC 
81688 fig. 81J; 9. GSC 81574 fig. 81X; 10. GSC 81563 fig. 81G; 11. GSC 81680 fig. 811; 12. GSC 81694 fig. 81 V; 13. 
GSC 81696 fig. 81H; 14. GSC 81572 fig . 810; 15. GSC 81698 fig . 81L; 16. GSC 81672 fig. 81U; 17. GSC 81676 fig . 
81R; 18. GSC 81684 fig. 81Q; 19. GSC 81687 fig. 81T; 20. GSC 81681 fig. 81K; 21. GSC 81573 fig . 81 W; 22. GSC 
81575 fig. 81P; 23. GSC 81673 fig. 81S; 24. GSC 81689 fig . 81Y; 25. GSC 81674 fig. 81Z; 26. GSC 81695 fig. 81AA. 
Figures 27-40 from Chen et al. 2001. 27. NIGP 32364 fig. 6F; 28. NIGP 106511 fig. 60; 29. NIGP 32397 fig. 6E; 30. 
NIGP 106556 fig. 7T; 31. NIGP 10837 fig. 7V; 32. NIGP 32263 fig. 6A; 33. NIGP 106510 fig. 7R; 34. NIGP 129756 fig. 
6D; 35. NIGP 106512 fig. 6N; 36. NIGP 32384 fig. 6C; 37. NIGP 106515 fig. 6M; 38. NIGP 10845 fig. 7U; 39. NIGP 
106514 fig. 6P; 40. NIGP32360 fig. 6B. 41. GSC 94292 Norford et al. 2002 fig. 6.1. Notes: Specimens 1-4 at 
approx. l0X; specimens 5-41 at 5X with 1 mm scale bars or dots. No specimens used in coding. Scales for 
specimens 5-40 not from original authors . Specimens 1,2 originally published as Glyptograptus austrodentatus 
anglicus; 3,4 as Glyptograptus austrodentatus americanus; 5-41 as Undulograptus austrodentatus; 40 as 
Undulograptus ex gr. austrodentatus. 

:\ 
... 

f:\;,;, 
i:.:.~-:.: 

......:::,·--~-.·. ~' ,.-.-. ~ 
C'-.·~·. ••......:-:4•:... .,,.. 

1' 

t 

• 

405 

41 



• • • 
Plate 35a: levisograptus dentatus (Brongniart, 1828 revised Maletz, 2011a) 
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Plate 35a: Levisograptus dentatus (Brongniart, 1828). 1-3. GSC 943* neotype rev (Bulman 
1963b plate 96-1 & fig . 4a, Maletz 2011a fig. 3A); 4 . GSC 943 rev Bulman 1963 Pl 96-2b; 5. GSC 
943 Bulman 1963 Pl 96-2a; 6,7. GSC 134277* rev (author's photo), obv (Maletz 2011a fig. 6C); 
8,9. GSC 134266* rev (auhor's photo, Maletz 2011a fig . SG); 10,11. GSC 134275 obv (author's photo, Maletz 2011a fig. SL); 
12,13. GSC 134274 rev (author's photo, Maletz 2011a fig. SK); 14,15. GSC 134279* obv (author's photo), rev (Maletz 2011a 
fig. 6E); 16,17. GSC 134276 rev (author's photo, Maletz 2011a fig. SM). Notes: All specimens at l0X with 1 mm scale bar or 
dots, except 1-3 at approximately 7X, 4-5 at approximately l0X, and 6, 7 at 20X. Scale for fig . 15 not from original author. 
Specimens 1,6, 7,14,15 used in coding. Specimens 1-5 published as Glytograptus dentatus. 
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Plate 35b: levisograptus dentatus (Brongniart, 1828 revised Maletz, 2011a) 
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Plate 35b: Levisograptus dentatus (Brongniart, 1828). 1. GSC 102620 rev (Maletz 2011a fig. SD); 2. GSC 102751 rev 
(Maletz 2011a fig. 51); 3. GSC 134280 obv (Maletz 2011a fig. 3B); 4. GSC 134270 rev (Maletz 2011a fig. SE); 5. GSC 134272 
obv (Maletz 2011a fig. SH); 6. GSC 134269 rev Maletz 2011a fig. SC; 7. GSC 134.281 obv (Maletz 2011a fig. 3C); 8. GSC 
134267 (Maletz 2011a fig. SA); 9. GSC 134268 obv (Maletz 2011a fig. SB). Notes: All specimens at lOX with 1 mm scale 
bars or dots. No specimens used in coding. 
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Plate 35c: Uncertain levisograptus dentatus (Brongniart, 1828 
revised Maletz, 2011a) 
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Plate 36c: Uncertain Levisograptus dentatus (Brongniart, 1828) 

not included nor excluded by Maletz 2011a. 1. GSC 943-2, a specimen on the type specimen slab; 2. GSC specimen 
labelled by Maletz as being L. dentatus, but not published, on slab with GSC 134266-273-275; 3,4. GSC 134278 obv (Maletz 
2011a fig. 6D, author's photograph); 5. NIGP 63720 (Li 1994 Plate 3L); 6. NIGP 63713 (Li 1994 Plate 3N also fig. SM); 7. 
NIGP 63717 (Li 1994 Plate 3°); 8. NIGP 63716 (Li 1994 Plate 3P). Notes: All specimens at lOX with 1 mm scale bar or dots. 
Specimens in figs XX used in coding. Scales for figs YY not from original authors . Specimens 3&4 published as Levisograptus 
sp. (= Undu/ograptus n. sp. Maletz, 1998), 5-8 as Glyptograptus dentatus pusil/us. 
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Plate 36: levisograptus dicellograptoides Maletz, 1998 
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Plate 36. Levisograptus dicel/ograptoides Maletz, 1998. Figures 1-13 from Maletz (1998).1-3. GSC 117620 rev (figs. 2f, li), 
obv (fig. lg); 4-6; GSC 117617 rev (figs . 2b, lb), obv (fig. le); 7,8. GSC 117621 obv (fig. lg), rev (fig. lj); 9. GSC 117618 obv 
(fig. 2e); 10. unknown specimen (fig. lk); 11-13. GSC 117622 obv (fig. 2d), rev (figs. 2c, lk); 14,15. GSC 117619 holotype 

rev (figs. 2a, ld); 16. NIGP 106141 obv (Chen et al. 2001 fig. 7S); 17,18. S 03640 sicula & early thecae, full specimen 
(Kraft&Kraft 2003 fig. 2.4); 19. S 03635 (Kraft&Kraft 2003 fig. 2.2) . Notes: All specimens at l0X with 1 mm scale bars, 

except specimens 18,19 at 5X. Specimens in figs 1,4,15,18,19 used in coding. All scales not from original authors, except 
16. Specimens 1-16 originally published as Undu/ograptus dicel/ograptoides, 17-19 as Undu/ograptus nov sp. There is 
some confusion in Maletz 1998: assuming the photograph in fig. 2a is the holotype GSC 117619, then so is fig. ld which is 
mislabeled GSC 117618; fig. le labelled GSC 117619 is apparently GSC 117622; fig. lk labeled GSC 117622 does not match 
any other specimen. 
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Plate 37a: levisograptus primus (Legg, 1976 revised Maletz, 2011) 
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Plate 37a: Levisograptus primus (Legg, 1976 revised Maletz, 2011). 1. GSC 102838 
rev (Mitchell 1994 fig . 3A); 2,3. GSC 102846-6* obv & rev; 4. GSC 102839 rev 
(Mitchell 1994 fig. 3B); 5. GSC 102840* rev (Mitchell 1994 fig. 3C) ; 6. GSC 102841-132 33 
obv; 7,8. GSC 102846-3* obv & rev; 9-11. GSC 102841 obv (Mitchell 1994 fig. 3E), 

rev (Mitchell 1994 fig . 3D, author's photo); 12. GSC 102851-856-3* rev; 13,14. GSC 102842* obv (author's photo); rev 
(Mitchell 1994 fig. 3F); 15. GSC 102843 rev (Mitchell 1994 fig. 3G); 16, 17. GSC 102844* obv & rev (Mitchell 1994 fig. 31 & 
3H); 18. GSC 102845* rev (Mitchell 1994 fig. 3J); 19,20. GSC 102846-4* obv & rev; 21-23. GSC 102846* obv (Mitchell 1994 
fig. 3K, author's photo), rev (Mitchell 1994 fig. 3L); 24. GSC 102849 rev (Mitchell 1994 fig. 3P); 25-28. GSC 102847* obv 
(author's photo, Mitchell 1994 fig. 3M), rev (author's photo); GSC 102847 rev (Mitchell 1994 fig. 3N); 29. GSC 102848 rev 
(Mitchell 1994 fig. 30); 30,31 . GSC 102851 * rev (author's photo,); rev (Mitchell 1994 fig. 4B also Mitchell 1994 Plate lC); 
32. GSC 102856-6 rev; 33. GSC 102856-5* rev. Notes: All specimens at 20X with 1 mm scale bars. Specimens in figs. 2,5,7, 
12,13,16,18,19,22,25,30,33 used in coding. Scales for figs. 1,4,5,9,10,14-18,21,23,24,26,28,29,31 not from Mitchell 1994. 
All specimens originally published as Undu/ograptus primus. 
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Plate 37b: levisograptus primus (Legg, 1976 revised Maletz, 2011) 
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Plate 37b: Levisograptus primus (Legg, 1976 revised Maletz, 2011). 1. GSC 102850 rev (Mitchell 1994 fig. 4A); 2. GSC 
102855 rev (Mitchell 1994 fig. 4F); 3. GSC 102854 rev (Mitchell 1994 fig. 4E); 4. GSC 102858 rev (author's photo, also 
Mitchell 1994 Plate lC); 5,6. GSC 102852* obv (author's photo); rev (Mitchell 1994 fig. 4C); 7,8. GSC 102853* rev 
(author's photo, Mitchell 1994 fig . 4D) ; 9. GSC 102856-7* rev; 10-13. GSC 102856* rev (author's photo, Mitchell 1994 
Plate 1B, Mitchell 1994 fig. 4G also Mitchell 1990 fig . 11.la as U. austrodentatus), obv (Mitchell 1994 fig. 4G also Mitchell 

1990 fig. 11.la as U. austrodentatus and Mitchell 1992 Figlh as U. sp. A) ; 14-17. GSC 102857* obv (author's photo, 
Mitchell 1994 Plate 1B, Mitchell 1994 fig. 41), obv (Mitchell 1994 fig. 4G also Mitchell 1992 Figlj); 16. GSC 102851-856-4; 
17. LO 10592t obv (Maletz & Ahlberg 2011 fig. 6C) . Notes: All specimens at l0X with 1 mm scale bars . Specimens in figs. 

5,7,9,10,13,16 used in coding. Scales for figs. 1-3,6,8, 11,12,14,15 not from Mitchell 1994. All specimens originally 
published as Undu/ograptus primus. Images 11,15 have been lightened. 
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Plate 38a: levisograptus sinicus (Mu & Lee, 1958 revised Maletz, 2011) 
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Plate 38a: Levisograptus sinicus (Mu & Lee, 1958). 1,2. GSC 102836 obv (author's photo), rev (Mitchell 1994 fig. 2F); 
3. GSC 133380 (Maletz 2010 fig . SA); 4,5. GSC 133382 obv (author's photo), rev (Maletz 2010 fig. SB); 6. GSC 133381 rev 
(Maletz 2010 fig. SB); 7. GSC 133383 obv (Maletz 2010 fig. SD); 8. GSC 133384 obv (Maletz 2010 fig. SE); 9. GSC 102835 
rev (Mitchell 1994 fig. 2E); 10. GSC 133385-2 rev; 11. GSC 133385-4 obv; 12. GSC 133385-1 rev; 13. GSC 133384-386-2 
rev; 14. GSC 133384-386-4 obv; 15. GSC 133385 rev (Maletz 2010 fig. SF); 16,17. GSC 133384-386-3 obv & rev; 18. GSC 
133386 obv (Maletz 2010 fig. SG); 19. GSC 133385-5 obv; 20. GSC 102837 rev (Mitchell 1994 fig. 2G); 21. GSC 133378 rev 
(Maletz 2010 fig. SH); 22. LO 10597t (Maletz & Ahlberg 2011 fig . 6H); 23. Mitchell et al. 1997 fig. 6C internal pyriteized 
cast. Notes: All specimens at 20X with 1 mm scale bars or dots. All specimens used in coding, except fig. 22. Scales for 
figs 2,20 not from Mitchell 1994. GSC unpublished specimens are not catalogued & are arbitrarily sub-numbered. All 
specimens originally published as Undu/ograptus sinicus. 
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Plate 38b: levisograptus sinicus (Mu & Lee, 1958 revised Maletz, 2011) 
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Plate 38b: Levisograptus sinicus (Mu & Lee, 1958). 1. NIGP 136168 obv (Fortey et al. 2005 fig. 10-D); 2,3. NIGP 136169 
rev (Fortey et al. 2005 fig. 14A & 14B); 4,5. GSC 133366 obv (author's photo), rev (Maletz 2010 fig. 1); 6. LO 6429t rev 
(Mitchell 1994 fig. 2H); 7. NIGP 116484 obv (Mitchell 1994 fig. 2D also Mitchell 1992 fig. le); 8. LO 10591t obv (Maletz & 
Ahlberg 2011 fig. 6B); 9. LO 6234t rev (Mitchell 1994 fig. 2A also Mitchell 1992 Figlc); 10. LO 6230t distal (Mitchell 1994 
fig. 2C); 11. NIGP 9783 rev (Mitchell 1994 fig. 2B); 12. MLP 18412 rev (Caba lie et al. 2005 fig. 3-22); 13. NIGP 32391b 
(Chen et al. 2001 fig. 6U); 14. NIGP 129757 obv (Chen et al. 2001 fig. 6DD); 15. SGU 3179Gr25 obv (Maletz 2005 Pl 1 fig. 
6); 16. SGU 3179Gr25 obv latex cast counterpart to #15 (Maletz 2005 text-fig. 7C); 17. SGU 3179 Gr29 obv (Maletz 2005 
text-fig. 7E); 18. MGUH 26744 obv latex cast (Maletz 2005 text-fig. 7F); 19. SGU 3179Gr21 rev (Maletz 2005 text-fig. 7G) ; 
20. Undulograptus cf. sinicus NIGP129761 (Chen et al. 2001 fig. 6NN). Notes: All specimens at l0X with 1 mm scale bars 

or dots. Scale for figs 8,9 are inconsistent. Specimens in figs 1-10 used in coding. Scales for figs 1-3,6,7,10,11 not from 
original authors. All specimens originally published as Undulograptus sinicus. 
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Plate 39a: levisograptus sinodentatus Mu & Lee 1958 (revised Maletz 2011) 
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Plate 39a. Levisograptus sinodentatus Mu & Lee, 1958 (revised Maletz, 2011). 1. NIGP 116488* rev (Mitchell 1994 fig. lC); 
2. NIGP 116487 obv (Mitchell 1994 fig. 1D); 3. NIGP136160* obv (Fortey et al. 2005 fig. 16C); 4. NIGP 32350 (Li 1994 Plate 

3D); 5. NIGP 32355 (Li 1994 Plate 3F); 6. NIGP 10559 (Li 1994 Plate 3C); 7. NIGP 32352 (Li 1994 Plate 3E); 8. NIGP 9755 (Li 
1994 Plate 3B); 9. NIGP 9757 (Li 1994 Plate 3A) . Notes: All specimens at lOX with 1 mm scale bars. Specimens in figs . 1,3 
used in coding. Scales for all figs . not from original authors. Specimens 1-3 originally published as Undu/ograptus 
sinodentatus. 4-9 as Pseudoc/imacograptus {Undu/ograptus) sinodentatus. 
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Plate 39b: levisograptus sinodentatus Mu & Lee 1958 (revised Maletz 2011) 
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Plate 39b. Levisograptus sinodentatus Mu & Lee, 1958 (revised Maletz, 2011) . 1. NIGP124866* (Fortey et al. 2005 fig. 13G); 
2. NIGP composite rev (Mitchell et al. 1995 fig. 1.3); 3. NIGP 9765* obv (Mitchell 1994 fig. lK): 4. NIGP129759 (Chen et al. 
2001 fig. 6J) ;5 . NIGP32353b (Chen et al. 2001 fig. 6GG); 6. NIGP136159 (Fortey et al. 2005 fig. 13F); 7. NIGP129755 (Chen 
et al. 2001 fig. 6Q) ; 8. NIGP 9754 mold obv (Mitchell 1994 fig. lE); 9. NIGP10559 (Chen et al. 2001 fig. 6JJ); 10. NIGP 9764* 
rev (Mitchell 1994 fig. lJ); 11. NIGP10560b (Chen et al. 2001 fig. 611); 12. NIGP32355 (Chen et al. 2001 fig. 6HH); 13. 
NIGP32352 (Chen et al. 2001 fig . 6R); 14. NIGP10556 (Chen et al. 2001 fig . 6FF); 15. NIGP32357* obv (Chen et al. 2001 fig. 
6V) . Notes: Specimens 1,3,10 at l0X, all others at 5X with 1 mm scale bars. Specimens in figs. 1,3,10 used in coding. 
Scales not from original authors, except fig. 2. All specimens originally published as Undulograptus sinodentatus. 
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Plate 40: Normalograptus antiquus Ge et al., 1990 
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Plate 40: Normalograptus antiquus Ge et al., 1990. 1-3. PMO 138.598* obv (Maletz 1997 Plate 7B, also Maletz 1997 Plate 
6C), rev Maletz 1997 Plate 7A & fig. 35C; 4,5. NHM qq 126 obv (Ganis 2004 fig. 1.19b & fig. 1.19a); 6. PMO 138.455* obv 
(latex, Maletz 1997 Plate 6D) ; 7. LO 11196T rev (Maletz 2011b fig. 2E, also Maletz 1997 fig. 35b); 8. PMO 138.449 obv 
(Maletz 1997 fig. 35E); 9. PMO 155.522 obv (Maletz 1997 fig. 35D); 10,11. PMO 138.625* obv (latex, Maletz 1997 Plate 6E, 
fig. 35F, also Maletz 1997 Plate 6A, Maletz et al. 2011 fig. 8M, Maletz 2011b fig. lE); 12. PMO 155.805 rev (Maletz 1997 
fig. 35B); 13. PMO 138.282* rev (Maletz 1997 fig. 35H); 14. PMO 155.834 rev Maletz 1997 fig. 35A); 15. PMO 138.279* 
obv (Maletz 1997 fig. 35G). Notes: All specimens at l0X with 1 mm scale bars or dots. Specimens in figs 1,6,10,13,15 used 
in coding. Scales for figs 1,2,4-6,10 not from original authors. 
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Plate 41a: Normalograptus brevis Elles & Wood 1906 

Plate 41a: Norma/ograptus brevis Elles & Wood 1906. 1. NIGP 157649 (AFC65)* bv 
(Chen 2016 fig. 6-l0lH); 2. NIGP 157655 (AFC151a) (Chen 2016 fig. 6-l0lC); 3. NIGP 
153691 (AEP-HD4-10) obv (Zhang et al. 2011 fig . 3L); 4. NIGP 157654 (AFC150) rev 
(Chen 2016 fig. 6-l0lG); 5. NIGP 157653 (AFC131)* (Chen 2016 fig. 6-101B); 6,7. 

BM Q5675* rev (Hughes 1989 Plate 4h & fig . 23F); 8,9. MCZ 9462-4* obv & rev (Mitchell 1987 fig. 3L & 3K); 10,11,12. SM 
A18679* lectotype obv (Elles & Wood 1906 fig . 125a, Hughes 1989 fig. 22e also fig. 23e & Elles & Wood 1906 Plate XXVII 

2a); 13. SM A18683 (Elles & Wood 1906 Plate XXVII 2f); 14. SM A18681 (Elles & Wood 1906 Plate XXVII 2c); 15. SM A18685 
(Elles & Wood 1906 Plate XXVII 2e); 16. SM A18682 (Elles & Wood 1906 Plate XXVII 2d); 17. SM A18680 obv (Elles & Wood 
1906 Plate XXVII 2b); 18. LO 2407t * obv (Maletz 2014b fig . 23C); 19. MCZ 9462-1 * oblique rev (Mitchell 1987 fig . 3F); 20. 
MCZ 9462-2 rev (Mitchell 1987 fig. 3G); 21. MCZ 9462-3 obv (Mitchell 1987 fig . 3H) . Notes: All specimens at l0X with 1 

mm scale bars. Specimens in figs 1,5,6,8-10,12,18, 19 used in coding. Scales for figs 6,8,9,10-16, 18-20 not from original 
authors. Specimens 4,11 originally published as Climacograptus brevis brevis; 8,9,18-20 as Glyptograptus brevis; 10,12-17 
as Climacograptus brevis. 
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Plate 41b: Normalograptus brevis Elles & Wood 1906 
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Plate 41b: Norma/ograptus brevis Elles & Wood, 1906. 1. LO 2409t (Hughes 1989 Plate 4a); 2. LO 3502t 

(Hughes 1989 Plate 4b); 3. NIGP151791 (Chen et al 2010 fig. 3L); 4. NIGP151791 (Chen et al 2010 fig. 3L); j
6. NIGP139775 (AEP280) (Chen et al 2006 fig. 7Q); 7. SM A18887b (Hughes 1989 Plate 4g); 8. SM 
A18684 (Elles & Wood 1906 fig. 125b); 9. SM A18886 (Elles & Wood 1907 Plate XXXI fig. 3c); 10. SM 

A18887 (Elles & Wood 1907 Plate XXXI fig. 3d); 11. SM A18883 (Elles & Wood 1907 Plate XXXI fig. 3b); 1l 
12. SM A18882 (Elles & Wood 1907 Plate XXXI fig. 3a). 5. Norma/ograptus? cf. brevis USGS 524821 
(Ganis 2004 fig. 2.16C). Notes: All specimens at l0X with 1 mm scale bars. No specimens used in coding. Scales for figs 
1,2,5-12 not from original authors. Specimens 1,2,4 originally published as Climacograptus brevis brevis); 8 as 
Climacograptus brevis, 9-12 as Glyptograptus teretiuscu/us var. siccatus. 
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Plate 42a: Normaloeraotus euelvohus llaoworth. 1880l 
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Plate 42a: Norma/ograptus euglyphus (Lapworth, 1880). 1*. PMO 212.767 
(Maletz et al 2011 fig. SQ); 2*,3 . NIGP 157673 (NJ367) (Chen 2016 fig. 6-
103D & fig. 6-104A); 4. NIGP 157158 (AFT-X-501) (Chen 2016 fig. 6-103E); 
5. NIGP 157670 (NJ327) (Chen 2016 fig. 6-104(); 6*,12. GSE 5494 (M3546d) 

proximal & full (Elles & Wood 1906 Plate XXXI fig. 2c); 7*,11. GSE 190 
proximal & full (Elles & Wood 1906 Plate XXXI fig. 2b); 8,14. GSE 190 
proximal & full) Elles & Wood 1906 Plate XXXI fig. 2b); 9*. BU 1281 (Elles & 
Wood 1906 fig. 172); 10. NIGP 157674 (AFT-X-501) (Chen 2016 fig. 6-104D); 
13. BU 1280 (Elles & Wood 1906 Plate XXXI fig . 2d) . Notes: All specimens 

at l0X with 1 mm scale bars except 11-14 at 3X. Specimens in figs 1,2,6,7,9 
used in coding. Scales for figs 6-9 not from original authors. Specimens 6- 11 13 14 
8.11-14 originally published as Glyptograptus teretiuscu/us euglyphus, 

specimens 2-5,10 as Pronorma/ograptus euglyphus. 
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Plate 42b: Normalograptus euglyphus (Lapworth, 1880) 
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Plate 42b Norma/ograptus euglyphus (Lapworth, 1880). 1. USNM 379131-4; 2. USNM 379135; 3. USNM 379131-2; 4,5. 
USNM 379131 (author's photo & Churkin & Carter 1996 fig 36H); 6,7. USNM 379130 (author's photo & Churkin & Carter 
1996 fig 36G); 8. USNM 138679a (Ross & Berry 1963 Plate 10.27) ; 9 . USNM 138680 (Ross & Berry 1963 Plate 11.3); 10. 
USNM 138679b (Ross & Berry 1963 Plate 10.28); 11. USNM 138681 (Ross & Berry 1963 Plate 11.4); 12. PMO 69.868 (Berry 
1964 Plate 14-01); Notes: All specimens at 6X with 1 mm scale bars. No specimens used in coding. Scales for figs 1-6 not 
from original authors . All specimens originally published as Glyptograptus euglyphus. 
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Plate 42c: Normalograptus euglyphus (Lapworth, 1880) 

1 

8 

3 4 9 

Plate 42c: Normalograptus euglyphus (Lapworth, 1880). 1. GSC 73131 (Lenz 
& Chen 1984 Plate 3-5); 2. NIGP 139773 (AEP262a) (Chen et al. 2006 fig. 70); 
3. NIGP 157669 (AFF285) Chen 2016 fig. 6-104B); 4. USNM 379138 (Churkin 

& Carter 1996 fig 37H, also fig 37C); 5. USNM 379132 (Churkin & Carter 1996 
fig 361); 6. USNM 379139 (Churkin & Carter 1996 fig 37G); 7. NIGP 135758 
(lll-22-H2) (Chen et al. 2006 fig. 7U); 8. NIGP 135757 (lll-22-H2) (Chen et al. 

10 11 122006 fig. 7M); 9. USNM 138684 (Ross & Berry 1963 Plate 10.21); 10. GSC 
73168 (Lenz & Chen 1984 Plate 4-13); 11. GSC 73167 (Lenz & Chen 1984 Plate 4-5); 12. GSC 73130 (Lenz & Chen 1984 

Plate 3-4) . Notes: Specimens 2,3,7,8 at l0X with 1 mm scale bars, specimen 9 at 8x, specimens 10,11 at 6X, specimens 4-
6 at 5X, specimen 12 at 4X. No specimens used in coding. Scale for fig. 9 not from original authors. Specimens 1,2,4-12 
originally published as Glyptograptus euglyphus, specimen 3 as Pronormalograptus euglyphus. 
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Plate 43: Normalograptus kuckersianis Wiman, 1896 
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Plate 43. Normalograptus kuckersianis Wiman, 1896. 1,2. RM Cn 59933 rev & ventral (Mitchell 1987 fig. 11B & A); 3-5. 
RM Cn 59930 obv, rev, oblique dorsal (Mitchell 1987 fig. llC-E); 6. RM Cn 59931 rev (Mitchell 1987 fig. llF); 7,8. RM Cn 
59932 obv & rev (Mitchell 1987 fig. llG&H); 9. RM Cn 59934 rev (Mitchell 1987 fig. 111); 10. RM CN 54607 rev (Jaanusson 
1960 Plate IV fig. 12); 11. RM CN 54606 obv (Jaanusson 1960 Plate IV fig. 11); 12. uncat (Goldman et al. 2011 fig. lJ); 13. 
uncat (Goldman et al. 2011 fig. 11); 14. uncat rev (Ruedemann 1904 fig. 353 after Wiman 1895 also Ruedemann 1898 fig. 

4); 15. RM Cn 59936 rev (Mitchell 1987 fig. llM); 16. RM Cn 54606 obv (Mitchell 1987 fig. llJ); 17,18. RM Cn 59935 obv 
& rev (Mitchell 1987 fig. lll&K) . Notes: Specimens 1-9 at 20X with 1 mm scale bar, specimens 10-18 at l0X with 1 mm 

scale bar. Specimens in figs . 1,3,7,10-15 used in coding. Figs 1-8, 15-18 published as Glyptograptus kuckersianis, figs. 
10,11,14 as Climacograptus kukersianus . 
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Plate 44a: Oelandograptus oelandicus (Bulman, 1963) 
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Plate 44a: Oelandograptus 3' 31 
3' 3' 

oelandicus (Bulman, 1963). 2'2' 2'Figs. 1-11 from Bulman 1936 
l'Plate 3. 1-3. RM #307* I' I' I' I' 

holotype, obv, rev, rev (fig. 5, 
fig. 6 & fig. 7 also Bulman 
1963 Plate 97 figs. 16a, b, 17); 4,5. RM #294* obv, rev (fig. 20, fig. 21); 6,7. RM unidentified specimen* obv, 
rev (fig. 14, fig. 15); 8,9. RM #295* obv, rev (fig. 18, fig. 19); 10,11. RM #222* obv, rev (fig. 12, fig. 13); 12-14. 

1
RM #1638* reconstruction of internal mold from serial sections, rev, scalariform view theca 1 side, obv (fig. 4, 
fig. 5, fig. 6, also Bulman 1963 fig. 2 b-d); 15,16. RM #401 Cn 59892* dorsal (author' s photo, Mitchell 1987 fig. 
2D); 18,19. RM Cn 59911, obv, rev (Mitchell 1987 fig. 2B, fig. 2C ); 20. RM #1834 Cn59892* obv; 21-23, RM 
#498 Cn59891 * obv, rev, rev (author's photos, Mitchell 1992 Fig3b); 24. RM #494 Cn59893 rev; 25-27, RM 
#395 Cn59890* (specimen is broken), obv, rev, rev (author' s photos, Mitchell 1992 Fig3a). Figs. 28-31 from 
Skevington 1965. 28. 011227 rev (fig. 63); 29. 011229 (fig. 64); 30,31. 011230 rev, (fig. 65a, fig. 65b also 
Bulman 1963 fig. 8d). Figs. 32-39 from Bulman 1936. 32, 01 502 rev (fig. 20a); 33. 01 500 rev (fig. 20b); 34. 01 
295 rev (fig. 20c); 35. 01 499 rev (fig. 20d); 36,37. 011647 rev, obv (fig. 19a, fig. 19b also as Bulman 1963 fig. 
8a); 38,39. 011646 rev, obv (fig. 19c, fig. 19d also as Bulman 1963 fig. 8b). Notes: All specimens at l0X with 1 
mm scale bar or dots, except fig. 12-14 at 20X. No scales from original authors. Specimens in figs. 1-15, 21, 22, 
24, 25, and 26 used in coding. Figs. 1-12, 32-39 published as Glyptograptus dentatus, figs. 16, 18, 19 as 
Oelandograptus austrodentatus oelandicus, figs. 28-31 as Glyptograptus austrodentatus oelandicus. 
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Plate 44b: Oelandograptus oelandicus Bulman 1963 
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Plate 44b: Oelandograptus oelandicus Bulman 1963. 1. 01 495 (Bulman 1936 fig. 18b); 2. 01 487 (Bulman 1936 fig. 18c); 
3. 011641 (Bulman 1936 fig. 18a also as Bulman 1963 fig. 8c); 4. SM X.26752 rev (Dean et al 2000 fig. 12a); 5. SM X.26753 
obv (Dean et al 2000 fig. 12b); 6. SM X.26754 obv (Dean et al 2000 fig. 12c); 7. PMO 155.487 obv (Maletz 1997 fig . 21F); 8. 
PMO 155.497(2) rev (Maletz 1997 fig . 21C); 9. PMO 155.532 obv (Maletz 1997 fig. 21E); 10. PMO 155.473 obv (Maletz 
1997 fig. 21B) ; 11. PMO 155.492 obv (Maletz 1997 fig. 21D); 12. PMO 155.497(1) obv (Maletz 1997 fig. 21A); 13. MHNC 
13178a obv counterpart mold cast (Mitchell et al. 2008 fig. 10.6); 14. MHNC 13178 obv (Mitchell et al. 2008 fig. 9.1); 15. 
MHNC 13178 obv (Mitchell et al. 2008 fig. 10.8); 16. MHNC 13179 obv (Mitchell et al. 2008 fig. 9.2); 17. MHNC 13185 obv 
(Mitchell et al. 2008 fig. 10.3); 18. L010590t obv (Maletz & Ahlberg 2011 fig. 6A) . Notes: All specimens at lOX with 1 mm 
scale bar or dots. Scales for figs. 1-6, 18 not from original authors. Specimens 1-3 published as Glyptograptus dentatus. 
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Plate 45a: Proclimacograptus angustatus Ekstrom, 1937 

f 
f i~ (_! 

I : . ·,14 15 
11 

J 
,.> 1
\ \ i
L ~, 
l .-, 
~ l 
f ~ 

ri 
·i 'l 

22 
23 24 ' \/ 

Plate 45a: Proc/imacograptus angustatus Ekstrom, 1937. 1,2. \1 
RM 01 (1) obv, rev (Mitchell 1987 fig. 3B, 3A); 3. RM 01 (2) rev (Mitchell 1987 fig. 3E); 4-6. RM 01 983 rev, obv, obv Y 
(Mitchell 1987 fig. 3D, fig. 3E, Jaanusson 1960 Plate Ill fig. 14); 7. RM 01 985 fragment (Jaanusson 1960 Plate Ill fig. i 
13); 8. RM 01 984 rev (Jaanusson 1960 Plate Ill fig. 12); 9,10. PMO 138.659 rev (Maletz 1997 Plate 50 & fig. 33M); 
11,12. PMO 138.657 obv (Maletz 1997 Plate SN & fig. 33L); 13-15. PMO 138.809 obv, obv, rev (Maletz 1997 Plate SM, fig. 
33K PMO 138.810, & fig. 330); 16. PMO 138.224 rev (Maletz 1997 Plate SR); 17. PMO 138.560 rev (Maletz 1997 fig. 33P); 
18. PMO 138.525 rev (Maletz 1997 Plate SQ); 19. PMO 138.587 rev (Maletz 1997 fig. 33G); 20,21. PMO 138.225 obv 
Maletz 1997 Plate SP & fig. 33Q); 22. LO 11205t NH4CI coated (Maletz 2011b fig . 3G) ; 23,24. UUG-BB 143 (Boucek 1973 
Plate XX-04 & XXl-05); 25. UUG-BB 138 (Boucek 1973 Plate XX-03); 26. LO 11202t (Maletz 2011b fig. 3D); 27. PMO 138.222 
rev Maletz 1997 fig . 33N) ; 28. UUG-BB 148 Boucek 1973 Plate XX-09 ); 29,30. UUG-BB 146 Boucek 1973 Plate XX-07 (also 
XX-08) & XXl-04); 31. UUG-BB 144 Boucek 1973 Plate XX-06); 32,33. UUG-BB 139 Boucek 1973 Plate XX-05 & XXl-06); 34. 
LO 3342T Maletz 1997 fig. 33E. Notes: All specimens at l0X with 1 mm scale bar or dots. Scales for figs. 1-

8,11,13,16,18,20,22-25, 26-33 not from original authors . All specimens used in coding, except fig. 34. 
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Plate 45b: Proclimacograptus angustatus Ekstrom, 1937 
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Plate 45b: Proc/imacograptus angustatus Ekstrom, 1937. 1,2. NIGP 157505 (NJ 361) (Chen 
2016 fig. 6-81A, 6-80F); 3,4. NIGP 157502 (NJ 334) (Chen 2016 fig. 6-81B also 6-81J, 6-80D); 5. NIGP 157515 
(AFF 285) (Chen 2016 fig. 6-81F); 6. PMO 69.871 (Berry 1964 Plate 13-11); 7. PMO 69.870 (Berry 1964 Plate 13-07); 8. 
PMO 69.872 (Berry 1964 Plate 13-13); 9,10. PMO 69.873 (Berry 1964 Plate 13-10, Maletz 1997 fig. 33C); 11. UUG-BB 147 
(Boucek 1973 Plate XX-1); 11. UUG-BB 147 (Boucek 1973 Plate XX-01 also XX-02 & XX-10); 12. NIGP 149257 (BSSD-4-52) 
(Zhang et al. 2009 fig. 7F). Notes: All specimens at l0X with 1 mm scale bar or dots. Specimen in figs. 1,3 used in coding. 
Scales for figs. 6-9,11 not from Boucek. 
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Plate 45c: Proclimacograptus angustatus Ekstrom, 1937 
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Plate 45c: Proc/imacograptus angustatus Ekstrom, 1937. 1. Thecal diagram (Boucek 1973 fig. 36c); 2. NIGP 
157513 (FGl0) (Chen 2016 6-80A); 3. NIGP 157503 (NJ336) (Chen 2016 fig. 6-80E); 4. NIGP 157504 (NJ341) 
(Chen 2016 6-80B); 5. PMO 138.471 rev (Maletz 1997 fig. 33S); 6. PMO 138.842 rev (Maletz 1997 fig. 33R); 7. 
PMO 138.536 rev (Maletz 1997 fig. 33T); 8. PMO 138.589 rev (Maletz 1997 fig. 33H); 9. PMO 138.589 obv 

(Maletz 1997 fig. 331); 10. PMO 69.867(3) obv (Maletz 1997 fig. 33F); 11. PMO 69.885(2) rev (Maletz 1997 fig. 33D); 12. 
PMO 69.885(2) obv (Maletz 1997 fig. 33A); 13. PMO 138.680 rev (Maletz 1997 fig . 33B); 14. PMO 138.324 rev (Maletz 
1997 fig. 33J); 15. NIGP 139758 (AEP258), (Chen et al. 2006 fig. ST); 16. NIGP 139757 (AEP258) (Chen et al. 2006 fig. SQ); 
17. SM X.26762 (Dean et al. 2000 fig. 12k); 18. SM X.26763 (Dean et al. 2000 fig. 121). Proc/imacograptus angustatus 
ultimus. 19. NIGP 157516 holotype AFC 126 (Chen 2016 fig. 6-81H). Notes: All specimens at l0X with 1 mm scale bar or 
dots. No specimens used in coding. Scales for figs. 14,15 not from Chen et al. 2006. 
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Plate 46: Proclimacograptus bulmani Maletz, 1997 & 
Pseudamplexograptus lotus Bulman, 1931 
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Plate 46: Proc/imacograptus bulmani Maletz, 1997. 1,2. PMO 138.711 holotype rev (Maletz 1997 Plate SS also Maletz et 
al. 2011 Fig 80, Maletz 1997 Fig 34C) ; 3,4. PMO 138.690 obv (Maletz 1997 Plate ST, Maletz 1997 Fig 34A); 5. PMO 155.616 
distal fragment (Maletz 1997 Fig 34B) . 6. Proc/imacograptus cf. bulmani NIGP XXXX (AFC 110) Chen 2016 Fig 6-81K. 
Pseudamplexograptus latus Bulman, 1931. 7. MHNC 13187 obv (Mitchell et al. 2008 Fig 10.5); 8. MHNC 13186 (Mitchell et 
al. 2008 Fig 10.4); 9. MHNC 13193 (Mitchell et al. 2008 Fig 10.13); 10. MHNC 13180 obv (Mitchell et al. 2008 Fig 9.3); 11. 
MHNC 13181 obv Mitchell et al. 2008 Fig 9.4. Notes: All specimens at l0X with 1 mm scale bars or dots, except specimen 
11 at 8X. Specimens in figs 1,3, 7-9 used in coding. Scales for figs 1,2 not from original authors. 
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Plate 47: Prolasiograptus retusus (Lapworth, 1880} 
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I•~~ Plate 47: Pro/asiograptus retusus (Lapworth, 1880) 1-3. Prolasiograptus retusus BU 1349* 7 
holotype obv (photo from Dr. C.E Mitchell collection, Elles & Wood 1908 Plate XXXIV fig. 3a, 
sketch of external mold by Dr. C.E Mitchell, see also Elles & Wood 1908 fig. 216a); 4. PMO 69.880a (Berry 1964 Plate 16-03); 
5. BU 1369* obv (Elles & Wood 1908 fig. 216b); Pro/asiograptus cf retusus. 4. BU 1350 (Elles & Wood 1908 Plate XXXIV fig. 
3b); 7. BU 1421 (Elles & Wood 1908 Plate XXXIV fig. 3c) . Notes: All specimens at l0X with 1 mm scale bars. Specimens in figs 
1,5 used in coding. Scales for all figures not from original authors. Specimens 2,5,6,7 originally published as Lasiograptus 
(Thysanograptus) retusus. 
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Plate 48A: Pseudamplexograptus distichus Eichwald, 1840 
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fig. 14 at 2X. Scales for figs 1,4,5,10 not from original authors. Specimens in figs. 1,2, 8,9 used in 
coding. Specimen 10 originally published as Amplexograptus munimentus, specimens 11-13 as 

Dip/ograptus {Orthograptus) ca/caratus var. priscus. 
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Plate 48B: Pseudamplexograptus distichus Eichwald, 1840 

Plate 48B: Pseudamplexograptus distichus Eichwald, 1840. 1,2, PMO 69.867(2) obv, obv 
(Maletz 1997b fig. 27E, fig. 27B); 3,4. PMO 69 .867(3)* rev, obv (Maletz 1997b fig. 27C, 
Plate 6F latex); 5. PMO 69 .867* obv (Berry 1964 Plate 14 fig. 1); 6, 7, PMO 69.865 obv 
(Berry 1964 Plate 14 fig. 5 also fig. 3, Maletz 1997 fig. 27F); 8,9. PMO 69.866* (Berry 
1964 Plate 14 fig. 4 also Maletz 1997 Plate 6G, Maletz 1997 fig. 27A); Figs. 11-26 from 
Bulman 1932, 11. RM 01 2370* rev (Plate IV fig. 01); 12,13. RM 012373* obv (Plate IV fig. 
02, rev Plate IV fig. 03); 14,15. RM 01 2374* obv, rev (Plate IV fig. 04, Plate IV fig. 05); 
16,17. RM 01 2372 * obv, rev (Plate IV fig. 07, Plate IV fig. 06); 18,19. RM 01113* obv, rev 
(Plate IV fig. 10, Plate IV fig. 11); 20,21. RM 01 2371*, obv, rev (Plate IV fig. 08, Plate IV fig. 09); 22, RM 01 2375 rev (Plate IV 
fig. 12); 23. RM 01110 rev (Plate IV fig. 13); 24,25. RM 01 2342* obv, rev (Plate IV fig. 14, Plate IV fig. 15); 26. RM 01112 rev 
(Plate IV fig . 18). Notes: All specimens at l0X with 1 mm scale bar or dots, except figs . 6, 7,8,10 at 5X, fig. 9 at 6X. Scales for 
figs5,6,8 not from Berry. Figs. 5,6,8 published as Amplexograptus munimentus, figs . 11-26 as Climacograptus 
orthoceratophilus. Specimens in figs. 4,5,9,11-17,19-21,24-25 used in coding. 
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Plate 48C: Pseudamplexograptus distichus Eichwald, 1840 
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Plate 48C: Pseudamplexograptus distichus Eichwald, 1840. Figs. 1-18from Bulman 1932. 1,2. RM 01109 obv (Plate IV fig. 
16, rev Plate IV fig . 17); 3,4. RM 012334 obv (Plate IV fig. 21, rev Plate IV fig. 22); 5,6. RM 01111 obv (Plate IV fig . 19, rev 
Plate IV fig. 20); 7,8. RM 01 289 obv, rev (Plate IV fig. 23, Plate IV fig. 24); 9,10. RM 01 2264 obv, rev (Plate IV fig. 26, Plate 
IV fig. 27); 11,12. RM 01 2443 scalariform Plate V fig. 05, sub-scalariform Plate V fig . 06); 13, RM 01 2355 rev Plate V fig. 
01); 14. RM 01 217 rev (Plate V fig. 02); 15. RM 01 2369 rev (Plate V fig. 03); 16. RM 01 unnumbered rev (Plate IV fig. 25); 

17. RM 01 2368 rev (Plate V fig . 04); 18, RM 01 2235 rev (Plate IV fig . 28); 19,20. RM 01 66 obv, rev; 21, RM 01 73 rev latex; 
22,23. RM 01 74 obv, rev; 24,25. 01 78 RM Cn 59885 obv, rev; 26. RM 01 89 obv; 27,28. RM 01 79 obv, rev; 29,30. RM 01 88 
obv, rev; 31,32. RM 01 77 obv, rev; 33,34. RM 01 2735 obv, rev; 35,36. RM 01 2731 obv, rev; 37,38. RM 01 80 obv, rev; 
39,40. RM 01 83 obv, rev; 41,42. RM 01 84 obv, rev) . Notes: All specimens at lOX with 1 mm scale bar or dots. Scales for 
figs 9-18 not from Bulman . Figs . 1-18 published as Climacograptus orthoceratophilus. All specimens on this page used in 
coding. 
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Plate 48D: Pseudamplexograptus distichus Eichwald, 1840 

3 

4 5 

6 7 

13 

14 15 

10 11 

\ I\ 

18 19 I -
20 21 

16 17 

Plate 48D: Pseudamplexograptus distichus Eichwald, 1840. 1, RM 0189 rev latex; 2,3, RM 011704 obv, rev; 4,5, RM 01117 
obv, rev; 6,7, RM 011710 obv, rev; 8,9, RM 01119 obv, rev; 10,11, RM 011700 obv, rev; 12,13, RM 011702 obv, rev; 14,15, 
RM 01121 obv, 15, rev; 16,17, RM 01126 obv, rev; 18,19, RM 011706 obv, rev; 20,21, RM 01135 obv, rev. Notes: All 
specimens at lOX with 1 mm scale bar or dots. All specimens on this page used in coding. All photos by author. 
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Plate 49a: Pseudoclimacograptus scharenbergi scharenbergi Lapworth, 1876 
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Plate 49a: Pseudoc/imacograptus scharenbergi scharenbergi 
Lapworth, 1876. 1. BU 1424* rev (Elles & Wood 1906 Fig 139c); 12 
2,9. BU1416* rev (Elles & Wood 1906 Fig 139b & Mitchell unpubl.); 13 14 
3. Unidentified specimen (Elles & Wood 1906 Plate XXVll 14e*); 4. unid BU spec (Mitchell 
unpubl.); 5. BU 1206 (Elles & Wood 1906 Fig 116); 6,7. BU 1415* obv (Elles & Wood 1906 Fig 139a & 
Mitchell unpubl.) ; 8. unid BU spec rev (Mitchell unpubl.); 10,16,17. BU 1205* obv (Mitchell unpubl., Elles 16 
& Wood 1906 Plate XXVll 14d, & Mitchell unpubl.); 11. unid spec (Elles & Wood 1906 Plate XXVll 14c); 12,13. 
unid BU spec (Elles & Wood 1906 Plate XXVll 14b* & Mitchell unpubl.); 14,15. BU 1202* (Elles & Wood 1906 Plate 17 
XXVll 14a & Mitchell unpubl.: 18,19. two proximal end obv fragments from C.E. Mitchell personal collection . Notes: 
All specimens at l0X with 1 mm scale bar or dots, except 12,13 at 7X, 14,15 at 6X, 16,17 at 5X. Figures 1,2,3,5, 7,11,12, 
14,16 originally published as Climacograptus scharenbergi. Specimens 1,8,9,10 used in coding. 
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Plate 49b: Pseudoclimacograptus scharenbergi scharenbergi Lapworth, 1876 
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Plate 49b: Pseudoc/imacograptus scharenbergi scharenbergi Lapworth, 1876. 1. MCZ 
9464-1 * ventral (Mitchell 1987 Fig 6A); 2. MCZ 9464-2 ventral (Mitchell 1987 Fig 6B); 3. 
MCZ9464-3* oblique rev (Mitchell 1987 Fig 6C also Fortey et al. 2005 Fig 7J); 4. MCZ 

9464-4 rev (Mitchell 1987 Fig 6D); 5,6. MCZ 9464-6* obv, rev (Mitchell 1987 Fig 6E, 
6G); 7. MCZ unidentified specimen rev (Mitchell 1987 Fig 6F); 8,9. MCZ 9464-7* obv, rev (Mitchell 1987 Fig 6H, 61 also 
Fortey et al 2005 Fig 71); 10. NIGP139772 (AEP280) (Chen et al. 2006 Fig 7N); 11-14. four proximal end fragments from 
C.E . Mitchell personal collection, 2 obv & 2 rev); 15. NIGP 153692 (AEP-HD1-25b-2) (Zhang et al. 2011 Fig 3M); 16. 

NIGP135763 (AEP(lll-22-H2) (Chen et al. 2006 Fig 71); 17. NIGP135762 (AEP lll-22-H2) (Chen et al. 2006 Fig 7H); 18. SM 
X3087 (Hughes 1989 Fig 22h); 19. USGS 524835 (Ganis 2004 Ch 2 Fig 16Q'); 20. USGS 524841 (Ganis 2004 Ch 2 Fig 17B); 
21. USGS 524840 (Ganis 2004 Ch 2 Fig 17A); 22. USNM 138634 (Ross & Berry 1963 Plate 9.14); 23. USNM 138635 (Ross & 
Berry 1963 Plate 9.17); 24. obv (Jaanusson 1960 Fig 7-B) ; 25 . SM X3087 (Hughes 1989 Plate 51). Notes: All specimens at 
l0X with 1 mm scale bar or dots, except 1-7 at 20X. Figures 23,24 originally published as Climacograptus scharenbergi. 
Specimens in 1,3,5-9,11-14 used in coding. 
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Plate 49c: Specimens Referred to Pseudoclimacograptus scharenbergi 
scharenbergi Lapworth, 1876 

9 

10 11 

Plate 49c. Specimens referred to Pseudoc/imacograptus scharenbergi scharenbergi Lapworth, 1876. 
1. Jaanusson 1960 Plate II Fig 4; 2-4. RM CN 54584 scalariform & opposite side views (Jaanusson 1960 
Plate II Fig 5-7); 5. AMNH 30447 (unpublished, identified by John Riva); 6. PMO 69.901 (Berry 1964 Plate 13-09); 7. GSC 
73169 (Lenz & Chen 1984 Plate 4-6); 8. GSC 73162 (Lenz & Chen 1984 Plate 3-35); 9. GSC 73134 (Lenz & Chen 1984 Plate 
3-8. 10. Vg794 distal (Jaanusson & Skoglund 1963 Fig 4A); 11. Vg795 distal (Jaanusson & Skoglund 1963 Fig 4); 12. GSC 
7313X (Lenz & Chen 1984 Plate 3) ; 13. Vg780 obv (Jaanusson & Skoglund 1963 Fig 4D); 14. Vg779 rev (Jaanusson & 
Skoglund 1963 Fig 4C) . Notes: All specimens at l0X with 1 mm scale bars, except 5, 7 at 8X ;and 6,8 at 6X. Figs. 1-
4,5,6,10,11,13-14 were referred to (cf.) P. scharenbergi scharenbergi, whereas Figs. 7-9 & 12 were identified as this 

1 
taxon. The theca 2 spine on figs. 9 & 13 are suspect, as is the weak medium septum zig-zag on several specimens. 
Specimens 7-9,10-14 may have a more close affinity within Archic/imacograptus. Maletz 1997b suggests that specimens 1-
4 & 6 may actually be Haddingograptus oliveri. 
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Plate 49d: Pseudoclimacograptus scharenbergi stenostoma Bulman, 1947 

2 3 

Plate 49d. Pseudoc/imacograptus scharenbergi stenostoma Bulman, 1947. 1. GSC 73160 (Lenz & Chen 1984 Plate 4 Fig 9); 
2 GSC 73160 (Lenz & Chen 1984 Plate 3 Fig 28); 3. GSC 73171 (Lenz & Chen 1984 Plate 4 Fig 12). Notes: All specimens at 

lOX with 1 mm scale bar. The theca 1
2 

spine on fig. 2 is suspect. Specimens 1-3 may have a more close affinity within 
Archic/imacograptus. 
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Plate 50a: Undulograptus camptochilus Pribyl, 1947 
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Plate SOa: Undu/ograptus camptochi/us Pribyl, 1947. 

1. RM 01 485 holotype rev (Skevington 1965 fig. 67); 2,3. Cn 1318 

obv (Bulman 1936 fig. 111-28, fig. 111-27); 4,5. Cn 484 obv, rev 
(Bulman 1936 fig. 111-26, fig. 111-25): 6. 011236 rev (Skevington 

1965 fig. 67); 7. Cn 299a (Bulman 1936 fig. 111-30); 8. Cn 299b 

(Bulman 1936 fig. 111-31); 9,10. Cn 59945 rev (author's photo, 

Mitchell 1992 Fig2a); 11. Cn 298 rev (Bulman 1936 fig. 111-22); 12. 

Cn 300 (Bulman 1936 fig. 111-29); 13, 14. IRScNB A3365 rev (Servais 
& Maletz 1992 Plate 11-8, Plate 1-2). ?Undu/ograptus camptochi/us. 

15,16. Cn 1286 obv, rev (Bulman 1936 fig. 111-23, fig. 111-24). Notes: 

All specimens isolated three dimensional, except 13,14 low relief. 
All specimens at lOX with 1 mm scale bar. No scales from original 
authors. Specimens 1-11 used in coding. Specimens 2- 13 14 
4, 7,8, 11,15, 16 originally published as Amplexograptus aff. 
Coe/atus, specimens 1,6 as Pseudoc/imacograptus camptochi/us. 

See Skevington 1965 for revision. 
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Plate 50b: Undulograptus camptochilus Pribyl, 1947 
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ll ( .,.Plate SOb: Undu/ograptus camptochi/us Pribyl, 1947. 1,2,8. IRScNB A3376 rev 

r N
(Servais & Maletz 1992 Plate 111-1, Plate 1-15); 3,4. RM 011269 distal & I 

scalariform (Bulman 1936 fig. 111-32, fig. 111-33); 5. RM-Cn59944 Mitchell 1992 

Fig2b); 8. IRScNB (A3365 Servais & Maletz 1992 Plate 1-2). 

?Undu/ograptus camptochi/us. 6. IRScNB A3365 rev (Servais & Maletz 1992 

Plate 1-2). Notes: All specimens flattened or in low relief, except 1-2 high relief, I 
3-4 isolated three dimensional. All specimens at lOX with 1 mm scale bar, 

except 8 at 4X. No specimens used in coding. 
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