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Architecture, growth, and function of ozarkodinid conodonts

b y

Philip Conrad James Donoghue 

ABSTRACT

Analysis of natural assemblages reveals that the architecture of the 

ozarkodinid conodont feeding apparatus remained conservative throughout two 

hundred million years of evolution. The apparatus was differentiated into an anterior 

array which performed a rasping and/or slicing function and its supporting structures 

were probably homologous to the dental cartilages of the living agnathans. The 

taphonomy of the apparatus indicates that the majority of natural assemblages 

represent carcasses that came to rest at a high angle to the sea floor, suggesting the 

presence of soupy substrates.

Analysis of conodont hard tissue histology has led to a new model of element 

growth. This is used to reinterpret the affinity of the hard tissues themselves as 

opposed to the competing methodology which interprets the hard tissues first. 

Conodont elements are composed from numerous odontodes, and individual elements can 

be considered as odontocomplexes. Analysis of pattern formation in conodont element 

growth provides a new means of understanding these structures. The pattern of growth 

exhibited by many conodont elements is similar to that of the dentigerous jaw bones of 

acanthodians, and to that of lungfish toothplates. The periodic addition of odontodes 

to conodont elements provides a mechanism by which the paradox of growth and 

function may be resolved. The identification of internal discontinuities as representing 

episodes of function m the growth record of conodont elements indicates that the animal 

retained its feeding array throughout life rather than periodically shedding and 

replacmg component elements.

The functional morphology of pairs of elements dissected from natural 

assemblages reveals that, even though conodonts lacked jaws, some groups evolved a 

level of dental occlusion unrivalled before the rise of mammals, occurring in conodonts 

at least several tens of millions of years earlier. Comparison with the functional 

morphology of other taxa indicates that this level of occlusion was maintained by an 

additional unpreserved structure, comparable in function but not homologous to a jaw.
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IN T R O D U C TIO N

Conodonts are an extinct group of exclusively m arine organisms that are almost exclusively represented 

in  their extensive fossil record by microscopic toothlike structures Icnown as conodont elements. One h undred  and 

forty  years have now  passed since their first discovery (Pander 1856), yet all significant advances in  conodont 

palaeobiology have been m ade w ith in  the last th irty  years. The earliest of these fundam ental advances w as a 

progression from  the wholly artificial single-element taxonom y that had  persisted from  the tim e of Pander, to the 

m ore rigorous multielement taxonomy that has now become standard.

Conodont palaeobiology has also m atured from  its m oribund state so apparent in  the latest edition of the 

Treatise on Invertebrate Paleontology (Clark et al. 1981). The discovery in the early 1980s of soft tissue rem ains of 

the conodont animal (Briggs et al. 1983) has completely revolutionised the subject from one that was interesting, but 

esoteric, to one that is fundam ental to our understanding of the early evolution of the vertebrates. Acceptance of the 

vertebrate, o r a t least, craniate affinity of the conodont anim al is now  w idespread (Forey and Janvier 1993, 1994; 

Janvier 1995, 1996a, b) and thanks to the discovery of further specimens that include rem ains of the conodont 

anim al's soft tissues (A ldridge et al. 1986, 1993; A ldridge and Theron 1993; G abbott et al. 1995) affinity can be 

substantiated  solely on soft tissue characters. H ow ever, som e w orkers rem ain adam ant in  their perception  of 

conodonts as cephalochordates (Nicoll 1995; Kemp and Nicoll 1995a, b; 1996). This rem aining hostility  to the 

vertebrate hypothesis appears to stem  from  the misconception that the affinities of conodonts are based  on the 

identification of uniquely  vertebrate h a rd  tissues in conodont elem ents (Sansom et al. 1992). Sansom  and his 

colleagues identified cellular derm al bone, enamel, globular calcified cartilage, and m ore recently, dentine (Sansom 

et al. 1994) as components of the conodont m ineralised skeleton, though these interpretations have themselves been 

based on  the assum ption that conodonts are at least chordates, w hich is in  tu rn  based on characters of the  soft 

tissue anatom y. Kemp and Nicoll have therefore a ttem pted to refute the vertebrate interpretation  of conodont 

affinity, by  deconstructing  the w ork  of Sansom  et al. N evertheless, there are m any others w ho  d o ub t the 

interpretations of Sansom et al. (Fâhraeus and Fâhraeus van  Ree 1993; Forey and Janvier 1993,1994; Janvier 1995, 

1996a, b) while accepting that conodonts are vertebrates. Indeed Krejsa and colleagues (Krejsa et al. 1990a, b; 

Krejsa and Leaffer 1993; Slavkin and Diekwisch 1996) have attem pted to draw  hom ology betw een the toothlets of 

hagfish and conodont elements, based on comparative histology.

A lthough the affinity debate appears to be draw ing to a close, there are m any other points of contention 

that persist in conodont palaeobiology. Am ongst these, the question of conodont element function is of param ount 

im portance, and debate on this issue has seen som ething of a revival since it w as separated from  the question of 

affinity (see Bengtson 1980 for a perspective before this). Of the two competing hypotheses of function; support to a 

filtering device in a m icrophage (e.g. Lindstrom  1964, 1973, 1974; Nicoll 1977, 1985, 1987, 1995), versus tooth- 

function in  a m acrophage (e.g. Jeppsson 1979; A ldridge and Briggs 1986; Purnell and von Bitter 1992), the tooth 

hypothesis appears to be favoured  (Purnell 1995). H ow ever, a lthough w e have som e understand ing  of w hat 

functions ind iv idual elem ents m ay have perform ed, our understand ing  of exactly how they perfo rm ed  these 

functions is based largely on conjecture.

The original objectives of m y PhD w ere to attem pt to resolve som e of the rem aining controversies in 

conodont palaeobiology, through study  of the Ozarkodinida, the most derived and m ost diverse of all the conodont 

orders. Despite their derived nature, ozarkodinids are im portant because of their rich fossil record w hich includes 

(probably) all the conodont animals w ith  preserved soft tissue from  the G ranton Shrim p Bed (Briggs et al. 1983; 

A ldridge et al 1986,1993), and the m ajority of bedding  plane assemblages, fossils w hich preserve evidence of the



Introduction

original three dimensional architecture of the conodont feeding apparatus. Furthermore, the notational scheme on 

which homologies are identified betw een distantly related groups of conodonts is ultim ately based on 

ozarkodinids (Purnell 1993). In summary, much of w hat we know about conodont palaeobiology is based on 

ozarkodinids, and so they provide an ideal database with which to resolve current controversies.

Individual objectives included investigation of the architecture, grow th, function and cladistic 

relationships of the Ozarkodinida, but so m any of the individual projects spiralled into much larger studies, 

encompassing not only the ozarkodinid order, but also conodonts of other orders, that some aspects had to be put 

aside, or have not been included as part of this thesis due to the constraints of time and space. I have therefore 

restricted the thesis to ozarkodinid apparatus architecture, function of P elements, and conodont element growth in 

general.

In chapter one, Mark Purnell and I have produced a new three-dimensional architectural model of the 

apparatus of Idiognathodus, the taxon most abundantly represented in bedding plane assemblages. Our model is a 

considerable improvement on its rivals, and our work has shown that the apparatus architecture is representative 

not only of Idiognathodus, bu t also all other ozarkodinids represented by bedding plane assemblages. 

Paradoxically, ozarkodinids, the most diverse of all seven conodont orders, possibly of all jawless fish, were 

evidently an extremely conservative group.

Text-fig. 1. 
Architecture of 
the conodont 
feeding 
apparatus and 
its position in 
the head of the 
conodont 
animal. The 
new
orientational 
terms are 
included.

In chapter two I reconsider conodont hard tissue histology based on a review of ozarkodinids, 

prioniodinids, prioniodontids, and representatives of some of the four remaining orders. I attem pt to extend our 

understanding of conodont element growth from the simplistic model proposed by Müller and Nogami (1971,1972) 

to a more realistic level that considers interaction of the component tissues; the pattern of formation is an important 

factor in this reconsideration.

Chapter three continues the theme of growth by considering whether conodonts were permanent, as in the 

dentition of lungfish and some acanthodians, or deciduous, as in most other craniates. This question is of relevance 

to our whole perception of the conodont fossil record, as well as resolving the apparent paradox between growth 

and function in conodont elements (Bengtson 1976,1983a; Jeppsson 1979). Function is the topic of chapter four 

which is a study based on elements dissected from a bedding plane assemblage. Because of this data base, we can be

P age  2
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sure  th a t the elem ents w orked  together w hen  the anim al w as alive, and  their functional m orphology holds 

im portant clues to the m ode of operation of homologous elements in all ozarkodinids.

Orientational term s used in  this thesis for conodont elements do not follow convention (e.g. C lark et al. 

1981). The new  term s relate to the original o rien ta tion  of the elem ents w hen  the  anim al w as alive. The 

conventional anterior and posterior orientation of P elem ents translates to ventra l and dorsal respectively; the 

conventional anterior and posterior orientation of S elements remains the same, b u t to prevent confusion betw een 

the tw o schemes, anterior translates to rostral, and posterior to caudal (Text-fig. 1).

The structu re  of this thesis is such tha t ind iv idual chapters are in  a form at suitable for im m ediate 

publication. C hapter one has been p repared  for publication in Philosophical Transactions o f the Royal Society, 

London, Series B and is co-authored by  M ark Purnell. C hapter two has also been form atted according to the style 

requ ired  by  Philosophical Transactions o f the Royal Society, London, Series B. C hapter three has been  form atted 

according to the style required by  Lethaia, and chapter four is formatted according to the guidelines for m anuscript 

p reparation  in  Hie journal Paleobiology.

A  few other publications have arisen during the course of my PhD. These are listed below.

Aldridge, R. J. & Donoghue, P. C. J. in press: Conodonts; a sister group to the hagfish? In: Jorgensen, J. M., W eber, R.

E., Lomlrolt, J. P. and Malte, H. (eds) The Biology o f Hagfish. Chapm an and Hall.

Purnell, M. A., A ldridge, R. J., Donoghue, P. C. J. & Gabbott, S. E. 1995: C onodonts and the first vertebrates. 

Endeavour 19, 20-27.

Zhang, S., A ldridge, R. J. & Donoghue, P. C. J. in press: A n Early Triassic conodont w ith  periodic growth? Journal of 

Micropalaeontology.

Page 3



CHAPTER 1

Architecture, functional morphology, and taphonom y of the skeletal apparatus of
ozarkodinid conodonts

SUM M ARY

O zarkodinid  conodonts w ere one of the m ost successful groups of agnathan  vertebrates ever to have lived. 

N atural assemblages of their skeletal elements are the remains of individual animals, fossilized after postm ortem  

collapse of the oropharyngeal feeding apparatus onto a tw o-dim ensional plane. From  analysis of elem ent 

arrangem ent in  natural assemblages from the Pennsylvanian of Illinois, w e have produced a precise, scale m odel of 

the feeding apparatus of Idiognathodus. A t the front lay an axial Sa element, flanked by two groups of four close- 

set, elongate Sb and Sc elements w hich w ere inclined obliquely inw ards and forwards; above these elements lay a 

pair of arched and inw ard  pointing M elements. Behind the S-M array lay transversely oriented and bilaterally 

opposed Pb and Pa elements. This reconstruction of skeletal architecture differs from  previous hypotheses, but 

detailed comparisons w ith  all know n natural assemblages of taxa assigned to the order Ozarkodinida confirm  that 

the arrangem ent of elements in  the m odel accurately reflects the apparatus architecture of this m ajor group of 

extinct agnathans.

Based on our model, w e propose tha t the anterior S and M elem ents of ozarkodinid conodonts w ere 

attached to cartilaginous plates. In order for the anim al to feed, these plates w ere first everted, and then draw n 

back and upw ard  over the anterior edge of an underlying cartilage. These movem ents produced a highly effective 

grasping action, the cusps and denticles of the elements converging to grab and  im pale any food item  tha t lay 

an terio r of the  open  array. A ccording to this hypothesis, the anterior p a rt of the conodont apparatu s  is 

comparable to, and possibly homologous with, the lingual apparatus of extant agnathans; the elements themselves, 

however, have no direct homologues. O ur model also sheds new  light on the taphonom y of the conodont skeleton, 

and on problems of homology and notation of elements and apparatuses.

1. IN TRO D U C TIO N

For m ore than  a century, questions of conodont palaeobiology were considered interesting, b u t esoteric. The last 

few years, however, have seen a revolution in our understanding  of conodont anatom y, affinities and functional 

m orphology, and this has led to a dram atic shift in focus. Conodonts are now w idely thought to be vertebrates or 

craniates, and have an im portant role to p lay in  understanding  the origins and early diversification of the clade 

(e.g. Sansom et al. 1992; A ldridge et al. 1993; Purnell et al. 1995; Janvier 1996a). N ot only are they am ong the first 

craniates to appear in  the fossil record, they are also far m ore diverse than any other group of jawless fish. W ith 

this new  focus, analysis of conodont functional morphology takes on a new  significance.

Recent w ork has established that m any conodonts, including some prim itive taxa w ith  coniform elements, 

w ere m acrophagous, probably predatory, organism s, and that those conodonts w ith  m ore complex apparatuses 

used their phosphatic elements to grasp, slice and crush their food (Purnell and von Bitter 1992; Purnell 1995). The 

strongest evidence for these conclusions comes from  microwear analysis of surface features on conodonts elements 

(Purnell 1995), b u t this study, and all rigorous analysis of conodont functional m orphology, relies to som e extent 

on a sound understanding  of the arrangem ent of the elements in the conodont apparatus. Indeed, one of the key 

steps in  the initial recognition of elem ent w ear patterns in  ozarkodinid conodonts (sensu Sweet 1988) w as the 

realisation that their Pa elements occlude w ith  the left hand element behind that on the right, an observation m ade 

in  the p repara tion  of a new , precise m odel of ozarkodinid skeletal architecture. This m odel has been  w idely
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illustrated (e.g. Purnell and Donoghue 1995; Purnell et al. 1995; Palmer 1995,1996; A bram s 1996) b u t the evidence 

u pon  w hich it is based, and our analysis of ozarkodinid skeletal architecture have not been presented. O ur aim 

here  is to rectify this situation, by  p rov id ing  a discussion of our m ethodology, the details of ozarkodin id  

architecture, and the w ider significance of our results.

The developm ent of ideas about conodont skeletal architecture (see figure 1) has closely paralleled  

hypotheses of biological affinity and functional m orphology (see A ldridge 1987 for a review). U nderstanding  of 

architecture underpins analysis of function, b u t m any studies (e.g. Schm idt 1934; L indstrom  1964, 1973, 1974; 

Nicoll 1995) have confused the tw o by using scenarios of function to construct and constrain m odels of elem ent 

arrangem ent. This lack of m ethodological rigour has contributed to the diversity of alternative m odels of skeletal 

arrangem ent that have been proposed, some of w hich are little m ore than pure  speculation (see §2 below). Part of 

the blam e, how ever, also lies in  a paucity  of good fossil m aterial and a consequent lack of m orphological 

constraint. Until the fossilized remains of the conodont body were found it was not possible to determ ine anterior- 

posterior and dorso-ventral axes w ith  certainty, b u t the fossils that provide the means to um avelling the prim ary, 

in vivo spatial arrangem ent of conodont elements w ere first described m ore than  sixty years ago (Schmidt 1934; 

Scott 1934).

(a) N atural assemblages

Because conodonts were prim arily  soft bodied organisms, their fossil record consists alm ost entirely of 

the dissociated skeletal elements of their feeding apparatus which became scattered in the sedim ent on the death and 

decay of the animals. Fortunately, however, there are fossils that preserve together num bers of different conodont 

elements, either as associations on bedding-planes or as clusters of elements fused together by  diagenetic minerals. 

More than  1000 of these "bedding-plane assemblages" and "fused clusters" are now  known, and several conodont 

orders are represented in  collections from  around the w orld. This figure is, however, som ew hat m isleading, as a 

few U pper Carboniferous localities have yielded hundreds of assemblages of only a few taxa. The m ajority of 

assemblages and clusters belong to taxa assigned to the order Ozarkodinida, and the hundreds of specimens Imown 

represent a range of biostratinomic histories (see A ppendix for a review). Some are undoubtedly accumulations of 

elements w hich represent the faecal m atter or stom ach ejecta of animals that preyed upon  conodonts. These m ay 

contain elements belonging to m ore than  one individual and m ore than one taxon (e.g. H inde 1879; Schm idt and 

M üller 1964, figure 9) and generally they preserve very little of the original arrangem ent of the elements. O n the 

other hand, m any clusters and bedding-plane assemblages represent the remains of a single dead conodont. The 

am ount of architectural inform ation preserved, however, varies. A t one end of the preservational spectrum  the 

remains have become completely disarticulated and strew n over the bedding surface (e.g. Higgins 1981; N orby and 

Rexroad 1985) by current activity, scavenging, bioturbation, or other factors such as explosive release of gases 

from  the decom posing conodont carcass. At the other, the only post m ortem  processes to have affected the 

apparatus are passive gravitational collapse as the soft tissues of the conodont body decayed (e.g. figures 2-13). In 

such assemblages, post m ortem  m ovem ent is lim ited to m inor rotations of elem ent long axes as they came to rest 

parallel to the sedim ent surface. Only clusters and assemblages tow ards this end of the preservational spectrum  

are of use in reconstructing apparatus architecture. For convenience w e will refer to them  as natural assemblages.

Diagenetic history apart, bedding-plane assemblages and fused clusters do no t reflect different styles of 

p reservation  or record different inform ation; the only significant difference betw een the tw o arises from  the 

m ethods used to obtain the material. Bedding-plane assemblages are found on natural bedding-planes or bedding-
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paralle l split-surfaces of black shales and  occasionally o ther lithologies; their elem ents m ay or m ay n o t be 

diagenetically bonded. Fused clusters, however, are recovered by acid dissolution of limestones and dolomites, and 

they  can only preserve together those elem ents tha t w ere in  physical contact at the tim e of form ation of the 

diagenetic m ineral tha t binds them. Adjacent elements that were not in contact, w hich w ould  be preserved in a 

bedding-plane assemblage, are removed from  the cluster along w ith the rock matrix. Fused clusters, therefore, tend 

to be less complete, b u t they do not record any inform ation regarding original elem ent arrangem ent tha t is not 

preserved in  bedding-plane assemblages. Collections of fused clusters also tend to have a higher p roportion  of 

faecal associations, sim ply  because the  process of coprolite  form ation  often b rings elem ents in to  closer 

juxtaposition.

Compared to normal collections of disjunct conodont elements, natural assemblages are extremely rare, but 

despite this they are of param ount im portance in conodont palaeontology. Conodonts have no close living 

relatives, and  w ithou t hom ologous structures in extant organism s to aid interpretation , na tu ra l assem blages 

provide the only evidence for the original arrangem ent of the components of the conodont skeleton. Thereby, they 

serve as references in the developm ent of conodont taxonom y and anatomical notation, and provide tem plates for 

reconstructing the apparatuses of the vast m ajority of taxa that are know n only from  dissociated rem ains. They 

are also fundam ental in  the recognition of homologies betw een taxa and in the in terpretation  of evolutionary 

pathw ays. Analysis of natural assemblages is the only rigorous m ethod of reconstructing the three dim ensional 

architecture of the conodont feeding apparatus.

2. ARCHITECTURAL RECONSTRUCTIONS OF THE C O N O D O N T APPARATUS

Recent classifications of conodonts recognize up  to seven orders (Sweet 1988; Dzik 1991; A ldridge and  Smith 

1993). Four have apparatuses composed of morphologically simple elements, and the architecture of som e of these, 

includ ing  taxa assigned by  Sweet (1988) to the orders Bellodellida and Panderodontida, has recently  been  

review ed by Sansom et al. (1994). Of the three orders characterised by  m ore complex elem ent m orphology, the 

architecture  of p rion iodon tid s w as addressed  by  A ldridge et al. (1995), and  an  analysis of p rion iod in id  

apparatuses is in  preparation  (MAP). The th ird  order, the O zarkodinida {sensu Sweet 1988), is the focus of this 

paper. Representatives of this group dom inate conodont faunas through m ost of the Palaeozoic, in  term s of both  

abundance and  diversity, and  m ost of bedding-plane assemblages and clusters are ozarkodinids. It is not 

surprising, therefore, that almost all attem pts at reconstructing the conodont apparatus have dealt prim arily  w ith 

ozarkodin id  taxa.

Most analyses of conodont apparatus arrangem ent have been based on the pattern  of element distribution 

in  bedd ing-p lane  assem blages and clusters w hich  are though t to re ta in  som ething of the orig inal spatial 

relationships of the elements. There are exceptions to this, however. The radically different approach adopted by 

L indstrom  (1964,1973, 1974) w as based prim arily on his functional interpretation of the conodont apparatus as a 

lophophore, w ith  spatial constraints im posed by the dim ensions of the conodont eater Typhloesus. L indstrom 's 

reconstructions are not considered further here. Similarly, Nicoll's (1995) reconstructions of architecture are 

derived from  his predilections regarding conodont affinity and function, an approach sum m arized in his statem ent 

(p. 247) "The conodont apparatus m orphology has thus been placed in an amphioxus-like body . . .  and this is used 

to explain and interpret the anatomical relationships of the elements."
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(a) Linear reconstructions

Analyses that have relied on data from  bedding-plane assemblages and clusters have conform ed to  two 

distinct m ethodologies. Both recognise tha t the extrem ely rare natu ral assem blages tha t preserve b ilaterally  

sym m etrical arrangem ents of elem ents (e.g. figures 2, 3) record prim ary architectural inform ation, b u t the two 

approaches differ in the w ay they treat asymm etric assemblages (e.g. figures 4-13). M ost analyses have assum ed 

that deviations from symmetry reflect post mortem movement of the elements, and that recurrent asymmetric patterns 

are p roduced  by  rotations and  translations of elem ents into their final resting  place by  com pression  and 

decom position or by systematic muscle relaxation-contraction effects. This approach dates back to the discovery 

of the first natural assemblages (Scott 1934; Schm idt 1934). Schmidt (1934) proposed that Gnathodiis bore a linear 

arrangem ent of 14 elements w ith  the long axes of the elements approximately parallel to one another (figure la). In 

this m odel, the M elements flank the S elements, the denticles of w hich are directed dow nw ards, inw ards and 

tow ards the P elements. Schmidt's hypothesis of elem ent arrangem ent was clearly based to a large extent on the 

specim en illustra ted  in  figures 14 and  15, b u t it w as also influenced by  his in terp reta tion  of the conodont 

apparatus as the m andibles, hyoid and gill arches of a placoderm  fish. For this reason he oriented the apparatus 

w ith  the Pa elements at the front. A part from  this error, however, and the om ission of the Sa element, Schmidt's 

reconstruction w as ahead of its tim e and had  no real rival until the w ork  of Rhodes (1952) nearly  tw enty  years 

later. The intervening period saw  several publications docum enting new  conodont assemblages (see Appendix), 

but, w ith  the exception of Scott (1942) and Schmidt (1950), these did not consider elem ent arrangem ent in  any 

detail. Scott (1942) drew  his conclusions from  a collection of around 180 assemblages, b u t only a very few appear 

to retain any trace of prim ary element arrangement, and there is very little evidence to support his hypothesis of the 

conodont apparatus. Schm idt (1950) augm ented  his 1934 reconstruction of Gnathodus w ith  extra pairs of Pa 

elements and extra M elements, surm ising that these elements had not been evident in  the assemblages he described 

in  1934 because they lay in a different plane from  the other elements of the apparatus. H ow ever, the additional 

elem ents resem ble those of Lochriea and it seems very  likely that his revised arrangem ent w as based  on an 

assemblage of two apparatuses.

Perhaps the m ost influential reconstruction of the conodont apparatus w as tha t p roposed by  Rhodes 

(1952) for the apparatus of Idiognathodus {=Scottella, =Scottognathus) (figure Ih). Rhodes explicitly stated tha t this 

was intended to indicate the general form and num ber of the component elements and that the relative arrangem ent 

of the elements was diagrammatic, b u t the linear arrangem ent was clearly based on one of the natural assemblages 

of D u Bois (1943, plate 25, figure 14; refigured by Rhodes 1954; figures 2, 3 herein) and gave an im pression of three- 

dimensionality. The reconstruction did not include an Sa element nor did Rliodes recognize different m orphologies. 

of S element. His m odel was reillustrated in both  conodont Treatises (Hass 1962; Clark et al. 1981) and provided a 

skeletal tem plate for a num ber of subsequent reconstructions and hypotheses of conodont function. For example, 

Collinson et al. (1972), Avcin (1974) and N orby (1976) adopted  Rhodes's linear arrangem ent w ith  only m inor 

modifications, such as shifting the M elements away from  the axis and grouping the S elements into tw o opposed 

pairs (Collinson et al. 1972), or suggesting a m ore cylindrical disposition of elements w ith  cusps directed tow ards 

the m idline of the apparatus, and w ith an axial Sa elem ent present (Avcin 1974; Norby 1976).

Schmidt and M üller (1964) considered their well preserved bedding-plane assemblages (e.g. figures 16-19) 

to be a better approxim ation of the original arrangem ent in the conodont animal than  m ost previously described 

material. They recognised m orphological differentiation w ithin the S elements and advocated a linear apparatus 

pattern  similar to that of Schmidt (1934), bu t w ith  the P elements in opposition. A sim ilar conclusion was reached
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Figure 1. Hypotheses o f element arrangement in ozarkodinid conodonts. Front, side and top views of the apparatus are projected 
onto the sides o f each box; element morphology is diagramatic, but based on Idiognathodus; A also shows P, M, S element 
notation. A, linear arrangement o f Schmidt 1934, Pa elements anterior. B, linear arrangement o f Rhodes (1952), neither anterior- 
posterior nor dorso-ventral axes were indicated by Rhodes. C, linear arrangement of Nicoll (1985, 1987, 1995, Nicoll and Rexroad 
1987), M elements anterior, S element denticles directed ventrally, Sbj elements (his Sd) set back from other S elements. Nicoll 
did not reconstruct Idiognathodus, and it is not clear how he would orientate M elements of Idiognathodus morphology. D, 
vertical arrangement Dzik (1991) (modified from Dzik 1976, 1986); M elements anterior, posterior o f all elem ents, by 
conventional designation, is dorsal. E, arrangement of Aldridge et al. (1987); S and M elements anterior.
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by Jeppsson (1971), based on a review  of the evidence from  bedding-plane assemblages and  clusters, and  recently 

W alliser (1994) has also proposed a very similar linear m odel based on a re-examination of the material of Schmidt 

and M üller (1964). Nicoll (1977) also proposed a linear model, bu t arranged the elem ents as three groups. His 

later m odel (figure Ic; 1985,1987, 1995; Nicoll and Rexroad 1987; "Peraios" style of Nicoll 1995) w as also linear, 

b u t suggested a m ore posterior location for one pair of S elements in taxa w hich bore an Sa elem ent w ith  a 

posterior processes.

The em phasis placed on symmetrical assemblages, the interpretation of asymm etric assemblages as "un

natural", and the consequent need to invoke systematic post mortem effects to explain recurrent asymmetric patterns 

represent significant weaknesses in the approach to apparatus reconstruction adopted by m any of these authors. 

Several authors, however, realised that different apparatus patterns reflected different orientations of collapse of 

the original three-dim ensional structure. For exam ple, based on their in terp reta tion  th a t their collections 

contained only a few m ore laterally  than  dorso-ventrally  collapsed apparatuses, Schm idt and  M üller (1964) 

concluded that the conodont anim al was neither dorso-ventrally nor laterally flattened. Avcin (1976) recognised 

that different attitudes of repose of the conodont carcass w ould  produce different assemblage configurations, bu t 

ru led  out dorso-ventral collapse as impossible, given the extreme lateral flattening of w hat he m istakenly took to be 

the conodont animal (i.e., Typhloesus).

(b) Three-dimensional reconstructions

O bservations such as these paved the w ay for a m ore rigorous approach to reconstructing apparatus 

architecture. This m ethodology differs from  that outlined above in  that its aim  is to produce a single m odel of 

apparatus architecture that can account for a variety  of natural assemblage patterns w ithou t recourse to ad hoc 

hypotheses of post m ortem  muscle relaxation and contraction effects. N orby (1976,1979), for example, realised the 

difficulties of producing asymmetric bedding-plane assemblage patterns from a linear model of element arrangement 

and suggested that the elements in  the apparatus m ay have been oriented side by  side, w ith  their long axes vertical. 

Dzik (1976) noted  tha t the na tu ra l assem blages illustrated  by  Rhodes (1952, plate 126, figure 11; figures 2, 3 

herein) and  M ashkova (1972, p la te  1; figures 20, 21 herein) w ere dorso-ven tra lly  and  la te ra lly  fla ttened 

respectively, and proposed a sim ilar arrangem ent of elements w ith  their long axes vertical and  cusps opposed 

across the m idline of the apparatus as the only one that could account for both  assemblage patterns. Dzik's later 

hypothesis of skeletal architecture (1986, 1991, also discussed in Dzik 1994) m odified his earlier arrangem ent a 

little in order to better account for observed natural assemblage patterns; his 1991 m odel is illustrated in figure Id  

and is discussed in  more detail below  (§3).

This approach w as further developed by A ldridge et al. (1987) th rough  incorporation  of a physical 

m odelling technique derived from that of Briggs and Williams (1981). A ldridge et al. (1987) took the apparatus of 

the first-discovered conodont anim al specim en (IGSE 13822) as the prim ary data for a physical m odel of elem ent 

arrangem ent (figure le) w hich they then tested by  attem pting to sim ulate photographically a variety  of recurrent 

patterns of apparatus collapse, both  symmetrical and asymmetrical. The architectural m odel they proposed was 

followed in  several subsequent papers (e.g. Purnell and von Bitter 1992; A ldridge et al. 1993, 1994, 1995; Purnell 

1993a, 1994). This physical m odelling m ethod has since been successfully used to reconstruct the apparatus of the 

g iant conodont Promissum pulchrum  (A ldridge et al. 1995), and our new  m odel of ozarkodinid architecture is 

based on similar techniques, the details of w hich are discussed below (see §3{a)).
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3. PROBLEM S, MATERIALS A N D  M ETHODS

Rigorous architectural in terp reta tion  of bedd ing-p lane assem blages and  clusters is based  on  the 

recognition that, firstly, some of these element associations are faecal or disarticulated accumulations that preserve 

little or nothing of prim ary architecture, and secondly, that the remaining natural assemblages represent collapse of 

the original three-dim ensional apparatus onto a two dim ensional bedding-plane. Different patterns of elem ent 

arrangem ent in natural assemblages therefore represent different orientations of apparatus collapse, the lim ited 

num ber of recurring  patterns reflecting the attitude of the dead conodont on the sea floor (cf. Dzik 1986). A 

conodont carcass lying on its belly produced  one characteristic pa tte rn  (figures 22, 23), a carcass on  its side 

another (figure 4, 5), and a carcass lying head dow n (or up) in the sedim ent produced another (figures 6, 7). All 

these orientations of collapse are possible, as are all the interm ediate orientations, b u t they are no t all equally 

likely, and  the  m ajority of na tu ra l assem blages reflect collapses in  w hich  the conodont carcass lay  in  an 

interm ediate orientation (see §8).

Clearly, any single m odel that can account for all recurrent natu ral assem blage patterns is superior to 

arclritectural hypotheses that require ad hoc post m ortem  movements of elements. Acceptance of this premise makes 

testing of reconstructions simple; if they cannot account for the details of elem ent arrangem ent observed in  natural 

assemblages, they m ust be rejected or modified. All linear models (e.g. Schmidt 1934; Rhodes 1952; Jeppsson 1971; 

Nicoll 1977, 1985, 1987, 1995; W alliser 1994; figure la-c herein) fail this test because they cannot account for the 

asym m etrical patterns observed in  the majority of natural assemblages. The m odels proposed by A ldridge et al. 

(1987) and Dzik (1991) (figure Id, e) are in  m uch closer accord w ith  observed patterns, b u t there are still a num ber 

of discrepancies.

A lthough the overall pattern of element arrangement and orientation in their model corresponds well w ith 

n a tu ra l assemblage patterns, A ldridge et al. (1987) w ere aw are of a num ber of lim itations. They noted  tha t the 

elements of their m odel were m ore widely spaced than in  nature, and their comparisons w ith  natural assemblages 

clearly dem onstrated this. They also stated (p. 74) that "details of the model, especially the relative positions of the 

ram iform  elements, rem ain to be refined. In particular, the M elements [in natural assemblages] commonly display 

an independence from  the S elements, suggesting that they m ay have been operated by  different muscles". Dzik 

(1991, p. 274) also poin ted  out that the orientation of the S elem ents in this m odel, w ith  their cusps directed 

anteriorly, w as "a poor fit w ith  natu ral assemblages"; in  particular, it is difficult to account for the  consistent 

inw ard  inclination of S elem ent denticles in collapses approaching dorso-ventral orientations (e.g. figures 2, 3a, 14, 

15a). Dzik's ow n m odel (figure Id), however, is not w ithout its problems: the vertical orientation of the S elements 

is not m atched by  lateral or oblique lateral collapse patterns (e.g. figures 4, 5a, 8, 9a, 10, 11a, 12, 13a), and  his 

hypothesis that the elements of the sym m etry transition series were arranged w ith  their cusps in  direct opposition 

across the axis, in  a structure the shape of an anteriorly open V w ith a vertical closure, also places elem ents in 

positions tha t are not observed in natural assemblages. A ldridge et al. (1987) and Dzik (1991) identified m any of 

the im portant general features of ozarkodinid architecture, such as the orientation of the P elem ents, and  the 

anterior posterior spatial differentiation w ith in  the apparatus. It is the difficulties outlined  above, how ever, 

together w ith  the  acquisition of new  m aterial and re-exam ination of existing collections, tha t p rom pted  us to 

produce our new model of ozarkodinid architecture.
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(a) M aterials and methods

All published  bedding-plane assemblage and cluster collections are listed in  the A ppendix along w ith  

notes on  their preservation, com pleteness and collapse patterns. This list does no t include prion iodontid  or 

coniform  taxa. As part of this study w e have re-examined most collections of natural assemblages including those 

of D u Bois (1943), Rhodes (1952), Schm idt and  M üller (1964), Rexroad and  N icoll (1964), Pollock (1969), 

M ashkova (1972), Avcin (1974), N orby (1976), Puchkov et al. (1982), Briggs et al. (1983), Nicoll (1985), A ldridge 

and Briggs (1986), A ldridge et al. (1987), Nicoll and Rexroad (1987), A ldridge et al. (1993), and Purnell (1993a). 

We have also exam ined new  or unpublished Carboniferous material from Bailey Falls and Wolf Covered Bridge in 

Illinois, USA, the H eath Shale Form ation and its Bear Gulch Member, in M ontana, USA (see Purnell 1993b, 1994 

for stratigraphie and locality details), and the Devonian Cleveland Shale of Ohio, USA.

N atural assemblages of Idiognathodus {sensu Baeseman 1973; Grayson et al. 1991) outnum ber those of all 

o ther taxa, and the m orphology of all the elements of its apparatus is w ell know n (see e.g. G rayson et al. 1991). 

O ur architectural reconstuction is, therefore, based prim arily  on Idiognathodus. In order to p roduce the  m ost 

accurate reconstruction possible, w e used regressions derived from m easurem ents of Idiognathodus bedding-plane 

assemblages (Purnell 1993a, 1994) to calculate the size of elements in an apparatus w ith Pa elements 2 m m  long and 

produced 1:50 scale models of all of the elements. These elements, m ade using epoxy putty  modelling combined w ith 

m oulding and casting tecliniques, were then used to produce our three dimensional model. The conhgm ation of the 

elem ents in  the m odel was determ ined by an  iterative process analogous to the techniques of num erical forw ard 

modelling. A n initial arrangem ent was produced and then visually compared w ith the arrangements of elements in 

the natural assemblages of Idiognathodus that form ed the database of the analysis. This process revealed a num ber 

of discrepancies betw een the positions of elements in  the  prelim inary m odel and those observed in  the  fossils; the 

positions of the elements in  the m odel w ere adjusted accordingly, and the process of testing w as repeated. This 

continued until the m odel converged on a solution w hich minim ized the differences betw een the observed and 

m odelled positions and orientations of the elements. Final testing was achieved by producing collapse patterns of 

elem ent d istribution from  the m odel w ithout any further adjustment. In nature, assemblages w ere p roduced as 

elem ents fell onto the sea floor under the influence of gravity  as the conodont carcass decayed. Rather than  

reproducing this physically, however, collapse of the m odel was sim ulated by  photographing it from  a variety  of 

directions, each corresponding to a particular orientation of apparatus collapse. The results of this final testing 

are reproduced here as figures 3, 5, 7, 9,11, and 13. We w ere also able to calculate the orientation of the principal 

axes of the conodont apparatus and the conodont head as it lay on the sea floor prior to collapse (i.e., x = anterior- 

posterior axis, y  = dorso-ventral axis, z = left-right axis). This was achieved by  m easuring the a ttitude of the focal 

p lane of the cam era relative to the axes of the apparatus w hile producing the sim ulated collapse. The focal plane 

represented  the bedding-plane, and stereographic rotation of this plane and the axes of the apparatus to restore 

'b ed d in g ' to horizontal y ielded the original orientation  of the apparatus. Independen t repetition  of som e 

m easurem ents indicated tha t calculations of orientation using this technique are reproducible to w ith in  a few 

degrees. It is im portant to note that natural assemblage collections do not record the original w ay up of specimens, 

and  p a rt and counterpart (when both  are known) are generally designated according to quality of preservation. 

Thus, it is generally impossible to determ ine w hether it w as the left or right side, or ventral or dorsal surface of the 

body w hich lay on the sea floor at the time of collapse.

M odelling techniques similar to these have previously been used to great effect on conodonts (Aldridge et 

al. 1987, 1995), b u t they are not w ithou t m inor drawbacks. The process of sim ulating collapse photographically
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does not reproduce the slight reorientations of elements that occur as they come to lie on a horizontal plane, and in 

som e orientations the view ing angle causes elements to appear foreshortened. The discrepancies tha t arise as a 

result of these effects are generally very minor, b u t they are indicated below. D ue to the lim itations of page space 

the assemblages and simulated collapse patterns illustrated in figures 2-13 are just examples w hich dem onstrate the 

range of different collapse patterns observed in  Idiognathodus. The m odel can, however, account for the patterns of 

element arrangement seen in other natural assemblages (see Appendix). Furthermore, in order to evaluate the model 

as a general hypothesis of the skeletal architecture of ozarkodinid conodonts w e have also attem pted to sim ulate 

the collapse patterns observed in  a variety  of ozarkodinid taxa other than  Idiognathodus (figures 14-25; see also 

notes in  Appendix).

4. ARCHITECTURE OF THE APPARATUS OF ID IO G N ATH O D U S

The Scottish conodont anim als provide the basic constraints on ozarkodinid apparatus orientation, and  these 

indicate unequivocally that the S and M elem ents w ere at the front of the apparatus and that the  posterior P 

elem ents w ere oriented w ith  their long axes norm al to the long axis of the  conodont body (A ldridge et al. 1987). 

D orsal and ventra l have been difficult to determ ine w ith  certainty (A ldridge et al. 1987), b u t recognition of 

cartilaginous eye capsules, possible otic structures, and an equivocal dorsal nerve cord (A ldridge et al. 1993) all 

indicate tha t the apparatus w as oriented such  that the 'posterior' of the P elem ents (according to conventional 

designation) w as directed dorsally. In  our description of the apparatus of Idiognathodus, a plane parallel to the 

long axis of the animal and orthogonal to the sagittal plane is taken as horizontal. The w hole m odel (1:50 scale), 

measured from the tip of the cusp of the Sa element to the blade of the Pa element, is 25 cm long, and an animal w ith  2 

m m  long Pa elements would, therefore, have had  an apparatus 5 m m  long. The m odel of the apparatus is to scale, 

and all linear dimerisions could be given as absolute values. We give them  as proportions of total apparatus length, 

how ever, because the elements of the apparatus of Idiognathodus grew isom etrically (Purnell 1993a, 1994), and 

assum ing the sam e to be true  of the w hole apparatus, dim ensions expressed as proportions are applicable to 

Idiognathodus apparatuses of any size. A t its w idest (between the distal tips of the M elements), the apparatus is 

60% of length, and its maxim um  dorso-ventral depth, between the most ventral ends of the anterior processes of the 

Sbi elements and the distal tips of the Scg elements, is 50% of length. Note that our usage of elem ent notation and 

the problems of element orientation are discussed below (§9(fo)).

D etailed description of the  elem ents of Idiognathodus is beyond the scope of this paper, b u t brief 

clarification of the m orphology of the elements occupying S positions is necessary. The alate Sa elem ent is the 

shortest of the S elements, its posterior process approxim ately half the length of that of the Sc elements. The Sbi 

elem ents am  bipennate, lack a pronounced cusp, and have a fairly long anterior process tha t curves sharply  

inw ards th rough  about 90°; the posterior process is about three-quarters the length of tha t of the  Sb2 and Sc 

elements. The Sb2 elements are bipennate, lack a pronounced cusp, and have a fairly long anterior process that 

curves gently inw ards and dow nw ards. The Sc elem ents are bipennate, w ith  a pronounced cusp and a short 

incurved and dow ncurved anterior process bearing recurved elongate denticles. The anterior process of the Scj 

element is m ore tightly incurved than that of the Sc2, and in some specimens the aboral edge of the anterior process 

of the Sc2 is recurved and m ore hooklike than that of the Sc^. Posterior inclination of denticles on the posterior 

processes of the elements decreases from  an angle of ~50° (with respect to the posterior process) in Sbi elements to 

~60°-65° in Sc elements. The denticles of Sbi elements are also more strongly incurved.
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In addition to the photographs w hich sim ulate collapse patterns, w e include a stereo pair (figure 26) and 

an anterior view  (figure 27) of our m odel w hich illustrate details of architecture not evident in other photographs. 

The Sa elem ent is the m ost anterior of the S elem ents and lies on the sagittal p lane w ith  its posterio r process 

approxim ately horizontal and its cusp vertical (figures 5, 19, 26, 27). It is flanked by  four pairs of symmetrically 

arranged S elements; in sequence, away from  the axis these pairs are the Sb%, Sb2, Sc% and Sc2 elements. The cusps 

of the Sbi elements are set back ~10% of apparatus length from the Sa cusp and lie ~4% of apparatus length from 

the sagittal plane. The Sb2 cusps are ~5% behind the Sa, and ~5.5% from  the sagittal plane. The two Sc elements on 

each side are tightly grouped, their cusps slightly behind that of the Sa, and the cusp of the Sc2 ~9% of apparatus 

length  from  the sagittal plane. Posteriorly, the  posterior processes of the Sb and Sc elements term inate ~4 - 5% of 

apparatus length from  the sagittal plane; the posterior processes of the Sbi elem ents are parallel to the sagittal 

plane, b u t those of the other elem ents diverge anteriorly, the Sb2 elements at ~5°, the Sc elem ents at ~15° w ith  

respect to the sagittal plane. ■

The vertical disposition of the elements is m easured relative to an horizontal da tum  along the base of the 

posterior process of the Sa element. The Sbi elements are the m ost ventral in  the apparatus (figures 5 ,19 ,26 ,27), 

and the other elements have progressively m ore dorsal locations away from the axis. The basal cavity beneath the 

cusp of each Sbi elem ent is ~6% of apparatus length below  the datum , that of each Sb2 elem ent is very  slightly 

above the datum , that of each Sci elem ent ~4% above, and that of each Sc2 elem ent 10% above. The posterior tips 

of the Sc2 elements terminate ~35% of apparatus length above the datum , and apart from the horizontal Sa element, 

all the S elements are oriented w ith  their posterior process tilted forwards. Relative to the horizontal, this angle 

decreases from ~45° in the Sbi elements though ~35° in the Sb2 elements to ~30° in  the Sc elements. These elements 

are also inclined inw ards; the plane in w hich the denticles of the posterior process lie is inclined at ~45° to the 

sagittal plane in Sbi elements and increases through to ~60° in Sc elements (figures 7,26, 27).

The M elements are located above the S elements, the basal cavity of each -20% of apparatus length above 

the datum , and -14%  from  the sagittal plane; the cusp tips -9%  away from  the sagittal plane . The orientation of 

the M elem ents is very different to tha t of the S elements. Each lies w ith  its lateral processes in  a plane that is 

approxim ately vertical in anterior aspect, b u t w hich curves gently inw ards w hen  view ed from  above. A t the 

posterior of the M element, this plane lies at an average angle of -30° to the sagittal plane, increasing to 50° at the 

cusps. Viewed from  the side (figures 5,19), the M elements are pitched gently forwards, b u t the cusps themselves 

are directed dow nw ards at -20° from  horizontal.

The Pb elements lie 72% of apparatus length behind  the Sa cusp, and the Pa elements at the back of the 

apparatus, -28%  behind the Pb elements. The element on the left side of each pair is the m ore posterior of the two 

(figures 6 -9 ,13 ,16 ,17). The long axes of the P elements are approxim ately vertical, and the oral surfaces of the 

elem ents are directed inw ards at 90° to the sagittal plane. The dorsalm ost tips of the elem ents lie -30%  of 

apparatus length above the Sa datum . The Pb elements extend ventrally to  -2%  above, and the Pa elements to 10% 

below the datum.

This reconstruction of apparatus architecture differs from  that proposed by  A ldridge et al. (1987; figure 

le) prim arily in the arrangement of the S and M elements, an aspect of their model which they themselves considered 

in need of further refinement. Their reconstruction placed the S elements in parallel, w ith  approxim ately equal 

forw ard inclination, w ith  no vertical displacem ent from one element to the next, and w ith  no inw ard inclination. 

The M elements flanked the S array, and had  a similar general orientation, the long axis parallel to those of the S 

elem ents. It is also in the orientations of the S and M elem ents tha t our reconstruction differs from  D zik's
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Chapter 1 Ozarkodinid apparatus architecture

hypothesis (1991; figure Id). He considered the S elements to be vertical, their long axes parallel, and  their cusp 

directed inw ards at 90° to the sagittal plane; he placed the M elements at the front of the apparatus.

5. SIM ULATIONS OF ID IO G N A TH O D U S  COLLAPSE PATTERNS

The m odel of apparatus architecture described above stands or falls according to how  closely it can sim ulate the 

patterns of elem ent distribution in natural assemblages of Idiognathodus. Docum entation of the m atch betw een the 

m odel and assemblages is, therefore, a crucial aspect of this paper. The specim en in  figures 2 and 3a is the m ost 

w idely  illustrated natural assemblage (originally figured by D u Bois 1943, plate 25, figure 14; see A ppendix  for 

subsequent illustrations), prim arily  because of its clear bilateral sym m etry. Previous attem pts to sim ulate the 

collapse of this assem blage (e.g. A ldridge et al. 1987, figure 4.12; Purnell et al. 1995, figure 6) have, how ever, 

incorrectly identified the left and  right sides of the apparatus, and have therefore produced incorrect simulations. 

As preserved on the specim en p a rt (figure 2) the apparatus has collapsed obliquely, from  below  and  in  front 

tow ards top and behind. This orientation cannot be sim ulated photographically (it w ould  require a com pletely 

transparen t base-board), so our sim ulation is of the w hole apparatus as d raw n in  the cam era lucida (figure 3a) 

w ith  the counterpart on the bottom. Simulating collapse of the apparatus w ith  the principle axes of the m odel (and 

the conodont head) oriented at x=59°, y=30°, z=8° w ith  respect to horizontal, produces the pattern  observed in the 

assemblage. Details such as the overlap between the Pa and Pb elements, the orientation of the S elem ent denticles 

inw ards and tow ards anterior, the location of the Sc elem ent cusps, and the position of the preserved sinistral M 

element are all accurately m atched in  the simulation (figure 3b). The m ain visual differences between the simulation 

and the specim en arise from  the foreshortening of elements caused by  the oblique angle of photography; in  reality 

the long axes of elements came to lie on the sea floor during collapse, bu t this cannot be simulated photographically. 

Du Bois (1943, plate 25, figure 4) figured another Idiognathodus assemblage exhibiting a similar pa tte rn  of elem ent 

arrangem ent, bu t reflecting a slightly m ore posterior angle of collapse (x=71°, y=17°, z=9°).

Figure 4 and figure 5a illustrate a lateral collapse, sim ulated by orienting the m odel w ith  principle axes at 

x=0°, y=8°, z=82° (figure 5b). In this orientation, the P elements could probably have fallen either w ay, b u t they 

have come to rest w ith  the m ore anterior dextral elem ent in  front of the sinistral elem ents. This pho tograph  

accurately sim ulates the relative juxtapositions and orientations of the S and M elements, as show n clearly by  the 

Sa, Sb and M elements. The slightly steeper forw ard inclination of the S elements in  the assem blage probably 

reflects post m ortem  reorientation  of elem ent long axes as they came to lie on the sea floor. Idiognathodus 

assemblages w ith a similar pattern of element arrangement, reflecting similar collapse orientation have been figured 

by  D u Bois (1943, plate 25, figure 17; p late 25, figures 3 & 11, a slightly m ore posterior collapse, x=29°, y=3°, 

z=61°) and Avcin (1974, plate 2, figure 12).

A lthough the lack of a counterpart and probable burial of some elements beneath others means that only 

eight elem ents of the apparatus are evident in the assemblage show n in figures 6 and 7a, the pa tte rn  of elem ent 

arrangem ent exhibited by  the specimen is accurately simulated by photographing the model from  behind, to the left 

and slightly below , equivalent to the principle axes being oriented at x=67°, y=14°, z=18° at the tim e of collapse 

(figure 7b). Similar Idiognathodus assemblages have been figured by D u Bois (1943, plate 25, figure 5, x=67°, y=10°, 

z=21°; figure 13, x=64°, y=5°, z=26°) and Avcin (1974, plate 2, figure 19, x=71°, y=9°, z=17°, re illustra ted  by 

A ldridge et al. 1987, figure 4.4).
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Figure 2. Natural assemblage of Idiognathodus from the Pennsylvanian Modesto Formation, Bailey Falls, Illinois, 
USA; specimen UI X-1480, originally figured by Du Bois (1943; see Appendix for subsequent illustrations). All 
four P elements, the remains of at least 6 S elements, and one M element are preserved in the part; counterpart not 
illustrated. See figure 3A for scale.
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Figure 3. A, composite camera lucida drawing of specimen U l X-1480, counterpart and part (counterpart on 
bottom). B, photograph o f model taken from above, behind and slightly to left to simulate collapse pattern o f UI 
X-1480: small cube indicates orientation of principle axes of apparatus relative to horizontal sea floor at time of 
collapse, x=59°, y=30°, z=8°.
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Figure 4. Natural assemblage o f Idiognathodus from the Pennsylvanian Modesto Formation, Bailey Falls, Illinois, 
USA; specimen pcjdS. A, part; B, counterpart; see figure 5A for scale.
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Figure 5. A, composite camera lucida drawing o f specimen pcjdS, counterpart and part (counterpart on bottom). 
B, photograph of model taken from right side and slightly below to simulate collapse pattern of pcjdS; small cube 
indicates orientation o f principle axes of apparatus relative to sea floor at time of collapse, x=0°, y=8°, z=82°.



( Y

Figure 6. Natural assemblage of Idiognathodus from the Pennsylvanian Modesto Formation, Bailey Falls, Illinois, 
USA; specimen pcjd3. P elements and four S elements are preserved on the part; no counterpart. See figure 7A for 
scale.
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Figure 7. A, camera lucida drawing of specimen pcjd3. B, photograph o f model taken from behind, left and 
slightly below to simulate collapse pattern of pcjd3; small cube indicates orientation o f principle axes o f apparatus 
relative to horizontal sea floor at time of collapse, x=67°, y=14°, z=18°.
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The assemblage illustrated in  figures 8 and 9a is accurately sim ulated by  photographing the m odel from 

behind and to the right, the principle axes of the apparatus oriented at x=43°, y=4°, z=47° (figure 9b). The dextral 

Sb elem ents are no t preserved on the specim en (which lacks a counterpart), b u t the correspondence betw een 

positions and orientations of the rem ainder of the elements in the fossil and the model is very close. The sinistral M 

elem ent underlies all the S elements and its distal extrem ity can be seen pro trud ing  from  behind, tow ards the Pb 

elements in both the assemblage and the model. The dextral M element, oriented at the time of collapse w ith its long 

axis alm ost 90° to the sea floor, has broken p a rt w ay dow n the process, the tw o parts com ing to lie parallel to 

bedding in the orientations one w ould predict from their orientations in the model. The spaces betw een the Fa and 

Pb elements, and between the dextral Pb and the sinistral M element evident in the simulation were closed up as the 

elem ents came to lie on  the sea floor. A t this angle of collapse, all the S elem ents have their denticles directed 

anteriorly, w ith  the possible exception of the dextral Sbj element, the anterior process of w hich m ay have brought 

the elem ent to lie w ith  its denticles facing into the sea floor or posteriorly. D u Bois (1943) figured  tw o o ther 

Idiognathodus assemblages w ith  sim ilar collapse patterns (plate 25, figures 3 & 11, x=29°, y=3°, z=61°; figure 12, 

x=62°, y=5°, z=28°).

The pattern of element position and orientation preserved in the specimen show n in figures 10 and 11a is 

m atched almost exactly by  sim ulating oblique collapse from  above, right, and slightly behind, w ith  the principle 

axes at x=12°, y=43°, z=44° (figure 11b). The unusual arrangem ent of the M elements, at first sight anom alous in 

having the sinistral M parallel to the S elements, bu t the dextral M lying across them, is faithfully reproduced in the 

sim ulation. The locations of the S elem ents, those on  the sinistral side lying above and behind  their dextral 

counterparts, is reproduced accurately, w ith  the sinistral Sb2 element, for example, located in the space betw een 

the sinistral Sci and the dextral Scg in  both the fossil and the simulation. The P elem ents are lying w ith  the 

sinistral m em ber of each pair offset above and behind the other. A similar orientation of collapse is recorded by 

the specimen figured by Avcin (1974, plate 1, figure 8, plate 2, figure 1, x=l°, y=40°, z=50°; refigured by Aldridge et 

al. 1987, figure 4.8A).

A photograph of the m odel from  front, left and below, w ith principle axes at x=33°, y=19°, z=49° relative 

to sea floor at the time of collapse (figure 13&) sim ulates the pattern  seen in  figures 12 and 13a. The sinistral S and 

M elem ents lie above and behind their dextral counterparts, w ith the cusp region of the Sa elem ent overlying the 

cusps of the dextral Sb2 and Sc elements. Identification of the Sb2, Sci and Sc2 elements on the dextral side of this 

assemblage is based on their stacking order, as breakage of the anterior processes renders m orphologically based 

determ ination impossible. The sinistral Pb and Pa elements lie above and behind the dextral elements of the pair. 

The assemblage figured by  A ldridge and Briggs (1986, figure 5) exhibits a sim ilar pattern  of apparatus collapse 

(x=36°, y=8°, z=53°).

These illustrations serve only as exam ples. O ur m odel can also account for the pa tte rns of elem ent 

arrangem ent seen in other natural assemblages of Idiognathodus (see Appendix), b u t the figured exam ples alone 

dem onstrate tha t our apparatus m odel passes the test of being able to sim ulate the range of different elem ent 

arrangem ents in  natu ral assemblages of Idiognathodus. Furtherm ore, the fidelity w ith  w hich photographs of our 

reconstruction reproduce the patterns exhibited by fossils w hich reflect different orientations of collapse provides 

compelling evidence that our model is accurate. Given the num ber of variables involved, and the complexity of the 

apparatus, it is inconceivable that a significantly different apparatus architecture could produce equally accurate 

simulations. We are, therefore, confident that the arrangem ent of elements in our m odel is extremely close to the in 

vivo skeletal architecture of Idiognathodus. But it is also our aim w ith  this paper to evaluate the m odel as a general
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Figure 8. Natural assemblage of Idiognathodus ftom  the Pennsylvanian Modesto Formation, Bailey Falls, Illinois, 
USA; specimen UIX-6377, originally figured by Du Bois (1943; see Appendix for subsequent illustrations). All 
four P elements, the remains of seven S elements, and both M elements are preserved on the part; no counterpart. 
See figure 9A for scale.
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Figure 9. A, camera lucida drawing of specimen UI X-6377. B, photograph of model taken from behind, right to 
simulate collapse pattern of UI X-6377; small cube indicates orientation of principle axes of apparatus relative to 
horizontal sea floor at time of collapse, x=43°, y=4°, z=47°.



Figure 10. Natural assemblage of Idiognathodus ftotn  the Pennsylvanian Modesto Formation, Bailey Falls, 
Illinois, USA: specimen 1059002. A, part; B, counterpart; see figure 11A for scale.



M® - >'.X. :

-4-

F v ï i

r - . ;  f

Figure 11. A, composite camera lucida drawing of specimen 1059002, part and counterpart (part on bottom). B, 
photograph of model taken from above, right, and slightly behind to simulate collapse pattern of 1059002; small 
cube indicates orientation of principle axes of apparatus relative to horizontal sea floor at time of collapse, x=12°, 
y=43“, z=44°.
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Figure 12. Natural assemblage of Idiognathodus_/fom the Pennsylvanian Modesto Formation, Bailey Falls, 
Illinois, USA; specimen pcjdS. A, part; B, counterpart; see figure 13A for scale.
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Figure 13. A, composite camera lucida drawing of specimen pcjdS, part and counterpart (part on bottom). B, 
photograph of model taken from front, left and below to simulate collapse pattern of pcjdS; small cube indicates 
orientation of principle axes of apparatus relative to horizontal sea floor at time of collapse, x=33°, y=19°, z=49°.
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hypothesis of the skeletal architecture of ozarkodinid conodonts, and w e have therefore attem pted to sim ulate the 

collapse patterns observed in a variety  of other ozarkodinid taxa.

6. COLLAPSE PATTERNS OF OTHER TAXA AND A GENERAL M ODEL OF ARCHITECTURE

(a) Collapse patterns o f  other ozarkodinid taxa

Schm idt (1934) w as the first to illustrate complete natural assemblages of conodonts, and a lthough the specim en 

illustrated in  figures 14 and 15a is lost, it is significant because of its strong influence on early m odels of apparatus 

arrangem ent. It is a specim en of Gnathodus (probably G. hilineatus), and although  the  p a tte rn  of elem ent 

arrangem ent is very uncommon, a photograph of the m odel from  front, left and above, w ith  principle axes of the 

apparatus at x=30°, y=60°, z=4° relative to the sea floor, accurately simulates the assemblage (figure 15&). Figures 

16 and 17a also illustrate an assemblage of G. hilineatus, and this pattern  of elem ent arrangem ent, sim ilar to that 

show n by  the specimen of Idiognathodus in figures 12 and 13, is accurately reproduced by a photograph taken from 

front, left and below, sim ulating collapse w ith  principle axes at x=33°, y=14°, z=54°.

N atural assemblages of Gnathodus have been illustrated by  a num ber of authors, and these can also be 

sim ulated by photographs of the model. For example, the element arrangem ent in a specim en figured by  Schmidt 

(1934, figure 3, plate 6 figure 3) is similar to that sim ulated in  figure 25b (but from  behind, so that the Pa elements 

have collapsed forwards; x=27°, y=59°, z=14°). The arrangem ent of a specim en figured by N orby (1976, plate 8, 

figure 5) is sim ilar to tha t in  figure 23 (x=37°, y=38°, z=31°); another of his assem blages (N orby 1976, plate 8, 

figure 2; also figured by  Sweet 1988, p. 2) is sim ilar to that sim ulated in figure 3b, bu t w ith  a slight offset and a 

higher angle of collapse (x=65°, y=18°, z=17°), so that it approaches an orientation sim ilar to that show n in  figure 

7b. Two specimens (Norby 1976, plate 8, figure 1, plate 8, figure 7), although partially disrupted, are comparable to 

the arrangem ent sim ulated in figure 7b, as is a specim en figured by  Varker (1994, plate 1, figure 7; x=74°, y=16°, 

z=3°). Varker (1994, plate 1, figure 4) also figured a specimen w ith  a collapse orientation betw een tha t of figures 

3b and  25& (x=56°, y=21°, z=25°). F igure 6 of Schm idt and M üller (1964; x=37°, y= l°, z=53°) is sim ilar to the 

arrangem ent simulated in figure 9b, and Purnell (1994, figm'e 2B) figured one of N orby's specimens, the arrangement 

of w hich is very close to that simulated in  figure 25b (see Appendix for further examples).

From  the accuracy w ith  w hich the m odel can sim ulate these natural assemblages it is evident tha t the 

apparatus architecture of Gnathodus d id  not differ in any significant respect from  that of Idiognathodus. This close 

sim ilarity lends support to the hypothesis that these taxa are close phylogenetic relatives (Grayson et al. 1991).

N atural assemblages of Lochriea are less com m on than  Idiognathodus or Gnathodus. Lochriea is a m ore 

d istant relative of Idiognathodus, b u t the m odel can m atch collapse patterns observed in  Lochriea assemblages. The 

specim en from  the Schm idt and  M üller (1964) collection illustrated  in  figures 18 and  19a, for exam ple, is 

reproduced by  photographing the model from the side and very slightly in front, simulating collapse w ith  principle 

axes at x=10°, y=3°, z=80°. A n interesting feature of this apparatus is that the S elem ents on the  dextral side 

exhibit s light deviations from  their prim ary  positions, w hereas those on  the  sinistral side do not, strongly 

suggesting  tha t this apparatus collapsed onto its left side. N orby (1976) illustra ted  several assem blages of 

Lochriea, at least tw o of w hich are collapses w ithout significant disruption. The arrangem ents of elements in  these 

specimens (Norby 1976, plate 14, figures 8,9) are very similar to the collapse patterns sim ulated in  figures 21b and 

25b respectively (see Appendix).
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Figure 14. Natural assemblage of Gnathodus from the lower Namurian, Hemer, Germany; specimen lost during 
World War II, originally figured by Schmidt (1934; see Appendix for subsequent illustrations). Molds of all fifteen 
elements of the apparatus are preserved on the part; counterpart not illustrated. Photograph reproduced with 
permission from Schmidt 1934, pi. 6, fig. 1. See figure 15A for scale.



Figure 15. A, drawing of specimen Schmidt’s Gnathodus specimen, part. B, photograph of model taken from 
front, left and above to simulate collapse pattern of Schmidt’s specimen; small cube indicates orientation of 
principle axes of apparatus relative to horizontal sea floor at time of collapse, x=30“, y=60°, z=4°. Note that 
sinistral and dextral in apparatus and model do not correspond; exact match would require photograph to be taken 
through base board of model.



Figure 16. Natural assemblage of Gnathodus from the lower Namurian, Hemer, Germany; specimen IMG? Gô 
600-44, originally illustrated by Schmidt and Müller (1964; see Appendix for subsequent illustrations). Silicon 
rubber cast of part preserving molds of all elements except dextral M; counterpart not illustrated. Cast coated with 
ammonium chloride. See figure 17A for scale.
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Figure 17. A, camera lucida drawing of Gnathodus specimen IMGP Gtt 600-44. B, photograph of model taken 
from front, left and below to simulate collapse pattern of IMGP Gô 600-44; small cube indicates orientation of 
principle axes of apparatus relative to horizontal sea floor at time of collapse, x=33°, y=14°, z=54°.
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Figure 18. Natural assemblage of Lochriea from the Namurian, Hemer, Germany; specimen IMGP GO 600-36 
from collection of Schmidt and Müller (1964). A, part; B, counterpart; see figure 19A for scale.
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Figure 19. A, composite camera lucida drawing of Lochriea specimen IMG? GO 600-36, counterpart and part 
(counterpart on bottom). B, photograph of model taken from right side and slightly in front to simulate collapse 
pattern of IMGP GO 600-36; small cube indicates orientation of principle axes of apparatus relative to horizontal 
sea floor at time of collapse, x=10“, y=3°, z=80°.
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The ability of the  m odel to sim ulate na tu ra l assem blages of Lochriea ind icates tha t the  apparatu s 

architecture of Lochriea is very similar to that of Idiognathodus and Gnathodus. Some differences do exist, however, 

the m ost significant being the m ore posterior and slightly m ore ventral location of the M elements in  Lochriea. The 

m orphology of M elements in Lochriea is very different to that of Idiognathodus, and these differences in  shape and 

position suggest that the function of these elements in  these taxa was different.

The hypothesis that Ozarkodina represents the rootstock from w hich m any m em bers of the Ozarkodinida 

evolved (Sweet 1988) gives its architecture particu lar significance. A n a tu ra l assem blage from  the Lower 

D evonian of Tadjikistan (figures 20, 21) w as originally figured by M ashkova (1972) b u t has subsequently  been 

reillustrated m any times (see Appendix). The im portance of this specim en for understanding the architecture of 

ozarkodinid conodonts has long been recognised, and it has been reinterpreted by  num erous authors (Dzik 1976, 

1986, 1991; Carls 1977; Jeppsson 1979; A ldridge 1987; Nicoll and Rexroad 1987). O ur identification of the 

elem ents in the assemblage (figure 21a) is based on a re-exam ination of the original m aterial and differs in  detail 

from  all those previously suggested; w e identify all the dextral S elem ents and  the Sa elem ent, w ith  only the 

sinistral Sb elements missing from  the assemblage (except for w hat is probably the posterior process of one of them). 

A lthough in  term s of elem ent m orphology there are clear differences betw een Idiognathodus and Ozarkodina, the 

arrangem ent of elements is reproduced w ith  good accuracy by photographing the m odel from  the front and below 

(figure 21b), sim ulating collapse w ith  principle axes at x=50°, y=20°, z=33° relative to the sea floor (an orientation 

sim ilar to th a t show n in  13b). C learly the  architecture of the apparatus w as extrem ely sim ilar to th a t of 

Idiognathodus, although the orientation of the posterior processes of the M elements in  the assemblage suggests that 

they m ay have been m ore parallel to the S elements than in  Idiognathodus.

A lthough incomplete, the natural assemblages of Ozarkodina from the U pper Silurian of Indiana (Pollock 

1969; Nicoll and Rexroad 1987) also allow the sim ilarities betw een Ozarkodina and other ozarkodin ids to be 

assessed. These assemblages belong to a different species to that illustrated by M ashkova (1972), and have shorter 

Sb elements, of modified digyrate morphology, rather than the elongate bipennate Sb elements borne by  all the taxa 

discussed so far. In assemblages reflecting lateral and oblique-lateral collapse (e.g. Pollock 1969, plate 111, figures 

3, 4, 5,16; Nicoll and Rexroad 1987, p late 3.4, figures 1, 3, 5) these shorter Sb elements are aligned sub-parallel to 

the Sc elements, and their original orientation seems to have been similar to the bipennate elements of Idiognathodus, 

w ith  their 'inner lateral' processes (conventional orientation) directed posteriorly and dorsally. The arrangem ent 

of elements in  several of the assemblages illustrated by  Pollock (1969, plate 111, figures 3 ,4 , 5) is closely sim ulated 

by  figure 6; another of Pollock's specimens (plate 111, figure 16) exhibits a sim ilar pattern , b u t reflects collapse 

from  the behind-right rather than left. One of the specimens figured by  Nicoll and Rexroad (1987, plate 3.4, figures 

1, 3, 5) reflects lateral collapse in an orientation very close to that sim ulated in figure 5b. The A ppendix lists m ore 

assemblages of Ozarkodina w ith  indications of collapse orientations determined from the model.

Sweet (1988) suggested that m any Late Palaeozoic ozarkodinids w ere descended from  Bispathodus. The 

apparatus of this genus is, therefore, of considerable interest, yet natural assemblages of Bispathodus have not 

p rev iously  been  illustrated . The specim en figured  (figures 22, 23«) lies w ith in , and  w as eaten  by  a shark 

{Cladoselache) b u t it is clearly a natural assemblage of the finest quality, w ith  m inim al post-m ortem  disruption  of 

the apparatus. A photograph of the model from  above and in front (figure 23b), sim ulating collapse w ith  principle 

axes at x=10°, y=71°, z=16° matches the assemblage closely. In true collapse the long axes of the P elements w ould  

have come to lie parallel to the sea floor, bringing them  into the positions seen in  the specimen; sim ilarly, the 

apparent angle of inclination of the S elements w ould steepen. The greater disruption of S elements on the sinistr al
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Figure 20. Natural assemblage of Ozarkodina from the Lower Devonian, Tadjikistan; specimen CGM 1/10499, 
originally figured by Mashkova (1972; see Appendix for subsequent illustrations). All P and M elements and 7 S 
elements are preseved on the part; no counterpart. See figure 21A for scale.
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Figure 21. A, camera lucida drawing of specimen Ozarkodina CGM 1/10499. B, photograph of model taken from 
front, left and below to simulate collapse pattern of CGM 1/10499; small cube indicates orientation of principle 
axes of apparatus relative to horizontal sea floor at time of collapse, x=50°, y=20°, z=33°.
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side of the apparatus suggests that collapse w as onto the right side; am ong the dextral S elem ents the only 

d isruption  evident has affected the Sbi element, the incui'ved anterior process of w hich has caused the elem ent to 

rotate so tha t its denticles face those of the other dextral S elements, The vertical stacking of the  sinistral S 

elements produced in  this orientation of collapse (see figure 23b) is clearly unstable, and in  the assem blage the Sb 

elem ents have been displaced outw ards from  the base of the pile. The accuracy and precision w ith  w hich  the 

pa tte rn  of collapse in  this assem blage is sim ulated by the m odel provides s trong evidence th a t the apparatus 

architecture of Bispathodus d id  not differ in  any significant respect from  tha t of Idiognathodus. A n extrem ely 

sim ilar pattern  of apparatus collapse in  Gnathodus has previously been illustrated by  N orby (1976, plate 8, figure 

5).

Adetognathus has never been reported as a natural assemblage and the specim en illustrated here (figures 

24, 25a) has not been figured previously. There is som e disruption  of the apparatus, particularly  affecting the P 

elements and the sinistral M element, bu t photographing the model from above and beliind (figure 25b) Simulating 

collapse w ith  the princip le axes at x=40°, y=20°, z=43° relative to the sea floor accurately sim ulates the 

assem blage. There are, therefore, no significant differences in  architecture b e tw een  A detognathus  and 

Idiognathodus.

N atural assemblages of a num ber of other ozarkodinid taxa have previously  been  figured by  several 

authors, and  a lthough w e do no t reillustrate them , their patterns of apparatus collapse can be sim ulated  by 

photographs of the model. A full listing appears in  the A ppendix, b u t w e discuss a few exam ples here. The 

specim en of Hemilistrona illustrated by  H abetin and Knobloch (1981, figure 72) and Dzik (1991, figure 1), although 

partially  d isrupted, exhibits a sim ilar collapse pattern  to that show n in figure 25b, b u t reflects a higher and m ore 

posterior angle of collapse (x=46°, y=28°, z=30°). Two of the assemblages of Polygnathus illustrated  by  Nicoll 

(1985, figures 3A, 3B) are incomplete, b u t reflect a lateral collapse orientation sim ilar to that s im ulated in figure 

19b. Of particular significance because of their palaeobiological im portance are the apparatuses of the conodont 

anim al specim ens assigned to Clydagnathus windsorensis (Globensky). The specim en illustrated by  Briggs et al. 

(1983, figures IB, 2A, B, C, 3A, B; refigured m any times -see Appendix) exhibits an oblique collapse pattern  similar 

to figure l ib ;  the cluster figured by  Briggs et al. (1983, figure 6) exhibits a lateral collapse pattern  sim ilar to figure 

19b; A ldridge et al. (1993, figures 4, 6) illustrated an apparatus w ith  a collapse pa tte rn  sim ilar to figure 13b, bu t 

slightly m ore lateral (x=25°, y=10°, z=63°); A ldridge et al. (1993, figure 9) illustrated an apparatus w ith  an oblique 

lateral collapse pattern  similar to figure 9b. There appear to be no significant architectural differences betw een the 

apparatuses of Clydagnathus windsorensis and Idiognathodus.

(b) A  general model o f  ozarkodinid skeletal architecture

Based on all the available natural assemblages, w hich represent at least five families {sensu Sweet 1988) 

of Silurian, Devonian and Carboniferous age, there is little evidence for significant variation  in the apparatus 

arch itectu re  of ozarkod in id  conodonts. A part from  subtle differences such as those no ted  above, the 

reconstruction based on Idiognathodus appears also to be a good model of the skeletal architecture of the apparatus 

borne by  m ost or all ozarkodinids. The possibility exists tha t the apparatus of the earliest ozarkodinids was 

som ew hat different to that described above, b u t there is no evidence to support this hypothesis at present, and the 

conservatism  evident in  know n m aterial argues against it. Similarly, the possibility th a t som e Perm ian and 

Triassic ozarkodinids had apparatuses that differed significantly from that of Idiognathodus seems unlikely, bu t 

cannot be ruled out altogether.
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Figure 22. Natural assemblage of Bispathodus from the Upper Devonian upper Cleveland Shale, Cleveland, Ohio, 
USA; specimen CMNH 9201. A, part; B, counterpart; see figure 23A for scale. Specimen photographed under 
water.
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Figure 23. A, composite camera lucida drawing of Bispathodus specimen CMNH 9201, counterpart and part 
(counterpart on bottom). B, photograph of model taken from above, left, and front to simulate collapse pattern of 
CMNH 9201; small cube indicates orientation of principle axes of apparatus relative to horizontal sea floor at time 
of collapse, x=10°, y=71°, z=16°.
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Figure 24. Natural assemblage of Adetognathus from the Namurian Bear Gulch Member, Heath Formation, 
Montana, USA; specimen ROM 49956. The assemblage preserves remains of all fifteen elements of the apparatus; 
it is one of five assemblages on a small slab, no counterpart. See figure 25A for scale.
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Figure 25. A, camera lucida drawing of Adetognathus specimen ROM 49956. B, photograph of model taken from 
behind, left and above to simulate collapse pattern of ROM 49956; small cube indicates orientation of principle 
axes of apparatus relative to horizontal sea floor at time of collapse, x=40°, y=20°, z=43°.
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7. THE FUNCTION OF THE O ZARKODINID APPARATUS

Prior to the discovery of the first conodont anim al (Briggs et al. 1983), a general lack of biological constraint 

rendered functional analysis of conodonts effectively impossible (Bengtson 1980). Since then, however, a num ber 

of studies of functional morphology have been attem pted which considered elements as components of an integrated 

feeding structure in the head of an eel-like m arine anim al (e.g. Nicoll 1987, 1995; Purnell and von  Bitter 1992; 

Purnell 1993a, 1994,1995). Some of these analyses have suggested that the apparatus w as a tissue covered filter- 

feeding device (Nicoll, 1985, 1987, 1995; Nicoll and Rexroad 1987), bu t this hypothesis is refuted by  analysis of 

apparatus grow th rates (Purnell 1993a, 1994) and by  the dem onstration of shearing m icrowear on  the surfaces of 

som e conodont elem ents (Purnell 1995). The available evidence indicates tha t the conodont apparatus had  a 

toothlike function, and in  ozarkodinids the S and M elements grasped food w hich w as then  crushed a n d /o r  sliced 

by  the posterior P elements (Briggs et at. 1983; A ldridge and  Briggs 1986; A ldridge et al. 1987; Purnell and  von 

Bitter 1992; Purnell 1993a, 1994, 1995). A lthough the evidence of apparatu s location, architecture, elem ent 

m orphology, ontogeny and  w ear patterns are all consistent w ith  the hypothesis tha t the S and  M elem ents 

perform ed a grasping function, there is no direct evidence to indicate how  they perform ed this function. M ost 

detailed analyses have focused on the Pa elements, and although Briggs et al. (1983) and  subsequent authors have 

suggested that S and M elements m ay have operated in a m anner broadly analogous to the lingual apparatus of 

hagfish, statem ents concerning S and  M function are generally vague. In  part, this is because it is difficult to 

envisage how  elements arranged in  the parallel array proposed by  A ldridge et al. (1987) actually grasped. O ur 

revised m odel of apparatus architecture sheds new  light on this problem.

A corollary of the hypothesis that the anterior p a rt of the ozarkodinid apparatus was a grasping device 

is that the  S and M elem ent array was not static. M ovem ent of elements during  function has been postu lated  

several tim es (e.g. Jeppsson 1971), and A ldridge et al. (1987) suggested that a 90° ro ta tion  of each side of the 

ram iform  array w as required in  order to bring  the cusps of the S and M elements into opposition. As w e have 

already noted, previous interpretations of ozarkodinid architecture differ from  ours, especially in  the orientation 

of the S and M elements, and these differences have im portant implications for understanding the function of these 

elem ents. Also, the accuracy of the matches betw een our m odel and natu ral assem blages indicates tha t the 

arrangem ent of the elements is extremely close to the original architecture of the apparatus of Idiogmthodiis (and 

other ozarkodinids). O ur m odel therefore provides both  firm  physical constraints, and a foundation upon  w hich 

to construct hypotheses of the mechanics of elem ent motion. Further, biological constraints are also im posed by 

know ledge of the phylogenetic position of conodonts; the debate continues, bu t the evidence that conodonts were 

jawless vertebrates is now  com pelling (see A ldridge and Purnell 1996 for a recent review). C onodonts share a 

num ber of im portant characters w ith  extant agnathans, b u t they w ere clearly a distinct and h ighly specialised 

vertebrate  clade. The synapom orphy that unites the C onodonta is the phosphatic  feeding apparatu s, and 

functional analogies w ith  lam preys and hagfish m ust, therefore, be draw n w ith  care. N evertheless, phylogenetic 

analysis has provided a group of living relatives w ith w hich to compare conodonts.

The fact that our model of the ozarkodinid apparatus can simulate the range of collapse patterns observed 

in natural assemblages indicates that although the elements m ust have moved during  fimction, they generally lay in 

the same stable configuration in  all dead b u t undecom posed conodonts. The Sb-Sc elements w ere arranged as two 

obliquely opposed sets of closely spaced subparallel elements, their functional surfaces w ere directed obliquely 

dorsal, and the aboral surfaces of the elements lay in  approximately the same plane. This arrangem ent strengthens 

m orphological com parisons betw een  the  conodont apparatus and the eversible lingual apparatu s of extant
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Figure 26. Stereo-pair of model viewed from above front.



Figure 27. Anterior view of model
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agnathans; in  bo th  lam preys and hagfish, the keratin  biting  elements of the lingual apparatus are arranged as 

oblique sets attached to the dorsal side of a cartilage plate or plates, and w e in terp ret the juxtaposition  and 

orientation of the Sb-Sc elements also to reflect their location on a pair of underlying cartilaginous dental plates. 

The hypothesis tha t conodont elem ents sat on supporting  structures is not new  (e.g. K irk 1929; Jeppsson 1979; 

Smith et al. 1987, and references therein), b u t none of these authors suggested opposable dental plates uniting the 

Sb-Sc elements as integrated functional units. W ithout such aboral cartilage support, the control of m ovem ent and 

orientation of each elem ent w ould have required a separate set of complex m usculature; this hypothesis is difficult 

to reconcile w ith  the lack of space betw een the elements and is not supported by  analogies w ith  other agnathans. 

The orientation and the position of the Sa element suggests that it did not sit on the same cartilage plate as the Sb-Sc 

elements, and for this reason w e propose separate plates for the sinistral and dextral side of the apparatus, similar 

to the situation in  lampreys, rather than  the single flexible dental plate of hagfish (Yalden 1985). The position and 

orientation of M  elements, and the inclination of their denticles are m arkedly different to S elem ents and  suggest 

tha t their m otion w as also som ew hat different. They m ay have sat on lateral projections of the Sb-Sc plates, 

capable of a degree of independen t articulation, or on separate basal plates. The position  of the  Sa elem ent, 

anterior and dorsal of the adjacent Sb elements suggests that it sat on a separate m edial ridge or p late of cartilage. 

N ote that w e do not equate cartilage support structures w ith  the conodont basal body.

The process of grasping clearly required both opening and closing of the apparatus, and the first step in 

understanding  the operation of the apparatus is to assess the point of the cycle represented by  the configuration of 

elem ents in the architectural model. The location of the apparatuses in the Granton conodont anim al specimens 

indicates that unless the m outh w as in an unusually  posterior position, the S and M elem ents m ust have m oved 

forw ard in order to have grasped food. This suggests that our model represents an apparatus near to closure. The 

orientation of the Sb-Sc element cusps and denticles, in oblique opposition, and the position and orientation of the 

M elements, curving round above and in front of the S elements, support this interpretation, as does the fact that the 

position  of the P elem ents w ould  have p revented  significant posterior m ovem ent of the S elem ents. It is also 

pertinent to note that the lingual apparatus of extant agnathans comes to rest in a closed position in  dead animals. 

The G ranton fossils also preserve evidence of paired eyes and otic capsules (A ldridge et al. 1993), and conodonts 

m ust have had  a true head and a differentiated brain. This, and the oblique dorsal orientation of the S elements 

indicate that a significant component of ventral movement was required in order to open the conodont apparatus.

Basic biological constraints dem and that m ovem ent of the cartilage plates bearing the conodont elements 

required a system  of antagonistic muscles. One end of each of these muscles inserted, probably via a tendon, onto 

one of the dental plates, and the other end m ust have been attached to another skeletal cartilage. Retractor muscles 

could have inserted onto cartilages associated w ith  branchial structures, the braincase, or other hypothetical 

posterior skeletal structures, b u t protractors m uscles w hich brought about the necessary anterior and  ventral 

m otion of the dental plates m ust have inserted onto cartilages that w ere ventral of the elem ents and  their dental 

plates. The num ber, size and shape of these skeletal cartilages in conodonts is a m atter of speculation, b u t it is 

likely, based  again on  biom echanical constraints and also by analogy w ith  living agnathans, tha t their shape 

exerted a fundam ental control on the m ovem ent of the dental plates. In both lam preys and hagfish, closure of the 

lingual apparatus (i.e. 'b iting ') is brought about by  retraction of the dental plates into a cartilage described as 

pulley- or U -shaped (Yalden 1985) and w e propose a sim ilar m echanism  w as responsible for closure of the 

conodont apparatus (i.e. grasping). The anterior and ventral m otions involved in  opening  of the  conodont 

apparatus, therefore, resulted from pulling of the dental plates forwards out of the laterally confining U-shape, and
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pivoting  them  over the anterior edge of the ventral cartilage into a subvertical position in w hich the S elem ent 

denticles w ere directed anteriorly. The protractor muscles responsible for such m otion m ust have w rapped  round 

the anterior end of the ventral cartilage and inserted somewhere on its ventral side.

This hypothesis of elem ent m otion is illustrated in figure 28. Because the apparatus came to rest near to 

closure, the first stage in the grasping cycle m ust have been  opening of the apparatus, b u t it is closure tha t is 

im portan t for unders tand ing  how  grasping  w as achieved, and our illustra tions and  d iscussion  therefore 

concentrate on elem ent movem ents during  retraction of the apparatus. The apparatus w as, however, opened by 

reversal of the  elem ent m ovem ents illustrated. Closure of the apparatus w as b rough t about by  the  action of 

retractor muscles inserted onto the dental plate bearing the Sb-Sc, and possibly the M elements. This resulted in a 

net posterior and inw ard  rotation of the elements as indicated by the arrows on figure 28. This m otion need not 

have been a steady, sm ooth action; as the dental plates pivoted over the anterior edge of the underlying cartilage the 

apparatus m ay have snapped back into the closed position, in m anner sim ilar to closure of the hagfish lingual 

apparatus (Dawson 1963; Krejsa 1990a). The retracted, resting position of the Sa elem ent w as anterior and m ore 

ventral of the adjacent elements; this, and the shape of the medial cartilage on w hich w e suggest it lay, resulted in  a 

different trajectory as the apparatus closed. Relative to the other S elements it m oved up and back, passing through 

the axial space between the Sbi elements. The M elements, during closure, m oved backwards and sw ung inwards.

A lthough the net effect of retraction of the apparatus was to m ove the S and  M elem ents backw ards, 

upw ards and inw ards (figure 28), the m echanism  by w hich food was grasped by  the elem ents is m ore clearly 

illustrated by  considering their relative rather than  their absolute m otions (figure 29). D uring closure, the Sb-Sc 

elements sw ing upw ards through an arc approxim ately parallel to the orientation of the cusp and denticles (figure 

29a), a m otion comparable to the closure of the lower jaw  in m ammals (e.g. C rom pton and Hiiem ae 1970). A t the 

sam e tim e they rotated inw ards, again along trajectories approxim ately parallel to the curvature of the cusp and 

denticles (figure 29c). Through the same phase of closure the M elements rotated inwards, dow nw ards and slightly 

forw ards (figure 296). The combined effect of these m ovements w ould have produced a highly effective grasping 

action, the cusps and denticles of the elements converging to grab and impale any food item  that lay anterior of the 

open array. The posterior com ponent of apparatus retraction w ould have sim ultaneously d raw n food back into 

the m outh. It is possible the Sb-Sc elements w ere retracted a little further than  the position illustrated (i.e., the 

configuration of elements in the model) so that the cusps were brought into m ore direct opposition. H ow ever, w e 

envisage a grasping, rather than a biting function for the S and M elements, and this does no t require complete 

closure of the array. It does seem  likely, however, that the Sa element continued its backw ard arc, the posterior 

process m oving through the horizontal to a position of posterior inclination. Through this cycle of retraction, the 

cusp and lateral processes of the Sa element w ould have m oved from a position close to the cusp of the Sbj element 

w hen fully everted, past the cusps of each of the other Sb-Sc elements in turn. Thus, at the earliest stages of closure 

the Sa element w ould have perform ed a grasping function, b u t as retraction continued, food im paled on  the Sb-Sc 

elements w ould have been lifted off and m oved backwards towards the P elements.

It has been suggested tha t in retracted position, conodont elem ents m ay have been w ith d raw n  into 

enclosing pockets of epithelium  (A ldridge et al. 1987; cf. Bengtson 1976). H ow ever, our hypotheses tha t the S 

elem ents w ere closely juxtaposed, lay on cartilage dental plates, and w ere still functional w hen  retracted  (cf. 

Bengtson 1983b), and  recent rein terpretations of elem ent histology (Sansom 1996), together indicate tha t his 

hypothesis is no longer tenable.
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Figure 28. Operation of the anterior array of the ozarkodinid apparatus illustrated by Idiognathodus. Elements drawn with dotted 
lines indicate their position when the apparatus is everted and open; elements drawn with solid lines are in the retracted, closed 
position. A, lateral view of dextral side of apparatus; arrows indicate net movement of Sa, Sb,, Sb^, Sc^ and M elements during 
retraction and closure of the anterior array. B, Anterior view of whole apparatus; arrows indicate net movement of S and M 
elements.
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Figure 29. Relative motion of S and M elements during closure of the anterior array. Elements drawn with dotted lines indicate 
their position when the apparatus is everted and open; elements drawn with solid lines are in the retracted position. A, lateral view 
of dextral S elements and Sa element; arrows indicate motion of Sa, Sb,, Sbg. and Sc^ elements relative to a fixed point at the 
distal end of the posterior process of the Sb, element. B, anterior view of dextral M element; arrow indicates motion relative to 
cusp of Sa element. C, Anterior view dextral S elements and Sa element; arrows indicate motion of Sa, Sb,, Sb^, and Sc^ elements 
relative to a fixed point at the distal end of anterior process of the Sb, element.
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In ozarkodinid conodonts, food captured by  the S and M  elements was sliced and crushed by the Pb and 

Pa elem ents (e.g. Briggs et al. 1983; Purnell and von Bitter 1992; Purnell 1995). M orphology, occlusion, and w ear 

pa tte rns indicate that P elem ents operated  by  being  ro ta ted  against each other across the axis (Nicoll 1987; 

W eddige 1990; Purnell and von Bitter 1992), and sharp blade-like elements, for example, functioned like a pair of 

serra ted  scissors (Purnell and  von Bitter 1992; Purnell 1995). The relative m ovem ent of these elem ents is 

understood, b u t how  m otion w as produced is not. It is possible that rotation w as p roduced by  m echanism s of 

retraction similar to those proposed for the S and M elements, bu t the precision w ith  w hich elements were brought 

into repeated  contact argues against this (Purnell 1995). Rather, it seems m ore likely tha t the P elem ents w ere 

located at the entrance to the pharynx (Aldridge et al. 1995), and m ovement w as controlled by  antagonistic muscles 

located above and  below  the elem ents in the dorsal and ventral walls of the pharynx. Janvier's speculative 

suggestion tha t the P elements w ere "attached to a transversely m oving structure derived from  a velum  of larval 

lam prey  type" (1996a, p. 277) is consistent w ith  their pharyngeal location, b u t is difficult to test. H ow ever, the 

velum  in  larval lam preys pushes w ater into the pharynx, and its prim ary m otion is anterior-posterior (M allatt 

1996). The m usculature of this structure w ould, therefore, require significant rem odelling if it w as to b ring  about 

the axially directed rotational action of ozarkodinid P elements.

The architecture of the çonodont apparatus is consistent w ith  a m ode of operation analogous to that of 

extant agnathans, and the possibility that they w ere similar in detail, as we suggest above, lends strong support to 

the hypothesis that the anterior portion of the conodont feeding apparatus as a w hole is hom ologous w ith  the 

lingual apparatus of extant agnathans (cf. A ldridge et al. 1986; contra Janvier 1996a p. 267). The conodont 

elem ents themselves, however, are certainly not hom ologous w ith  the keratin 'tee th ' of agnathans (contra Krejsa 

1990b). The possible hom ology of the bilaterally operating feeding apparatus supports the hypothesis that it is a 

synapom orphy of craniates (e.g. Janvier 1981, 1996a; Purnell 1993a), and is not, as has been suggested recently 

(Mallatt in press), a derived feature of extant agnathans. This hypothesis of homology, and the corollary that the S 

and M elem ents lay in  the conodont m outh, also cause some difficulties for M allatt's functional scenario for the 

origin of jaw s (1996). Unfortunately, as a plesiom orphic character shared by all craniates, feeding apparatuses 

hom ology cannot help to resolve questions of conodont affinity as it provides no indication of the closeness of 

relationship betw een one agnathan group and another (contra Yalden 1985). Along w ith  our reconstruction of the 

ozarkodinid apparatus, however, it does contradict recent suggestions that the apparatus w as com parable to the 

oral plates of 'ostracoderm s' (Janvier 1996) or w as jaw-like in its arrangem ent (Gee 1996, p. 67). Similarly, the 

suggestion that the S and M elements w ere the pharyngeal denticles of a suction-feeding anim al (Janvier 1995, 

1996a) can be reconciled neither w ith  our hypotheses of architecture, function, and homology, nor w ith  evidence 

that agnathans could not generate strong suction (Mallatt 1996).

O ur hypothesis of retraction and  grasping in  ozarkodinid conodonts, although constructed w ith in  the 

fram ew ork provided by our m odel of apparatus architecture and constrained by analogies w ith  living agnathans, 

is not supported  by  any direct evidence. It is, how ever, bo th  plausible and  testable. Locations of poin ts of 

m axim um  food contact and stress can be predicted, and these should correspond to m axim um  w ear and denticle 

breakage. It is also possible that microwear analysis will reveal scratches on cusps that will confirm  or refute our 

hypothesis of the relative motions of the elements. U ndoubtedly, the conodont head and its various organs were 

supported  by skeletal cartilages which, except for the sclerotic cartilages, have not been  preserved in the conodont 

anim al fossils found so far. The possibility of future discoveries of fossils reflecting a different taphonom ic history
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from  the Granton specimens, and w hich preserve skeletal cartilages, provides a potential test of our hypothesis of 

the cartilages involved in  the function of the conodont apparatus.

8. TA PHO N O M Y  OF THE APPARATUS -O R IE N T A TIO N S OF COLLAPSE

W ith the possible exception of the panderodontid  specim en from  W aukesha (Mikulic et al. 1985; Smith et al. 1987) 

conodont anim al fossils indicate that the body w as elongate, eel-like and laterally com pressed (A ldridge et al. 

1993). One w ould  expect, therefore, that m ost conodont carcasses w ould come to lie w ith  their long axis parallel 

to the sea floor, w ith  those lying on  their side outnum bering other orientations (A ldridge et al. 1987, 1995; Nicoll 

and  Rexroad 1987). U sing our stereographic resto ration  technique w e have calculated  o rig inal collapse 

orientations of all the na tu ra l assem blages of ozarkodinids available to us e ither as fossils or as pub lished  

illustrations. The results of this analysis (figure 30) prov ide som e insights into the form ation  of na tu ra l 

assem blages. O nly 8% of assem blages preserve collapse patterns recording orientations approaching  dorso- 

ventral (i.e. y>45°), w hich accords w ith  intuitive assessments of the likelihood of collapse orientations. But 68% 

of assemblages exhibit collapse patterns indicating long axis (i.e. x axis) angles in  excess of 30° to the sea floor, 

w ith  50% indicating orientations of collapse in w hich x w as 45° or more. This is not w hat one w ould  predict from 

w hat is lotown of conodont body shape, and these counterintuitive results require some explanation.

Thirteen of the natu ral assem blages in  the >45° sector of the graph  (figure 30) are fused clusters of 

Ozarkodina. Preservation of fused clusters requires elements to be in  contact after collapse, so orientations w hich 

produce elem ent overlap are over-represented in  cluster collections, w hereas those that minimise overlap produce 

only very  partial clusters. This m ay explain w hy only one cluster of Ozarkodina records collapse w ith  x<45° (and 

this cluster lacks P elements due to non-overlap). It is also w orth noting here that the lack of Sd elements (i.e. Sbi's) 

in  some of the clusters described by Nicoll (1985) reflects non-overlap resulting from  lateral collapse (e.g. figures 5, 

17,19 25), not a m ore posterior position for the Sbi elements (contra Nicoll (1985) Nicoll and Rexroad (1987) and 

Nicoll (1995)). These taphonom ic biases involved in  cluster formation, however, are no t enough to account for the 

overall distribution of collapse orientations in ozarkodinids because the same pattern  em erges from  the collapse 

data for Idiognathodus, the m ost num erous of the assemblages. These data  are derived  from  bedd ing-p lane 

assemblages, not clusters, yet 71% of Idiognathodus assemblages reflect collapse angles in  w hich x exceeded 30°, 

and in  51% x w as m ore than 45°.

There are a num ber of possible explanations for x angles in  excess of 30°: it seems unlikely to be due to 

conodont head shape expanding anteriorly to the extent that it comes to rest at high angles to the sea floor, and the 

possibility tha t the long axis of the ozarkodinid apparatus d id  not coincide w ith  the long axis of the anim al is 

ruled out by  the apparatuses in the preserved conodont animals. The most likely interpretation is that the sea floor 

at the tim e of death  of the conodonts animals w as soft enough for the carcass to penetrate som e w ay  into the 

sedim ent, w hich allowed the head to come to rest in positions that w ould  be gravitationally unstable on  a solid 

surface. Such 'soupy  substrates ' have been invoked to explain patterns of p reservation  of larger vertebrate 

skeletons in  black shale environm ents (M artill 1983). In  the case of the Idiognathodus collapse data, all the 

assem blages are from  the black shales of the M odesto Form ation at Bailey Falls. This un it lacks a significant 

benth ic fauna (Collinson et al. 1972), and  although this m ay reflect conditions of reduced  oxygen, it is also 

consistent w ith  a soft substrate. The soft substrate  hypothesis is also supported  by  the h igh  abundance of 

conodont elements and assemblages in the shale; this m ay have been produced by the concentration effects linked 

w ith  the com paction of large volum es low density sedim ent. It is possible that the commonness of relatively high
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angles of collapse in Idiognathodus is due to the w eight of the m ineralized conodont apparatus causing dead 

conodonts to nosedive into the sediment. However, because w e are currently unable to differentiate head-up from 

head-dow n collapse orientation this hypothesis remains untested.

The hypothesis that substrate density exerted a significant control on carcass orientation in conodonts is 

supported  to some extent by  apparatus collapse patterns of Gnathodus and Clydagnathus (figure 30). W e have only 

analysed 14 natural assemblages of Gnathodus, b u t nine of these (64%) are from  lower N am urian black shales from 

H emer, Germ any and they all exhibit collapse in  w hich x is less than 45°, possibly because the sea floor at the time 

of deposition  of these shales w as no t soft enough to allow  conodont carcasses to penetra te. O nly four 

Clydagnathus assemblages have been analysed, bu t these all come from the Granton Shrimp bed. This unit contains 

a benthic fauna, and was deposited in a m ud-flat environm ent w ith possible algal binding  of organic rich laminae 

and evidence of periodic exposure and desiccation (Cater 1987); the substrate w as probably quite firm. All the 

assemblages exhibit collapse in  w hich x axes w ere inclined at less than 30°, two having x axis inclinations close to 

zero. These angles tha t are consistent w ith  carcasses resting  on the sea floor w ith  little or no substrate  

penetration.

9. TH E O Z A R K O D IN ID  SKELETAL PLA N , ELEM ENT N O T A T IO N , O R IE N T A T IO N , A N D  

H O M O L O G IE S

(a) Skeletal plan

In  contrast to hypotheses of architecture, the broad features of the general skeletal p lan  of ozarkodinid 

conodonts have been know n for some time, and in  recent years this plan (e.g. A ldridge et al. 1987,1995; Smith 1990) 

or m inor variants (e.g. Nicoll 1985, 1987, 1995; Nicoll and Rexroad 1987) has becom e fairly stabilised. Points of 

uncertainty and  contention rem ain, how ever, and our architectural analysis goes som e w ay to resolving these. 

From the taxonomic and stratigraphie range of the natural assemblages w e have studied, it seems certain that the 

full com plem ent of elem ents in the ozarkodin id  apparatus w as 15 elem ents (cf. Nicoll 1987), and  w e have 

encountered no evidence to suggest that elements w ere lost from  this array in any of the taxa preserved as natural 

assemblages. Architectural analysis also reveals that the arrangem ent of these 15 elements w as extrem ely similar 

in  all taxa studied, from  the Silurian to the Late Carboniferous, and it is reasonable to extrapolate from  this that 

the apparatuses of ozarkodinid conodonts rem ained essentially unchanged throughout their stratigraphie range. 

One point that is w orth  addressing specifically is the num ber, morphology and position of the S elements. In all the 

taxa w e have analysed there are nine element positions in the symmetrical S array. O n each side, the tw o outerm ost 

Sc positions are occupied by morphologically similar elements of bipennate morphology. Between the Sc's and the 

axial Sa position, the two Sb positions are occupied by elements which are m ore similar to each other than  to the Sc 

elem ents, a lthough they are generally less similar to one another than the Sc elements. The tw o Sb positions are 

occupied either by  bipennate elements or m odified digyrate elements; they generally differ from  one another in the 

form  and curvature of the process that in conventional terminology is considered anterior or outer lateral.

(b) Homologies and element no ta tion

(i) Notation and homology

Element notation is another area in w hich our analysis of ozarkodinid architecture m ay help to resolve 

som e ou tstand ing  difficulties. A stable and w idely  understood notation  for conodont elem ents is crucial to 

com m unication of multielem ent taxonomic concepts and also expresses hypotheses of hom ology (e.g. K lapper and
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Philip 1971; Barnes et al. 1979; Sweet 1988; Dzik 1991). Despite its vital im portance, notation of the elem ents in 

the ozarkodinid apparatus has yet to fully stabilise. W ith a few exceptions (e.g. Dzik 1991, 1994) the m ajority of 

w ork  dealing w ith  ozarkodinid conodonts uses Sweet's P, M, S scheme for nam ing element positions (Sweet and 

Schonlaub 1975; Sweet 1981, 1988), b u t the notation is still applied inconsistently to some elements. For example, 

the no tation  'S d ' has been  applied by  a num ber of authors (e.g. A ldridge et al. 1987; Nicoll 1985, 1987) to the 

elem ent w e consider to have occupied an Sb position, b u t according to Sweet (1981, 1988) 'Sd ' refers to an axial 

position occupied by  a quadriram ate element and should not be applied to ozarkodinids (Sweet 1988; Over 1992). 

This problem  has arisen because Sweet (1981) recognised only three major positions in  the S series, the occupants 

of w hich w ere thought to form  a transition series of increasing asym m etry aw ay from  the Sa. Sweet (1988, p. 25) 

realised that "there may be m ore than three morphologically distinct components of the S series and, to describe and 

locate them, it m ay be necessary to invent intermediate categories, such as Sa-b, or Sb-c", bu t w e now  Icnow that the 

ozarkodinid apparatus had  four S positions on each side of the Sa, and that, based on m orphological similarities, 

the occupants of these positions represent tw o pairs. We suggest that a solution m ore in  keeping w ith  the prim arily 

locational na tu re  of this notation  is to identify  these S positions as Sb i, Sbg, Sc%, and Sc2, as w e have done 

throughout this paper (see also A ldridge et al. 1995, figure 1). Over (1992) also suggested using the term s Sbi and 

Sb2, bu t w e consider his Sbi element to be an Sb2 and vice versa, based on (he location of the elements in our model.

Application of element notation and hypotheses of homology are the foundations of biological taxonom y 

and  evolu tionary  analysis of conodonts. W ithout hypotheses of hom ology, analysis of relationships am ong 

conodonts is reduced to mere speculation, but recognition of homology in conodonts relies on knowledge of element 

arrangem ent (Barnes et al. 1979; Purnell 1993b). Except for the very few taxa know n from  clusters o r bedding- 

p lane assem blages, reconstruction of species from  their d isarticulated com ponents relies on general skeletal 

b lueprin ts  or tem plates w hich  allow the occupants of hom ologous elem ent positions to be identified using 

m orphological criteria. Over the last 15 years, m ost reconstructions of ozarkodin id  taxa have relied on the 

tem plate and criteria provided by  Sweet (1981, 1988), b u t as w e note above, this scheme only recognised three 

major positions in the S series of increasing asymmetry. It now  seems clear that the apparatus of most, and possibly 

all ozarkodinid conodonts contained 15 elements w hich occupied 2 Pa positions, 2 Pb positions, 2 M positions and 

n ine S positions (from left to right Sc2, Sci, Sb2, Sbi, Sa, Sb i, Sb2, Sci, Sc2). In  none of the taxa preserved as 

natural assemblages are the S elements arranged as transition series of increasing asymmetry. Perhaps the time has 

now  come to adopt the fifteen element p lan as the template for reconstructing ozarkodinid apparatuses. As pointed 

ou t by  Dzik (1991) one corollary of accepting a s tandard  num ber of elem ent locations is th a t term s such as 

'septim em brate ' or 'octom em brate ' are redundan t, or reduced to subjective assessm ents of the m orphological 

thresholds taken as the boundaries between element types.

If it is to have any biological m eaning, application of P, M, S notation to the apparatuses of taxa assigned 

to other orders of conodonts should be based on the recognition of homologies w ith  ozarkodinids. This notational 

scheme w as first applied to Oulodus, a prioniodinid, b u t it was based on the recognition of principle categories of 

elem ents in  na tu ra l assem blages (Sweet 1988), and given the m aterial available a t the  tim e the schem e was 

developed, it m ust have been derived p rim arily  from  the arrangem ent of elem ents in  ozarkodinid assem blages 

(Purnell 1993b). The ozarkodinid apparatus, therefore, can be taken as the s tandard  for the P, M, S scheme (cf. 

Dzik 1991).
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(ii) Homologies with prioniodinids

N atural assemblages of taxa assigned to the Prioniodinida and Prioniodontida {sensu Sweet 1988), the 

other tw o orders w ith  apparatuses composed of complex m ultidenticulate elements, are m uch scarcer than  those of 

ozarkodinids. Prioniodinids, for example, are know n from  a single Hibbardella angulata (Hinde) from  the U pper 

D evonian Gogo Form ation of W estern A ustralia  (Nicoll 1977), an incom plete Idioprioniodus from  the low er 

N am urian  of G erm any (Schm idt and  M üller 1964; Purnell and von  Bitter 1996, and  m s in  prep), a few 

Neogondolella  from  the M iddle Triassic of Sw itzerland (Rieber 1980; O rchard  and  R ieber 1996), and  a 

Kladognathus assemblage from  the M ississippian of the USA (Purnell 1993b). W ith such lim ited data, the three- 

dim ensional architecture of prioniodinids cannot yet be determ ined, and hypotheses of elem ent arrangem ent and 

hom ologies w ith  ozarkodinids rem ain  som ew hat prelim inary. H ow ever, Purnell (1993b) in te rp reted  the 

apparatuses of Hibbardella and Kladognathus to have been arranged according to the sam e basic skeletal plan, 

w hich d id  n o t differ significantly from  tha t of ozarkodinids. Based on elem ent locations, hom ologies w ere 

recognised w ith  ozarkodinids, and the same element notation that w e advocate for ozarkodinids can, therefore, be 

applied  to prioniodinids. The m orphology of the occupants of some of the 15 positions in  the apparatus is, 

how ever, clearly different. This hypothesis of the p rioniodinid  apparatus stands in  m arked contrast to the 

architectural m odel of Idioprioniodus p roposed  by  Stone and Geraghty (1994). This w as based prim arily  on  the 

concept of sym m etry  transition , w hich  w e consider a m ost unreliab le ind ica to r of e lem ent location in 

prioniodinids, and is contradicted by data from  bedding plane assemblages (Purnell and von Bitter 1996 and ms in 

prep.).

(iii) Homogies with prioniodontids

N atural assemblages of prioniodontids now  num ber in excess of 100, b u t they are all the sam e species, 

Promissum pulchrum  Kovacs-Endrody. Consequently, the architecture of the apparatus of Promissum  is know n 

w ith  a h igh  degree of confidence, and although it had  m ore elem ents, sim ilarities betw een Promissum  and 

ozarkodinids reveal a num ber of homologies. These were recognised by A ldridge et al. (1995), b u t our im proved 

understanding of the architecture of the ozarkodinid apparatus makes these homologies m ore secure. The S arrays 

of both  apparatuses contain the same num ber of elements and, morphology aside, they differ m ainly in  the position 

and orientation of the Sa element. This elem ent is horizontal and the m ost anterior S elem ent in ozarkodinids, but 

inclined and the m ost posterior of the S's in  Promissum. The rem ainder of the S elements in  bo th  apparatuses are 

inclined forw ards w ith  the angle of inclination increasing tow ards the axis from  about 30° in the outerm ost Sc's; 

the elem ents are inclined inw ards w ith  the angle increasing aw ay from  the axis; and  elem ent locations are 

increasingly dorsal and (except for the Sb2 elem ent of Promissum) anterior aw ay from  the axis. Despite the clear 

homologies betw een the S elements, A ldridge et al. (1995) labelled those of Promissum Sbi, Sd, Sb2, Sc ra ther than 

Sb i, Sb2, Sci, Sc2- This w as to avoid the term inological confusion of calling quadriram ate elem ents Sb2, w hen 

they have been w idely term ed Sd in  the literature. H owever, their solution, w hich reflects the difficulties of 

separating the locational from the morphological aspects of the P, M, S scheme, is no less confusing; the Sd element 

of Promissum  is hom ologous w ith  the Sb2 in ozarkodinids, and the Sb2 of Promissum  is hom ologous w ith  the 

ozarkodinid Sci. Regarding the other elements of the apparatus, the location and orientation of the M elements in 

our revised m odel of ozarkodinid architecture also strengthens the hom ology proposed by  A ldridge et al. (1995), 

bu t w e can shed no new  light on the homologies of Promissum's four pairs of P elements.
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The architecture of the Promissum apparatus is probably typical of the family Balognathidae (A ldridge et 

al. 1995), b u t the question remains of the extent to w hich the skeletal p lan of Promissum represents a s tandard  for 

the prioniodontids. Several other bedding  p lane assemblages of prioniodontid  taxa are now  know n (N ow lan 

1993; Stew art 1995), and although these are probably faecal (Stewart 1995; pers. obs.), the num ber of elem ents 

p resent in  these assemblages (Stewart pers. com. 1996; pers. obs.) provides som e very  prelim inary evidence to 

support the tentative suggestion of A ldridge et al. (1995) that some prioniodontid apparatuses m ay have been less 

com plex than  that of Promissum. It is possible that the architecture of these apparatuses m ay have been m ore 

sim ilar to that of ozarkodinids. If this proves to be the case, then a 15 element apparatus m ay be a synapom orphy 

of ozarkodinids, prioniodinids and prioniodontids. But this speculative hypothesis rem ains just one possibility; 

alternatively, a 15 element apparatus may be a plesiomorphic character shared by  all members of the Conodonta.

(iv) Orientation of conodont elements

The sim ilarities in elem ent location and  orientation that exist betw een ozarkodinids, prioniodontids 

(Promissum), and possibly prioniodinids, raise the question of the descriptive term inology conventionally applied 

to conodonts. It has been realised for decades that the term s of orientation applied  to conodont elem ents are 

entirely arbitrary and m ay have no relation their true  orientation in the anim al (e.g. M üller 1956), yet they have 

persisted. Conventional definitions of elem ent orientations are complex (Sweet 1981, p. W7), b u t cusp curvature 

provides the best general guide, the concave side m arking 'posterior', the tip 'up ', and the upper m argin of the base 

of the elem ent or the posterior process 'horizontal'. In  no apparatuses for w hich the architecture is know n do 

these conventional designations coincide fully or consistently w ith  true biological orientations. This has recently 

been addressed by  Dzik (1994), w ho proposed a new  biologically based system  of orientation, derived from  his 

hypothesis of apparatus architecture. H owever, as w e have discussed, there are significant differences betw een 

his hypothesis and the elem ent orientations indicated by  our analysis of natural assemblages, and  w e therefore 

consider som e of his term inology to be incorrect. Descriptive term inology based on true orientations is indeed 

needed, b u t it m ust be based on a detailed consideration of the orientations of elem ents in  as m any different 

apparatuses as possible, not just ozarkodinids. The erection of new terminology, therefore, falls outside the scope 

of this paper.

(v) Homologies with panderodontids

A part from  the apparatuses of conodonts characterised by complex elem ent m orphology, the only other 

o rder for w hich an architectural reconstruction has been proposed is the Panderodontida (Sansom et al. 1994). 

This hypothesis is based prim arily on tw o fused clusters and a bedding plane assemblage of Panderodus w hich are 

variable in their com pleteness and degree of disarticulation. Sansom et al. (1994) introduced a new  locational 

no ta tion  for coniform  conodonts, based  on the spatial differentiation of the elem ents in  their reconstructed  

apparatus. They recognised the value of identifying homologies betw een the panderodontid  apparatus and the 

apparatuses of conodonts w ith m ore complex elem ent m orphology, bu t it w as precisely because such homologies 

could not be recognised that they introduced a new  notational scheme. There are some striking similarities between 

the spatial differentiation of the panderodon tid  apparatus and that of ozarkodinids, b u t the m ain  obstacle to 

homologizing elements lay in the differences in orientation of the anterior elements (Smith 1990; Sansom et al. 1994). 

The orientation of these elements in panderodontids was compared w ith that in the ozarkodinid m odel of A ldridge 

et al. (1987) w hich had  the S elem ents arranged w ith  their cusps parallel to the sagittal plane, and  w ith  no
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anterior-posterior displacem ent. In panderodontids the anterior elements are opposed across the axis and  are 

arranged in an anterior-posterior sequence (Smith et al. 1987; Smith 1990; Sansom et al. 1994). This is significantly 

different to the architecture proposed by  A ldridge et al. (1987), b u t the S elem ents in our m odified ozarkodinid 

m odel are oriented w ith  their cusps inclined obliquely inw ards towards the axis, and w ith  significant vertical and 

horizontal displacem ent through the array. These changes in  our understanding  of the ozarkodinid apparatus in 

them selves significantly reduce the difference betw een the tw o apparatuses, b u t it is also possible th a t the 

panderodontid  apparatus w as m ore three-dim ensional than  is suggested by  the illustration of Sansom et al. (1994, 

figure 6). W ith only three or four imperfect clusters and bedding plane assemblages from  w hich to in terpret 3D 

architecture, the possibility that their hypothesis is not entirely correct m ust remain. It is interesting to speculate 

on the collapse pattern that w ould result from a slightly modified model of panderodontid  architecture in  w hich the 

elem ents occupied positions closer to those of our ozarkodinid model. Based on  our experience of collapse . 

patterns, it seems likely that this w ould  produce an assemblage similar to the im portant W aukesha specim en if 

collapse was close to anterior-posterior, i.e. a high  angle of x, bu t a low angle of y  (see figure 30). This could also 

account for the posterior position of the axial Ae elem ent in  the panderodontid  model. The W aukesha specim en 

provides the only evidence that this element lay at the back of the apparatus (Sansom et al. 1994), b u t its posterior 

location in the fossil m ay reflect the orientation of collapse rather than its prim ary position.

(vi) Architectural conservatism in conodonts and a standardised notation

U nderstanding of apparatus architecture is a prerequisite for the recognition of homologies, an essential 

step in the interpretation of conodont evolution and in the developm ent of a sound suprageneric classification. We 

w ould  agree w ith  Sansom et al. (1994) that m ore architectural data are required before current problem s can be 

resolved, and although it w ould be prem ature to apply standard  P, M, S notation to the panderodontid  apparatus, 

w e are m ore optimistic than Sansom et al. (1994) that homologies between coniform apparatuses and those m ade up 

of m ore complex elements can be determined. O ur model of the ozarkodinid apparatus goes some w ay to reducing 

som e of the m ore significant architectural barriers betw een these apparatus types and suggests that application of 

a s tandard  location-based notation to apparatuses belonging to conodont lineages w ith  radically different element 

m orphology m ay no t be too far away. There are m any similarities betw een the apparatuses of prioniodinids, 

p rion iodon tid s, ozarkod in ids and  panderodon tid s ; it is possible th a t the C onodonta  w ere  ra th e r m ore 

conservative architecturally than current hypotheses suggest.

APPENDIX. PUBLISHED BEDDING PLANE ASSEMBLAGES AND CLUSTERS

We list here published bedding plane assemblages and clusters (not including prioniodontid and coniform taxa) in 

chronological order, w ith  notes on preservation, completeness and collapse patterns. The term  "faecal" is applied 

to assemblages that m ay represent stom ach ejecta or coprolitic material. Notes on collapse indicate the orientation 

w hich  w ould  produce the observed pa tte rn  of elem ent d istribution relative to the axis of the apparatus (N.B. 

bedding plane assemblage and cluster collections do not record original w ay up  of specimens, therefore "oblique 

lateral collapse from  side, slightly above and behind" for example, could also be "oblique lateral collapse from  

side, slightly below  and in front). BM, N atural H istory M useum, London; BU, Lapw orth M useum , U niversity of 

Birm ingham , UK; CGM, C entral Geological M useum , VSEGEI, St. Petersburg, Russia; CM, Carnegie M useum , 

Pittsburgh, USA; CPC, Com m onwealth Palaeontological Collections, Canberra, Australia; IGSE, British Geological 

Survey, Edinburgh; IMGP Go, Institu t un d  M useum  für Geologie un d  Palaontologie, U niversity  of Gottingen,
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Germ any; ISGS, Illinois State Geological Survey, USA; lU-IGS, Indiana U niversity - Indiana Geological Survey, 

USA; MPK, British Geological Survey, Keyworth; RMS, Royal M useum  of Scotland; ROM Royal Ontario M useum, 

Canada; UI, Geology D epartm ent, U niversity of Illinois, USA; UM, University of M ontana, USA; UN, U niversity 

of Nottingham; USNM, U. S. National Museum, W ashington D. C., USA.

H inde, 1879: Devonian, Genesee Shale, New York, USA; specimen BM A-4035, A-4036, almost certainly p a rt and 

counterpart (Aldridge 1987; pers. obs). Large faecal association, no prim ary architecture preserved, >1 individual, 

>1 species. Figured by H uddle (1972).

Schm id t 1934: low er N am urian, H em er, Sauerland, Germ any; 7 assemblages of Gnathodus illustrated: fig. 1 

disarticulated, ?incomplete; fig. 2 disarticulated; fig. 3 and plate 6 fig. 3, oblique collapse from  above and behind (cf. 

figures 22, 23, b u t m ore posterior, x=27°, y=59°, z=14°); fig. 4, partial, articulated S and M array; figs 5a, b and pi. 

6, fig. 1, oblique axial collapse (see figures 14, 15; re illustra ted  by  A ldridge et al. 1987, fig. 4.6A); fig. 6, 

disarticulated; fig. 7 and plate 6, fig. 2, disarticulated, 2 individuals. All m aterial lost in  W orld W ar II.

Scott 1934: M ississippian, Q uadran t shales, M ontana, USA; collection of 75 assem blages, 18 described and 

figured, including Lochriea, Gnathodus and Cavusgnathus. M ost assemblages are incomplete, d isarticulated and 

chaotic; a few retain some evidence of prim ary architecture (e.g., plate 58, figs 1,2,3).

Jones 1935; Pennsylvanian, N ow ata Shale, Oklahoma, USA; unpublished thesis collection of >50 assemblages, 17 

described and illustrated, six of w hich are ozarkodinid. Plate V, large faecal assemblage, >1 individual; rem ainder 

probably the remains of single individuals, b u t all incomplete a n d /o r  disrupted.

Jones 1938: Pennsylvanian, Seminole Formation, Oklahoma, USA; unpublished thesis collection of 75 assemblages, 

15 described and illustrated, including  Gondolella (prioniodinid) and Neognathodus. These are probably  the 

rem ains of single individuals, b u t are m ostly incom plete and disarticulated; only a few retain traces of prim ary 

architecture. Assemblage 2 refigured by  von Bitter (1976), assemblage 4 refigured by  Merrill and von Bitter (1977). 

B urn ley  1938; Pennsylvanian, Lexington Coal, M issouri, USA; unpublished  thesis collection, assem blage 12 

refigured by  M errill and von Bitter (1977, figs 2, 3 ,4 ,5 ,9 A, C).

K raem er 1940: N am urian , A rnsberg, Germ any; figured partial a n d /o r  scattered indiv idual apparatuses and 

accum ulations of >1 individual, little if any trace of prim ary architecture (Note: some of Schm idt's m aterial found 

by  Kraemer).

Scott 1942: M ississippian, H eath Formation, M ontana, USA; collection of ~180 assemblages, 32 figured; m ost are 

incom plete, or d isrupted  and chaotic; some are rem ains of >1 individual (e.g., p late 37, fig. 6), only a few retain 

traces of prim ary architecture (e.g., p late 38, fig. 10). Plate 37, fig. 4 reillustrated by  Clark (1987, fig. 20.2A).

D u Bois 1943: Pennsylvanian, M cLeansboro G roup, Bailey Falls, Illinois, USA; collection of >75 assemblages, 19 

figured (figs 3 & 11 are part and counterpart), m ostly Idiognathodus, a few Idioprioniodus (prioniodinid). PI. 25,1, 

6, 8 ,1 0 ,1 5 ,1 9 , 20, UI X-6361, X-6366, X-6368, X-6370, X-1494, X1493, X-6376, partial rem ains, single individuals, 

little or no trace of prim ary  architecture, several probably faecal (figs 6, 10, 15, 20); figs 2, 7, 18, UI X-6362, X- 

6367, X-6375, rem ains of >1 individual; figs 3 & 11, UI X-6363, lateral collapse from  side and slightly posterior, 

x=29°, y=3°, z=61° (cf. figures 8, 9, a little m ore posterior than  figures 4, 5); fig. 4, UI X-6364, collapse from  behind 

and slightly above, x=71°, y=17°, z=9° (angle a little low er than  figures 2, 3); fig. 5 (specimen lost), oblique lateral 

collapse from  side and behind, x=67°, y=10°, z=21° (cf. figures 6, 7, slightly m ore posterior collapse); fig. 9, UI X- 

6369, som ew hat disarticulated, probably oblique axial collapse; fig. 12, UI X-6371, oblique lateral collapse from  

side and behind, x=62°, y=5°, z=28° (cf. figures 8, 9, slightly m ore posterior collapse); fig. 13, UI X-6372, oblique 

lateral collapse from  side and in  front, x=64°, y=5°, z=26° (cf. figures 6, 7), b u t collapse from  front and  below.
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rather than  rear and above); fig. 14, UI X-1480, oblique dorso-ventral collapse, x=59°, y=30°, z=8° (see figures 2, 3; 

refigured by Rhodes 1952, pi. 126, fig. 11, Dzik 1976, fig. 10b, Sweet 1985, fig. 1, A ldridge 1987, fig. 1.6, A ldridge et 

al. 1987, fig. 4.12A, Clark 1987 fig. 20.2B, Sweet 1988, p. 2 (image reversed), W eddige 1989, fig. 5, von  Bitter and 

M errill 1990, fig. lA , Purnell et al. 1995, fig. 6); fig. 17, UI X-6374, lateral collapse from  side and slightly behind, 

x=32°, y=12°, z=55° (cf. figures 4 ,5); fig. 21, UI X-6377, lateral collapse from side and slightly behind, x=43°, y=4°, 

z=47° (see figures 8, 9, refigured by A ldridge 1987, fig. 1.2, A ldridge et al. 1987, fig. 4.2A, W eddige 1989, fig. 6, 

A ldridge 1990, fig. 1, Purnell et al. 1995, fig. 5). D u Bois' collection restudied as part of this investigation.

C ooper 1945; Lower Carboniferous, Kentucky, USA; partial apparatus, unfiguied.

Schm idt 1950: N am urian, Arnsberg, Germany; sketch figures, several reconstructed assemblages illustrated; fig. 

7a, disarticulated remains of 2 individuals.

R hodes  1952: Pennsylvanian , Illinois and  K entucky, USA; stud ied  >100 b ed d in g  p lane  assem blages of 

Idiognathodus, Gondolella (prioniodinid), and Idioprioniodus (prioniodinid), including m aterial of D u Bois (1943); 

pi. 126, figs 1, 5, 6, 8 and 10, partial rem ains, 1, 5 and 6 retaining some prim ary  architecture; fig. 9, UI X-1489, 

com plete apparatus, oblique collapse, probably from  side, above and behind, b u t partly  d isarticulated, x=36°, 

y=10°, z=52° (cf. figures 24, 25; refigured by Avcin 1974, pi. 1, fig. 10); fig. 11, refigured UI X-1480 (Du Bois 1943, 

pi. 25, fig. 14). The rem ains of Idioprioniodus and Gondolella (pis. 128 & 129) are partia l a n d /o r  disarticulated, 

m any probably faecal (e.g., pi. 129, fig. 13, UI X-1505, includes elements of Gondolella and Neognathodus). Rhodes' 

collection of assemblages of Idiognathodus restudied as part of this investigation.

S chm idt and  M ülle r 1964: low er N am urian, Hem er, Sauerland, Germany; >50 bedd ing  plane assem blages, 7 

p repared  by  acid dissolution of elements followed by  rubber casting, and illustrated by  line draw ings; figured 

specim ens are rem ains of single Gnathodus apparatuses except: fig. 9, IMGP Go 600-17, disarticulated, faecal,

. elem ents from  one or tw o Gnathodus apparatuses and an Idioprioniodus (prioniodinid), fig. 10, IMGP Go 600-16, 

partia l apparatus of Idioprioniodus. Fig. 1, IMGP Go 600-12, lateral collapse from  side and  slightly below , some 

disruption  of P elem ent articulation, x=19°, y=6°, z=70° (reillustrated by H uddle  1972, fig. 2, M üller 1978, fig. 12); 

fig. 3, IMGP Go 600-22, disrupted , probably faecal; fig. 5, IMGP Go 600-3, oblique dorso-ventral collapse from  

above, beh ind  and  slightly to left, x=17°, y=64°, z=20° (angle of collapse forw ards has ro ta ted  Sb j elem ents 

backw ards); fig. 6, IMGP Go 600-23, lateral collapse, x=37°, y=l°, z=53° (cf. figures 8, 9; reillustrated by  Rietschel 

1973, fig. 7); fig. 7, IMGP Go 600-44, oblique lateral collapse from  front left and slightly  below , x=33°, y=14°, 

z=54° (see figures 16,17; refigured by Lane and Ziegler 1984, pi. 1). Schmidt and M üller's collection restudied as 

part of this investigation.

Rexroad and  N icoll 1964: Silurian, northern  Indiana, USA; 2 partial fused clusters of Ozarkodina, 1 Pa elem ent 

pair, 1 Pb pair.

Lange 1968: U pper Devonian, Rheinisches Schiefergebirge, Germany; collection of ~70 clusters, 5 figured; fig. 1, 

very partial prioniodinid cluster; fig. 2, very partial ozarkodinid cluster; pi. 1, complete apparatus of Palmatolepis, 

faecal, b u t retaining som e original juxtaposition of elements (reillustrated by  W eddige 1989, fig. 7); pis 3 & 4, 

cluster of 2 ozarkodinid apparatuses, faecal, bu t preserving some aspects of prim ary architecture; pi. 5, cluster of 

Belodella (belodellid).

A u stin  an d  R hodes 1969: single fused cluster, very  incom plete apparatus of Synclydagnathus, no  p rim ary  

architecture preserved.

P o llock  1969: Silurian, northern  Indiana, USA; collection of 54 fused clusters of Ozarkodina and  Panderodus 

(panderodontid), 25 ozarkodinid clusters figured; m ost clusters very incomplete rem ains of single individuals (pi.
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110, figs. 1-9,14-17, pi. I l l ,  figs 1, 2, 6-13, pi. 112, figs 7, 8,11-16); pi. I l l ,  fig. 3, lU-IGS 11815, partial apparatus, 

oblique lateral collapse from  the posterior, x=61°, y=22°, z=19° (cf. figures 6, 7, m ore lateral and from  right); pi.

111, figs 4, 5, lU-IGS 11843, partial apparatus, oblique lateral collapse, x=75°, y= l°, z=15° (cf. figures 6, 7); pi. 

I l l ,  figs 14, 15, lU-IGS 11803, partial apparatus, S elements only, lateral collapse; pi. I l l ,  fig. 16, lU-IGS 11817, 

partial apparatus, oblique lateral collapse from  behind and slightly below, x=69°, y=0°, z=21° (cf. figures 6, 7, b u t 

from  right); pi. 112, figs 1, 2, lU-IGS 11818, alm ost complete apparatus, axial collapse from  below, x=73°, y=17°, 

z=3°; pi. 112, fig. 3, lU-IGS 11820, partial apparatus, no prim ary architecture, ?faecal; pi. 112, fig. 4, lU-IGS 11814, 

partial apparatus, S elements only, axial collapse from  below; pi. 112, figs 5, 6, lU-IGS 11807, partial apparatus, S 

elements only, lateral collapse; pi. 112, figs, 9,10, lU-IGS 11819, partial apparatus, S elements only, oblique lateral 

collapse, slightly behind and below.

Scott 1969: M ississippian, H eath  Form ation, M ontana, USA; illustrated  n ine bedd ing  p lane assem blages as 

sketches, m ost appear to be Lochriea, all probably faecal, no prim ary architecture (cf. opinion of Scott).

C ollinson e t al. 1972: figured single disarticulated apparatus of Idiognathodus, ISGS 57P-1, from  the Avcin thesis 

collection.

H u d d le  1972: figured H inde 's (1879) large faecal assemblage, and reillustrated IMGP Go 600-12 (Schmidt and 

M üller 1964, fig. 1).

M ashkova 1972: Lower Devonian, Tadjikistan; fig. 2, pi. 1, CGM 1/10499, single specim en of Ozarkodina, oblique 

lateral collapse from  side and below, x=50°, y=20°, z=33° (see figures 20, 21; reillustrated by  Dzik 1976, fig. 10c, 

Barskov and Alekseev 1986, pg.68, W eddige 1989, fig. 5, Dzik 1991, fig. 3A, Dzik 1992, fig. 9.16).

R ietschel 1973: fig. 7, reillustrates IMGP Go 600-23 (Schmidt and M üller 1964, fig. 6).

Scott 1973: M ississippian, Bear Gulch Limestone Member, M ontana, USA; pi. 1, figs 1 & 2, pi. 2, figs 1 & 2, USNM 

183567, 183568, d isarticulated faecal assemblage of Cavusgnathus (reillustrated by  von Bitter and  M errill 1990, 

fig. lA , D); pi. 3, fig. 2, UM 6028, Kladognathus (prioniodinid) w ithin a Typhloesus (reillustrated by  M elton and 

Scott 1973, fig. 17, Conway M orris 1985, pi. 1, fig. 7, Conw ay M orris 1989, fig. 1.6, Conw ay M orris 1990, figs 25, 

26, and Purnell 1993, fig. 4).

M elton  and  Scott 1973: M ississippian, Bear G ulch Lim estone M em ber, M ontana, USA; g u t contents of 

Typhloesus, fig. 13, UM 6027, disarticulated apparatus of Kladognathus; fig. 17, refigured UM 6028 (Scott 1973, pi. 

3, fig. 2); fig. 19, UM 6030, sketch of apparatuses of >1 Adetognathus, one retaining some prim ary architecture (also 

figured by  Conway M orris 1985, pi. 2, fig. 2 ,1990b, figs 16,18).

A vcin 1974: Pennsylvanian, Illinois, USA; unpublished thesis, re-examined D u Bois (1943) and Rhodes (1952) 

collections, p lus ~300 new  assemblages from  Bailey falls locality, -200 from  other localities. -40  assemblages 

figured, m any partial a n d /o r  disarticulated, b u t several collapsed apparatuses of Idiognathodus. PL 1, fig. 4, ISGS 

57P-180, oblique lateral collapse from  side, behind and slightly above, x=59°, y=12°, z=29° (refigured by  Aldridge 

et al. 1987, fig. 4.9A); pi. 1, fig. 8, pi. 2, fig. 1, ISGS 57P-72I, oblique lateral collapse from  side and below , x=l°, 

y=40°, z=50° (cf. figures 10, 11; refigured by  A ldridge et al. 1987, fig. 4.8A); pi. 1, fig. 10, re illustrated UI X-1489 

(Rlrodes 1952, pi. 126, fig. 9); pi. 2, fig. 12, ISGS 57P-129(A) I, half apparatus, lateral collapse (cf. figures 4, 5); pi. 2, 

fig. 19, ISGS 57P-38(A) I, collapse from behind  and slightly to side, x=71°, y=9°, z=17° (cf. figures 6 ,7 ; refigured by 

A ld rid g e  et al. 1987, fig. 4.4). A vcin 's collection of Idiognathodus assem blages re s tud ied  as p a rt of this 

investigation.

B ehnken 1975: Permian, M innekahta Member, Goose Egg Formation, South Dakota, USA; three partial clusters of 

Ellisonia excavata, pi. 1, fig. 9, tw o Sc elements, fig. 10, two ?Pb elements, fig. 14, Sa, Sc and M element.
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H iggins 1975; W estphalian, Staffordshire, UK; pi. 6, figs 13, 15, 16, two partial clusters of tw o elements; pi. 14, 

fig. 14, (SAD 663 K5) incomplete fused cluster. Pa, S and M elements, ?faecal, bu t retains some evidence of element 

juxtaposition

D zik  1976: fig. 10b, re illustrated UI X-1480 (Du Bois 1943, pi. 25, fig. 14), fig. 10c, reillustrated  CGM 1/10499 

(M ashkova 1972, fig. 2, pi. 1).

vo n  B itte r 1976: figured  several assem blages of Gondolella (prioniodin id) and  a partia l Idioprioniodus  

(prioniodinid); all appear to be faecal, partial, or disrupted, w ith  little if any prim ary architecture preserved. Figs 

13A, 13B, 14A, 14B, 15A, 15B, reillustrated UI X-1505, UI X-1506, UI X-1507, UI X-1508, UI X-1503, UI X-1504 

(Rlrodes 1952, pi. 129, figs 13,11,10,12, 8, 9); fig. 16, reillustration of Assemblages 2 of Jones (1938).

N orby  1976: M ississippian, H eath  and Tyler form ations, M ontana, USA; unpublished  thesis collection of -400 

assemblages, 29 assemblages figured. PI. 4, fig. 1, ISGS 62P-1A, Gnathodus bilineatus, partial, probably faecal; pi. 4, 

fig. 2, ISGS 62P-401A, Cavusgnathus altus, d isrupted, incomplete (reillustrated by  von  Bitter and M errill 1990, fig. 

IB); pi. 8, fig. 1, ISGS 62P-21A, G, bilineatus, oblique collapse from  behind , to one side and  below , som e 

disarticulation, x=56°, y=30°, z=16° (cf. figures 6, 7); pi. 8, fig. 2, ISGS 62P-2A, G. bilineatus, collapse from  behind, 

slightly  to  right, and  very  slightly above, x=65°, y=18°, z=17° (cf. figures 2, 3, angle of collapse m ore axial; 

refigured b y  Sweet 1988, p. 2); pi. 8, fig. 3, ISGS 62P-6A-1, G. bilineatus, partial, no prim ary  architecture; pi. 8, fig. 

4, ISGS 62P-17A, G. bilineatus, possibly d isrup ted  axial collapse, or faecal; pi. 8, fig. 5, ISGS 62P-19A, G. 

bilineatus, oblique collapse from above, front left, slight post m ortem  disruption, x=37°, y=38°, z=31° (cf. figures 22, 

23); pi. 8. fig. 6, pi. 10, fig. 5, ISGS 62P-16A, disarticulated probable faecal assem blage of a G. bilineatus and  an 

Idioprioniodus (prioniodinid) (refigured by  N orby and Avcin 1987, pi. 9.1, fig. 7); pi. 8, fig. 7, ISGS 62P-12A, G. 

bilineatus, possible oblique lateral collapse from  side and behind  (cf. figures 6, 7); pi. 8. fig. 8, ISGS 62P-3A, G. 

bilineatus, incomplete, d isrupted, no prim ary architecture; pi. 8, fig. 9, ISGS 62P-20A, G. bilineatus, disarticulated, 

no p rim ary  architecture; pi. 8, fig. 10, ISGS 62P-13A, G. bilineatus, d isarticu lated , rem nants of S elem ent 

juxtaposition; pi. 10, fig. 2, ISGS 62P-604, Idioprioniodus (prioniodinid), incom plete, no p rim ary  architecture 

(refigured by N orby and Avcin 1987, pi. 9.1, fig. 3); pi. 10, fig. 4, ISGS 62P-605, Idioprioniodus (prioniodin id), 

incomplete, no prim ary architecture (refigured by N orby and Avcin 1987, pi. 9.1, fig. 2); pi. 13, fig. 1, CM 33965, 

Lochriea conimutata, d isrupted , little if any prim ary  architecture; pi. 13, fig. 2, pi. 14, fig, 6, ISGS 62P-217A, L. 

commutata, d isrup ted  oblique lateral collapse; pi. 13, fig. 3, ISGS 62P-213A, L. commutata, faecal, no prim ary  

architecture; pi. 14, fig. 1, ISGS 62P-208, L. commutata, faecal, no prim ary architecture; pi. 14, fig. 2, ISGS 62P-601A, 

faecal assem blage of G. bilineatus and Idioprioniodus (prioniodinid); pi. 14, fig. 3, ISGS 62P-204A, 3 or 4 

apparatuses of L. commutata, possibly faecal, b u t som e apparatuses re ta in  architectural info rm ation  (e.g., 

upperm ost apparatus, oblique lateral collapse, only slightly disarticulated, x=32°, y=10°, z=57°); pi. 14, fig. 4, 

ISGS 62P-205A, L. commutata, faecal, no prim ary architecture; pi. 14, fig. 5, ISGS 62P-206A, L. commutata, faecal, 2 

apparatuses, no prim ary  architecture; pi. 14, fig. 7, ISGS 62P-207A, L. commutata, lateral collapse, post m ortem  

separation of P and S elements; pi. 14, fig. 8, ISGS 62P-216A, L. commutata, oblique lateral collapse from  the side, 

slightly in  front and slightly above, x=29°, y=6°, z=60° (cf. figures 20,21); pi. 14, fig. 9, ISGS 62P-210, L. commutata, 

oblique collapse from  behind, above and to one side (cf. figures 24, 25); pi. 19, fig. 1, ISGS 62P-701 A, Vogelgnatlius 

campbelli, disarticulated, no prim ary  architecture, ?incomplete (<9 S elements; refigured by  N orby and Rexroad 

1985, fig. 4, pi. 1, figs 1, 2); pi. 19, fig. 2, ISGS 62P-602A, B, faecal assemblage of Idioprioniodus (prioniodinid) and 

G. bilineatus, partia l, no p rim ary  architecture; pi. 19, fig. 3, pi. 10, fig, 1, ISGS 62P-603, Idioprioniodus  

(prioniodinid), disarticulated, no  prim ary  architecture (refigured by Norby and Avcin 1987, pi. 9.1, fig. 1); pi. 19,
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fig. 4, pi. 10, fig. 3, ISGS 62P-751, Kladognathus (prioniodinid), partial (refigured by Norby and Avcin 1987, pi. 9.1, 

fig. 4). M ost ozarkodinid assemblages in N orby's collection restudied as part of this investigation.

M errill and  von B itter 1977: Permsylvanian, USA; Neognathodus assemblages; figs 2, 3, 4, 5, 9A, C, refigured 

assemblage 12 of Burnley (1938), incomplete, disrupted, no prim ary arcliitecture; figs 6,7, 8, refigured assemblage 4 

of Jones (1938), faecal, very little prim ary architecture; fig. 1, refigured specim en UI X-1505 (Rlrodes 1952, pi. 129, 

fig. 13), faecal, contains elements from  a Gondolella and a Neognathodus apparatus, no prim ary architecture.

N icoll 1977: U pper Devonian, Gogo Formation, W estern Australia; articulated apparatus of Hibbardella angulata 

(prioniodinid).

Ram ovs 1977: M iddle Triassic, central Slovenia; 4 incom plete fused clusters of Pseudofurnishius (prioniodinid), 

one preserving prim ary architectural information (several refigured by  Ramovs 1978).

M üller 1978: fig. 12, reillustrated IMGP Go 600-12 (Schmidt and M üller 1964, fig. 1).

Ram ovs 1978: M iddle Triassic, central Slovenia; 92 incom plete fused clusters of Pseudofurnishius (prioniodinid), 

several presei-ving prim ary architectural information (some refigured from Ramovs 1977).

R ieber 1980: M iddle Triassic, G renzbitum enzone, Ticino, Switzerland; bedding  plane assem blage preserv ing  a 

complete articulated apparatus o f Neogondolella (prioniodinid).

H abetm  and  K nobloch 1981: figure 72, Hemilistrona, Z ikm undova specimen, some post m ortem  disarticulation, 

b u t reflects oblique collapse from  above, left, and behind, x=46°, y=28°, z=30° (higher and m ore posterior than 

figures 24, 25); refigured by Dzik 1991.

H igg ins 1981: W estphalian, Staffordshire, UK; Idiognathoides, 10 disarticulated, probably  faecal assem blages, 

variable completeness, no prim ary architecture in figured specimen.

M etcalfe 1981: upper Visean, N orth  Yorkshire, UK; 3 partial fused clusters of Gnathodus S elem ents preserving 

some evidence of element juxtaposition.

M ietto  1982: Triassic, Trento, NE Italy; partial fused cluster (Pa pair), Metapolygnathus (prioniodinid).

Puchkov et al. 1982: U pper Devonian, northern Urals, Russia; two bedding plane assemblages each p re sem n g  an 

incomplete, disarticulated apparatus of Palmatolepis.

Briggs e t ah 1983: Lower Carboniferous, G ranton Shrimp bed, Edinburgh, UK; figs. IB, 2A, B, C, 3A, B, IGSE 

13821 and 13822, apparatus of Clydagnathus windsorensis in head of conodont animal, preservation of apparatus 

(particularly  position  of Sb, probably  Sbg elem ents, betw een Sc elem ents of s inistral and dextral sides, and 

position of M element) indicates oblique lateral collapse at -45° from axial plane of apparatus, x=3°, y=43°, z=47° 

(cf. figures 10,11). A pparatus refigured by  Higgins 1983, p. 107, Briggs 1984, p. 17; A ldridge and Briggs 1986, fig. 

8b; A ldridge 1987, fig. 1.9B; A ldridge et al. 1987, fig. 4.2B; Clark 1987, fig. 20.5B, C; Sweet 1988, fig. 3.1B, C; 

W eddige 1989, fig. 9; Briggs and Crow ther 1990, p. 415; Conway M orris 1989, fig. 4; Lane 1992,10.18; A ldridge et 

al. 1993, fig. 2. Fig. 6, IGSE 13823, fused cluster of Clydagnathus windsorensis, m issing P elements, lateral collapse, 

x=2°, y=2°, z=87° (cf. figures 18,19; refigured by  Aldridge 1987, fig. 1.4).

H igg ins 1983: p. 107, refigured IGSE 13822 (Briggs et al. 1983, figs. 2B, 3B).

Briggs 1984: p. 17, refigured IGSE 13822 (Briggs et al. 1983, figs. 2B, 3B).

Lane and  Z iegler 1984: figured IMGP Go 600-44, fig. 7 of Schmidt and M üller (1964).

C onw ay M orris 1985: M ississippian, Bear G ulch Limestone M ember, M ontana, USA; pi. 1, fig. 4, UM  6027, 

Kladognathus (prioniodinid) in Typhloesus, no prim ary  architecture (refigured by  C onw ay M orris 1989, fig. 1.5, 

C onw ay M orris 1990, fig. 11); pi. 1, fig. 7, refigured UM 6028 (Scott 1973, pi. 3, fig. 2); pi. 1, fig. 9, UM 6029, 

Gnathodus bilineatus in  Typhloesus, no prim ary  architecture (refigured by Conway M orris 1990, figs 28, 29); pi. 2,
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fig. 2, UM 6030, assemblage of 2 apparatuses of Adetognathus in Typhloesus, one retains some prim ary architecture 

(oblique posterior collapse w ith  some post m ortem  disarticulation; refigured by Conw ay M orris 1990, fig. 18); pi. 

2, fig. 7, UM 6100, bitum inous mass of broken conodonts (refigured by Conway M orris 1990, fig. 47).

N orby  and  Rexroad 1985; fig. 4, pi. 1, figs 1, 2, refigured ISGS 62P-701A, Vogelgnathus campbelli, (N orby 1976 

pi. 19, fig. 1).

N icoll 1985: U pper Devonian, W estern A ustralia; collection of >200 fused clusters of Polygnathus xylus  and 

Ozarkodina brevis. Figs 3C-F, CPC25167-CPC25170, partia l clusters of 2-3 S and  M elem ents; figs 4AI, 9B, 

CPC25171-CPC25179, CFC25202, are partial clusters of 2-3 P elements; 3A, CPC25165, S and  M  array, lateral 

collapse from  side and very  slightly above, x=15°, y=21°, z=64° (cf. figures, 18, 19; P and  Sbi elem ents not in 

contact w ith  other elem ents and therefore no t preserved as part of cluster); fig. 3B, CPC25166, oblique lateral 

collapse from  side and above, x=3°, y=23°, z=67° (cf. figures 18, 19; slightly  h igher collapse angle); fig. 4J, 

CPC25180, ?com plete apparatu s, oblique axial collapse from  slightly  above, x=66°, y=24°, z= l° ; fig. 5A, 

CPC25181, partial apparatus, S and M elements only, disrupted  lateral collapse (dextral M on sinistral side); fig. 

SB, CPC25182, partial apparatus, S and  M elem ents only, d isrupted  lateral; figs 8A, 9C, CPC25199, d isrup ted  

? axial collapse, x=84°, y=4°, z=5°; fig. 8B, 9D, CPC25200, partia l apparatus, oblique lateral collapse from  

posterior, x=69°, y=12°, z=17°; fig. 9A, CPC25201, partial apparatus, no prim ary  architecture. M uch of this 

collection is lost.

R hodes and  A ustin  1985: Carboniferous, UK; figured and described 41 bedd ing  plane assemblages, b u t all are 

partial, d isrupted , faecal or the rem ains of >1 individual; none preserves significant architectural inform ation. 

Collection deposited w ith  British Geological Survey has been re-examined, bu t m uch material is missing.

Sw eet 1985: fig. 1, refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14)

Sw ift and  A ldridge 1985: pi. 7.1, fig. 12, partial cluster (fused Pa pair), Neogondolella.

A ldridge  and  Briggs 1986: fig. 5, U N  5545/015 new  specim en of Idiognathodus from  Pennsylvanian, Illinois, 

USA, oblique lateral collapse from  side, above and behind, x=36°, y=8°, z=53° (cf. figures 12, 13; refigured by 

A ldridge et al. 1987, fig. 4.3, Smith 1987, figs 8.1, 8.2, Black 1988, fig. 170, A ldridge et al. 1994, fig. 2); fig. 6, lU-IGS 

15169 (specim en m issing), cluster of Ozarkodina from  Silurian of Indiana, USA, x=71°, y=4°, z=19°; fig. 8B, 

refigured IGSE 13822 (Briggs et al. 1983, figs 2B, 3B).

A ldridge e t al. 1986: Lower Carboniferous, Granton Shrimp bed, Edinburgh, UK; figured apparatuses in  head of 

conodont animals: figs lA , 3, RMS GY 1986.17.1, gen. indet., probable oblique lateral collapse; figs 6, 8, BM X I065, 

Clydagnathus ivindsorensis, probable oblique lateral collapse.

Barskov and  A lekseev  1986: p. 68, reillustrated CGM 1/10499 (M ashkova 1972, fig. 2, pi. 1).

A ldridge 1987: fig. 1.2, refigured UI X-6377 (Du Bois 1943, pi. 25, fig. 21); fig. 1.4, IGSE 13823 (Briggs et al. 1983, 

fig. 6); fig. 1.6, X-1480 (Du Bois 1943, pi. 25, fig. 14); fig. 1.9B, IGSE 13822 (Briggs et al. 1983, figs 2B, 3B).

A ldridge  e t al. 1987: figs 4.5, 4.10, ISGS 57P-170 II (from Avcin 1974, thesis collection), oblique collapse from  

above and  behind, x=47°, y=30°, z=28°(a little m ore posterior than figures 24, 25). Refigured: fig. 4.2A, UI X-6377 

(Du Bois 1943, pi. 25, fig. 21); fig. 4.2B, IGSE 13822 (Briggs et al. 1983, figs 2B, 3B); fig. 4.3, U N  5545/015 

(although num bered U N  5830/016 in caption) (Aldridge and Briggs 1986, fig. 5); fig. 4.4, ISGS 57P-38 (Avcin 1974, 

pi. 2, fig. 19); fig. 4.6A, (Schmidt 1934, figs 5a, b and pi. 6, fig. 1); fig. 4.6B, 4.12A, UI X-1480 (Du Bois 1943, pi. 25, 

fig. 14); fig. 4.8A, ISGS 57P-72(A) (Avcin 1974, pi. 2, fig. 1); fig. 4.9A, ISGS 57P-180, (Avcin 1974, pi. 1, fig. 4).
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C lark  1987: fig. 20.A, reillustrated Lochriea assem blage (Scott 1942, pi. 37, fig. 4); fig. 20.2B, reillustrated  UI X- 

1480 (Du Bois 1943, pi. 25, fig. 14); fig. 20.5, reillustrated IGSE 13821 and 13822 (Briggs et al. 1983, figs. IB, 2A, B, 

C ,3A,B).

N icoll 1987: figured partial clusters (fused Pa pairs) of Ozarkodina brevis, O. eosteinhornensis, Icriodus expansus. 

Polygnathus xylus.

N icoll and  Rexroad 1987: Silurian, northern  Indiana, USA; collection of >700 fused clusters of Ozarkodina, 14 

clusters figured; pi. 3.1, figs 7-9, lU-IGS 16827-16829, clusters of Pa elem ent pairs only; pi. 3.1, fig. 10,IU-IGS 

16830, partial cluster, 3 S elements; pi. 3.2, fig. 1, lU-IGS 16831, almost complete apparatus, oblique axial collapse 

from  above and slightly to the right, x=77°, y=12°, z=5°; pi. 3.2, figs 2 ,5 , lU-IGS 16832, alm ost com plete apparatus, 

collapse from  below  and slightly anterior; pi. 3.2, figs 3 ,4, lU-IGS 16833, alm ost com plete apparatus, oblique- 

lateral collapse from  the posterior and slightly below, x=68°, y=10°, z=20°; pi. 3.2, figs 6, 7, lU-IGS 16834, partial 

apparatus, S and M elem ents only, oblique-lateral collapse from  the posterior and slightly below , x=52°, y=4°, 

z=38°; pi. 3.3, figs 1, 2, lU-IGS 16835, almost complete apparatus, oblique dorso-ventral collapse from  above, front 

and slightly right, x=56°, y=30°, z=16°; pi. 3.3, figs 3, 4, lU-IGS 16836, ?complete apparatus, oblique dorso-ventral 

collapse from  front and below , x=75°, y=15°, z=3°; pi. 3.4, figs 1, 3, 5, lU-IGS 16837, partia l apparatus, lateral 

collapse (cf. figures 4, 5); pi. 3.4, figs 2, 4, lU-IGS 16838, partial apparatus, S and M elements only, oblique-lateral 

collapse from  anterior and slightly below, x=38°, y=9°, z=51°; pi. 3.5, figs 1, 3, lU-IGS 16829, com plete apparatus, 

oblique axial collapse, from  below, slightly to right, x=68°, y=18°, z=12°; pi. 3.5, fig. 2, lU-IGS 16840, partial 

apparatus, no prim ary architecture.

N orby  and  A vcin 1987: plate 9.1, figs 1, 2, 3, 4, 7, refigured ISGS 62P-603, 62P-605, 62P604, 62P715, 62P16A 

(Norby 1976, pi. 10, figs 1, 4, 2, 3, 5); pi. 9.1, fig. 5, ISGS 62P-313, Lochriea commutata?, d isrupted, ?oblique collapse 

from  behind, below  and to one side; pi. 9.1 fig. 6, ISGS 57P-500, Idiognathodus?, ?oblique collapse from  behind and 

to one side.

S m ith 1987: figs 8.1, 8.2, refigured U N  5545/015 (Aldridge and Briggs 1986, fig. 5).

Black 1988: fig. 170, refigured U N  5545/015 (Aldridge and Briggs 1986, fig. 5).

Sw eet 1988: p. 2, refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14, reversed); ISGS 62P-2A (Norby 1976, pi. 8, fig. 

2); fig. 3.1B, C reillustrated IGSE 13821 and 13822 (Briggs et al. 1983, figs. IB, 2A, B, C, 3A, B).

W eddige 1989: refigured: fig. 5, UI X-1480 (Du Bois 1943, pi. 25, fig. 14), CGM 1/10499 (M ashkova 1972, fig. 2, 

pi. 1); fig. 6, UI X-6377 (Du Bois 1943, pi. 25, fig. 21); fig. 7, Palmatolepis cluster (Lange 1968, pi. 1); fig. 9, IGSE 

13821 and 13822 (Briggs et al. 1983, figs. IB, 2A, B, C, 3A, B).

A ldridge 1990: fig. 1, refigured UI X-6377 (Du Bois 1943, pi. 25, fig. 21).

Briggs and  C row ther 1990: p. 415, refigured IGSE 13822 (Briggs et al. 1983, figs. 2B, 3B).

C onw ay M orris 1989: fig. 1.5 refigured UM 6027 (Conway Morris, 1985, pi. 1, fig. 4), fig. 1.6 refigured UM  6028 

(Scott 1973, pi. 3, fig. 2), fig. 4, refigured IGSE 13822 (Briggs et al. 1983, figs. 2B, 3B).

C onw ay M orris 1990: M ississippian, Bear Gulch Limestone Member, M ontana, USA; fig. 11, refigured UM 6027 

(Conway M orris 1985, pi. 1, fig. 4); figs 16,18, refigured UM 6030, assemblage of 2 apparatuses of Adetognathus in 

Typhloesus, one re ta ins som e p rim ary  architecture  (oblique posterio r collapse w ith  som e p o st m ortem  

disarticulation); figs 25, 26, refigured UM 6028 (Scott 1973, pi. 3, fig. 2); figs 28, 29, refigured UM 6029 (Conway 

M orris 1985, pi. 1, fig. 9); fig. 47, refigured UM 6100 (Conway M orris 1985, pi. 2, fig. 7s) fig. 64, CM 35527, 

d isarticu lated  elem ents in  Typhloesus; fig. 68, CM 6031, scattered Kladognathus (prioniodin id) e lem ents in
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Typhloesus; fig. 71, UM 5878, Cavusgnathus apparatus in coprolite, some post m ortem  disruption, b u t m ay reflect 

oblique collapse from above and behind, parallel to long axes of S elements.

von  B itter and  M errill 1990; fig. lA , refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14); fig. IB, ISGS 62P-401A 

(Norby 1976, pi. 4, fig. 2); figs 1C, D, USNM 183567,183568 (Scott 1973, pi. 1, figs 1 & 2, pi. 2, figs 1 & 2).

D zik  1991; fig. 1, refigured Hemilistrona, Z ikm undova specim en (Habetm and Knobloch 1981, figure 72; fig. 3A, 

reillustrated CGM 1/10499 (M ashkova 1972, fig. 2, pi. 1).

R itte r and  B aesem ann 1991: Lower Perm ian, W olfcamp Shale, Texas, USA; collection of n ine bedd ing  plane 

assemblages; 4, identified as Sweetognathus, illustrated. N one preserves significant prim ary architecture.

D z ik  1992: fig. 9.16, refigured CGM 1/10499 (M ashkova 1972, fig. 2, pi. 1)

Lane 1992: fig. 10.18, refigured IGSE 13822 (Briggs et al. 1983, figs. 2B, 3B).

A ld rid g e  e t at. 1993: Low er C arboniferous, G ranton Shrim p bed, E dinburgh, UK; figured  apparatu ses of 

Clydagnathus windsorensis in  head of conodont animals: fig. 2, refigured IGSE 13822 (Briggs et al. 1983, figs 2B, 

3B); figs 4, 6, RMS GY 1992.41.1, incomplete, oblique lateral collapse from  side and  below, x=25°, y=10°, z=63° (cf. 

f ig u re s l2 ,13, b u t not as far forward; refigured by A ldridge et al. 1994, fig. 4, Long 1995, p. 35); fig. 9, RMS GY 

1992.41.2, incomplete, x=29°, y=3°, z=61° (Pa, Pb, and dextral Sbi, Sc, Sc), lateral collapse from  side and slightly 

behind (cf. figures 8, 9).

P u rn e ll 1993a: fig. 2, BU 2183, bedd ing  plane assemblage of Idiognathodus from  Pennsylvanian, Illinois, USA; 

oblique lateral collapse from  side, behind  and above (cf. figures 24, 25, b u t slightly m ore posterior collapse; 

refigured by  Purnell 1994, fig. 2A).

P urnell 1993b: M ississippian, Bear Gulch Limestone M ember, M ontana, USA; figs 2, 3, ROM 48915, articulated 

apparatu s of Kladognathus (prioniodinid) in guts of Typhloesus (specim en also contains sm all apparatu s  of 

Lochriea); fig. 4, reillustrated UM 6028 (Scott 1973, pi. 3, fig. 2).

V arker 1994: N am urian, N orth  Yorkshire, UK; collection of >60 fused clusters, figured 11 incom plete apparatus 

clusters of Cnathodus Ulineatus and Lochriea. PI. 1, fig. 1, MPK 9774, S elem ents only, ?faecal, preserves some 

elem ent juxtaposition; pi. 1, fig. 2, MPK 9775, very incomplete , no prim ary architecture; pi. 1, fig. 3, MPK 9776, S 

elements, probably faecal, little or no prim ary architecture; pi. 1, fig. 4, MPK 9777, S array and Pb element, oblique 

collapse from  behind left, x=56°, y=21°, z=25° (orientation betw een figures 2, 3 and figures 24,25; pi. 1, fig. 5, MPK 

9778, S and  M elements, no prim ary  architecture; pi. 1, fig. 6, MPK 9779, S and M elem ents, possibly preserving 

som e prim ary element juxtaposition; pi. 1, fig. 7, MPK 9780, S and M elements and Pa element, axial collapse from 

behind, x=74°, y=16°, z=3° (cf. figures 6, 7, b u t low er and m ore posterior); pi. 2, fig. 1, MPK 9781, S elem ents and 

Pb, probably faecal, possibly preserving some prim ary S element juxtaposition; pi. 2, fig. 2, MPK 9782, Pa and S 

fragm ents, faecal, no prim ary architecture; pi. 2, fig. 3, MPK 9783, Pa and Sbi, no prim ary architecture; pi. 2, fig. 6, 

MPK 9786, S elements and Pa, probably faecal, possibly preserving some prim ary S element juxtaposition;

A ld rid g e  e t al. 1994: fig. 2, refigured  U N  5545/015 (A ldridge and Briggs 1986, fig. 5), RMS GY 1992.41.1 

(Aldridge et al. 1993, figs 4,6).

P u rn e ll 1994: fig. 2A, refigured BU 2183 (Purnell 1993, fig. 2); fig. 2B, Cnathodus bilineatus (from N orby 1976, 

thesis collection), some post m ortem  disruption, oblique lateral collapse from  side, above and behind (cf. figures 24, 

25).

S tone and  G eragh ty  1994: Pennsylvanian, C arbondale Form ation, Illinois, USA; figs 1, 2 .(ISGS 100P-19B) 

partial apparatus of Idioprioniodus (prioniodinid), disarticulated, no prim ary architecture.

Long 1995: p. 35, refigured RMS GY 1992.41.1 (Aldridge et al. 1993, figs 4, 6).

Page 35



Chapter 1 Ozarlcodinid apparatus architecture

M errill an d  von  B itter 1995: described new  assem blage of Neognathodus, alm ost com plete apparatu s, one 

indiv idual, elem ents parallel; possibly reflects axial collapse, b u t d isrup tion  of P elem ents, o rien ta tion  of M 

elem ent, and  juxtaposition  of S elem ents indicates th a t faecal origin likely, w ith  little  p rim ary  architecture 

preserved (cf. M errill and von Bitter 1995; photographs kindly provided by  G. K. M errill and P. H. von Bitter). 

Nicoll 1995: text-fig. 5, four incomplete fused clusters, P elements only.

P u m ell e t al. 1995; figs 5, 6, refigured lU  X-6377 (Du Bois 1943, pi. 25, fig. 21), and lU  X-1480 (Du Bois 1943, pi. 

25, fig. 14).

W eddige and  H iisken  1995: Lower Devonian, G erm any; collection of >250 bedd ing  p lane assem blages, -30  

thought by  authors to preserve prim ary arcliitecture, none figured, b u t collapse patterns probably consistent w ith 

our model (personal observation; cf. W eddige and Hiisken).
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CHAPTER 2

Growth and Patterning in  the Cone dent Skeleton

SUM MARY

Recent advances in our understand ing  of conodont palaeobiology and functional m orphology have rendered  

established hypotheses of elem ent g row th untenable. In order to address this problem , I have undertaken  an 

extensive review  of hard  tissue histology paying  particu lar attention to the relationships during  g row th of the 

component hard  tissues comprising conodont elements, and ignoring a priori assumptions of the homologies of these 

tissues. Conodont element grow th has been further considered in terms of the pattern  of formation, of w hich four 

distinct types are described w hich m ay all be derived from  a prim itive condition after heterochronic changes in the 

tim ing of various developm ental stages. It is hoped that this m ay provide further means of unravelling conodont 

phylogeny. The m anner in  which the tissues grew is considered homologous w ith  hard  tissues of other vertebrates, 

and the elem ents appear to have grow n in a w ay sim ilar to the grow ing scales and grow ing dentition  of other 

vertebrates such as acanthodians and lungfish.

1. IN TRO D U CTIO N

The affinity of the conodont anim al has been the subject of debate ever since its microscopic tooth-like elements 

w ere first discovered (Pander 1856; see A ldridge 1987 for a review). This topic rem ains controversial even after 

140 years of research and the discovery of soft tissue remains of the conodont animal itself. More recent discussion 

has narrow ed the debate to the acraniate-craniate level w ithin the chordates, based prim arily on characters of soft 

tissue anatom y (Aldridge et al. 1993; A ldridge and Purnell 1996; Aldridge and Donoghue in press).

In  the years preceding the discovery of preserved soft tissues, the affinity of the tooth-like phosphatic 

m icrofossils rem ained enigm atic. Palaeobiologists had  attem pted  to resolve the  affinity  conundrum  using  

com parative anatom y of the architecture of the feeding apparatus (e.g. Schm idt 1934, 1950; Schm idt and M üller 

1964), elem ent m orphology, and histology. Though there are some notable exceptions, histological studies failed to 

take full advantage of com parative histology, and w ithou t any degree of constraint over affinity this proved  an 

unprofitable line of research, resulting in  a series of esoteric accounts of hard  tissue ultrastructure.

In  retrospect, it w as never possible to reach an unequivocal conclusion regarding conodont affinity Just 

by  analysing elem ent m orphology and internal structure. A parallel can be seen in  the debate over the affinity of 

Hadimopanella, w hich is represented in  the fossil record alm ost exclusively by microscopic phosphatic sclerites. 

The sclerites are tw o-com ponent hard  tissue complexes com posed of a m icrocrystalline base containing tubules, 

overlain  by  a hyperm ineralised  glassy cap (Bengtson 1977). The structure  and  m orphology of the sclerites, 

therefore, m ade Hadimopanella and related taxa convincing micromeric agnathans (Dzik 1986; M arss 1988; van 

den  Boogaard 1988). H ow ever, the discovery of exceptionally preserved specim ens com posed of secondarily 

phosphatised  soft-tissues and articulated sclerites revealed Hadimopanella to be a palaeoscolecid, a poorly know n 

group of Early Palaeozoic w orm s (Hinz et al. 1991; M üller and Hinz 1993).

N ow  tha t w e have a m uch clearer perception of conodont affinity, a new  era in  conodont com parative 

histology has begun. Dzik (1986), Sansom et al. (1992), and to a lesser extent, num erous others, have review ed 

elem ent histology in  the context of our new  phylogenetic understanding. The draw back of these studies is their 

reliance on direct comparison betw een specific structures w ithin tissues, w ithout considering other factors such as 

the interplay betw een the com ponent hard  tissues during  growth. Because they failed to consider relative growth, 

these authors w ere unable to reconcile their interpretations w ith  existing models of grow th in  conodont elements.
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or know ledge of tissue interaction in m odern organisms. These studies have also been criticised because of their 

failure to consider the full spectrum  of chordate hard tissues (Kemp and Nicoll 1995a).

One subject that has been ignored  entirely  is pa tte rn  form ation. A t present, w e have only a b road  

understand ing  of how  a few conodont elements grew, and then only at the sim plest level. The g row th  of m ore 

complex elements can only be resolved by  identifying recurrent patterns of grow th in the internal structure of the 

hard  tissues. Furthermore, there are a num ber of recurrent morphological patterns expressed by conodont elements 

th ro u g h  their fossil record. Do these reflect com m on ancestry or convergence? The p a tte rn  of form ation is 

potentially a useful tool in discriminating hom ology from  analogy. Knowledge of pattern  form ation w ould  also be 

useful in  com paring the grow th of conodont elements w ith  other vertebrate hard  tissue complexes, and w ould  

enable investigation of the complexity shown during this early craniate experiment w ith the derm al skeleton.

The p resen t s tudy  addresses in te rp reta tion  of the hard  tissues after consideration  of g row th  and 

pa tte rn ing , and  is organised into tw o sections. The first entitled 'p a tte rn ' is concerned p rim arily  w ith  the 

description of conodont hard  tissues and their patterns of intergrowth. A new  m odel of conodont hard  tissue 

grow th  is presented, based on these patterns, and patterns of w hole elem ent grow th  are described. The second 

section entitled 'process' evaluates com peting hypotheses of hard  tissue hom ology in the light of results from  the 

first section, and a new  interpretation of hard  tissue histology is outlined. Patterns of w hole elem ent grow th are 

evaluated in  the light of these results, and com pared w ith  those show n by the hard  tissues of taxa outside the 

Conodonta.

2. A HISTORICAL REVIEW OF STUDIES OF CO N O D O N T HARD TISSUE HISTOLOGY

In the first paper on conodonts, it w as Pander (1856) w ho first addressed  the histology of conodont 

elements. He was the first to note the lamellar nature of crown tissue and the presence of cells or cavities w ithin the 

albid w hite matter. However, Pander incorrectly interpreted the direction of grow th in  the crown as inw ard, and it 

was m ore than  80 years before this was corrected by the w ork  of Furnish (1938) and Hass (1941).

A lthough intervening years w ere occupied by  various contentions over the affinities of conodonts, 30 

years elapsed before Zittel and Rohon's (1886) review  of conodont histology and affinities. Zittel and Rohon were 

the first to attem pt to homologise conodont hard  tissues w ith  those of another group. They considered lampreys and 

annelids as possible descendants, and com pared the u ltrastructure of the toothlets of these two groups w ith  the 

histology of conodont hard  tissues, concluding that conodonts were annelids.

Stauffer and Plum m er (1932) provided an excellent review of the conodont controversy to that time. They 

com pared their ow n observations on element microstructure w ith  ivory (dentine), and also tentatively considered 

conodont element growth, concluding that the denticles, which were composed of wliite matter, were inserted into 

elements after the hyaline crown tissue had been fully formed.

Branson and  M ehl (1933) w ere  the first to use histology as a taxonom ic character in  conodonts, 

recognising a group of 'fibrous' conodonts, the Neurodontiformes, which they later erected to the ranlc of suborder, 

distinct from  all other conodonts (Branson and Mehl 1944).

Furn ish  (1938) briefly considered  the g row th  of conodont elem ents, clarifying the  m ode of outer 

apposition of successive crow n tissue layers, and was probably also the first to recognise internal discontinuities 

in  the crow n as evidence of in vivo dam age and repair. This observation is norm ally attributed  to H ass (1941), 

w ho recognised the relevance of internal discontinuities as evidence of external and not internal growth. Hass also 

noted the occurrence of hollow  spaces or tubules w ithin w hite m atter and the presence of interlam ellar spaces in
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lam ellar crow n tissue. Beckmann (1949) later exhum ed Pander's contention of vertebrate affinity, in terpreting all 

com ponent hard  tissues as dentine. He was the first to develop a model for conodont elem ent growth, and this is 

still the only paradigm  to have considered the morphogenesis of complex elements (figure la). Beckmann identified 

cavities w ith in  lamellar crown tissue that he believed to have been interconnected, and to have supplied  nutrients 

from  the pulp  (basal cavity) to interconnected tubules w ithin white matter. He believed that the nutrien ts w ere 

finally transported to the outer surface of the element w hich was covered by a tem porary mesh-like secreting tissue. 

The renow ned vertebrate histologist 0 rv ig  (1951) considered Beckmann's m odel "untenable"(p .381), as in  his 

opinion, "the substance of w hich the cusps are bu ilt up  is clearly different from  all hard  tissues m et w ith  in 

vertebrates"(p.381). H ow ever, 0 rv ig 's  criticisms w ere only aim ed at the final proposed hom ology of the hard  

tissues w ith  dentine and d id  not consider the grow th m odel itself. The presence of the cavities w ith in  lam ellar 

crow n tissue has subsequently  been verified by  light microscopy (Müller and N ogam i 1971, 1972) and  electron 

microscopy (Barnes et al. 1973a, w ho similarly suggested that their function was to transport nutrients); that they 

are interconnected has yet to be dem onstrated. Interconnections betw een the w hite  m atter cavities tha t could 

facilitate transport of fluids from  the basal cavity to the external surface of the crow n are not present, and Pietzner 

et al. (1968) failed to find any evidence of intercormection whatsoever. Therefore, Beckmann's m odel is untenable 

no t because the  com ponent tissues of conodont elem ents fail to resem ble dentine, b u t because there  is no 

ultrastructural evidence to support his paradigm.

Gross, another distinguished vertebrate histologist, published a series of considered studies on conodont 

m icrostructure (Gross 1954, 1957, 1960), in  w hich he com pared conodont hard  tissues w ith  those of vertebrates, 

particu larly  heterostracan derm al arm our. Gross believed that grow th increm ents w ith in  the crow n d id  not 

coincide w ith  the ridges apparent in the basal cavity or on the recessive basal m argin (figure lb ,ci) w hich  align 

w ith  the increm ental layers in  the basal tissue. He conceded that the ridges w ere parallel w ith  the increm ental 

layers of the crown, b u t he concluded that increm ental layers in the crow n and basal body  w ere not secreted 

synchronously, and  invoked an elaborate, ad hoc hypothesis w hereby special cells partia lly  resorbed each 

increm ental layer of crow n tissue shortly after their secretion and prior to secretion of the subsequent layer of 

basal tissue. In this w ay, concentric ridges w ere form ed over the base of the crown, parallel to the increm ental 

layers, b u t not coinciding w ith  them  (figure lei). Hence the incremental layers abut w ith  these ridges, b u t are not 

confluent w ith  increm ental layers w ithin the crown. H owever, Gross believed that the earliest phase of grow th 

w as restricted to the crown, a lthough his contention w as probably based on oblique th in  sections, or sections 

w hich failed to coincide w ith the grow th centre of the elements. Furthermore, he d id  not perceive the basal body as 

a hom ogeneous structure, and proposed instead that it w as com posed of a 'Basistrichter' and 'Trichterfü llung ' 

(basal cone and cone-filling). Gross rejected the idea that conodont hard  tissues were homologous w ith  dentine and 

enam el as he erroneously believed that the conodont m ode of centrifugal grow th w as incom patible w ith  such an 

interpretation. H e instead concluded tha t the elem ents w ere com posed of exoskeletal bone. G ross's m odel of 

conodont elem ent grow th was subsequently negated by  M üller and Nogam i (1971) w ho clearly dem onstrated the 

confluent passage of grow th increments between crown and basal body (figure Icii, d).

Q uinet (1962a) provided a detailed account of the histology of Ancyrodella and Polygnathus Pa elements, 

confirm ing m uch of H ass's w ork  and  concluding that conodont elem ents could not have been  teeth, or have 

perform ed a tooth  function, because of their outer-appositional m ode of grow th. H e also suggested  tha t the 

ultrastructure of the elements com pared well w ith exoskeletal bone, which is also covered by soft tissue in  life. In a 

later publication, Q uinet (1962b) described the histology of Belodiis sp. w ith  w hich he favourably com pared the
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gure 1. Previous growth hypotheses of Beckmann 1949, Gross 1957,1960 and Müller and Nogami 1971, 
)72. (a) Beckmann s was the only model to account for growth in multidenticulate elements. (6) Gross 

believed that growth increments within the crown had not been been secreted synchronously with those of 
the basal body, (c) Comparison of (i) Gross' and {it) Müller and Nogami's hypotheses of growth, (d) Müller 
and Nogami finally resolved the synchronous growth relationship between the crown and basal body.



Chapter 2 Growth and Patterning in the Conodont Skeleton

feeding elem ents of the polychaete Nereis, concluding that Belodus w as a polychaete, and tha t the  C onodonta 

represented a polyphyletic group.

One of the m ost unconventional interpretations of conodont affinity w as proposed by  Fahlbusch (1964) 

w ho partly  justified his hypothesis on  histological grounds. Fahlbusch com pared the histology of conodont 

elem ents to fossil algal m aterial, re interpreting G ross's m odel of grow th for conodonts to fit his predilections. 

Fahlbusch's m odel w as poorly received and severely criticised (Beckmann et al. 1965).

L indstrôm  (1955) m ade prelim inary  observations on the histology of Low er O rdovician conodont 

elements, describing basal bodies w ith  lam ellar and globular internal structures. Later, in his 'state of the art' text 

L indstrôm  (1964) review ed all aspects of earlier research and produced  an excellent outline  of conodont 

ultrastructure. His conviction that "One m ay assum e a priori that the inner structure m ust have a great systematic 

significance, greater perhaps than  that of the surface m orphology" (1964, p.22) w as to spark  new  interest in  the 

h isto logy of conodont elem ents th a t w as susta ined  for the following tw o decades. A m ongst m any  other 

observations and contentions, he believed that w hite m atter had been form ed by  a process of resorption of crown 

tissue resulting  in  a series of hollow s and inclusions w ith in  an otherwise lam ellar structure  (following Gross 

1954). H e resolved G ross's (1957, 1960) b izarre tw o-part division of the basal body into a single structure  w ith  

partially  discontinuous grow th increments, and cast doubt on  the basal resorption hypothesis by  dem onstrating 

the clear relationship betw een lam ellar crow n increm ents and the ridges on the  aboral surface of elem ents. 

L indstrôm  also disagreed w ith  G ross's suggestion tha t the  conodont crow n w as hom ologous w ith  exoskeletal 

bone, b u t followed Gross's erroneous reasoning in discounting enam el and dentine as com ponent tissues of the 

conodont skeleton.

Schwab (1965) described lamellar structure in the crowns of neurodontiform es, thereby reinstating them  

as conodonts. Schwab also d istinguished the tw o structu ral forms of basal body: a 'cartilage-like ' lam ellar 

structure and a 'bone-like' spherular structure, later reinterpreted as a tubular dentine (Sansom 1996) and globular 

calcified cartilage (Sansom et al. 1992) respectively. In  a later paper (Schwab 1969) Schwab described the 

histology of Panderodus denticulatus as three-layered, including an inner lining surrounding the basal cavity, and 

inner and outer lam ellar layers, the latter containing w hat he believed to be dentine tubules. His distinction of 

separate layers is tenuous, and  the 'dentine  tubu les ' he described from  the outer lam ellar layer m ore probably 

represent alignment of the long (c) axes of the component crystallites.

M üller and Nogami (1971,1972) produced the last reviews that were prim arily based on light microscope 

study. These w ere probably the m ost influential of all w orks on conodont histology, describing a w ide range of 

conodont taxa and producing a taxonomic grouping based solely the internal structures of elements. A lthough often 

a ttributed  to Gross, M üller and N ogam i w ere also responsible for resolving the pa tte rn  of synchronous grow th 

betw een the crow n and basal body (figure lcii,d). They also elaborated on Staesche's (1964) histological w ork  by 

distinguishing a num ber of different types of white matter, which they proposed w ould be useful in  taxonomy.

Three years earlier than  M üller and Nogam i (1971), the first of a series of studies w hich heralded a new  

era in  u ltrastruc tu ra l research had  been undertaken  by  Pietzner and  colleagues (1968). This w ork  included 

geochem ical, transm ission  electron m icroscope (TEM) and  scanning electron m icroscope (SEM) analyses of 

conodont elements, through w hich these authors refined knowledge of chemical com position and of the varying 

organic content of different tissues. They also described the discrete porous natu re  of w hite m atter, and  the 

s truc tu re  of the o ther hard  tissues. Structural differences betw een the crow n and the basal body, including  

d ifferent crystal sizes and  organic m atter content w ere also noted. Pierce and Langenheim  (1969) w ere  the only
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Chapter 2 Growth and Patterning in the Conodont Skeleton

other authors to attem pt a TEM study, in  this case using Pa elements of Palmatolepis and  Polygnathus, b u t their 

w ork  failed to reveal any new  or useful information.

A n SEM study  of fractured surfaces led Lindstrôm  and Ziegler (1971) to conclude that w hite m atter was 

secondarily derived from  lamellar crown tissue by  a process of recrystallisation during  the anim al's life. In  a later 

paper (Lindstrôm and Ziegler 1972) they docum ented variation in crystal structure throughout the various tissues, 

and suggested tha t the crow n and  basal body w ere no t secreted synchronously, although each corresponding 

increm ent of the tw o tissues had  been secreted in  step. They suggested that the basal tissue increm ent w as secreted 

first, and  w as subsequently m atched by an increm ent of crow n tissue. H owever, they presented no evidence in 

suppo rt of this paradigm . They w ent on to review  advances of conodont histology published since Lindstrôm 's 

1964 m onograph, paying particular attention to alternative interpretations of the grow th of protuberances on the 

surfaces of Pa elements of Pseudopolygnathus (Ziegler and Lindstrôm  1975).

D uring the early 1970s Barnes and his co-workers published a series of studies on conodont histology 

w ith  the  aim  of constructing a suprageneric classification scheme based on u ltrastructu re  (Barnes et al. 1970, 

1973a, b, 1975). This w ork  revealed a num ber of characters w hich appear unique to specific groups, thereby at 

least partia lly  fu lfilling  their objective. M ost notably , a new  in te rna l m icro texture  w as described from  

neurodontiform  hyaline elements - elongate crystallites containing microspheres 0.5pm in  diam eter. Later, W right 

(1989, 1990) interpreted these structures as m icrospherules expelled by  golgi apparatuses during  m ineralisation. 

The Barnes team  advocated a secondary origin for white m atter from lamellar crown tissue, supporting  the earlier 

contention of Lindstrôm  (Lindstrôm 1964; Lindstrôm  and Ziegler 1971; Lindstrôm  et al. 1972).

Bengtson (1976, 1983) described and  com pared the  histology of proto-, para-, and  eu-conodonts, 

p roposing  tha t they represented  an  evolutionary  series. Szaniawski (1982, 1983, 1987) com pared  the  m ost 

prim itive group, protoconodonts, w ith the histology of m odern chaetognath spines, concluding that protoconodonts 

w ere indeed  the spines of fossil chaetognaths. Hence, if the proto-, para-, eu-conodont evolutionary series were 

correct, this w ould indicate that the affinity of true conodonts lay w ith  the chaetognaths. By 1993 protoconodonts 

w ere considered a distinct group of animals, a lthough the evolutionary relationship betw een para- and  eu- 

conodonts w as reaffirmed (Szaniawski and Bengtson 1993).

The advances m ade in  conodont hard  tissue histology during  the late 1960s and the 1970s led to the 

possibility of using histology to distinguish conodonts from the sclerites of other organisms. Clark et al. (1981) even 

w ent so far as to include the histological complexity of conodont elements as a character in  his diagnosis of the 

Conodonta. C hauff and  Price (1980) used  histological characters to justify  the conodont affinity of their new  

D evonian genus Mitrelltaxis, w hich they briefly com pared m icrostructurally  w ith  fish scales from  the same 

deposits. W ang {in W ang and K lapper 1987; W ang 1989) similarly used internal structure as a means of justifying 

the affinity of Fungulodus. The presence of w hite m atter, apparent in th in  sections, w as taken as unequivocal 

support for a conodont affinity, offering a contrast w ith  the histology of thelodont derm al denticles. However, this 

interpretation remains equivocal (Wang and Turner 1985; W ang 1993). A dding further confusion, W ang {in W ang 

and K lapper 1987) disputed the conodont affinity of Mitrelltaxis (Chauff and Price 1980) on histological grounds, 

concluding a vertebrate affinity. Histology w as also used  by Klapper and Bergstrôm (1984) to assess the affinity of 

Archeognathus. They described Archeognathus as bearing a 'fibrous' crow n and a lam ellar basal body  entirely 

lacking tubules or cell spaces. Klapper and Bergstrôm thus concluded that dentine and bone were n o t present and 

that the fossils represented the remains of a conodont, and not a vertebrate.
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In  contrast, Barskov et al. (1982) described spongy and lamellar forms of basal body in Neocoleodus and  

Coleodus, com pared spherical structures in the spongy form  w ith  osteocyte lacunae, and hom ologised the tissue 

w ith bone, concluding a vertebrate affinity for conodonts.

von Bitter and M errill (1983) described the histology of Ellisonia using natu rally  fractured specimens. 

The fibrous nature  of the crown tissue led them  to suggest that ellisoniids were neurodonts, a group of conodonts 

conventionally deem ed restricted to the Ordovician. Their observations suggested, how ever, that the neurodonts 

w ere present at least as late as the Late Carboniferous (Pennsylvanian).

Before 1983, conodont histologists w ere evidently  in a state of confusion; som e authors recognised 

vertebrate hard  tissues am ongst conodont elements, and used this as evidence of vertebrate affinity for conodonts. 

Conversely, o ther au thors recognised a d istinct histology w hich they used  to discrim inate conodonts from  

vertebrate microremains. This all changed w ith the discovery of the conodont animal (Briggs et al. 1983; Aldridge et 

al. 1986; A ldridge and Briggs 1986); conodont histologists finally had a context in w hich to evaluate the histology 

of the feeding elem ents (Dzik 1986). Dzik w as the first to take advantage of this, and  began by  hom ologising 

conodont basal tissue w ith  dentine, and com paring conodont crown tissue w ith  enamel. Similarly, w hen  Andres 

(1988) described the histology of a num ber of C am brian and early Ordovician conodonts representative of para- 

and euconodonts, he homologised basal tissue w ith  dentine and crown tissue w ith  enamel. Again, following Dzik, 

Andres concluded that paraconodonts were the ancestors of both euconodonts and vertebrates. Later, Burnett and 

Hall (1992) com pared lamellar crown tissue w ith  protoprism atic enamel.

Rrejsa et al. (1990a, b) introduced a neontological perspective to conodont palaeobiology, com paring and 

hom ologising the tissues of conodont elem ents w ith  those of m yxinoid keratinous toothlets (figure 2). They 

suggested that the basal body was a developing replacement tooth for the overlying functional crown, enabling the 

conodont animals periodically to shed and replace their 'teeth '. They also interpreted spaces w ith in  w hite m atter 

to be hom ologous w ith  the goblet-shaped pokal cells that underlie  the keratinous toothlet covering in  hagfish, 

apparently  confirm ing the m yxinoid affinities of conodonts. H owever Krejsa et al.'s paradigm  ignores conodont 

histological features w hich render their model untenable, such as the confluence of grow th betw een the crow n and 

basal body indicating that the tw o structures grew  synchronously, not as separate generations. Furtherm ore, the 

histogenesis of hagfish toothlets is poorly understood, and attempts to draw  homology between them  and conodont 

elements should be reserved until the histogenesis of hagfish toothlets has been properly documented.

In a series of papers, Sansom and his colleagues reviewed element histology in  the light of the chordate 

affinity of conodonts (Sansom et al. 1992, 1994; Sansom 1996). M any of the observations of their 1992 paper had 

been m ade earlier by  other authors (Barnes et al. 1975; Dzik 1986; Jeppsson 1980; Smith et al. 1987, Smith 1990), 

b u t Sansom  et al. (1994) w ere the first to describe unequivocal dentine from  conodonts, m ost no tab ly  in  

Neocoleodus. Sansom (1996) also described protoprism atic enam el hom  the Ordovician-Devonian conodont lineage 

Pseudooneotodus and placed the model of conodont element growth established by M üller and N ogam i (1971,1972; 

figure lcii,d) into a biological and developm ental perspective. Smith et al. (1996) extended the num ber of conodont 

taxa covered, and review ed the relevance of the affinity and relative antiquity of conodonts to understanding  the 

early evolution of the vertebrate skeleton.

The in terpretations of conodont hard  tissues by  Sansom et al. (1992, 1994) rem ain  controversial even 

though  m any accept conodonts as vertebrates (=craniates). Forey and Janvier (1993) aim ed their criticisms 

prim arily  at the proposed hom ology betw een lam ellar crown tissue and enamel. The extrem e varia tion  in  the 

orientation of crystallites in lamellar crown tissue, ranging from  parallel, to a highly angular relationship w ith  the
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C hapter 2 Growth and Patterning in the Conodont Skeleton

surface (particularly evident in taxa figured in  Sansom et al. 1992; figure 3i), w as thought to be incom patible w ith 

enamel, neither orientation corresponding precisely. The description of prismatic structure in  the lamellar crown of 

Pseudooneotodus (Sansom 1996) has dem onstrated that lam ellar crown can m irror the structure of som e enamels; 

however, Sansom and his colleagues have still failed to reconcile the w ide variation in conodont crow n structure 

w ith  the range of know n enamels. Further, although Sansom (1996) has been able to reconcile his interpretations of 

hard  tissue histology w ith both M üller and Nogami's (1971) model of conodont growth, and m odern developmental 

system s, he  has achieved this reconciliation w ithou t a priori considering how  the tissues grew . Janvier (1995, 

1996a, b) has further criticised the suggested hom ology of w hite m atter w ith  cellular derm al bone, suggesting a 

m esodentine affinity to be more likely. Schultze (1996) also disagreed w ith  Sansom and his colleagues over their 

interpretations of conodont hard  tissue histology. M ost of these criticisms have been m ade earlier, b u t other points 

of contention result from  Schultze's assum ption  tha t the w ork  of Gross (1954, 1957, 1960) is correct, and he 

concludes "that the placem ent of conodonts in  the animal kingdom  will be solved as soon as a recent relative has 

been found".

Histological study  of conodont elements has not been restricted to the m ineralised hard  tissues. Fahraeus 

and Fahraeus-Van Ree (1987) undertook a histochemical study (using haem alum  and eosin) of preserved soft tissue 

rem nants from the organic components of the mineralised tissues, finding them  to be histochemically reactive after 

415 Ma! M uch of the tissue is very similar to m odern collagen and also appears to preserve cell spaces; however, 

m any of the structures rem ain enigmatic, and Fahraeus and Fahraeus-Van Ree (1987, p .109) preferred to w ait 'un til 

stained tissue sections of early Palaeozoic vertebrate tissue (e.g. ostracoderm s) have been p roduced ' before firm  

conclusions w ere reached. However, although this w ork had  already been undertaken over tw enty  years earlier 

(Tarlo and Tarlo 1961; H alstead Tarlo and M ercer 1966) the fidelity of preservation is too poor to be useful in 

comparison.

Kemp and Nicoll (1995a, b, 1996) also a ttem pted to identify organic m olecules w ith in  the m ineralised 

m atrix by  staining them  in situ, applying histochemical tests for collagen (picrosirius red), DNA (DAPI), keratin 

(G ram 's stain), cartilage (A ldan  blue), and  p ro te in  (toluidine blue). These tests used  a series of positive and 

negative controls (Kemp and Nicoll 1993, 1995a, b, 1996). Lamellar crown stained positive for collagen, so Kemp 

and  Nicoll rejected the hypothesis that lam ellar crow n tissue is hom ologous w ith  enam el, w hich  is a purely  

epiderm al product and contains no collagen. W hite m atter and basal tissue failed to stain for collagen, b u t bone, 

cartilage and dentine are derived from  ectomesenchymal and epiderm al interaction, and therefore contain collagen 

in  life. Kemp and Nicoll (1995a) concluded tha t conodont hard  tissues are n o t com parable w ith  those of 

vertebrates. A ttem pts to repeat the  results, even  w ith  m odern  vertebrate  m aterial and  unequ ivocal fossil 

vertebrates, have failed (M.M. Sm ith personal com m unication 1996). Kemp and  Nicoll have also failed to 

dem onstrate the effectiveness of this test on uncontested fossil vertebrate m aterial. Towe (1980) has show n that, 

a lthough  tissues like collagen m ay  be p reserved physically  w ith  h igh  fidelity, biochem ical p reservation  is 

negligible. Furtherm ore, the instability of collagen is such that it can only be expected to survive biochemically 

intact for up  to IM a (A ldridge and Purnell 1996). Therefore, although Fahraeus and Fahraeus-Van Ree (1987, 

1993) m ay w ell have been correct in in terpreting  their isolated organic residues as containing collagen, it is 

unlikely that Kemp and Nicoll's results are meaningful.

M any questions regarding conodont hard  tissue histology rem ain unanswered; the prim ary or secondary 

natu re  of w hite m atter has yet to be conclusively determ ined; no clear m odel has been  published  to show  how
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conodont elements grew, other than at the very sim plest of levels (Müller and Nogam i 1971,1972); and w e need to 

address the problem of how more complex elements were grown.

3. M ATERIAL A ND M ETHODS

(a) M ateria l

The p re sen t s tu d y  w as based  p rim arily  on  m ateria l from  the  reference co llection  of the  

m icropalaeontology unit, Leicester U niversity Geology D epartm ent. The m ajority of specim ens figured  in  the 

illustrations rem ain at present in  m y personal collections (PCJD), although specim en num bers w ith  a BU prefix 

have been  figured by  me elsewhere and are reposited at the Lapw orth M useum , U niversity of Birmingham, and 

those w ith  a C prefix are reposited at the Geological Survey of South Africa, Pretoria.

(b) M ethods

Conodont element ultrastructure has been examined using a variety of m ethods including thin sectioning, 

the exam ination of naturally  and artificially fractured specimens, and the use of scanning electron, incident light, 

transm itted light and laser confocal microscopy.

Thin sections w ere m ade by  em bedding elem ents in  cold-curing polyester resin, set in  n itrile  Beam 

capsules, the elements oriented according to the required section. The polyester cylinders were then g round to the 

appropria te  level and polished on a rotating  felt lap w ith  0.05pm alum ina pow der. The polished  surface was 

bonded to a frosted glass slide using cold-curing epoxy resin (Buelers' Epothin). The opposing side of the polyester 

cylinder w as rem oved using a diam ond-tipped annular saw, and the excess resin ground away using 600 and 1000 

grade carborundum  pow der until the desired level w ithin the conodont element was reached. The exposed surface 

was polished as before, either by hand, or using an autom ated attachment to the rotating felt lap.

Thin sections w ere studied using transm itted light and laser-confocal microscopy. For scanning electron 

microscope study, the thin sections w ere etched using 0.5% orthophosphoric acid for varying periods, always less 

than  10 m inutes. The sections w ere either perm anently  coated w ith  gold, or tem porarily  coated w ith  carbon 

(following Repetski and Brown 1982) or silver (following Mills 1988).

Of the naturally  and artificially fractured specimens studied, natu ral fractures w ere found  to be less 

revealing due to diagenetic alteration of elem ent u ltrastructure. Artificial fractures w ere p roduced  using  an 

entomological needle m ounted in a pin vice; inverted conodonts elements were fractured by  applying pressure to the 

pin, w hich was seated in the basal cavity of the element. Immersion of the specimen in  a small droplet of w ater was 

found to prevent loss during this procedure. Specimens were subsequently etched using 0.5% orthophosphoric acid 

for 6-8 m inutes and coated for SEM study.

The sim plest and m ost rap id  m ethod of studying m icrostructure is by  im m ersion of elements in  oil of a 

refractive index close to that of apatite (1.68). It is also im portant for the oil to have a relatively h igh  viscosity, 

thus preventing flow away from the specimen. In this way, tens of elements can be studied at once using traditional 

light and laser confocal microscopy. For laser confocal microscopy the specimen was first bonded to the slide using 

a small am ount of gum  tragacanth. In contrast w ith other teclmiques, this m ethod is non-destructive and the oil can 

readily be removed by waslring the specimens in ethanol.

Light m icrographs w ere taken using  a Leitz A ristoplan fitted w ith  differential interference contrast. 

Scanning electron micrographs w ere taken on a Hitachi S-520.
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PATTERN

4. THE C O N O D O N T  ELEMENT

Conodont elem ents are characteristically constructed from tw o basic units, the crow n and  underly ing  

basal body  (figure 3a,b,c). The crow n is com posed either entirely  of hyaline lam ellar crow n tissue (figure 

‘̂ e,f,g,h,i,j), or of a com bination of lam ellar crow n and w hite m atter (figure 3a,b,c). The basal body  is a single 

component structure composed from a hard tissue herein termed basal tissue.

(a) The Component Tissues

(i) Lamellar Crown Tissue

This is the m ost coarsely crystalline of all conodont hard  tissues and usually comprises the major com ponent of 

conodont elements. The length of individual crystallites is extremely variable, ranging from  less than  1pm  to in  

excess of 30pm, b u t they are usually no m ore than a few microns long. The crystallites are bounded at either end by 

the punctuating  grow th lines w hich define the lamellae that are so characteristic of the tissue (e.g. figure 3d,e). The 

orientation of the crystallites relative to the grow th increm ents, and thus the surface at the tim e of grow th, is 

inconsistent (e.g. figure 3i) and has in  the past been attributed to "the direction in  w hich the m ain  ontogenetic 

g row th  occurred at the place in  the lamella w here the crystal is located" (Hass and  Lindberg 1946, p .501). In 

sim ple coniform elements the crystallites are arranged w ith  their long (c) axes parallel or sub-parallel to the long 

axis of the element, such that the entire crown is com posed of a single hom ogeneous prism  of crystallites in  a fan

like arrangement. In 'complex' conodont elements, the prismatic structure of the element is broken up  into a num ber 

of indiv idual prism s, each com prising a denticle (figure 3li). Because the crow n of a m ultidenticulate elem ent is 

structurally m ore differentiated than the crown of a coniform element, the m ain ontogenetic vector of grow th is not 

so extreme. As a result, the m ore extreme variations of crystallite arrangement, such as sub-parallel to the grow th 

lines, are less prevalent than in coniform elements. In  areas of complex elements that were simply being enlarged by 

successive increments of lamellar crown tissue, w ithout developm ent of new  morphological features (e.g. grow th 

around the m ain body of blade-like or platform  elements), the crystallites are usually oriented perpendicular to the 

outer surface (e.g. the variation in  figure 3i,k). Crystallites adjacent to the basal cavity are inclined upw ards and 

outw ards relative to the junction of the crown w ith  the basal body (figure 3j).

(ii) White Matter

W hite m atter is a term  derived from  the appearance of this tissue in reflected light. W hite m atter contrasts sharply 

w ith  lam ellar crown tissue because of its m ore finely crystalline composition (figure éa,b,c,d), its m arkedly greater 

resistance to standard  dental acid etchants (e.g. Stauffer and Plum m er 1932; figure 4fc), its lower organic content 

(Pietzner et al. 1968) and the lack of punctuating grow th increments. White m atter occurs exclusively in denticles as 

cores (figure 5i) and has sharply defined lateral m argins. The cores appear dark  in transm itted light (figures 3a, 

5i,j) because of the cavities enclosed w ith in  the fine grained  groundm ass (figure 4a,c,d). These cavities vary  

considerably in  their size, shape, and orientation. M ost common are tubular cavities (figure 4d), w hich occur in  

tw o size distributions both  of w hich are predom inantly  oriented w ith  their long axes parallel to the long axis of 

the denticle; longer tubules, typically 20-30pm in  length, and shorter tubules (figure 4c), usually only a few microns 

in length. The calibre of the tubules is usually in the order of 0.25 to 1pm, but they sometimes expand into a large (3- 

7pm  diameter), sometimes irregular, cell-shaped cavity, from  which other tubules m ay splay (figures 4c, 51). These

Page 45



Figure 3. (n) Longitudinal section through an Sc element of Coyssognathus diibiits composed of a basal body (to left) 

and crown (to right); the crown includes an opaque core of wliite matter; PCJD 346, frame w idth 547pm. (b) light 

micrograph, and (c, ;) scanning electron microgiaplrs of a transverse section through a Pa element of Ozarkodina 

cotifltieiis; note the relationship betw een the w hite m atter in (b) and (c), and the variation in crystallite orientation 

at the crown-basal body junction in (/’); PCJD 190, frame w idths [b, c) 458pm, (/') 158pm. (d) Perpendicular 

arrangem ent of crystallites in a Pa element of Ozarkodina confluens; PCJD 173, frame w idth  27pm. (g) Pre-prismatic 

arrangem ent of crystallites in a Pa elem ent of Scaliognathus anchoralis; BU 2613, frame w idth  55pm. (/) Proto

prismatic arrangem ent of crystallites in a Pa element of Idiognathodus sp.; PCJD 265, frame w id th  114pm. (g) 

Transverse section through the cusp of a Pa element of Ozarkodina onflnens, note the oblique orientation of 

crystallites relative to the bounding incremental growth lines; PCJD 114, frame w idth 22.5pm. Qi) A rrangem ent of 

crystallites into distinct prism s w hich form the denticles in the free blade of a Pa element of Mestognathus 

beckinanni; PCJD 185, frame w id th  284pm. (i, k) Variation in crystallite arrangem ent in  a horizontal section 

through a Pa element of Ozarkodina confljiens, (i) changing from perpendicular at the margin of the element, and 

oblique at the core of the element; PCJD 177, frame w idth 76pm; (k) subvertical arrangement of crystallites adjacent 

to the core of w hite matter; PCJD 177, frame w idth  118pm.
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Figure 4. (n, b) Longitudinal section tluough an Sc element of Ozarkodina confluens, the white m atter cores are bound 

by a thin sheath of lamellar crown tissue w hich expands orally; PCJD 339, frame w idth  {a) 121pm, (b) 233pm. (c) 

Cell-shaped space incorporated w ithin the fine-grained groundmass of white matter from a Pa element of 

Ozarkodina confluens; BU 2615, frame w id th  26.7pm. (d) W hite m atter core of an Sc elem ent of Ozarkodina confluens, 

the tissue is dom inated by vertically-orientated tubules m any of w hich branch in the plane of the section; PCJD 335, 

frame w idth 50pm. {e ,f g) Longitudinal section through an element of Cordylodus sp., note the relationship between 

the opaque areas in (e) and the scarming electron micrograph in (/) wlrich indicates a complete absence of true white 

matter; the opaque areas probably result horn  optical effects produced by the prism  boim a^fies in  (g); PCJD 171, 

frame widths (e,f) 1541pm, (g) 200pm. {li, i,j) Longitudinal section through an element of Ligonodina sp., as in {e ,f 

g), despite the presence of opaque areas in (/;), (i) reveals an absence of true white m atter resulting from interfering 

crystallite arrangem ent in (/); PCJD 172, frame widths (h, i) 805pm, (j) 90pm.
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larger cavities are rare b u t ubiquitous, and usually occur at the oral end of connected tubules (figure 51). It is likely 

that the tubules and cavities represent the sites of mineral-secreting cells.

A lthough w hite m atter and lamellar crow n tissue are extremely distinctive tissues, the junction betw een 

the tw o is imperceptible in transm itted light (figure 5/,/c). This is the m ain reason w hy conodont histologists in  the 

1970s generally interpreted w hite m atter as secondarily derived from lamellar crown tissue. However, w hen these 

tissues are studied in  etched sections, their m utual boundary is extremely sharp, (compare figure 3a and b)

The transitional zone apparen t to Barnes et al. (1973a) betw een the tw o tissues does not appear to be 

lamellar, coarsely crystalline, or cancellate in transm itted light, so it is difficult to resolve w hether it is lam ellar 

crow n, w hite  m atter, or a th ird  previously  unrecognised tissue. H ow ever, in  p roperly  etched sections, no 

transitional tissue is evident, and the boundary  betw een white m atter and lamellar crow n is extremely sharp. The 

apparent transitional zone is in fact w hite m atter that lacks cavities.

The problem  of distinguishing white m atter from  lamellar crown is further complicated because not all the 

tissues w hich appear albid in reflected light are true  w hite matter; w hen they are exam ined in  fracture or thin- 

section they can be seen to be forms of lam ellar crow n tissue (figure 4e,f,g,h,i,f). In  m ost cases, the albid area 

occupies a site w here crystallites in successive increm ents of lamellar crown are no t aligned. A n albid effect can 

also result from  hypocalcification (figure 13/), and m ay additionally occur at sites of radiating  prism atic structure. 

Such 'p seudo  w hite  m atter' includes M üller's (M üller, 1981) white m atter categories 3a-d and  can usually  be 

distinguished by transm itted light examination under immersion oil. True white m atter is cancellated in  appearance 

and can only be identified unequivocally by  tliin sectioning and examination of etched surfaces w ith an SEM.

(Hi) Basal tissue

Basal tissue comprises the entire basal body and is often clearly punctuated by  grow th striae (figure 3a). The tissue 

is so finely crystalline that ind iv idual crystallites cannot be discerned u nder light microscopy. In  com plete 

specim ens, successive increm ents extend over the low er surface of the basal body, thereby encapsulating  all 

p revious increm ents (figure 3/). H owever, basal tissue is the m ost variable of all conodont hard  tissues, both  

betw een taxa and w ithin a single taxon. For instance, the structure of the Cordylodus basal body is know n to vary 

from  coarse spheroids (Müller and N ogam i 1971; Sansom et al. 1992; figure 5a,b,a) to lam inated (Kemp and Nicoll 

1995a); Pseudooneotodus exhibits bo th  spheroidal structure (figure 5d,e) and lam ellar form  w ith  m icrospherules 

(Sansom 1996). Some specimens of Chirognathus possesses a basal body w ith  lam ellar structure and perpendicular 

fine calibre tubules (Sansom et al. 1994; M üller and Nogam i, 1971, 1972), b u t other specimens apparently  have a 

clearly atubular lam inated structure (Kemp and Nicoll, 1995a). M üller and N ogam i figured a single specim en of 

Neocoleodus w ith  a lam ellar basal body, while Sansom et al. (1994) have recorded an non-lam ellar basal body 

w hich includes branching tubules. Some basal tissue is neither laminated, spheroidal, nor tubular.

The fine calibre tubules described from  the basal body of Chirognathus and Neocoleodus have only rarely 

been recorded in  conodont elements, w hereas coarser tubules have been recorded in  m any m ore taxa, including all 

those claim ed to possess dentine tubules prior to the w ork of Sansom et al. (1994) (e.g. A ndres 1988; Dzik 1986). 

The coarser tubules are typically 50pm diam eter (too coarse to be dentine processes) and m eander th roughout the 

basal body.

The m ajority of basal bodies are atubular, particularly  those of the order O zarkodinida (sensu Sweet 

1988), and they usually  occur w ith in  concentric g row th increm ents equivalent to g row th  striae in  the  crow n 

(figure 5f,g). The basal tissue lamellae are rarely perfectly concentric and are discontinuous or d isrupted , usually
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because of incorporated micro-calcospheres w hich often occupy m uch of the area just below  the crown-basal body 

junction, and frequently occupy the core of the structure (figures 3/, 5e,f). Integradation betw een all forms can occur 

w ith in  a single taxon, and sometimes w ithin a single specim en (figures 3;, 5c), indicating that all the structures are 

features of a common tissue possibly affected by the time scale of growth. The presence of the m icrospherules in  a 

hom ogeneous, unstructured matrix therefore indicates rapid growth, and the well organised, lamellar, and tubular 

structures represent slower, ordered growth.

Reduced m ineralisation of the basal body is a consistent feature of early to late Palaeozoic conodont 

elements, and m any lineages have no record of basal body. Pathological features of crown m orphology in  elements 

of som e taxa (e.g. Polygnathus xylus xylus in  Nicoll 1985, text-fig.lH , V) indicate the presence of an  inflexible 

s tructure, and so a basal body was certainly present in vivo; the reason for lack of preservation of the structure is 

unknow n, although the most likely reason is that it was not completely mineralised.

By the Carboniferous, very few taxa have any record of the presence of a m ineralised basal body. This is 

ev ident in  the Carboniferous conodont anim als w ith  soft tissue preservation  (A ldridge et al. 1993), and  the 

exceptionally preserved 'bedding plane assemblages' which represent the undisturbed b u t collapsed remains of the 

feeding apparatus (Chapter 1). N ot one of the m any hundreds of articulated skeletal rem ains of ozarkodinids 

possesses even the rem nants of a basal body. Interestingly, although gondolellid elements (order Prioniodinida) 

have been recovered w ith  intact basal bodies from  sedim ents of the Carboniferous and  later (e.g. M üller and 

Nogam i 1971, pi. 15, fig. 4), the m any bedding plane assemblages of Neogondolella and  Gondolella (Rieber 1980; 

O rchard and Reiber 1996; M errill and von Bitter 1977) possess no basal tissue. This is also true  of all recorded 

fused clusters. H owever, this bias m ay be taphonom ic as collections from  the D evonian of W estern A ustralia 

contain polygnath id  clusters w ith  no  basal tissue, w hereas isolated elements from  the same sam ple have fully 

preserved basal bodies (Nicoll 1985 and personal observation).

(b) Interrelationships o f  the tissues during grow th

The crow n is know n to have grow n by  outer apposition because m any elem ents d isplay evidence of 

ep isodes of dam age and subsequent repair (Furnish 1938; Hass 1941; figure 5h). The confluent passage of 

increm ental g row th  striae betw een the crow n and basal body  indicates that the tw o structures w ere grow n 

synchronously  {contra Gross 1957, 1960; Krejsa 1990a, b), and by inference, tha t the basal body  also grew  by 

ou ter apposition. The innerm ost core of each elem ent therefore represents the earliest grow th stage, and  the 

outerm ost layer the latest.

It is possible to determ ine the grow th relationship betw een the lam ellar crow n tissue and the junction 

w ith  the underly ing  basal body. A t the base of the crown, crystallite orientation indicates grow th up and  away 

from  the junction w ith  the basal body (figure 3j). Unfortunately, the crystallites that compose the basal tissue are 

too small to determ ine orientation, and grow th direction can only be resolved by inference. However, the nature of 

the grow th  relationship betw een the crown and the underlying basal body indicates a m irroring of the pattern  of 

grow th apparent in the crown.

The tw o basic units w hich compose a typical conodont elem ent therefore grew  in  opposing directions 

relative to the crown-basal body junction (figure Id ,  d; c.f. Sansom 1996, although his conclusions are based  on a 

priori interpretations of the com ponent tissues). This pattern  alone is evident in coniform  conodont elem ents that 

lack w hite m atter, b u t elements w ith  an albid com ponent are far m ore complex structurally, and their grow th is
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Figure 5. (n, b, c) Longitudinal section through an Sc element of Cordylodus sp.; the basal body is dom inated by 

spherulitic structure, each spherule indicated by an extinction cross in cross-polarised light (b); BU 2614, frame 

w idths (n, b) 644pm, (c) 204pm. (d, e) Transverse section tlrrough an element of Pseudooneotodus sp. in plane- 

polarised light (ri) and cross-polarised light (e); the basal tissue of this specimen also exhibits a spherulitic 

structure; PCJD 341, frame widths (d) 531pm, and (e) 337pm. (f, g) Longitudinal section through a Pa element of 

Ozarkodina confluens w ith  a basal body exhibiting lamellar structure; note the confluence of grow th increments 

between the basal tissue and lamellar crown tissue in (g); PCJD 31, frame w idths (/) 380pm, and (g) 72pm. (h) Pa 

element of Ozarkodina gulletensis photom icrographed under oil; this element exhibits a conspicuous internal 

discontinuity w ith evidence of subsequent repair; specimen lost, frame w idth 225pm. (z, ;, k, I) Pa element of 

Ozarkodina confluens photom icrographed under oil. (z) Ventral portion of the element viewed in plane polarised 

light, the denticle in the cenh e of the frame exlribits a staggered venh al m argin where the increments of white m atter 

and lamellar crown tissue are clearly confluent; PCJD 345, frame w idth  453pm. (/, k) Denticle in (z) at higher 

magnification; PCJD 345, frame widths 88pm. (Z) tubules and cell-shaped cavities w ithin the white m atter; PCJD 

345, frame w idth 35pm.
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m uch less well understood. Given their antiquity  and im portance in  our understanding of the early evolution of 

vertebrates and their skeletons, this is an im portant area of investigation.

A lthough the flanks of w hite m atter cores are usually  p lanar (figure 4a,b), m ore rarely they are stepped 

(figure 5Z,/,/c), each step coinciding and confluent w ith  incremental layers in  the surrounding crow n tissue, thereby 

providing an insight into to the relationship betw een these two tissues during growth. This arrangem ent appears to 

indicate that the tw o tissues grew synchronous and at the same rate. Examples w here increm ents of the lamellar 

crown pass conformably into w hite m atter have been figured m any times (e.g. Barnes et al. 1973a, fig. 6.6; Sansom et 

al. 1992, fig. 3e), bu t in figure (5i,j,k) the wlrite m atter is bounded by the grow th increments. The length of the long 

tubules w ith in  the w hite m atter core greatly exceeds the thickness of individual increm ents of the adjacent crown 

tissue (figures 4a, 51). This indicates that grow th of white m atter was m ore continuous than  the punctuated  grow th 

of lam ellar crown, and that the control over the secretion of the tw o tissues w as distinct. Because of the outer 

appositional m ode of grow th of the su rrounding tissue, it is likely that w hite m atter also grew  in  this way. The 

polarised nature of the cell-shaped cavities w ithin white m atter therefore suggests that the secreting cells retreated 

orally, usually  ahead of the m ineralising front, and hence only the cell processes (the tubules) w ere com m only 

incorporated into the m ineralised matrix. Furtherm ore, the polarisation of the shorter, perpendicular tubules and 

attached cavities indicates that they grew  aw ay from  their junction w ith  the lam ellar crow n tissue. This contrasts 

strongly w ith  the direction of grow th of the lam ellar crown tissue, w hich from  the orientation of the  crystallites 

was usually perpendicular (figure 5/,/c) or sub-perpendicular (figure 3g) to the flanks of the w hite m atter cores and 

long axes of the denticles.

W hite m atter w as therefore secreted as a continuous core of mineralised tissue, partially controlled a t the 

m argins by the secretion of lam ellar crown. W hite m atter, therefore, forms a series of upw ardly-tapering  collars 

around, and m erging with, the core (figure 6). A lthough secretion of the tw o tissues w as independently  controlled, 

the lack of a plane of weakness, such as a t the junction of the crown and basal body (figure 5g), suggests tha t the 

m ineralisation of the two tissues simultaneous rather than staggered.

5. GR O W IN G  THE CO N O D O N T SKELETON

Although I have outlined the m orphogenetic pattern  of intergrowth betw een the two structural units and 

three com ponent tissues com prising m ost conodont elem ents, this goes little fu rther than  explain ing  the 

m orphogenesis of the conventional perception of a sim ple coniform element, or a single denticle in  a complex 

element. Most conodont elements are far m ore complex and their morphogenesis can only be explained by  studying 

recurrent patterns of growth. This study has revealed a restricted num ber of morphogenetic patterns expressed by 

complex elements; these are described prim arily w ith  reference to conodonts of the order Ozarkodinida, b u t some 

evidence from members of the orders Prioniodinida, Prioniodontida, and Proconodontida is included.

Different groups of conodonts have followed different m orphogenetic pathw ays in  the construction of 

their feeding elements, and as a result, there is a great diversity of elem ent morphology. H ow ever, a num ber of 

element morphologies have been converged upon by different morphogenetic paths, these can only be discriminated 

by  considering pattern formation in reconstructing conodont phylogeny.
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(a) R am iform  Elem ent M orphogenesis

(i) Type I

This first group includes taxa bearing elements composed of num erous isolated denticles. The best source 

of evidence is from  Promissum pulchrum, a balognath id  w ith  a n ineteen  elem ent apparatu s  from  the  late 

Ordovician Soom Shale of South Africa w hich is found almost exclusively in  bedding plane assemblages (Theron et 

al. 1990; A ldridge et al. 1995; figure 7a,h,c,d). The ram iform  elements of Promissum pidchrum  consist of denticles 

w hich are united by  a single underlying structure w hich appears to be neither part of the crown nor the basal body 

(figure 7a). The denticles them selves are variable, those on  the (conventional) posterior processes, structurally  

differentiated into tri-denticulate units (figure 7a,h); denticles on other processes are structurally  distinct (figure 

7a,c,d; Theron et al. 1990). In bo th  cases, each denticle possesses a distinct crow n and basal body  (figure 7h,d), 

indicating that they grew  independently  of adjacent denticles (figure 8a). In ontogenetically older specimens, the 

cusp and  adjacent denticles exhibit a tendency to fuse at the m argins of their crowns and their basal bodies. Each 

denticle therefore appears to be hom ologous w ith  a simple coniform element, although it represents only p a rt of a 

complex element. It is likely that each denticle w ould  have been regarded as a single elem ent if found  only in  a 

discrete elem ent collection. Thus, Nicoll (1982) appears to have been correct in  in terpreting  fused clusters of 

hu n d red s  of sim ple cones in  association w ith  P elem ents of Icriodus as com ponent denticles com prising  

m ultidenticulate elements, van den Boogaard (1990) and Miller and A ldridge (1993) reached a sim ilar conclusion 

in  their interpretations of the ram iform  elements of Coryssognathus.

(ii) Type II

Cdrniodus is an Silurian conodont genus of unclear affinity (family 6 order unknow n of A ldridge and 

Smith 1993). Like the ram iform  elements of type I, Carniodus grew  m any of its denticles as m orphogenetically 

distinct units (figure 8b), bu t unlike type I, the denticles on Carniodus ram iform  processes are com pound structures 

(figure 7e). Each of the denticle units is defined by  an rostral an d /o r  caudal border w ith  adjacent units w hich is 

conspicuous only in  transm itted light (figure 7f,h,j). Each of the units has its ow n basal cavity, and is com posed 

from  a distinct crow n and basal body (figure 7f,h,j), indicating that each of the units grew  independently . Unlike 

type I elements, the crowns of type II elements were entirely fused prior to growth of the subsequent unit. N ew  units 

began to grow  separately from the rest of the element, usually some distance caudally (figure 8b). The unit began to 

grow  eiqually in rostral and caudal directions until eventually it reached the caudal edge of the p receding  unit. 

Later increments w ould then envelop both the new  unit and the entire pre-existing element, leaving the join between 

successive units imperceptible on the surface of the crown or basal body.

Carniodus possesses a very  characteristic , repetitive  den ticu lation  w hich  relates d irectly  to  the  

underly ing  m orphogenetic units (figure 7e,f). The basal cavity does not appear to be directly linked w ith  any 

specific denticle w ithin the repeated unit, although the conspicuously large denticle m ay be considered the cusp of 

each unit. The basal cavities instead relate to the g row th  of each m orphogenetic un it as a whole. Each of the 

denticles in  a Carniodus element cannot, therefore, be considered equivalent to the denticles of elements conforming 

to type I growth, w hich are instead hom ologous w ith  each unit of type II growth. Denticle form ation and addition 

w ith in  these units follows a pattern  typical of type III elements (figure 8b; see below). This sam e pattern  of grow th 

is also found in the ram iform  elements of taxa including Amorphognathus and Prioniodus.

Microzarkodina also exhibits the type II morphogenetic pattern  in all b u t its M elements. In  this genus, the 

successive units consist sim ply of a large proxim al and small distal denticle. The sm aller denticle is subsequently

Page 49





Figure 7. (n, b, c, d) Details of elements of Pivmissttm pulchrum. (a) Sc element w ith  a posterior process composed 

from individual multidenticulate turits (b), and lateral processes composed horn  individual denticles (c, d); frame 

w idths (a) C424 21234pm, (b) C424 2037pm, (c) C679 836pm, and (d) C679 495pm. (e,/, h j)  Sc elements of Carniodus 

sp., note the optical distinction between the multidenticulate units comprising these elements, each unit includes a 

distinct basal cavity; frame w idths (e) PCJD 349,1375pm, (f) PCJD 349,438pm; (h) PCJD 350, 288pm, and (j) PCJD 

351, 294pm. {g, i, k, I, m) Sc elements of Ozarkodina confluens. (g, i) Plane-polarised light and cross-polarised light 

respectively; PCJD 305, frame widths 562pm. {k, 1) G rowth cavities along the ventral m argin of the element; PCJD 

343, frame w idths (k) 1406pm, (/) 225pm. {in) Scanning electron m icrograph of an etched ground section exhibiting 

distinct w hite m atter cores w ithin the lamellar crown tissue; PCJD 318, frame w id th  1098pm.
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Figure 8. (a) Growth type I typified by Promissum pulchrum  ramiform elements where individual denticles 
grew synchronously. (f>) Growth type II typified by Carniodus ramiform elements where the repetitive sets 
of denticles gradually became incorporated into the rest of the element as it continued to grow.
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encapsulated during  grow th of the next morphogenetic unit, resulting in an external pattern  of denticulation m ore 

akin to Ozarkodina and type III grow th. Alternatively, in early representatives of Cordylodus, the crow n of each 

unit remains undifferentiated, each denticle composed of a distinct crown and basal body (e.g. Nicoll 1991).

(in) Type III

The ram iform  elements of Ozarkodina confluens bear an undifferentiated denticulation pattern, w ith  each 

denticle almost entirely com posed of white m atter and surrounded marginally and aborally by a small am ount of 

lam ellar crow n tissue (figure 9a). G row th increm ents are clearly apparent w ith in  the crow n tissue b u t are only 

rarely traceable through the blocks of white m atter (figures 7g,i,k,l,m, 10a,b). Unlike the grow th patterns outlined 

above in  types I and II, the type III grow th pattern  produces a com pound structure w hich extends processes by 

m arginal accretion of individual denticles (figure 9a). The first stage of grow th of an individual denticle is m arked 

by  an évagination of an increm ental layer of crow n tissue a t the distal extrem ity of the process. The évagination 

encloses a hollow  cone-shaped, distally-tapering cavity w ith  step-shaped m argins representing the abutm ent of 

surrounding micro-lamellae, and crowned by an all-enveloping final layer (figures 71,10a,b). This is succeeded by a 

series of thick grow th increments encapsulating sim ilar cone-shaped cavities. The successive cone-shaped cavities 

or 'g row th  cavities' are stacked one upon  another, bu t aligned in an arcuate, distally-convex pa tte rn  (figures 9a, 

10a,b). The grow th of an individual denticle finishes w ith  a final phase of white m atter secretion. The first po in t of 

denticle formation, enclosing the first cavity, is close to the first point of White m atter secretion because grow th is 

concentrated in  an oral, and  no t distal, d irection (as in  type IV; figure lQa,b). N o specim ens have yet been 

discovered w here the grow th  cavities contain any m ineralised tissue. This category also includes elem ents of 

'Plectodina', the putative ancestor of all ozarkodinids (Sweet 1988).

Type III grow th also occurs in  taxa at one tim e placed w ithin the now  defunct order N eurodontiform es. 

A lthough  the  elem ents appear to have g row n by  m arg inal accretion, such  taxa rem ain  histo logically  

d istinguishable  from  other euconodonts, and their separate  classification m ay w ell be biologically valid. In 

add ition  to the m ore obvious O rdovician forms, m any M iddle and Late Palaeozoic form s re ta in  this unique 

histology, particularly taxa w hich are assigned to the order Prioniodinida (sensu Sweet 1988) e.g., Idioprioniodits, 

Cryptotaxis, Ellisonia (c.f. von Bitter and M errill 1983). The structure of the crown differs from  m ost conodonts in 

its 'fibrous' nature; grow th increments are present bu t very faint (figure ih,i,j). The tissue is dom inated by  elongate 

fibre-like crystals w hich can reach 20-30pm in length, and their arrangem ent is m ore complex than  that seen in  any 

o ther group of conodonts. Early grow th, and grow th along the axes of individual denticles, exhibits a divergent 

arrangem ent of crystal fibres; subsequent grow th  records a reversal in  arrangem ent of the fibres so th a t they 

converge distally (note the subtle change in crystal fibre orientation to the left of figure 4;'). It is this arrangem ent of 

crystallites w hich produces M üller and N ogam i's (1971; M üller 1981) 'M '-shaped type 3d w hite m atter. Clearly it 

is not true white matter.

(iv) Type IV

This group includes gnathodids, Cavusgnathus, Vogelgnathus, Lochriea, polygnathids, some palm atolepids 

and at least some cyrtoniodontids (e.g. Phragmodtis). M ost of these families and genera are derived from  Ozarkodina 

(Sweet 1988) bu t display a m ore complicated morphogenetic pattern of grow th (figure 9b). The ram iform  elements 

are generally m uch more elongate than those of their ancestor and possess a differentiated pattern of denticulation, 

sim ilar to tha t of Carniodus b u t apparen tly  achieved via a different pa tte rn  of form ation. The elem ents are
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Figure 9. (a) TVpe III growth typified by Ozarkodina  ramiform elements where new denticles were added 
periodically during marginal secretion of lamellar crown tissue. Denticle genesis was first instigated by 
évagination of normal lamellar growth and incorporation of a 'growth cavity', (b) Type IV growth typified 
by gnathodid ramiform elements where denticles were added continually during marginal accretion of 
crown tissue. The repetitive denticulation results from differentiation of the denticles.



Figure 10. {n, b) Ozarkodina confluens Sc element (a) viewed in plane-polarised light, and (b) in differential 

interference contrast; note the conspicuous growth cavities along the ventral margin of the element; PCJD 344, frame 

w idths 562pm. (c) S element of Idiognathodus photom icrographed under oil and in differential interference contrast, 

note the conspicuous grow th cavities w ithin the main body of the element, each set of grow th cavities relate to the 

overlying sets of alternating denticulation; PCJD 354, frame w idth  1894pm. {d, e,f, g, h, i) S elem ent o i Mestognathus 

bcckinanni. {e,f) Photom icrographed in plane-polarised light and cross-polarised light respectively, note the 

extinction pattern exhibited by the prisms whicli represent the gradual development of denticles; PCJD 353, frame 

widths (e) 1894pm (f) 1660pm. (i) Detail of the caudal portion of the element in  cross-polarised light; PCJD 353, 

frame w idth 625pm. (d, g, h) Detail of denticle structure; PCJD 353, frame w idths (d) 225pm, (g) 225pm, and (h) 

225pm. (/) S element of Idiognathodus photom icrographed in plane-polarised light and differential interference 

contrast, note the relationship between the sets of grow th cavities and overlying alternating denticulation; PCJD 

352, frame w idth 425pm.
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dom inantly  com posed of lam ellar crown tissue, and w hite m atter generally becomes sparser from  M iddle to Late 

Palaeozoic. The denticles of palm atolepids and polygnath ids are alm ost entirely  com posed of w hite  m atter 

extending deeply into the elements, w hereas the denticles of gnathodids usually only include w hite m atter in  the 

portion of the denticle emerging from the m ain body of an element, and even then only during late ontogeny (figure 

10c).

Transm itted light clearly reveals the complex grow th history of type IV elements (figure 10c,d,e,f,g,h,i,j). 

Cone-shaped grow th structures of the type seen in Ozarkodina are present, bu t in this case occurring in sets relating 

directly to the overlying denticulation (figure 10c,/). The first évagination is palm -shaped (figure 11a,b), each digit 

relating to, and  ultim ately resulting in, a single and specific denticle (figures 10/, llg ) . The denticles w ith in  each 

unit are distinct optical units, traceable as discrete prism s through ontogeny (figure 10f,i). D uring the ontogeny of 

each denticle set, the angle of inclination of each denticle increases progressively from  nearly parallel w ith  the long 

axis of the elem ent to the erect position m ore typical of 'm ature ' denticulation (figure 10/). This is expressed in 

surface m orphology by  a transition  from  suberect to erect denticulation proxim ally (figure 10c,e). E lem ents 

conforming to type IV grow th were constantly m orphological change by  addition of new  denticles. This condition 

is different from type III growth w here elements underw ent enlargement between episodes of denticle addition. The 

long axis of a process in  a type IV elem ent w as the m ain axis of grow th from  w hich the developing denticle sets 

diverged. The progressive developm ent of the individual denticles w ithin each unit can be traced by the presence of 

the cone-shaped cavities (figure 10/). After the axis of grow th of the large denticle diverged from  the m ain axis of 

g row th of the process, the grow th axes of the sm aller denticles diverged in tu rn  from  the grow th axis of the larger 

denticle (figure IQe,f,g,i,f). The grow th axes then translated their orientation into a progressively h igher angle 

relative to the process. As in Ozarkodina, the proxim al m argins of the grow th structures are aligned in  a convex- 

distal arrangem ent. The last cone-shaped cavity occurs exactly at the poin t at w hich w hite m atter secretion first 

occurred (figures 10g,j, 14e,g). The large denticle represents the distal extremity of each unit.

Early g row th  distally  occurs synchronously w ith  late grow th  proxim ally. Because of the  p a tte rn  of 

grow th exhibited by type IV taxa, each unit of denticulation is considered equivalent to each unit in taxa w ith  type

II grow th, and to an individual denticle in  taxa w ith types I and III growth.

(b) Morphogenesis o f  elements,-in F  positions

Elements filling P positions w ith in  the apparatuses of complex conodonts can be broad ly  d iv ided  into 

blade-like and  p latform -bearing m orphologies, and m ore rarely, ram iform  m orphologies (prioniodinids -see 

earlier). M ost, if not all p latform -bearing P elements are essentially m odified type III ram iform s, and  therefore, 

exhibit sim ilar grow th patterns. However, some attem pts at platform  construction are m erely elaborations of type

III pa tte rn  of elem ent formation. Instead of arranging denticles linearly, P elements of this type are com posed of 

three-dim ensionally  arranged denticles; in  Promissum, for example, these rem ain structurally  distinct, b u t in 

Corijssognathus they are gradually  fused together during  ontogeny (c.f. van  den Boogaard 1990). Despite the m ore 

variable m orphology exhibited by  elem ents filling Pa positions, the m orphogenetic patterns are m uch m ore 

conservative than  those exhibited by  elements in S and M positions.

(i) Blade morphogenesis

The m orphogenesis of blade-like elem ents and the blade portion of platform -bearing elem ents is very 

sim ilar to type III ram iform  grow th, and is typified by the P elements of Ozarkodina. Initial grow th of the crown
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Figure 11. (m, b, c) Etched ground-section of an S element of Mestognathus beckmanni, the grow th cavities along the 

axis of the element can clealy be seen, and individual denticles can be traced throughout growth as distinct prisms 

from inception; PCJD 327, frame w idth of («) 410pm. {b) Palm-shaped growth cavity representing one of the first 

growth stages of a forming set of denticles, each digit representing a distinct prism  and denticle; PCJD 327, frame 

w idth 32.5pm. (c) Grow th cavity representing the inception of a new  set of denticles at the caudo-ventral m argin of 

the element; PCJD 327, frame w idth 93pm. (d, e,f, g) Etched artificially-fractured specimen of a Pa element of 

IcriodeUn inconstans. (e) G row th cavities in  sets along the dorso-ventral axis of the element, each set relates to the 

overlying denticulation; PCJD 270, frame w idth  388pm. (d) Crystallite arrangement adjacent to the grow th cavities; 

PCJD 270, frame w idth  47pm. (f) Perpendicularly-oriented crystallites forming the walls of the grow th cavities; 

PCJD 270, frame w idth 27pm. (g) Oblique view of the basal margin showing that the growth cavities are open to the 

basal body (not preserved); PCJD 270, frame w id th  185pm. (h, i) Etched artificially-fractured section of the 

platform component of a Pa element of Idiognathodus sp. (inset) exhibiting sets of grow th cavities relating to the 

overlying denticulation and intervening preprismatic structure, (/z) PCJD 247, frame w id th  267pm, w idth  of inset 

736pm. (z) PCJD 247, frame w idth  153pm.
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involved only lam ellar crown tissue and very soon afterwards w hite m atter secretion began. Denticles form ed as 

distinct optical units as in ram iform  elements. M axim um  grow th was in dorsal and ventral directions and  new 

denticles are added m arginally by  localised évagination of a layer of lamellar crown tissue. W hite m atter forms the 

core of all denticles in juvenile elements, bu t later grow th, w hich modifies the shape of an element, is generally 

restricted to the ventral portion  of the elem ent and is devoid of white m atter. D uring late-stage grow th, w hite 

m atter deposition is halted, and the cores are enveloped by layers of lamellar crow n tissue. The tips of denticles 

form ing dorsal or mid-oral surfaces are generally devoid of crown tissue, bu t this condition m ay be due to attrition 

resulting from  function, rather than reflecting a pattern of growth.

The blade portions of platform  elem ents w ere constructed by a pa tte rn  of grow th identical to tha t of 

wholly blade-shaped elements (figure 9a). All the following patterns are derived from  this.

(ii) Type A platforms

This first category of platform  m orphogenesis represents a m odification of the standard  b lade pattern  

(figure 12a). In taxa such as Idiognathodus {sensu Baesem ann 1973; Grayson et al. 1991), Gnathodus and  Icriodella 

the  p la tfo rm  is restricted  to the dorsal portion  of the  elem ent, and the in ternal construction  of its crow n 

incorporates a series of cavities w ithin the lamellae, along the m ain grow th axis of the elem ent (figure lld,e,f,g,h,i). 

The cavities mimic the arrangem ent of cone-shaped cavities present in ramiform and blade-shaped elements, w here 

the proxim al m argins of the cavities are aligned in ascending fashion, w ith  the structure u ltim ately p roduced 

(denticle or ridge; figure lle,/z). H owever, these cavities are not wholly encapsulated by  the crow n, and  extend 

dow n to the base of the crown w here they open into the basal cavity through a restricted opening w hich can often 

be observed in  SEM (figure lle,g). The upper m argins of the cavities are aligned in an undulating  arrangem ent, 

directly reflecting the overlying ridge morphology (figure lie,It).

In  almost all platform  elements w hich bear transverse ridges, the ridges occur in  pairs on either side of a 

central trough  w hich directly overlies the axial cavities, and varies in  its developm ent from  a large div id ing  

depression, to a narrow  slit. The ridges have a structure  sim ilar to denticles, being  form ed as d iscrete and 

homogeneous prisms which are centred about the apices of each set of 'grow th cavities' (figure 117%,;'). The symmetry 

or asym m etry of each prism  is a direct reflection of the shape of the overlying structure; w hether or not the prism s 

merge at their margins is dependent on w hether the ridges are of low relief (e.g., gnathodids; figure 11/z), or w hether 

the ridges are m ore peg-like (e.g., Icriodella; figure He).

Paired p latform  ridges occur in  a num ber of different taxa, particu larly  am ong M iddle and  U pper 

Carboniferous ozarkodinids. The significance of this is borne out by exam ination of the juvenile com ponent of the 

internal grow th record. For instance, the early grow th stage of a Cavusgnathus platform  reveals an original blade

like m orphology (figure 13a,b,c; and see Purnell (1992) for the ontogeny of Taphrognathus, a closely related taxon). 

Prism atic structure and  m axim um  grow th coincide w ith  the axis of the blade (figure 13&; in  transverse view). 

H ow ever, after relatively few increm ents, the axis of prim ary  grow th bifurcates into tw o distinct g row th axes, 

oblique to the original axis (figure 13c). The crystallites in  subsequent layers of crown tissue are organised in  two 

prism s, disposed about the new  prim ary grow th axes, and w ith an intervening area w hich is aprismatic, w here all 

crystallites are organised approxim ately parallel to each other, perpendicular to the outer surface. Ontogenetic 

bifurcation of denticles appears to be the m ain m ethod of platform  formation w ith in  type A  platform  bearing taxa, 

and m ay have implications for deducing their evolutionary origin.
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Figure 12. (a) Growth type A typified by the platforms of gnathodid Pa elements. The junction 
between the crown and the (unpreserved) basal body is irregular, the basal body invading the 
crown between successive increments of lamellar crown tissue. The paired ridges are often 
derived from differentiation of individual denticles in juvenile stages, (b) Growth type B typified 
by the platforms of Palm atolepis Pa elements. The crown-basal body junction is similarly irregular, 
but the crown is formed by exaggerated lateral growth, often resulting in hypocalcification within 
the enamel.
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A dditional nodes m ay be incorporated into the platform . Like the ridges, their in ternal structu re  is 

optically  d istinct from  the su rround ing  crow n tissue. Cross-crystallographic arrangem ent of the p rism s of 

crystallites w ith in  the p latform  results in  an albid appearance in reflected light. True w hite m atter is usually  

absent from the platform but m ay occur in the blade (if one is present).

(Hi) Type B platforms

This category includes such taxa as gondollelids, palm atolepids, polygnathids, Siphonodella, and  m ost 

platform  bearing prioniodontids (figure 12b). They differ from type A in that their platform s are form ed by  lateral 

expansion of the increm ental layers of lam ellar crown tissue (figure 13e,g). The axes of grow th are dorso-ventral 

in  m ost of these elements (and a th ird  lateral process in  som e taxa e.g. palm atolepids), contain g row th cavities 

strongly resem bling those along the grow th  axis of type A platform s (figure 13d). These cavities are generally 

larger than  their type A counterparts and are overlain by fewer layers of crown tissue.

A w ay from  the m ain axes of grow th, successive increments include patches of poor m ineralisation and 

often enclose large cavities, particularly in areas of m axim um  growth on the outer m argins of elements (figure 13e,f). 

As a result, prom inent grow th increments vary in  thickness from a few microns to thirty or forty microns. The outer 

surfaces of each of the increments in the areas of m aximum growth parallel surface morphology.

The internal structure of surface morphological structures such as ridges and nodes also differ from  those 

of type A elements which bear prismatic structure. Comparable surface morphological features in type B taxa show 

tha t they  w ere p roduced by  a lternating and precisely located swellings and pinches in  increm ental thickness 

(figure 13e).

Like type A platform s, type B platform s also lack true white m atter w ith in  the platform  although they 

exhibit areas of albid appearance in reflected light. White m atter is present in the free blade and carina.

The m ost conspicuous difference betw een surface morphology of type A and B platform s is the absence 

and presence of a carina respectively. The platform  in type A platform s often lack a carina because the denticles 

w hich com posed the dorsal blade in  juvenile (and ancestral?) forms were split ontogenetically to form  the paired 

ridges com m on to this element type. Type B elements retain  a prom inent carina throughout ontogeny because the 

denticles perform  no role in formation of the platform. However, some forms appear to combine both morphogenetic 

patterns e.g. Gnathodus bilineatus. Some species of Cavusgnathus, a typical type A platform , also exhibit evidence of 

a combination of the two grow th types w here a small carina at the dorsal-most tip of the Pa element is developed in 

specim ens representing late ontogeny. All w ork  so far suggests that beside m inor elaborations, such as platform  

development, pattern formation is the same in all elements in a given apparatus.

PR O C E SS

6. INTERPRETATION OF THE HARD TISSUES

C onsidering the w idely diverging views of conodont affinity expressed over the past 140 years, there 

have been  surprisingly few competing hypotheses to explain element histology. M ost authors have contended that 

the hard  tissues represent forms hom ologous to those of vertebrates and except for a few off-beat interpretations 

(Zittel and Rohon 1886; Quinet 1962b; Pahlbusch 1964; Bischoff 1973) all other considerations of conodont hard  

tissue histology are refutations of the vertebrate hypothesis (Kemp and Nicoll 1995a, b, 1996; Schultze 1996).
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Figure 13. (a, b, c) Etched transverse section through a Pa element of Cavusgnathus alta in  progressively higher 

magnification, note the change from blade to paiied-ridge morphology during ontogeny; PCJD 182, (a) frame w idth 

436|tm. (b) frame w idth 150pm. (c) frame w idth  76pm. (d) Etched artifically-fiactured section through a Pa element 

of Palmatolepis sp. (inset); PCJD 272, fram e w ith 472pm, inset w idth  967pm. (e,f) Etched artifically-fractured 

section through a Pa element of Palmatolepis sp.. (e) relationship between structure and morphology; PCJD 273, 

frame w idth 285pm. (/) hypocalcification w ithin lamellar crown tissue; PCJD 273, frame w id th  42pm. (g, h) 

Transverse section through a Pa element of Palmatolepis sp. photom icrographed in piane-polarised light w ith 

differential interference contrast, (g) Entire element; PCJD 347, w idth  1523pm. (h) Detail of the basal body 

exhibiting large internal cavities w hich indicate that the basal tissue was secreted both from  the inside and 

outside; PCJD 347, frame w idth  562pm.
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C onodonts are now  w idely regarded as craniates probably m ost closely related to the extant agnathans 

(A ldridge et al. 1993; Forey and Janvier 1994; Gabbott et al. 1995; Janvier 1995, 1996a, b), a lthough som e authors 

believe that conodonts represent a m ore prim itive condition akin to am phioxus (Kemp and  Nicoll 1995a, b, 1996 

Nicoll 1995). H ow ever, there is currently  concensus over the chordate affinity of conodonts, and  it is in  this 

context that the following interpretation of conodont hard  tissues has been considered.

(a) Lam ellar crown tissue

Biomineralisation am ong protochordates has recently been reviewed (Lambert et al. 1990) and it appears 

that only the ascidiacean and soberacean tunicates are able to secrete biom ineralised tissues. A m ongst these tw o 

groups, phosphatic biom ineralisation is largely restricted to am orphous deposits and  in  som e cases dahllite. 

However, even this one record of mineralised phosphate m ay be questionable because of the inherent instability of 

am orphous calcium phosphate (e.g. Lowenstam  and W einer 1985). In either case, lam ellar crown tissue is clearly 

not com posed from  dahllite (Pietzner et al. 1968).

A lthough myxinoids are capable of secreting non-skeletal calcium phosphate in the form  of statoliths and 

statoconia (Carlstrom  1963), this system  is also unlikely to be responsible for conodont hard  tissues. A gnathan 

statoliths are composed from an am orphous (polyhydroxyl) calcium phosphate which is highly unstable, dissolving 

in  a solution of pH  8 or less (R. W. Gauldie personal communication 1995). Lam prey biom ineralisation is similarly 

restricted to the form ation of statoliths, a lthough under the right conditions {in vivo or in vitro) lam preys are 

capable of skeletal biom ineralisation, in particular, calcification of cartilage (Langille 1987; Langille and  Hall 

1993; Bardack and Zangerl 1971).

Considering the range of chordate hard  tissues, the only possible homologues of lamellar crown tissue are 

enam eloid and enamel. Both enam el and enam eloid are hypermineralised, b u t enam eloid crystallites are generally 

m uch larger than  those of enamel, the crystalline structure of w hich is punctuated  by  increm ental g row th  lines. 

Enam el crystallites are aligned in a preferred orientation w hich is usually perpendicular to the grow ing surface, 

a lthough this alignm ent can vary considerably. Enameloid crystallites, w hich m ore usually  resem ble long fibres, 

are not always aligned preferentially and can range from  a completely random  arrangem ent (e.g. tangled fibre 

enam eloid (Preuschoft et al. 1974, pl. 8, fig. d  ) to highly ordered w oven and interw oven sheets (e.g. parallel fibre 

enam eloid (Preuschoft et al. 1974, pl. 8, fig. e). Lamellar crown tissue most closely resembles enam el, and I believe 

them  to be hom ologous. This conclusion has been reached by several authors in  the past (e.g. Dzik 1986; Burnett 

and H all 1992; Sansom et al. 1992), b u t heavily criticised (e.g. Blieck 1992; Kemp and Nicoll 1993, 1995a, b, 1996; 

Schultze 1996; Forey and Janvier 1993; Janvier 1995,1996a, b).

A lthough Forey and Janvier (1993) felt that the apparent "extreme variation" of crystallite orientation in 

conodont lam ellar crow n tissue w as irreconcilable w ith  enam el, it is not w ithou t parallel in  know n enam els (e.g. 

Sm ith 1989), although  the sub-parallel arrangem ent of crystallites is unusual. The d earth  of com parable 

m icrostructures in  other vertebrates probably results from  their lack of enam el-bearing structures of com parably 

intricate m orphology. A lthough other vertebrates m ay produce dental and other structures w hich are as intricate, 

such elements invariably lack enamel and are instead largely composed from the various types of enameloid.

The presence of prismatic structure and elaborate surface ornam ent in some conodont taxa indicates that 

the enam el organ responsible for secretion of the tissue w as relatively sophisticated, capable of controlling m ineral 

secretion and mineral alignment in any one site, producing textures comparable w ith the surface ornam entation of 

the tooth enam el of gnathostomous fish (c.f. Smith 1989, text-fig. 5 Laccognathus biporcatus).
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(b) Basal body

Interpretations of basal tissue have varied  m ore than for any of the other tissues of conodont elements. 

They range from  bone (Barskov et al. 1982), to globular calcified cartilage (Sansom et al. 1992), and  various 

dentines (Dzik 1986; Sansom  et al. 1994; Sansom  1996), to  'a  m ineralised extracellular m atrix, organised  like 

connective tissue or the inner core of embryonic or chordate notochord' (Kemp and Nicoll 1995a, p.238).

The last interpretation  w arrants separate discussion because it is so conspicuously different from  the 

other com peting hypotheses. Kemp and Nicoii (1993, 1995a, b; 1996) have followed earlier w ork  (Fahraeus and 

Fahraeus-V an Ree 1987, 1993) concerned w ith  organic rem nants retrieved after acid d issolution of conodont 

elements. The organic matrices retrieved from  the basal tissue of Prioniodus amadeus and  Cordylodus sp. form  the 

basis of this interpretation and are figured in  fig. 3a-e of Kemp and Nicoll (1996) and pi. 1, figs. 4, 7, 8, pi. 2, figs. 9- 

12 of Kemp and Nicoll (1995a). It is remarkable that organic rem nants or replacements of original soft tissues could 

be preserved, b u t the least rem arkable factor is the low  fidelity of preservation. Indeed the preservation is such 

that the organic rem nant cannot be com pared w ith  any specific m odern tissue w ith  any confidence because of the 

lack of distinguishing characters. The organic rem nant does, however, compare w ell w ith  connective tissue, w hich 

led to Kemp and NicolTs in terpretation of conodont basal tissue as their hypothetical 'extracellular m ineralised 

m atrix' tissue; they proffer no homologous tissue from any animal extant or extinct.

The divergent grow th relationship betw een the basal tissue and the enam el supports interpretations of 

basal tissue as bone, mineralised cartilage or dentine. All three tissues are involved in odontogenesis in  extant and 

extinct vertebrates, are neural crest derived, and can often occur together w ith  enam el/enam elo id  as a result of 

epithelial-ectom esenchym al interaction. Enamel overlying dentine is a pa tte rn  characteristic of the vertebrate 

derm al skeleton, and contrary to Kemp and  Nicoll (1995a), and Schultze (1996), enam el overlying bone is not 

unparalle led  am ong the vertebrates (Smith 1979; Sire 1994). A lthough hypothetically  possible, I know  of no 

instances w here enam el can be obseiwed directly overlying cartilage.

Sansom et al. (1994) contended that during  the Ordovician acme of vertebrate evolution (H alstead 1987) 

the conodonts, like all the other arm oured agnathan groups, were experimenting w ith  different tissue combinations. 

H ow ever, the other vertebrate groups w ere expressing this experim ental episode in  the p roduction  of variably 

structured  derm al arm our. Based on the evidence presented here and elsewhere, Sansom 's scenario suggests that 

conodonts w ere directly substituting different tissues in  a homologous site of an otherw ise entirely unchanged 

mineralised skeleton, sometimes w ithin individual species.

The case for the interpretation  of conodont basal tissue as bone, as m ade by Barskov et al. (1982), w as 

based on the presence of concentric hollow spheres and tubules w ithin a lamellar matrix, respectively suggested to 

be osteocyte lacunae and vascular canals. However, the putative cell lacunae bear little resemblance to structures 

in  bone; the spheres are infilled, bear no processes, and are better interpreted as com ponents of dentine. Evidence 

for the presence of vascular tubules is also very poor, although structures sim ilar to these have been described in 

other conodont taxa (e.g. Problematoconites in Andres 1988 and Semiacontiodus in  Dzik 1986).

The case for the interpretation of basal tissue as m ineralised globular cartilage is considerably stronger. 

Smith et al. (1987), Smith (1990) and Sansom et al. (1992) have all com pared the basal tissue of Cordylodus (figure 

5a,b,c) to the globular calcified cartilage found in  the H arding Sandstone vertebrate Eriptychius (Denison 1967). 

H ow ever, Sm ith and H ail (1990) have postu la ted  th a t cranial exoskeletal cartilage is alw ays associated w ith  

bone, w hich, as w e shall see below, was evidently  lacking in conodonts. Furtherm ore, as Sansom  et al. (1992) 

adm itted, 'it is possible that other m ineralisation processes could produce spherulitic structures such as these'.
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The strongest case is for an interpretation of conodont basal tissue as dentine. D entine exhibits a great 

variation in  structure, including forms w hich do or do not include cells i.e., mesodentine, semidentine, orthodentine 

(see 0 rv ig  1967a, and Sm ith and H all 1990, for reviews). Variations also occur w ith in  these categories due to 

factors such as environm ental and  physiological stress (e.g. Appleton 1994). A lthough the claims of dentine in 

conodont elem ents by  Dzik (1986) and A ndres (1988) are equivocal, the  identification  of m esodentine  in  

Neocoleodiis (Sansom et al. 1994) is unequivocal. The assertion by  Kemp and Nicoll (1995a) that the structure of the 

Chirognathus basal tissue is a presei-vational artefact is unfounded, unless the histological integrity  of the w hole 

H arding  Sandstone vertebrate fauna is called into question.

Thus, at least som e basal bodies are dem onstrably com posed of dentine, and other structures w hich 

apparently  support alternative interpretations are also sometimes displayed by dentine. The spheroidal structure 

com pares favourably in m orphology and scale w ith  dentine calcospherites w hich commonly occur w ith in  dentine 

(figure 14d) and result from  poor m ineralisation (Halstead 1974), rapid growth, or o ther factors such as disease 

(A ppleton 1994). A tubular dentine has been described from  the basal body of Pseiidooneotodus (Sansom 1996), but 

other m aterial of Pseiidooneotodus (figure 5d,e) reveals a spherulitic structure directly com parable w ith  the basal 

body of Cordylodus, also described by  Sansom and his colleagues (1992), bu t as globular calcified cartilage. M ost 

basal bodies are lam ellar and lack evidence of tubules, b u t even these fit w ith in  the range of know n dentines, 

specifically (atubular) lam ellar dentine (e.g. Karatajute-Talimaa etal. 1990; Karatajute-Talimaa and N ovitskaya

1992). In  m ost dentines these structures can occur together, so that lamellar dentine contains calcospheres, as do 

m ost tubular dentines. This is also observed in conodont basal tissues. Interpretation of all conodont basal tissue 

as dentine is therefore supported by  the structural variation and integradation seen in  a range of conodont taxa. In 

the light of this, the coarse structures previously interpreted as dentine tubules (Dzik 1986; A ndres 1988) can be 

homologised w ith pulp canals.

The p a tte rn  of g row th  d isp layed  by  the basal tissue is extrem ely variable. The basal b o d y  of 

Pseiidooneotodus is dom inantly  lam ellar b u t is spheritic at the crown junction, the site of the term inal dentine 

netw ork  (Sansom 1996). The basal body  of Ozarkodina is usually lamellar, except for the flanks of the structure 

below  the contact w ith  the crown w hich m ay be either disruption  of the m ineralising dentine by  vascular supply 

from the pulp, or the site of attachment fibres.

The basal body of Palmatolepis also has a variable structure, though this m ay result from  processes of 

preservation. In optim ally preserved specimens, the flanks of the squat plate-like structure  incorporate coarse 

calibre canal-like structures w hich are infilled from  the outside inw ards (figure 13g,h). Thin sectioned elements 

reveal a hollow  in ternal structure  w hich  indicates that as the elem ent grew  rap id ly  laterally, the successive 

grow th increm ents of basal tissue incorporated large spaces into the structure (m irroring hypocalcification in  the 

crown). The specimens exam ined exhibit evidence of gradual enlargem ent w ithou t m orphological modification, 

punctuated  by periodic lateral expansion of the structure, again, by incorporation of a large space. The spaces did 

n o t rem ain hollow, b u t w ere gradually infilled by  successive lamellae, the secreting tissue probably m aintained via 

the canals in the flanks of the basal body (figure 14a,b,c). The rapid  grow th has resulted in  the incorporation of 

pu lp  tissue w ith in  the m ineralised structure. The lateral walls of the basal body occupied by  vascular canals are 

poorly or w eakly mineralised; this m ay explain the less completely m ineralised state of m ost Palmatolepis basal 

bodies, w here only the portion above the vascular region is present. In these specimens, the grow th increm ents do 

no t exhibit closure around the lower surface of the basal body. Either the low er half fell aw ay post mortem or it 

w as never mineralised. M ost often the basal body is not preserved at all.
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Figure 14. (a, b) Detail of Pa element of Palmatolepis sp. (inset) exhibiting the position of infilled pulp  canals, (a) 

Caudal margin; PCJD 238, frame w idth pm, length of element in inset pm. (b) Rostro-ventral margin of element, note 

the section of a concentrically-infilled tubule at upper left; PCJD 238, fram e w idth pm. (c) Ventral view  of a Pa 

element of Palmatolepis sp. w ith  a hollow basal body w hich opens to the venter; PCJD 246, frame w id th  488pm. (d) 

G round section through a crushing tooth of Lissodtis minimus, a Rhaetian elasmobranch; the scanning electron 

micrograph details mantle dentine w ith remnants of the associated dentine tubules; PCJD 260, frame w idth  153pm. 

(e, g) Etched ground section tluough an S element of Polygnathus sp. exhibiting the recurrent relationship between 

grow th cavities, the bounding crystallites, and white matter, (e) White m atter secretion appears to have been 

initiated immediately after a grow th cavity; PCJD 328, frame w idth  93pm. (/) Typical arrangem ent of crystallites 

adjacent to grow th cavity; PCJD 328, frame w idth  23pm. (/) Thin section through the derm al scale of Gomphoncus 

sp., an acanthodian (inset); PCJD 348, frame w id th  357pm, inset w idth  586pm. Qi) G round section through a Pa 

element of Idiognathodus sp. (inset) exliibiting grow th cavities infilled by  a tissue similar to w hite m atter; PCJD 116, 

frame w idth 37pm, inset w id th  578pm. (i, f) Thin section through an S element of Idioprioniodus exhibiting growth 

cavities infilled by a tissue similar to calcospheric dentine; PCJD 170, frame widths (f) 55pm, and (/) 23pm.
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The tem poral trend  tow ards unm ineralised  basal bodies is po tentia lly  a serious w eakness in  the 

interpretation of basal tissue as dentine, as this hom ology relies partly  on evidence from  relative grow th  betw een 

the component tissues of elements. W ithin the vertebrate derm al skeleton, the signal for enam el secretion is believed 

to be the presence of a m ineralised surface, typically m ineralised dentine (Smith 1992). Reduced m ineralisation in 

conodont basal bodies poses no developm ental problem  as long as dentine adjacent to the enam el-dentine junction 

w as m ineralised. This could explain w hy m any D evonian conodont taxa retain a th in  rem nant of basal tissue 

w hich w ould otherwise have perform ed no useful purpose (e.g. see Smith et al. 1987).

Enam eloid displays a different relationship w ith  dentine to th a t betw een enam el and  dentine. In 

enam eloid, the enam el-secreting cells, ameloblasts, begin secretion before m ineralisation of the dentine instead of 

after. As a result, the extracellular matrices of the two tissues intermix and the resulting tissue mineralises from  the 

outer surface inwards, the opposite of how  enam el grows. The difference between enameloid and enamel, therefore, 

has been proposed to be the result of a heterochronic shift in the timing of secretion by  the ameloblasts, from  post to 

pre-m ineralisation of dentine (Smith 1992,1995). In  conodonts, all histological data poin t tow ard  interpretation of 

crow n tissue as enam el, b u t the lack of a basal body  could no t be explained aw ay even if the  crow n w ere 

enam eloid because the grow th increments of the crown are still sharply truncated by the basal cavity.

To explain the then apparent absence of dentine in  conodont elements (only the basal body of Cordylodus 

had  by then been described). Smith and Hall (1993) suggested a shift in tim ing of ameloblast differentiation to an 

even earlier phase, prior to odontoblast differentiation. In such a scenario, epithelial-ectomesenchymal interaction 

w ould have taken place to produce ameloblast and chondroblast precursors, ultimately resulting in the secretion of 

enam el and m ineralised cartilage. Sansom et al.'s (1992) interpretation of the Cordylodus basal body  has just been 

d iscussed and rejected, and  so this scenario is no longer necessary or appropriate. H ow ever, could such  a 

heterochronic shift in  tim ing be invoked to explain the absence of dentine  in M iddle and  U pper Palaeozoic 

conodonts? The mechanism is not unparalleled (Smith 1992,1995; Moya Smith personal com m unication 1996), and 

it is certainly plausible, b u t it w ou ld  indicate tha t the  signal for enam el secretion is no t the  presence of a 

mineralised surface. Smith et al. (1996) have attempted to homologise conodont elements w ith odontodes, basic units 

of the vertebrate derm al skeleton, w hich are view ed as "single, modifiable m orphogenetic system [s]" (Schaeffer 

1977). O dontodes are theoretically (and often in  practice) perceived as flexible enough to allow  any of their 

com ponent tissues (enamel, dentine, and bone) to have evolved before the others, or be present independently of the 

others, by  uncoupling or independently  regulating odontoblast and am eloblast differentiation (Smith and  Hall

1993). If conodont elements are hom ologous to odontodes, the lack of preserved m ineralised dentine in  m any 

conodont elements could quite easily be explained.

(c) W hite  m atter

W hite m atter is perhaps the m ost problematic of all conodont hard  tissues. The m ost recent interpretation 

of w hite m atter contends that the tissue is cellular derm al bone (Sansom et al. 1992; reiterated in Sansom et al. 1994, 

Sansom  1996, and Smith et al. 1996). The polarised arrangem ent of the putative  cell processes and  cell spaces 

w ithin white matter, however, argue against an interpretation of white m atter as derm al bone.

A lthough the arrangem ent of cell spaces and processes w ithin white m atter adjacent to lam ellar crow n is 

like a dentine, the inclusion of cell-shaped spaces w ithin the groundm ass appears atypical. M ost m odern  dentines 

are highly organised in structure and include only spaces left by  cell processes. Cells themselves are no t included 

w ith in  the m atrix because they retreat ahead of the m ineralising front. H ow ever, the fossil record of dentine
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reveals an evolutionary series of dentine-types from  a poorly organised cell-including prim itive condition, through 

increasingly m ore organised arrangem ents of cells and cell-processes, to a rigidly organised acellular advanced 

condition (0 rv ig  1967a). White m atter resembles the disorganised structure of mesodentine (e.g. figure 14/), the most 

prim itive in  this evolutionary lineage. However, the match is not exact because w hite m atter lacks associated pulp 

canals w hich often occur in mesodentine. The organisation of white m atter indicates, however, that the tissue grew 

orally, so the lack of associated pulp  structures m ay not be so surprising. The im plication is that w hite m atter was 

dead once the sustaining vascularisation had been rem oved to facilitate element function.

The tissue lacks punctuating grow th striae w hich (except for the most prim itive types) commonly occur in 

m ost dentines. The tissue also reacts differently from  the dentine of basal bodies w hen  etched w ith  acid. One 

possible alternative interpretation is that white m atter is a form of enameloid, w hich commonly includes spaces left 

by  the processes of odontoblasts, close to the dentine-enam eloid junction. H ow ever, the m icrocrystalline 

groundm ass of w hite m atter is inconsistent w ith this hypothesis, as m ost forms of enam eloid are com posed of 

elongate fibre-like crystals.

A t present, the m ost likely interpretation, on  the basis of grow th pa tte rn  and  structure, is tha t w hite 

m atter is a dentine-related tissue comparable w ith  mesodentine, bu t exclusive to conodonts. Similarity to prim itive 

enam eloids m ay be show n in the future, e.g. tubercles of Astraspis possess a 'glassy cap', although the lack of large 

crystal fibre bundles suggests that this tissue is not identical w ith  the enam eloids of higher vertebrates (Smith et al. 

1995) and is more similar to white matter. The interpretation of w hite m atter as enam eloid appears flawed because 

w hite m atter is usually  completely enveloped by enam el, and is never in contact w ith  the dentine basal tissue. 

H ow ever, there is a direct relationship betw een the occurrence of grow th cavities in  the enam el crown, and  the 

initiation of w hite m atter secretion (figure 14e). The few examples in w hich in  such cavities are infilled, reveal a 

m inera lised  tissue resem bling  w h ite  m atte r (in Idiognathodus, figure 14^) or calcospheritic  den tine  (in 

Idioprioniodus, figure 14z,;). Furtherm ore, the step-sided m argins of the cavities, resulting from  the abutm ent of 

surround ing  enam el increments, could represent appositional grow th of enam el and dentine (figure 14g). These 

cavities could, therefore, represent a source of odontoblastic cells which combined w ith ameloblasts of the forming 

enam el to produce an enameloid (bitypic enamel of Smith 1989). Such a scenario m ay be analogous to the formation 

of acrodin blisters on the derm al denticles of some fossil actinopterygians (e.g. 0 rv ig  1978a, b, c).

Refutation of the presence of cellular derm al bone in conodont elements negates the conclusions of Smith 

and Hall (1990) and Smith et al. (1996) w ith regard to the prim acy of cellular over acellular bone, and both  tissues 

retain  their previously established (coeval) antiquity (Smith 1991).

W hite m atter is not ubiquitous am ongst conodonts and is absent from  m any taxa. The tissue w as not 

essential to the form ation of denticles as elements of alm ost all taxa contain denticles w ithou t w hite  m atter. The 

presence of w hite m atter w as, however, certainly beneficial in term s of structural integrity. C onodont elem ent 

crowns are composed almost entirely from enamel, which is the hardest w earing of all vertebrate biominerals b u t is 

extrem ely brittle. Simple enamels w hich lack the strengthening effect of prism atic structure are particularly  weak. 

The incorporation of a second tissue, such as w hite m atter, w hich has different rheological properties, helps to 

strengthen the elem ent and aids in the decussation of propagating cracks. Through the U pper Palaeozoic, m any 

conodont lineages, particularly ozarkodinids, record a pattern  of reduced white m atter in  P elements in  favour of 

increased complexity in enamel microstructure.

White m atter appears to be unique to conodonts, bu t because it is not present in the earliest of conodont 

elements it cannot be considered a synapomorphy of the group.
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(d) D iscussion

Exam ination of patterns of grow th  recorded by  conodont hard  tissues has facilitated testing of recent 

hypotheses of hom ology w ith tissues of other organisms. Patterns of growth displayed by  individual tissues and by 

combinations of tissues are consistent w ith  homologies w ith  specific vertebrate derm al hard  tissues. This supports 

the  m ain  conclusions of Sansom  and  colleagues (Sansom et al. 1992, 1994; Sansom  1996) a lthough  som e 

rein terpretation  of their results is necessary. The complexity in  patterns of grow th  previously unrecognised in 

multidenticulate elements highlights the difficulty in identifying homology between the conodont skeleton and other 

vertebrate hard  tissue systems. This study  implies, however, that conodonts m ust have m ineralised their skeleton 

through the evolution of a suite of hard tissues indistinguishable from those of vertebrates. To even the m ost ardent 

opponents of parsim ony analysis, an entirely independent origin m ust appear unlikely. Nevertheless, w hatever the 

outcome of the debate over affinities, the patterns of grow th of conodont hard tissues and of element morphogenesis 

established in  this paper will rem ain intact.

7. U N D ERSTA N D IN G  C O N O D O N T G ROW TH

(a) H om ology w ith in  the grow ing skeleton

The full interpretation of conodont hard  tissues now available allows reassessm ent of the m orphogenetic 

patterns described earlier, taking into consideration patterns of grow th of com parable tissues in  extant and  w ell 

docum ented extinct vertebrates. The descriptions of the m orphogenetic grow th patterns included some attem pt to 

draw  homology betw een the different categories. It is clear that individual denticles of type I elements represent the 

basic un it of the conodont skeleton. It is also apparent that these undifferentiated units are hom ologous w ith  the 

individual multidenticulate units w hich collectiveiy comprise type II elements. It is also the case that these units are 

hom ologous w ith multidenticulate elements of m ore derived taxa such as the ozarkodinids, representative of types 

111 and IV. This last stage of hom ology is, however, m isleading as both type 111 and IV elements exhibit evidence of 

repair. These repair events have recently been reinterpreted as episodes of post-functional g row th  (Chapter 3) 

indicating that these elements, like type II elements underw ent post-eruptive growth, by envelopment by  subsequent 

odontodes. Whereas juvenile multidenticulate elements of type 111 and IV taxa are homologous to individual units of 

type I taxa, gerontic specimens are com posed of several such units. Elements of type III and  IV are hom ologous at 

coeval stages in ontogeny, bu t the differentiated denticle units of type IV are hom ologous to individual denticles of 

type n i elements.

The basic structural com ponent of the conodont skeleton can now be seen as a denticle consisting of an 

enam el lamellar crown cap and a dentine base. Incremental lines w ithin both  the enam el crown and dentine basal 

body m eet at the enam el-dentine junction (basal cavity), indicating that the two tissues grew in  opposing directions, 

beginning at the enam el-dentine junction w ith  a layer of dentine, followed by a layer of enamel. This pa tte rn  is 

w idely recognised am ongst vertebrate derm al units and is Icnown as appositional growth. In  the vertebrate derm al 

skeleton, the increm ental lines w ith in  the tw o tissues usually share an angular relationship. This is dependent on 

the shape of the pulp  cavity, w hich is rarely as evaginated in  conodont elements. In  conodonts, an acute angular 

relationship is restricted to coniform elements w ith  deep pulp (basal) cavities.

Discrete derm al units w ith in  the vertebrate skeleton consisting of enam el and  dentine are know n as 

odontodes (0 rv ig  1967a) and are the basic build ing  blocks of the derm al skeleton. O dontodes usually  include a 

th ird  com ponent, bone, w hich acts as a tissue of attachment. However, bone is not ubiquitous w ith in  odontodes
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and  is absent from  the scales of thelodonts, a g roup  of extinct jaw less fish, and  the  scales and  teeth  of 

chondrichthyans. O n this basis Sm ith et al. (1996) have argued for a hom ology betw een conodont elem ents and 

odontodes, b u t in  the  light of m orphogenetic pa tte rn s described here, the ir contention is clearly a gross 

oversim plification. Type I eiem ents are com posed of up  to tens of indiv idual odontodes, b u t they  rem ained 

structurally  as well as histogenically distinct from  each other, united only by  an underly ing  supporting  structure. 

A lthough the individual odontodes of type II elements w ere histogenically distinct, their lack of structural identity 

makes the resulting element an odontocomplex (sensu 0 rv ig  1977; Reif 1982). Odontocomplexes vary in  their m ode 

of formation such that successive odontodes may be added to one side, from above or circumferentially. Type 111 and 

IV elem ents are also odontocom plexes and  exhibit circum ferential add ition  of successive odontodes. The 

establishm ent of the new  dental papilla for each odontode, at the boundary  betw een the pre-existing crow n and 

basal body, makes distinguishing the successive odontodes difficult.

(b) D iscussion  i

If the grow th patterns described here are to be considered in term s of current hypotheses of conodont 

phytogeny their arrangem ent from  prim itive to advanced w ould  be 11-(1)-I11-IV; the sim plest form, type I, is an 

evolu tionary  offshoot, apparen tly  restricted to form s such as Promissum, Coryssognathus and Icriodus. The 

differences betw een the four categories are m ost easily rationalised as resulting from  heterochronic changes in the 

tim ing of various developm ental stages. Type 11 is found in  Cordylodus, the earliest taxon bearing m ultidenticulate 

elements. It has been interpreted as either an evoiutionary dead-end (Sweet 1988), or as the root of all conodonts 

(Dzik 1991). Cordylodus elements exhibit a pattern  of m orphogenesis typical of type II, suggesting tha t either the 

slightly later forms exhibiting the same pattern  are convergent (after Sweet 1988) or else Cordylodus is ancestral to 

all subsequent m ultidenticulate element-bearing taxa (or possibly they have a common ancestor and Cordylodus is 

divergent). This pa tte rn  w as elaborated upon  in later forms and perhaps w ith in  Cordylodus itself, w here the 

grow th units differentiated morphologically producing multidenticulate units, as in Carniodus. Type I appears to be 

secondarily simple, derived from  type II stock and representing a condition w here preceeding units continued 

g row th  after subsequent units w ere added. This change m ay have been facilitated by  an extension of the early 

ontogenetic stage of odontode grow th in a type two ancestor. Type 111 probably represents a change in the tim ing of 

developm ent in a type II ancestor such that the adult stage is delayed and the prim ary  un it allowed to extend its 

growth. As there are no spatial restrictions on grow th, the elem ent m ay continue extending along its grow th  axes. 

A t first it appears as though bo th  111 and IV have abandoned the ancestral condition of adding  odontodes after 

prim ary growth. However, the pattern of periodic repair and enlargement exhibited by  these taxa is a vestige of the 

ancestral g row th  strategy (Chapter 3). The subsequent grow th  stages are adap ted  from  m arginal accretion, to 

completely surround the existing structure, homologous w ith  the growth of acanthodian scales (see below).

The tim ing of w hite m atter secretion is potentially  another irhportant character w hen  com paring the 

different grow th categories, particu larly  as it consistently represents the la test stage of grow th  in  indiv idual 

denticles. W hereas denticles in  type III elements are dom inated by  w hite m atter, denticles of type IV elem ents 

contain less, and th rough  the D evonian and  C arboniferous w hite m atter is fu rther reduced , un til by  the 

Carboniferous, m any taxa bore elements w here only in late stage growth and only the portion of denticles emergent 

from the m ain body of the element, contain white matter. As a result, type IV elements resemble the juvenile stage of 

denticle grow th  in  type III elements, suggesting a heterochronic shift in the tim ing of secretion of the different 

tissues.
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The complexity of denticle genesis, described here, clearly contradicts Szaniawski and Bengtson's (1993) 

hypothesis on  the origin and genesis of denticulation in  euconodonts. Their m odel p roposed tha t denticles 

originated in early euconodonts by  the accretion of layers of lamellar crown tissue onto a w orn, jagged region of 

prim itive coniform elements. If early euconodonts do indeed exhibit this pattern  of growth, it is more likely that the 

denticles form ed by repair, having  replaced pre-existing, b u t w orn  denticles. The pa tte rn  of denticle genesis 

p roposed  by  Szaniawski and  Bengtson is certainly n o t p resen t in  any  of the ozarkodin ids, prion iod in ids, 

prioniodontids, panderodontids, belodellids, or proconodontids observed by  this author.

8. C O M P A R IS O N  OF TH E M O R P H O G E N E S IS  OF C O N O D O N T  ELEM EN TS A N D  O TH E R  

VERTEBRATE H A RD  TISSUES

The pa tte rn  of periodic re-grow th in  conodont elem ents w hich facilitates repair and  enlargem ent is 

unusual in the vertebrate dental record, particularly as the elements include, and are indeed dom inated by enamel. 

In  m ost systems w hich include enamel, the enam el organ is destroyed during  the process of eruption  and  even in 

those w here the enam el organ survives eruption, enam el secretion is spatially restricted (e.g., roden t teeth), and it 

cannot facilitate repair to the functional surface. There are very few dental systems w hich facilitate repair, m ainly 

because m ost craniates have adopted a strategy of shedding and replacement. However, 'grow ing ' scales are m uch 

m ore com m on than 'grow ing teeth ' in the vertebrate record and include a facility for post-eruptive repair (if the 

scale does indeed erupt) for example, some acanthodian (e.g. figure 14/) and actinopterygian scales. After some 

period of time, an erupted scale sinks w ithin the dermis and is enlarged by the grow th of another odontode around, 

above, or to one side of the pre-existing structure. As a result, scales are enlarged and  can thus be repaired  by 

successive layers of ganoine (a hom ologue of enamel. Sire et al. 1987; Sire 1994) over the outer surface, occurring in 

step w ith  successive layers of dentine around the lower surface. Such scales m ust have spen t m uch tim e enclosed 

w ithin soft tissue, in contrast w ith  conodont elements, which, although not teeth in  the strictest sense, functioned as 

such. C onodont elements m ust periodically have sunk w ithin the dermis, or else the dermis m ust have grow n over 

the surface of the element, to facilitate grow th and repair. As m any elements, particularly  types I and II, exhibit 

m arginal grow th independent of the rem ainder of the structure, it is possible tha t at least som e elem ents were 

partially  enclosed w ithin soft tissue throughout life.

The pattern  of denticulation in type II and IV is paralleled in a great num ber of gnathostom e dentitions, 

particu larly  am ongst teleosts. In m ost cases each denticle is a structurally  distinct odontode [tooth] w hich  is 

situated in  a jaw  and individually shed and replaced. Conodont elements were not situated w ithin a jaw  apparatus 

and w ere perm anent, not shed and replaced (Chapter 3). Some acanthodian dentitions w ere also perm anent and 

b ear a rem arkable sim ilarity  to conodonts in  'to o th ' arrangem ent and  p a tte rn  of grow th. Ischnacanth id  

acanthodians bore dentigerous jaw  bones in w hich the teeth were incorporated, and rem ained undifferentiable 

from  the jaw  proper (figure 15a); it is largely for this reason that these groups w ere believed to have possessed 

perm anent dentition. Like type II and IV conodont elements, the jaw bone grew by  m arginal accretion and dental 

units com prising alternating dentition were added sequentially (figure 15ai, aii, alii, aiv). The sequential units are 

not divisible into distinct teeth and are considered multidenticulate teeth (0 rv ig  1973). The dentigerous jaw  bones 

grew  rostrally in  contrast to the caudal direction of m arginal accretion in  type I-IV conodont ram iform  elements. 

A canthodian tooth spirals also exhibit the same pattern  of m arginal accretion, although the dentigerous units are 

unidenticulate and grew  by accretion on the caudal m argin of the spiral. The tooth  spirals differ from  those of 

elasm obranchs because the successive teeth are fused together in a single structural un it (figure 15c), and so, as
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Figure 15. (a) Part of a dentigerous jaw bone in Xylancanthus grandis 0rvig, after 0rvig (1967b, 1973) 
with omission of the supporting jaw cartilage. Dashed lines delineate units of growth. (b i,ii,iii,iv )  
Illustration of growth of acanthodian dentigerous jaw bone by marginal accretion at the anterior end of the 
jaw; illustration also includes successive wearing-down of the teeth, after 0rvig (1973). (c) Illustration of 
growth of acanthodian tooth whorl, based on N osto lep is, shading delineates units of growth which were 
added to the posterior of the whorl, after 0rvig (1973).
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each tooth  w as replaced by  its successor, it w as not im m ediately shed b u t retained and shed w ith  the w hole spiral 

w hen  the  last tooth w as no longer functional (0 rv ig  1973). A lthough grow th of acanthodian  dentigerous jaw  

bones has been poorly docum ented, there appears to be no evidence of repair to existing dentition  du ring  the 

addition  of new  dental units, a significant difference from  conodont elements. Also, acanthodian jaw s are entirely 

composed of dentine and bone in the upper and lower portions respectively, they completely lack enamel, and there 

is no evidence for enameloid, again, differing considerably from the condition of conodont elements.

The pa tte rn  of grow th d isplayed by  the toothplates of m odern  lungfish represents another possible 

analogue to the pattern of formation of some conodont elements. The lungfish toothplate is a perm anent tooth which 

grows by accretion of odontodes onto the growing m argin (labial in this case). The new  odontodes are aligned w ith 

ridges of the toothplate w hich represent fusion of previously formed odontodes; each ridge is thereby interpreted as 

hom ologous w ith  a tooth family (Kemp 1977). Lungfish toothplates are also capable of some degree of repair, bu t 

this is achieved by  hyperm ineralising  the dentine, infilling the spaces left by  the cell-processes w hich  w ere 

responsible for the secretion of the original tissue (Smith 1979). The pa tte rn  of odontode add ition  is directly 

com parable w ith  the addition of denticles in type II conodont ram iform  elements and the bifurcation of toothplate 

toothfam ilies com parable w ith  the addition  of secondary and tertiary processes in  conodont elem ents such  as 

ramiform elements.

Young et al. (1996) challenged the prim acy of the odontode as the plesiomorphic patterning component of 

the vertebrate dermal skeleton. Their new model of the primitive dermal skeleton is based upon fragments of 

putative derm al arm our from the Late Cam brian of Australia, slightly younger than the first records o f Anatolepis, 

another putative vertebrate (Bockelie and Fortey 1976; Repetski 1978; Smith et al. 95, 96), and the first true 

conodonts. These broken plates are composed of a tripartite tissue complex including a lam inated basal layer, 

calcospheritic m iddle layer, and continuous hypermineralised capping layer. The m iddle layer is com posed of a 

series of polygonal fields, radially arranged about vertical canals which traverse the capping layer and open onto 

the surface through tubercles. The capping tissue is considered homologous to enamel, and although Young et al. 

refrain from attem pting to draw  homology between the m iddle and basal layers, and the tissues of other 

vertebrates, they consider dentine absent. The lack of dentine or bone of attachm ent in  this material is taken as 

evidence that they are not prim itive for the derm al skeleton of vertebrates, and thus an unreliable indicator of 

vertebrate affinity. In the light of this, one w onders on w hat basis the new  Cam brian material is ascribed to the 

vertebrates? The identification is based largely on comparative m orphology of surface ornam ent, and the tripartite 

tissue combination form which the sclerites are composed. Comparative morphology has, in the past, been 

recognised as an unreliable indicator of affinity (e.g. Schallreuter 1983, Schallreuter in Blieck 1991). Furtherm ore, 

the tripartite tissue combination is typical of vertebrate derm al arm our because odontodes are three-layered, and 

yet Young et al. (1996) conclude that odontodes are not plesiomorphic in  the vertebrate exoskeleton. Yet on this 

basis. Young et al. go on to reinterpret the hard  tissue histology of Anatolepis and conodonts, concluding tha t the 

tw o groups "represent divergent specialisation's w ith  the early diversification of vertebrate h ard  tissues" and 

that conodont hard  tissues are unique. Even if the new  Cam brian material w ere vertebrate, there is no evidence, 

stratigraphie or otherwise, that it is any less derived than  Anatolepis or the hard  tissues of conodonts. It could as 

easily have been derived from Anatolepis. The evidence from Anatolepis and from conodonts suggest that odontodes 

are plesiomorphic patterning units of the vertebrate dermal skeleton.
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9. D ISCU SSIO N

The apparent complexity inherent w ith in  the structure of conodont elements is rem arkable. Conodonts 

w ere capable of producing  elem ents of diverse shape and structure, from  unidenticulate coniform  elem ents to 

multidenticulate ramiform elements, through addition of any num ber of odontodes. However the basic architectural 

p lan  of the feeding apparatus rem ained conservative throughout the conodont record. The architecture of the 

feeding apparatus of ozarkodinids is know n to have rem ained stable in elem ent num ber and position throughout 

m uch of its record (Silurian-Carboniferous from  a record extending latest O rdovician to Perm ian; C hapter 1). 

Given the variety  of m orphogenetic patterns exhibited by  different conodont taxa, architectural stability is even 

more remarkable.

Prioniodinids also bore a standard  fifteen elem ent apparatus (Purnell and von Bitter 1996), and although 

Promissum possessed a nineteen element apparatus, other evidence suggests that this apparatus is representative of 

balognathids alone and not the prioniodontid  order as a w hole (Stewart 1995). Taxa representative of ancestral 

stocks, such as Panderodus, m ay have had up  to seventeen elements (Sansom et al. 1994), bu t the evidence for this is 

poor (Chapter 1).

There m ust have been a controlling factor in  the grow th  of the conodont apparatus w hich  p revented  

deviation from  the standard  fifteen elem ent PMS division through m uch of the conodont record. The elements as 

unitary  structures are not directly com parable w ith  teeth or derm al teeth, b u t w ith  aggregations of them , so it is 

convenient to consider each elem ent position to be analogous to a gnathostom e tooth family, w here grow th is 

restricted to w ith in  the 'tooth  position'. Grow th betw een such positions in  conodont elements, as in  tooth families 

m ay have been prevented by  a 'zone of inhibition'. However, unlike most tooth families, functional teeth w ere not 

rep laced  in  successive generations, b u t added  to by new  teeth, as in  the dentigerous jaw  too th  fam ilies of 

ischnacanthid acanthodians.

The difference between teeth and other odontodes is the locus of formation, teeth are formed only w ithin a 

dental lam ina, w hich probably did  not evolve until after the m andibular arch (Reif 1982). H owever, if conodont 

elem ents are hom ologous to vertebrate teeth (e.g. Gaengler and M etzler 1992), they m ust have form ed w ith in  a 

dental lamina. Such a dental lam ina w ould  have to have been perm anent, b u t instead of facilitating grow th  of 

replacem ent teeth, it w ould  have been responsible for periodic grow th and repair of dam aged elements. If such a 

scenario is realistic, it is likely that the dental lam ina w as discontinuous, and the proposed plesiom orphic fifteen 

element p lan of the conodont feeding apparatus was a result of segregated dental laminae of the same number.

10. THE REST OP THE CO N O D O N T SKELETON

The feeding elements are the only part of the conodont skeleton to have been consistently mineralised, bu t 

is there any other evidence of skeletal biom ineralisation? Phosphatic spheres found associated w ith  conodont 

elements have been attributed to the conodont animal and have been coined 'conodont pearls' (Glenister et al. 1976, 

1978). Glenister et al. further proposed that the structures represented the anim al's response to irritation, w hether 

by  detritus or parasitic invasion. The animal alleviated the irritation by secretion, around the stim ulus, the m ineral 

norm ally used  to grow the feeding elements. The pearls have since been dem onstrated as belonging to an extinct 

group of bryozoans (Donoghue 1996).

The only other m ineralised structure  associated w ith  conodonts is a sm all phosphatic object found 

adjacent to the feeding apparatus in  one of the Scottish conodont animals. This sphaeroid  strongly resembles 

lam prey  statoliths w hich are also phosphatic, and appears in a position w ith in  the head  consistent w ith  the otic
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capsules (A ldridge and D onoghue in press), organic rem nants of w hich m ay also be preserved in  another of the 

Scottish specim ens (Briggs et al. 1983; A ldridge et al. 1993). However, otoliths, statoliths and statoconia are non- 

skeletal (M aisey 1987).

The conodont animal m ust also have possessed some form of internal skeleton, if for no other reason than 

to have p rov ided  support and articulation for m anipulation  of the feeding apparatu s (C hapter 1). D espite 

presei-vation of soft tissues (Briggs et al. 1983 ; A ldridge et al. 1986,1993; A ldridge and Theron 1993), sometimes in 

exquisite detail (Gabbott et al. 1995), there is still no record of such an internal skeleton, m ineralised or otherwise. 

It is likely that the animal possessed a cartilaginous endoskeleton m uch like that of the extant agnathans, hagfish 

and  lam preys. Fossil representatives of these groups (Bardack and Zangerl 1968, 1971; Bardack and  R ichardson 

1977; Bardack 1991), also lack preserved evidence of their cartilaginous endoskeleton.

11. CO NCLUSIO N S

D escription of grow th pa tte rns in  conodont elem ents has p rov ided  a m eans of testing  com peting 

hypotheses of hard  tissue histology w hich w ere originally based simply on isolated m orphological characters. The 

results of the study  have vindicated the suggestion that there is hom ology betw een conodont and  vertebrate hard  

tissues. Conodont elements are more complex structures than previously recognised. They are not homologous w ith 

'od o n to d es ' {contra Sm ith et al. 1996), b u t each elem ent appears to com prise one or a num ber of odontodes, 

analogous (or hom ologous) to a too th  family. The different patterns of form ation  are believed to reflect 

heterochronic shifts in  the tim ing of developmental stages. However, most complexity is apparent only in  prim itive 

conodonts and is not plesiomorphic for the group. This implies that the grow th patterns in  conodonts w ere evolved 

entirely independently  from  sim ilar patterns in  m ore advanced vertebrates. The form ation patterns do exhibit 

similarities w ith  the vertebrate skeletogenic patterns, having more in common w ith  the derm al skeleton than  w ith  

oral odontodes.
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CHAPTER 3

Were conodont elem ents perm anent or deciduous?

Abstract

Currently, our entire perception of the conodont fossil record relies upon the assum ption that the feeding 

elem ents w ere retained throughout the life of the animal. However, the alternative hypothesis, tha t conodonts 

periodically shed and replaced their elements, has also been advocated in the recent literature. The tw o hypotheses 

are m utually  exclusive, yet resolution of the debate has been resisted by the lack of independent criteria on w hich 

they can be tested. Here, I interpret internal discontinuities in the grow th record of conodont lamellar crow n tissue 

as the result of w ear during  norm al function. The cyclical developm ent of internal discontinuities in  crow n tissue 

indicates tha t periodically the conodont anim al underw ent a phase of fasting or dorm ancy d u ring  w hich the 

elem ents were enlarged and repaired. G row th was facilitated in ozarkodinids by circumferential envelopm ent of 

odontodes around existing elements. This strategy is unique am ongst vertebrate dental structures, b u t m ay be 

hom ologous w ith  the grow ing scales of elasm obranchs and acanthodians. Conodont palaeobiology, functional 

morphology, deciduous dentition, permanent dentition, growth, repair, wear, odontode.

In tro d u ctio n

Conodonts are an extinct group of w holly m arine animals that are almost exclusively represented in the 

fossil record by  their phosphatic, tooth-like elements. Their affinity has rem ained controversial since they w ere 

first discovered in  the Ordovician greensands of Estonia by  Pander (1856). The recovery of soft tissue rem ains of 

the conodont animal has led to a gradual increase in  our knowledge of its anatom y (Briggs et al. 1983; A ldridge et 

al. 1986; M ikulic et al. 1985a, b; A ldridge et al. 1993, G abbott et al. 1995) to a stage w here conodonts are now  

w idely  accepted as chordates, and debate continues to resolve their acraniate (Kemp & Nicoll 1995a, b, 1996) or 

craniate  affinity  (A ldridge et al. 1993). H ow ever, m any regard  this once elusive creature as a vertebrate , 

com parable w ith  the m odern agnathans (e.g. Janvier 1995,1996a; see Aldridge 1987, and A ldridge & Purnell 1996, 

for a review).

Although debate over the affinity of the animal has occupied centre stage of the conodont arena in the past 

decades, there is no aspect of conodont palaeobiology that is uncontroversial. The question of element function has 

been w restled  w ith  since conodonts w ere first discovered, and two opposing hypotheses have em erged. One 

contends that the elements represent the filter supports of a microphage, while the other contends that the elements 

represen t the functional 'teeth' of a m acrophage; both  are beset w ith  their ow n special difficulties. The filter- 

support hypothesis (Nicoll 1977, 1985, 1995) fails because conodont elements fail to show  the significant positive 

allom etry in  grow th  that w ould  be expected if the anim al had been a filter feeder (Purnell 1993a, 1994). O n the 

other hand , the  'tooth ' hypothesis has also appeared  to be flawed; despite  decades of s tu d y  a ttem pting  to 

dem onstrate the w ear on the surface of the elements that w ould be expected if they had  functioned as teeth, none 

w as found (e.g. Hass 1941; Rhodes 1953; Pierce & Langenheim 1970; Jeppsson 1979; Nicoll 1987). The im passe was 

recently breached by  the description of patterns of m icrow ear on the surfaces of elem ents, thereby p rovid ing 

unequivocal support for the tooth hypothesis (Purnell 1995).

A n issue which the tooth-function hypothesis m ust address is w hether conodont elements were deciduous, 

that is, shed and replaced, or w hether they w ere perm anent, retained throughout life by the animal; this issue is 

currently unresolved. However, if conodont elements w ere perm anent, w e m ust reconcile this w ith  the hypothesis 

tha t the elem ents were continually grow n throughout life, yet rem ained functionally viable. This problem  w as
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considered by  Bengtson (1976) and Jeppsson (1979). The resolution of the deciduous versus perm anent natu re  of 

conodont dentition is im portant not only in terms of conodont biology, bu t it relates also to our understanding  of 

the conodont fossil record.

H ass (1941) form alised the view  that conodont elements w ere perm anent and tha t each fossil elem ent 

represents "the last stage of the ontogeny that w as reached before the death of the conodont-bearing animal" (Hass 

1941, p. 80). However, Gross (1954) appears to have been the first to doubt this, suggesting that the anim al m ight 

have repeatedly formed new  elements of increasing size during ontogeny. Gross's doubt rem ained unaddressed for 

m any years, although m ost authors have sim ply assum ed a priori that the elements w ere perm anent. Carls (1977) 

resurrected the deciduous hypothesis, basing his contention on the imbalance betw een the ratio of elem ents in 

M ashkova's (1972) bedding plane assemblage of Ozarkodina steinhornensis, and the ratio of elem ents in  discrete 

collections. H owever, m ore recent studies of the hydrodynam ics of conodont elem ents have show n tha t Carls' 

reasons for d iscounting  b iostratinom ic effects w ere  unfounded  (Broadhead et al. 1990; McGoff 1991). The 

imbalance in the ratios between element types in  bedding plane assemblages and elements in discrete collections is 

almost certainly the result of the differing hydrodynam ic properties of the elements w ithin a given apparatus, and 

not the result of in vivo biological effects.

The question of whether conodont elements w ere perm anent or deciduous has most recently been raised in 

connection w ith  attem pts to draw  hom ologies w ith  the keratinous toothlets of extant m yxinoids (Krejsa et al. 

1990a, b; Krejsa & Leaffer 1993; b u t see Slavkin & Diekwisch 1996). These authors p roposed tha t the  conodont 

crown is homologous to the functional keratin cap of myxinoids, and the basal body homologous to the developing 

replacem ent to o th /tee th  situated beneath the keratin cap (Fig. 1). Krejsa et al. also believed the cancellate tissue 

know n as w hite m atter in conodonts to be com parable to the concentration of m oribund pokal cells incorporated 

w ithin the keratinised functional cap of myxinoids. They further suggested that conodonts are ancestral myxinoids 

that stopped mineralising their keratinous toothlets during their transition to m odern forms. A detailed histological 

com parison betw een hagfish toothlet and conodont elem ent hard  tissues was not provided, b u t the suggestion of 

hom ology w as based prim arily  on the com m on bipartate structure. However, it follows from  this that as hagfish 

toothlets are deciduous, conodont elements were too (Krejsa & Leaffer 1993).

There are m any problem s w ith  the hypothesis that conodont elem ents are hom ologous w ith  hagfish 

toothlets. From soft tissue evidence, it is unlikely that conodonts and hagfish are as closely related as Krejsa et al. 

contend (Aldridge & D onoghue in press tackle this specific point). Furtherm ore, unlike successive generations of 

toothlets in  the hagfish, there is rarely any relationship betw een the external m orphology of the crow n and  the 

upper surface of the basal body of conodont elements (Fig. 1), and one cannot sim ply replace the other (Smith et al. 

1996). M ore fundam entally, the m ode of grow th of the com ponent parts of a conodont elem ent are incom patible 

w ith  how  hagfish toothlets grow  (although the histogenesis of hagfish toothlets is also poorly understood). The 

functional toothlet and subsequent generations of replacem ents grow com pletely independently  in  the hagfish, 

w hereas the crow n and basal body  of a conodont elem ent grew  synchronously, g row th  increm ents passing  

continently  betw een the tw o structures (Fig. 1; M üller & N ogam i 1971, 1972; Sansom  1996; C hapter 2). The 

conodont crow n and basal body  cannot be subsequent generations of teeth. There is also no real evidence 

supporting  a sw itch from  a keratinous system  to an apatitic system, or vice versa (Smith et al. 1996), and the 

structure  and  patterns of grow th  displayed by  conodont elements and their com ponent hard  tissues are m ore 

comparable w ith  hard  tissues such as dentine and enamel, than w ith keratin (Sansom 1996; C hapter 2).
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Conodont elements are not homologous to the toothlets of myxinoids, bu t this in itself does no t prove that 

they w ere permanent. If they were permanent, however, some evidence m ight be expected in natural assemblages. If 

conodonts had replacement elements which developed before shedding of their functional counterparts, they should 

be recognisable in at least some natural assemblages. N o such assemblages have been recorded, although som e are 

found w ith  less than a full set of fifteen elements (Avcin & N orby 1973; C hapter 1, fig. 6). There is also no evidence 

for differential grow th  in  bedding plane assemblages (Purnell 1993a, 1994). N evertheless, it is possible tha t the 

conodont anim al shed its entire apparatus before beginning to grow replacem ent elements. In  this case, testing 

hypotheses of perm anent versus deciduous elements becomes difficult; it m ay not be possible to find evidence 

directly indicating that conodont elements were not shed, but if there is any evidence suggesting that the elements 

w ere retained, shedding is unlikely also to have occurred.

T he significance of g row th  d iscon tinu ities

It is conventionally accepted that conodonts grew their 'teeth' in a m anner distinct from  other craniates 

(Gross 1954; Lindstrom  1964). The m odel for their supposedly unique m ode of grow th is based on the occurrence of 

internal discontinuities w ithin the crown tissue of the elements (Figs. 2-5), w here denticles and platform s have been 

dam aged during  early ontogeny and subsequently repaired. M any authors have taken this as evidence of grow th 

in terrupted by  episodes of function (e.g. Jeppsson 1979; W eddige 1990; Purnell 1995; and m any others), b u t internal 

discontinuities have also been in terpreted  the result of accidental dam age (Furnish 1938; Hass 1941; L indstrom  

1964), episodes of resorption (M üller & N ogam i 1971, 1972; M üller 1981; M errill & Powell 1980), or abnorm al 

deformation during growth (Rlrodes 1954).

Rhodes' (1954) hypothesis can be dismissed immediately. If the elements had been dam aged during growth 

it is likely that the mineral-secreting organ, too, w ould have been damaged, and w e w ould expect to find evidence of 

traum a in the crown tissue. However, other than the internal discontinuities, there is no obvious pathology.

O n w hat criteria could w e test the three rem aining hypotheses? If the discontinuities represent episodes of 

resorption, w e w ould  expect to find irregular pitted  surfaces, characteristic of resorption. The best com parable 

evidence comes from  vertebrate dental hard  tissues (Boyde & Jones 1987), w here  p its rang ing  in  size from  

approxim ately ten microns in  diam eter to over one hundred  microns occur (based on in vitro study  by  Jones et al.

1986), w ell w ith in  the range of conventional optical microscopy. Furtherm ore, w e w ou ld  n o t expect the 

discontinuities to occur consistently in  the sam e topographic area of the element; the distribution  of areas of 

resorption should occur random ly or affect the whole surface of the element. The polygonal m icro-ornament on the 

surface of the crow n tissue of some conodont elements is not the product of resorption, and has been linked w ith 

secretion (von Bitter & N orby 1994).

If the internal discontinuities represent true pathologies resulting from  accidental damage, w e w ould  not 

expect recurrent patterns of distribution, consistent betw een specimens. Accidental dam age could be distinguished 

from  resorption by  the presence of clean breaks instead of pitted, irregular truncation surfaces.

A lternatively, if the discontinuities result from  w ear due to norm al function, w e w ould  expect their 

distribution to be consistent, occurring in areas w here opposing elements came repeatedly into contact, independent 

evidence for w hich can be derived from  studies of microwear (Purnell 1995) and integrated functional m orphology 

(Chapter 4). M icrowear w as first discovered w hen it w as recognised that certain parts of an elem ent cam e into 

repeated contact during  function (Chapter 1). The same considerations should enable testing of the hypothesis that 

the  in te rna l discontinuities represen t episodes of function during  the g row th  of conodont elem ents. If the
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topographic distribution of the discontinuities coincides w ith  sites that came into repeated contact during  function, 

it is likely that the discontinuities result from  in vivo wear. G row th subsequent to function w ould  indicate that 

elements were probably permanent, as it is unlikely that conodonts w ould have adopted the dual strategy of repair, 

plus shedding and replacement.

T esting  the  H ypotheses

The discontinuities in ozarkodinid Pa elements figured by Hass (1941), M üller and N ogam i (1971,1972), 

and  M üller (1981) are restricted to the oral surfaces of the elements. Accidental dam age cannot be ru led  out for 

m ost of Hass's (1941) examples. M üller & Nogami (1971), however, figured thin-sections of polygnathids (pi. 9, fig. 

5; pi. 19, fig. 2; pi. 22, fig. 4), all of w hich exhibit a series of truncations of grow th increments of the oral face of the 

element only. Furthermore, the discontinuities are restricted to those parts of the face w hich w ould be predicted as 

occlusal (Nicoll 1985,1987; Chapter 4), such as the m argins of the trough adjacent to the carina w hich w ould  have 

occluded w ith  the carina of the opposing element. The grow th increments overlying the truncations can be traced 

throughout the elements and are conformable w ith the underlying incremental layers in  areas that w ould have been 

non-occlusal, such as the rostral, caudal, and dorsal m argins of the elements. The consistency of the correlation 

betw een truncation surfaces in  the Polygnathus elements figured by M üller & N ogam i (1971), and the occlusal 

surfaces identified by  Nicoll (1987; reappraised in Chapter 4) argue strongly against bo th  accidental dam age and 

resorption, and indicate that the discontinuities are most likely to have resulted from  wear.

The function of Idiognathodus has recently been considered in great detail (Purnell 1995; C hapter 4). 

O pposing Pa elements of this genus exhibit very accurate occlusion w hich resulted in  considerable surface w ear 

during  function, particularly along the crest of the denticles at the junction betw een the blade and the platform  (Fig. 

2A). If these elements had  undergone an earlier phase of function, followed by  subsequent grow th, they should 

exhibit evidence of denudation  and subsequent com pensatory grow th in this area. Figure 2B, as one exam ple of 

m any, shows just this w ith  the extent of the repair directly com parable w ith  the w ear facet in  figure 2A. The 

consistent correlation betw een the distribution of surface dam age caused by  function and the position of internal 

discontinuities argues strongly against accidental dam age as a cause of the latter. Together w ith  the lack of 

evidence of p itting  along the p lane of the discontinuity, this distribution  also indicates tha t resorption  is an 

unlikely cause of the truncation.

A m icrowear study of the b lade-shaped Pa elements of Ozarkodina (Purnell 1995) has show n tha t these 

elem ents perform ed a shearing function. To facilitate this, all b lade-shaped elem ents and b lade-portions of Pa 

elements, exhibit a developmental asym m etry betw een their (conventionally) inner and outer faces, such that w hen 

view ed in  cross-section, one face (usually the 'left' in  conventional terms; C hapter 4) is flatter than  the other. This 

allowed opposing elements to slice past each other in a m anner analogous to scissor blades (Purnell & von  Bitter 

1992; Purnell 1995). M any elements show  sm ooth polishing on these surfaces caused by  repeated enam el-enam el 

contact or by  processing of soft prey  (Purnell 1995; sometimes there is evidence of brittle  failure of the enam el 

crow n tissue. Smooth polishing is impossible to detect in  the internal structure of elements because the am ount of 

h ard  tissue rem oved is negligible, just enough to rem ove the fine surface m icro-ornam ent. Evidence of m ore 

considerable w ear and brittle failure is m uch easier to detect as the discontinuities p roduced are m uch larger. 

Figure 3 is an etched dorso-ventral th in  section cut parallel to the aboral m argin of a Pa elem ent of Ozarkodina 

confluens. The developm ental asym m etry of the blade is highlighted by the increm ental layers of enam el crown 

tissue from  w hich the denticles are constructed; the flat, occlusal side is to the left. This side is also m arked by  a
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Fig. 2. Surface wear and internal discontinuities in Pa elements of Idiognathodus. A . PCJD 145d. Specimen exhibiting a 
pl'atform-blade junction that is worn to the extent that the individual denticles comprising this structure are no longer 
discernable. x330. B. PCJD 342. Another specimen exhibiting fused denticles at the platform-blade junction. Because the 
specimen has been photographed in transmitted light, individual denticles can be distinguished, each of which bears a 
conspicuous truncation above which are horizontal layers of lamellar crown tissue. xl92.



Fig. 3. A-B. PCJD 175, etched thin section through a Pa 
element of Ozarkodina confluens. A. Overview of the 
entire section, dorsal is top. xl43. B. Detail of dorsal 
surface of the element in A; note the conspicuous 
truncation along the left margin of the denticles. x396. 
The section has oeen cut parallel to the long axis of the 
element, and perpendicular to the long axis of the 
denticles. The Element is viewed from below.
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Fig. 4. PCJD 176, etched thin section through a Pa element 
or Ozarkodina confluens. Inset, overview of the whole 
element. x59. Main image, detail of the dorsal surface 
which includes more than one generation of conspicuous 
truncations. x332. The section is cut parallel to the long 
axes of the element and denticles.

Fig. 5. PCJD 343. Pa element of Ozarkodina confluens 
ejdiibiting two sets of internal discontinuities, both 
corresponding to the distribution of worn and fractured 
denticles on me surface of me element. The two sets of 
internal discontinuities delimit three phases of growm. 
x71.
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line w hich truncates the incremental layers, the layers to the left of this are not continuations of those to the right 

and so the elem ent was clearly w orn  or broken. The dorsal lim itation of the truncation further corroborates the 

likelihood of this facet representing damage due to function (Chapter 4).

Sim ilarly, figure 4 is a th in  section of O. confluens Pa elem ent in  w hich  a series of conspicuous 

discontinuies are present, restricted to the functional dorsal portion of the element, w hich appear to represent 

successive events interrupted by  periodic repair.

G row th  and  Function

The discontinuities long apparent w ithin conodont elements, evidently testify to phases of function prior 

to the ontogenetic stage represented by the final morphology of any given element. This has implications for how  w e 

perceive conodont elem ent grow th, function, and  the  ontogeny and  life cycle of the anim al. Firstly, the 

discontinuities do not occur through the w hole grow th record of conodont elements, b u t are restricted to specific 

levels, indicating episodes of function. The intervening grow th record often exhibits no evidence of function, 

indicating that during  genesis, grow th was punctuated by phases of function. A lthough it is impossible to ascertain 

the length of time that the elements were in use betw een episodes of growth, the low num ber of grow th increments 

w hich constitute the phases of grow th are likely to represent no more than a few w eeks if analogy can be d raw n 

w ith  the time scale represented by  incremental grow th lines in vertebrate hard  tissues (see Zhang et al. in press and 

references therein).

A lternate phases of grow th and function were implicit in Bengtson's (1976, 1983a) m odel for grow th  of 

conodont elements, w hich reconciled the need for tissue cover to perpetuate appositional grow th w ith  the  then 

equivocal tooth function for conodont elements. Bengtson proposed that betw een phases of function the elements 

grew  w ith in  epithelial pockets, to be everted from  the surrounding soft tissue w hen  required and subsequently  

retracted; the w hole m echanism is rem iniscent of cat claws (Bengtson 1976). H owever, as the functional episodes 

w ere probably  a good deal longer than  the in tervening phases of grow th, there is very  little likelihood that 

conodonts possessed a specialised set of retractor muscles to return the elements to the dermis. It is m ore likely that 

the elem ents periodically sank w ith in  or w ere enveloped by  the derm is in  a m anner analogous or possibly 

hom ologous to the grow ing scales of living and fossil vertebrates. Indeed, Smith et al. (1996) have suggested that 

conodont elements are hom ologous to odontodes, the basic building block of the vertebrate derm al skeleton (= a 

tooth or non-grow ing scale; see 0 rv ig  1967a, and Reif 1982). Donoghue (Chapter 2) has further evaluated  the 

histology and disparity of morphogenesis amongst conodont elements and found that multidenticulate elements are 

grow n by marginal accretion a n d /o r envelopment by successive odontodes.

If Smith et al. (1996) and D onoghue (Chapter 2) are correct, Bengtson's m odel of re tu rn ing  conodont 

elem ents to viable epithelial pockets betw een episodes of function is no longer tenable. U sually w hen  odontodes 

erup t (e.g. in the case of teeth) the enam el organ is destroyed (although the odontoblasts can continue to secrete 

dentine), and even in those instances where the enamel organ continues to secrete enam el after eruption, this occurs 

only on the labial side of the tooth (e.g. in  rodents). In  the case of ozarkodinid conodont elements, post functional 

grow th is m ore likely to have been facilitated by the grow th of a new odontode around the pre-existing element. For 

this to occur, the elem ent m ust have been returned to the epiderm al layer, and the w hole process of cell m igration 

and cascades of epithelial-m esenchym al interactions repeated to form  the new  dental papilla, as though  a new  

conodont elem ent w ere to be grow n. A sim ilar scenario is envisaged for the grow ing scales of the extinct 

acanthodians (e.g. Reif 1982; Richter and Smith 1995). In  conodonts ancestral to ozarkodinids, elem ents grew  by
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m arginal accretion of odontodes w hich ultim ately enveloped the existing element. In  ozarkodinids, how ever, 

phases of grow th  subsequent to initial eruption, facilitated by  the subsequent odontode, w ere restricted to first 

enveloping the existing element.

M any large Pa elements of various taxa that have been examined as part of this study  exhibit a num ber of 

internal discontinuities reflecting periods of use (Fig. 4, 5). These are each separated by  almost equal intervening 

phases of grow th (Fig. 5). This alternation is paralleled by the cyclical variation in thickness of grow th  increments 

described from  the crown tissue of conodont elements (Müller & Nogami 1971; Z hang et al. in press) w hich M üller 

& N ogam i ascribed to resorption linked to seasonal variations o f phosphate solubility in  seawater. Z hang et al. 

proposed three alternative hypotheses to explain these grow th patterns: a lunar cyclicity of days, weeks, or months 

entrained on the grow th record; w inter pauses in grow th {sensu M üller & Nogam i 1971); or alternating periods of 

g row th  and function. N one of the elem ents thin-sectioned by  Zhang et al. exhibited any evidence of repair in 

connection w ith  the cyclical grow th record, bu t the th in  sections figured by M üller & N ogam i (1971, pi. 22, fig. 1) 

do, thus supporting  the hypothesis that the cyclical grow th  record in the layers of crow n tissue is linked w ith  

alternating phases of grow th and function. The regularity of the cyclicity in  som e of these exam ples (e.g. in  the 

m aterial figured by  Zhang et al. in press, there are eleven increm ental layers in  each of the three cyclical units) 

indicates that the grow th phases were of equal length.

The results of a biom etric analysis of Ozarkodina confluens Pa elements by  Jeppsson (1976) show  a size 

distribution of elements segregated into three discrete clusters along a single line. Jeppsson explained the separate 

clusters by  seasonal m igration, b u t it is m ore likely tha t they represent ontogenetic stages, the generations 

rem aining separated because grow th w as tightly regulated and took place over a very short period of tim e relative 

to the episodes of function. The im plication of this is that size is a very good guide to the ontogeny of conodont 

elements, von Bitter & N orby (1994) have also noted possible cyclicity in the grow th of conodont elem ents, albeit 

based  on a small, statistically non-significant data set. H owever, out of a num ber of other biom etric analyses 

(Barnett 1971; Rhodes et al. 1973; M urphy & Cebecioglu 1986, 1987; Purnell 1993a, 1994), the analysis of Jeppsson 

(1976) is the only one to exhibit clear clustering of data.

The obvious disadvantage of the conodont m ode of growth is that while the elements were covered by  soft 

tissue they  w ere incapable of function. The alternate phases of grow th  and function suggest th a t cyclically 

(?annually) the conodont underw ent a phase of fasting and perhaps dorm ancy. Therefore, as predicted  by  von 

Bitter & Norby (1994), it m ay in the future prove possible to recognise conodont-elem ent grow th stages and m ake 

population analysis a meaningful subject for research in palaeoecology.
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CHAPTER 4 

M ammal-like occlusion in  conodonts

Abstract.- Recent analysis of conodont functional m orphology has resolved the debate over elem ent function in  

favour of the tooth hypothesis. However, our current perception of element function is still very poor; although w e 

know that the elements perform ed grasping, slicing and crushing functions, w e have little idea of exactly how  those 

functions w ere perform ed. Here, I describe the analysis of a pair of Idiognathodus Pa elements dissected from  a 

bedd ing  plane assemblage, ensuring thereby that the elem ents are from  a single indiv idual, and  have w orked 

together in life. The opposing elements are not m irror images and exhibit a surprisingly Irigh degree of asymm etry, 

allowing the elements to occlude. The degree of occlusion is comparable w ith  m am m alian m olar teeth, and  w ould 

have restricted the relative m otion of the opposing elements to perform ing a crushing function. These conclusions 

are independently supported by microwear on the surface of the elements, which is described here for the first time 

from  a bedding plane assemblage. Extrapolation of these results to more, and less closely-related taxa, indicate that 

P elements w ere supported by a structure which provided a degree of occlusal guidance comparable w ith  jaws.

In tro d u ctio n

Ever since Pander first discovered conodont elements in the Lower Ordovician greensands of the Baltic 

(Pander 1856), there have been tw o runn ing  debates in  conodont palaeobiology, nam ely affinity and  function. 

D uring the 127 years prior to the discovery of soft tissue remains of w hat w e now  know  as the conodont animal 

(Briggs et al. 1983) the two debates rem ained inseparable as the elements themselves w ere the only key to affinity, 

and authors strove hopelessly to find hom ology through identifying functional analogues. W ith the benefit of soft 

tissue rem ains, the otherw ise entirely soft-bodied anim al has been established as a representative of an extinct 

group of chordates, although their exact phylogenetic position remains a m atter of dispute. Some believe the animal 

to have been a protochordate, allied w ith  the cephalochordates (Nicoll 1987, 1995; N ow lan and  Carlisle 1987; 

Kemp and Nicoll 1995a, b, 1996), w hile others contend a vertebrate (=craniate) affinity (A ldridge et al. 1993; 

Gabbott et al. 1995; Janvier 1996a). I consider the latter to be the stronger hypothesis (Aldridge and Purnell 1996).

D iscovery of the soft-tissue rem ains has been im portant not only in  e ludicating affinity, b u t also in 

separating the debates of affinity and function, and w e are now, finally, in a position to examine independently  the 

function of conodont elements w ithout the added concern over affinity. These recent advances have opened the field 

of functional m orphology to conodont specialists - a field perceived as closed, little m ore than fifteen years ago 

(Bengtson 1980).

Bengtson's 'basic questions of conodont [element] function' (Bengtson 1980) have now  been resolved. 

Two com peting hypotheses of element function persisted in recent years, the 'too th ' and 'filter-feeding' paradigm s. 

The tooth  hypothesis w as largely based on com parative m orphology of the elem ents, w hich exhibit a range of 

styles, m any of w hich overlap w ith  dentitions seen in  a num ber of groups including arthropods and  vertebrates 

(e.g. M uller 1981; Jeppsson 1979). H ow ever, the critical test w hich the hypothesis had  persisten tly  failed is the 

expectation of w ear on the surfaces of elements, if they had indeed come into contact as envisaged by  proponents of 

the too th  hypothesis (e.g. Purnell and von Bitter 1992). A lthough several w orkers had  carefully  exam ined 

collections of elements, none had observed any unequivocal evidence of in vivo w ear (e.g. Hass 1941; Rhodes 1953, 

1954; Pierce and Langenheim  1970; Jeppsson 1980; Nicoll 1987). Various authors concluded from  this tha t the 

elem ents m ust have been covered in  life by  soft tissue. This conclusion fits w ell w ith  the  observed outer- 

appositional m ode of conodont elem ent growth. The alternative hypothesis, w here the conodont apparatus acted
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as, or w as the sup p o rt of, a filter-feeding device (Nicoll 1977, 1987, 1995), has, how ever, suffered  sim ilar 

difficulties, failing a critical test of allometric growth. Animals w hich obtain their energy by filter feeding require 

their filtering device to exhibit sigificant positive allom etry relative to grow th of the anim al (LaBarbera 1984). 

H owever, elements in the conodont feeding apparatus exhibited isometry and even negative allom etry relative to 

increased body size (using the non-filtering posterior P elements as proxy for body size) (Purnell 1993a, 1994). So 

it appears that conodont animals could not have been filter-feeders.

The apparent deadlock betw een these competing hypotheses has recently been resolved by  the description 

of patterns of m icrowear on the surfaces of conodont elements (Purnell 1995). This study  provided the first direct 

ev idence of elem ent function, and  unequivocal su p p o rt for the tooth  hypothesis. It has fu rth er enabled  

categorisation of m icrow ear patterns by com parison w ith those show n by m am m alian teeth that perform  slicing 

and crushing functions.

Even w ith  the benefit of conodont microwear, w e know surprisingly little about how  conodont elements 

interacted. M ost of our Icnowledge concerns the two pairs of posterior 'P ' elements w hich are know n to have been 

d isposed left-behind-right (Purnell 1995; C hapter 1), based on consistent disposition of the elem ents in  bedding 

plane assemblages. These rare fossils represent the undisturbed skeletal remains of single animals, after death  and 

decay of the supporting  soft tissues. We also know that the P elements w ere capable of some degree of occlusion, 

because the P elements are often found in interlocking association in bedding plane assemblages and in  specimens 

w here the elements have been fused together by diagenetic minerals (e.g. Mietto 1982). Unfortunately, because the 

elements are fused, or held together by surrounding sediments, it is not easy to undertake detailed exam ination and 

assessment of the w ay in  wlrich the elements m ay have functioned during life. A ttempts have been m ade to obviate 

this problem  by reconstructing pairs of P elements from  collections of isolated elem ents (Nicoll 1987, 1995). The 

w ay in  w hich Nicoll articulated such elements w as based on associations in  fused clusters (Nicoll 1985), b u t his 

reconstructed pairs fitted together very poorly, and he used this as evidence to support his a priori assum ption that 

the elements had been covered by soft tissue in life. NicolTs conclusion was that the elements could have perform ed 

no function m ore intensive than 'gentle m ashing'. However, it is just as likely tha t the poor degree of interlocking 

betw een the elements observed by Nicoll resulted from  his use of discrete element collections; the elements almost 

certainly had  not come from  a single animal and had  not w orked together in  life. W ithout suitable m aterials, it has 

not been  possible to test NicolTs hypotheses of function rigorously, although additional studies of conodont 

functional m orphology and the description of m icrowear appear to contradict his conclusions (Purnell and  von 

Bitter 1992; Purnell 1995).

Beside the issue of how  accurately the elem ents interlocked, there has been  the question of how  the 

elements could have perform ed any 'tooth ' function in  the absence of jaws. We have no evidence of any supporting 

s truc tu re  on  w hich  the elem ents articulated. A detailed  and  rigorous analysis of elem ent in teraction  and 

articulation is now  vital to determ ine the constraints on their function. In this study I have sought to contribite to 

the resolution of these questions th rough  analysis of the functional m orphology of a pair of the posterior Pa 

elem ents (Figs. lA , B) dissected from  a natural bedding plane assemblage of a single indiv idual of Idiognathodus 

{sensu Baesem ann 1973).

M aterial and  M ethods

The source materials for this study are natural bedding plane assemblages from the Pennsylvanian (Upper 

Carboniferous) M odesto Form ation of Bailey Falls, Illinois. Together w ith  coeval deposits in  the vicinity, this
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represents the source of the majority of know n bedding plane assemblages (e.g. D u Bois 1943), and  p rovided the 

material for the recent reconstruction of the ozarkodinid feeding apparatus (Chapter 1).

The shale is heavily indurated  and resists disaggregation by  traditional m ethods including  hydrogen 

peroxide, petro leum  ether, paraffin etc.. Elements w ere rem oved from  the m atrix using  a m odified version of a 

techn ique established  by N orby (1976), w here  b reakdow n  is achieved w ith  approx im ately  10% sod ium  

hypochlorite w ith  10 grams of sodium  hydroxide added per 100 ml to prom ote the reaction. After 24 hrs or more, 

the shale surface had usually disaggregated and the conodont elements were readily removed from the matrix. Shale 

still adhering to the elements was removed by repeated treatm ent w ith sodium  hypochlorite. Invariably, compaction 

during  lithification of the shale had  resulted in fracturing of the elements in  the assemblages and  all attem pts at 

restoration using organic and dental bonding resins have failed. Particular attention w as therefore paid  to bedding 

plane assemblages w ith  the least evidence of fracture, particularly at the point w here the platform  and blade join. 

Pairs of P elem ents rem oved from  each assem blage w ere p laced in  opposition and  held  together w ith  gum  

tragacanth. The analysis of occlusion presented below is based on one of these pairs, the Pa elements of specimen 

PCJD5.145.

O cclusion and  A rticu la tion  in  a N atural Pair of Id iognathodus Pa elem ents

Despite being arranged during  life across the anim al's axis of bilateral sym m etry (Chapter 1) the opposing 

elem ents dissected from  the bedd ing  p lane assem blage are not m irror images and  deviate significantly in  the 

m orphology of their oral surfaces (Figs. lA , B). The platform  of the sinistral elem ent (Fig. lA ) is over 17% longer 

than  its dextral counterpart (Fig. IB), w hich is 11% wider. Both platforms are strongly convex anteriorly (Figs. 2C, 

D), sharing a less convex, bu t m ore complex posterior m argin (as used here, all such directional term s reflect the in 

vivo  o rien ta tion  of the elem ents, no t arb itrary  conventions as p roposed by  e.g. Sweet 1981). Between the 

asym m etrically raised m argins, both  elements have a m edial trough w hich extends from  im m ediately above the 

ventra l b lade to the dorsal tip. The anterior m argins are 200-300% w ider than  the posterior and  bear anterio- 

posteriorly  oriented asym m etrical ridges w ith  steep ventral and shallow  dorsal faces. The central area of the 

platform  (i.e. above the apex of the basal cavity) is approximately flat, m erging w ith the m edial trough of the dorsal 

oral surface, and dom inated by nodose ornament. The ventral portion of the platform  surface, at the platform -blade 

junction, is dom inated by a series of alternating ridges and furrows w hich lie in  sub-parallel alignm ent on either 

side of the blade.

I m anually placed the sinistral and dextral Pa elements in functional articulation (Figs. 2A-F) using  data 

from fused clusters and bedding plane assemblages, w here the blade of the sinistral element is disposed behind the 

dextral elem ent (Purnell 1995; C hapter 1). Nicoll (1987) shows a similar disposition in  his reconstructions based 

on fused clusters, bu t does not com m ent on it in  his text. In this position, the blades of the opposing elem ents are 

offset, each fitting neatly into slots on their counterpart, on the anterior of the blade of the sinistral elem ent and the 

posterior of the dextral p latform  (Figs. 2E, F). Even w ithou t prior know ledge from  analysis of bedd ing  plane 

assemblages (Chapter 1), this could have been ascertained directly because of the w ay in  w hich the platform s lock 

into position.

Like the blades, the opposing platforms are offset so that the sinistral platform  sits slightly posterior to its 

dextral counterpart (Figs. 2A, B). This slight anterior-posterior offset allows the ventral part of the oral surfaces 

of the platforms to interlock; the raised posterior m argin of the dextral element and the raised anterior m argin of the 

sinistral elem ent each occlude w ith  the m edial trough of the opposed element. The anterior m argin of the dextral
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FIGURE 1. A. Plaiform component o f the sinistral Pa element; dorsal up. posterior to left, anterior to right; PCJD 145L 
(xl20). B. Platform component of the dexual Pa element; dorsal up, posterior to right, anterior to left; K J D  145R 
(xl20). C. Platform blade junction of the sinistral element exhibiting characteristic wear (x375). D. Detail of C. 
showing smooth polishing of the tips of the denticles on the anterior face of the blade, such that the fine striate 
ornament has been removed (x840).
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elem ent and the posterior m argin of the sinistral elem ent are non-occlusal, pro trud ing  anteriorly and  posteriorly, 

respectively, from  the occlusal surface (Figs. 2A, C, F). U pon articulation, the transversely oriented ridges of the 

opposing surfaces come into contact sufficiently precisely to facilitate accurate interdigitation.

The principal point of articulation betw een the opposing platforms is the area w here the platform  and the 

b lade join. This portion is term ed the 'p latform -blade junction', and is often the m ost m orphologically complex 

region of Pa elem ents w ith in  the Idiognathodus plexus. The com plex m orphology  facilitates very  precise 

articulation of the opposing platform s; they interlock m uch m ore closely than  the dorsal-oral surfaces, largely 

because of the depth  of the articulating com ponents (Fig. 3). The axial ridge and furrow  system, sub-parallel w ith  

the blade (Figs. lA , B), incorporates a series of transverse structures w hich result in a m ore three-dim ensional 

interlocking of the opposing platforms, restricting movem ent to simple opening and closure about the hinge. If the 

dorso-ventral axis is considered X, the anterior-posterior axis Y, and the left-right axis Z, the elem ents could only 

m ove in  the X-Z plane, about the Y axis. Each m orphological structure is m irrored by  an 'inverted ' or negative 

structure in the opposing element, so that each alternation of ridge and trough is m atched exactly by  a trough and 

ridge in the opposing element, and each node is m atched by  a p it (Fig. 3). The posterior m argins of bo th  platform s 

bear an accessory ridge as part of the platform-blade inter-area, composed from  a linear arrangem ent of nodes (Fig. 

2D). A gain the morphology of opposing positions is inverted, providing an accessory articulating surface betw een 

the blade and the platform. The only area w here positive m orphological structures meet in opposing elements is in 

the relatively flat m id-oral region w hich is dom inated by  nodose ornam ent (Fig lA , B). The surfaces of these 

structures are heavily p itted, w hereas the dorsal oral surfaces are com paratively pristine, w ith  intact polygonal 

m icro-ornament. The platform-blade inter-area shows evidence of the heaviest attrition, and the oral m argin of the 

dorsal portion of the blade is almost flat ow ing to wear; originally it w ould have been denticulated.

The platform s are convex in anterior or posterior aspect and this prevents the w hole oral surface from  

being in  contact sim ultaneously (Pigs. 2C, D). Instead the platforms come into contact by  rocking from  ventral to 

dorsal, the various m atching morphological structures interlocking as they meet. Concom itantly, as the platform  

surfaces occlude from  ventra l to dorsal, the blades slice past each other then  part; on the re tu rn  m otion  the 

platforms occlude from  dorsal to ventral and the blades cross (Figs. 2A-F, 4).

M icrow ear

As they come from  a bedd ing  plane assem blage the elem ents have undergone no transporta tion  or 

sed im en ta ry  abrasion  post mortem  and  the w ear on their surfaces can reflect only  in vivo a ttrition . This 

recognition of microwear is im portant because it corroborates Purnell's (1995) hypothesis of in vivo w ear, w hich 

was based on  discrete element collections which had become entrained by sedim entary processes prior to burial. In 

the Idiognathodus elements, the sinistral sides of denticle tips adjacent to the platform  exhibit charateristic sm ooth 

po lish ing  (Figs. 1C, D) com parable w ith  tha t illustrated  by  Purnell (1995, fig. 2a), and  is indicative of either 

enam el-on-enamel contact a n d /o r  processing of food w ith  no hard  particles. The platform -blade junction exhibits 

the highest degree of attrition and may have resulted either from crushing of prey containing hard  particles, or poor 

aligranent during occlusion (Fig. 1C).

Functional M orphology of the  id io gna thodon tid  Pa E lem ent

The restricted movement of the opposing elements imposed by the occlusal structures at the platform-blade 

junction constrains interpretations of function. A grasping function is untenable because of elem ent morphology.
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and a shearing function is plausible for only the blade portion of the elements. M ovem ent lim ited to opening and 

closure by  rotational rocking also negates a chewing or grinding function for the platform , as this w ould  require 

movement about m ore than one axis. However, the vertical motion of the opposing elements facilitated by rotational 

occlusion agrees well w ith  a crushing function, w hich requires a simple opening and closure. This in terpretation 

also accords w ith  the m icrowear observed on the surfaces of this and congeneric taxa (e.g. Purnell 1995, fig. 2b); 

this is characteristically pitted , exhibits no evidence of translational motion, and  is directly com parable w ith  

crushing w ear observed on the surfaces of m am m alian crushing teeth (e.g. M aas 1994; G ordon 1982). The surface 

m orphology is also similar to that of m ammalian crusliing teeth (cf. Rensberger 1995). The raised ridges of m am m al 

teeth act to reduce the surface area of tooth-food-tooth contact, concentrating applied stress into a m uch sm aller 

area and increasing the efficiency of breakdow n of brittle food particles (Rensberger 1995). H ow ever, there m ust 

be a trade-off betw een the apical angle of the ridges and the mechanical strength of the brittle tissue from  w hich the 

elem ents are composed; the m ore acute the apical angle, the higher the concentration of applied stress, hence the 

greater the likelihood of brittle  failure. A serious constraining factor is thus the rheology of enam el and its 

m icrostructure. A lthough enam el is the m ost hard-w earing of all vertebrate hard  tissues, it is also one of the m ost 

brittle because of its low organic content in com parison w ith  other dental hard  tissues such as enam eloid, dentine 

or bone. The problem  is further amplified in this instance because unlike m ost vertebrate teeth, conodont elements 

w ere almost entirely com posed of enamel. It is not surprising, therefore, that the elements described here have not 

developed the level of morphological complexity exhibited by  some mammal crushing and shearing molariform teeth.

The asym m etry of the antero-posteriorly  aligned platform  ridges (e.g. Figs. 2C, D) p rovides further 

evidence of function. The pattern  of occlusion and the steep ventral faces of the ridges together indicate that they 

acted to confine the m ovem ent of food particles preventing the food from  m oving dorsally during  crushing. This 

asym m etry also indicates tha t the pow er-stroke in  the occlusal cycle w as ventra l to dorsal, and  no t dorsal to 

ventral, or both  (but see discussion on Vogelgnathus).

Occlusion of the complexity and detail described here is very rare am ongst the vertebrates. A part from  a 

couple of Cretaceous crocodyliforms (Clark et al. 1989; W u et al. 1995), a Palaeocene mamm al-like reptile (Fox et 

al. 1992), a couple of Triassic reptiles (DeMar and Bolt 1981; Carroll and Lindsay 1985), a sauropod (Robinson 

1957) and a pterosaur (Wild 1978), occlusion has rarely been recorded in the fossil record outside m am m als. Some 

authors have even gone as far as suggesting that complex occlusal dentition is unique to mammals (Janis 1990; Smith

1993). Besides these reptiles and archosaurs, lungfish also bear complex dental plates w hich occlude (Kemp 1977), 

a lthough in  all these forms the occlusion is m uch less accurate than in m am m al m olars and  the Idiognathodus 

platform  elements. It is surprising that such a complex dental mechanism is present in a vertebrate of such antiquity, 

although  sim ple dental functions m ay be m im icked by jawless fish, the possession of paired  jaw s is usually  

necessary to guide occlusion. D uring the early  evolution of m am m als, the group underw ent changes in  jaw 

structure, articulation, associated m usculature, and brain  program s to facilitate this (Young 1978). In the absence 

of jaws, the degree of occlusion attained by  idiognathodontid conodonts is remarkable.

It is likely tha t the long ventra lly  developed blades w ere the m ain  proxy  for a p a ir of jaw s in  

idiognathodontids and provided the prim ary means of elem ent alignment. If the blades w ere also involved in  the 

processing of food, the type of m icrow ear developed on the surfaces of blade denticles indicates tha t the prey  

contained no hard  particles. However, microwear of this kind could also be indicative of enamel-on-enamel contact 

w ith  no intervening prey  items. Pitted crushing facets on the surfaces of the platform s are sim ilarly equivocal, 

indicating either the processing of prey  containing hard  particles, or else repeated  contact betw een crushing
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FIGURE 2. A, C, E platforms occluded, B, D, E blades occluded. A, B dorsal surfaces (x78). C, D caudal surfaces 
(x78). E, F ventral surfaces (x78). Sinistral to the left and dextral to the right in all cases.



Chapter 4 Mammal-like occlusion in conodonts

surfaces w ithou t intervening abrasives. Unlike true jaws, the hinge arrangem ent of the elements about a pivotal 

poin t, the  platform -blade junction, adjacent to the m ain  functional surface m eans tha t the  blades could have 

p rovided little leverage, as the occlusal power-stroke in the platform s was ventral to dorsal. Instead, the blades 

and platform s w ere alternately occluded in antagonistic fashion, causing m ost w ear in  the hinge area (Pigs. 4B, C 

and Purnell 1995, fig. 2a).

H owever, this paradigm  of elem ent m ovem ent precludes the m ain occlusal surface, the platform -blade 

junction, from performing a function analogous to mam m alian molar teeth because it is acting prim arily as a hinge. 

This structure w ould  therefore not, at least not prim arily, have been involved in  the breakdow n of food particles. 

It is pertinent at this point to consider the functional m orphology of other idiognathodontid Pa elements w hich lack 

developm ent of the platform -blade junction. Such taxa lack the intrinsic control over articulation seen here, b u t the 

m orphology of the elem ent indicates that their dorsal oral surfaces too w ere occlusal and were articulated to the 

sam e degree of accuracy. There w as, therefore, no need  for any intrinsic control over elem ent articulation, as 

occlusion m ust have been  guided by  some additional b u t unpreserved supporting  structure. A prim ary  hinge 

function is thereby contradicted. Evidence from  microwear (Fig. 1C) also supports a hypothesis tha t the platform - 

b lade junction d id  no t represent (at least wholly) an intrinsic adaptation  to alignm ent, b u t w as instead  tru ly  

analogous in function to m olar-type dentition. If it had  acted solely as a hinge, one w ould  expect only to observe 

sm ooth polishing resulting from enamel-on-enamel contact w ith  no intei-vening food particles. However, the heavy 

attrition and pitted  surfaces of the platform -blade junction are more likely to be the result of either b reakdow n of 

prey including hard  parts, a n d /o r  dam age due to m isaligned occlusion. In either case, the platform -blade junction 

w ou ld  have to have been parted  (Fig. 4A) to allow prey  items to be inserted betw een the occlusal surfaces or for 

m isalignment to occur, and could not, therefore, have been the sole means of element articulation. The developm ent 

of the platform -blade junction was prim arily an adaptation w hich perform ed a function analogous to m am m alian 

crushing molars. Nevertheless, this complex d id  have hinge-like qualities that prevented translational m otion and 

w ould thus have enhanced the effectiveness of the elements during crushing.

The results of this s tudy  h ighlight significant errors in  the parad igm s p roposed  in  bo th  curren t 

interpretations of Pa element function. The hypothesis of a tooth-like function has largely been based on inference 

(Jeppsson 1971, 1979; A ldridge et al. 1986; Purnell and von Bitter 1992; Purnell 1995; W eddige 1990). Jeppsson's 

in terpreta tion  of Idiognathodus-like Pa elem ent function is largely hypothetical, b u t relies on line draw ings by 

Lindstrom  (1964, figs. 43f, g) of taxa w ith  very  sim ilar m orphology to the natu ral pair here described. Purnell's 

reconstruction is based on patterns of microwear, b u t both incorrectly reconstruct the elem ent platform -pairs w ith  

an anterior-posterior offset such that the m edial troughs of the opposing elem ents w ou ld  have been  directly 

opposed du ring  use (Jeppsson 1971, fig. 3; Purnell 1995, fig. 1). In  this position the elem ents could no t have 

articulated so that the occlusal surfaces came into contact.

NicolTs in terpretation of elem ent function is based on real specimens (Nicoll 1987), but, as in  som e of 

Jeppsson's (1971) reconstructions, the m ain functional surfaces of the platform s d id  not come into close contact. 

H owever, the accurate occlusion show n by the present study  leaves no room  for soft tissue betw een the opposing 

elements. The lack of close articulation and occlusion in  NicolTs pairs of discrete elements does not agree w ith  the 

natu ral elem ent pair used  in this study  nor w ith  interlocked elements in some bedding plane assemblages. This 

disparity results from  his selection of elements that almost certainly did not come from a single individual, thereby 

not allowing for the dissimilarity in size and shape of opposing elements in natural pairs docum ented here.

W eddige's (1990) interpretation  a lthough largely hypothetical, is closer to tha t of Purnell (1995), being
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FIGURE 3. Dorsal view of the sinistral and dextral 
element occluded just ventral of the platform-blade 
junction. Note the complex complementary occlusal 
structures at this junction; sinistral above dextral (x193).



FIGURE 4. Operation of Idiognathodus Pa element during function. A. Blades partially occluded B. Blades 
fully occluded. C. Platforms occluded. Only the first phase of occlusal cycle is depicted here, the second 
phase is the reverse of the first.
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based on surface indications of in vivo function. W eddige draw s upon previous studies (Jeppsson 1979; Nicoll

1987) in  proposing an antagonistic mechanism by w hich the elements 'see-saw ' about the cusp, in the same m anner 

later proposed by Purnell and von Bitter (1992) for Vogelgnathus, and dem onstrated here in  Idiognathodus (Figs. 

2A-F, 4). However, the limits of element movement dem onstrated by the natural elem ent pair in this study  indicate 

that W eddige's perception of the degree of m ovem ent w as an overestimate. A lthough his m odels are based on 

another ozarkodinid genus. Polygnathus, this also possesses a complex platform -blade in terarea w hich  w ould  

have controlled element alignment and articulation. It is unlikely that the ventral surfaces w ould  have parted  to the 

considerable degree portrayed by W eddige (1990, text.-fig. 15b).

T he Function  of the  Pa E lem ent in  O ther Taxa

The m ost im portan t m orphological com plex in  constraining elem ent m ovem ent in  Idiognathodus is 

undoubtedly  the axial ridge and furrow  system  of the platform -blade junction. Similar complexes can be found in 

num erous other conodont taxa including gnathodids, and some polygnathids, particu larly  Siphonodella, w hich 

developed as m any as three or four ridges and intervening troughs parallel w ith  the blade. These w ou ld  have 

prov ided  an unm atched constraint over m ovem ent of the platform s to the X-Z plane once occluded. The lack of 

transverse structures in  the complex m ay have led to axial slippage between the elements unless this w as prevented 

by the antero-posteriorly oriented ridges on the dorsal oral surface.

M any taxa exhibit little evidence of elem ent alignm ent features other than  the blade (e.g. Palmatolepis). 

Nicoll (1987,1995) has suggested that the blade-shaped Pa elements of Ozarkodina eosteinhornensis gently m ashed 

food particles betw een their lateral faces. This in terpretation assumes that the orientation of these elem ents in 

fused clusters, reflects their true functional orientation, even though he rejects the orientation of elements of other 

taxa that he figures in fused association. M icrowear described from an older species of the same genus, O. confluens 

(Purnell 1995), indicates that the posterior portions of the elements m et in  a m anner very  sim ilar to those of 

Idiognathodus. The denticles of the opposing elements m ust have interm eshed, producing  shearing. There is no 

obvious means of alignm ent of the elements other than  the elongate ventral blades, a lthough the consistency of 

scratch orientation w ithin the w ear facets (Purnell 1995) appears to indicate as m uch control as that exhibited by 

Idiognathodus. This suggests that supporting structures m ust have been present to guide articulation and alignm ent 

of elements in  taxa w ith  less ornate surfaces. The existence of supporting structures has been proposed previously, 

for exam ple in  the Panderodus apparatus (Smith et al. 1987), and for the anterior grasping array of ozarkodinids 

including Idiognathodus (Chapter 1).

In  m ost cases it is clear that it was the dorsal oral surface that processed food. O ne exception is the Pa 

elem ent of Vogelgnathus, w hich bears lateral nodes on  the ventral portion of the sinistral side only, facilitating 

occlusion. The m orphology of the dorsal denticles, however, indicates that they were perform ing a slicing/crushing 

function. It is possible that Vogelgnathus adapted  the ventral blade for use in  food processing so that the pow er 

stroke w as both  ventral to dorsal (as in all taxa described above) and dorsal to ventral.

A sym m etry

Gross asymm etry between sinistral and dextral conodonts of the same species has been w idely recognised 

in  the past, although all previous examples have been based on criteria such as common range and co-occurrence. 

This is the first dem onstration of asymm etrically paired  elements from  an indiv idual conodont. Identification of 

elem ent-pair asym m etry has m any im portant implications, particularly for taxonom y w here sinistral and dextral
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elements have often been given different specific names, only sometimes subsequently recognised as asymmetrical 

pairs from  a single species (e.g. Voges 1959; Lane 1968; K lapper 1971; K lapper and Lane 1985; Sandberg and 

Ziegler 1979; K uz'm in 1990).

Lane's (1968) conodont sym m etry classification scheme provides a sim ple and convenient m eans of 

distinguishing betw een different styles of Pa element pairing. O ut of his four categories and various sub-categories, 

the  na tu ra l elem ent pair described here belongs to category III. All categories w ere based on  gross elem ent 

m orphology, b u t if sm all m orphological details are considered, particu larly  those w hich  have functional 

significance such as sinistral blade asym m etry w hich allows the blades to slice past each other, all P elem ents are 

asym m etrical bo th  as individuals and as pairs, and all the different classes of sym m etry becom e condensed into 

class 111.

From  a functional perspective, the im portance of recognising asym m etry in  elem ent-pairs cannot be 

understated. So, although Lane's sym m etry classification scheme has proven useful and  convenient in taxonomy, 

m ore im portance should be attached to the finer details of element asymmetry; these relate directly to function and 

w ill help determ ine evolutionary relationships betw een taxa. Asym m etry in elem ent m orphology does not im ply 

asym m etrical feeding behaviour in  conodonts as contended by  Babcock (1993), b u t is related to their complex 

bilaterally-operating function in a bilaterally symmetrical organism. Perfect m irror image pairs of elements could 

no t perform  an efficient tooth-like function requiring  occlusal contact. A degree of asym m etry betw een the 

functional pairs is necessary to allow them  to interlock; this has been term ed 'com plem entary  occlusion' by  

W eddige (1990). Babock (1993) rationalises this by  identifying a 'lead  side ' w hich  results from  anterior and 

posterio r disposition  of bilaterally  opposed structures. Prelim inary w ork  indicates th a t conodont elem ents 

evolved a consistently sinistral asymmetry, (dextral lead side) disposing the elements left-behind-right, (Purnell and 

v on  Bitter 1992; Purnell 1995; C hapter 1). The apparen t absence of in trapopula tion  varia tion  in  asym m etry  

indicates that this phenom enon is not a manifestation of handedness. Only one example of a dextral asym m etry in 

conodont elements has so far come to light (Stamm 1996, and not Icriodus as reconstructed by  W eddige 1990), and 

has been used  as the basis on  w hich to erect a new  species of Idiognathodus {Idiognathodus sp A. of G rubbs 1984). 

The possibility  tha t this represents intraspecific variation, and thus handedness, should  first be ru led  ou t by  

identification of other diagnostic characters; other explanations could include situs inversus, or reversal due to 

in jury of the germ  (e.g. Reif 1976, 1980, and c.f. Bergman 1990). It w ould  be interesting to know  w hether the 

sinistral or dextral P elements appeared first in conodont ontogeny.

G ro w th

The Pa elements of Idiognathodus underw ent considerable morphological change during ontogeny (Purnell

1994) and  this w ill have affected elem ent function. Juvenile Idiognathodus Pa elem ents bear greatly  reduced 

platform s relative to their adult counterparts and are broadly blade-shaped w ith  secondary ridges above the basal 

cavity aligned parallel to the  blade, m ore closely resem bling ancestral taxa (e.g. Purnell 1994, fig. 4f). This 

m orphology m ay have facilitated overlapping occlusion sim ilar to tha t d isplayed by  Gnathodus bilineatus (e.g. 

Nicoll 1987, pi. 5.3, fig. 2) bu t could not have perform ed a crushing function as efficiently as in  m ature specimens 

w ith  complex platform s. This m ust have influenced prey  selection. The sm allest recognisable juvenile m ay not, 

however, represent a functional stage. Some studies of the internal structure of conodont elements indicate periodic 

g row th  (Müller and Nogami 1971,1972; Zhang et al. in  press), and use m ay have been restricted to the end of each 

g row th  cycle (Chapter 3). M ature p latform  m orphology is attained w ith  very  little increase in  elem ent size.
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indicating that it developed very rapidly in ontogeny (see Purnell 1994, figs. 4f-j). The sm allest forms m ay, thus, 

represent an anim al that died during  initial grow th of the feeding elements prio r to eruption. H ow ever, this can 

only be rigorously evaluated by  analysis of microwear w ith  relation to ontogeny.

Cyclical grow th of the feeding elements causes enorm ous problems in  m odelling histogenesis, because it 

requires that the elements be returned to the epidermis for subsequent grow th to occur (Chapter 2,3). But how  does 

this tissue-cover hypothesis stand  up to our current view  of element function? Bengtson (1976,1983a) proposed a 

means of accommodating a necessity for soft tissue cover w ith a proposed tooth function, contending that elements 

w ere everted during function and subsequently rehacted into the same epithelial pocket. However, recent advances 

in  the understanding of conodont elem ent grow th (Müller and Nogami 1971; Sansom 1996; C hapter 2) and long

standing criticisms (Conway M orris 1980) render Bengtson's paradigm  untenable and w e m ust now view  elements 

as e ither perm anently , or only periodically covered by  soft tissue in  a m anner analogous to grow ing scales 

(Chapter 2).

H om ology

The b iting  action of the conodont feeding apparatus w as clearly bilateral and, therefore, differed 

fundam entally  from  the bite of gnathostom es w hich is dorso-ventral. However, both  groups of extant agnathans 

bear feeding apparatuses w hich also acted bilaterally, as d id  the extinct agnathan  Gilpichthys (Bardack and 

R ichardson 1977). Given the phylogenetic position of these taxa (Forey and Janvier 1994; Forey 1995; Janvier 

1996a), it is likely that bilateral, and not dorso-ventral, action is plesiom orphic for the  C raniata (Janvier 1981; 

Jefferies 1986; Smith 1990; Purnell 1994). Furtherm ore, the anterior array of the ozarkodinid feeding apparatus 

has recently been re-evaluated as a complex grasping structure which acted in a m anner similar to the lingual teeth 

of extant agnathans, supported and articulated by  a cartilage complex w hich m ay have been hom ologous w ith  that 

of hagfish and lam preys (Chapter 1). The posterior portion of the apparatus including the Pa elem ent pair has no 

analogue in the extant agnathans, and Janvier (1996a) has proposed that it was situated on 'a  transversely moving 

structure derived from  a velum  of larval lam prey type'. However, it is m ore likely that the differentiated feeding 

apparatus w as derived phylogenetically from  an apparatus that was architecturally, as w ell as m orphologically, 

undifferentiated.

C o n clud ing  R em arks

Definitive functional analyses are best based on elements dissected from  bedding-plane assemblages. 

However, collections of discrete elements can be used provided consideration is taken of the w ay in  w hich elements 

occur in  fused and bedding-plane associations, and of studies such as this one. M icrowear is also an invaluable 

tool in recognising the points of contact between elements and resolving the types of function perform ed in  life. The 

m ost exciting prospect from  this w ork  arises from  its dem onstration of the functional significance of the various 

m orphological structures tha t com prise the oral surface of platform  elements. It m ay now  prove possible to 

determ ine the driv ing  forces behind  conodont evolutionary patterns th rough analogies w ith  the  relationship 

between mammalian molar morphology and function (e.g. Rensberger 1995).
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A lthough  it is over 140 years since conodont elem ents w ere first discovered  w e still have little 

u n ders tand ing  of the re lationships betw een taxa. The first serious m ultielem ent suprageneric  treatm ent of 

conodonts was undertaken less than  ten years ago (Sweet 1988) and w e can only progress from  this by  identifying 

hom ologies, p rov ided  by  bedd ing  p lane assem blages. Analysis of the ozarkod in id  apparatu s architecture, 

p resented  here, goes some w ay to refining the baup lan  of this major group w hich has in  the past p rov ided  the 

tem plate for all conodonts. This analysis of ozarkodinid architecture also indicates that, although this group was 

the  m ost d iverse of all conodont orders, it show s little evidence of architectural disparity . Perhaps m ost 

im portantly , the refined architectural m odel p rovides the best data set yet on  w hich  to base a functional 

in te rp reta tion  of the  ram iform  array. This portion  of the feeding apparatus is probably  hom ologous to the 

bilaterally-acting rasping apparatus of the living agnathans, although the elements themselves are not. The S and M 

elem ents w ere  probably  in tegrated  in  perform ing a rasping  a n d /o r  g rasping function. A n analysis of the 

orientation  of collapse of all available ozarkodin id  bedd ing  plane assem blages has also revealed su rprising  

results re la ting  to conodont taphonom y. The conodont anim al is generally perceived to have been  laterally  

com pressed, and so m ost bedding plane assemblages should represent lateral collapse w here the conodont carcass 

came to lie on it side; however, the majority of bedding plane assemblages represent angles of collapse w here animal 

w as m ore than  th irty  degrees to the bedd ing  plane. This m ay not be telling us anything new  about conodont 

palaeobiology, b u t rather that the sea floor was either very 'soupy ', or else the conodont anim al m ay have lived 

w ithin burrows in poorly compacted sediments, as do hagfish at the present day.

M y analysis of conodont histology has been aim ed at resolving the current confusion in  the recent debate 

over hom ology of conodont hard  tissues, confusion w hich has arisen from  the lack of attention to earlier classical 

histological studies. I have also gone some w ay to resolving our long-standing ignorance of conodont elem ent 

grow th, and I have achieved this w ithout m aking any a priori assum ptions over the affinity of the hard  tissues. M y 

study  has concentrated on the relationships of the tissues and their component structures during  grow th, recorded 

by  the periodic punctuations in  the tissues. By identifying hom ology w ith in  the different patterns of grow th  in 

conodont elements I hope that w e can look at conodonts in  a new way, and that patterning m ay provide a m eans of 

discrim inating hom ology in  phylogenetic analysis. Conodont hard  tissues are hom ologous to the hard  tissues of 

other vertebrates and grew in  combination in  the same way. Conodont elements are com posed from  a num ber of 

odontodes and can be considered as odontocomplexes, or possibly as tooth families. Successive odontodes were 

added  periodically, providing a m echanism  for the resolution of Jeppsson's (1979) paradox of conodont elem ent 

grow th and function. My evaluation of the competing hypotheses of element retention indicates that conodonts m ust 

have retained their feeding elements throughout life, periodically repairing and enlarging their elem ents to keep 

pace w ith  the increasing energy needs of the grow ing animal. Evidence critical to this debate arises from  the 

recognition tha t internal discontinuities in  the lam ellar grow th  record of the hard  tissues relate to functional 

episodes in the life of the animal.

D uring conodont phytogeny, evolution appears to have taken advantage of the specialised strategy of 

grow th, allowing complex occlusal dentition. W ithout this m ode of grow th conodonts could not have m aintained 

the  intricate articulating surfaces tha t are required  for occlusion. The functional m orphological analysis of 

Idiognathodus Pa elem ent pairs in chapter four dem onstrates that at least some conodonts w ere capable of a degree 

of dental occlusion unparalleled before the rise of m ammals. However, w ithout consideration of other taxa, it is 

unclear w hether these occlusal surfaces w ere adap ted  to assist articulation or to perform  a food-processing
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function. Published studies of m icrow ear on the surfaces of less m orphologically complex conodont elem ents 

indicate that they too w ere capable of a degree of occlusal guidance comparable w ith  Idiognaihodus, w ithou t the 

facility for complex interlocking occlusion. This indicates that conodont elements m ust have been supported  by  an 

additional b u t unpreserved supporting  structure w hich perform ed a similar function to jaws, though the tw o are 

not homologous. The m orphology of Idiognathodus Pa elements restricted their function to crushing as the elements 

could only m ove in a single plane. This compares very well w ith independent evidence of microwear.

Future research into conodont functional m orphology should build  on this study  and try  to identify the 

changing d ietary habits w hich are recorded in  the phylogeny of closely related  taxa. Recognition of internal 

discontinuities and fused denticles m ay also provide additional evidence in identifying points of repeated contact 

betw een opposing elements during function, particularly in the absence of microwear.

My contribution to conodont hard  tissue histology is by  no m easure in tended as a final treatm ent in  the 

w ay tha t m any earlier classical w orks have been regarded (e.g. M üller and Nogam i 1971). There is m uch w ork to 

be done in this area; w e still have no m easure of the variability of dentine and enam el m icrostructure, and the true 

affinities of w hite m atter are yet to be resolved (although I w ould lean heavily in  favour of an interpretation  as a 

prim itive enameloid). Analysis of enam el m icrostructure in  the conodont crown indicates that complex prism atic 

enam el is present only in  conodont elements that are predicted to have perform ed intensive mechanical functions 

such as crushing, and that this level of complexity evolved m any times in  conodont phylogeny. The evolution of 

enam el in  conodonts appears to m irror its evolution in jaw ed vertebrates, particularly am ong the m am m als (e.g. 

Rensberger 1995); increasing com plexity is no t a m easure of phylogenetic advancem ent, b u t ra ther occurs 

itera tively  w ith in  a group in  response to increases in  im posed dental stresses. If this re la tionship  can be 

convincingly dem onshated, enamel microstructui-e may provide a further means of deducing element function.

The greatest problem  rem aining in conodont palaeobiology is the absence of a coherent suprageneric 

classification scheme. The m ost prom ising means of overcoming this is by em ploying a cladistic analysis of the 

Conodonta. The m ost sensible group to begin w ith  is the Ozarkodinida as they are the m ost com prehensively 

understood of all the conodont orders. A lthough the prioniodinid bauplan is very sim ilar to that of ozarkodinids 

(Purnell 1993b), identifying hom ology is ham pered by the sim ilarity in m orphology betw een the  P, M, and  S 

elements (Purnell and von Bitter 1996). Similarly, the prioniodontids are a highly problem atic group and our only 

clue a t present to their baup lan  is the apparatus of Promissum pulchrum; other evidence suggests that P. pulchrum 

is not typical of the entire order (Stewart 1995). The four coniform orders are even m ore problem atic and our only 

evidence for identifying hom ology w ith in  and  w ithou t these groups rests w ith  the apparatus of Panderodus 

(Sansom et al. 1994), evidence for which is extremely poor.

A lthough evidence for the craniate affinity of the conodont animal is now  overwhelm ing, particularly  as 

cephalochordates m ust now  also be considered craniates (Williams and H olland 1996), their exact placem ent 

w ith in  the Craniata relies on the discovery of m ore specimens preserving the soft tissue remains, particularly from 

different deposits w ith  different taphonom ic histories, preserving different aspects of soft tissue anatom y. More 

and  m ore Konservat-lagerstatte are being discovered w ith in  the long range of the conodont fossil record, and 

prospecting for conodont rem ains in  these new  deposits is of vital im portance considering the im pact conodont 

palaeobiology has had  on research into early vertebrate evolution in recent years.
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APPENDIX 1 

C onodonts: a sister group to hagfish?

R. J. A ldridge and  P. C. J. D onoghue 

D epartm ent of Geology, U niversity  of Leicester, Leicester LEI 7RH, UK.

Absfa-act

Conodonts are an extinct group of naked agnathan fish w hich range in age from  Cam brian to Triassic. 

The conodont anim al is alm ost exclusively represented  in  the fossil record by  the phosphatic elem ents of the 

feeding apparatus, w hich was the only mineralised com ponent of the skeleton. Only twelve specimens have been 

found w hich preserve the soft tissue anatom y of the animal.

The anim al possessed a notochord, m yom eres, caudal fin, paired sensory organs (optic and  possibly 

otic) and extrinsic eye musculature; these characters indicate that the animal was a vertebrate. Just posterior of the 

eyes and  ventra l of the notochord lay a feeding apparatus of varying com plexity tha t acted bilaterally  as in 

hagfish, differing from  the dorso-ventral arrangem ent and action of gnathostom e jaws.

The hard  tissues from  w hich  the feeding apparatu s is com posed are com parable w ith  those of 

vertebrates, particularly other fossil agnathans and corroborate the phylogenetic position established on the basis 

of the soft tissue anatom y. A lthough conodont soft tissues suggest a relationship to hagfishes, the elem ents 

cannot be hom ologised w ith hagfish lingual 'teeth' because of fundam ental differences in  the m odes of grow th  of 

these structures.

KEY W ORDS: Conodont, hagfish, agnathan, vertebrate, palaeobiology

Conodonts are an extinct group of chordates, represented in the fossil record alm ost exclusively by  the 

phosphatic  elem ents of their feeding apparatuses. They possessed no o ther biom ineralized  skeleton, and 

rem ained enigm atic until the discovery of the first of a num ber of fossils w ith  preserved soft tissues in  1982 

(Briggs et al., 1983). Conodont soft tissues are now  know n from three separate localities; the O rdovician Soom 

Shale of South Africa (Aldridge & Theron, 1993; Gabbott et al, 1995), the Silurian Brandon Bridge dolom ite of 

W isconsin, U.S.A. (Mikulic et al., 1985a, 1985b; Smith et a l, 1987), and the Carboniferous G ranton Shrim p Bed of 

Edinburgh, Scotland (Briggs et al., 1983; A ldridge et al, 1986, 1993). The single Silurian specim en from  W isconsin 

is very  poorly preserved and provides little inform ation about conodont anatom y, b u t the Soom and  G ranton 

specim ens p reserve several features of the tru n k  and head. It m ust be em phasised , how ever, th a t the 

preservation of particular tissues and organs has been highly selective, and the processes of replacem ent that led 

to the preservation of non-biom ineralized tissues are currently poorly understood. Replacem ent of m uscles by 

calcium phosphate, as displayed by the Granton specimens, has been replicated in the laboratory by  Briggs et al 

(1993), b u t the preservation of muscle fibres by  clay minerals, evident in the Soom Shale, is problematic, although 

it m ay  involve an  in term ediate  phase  of phosphate  replacem ent (G abbott et al., 1995). W hatever the 

preservational history of these specimens, it is clear that each exhibits only part of the soft anatom y of the original 

organism , biased by the particular characteristics of the chemical and microbiological environm ent in  w hich it 

d ied  and  decayed. Using inform ation gleaned from  several specimens, how ever, it has p roved  possible to 

reconstruct m any of the characters of the living conodont animal, although details of features of low preservation 

potential rem ain obscure.
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C onodont soft-tissue anatom y

Ten specimens from  the G ranton Shrimp Bed exhibit features of the trunk  of the animal (Fig. 1); tw o of 

these also preserve the tail, and tw o show  structures in the head (Aldridge et al., 1993). A single giant specim en 

(Fig. 2) from  the Soom Shale displays part of the trunk  and head region (Gabbott et a l, 1995), while a t least forty 

have been  found in  w hich  lobate structures, in terpreted  as eye cartilages by A ldridge & Theron (1993), are 

associated w ith  com plete feeding apparatuses. All of these fossils w ere subject to som e decay before the 

processes of replacement w liich preserved the tissues commenced, but experim ental exam ination of the pattern  of 

decay in  extant prim itive chordates, principally  Branchiostoma (Briggs & Kear, 1994), p rov ides a basis for 

in terp reta tion  of the structures that rem ain. These features can be com pared w ith  those of living and  fossil 

cephalochordates and agnathans to develop hypotheses regarding the phylogenetic position of the Conodonta in 

relation to the Myxinoidea.

(a) G eneral features

The conodont animal specimens from the Ordovician and Carboniferous are all from  taxa that possessed 

com plicated feeding apparatuses com prising pectiniform  and ram iform  elements. These taxa represent at least 

tw o conodont orders: seven of the specimens from  the Granton Shrimp Bed can be assigned to Clydagnathus, an 

ozarkodin id  (A ldridge et a l, 1993), and the Soom Shale specim en is of the prion iodontid  genus Promissum  

(Gabbott et al., 1995). General features of the anatom y are rem arkably constant; all are elongate w ith  a short head 

and a laterally com pressed trunk m ade up  of somites (Fig. 1.1). These are apparently  V-shaped in all specimens, 

a lthough preservation m ay be incomplete; they are thus sim pler than the W -shaped m yom eres of adult hagfish 

and lam preys, b u t comparable w ith  the chevron m uscle blocks of Branchiostoma and some fossil agnathans, (e.g. 

Sacabambaspis, see Gagnier et al, 1986; Mayomyzon, see Bardack & Zangerl, 1968,1971; Gilpichthys and Pipiscius, see 

Bardack & Richardson, 1977). The Clydagnathus specimens are all small, w ith  the largest a little over 55 m m  in 

total length (Aldridge et al, 1993), w hereas the preserved portion of the Promissum specim en is 109 m m  and the 

entire length m ay have approxim ated 400 m m  (Gabbott et al, 1995).

(b) The trunk

Paired axial lines occur along the trunk  of m ost of the Granton specim ens (Fig. 1.3) and  represent the 

m argins of the notochord (Aldridge et a l, 1993); the notochord of Branchiostoma is one of the m ost decay-resistant 

features of this anim al and collapses to a pair of lateral ridges com parable w ith  those show n by  the fossil 

conodonts (Briggs & Kear, 1994). Freferential preservation of the notochord is also apparent in a num ber of fossil 

agnathans from  other deposits, including Gilpichthys (Bardack & Richardson, 1977) and Mayomyzon (Bardack & 

Zangerl, 1968, 1971) from  the Carboniferous M azon Creek fauna. The notochord is not preserved in Promissum, 

bu t its position is indicated by a 2 m m  gap in  preservation w ithin the m yomeres (Gabbott et a l, 1995). A  dorsal 

nerve cord m ay be represented on  tw o of the Granton specimens by a m edial darker trace apparen t along the 

anterior portion  of one w all of the notochord, a lthough this interpretation rem ains equivocal (A ldridge et a l, 

1993). Details of the structure of the trunk muscles are best preserved in the Promissum specimen, in  w hich each 

m yom ere d isplays sets of fibril bund les, together w ith  possible sarcolem m ic m em branes and  collagenous 

connective tissues (Gabbott et a l, 1995). The fibres do not show  the extrem e fla ttening  characteristic  of 

Branchiostoma, and appear m ore circular in  cross-section than those of agnathans and fishes; their size (5pm in 

diameter) is consistent w ith  their being slow muscle fibres (Gabbott et a l, 1995). Larger, fast m uscle fibres have 

not been recognised, although these m ay be present outside the plane along w hich the fossil has split.
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(c) T he tail

Closely spaced fin rays are apparent at the posterior end of two of the G ranton fossils (Briggs et a l, 1983, 

figs. 4, 5; A ldridge et a l, 1986, fig. 4; Fig. 1.4), b u t their configuration is not clear on  either. From  one of the 

specimens it is evident that fins occur on both  the dorsal and ventral margins; m ore examples are required before 

w e can ascertain for certain if the disposition is symmetrical, or if the apparent extension of the fin further on one 

of the m argins is genuine. There is no evidence of articulating m usculature at the base of the fin rays, suggesting 

that they resemble the unsupported  fin folds of myxinoids (Aldridge et al, 1993).

(d) The head

A part from the phosphatic feeding apparatus, the m ost commonly preserved features of the head are the 

tw o lobate structures interpreted by  A ldridge & Theron (1993) to represent sclerotic cartilages w hich surrounded  

the eyes (Fig. 1.2, 2.2). In  specim ens from  G ranton and from  South Africa, these are evident as apparently  

carbonised  im pressions, com m only th ickened m arginally  and  w ith  som e phosphatisa tion ; th ey  can be 

reconstructed as deep, inw ardly  tapering hollow  rings (A ldridge et a l, 1993). They are positioned above and 

im m ediately anterior to the feeding apparatus and are closely com parable m orphologically w ith  structures that 

have been in terpreted  as eye capsules in  fossil agnathans, for exam ple famoytius (Ritchie, 1968), and as altered 

retinal p igm ents in  the hagfish Myxinikela  (Bardack, 1991), the lam preys Mayomyzon (Fig. 2) and  Hardistiella 

(Bardack, this volume), and larval gnathostom es such as Esconichthys (Bardack, 1974), Bandringa and Rhahdoderma 

(Richardson & Johnson, 1971). Optic capsules in living craniates are embryologically derived from  ectoderm al 

placodes (Gans & N orthcutt, 1983).

The m ost complete Promissum specim en displays solid w hite oval patches anterior to and  above the 

feeding apparatus, in a similar position to the sclerotic rings on other specimens (Fig. 2.1). These patches have a 

fibrous texture and w ere in terpreted  as representing  extrinsic eye m usculature by  Gabbott et al. (1995); the 

developm ent of such muscles is entirely patterned  by  connective tissue derived from  neural crest (Noden, 1991; 

Couly et al, 1992).

O ther than  indistinct and indecipherable patches, only the first specim en discovered from  G ranton has 

additional soft-tissue features in the head  region (Briggs et al, 1983, figs 2C and 3A; A ldridge et a l, 1993; Fig. 2). 

A pair of small subcircular dark  patches behind the sclerotic rings m ay represent the otic capsules, sim ilar to 

those reported  in  the Carboniferous lam prey Mayomyzon (Bardack & Zangerl, 1971) and  hagfish Myxinikela  

(Bardack, 1991). The presence of otic capsules is further supported  by the occurrence of a phosphatic structure, 

strongly resem bling the statoliths of m odern lam preys, in  the vicinity of the feeding apparatus in  the head  of 

another of the Granton conodont animals (Fig. 4.2). Transverse traces posterior to the eyes of the first specim en 

m ay be branchial structures, com parable w ith  features so interpreted in Mayomyzon (Bardack & Zangerl, 1968, 

1971). There is no preserved evidence of pharyngeal slits.

The relative arrangem ent of the structures in the head  of the conodont anim al is closely com parable w ith 

that show n by fossil and recent lam preys and hagfish (Fig. 2.2, 2.3). The otic capsules are positioned just posterior 

of the optic capsules, and the putative gill pouches are located very close to the head structures, as in  Mayomyzon. 

The first Granton conodont animal also preserves an indistinct organic trace surrounding the head structures that 

resembles the unm ineralized head cartilage of the fossil lam preys from  the M azon Creek fauna.

The feeding apparatus is only partly  exposed in  m ost of the specimens from  Granton, b u t its architecture 

has been reconstructed using additional evidence from  undisturbed assemblages of elements found occasionally 

on  Carboniferous shale surfaces. The apparatus w as bilaterally symmetrical, com prising a set of 11 ram iform
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elements that form ed an anterior basket, behind w hich lay two pairs of pectiniform  elements w ith  thfeir long axes 

d irected dorso-ventrally (A ldridge et al., 1987, Purnell & Donoghue, in press; Fig. 3). The anterior half of the 

apparatus has been interpreted as an oral raptorial array (Aldridge & Briggs, 1986; Purnell & von Bitter, 1992), b u t 

this has recently been challenged (M allatt, 1996). M allatt contended that the position  of this portion  of the 

apparatus posterior of the eyes suggests that it lay in the pharynx. However, if the interpretation of gill pouches 

in the first Granton specimen is correct (Fig. 2.2), the position of the anterior array, anterior of the first gill pouch, 

and the pectiniform  elements posterior, implies tha t the two portions of the apparatus w ere located in  the oral 

cavity and pharynx respectively, thus falling into the 'o ld ' and 'new ' m ouths of M allatt (1996).

The Promissum apparatus w as similar to that of ozarkodinids, b u t m ore complicated, w ith  11 ram iform  

elem ents positioned below  an array of four pairs of pectiniform  elements (A ldridge et a l, 1995). Both types of 

apparatus are m ore complex than  those found in any other agnathan, and they do not com pare w ith  the jaw s of 

fishes. H ow ever, m ore prim itive conodonts, and their putative  ancestors the paraconodonts (Szaniawski & 

Bengtson, 1993), had  sim pler apparatuses m ade up of conical elements w hich m ay be m ore readily  com parable 

w ith  the lingual and  palatal teeth of hagfish. The m ulticuspid  lingual lam inae of som e lam preys (Potter & 

Hilliard, 1987) also bear a broad resemblance to some ram iform  conodont elements.

(e) Phylogenetic interpretations

Of the preserved soft tissues, the notochord and the chevron-shaped m yom eres clearly show  tha t the 

conodonts belong w ithin the euchordates (Cephalochordata + Craniata) (although for a contrary view  see Dzik, 

1995). Their precise affinities are controversial, w ith  some authorities still m aintaining that they are closest to the 

p rotochordates (Urochordata + Cephalochordata) (Kemp & Nicoll, 1995), although the radiais in the caudal fin, 

the presence of eyes and  the term ination  of the notochord  behind  them , the  bilaterally  operative  feeding 

apparatus, and the phosphatic skeletal biom ineralization are all craniate characters (A ldridge et a l, 1993; Janvier, 

1995).

The possession of paired external sensory organs and a distinct head anterior of the notochord are also 

indications of vertebrate grade. The 'new  head ' hypothesis for the origin of the vertebrates (Gans & N orthcutt, 

1983) recognises tha t m ost of the functional and m orphological differences betw een vertebrates and  o ther 

chordates are located in  the head, and  contends that the vertebrate head is a new  structure. M ost of the  new  

structures in  the vertebrate head are embryologically derived from neural crest and ectoderm al placodes.

M ore recently, a single collinear cluster of hox genes has been identified in am phioxus, the traditional 

proxy  for a vertebrate  ancestor, m atching four paralogous clusters in  gnathostom es (G arcia-Fernàndez & 

H olland, 1994; H olland & Garcia-Fernàndez, 1996). The expression of these clusters in  mice never occurs more 

anteriorly  than  the rhom bom eres of the hindbrain, and expression of hox genes in  am phioxus too has distinct 

anterior limits, indicating a significant portion of the anim al equivalent to the craniate head. Furtherm ore, the 

single cluster in  am phioxus also points to a gene duplication at the acraniate-craniate transition, em phasising the 

fundam ental im portance of this event in chordate evolution. D eterm ination of hox gene clusters in  hagfish and 

lam preys is at a prelim inary stage, but m ultiple clusters, up  to four in num ber, appear to be present in each group 

(Holland & Garcia-Fernàndez, 1996).

M uch of the opposition  to the in te rp reta tion  of conodonts as vertebrates stem s from  the lack of 

consensus over w hat constitutes a vertebrate or a craniate; m any w orkers consider these to be synonym ous 

(Kardong, 1995; Nielsen, 1995; Young, 1995). The 'new head ' hypothesis for the origin of the vertebrates places 

m yxinoids as the first crown-group vertebrates (Gans, 1993). Janvier (1981, 1993) how ever, considered the lack of
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arcualia in  hagfish to exclude them  from  the vertebrates, placing them  in  the craniates; the lam preys w ere 

regarded to be crown-group vertebrates. O n this basis, m uch of the controversy surrounding the interpretation of 

conodont affinities becomes semantic. In the present context, it is pertinent to assess the evidence for and against 

a close relationship betw een the conodonts and the hagfish.

A ldridge et al. (1986) forw arded tw o possible phylogenetic positions for the conodonts on the basis of 

the soft tissue characters: as a sister group to the M yxinoidea, or im m ediately crow nw ards of them . O ther 

placem ents have been suggested (see A ldridge & Purnell, 1996), including im m ediately anti-crow nw ards of the 

M yxinoidea, as stem -group craniates (Peterson, 1994). Conodonts differ from  m yxinoids in  having  eyes w ith  

apparen t extrinsic m usculature and  in bearing  phosphatic, no t keratinous, oral elem ents. Large eyes w ith  

extrinsic eye muscles are a vertebrate characteristic, bu t their absence in myxinoids m ay be degenerate rather than 

prim itive (Northcutt, 1985). The lack of a phosphatic skeleton in hagfish m ay also be secondary, or it m ight be 

argued that the developm ent of phosphatic structures in  conodonts was a separate, convergent feature, unrelated 

to the origin of skeletons in other craniates. The m ode of grow th of conodont elem ents and  the nature  of their 

phosphatic tissues are of crucial im portance in  resolving this particular question.

C onodont hard  tissues

A typical euconodont ("true conodont") element is constructed of tw o structurally  distinct com ponents, a 

basal body and  an overlying crown, w hich grew  by the addition  of calcium  phosphate  on their outer surfaces 

(Furnish, 1938; Hass, 1941). Post-Devonian elements do not have a basal body, suggesting that its function was 

fulfilled by  unm ineralized tissue in  m ore derived forms. The crown is com posed of a crystalline, hyaline tissue 

punctuated  by num erous incremental grow th lines (Fig. 4.5); in m ost conodonts the crown also includes areas of 

opaque tissue, traditionally know n as "white matter" because it appears albid in incident light. The cores and tips 

of the cusps and denticles of conodont elements are commonly composed of this w hite m atter (Fig. 4.4), w hich is 

relatively fine-grained and massive, b u t contains num erous cavities and fine tubules (see Lindstrom  & Ziegler, 

1981). The basal body is also finely crystalline, b u t m uch m ore variable in  structure; it com m only displays 

grow th increments and m ay show spherical or tubular features (Fig. 4.6).

(a) Lam ellar crown tissue

A hom ology betw een conodont crow n tissue and the enam el of vertebrates has been suggested several 

times (e.g. Schmidt & M üller, 1964; Dzik, 1986; Sansom et ah, 1992). A lthough only a few taxa have as yet been 

exam ined in  detail, there is considerable variability in the orientation of crystallites in  the hyaline lam ellae w ith 

respect to the increm ental grow th lines. In  most, the crystallites are m ore or less perpendicular to the grow th  

increments (contra Schultze, 1996), as in true enamel, w hereas one area of the crown tissue figured by  Sansom et 

al. (1992) from  Parapanderodus (fig. 3F) show ed crystallites arranged at a shallower angle and this w as considered 

outside the range of know n enam el types by  Forey & Janvier (1993). However, crystallite arrangem ent in  enam el 

is know n to vary, particularly in  prim itive forms of prism atic enam el (Smith, 1989,1992), and Sansom (1996) has 

described a prism atic form  of lamellar crow n tissue that compares directly to prim itive prism atic enam el from  the 

teeth  of a sarcopterygian fish. As is the case w ith  enam el, the lamellar crow n of conodont elem ents exhibits 

variation in crystallite arrangem ent w ithin a single specimen.

The interpretation of the conodont tissue as enam el has been contested by  Kemp & Nicoll (1995, 1996) on 

the grounds that etched surfaces are stained by  picrosirius red, a stain specific for collagen. True enam el does not 

contain collagen. However, the validity of such histochemical tests on fossil material rem ains to be established, as
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they have not been applied to unequivocal fossil vertebrate material. It is possible that the etching of the elem ent 

surface increases porosity and perm its retention of the stain w hich 'fixes' by electrostatic attraction; further w ork 

is requ ired  to test the results of this technique. The presence of fibrous tissues, claim ed to be collagen, in 

conodont elem ents has also been reported  by  Fahraeus & Fahraeus-van Ree (1987, 1993), w ho dem ineralized 

Silurian conodont hard  tissues then fixed, dehydrated, sectioned and stained the residue. They com m ented that 

the m ost rem arkable result of their s tu d y  w as tha t tissue m ore than  400 m illion years old could rem ain  

histochemically intact (Fahraeus & Fahraeus-van Ree, 1987, p. 106). There is, however, no certainty as to w hich of 

the conodont hard  tissues housed the soft tissue they recovered.

(b) W hite m atter

M any of the vacuoles w ithin w hite m atter closely resemble the lacunae of odontocytes or osteocytes (Fig.

4.4), and  together w ith  evidence of associated canaliculi this led Sansom et al. (1992) to in terpret this tissue as 

derm al bone. The vesicles are ubiquitous in  white m atter and are repeatedly observed in  tliin sections {contra the 

assertion that they are artefacts, Schultze, 1996); the natu re  of the tissue is different to cellular derm al bone in 

other vertebrates, and it is likely that white m atter represents a tissue unique to conodonts.

Histochemical staining of the white m atter w ith  picrosirius red failed to indicate the presence of collagen 

(Kemp & Nicoll, 1995, 1996), w hich is p resent in  the dentine and bone of extant vertebrates. H ow ever,, it is 

unusual for any fossil bone or dentine to preserve collagen, w hich norm ally disintegrates shortly  after death, 

leaving a t best degradation products in the form of amino acids (Fahraeus & Fahraeus-van Ree, 1987). Detectable 

am ino acids have been reported in conodont elements by  Pietzner et at, (1968) and Savage et al.j, (1990), b u t see ^  

Collins et al., (1995).

(c) The basal body

Schmidt & M üller (1964) suggested that the basal body of conodonts w as hom ologous w ith  the dentine 

of vertebrate sclerites, and branched or unbranched tubules representing different forms of dentine have been 

described in the basal bodies of a num ber of Ordovician taxa (Barnes et a l, 1973; Barskov et a l, 1982; Dzik, 1986; 

Sansom et a l, 1994). Basal bodies of other species, including m ost post-O rdovician elem ents exam ined, show 

regular lam ination w ithout tubuli or comprise a hom ogenous alaminate mass, the forrher having been interpreted 

as a form  of atubular dentine (Sansom, 1996). In some early conodonts, for exam ple Cordylodus, the basal material 

comprises a mass of fused spherical bodies and this has been com pared w ith  the globular calcified cartilage of the 

O rdovician vertebrate Eriptychius (Smith et a l, 1987; Sansom  et a l, 1992), although it is just as likely to be an 

atubular dentine (Fig. 4.3, 4.6). Such apparent diversity of tissue types in conodonts is unexpected, b u t parallels 

experim entation w ith  different tissue combinations by other coeval agnathans (Halstead, 1987).

As w ith  the white matter, basal bodies exam ined by Kemp & Nicoll (1995,1996) failed to stain positively 

for collagen, although they tested positive for mucopolysaccharides.

(d) H istogenesis of conodont elem ents

Published ontogenetic studies of conodont elem ents have concentrated on the developm ent of the 

lam ellar crown and basal body, wliich are know n to have grow n synchronously (M üller and Nogam i, 1971). The 

pa tte rn  of divergent appositional grow th betw een the basal body and the crow n is com parable w ith  tha t of the 

dentine and enam el of extant vertebrate teeth, and Schmidt and M üller (1964), Dzik (1976, 1986) and Smith et a l 

(1996) have argued for a hom ology betw een conodont elements and vertebrate odontodes. O dontodes are the 

basic building blocks of the derm al skeleton in  vertebrates and are formed by interaction of the epithelium , w hich 

forms the enamel, and ectomesenchymal cells, derived from  the neural crest, w hich ultim ately form  the dentine.
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derm al bone and cartilage. O dontodes are alm ost exclusively com posed of a complex of enam el, dentine and 

underly ing  bone of attachm ent. The bone of attachm ent is absent in conodonts, b u t this is also the case in  the 

derm al denticles of thelodonts and in the oral teeth and skin denticles of chondrichthyans (Smith et a l, 1996).

(e) C om parison w ith  hagfish  toothlets

Both conodonts and m yxinoids possess a feeding apparatus com prising a b ilaterally sym m etrical array 

of cuspate elem ents, and a hom ology betw een  conodont elem ents and  hagfish lingual toothlets has been 

p roposed by Krejsa et al. (1990a, b). Evidence comes from  a sim ilarity in overall m orphology betw een sim ple 

conodont elements and m yxinoid teeth, and an overlap in  size range betw een conodont elem ents and  juvenile 

hagfish toothlets. The hypothesis requires that the phosphatic lamellar crown of conodont elements should be a 

m ineralized hom ologue of keratin, w ith  the pores in  w hite m atter interpreted  as m oribund rem nants of pokal 

cells. The basal body is considered to be a developing replacement tooth (Krejsa et al, 1990a, 1990b).

Evidence such as analogous m orphology and sim ilarity irt size is regarded as w eak and circumstantial, 

and this interpretation of conodont elements has been severely criticised (Szaniawski & Bengtson, 1993; Smith et 

a l, 1996). H istogenetic and ontogenetic studies of conodont elements show  tha t the crow n and basal body of 

conodonts grew  synchronously, w ith  appositional g row th  increm ents passing  confluently  betw een  the  tw o 

structures (M üller & Nogami, 1971); the basal body is clearly not a replacem ent tooth. Indeed, except in  the 

sim plest of conical conodont elements, the upper surface of the basal body bears no m orphological resemblance 

to the upper surface of the crown it w ould  putatively replace.

D iscussion

Possible phylogenetic positions of the conodonts relative to the extant euchordates are illustrated  in 

Figure 5. Kemp & Nicoll (1995, 1996) contended that their histochem ical tests prove tha t the h a rd  tissues of 

conodont elements are not hom ologous w ith  those of vertebrates, and concluded that conodonts w ere therefore 

m ore closely related  to cephalochordates than  to craniates. This is no t a necessary conclusion from  their 

argum ents, even if they w ere correct. If conodont hard  tissues w ere developed independently  from  those of 

vertebrates, then this could have happened at any stage in early chordate history, for example as an offshoot from 

the m yxinoids or from  the petrom yzontids. The evidence from conodont soft tissues suggests that either of these 

positions w ould  be m ore parsim onious than a sister gi'oup relationship w ith  the cephalochordates.

H ow  strong, then, is the evidence for the C onodonta to be considered  as a s ister g roup  to the 

Myxinoidea? There are two hypotheses to be exam ined here: either conodont characters are plesiom orphic for 

this group and have been secondarily lost in the hagfish, or conodont hard  and soft tissue features are derived 

and  synapom orphous for the Conodonta. The latter proposal does not seem parsim onious; not only w ould  the 

enam el- and dentine-like skeletal tissues of conodonts represent a com pletely independen t and  fortu itously  

analogous developm ent from  that in  other craniates, bu t the developm ent of eyes w ith  extrinsic m uscles w ould 

be similarly homoplastic.

It is perhaps m ore likely that m yxinoids separated from the conodonts by  secondary loss of conodont 

characters. The eyes of hagfish are connected to the brain  and sensitive to light (Wicht & N orthcutt, 1995) and are 

probably responsible for the entrainm ent of the circadian rhythm  (Ooka-Souda et al, 1993). They are nevertheless 

of very  lim ited function, and despite the form ation of a lens placode during  developm ent, a lens, iris, extrinsic 

m usculature and associated nerves fail to develop (Wicht & N orthcutt, 1995). The m ost likely in terpretation  is 

tha t hagfish  represent a condition degenerate from  tha t of for exam ple, conodonts, w ith  characters lost in
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response to their specialised m ode of life (Fernholm & Flolmberg, 1975; N orthcutt, 1985). H ow ever, it is quite 

feasible that the failure of the lens placode to form  a lens is a prim itive condition (Wicht & N orthcutt, 1995), since 

the placode is ultim ately responsible for the form ation of a num ber of other structures, including the  cornea, 

w hich are present in hagfish.

The conversion of phosphatic hard  parts  to keratin  m ay be m ore problem atic. The recognition of 

enamel-like antigens (putatively enamelin) in the pokal cell cone beneath the tip of the keratin  toothlet of hagfish 

(Slavkin et ah, 1983) m ay be of relevance here, and Kresja et al. (1990a, 1990b) used  this to support a proposal that 

conodonts w ere ancestral hagfish that switched from  secreting m ineralised keratin  to keratin. The occurrence of 

the fossil hagfish Myxinikela in the M azon Creek (Bardack, 1991) shows that the tw o groups w ere distinct by  the 

Carboniferous. The case is weakened, however, by  the lack of any dem onstrable hom ology betw een conodont 

elements and hagfish toothlets. Smith et al. (1996) also cited the lack of developm ental support for a sw itch from  

an apatitic system  to one secreting keratin.

Relatively, few m yxinoid em bryos have been recovered, and there is little evidence to indicate the 

degree of neural crest involvem ent in  the form ation of hagfish skeletal head structures. Conel (1942), how ever, 

suggested that neural crest p layed no role in hagfish cranial skeletal developm ent. If hagfish neural crest is 

indeed  restricted  to neuronal derivatives (Langille, 1987), the evidence for neural-crest derived  tissues in 

conodonts w ould indicate that the conodonts are the more derived.

The placem ent of the conodonts im m ediately anticrow nw ards of m yxinoids (Peterson, 1994) suffers 

from  sim ilar drawbacks, involving loss in the myxinoids of the phosphatic tissues, the m uscularized eyes and 

m igratory neural crest, and their re-evolution in the post-m yxinoid craniates. A position crow nw ards of the 

myxinoids poses fewest problem s w ith  current evidence of conodont soft and hard  tissues (A ldridge et al., 1993). 

Their precise placem ent w ill be influenced by  resolution of the controversial relationships betw een extant and 

fossil agnathans. If hagfish and lam preys form  a natu ral group (Yalden, 1985; Stock & W hitt, 1992) or if the 

hagfish and lam preys are successive paraphyletic groups (Forey & Janvier, 1994; Forey 1995), then  conodonts 

m ay w ell occupy a position crow nw ards of both  m yxinoids and petrom yzontids (Gabbott et al, 1995). However, 

Langille (1987) has described neural crest involvem ent in the formation of the head  skeleton of lam preys, and the 

ability of petrom yzontids to m ineralize their skeleton has been dem onstrated by in vivo (Bardack & Zangerl, 1971) 

and in vitro studies (Langille & Hall, 1993). This evidence, and the possession of arcualia by lam preys, suggests 

that of the two groups, the conodonts are the m ore primitive.

Janvier (1996) recently com pleted the first full cladistic analysis of the A gnatha to incorporate conodonts. 

Lack of soft tissue characters and equivocation over the interpretation of some characters largely resulted in  tree 

imbalance. H owever, Janvier's text-fig. 5c, the best resolved of the relevant trees, places the conodonts as a sister 

group to lam preys, w ith  w hich they form  a sister group to all other agnathans w ith  a m ineralised exoskeleton; 

hagfish are a sister group to all other craniates. This in triguing solution aw aits testing by additional cladistic 

analyses. Further, the speculation by  Janvier (1995,1996) that conodonts m ight be closer to the gnathostom es than  

all the  ostracoderm s apart from  the osteostracans currently  seems difficult to sustain , as it w ou ld  involve 

secondary loss in  the conodonts of the exoskeleton and the paired fins.

W hatever the final position of conodonts w ithin craniate phylogeny, they have clearly influenced recent 

debates on vertebrate origin and generated a new  im petus into long-standing controversies regarding the  origin 

and early evolution of the vertebrate skeleton.
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Conodonts as liv ing  anim als

A ldridge et al. (1993) reconstructed the conodont animal as an elongate and  laterally-com pressed eel

shaped  agnathan  (Fig. 5) capable of an anguilliform  m ode of sw im m ing. Lack of m uscle fibres of a size 

com parable w ith  'fast' w hite m uscle in  the  Soom specim en m ay indicate tha t conodonts w ere  adap ted  to 

su sta ined  sw im m ing and incapable of rap id  bursts  (G abbott et al., 1995). H ow ever, exam ination  of the 

m usculature in this specimen is at a prelim inary stage, and other muscle tissue m ay be present.

Conodonts had  a complex feeding array  w hich perform ed a num ber of tooth  functions (A ldridge & 

Briggs, 1986; Purnell & von Bitter, 1992; Purnell, 1995; Purnell & Donoghue, in press). Early forms possessed only 

conical elem ents w hich w ere capable of grasping and perhaps slicing food (A ldridge & Briggs 1986; Purnell, 

1995); later forms developed m ore h ighly differentiated feeding apparatuses w hich  separated  grasp ing  from  

slicing and crushing elements. The great variation in conodont apparatuses suggests that the group adop ted  a 

num ber of different ecological strategies, although w ith  their locomotive capability and differentiated nervous 

system  (including eyes w ith  associated m usculature) m any w ould  have m ade effective hunters (Purnell et al., 

1995).
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FIGURES:

Figure 1. Clydagnathus windsorensis (Globensky), 1.1-1.3 RMS GY 1992.41.1 (refigured from  A ldridge et al. 1993, 

w ith  perm ission); 1.4 IGSE 13822 (refigured from  Briggs et al. 1983, w ith  permission). 1.1. C om plete specimen, 

an terior at top and ventra l to left; scale bar 2000pm. 1.2. A nterior portion  show ing eye cartilages, feeding 

apparatus (only partially  uncovered) and anterior p a rt of trunk  w ith notochord; scale bar 500pm. 1.3. Detail of 

trunk  at m id-length show ing the notochordal sheath and  shrunken myotomes; scale bar 500pm. 1.4. Posterior 

portion of trunk  and tail showing closely set ray supports and tail asymmetry; scale bar 500pm.

Figure 2. 2.1. Promissum pulchrum  Kovacs-Endrody (GSSA C721a; refigured from  G abbott et al. 1995, w ith  

perm ission), com plete specim en (counterpart) show ing the trunk, extrinsic eye m uscu latu re  and  feeding 

apparatus; anterior to left; scale bar 10mm. 2.2. H ead of C. loindsorensis (IGSE 13822; refigured from  Briggs et al. 

1983, w ith  permission) showing eye capsules, otic capsules, possible traces of gill pouches, and feeding apparatus, 

an terior at top (soft tissues p reserved in  dorso-ventral orientation); scale bar 500pm. 2.3. H ead of Myomazon 

pieckoensis Bardack (FMNH PF 8167) a fossil lam prey from  the Carboniferous M azon Creek lagerstatte, showing 

nasal and eye capsules, gill pouches and trace of notochord, preserved orientation as 2.2; scale bar 500pm.

Figure 3. M odel of the conodont (ozarkodinid) feeding apparatus in oblique antero-ventral view. From  Purnell 

and Donoghue (in press).

Figure 4. 4.1. Feeding apparatus from  one of the Scottish conodont animals (RMS GY 1992.41.3), still partially  

covered by  matrix. The small black asymm etric structure to the upper left of the fram e is the putative  statolith; 

scale bar 1000pm. 4.2. Close-up of possible statolith, concentric grooves m ay represent the lim it of annual grow th 

increments; scale bar 100pm. 4.3. Thin section of Cordylodus, a Lower Ordovician conodont, M aardu Beds, Estonia 

(BU 2614), m icrograph taken using differential interference contrast, showing crow n (to right) and basal body (to 

left). The hyaline crow n tissue incorporates 'w hite m atter' upper right; scale bar 100pm. 4.4. SEM m icrograph of 

an etched th in  section through an elem ent of Ozarkodina U pper Silurian, Gotland (BU 2615), show ing fine grained 

g round m ass and enclosed cell and cell-process spaces characteristic of w hite m atter; scale bar 10pm. 4.5. SEM 

m icrograph  of an etched th in  section th ro u g h  the  enam el crow n tissue of an elem ent of Scaliognathus  

Carboniferous, N orth  America (BU 2613), show ing increm ental g row th  lines and crystallites o rganised  into 

protoprism s; scale bar 10pm. 4.6. M icrograph of detail of 4.3 taken using  d ifferential interference contrast, 

show ing lamellar and spheroidal structures in the basal body; scale bar 10pm.

Figure 5. 5.1. reconstruction of a conodont animal, based on current evidence; the feeding apparatus is show n in 

the 'ev e rted ' position  according to Purnell and D onoghue {in press.) 5.2. C ladogram  of possible conodont 

relationships; solid branches represent phylogenetic positions of extant groups, dashed lines represent some of 

the proposed positions of conodonts: (a) Kemp and Nicoll (1995, in press), (b) Peterson (1994), (c) Ki-ejsa (1990a, b), 

A ldridge et a l. (1986), (d) A ldridge et al. (1986,1993), and (e) Gabbott et al. (1995), Janvier (1995).
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Conodonts and the first vertebrates
Mark A. Purnell, Richard J. Aldridge, Philip CJ. Donoghue and Sarah E. Gabbott

More than 500 million years ago the first vertebrate made its appearance in the sea. It had no hard 
skeleton and fossil specimens are consequently unknown. Because o f this, theories o f vertebrate origins 
are controversial, but recently new light has been shed on this old problem. The evidence com es from 
research into the fossilized remains o f conodonts, a long-extinct and enigmatic group of animals.

The remains of conodonts are among the 
most abundant and widespread animal 
fossils known. A fist-sized chunk of lime
stone deposited in the sea any time between 
the Late Cambrian and the latest Triassic 
(520 to 205 million years ago) will probably 
contain microscopic conodont elem ents 
(Figure I), possibly in their thousands. But 
these spiky phosphatic remains are also 
among the most problematic and contro
versial of fossils. From the time of their dis
covery almost 150 years ago. the question 
of what conodonts were has intrigued 
almost everyone who has encountered them. 
Both the nature of the organism to which 
conodont elements belonged, and the func
tion of the elements have been the subjects 
of wide-ranging speculation, and as recently 
as 1981 the identity of conodonts was con
sidered to be one of the most fundamental 
unanswered questions in palaeontology [I].

Since 1981, however, there has been a 
revolution in our understanding of cono
donts. The discovery of fossils preserving 
not just the conodont elements but also the 
remains of the soft-bodied animal that bore 
them [2] has at last enabled reconstruction
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of conodont anatomy and provided firm 
ground on which their relationships can be 
assessed [3], Parallel research has led to a 
re-evaluation of the structure and function 
of the elements [4-7], with important and 
unexpected im plications for hypotheses 
concerning the origin of vertebrates and 
their skeletons.

The first vertebrates and the 
Importance of feeding
Some time ago, probably during the early 
part of the Cambrian Period (-520  million 
years ago; see Figure 2), a new type of 
animal appeared. It was small, a few centi
metres in length, and elongate; it had no hard 
skeleton, but a stiffening rod of cartilage

along its back and V-shaped blocks of 
muscle along its sides; it had paired eyes, a 
brain and tail fins. It was the first vertebrate. 
Unfortunately, the potential for totally soft- 
bodied organisms to be fossilized is close to 
zero; consequently, there is no direct fossil 
evidence of this evolutionary milestone, and 
scenarios that seek to explain how and why 
vertebrates evolved are controversial. 
Surprisingly, few authorities disagree about 
the likely anatomy of the earliest forms. 
Their characteristics must lie somewhere 
between those of the amphioxus. the closest 
living invertebrate relative of vertebrates, 
and the hagfish, the most primitive extant 
vertebrate. Beyond this, however, agreement 
fails and issues are hotly debated; how did

Figure 1 Scanning electron micrograph of four conodont elements mounted on a pinhead. 
The elements are (from left to right) Idiognathodus Pa element (Carboniferous); Gnathodus 
Sa element (Carboniferous); Panderodus graciliform element (Silurian): and Ozarkodina Sc 
element (Silurian).
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Vertebrates 
with jaws
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Conodonts

Anaspids Osteostracans

PituhaspidsHeterostracans^'^c
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Figure 2 The fossil record of vertebrates, and their evolutionary relationships (modified from 
[23]). The solid black lines show the known fossil record of each group, the grey lines 
indicate the relationships between them. Arandaspids, astraspids, heterostracans, anaspids, 
galeaspids, osteostracans and pituriaspids are collectively known as ostracoderms.

the first vertebrates feed, and what was the 
evolutionary significance of their feeding 
strategies? In what kind of environmental 
setting did they first appear, fresh water or 
marine? What were the selective pressures 
involved in the evolution of one of the most 
characteristic of vertebrate features, the 
phosphatic skeleton of bones and teeth 
[8- 11]?

The question of feeding is particularly 
contentious. According to the traditional, 
textbook view, the first vertebrates were 
relatively inactive, suspension-feeding 
organisms [10,12], ecologically comparable 
with the living amphioxus and larval

lampreys, which feed by collecting micro
scopic food particles with a filter. 
Champions of this view consider that it was 
only with the evolution of jaws, 100 million 
years later, that vertebrates were able to 
become predators. Others have contended 
that many of the definitive characters of 
vertebrates, such as the paired eyes and 
muscular and skeletal adaptations for active 
life, would not have evolved unless the first 
vertebrates were predatory [8,9], According 
to this theory, the shift from suspension- 
feeding to predation was one of the most 
im portant innovations of the first ver
tebrates, and provides the key to under

standing the evolutionary pressures respon
sible for their appearance. Evidence for 
feeding mechanisms in early vertebrates is 
obviously crucial in the resolution of this 
debate.

There is a firmer consensus regarding the 
environment in which vertebrates arose. All 
close relatives of the vertebrates live in 
shallow coastal waters, and all the oldest 
vertebrate fossils are found in rocks 
deposited in marine conditions, clearly indi
cating a marine origin. The idea that at least 
part of the life cycle o f the first vertebrates 
was spent in fresh water has recently been 
resurrected [11], but there is little evidence 
to support this.

The origin of the vertebrate skeleton has 
often been regarded as being linked to 
defence. The first, soft-bodied vertebrates 
would have been easy prey for the numer
ous invertebrate carnivores of the Cambrian 
and Ordovician, especially if they were 
sedentary suspension feeders. So. it is 
argued, these animals began to armour 
themselves by producing extensive cover
ings of bony scales or plates. Indeed, exter
nal skeletons of this type are common in the 
well-known fossils of jawless vertebrates of 
Ordovician to Devonian age (Figure 2). 
Other suggestions are that phosphatic 
mineralization of skin tissues was primarily 
an adaptation to enhance electroreception
[9] or that phosphate was first deposited as 
a means of regulating calcium and phos
phate levels [II].  According to all these 
hypotheses, teeth are secondary features, 
adapted from bony scales that migrated into 
the mouth over millions of years of evol
ution and were co-opted into a feeding 
function. However, if teeth were more 
primitive than external armour, and the 
earliest vertebrates were predators, then this 
entire scenario collapses. This is where the 
conodonts are making their contribution to 
the story.

Conodonts: from enigma to 
ancestor?
For many years conodonts were an insol
uble palaeontological puzzle. It was widely 
recognized that their remains were very use
ful to geologists, especially in providing 
ages for rocks, but because they were 
known only as scattered, disarticulated 
skeletal elements, interpretation of their 
biology proved impossible. In the 1930s 
fossils were found which indicated that a 
number of elements of different shapes 
belonged together during life, but it took 
another 30 years before conodont specialists 
had even worked out how to recognize 
which elem ents came from the same 
species, let alone how they were arranged in 
life. By this time it was clear that whatever 
conodonts were, they were not closely 
related to anything living, so modern organ
isms could be of only very limited help in 
rebuilding them. The breakthrough came in 
1982 with the discovery of the first of a 
number of fossils preserving whole cono
dont animals (Figure 3) [2]. These fossils
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provided the information required to rebuild 
conodonts and to interpret them as animals.

Only 12 conodont animal fossils are 
known and almost all of these come from 
one locality of Carboniferous age (330 
million years) on the outskirts of Edinburgh 
[2,3,13]. The rarity of these fossils is not 
surprising when one considers that the only 
hard parts of the animal are the conodont 
elements in its mouth. The rest of the body 
is composed of soft tissues which fossilize 
only under exceptional conditions, pro
tected from scavengers and decay. The 
conodont specimens from Scotland died in 
such circumstances and preserve a remark
able calcium phosphate replica of the 
muscle and cartilage of the conodont body. 
These tissues normally decompose rapidly 
after an animal dies and the process of repli
cation in these fossils probably began 
within hours of death.

The Scottish specimens show that the 
conodont was a small, eel-shaped animal 
with fairly large eyes, a stiffening notochord 
along its back, V-shaped muscle blocks 
running along the sides of the body, and 
posterior tail fins (Figure 3) [3,13]. This 
suite of characteristics matches those of 
the hypothetical first vertebrate closely 
and identifies conodonts as chordates, 
the phylum to which vertebrates belong. 
Indeed, some of these features indicate 
that conodonts might themselves have been 
vertebrates.

This suggestion has been tested by a re
investigation of the microstructure of the 
skeletal elements of a number of species. 
This work has been pioneered by a team 
from Birmingham and Durham Univer
sities, and Guy’s and St Thom as’s Hospi
tals, London [4,5]. The techniques involved 
include high-resolution optical and scan
ning electron microscopy o f thin, 
polished slices of conodont elem ents, 
revealing the complexities o f their internal 
structure (Figure 4). In the past, interpret
ation of these features has been speculative, 
but now that conodonts are known to be 
chordates, we can make comparisons with 
phosphatic tissues in related living and 
fossil organisms. These indicate that cono
dont elements are made up of hard tissues 
that compare closely with enamel, cellular 
bone, calcified cartilage and dentine, all of 
which are unique to vertebrates [4,5].

The combined evidence from soft-part 
anatomy and elem ent microstructure 
strongly indicates that conodonts are among 
the most primitive of vertebrates. The lack 
of any mineralized skeleton apart from the 
elements in the mouth indicates that they 
are more primitive than the armoured jaw 
less fishes such as the ostracoderms, but 
they are more advanced than the hagfish, 
which possess no phosphatic skeleton at all 
[3]. Although interpretation of the relation
ships between early vertebrates continues 
to be difficult, Figure 2 illustrates current 
theory, with the conodonts placed in their 
appropriate position [3]. The extent o f the 
conodont fossil record is also evident from

(b)

Figure 3 The conodont animal, (a) Fossil from the Carboniferous of Edinburgh (Royal 
Museum of Scotland specimen 1992.41.1), preserving 38-mm long body; (b) a 
reconstruction of the conodont animal based primarily on the specimen shown In (a); (c) the 
animal as  it may have looked In life, with Its mouth open, swimming.
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Figure 4 Conodont microstructure, (a) Internal structure of a Pa element of Ozarkodina.
The structure of the lamellar tissue evident at the left side of the element and shown in 
(b) Is very similar to enamel, and may be homologous. The dark tissue at the core of the 
element, also shown In (c) contains small spaces which once housed the cells that secreted 
this tissue; It has been Interpreted as a type of bone, (a) Light photomicrograph of 1 mm 
long element, (b) and (c) scanning electron micrographs (original magnifications x2440 and 
X I770 respectively).

this diagram. Not only did they appear at 
least 30 million years before the ostraco
derms, they outlasted them. Clearly, although 
they were primitive in an evolutionary 
sense, conodonts were a well adapted and 
successful group of animals.

Conodont skeletons and functional 
morphology
The fossil record of conodonts is not only 
longer than that of other early vertebrates, it 
is much less patchy. It also contrasts with 
the record of the ostracoderms, in which 
there is no direct evidence of feeding mech
anisms, by consisting almost entirely of 
phosphatic elements from the mouth. After 
the death and decay of a conodont, these 
elements usually became disarticulated and 
were scattered over the sea floor by currents 
and scavengers, and after they were buried in 
sediment, burrowing organisms often caused 
even further disruption. Only very rarely 
did conditions conspire to allow conodont

carcasses to be buried without disturbance, 
preserving the skeletal elements in their 
original arrangement. As the enclosing 
sediment turned to rock, the skeletons 
became flattened onto planes parallel to the 
original sediment surface. These ‘bedding 
plane assem blages’ (Figures 5 -7 ) have 
been known since the 1930s, but only since 
the discovery of the complete conodont 
animals has it been possible to interpret 
them fully.

The mouth of each conodont contained a 
number of different elem ents. Bedding 
plane assemblages show them to have been 
arranged in groups, and the animal fossils 
indicate that an array of elongate comb-like 
elements lay in front of pairs of shorter, 
more robust elements. To understand how 
they operated, however, we need to know 
the arrangement of the elements in three 
dimensions, not just the two displayed by 
the flattened fossils. This information can 
be deciphered through careful study of the

bedding plane assemblages. Each assem
blage reflects the collapse of the conodont 
skeleton onto the sea floor as the supporting 
soft tissues decayed, and the resulting 
arrangement of the elements will be affected 
by the orientation of the conodont carcass 
on the seabed. Each bedding plane assem
blage therefore conforms to one of a small 
number of recurrent patterns of element 
arrangement, depending on whether the 
dead animal was lying on its side, on its 
back or at an angle. To rebuild the full archi
tecture of the skeletal apparatus we simply 
need to ‘uncollapse’ the assemblage out of 
the rock surface by constructing actual 
physical models of the skeleton and testing 
them against the assemblages we find in the 
rock. If the model can be matched to a 
variety of different patterns of collapse, then 
its three-dimensional structure must be 
correct [14—16].

This approach has been successfully 
applied to bedding plane assemblages of 
two groups of conodonts (Figures 5-7). 
Most assemblages belong to the conodont 
order Ozarkodinida, and Figures 5 and 6 
show two ozarkodinid bedding plane 
assemblages, together with explanatory 
drawings and photographs of our three- 
dim ensional model. The photograph in 
Figure 5 was taken from the side and 
slightly above; it closely matches the 
pattern of element arrangement exhibited by 
the fossil, indicating that the carcass o f the 
animal which bore the apparatus lay on its 
side. Photographing the model from above 
and behind simulates the pattern of 
elements seen in the specimen in Figure 6, 
indicating that the dead animal lay on its 
belly.

From this model we have worked out that 
the ozarkodinid apparatus comprised an 
anterior array of nine comb-like S elements 
arranged as two opposed sets o f four 
elongate elements, stacked on either side of 
a symmetrical element. These S elements 
were flanked by a pair o f pick-shaped M 
elements, and behind lay two opposed pairs 
of P elements, arranged with their long axes 
perpendicular to the axis of the animal 
(Figure 5).

A second type of apparatus, belonging to 
the order Prioniodontida, is illustrated in 
Figure 7. It was more complex than the 
ozarkodinid apparatus, but in terms of 
element arrangement and morphology it 
was very similar. It had a set of nine 
symmetrically arranged S elements, ac
companied by a pair of M elements. As 
in ozarkodinids, the P elem ents were 
arranged as opposed pairs, but there were 
four pairs, and they lay above rather than 
behind the S elements.

These reconstructions of skeletal archi
tecture have allowed us to investigate how 
the conodont apparatus worked, as they 
make it possible to formulate sensible and 
testable hypotheses of element function. In 
the past, numerous ideas of function have 
been forwarded, mostly purely speculative, 
but when the spatial arrangement of the
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Figure 5

Figures 5 and 6 (facing page). 
Reconstructing the ozarkodinid conodont 
apparatus. Figures 5(a) and 6(a) show fossil 
bedding plane assem blages of the 
ozarkodinid genus Idiognathodus from the 
Carboniferous of Illinois, USA. The positions 
of the different elements of the apparatuses 
are clarified in 5(b) and 6(b). Figures 5(c) 
and 6(c) show our model of the original 3D 
structure of the apparatus of Idiognathodus 
before burial and fossilizatlon. In 5(c) the 
model has been photographed from the side 
and slightly above, simulating the fossil 
shown in 5(a) and 5(b); in 6(c) the model 
has been photographed from above and 
slightly behind, simulating the fossil shown 
in 6(a) and 6(b).

elements in the conodont mouth is taken 
into account, only two remain plausible. 
Firstly, the S and M element array has been 
interpreted as a tissue-covered, ciliated 
suspension-feeding system which trapped 
microscopic particles of food to be passed 
to the P elements for gentle mashing and 
bruising [17,18]. Alternatively, the S and M 
elements may have been a raptorial appar
atus with which food was grasped. The P 
elements, according to this hypothesis, 
sliced and crushed the captured prey in a 
manner closely analogous to the teeth of 
higher vertebrates [15,26].

One way of testing these alternative 
hypotheses is to consider how the apparatus 
must have increased in size to maintain the 
food supply to the growing conodont. If the 
animal grasped food, then comparisons with 
living organisms suggest that the elements 
of the apparatus need only have increased in 
size at the same rate as the rest of the body. 
If they provided food by filtering, however, 
the physical principles governing suspen
sion-feeding indicate that the length of the 
S and M elements would have had to 
increase at a greater rate than the length of 
the animal. This is because surface areas, 
increase at a rate below that of a growing 
organism’s energy requirements, and a sus
pension-feeding animal that does not alter 
its proportions soon has a food-gathering 
surface that is too small to provide it with 
enough food. Proportional increase in size 
is shown, for instance, by the suspension- 
feeding system of larval lampreys. The test 
of conodont function, therefore, is simple: if 
the suspension-feeding hypothesis is cor
rect, then the S and M elements should be 
proportionately larger in larger apparatuses 
[7,19].

Careful measurements of element lengths 
in ozarkodinid bedding plane assemblages 
reveal that the S and M elements are not 
relatively larger in larger apparatuses. Thus 
ozarkodinid conodonts could not have been 
suspension feeders [7,19]. However, the 
alternative hypothesis, that conodonts ac
tively grasped their food, has been rejected 
in the past because wear has not been 
recognized on the element surfaces (for 
example, [18]). If the elements functioned 
as teeth they should exhibit similar wear
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Figure 7 Reconstructing the prioniodontid conodont apparatus, (a) A fossil bedding plane 
assemblage of the prioniodontid genus Promissum from the Ordovician of South Africa. The 
positions of the different eiements of the apparatus are clarified in (b). (c) Our model of 
the original 3D structure of the apparatus of Promissum before burial and fossilizatlon. The 
model has been photographed from the side and slightly above, simulating the fossil shown 
in (a) and (b). (Reproduced with permission from [16].)

patterns to those found in the teeth of higher 
vertebrates.

Wear would occur on the functional areas 
of the element surface that came into con
tact during the grasping and mastication of 
food. Our new understanding of the, detailed 
architecture of the conodont apparatus 
enables these points of contact to be ident
ified and specifically examined for evidence 
of wear. Scanning electron microscopy has 
recently revealed wear patterns on the func
tional surfaces of several different types of 
conodont element (Figure 8) caused by their 
use as teeth [20]. Several different patterns 
occur, but perhaps the most significant is 
scratching, which is diagnostic of a shear
ing or scissor-like motion of the elements. 
This method of food breakdown is not 
effective on microscopic food particles, so 
conodonts probably ate food that was rela
tively large. Thus there is increasingly 
strong evidence that conodonts were pred
ators or scavengers.

Conodonts and the nature of the 
first vertebrates
The oldest conodont remains are at least 30 
million years older than the earliest uncon
tested ostracoderm fossils, and conodonts 
appear to have been the first vertebrate 
group able to build hard parts composed of 
calcium phosphate. Our interpretation of 
such conodont elements as teeth challenges 
established hypotheses concerning the evol
ution of the vertebrate dental and skeletal 
system, with the idea that teeth are second
arily evolved organs derived from bony 
scales clearly called into question. It now 
appears that hard parts first evolved in the 
mouth of an animal to improve its efficiency 
as a predator, and that aggression rather than 
protection was the driving force behind the 
origin of the vertebrate skeleton. If it can be 
demonstrated that there is a direct evol
utionary link between conodont teeth and 
the teeth of the jawed vertebrates that 
appeared 100 million years later, then the 
entire scenario of early vertebrate evolution 
is open to re-evaluation [21].

What else can we say about the nature of 
the first vertebrates? Conodonts had good 
vision [3,22] and were probably capable of 
rapid, eel-like swimming [3]. It is likely that 
many were active hunters, although in such 
a successful group it is probable that a wide 
diversity o f ecological strategies was 
adopted. The teeth of the earliest conodont 
animals, alive during the Cambrian period, 
were simple conical elements that could 
grasp and slice food, but could not process 
it in the sophisticated manner developed 
later by the ozarkodinids and prionio- 
dontids. The ancestry of these early cono
donts probably extends back into the major 
radiation of multicellular animals in the 
early Cambrian, at which time an ecological 
shift from suspension feeding to predation 
marked the origin of the vertebrates and 
set in motion the course of evolution that 
eventually produced, among other things, 
ourselves.
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Figure 8 Wear on conodont eiements. (a) A 
weil-developed wear facet on a Pa element 
of Ozarkodina-, this was formed by repeated 
contact with another element during feeding; 
the fine scratching on the surface of the 
facet indicates that it was caused by 
shearing movements. The wear illustrated in 
(b) is aiso characteristic of shearing; this is 
an element of Drepanoistodus, a conodont 
which bore only cone-shaped elements and 
belongs to one of the oldest conodont 
orders, dating back to the Late Cambrian. 
The elements shown are approximately 
1.5 mm long. fVlodified from [20].
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ABSTRACT

Elements of a new  Triassic conodont genus Parapachycladina, from  the Lower Triassic Beisi Form ation of w estern 

Guangxi Province, China, show  a characteristic pa tte rn  of lam ellar edges in  the recessive basal m argin. The 

lam ellae are g rouped  in  sets of 8-10, w ith  b road  interlam ellar spaces betw een  each set. If th is  apparen t 

periodicity reflects annual cycles, the specimens were not m ore than four years old w hen they ceased growing.

INTRODUCTION

Lower Triassic conodonts w ere first described by  M üller (1956), and have subsequently  becom e quite well 

known. One characteristic m em ber of the fauna is the genus Pachycladina , w hich occurs in  shallow-water deposits 

in  Europe, N orth  America and China. Founded by  Staesche (1964) as a form  genus, w ith  P. obliqua Staesche as 

type species, the m ultielem ent na tu re  of Pachycladina w as recognized by  Sweet (1981) in the  Treatise, on 

Invertebrate Paleontology Sweet (1981, p. W154) regarded the apparatus as sexim em brate, w ith  a carm inate to 

palm ate Pa element, digyrate Pb, M and Sb elements, a bipennate Sc elem ent and  an alate Sa elem ent w ith  no 

posterior process. All the elements are "hyaline, w ith  thick grow th axes in  all denticles"; the aboral surface on 

each has a small basal p it and a broad zone of recessive basal margin, form ing a scarlike area on the inner and 

outer sides of the Pa elem ent b u t only on the inner side of other elements. In Sweet's (1988) classification, the 

genus is placed in the family Ellisoniidae of the order Prioniodinida.

Zhang (in Z hang &c Yang, 1991, 1993) reported  four species of Pachycladina from  w estern  Guangxi, 

China: P. obliqua, P. bidentata W ang & Gao, P. erromera Zhang and P. peculiaris Zhang. The last species departs 

from  the diagnosis of Pachycladina given by  Sweet (1981) in having an Sa elem ent w ith  a posterior process, w hich 

bears one or tw o reclined denticles on some specimens. A similar Sa element from  the Thaynes Form ation of Utah 

w as illustrated as Pachycladina sp. by  Solien (1979, pi. 1, figs 16,18). Zhang (in Z hang & Yang, 1991) therefore 

revised the diagnosis to include Sa elements w ith  a denticulate or adenticulate posterior process as well as those 

w ithout a posterior process.

We have restudied specimens of P. peculiaris and compared them  w ith  those of other species referred to 

Pachycladina. In addition to the distinctive Sa element, specimens of P. peculiaris display surface microstriae and a 

characteristic structure in the lamellae of the crown, revealed in the recessive basal margin. We use these features 

to diagnose a new  genus, Parapachycladina, and speculate on the grow th history recorded by the coronal lamellae.
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SYSTEMATIC PALAEONTOLOGY 

Class Conodonta Pander, 1856 

Order P rioniodinida Sweet, 1988 

Family Ellisoniidae Clark, 1972 

Genus Parapachycladina nov.

Type species. Pachycladina peculiaris Zhang, (in Z hang & Yang 1991), sam ple YT228, Beisi Form ation (Lower 

Triassic), Taiping, Pingguo, W estern Guangxi Province, China.

D iagnosis. A ppara tus sexim em brate, com posed of ram iform  elem ents w ith  in te rg rad ing  m orphology. Pa 

extensiform  digyrate, Pb extensiform  to breviform  digyrate, M breviform  digyrate. Sa alate w ith  posterior 

process, Sb breviform  digyrate, slightly asymm etrical. Sc bipennate. All elem ents robust, w ith  discrete peglike 

denticles containing white matter. Aboral surfaces of all elements w ith small basal p it and broad zone of recessive 

basal margin. Cusp and denticles of all elements w ith longitudinal microstriae.

Remarks. The genus is currently monospecific. It differs from  Pachycladina in  the arched and bow ed processes of 

the P elem ents, the posterior process of the Sa elem ent, in the grouping of the lam ellae in  the recessive basal 

m argin into sets and in the presence of longitudinal surface striations. Surface striations are clearly apparen t at a 

magnification of 300x on the specimens illustrated as Pachycladina sp. and P. symmetrica Staesche by  Solien (1979, 

pi. 1, figs 18, 20) and these are assigned here to Parapachycladina peculiaris. The denticle surfaces of Chinese 

specim ens of P. obliqua, P. bidentata and P. erromera are very smooth, even at magnifications as high  as 3000x. 

These observations suggest th a t surface m icrostructure is a valuable character in  the  reconstruction  of the 

apparatuses of Triassic ellisoniids.

The recognition of Parapachycladina as a separate genus removes the necessity for the revised diagnosis 

of Pachycladina provided by Zhang (in Zhang &: Yang 1991).

Parapachycladina peculiaris (Zhang, in Zhang & Yang 1991)

(PL 1, figs 1-4; PI. 2, figs. 1-6; PI. 3, figs. 1-12)

1979 Pachycladina symmetrica Staesche; Solien: 304, pi. 1, figs 17,20 (Sb element).

1979 Pachycladina sp. Solien: 304, pi. 1, figs 12,13 (Pa), figs 16,18 (Sa).

1990 Pachycladina peculiaris sp. n. Zhang: pi. 2, figs 4 (Pa), 7 (Sa).

1991 Pachycladina pecidiaris sp. n. Zhang; Zhang & Yang: 40-42, pi. 3, figs 1-12 (all elements).

1993 Pachycladina peculiaris Zhang; Zhang & Yang: pi. 5, figs 1-7 (all elements).

D iagnosis. Pa w ith  faint ribs along processes; Sa w ith denticulate or adenticulate posterior process.

M aterial. Pa elem ent 22, Pb elem ent 17, M elem ent 26, Sa elem ent 17, Sb elem ent 19, Sc elem ent 23. From  sam ple 

YT228, low er part of Beisi Formation, Taiping village, Pingguo County, w estern Guangxi Province, China; Lower 

Triassic Pachycladina obliqua - Parachirognathus delicatidus Assemblage Zone (see Zhang, 1990).

R epository of specim ens. N atural H istory M useum, London.

R em arks. The elements of P. pecidiaris w ere described by  Zhang & Yang (1991). A dditional characters are the 

striae (PI. 3, Figs 1, 3, 5, 7,12), the grouping of lamellae revealed in the recessive basal margins of all elem ents (PL 

1, figs 1-4; PL 2, figs 1-6; PL 3, Figs 9,10) and the presence of white m atter in  the cores of denticles. Longitudinal
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m icrostriae are p resen t on the cusp and all denticles of every elem ent of P. pecidiaris ; only the sharp  denticle 

m argins are smooth. The scale (<0.7 mm) places them  in the fine striation category of Lindstrom  & Ziegler (1981). 

The striae are continuous for the entire denticle length, running parallel for considerable distances b u t also 

bifurcating and anastomosing, particularly near the base.

C O NO D O N T ELEMENT STRUCTURE

Conodont elements are characteristically constructed from  tw o basic units, the crow n and the underly ing  basal 

body. M ineralised basal bodies are, however, unknow n in Triassic conodont specimens. The aboral surface of the 

crow n is, therefore, always exposed, and  the edges of the coronal lamellae are usually  visible on  the basal 

attachm ent area of the element. In P. peculiaris, as in other ellisoniids, the aboral surface of all elements displays a 

central p it surrounded by  a scar-like recessive area, w here the edge of each lamella d id  not extend as far basally 

as its predecessor. The shape of this recessive area varies w ith  the m orphology of the element, b u t all specimens 

show  a consistent arrangem ent of the edges of the coronal lamellae. Each visible lam ella is separated  from  its 

neighbours by  an in terlam ellar space, w ith  the  lam ellae further g rouped  in to  sets by  m arked ly  b roader 

intervening spaces. Four such sets are evident in m ost specimens; except for the outerm ost, in  w hich the num ber 

is variable, each set comprises 8-10 lamellae (PI. 1, figs 1,3, PI. 2, figs 1,3, 6, PL 3, fig. 9).

HARD TISSUE HISTOLOGY

The crowns of conodont elements are constructed of concentric apatite lamellae, w hich grew  th rough  outw ard  

secretion, each successive lamella enveloping m uch of the exterior surface (see L indstrom  & Ziegler, 1981). The 

arrangem ent of crystallites in  the lam ellae and the increm ental lines led Sansom  et al. (1992) to com pare this 

crown tissue w ith  the enam el of vertebrates.

The specimens of Parapachycladina have been therm ally altered to CAI 5 (in excess of 300°C), bu t 

transm itted  light and scanning electron microscopy of w hole elements and of etched th in  sections has allowed 

identification and d ifferentiation of histological tissues. Etched th in  sections show  elem ents to be heavily  

fractured internally, and in m ost specimens this m asks the histological structure. H ow ever, the best-preserved 

specimens clearly display the lam ellar structure, reflecting the pattern  observed in  the recessive-basal m argin (PL 

4, figs. 1-7). The cores of denticles in  Parapachycladina also contain 'white matter', a relatively etch-resistant, fine

grained tissue, interpreted by  Sansom et al. (1992) as cellular bone (PL 4, fig. 3). The blocks of w hite m atter fill the 

tips of each denticle, flanked by lamellar crown tissue(Pl. 4, fig. 3, 5). Between the batches of lamellae are blocks of 

w hite m atter w hich form  the denticle core (PL 4, fig. 1). The figured section is cut slightly obliquely to the true 

axis of the curved cusp, so the true extent of the subsum ed denticles represented by  blocks of w hite m atter cannot 

be seen.

INTERPRETING THE GROW TH PATTERN

Episodic grow th of conodont crowns is evident from  their intrinsic lamellar structure, b u t the lam ellar pattern  in 

Parapachycladina suggests tha t a broader periodicity  m ay also be represented. Episodic structures separating  

groups of lamellae have previously been recognized in th in  sections of conodont elements by  M üller & Nogam i 

(1971, p. 27, text-fig. 17), w ho attributed them  to resorption. In their examples, the zones of postulated resorption 

do not coincide w ith  the zones of accretion, thereby producing internal truncations in  the lam ellar structure. N o 

such truncations are apparen t in  our specim ens of Parapachycladina. M üller & N ogam i's figures also show
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differing num bers of lamellae betw een each postulated resorption layer. Their interpretation of these features as 

due to resorption  m ay or m ay no t be correct, b u t in any event they do not appear to be com parable w ith  the 

structures w e describe here.

There is now  a substantial body of evidence indicating that the systematic position of the conodonts lies 

am ong the prim itive vertebrates, and tha t the elements functioned as teeth (Briggs, 1992; Sansom  et al., 1992; 

A ldridge et ah, 1993; Janvier, 1995; Purnell, 1995; Gabbott et ah, 1995). It is therefore appropriate to consider the 

occurrence of episodic patterns in  the skeletal structures of other vertebrate groups. For example, periodic grow th 

of skeletal elements in fishes has long been known, and the resulting structures are com m only used to determ ine 

fish ages (e. g. H artley, 1947; Panella, 1971; Tesch, 1971). Fish scales in particular, m ay show  w ide rings a t the 

beginning of a season's growth, becom ing narrow er and slightly irregular tow ards the end of the season, w ith  a 

w ell-m arked boundary  before the resum ption  of the next season's rap id  grow th. In  m any fish these ring-line 

boundaries are form ed at the end of the spaw ning season (Hartley 1947, p. 8).

Otoliths are also commonly used in ageing fish and show comparable 'check m arks' on an  annual scale. 

Such structures are, however, continuously grow n th rough the life of the anim al and so m ay not be useful in  a 

detailed com parison w ith  conodont teeth w hich w ere at least periodically in  use.

Increm ental layers in vertebrate enam el (the striae of Retzius) w ere in terpreted  by Schour & Hoffm an 

(1939a, b) as representative of a daily rhythm  of secretion. Subsequent studies have led to suggestions tha t cross- 

s triations perpend icu lar to the  axes of the enam el p rism  reflect a circadian rhythm , w hereas the striae of 

Retzius,which are oblique lines th rough the enam el, record an approxim ate seven-day rhy thm  (see Dean, 1987; 

Rozzi, 1994). G row th bands at several spatial scales have been described in m am m alian dentine, reflecting days, 

m onths, seasons or years (see e.g. Laws, 1952; Carlson, 1990). Phillips et ah (1982) found a high  variability in the 

p a tte rn  of increm ental lines in  the dentine and  cem entum  of living bats and u rged  caution in  using  them  to 

determ ine age; they did, however, conclude that there generally is a loose correlation betw een the num ber of lines 

and age.

The increm ental layers of the Parapachycladina enam el could, therefore, rep resen t daily  or w eekly 

rhy thm s ra ther than  m onthly  or annual cycles. H ow ever, conodonts are so d istan tly  re la ted  to the  other 

vertebrates s tud ied  tha t intepretations m ust be equivocal. The m ore closely related  m yxinoids do not have 

biom ineralized skeletal elements, b u t do episodically shed the functional keratinous coverings of their lingual 

teeth (Krejsa et ah, 1990a, b). We can find no record of the frequency patterns of this shedding. Similar problem s 

exist w ith  lam preys, and there are no extant biom ineralizing agnathans. Little w ork  has been  undertaken  on 

grow th patterns in the skeletal hard  parts of extinct agnathans. M arss (1992) described rhythm icity in  thelodont 

derm al denticles from the Silurian of the Baltic bu t offered no specific interpretation.

A few m odels exist that seek to explain the m ode of grow th of conodont elements. Krejsa et ah (1990a, 

b), for example, proposed a hom ology betw een the grow th of myxinoid teeth and those of conodonts. H owever, 

the lingual teeth of the hagfish do not com pare w ith  conodont elements in  composition or internal histology.

Another model, proposed by  Bengston (1976,1983), suggested that each individual lamella represents a 

single phase of grow th in terrupted  by  eversion of the 'tooth' from the phosphate secreting epithelial pocket. The 

too th  w as then  retracted and another phase of g row th  began. If this is the case, any b roader cycles w ou ld  

represent a longer-period physiological cyclicity im posed upon the animal, possibly by  environm ental changes. 

M üller & N ogam i (1972) interpreted variation in lamellar thickness w ithin an individual as a response to seasonal 

varia tions in  phosphate  solubility  in  sea w ater. A n annual w inter pause in  secretion w ou ld  be a possible
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explanation of the broader interlamellar spaces show n by Parapachycladina-, our specimens show three such pauses 

in their grow th history and m ight possibly have been no m ore than four years old w hen  the anim al d ied or shed 

its teeth.

Bengtson's grow th model has been questioned on the basis of space problems (Conway M orris 1980) and 

is not fully compatible w ith  im proved understanding of conodont elem ent function (Purnell and von Bitter 1992, 

Purnell 1995). It has becom e clear tha t this hypothesis is too simplified, and full in terpretation  of the  lam ellar 

structures w e describe here probably awaits the developm ent of a more com prehensive grow th model. However, 

w e can review  alternative possible explanations. These w ould differ if conodont elements w ere either a) shed and 

replaced, or b) retained as perm anent teeth.

The hypothesis that conodont elements w ere deciduous, as is com m on in  vertebrates, w as first argued 

by  Carls (1977). In this event, replacem ent teeth w ould  grow quickly and the episodicity recorded by the lamellae 

w ould  represent short-term  cyclicity prior to eruption, possibly daily, weekly, monthly, or combinations of these. 

There is currently  no direct evidence tha t conodonts repeatedly shed and replaced their teeth; indeed, m ost 

evidence suggests an alternative view  (Jeppsson 1976; Purnell 1994). If, how ever, shedd ing  has occurred in 

Parapachycladina, then the presence of comparable sets of lamellae in all elements w ould  indicate discarding of the 

w hole apparatus at one time.

If the elements w ere grow n then erupted  as a perm anent tooth, the lam ellar pattern  w ould  be open to 

the sam e interpretation; the episodicity could be regarded as daily, weekly or monthly.

A th ird  possibility is that alternate periods of function and grow th occurred, in w hich the perm anent but 

w orn  tooth  w as repaired  and enlarged repeatedly during  ontogeny. The latter in terpretation  is essentially an 

am endm ent of the original Bengtson (1976, 1983) model, w ith  each lamella interpreted  as a single grow th stage 

recording a possible daily increm ent, during  a m uch larger grow th phase. Such phases m ay be recorded in 

Parapachycladina by the prom inent 'sets' of lamellae.

Size distribution analysis of Silurian ozarkodinid conodont elements carried out by  Jeppsson (1976) also 

indicated  three g row th  cycles in m ature  specim ens. If these cycles w ere annual, then  the age of the  m ature  

Silurian ozarkodinid  specim ens com pares closely w ith  tha t suggested for our Triassic Parapachycladina. The 

g row th /resorp tion  patterns described by  M üller & Nogam i (1971,1972) also record up  to four complete cycles.
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Explanation for Plate 1

Figs 1,2. Parapachycladina peculiaris (Zhang in  Zhang & Yang 1991), Pa element, specim en SEM 00041, Beisi 

Formation, sample YT 228. Fig. 1. Aboral surface detail, X424. Fig. 2. Aboral view, X73. Figs 3, 4. 

Parapachycladina peculiaris (Zhang in  Zhang & Yang 1991), Pb element, specimen SEM 000004, Beisi Formation, 

sample YT 228. Fig. 3. Lateral view  of basal margin, X424. Fig. 4. Lateral view, X73. Figs 5, 6. Pachycladina 

obliqua Staesche, 1964, Pa element, specimen SEM 000024, Beisi Formation, sam ple YT 246. Fig. 5. Aboral view, 

X73. Fig. 6. Detail of aboral surface, X424.
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Explanation for Plate 2

Figs 1-6. Parapachycladina peculiaris (Zhang in Zhang & Yang 1991), Beisi Formation, sam ple YT 228. Fig. 1. Pa 

element, specimen SEM 000005, detail of aboral surface, X424. Fig. 2. Pa element, specimen SEM 000005, lateral 

view, X73. Fig. 3. M element, specimen SEM 183008, posterior view  of basal margin, X424. Fig. 4. M element, 

specim en SEM 183008, posterior view, X73. Fig. 5. Sa element, specimen SEM 183001, posterior view  X73. Fig. 6. 

Sa element, specim en SEM 183001, posterior view  of basal m argin, X424.

Page 128



m



A ppendix 3 Zhang, Aldridge & Donoghue in press

Explanation for Plate 3

Figs 1-12. Parapachycladina peculiaris (Zhang in Zhang & Yang 1991), Beisi Formation, sam ple YT 228. Fig. 1. Pa 

element, specimen SEM 183002, detail of cusp (shown in box in Fig. 2), X605. Fig. 2. Pa element, specimen SEM 

183002, lateral view, X73. Fig. 3. M  element, specimen SEM 183009, detail of cusp (shown in  box in  Fig. 4), X605. 

Fig. 4. M element, specimen SEM 183009, posterior view, X73. Fig. S. Sa element, specimen SEM 183011, detail 

of denticle (shown in box in Fig. 6), X605. Fig. 6. Sa element, specimen SEM 183011, posterior view, X73. Fig. 7. 

Sb element, specimen SEM 183014, detail of cusp (shown in  box in Fig. 8), X605. Fig. 8. Sb element, spet imen 

SEM 183014, posterior view, X73. Fig. 9. Pb element, specimen SEM 183005, lateral view of basal m argin, X424. 

Fig. 10. Pb element, specimen SEM 183005, lateral view, X73. Fig. 11. Pb element, specimen SEM 183006, lateral 

view, X73. Fig. 12. Pb element, specimen SEM 183006, detail of denticle (shown in  box in Fig. 11), X605.
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Explanation for Plate 4

Figs. 1-7. Parapachycladina peculiaris (Zhang in Zhang & Yang 1991), Beisi Formation, sam ple YT 228. Fig. 1. 

Slightly oblique transverse section through the cusp of Sb element, exhibiting three sets of grow th lamellae 

(arrowed) w ith intervening w hite matter, X302. Figs. 2-4. Transverse section through Pb element, exhibiting at 

least tw o sets of grow th lamellae. Fig. 2. X212, Fig. 3. The relationship betw een the lamellar tissue (left) and the 

finely crystalline, porous white m atter (right), X I028, Fig. 4. X424. Fig. 5. Transverse section through Pb element, 

showing the w hite m atter core to the cusp, X302. Fig. 6, 7. Transverse section through Pb element, at least tw o sets 

of lamellae can be discerned. Fig. 6. X484, Fig. 7. X212.

Page 130



7 i  "kA *  '

I


