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SUMMARY;

This study com prises a complete systematic revision o f  the trepostom e genus 

Stenophragm idium  Bassler, 1952 (Trepostomata, Bryozoa) from  the U pper Palaeozoic, 

that incorporates stratigraphical, palaeogeographical, palaeoecological, palaeobiological, 

statistical and ultrastructure studies.

Stenophragmidium  exhibits erect ramose, hollow erect, adnate sheet and encrusting 

colony form s. Similar to Tabulipora, it differs in the possession o f hemiphragms, 

consistently present features that distinguishes it from  all other trepostomes. 

Hem iphragm s are processes that extend from the proximal wall o f the autozooecial 

chamber. Hitherto the status o f Stenophragm idium  and some species within it has been 

unclear, so therefore a complete taxonomic revision of the genus has been undertaken. An 

integral part o f the taxonomic revision was the application o f univariate, bivariate and 

particularly multivariate statistics which allowed for objective recognition o f species. 

Additionally the statistical methodology described in this thesis is offered as a model for 

application in many types o f similar palaeontological studies.

This revision has resulted in the recognition, from Britain and Ireland, o f three new 

species (S. ashfellensis, S. hibernicum  and S. bundoranensis), six new com binations (S. 

sparsitabulata, S. debilis, S. multitabulata, S. crassim uralis, S. serrata  and S. 

wexfordensis), the subsum ing of two species (S. grandyense  and S. ram osum )  and two 

previously recognised taxa (S. lobatum  and S. incrustans) have been confirm ed as valid. 

All known material pertaining to Stenophragm idium  from  Britain and Ireland is assigned 

to these 11 species. A comprehensive review of the literature concerned with species of 

Stenophragm idium  from  the USA, the form er USSR and China was also carried out.

Investigation o f the skeletal ultrastructure o f the taxon perform ed with a variable 

pressure Scanning Electron M icroscope did not reveal useful taxonom ic information, but 

did allow greater understanding of many m orphological features within the genus.



Stratigraphical, palaeoecological and palaeogeographical work has revealed the 

genus adapted to many differing environments, and that it had a sizeable stratigraphical 

and geographical range. Greater recognition of the genus may result in these ranges being 

enlarged.



CHAPTER 1

Introduction.

The marine Carboniferous strata o f the British Isles contain particularly abundant 

and diverse bryozoan faunas and therefore offer an excellent opportunity for study. 

Bryozoans are mainly marine and are found at a range of depths from  tide-level to abyssal. 

The organ ism s’ skeletal material may be CaCO s or chitin, but only the calcareous form s 

are found as fossils. B ryozoans have a geological range from the Ordovician to the 

Recent.

In com parison with other Palaeozoic invertebrates perhaps more familiar to 

researchers, such as trilobites, graptolites and brachiopods, bryozoans have enjoyed less 

attention, even though they constitute a sizeable proportion o f the species found in many 

Palaeozoic faunal com m unities as well as a sizeable proportion of the volume o f biogenic 

carbonates. As clonal animals bryozoans are powerful subjects for biometric studies 

including biometric species discrimination. The study of bryozoans therefore constitutes a 

relatively unexplored but prom ising area for research in Palaeozoic invertebrate 

palaeontology.

1.1 Aims of the research.

This research project aims to produce a generic revision of the genus 

Stenophragm idium  Bassler, 1952 (Order Trepostom ata, Phylum  Bryozoa) from  the Lower 

Carboniferous o f Britain, Ireland, China, the U.S.A. and the form er U .S .S.R . This 

research project also aims to assess the value of statistical m ethods in this taxonomic 

revision. Palaeogeographical, palaeoecological, stratigraphical and ultrastructure studies 

are also covered.

This revision uses modern techniques, such as multivariate statistical m ethods and 

scanning electron microscopy, as well as more traditional ones, such as transm itted light
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microscopy and subjective observational deductions, not all of which have been used 

extensively to categorise species in the past.

Through the use of a combination of techniques, a model for the study of 

bryozoans, particularly trepostome bryozoans, is presented here. It is an aim of this 

research not only to revise the genus, but to compare the results from the techniques used 

(such as multivariate statistical analysis and subjective comparisons of morphology) to see 

which holds the most promise for future work, and it is suggested that a combination of 

techniques is m.ost appropriate.

This research also aims to address the problems inherent in the classification of 

fossil colonial animals, problems that are not encountered when classifying fossil non

colonial animals or plants.
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CHAPTER 2

General characteristics of Bryozoa.

2.1 Introduction.

Bryozoa are small colonial filter feeding animals with a stratigraphic range from 

the Ordovician to Recent. They consist of soft bodied individuals known as zooids, which 

are metazoan, triploblastic, unsegm ented and bilaterally symmetrical. Zooids are protected 

by a secreted calcium  carbonate exoskeletal tube which is known as the zooecium, and it is 

these structures, which are left after the soft parts have decayed, which provide most of the 

taxonomic information used  in studying fossil Bryozoa. The zooecia together constitute 

the colony, known as the zoarium. The zoarium  form s from  the asexual budding of a 

primary zooid known as the ancestrula. Zoarium  form can vary greatly, but nearly all 

bryozoan colonies are epibenthic, and are invariably attached to a hard substrate such as 

rock or hard organic material such as shells. In some cases they may be anchored in or 

resting on sand, however some rare examples are free living and motile. Occasionally they 

may encrust living organism s such as sea grass and arthropods. Today they are a major 

'fouling' organism  on the hulls of ships and on other man-made structures. They are 

mostly marine except for m em bers of the class Phylactolaem ata which is exclusively fresh 

water. The majority o f bryozoans are contained in the other two classes in the Phylum: the 

Stenolaem ata and the G ym nolaem ata. The genus Stenophragm idium  belongs to the Class 

Stenolaemata, more specifically to the O rder Trepostom ata. In the following general 

description o f bryozoans, em phasis will therefore be placed on the features o f the 

stenolaemates.
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Figure 2.1: Cartoon illustrating colon y fofiyw in f^jfftn f^raam id ium .

KE Y
A  = Robust ramose branching zoarium 
B = Ramose tapering zoarium 
C = Thin ramose or hollow  erect zoarium 
D = Robust hollow  erect zoarium 
E = Thin hollow  erect zoarium 
F = Thin ramose branching zoarium 
G = Massive branching zoarium

H  = Encrusting zoarium 
I = Encrusting sheet zoarium 
J = Cavity encrusting zoarium, epizcxiaij*^* 
K  := Reticulate/ adnate sheet zotHom 
L  = H o llow  erect cylindrica l ZomMtiCi



2.2 Colony forms.

Colony form  (Figure 2.1) is related to the degree o f colony integration, and 

encrusting bryozoans are generally less integrated than rigidly erect and free-living forms 

(M cK inney and Jackson 1989). Bryozoan colonies exhibit a range o f colony form s and 

in many cases the form of the colony is determ ined more by environmental considerations 

and not by genetics. Colony form  is therefore a useful indicator o f the palaeoenvironment 

of fossil bryozoans (Hageman et a l , 1997). However due to the plasticity o f colony form 

(see W yse Jackson et a l ,  1991) its use as a taxonomic tool is doubtful in many cases, 

especially at the generic level. Intracolony variation has been the subject of considerable 

research (Boardm an et al., 1969; Stratton and Horowitz, 1977a and b). The 

palaeoecological implications of colony form have also been the subject of much research 

(Stach, 1936; Kelly and Horowitz, 1986; Hageman et al. 1998).

In the case o f Stenophragmidiurn, zooarial diameter was the m easurem ent recorded

that is most characteristic o f different colony form. Stenophragmidiurn contains species 

with encrusting, hollow erect, ramose and adnate sheet colony m orphologies (Figure 2.1). 

The usefulness o f this information in taxonom y is addressed in Chapters 7 and 8.

2.3 Zooid types.

Zooids constitute the basic building blocks of bryozoans. There are num erous

types; the com m onest type is the feeding zooid, known as the autozooid. A useful

summ ary o f zooid m orphology is given in M cKinney and Jackson, (1989):

"Zooids are m orphologically discrete functional units analogous to entire unitary anim als, but 

varyingly interdependent for the function and survival o f an entire organism. Zooids are bounded 

by w alls o f  tissue and an outer noncellular organic membrane (cuticle) that enclose a coelom ic  

space. Within this space are tissues that are varyingly organised according to particular zooidal 

functions. Z ooids in virtually all species are physiologically connected through pores in the
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intervening w alls, or through confluent space betw een outer ed g es o f w alls and cuticle, or 

directly where no w alls intervene. Zooids are minute, in no caise greater than Imm^, and 

typically m uch less. The longest reach several millimetres, but these generally have diameters 

o f  about 0.2m m . Sexually mature colonies o f  som e species miay contain only tw o or three 

zooids, but numbers more typically range from tens to thousaruds and may exceed  10 million. 

Numbers o f  zooids within colonies and the area they cover m ay vary, therefore, over seven orders 

o f magnitude."

Zooids and various aspects of their morpiiology are often the subject, or an integral 

part of, research in bryozoology [Anstey (1981); Bancroft (1984); Boardm an (1971, 1983, 

1998); Boardm an and M cKinney (1976); Conti and Serpagli (1986); Cuffey (1967, 

1977); G autier (1970); Gordon (1968); Lee (1912); M cKinney (1977); M cK inney and 

Jackson (1989) and W yse Jackson (1991, 1996) among many others],

2.3.1 The autozooid.

The autozooid (Figure 2.2) is the feeding unit and most com m on type of zooid in a 

colony. M uch o f the feeding zooid consists o f the lophophore, alimentary canal, and 

associated musculature, which together go to make what is known as the polypide (see 

Figure 2.2). This is enclosed in a sheath of tissue from which the tentacled end of the 

polypide protrudes for feeding. The lophophore consists of a circle or in some cases a 

crescent o f slender, ciliated tentacles with their supporting ridge. W hen protruded for 

feeding these tentacles form  a cone shaped funnel with the mouth at the base. Food is 

passed down the tentacles by the action of the cilia to the mouth, or a rapid retraction of the 

tentacles can bring a food particle to the mouth. W hen the tentacles are withdrawn, they 

are closed and are pulled into the tentacle sheath, (which is at the same time inrolling), 

from their base, where they are attached. This process lea\ es an opening at the distal end 

which may be closed by a sphincter muscle or by other more com plex structures (Ross, 

1982). The other soft parts include the U -shaped alimentary canal which consists o f the 

pharynx, stom ach and rectum. This looping means that the m outh is within the 

lophophore while the anus opens outside of the lophophore, enabling efficient expulsion
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of waste. Between these two hes the nerve ganglion, which controls the systems of the 

zooid, which may be complicated. There are no excretionary or respiratory organs and no 

circulatory system. Colonies are hermaphroditic, but some zooids are sexual. 

Monomorphic colonies will have autozooids that will also produce gametes and be 

involved in reproduction. In other more integrated colonies there are specialised 

individuals that are involved in non-feeding behaviour such as reproductive, structural 

support or defensive behaviour. These non-autozooidal zooids belong to a type of zooid 

known as heterozooids.

Boardman (1971, 1983, 1998) has described stenolaemate autozooids in great 

detail so it will not be repeated here.
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2.3.2 Heterozooids:

Heterozooids / heterozooecia, (Figures 2.3 and 6,1.). sometimes referred to as 

exilazooids / exilazooecia (which are one type of heterozooid) can be thought o f  as the 

non-autozooid zooid components of a colony. They have many differing forms and 

functions. In some colonies they are specialised individuals that are involved in 

reproductive, structural support or defensive behaviour. These include female zooids with 

brood chambers sometimes referred to as ovicells, and a group known as the avicularia, 

which are a group of zooids with a diversity of morphology and purposes (Winston 

1984). Thus many bryozoans are polymorphic and different zooids can have different 

morphologies and functions. These functions include feeding, defence, cleaning, fixing 

the colony to the substrate, sexual reproduction including gamete production and embryo 

maintenance, plumbing, structural support and even locomotion among others. In order 

for non-feeding zooids to survive, communication between feeding zooids is essential. To 

this end zooids in virtually all species are phy.siologically connected through pores in the 

intervening walls, or through confluent space between outer edges of walls and cuticle, or 

directly where no walls intervene (McKinney and Jackson 1989). This allows nutrients 

and chemical signals to pass between zooids within the entire colony.

Heterozooids can occur as one or more types within a taxon, and within a single 

colony. In the fossil record it is often not known what the function of many of these 

specialised zooids was. Heterozooids found in the Stenolaemata include mesozooids, 

exilazooids and female heterozooids, which have inflated brood chambers below their 

apertures. These can have an affect on the shape and spacing of neighbouring zooids 

(McKinney and Jackson 1989).
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Brood chambers in some stenolaemates are apparently not associated with one 

identifiable maternal zooid (Bancroft 1984) but may communicate directly with several 

contiguous zooids (Borg 1933, Boardman 1983). Male h(Cterozooids are uncommon and
■* ■ ■

have a smaller number of tentacles (which are unciliated) than do the associated autozooids 

(Cook 1968, Gordon 1968, Ryland 1979). The tips of tentacles is the site for sperm 

release. However sperm production generally occurs in some or all autozooids (Silen, 

1966).

There is a group of zooids which in most cases lack both polypides and apertures, 

these are known as kenozooids. They can occur among other zooids, at colony margins or 

in large groups. They are presumed to have various strengthening, attachment, supportive 

and space-filling functions (McKinney and Jackson 1989). Another group is the 

nanozooids (Bancroft 1984), which may have performed similar functions to kenozooids.

Various sized and shaped heterozooids occur in Stenophragmidium  and similar 

taxa. Where present they are typically located in groups (known as maculae) on the 

surface of a colony or spread out between autozooids. Both small and large zooidal 

apertures occur in groups and in isolation. Both of the grouped types may have had a 

function in feeding, waste disposal, water current generation and/or gamete 

production/dispersal and embryo nurturing. The isolated heterozooids, especially the 

smaller types, may have had a structural function. This subject is discussed further where 

appropriate in Chapters 7, 8, 9 and 11.

Rarely are the soft parts of zooids preserved in the fossil record except in 

exceptional circumstances such as bioimmuration (Todd and Taylor 1990). It is therefore 

necessary to look to the hard parts of the organism for pertinent information relating to the 

soft structures and also in order to determine its taxonomic rank.

2.4 Zooecial and zoarial structures.

See Figures 2.3, 2.4 and 6.1.

The stenolaemates have calcified tubular or sac-shaped zooids whose principal axis 

often lies at an acute angle to the local direction of zoarial growth, which is known as the
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distal direction, of the colony (McKinney and Jackson 1989). In the majority o f cases the 

walls of zooecia are completely calcified except for the terminal membrane that extends 

across the zooecial aperture, and the polypide is surrounded by a membranous sac, with 

associated muscles, the contraction of which allows for the protrusion of the lophophore. 

The lophophore is protruded to the surface of the colony but the base never protrudes 

further than the aperture. This has a direct effect on surface morphology.

The ancestrula in stenolaemates gives rise to a multitude of tubular zooecia in a 

primary budding complex. From this structure the colony grows, often to form a large 

colony of many individuals. As the colony grows new zcoids bud between mature zooids 

so that the space between zooids is maintained as the colony surface area increases. 

Stenolaemate zooecia can lengthen throughout the life span of a zooid by the addition of 

skeletal calcium carbonate at the zooecial aperture. Studies have been carried out on the 

affects of the budding pattern on zooid and colony morphology (Boardman and 

McKinney, 1976).

The inner portions of the growing tube are known as the endozone and are 

typically thin walled due to rapid growth and possibly resorption of skeletal material. 

Growth in the endozone is usually subparallel to the direction of growth of the colony. 

They are said to represent the posterior end of the zooecial tube. In the outer portion of 

the walls, known as the exozone, the wall thickness increases markedly in many species, 

and zooecia at high angles, even perpendicular, to the direction of growth of the colony. 

These exozonal walls are often visibly laminated and may exhibit a beaded appearance, 

known as moniliform structure. This is known as the anterior end of the zooecial 

chamber. The change from endozone to exozone is usually marked by a rapid change in 

the direction of growth and wall thickness. This is known as the endo/exozonal boundary. 

Growth cycles often leave their traces in both the endozone and the exozone in the form of 

structures at regular intervals within the tubes such as diaphragms, or as growth rings 

known as diastems (Key etal.,  1993).

A feature of many stenolaemates is that due to their zooecial tube structure there is 

often more space in the tube than is needed by the polypide. Boardman (1998) in his
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paper on stenolaemates described several solutions to this situation; however it seems most 

polypides reside near the surface of the colony. Consequently many cycles o f previously 

degenerated polypides may be found within the length of the zooecial tube. These are 

known as brown bodies and they are well represented in the fossil record. They can 

accumulate in numbers and may even be geopetal in nature. Specimens examined for this 

thesis contain many examples of such structures (see Chapter 8, S. serrata).

Diaphragms and hemiphragms of various morphologies shorten the living 

chamber by wholly or partially sealing off the excess space in a zooecial tube. Detailed 

studies of diaphragms have been made, for example by Cuffey (1967) and Gautier (1970) 

on the trepostome genus Tabulipora from the Carboniferous of North America. Brown 

bodies in association with diaphragms have been documented in fossil bryozoans and may 

relate to polypide degeneration-regeneration cycles in some Palaeozoic stenolaemates 

(Boardman 1971, McKinney 1975).

The aperture of the zooecium is rarely non-equivalent in diameter to the zooecial 

tube in tubular zooids. Apertures vary in shape from circular to polygonal and they also 

vary in size. Apertures and their surrounding interapertural walls in fossil taxa 

presumably have a relation to the distribution of the tentacle array of the lophophore 

during protrusion. The dimensions of apertures, their distribution and their relationship to 

interapertural walls and other structures are useful in taxonomic analysis, but not when 

taken in isolation. Zooids that originate in marginal and distal budding zones of 

encrusting and bilaminate stenolaemate colonies have rhombically spaced, parallel, 

recumbent endozonal portions of varying length (Boardman and Utgaard 1966). The 

length of the recumbent sections seems to be the sole factor that determines the degree of 

geometric complexity that exists there (McKinney and Jackson 1989). Several repetitively 

evolved zooidal geometry and distributional patterns also characterise endozones in 

radially symmetrical branches both within and between the stenolaemate orders 

(McKinney 1975, 1977). The functional and evolutionary importance of these growth 

forms, although studied in detail in some cases, remains unknown.
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Structures known as maculae and monticules have been observed on (and rarely 

within) sections and surfaces of trepostome (and other) bryozoan colonies. They are 

usually circular or in section, and consist of either relatively large or small heterozooids in 

contrast to the surrounding (presumably) feeding autozooids. They are often distributed 

on the colony surface in an ordered manner. They may be related to waste management, 

reproduction and/or fluid flow control. Many species of Stenophragmidium  possess such 

structures.

Stenophragmidium  belongs to the free walled stenolaemates, which means that it 

had a cuticle surrounding the colony, under which nutrients and chemical signals could 

reach the zooids. The cuticle was attached to the skeleton across the underside of the 

colony base. Above the base in many living colonies the cuticle is unattached to the 

mineralised skeleton except where it is folded into zooids and attached radially by 

ligaments within zooidal chambers (McKinney and Jackson 1989). The fixed wall 

stenolaemates are mostly post-Palaeozoic and will not be discussed here.

There are five orders in the class Stenolaemata; these are the Trepostomata, of 

which Stenophragmidium  is a member, Cystoporata, Cryptostomata, Fenestrata, and 

Cyclostomata. The trepostomes are defined in McKinney and Jackson (1989) as follows 

(see also Figure 2.5);

"Colonies encrusting or erect; elongate autozooids generally containing basal diaphragms and 

com m only other lateral structures; kenozooids com m on, extrazooidal skeleton in some; 

skeletons without com m unication pores, typically laminated. Range; Lower Ordovician-Upper 

Triassic or? Recent."

From this it can be seen that colony form and extrazooidal structures are also an 

integral part of the study of many trepostomes, and consequently of Stenophragmidium.
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Figure 2.4: Zooecial, zoarial and extrazooidal structures.
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Figure 2.5: Ranges and approximate generic diversity of the higher taxa of 
stenolaemate and gymnolaemate bryozoans. Stenophragmidium lies within the red fields.
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2.5 Extrazooidal structures.

Bryozoan colonies usually contain areas which are nonzooidal in addition to the 

autozooid and heterozooid com ponents (Figure 2.3 and 2.4). These areas are known as 

extrazooidal. Extrazooidal structures include solid skeletal material and cavities which 

serve to strengthen the colony surface and perform structural support and space filling 

roles.

Spines on the surface o f some colonies, known as stylets and granules, come in 

many varieties and sizes (Blake 1973, Bancroft 1984). Previously known as acanthopores 

by some researchers particularly in the form er U.S.S.R., they almost all appear to have 

been solid skeletal structures during life (Blake 1973). They can be useful taxonomically 

and seem to have had a com bined function as protective and soft tissue support devices 

(Blake 1973). However many workers place too much importance on their distribution 

and size (e.g. Dunaeva, 1964, Yang et al. 1988).

There are three main types of stylets, namely large stylets (also known as 

acanthostyles), 'medium' stylets, known as actinostyles, and small stylets (also known as 

microstylets by Blake (1973), granules by Perry and Gutschick (1959), and heterostyles 

by W yse Jackson and Bancroft (1995)). Acanthostyles and m icrostylets (large and small 

stylets) are com m on in Stenophragm idium, but rarely are both absent.

Non-zooidal space fillers, comm on in some bryozoans, do not seem to be common 

in Stenophragm idium , and where they are present they are form ed by the conjunction of 

neighbouring autozooids. It is difficult to ascertain whether these zooids had other 

functions also.

2.6 Problems associated with svstematics in fossil Brvozoa. with special reference 

to trepostomes.

Fossil bryozoans are difficult to study, and trepostom es are am ongst the most 

difficult to study taxonomically. Robert Anstey (pers. comm . 1998) noted similar
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problems to those encountered in this research with work done in conjunction with Joe 

Pachut on the genus Peronoporci. He noted that careful and extensive sampling (vertically 

in a stratigraphic section) produces much more morphological overlap than was previously 

recognised within that genus. His approach involved using 26 quantitative measurements 

for each zooarium with 10 measurements for each variable, and noted that serial peels 

helped with studying exozonal astogeny.

Roger Cuffey, (pers. comm. 1998) recommended his monograph on Tabulipora 

(Cuffey, 1967) as being relevant to this study. He suggested including everything 

previously published on the genus Stenophragmidium, which in itself can create problems 

with translation and possible erroneous taxonomic decisions (see Chapters 8 and 9). He 

noted that the practicalities of collection were not assured, and that not every locality is 

rewarding. This was also borne out in this study (see Chapters 4 and 5). He especially 

found much intraspecific variability and gradualistic progressive change across arbitrarily 

drawn boundaries between 2-3 named species across the Late 

Mississippian/Pennsylvanian/Mid-Permian in North America with Tabulipora 

carbonaria. He also noted that when looking at variability within single colonies of 

Tabulipora carbonaria, in extreme cases, he found that with the growing tips, mid

branches and proximal trunk/stem (i.e. colony age differences due to astogeny), 

astogenetic changes during growth would have been interpreted as three different genera 

by subjective observational methods if the sections of the colony had been found 

separated. In addition he noted that S.E.M. work was not useful taxonomically, at least 

with Tabulipora carbonaria. Cuffey's concentration on Tabulipora carbonaria revealed 

several pitfalls with regard to studying trepostome bryozoans, not all of which were 

necessarily applicable to Stenophragmidium  (see discussion in Chapter 8).

Richard Boardman (pers. comm. 1998) was more optimistic about the possibilities 

of taxonomic work with stenolaemates. After studying Recent species he is satisfied that 

wall microstructure and polypides are qualitatively constant throughout a colony and a 

species. He notes that it can be hoped that intrazooidal skeletal structures can be related to 

polypides, whatever polypides may have been, and that most Palaeozoic polypides tend to
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be short and stubby relative to modem ones but that this is not particularly illuminating in 

the context of trepostomes. Boardman also notes that shapes of zooecia in endozones 

should reflect some general characteristics of the polypides that they housed (Boardman 

and M cKinney 1976). He also noted (Boardman, pers. comm. 1998) that identically 

shaped polypides produced different exozones, which had implications for the 

classification of genera and families (i.e., convergent evolution). However he is convinced 

that at the species level quantitative methods should be the route for the taxonomist, and 

this view is central to the model developed in this thesis. Boardman also notes that 

morphologic differences of any kind are potential taxonomic characters but warns of the 

difficult problems created by ontogeny, astogeny and microen\ironmental differences. 

Finally he suggests that the differentiation of a morphospecies that can't be separated from 

most specimens of closely related species is unwise, and that geographic and stratigraphic 

information is often useful (Boardman, pers comm 1998).

Raisa Goryunova, (pers. comm. 1998) notes that the morphological features of 

Stenophragmidium  are highly variable in her experience, and that a lack of previous 

research on the subject is a common problem in any taxonomic work involving 

trepostomes. Ken McKinney, (pers. comm. 1998) noted that initial work carried out with 

bryozoans (including trepostomes) was subjective and probably did not account for 

ecophenotypy. He noted that subjectivity arises when deciding on the clusters or sub

clusters which are acceptable as taxonomically significant. To ameliorate this, as many 

clusters as possible were produced in this work to produce a robust conclusion (see 

Chapter 7). McKinney, (pers comm 1998) suggested Snyder (1991) must be closely 

evaluated, and that perhaps his careful assessment of extremely detailed observations that 

resulted in discrimination of multiple sympatric congeneric species could be used. 

However, Snyder's species discriminations were entirely subjective, albeit based on every 

possible type of morphological character that he could conceive. This obviously entailed a 

lengthy period of data procurement which is not the aim of the model presented here. 

Hageman's (1991) subsequent statistical evaluation confirmed Snyder's conclusions, and it 

would seem that a combination of both workers' methods would give the best results, even
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if the same number of character states available to Snyder are unavailable to work with. 

Snyder (1991) worked with fenestrate material, which arguably offers more character 

states than trepostomes.

Paul Taylor (pers. comm. 1998) suggests Cuffey (1967) as a good starting point 

for species discrimination in trepostome bryozoans. He notes that in his experience 

trepostomes like Stenophragmidium  not only possess relatively few morphological 

characters, but those that are present tend to be highly plastic both within and between 

colonies (i.e. they can offer a 'taxonomic nightmare') (Taylor, pers. comm. 1998). It is 

also of interest that he observes that the impression from the literature is that trepostome 

species-level taxonomy is relatively clear-cut but that this is generally because the 

descriptions are based on a few sections cut from only one or two colonies and are 

therefore insufficient to demonstrate variability. He is also doubtful whether S.E.M. work 

can aid the problems encountered in a taxonomic revision of a Palaeozoic trepostome such 

as Stenophragmidium, and suggests that the best approach is to study as much material as 

possible to see if a pattern of variation emerges. To this end all material available was 

obtained for this research (see Chapters 4, 5 and 8). He also suggests finding a good field 

locality and sampling a 'population' for intensive sectioning and study to get a handle on 

the levels and kinds of species variability present in the genus. However for reasons dealt 

with in Chapters 4, and 5, this was not always possible.

Many individual bryozoan taxa are poorly known and little studied due to a 

combination of factors which make them difficult to study, such as their small size, their 

fragmentary nature, and the common lack of readily identifiable features at the macro level. 

This usually means that to study or even identify them microscopic work and sectioning 

are necessary, as internal features are essential in their description and thus their 

classification. Problems arise when trying to distinguish different taxa at lower taxonomic 

levels such as species and genus in any area of palaeontology but these problems are 

compounded in dealing with colonial organisms such as bryozoans for several reasons. 

Bryozoans reproduce by both sexual and asexual means, depending on the conditions 

affecting the colony at the time. Consequently evolution operates on different levels. A
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colony consists of individual zooids, so each colony can also be considered as an 

individual, and several colonies can share the same genotype as the result of fragmentation, 

thus constituting an individual in genetic terms also. This causes problems when deciding 

where to distinguish between intraspecific and interspecific variation. Added to this 

problem is the variation among the zooids themselves within a colony, either due to 

polymorphism or microenvironmental effects, and ecophenotypic variation in colonies and 

zooids which may look different but only due to environmental/clinal variation. As with 

most palaeontological classification the only material available for study is the skeletal 

remains of the organisms. The luxury of possible genetic fingerprinting available to 

taxonomists of Recent organisms is therefore beyond the reach (at the time of writing) of 

the palaeontologist who deals with older fossil material, and this will likely remain so for 

the foreseeable future. In the case of bryozoans, rarely is the polypide (i.e., the soft part of 

the zooid) preserved in the fossil record. While structures relating to polypide 

morphology are preserved in the skeletal remains of a colony, it has been shown that 

polypide morphology is a very important determinant in classification (Boardman, 1998).

Thus it becomes necessary to attempt to distinguish the different species of 

Stenophragmidium  using a variety of methods designed to account for both subjective and 

objective analyses, which hopefully complement each other, and to use as many 

morphological features as possible. This is the approach adopted in this work.
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CHAPTER 3

Previous studies on Carboniferous bryozoan faunas in Britain and Ireland.

In this and succeeding chapters, the taxonomic name given in square brackets, after 

a species name, denotes the new taxonomic assignment of that species in this revision.

The following section on Ireland is mostly based on Wyse Jackson and Buttler

(1994).

3.1 Ireland.

The Carboniferous marine strata of Ireland (Sevastopulo 1981) contain very 

abundant and varied bryozoan faunas. Work has been sporadic on these organisms in the 

Irish context, with large gaps in time occurring between active research. The first report of 

fossil bryozoans from Ireland were those from Counties Fermanagh and Kildare, which 

John Phillips described in 1836. This was followed by Portlock in 1843 who described a 

number of taxa from Counties Fermanagh, Tyrone, Dublin and W exford. M'Coy (1844) 

described 56 bryozoan taxa from the Griffith collection, but his descriptions are slight in 

most cases, often being little more than three lines. His material is mainly in the National 

Museum of Ireland, Dublin but also in Trinity College, Dublin and in the Sedgwick 

Museum, Cambridge. Some of the material is of very little use for study as the thin 

sections are severely degraded, prepared at too great a thickness, and their geographical 

and geological context is poorly known. There is then a sizeable gap in time until Cole in 

1893, who, using petrographic techniques and thin sections, was able to describe the 

relationship between the bryozoan colony and its protective superstructure in the fenestrate 

species Hemitrypa hibemica. Lee (1912) and Smyth (1922) described a number of 

trepostomes from Bundoran, Co. Donegal and Ballycastle, Co. Antrim, respectively. 

There was then a further gap in research until the 1960s when Miller (1961a and b, 1963) 

earned out some work on Irish fenestellids (see below) and Dresser (1960) undertook
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some research of bryozoans from Hook Head, Co. W exford and Malahide, Co. Dublin. 

From the 1970s the Asbian fauna of Carrick Lough, Co. Fermanagh, has been the subject 

of much research (see section 3.1.4). D.E. Owen (1973) described a number of 

trepostomes and cystoporates from County Tyrone, and Graham (1975) redescribed a 

further two M'Coy taxa. In the 1980s Bancroft redescribed Ptylopora pluma  (1985) and 

Hemitrypa hibernica (1986), and described ovicells in Rectifenestella (1988). Since then 

some work has been done by W yse Jackson (see below) on the Carrick Lough fauna. 

Some localities have proved particularly productive for bryozoans and the history of 

research on their bryozoans is detailed below:

3.1.1 Hook Head. Countv Wexford (Courcevan age).

Portlock (1843) and Baily (1867-1875) noted a number of bryozoans at this 

important locality. M'Coy (1844) described several species, some new, but many of his 

descriptions are inadequate by modern standards. In the early 1960s, while engaged in 

work on British fenestellids. Miller examined some Hook Head specimens and described 

a new species (Miller 1961i>), redescribed several of M'Coy's species (Miller 1961a), 

noted the occurrence of Fenestellafrutex and F. rossica which are common to Russia and 

North America (Miller 1961a, b) and F. oblongata which occurs in North America (Miller 

1961a), revised the genus Polypora M'Coy and redescribed the type species P. 

dendroides (Miller 1963). Tavener-Smith (1974) described early growth stages in some 

rhabdomesonids. Bancroft (1985) redescribed Ptylopora pluma M'Coy, and noted the 

presence of ovicells in an undescribed species of Rectifenestella (Bancroft 1988). The 

faunal list shown in W yse Jackson and Buttler (1994) of 17 taxa, predominantly 

fenestellids, is based on published records, but an unpublished thesis (Dresser, 1960) and 

an examination of material in the collections in Trinity College, Dublin and in the 

Geological Survey of Ireland indicates that the diversity at Hook Head (see Sleeman et al. 

1974) is far greater than the list suggests (Wyse Jackson and Buttler 1994).
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Stenophragmidium  is recorded as present at Hook Head, by both Lee (1912) albeit as 

Tabulipora, and by Dresser (1960), similarly as Tabulipora.

3.1.2 Feltrim Hill. County Dublin (Courcevan /  Chadian age).

The succession at Feltrim Hill comprises a carbonate Waulsortian build-up of 

Courceyan / Chadian age, with associated shales (Hudson et al. 1966). The basal shales 

have yielded only fenestellids, while the Waulsortian limestone build-up contains a 

fenestrate-dominated fauna. Fenestellids including F. plebeia M'Coy, as well as 

Hemitrypa hibernica M'Coy, Polypora, Ptylopora pluma M 'Coy and the cryptostome 

Rhombopora have been reported from the Waulsortian limestones. The fauna of the intra

reef shales is similar to that of the build-up but additionally includes the acanthocladiids 

Icthyorachis newenhami M'Coy and Penniretepora sp. The build-up is overlain by well- 

bedded shales with crinoidal-rich lenses, and fenestellids (Hudson et al. 1966).

3.1.3 Bundoran. County Donegal (Arundian age).

There has been little work carried out on the bryozoans preserved in the 'Upper 

Calp Shale', i.e. Benbulben Shale (Holkerian) and the Bundoran Shale Formation 

(Arundian). In 1912 Lee described 23 trepostomes from Britain and Ireland, including 5 

that are shown herein to be referable to Stenophragmidium. Those found by him at 

Bundoran were Tabulipora howsii, Tabulipora sparsitabulata [= Stenophragmidium  

sparsitabulata], Tabulipora wexfordensis [= Stenophragmidium wexfordensis], 

Bastomella bundorensis, Dyscritella sp., and Stenopora redesdalensis. Wright et al. 

(1913) noted a stenoporid from the locality, but left it undescribed. More recently several 

workers have described a number of fenestrates from the Bundoran shale (Miller 1961a, 

1961^, Bancroft 1986, and Wyse Jackson 1988).
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3.1.4 Carrick Lou^h and Sillees River. County Fermanagh (Asbian age).

A silicified fauna from the upper part of the Glencar Limestone at Carrick Lough 

and Sillees River (see Brunton and Mason 1979), south of Lough Erne in County 

Fermanagh has produced a diverse brachiopod/bryozoan fauna which has been the subject 

of detailed study in the last four decades. Brunton (1966 a and b, 1968, 1976, 1984, 

1987) described the brachiopods. Tavener-Smith erected the fenestrate genus 

Ptilofenestella (1965a), described a species of Minilya (1965/7, 1981), noted ovicells in 

Fenestella (1966), described a new species of Polypora (1971), and monographed 32 

fenestellid species from the locality (1973). Olaloye (1974) described 9 species of 

Penniretepora, 5 of which were new. Wyse Jackson (1988) described the new genus 

Baculopora together with several new fenestrate species, and later monographed the non- 

fenestrate components of the fauna, which comprised 9 cryptostomes, 6 trepostomes, and 

3 cystoporate species (Wyse Jackson 1996). In total the bryozoan fauna comprises 29 

genera containing 65 species (Wyse Jackson and Buttler 1994). Stenophragmidium  sp. is 

described from this locality (Wyse Jackson 1988, 1996).

3.1.5 Ballvcastle. County Antrim (Brigantian age).

At Ballycastle, on the northern coast of County Antrim, lies an uppermost 

Dinantian sequence of alternating clastics, carbonates and thin coalbands which underlies 

the Namurian Main Coal (Wilson and Robbie 1966). Several bryozoans have been noted 

from the Main Limestone Group (Brigantian) and associated shales which can be seen at a 

number of localities on the coast and which is also documented from boreholes (W yse 

Jackson and Buttler 1994). Smyth (1922) described Tabulipora serrata [= 

Stenophragmidium serrata] from the North Star Colliery in the Main Limestone and the 

shales immediately above the Main Limestone. W ilson and Robbie (1966) recorded 

Fenestella sp. Rhabdomeson sp. and 1 Stenophragmidium  from Ballycastle.
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3.2 Great Britain.

A sum m ary o f all the bryozoan research in Britain is beyond the rem it of this 

study. How ever a summ ary of research which has described trepostome faunas in Britain, 

and more particularly Stenophragm idium, is presented here.

In Britain research on trepostom e bryozoans has been carried out by a small 

num ber o f researchers, the first o f  whom  was F. M 'Coy who in 1849 described a number 

of trepostom es. These were at that time considered to be corals as a few wide ranging 

trepostom e taxa exhibited a coral-like ram ose colony growth form. As with his work in 

Ireland, many of M 'Coy's descriptions are little more than short observational notes. He 

did however recognise the abundance of the trepostom es and alluded to their importance, 

but did not venture as far as providing any classification of the group. His type specimen 

(PS 103) o f "Verticillopom dubia  offers little detail as it consists of a tangential section 

show ing little other than apertures sectioned at an unknown depth. It is housed in the 

collections o f the British Geological Survey.

N icholson's 1879 m onograph on Tabulate corals championed the use o f thin 

sections and m icroscope work and greatly aided in establishing these techniques as critical 

to any future work. N icholson erroneously placed the trepostom e family 

M onticuliporidae with the Tabulate Corals, but his view held sway for some time. Only 

two British Carboniferous trepostom es were recognised by Nicholson; M onticulipora  

tumida  (Phillips) [= D yscritella tumida] and Stenopora howsii N icholson [= Tabulipora  

howsii],

A contem porary o f N icholson was Mr. John Young of the Hunterian M useum, 

G lasgow. It was he who in 1883 proposed the new genus Tabulipora, which he had 

noticed was com m on in the Carboniferous rocks o f Scotland. G.R. Vine's work on 

British Carboniferous trepostom es is slight, in that he named one taxon, Hetereotrypa  

delicatula  (Vine 1888/1889). His descriptions are less than useful, and often lack useful 

diagnostic detail.
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O f all the above work, the description by Nicholson of Stenopora howsii 

Nicholson [= Tabulipora howsii] is the only one with any detail of use taxonomically.

There is then a gap in research until 1912 when two workers produced 

publications on trepostomes from Britain. The first of these is G.W. Lee, who produced 

the memoir T he British Carboniferous Trepostomata' which was issued on 24th o f May 

of that year by the Geological Survey of Britain. Although some of Lee's descriptions are 

lacking detail and his illustrations are poor, he must be commended for attempting to 

provide a useful record of the forms and distribution of this group from Britain and 

Ireland. His systematic approach will be dealt with later, including his failure to recognise 

Stenophragmidium  as being separate from Tabulipora.

The other worker to publish on British Carboniferous trepostomes in 1912 was 

Miss Madeline Munro. In an appendix to J.E. Garwood's paper on the Carboniferous 

Succession of Northwest England, published in December 1912 in the Quarterly Journal 

o f the Geological Society o f London she erected the genus Stenophragma [= 

Stenophragmidium], She described the type of the genus, S. lobatum, from 

Ravenstonedale in northern England, and described several other Stenophragma 

specimens from localities elsewhere in northern England, one of which she named S. 

grandyense. She also described the new trepostome Stenopora compacta. Details of her 

work are found in this thesis.

After Munro there is once again a sizeable gap in research until the 1970s, when 

David Owen described some new trepostomes, from Beith, Ayrshire in Scotland (Owen, 

1973). Among those described was Stenophragmidium ramosum  and this is redescribed 

herein in Chapter 8. Finally Adrian J. Bancroft, in an unpublished thesis in 1984, 

demonstrated that many localities in Yorkshire contained rich and diverse faunas that 

included trepostomes.
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3.3 Research on the genus Stenophragmidium from the British Isles.

Lee (1912) and Munro (1912), publishing within 6 months of each other, were the 

first researchers to describe species of Stenophragmidium, albeit as Tabulipora and 

Stenophragma respectively. Munro (1912) was the first to erect the genus as separately 

defined from Tabulipora. The following outlines their work and subsequent work on the 

genus in the British Isles.

3.3.1 G.W.Lee.

In 1912 G.W. Lee published a memoir entitled "The British Carboniferous 

Trepostomata" which appeared as Volume 1 of the Memoirs o f  the Geological Survey o f 

Great Britain: Palaeontology. Lee noted that the British Carboniferous Trepostomata 

were remarkably restricted in both their geographical and stratigraphical distribution. It is 

useful to record the locations from which he described trepostomes in Britain. The 

majority of those he described were derived from the Upper Visean, with few occurring in 

the Tournasian or Lower Visean, and were mostly found in Northern England and Central 

and Southern Scotland, with some from south-west Wales and Bristol (see Chapter 5 for 

field locality details that are relevant to Stenophragmidium). He described several species 

which are referable to Stenophragmidium, the names of which are given below.

Various taxa were described under the sub-genus Tabulipora 'b' by Lee, which he 

erected to accommodate specimens that he had found to resemble Tabulipora in many 

respects except that they consistently possessed hemiphragms instead of centrally 

perforated diaphragms, as is the case with Tabulipora. It is the conclusion of this 

research, that Lee's erection of a subsection of the genus Tabulipora, in which the major 

difference from Tabulipora 'a' is that 'the perforation of the tabulae occupies a lateral 

position, distal in relation to the general direction of growth' (Lee, 1912), which is a central 

characteristic of Stenophragmidium, is far less favourable than retaining M unro’s genus 

Stenophragma  as a separate entity to Tabulipora. O f Lee's definition Munro writes: "In
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other words, the diaphragms are attached to the proximal or lower walls of the zooecia." 

This consistently recurring feature in Stenophragmidium  can be argued to be a sufficient 

reason to separate the genus from Tabulipom. A full discussion of this conclusion is 

presented in a discussion after the systematic diagnosis of the genus in Chapter 8.

Lee's figures consist of line drawings, which are small and often lack pertinent 

detail, which is unfortunate as the descriptions in the text would have benefited from better 

illustrations. The five species described by Lee that are referable to Stenophragmidium  

are: Tabulipora sparsitabulata [= S. sparsitabulata], T. multitabulata [= S. 

multilabulata], T. crassimuralis [= S. crassimuralis], T. wexfordensis [= S. wexfordensis] 

and T. debilis [= S. debilis]. There are also other specimens mentioned by Lee, notably 

from Bundoran in Co. Donegal and from Co. Tyrone, that show features not seen in the 

taxa in the above mentioned list. Both were referred to S. sparsitabulata by Lee, but on 

re-examination here, one of the specimens has been assigned to another taxon (see 

Chapters 7 and 8).

3.3.2 Miss Madeline Munro

In 1912 Stenophragma, a new trepostome genus, was erected by Miss Madeline 

Munro in her appendix to the monumental paper on the 'Succession in the North W est of 

England' by J. E. Garwood in the Quarterly Journal o f  the Geological Society o f  London. 

The new genus contained two species; Stenophragma lobatum  and S. grandyense. The 

genus name was changed to Stenophragmidium  in 1952 by R.S. Bassler who noted that 

Stenophragma  was preoccupied by Stenophragma Skuse, 1890, an Australian / Oceanic 

fly. The type of the genus is S. lobatum, which is considered herein to exhibit most but 

not all of the characteristics of the genus (see Chapter 8). The colonies are encrusting, 

ramose or hollow and erect. Zooecia vary in size, the largest tending to occupy monticules 

on the surface. Walls are thin in the endozone and thicken markedly in the exozone, 

where they often have a beaded appearance known as moniliform structure. The 

distinguishing feature of the genus, hemiphragms, are present, usually only in the exozone, 

and are always attached to the proximal wall of the chamber. Structures called stylets are
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usually present in varying sizes, and would have had the appearance of spines on the 

surface during life. Mesozoecia, which are smaller than autozooecia, may or may not be 

present, but judging from the material available appear to be absent.

Much, but not all of her type material was eventually deposited in the British 

Museum (Natural History) in London (now the Natural History Museum). Munro also 

collected other specimens of Stenophragmidium  which she described briefly in her paper 

as well as in her notes (which are housed in the Department of Palaeontology in the 

Natural History M useum in London). These were not formally described or named by 

her but have been found during this research to belong to named species of 

Stenophragmidium  (see Chapters 7 and 8).

Since this study commenced more of Munro's material has come to light. Material 

attributed to 5. lobatum  was located in the National Museum of Natural History 

Smithsonian Institution W ashington DC, USA. It consists of two thin sections and five 

colony hand samples. It is likely that the sections were sent to Bassler by Munro and that 

they belong to her original type suite. Material located in University College London 

includes the original type specimen of 5. grandyense (a thin section) and a specimen from 

Ashfell, Yorkshire, which Munro referred to in her paper of 1912. This specimen consists 

of three thin sections and is described here as a new species (see Chapters 7 and 8). Three 

colony fragments and a large limestone block with several colonies within it were also 

discovered with this material and these are referable to S. lobatum.

3.3.3 L. B. Smyth.

In 1922 a paper was published in the Geological Magazine by Louis Bouvier 

Smyth of Trinity College, Dublin which described a new species Tabulipora serrata  from 

the Lower Carboniferous of Ballycastle Co. Antrim; it is herein reassigned to 

Stenophragmidium. The material consists of three thin sections and four colony 

fragments and is housed in the collections of the Geological Survey o f Ireland. The good 

quality of the thin sections in longitudinal, tangential and transverse orientations and the 

preservation of the colonies has enabled a fuller analysis of this taxon compared to the
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Munro (1912) or Lee (1912) species. Additionally well preserved unsectioned colonies 

proved ideal for S.E.M. work, (see Chapter 10).

3.3.4 A. Dresser

Lower Carboniferous bryozoans of Hook Head Co. W exford and Malahide Co. 

Dublin were worked on by Alison Dresser, in Trinity College, Dublin for an M.Sc. 

Specimens include seven thin sections referred to Tabulipora wexfordensis and a new 

species assigned by Dresser to Tabulipora from Malahide of which there are five thin 

sections. These specimens are herein assigned to a new species of Stenophragmidium, 

(see Chapters 7 and 8).

3.3.5 D. Owen.

David Owen of the Manchester Museum described two further Stenophragmidium  

species in 1969 and 1973, namely S. ramosum  and S. incrustans, from Beith, Ayrshire, 

Scotland and Tullaghoge, Co. Tyrone respectively. Owen's descriptions are adequate, his 

illustrations good and the material (two thin sections for S. ramosum  and four sections 

and a colony fragment for S. incrustans) well prepared.

3.3.6 P.N. Wvse .Tackson

W yse Jackson (1991) discussed Stenophragmidium  at some length in his 

unpublished Ph.D. thesis, and recognised the need for a complete systematic revision of 

the genus. In 1996 he described Stenophragmidium  from Sillees River, Co. Fermanagh, 

and re-iterated the need for a complete revision of the genus (see Chapters 7 and 8).

3.3.7 S. Amilhat

An undergraduate thesis by Stephan Amilhat (1994) described materia! belonging 

to Stenophragmidium  from the Lower Carboniferous of Co. Tipperary with an unusual 

morphology; the material is herein assigned to S. incrustans (see Chapter 8).
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3.4 Research on Stenophragmidium in areas other than the British Isles.

Apart from the British Isles, Stenophragmidium  has been described from China, 

the former U.S.S.R. and the U.S.A. where a number of workers have produced 

descriptions of several new species of the genus from these areas over the last half 

century. This subject is dealt with fully in Chapter 9.
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CHAPTER 4

Materials.

4.1 Lending Institutions.

M aterial studied in this thesis was in the main borrowed from the following 

institutions:

4.1.1 The Natural History Museum. London.

The Natural H istory M useum  in London, (formerly the British M useum, Natural 

H istory) lent the material attributable to M unro, including the extant type material o f the 

genus. The material carries the prefix 'BM NH' in conjunction with B Z ,  which stands for 

'bryozoan'. Also present is the prefix 'Pal' for palaeontology collection and 'PI'. The 

accession num bers relating to the specim ens borrowed are BZ 3516-3529, BZ 3530-3533 

and BZ 3534-3538, num bering 23 thin sections in all. They all belong to the M unro 

collection. M ore details may be found on these specimens in Chapters 5, 7 and 8.

4.1.2 University College London.

The material lent by this institution is similar to the M unro material from  the 

Natural History M useum  in London, and certainly belongs to the M unro collection. The 

type o f  S. grandyense  [5. crassimuralis] (LD U C G 3488/G B r32) and the type o f S. sp. B 

[5. ashfellensis] (LD U CG 3489/G B r.33), both thin sections, are am ongst this material, as 

are a num ber o f hand sample colonies. They carry the prefix 'LD U C G ' and are also 

labelled with the prefix 'GBr.' The material accession num bers are LD U C G  

3481(G Br.27), LD U C G  3482(G Br.32), both of which are Stenopora com pacta  M unro, 

1912, LD U C G  3484(G B r.30), LD U CG  3485(G B r.3 la), LD U CG  3488(G B r.32/052) and
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LDUCG 3489(GBr.33/053). No sectioning of the material was allowed. The original 

type specimen of Stenophragmidium lobatum  as illustrated in longitudinal section by 

Munro (1912, p.574) was listed as being housed in this institution, as were two micro 

slides 050 and 051, but these were not available for study. More details may be found on 

all of these specimens in Chapters 5, 7, 8 and 10.

4.1.3 National Museum of Natural History. Smithsonian Institution. Washington 

DC.

Specimens collected by Munro were found in the above institution. They are 

labelled as USNM 58533 (Metatype [?]) and USNM 88217 (Metatype[?]), and consist of 

1 thin section and 3 hand specimens and 1 thin section and 2 hand specimens respectively. 

The thin section labelled USNM 88217 is also labelled 5758 and as a 'genoholotype'. It 

probably belongs with the Munro collection as it shows great similarities with her material 

(see Chapter 7 and 8, and 9 for S.E.M. analysis). No further sectioning was allowed. The 

material may have been sent to the National Museum of Natural History Smithsonian 

Institution by Munro prior to Bassler's (1952) renaming of the genus. It is labelled as 

being from Ravenstonedale Bridge, from 'base D-1'. More details may be found on these 

specimens in Chapters 5, 7, 8 and 10.

4.1.4 British Geological Survey.

The British Geological Survey (B.G.S.) lent all available material relating to the 

work of Lee (1912) that was considered referable to Stenophragmidium. The material 

consists of both thin sections and hand specimens. The zoaria were peeled to aid 

identification as part of this work, and were examined using an S.E.M. The material is 

labelled as GSM 25570, GSM 25572, GSM 25573, GSM 25574, GSM 25575, GSM  

25576, GSM 25577 and R3237. The thin sections are variously labelled with prefixes of 

GWL, P.S., E.D. Pg. and Rh. G.W.L. refers to Lee, and he probably labelled the slides as
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such himself, P.S. presumably is a separate accession prefix for the British Geological 

Survey collections. E.D. refers to E. Dixon, a collector; Pg. refers to the Pringle 

collection; and Rh. refers to the J. Rhodes collection. More detailed information on all of 

these specimens is to be found in Chapters 5, 7, 8 and 10.

4.1.5 Manchester Museum.

The above institution lent the material described by Owen (1969) as S. ramosum. 

The two thin sections are labelled as LL2669 a, and b. The specimens are described in 

detail in Chapters 5, 7 and 8.

4.1.6 Ulster Museum. Belfast.

The above institution lent the material described by Owen (1973) as S. incrustans. 

It consists of two thin sections (BELUM K1826), the holotype, and two thin sections and 

the remains of the specimen they were prepared from (BELUM K1827). A hand 

specimen and an acetate peel containing specimens of Baculopora megastoma (M'Coy) 

and Stenophragmidium sp. (BELUM K3436), from Co. Fermanagh, were also borrowed. 

This specimen was previously described by Wyse Jackson (1996). These specimens are 

described in detail in Chapters 5, 7 and 8.

4.1.7 Geological Survey of Ireland.

The Geological Survey of Ireland (G.S.I.) fossil collections, which have been 

recently re-curated (Parkes and Sleeman, 1997) contain several specimens of 

Stenophragmidium. All bear the prefix 'GSI:F', the 'F' denotes the fossil collection. The 

specimens lent by this institution for this study included a hand sample of S. wexfordensis 

(GSLF23637) from Hook Head, Co. Wexford, from which the figured slide (GWL 

182/PS70) was produced, and material collected by Smyth (1922) from Ballycastle, Co.
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Antrim, which he described as Tabulipora serrata, which consists of three thin sections 

(GSI:F23641, GSI;F23801 and GSI:F23802) and four colonies (GSI:F23803-6). 

Material labelled as Tabulipora sparsitabulata from Beagh Castle, Co. Limerick 

(GSI:F18231) on production of an acetate peel was shown to be a specimen of the 

cystoporate genus Fistulipora. A single specimen of Stenophragmidium, probably S. 

lobatum, was found in a thin section (GSI 980122) cut from core from a G.S.I. borehole 

in the Drogheda area. This material was also made available by the G.S.I. Other 

bryozoan material was also made available but upon examination did not prove to be 

Stenophragmidium. As acetate peel production was allowed; this greaUy improved the 

usefulness of the loan. These specimens are described in detail in Chapters 5, 7 8 and 10.

4.1.8 Trinity College Dublin.

Numerous specimens referable to Stenophragmidium  are present in the collections 

of the Geological Museum, Trinity College, Dublin (prefix TCD.). An undergraduate 

project (Amilhat, 1994) which dealt with material from Co. Tipperary (TCD.9417a-g and 

TCD.9418a-c) consisted of several thin sections and hand specimens from a large 

encrusting colony. Other similar specimens were two hand specimens from the 

Sevastopulo collections which come from Fort Fergus, Co. Clare (TCD.49150, 49151).

Material from A. Dresser's M.Sc. study of 1960 included seven thin sections 

referred to Tabulipora wexfordensis Lee by her and a new species from Malahide (very 

similar to the former) of which there are five thin sections. T. Marchant's (1978) material 

from Malahide and Rush was searched to see if it contained additional material from 

Malahide, but only a few dubious specimens were located. These specimens are described 

in detail in Chapters 5, 7, 8 and 10.
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4.2 Other material

Field work at the type localities of S. lobatum  and S. grandyense in England 

proved unsuccessful in producing new specimens. Bulk samples from the former failed to 

yield bryozoans, while Grandy Quarry, presumably a small opening in 1912 when visited 

by Garwood is now a huge active quarry from which collecting was impossible.

No material was available from collections outside of the British Isles, with the 

exception of those specimens already mentioned as borrowed from the Smithsonian 

Institution, Washington DC, USA.

4.3 Research issues regarding borrowed material, with an emphasis on 

bryozoans.

By the terms of the loans of material borrowed from the institutions described 

above, with the exception of the B.G.S., G.S.I. and T.C.D., it was not possible to thin 

section, coat or alter in any way specimens in the course of analyses. This has severe 

implications for research. In the case of sectioning (or acetate peel production), the 

absence of permission to do so eliminated the possibility of gaining infonnation crucial to 

correct identification of specimens. Most of the morphological measurements used in this 

thesis (see Chapters 6, 7 and 8) are based on internal features or features best seen in 

section, as the external features of trepostomes are notoriously similar across taxonomic 

boundaries, especially at the sub-generic level (i.e., the level of this research). Thus 

material that cannot be sectioned was not available for statistical analyses in the sense in 

which it was carried out here (see Chapter 7), and this material was only assigned 

tentatively by using external moiphology, geographical and stratigraphical data, where it 

was available. Similarly the lack of permission to coat the specimens prevented the use of 

many photographic techniques, including most Scanning Electron Microscope (S.E.M.) 

techniques, with the exception being a Variable Pressure S.E.M., fitted with an 

environmental chamber (see Chapter 10). While the ethos of not allowing any degradation
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of palaeontological collections to occur is understandable, especially in the case o f type 

material, which constitutes a great deal o f the material in th s research, it seem s that some 

leeway could be given in the case o f material that has not been exam ined for some time, 

and which perhaps is unlikely to be examined for some time to come. Advances in 

technology may well allow non-invasive /non-destructive examination o f type bryozoan 

m aterial in the future, which would greatly aid research in this field.

38



CHAPTER 5

Geological Setting.

5.1 Introduction.

This chapter provides the geological context for the British and Irish specim ens of 

Stenophragm idium  identified and used in this study. Som e o f the specim ens can be put 

in their geological context with a high degree of accuracy, because the original 

descriptions include detailed location maps and stratigraphic logs as is the case of the 

material from  Hook H ead and M alahide described by D resser ( 1960). Unfortunately the 

majority of specim ens available do not have such detailed information associated with 

them, as it either was not recorded or has since been lost or become inaccessible. For 

exam ple some of the thin section specimens from the M unro collection are labelled simply 

as 'from  northern England', and the original notes pertaining to the specim ens are now 

presum ably lost. Therefore the quality of information available on the Stenophragm idium  

sample set varies greatly.

5.1.1 Lower Carboniferous stratigraphy used in this thesis.

The stratigraphic units used in this thesis that relate to the Lower Carboniferous 

are sum m arised in Figure 5.1a. At the time o f writing there is no internationally agreed 

consensus on the Series and Stages for the Carboniferous, let alone the biozones within 

the Stages. In this thesis G eorge et al. (1976) was used as the main source for 

information on stratigraphy. The stratigraphic information that accompanies the 

specim ens used in this thesis is equivocal, and therefore the ages given are generally those 

that are locally applicable only. For example, G eorge et al. (1976) included G arw ood’s 

(1913) biozones, and when the stratigraphic position o f material from  northern England is
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described, it is under this scheme. M aterial from  Ireland is also described using the local 

schem es found in G eorge et al. (1976).

Another problem  arises as the Chadian and Courceyan stages are not precisely 

defined across Britain and Ireland at present, as the base o f the Chadian is defined 

(dubiously) in the Craven Basin only (Riley, 1993). However when used in conjunction 

with the Series Tournaisian and Visean, the Early and Late Chadian can be constrained. 

Sevastopulo and W yse Jackson (in press) have suggested defining the Visean part of the 

Chadian in Ireland as the ‘Low er V isean’. Uncertainty regarding the exact position in the 

Chadian o f many specim ens used in this thesis precludes using this term, and therefore 

the Chadian is divided into the Early and Late Chadian sensu  Riley (1993). A full 

Carboniferous stratigraphic correlation of Britain, Ireland, Belgium, Russia, China and the 

USA is beyond the scope of this thesis, and therefore Figure 5.1a should be used as a 

guide only. However, should the reader require more information on the biostratigraphy 

and chronostratigraphy of Britain and Ireland in particular, D uncan (1999) provides some 

useful sum m aries.

5.2 British localities.

The following is a description o f all localities from Scotland, W ales and England 

which are known to have yielded specim ens of Stenophragm idium . A locality map for 

locations in the British Isles is given in Figure 5.1b.
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Figure 5.1b; Distribution of Stenophrfi^ it^ if^  I r e l^ .
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Figure 5.2: Location map for Hessilliead Quarry, Ayr, Scotiand.
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5.2.1 Scotland.

The only locality in Scotland from where Stenophragmidium  has been collected 

was described by D. E. Owen (1969) who described eight bryozoan species from the 

limestones and calcareous shales of the Lower Limestone Group (Dockra Limestone, 

Brigantian), Hessilhead Quarry, Beith, Ayrshire, Scotland (see Figure 5.2). He described 

a specimen which he assigned to what he thought to be a new species; Stenophragmidium  

ramosum  Owen, 1969 (LL2669a and b, two thin sections, identified as S. ram69 in 

statistical tests in this thesis; codes for specimens used in this study are given in Appendix 

2). This species has been shown in this thesis (see Chapters 7 and 8) to be synonymous 

with S. serrata (Smyth, 1922).

The source rocks for the Stenophragmidium ramosum  [5. serrata] specimen are 

described by Owen (1969) as being thinly-bedded fore-reef calcimdites which lie below 

the more massive limestones associated with them, and Owen noticed that it was in these 

thinly bedded rocks that the greatest variety and number of bryozoans are to be found. He 

goes on to say that this generally applies to British Carboniferous and Silurian rocks in 

his experience, and similar observations have been made regarding the distribution of 

bryozoans from the Lower Permian of Kansas by Cuffey (1967). The Scottish rocks 

belong to the Hurlet (Dockra) limestone and associated shales of the Lower Limestone 

Group. Owen (1969) takes Currie's (1954) date at the base of the P2 zone for these 

rocks, and mentions that Francis (1965) showed the Hurlet Limestone at the base of P2 

and in the D2 zone of the coral-brachiopod sequence, which places Stenophragmidium  

ramosum  [5. serrata] at the base of the Brigantian, Upper Visean in age.

Bryozoan species other than Stenophragmidium  from Hessilhead that Owen 

(1969) described or recorded included the cystoporate Fistulipora incrustans (Phillips), 

which is very common in the locality and encrusts brachiopod shells, crinoid stems and 

bioimmurated hollows. The ramose trepostome Tabulipora scotica Lee [= T. urii 

(Fleming, 1828) vide Owen, 1969] was also present, and Owen considered it to account 

for 75% of the bryozoans present in the deposit which also contained ubiquitous
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fragments of Fenestella s.l. and Penniretepora. Owen also describes a new species of 

Tabulipora from the deposit, Tabulipora hessilheadensis Owen, 1969, which is slencer 

and thin walled. Other bryozoans include Fenestella tuberculo-carinata Etheridge and 

Penniretepora elegans (Young and Young), which are both very common in the locality. 

The other cryptostomes recorded by Owen at Hessilhead are Rhabdomeson graale 

(Phillips, 1836) [= R. progracile Wyse Jackson and Bancroft] a thin cryptostome 

bryozoan, and the distinctive Sulcoretepora parallela (Phillips), a thin strap-like bryozoan 

was also commonly found at Hessilhead (Owen, 1969).

The setting, therefore, for Stenophragmidium ramosum  [S. serrata^ is one of an 

abundant and varied bryozoan fauna with ramose, encrusting and fan-shaped zoarial 

growth forms, with associated brachiopods, and crinoids. Owen does not specifically state 

exactly where in the section and locality the specimen of Stenophragmidium ramosum  [S'. 

serrata] was collected, but it seems reasonable to assume that it was within the 'calci- 

rudites' of the Tore-reef facies' (Owen, 1969) which produced the most abundant faunas. 

Calcimdites are clastic limestones which contain detrital carbonate particles larger than 

sand grade, which suggest that Stenophragmidium ramosum  [5. serrata] lived in a 

relatively high energy environment above the fairweather wave base in shallow waters. 

The voluminous fenestrate fragments ('hash'?) associated with the other ramose bryozoans 

in the deposit supports this view. The large grains of the calcirudite may have been 

produced either as talus from the reef coming off into the fore-reef area or from wave 

action on organically derived and inorganic material in the fore-reef area. However much 

of this is conjectural in light of the lack of sufficient information pertaining to the actual 

provenance of the Stenophragmidium ramosum  [5. serrata] sample, and connotations 

about energy level from grain size, while having some genetic connotations as regards the 

possible energy level of grain transport and deposition, are limited (Tucker and Wright, 

1990).

Lee (1912) briefly noted an occurrence of Tabulipora sparsitabulata 

[Stenophragmidimn sparsitabulata] at Lawston Linn, in southern Scotland. This material 

from Lawston Linn (PSl 16/GWL 7, PSl 17/GWL 8, PSl 18/GWL 6 and PSl 19/GWL 5)
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and from the River Liddel, Lawston Linn, Kershopefoot, Scotland (PS113/GWL 17/M 

1070f) was thoroughly examined, and not one of the specimens contained a single 

hemiphragm, i.e. they cannot be assigned to Stenophragmidium with any degree of 

confidence let alone to S. sparsitabulata. As Lee considered S. sparsitabulata to belong 

to the genus Tabulipora 'b' (Lee, 1912), it is not surprising that he could still assign these 

specimens to Tabulipora sparsitabulata [5. sparsitabulata]. The only diaphragms seen 

are complete, possibly centrally perforated but it is difficult to confirm this due to the 

depth and orientation of the thin section, in the specimen from the River Liddel, Lawston 

Linn, Kershopefoot (PSl 13/GWL 5) (see Plate 120). These specimens were therefore 

eliminated from further investigation, as they are probably referable to Tabulipora. 

However the specimen from the River Liddel, Lawston Linn, Kershopefoot, Scotland 

(PSl 13/GWL 17/M 1070f) was included in some statistical tests as T. sp. to see if it 

could be distinguished from specimens of Stenophragmidium successfully (see Chapter

7).

5.2.2 Wales.

Lee (1912) described several specimens referable to Stenophragmidium from 

Wales, generally referable to S. crassimuralis (Lee, 1912). The localities are shown in 

Figure 5.3. The type of the species Tabulipora crassimuralis Lee [5. crassimuralis] 

comes from Stackpole in Pembrokeshire, south-east of Pembroke, '150 yards SE of 

Stackpole Quay Farm'. The original specimen (ED. 998) came from 'beds belonging 

probably to the C zone of the Lower Carboniferous'. Thin sections made from the 

specimen show many similarities to S. grandyense (Munro, 1912); this is discussed in 

Chapter 7 and 8. The two thin sections are labelled PS69/GWL177 (S.era 177 in 

statistical tests carried out in this thesis), which is actually labelled as the holotype [but Lee 

(1912) never explicitly stated which specimen was the holotype, see Chapter 8] and 

ED998/PS191/GWL 69 (S. craPS19 in statistical tests carried out in this thesis).
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Figure 5.3: Location map for Stenophragmidium in southwest Wales.
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In the remarks made after the systematic descript on of Tabulipora crassimuralis 

[5. crassimuralis], p. 173, Lee mentions another specimen (ED. 1750, a.k.a. 

PS185/GWL65, and S.ac PS 18 in statistical tests carried out in this thesis) referable to S. 

crassimuralis, from Bluck's Pool, at the southen end of Freshwater West, 

Pembrokeshire, S. Wales, from beds 'belonging to the top portion of the Toumaisian 

[Chadian?]'. The thin section is labelled 'Tabulipora aff. crassimuralis and Lee noted 

that it displays 'slightly moniliform walls', a feature that he felt gave it some affinity to 

Tabulipora sparsitabulata Lee [5. sparsitabulata]. Or examination of the specimen, 

however, it seems reasonable to place it within the species S. crassimuralis , more of 

which in Chapter 7 and 8.

Two other specimens of S. crassimuralis noted by Lee are from this area (referred 

to by him as the 'South-West Province'), from Stackpole and Castlemartin, South West 

Wales. The first, ED995/PS223/GWL 61, was found with the type at Stackpole. The 

.second, which Lee mentions without an accession number, came from The Wash, 

Castlemartin, WSW of Pembroke from the 'Syringothyris Zone’. It has not been possible 

to locate the latter. The specimen ED995/PS223/GWL 61 (known as S. ac22 in statistical 

tests carried out in this thesis) displays some differences from the type, which are 

discussed in Chapter 7 and 8. It also appears to be bioimmurating something now absent 

as the hollow cavity in its centre has a distinctive shape (see Figure 7.1), which is 

discussed later also (Chapter 8).

Lee (1912) also noted two specimens referable to Tabulipora sparsitabulata Lee 

i.e. Stenophragmidium sparsitabulata (two thin sections exist: Pg2078/PS183/GWL67 

and Pgl964/PS226/GWL58) from cliffs on the west and south side of Bulislaughter Bay, 

'1.5 miles W.S.W. of Bosherton', i.e. on the coast, SW of Pembroke, South West Wales. 

The horizon from whence they came was listed as D1 (?Asbian) by Lee (1912). These 

specimens look very similar to S. crassimuralis, and this subject is also dealt with later in 

Chapter 7 and 8.
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The age and sedimentilogical data for these specimens are therefore clearly not 

concise. It is therefore not possible to elucidate more additional information from the data 

available.

Wyse Jackson (1991) referred to several specimens from the Bulk, Cap and Core 

facies of the Nant-y-Gamur build-up, Llandudno Pier Dolomite Formation (Asbian), north 

Wales (SH 8012 8165) as being referable to Stenophragmidium. After careful inspection 

of the thin sections in which they are contained (TCD 28301, 28306, 28314, 28335, 

28342, 28345 and 28346) it was considered that the specimens in question do not contain 

the crucial diagnostic feature of Stenophragmidium  i.e. hemiphragms, and therefore they 

cannot be assigned to the genus with any degree of confidence. The specimens were 

therefore eliminated from further consideration. For an example of one of the specimens 

see Plate 116 B.

5.2.3 Northern England.

Many localities in the north of England have yielded specimens referable to 

Stenophragmidium, including the type species of the genus, Stenophragmidium lohatum 

(Munro, 1912). The type specimen of this species BM NH BZ3529 (identified as S. 

lo3529 in statistical tests in this thesis) was found at Ravenstonesdale (pronounced 

'Rassendale'), Cumbria, formerly Westmoreland (see Figure 5.4). All specimens from the 

north of England examined in this study were collected or examined by Munro and Lee, 

who both published in 1912. For information on the other collectors involved see the 

sections in Chapters 4 and 8 dealing with materials and lending institutions and also Lee 

(1912). The information given by Lee and Munro relating to these specimens is largely 

very vague, and often utterly useless, e.g. 'Stenophragma sp. from north England'. At 

other times it is relatively comprehensive, and useful information can be gleaned from 

locality descriptions/stratigraphical position, as is the case with the type locality in 

Ravenstonesdale, northern England. Therefore while every effort has been made to 

determine the locality and age of all material made available for this thesis, often little more
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than 'from northern England, Lower Carboniferous' can be given as the context for a 

specimen.

5.2.3.1 Ravenstonedale and environs.

Ravenstonedale is situated due south of Appleby-in-Westmoreland off the A685 

motorway (see Figure 5.4) [Grid reference NY 720 039]. It is a well documented Lower 

Carboniferous locality, which was first described in detail by Garwood (1913, 1916).

The reader is referred to Garwood (1913, 1916) as well as to Turner (1950) and Johnson 

and Marshall (1971) for details of the area in general. The type locality for 

Stenophragmidium lobatum was described by Garwood (1913) as follows;

"Before reaching Ravenstonedale we pass a small quarry in the beds of the Serninula 

gregaria sub-zone, which has yielded an interesting new bryozoan, Stenophragma 

lobatum, Munro, together with Rhynchonella fawcettensis and Serninula aff.ficoidea".

These generic names cited above were later changed to Composita gregaria, 

Composita aff. ficoidea and Camarotoechia fawcettensis. However for simplicity they 

are left unchanged herein in any biostratigraphical context. For a stratigraphical log of the 

locality see figure 5.5.

It is this particular locality that is primarily of interest here, although two others are 

also of note, namely Ashfell and Grandy Quarries. These are dealt with after the type 

locality.

5.2.3.1.1 Ravenstonedale.

The type locality for S. lobatum, Ravenstonedale, Cumbria, northern England. 

Ravenstonedale is situated east of the M6 (junction 38), just south off the A685, Grid 

Ref.; NY 737 034.
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Figure 5.4: Ravenstonedale
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Figure 5.5: Range and occurence of Stenophragmidlum at Ravenstonedale.
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Horizon : Red Beds of the Seminula {Composita) gregaria Subzone, Chadian, Lower 

Carboniferous. The Seminula {Composita) gregaria  Subzone falls within the 

Ravenstonedale Limestone of Johnson and Marshall (1971). See figures 5.4 and 5.5.

Description:

The small quarry referred to by Munro (1912) and Garwood (1913) that is the 

type locality for 5. lobatum  was identified by Patrick Wyse Jackson (pers. comm. 1999) 

on the Ordnance Survey Outdoor Leisure (19) Howgill Fells and Upper Eden Valley 

1:25,000 map in a triangular disused field at the junction of Low Lane and Bleaflatt Lane. 

This quarry was visited in March 1999 as part of this study. The quarry has been almost 

completely overgrown by vegetation. It consists of four discemable 'units', all of which 

were sampled. At the base there is a fine grained limestone unit devoid of any discemable 

bioclasts, this is overlain by a coarser limestone unit ~ lm  in thickness containing shelly 

material. Above this is a limestone unit containing corals, crinoidal ossicles and 

brachiopods, typically spiriferids, which may suggest a high energy environment. Above 

this is a thin layer of unbioclastic micritic limestone, followed by a bioclastic limestone 

with what appears to be Zoophycos trace fossils. Above this is another bioclastic 

limestone with coral and crinoidal debris. At the top of the section above the quarry is the 

Brownber Pebble Band, which consists of ~3.5m of calcareous sandstone with lenticular 

patches of purer limestone and sporadic pebbles of quartz in the upper part (Turner, 

1950). The quarry also contained loose material that had the appearance of algal layer 

limestone, but its location in the actual quarry outcrop could not be ascertained. However 

it is not unusual to expect algal layers present in the quarry as Johnson and Marshall 

(1971) have stated that algal limestones tend to be variable and repetitive in the 

Ravenstonedale Limestone succession, and characteristic algal lithologies such as the 

Spongiostroma Band and the Algal Layer may not be unique horizons. The entire section 

is coloured red and this combined with the location on Garwood's (1913) and Turner's 

(1950) geological maps as just below the Brownber Pebble Bed (see figures 5.4 and 5.5) 

confirms the quarry as belonging to the Red Beds of the Seminula (Composita) gregaria
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Subzone. At no stage in the field were any bryozoans seen. As many rock specimens as 

possible were collected for subsequent processing from all of the rock types seen at the 

quarry, in the hope that some specimens of S. lobatum  or other bryozoans would come to 

light, but after extensive sectioning this proved frui:less. The hand specimens of S. 

lobatum  available, especially those from the Smithsonian (USNM 88217 and USNM  

58533) and University College London (LDUCG 3485) show exactly the same kind of 

red weathering and lithology seen at the quarry, which supports the view that it is the 

original type location. The reason for the lack of success in finding more specimens, are, 

in this worker's opinion, due to the bottom of the quarry being now filled in with soil 

(which was presumably not there in 1912 at the time of original collection) which 

obscured the quarry face. As no specimens were sourced from any particular rock type in 

the quaiTy, which was quite variable, little can be said of the environment in which S. 

lobatum  lived, except to state that it probably lived in a high energy environment, with 

corals, brachiopods (perhaps spiriferids) and crinoids.

There is some confusion in the literature as to whether S. lohatum  was found in 

beds from the Solenopora- (recte Pseudochaetetes) Subzone as quoted in Munro in 1912, 

or from the younger age of the Seminula {Composite) gregaria Subzone as stated by 

Garwood (1913). For the reasons stated above (Red beds at quarry, Smithsonian 

specimens etc.), the weight of evidence points to a Seminula {Composita) gregaria 

subzone age for S. lobatum, i.e. Chadian.

5.2.3.1.2 Ashfell.

Ashfell. Grid Ref.: NY 736 042, north of Ravenstonedale, off Bleaflatt Lane, Cumbria, 

northern England. See figures 5.4 and 5.5.

Horizon: 'Near the summit of the Gastropod Beds' (Munro, 1912), just below the Ashfell 

Sandstone, Fell Sandstone Group, Upper Arundian, Lower Carboniferous.
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Description:

Munro (1912, p.576) mentioned this locality as the source for a single unusual 

specimen which she referred to Stenopliragmidium. This specimen was located in the 

collections of University College London cut into three thin sections (all labelled as 

U53/GBr33 LDUCG 3489). The thin sections show distinctive red weathering in the 

specimen, similar to that seen in the specimens from Ravenstonedale. Munro gave 'near 

the summit of the Gastropod Beds' as her locality description, and it was not possible to 

locate the original locality for this specimen. All that can be said is that the specimen is 

Arundian in age which suggests this taxon lived at a time either of continuous limestone 

deposition with a strong coral fauna presence, or as the Ashfell Sandstone was being laid 

down in a moderate energy environment (E.G.S. Memoir: Northern Pennine Orefieid, 

Volume 2. Stainmore to Craven, Chapter 3, p. 17).

5.2.3.1.3 Grandy Quarry.

Grandy Quarry, north-east of Shap Summit, between Oddendale and Hardendale Farm, 

Cumbria, northern England.

Grid Ref.: original location indeterminable due to expansion of quarry.

Horizon: Garwood's maps of 1913 and 1916 show Grandy Quarry situated at the 

boundary between the Upper and Lower Dibunophyllurn Zone (Garwood 1913, 1916), 

which places it at the lowermost Brigantian Stage (B.G.S. Sheet Memoir 24: Penrith). 

See Figure 5.5 and 5.6.

Description:

This locality, from which Munro (1912) described a specimen as Stenophragma 

[Stenophragmidium] grandyense and collected many more attributable to the same taxon, 

(see Chapters 7 and 8) was visited in March 1999. It has utterly changed since the time of 

Munro and Garwood. In the place of the presumably small opening visited by

55



M unro/G arw ood in 1912 is now a huge active quarry from  which collecting was 

impossible. The only information about the lithology in which Stenophragm a  

[Stenophragmidium] grandyense  was found is now only available from the thin sections 

and hand specim ens of the taxon. A large thin section (from  the University College 

London collection) LD U C G  3488, is of a biosparite dom inated by a large zoarium  of 5. 

grandyense  [S. crassim uralis]. It also contains intraclasts up to lOnim across, echinoid 

plates, brachiopod spines, crinoid ossicles, 'hash' like fenestrate bioclasts and forams. 

This suggests that the biosparite is the result of either reworking of sediment and 

biodebris and/or a shallow water high energy environment (John Murray, pers. comm. 

2000). S. grandyense  [S. crassimuralis] is thought to have lived in a warm tropical 

shallow water environment, at a time somewhere close to the Asbian/Brigantian boundary. 

The possibility o f the colony being greatly reworked itself is unlikely due to the apparent 

absence o f severe abrasion on the colony surface. However the robustness of such 

ram ose colonies could allow transport over some distances without much degradation. 

Overall the preservation seem s excellent and it seem s more parsim onious to assum e that 

the colony is at least parautochthonous.

5.2.3.2 Other localities in northern England.

Several other localities in the north of England have produced specim ens referable 

to Stenophragm idium . To a great degree the geological and locality information available 

is vague. In all cases the O rdnance Survey of England 1 inch to 1 mile geological map 

series was consulted for any pertinent information.

5.2.3.2.1 Locality 4: Humphrey Head. Cumbria.

H um phrey H ead is located in the Cartmel area, near M orecam be Bay (see Figure 

5.6), northern England. M unro (1912) gives little inform ation about the locality other than 

to say that 'other specim ens from  Humphrey H ead and Great Rundal Beck (Upper
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Dibunophyllum  Subzone in botli localities, i.e. Brigantian) appear to be referable to the 

same species [S. grandyense]'. She noted that one specimen from Humphrey Head was 

particularly well preserved.

5.2.3.2.2 Locality 5: Great Rundal Beck. ?Cumbria.

Mentioned at the same time by Munro (1912) as Humphrey Head, no geological 

information other than a tentative age (see above) is available for this locality.

5.2.3.2.3 Locality 6: Stebden Hill. Cracoe. near Skipton. Yorkshire.

Lee (1912) described S. debilis, a very distinctive species from this locality. The 1 

inch to 1 mile Ordnance Survey sheet incorporating Cracoe was examined for the location 

of Stebden Hill. Lee places the specimens in rocks of 'D2' age, which perhaps places S. 

debilis in the lower Brigantian. See Figure 5.7.

Stebden Hill is situated at the eastern end of the Craven Reef Belt, near Cracoe(s), 

North Yorkshire. The slopes of Stebden Hill are composed of bedded reef flank facies of 

B2b and PI a age (Asbian - earliest Brigantian). The locality has been described by Rigby 

and Mundy (2000).

5.2.3.2.4 Locality 7; Stockdale Farm, near Settle.

Lee (1912) described a specimen of highly crinoidal limestone which contained 

several fragments of Tabulipora [Stenophragmidium] multitabulata (Rh.2247). It was 

collected by J. Rhodes from a locality 'three-quarters of a mile E.N.E. of Stockdale Farm 

House' near Settle. There are two areas near Settle which bear the name Stockdale (see 

Figure 5.7). Northwest of Settle there is a Stockdale House, which seems a possible 

candidate for Lee's 'Stockdale Farm House'. However, east of Settle is an area generally
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known as Stockdale which also contains buildings that could pass as those of a farm. 

Both localities are in limestone of D2 age, i.e. lowermost Brigantian.
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Figure 5.7: Settle and environs.
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5.2.3.2.5 Locality 8: Woodend Quarry and Barmoor Redhouse Quarry, both near 

Lowick. Northumberland.

Lowick is located in the far north-west of England, in Northumberland, south of 

Berwick-upon-Tweed (see Figure 5.8). Lee mentions two quarries, Barmoor Redhouse 

Quarry and W oodend Quarry near Lowick that yielded Tabulipora [Stenophragmidium] 

sparsitabulata. All of these specimens, from the B.G.S. collections, were peeled for 

identification, and those thought to be Stenophragmidium  were also examined using an 

S.E.M. (see chapter 7, 8, and 10).

Barmoor Redhouse Quarry specimens (GSM 25573) produced 4 zoaria referable 

to Stenophragmidium  and W oodend Quarry produced 4 also, with an additional 2 that 

displayed dubious hemiphragms in peeled thin section. Most of the zoaria not referable to 

Stenophragmidium  from these localities were referable to Tabulipora. Barmoor 

Redhouse Quarry is located '1.25 miles S.W, of Lowick’ and W oodend Quarry is located 

3.25 'miles W .N.W . of Lowick. Lee suggests that both of these localities lie within the 

'Dl '  zone, most probably Asbian. Examination of the Ford (3) and Holy Island (4) 1 inch 

Ordnance Survey maps showed that Barmoor Redhouse Quarry and W oodend Quarry 

are located in limestone labelled as the W oodend Limestone (Lower Limestone Group), 

/ 'Bernician', which places the specimens in the Brigantian (see Figure 5.8).

5.2.3.2.6 Locality 9; Wood Park, near Wark Parish Church. Northumberland.

W ood Park is located '1 5/8 miles' NNW of W ark Parish Church (Lee, 1912) (see 

Figure 5.8). In the bed of a streamlet east of Wood Park J. Rhodes collected a specimen 

which Lee took as the type of Tabulipora [Stenophragmidium] sparsitabulata. The 

nearest streamlet east of W ood Park is Slade Sike, and this may be the source of the 

specimen. It cannot be determined from the data available whether the specimen came 

from limestone or shale, but it seems likely to be of D2 age (from the 1 inch Ordnance
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Survey map, no. 13). Lee (1912) places this locality at the D1 level, which places 

Stenophragmidium sparsitabulata in the Asbian to Brigantian.

5.2.3.2.7 Locality 10: Closehead Old Lime Quarry, near Qtterburn.

Northumberland.

There are two Otterburns in the areas which have produced Stenophragmidium  

(see Figure 5.7 and 5.8). However it seems more likely that the Otterburn referred to by 

Lee is the one in Northumberland (on the Elsdon sheet of the 1 inch series, no. 8) as this 

was the area in which Rhodes was collecting other specimens of S. sparsitabulata. The 

quarry is '0.75 of a mile E. of Otterburn Church' according to Lee (1912). The specimens 

collected are labelled GSM 25575, and all were peeled as part of this study for 

identification. There are perhaps 14 zoaria attributable to Stenophragmidium  (see Chapter 

7, 8, and 10). The quarry is located approx. 1.5 km ENE of Otterburn in limestones of 

o 2a  age very close to outcrop of the Fourlaws limestone of the Lower Limestone Group, 

which places this locality in the Brigantian.

5.2.3.2.8 Locality 11; Hirsthead Sike. Liddel Water. Cumberland.

Information on this locality could not be found, other than that provided by Lee 

(1912). It was referred to by Lee (1912) alongside another locality in Cumberland, 

Longcleuchside, that also perhaps produced Tabulipora [Stenophragmidium] 

sparsitabulata, but this material is lost. Lee (1912, p. 178) also mentioned the existence of 

a single zoarium from near Kirk Beck, Cumberland, under the heading of Section 'B' of 

Tabulipora, i.e. Stenophragmidium. It was numbered R. 2749 and was a small solid 

branch, 'characterised by a short peripheral region and the scarcity of tabulae’. This 

specimen was considered by Lee to be a separate species from the others he described 

(1912), but it is unfortunately also untraceable.
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S.2.3.2.9 Locality 12: The Demesne. Gunnerton. Northumberland.

This locality (see Figure 5.8) 'at a quarry three-eighths o f a mile N.E. of the 

Demesne, Gunnerton' (Lee, 1912), only produced one dubious specimen of 

Stenophragmidium  after the zoaria had been peeled and examined. The quarry is in 

limestone (presumably) of age (from the 1 inch Ordnance Survey map no. 13), i.e. 

most likely Brigantian.

5.2.3.2.10 Locality 13; Settle. North Yorkshire and environs.

This area produced several specimens of Stenophragmidium  which were collected 

by M unro between 1912 and 1922. The 1 inch Ordnance Survey sheet for the Settle 

district shows all of the localities in limestones of age, i.e. Brigantian. Munro's 

original notes dated May 8th 1922, which are housed in the Natural History Museum, 

London, contain references to the Settle district relating to these specimens. The two main 

localities are 'near limekiln, N. of cirque [unintelligible] Great Scar, N.W. of Stockdale 

Beck, E. of Settle' and 'limekiln S. of Back Scar, E. of Settle'.

Munro stated in her notes that the specimens from these two main localities are 'a 

hollow ramose form which in several characteristics approaches S. lobatum  Munro from 

Ravenstonedale {Solenopora subzone) [sic?] and T. [5.] sparsitabulata Lee, from various 

British localities in D* beds. It is [unintelligible] than either having only 26 zooecial 

openings in a distance of 1cm'. For a full discussion of the actual assignment of these 

specimens see Chapters 7 and 8.

M unro's original notes also mentioned a 'massive limestone forming top of main 

waterfall in Cow Gill, Bondley, E. of Malham' and 'about 1/4 miles S. or S.S.E. of Capon 

Hall, N. of Malham' as localities that yielded specimens that she thought referable to 

Stenophragmidium. However she goes on to point out that the specimens are 'only scanty 

material, found April 1922 by M.M. [Madelaine Munro] and E.J.G. [E.J. Garwood]. No 

sections yet available, [therefore] only comparison with 1+2. Identity not established'.
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The '1+2' she refers to are the localities and material from  Back Scar, east o f Settle, and 

Great Scar, north-west of Stockdale Beck, east of Settle, N orth Yorkshire. The only 

suitable specimen labelled as being from Bondley near M alham  was a large hand 

specimen, LD U C G  3484 [labelled as being from the 'Bondley Bryozoa Band' i.e. 

N em atophyllum  m inus  Subzone (upperm ost Holkerian)] from  the University College 

London collections. The hand sample contains a large zoarium  o f S. grandyense  [5. 

crassimuralis]. It is em bedded in a bioclastic grey/brown lim estone, biomicrite, packstone 

to wackestone (John M urray, pers. comm. 2000).

5.2.3.2.11 Locality 14: Blackrigg Quarry, near Brunton House. Giggleswick Scar, 

north of Settle. North Yorkshire.

The 1 inch Ordnance Survey sheet for the Settle district (no. 60) shows this 

locality (presum ably within the Blackrigg Plantation) in lim estones of age, i.e. 

Brigantian. See Figure 5.7.

5.3 Ireland.

The material available from Ireland is variable with regard to the contextual 

information available regarding location and age. For example material described by 

D resser (1960) has excellent locality details to accompany it, while Lee's material from 

Ireland does not provide much more detail than general area o f collection, e.g. 'H ook 

Head', or 'K inlough, Bundoran'. The following is an attempt to be as comprehensive as 

possible in providing information pertaining to all specim ens o f Stenophragm idium  

known from  Ireland. The localities are listed by county, in alphabetical order according to 

the county in which they were collected.
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5.3.1 Ballvcastle. Co. Antrim.

Material from Ballycastle consists entirely of zoaria (and thin sections) referable to 

5’. serrata (Smyth, 1922), more details of which are found in Chapters 7, 8 and 10. They 

are all from rocks of 'D2 horizon', i.e. Brigantian in age. They were collected by L.B. 

Smyth from shales and limestones at the North Star Colliery, '1.5 miles east o f Ballycastle 

(Smyth, 1922). See Figure 5.13 for locality map, and Geological Survey of Northern 

Ireland 1 inch Sheet 8 for more detail of the surrounding geology of the area. Smyth 

noted that the zoaria were common in both the limestones and shales. The zoaria are of 

the thin erect branching ramose type and have a sandy appearance. Preservation is 

relatively good as can be seen from the plates of the thin sections (see Chapters 8 and 10). 

No particular details of the lithology of the collection localities were included in Smyth's 

(1922) description.

5.3.2 Co. Clare.

Material collected from Fort Fergus, Grid Ref. R 296 649 (see Figure 5.18), south 

of Ennis on the Fergus Estuary, (marked as 'mudbank', on Sheet 17 of the Geological 

Survey of Ireland 1.100,000 series) is attributable to S. incrustans Owen. The specimens 

were collected from an outcrop of uppermost Asbian (possibly Brigantian) mudmound 

limestones which also contained several specimens of the blastoid Orbitremites sp., which 

are rare elements in a coquinoid accumulation of thecae of the camerate crinoid 

Rhodocrinites (Waters and Sevastopulo, 1984). Details of the depositional environment 

represented by this locality are not described by Waters and Sevastopulo (1984). The 

specimens attributable to S. incrustans Owen, 1973 exhibit an unusual colony form which 

suggests the bryozoans were encrusting cavities, as the epizoarium is outwardly facing. 

This may point to a similar depositional environment for the Fort Fergus material to that 

of the Co. Tipperary material (see 5.3.7 below).
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5.3.3 Co. Donegal.

Lee (1912) describes a specimen from Kinlough (see Figure 5.14), near 

Bundoran, Co. Donegal, which is referable to Stenophragmidium. More details are found 

about this specimen in Chapters 7 and 8. The specimen consists of a ramose solid 

cylindrical zoarium and was collected by W.B. Wright in rocks referred to as 'Upper Calp 

Shale', i.e. Arundian, possibly Holkerian in age. There is confusion in the literature as to 

the exact age of the rocks in the Kinlough area. No other details of locality lithology were 

given by Lee (1912). Material was collected from the area in the hope of finding more 

specimens, but this proved unsuccessful. W right (1913) notes that 'Tubulipora' (sic) [= 

5.] aff. sparsitahulata Lee and 'Tubulipora (sic) [= 5.] aff. wexfordensis Lee occur in the 

'Upper Calp Shale' at Bundoran. The foirner no doubt relates to the specimen referred to 

by Lee (1912) from Kinlough, while the later occurrence of 5. wexfordensis was perhaps 

an oral communication between Lee and Wright, as Lee collaboraled with Wright on his 

description of the fauna of the area. The whereabouts of the specimen/s which led to this 

note is unknown. The 'Upper Calp Shale' consists mostly of shales as its name would 

suggest, but repeated intercalations of sandstone and impure limestone also occur (Wright, 

1913). The most common fossils in the shale appear to be productid brachiopods, 

trepostome bryozoans, crinoids and corals.

5.3.4 Malahide. Co. Dublin.

M alahide on the north coast of Dublin contains a Lower Carboniferous Dinantian 

section that has been the subject of detailed research, (Dresser, 1960, Jackson et al. 1975, 

Marchant, 1978 and Nolan, 1986). The section consists of four fault bounded blocks: E, 

F, G and H (Smyth, 1920) predominantly limestones with increasing amounts of shales in 

the upper blocks (see Figure 5.9 and 5.10). Marchant (1978) named the section the 

Malahide Formation, and it consists of all the strata between the top of the red beds of the
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Donabate Formation and the base of the Waulsortian (Nolan, 1986). Nolan divides the 

Malahide Formation into four members, the third equivalent to E and F of Smyth, 1920 

and the fourth equivalent to Block G. Block H falls within the Tober Colleen Formation, 

i.e. it is above the Waulsortian, Chadian in age. The specimens from the Malahide coast 

are therefore from both the Courceyan and the Chadian if Nolan's correlations are 

accepted.

Block E and F, Grid Ref. 0 2444-2445 (Type locality for Member 3 of Nolan, 

1986) consists of medium to dark grey nodular, bioturbated biomicrites and biosparites of 

shelf facies, rich in macrofossils but lacking foraminifera, which form the dominant 

lithology of the two blocks. Some of the limestones are sandy or oolitic, while shelly 

calcareous shales with fenestellid material along with poorly fossiliferous mudstones are 

also present but less abundant. Dolomitisation is locally intense. See Marchant (1978) 

and Nolan (1986).

Block G (Type locality for Member 4 of Nolan, 1986) did not produce any 

specimens of Stenophragmidium.

Block H (Tober Colleen Formation, Grid Ref. 0 247430) of Smyth, 1949, consists 

mostly of homogenous dark grey calcareous mudstones (Nolan, 1986), and this is the 

lithology from which the specimen of Stenophragmidium  (TCD 25812) from this block 

was collected by Dresser (1960).

Marchant's thin section material (1978) from Malahide was thoroughly examined 

to see if any additional specimens of Stenophragmidium  could be found. This was 

unsuccessful.

5.3.5 Co. Fermanagh.

A diverse and rich Asbian bryozoan fauna from County Fermanagh, partly 

silicified, consisting of fenestrate, cryptostome, trepostome and cystoporate elements, has 

been described in detail by Tavener-Smith (1973), Olaloye (1974) and W yse Jackson 

(1996). Amongst the many species described was one referable to Stenophragmidium
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(see Figure 5.16) The material comes from the upper part of the Glencar Limestone 

(Brunton and Mason 1979, George et al. 1976), which is Lower Asbian in age. Wyse 

Jackson (1996) notes that the hollow parts and autozooecial chambers of the zoaria all had 

posthumous infix of micritic mud. The zoaria may have encrusted soft algal branches or 

sea grasses such as Thallassa which have left no trace of themselves other than perhaps 

the shape of the internal cavity in the hollow erect zoaria. These specimens were left 

unassigned by Wyse Jackson (1996) pending a full systematic revision of the genus 

Stenophragmidium. The specimens are herein assigned to S. sparsitabulata (See 

Chapters 7, 8).

5.3.6 Co. Louth.

A single specimen referable to S. lobatum was found in a GSI thin section (taken 

from core from a GSI borehole, GSI sample no. 980122) of oolitic limestone, from a 

locality near Drogheda (see Figure 5.17 for general location). The specimen of 

Stenophragmidium lobatum was the only identifiable bioclast in an ooidal deposit 

associated with an igneous rock body that was perhaps emergent and the time of 

deposition (Brian McConnell, pers. comm. 1999).
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Figure 5.9: Maialilde Coast, witli localities for S. sp. from Maiahide.
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Figure 5.10: Range and occurence of Stenophragmidium at Malahide.
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Figure 5.11! Hook Head, Co. Wexford
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Figure 5.12: Range and occurence of Stenophragmidium at Hook Head.
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Figure 5.13: Ballycastle, Co. Antrim
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Figure 5.15: Co. Tyrone localities.
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Figure 5.16: Co. Fermanagh.
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Figure 5.18: Co. Clare and Co. Tipperary localities.
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5.3.7 Co. Tipperary.

Material attributable to S. incrustans Owen collected in 1992 from Lake Village, 

Lorrhu, (between Portumna and Birr), Co. Tipperary (see Figure 5.18) was the subject of 

a Trinity College, Dublin unpublished undergraduate laboratory project (Amilhat, 1994). 

The specimens exhibit an unusual growth form where the epizoarium is on the outside of 

the colony due to the presumed encrustation of a cavity on the seafloor. No evidence of 

bioimmuration could be discerned by Amilhat nor in the course of this work. However 

the effect is distinctive and can be seen elsewhere (see material from Co. Clare). Amilhat 

noted that the colony probably encrusted an indurated sediment layer and that it was 

subsequently buried with a sediment which formed a geopetal indication of the orientation 

of the colony. It also encrusts a brachiopod shell which was within the cavity. As with the 

specimens from Tyrone of S. incrustans, this colony probably grew in an offshore 

shallow water environment with moderate to high wave energy, or at least with relatively 

slow deposition rates, which would favour such a cavity bound lifestyle. Amilhat also 

considered that the original sediment was suitably dense based on the terminology of 

Nelson et al. (1988). The solidity of the substrate may however have been achieved by a 

pre-existing biological lining of the cavity. The specimens were collected from the Slevoir 

Limestone which is Arundian in age (Amilhat, 1994).

5.3.8 Co. Tyrone.

Lee (1912) notes specimens (mostly referable to Stenophragmidium) from 

Clogher, Co. Tyrone (see Figure 5.15). The exact location is not known. The rocks in the 

area are of D1 to D2 age, so all that can be said of these specimens is that they are Visean 

in age. A specimen labelled as T. aff. sparsitabulata (PS 123) is actually a specimen of 

Tabulipora 'A' sensu Lee. Another specimen (PS233) displays an unusual overgrowth by 

either a resurgence of itself or by another zoarium of its kind (see Figure 5.15).
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Owen (1973) described a new species S. incrustans from Tullaghoge, Co. Tyrone. 

The material was collected by P.S. Doughty and T. Bruton from limestones and dark 

calcareous shales which are thought to be upper D1 in age (i.e. Upper Asbian). The 

material came from a quarry 'half a mile south west o f Tullaghoge' (Owen, 1973). The 

main lithology which contained the specimens is massive crystalline limestone with 

numerous solitary corals, crinoid fragments and isolated brachiopod valves (Owen, 1973). 

Other bryozoans occur with the Stenophragmidium  specimens, and these are, in 

decreasing order of frequency (actual specimen numbers given after name): Fistulipora 

incrustans (Phillips) (21), Tabulipora scotica Lee (10), Tabuliporal sp. (10) 

Stenophragmidium incrustans Owen (2), Dyscritella tyronei Owen (2) and 

Sulcoreteporal ramosa Owen (1). The specimens of Fistulipora incrustans, 

Tabuliporal sp. and Stenophragmidium incrustans all exhibit an encrusting colony form 

and account for more than two thirds of the fauna, commonly in this proportion in 

limestones deposited in relatively shallow water affected by wave action, according to 

Owen. He suggested that the ramose zoaria, which were crushed, v^ere deposited by being 

washed into a shallow water pocket from deeper water, in which presumably the 

encrusting forms, including Stenophragmidium incrustans lived.

5.3.9 Hook Head. Co. Wexford.

Hook Head, Co. W exford (see Figure 5.11 and 5.12), has been the subject of 

several papers and theses, the primary ones of relevance to this study being Lee (1912), 

Smyth (1930), Dresser (1960), Sleeman et al (1974), Johnston and Higgins (1981), 

Bancroft (1984, 1985), Tavener-Smith (1974) and Ausich and Sevastopulo (1994). The 

locality is renowned for the excellent state of preservation of the fossils there, and many 

species of bryozoans are represented in the succession, in the genera Diploporaria, 

Fenestella, Fistulipora, Ichthyorachis, Penniretepora, Polypora, Ptylopora, Rhombopora, 

and many adnate and erect stenoporid trepostomes, including Stenophragmidium. For 

locality and correlation of the succession at Hook Head see Figure 5.11 and 5.12.
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Lee (1912) described Tabulipora wexfordensis from Hook Head, which is 

redescribed as Stenophragmidium wexfordensis herein. It is represented by a single thin 

section (G.W.L. 182/PS70) and a single hand specimen (GSI. F23637). The thin section 

is labelled as coming from the 'Lower Limestone of Hook, Wexford'. Lee (1912) does 

not mention a specific locality for this specimen, and only adds that it comes from 'a bed 

of Toumaisian age presumably'. The hand specimen contains a relatively large (~4cm 

long and ~ lcm  wide at its thickest) solid ramose zoarium of S. wexfordensis, along with 

copious amounts of fenestellid material.

Dresser (1960) collected several specimens from Hook Head which she 

considered to be referable to S. wexfordensis. Due to her excellent locality maps the exact 

location of the samples collected was discernible (see Figure 5.11), and some additional 

collecting was attempted. Her main localities are within the 'Chonetes beds', which are C2 

in age according to Smyth (1930), and are now considered by Ausich and Sevastopulo 

(1994) as being of late Toumaisian age {Polygnathus communis carina conodont 

Biozone). Dresser (1960) considered the specimens she found to range in the lower 

'Linoproductus beds' and the 'Supradolomite beds' (see Figure 5.12) also. Dresser 

(1960) also mentions specimens from Malahide (see above) which she thought very 

similar to those collected from Hook Head. In this thesis both of these sets of specimens 

were found to belong to new species (see Chapters 7 and 8).

As the locality for Lee's holotype cannot be known for certain, only the Dresser 

localities (main localities 109 and 110, see Figure 5.11) can be appraised. As stated above, 

they are within the 'Chonetes beds'. Johnson and Higgins (1981) and Ausich and 

Sevastopulo, 1994, date this as within the Polygnathus communis carina conodont 

Biozone. Ausich and Sevastopulo (1994) describe the 'Chonetes beds' as comprising 

uniformly finer grained carbonate than the underlying 'Linoproductus beds', and as having 

a 'puzzling' lack of crinoids, unlike many other parts of the Hook, albeit when found they 

are usually in a good state of preservation, with arms and columnals often attached. The 

area where Dresser made collections of Stenophragmidium  is dominated by silt-grade 

limestones (this area, near Slade is referred to as 12a by Ausich and Sevastopulo). Ausich
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and Sevastopulo (1994) note that advanced cladids are the most common crinoids, with 

camerates rare, and that complete bryozoan zoaria are preserved in the 'Chonetes beds', 

along with rare complete echinoids. Obviously chonetid brachiopods are present, and 

these can form pavements locally.

Ausich and Sevastopulo (1994) consider the 'Chonetes beds' to represent the 

deeper parts of the tempestite sequence seen in the Hook Head Formation. These deeper 

water tempestites reflect an environment in which storms rarely touched the bottom, and if 

they did then they did so with relative weakness. The good preservation and articulation 

of the crinoids and bryozoan zoaria concur with this scenario, however the lack of 

tempestite activity at that depth would mean that 'living specimens rarely became rapidly 

entombed' (Ausich and Sevastopulo, 1994). The older 'Linoprod net us beds' and upper 

part of the 'Supradolomite beds', also areas from which Stenophragmidium  was collected, 

are thought to represent deep water tempestites similar to those of the 'Chonetes beds', 

with less intense and irregular storms than the earlier 'Michelinia beds' and lower 

'Supradolomite beds' below them, indicated often by the occurrence of in situ productids 

on the upper surfaces of limestones (Ausich and Sevastopulo, 1994). It can be assumed 

therefore that Stenophragmidium  lived in relatively deep water with intermittent influence 

from storms at Hook Head.

5.3.10 Other Localities/Material.

Several specimens from Co. Roscommon came to light during the course of this 

study, however they are totally devoid of contextual information and are in very bad 

condition due to poor preparation and care, with many of the thin sections in several 

fragments. These specimens (which had been used in a laboratory project in Trinity 

College by M. Cullen, 1991), were therefore only used in preliminary statistical tests (see 

Chapter 8), and are not considered here further.

Some specimens perhaps referable to S. sparsitabulata and S. aff. sparsitabulata 

['bundoranensis'] from Benbulben, Co. Sligo, were also encountered in the course oi this
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lation and are thenstudy, but once again they were lacking in 

considered further.
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CHAPTER 6

Methods.

6.1 Introduction.

In any taxonomic revision there are both general and specific approaches to the 

task at hand, and general and specific problems to be overcome. In the past many 

revisions were often subjective and/or qualitative, in that features of organisms were 

chosen by the taxonomist which were used in classification without objective reasons for 

such features' importance being provided and data on measurements was presented as little 

more than a list or a table (Owen 1973, Dunaeva 1964). In recent years statistics have 

become an ever increasingly used and effective tool in establishing relationships between 

organisms (Hageman 1991, Holdener 1994, Holdener and Hageman 1998, Horowitz et al. 

1979 and Key 1990). As palaeontologists dealing with hard pan remains cannot rely on 

the luxury of DNA analysis in elucidating relationships between specimens, a quantitative 

and objective approach, combined with the subjective elements of more traditional 

methods, with subsequent rather than previous interpretation of features of organisms and 

their relatedness to each other, has proved to be more convincing. An example of this 

amongst workers on bryozoans can be seen in the case of Snyder's work in 1991 and the 

subsequent exploitation of his data by Holdener and Hageman (1998). Snyder spent a 

great deal of time measuring many parameters on fenestellid and polyporid bryozoans 

from the Mississippian of North America. His taxonomic determinations were in the lai ge 

part borne out subsequently by Hageman (1991) and Holdener (1994), but Snyder's 

process had been an exceedingly lengthy one. Benefiting from Snyder’s data, Hageman 

(1991) and Holdener (1994) were able to adopt a more statistical approach to 

classification, and found that not only did their statistical work put the work of Snyder on 

more solid ground, but that it provided a model by which other groups of organisms could 

be studied by any worker.
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6.2 Overview of methods.

It can be seen that there are two major sections in any taxonomic work, qualitative 

and statistical, and these are ably sum m arised by Hagem an (1991).

6.2.1 Qualitative work;

Step 1: The qualitative sorting o f specim ens into groups and/or individuals o f 

similar m orphological appearance, both internally and externally. This is done using 

external features on colony surfaces, colony m orphology and thin section examination (in 

tangential section, transverse section and longitudinal section, if possible, see Figure 6.1, 

6.2). The specim ens are grouped together according to their similarity in appearance and 

according to the degree to which they share com m on characteristics.

Step 2: Recognition and appraisal o f as many character states as possible and data 

collection for all available characters i.e. morphom etric / quantitative data (continuous), 

discrete data and qualitative features in a consistent format (it should be noted however, 

that mixing different data types in a single data matrix is not normally desirable, and care 

should be taken when doing so, as discussed in this chapter and Chapter 7). This involves 

recording data on as many possible variables that provide a possibility of being 

m easurable in the majority o f cases. This is done mostly with thin sections in the case of 

trepostom e bryozoans as thin sections provide the m ost amoant o f information about 

internal structure. D ata collection is carried out in a structured way so that the data are 

readily available and amenable to analysis, as well as allowing familiarisation with the 

specim ens to occur in a consistent manner. Variables used in data acquisition, such as 

those used by Cuffey (1967), describe as many features of the specimen as possible so 

that distinguishing character states can be recognised. All types o f data are therefore 

considered, as this provides the m axim um  am ount of data for character states. At all times
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when dealing with morphological characters they m ust be thought o f in the four 

dim ensions o f length, width, height and tim e (Boardman, pers comm. 1998).

Step 3: The resorting o f specim ens based on what has been learned during step 

two. Once fam iliar with the specimens available, and the character states have been chosen, 

groups am ong the specim ens may em erge which had not been previously noticed.

Snyder (1991) used these m ethods in his studies of a fenestrate fauna from  the 

M ississippian o f North America. This has the advantage o f allowing the worker to 

become familiar with the specim ens and to allow ideas of relationships to develop which 

can be tested in the next section.

6.2.2 Statistical work.

Step 1; The first step is to determine whether the earlier subjective classification 

agrees with objective classifications. This can be accomplished by a num ber o f statistical 

methods, such as cluster analysis, which is covered in the statistical m ethods and results 

chapters.

Step 2; The recognition of which characters are the m ost useful in classification, 

i.e. which characters contribute m ost to variability. The standard test for this is PCA 

(principal com ponents analysis), which is covered in the statistical m ethods and results 

chapters.

Step 3; Investigation of character distributions for phylogenetic and other 

biological information.

Adjustm ents are then made to original groups based on insights gained from 

num erical analyses and a formal taxonom y is proposed (Hageman, 1991). By combining 

both traditional and statistical m ethodology even taxonomically problematic groups such 

as bryozoans can be classified satisfactorily. However the many pitfalls that may occur 

must be taken into account.
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Figure 6.1: Morphology of Stenophrapmidium.
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Figure 6.2
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6.3 Problems, cominon and specific.

Several problems were recognised with regards to the revision of the genus 

Stenophmgmidium, many of which are common to any such revision:

1) Some of the original material of the type species is missing or badly documented and 

often consists of one thin section per species. In the case of S. lobatum  (Munro, 1912), 

the type of the genus, one figured specimen remains lost, while many of Lee's (1912) 

specimens consist of a single thin section in one orientation.

2) There is confusion in the literature about the definition of the genus, and initial mistakes 

may not have been corrected. Chinese and Russian workers have described species of 

Stenophragmidium  with hemiphragms on the distal wall as well as on the proximal wall, 

countering Munro's (1912) diagnosis of exclusively proximally located hemiphragms (see 

Chapters 8 and 9). Some researchers have misidentified specimens of Stenophragmidium  

as Tabulipora or even Stenopora long after Munro's (1912) original diagnosis (e.g., 

Smyth, 1922, Nikiforova, 1927,Trizna, 1958, Dresser, 1960).

3) Cuffey (1967) states that "the presence or absence of particular kinds of diaphragms 

cannot be considered reliable taxonomic characters for bryozoans similar to Tabulipora 

carbonaria  because those conditions vary greatly within one species". Munro (1912) 

disagreed with Lee (1912) with regards to the correct interpretation of the significance of 

hemiphragms. Owen (1973) commented 'for the time being it seems convenient to leave 

this distinctive species [S. incrustans] in Munro's genus renamed by Bassler' (this 

worker's emphasis). A discussion on the validity of these arguments is found after the 

diagnosis of the genus in Chapter 8. However at this point it is worth noting that while in 

Tabulipora carbonaria  all three types of diaphragms appear always, in 

Stenophragmidium  only hemiphragms appear always, a crucial difference worth noting in 

the context of Cuffey's (1967) doubts about the use of hemiphragms diagnosticaliy.

4) Some of the previous descriptions are inadequate by modem standards. While 

Munro's (1912) and Owen’s (1969, 1973) descriptions and illustrations were of a 

reasonable quality, both Lee (1912) and Smyth (1922) provided less detail on the
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specimens they described. W yse Jackson's (1996) description of an unnamed specimen 

from Co. Fermanagh includes both a complete description and a table of data, along with 

several images.

5) Species previously assigned to other genera are clearly members of the genus 

Stenophragmidium. This includes both the Lee (1912) and Smyth (1922) material and 

some specimens described from the former USSR (Nikiforova, 1927, Trizna, 1958).

6) The understanding of the genus has not taken various factors such as geographic 

separation and ecophenotypy into account. These factors can have a sizeable effect on 

morphology, and therefore affect classification based on morphological features.

7) The database available from the specimens may not contain a sufficient amount of data 

for sound statistical work. For a discussion of this see the section on sample size in this 

chapter and Chapter 7.

8) Both evolutionary and palaeoecological work is lacking in the genus. Neither an 

evolutionary lineage nor an interpretation of the palaeoecological setting of the genus had 

been attempted until this work. These issues are dealt with in Chapter 5, 8 and 11.

9) Seasonal variation /microenvironment/ ontogeny/ astogeny. These factors can have a 

serious and profound effect on the morphology of a specimen. Intraspecific variation 

must be investigated to determine if it is larger than interspecific variation. Clinal variation 

can also have an affect on the morphology of bryozoans, and may cause variation within 

species (Hageman er a/. 1997, Holdener and Hageman 1998).

10) W ork at the level of ultrastructure needs attention. The use of SEM technology has 

not previously been applied to the genus, and detailed work on the ultrastructure of the 

walls of the zooecia and associated features has not been carried out until now. The 

taxonomic validity of this is work is dealt with in Chapters 2 and 10.

The approach of two sections, both qualitative and quantitative, as outlined above, is 

the best method for addressing these problems.
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6.4 Qualitative methods/data gathering methods.

6.4.1 Preliminary sorting of the material.

All Stenophragmidium  material housed in institutions was requested and obtained 

where possible (see Chapters 4 and 5). It was not thought possible that material housed in 

non-western institutions would be recoverable and so it was not sought, therefore only the 

literature relating to these specimens was reviewed (see Chapter 9). The material available 

varies in quality from very good to poor, and in some cases it is scant. The Munro, Owen 

and Smyth thin sections are of good quality and well prepared. However only one colony 

fragment is available for S. incrustans Owen and four for S. serrata (Smyth). The Lee 

thin sections are in many cases suffering from age, with the Canada Balsam used in their 

preparation now degrading and cracking, thus destroying the sectioned colony, especially 

the edges, between the glass slide and the cover slip. The sections were prepared in many 

cases too thickly, which makes viewing of colony detail vety difficult. Those colony 

fragments referred to by Lee which were obtained for this study from the British 

Geological Survey collections were unsorted and had to be acetate peeled for 

identification. Lee had included Stenophragmidium  sensu Munro 1912 in Tabulipora as 

Tabulipora 'b', so presumably he saw no need to separate the colonies. Other material 

includes that from Trinity College, Dublin, from various locations in Ireland (see Chapters 

4 and 5). No material referable to Stenophragmidium  was recovered from the type locality 

at Ravenstonedale (see Chapter 5).

As a first step a comparison poster of black and white photographs of the various 

type specimens available was made. Images of both longitudinal and tangential sections, 

when possible, were taken using a light microscope mounted camera, all at the same 

magnification (a plate containing a Imm^ grid was produced and scale detail is included 

with the plates in this thesis). Using basic features such as aperture size and wall 

thickness, combined with the general appearance of the specimens, the images were placed
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on two AO poster cards with m orphological distance represented by position on the 

posters. This enabled an initial perusal of the core specimens.

Subsequently a digital im age [NIH IM A G E for W indow s was used in conjunction 

with a frame grabbing program m e DTI Acquire, an analogue video cam era and a light 

m icroscope] was taken o f all sectioned and peeled material, and in the same fashion 

com parisons o f the specim ens were made. This was also carried out with the intention of 

building up a complete digital library of all specim ens in tangential, longitudinal and 

transverse sections which could be used as a base from which plates and diagrams could 

be produced. Unfortunately due to a combination of the poor quality of the analogue 

cam era available at the time of image capture, and the upper ceiling on the amounts of dots 

per inch (dpi) that NIH IM A GE allowed, the quality of the images proved to be unsuitable 

for plate production. As over 400 images had been taken they were transferred by 3.5" 

floppy disk (there was no zip drive on the image capture PC used) to a PC with attached 

printer and printed in A4. These images, although pixelated, proved very useful when later 

used in conjunction with statistical results, such as cluster analyses, for recognition of 

samples.

To provide a complete record of all samples, all of the images taken digitally were 

relocated on the sections and peels, and re-taken in black and white film using a Nikon 

cam era m ounted on a Nikon microscope, in plane polarised light. These images, once in 

negative form, could then be digitised using either a slide scanner or flatbed scanner to 

produce digital images o f sufficiently high quality for plate production, or simply 

developed on photographic paper at the desired size. It was found that photographic 

images taken in this way were o f the highest quality and were the most versatile in regard 

to the production of plates. These images (see plates in Volume 2) constitute a visual 

library o f every specimen of Stenophragm idium  that was available for this study. The 

negatives o f all o f all specim ens were scanned using an AGFA snapscan 1212 flatbed 

scanner at 600 dpi. This enabled their use as 'thumbnails' in figures and also allowed 

rapid appraisal o f statistical results such as cluster analysis, which is dealt with later in the 

relevant section.
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It cannot be stressed enough however, that a plate produced from the negative 

directly onto high quality photographic paper produces the highest quality results, and 

other time-consuming methods such as scanning and editing in image manipulation 

computer packages are of dubious value and quality (at the time of writing).

The subjective grouping exercises using these images were the basis for the later 

tests using multivariate statistical methods. It had the advantage of providing a thorough 

familiarisation of the specimens. For a list of the groups produced see the results in 

Chapter 7.

6.4.2 Acetate peel production.

To enable the study of colonies which did not have thin sections already in 

existence, (when it was permitted by the lending institution) acetate peels of all suitable 

specimens, (primarily the unsorted material of Lee) were prepared. The methods used are 

similar to those outlined by Dehantschutter (1995).

Using 320, 800, 1200 corundum powder and 3 micron aluminium powder the 

various surfaces are polished by hand to an acceptable degree for peeling. The four 

grades of powder are placed on glass sheets and mixed with enough water to allow the 

specimen to be ground and polished using a figure of eight motion. Care is taken to try to 

maintain a consistent angle of grinding, which can be difficult in the initial stages of the 

process if the surface being ground is very uneven.

The polished surfaces are etched with 2% HCL by immersing the specimen in a 

petri dish containing the acid. Usually this should take no longer than 2-5 seconds. The 

specimen is then thoroughly washed with de-ionised water by either immersing it in a petri 

dish of de-ionised water or dousing it from a nozzle water bottle. The etched surface is 

then flooded in acetone by placing it in a suitable receptacle (acetone melts plastic petri 

dishes and they are consequently unsuitable) or pouring acetone over the surface. Speed 

is important at this stage as acetone evaporates rapidly and the surface must be wet when
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the acetate sheet is appHed. It is therefore necessary to have a suitably sized piece o f 

acetate ready for application.

The specimen is held polished surface up and the acetate sheet is placed on the 

surface by rolling it onto the surface from one end to another so that air bubbles might be 

avoided. After approximately 20 seconds the acetate sheet can be ripped off, trimmed to 

size and placed between two glass slides for inspection under a light m icroscope using 

plane polarised light. For storage, both ends of the slides can be taped. Several peels may 

fit on a single slide and therefore provide a series o f deepening sections on one slide, the 

sections being as little as 1 -2 m icrons apart if the surface is only lightly polished and re

etched.

This quick and inexpensive m ethod therefore allows rapid and closely spaced 

sections to be obtained. The presence or absence of hem iphragm s was recognised as the 

primary criterion for determining if a peeled sample was of the desired genus i.e. 

Stenophragmidiurn, or not. Additional information was also o f use in eliminating samples 

from this study , e.g. the presence of centrally perforated diaphragm s in the colony, which 

showed them to belong to the genus Tabulipora. It soon became apparent that only a 

longitudinal section or a deep tangential section could provide absolute certainty as to the 

nature of a colony's identity, as a hemiphragm  is best seen in these orientations (see 

Figures 6.1, 6.2 and 6.3). Unfortunately this often entailed the destruction o f a large part 

of the colony to ascertain its identity. Occasionally hemiphragm s can be seen on a broken 

surface or within the apertures o f autozooecia on the surface o f a colony, if placed under a 

binocular m icroscope or SEM . However this is not guaranteed, and they are more likely 

to be seen, and seen best, in a section. As perm ission to section certain material was not 

granted (see Chapter 4), the difficulty in obtaining positive identification of these 

specim ens as Stenophragmidiurn  was increased.
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6.4.3 Morphological character states used.

Classification of bryozoan species from the fossil record is best accomplished 

using a combination of inferred soft body part characters (from skeletal morphology and 

analogy) and hard part characters. Zoarial form is visible with the naked eye, but colony 

shape and size are often environmentally and/or ecophenotypically controlled. Character 

states more reliable in nature and expression are desirable in order that taxonomically 

useful relationships/classifications can be made. These include ;

1) Arrangement of zooecia within the colony.

2) Overall form and structure of the zooecia.

3) Zooecia] apertures (size, shape and disposition).

4) Intrazooecial partitions (interapertural walls most commonly).

5) Microstructure of zooecial walls.

6) Nature of heterozooids (size, shape, type and disposition).

7) Form of hydrostatic and reproductive cells.

In trepostomes bryozoans, the order to which Stenophragmidium belongs, the 

following features that are seen in Stenophragmidium are of interest;

Macro; zoarium, monticules, macula, arrangement of surface features such as stylets and 

apertures.

Micro; Zooecia, heterozooecia, zooecial apertures, stylets, autozooecia; position type and 

dimensions, at proximal and distal ends of a zooecium, of intemal features such as 

diaphragms and hemiphragms; dimensions of exo/endozones, intrazooecial spaces, 

especially walls and wall structure.

The parameters that were measured are illustrated in Figure 6.1. They were chosen 

initially as they were the traditional parameters used by other workers (e.g., Cuffey 1967; 

Wyse Jackson 1991, 1996; Owen 1969, 1973). They provide information on both macro
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and micro detail of a specimen and cover all of the important aspects of the morphology of 

Stenophragmidium. The following is a full description of the morphological parameters 

used in this study.

1) Zoarial diameter. ZD (mm).

This was a measurement available in longitudinal section and transverse section 

(see Figure 6.1). Zoarial diameter can be affected by depth of section, crushing during 

burial, by what the colony was encrusting, growth stage and abrasion of the surface of the 

colony. In this context it is defined as either the distance from the epizoarium to the 

surface in the case of encrusting colonies, or the distance from one surface to the other in 

cylindrical hollow-erect or solid colonies. The environmental effects on zooarial diameter 

may or may not be sizeable in Stenophragmidium  (see Chapters 7, 8 and palaeoecology in 

Chapter 11).

2) Number of autozooecial apertures in 1mm squared. Z1 (integer).

This measurement was only determined in tangential section (see Figure 6.1). It is 

desirable to have the section as close to the colony surface as possible, as this is a truer 

reflection of the surface of a colony, and will aid in eliminating the effects of moniliform 

walls on apertural diameter. The square is aligned with the direction of growth. Only 

apertures that fall completely or more than half into the square are counted. See Figure 

6 . 1 .

3) Number of autozooecial apertures in a line 2mm long. Z2 (integer).

This can be measured either in tangential section (or occasionally in deep 

longitudinal section). Apertures either intersected or immediately beside the straight line 

parallel to the direction of growth are counted (see Figure 6.1). The line is placed on the 

interapertural wall between two apertures and the apertures along the line are counted, 

including the last aperture if more than half of it is within the distance (see Figure 6.1).
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4) Autozooecial diameter (long axis). AD (mm).

This is the maximum diameter of an autozooecial aperture in tangential section, 

preferably a shallow section (see Figure 6.1).

5) Interapertural wall thickness. IWT (mm).

This is the minimum thickness of the wall between two adjacent autozooids. This 

varies greatly with depth of section and between monticules / maculae areas and other 

areas (see Figure 6.1).

6) Exilazooecial diameter. ED (mm).

This is the maximum diameter of an exilazooid taken in tangential section (see 

Figure 6.1).

7) Exozone width. ET (mm).

This is the measurement from the exozone / endozone boundary, where the 

zooecial walls thicken and change growth direction, to the surface of the colony. In 

encrusting colonies this is on one side only, in hollow erect and solid colonies this is 

measurable on either sides of the central axis of the colony. It is best measured in 

longitudinal section (see Figure 6.1).

8) Endozone width. Tt. (mm).

This is the measurement from the epizoarium (also known as the basal membrane) 

to the exozone / endozone boundary in the case of encrusting and hollow erect colonies, or 

the distance between the exozone / endozone boundaries on both sides of a colony in the 

case of solid erect colonies. It is best seen in longitudinal section (see Figure 6.1).
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9) Number of Hemiphragms per autozooecium. H/az (integer).

This is the num ber o f hem iphragm s contained within one zooecial tube in both 

endozone and exozone. The majority of hemiphragm s are found in the exozone. This 

m easurem ent is only possible in longitudinal section (see Figure 6.1).

10) Hemiphragm height. Hht (mm).

This is the m easurem ent from  the base of a hemiphragm to the tip m easured as a 

straight line perpendicular to the zooecial wall (see Figure 6.1).

11) Heterostvle (small stvlet) diameter. SSD (mm).

This is the maximum diameter o f the outer circumference o f a heterostyle 

(microstylet) found on either interapertural wall junctions and / or interapertural walls. 

H eterostyles are defined here in the sense o f Cuffey's (1967) granules, and Blake's (1973) 

type C stylets.

12) Acanthostvle (large stvlet) diameter. LSD (mm).

This is the maximum diameter o f  the outer circumference o f an acanthostyle 

(megastylet), usually found on interapertural wall junctions (see Figure 6,1). 

Acanthostyles are defined here in the sense o f Cuffey's (1967) hollow tubes made of 

stacks o f 'V  shaped laminae with the apex of the 'V  pointing anteriorly, and Blake's 

(1973) type A stylets.

W here possible intermonticular /  macular distance (IM D, mm) was m easured on 

tangential sections but this proved to be very rarely available and so was not used further. 

M onticules and m aculae are raised or lowered areas on the surface of a colony which often 

consist of apertures differing in size from the surrounding autozooids in intermonticular / 

m acular areas. Their functions are discussed elsewhere in Chapter 2.
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6.4.4 Morphometric data gathering methods

All slides including type material were examined and measurements were taken 

using a Nikon Labophot microscope. All measurements were recorded in millimetres 

(mm) using a line graticule and a grid graticule in the eyepieces. The specimens were 

viewed under plane polarised light. The data were recorded on tabulated sheets, with one 

sheet per specimen. A summary of this data can be found in Appendix A.I. Six 

measurements were taken for each parameter for each slide where possible.

Due to the nature of certain slides (i.e., the orientation in which the slide was 

made), not ail parameters were measurable in all of the slides. This is the case where a 

tangential section only was available. In that case exozone and endozone measurements 

are unavailable, as is zoarial diameter, hemiphragms per autozooecium and the height of 

hemiphragms, as these are only measurable in longitudinal section (see Figure 6.1 and 

6.2). This proved to be a handicap when it came to comparison of the material in 

multivariate analyses.

Missing data are dealt with in the statistics chapter, but essentially an absent 

measurement was difficult to accommodate without adversely affecting the outcome of a 

multivariate comparison. To try and circumvent this problem (i.e., the known existence of 

in some cases only one thin section for a species), a search for additional material was 

carried out. This produced several successes with regards to collections of various 

institutions (see Chapters 3, 4 and 5). For example specimens of S. lobatum were located 

in the University of London and in the United States National Museum. However, 

unfortunately some specimens had to be excluded from multivariate analyses as not all of 

the parameters essential to analysis were measurable, either due to lack of the appropriate 

section orientation or the denial of permission to section by the lending institution.

Care had to be taken when measuring sections that had not been produced in this 

study. Due to differences in depth of section and orientation, certain features such as 

autozooecial aperture diameter or hemiphragm type can appear to vary greatly; however, 

this is an artefact (see Figure 6.3).
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With these considerations taken into account, as many specimens as possible were 

identified for later statistical tests. Those that could not be included entirely were 

appraised subsequently and identified by visual comparison. It is these statistical tests 

which are dealt with next.
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6.5 Statistical methods.

6.5.1 Data.

The data gathered in any analysis is only a representation o f reality. Data are 

gathered in an attem pt to explain something about the population that is being studied, but 

this data forever rem ains a sample, and the entire population is never known. This holds 

tm e for all investigations, not least those conducted in the field o f  palaeontology. In order 

to get a good picture o f the population, it is necessary to aim for a randomly selected 

sample, so that it has a chance of being representative of the actual population. In the case 

o f fossil specimens, many factors contribute to their availability for study, from the 

original preservation conditions to their discovery. It is a process with many unlikely 

occurrences along the way, but also some bias, be it preservation potential or the interest of 

a particular collector. It cannot be known therefore whether a fossil sample base is truly 

representational o f the fossil population, (i.e. randomly picked) or indeed of the population 

during its lifetime. The only way to offset this problem is to collect as many samples as 

possible, in as random  a fashion as possible, so that the .sample will be closer to the 

population in character than a small sample, and therefore more amenable to meaningful 

analysis.

6.5.2 Types of data.

There are two m ajor types o f data. These are quantitative and qualitative. 

Quantitative data are a m easurem ent of something (e.g.. length, width, height, m ass). They 

are also known as continuous data as they are m easured on a continuous scale, and a value 

can fit anywhere along this scale. Quantitative values change gradually. Qualitative data 

are usually num bers representing the num ber of a certain thing or a category to which that 

which is being m easured belongs. They are also know n as counting data. They are



different from continuous data as the transition from  one num ber is stilted and not 

smooth. Both of these kinds of data can be included in a data matrix.

6.5.3 Variables used, missing data.

In the collection and analysis o f any data set a com m on problem  encountered is 

that of m issing data. I f  a specimen does not provide or contain data for one or more 

variables that have been chosen, then a gap in the data set is produced. This may be the 

result o f any num ber o f  reasons, from subject death to experimental error, to rarity of 

complete specim ens. The effect that missing data can have on data analysis is related to 

the am ount missing, the reason for its absence and whether the m issing data are consistent 

in their absence or random ly distributed throughout the data set. If there is a small amount 

o f data m issing and it is random ly distributed throughout the data set, then a possibility of 

estimating those m issing values arises. However if there is a consistency in the way the 

data are absent (e.g., all from  one or two variables and / or if there is a lot of data missing), 

then the problem  is very serious, especially in a small to medium sized data set (30 to 100 

specim ens approx.). O ne or two variables with a sizeable am ount o f m issing data may 

well relate to other variables for which data are present, but these other variables are 

therefore com prom ised by the absence o f the related variable. This has serious 

consequences when a com parison of a suite of variables is being attempted in a data 

matrix. In the data gathering stage in this study it became apparent that many samples 

would have missing data and that therefore not all samples would be available for inclusion 

in the analysis. O f the twelve original variables measured as described in the previous 

chapter only six were consistently represented enough in the majority o f samples. If 

missing values are concentrated in variables which are highly correctable to other complete 

variables then dropping those variables is an option. It was im possible to estimate the 

majority of the m issing data because it related non-random ly to specific variables, for 

which there was no com parative examples. Only sam ples with full data sets for these six 

variables were therefore used. These six variables are ZD (zoarial diameter), Z2 (number
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o f apertures in a straight line 2m m  long parallel to the direction o f  growth), A D  (aperture 

diameter), IW T (interapertural wall thickness), H/az (num ber o f hem iphragm s per 

autozooecial cham ber) and Hht (hem iphragm  height). M any suggestions for dealing with 

missing data have been forwarded but none seem appropriate or applicable here. It is an 

unfortunate fact that there is no way as yet o f dealing with m issing data in your data set. 

Removal of specim ens/variables with missing data are still the best policy.

6.5.4 Data entry and the data matrix.

In univariate and bivariate analyses, data may be entered as a colum n in a 

spreadsheet, with one column representing the data for one variable. These can then be 

analysed singly and in pairs. In the case o f multivariate statistics, a data matrix must be 

constructed to allow analyses to be carried out. This is done by entering the data into a 

grid o f rows and colum ns with colum ns for variables and rows for samples (or less 

comm only vice versa). An example of a data matrix can be seen in Figure 6.4a. Excel for 

M icrosoft W indow s is a good computer package for creating matrices and it gives advise 

on their general construction. It is generally recom mended that as few variables as 

possible are used, with as many samples as possible. The best way to assess whether a 

variable contributes significantly to an analysis is by Principal Com ponents Analysis, 

which will be dealt with later in this chapter and in Chapter 7. Variables represent work 

done, and as the num ber o f variables increases, the returns (information gained) diminish 

accordingly. A data matrix should be stored as a perm anent file so that it can be used 

repeatedly.
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6.5.5 Introduction to statistical methods.

6.5.5.1 Univariate statistics, simple graphical displays.

W hen investigating data the first step is to produce graphical displays o f the data. 

One o f the m ost effective m eans o f displaying data simply is the bar chart. This is a 

simple way o f illustrating data in a linear fashion (unlike pie charts), where the value of 

each sam ple is easily read (see Figure 6.5). It is essential when constructing a bar chart to 

plot a length from  a com m on reference line. It is also preferable to use ordering if 

possible. Stacking o f several samples in one bar and any '3D' effects are to be avoided. 

These only lessen the usefulness o f the chart. Another useful chart is that o f the dot chart. 

This is particularly useful if the data are grouped into two or more sections. An example 

o f this would be four m easurem ents of length of four morphological features in three 

separate specim ens (see Figure 6.6). A com parison of these three is usually easier if this 

approach is followed.

The m ost useful o f the graphical displays com m only used is the histogram. It is a 

diagram with contiguous bars, usually vertical, in which the frequency of occurrence of 

som e m easurem ent is plotted against some other measurement, such as grain size 

distribution in sediments. The interval width on the x axis is chosen subjectively, i.e. 1-2, 

2-3, 3-4, etc. The greater the interval width, the more information is lost, while the smaller 

the interval width, the more the histogram  becomes ragged in appearance, and gaps begin 

to appear. It is desirable to experiment with interval width until a suitable value is found. 

It is also essential to try different origins as this can affect the shape o f the histogram  also 

(see Figure 6.7). The uses of histogram s are detailed in subsequent sections.

104



£ie tdk Mo<i(y DM &umnaty Qtdrialion fit«ph Gjoup< ^ndow Qptiortt Help

H H H m m i i i m m n

11 f tD e o le s ■■

l l6 V a r i a b l e

0 0 Q 0 Q 0
2D Z2 ID IWT E u H h t

• . • p a l 79 1 0 .7 3 .8 2 9 9 9 0 .2 3 9 9 9 9 0 .  15 3 .3 O .IO S
8 . v e x l 8 2 4 .0 4 3 . 6 6 0 .2 0 9 9 9 9 0 .0 6 4 9 9 9 9  3 .3 2 9 9 9 0 .0 9
S .C 7 T 1 6 8 1 2 . 14 3 . 6 6 0 . 2 8 0 .1 1 2 . 3 2 9 9 9 0 .0 7
s . s p A i i e e . 6 5 999 4 0 .2  68 0 .1 6 8 1 0 .1 5
T . s p . 1 7 4 .9 0 9 9 9 3 .0 2 9 9 9 0 .2 0 9 9 9 9 0 .  13 3 . 5 0 .2 0 9 9 9 9
S .b P S 2 4 3 6 . 2 6 4 0 .1 5 8 0 .1 3 6 4 .8 2 9 9 9 0 .1 1
S .in K 1 8 2 0 .8 0 8 4 .6 5 9 9 9 0 .2 9 6 0 .  lOS 1 0 .  123
S .ln X 1 6 2 1 .2 7 5 5 0 .2 5 0 .0 5 6 2 .3 2 9 9 9 0 .1 2 1
a . c r « l 7 7 ~ 6 .7 2 4 9 9 2 .8 2 9 9 9 0 .2 3 9 9 9 9 0 .  186 1 .6 6 0 .0 9 4 9 9 9 9  J

.S .c r P S 1 9 7 ,5 5 9 9 9 2 .6 6 0 .3 6 Q. 19 1 .4 0 .0 9
S .a c P S 2 2 2 .7 6  ,2 .6 6 0 .3 4 9 9 9 9 0 .0 3 9 9 9 9 9  1 .3 3 0 .  13
S . a c P S i a 5 .2 5 3 0 .3 4 9 9 9 9 0 .0 3 5 1 0 .1 7 1
9 . tB u i l7 4 3 .3 8 4 0 .1 7 6 0 .1 2 8 6 .5 0 .0 7 5

Habrix transposed.

O p e ra tio n  cotnple

MartViiORKV^I Second

m s i j r t l  jjB trnv .til»D «t|E  I | _jPc<ii<K J |% P C O R D

 ̂ AppwMi RaauHsl 

8 ^ 6 5 *  2:25 PM

£ilt iummaiy Qidnatnn Gjoupt ^ndow  Qftbom

<’̂ H w i  WORKWKI
41 s p « c i « s
6 V « c l« b l«

Q Q Q 0 Q 0
ZD Z2 JID I» T H M Hht

8 .9 p « 1 7 8 1 0 .7 3 .8 2 9 9 9
S .« e x i e 2 4 .0 4 3 .  66
S . t 7 t l 6 8 12 .1 4 3 .6 6

S . s p « i l l 8 8 .6 5 9 9 9 4
T . 0 . 1 7 4 .9 0 9 9 9 3 .8 2 9 9 9
S .b P 3 2 4 3 6 .2 6 4
S . ln K lB 2 0 .8 0 Q 4 . 6S999
9 .1 n K 1 6 2 1 .2 7 S 5
S . c r a l 7 7 6 .7 2 4 9 9 2 .8 2 9 9 9
a .c c P S 1 9 7 .5 5 9 9 9 2 - 6 6
8 .ftC P S 2 2 2 .7 6 2 .6 6
S .a e P S 1 8 5 .2 5 3
S.RIU1174 3 .3 8 4

0 .2 3 9 9 9 9  O .IS

2 5 ^ ^ 2 3

r O M a n c * !

C Sorensen (Bray-Curtis) 

Rdl^M  Sorensen 

Jaccard

Euclidean (Pythagorean) 

C  RelMive Euclidean 

C  CofT«J*tlon 

^  Chuquared

!»L inkage 

f '  Nearest Neighbor 

; C  Farthest Neighbor 

; C  Median

Group Average 

i ^  Centroid 

i <• Ward's Method 

C  Flexible Beta

.Dendrogram W i*h------
j C  Narrow Width

I ( f  f M d T w ^ N

I Dendmgnm Spacng -
I C  Single-spaced 

I (• Double-spaced

i

I  McQuitty's Method |

P  Include cluster information with the Dendrogram 

P  Log transfonn Dendrogram scale 

P  W nts distance Matrix

P  Add group membership variable to second matrix

OK Cancel |  jjelp )

WtVSORK.V^KI second jRow: [cot ~  fn M

-iR arttvA teD ak  (E'i [ < aPcCTtW ||(j^P C -O H P  S^Docuwanil -MiaotfiW Wcnj



Figure 6.5: A Barchart* (top) and a Pie Chart* (bottom). Both relate to the same 
data, yet the barchart is far easier to appraise (see Chapter 6).
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Figure 6.6
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Figure 6.7
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6.5.5.2 Summary measures.

Sum m ary m easures are essentially data reduction. They sum m arise data with a 

small num ber o f measurem ents, which give the characteristic features and typical values of 

a data set. The location o f the data is given by the median, the mean and the mode. The 

spread o f the data is given by ranges, quartiles and standard deviation. The median o f a 

sample o f data with an odd num ber o f data points is defined as the middle value when the 

values are placed in order, while if the sample is even in number, the median is then 

halfway between the two middle values. The sample mean is the arithmetic average of the 

data obtained by adding up all the data values and dividing the total with the num ber of 

items in the sample. The sample mode is best illustrated by viewing a histogram  of the 

data. If it shows a single central peak then the data are unimodal. If  there are two peaks, 

the data are bim odal, while more than two means that the data are multimodal. Usually it is 

best to work with unimodal data only as bimodal and multimodal data probably contain 

subgroups, i.e. there is more than one population represented in the sample. The range of 

the data set is the difference between the largest and the smallest data values, which 

sum m arise the extent of the data set. If there are outliers (extreme and isolated values) 

then this value is o f little use. To combat this quartiles are used. Quartiles are less 

sensitive to the effects o f outliers. The lower (25% ) sample quartile is the median of the 

data values below the median o f all the data and the upper (75% ) sample quartile is the 

median o f all the data above the median of all the data (see Figure 6.8a).
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Figure 6.8
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The interquartile range is the difference between the upper and lower quartiles. 

This is a good m easure of spread and is robust against the influence of outliers. A simpler 

m ethod of estimating spread, and the best known is that of standard deviation. It gives 

information about how the data are spread around the sample mean. It is not immune to 

the effect of outliers, and neither is the sample mean. The standard deviation is calculated 

by subtracting the sample mean from each of the data values in the sample. The values left 

over are known as residuals. These contain the information about the spread of the data 

with respect to the mean. These values are then squared (to get absolute values), the 

average of their sum  (the sum  o f squares) is calculated (the average spread) and then the 

square root is taken to return to the same scales (removes the squaring). This gives the 

sample standard deviation (s), which can be com pared with the sample mean (see any 

statistical text or standard mathematical tables for equations for the sample mean and the 

sample standard deviation). W hen dividing by the num ber of values in the equation for 

the sample standard deviation, it will be noted that n-1 is used. This is because the 

residuals were arrived at by subtracting the mean value from  each value. Of note al this 

point is the coefficient o f variation (C.V.). This is calculated by dividing the sample 

standard deviation by the sample mean. This is a m easure of variability which is 

independent of the units used in the data set. If for example inches are changed to cm, the 

values change, but as the C.V. is a ratio, the value remains the same. The next step is to 

com bine sum m ary m easures with graphics.

6.5.5.3 Graphical displays of summary measures.

One of the m ost useful graphical displays o f summary m easures is the boxplot. In 

one diagram  it displays five summ ary measures: sample minimum; lower quartile; sample 

median; upper quartile; sample maximum. Boxplots can be com pared with each other in a 

detailed and non-intuitive way, unlike bar charts and histogram s. A boxplot consists of 

three com ponents (see Figure 6.8a). The first component is the box which encom passes 

the median and the upper and lower quartile (the 25%  point and the 75% point). The



second com ponent is the 'whiskers' which extend either side o f the box by 1.5 times the 

interquartile range. The third com ponent consists o f  dots representing data points plotted 

beyond the 'whiskers' unless they lie outside the ends of the w hiskers plus 3 times the 

interquartile range. Any points beyond this are either not plotted or are represented by a 

suitable sym bol representing their extremity o f position. O nce arm ed with boxplots and 

histogram s for the data set in question it becomes possible to ask questions about the 

'shape' o f the data. The direction in which the data are spread will affect the symmetry of 

these graphical displays. The correct term for this is the sample skewness. If there is 

positive or negative skew (see Figure 6.8c) this can have an impact on the usefulness of 

the mean and the standard deviation, with less o f an impact on m edians and quartiles. It is 

desirable to have symmetric data, i.e. with a sample skew of 0, for a num ber o f reasons 

which will be discussed later. However there are solutions to skewed data, known as 

transform ations, which may be applicable in some cases (see Figure 6.8c). Therefore 

when trying to make predictions about data it is desirable to have a model for the 

distribution o f the data.

6.5.6 Modelling data.

6.5.6.1 The Normal distribution.

The Norm al distribution is a model for the distribution o f data. Data are much 

more amenable to all types o f analyses if they are normally distributed, and/ or their 

residuals are normally distributed. The Norm al is unimodal, symm etric and has 

continuous data. As sample size increases, a histogram  will tend to become more and 

more symmetrical, and skewness will become closer to zero. The blocked appearance of 

the histogram  will becom e sm oother (see Figure 6.8b). The bell shaped 'curve' that results 

then seem s to be a good model for the distribution o f the symmetrical data set. This is 

known as the norm al probability density function.
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Figure 6.9
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The Norm al distribution is actually a family of distributions defined by two 

parameters, '|J.' and 'o', representing the maximum value and ,the am ount o f spread 

respectively. The distribution is m aximum  at |i  and symmetrical about |j., and is smooth 

and bell shaped. There is alm ost no data be jond  |u,+/-3a. The data set being investigated 

does not need to fit the normal perfectly for the normal to be a useful model. There may 

be parts o f a histogram  which are above or below the curve defining the normal, but these 

usually cancel each other out. Normal probability plots are a simple way to see if the 

num bers in a variable are normally distributed. This simple tool is described later in the 

D ata D esk section in Chapter 7 entitled 'Normal probability plots'.

6.S.6.2 The standard normal.

There is one noirnal distribution of particular importance. This is known as the 

standard normal. It is constructed with )l = 0 and 0 = 1 .  )l can be taken to be the mean 

and o  can be taken to be the standard deviation. The random  variable Z (as in the z tables 

in mathematical tables) following a normal distribution with a mean of 0 and a standard 

deviation o f 1 is said to be following the standard normal distribution, and this is written as 

Z~N (0, 1). The equations for both the normal probability density function and the 

standard normal are given in mathematical tables. The standard normal is important in the 

study o f  any general normal distribution. In Figure 6.9a the standard normal is presented. 

The area contained under the curve is given a nominal value of one. The area that is 

shaded to the left o f z can be expressed as a proportion of O  (z). This proportion is the 

probability that a value drawn from  the standard normal will be smaller than z. Using the z 

tables (found in m ost statistical books and in mathematical tables), the numerical values 

that correspond to the shaded area in Figure 6.9a can be worked out. Useful values are 

65%  for 1 and -1, 95%  for 2 and -2, and 99.7% for 3 and -3, in other words only 3 

sam ples in 1000 are beyond 3 units from  the mean. All of this is useful as all norrrtals are 

in reality nearly the same, in that only their location and scale (spread) change, while the 

shape itself rem ains unchanged. O f course the quartiles for the standard normal therefore
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follow on from  this, and all that is needed is to convert the values in the data set back for 

use with the z tables. If is equal to 100 and a  is equal to 15, and the 97.5%  quantile is 

required (Figure 6.9b) i.e. the lowest value for the top 2.5%  is required, then 0.975=1.960 

for the standard normal (from  the tables), and the scale is changed by multiplying by the 

standard deviation and adding the mean, hence 15 x 1.960 + 100 (this is the reverse of 

subtracting the mean and dividing by the standard deviation to give the standard normal). 

From  this the value 129.4 is acquired, and this is the minimum value for the top 2.5% in 

the data set with m =100 and s =15. The normal is therefore a powerful predictive tool, 

especially when seen in the light of the central limit theorem.

6.5.6.3 The Central Limit Theorem.

Data are not always normally distributed. D ata can have an exponential 

distribution for example. If the data are normally distributed, the sample mean is normally 

distributed, no matter what the sample size (n) is. Sample size becomes important if the 

data are not normally distributed. Sample size must be 'large' to be o f any use when 

estimating the sam ple mean (x). The more that n increases, the closer the data and the 

sample mean will reflect the population N, and the true mean jl. Even if the data set is not 

normally distributed, 100 sample means from  100 samples will still however plot closely 

around the correct value and will be normally distributed. As the sample size increases the 

average mean tends to be closer to the true mean, the spread about the mean decreases and 

the distribution becom es m ore symmetrical and normal in appearance. This is valid for all 

distributions, no matter what the shape of the distribution. Three important points are 

therefore worth restating; a) in a randomly selected sample from a population with an 

unknown true mean ji, the sample mean is a good estimate of the unknown |i, b) the larger 

the sample the m ore reliance can be placed on the sample mean and c) whatever the 

symm etry or 'shape' o f  the population, and when the sample size is large enough, the 

sample mean will overestimate and underestim ate the true mean with approxim ately equal 

frequency, i.e. the distribution of the sample mean will be normal (with a mean o f |i  and a
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standard deviation equal to a  divided by the square root o f n when n is large enough). The 

standard deviation o f the distribution o f the sample mean is known as the standard error. 

This together is known as the Central Limit Theorem  and it allows any data to be 

investigated, no matter what its distribution.

6.5.6.4 Normal variance.

The sample variance is acquired by squaring the standard deviation, i.e. the square 

o f the sum  o f the residuals divided by n - 1 degrees o f  freedom  (as the mean has already 

been subtracted to compute the residuals). Variance is used for convenience 

(mathematically), as will become apparent later. The sample variance is a good estimation 

o f the true variance when the data are normal. As with the C.L.T., as sample size increases 

the dispersal o f this estimation decreases and the sample variance becomes less skewed, 

but nevertheless rem ains so. This is known as the chi squared distribution when the data 

are normal. These distributions are interpreted in a similar fashion to the normal. The chi 

squared distribution is less user friendly than the normal and a PC is usually used when it 

is needed.

6.5.6.5 Estimation of confidence.

It is often more desirable to estimate means, deviance etc. by ranges o f values 

rather than specific values. This is especially true if sample size is small. A range of 

values that may be expected to contain the true value can still be useful. This range can be 

com puted from  what is known from one sample. From previous sections it has been 

shown that a single m easurem ent will be within +/- 2 o  from  |i  in 95%  of cases (in the 

case o f the normal, which is the only model under discussion here). This can be written 

formally as a 95 % confidence interval;

[x - 2 a ,  x+ 2 a ]
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This method allows 95% confidence that the true mean w ill be found in this interval in 

95% o f all samples o f size n = l. For general 100 (1 - a ) % confidence intervals where a  

is the level o f confidence, and an interval [-z, z] is required, this formula is used:

[x - z a , X + z a ]

Where the z values are taken from the tables (e.g. the 95% quantile is 1.645, 97.5% is 

1.96, and 99.5% is 2.576). In general n is larger than 1, so the follow ing is used;

[x - z (a/Vn), X + z (a /Vn)]

where x is the sample mean and z can be chosen from the tables. Complications arise 

when not only the true mean jj. but also the true standard deviation o are unknown, which 

is usually the case. To estimate o, s is used. This is the sample standard deviation and it 

is variable with a known distribution (the chi squared distribution). This decreases the 

certainty in any estimates that are made, and this is reflected in the fact that the distribution 

used in making estimates is no longer normal but the T distribution, which has longer tails 

and is flatter than the normal (see Figure 6.9c). The formula for T  is;

T = x -  | l / ( s /  Vn)

Where x is the sample mean. This is the T distribution with n-1 degrees o f freedom when 

the sample size is n. The T distribution is still symmetrical, and as n increases it becomes 

more like the normal, hence once again sample size is important. As before we can 

estimate intervals simply by using the tables (t tables are also in most statistical books and 

in mathematical tables), and substituting z for t when choosing the desired values;
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[x - t(s/Vn), X + t(s/Vn)]

where x is the sam ple mean and s is the sample standard deviation. In reality the T 

distribution is the m ost com m only used when constructing confidence intervals for the 

normal mean. W hen constructing confidence intervals for the normal variance, the chi 

squared distribution is used and once again the shape is dependant on sample size (i.e. 

degrees o f freedom ).

W hen sample sizes are large, then the central limit theorem allows confidence 

intervals for the true mean to be constructed using the z tables once more (i.e. the normal). 

Intervals may be constructed using the following form ula for 100 (1 - a)% confidence 

intervals for the true mean, without any distributional assum ptions being made about the 

population:

(- |i, + |l)  = [x - z(s/Vn), X + z(s/Vn)]

Once again as n increases the interval produced improves as an approximation.

6.S.6.6 Hypotheses Testing.

Confidence intervals can be used to test hypotheses which have been decided a - 

priori. There are two possibilities that may result from an investigation, i.e. the null 

hypothesis which is called 'Ho', and the alternative hypothesis, which is known as 'Ha'. An 

exam ple of a test is given by testing whether the mean of a group of data, |io, (assum ed to 

be normal) is equal to the true mean, |j.. An interval is erected in the m anner seen in the 

previous section and if the sample mean is not contained in the interval, then at a pre

specified level o f significance, a ,  the null hypothesis is rejected. This is a two sided test as 

values o f x smaller and larger than |J.o will lead to rejection of the null hypothesis. The 

pre-specified level o f  confidence is usually 10%, 5%, or 1%. W hen dealing with real data, 

where the value for a  is unknown, the T  distribution can be used as before, with the
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possibility o f both one sided and two sided tests being carried out, i.e. whether fl is larger 

or sm aller or one or the other only. At this point an introduction to com paring two 

separate populations is appropriate. The comparison of two normal means is possible 

with hypothesis testing. Ho is that they are the same, while Ha is that they are different. 

The variance for both groups is estimated as if they were different, and then both are 

combined. This is known as the pooled estimate of the comm on variance. The 

subsequent steps are then very sim ilar to previous T tests, and the result can be compared 

with the T  distribution. The equation used is as follows;

T= x i-x 2 /sp 2 V l/n l + l/n2

W here the xs are the means, Sp is the pooled estim ate of the comm on variance and n is the

sample num ber in each sample. W ith adjustment both fixed level testing and one sided 

tests can also be carried out as before. The com parison of two populations is the subject 

of the next section.

6.5.7 Bivariate statistics: relationships between two variables/populations.

There are a num ber o f m ajor questions that occur in research, including systematic 

palaeontological research, which may be investigated using bivariate statistics. O f interest 

when dealing with morphological m easurem ents is whether any variables have a 

relationship to each other. One of the first steps in any investigation o f such relationships 

is the production of scatterplots. These simple graphical displays can be powerful tools in 

illustrating any relationships between variables. A scatter plot consists o f two axes, x and 

y which are horizontal and vertical respectively. Each point plotted in a scatterplot is made 

of two data values derived from each o f the variables being plotted. In Figure 6.10 

scatterplots illustrate how trends (or lack of) between the y values and the x values can be 

seen. In the first case it is a straight line relationship (linear). Curved trends may also 

become apparent. Clustering o f certain data points in a scatterplot may reveal discrete
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subsections in the population. Extrem e values, i.e. outliers, can be spotted easily in a 

scatterplot.

The spread of values o f y may change as x increases, resulting in a distinctive 

’horn’ shaped cloud o f plotted cases, o r there may be a form less cloud of data points, 

suggesting that there is no relationship between the variables. These again may mean the 

presence o f m ore than one population in the data set. W ith straight line relationships, a 

technique known as simple linear regression analysis is applicable (simple curved 

relationships may be am enable to transform ations to enable study also). This technique is 

outlined next.

6.5.7.1 Relationships between data sets.

There are two major m ethods o f explaining relationships between data sets in 

biviiriate statistics; Regression analysis and analysis of vaiiance (ANOVA). Analysis of 

variance essentially sets out to discover if there are differences between the groups under 

investigation. Simple regression analysis attempts to examine the relationship between 

two variables. In ANOVA the question asked is whether the means in the groups being 

investigated are the same. The data under investigation in this study com prises of each 

sample as described by six variables (see above) combined. As the aim of this study is to 

determine if these sam ples are related or dem onstrably different over these six variables as 

a unified whole in each case, ANOVA, or indeed M ANOVA (multiple analysis of 

variance) is therefore inapplicable here. An example o f where ANOVA is useful is where 

an experim ent has been run a num ber o f times, with perhaps differing adjustments being 

made between experimental runs, and a test is needed to see if there are any differences 

between the results o f the several runs. This is accom plished by the use o f box-plots and 

the ANOVA table, which essentially provides a probability m easurem ent denoting the 

possibility o f the m eans o f the groups being the same or otherwise. Therefore ANOVA 

will not be discussed here further.
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Figure 6.10
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6.S.7.2 Simple linear regression.

Sim ple regression is useful in this study in that it allows the study of the possible 

relationships between variables. For exam ple it may be desirable to see if there is a 

relationship between width and height during the growth of a certain morphological feature 

o f an organism, and if so to predict that relationship. Scatterplots are a good starting point 

in the investigation of possible relationships between variables. They may well show up a 

dependant relationship between two variables in the shape of a straight line. The straight 

line may sum m arise the relationship between these two variables, and this is the aim of 

regression. Scatter about the line may not be explainable by the relationship between the 

two variables, however. By convention the two variables are called the response (y) and 

the predictor (x). An estimation of their relationship can therefore be based on the 

equation o f the straight line;

y = a + bx

where all of the points on a straight line fit into this equation for appropriate values of a 

and b (if the relationship exists), which are known as the coefficients o f the regression 

equation. The intercept coefficient, a, denotes where x=0, i.e. the point on the y axis where 

the line intercepts it. It is often interpreted as a base constant in practice. The slope 

coefficient, b, defines the steepness and also show s whether the relationship is positive or 

negative between x and y. In reality, as alluded to earlier, not all data points will fit on to 

the regression line. This therefore calls for an approximation or 'best fit' line which is as 

close to the points as possible. This is called least squares regression, and it essentially 

fits a line where the distance from the line to all of the data points is the least possible, i.e. 

the residuals, e, which result from  any scatter about the line are at their least total value. 

M ost com puter packages will do this automatically. It is essential however to study
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scatterplots, as extreme values can affect the outcom e o f least squares regression. The 

equation for least squares regression is:

y^= a + bx

where is the predicted value o f y for a specific value, x. The coefficients are chosen to 

m ake the difference between y^ and y the least possible. W hen a regression is performed 

it aims to allow predictions o f y from  values o f x. In the equation o f the line, therefore, y 

will equal a +b multiplied by x (the predictor). W hen a regression is performed by a 

com puter package it will produce a regression results table, (see Chapter 7 results for 

examples o f this). This will illustrate whether the regression has been successful in 

predicting the relationship between x and y. The table will contain a num ber of features. 

The coefficients a and b can be found in the bottom o f the table, these figures giving the 

intercept and the slope (the rate of change of y for increasing values of x). If the intercept 

is at the origin, this is known as constrained regression, and the degrees of freedom is 1, 

while if the intercept is not 0 then it too must be predicted, and therefore the degrees of 

freedom is 2, this is known as unconstrained regression. The figures alongside the 

coefficients are the standard errors of the coefficients. If  a population is repeatedly 

sampled and regressions computed, then these standard errors are a reflection o f the 

standard deviation of all the coefficients computed, i.e. a m easurem ent of how accurate the 

coefficients are. In this scenario a num ber o f assum ptions are made about the population, 

as with all statistical procedures. These assum ptions include that the relationship between 

y and x is linear in the actual population. As before when talking about the true population 

the letters used are different, therefore the equation for this line is;

y = a +Px + e

W here e is the affirm ation that there are errors about the line due to 'noise' creation in the 

m easurem ent o f y. The true residuals are assum ed to be m utually independent and to have
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the same variance for all values o f x, which is denoted as In the regression table the 

square root o f this value is given as an estimate, s. This assum ption is often difficult to 

maintain, as the variance of the residuals can increase as the m easured value increases. An 

assum ption that the true residuals are distributed normally with a mean o f 0  is needed if t 

tables are to be used in investigating the t-ratios which are seen on the right hand side of 

the regression table. W hen these assum ptions are accepted, with all the danger involved in 

doing so, then the ratios o f the differences between coefficients and a chosen value (e.g. 0), 

and their standard errors are t statistics. Then as before hypothesis tests and confidence 

intervals can be constructed to test for the true population coefficients. A common use of 

the t ratio is to test if the true slope is 0, i.e. that there is no relationship between x and y. 

The confidence level, a ,  is one of the usual (90%, 95%, 99% ) ones taken and the degrees 

of freedom  used are appropriate as noted earlier. As m entioned earlier ANOVA was not 

used in this study p er se, however it is present as a section in the regression table, and 

therefore an explanation o f the elements o f the table related to it is appropriate here. The 

mean sum  of squares (M SS) is the sum  of all the values obtained from  subtracting the 

mean value o f y from  each value o f best fit y observed, squared, the residual sum of 

squares (RSS) is the sum o f all the values obtained from subtracting the observed best fit 

ys from  the predicted ys, squared, and the total sum of squares (TSS) is the sum of the 

values obtained from  subtracting the predicted values of y from  the mean values of y, 

squared. The mean square values are the sum o f squares divided by their respective 

degrees o f freedom. The F value given on the right hand side o f the table is the ratio of 

MSS to RSS. It is o f note that TSS = MSS + RSS, i.e. the TSS is a sum of the explained 

data (M SS) and the data left unexplained (RSS). The M SS is related to how steep the 

regression line is and the RSS is an estimate of the true variance (ag-) o f the distribution

of the residuals. As m entioned earlier the square root o f this value is shown as s in the 

table. R SS/SSM  (the F-ratio) can be used to test whether the slope is = 0 in a similar 

fashion to the t-ratio values method. W hen a = 0, the t-ratio is equal to the square root of 

the F-ratio. W hen both coefficients are estimated they test different things, however. The 

final part of the table is the R^ statistic. This is also called the coefficient o f determination

124



and it is an overall test to see if the regression has been successful in predicting a 

relationship between x and y. It can be defined as (TSS-RSS)/TSS. It m easures the 

fraction o f the variability o f y accounted for by its least square linear regression on x 

(Vellem an 1988). It is a fraction with a range o f  values between 0 and 1. The higher the 

value the better the success o f the regression, up to a value of 1, which equals perfect 

prediction with no residuals or data unexplained by the fitted regression. It is therefore a 

m easure o f how well x, the predictor, describes y, the response. W hen performing a 

regression it is always essential to observe the residuals and how they are behaving, as in 

reality the data contained in the residuals, i.e. that which is not explained by the regression, 

will rarely be zero. Once again scatterplots are used, and a plot of the residuals against the 

predicted values o f y may often reveal patterns in the data not seen in the actual regression, 

as will a plot of the residuals against the x values. Outliers will reveal themselves readily 

using this method, and their effect on the entire regression should be accounted for. 

Norm al probability plots o f the residuals are useful when assum ptions about the 

distribution o f the residuals are being made. A final note about the relationship between 

two variables is that o f using the Pearson Product-M om ent Correlation. This has a range 

of values from  -1 to +1, and is a m easure o f linear association. If the result is less than 0, 

then this denotes that there is a negative slope in the x, y scatterplot, and vice versa. If the 

result is close to 0, then it denotes that if there is a relationship between x and y, then it is 

non linear (note that there may still be a relationship). As the values tend towards -I and 

+ 1, the goodness o f fit o f a linear relationship model increases towards perfection (-1 or 

+ 1). Once again it is essential to look at all scatterplots to check for the shape of the 

relationship and for outliers to which correlation is particularly vulnerable, before taking 

the result at face value. The comparison of pairs o f variables in this study to determine if 

they were related linearly is dealt with in the results chapter. The next stage is that of 

multivariate statistics, for it is only with those techniques that a serious attempt at 

identifying separate groups among the sam ples available to this study can be attempted, 

albeit the preceding univariate and bivariate work is not only the background to many 

multivariate techniques but is essential if they are to have any meaning.
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6.5.8 Multivariate statistics.

6.5.8.1 Introduction.

One of the central aims of this project has been to develop an objective method of 

grouping samples in morphospace which hopefully reflects reality. The bryozoans in this 

study are complex organisms, and as such cannot be classified using singular features in 

isolation. Early on it became apparent that to investigate the possibility of discernible 

groups within the sample base available, each sample would have to be defined by a 

number of characteristics or variables taken together as a single entity. The logic behind 

this being that a suite of characters for each sample would serve as a Tingerprint' for that 

sample and hopefully reflect the characteristics of the group (species) to which the sample 

belonged. Each species could then be defined by the position it occupies in 

multidimensional space. The need for a multivariate statistical approach was thus 

recognised. There are several previous examples of using multivariate statistics in studies 

of fossil bryozoans, many dealing with morphological variation within and among 

colonies, (e.g. Anstey et al., 1976; Schopf and Dutton, 1976; Taylor and Furness, 1978; 

Pachut et al., 1991; Pachut and Horowitz, 1987; Key, 1987; Hageman 1993, 1994; 

Holdener, 1994; Holdener, and Hageman 1998).

The following section contains introductory points on multivariate statistics, and 

outlines some of the methods that are more relevant to this study. The details of these 

methods and others that were tried (but were inadequate/unsuitable to the task at hand) are 

dealt with in the results chapter as the case arises, along with the technicalities of the 

programs used.

The first step in any multivariate endeavour is the construction of a data matrix, and 

it is this which is outlined below.
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6.5.8.2 Matrices used in multivariate statistics.

Apart from  the straightforward data matrix described in 6.5.4, there are other types 

o f matrices which may be appropriate to multivariate data analyses. These are outlined in 

many statistical textbooks, e.g. Tabachnick and Fidel) (1996). A correlation matrix (R) 

(which is a m irror image on both sides of the diagonal and is symmetrical) is used if the 

variables' metric is arbitrary. The solution reflects the relationships among the variables 

but not in the metric in which they are measured, as it is unitless. This is useful when 

dealing with multi unit and/or m ixed data. A variance-covariance matrix (X) is used if the 

variables are m easured along a meaningful scale, and it is also symmetrical and square. 

The elem ents in the main diagonal are the variances of each variable and the off-diagonal 

elem ents are the covariances between pairs o f different variables. The ss (sum  of squares) 

and cross products matrix (S) is the precursor of the above in which deviations are not yet 

averaged. Therefore the num ber of cases affects the size of the entries. In many cases an 

R or S m atrix can be entered instead o f raw data and this used to be prudent in the days of 

lim ited com puting power. However most packages can provide these matrices simply and 

quickly and m odern com puting power is no longer a major concern. In the case of this 

study both raw data and standardised matrices were constructed for use in multivariate 

work. These were stored as separate working files for multiple use. Details of their 

characteristics are outlined in Chapter 7, while their construction for specific program s are 

dealt with later as appropriate in the results chapter also.

6.S.8.3 Data screening prior to multivariate analysis.

This is where the previous work in univariate and bivariate analysis becomes 

essential, along with some new assum ptions and tests that must be carried out before any 

analysis is conducted. A checklist for data screening suggested by Tabachnick and Fidell
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(1996) follows. N o multivariate analysis, in any research, should  be carried out without 

this screening work and should include most if not all of the follow ing steps:

1. Inspect univariate descriptive statistics for accuracy o f input. Check for:

a. O ut-of-range values.

b. Plausible m eans and standard deviations.

c. Coefficient o f variation (the SD divided by the mean) which shows

if the variability of interest is very small i.e. at 7 or more places of the

decim al point. The CV also has the advantage of being independent of

the units used, as it is a ratio.

d. Univariate outliers.

2. Evaluate amount and distribution of missing data: deal with problem.

3. Check pairwise plots for nonlinearity and heteroscedasticity.

4. Identify and deal with non-normal variables.

a. Check skewness and kurtosis, probability plots.

b. Transform  variables (if desirable).

c. Check results o f transform ation.

5. Identify and deal with multivariate outliers.

a. Variables causing multivariate outliers

b. Description o f m ultivariate outliers

6. Evaluate variables for multicollinearity and singularity.

Point 1, 2, and 3 have been dealt with earlier (heteroscadasity is when one o f two or more 

variables is not normally distributed, and the adverse affects of it can be ameliorated by 

transform ation o f that variable). Point 4 deals with the transform ation o f variables to 

com bat the affects o f non-norm ality. A list o f  common non-normal distributions and their 

transform ations to normality are shown in Figure 6.8c. M ost com puter packages will 

provide the option o f transform ing the data. Points 5 and 6 follow on from  the univariate 

and bivariate steps o f 1-4. Multivariate outliers are combinations o f unusual results in 

several variables, m uch in the same way that univariate outliers are unusual points in one 

variable. M any statistical programs provide functions for identifying multivariate outliers,
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and a pre specified level is often offered allowing the definition o f  what an outlier is in 

relation to the data set e.g. an outlier is a data point beyond three standard deviations o f  the 

mean. One m ethod that is com m only used is the computation o f M ahalanobis distance for 

each case. M ahalanobis distance is a m easure of the distance o f a case from the centroid 

of the rem aining cases where the centroid is the point created by the means o f all the 

variables, i.e. the centroid is the 'centre' o f that particular data system  in multidimensional 

space. If the case is extraordinary, i.e. it is an outlier, it will be picked up by this exercise. 

It is usually recom m ended that a very tentative probability level is used when deciding 

whether a case is an outlier when using this method, e.g. p < .001. Outliers may be 

removed or become part o f the solution. M ulticollinearity and singularity relate to the 

correlation matrix, where variables are very highly correlated or the variables are redundant 

in that one of the variables is a combination of two or more of the others respectively. As 

this situation does not arise in this study these subjects will not be discussed further.

6.S.5.4 Choosing a grouping method.

There are several ways o f grouping specim ens into larger groups using 

multivariate statistics. These include cluster analysis, discriminant function analysis, 

principal com ponent /  factor analysis and logistic regression. Discriminant Function 

Analysis predicts group m em bership from  a set o f predictors and it is M ANOVA 

(multiple analysis o f variance) turned around. In discriminant function analysis the group 

m em bership o f each case m ust be known a  priori. Logistic Regression allows one to 

predict a discrete outcom e such as group m em bership from a set of variables that may be 

continuous, discrete, dichotom ous, or a mix of all three. Principal Com ponents and Factor 

Analysis are statistical techniques applied to a single set of variables where the researcher 

is interested in discovering which variables in the set form coherent subsets that are 

relatively independent o f one another. Variables that are correlated with one another but 

largely independent o f other subsets of variables are combined into factors (components). 

Factors are thought to reflect underlying processes that have created the correlation among
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variables. If these components or factors are displayed in the form of graphs with axes, 

then differing groups will plot in different areas of the graph according to how they differ 

along the principal axes, thus while the first two axis Tiay not separate two groups, all three 

might.

One of the commonest multivariate methods used by workers on bryozoans in the 

past has been that of plotting specimens on a 2 dimensional graph with the axes 

representing the characters / variables that were chosen for data gathering. Examples of 

this approach can be seen in Anstey et ai, 1976; Schopf and Dutton, 1976; Taylor and 

Furness, 1978; Pachut et ai,  1991; Key, 1987; Hageman 1993, 1994; Holdener, 1994 and 

Holdener and Hageman, 1998. The technique used is referred to as Canonical 

discriminant analysis (also known as discriminant function analysis), which combines all 

of the axes / dimensions into two axes, much in the same way that P.C.A. produces 

supervariables/ principal axes. Each case is given a location, or centroid, as in P.C.A. and 

by labelling each specimen prior to the analysis, the position of the specimens in relation 

to each other can be shown easily in the graph. The 'space' represented in the graph 

es.sentially represents morphospace. Groups may plot very closely together, may be 

widely separated, may overlap or may consist of dispersed or concentrated clouds of 

specimens. W ith increased variability in a group, the cloud of data becomes more 

dispersed, i.e. it is morphologically more varied. This subject is discussed further in the 

appropriate sections on grouping methods. Cluster analysis, the first method mentioned 

here, has also been widely used by bryozoan workers. This technique is discussed next.

6.S.8.5 Cluster Analysis.

Cluster analysis groups cases into clusters so that those cases within one cluster 

are more similar to each other than they are to cases in other/adjacent clusters. The 

permutations available when clusters are constructed are numerous, and it is a matter of 

debate which combination of options is most appropriate or most 'realistic'. Thus cluster
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analysis has been used primarily as an exploratory tool only. However cluster analysis 

has proved itself to be exceedingly useful in this study.
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6.5.8.1 Distance measures.

There are several distance measures used in clustering, but the most common is 

Euclidean distance (ED). This is a measure of the distance between points, i.e. between 

each and every pair of cases, where the points are located in multidimensional space, like a 

data 'cloud', in as many dimensions as a necessary, according to the number of variables. 

Euclidean distance is measured as the p-dimensional version of the Pythagorean theorem. 

In the case of two points, i and j, the distance between them is:

P

EDij = (SUM (Aij -Ahj)2)'«

J=1

Euclidean distance is particularly sensitive to outliers and this is reflected in the 

final cluster diagram. It also loses sensitivity to detail as the data set becomes more 

complicated and groups more numerous. Other distance measures include Jaccard 

distance and Sorensen distance, which are explained under the 'distance measures used' 

section later (in Chapter 7). In this study Euclidean distance was the main distance used 

as not all packages allow for other measures, and a consistency between the results from 

the different packages was desirable. Jaccard distance and Sorensen distance are also 

common distance measures, but they have become less popular in recent years due to their 

unreliability (McCune and Mefford, 1999). Equations for these distance measures and 

others can be found therein, and options available are shown in Figure 6.4b.

6.5.8.5.2 Hierarchical clustering and linkage methods.

As the name suggests hierarchical clustering works by combining cases 

sequentially. It progresses as follows:

a) Each case is in itself a cluster.

b) The closest two, A and B, are combined into a new cluster, Q.
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c) This cluster is com pared with the other clusters, i.e. the distances between them are 

measured.

d) The next nearest cluster, C, is com bined with the first, Q, to form  a new cluster, and so 

on until all the cases are in one cluster.

A pre specified m ethod o f linking the clusters is chosen when constructing a 

cluster analysis and tree. The com m on linkage m ethods are single linkage clustering (also 

known as nearest neighbour) and complete linkage clustering (also known as farthest 

neighbour). In single linkage clustering, the distance between Q and C is set to the 

m inim um  of the A-C distance and the B-C distance, and in complete linkage clustering the 

distance between Q and C is set to the m aximum  distance of the A-C distance and the B-C 

distance (Velleman 1988). There are several other m ethods which are dealt with later in 

relation to the package that offers them. The difference between the resulting trees may be 

small, but the choice of m ethod usually affects the type of clusters produced. For example 

single linkage clustering is a 'lumping' m ethod which tends to produce a small number of 

clusters, whereas complete linkage clustering tends to produce a larger num ber of small 

clusters early on, i.e. it is a 'splitting' process. It is arguable as to which m ethod best suits 

palaeontological data sets. In one sense it essentially depends on the researchers’ 

decision, i.e. either to 'lump' or to 'split', and where. The resulting cluster is traditionally 

shown by means o f a cluster diagram, also known as a dendrogram  or tree diagram (see 

Figure 6.1 lb  for an exam ple). It is from these diagram s that patterns in the data set can be 

clearly seen. A com parison o f several clusters will show whether certain groups are 

consistently produced, and may therefore signify a cogent group, or 'species', and it will 

also confirm  the identity o f outliers, as they will invariably be consistently shown as 

singular case clusters, often on the periphery o f the dendrogram. It may also show 

relationships between 'species' that were hitherto unnoticed, and the location o f branching 

points may relate to actual divisions between super specific groups. These subjects are 

discussed fully in the chapter on results. It is possible to define a group by m eans of an 

equation when clusters are used in com bination with rotating 3 axes plots, but as the cases 

in this study are m ade o f 6 variables which would translate into 6 axes, this is not possible
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here. Cluster analysis is a valuable tool which allows in depth analysis of the data set in 

question, however as alluded to earlier, it is not conclusive in that there is no agreement on 

the most suitable method, and therefore it must remain exploratory only. For more robust 

methods of prediction of group membership other methods must be employed in 

conjunction with cluster analysis. However, if the majority of clusters produced by an 

analysis show the same overall result, it can be assumed that this is a robust reflection of 

reality.

6.5.8.6 Principal Components Analysis.

Two major advantages of using multivariate statistics in this work are that a) it is an 

objective way of grouping and relating the differing samples, without the need for a priori 

decisions in many cases, and b) all the data collected can be used and interpreted 

simultaneously in graphical/statistical ways, which is a step further than what is possible 

with univariate and bivariate statistics.

Each sample can be treated as a separate entity and compared with all other 

samples even though each sample consists of several separate variables. The combination 

of variables to assign group membership, which is the ultimate aim here, is usually a linear 

combination. Weighting of each variable occurs in this process. The best weights (w) are 

picked to produce the best prediction. If the w is large then that variable is important to the 

relationship. The resulting supervariable is worth investigating (principal components 

analysis groups variables into super variables). The best weights are nowadays 

automatically selected by the statistical program used. The question of which technique to 

determine group membership now arises.

Prediction of group membership and relationships in morphospace is the ultimate 

aim of using multivariate statistics in this context. Before this is carried out a valuable 

exercise is that of principal components analysis. This aims at identifying the variables 

most responsible for variation in the sample, and therefore allowing concentration on those 

variables in tests. Principal components are usually displayed in a 3D xyz plot, with the
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principal axes mutually perpendicular to each other as are the x, y and z axes. They will 

have an order of importance, so that the first second and third principal axis / component 

can be identified. All components will pass through the centre of the data cloud in a plot, 

i.e. the point where the mean of each variable is located. In a plot of all the data points, the 

principal component will pass along the direction of greatest variability in the cloud of data 

points. The second component is perpendicular to this first axis, and as the third must be 

perpendicular to the first and second, it is automatically given (see Figure 6.12). P.C.A. 

really becomes useful when there are several variables (as is the case here, where there are 

six). Statistical packages will provide a P.C.A. table when an analysis is run. This will 

display among other things an eigenvalue for each axis. These values denote the amount 

of variance accounted for by each variable. They are more specifically the variances of the 

projections of the points along each of the principal axes. They are found by the use of 

matrices, but as modem packages deal with this automatically, a detailed overview of 

matrices is unnecessary here, except in the context of the different packages used in this 

study. In fortunate cases the first 2 or 3 axes/components will account for 99% of the 

variation, and therefore the other variables may in fact be non-essential when investigating 

the data. This has enormous advantages in both time conservation and identifying the 

important variables responsible for the differences between groups. It is therefore wise to 

conduct a P.C.A. before any further steps are taken. If two (or three) of the variables 

account for most of the variation, it is possible to plot these as simple scatterplots. From 

these plots distinct groups may be discerned (e.g. Cheetham 1973). The use of P.C.A. to 

this end is discussed in the results chapter. There are numerous works that outline P.C.A. 

clearly and in detail, such as Tabachnick and Fidell (1996) and the CATMOG issue on 

P.C.A. by Daultrey (1976), to which the reader is referred.

As Data Desk and PC-ORD were both used in P.C.A., a note on their methods of 

application is appropriate here. In Data Desk, as in all P.C.A. work, matrices are used in 

the analysis. Columns in the data matrix are assumed to be the variables (as is the case in 

this study). The columns are linked side by side to form the data matrix, known as X.
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The follow ing is based largely on Velleman (1988), with specific comments, where 

appropriate.

The X matrix has n rows, i.e. a row for each specimen, and p  columns, i.e. one for 

each variable, so in this study p  is usually equal to 6. The dim ensions o f X are therefore n 

X p,  where X = [x l x2 x 3 , .... xp]. Any (n x p,)  matrix can be expressed as the product o f  

three specific matrices in a SV D  (Singular Value D ecom position) which is written as;

X=UDVT

The matrix U is the same shape as X, with n rows and p  columns, V has p  rows and p  

colum ns and D  is diagonal (pxp) with non-zero values on its diagonal and zeros 

everywhere else. These matrices describe the structure o f  X and therefore the variables 

which formed X. The colum ns o f  the U  matrix are mutually orthonormal (Velleman 

1988), which translates to that fact that the cross-product between any two colum ns is zero 

(and the covariance between any two colum ns is zero). The ss o f any column is one, 

therefore the correlation o f  any two colum ns is also zero. This is expressed as:

UTU=Ip

Here Ip is the i pxp)  Identity matrix, which has ones on its diagonal and zeros elsewhere. 

The colum ns o f  U  are closely related to the colum ns o f  X , i.e. the variables. Generally any 

linear com bination o f  colum ns o f  X  can be written as a (different) linear combination o f  

the colum ns in U . The colum ns o f  U span the same vector space as the colum ns o f X 

(V ellem an 1988). U  can be seen as a basis for this vector space. This is formalised as;

U=XVD->

so that each colum n o f  U is a linear com bination o f  colum ns o f  X, with the coefficients o f  

the linear com bination determined by V and D. V is square {pxp)  and orthonormal, and 

VTV is the sam e as V V T  which are also equal to Ip (as is U '^ ) . A s already mentioned, the 

D matrix has non-zero values on its diagonal and zeros everywhere else. T hese non-zero 

values are the singular values o f X. These three matrices (U ,V  and D ) are essential when 

com puting P.C.A.

W hen performing a P.C.A., Data D esk  uses a standardised X matrix. The 

colum ns are centred by subtracting the mean o f  the column, and they are scaled to unit
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standard deviation by dividing by the standard deviation. Alternatively the latter is omitted. 

This is o f note here as PC-ORD does not automatically standardise the matrix to be used 

in the P.C.A. (instead the matrix is treated according to the type o f cross-products matrix 

method used). This standardised X matrix is referred to as X henceforth.

The cross products matrix (X' '̂X) can be expressed as the following, taking the 

SVD and using matrix algebra;

XTX=(UDVT)T (UDVT)=VDUT^ U D V ^V D W t 

as IJT U=I and D' =D. The items of major concern here are those relating to D and V. 

The diagonal elements of are of particular interest here as these are the eigenvalues of  

X'̂  X  (the cross products matrix). These eigenvalues are the variances o f the projections of 

the points along each o f the principal axes. The largest eigenvalue is the variance o f  the 

projections onto the first principal axis (Velleman 1988). These values are usually shown 

in tabular form going from top to bottom in order of decreasing value, i.e. with the highest 

value at the top of the list. The columns of V are the eigenvectors, the principal 

components o f X'X. These are also of particular interest. These eigenvectors, again 

usually shown in tabular form, can be seen as an ordered set o f co-ordinates on the 

original axes o f the data. A line drawn from the central node (i.e. the origin, as the matrix 

has been standardised), to the point denoted by these co-ordinates is in effect denoting the 

corresponding principal axis. Eigenvectors therefore hold information, they are the route 

map (in this case in morphospace), of the orientation and position o f the principal axes in 

the datacloud.

Data Desk offers two ways of computing principal components. The first uses the 

matrix of correlations of the X variables, which is produced by standardising each variable 

before producing the cross products matrix. This is useful if the variables' metric are 

arbitrary (e.g. red green blue and black are equal to 1,2,  3, and 4). The solutions from 

using this matrix reflect the relationships among variables but not in the metric in which 

they are measured. The other option is to use the covariances o f the X variables. This is 

more useful when the variables have been measured along a more meaningful scale, as is 

the case in this study of Stenophragmidium, where the variables are in millimetres and the
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num ber o f features present (The cross-products matrix is simply the precursor o f the 

above in which the standard deviations have not yet been averaged). This covariance 

option appears therefore to suit the present study, but this is not necessarily the case as 

will be show n shortly. The results tables from  Data Desk and interpretation o f such are 

dealt with in the results chapter.

PC -O R D  views P.C.A. as essentially the fundamental eigenanalysis technique, and 

to the extent that these eigenvalues are the areas of principal concern in this section of 

study, this definition suits the purposes of the study well. It notes that it has se\'ere 

deficiencies with many comm unity data sets (PCO RD  is primarily designed to examine 

pollen data sets), and is best suited to data that have approximate multivariate normality 

and variables have linear relationships (this is dealt with in the results chapter). The 

reader is referred to M cCune and M efford (1999) for detail, but essentially PC -O R D  

finds eigenvectors and eigenvalues by using the p \p  cross products matrix, as similarly 

defined above. Intuitively, computational time increases exponentially with increasing p  

(the num ber of colum ns/variables).

PC -O R D  requests the type o f cross-products matrix to be used, and it offers three 

options. It is of note that by previously altering the matrix to be used using relativisations 

and transform ations many other options are possible.

The first o f the three options is that o f Correlation (i.e. centred and standardised by 

standard deviation). The cross-products matrix contains Pearson correlation coefficients 

am ong all colum n variables. This choice will produce a standardised P .C .A .. This option 

places the colum n variables on an 'equal footing' with each other. This is obviously 

desirable as individual variances will not overtly affect the analysis.

The second option is the variance/covariance option, which is centred by columns 

only. The resulting cross-products matrix contains variances in the diagonals and 

covariances elsewhere. The data are therefore centred but the column variables are not 

standardised. The m atrix can be standardised prior to analysis, but it should be noted that 

if not, then the colum n variables will contribute to the analysis in proportion to their 

variances, which M cCune and M efford regard as 'not normally a desirable characteristic'.
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This is at odds with the previous reasoning that this type of matrix suits the study at hand, 

and this issue is dealt with in the results chapter.

The third option available is that of the non centred matrix. In this case the cross- 

products matrix is neither centred nor standardised. Interpretation o f this kind o f analysis 

option is 'typically a mind bender' according to M cCune and M efford (1999), although 

they note that som e workers have reported gaining insights using this form  of analysis.

These then are the outlines to the background behind the operational details of 

P.C.A. in the two main program m es used in this study, Data D esk and PC-O RD. The 

results output and interpretation is fully discussed in the results chapter.

Other multivariate methods investigated are dealt with in Chapter 7, as they did not 

form  a similarly large portion o f the work carried out in this study.
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First Component

Figure 6.12. Principal Components.

Third Component

be.c- 1 ‘̂ onponent

Hypothetical data for three variables with three 
principal components and an equiprobability 
envelope.
See Daultrey (1976) and Chapters 6 and 7 for details.



CHAPTER 7

Results.

7.1 Subjective grouping of specimens prior to statistical analysis.

Having completed step one and two of the subjective process (as outlined in the 

Chapter 6, 6.2-6.4), a subjective grouping of all specimens, while taking previous 

classifications into account, was carried out. Any differences from previous classifications 

were the result of thorough visual familiarisation being made of all specimens and an 

overview of the data acquired in step two. The species apparently present at this stage 

were as follows;

S. multitabulata (Lee, 1912), (perhaps including S. serrata (Smyth, 1922) and S. 

ramosum  Owen, 1969).

S. cm ssim um lis  (Lee, 1912), including S. grandyense (Munro, 1912).

S. incm stans Owen, 1973.

S. lobatum  (Munro, 1912), the type of the genus.

S. sparsitabulata (Lee, 1912), including S. wexfordensis (Lee, 1912).

S. debilis (Lee, 1912).

S. sp. nov, from Northern England {S. sp. A).

S. sp. nov, from Ashfell, England {S. sp. B).

S. sp. nov, from Tyrone.

S. sp. nov, from Bundoran.

For a visual display of the morphologies of these specimens shown in close 

proximity, see Figures 7.1-7.8 and Appendix A2 for labelling codes used in this thesis 

(scales are not given for the thumbnails as most are replicated larger in plates). While
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these groupings were not based on objective methods, it is worthwhile outlining the 

features of each group, which led to their being preliminarily identified as separate 

morphological entities. The following are 'thumbnail' sketches of the various groups made 

prior to statistical analyses:

S. crassimuralis (Lee, 1912), including S. grandyense (Munro, 1912), Figure 7.1. The 

specimens described by Lee and Munro as separate species exhibit some striking 

similarities. Above all are the strikingly thick exozonal walls to be found in all specimens. 

These are clearly laminated and have a distinctive appearance in both longitudinal and 

tangential section. See Figure 7.1.

5. incrustans O wen, 1973, Figure 7.2. This taxon displays a number of characteristic 

features, the most obvious being its encrusting nature. Autozooecial apertures are 

relatively large and interapertural walls are often covered in numerous small stylets. The 

hemiphragms are few in number and have a bulbous tip. See Figure 7.2.

S. lobatum  (M unro , 1912), Figure 7.3, the type of the genus, displays a number of 

features which appear unique. Primarily it is the only species of Stenophragmidium so far 

seen from the British Isles that has no exilazooecia, although apertures that are smaller 

than average do occur rarely and may be immature autozooecia. Autozooecial apertures 

are relatively large and are separated by a relatively thin interapertural wall. Large stylets 

are particularly prominent at interapertural wall junctions. The species displays a number 

of hemiphragm morphologies, primarily of the bulbous tip variety. These are both rare 

and numerous within single colonies. The colony form is usually that of an adnate sheet. 

See Figure 7.3.

S. multitabulata (Lee, 1912), (perhaps including S. serrata (Smyth, 1922) and S. 

ramosum Owen, 1969), Figure 7.4. These three share features which seem to suggest that 

they belong together either in the same taxon or as very closely related taxa. They all have
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a relatively large number of hemiphragms in each zooeciai tube. These hemiphragms are 

usually of the barbed variety. They have relatively small autozooecial apertures which are 

densely packed on the surface. Stylets both large and small are very abundant. See 

Figure 7.4.

S. sparsitabulata  (Lee, 1912), including S. wexfordensis (Lee, 1912), Figures 7.5, 7.7, 

7.8. These two 'species' were placed together due to the similarity between their wall 

structure and their hemiphragms. Both have a distinctly monilifomi wall with few monilae, 

and a corresponding hemiphragm of the bulbous tip/hooked variety on almost every 

monila. The interapertural walls are relatively thick and the apertures are circular in most 

instances. S. wexfordensis (Lee, 1912) is however noticeably smaller in overall 

proportions than S. sparsitabulata. See Figures 7.5, 7.7 and 7.8.

S. sp. nov, from Tyrone. Very similar to S. sparsitabulata in appearance in tangential 

section; in longitudinal section this specimen exhibits very distinctive closely spaced 

monilae. However monilae may relate to growth rate only and so this specimen is only 

tentatively separated from S. sparsitabulata here. See Figure 7.7.

S. debilis (Lee, 1912). The numerous needle like hemiphragms, combined with the 

exceedingly thin walls, large apertures and large stylets make this a very distinctive 

species. See Figure 7.8.

S. sp. nov, from Bundoran. Very similar to S. debilis (Figure 7.8) in that it shares the 

feature of numerous needle hemiphragms, this specimen exhibits relatively thick walls 

unlike S. debilis. Therefore it is tentatively seen as a separate entity. However the 

possibility that depth of section has altered the appearance of the wall thickness was noted. 

See Figure 7.5.
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s. sp. nov, from northern England (5. sp. A). The distinctive feature of this specimen 

is the presence of a soHtary hemiphragm at the endo/exozone boundary (Figure 7.2). The 

specimen also displays some curious cavities in the thick exozonai wails, which may be 

mesozooecia/cysts? (Figure 7.2).

5. sp. nov, from Ashfell, England (5. sp. B). Distinctively thick moniliform walls are 

a striking feature of this specimen (Figure 7.2). However in tangential section it bears 

striking resemblance to some of Munro's S. grandyense specimens, except for the 

presence of small discrete vestibules within and beside autozooecial apertures which may 

be mesozooecia or even ovicells (Figure 7.2).

To decide whether these preliminary subjective groupings could be proven 

statistically as objective, and whether the many specimens which had not been identified 

could be related to others which had (step 1 of the statistical work), several statistical 

procedures were carried out. Step 2 (character assessment) and step 3 (evolutionary and 

palaeoecological work) followed. In the next sections both the results and the specific 

techniques used are discussed especially in relation to the software used in the analyses.

7.2 Statistical results.

This section will generally follow the outline of the statistical methods section in 

Chapter 6, in that univariate work will be followed by bivariate and multivariate work. 

Where appropriate, specific descriptions of procedures are provided which relate to the 

various programmes/ software applications used as they each have different approaches at 

various stages of the analysis. Generally however, they all follow the same pattern, in that 

any statistical analysis will follow a set pattern followed by the researcher. The ultimate 

aim is to take the data, extract information from this data, and then to investigate and 

interpret this information to produce knowledge about the genus Stenophragmidium. In 

the univariate and bivariate tests, assumptions about specimen identity follow those of the 

pre-statistical results, and are noted where appropriate (e.g., specimens of 5. grandyense
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M unro are referred to as S. crassim uralis). Final decisions about specimen identtity, 

based on information from  all work including statistical work, follow the multivariate 

results in this chapter.
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Figure 7.1: S. crassimuralis/S. grandyense thumbnails.

S. crassimuralis 177 S. crassimuralis 191

S. aff. crassimuralis PS 185

S. grandyense 3534

S. aff. crassimuralis PS 223

S. grandyense 3537

S. grandyense Gbr 32



Figure 7.2: S. incrustans; S. sp. A, B; S. 7wexfordensis; S. sp. from l\/lalahide.

S. incrustans K1827 S. incrustans K1826

S. ?wexfordensis 731 S. sp. (Malahide)735

S. sp. (Malahide) 734

S. sp. (Malahide)736



Figure 7.3: S. lobatum thumbnails.
S. lobatum 3531 S. lobatum 3530

S. lobatum 3529
S. lobatum 3532

S. lobatum 3533

S. lobatum USNM 5758 S. lobatum USNM 58533



Figure 7.4: S. multitabulatalS. serrata/S. ramosu/n thumbnails.

S. multitabulata 123

S. multitabulata 174

S. serrata 641S. ramosum 2669

S. serrata 801 S. serrata 802



Figure 7.5: S. aff. sparsitabulata; S. debilis thumbnails.

crassimuralis).

S. aff. sparsitabulata PS 280

S. aff. sparsitabulata (Bundoran) PS243

S. debilis PS 7^, 100

S. aff. sparsitabulata (Bundoran) PS243



Figure 7.6: S. sp. thumbnails
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Figure 7.7: S. spars/fabu/afa thumbnails.

S. sparsitabulata 178

S. aff. sparsitabulata (Tyrone) 168

S. sparsitabulata 118

S. aff. sparsitabulata (Tyrone) PS 67

S. sparsitabulata PS233



Figure 7.8:5. debilis] S. wexfordensis\ S. 7wexfordensis-, S. sp. from Malahide.

S. wexfordensis 182 S. ?wex73^

s. sp. (Malahide) 812

S. debilis PS 71, 100

s. aff. sparsitabulata (Bundoran) PS243

S. aff. sparsitabulata (Bundoran) PS243



7.2.1 Data.

As stated in the m ethods chapter, data for testing was gathered primarily using 

light m icroscopy on thin sections o f the specim ens that were available for study. In the 

case o f the non-British Isles specim ens a table from W yse Jackson (1991) and the 

original papers concerned were consulted as the specim ens were not available for direct 

study. D ue to the uncertainty o f the provenance and accuracy o f this data, they were 

com bined with other data m easured in this study separately and tested thus. The data were 

entered in a standard spreadsheet form at (using M icrosoft Excel for W indow s 98), in the 

colum nar fashion required by D ata Desk, and also saved as a W ks or WK-1 file for use in 

PC-O RD, with a specific format/layout. Generally specim ens were in rows and variables 

were in columns, although this is interchangeable if required. Examples o f the data 

form ats used are in Figure 6.4a and Appendix A3 in tables.

The data used in this study consisted m ostly o f quantitative data (continuous data), 

the variables which consist of such data being ZD, AD, IWT, ED, ET, Tt, IMD, Hht, LSD, 

and SSD. However there are also variables which consist o f qualitative data (counting 

data) in this study, those being Z l ,  Z2 and H/az. As much data as possible were gathered 

on all variables to allow meaningful tests to be carried out. However, not all specimens 

provided data on all variables, and consequently some variables have less data than others. 

As can be seen in the table of all data in Appendix A3, the most 'measurable' variables were 

AD and IW T, while IM D and SSD provided the least data. Consequently the data set has 

gaps, which are directly related to the nature o f  the specim ens m easured. This has 

unfortunate repercussions with regards to some bivariate tests and multivariate analyses, as 

discussed in the m ethods chapter, and the only solution available to the researcher is to 

limit the effects o f m issing data as much as possible. This was achieved by eliminating 

those variables and specimens that were severely ham pered by missing data from  tests that 

are affected by m issing data, and only carrying out univariate tests on them. Thus, as 

stated in the section entided 'm issing data and variables used' in the m ethods chapter, six
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variables were used for the bulk of statistical work; these were ZD, Z2, AD, IWT, Hht and 

H/az.

7.2.2 Univariate statistical results.

7.2.2.1 Simple graphical displays.

The first step in extracting information from a data set is to produce simple 

graphical displays. To produce these Data Desk version 3.0 was used. Each variable is 

represented by an icon, which can be highlighted to allow the plots menu to be utilised. 

Data D esk provides a plethora o f graphical display functions which can be rapidly 

produced and appraised, and was therefore chosen for this task. However export and 

display o f these graphs was not always trouble free due to their format. In this study it 

was found that bar charts, pie charts, linear plots and dot charts did not greatly aid data 

interpretation, as the am ount and type of information does not lend itself to these methods 

(the num ber o f 'cases ' being too high in all instances). The type o f results given by some 

of these m ethods are included in Figures 6.5 and 6.6 to illustrate this point. It was found 

that histogram s of the data were the m ost useful of the functions on offer. Taking the 

provisos about histogram s into account, (see methods), histogram s o f all the variables 

measured were produced. These may be found in Appendix A4. These provided an initial 

indication o f the 'shape' o f the data in each variable. During the course of data gathering, 

histogram s were produced of the data at regular intervals. It was found that as more 

specim ens were m easured and added to the data set the histogram s in m ost cases became 

more rounded (less jagged) and in the majority o f cases appeared to be approaching a 

Normal distribution. This is to be welcomed, because as the num ber o f specimens 

increases this hopefully provides a sample representative of the population, and data that 

are normally distributed are easier to interrogate, as stated in the normality section of 

Chapter 6.
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In order to define further/summarise the data, summary measures of the data were 

produced. These are presented and interpreted next.

1 .1 .2.1 Summary measures and graphical displays of summary measures.

The following summary measures were selected for each of the 12 variables 

measured (and for IMD); Mean, median, midrange, standard deviation, interquartile range, 

range, variance, minimum, maximum, skewness, kurtosis and biweight. The modality of 

the data was also appraised from histograms. These are essentially summaries about the 

location of the data and the spread of the data. The results, including graphs, are shown in 

Appendix A4, and the reader should refer to these in conjunction with the text. Data Desk 

offers all common summary measures, and produces a summary report, once told which 

measures are required. The export of this report is not always unadulterated, and must 

therefore be exported in picture form for inclusion in word processing. In the majority of 

instances, in this text, the results have been rounded to 2 places of the decimal point for 

clarity. The unrounded results are still present in Appendix A4. Where appropriate, 

reference is made to specific extreme examples (outliers) at either end of the range of 

values for each variable.

7.2.2.2.1 ZD, zoarial diameter.

ZD, zoarial diameter, when all data were tested (ZD all, see Appendix A4.1), 

totalling 309 cases, gives a sample mean of 5.76mm for all specimens of 

Stenophragmidium  measured. A sample median of 6.15mm was recorded and differs 

from the mean (though not greatly) due to the distribution of the data and the presence of 

extreme values at the upper end of the scale. It is still a relatively good approximation of 

the typical value of ZD, and their relative closeness points to symmetry in the data. The 

biweight measure of 5.80, being a robust measure of centre relatively unaffected by 

outliers, compares well with the mean. The data appears to be unimodal (with a slight 

argument for bimodality due to a secondary concentration around the 0.1mm mark). The
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smallest measured diameter was 0.575mm and the largest 16.00mm. The sample 

midrange of 8.29mm is therefore sizeably different from the sample mean. This is mostly 

caused by the tailing off of specimens recorded in the upper reaches of the range of values, 

which is reflected in the slight positive skewness of the data (also seen in the histogram) of 

0.38. The sample range of 15.425mm is therefore less of an accurate description of the 

spread than the interquartile range of 5.09mm, which is less affected by such extreme 

values. A sample standard deviation of 3.45 is also reflecting these extreme values. The 

reading of 16mm, at the maximum end of the scale, was checked, and transpired to be a 

particularly robust example of S. lobatum  (BZ 3529).

The range of ZD therefore, is grounded in reality, in that specimens were recorded 

with very variable zoarial diameters. This reflects the different colony types present in the 

genus Stenophragmidium. At the extremes we see encrusting varieties, usually relatively 

thin, such as S. incrustans, while at the opposite end of the scale large erect colonies of 

Stenophragmidium  were produced by species such as S. lobatum  and S. crassimuralis. A 

histogram and boxplot of these results are presented in Appendix A4.1 and A5.1. As ZD 

was to be used in later analyses, a sample mean of each specimen that was to be used was 

taken to represent the ZD value for that specimen, to be used in conjunction with sample 

means from the other five core variables. In total 47 sample means (ZD x, see Appendix 

A4.2) were entered and summarised. Interestingly the range was reduced by this process, 

and the sample mean, median and biweight results were all close to 6.1mm. The variability 

was similar to the ZD all data at a sample standard deviation of 3.82, ZD x being slightly 

more variable than ZD all. Positive skewness was also increased by the increase in 

number of specimens falling into the lower end of the scale. Generally, however, the 

results were comparable to ZD all, and the unfortunate exclusion of some specimens did 

not seem to alter overtly the relative properties of ZD, therefore ZD x was suitable for use 

in multivariable analyses. The effects of the exclusion of some specimens was one of the 

primary concerns in all of the six variables to be used later, and was therefore investigated 

for the other five variables also. As a variable of usefulness in taxonomic work, ZD could 

be argued to have too many non-genetic characteristics/influences. However, as will be
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illustrated, colony form, and therefore generally colony size, tends to nest according to 

species type. It was nonetheless decided to separately test the data set without ZD to 

monitor the results. This is dealt with were appropriate (see section 7.2.5.4.3.3).

1.2.22.2  Z l, the number of autozooecial apertures in Imm^.

Zl, the number of autozooecial apertures in Imm^, when all data were tested (Zl 

all, see Appendix A4.3), numbered 208 cases. It produces a sample mean of 11.05 

autozooecial apertures per Imm^ in the measured specimens of Stenophragmidium. The 

sample median of 9.75 is sizeably different from the mean, while the more robust biweight 

measure of 11.08 suggests that the sample mean is a better approximation of the location 

of the Zl data. The reason for the difference between the sample mean and the sample 

median lies in the distribution of the data as seen in the histogram and the presence of 

some extreme values at the upper end of the scale. The data appears to be unimodal. The 

smallest measured number of apertures recorded was 5, the largest being 29. This large 

range (24) is due to the notable variability in Stenophragmidium of autozooecial aperture 

diameter. The maximum measurement (29) is produced by a specimen thought to be S. 

midtitabulata originally described as Tabulipora serrata by Smyth (1922), GSI: F23641, 

a species/specimen notable for its small apertures in high concentrations. The smallest 

measurement of just 5 apertures belongs to a specimen of S. debilis (PS100/GWL188), 

which conversely is notable for its very large apertures and relatively thin walls. Due to 

these extremes the sample midrange value of 17 is unsuitable as an estimate for the 

location of the data. The data are positively skewed, with a value of 1.20, reflecting the 

long tail into higher values. As an estimation of spread, the interquartile range of 5.75 is 

preferable to the range as this thin upper tail no doubt adversely affects the range value as 

an estimate of spread. The sample standard deviation value of 4.37 reflects this broad 

range. It should be pointed out that a broad range value is by no means a disadvantage 

when later attempts to separate the specimens by morphological differences are attempted. 

If all the data were severely clustered in all variables, it would be more difficult to separate 

different entities. As a measure, Zl is interesting in that it clearly reveals the presence of a
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wide variety of autozooid diameters and dispositions (and by inference interapertural wall 

thickness also) present in the genus Stenophragmidium, reflecting differing polypide sizes 

during the life history of the genus. It is worthy of note, however, that the majority cluster 

around 11 per Imm^, a figure common in specimens of S. lobatum, S. crassimuralis and 

S. sparsitabulata. This may reflect the relative numbers of these species in the specimens 

measured, and their position as the 'average' morphological type found in the genus. 

Unfortunately Z1 did not prove to be a measurement recoverable in sufficient quantity and 

consistency from the specimens available to enable its inclusion in later tests that require 

complete data sets, and therefore it had to be eliminated from these further tests.

T.2.2.2.3 Z2, the number of autozooecial apertures in a straight line 2mm long.

72, the number of autozooecial apertures in a straight line 2mm long, parallel to the 

direction of growth, proved to be measurable in enough specimens to be included in all 

tests. In total 390 measurements were recorded (Z2 all, see Appendix A4.4), with a sample 

mean of 5.40, a sample median of 5 and a biweight of 5.40. The closeness of these results 

is due to the symmetrical distribution of the data, reflected in a skewness score of 0.32. A 

figure of 5 to 5.5 is therefore a good approximation of the number of apertures in a line 

2mm long in Stenophragmidium. The data are unimodal in distribution and appears close 

to normality in the histogram. The minimum score of 2 is a consequence of the relatively 

large apertures combined with thick interapertural walls to be found in specimens of S. 

crassimuralis. The maximum score of 11 reflects the species with very small apertures 

such as S. multitabulata (especially specimens originally described as Tabulipora [= 

Stenophragmidium] serrata by Smyth (1922)) which in certain cases also have relatively 

thin interapertural walls. The range (9) is due to the same factors at work (aperture size 

variability) as described in the section on Z l. The interquartile range of 3 reflects the fact 

of the majority of cases falling in a narrow band either side of the mean, this relatively 

small amount of spread reflected in a sample standard deviation of 1.65. As Z2 was to be 

used for later analysis, a new data set composed of specimen means (Z2 x, see Appendix 

A4.5) was constructed in the same manner as ZD x was produced. As each specimen had
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a result in each variable used, the number of cases is once again 47. The sample mean 

(5.71), sample median (5.83), sample midrange (5.91) and biweight of 5.72 compare well 

with each other for closeness, while being slightly larger than the results for 72  all. A 

sample standard deviation of 1.70 also compares well with 72  all. The histogram shows 

the Z2 X data to be slightly negatively skewed with a value of -0.17, and the range of the 

data have been reduced from 9 to 6.50. Taking these differences into account, the sample 

mean and sample standard deviation have not been grossly altered between Z2 all and Z2 

X, therefore the elimination of specimens unsuitable for inclusion in tests sensitive to 

missing data have not overtly altered the properties of Z2. Z2 as a measure of morphology 

is inextricably linked with both autozooecial aperture diameter/shape/disposition and 

interaperturai wall thickness, and, arguably, similar values can be reached from different 

proportions of each combining in different ways, and due to the depth of tangential section 

from which the measurements were taken. Cuffey (1967) states in relation to Tabulipora 

carbonaria that Z2 (defined in the same fashion as in this study) varies with location on 

the colony branch and with depth in section, presumably due to ontogenetic, astogenetic 

and microenvironmental affects on the colony. Obviously immature zooecia at a colony 

growing tip will have a higher Z2 than the larger more mature zooids further down the 

colony branch. In the case of this study therefore, every attempt was made to measure Z2 

from a constant depth of section and to avoid growth tips (which in any case are very rare 

in the specimens of Stenophragmidium  available for this study). Any similarities in Z2 

between species with differing combinations of AD and IWT can be accounted for in 

multivariate tests as both AD and IWT will be included in conjunction with Z2 in those 

cases.

7.2.2.2.4 AD, autozooecial aperture diameter.

AD, autozooecial aperture diameter, when all data were tested (AD all, see 

Appendix A4.6), totalling 475 cases, gives a sample mean of 0.26mm. The figure of 

0.26mm was noted to occur frequently even during the act of initial measurement of AD in 

the specimens available, and as such this sample mean agrees well with that observation.
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The sample median and biweight figures of 0.26mm suggest that the sample mean is an 

excellent approximation for the location of the data. The data are unimodal in distribution, 

as is clearly seen in the histogram. The midrange value of 0.33mm is due to the presence 

of a number of high values. The minimum value of 0 .11mm could be argued to represent 

an exilazooid as this figure is similar to some of the larger exilazooids observed in species 

of Stenophragmidiwn. However investigation reveals that this figure relates to a specimen 

of S. lobatum  which has unusually small autozooids, alongside individuals measuring up 

to 0.20mm. The maximum figure of 0.55mm refers to a relatively enormous autozooid in 

a specimen of S. debilis (PS71/GW L100). These zooids may well have had a dual 

function, such as feeding and brooding, or they may have been exhalant zooids used to 

expel waste (see Chapter 8). The data are slightly positively skewed (0.575), again due to 

these high end values, otherwise it approaches a Normal distribution. The sample standard 

deviation is no doubt reflecting an element of this variability also, at 0.07. The 

interquartile range, being less sensitive to extreme values, suggests that the bulk of 

autozooids in species of Stenophragmidium  fall between 0.26mm +/- 0.045mm. This is 

consistent with observations made during measurement.

As a crucial morphological component measurement of any bryozoan study, it is 

fortunate that AD was measurable to a degree where it was not only suitable for inclusion 

as a variable in later tests, but that it provided close to half a thousand cases for analysis. 

This provides a robust sample of the population for further analyses. To enable inclusion 

of AD with ZD x, Z2 x etc. a new data set, AD x, was created (see Appendix A4.7). A 

sample mean, median and biweight of 0.26mm is encouragingly similar to AD all, as is a 

sample standard deviation of 0.06. The reduced range of the data are reflected in the 

similarity of the midrange value to the mean, at 0.27mm. An added advantage of taking the 

means of specimens is that the unfortunate effects of extreme values are ameliorated 

considerably in the new data set. Although the histogram of the data are quite jagged, it 

can be argued that the data remains unimodal, and with a reduced skewness moment of 

0.12, is more symmetrically distributed around the sample mean (again an advantage of 

taking means as the new data set). Interestingly the interquartile range remains the same at
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0.09mm, confirming its robustness against extreme values. Autozooecial apertures in 

Stenophragmidium  are quite variable in shape, and so it could be argued that autozooecial 

diameter is a misnomer when dealing with non-circular/polygonal apertures, as opposed to 

circular apertures. To counter this the maximum diameter was the default measurement 

taken for AD. AD is also subject to differences within a colony due to depth of section, 

orientation of section and position on the colony branch. Thus, when measurements were 

made, as with Z1 andZ2, it was attempted at all times to choose apertures from a shallow 

section in the central section of the colony, or to measure diameter on the surface of the 

colony where possible. AD is by inference linked with interapertural wall thickness 

(FVVT), and these two in combination are powerful descriptive tools relating to both zooid 

and colony surface morphology. They should therefore be considered in conjunction 

when possible.

7.2.2.2.5 IWT, interapertural wall thickness.

IWT, interapertural wall thickness, was almost as measurable as AD, at 465 cases 

in total (IWT all, see Appendix A4.8). The average interapertural wall thickness in the 

specimens measured of Stenophragmidium  is 0.10mm, with a biweight of 0.10 also, a 

sample median of 0.09mm and a midrange o f 0.13mm, the difference between the latter 

and the sample mean being due to the distribution of the data, which is positively skewed 

at 0.48. The range is relatively large at 0.23mm. The smallest distance between two 

apertures was measured at 0.02mm, which is exceedingly thin. IWT figures of this nature 

are to be found in the aptly named S. debilis (PS100/GW L188) and amongst the small 

closely packed zooid rich specimens of S. multitabulata [especially specimens originally 

described as Tabulipora serrata by Smyth (1922)]. The other end of the scale, including 

the massive figure of 0.25mm, relate to the notably thick walled S. crassimuralis, (BZ 

3537) and the more robust examples of S. sparsitabulata  present in the data set. Once 

again these extreme values may be countered when estimating spread by reference to the 

interquartile range of 0.08mm, as opposed to the less definitive range of 0.23mm.
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Nevertheless a sample standard deviation of 0.05 is also useful in this regard. The data are 

slightly positively skewed, at 0.48, and appears to be unimodal.

IWT can be added to the multivariate test variables due to measurability criteria 

being fulfilled. IWT x (see A4.9) was produced in the standard manner already described. 

A cursory glance at the histogram from this data reveals some differences between it and 

IWT all, the most obvious being the reduced range and increased negativity in kurtosis (- 

1.00), with a wide central 'high' in the data distribution, as opposed to the more central 

peak and long tail in IWT all. Both the reduced range and change in position of the 

sample mean relate to this, but the exclusion of some elements from IWT x may also be 

responsible. However the sample mean (0.10), median (0.09) and biweight (0.10) 

compare well with IWT all as does the sample standard deviation at 0.05, with slight 

differences beyond 2 places of the decimal point. The interquartile range of 0.074 also 

seems acceptably close to that of IWT all. Therefore further use of IWT x as 

representative of the specimens of Stenophragmidiuni measured is not unreasonable. The 

sample mean of 0 .10mm is consistent with observations made during measurement, as was 

the sample mean of 0.26mm for AD, and most specimens of Stenophragmidium seem to 

have interapertural wall thicknesses in the region of 0.10mm +/- 0.035mm. As with IWT 

all the extremities at either end of the scale in IWT x are to be found in the thin walls of S. 

dehilis and the relatively thick walled S. crassimuralis (notably including those previously 

described as S. grandyense). The inclusion of these end members in IWT x is useful 

when later grouping statistics are performed.

7.Z.2.2.6 ED, exilazooid/heterozooid diameter.

ED, exilazooid/heterozooid diameter, was measured for all specimens that had 

exilazooids (ED all, see Appendix A4.10). The total number of cases that this provided 

was 206, with gives a sample mean of 0.10mm exilazooid diameter in the specimens of 

Stenophragmidium available for study. The 206 specimens measured come from a broad 

range both in age and in locality, and can thus be reasonably considered representative of 

the population in general. A sample median figure of 0.09mm, and a midrange figure of
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0.14mm differ from the sample mean due to the presence of a long tail of high values, 

which is also represented in the positive skewness figure of 1.22. The positive kurtosis 

figure (1.4774) reflects the peak and tail nature of the data, with a sharp concentration of 

specimens around 0.08-0.11mm in diameter. The biweight figure of 0.10 is a more robust 

measure (against extreme values) of the location of the data, and compares well with the 

sample mean. The data are unimodal, as can be seen clearly in the histogram of the data. 

The smallest measured diameter of 0.02mm obviously represents a very small zooid 

indeed. Upon investigation it transpired that these individuals are a constituent of a colony 

of S. debilis, (PS71/GWL100) which is curious as S. debilis has rather large autozooecial 

apertures in comparison. Species with small readings for AD generally have small 

readings for ED (such as S. multitabulata), but with S. debilis this is not the case. It is as 

a result of two or three large apertures with thin interapertural walls converging and leaving 

a small space between them that these apertures are produced, which are the exilazooids 

measured. These may have been zooids that acted as structural space fillers. The 

maximum figure of 0.25mm is found in a more straightforward case involving a robust 

example of S. crassimuralis, (GBr32) where the relativity of size is at play, the average 

figure for AD in that case being 0.37mm, therefore a figure of 0.25mm for ED is not as 

unusual as it may at first appear. The range of 0.23mm is nevertheless quite large, and 

perhaps a better estimate of spread would be the interquartile range of 0.05mm. The range 

should also be considered with a sample standard deviation of 0.04. The range is 

interesting in itself, however, as it relates to the variety of non-feeding zooid types to be 

found in colonies of Stenophragmidium. No doubt these different types had more than 

one function. Apart from the fact that ED is necessarily such a 'mixed bag', not all 

specimens (or indeed species) possess exilazooids or heterozooids. Therefore as a 

variable it had to be excluded from further missing data sensitive tests.

1.2.2.2.1 ET, exozone width.

ET, exozone width, was measured in all specimens in conjunction with Tt, 

endozone width. 311 cases were recorded (ET all, see Appendix A4.11), and these
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produce a sample mean of 1.12mm. While the biweight figure of 1.12 compares well to 

this, the sample median value of 1mm and especially the midrange value of 1.56mm are 

noticeably different. This is due to the large range of the data, nearly 3mm, and the 

skewness of the data, which are positively skewed at 0.83. The data appears to be 

unimodal. The differing colony growth types in Stenophragmidium  are represented in the 

range (2.93mm), variability (sample standard deviation of 0.64) and the minimum and 

maximum (i.e. end member) figures for ET. Those colonies with thin exozones, including 

the minimum thickness recorded (0.1mm) have very small ZD figures also. The exozone 

in these colonies (such as S. sp. from Malahide and S. wexfordensis from the Dresser 

1960 material, a thin erect form) often arises at an angle at the exozone/endozone 

boundary and continues to the surface at an angle. Thus the parallel distance between the 

exozone/endozone boundary and the surface may not necessarily reflect the length of the 

zooid, but does reflect the thickness of the wall from the exozone/endozone boundary to 

the surface. The opposite end of the scale is found in the robust S. crassimuralis, with a 

maximum value of 3.03mm, but more commonly around the 2.5mm mark, along with 

more gracile forms, which nevertheless have thick exozones, such as S. debilis, also with 

exozone thickness at around 0.25mm. The range is therefore firmly rooted in reality, but 

the majority of specimens fall within the interquartile range of 0.85mm. Exozone width 

can be affected by numerous factors. In the case of surface abrasion of a colony post 

mortem, the exozone width will obviously be affected. This can be countered by 

observation of the surface to account for surface features such as stylets etc., but this is not 

always ideal, as the surface may not have had much topography, or indeed many stylets, 

during life. The astogenetic stage of growth reached by the colony at the time of death will 

also affect the exozone width, as will position in the colony. However it was observed 

during measurement that if the epizoarium was crinkled or disturbed in any way that the 

deviation was accommodated mainly by the endozone, while the exozone would remain 

relatively constant in width. Exozone width is best recorded in deep (preferably bisecting) 

longitudinal section, and as such is limited in its measurability. ET has many gaps in the 

data set and as such was unsuitable for further work.
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7.2.2.2.8 Tt, endozone width.

Tt, endozone width, is always measurable if ET is, and as such they should be 

considered in conjunction. Unfortunately Tt was also excluded from  further work for the 

same m easurability problems, among other reasons, such as worries about the fact that 

crushing o f the endozone could have occurred to a colony after death and burial. The 

univariate results are nonetheless worth reporting (see Appendix A4.12). As may be 

expected, the num ber of cases for Tt equals that of ET, at 311, These produce a sample 

mean width for Tt o f 0.64m m. It was noted that rarely does the Tt width exceed that of 

ET. The data are very positively skewed (2.53) with high positive kurtosis (7.57), and this 

is reflected in the wildly differing scores (from  the sample mean) o f a midrange value of 

1.89mm and a sample median value o f 0.45mm. Once again the biweight score of 0.63 

seem s to support the sample mean as an estimate of the location of the data. The data are 

unimodal. The range o f 3.73mm, larger than that o f ET, is also directly related to the 

distribution o f the data, with several outliers beyond 1.95mm. The minimum Tt value of 

0.02m m  refers to a very small specim en of S. sp. from M alahide. The maximum value of 

3.75m m  refers to a large colony o f S. aff. sparsitabulata  from  Bundoran (PS239), which 

is thought to be a new species (see section 7.1). Tt seem s more plastic in its expression 

than ET. W hile ET tends to stay relatively constant in width, Tt will take up the variation 

in position o f the growth starting point, the epizoarium, more readily, m aking for more 

intracolony variability in Tt than ET. In this regard the estimate o f spread is liable to both 

intercolony and intracolony variations, and as such a sample standard deviation of 0.63 is a 

reasonable estimate o f spread, if used with the proviso that the interquartile range of 

0.5m m  is less susceptible to the high end extreme values. As an exercise in 

transform ation o f the data to elicit a more user friendly data set vis d vis normality, the 

highly skewed data o f Tt was transform ed according to the recom m endations in Figure 

6.8c. The log o f Tt (LTa) produces a symm etrically distributed data set, and as such, if Tt 

had been included for further tests, would have been more amenable to inclusion in 

multivariate analyses. Unfortunately, Tt, like Et, was not sufficiently m easurable for
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further use. The advantage of this, however, was that the variability due to epizoarium 

shape (due to bioimmuration, substrate shape etc.) in Tt did not have any consequences in 

the later analyses. Another source of variability was the inherent differences in Tt between 

encrusting, hollow erect and solid branch colonies. Obviously in a solid branch, Tt will be 

larger than in a branch that is hollow and erect. It was therefore decided to exclude Tt 

from further testing, apart from some comparative studies using ET only.

7.2.2.2.9 IMD, intermacular/intermonticular distance.

IMD, intermacular/intermonticular distance, a surface feature variable, proved to be 

highly immeasurable in the specimens of Stenophragmidium  available. As such only 28 

IMD measurements were recorded. This may be due to the fact that the majority of 

specimens were not intact colonies or tangential sections of sufficient size. As this figure 

is below that with which any reasonable statistical work can be carried out, it was not 

pursued to any length. However, for completion, the results of univariate tests on IMD are 

presented here and in Appendix A 4.13. The histogram of the data, although very jagged, 

displays a symmetry approaching normality. [While normality is dealt with more 

thoroughly for the other variables later, at this point a comment on the nscores graph for 

IMD is appropriate. Generally, IMD appears to be normally distributed, and the 

regression on the nscores appears to be a good fit.]. All location measurements cluster 

around the 3-3.2mm mark, and this is consistent with observations made during 

measurement. The range of 4.53mm is due to single measurements at 1mm and ~5mm, 

thus an interquartile range of 1.5mm seems more appropriate. With such a limited data 

set, not only is IMD not suitable for further analysis, but analysis of the data at hand can 

only be by definition cursory. It was therefore eliminated from further consideration.

7.2.2.2.10 H/az, or the number of hemiphragms per autozooecial tube.

H/az, or the number of hemiphragms per autozooecial tube, in the context of 

Stenophragmidium, in conjunction with Hht, is the senae qua non with regards to 

measured variables of the genus. Stenophragmidium  is primarily defined by its
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hemiphragms, and as such a variable related to these structures is important in 

distinguishing between species in the genus Stenophragmidium. It is therefore fortunate 

that H/az was sufficiently measurable to be included in all subsequent tests. All cases 

measured amounted to 296 (H/az all, see Appendix A4.14). These gave a sample mean of 

2.6 hemiphragms per autozooid in the specimens of Stenophragmidium that were 

measured. The biweight figure of 2.6 supports the sample mean as an estimate of the 

location of the data. However, due to the skewness of the data (positively skewed at 1.55), 

both the median and the especially the midrange results differ from the sample mean at 2 

and 5.5 respectively. The large range in values, 9, is firmly rooted in reality, with the 

smallest amount recorded being 1 (obviously) and the largest being 10. The figure of 1-2 

H/az is very common, as can be seen from the histogram. The peak around those values is 

reflected in the high positive kurtosis value of 2.265. This figure of 1-2 is usually 

consistent within a colony as well as among colonies of the same species, as demonstrated 

by many specimens of S. crassimuralis. The upper end of the scale, with figures of 8, 9 

and 10 hemiphragms, is least common, but is once again consistent within certain species, 

such as S. multitabulata, and especially specimens originally described as Tabulipora 

sernita by Smyth (1922). The mid ground of 3-5 hemiphragms is aptly represented in 

the type of the genus, S. lobatum. Due to the preponderance of H/az figures of ~2, it can 

be argued that an interquartile range of 2 is a useful estimate of the range of the majority 

of the data. However the specimens with figures of 5 and over are nonetheless important, 

as they represent several species, (e.g. S. debilis, S. multitabulata and S. sparsitabulata). 

Therefore the sample standard deviation of 1.88 is also a useful measure of spread, for 

different reasons. As H/az was to be included in further tests, a new data set, H/az x, 

consisting of the means of each specimen with a full compliment of the main six variables, 

was produced (see Appendix A4.15). Indeed, if a specimen lacked data on either H/az 

and/or Hht, it was invariably not suitable for further work. H/az x, numbering 47 cases, 

produced a mean value of 2.7, comparing well to that of H/az all. Once again, the biweight 

score concurred with the mean, at 2.7, but the median (2, the same as H/az all) and 

midrange (4.7) figures were once again affected by the shape of the data and their large
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range (somewhat reduced at 7.5, hence the reduction in the midrange figure). The 

histogram  is less jagged than that for H/az all, and the flattening of the data are reflected in 

the reduced kurtosis figure o f 1.42. How ever the data remain positively skewed at 1.41, a 

slight reduction from  that of H/az all. A  sample standard deviation of 1.86, while similar 

to H /az ail, is slightly less due to the elimination o f some of the extreme values due to the 

use of means rather than absolute values for H/az x. Generally, therefore, the two compare 

well, and the only m ajor problem  with using H/az x for further analysis relates to the 

distribution o f the data, which is dealt w'ith later by tests involving transformation of this 

variable.

The num ber of hem iphragm s per autozooid may be controlled by a num ber of 

factors. The length o f the tube itself, related to ET, Tt and ZD, within the colony, will 

affect the num ber o f hem iphragm s present. However, contrary to intuition, longer tubes, 

am ong  colonies, do not necessarily mean more hemiphragm s than that o f a short tube. 

This is illustrated by Stenophragm idium  sp. nov A (BZ 3528) and sp. nov. B (GBr33), 

which both have relatively long tubes with mostly singular hem iphragm s in each. Shorter 

autozooecial tubes, as in some specim ens o f S. lobatum, can have 2-3 or more 

hem iphragm s per tube. The num ber of hemiphragm s per tube can vary within a colony, 

but generally the average of the m easurem ents taken in the colony is representative of the 

specimen. In m oniliform  autozooids, the num ber o f monilae does not always relate to the 

H/az either, although there is often a relationship between monilae and hemiphragms. In 

the case o f S. sparsitabulata, the monilae are closely related to the presence of 

hem iphragm s, while in Stenophragm idium  sp. nov A and B, this is not the case. Both 

hem iphragm s and monilae, therefore, are not mutually exclusive, nor are they dependant on 

each other. H em iphragm s are generally at the endozone/exozone boundary and in the 

exozone. The depth of the exozone, however, like the tube length in general, is not a 

control. Gautier (1970), suggests that hem iphragm s are related to growth cycles, due to 

their association with 'annular thickenings'. The num ber of hem iphragm s, therefore, would 

seem  dependant on the growth stage of the organism at death. However the possibility of 

resorption in vivo may also affect the num ber present. W hile this could be cause for
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concern in an immature portion of the colony, the majority of specimens measured either 

did not contain growing tips or the H/az figure was taken from a mature section of the 

colony in order to counter such effects. There does seem to be a correlation between small 

AD and high H/az in specimens of S. multitabulata, however this relationship is reversed 

in specimens of S. debilis and S. sparsitabulata which have both large AD and high H/az. 

The number of hemiphragms per autozooid could therefore be subject to many factors. 

To attempt to isolate the dependant variable/s a number of bivariate tests were carried out, 

which are detailed later. It can be argued that there arc three distinct groupings of H/az in 

Stenophragmidium, those of few, medium and high numbers of hemiphragms per 

autozooid. While this is useful in distinguishing groups at a gross level, it is only in 

conjunction with other variables, not least hemiphragm height, that species may be 

discerned.

7.2.2.2.11 Hht, hemiphragm height.

Hht, hemiphragm height, was measured for all hemiphragms found in the 

specimens available. Hemiphragm height is constrained by AD, but not determined by it. 

In all (Hht all, see Appendix A4.16), 313 cases were recorded. These produced a sample 

mean of 0.09mm in height, and this is consistent with observations made during 

measurement. The biweight score of 0.09 and the median result of 0.09mm concur with 

the sample mean, whereas the midrange value of 0 .14mm is clearly affected by the extreme 

outliers at the high end of the scale. Therefore 0.09mm is a better approximation for the 

location of the data of Hht. The data appears to be unimodal. The shortest measured 

hemiphragm was just 0.02mm in height. This refers to a specimen of S. wexfordensis 

(from the Dresser material, TCD. 41729) from Hook Head. Other examples with small 

hemiphragms include certain specimens of S. crassimuralis (originally labelled as 5. 

grandyense) which have hemiphragms in the order of 0.03-0.05mm high. These small 

hemiphragms tend to be short thin stalks with bulbous tips. The maximum height 

recorded, and the species responsible for the high end extremities, is the ever unusual S. 

debilis. With its distinctive tall, thin, needle like hemiphragms, contained within relatively
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large autozooids, it is by far the owner of the highest hemiphragms in the specimens of 

Stenophragmidium  encountered in this study. The middle ground values (-0 .08-0 .11mm) 

are typically represented by specimens of S. sparsitabulata, S. multitabulata and 5. 

lobatum. These often have barb-shaped hemiphragms. It should be noted, however, that 

while hemiphragms within colonies tend to be similar in size and shape, this is not always 

the case (as can be seen in S. lobatum). The range of values, at 0.24mm, is obviously 

reflecting the above mentioned outliers. Therefore it seems reasonable to use the more 

robust interquartile range of 0.03mm when considering an estimate of spread (with added 

reference to the sample standard deviation of 0.034 which accommodates more 

information on extremities). The range of the data nonetheless reflects the wide range of 

hemiphragm morphology types present in the genus Stenophragmidium. The data are 

positively skewed at 1.2397, however if the upper tail is ignored, the data are arguably 

symmetrical about the main peak, taking into consideration the jaggedness of the 

histogram. The peak and tail distribution is reflected in the high positive kurtosis result of 

3.18. In order to fully utilise Hht, a new data set was constructed from the means of the 

core specimens, Hht x, to be used in conjunction with the other five variables, ZD, 72, AD, 

IWT and H/az. The histogram of this data is shown in Appendix A4.17. The 47 cases 

produced a mean of 0.09mm, a median of 0.09, a biweight o f 0.09 and a midrange of 

0.1mm. This compares well with the results from Hht all, and due to the reduction in 

range (a common feature of the x data sets) the midrange value is closer to that of the other 

three estimates of the location of the data than in Hht all. The interquartile range and the 

standard deviation have also remained essentially the same. The data are less skewed than 

Hht all, and this is reflected in the positive skewness result of 0.78. The data appears to be 

unimodal, and symmetrical about the mean. The minimum figure of 0 produced by Data 

Desk is as a result of the scale used, and the minimum is actually 0.02mm, which is from a 

specimen of S. wexfordensis (from the Dresser material, TCD. 41729) from Hook Head, 

and a specimen of S. sp. from Malahide from the Dresser material, TCD. 41734. There is 

no surprise in that the mean Hht of S. debilis remains at the maximum end of the scale, at 

0.20mm. As hemiphragms are the primary identifier of Stenophragmidium, Hht (with
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H/az), is a crucial variable in the study of the genus. As mentioned earlier, in cases where 

all other variables in several species are very similar, Hht and other information on 

hemiphragm morphology can prove to be a useful factor in species recognition when used 

in conjunction with other variables.

7.2.2.2.12 LSD, large stylet diameter.

LSD, large stylet diameter, (stylets are often referred to as megastylets or 

acanthostyles) was measured in all specimens that had tangential sections. Care was taken 

to measure from shallow sections only. In total 245 cases were recorded (LSD all, see 

Appendix A4.18), which produced a sample mean of 0.075mm. The sample median of 

0.07mm and the biweight figure of 0,074mm agree with the sample mean as an estimate of 

the location of the data. A midrange value of 0.10mm is different from the above due to 

the presence of outliers at the higher end of the range of values. The data appears to be 

unimodal in distribution. The smallest measured diameter was 0.04mm and the largest 

was 0.15mm, The specimens with the smallest cases are a specimen thought to be S. 

multitabulata (a specimen previously labelled as S. ramosum, LL2669), specimens from 

the Dresser (1960) material labelled as S. wexfordensis and some specimens thought to be 

S. crassimuralis (labelled as S. sp. from the Munro material). Specimens of S. 

multitabulata and to a lesser extent S. wexfordensis, having relatively small features in 

general, unsurprisingly possess such stylets. However, most stylets in S. multitabulata are 

-0 .07-0.09mm in diameter. The largest cases are found in specimens referred to S. aff. 

sparsitabulata (thought to be a new species from Tyrone, see section 7.1) and in S. debilis 

(again not surprising, considering its relatively large proportions in most respects). Other 

specimens with relatively large stylets are to be found amongst specimens of 5. lobatum 

(including one case of 0 .15mm), which possesses conspicuously large stylets. The mean 

value, however, of 0.07mm, does concur with observations made during measurement, with 

specimens of S. crassimuralis, S. multitabulata, S. sparsitabulata, S. incrustans, S. 

lobatum  and S. sp, from Malahide all possessing stylets of that diameter +/- 0.02mm. 

Therefore as an estimate of spread, rather than using the range of 0 .11mm, the interquartile
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range of 0.03mm seems more appropriate, combined with the sample standard deviation of 

0.02 if the extreme values (which nevertheless exist) are accounted for. The data are 

slightly positively skewed at 0.93, with positive kurtosis at 1.42 reflecting the peeik and tail 

nature of the data. As LSD can only be effectively measured in tangential section, and in 

shallow tangential section if depth variation is to be eliminated, it is not ideal as a variable 

dependant on having no missing cases. Unfortunately it would have necessitated the 

exclusion of many specimens which had already provided the necessary six variables of 

ZD, Z2, AD, r\VT, H/az and Hht, which were to be used in further analysis, if it had been 

included as a variable for use in such analyses. It was decided that the lesser of two evils 

was to include as many specimens as possible in these further analyses, and therefore 

LSD was eliminated from these tests. However it was nevertheless considered, were 

possible, in conjunction with the further tests. As a distinguishing feature, 'larger' and 

'smaller' stylets have often been cited as reasons for the erection of new species (as is often 

the case with some Russian and Chinese work, see Chapter 9 for examples). It is seen in 

the context of this study, however, after the examination of the material, not to be 

reasonable to erect new species on the basis of this singular reason alone. Variation within 

a colony is often greater than between colonies (often more than the interquartile range of 

0.03mm) of different species, and therefore LSD cannot be reasonably used as the sole 

distinguishing feature between species. The impact of the exclusion of LSD is therefore 

ameliorated.

7.2.2.2.13 SSD, small stylets diameter.

SSD, the diameter of small stylets, which have often been referred to as 'granules' 

(an appropriately visual descriptive term), heterostyles, tubercles and microstylets, were 

only measurable in tangential sections that were very shallow, as their structure does not 

descend far into the colony wall. They are also absent from many sections were they 

would be expected to be found, absent from some species altogether, and irregularly 

dispersed on the surface of colonies when they were present. As such their measurability 

was not suitable and the variable was excluded from further missing data tests and their
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presence or absence was all that was recorded in many specimens. However, due to their 

abundance when present, enough cases (80) were recorded from which a reasonable 

univariate statistical analysis could be constructed (see Appendix A4.19). A cursory 

glance at the histogram for the data shows a concise distribution of frequencies, at 

0.01mm, 0.02m and 0.3mm. The sample mean of 0.02 is exactly as expected from 

observations made during measurement, and indeed ~60% of all cases recorded were close 

to this figure, with -30%  at 0.03mm and -10%  at 0.01mm. The biweight and sample 

median figures (both 0.02) also concur with the sample mean as an estimate of the location 

of the data. The midrange value of 0.02 is obvious. The data could be described as 

unimodal, but this is arguable as there are only three measurements that occur, and 

therefore the possibility of bimodality (or indeed trimodality) could be argued. The 

minimum value of 0.01mm was present in specimens o f S. crassimuralis (especially 

specimens formerly described as S. grandyense). Both S. crassimuralis and S. 

multitabulata (which has stylets of average diameter of 0.02mm most commonly) possess 

the most conspicuous small stylets, often in large abundance on the interapertural walls, 

and occasionally in congregations at interapertural wall junctions. This is often 

immediately apparent, and is particularly distinctive in conjunction with the thick walls in 

S. crassimuralis. In the first univariate tests, it was noticed that two outliers existed at the 

high end if the scale, at 0.05 and 0.06mm diameter. These seemed to be measurements 

more appropriate for large stylets, and were therefore investigated. It transpired that they 

were not relatively large small stylets in association with larger stylets of the order of 

0.15mm, as may have been the case, but they were in fact cases erroneously included in the 

SSD data, as they were in fact large stylets. This illustrates one useful purpose of 

univariate tests in data analysis, that of data integrity investigation, and any errors such as 

that just described can soon be rectified. This was the only such case in the 

Stenophragmidium  data set. The SSD data are not very variable, and has a sample 

standard deviation of 0.006, and an interquartile range of 0.01 (which encompasses over 

75% of cases). Small stylets were only generally observed in S. crassimuralis and S.
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multitabulata and as such have no further use other than being a distinguishing feature of 

those species.

7.2.3 Modelling the data from Stenophragmidium.

To make predictions from data, specifically in this case about variables that 

describe Stenophragmidium, it is useful to use a model for the distribution of the data. As 

the Normal is the most commonly used model, the six main variables were intensively 

investigated to ascertain whether they displayed normality. Chapter 6 on methods dealt 

with the theoretical implications of the Normal and its desirability in statistical analyses, 

and in this next section those methods are applied to the six variables ZD, 72, AD, IWT, 

H/az and Hht of Stenophragmidium  which were to be used in all further tests. Data 

relating to the normality of the other variables are included in Appendix A4.

7.2.3.1 Normal probability plots and regression.

As the first step in testing whether the data in ZD, Z2, AD, IWT, H/az and Hht 

were approximately Normal in distribution, the execution of Normal probability plots of 

all variables was undertaken. Normal probability plots were performed using Data Desk 

ver. 3.0 and the results can be consulted in Appendix A4 . As mentioned above, normality, 

or the assumption of normality, is an integral part of many statistical techniques. The way 

that Data Desk produces Normal probability plots is first to sort the cases in a variable and 

beginning with the minimum value, and working its way to the maximum, it determines 

whether each case, if it were a sample from the standard Normal, is the value that is 

expected, at that point in the standard Normal distribution. The resulting plot graphs the 

actual observed values against the values expected when a Normal distribution is assumed. 

The observed values are plotted on the axis (i.e. those values recorded from the actual 

specimens of Stenophragmidium) with the expected values on the x  axis in each case. If 

the plot is a straight line or approaching a straight line, then the data are approaching the 

Normal or are almost Normal in distribution. The slope of the line, which is fitted to the
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data points, estimates the standard deviation of the variable in question. There are three 

main deviations from this scenario. The first of these is if the plot is S shaped, with the 

right and left ends pointing up and down. In this scenario the variable's distribution is 

longer tailed at either end than the Normal. The second of these deviations is if the plot is 

S shaped with the right and left ends pointing right and left. In this case the variables 

distribution is more short tailed than the Normal. The third instance occurs where one 

side of the plot deviates from the line. In this instance the variable has a skewed 

distribution. Data Desk provides for correlation of the variable under investigation against 

the Normal scores along with regression of the line fitted to the plot. These tools are also 

employed here to measure how similar the variable's distribution is to the Normal. As two 

variables are under investigation, i.e. the expected values and the observed values, and 

regression is investigating the relationship between these variables, there are elements of 

bivariate statistics in some of the following sections. However the majority of bivariate 

analyses that were carried out are dealt with separately. All plots and 

regression/correlation results (A4.20) can be found in Appendix A4 after the summary 

measure results for each variable.

7.2.3.1.1 Results for ZD x Normal probability plots.

The Normal probability plot for ZD x, with a fitted regression line (a function 

provided for with Data Desk), shows an almost linear relationship between the expected 

and observed values. The plotted points do not greatly deviate from the line except at the 

lower end, where the effects of the slight skewness in the data are apparent. This result 

was tested using a regression of ZD x on the nscores in the plot, the results of which 

include a Revalue of 96.5%. R^is also known as the coefficient of determination, and it is 

essentially a measure of the success of the regression in predicting j  from x  , in this case 

how closely the data resembles the Normal. It is derived by subtracting the residual sum 

of squares (RSS or SSR) from the total sum of squares (TSS or SST) and diving by the 

total sum of squares. If the plotted points deviate greatly from the line then the RSS value 

is large and this reduces the percentage success of the regression. Therefore a value of
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96.5%  suggests that the data in ZD x can be assum ed to be approaching the N orm al in 

distribution. A Pearson Product-M om ent correlation test was also carried out on the 

Norm al probability plot for ZD (and for the other five variables). A Pearson Product- 

M om ent correlation test tests whether a relationship between two variables is linear or not. 

Values can range between -1 and -i-l. A value close to 0 suggests that there is not a linear 

association between variables, but this does not necessarily mean that the two variables are 

not related, they may be related in some other way, such as a curvilinear relationship (see 

Figure 6 .!0  for an exam ple o f this). A value close to -1 or +1 m eans that the relationship 

between y and x is nearly a perfect linear relationship, with a negative or positive slope 

respectively. In the case of ZD x, a value of 0.982 was recorded. This result is consistent 

with the conclusion that the relationship between the observed and expected values is 

nearly linear (i.e. ZD x is nearly Normal in distribution).

7.2.3.1.2 Results for Z2 x Normal probability plots.

The Norm al probability plot for Z2 x displays some deviation in the points around 

the fitted regression line. However, the plotted points do follow the line in an essentially 

linear manner. The slightly S shaped disposition o f the points with the ends pointing up 

and down relates to the longer tails in Z2 x than the tails in the Norm al. The value for 

the success o f the regression (i.e. the closeness of the variable to the Normal in 

distribution) o f 96.1%  suggests that this variation about the line is minimal. This result 

suggests that the data in Z2 x can be assum ed to be approaching the Normal in 

distribution. In agreement with this was the Pearson Product-M om ent correlation test 

result o f  0.98, with suggests that the relationship is nearly linear, and therefore Z2 x is 

approaching the Norm al in distribution.

7.2.3.1.3 Results for AD x Normal probability plots.

The Norm al probability plot for AD x displays litde variation about the fitted 

regression line and seem s to be a very good fit. An result o f 98.7%  reflects the success 

o f the prediction o f  the observed values by the expected values. The Norm al therefore
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seem s an appropriate model for AD. A Pearson Product-M om ent correlation test result o f 

0.994 also suggests that AD is approaching the Norm al in distribution.

7.2.3.1.4 Results for IWT x Normal probability plots.

The Norm al probability plot for IW T x displays some variation about the fitted 

regression line and displays an S shaped plot with the right and left tails pointing right and 

left, which shows that the data in IW T are shorter tailed than the Norm al. Nevertheless an 

R2 result o f  95.1%  still suggests that IW'T is close in distribution to the Normal, as does 

the Pearson Product-M om ent correlation test result of 0.975 for the same reasons as 

stated above.

7.2.3.1.5 Results for H/az x Normal probability plots.

The Norm al probability plot for H/az x displays some deviation in the points 

around the fitted regression line, especially at the upper end o f the scale. This is no doubt 

due to the positive skewness o f the data at 1.41 and the kurtosis value o f 1.42. If the 

extreme values are removed, the middle section displays a greater degree of linearity. 

However, for the reasons explained in the summary measures section, these extreme values 

are retained. The value o f 86.8%, while still relatively respectable, is lower than the 

previous four results for ZD, Z2, A D  and IW T, and suggests that the data in H/az are less 

well predicted by the Normal. A Pearson Product-M om ent correlation test result o f 0.93 

is also less than the aforem entioned variables, but is still suggesting a high degree of 

linearity. Further tests involving transform ation of H/az are therefore essential when 

considering the degree o f normality in H/az. D egrees o f confidence are dealt with later 

were appropriate.

7.2.3.1.6 Results for Hht x Normal probability plots.

The Norm al probability plot for Hht displays some variation about the fitted 

regression line, and form s an S shaped plot with tails pointing up and down on the right 

and left ends of the plot. This show s that the data in Hht are longer tailed than the
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Normal. The result of 89.3% suggests that the regression is relatively successful, but 

not as successful as those of ZD, Z2, AD and IWT, and only moderately more successful 

than that of H/az. A Pearson Product-Moment correlation test result of 0.946 is showing 

a high degree of linearity of the same order as that displayed by H/az, but not as high as 

those found in ZD, 72, AD and IWT. It is of note that the variables relating to 

hemiphragms are both less well described by the Normal than the other for variables 

tested. This suggests that hemiphragms have some non-Normal characteristics in their 

distribution of height and numbers per autozooecium in the specimens of 

Stenophragmidium  measured. In the case of H/az, this is undoubtedly due to the 

concentration of values at the lower end of the scale and the resulting skewness in the data. 

This relates to the fact that the H/az group within Stenophragmidium  that have the lowest 

amount of hemiphragms present were the most commonly observed group. The many 

possible reasons for this were touched upon in the summary measures section on H/az. 

As stated there (Section 7.2.2.2.10) bivariate tests were carried out to ascertain is there was 

any relationship between increasing H/az and any other variable, and these are dealt with 

later. The question of why Hht differs in the relatively larger degree that it does from the 

Normal lies in the fact that hemiphragm height, while displaying a large range in 

Stenophragmidium, is mostly concentrated around a thin peak about the mean of means 

taken from the specimens measured. It is therefore more 'pinched' i.e. thinner about the 

mean, than the Normal, and has long thin tails relating to the extremities observed in the 

outlier/extreme cases such as S. crassimuralis and S. debilis.

7.2.3.1.7 Conclusion:

If the variables had displayed large deviations from the Normal, serious 

consideration would have to be given to transformations of the data as outlined in Figure 

6.8a. All six variables, however, display a sufficiently similar distribution to the Normal so 

that their further use in other tests, including immediate confidence interval tests and 

hypotheses tests dependant on the Normal, do not seem unreasonable. It is these tests 

which are dealt with in the following sections.
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7.2.3.2 Estimations of confidence.

In this section the results of the above sections are further refined by erecting 

confidence intervals for the six variables' summary measures (specifically the sample mean 

and sample standard deviation). In the Chapter 6 it was stated that true means and tme 

standard deviations of populations remain unknown, as is the case in most studies, 

including this one, and when the sample size is small (less than 30), the T distribution is 

used for constructing confidence intervals for the true mean. It was decided to use the T 

distribution in this study because, as previously stated, it is still symmetrical, it becomes 

more like the Normal with increased sample size and is the usual choice of distribution 

model for such tests. In this study the sample size in the case o f the main six variables 

was larger than the watershed figure of -3 0  at 47 cases, but caution was nevertheless 

exercised and the T distribution was used. In the case of the 'all' data, the sample size was 

sufficiently large to allow the z tables to be used, as the Central Limit Theorem (C.L.T.) 

allows this for large samples, the sample standard deviation is an acceptable estimate of the 

true value, and no assumptions need be made about the distribution of the data, in that 

case. The only exception to this was IMD which had a small sample size. Obviously with 

the large sample sizes, as in AD and IWT, the interval produced is of the highest quality, 

and vice versa, as in SSD. The results of these tests, for all variables, are presented in 

Appendix A6, and are essentially self explanatory as regards the range within which the 

true mean of each variable in the population of Stenophragmidium  is expected to fall (i.e. 

within two standard deviations +/- of the sample mean). Data Desk provides for 

estimation procedures through a series of easy to execute steps, and the standard 

confidence level of 95% was chosen for all variables. The important point is whether the 

sample means recorded for each variable can be assumed to be equal to the true mean. 

This is tested in the section on hypothesis testing which follows next. For the six main 

variables, 95% confidence intervals for the standard deviation were carried out using the 

chi squared distribution (x^) and these are also presented in Appendix A6.
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7.2.3.3 Hypotheses testing with Stenophragmidium data /  summary measures.

It transpired that the only question of interest at this point was whether the sample 

means produced by the six main variables were or were not equal to the true mean of the 

Stenophragmidium  population as a whole, i.e. the tme location of the data in each variable, 

which can never be actually observed, hence these analyses. Questions of convergence 

between the observed and expected spread about the mean in the population are of minimal 

importance, as we can use the Central Limit Theorem to assume that the sample values for 

spread are a good estimate of the true values in the population of Stenophragmidium. As 

in previous analyses, this was primarily aimed at establishing whether the data that had 

been gathered was of sufficient quality to a) describe the genus satisfactorily, and b) be 

used in further bivariate and multivariate tests. The analyses were carried out in Data 

Desk.

It was decided to test whether the sample mean was equal to the true mean at the a  

= 0.05 level of confidence. Obviously if we cannot reject Ho at 1% (99%), then less 

confident levels are superfluous. The null hypotheses (Ho) in each case is that the sample 

and true means are the same, i.e. the desired result, while the alternative is that they are 

different. In all cases the desired result was obtained, i.e. the null hypotheses was not 

rejected at a  = 0.05 and 0.025 levels of confidence. In a further test all six variables were 

compared to their 'parent population' of the 'all' variables, to see if the means, i.e. the two 

sets of data, were significantly different from each other and therefore the true population. 

This was a possibility as some specimens had to be eliminated due to missing data 

concerns. A pooled estimate of the true variance was used, and this test is known as a 

pooled t-test. The results are once again sufficiently encouraging, in that the null 

hypotheses (that the difference between the population mean in each case is 0) was not 

rejected even at a  = 0.05. Therefore this confirms that the ZD, Z2, AD, IWT, H/az and 

Hht 'x' data were not significantly different from that of the 'all' data, a conclusion reached 

earlier in the summary measures section. These results suggest that the data that have 

been used in this study are an accurate reflection of the population of Stenophragmidium.
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Armed with these confirmations, along with good evidence for normality in the 

variables to be used, further tests are therefore now possible. The results of all o f these 

hypotheses tests are in Appendix A7.

7.2.4 Bivariate statistics.

An investigation into possible relationships between variables under scrutiny in 

Stenophragmidium.

An analysis into the possible relationships between any two variables under 

investigation in this study is the subject of this section. As stated in Chapter 6 on 

methods, the first step is the production of scatterplots with all combinations of the six 

variables tested with each other. It could be argued that some of the six variables would 

not present pairs that could in any way be related, e.g. ZD and Hht, however it was decided 

to test all possibilities for the sake of thoroughness. These scatterplots were produced 

using the Plot: scatterplot function in Data Desk, and they are presented in Appendix A8. 

It became rapidly apparent that there were no linear relationships between any of the 

variables (with the possible exception of 72  and IWT). Essentially the majority of the 

scatterplots present a cloud of data points with no discernible pattern, except in cases 

where Hht is on the x axis. Here the plotted points appear to cluster in a zone vertically 

above the mean of 0.09mm, i. e. Hht is relatively similar across all variables (although even 

in these cases the scatter (variability) about the line/zone is sizeable). This pattern is just a 

reflection of the low variability of Hht in general. No curvi-linear relationships could be 

discerned in the plots either. This suggests that if there are any relationships between the 

variables, then they are not simple, and certainly not linear. It is more probable that there 

are no direct relationships between the variables. Regression analysis was performed on 

any plots that had even an outside chance of producing a successful regression, but as they 

were not successful in any case (bar one, Z2 vs. IWT)), with values in the order of - 

/+1%, they are not presented in this study. There are, however, other uses to which the 

scatterplots that were produced can be put, namely the investigation of clustering points to
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reveal discrete populations, and outliers may once again be examined. To this end each 

scatterplot was investigated, regardless of the fact that there was a lack of any immediate 

pattern in the majority of them. Unless otherwise stated, the variable names henceforth 

refer to the 'x' data. It should be pointed out at this stage that Data Desk does not produce 

labelled plots. They are appraised by means of highlighting points and tracing the value 

back to the original data source. In a later section (P.C.A.) scatterplots with labelling are 

presented (these generally illustrate many of the distributions shown in the following 

bivariate plots), which were produced using PC-ORD in the context of multivariate 

analysis.

7.2.4.1 ZD vs. Z2.

This scatterplot presents a classic 'datacloud'. There is a small cluster in the 

bottom right hand com er is the only point of interest. It represents a group of specimens 

that are relatively thin colonies with a high autozooid density/ small autozooid diameter. 

This group comprises several specimens of S. wexfordensis, which are notable for their 

thin erect colonies and small autozooids. S. sp. from Malahide is also present in this 

group. Another interesting cluster centres in the mid left of the graph. This comprises 5. 

crassimuralis and includes specimens not named by Munro (1912) and others labelled as 

5. grandyense. It was noted before any statistical work that specimens labelled as 5. 

grandyense looked remarkably similar to those described as S. crassimuralis by Lee. 

This cluster seems to agree with that observation. S. crassimuralis has a range of ZD 

values, and tends to have large autozooids, hence a low value for Z2. The extreme 

specimens are a specimen of S. multitabulata (originally labelled as S. serrata), and two 

specimens from Roscommon. These specimens have small zooids in an average sized 

colony and small zooids in large colonies respectively.

T.2.4.2 ZD vs. AD.

This plot presents a datacloud with no obvious trends. The slightly higher 

concentration of points in the lower bottom left hand corner of the plot represents S.

184



multitabulata (including specimens labelled as Tahulipora serrata). The group running 

along the bottom of the plot consists of S. wexfordensis and S. sp. from Malahide. These 

groups have small colonies and relatively small autozooids. The upper right hand comer 

of the plot is dominated by S. lobatum  and to a lesser extent S. crassimuralis. These 

specimens have large colonies and large autozooids. The extreme points at the top right 

hand comer of the plot are S. crassimuralis specimens (originally labelled as S. 

grandyense) that have large colonies and large autozooids.

7.2.4.3 ZD vs. IWT.

This plot shows that as x increases (IWT), so to does ZD, but the spread of values 

also increases, to form a distinctive 'horn' shaped cloud of plotted cases. As there is a 

large degree of scatter within the horn, not much can be said of this observation, only that 

in general terms colonies with robust walls seem to be robust in zoarium size also. This is 

certainly true of S. crassimuralis. The cluster of points in the bottom left hand comer of 

the plot (thin walls in small colonies) relate to the small colonies of S. wexfordensis and S. 

sp. from Malahide.

7.2.4.4 ZD vs. H/az.

This plot is once again a cloud of points, with a higher concentration in the lower 

H/az values, as they are more common. There are two clusters of interest, one in the 

bottom left hand corner of the plot (small colonies and few hemiphragms) and one 

midway on the ZD scale on the left hand side of the plot (average colonies with few 

hemiphragms). The first is the group of S. wexfordensis and S. sp. from Malahide, which 

seem to be forming a distinctive group at this stage, and the second is a group of S. 

lobatum  colonies with a couple of S. crassimuralis specimens. The extreme points in the 

bottom right hand side of the plot are specimens of S. multitabulata (originally specimens 

labelled as S. serrata). They have small colonies but many hemiphragms.
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7.2.4.5 ZD vs. Hht.

This plot, while showing no obvious trends of use apart from those discussed in 

the introduction to this section (i.e. a vertical trend above the mean of Hht), has many 

interesting features. S. debilis, the test inclusion of a specimen of Tabulipora (isolated by 

its differing diaphragm rather than hemiphragm information) and several groups are 

apparent in the plot. This is a welcome result as hemiphragms have been chosen as a 

crucial feature of Stenophragmidium, and this bodes well for species recognition. Both 

the S. debilis and the Tabulipora specimens are extreme outliers. The other outliers with 

5. debilis on the right hand side of the plot are a specimen of S. sparsitabulata and a 

specimen of S. crassimuralis. The rough groupings, in ascending order, are; a group 

containing S. incrustans and S. wexfordensislS. sp. from Malahide, a group consisting of 

S. multitabulata (including S. ramosum  and S. serrata) amongst others, a group 

dominated by S. lobatum, with some S. crassimuralis, a further group consisting of S. 

lobatum, and a group of four at the top of the plot which includes a specimen from Tyrone 

referred to S. sparsitabulata by Lee (1912) but thought to be a separate species prior to 

statistical analysis, and a specimen of S. crassimuralis (labelled as 5. grandyense). There 

is an element of crossover, and indeed the groups themselves are not clearly separated in 

the plot, therefore this appraisal of the plot is somewhat speculative.

7.2.4.6 Z2 vs. AD.

This plot is essentially another datacloud. There could be a possible relationship 

between the number of autozooids in 2mm and the diameter of those autozooids, but it is 

not linear or even curvi-linear, as is clear from this plot. This is disappointing as these two 

variables might be expected to have more of a relationship with each other than many of 

the other combinations of variables. The small group of three points in the bottom right 

hand corner is of interest as it consists of two specimens labelled as T  [5.] aff. 

crassimuralis and a specimen of S. crassimuralis that is typical of the species. The two
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specimens referred to S. crassimuralis (as S. aff. crassimuralis PS223 and PS 185) are 

usually somewhat separated from other specimens of S. crassimuralis.

7.2.4.7 Z2 vs. IWT.

This plot provides the only vaguely reasonable possibility of performing a 

successful regression and elucidating a predictable relationship between two variables, 

albeit the data are very variable. It can be seen from the plot with the fitted regression line 

that, in general terms, as interapertural wall thickness increases, the number of autozooids 

decreases in a straight line 2mm long. This is interesting in the light of the previous test, 

as it suggests that wall thickness has greater control on zooid density than autozooid 

diameter. The fact that Z2 decreases as IWT increases is not counter intuitive but it is 

somewhat surprising that the same does not hold for AD. To establish whether this 

perceived result holds up statistically, a regression analysis was carried out. The results of 

this are presented amongst the other scatterplots in Appendix A8. The best fit line was 

fitted to the plot using Data Desk. The scatter about the line is therefore minimised, i.e. 

this is least squares regression, but as can be appreciated from the plot it is sizeable. The 

most extreme values, in the bottom left hand comer, are the two specimens labelled as T 

[5.] aff. crassimuralis. The reason that there is -2 degrees of freedom is that this is 

unconstrained regression, i.e. the intercept was not at the origin, and had to be predicted. 

The value of 0.311 or 31% suggests that x (IWT) has been thirty percent successful in 

predicting y (Z2). This low score is no doubt related to the large scatter, especially the 

extreme values of the two specimens labelled as T [S]. aff crassimuralis . A plot of the 

residuals vs. the predicted values of y was therefore produced. They show an essentially 

normal distribution about a mean of 0 which is also seen in the nscores plot which has a 

R2 value of 95%. Therefore the variation not accounted for by the explanatory variable is 

distributed evenly and can be treated as 'noise', or variation not accounted for by the 

relationship. However at this point it is clear that the majority of points are either below or 

above the zero line on the plot and this is pointing to non-linearity. The two coefficients in 

the table can be used to give an equation for the rate of change of Z2 of Z2 = 7.6 - 19.9
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IWT. This essentially reiterates that as IWT increases Z2 will decrease. Another test to 

test if the regression was successful is the F statistic. As stated in the methods chapter, F 

is a ratio o f the Mean Square Regression divided by the Mean Square Error. The larger 

the MSR, the better the regression has been at explaining the relationship between the 

variables. The F ratio produced was 20.3. This is not particularly large, and this is not 

surprising as our R^ was not particularly large either (F and R^ are essentially the same 

thing in terms of regression), and the MSE was sizeable. In conclusion therefore, it seems 

unreasonable to conclude that a simple linear relationship exists between IW T and 72, but 

only to say that in very general terms specimens with low IWT will have a high Z2 value.

7.2.4.S 22 vs. H/az.

This plot, not unlike ZD vs. H/az, shows a higher concentration of points in the 

lower value area of H/az, as low amounts of hemiphragms are more common in 

Stenophragmidium. The plot is essentially a data cloud, however, with no apparent 

relationship between Z2 and H/az, and this is to be expected, as the two variables relate to 

two different aspects of a colony, i.e. the surface and the interior. A notable cluster of 

several points in the top left hand corner consists of the S. sp. from Malahide group and 

some S. lobatwn specimens. The extreme values at the high end of both variables are the 

thin walled S. debilis (high Z2) with high H/az and the 'S. serrata' (thought to be 

synonymous with S. multitabulata) specimens, which have high H/az and high Z2.

7.2.4.9 Z2 vs. Hht.

As with all Hht plots, Z2 vs. Hht shows points concentrated around the mean of 

Hht in a vertical zone of increasing Z2. The slightly higher concentration of points near 

the higher end of this zone is a mixed group of specimens dominated by S. lobaturn, 

which has an average Hht with a higher than average Z2 value. The extremities are a test 

specimen of Tabulipora in the bottom left hand comer discerned by its lack of 

hemiphragms and the curious S. debilis, once again very different from the general 

population of Stenophragmidium.
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Figure 7.9: AD vs. Hht.
In Chapter 7 and Appendix A8 results are presented that show that as AD increases, Hht ■■
generally does not increase accordingly. This may relate to a standard Hht needed for polypide 
function, beyond which the aperture may still increase in size, as shown diagram m atically below. '
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7.2.4.10 AD vs. IWT.

It was originally expected that AD and IWT would show a relationship of some 

sort, perhaps increasing AD and IWT would form a linear relationship, or indeed 

decreasing IWT would show an increase in AD. However, as the plot shows, no such 

relationship exists, in fact the plot is a total datacloud. The points are also very spread out 

throughout the plot. The only possible cluster is a v shaped cluster of five specimens in 

the upper left hand side of the graph, which consists of S. lobatum.

7.2.4.11 AD vs. H/az.

Like other plots with H/az, the points in this plot are concentrated at the lower end 

of H/az values. The concentration in this plot is very noticeable. This group consists of a 

very mixed group including S. wexfordensis (Dresser material) S. sparsitabulata, S. 

incrustans and S. lobatum as well as specimens from Roscommon, which is unsurprising 

as many different specimens have similar H/az values. The line of six points running 

along the base of the plot are a suite of specimens of S. multitabulata (including 

specimens of S. serrata) and a specimen similar to S. debilis from Bundoran, Co. Donegal 

(PS243). This probably reflects the range of possible H/az values to be found in single 

species/colonies, while maintaining a stable AJD.

7.2.4.12 AD vs. Hht.

It was originally expected to see a relationship between AD and Hht. It could be 

argued that as AD increased, Hht would be allowed the possibility of doing so also and 

would behave accordingly. However the picture that emerges from this plot is infinitely 

more complex than a simple linear relationship between the two variables with mutual 

increases. The test specimen of Tabulipora is once again isolated by its lack of 

hemiphragms. The rest of the points form an expanding 'horn' shaped cloud starting 

around the mean of Hht. This expands upwards and outwards to the extremity at the 

upper right hand comer that represents the eccentric S. debilis. In general terms, therefore.
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it can be said that as AD increases, more variability in Hht is observed, i.e. the potential for 

increases in Hht exists, but it does not always occur, and this variability is approximately 

symmetrical about the mean of Hht. Indeed, this shows that Hht may decrease with 

increased AD, as in S. crassimuralis, which apart from its strikingly thick, small stylet 

bedecked walls, was noticed to have relatively small hemiphragms in some relatively large 

autozooecial tubes (especially in certain specimens labelled as 5. grandyense, e.g. BZ 

3537). What this means for hemiphragm morphology in relation to autozooecial diameter, 

and by inference polypide morphology, in Stenophragmidium, is unclear. Perhaps the 

length/height of a hemiphragm need only be a certain length to function, even if chamber 

diameter increases (Wyse Jackson, pers. comm. 2000).

This would be controlled by the needs of the polypide and the use to which 

hemiphragms were put during the life of the autozooid, see Figure 7.9.

7.2.4.13 IWT vs. H/az.

It was not thought that these two variables would be related, and it appears that they 

are not. Once again the values are concentrated in the left hand side of the plot, as H/az is 

involved. The top left hand corner is occupied by S. crassimuralis (including specimens 

labelled as S. grandyense), while the extreme values in the bottom right hand corner are 

two specimens of S. serrata [multitabulata] and S. debilis.

7.2.4.14 IWT vs. Hht.

Once more this plot shows a vertical concentration zone above the Hht mean. 

Apart from this, there seems litde other similarity with the AD vs. Hht plot however, and 

similar conclusions cannot be drawn. Tabulipora is once more isolated over 0 Hht, and 

the ever different S. debilis is the extreme point in the bottom right hand comer. The 

tiering of groups found in ZD vs. Hht is not present in this plot either. There seems to be 

no discernible groups in this plot, and it does not seem intuitive to connect wall thickness 

with hemiphragm height.
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7.2.4.15 H/az vs. Hht.

Unsurprisingly, considering other plots involving H/az and Hht, there is a definite 

concentration of points in this plot around the lower values of H/az and the mean of Hht. 

This forms a triangular shape with a number of outliers apparent. These outliers are once 

again the isolated Tabulipora on the left, S. debilis on the extreme right, and a group of 

four at the mid top of the plot consisting of two specimens of S. multitabulata and two of 

T. (= S.) serrata [thought to be S. multitabulata]. Of the others, in can be said generally 

that as H/az increases, the variation in Hht decreases. It is once again interesting to note 

that this type of relationship involves Hht and a characteristic of autozooecial tubes (see 

also AD vs. Hht). It can be said tentatively that with increasing AD, Hht becomes more 

variable, while it becomes less variable with an increase in H/az. This could have 

suggested that specimens with big autozooids and few hemiphragms will exhibit most 

variability in hemiphragm height. However it was impossible to confirm this using 

bivariate tests, as more than two variables are involved. Indeed by highlighting the points 

in both plots of AD vs. Hht and H/az vs. Hht, a function provided in Data Desk, it was 

discovered that this was not the case, as points were not in similar areas of the 

'horn'/triangle in both plots. This sort of difficulty in obtaining clear pictures of possible 

inter dependability amongst variables, and group identification, is clearly pointing towards 

the need for multivariate tests.

7.2.4.16 Summary of results of bivariate tests, including an appraisal of groups 

discerned from bivariate plots.

While much information was extracted about Stenophragmidium  from the 

bivariate work carried out in this study, it was obvious from the plots that only outlier 

analysis and group recognition would form the majority of useful information, and the 

need to use more than two variables simultaneously in the identification of these groups 

became painfully apparent. In the general absence of any linear relationships between any 

of the variables used in this study, it must be assumed that they are essentially independent
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of each other, at least at the bivariate level. This is, however, useful in that it eliminates the 

danger o f codependance between variables which can adversely affect multivariate 

analysis. Nevertheless, some general trends were noticed, the three most important being 

those in Z2 vs. IWT, AD vs. Hht and H/az vs. Hht (see above). The most obvious things 

about the outliers observed is the constant presence of the exceptional S. debilis at the 

extremities of plots, usually at the higher end of the scales involved, and that the separation 

of the Tabulipora specimen on the basis of the absence of hemiphragms seems to be the 

best way of distinguishing the two genera. The other specimens and groups that at 

different stages were isolated as outliers can be said to be less consistently extreme across 

all variables. As for the species groupings seen in these plots, the following were the most 

commonly observed;

S. lobatum, including specimens unlabelied but similar in appearance to S. lobatuni, and 

some very badly damaged specimens from County Roscommon.

S. crassim uralis, including specimens of 5. grandyense and specimens not labelled as 

such in the Munro collection but similar in appearance to S. crassimuralis/grandyense. 

and in certain instances specimens attributed to T. [= 5.] crassimuralis by Lee (1912).

S. multitabulata, including specimens of T. [= S.] serrata and to a lesser degree 

specimens of S. ramosum.

S. wexfordensis material from Dresser (1960) including material from Malahide that was 

collected at the same time by Dresser. Curiously the type of S. wexfordensis does not 

always plot with this group. Sometimes S. incrustans is associated with this group.

The other specimens, (some perhaps solitary representatives of other species) are 

spread within and around these groups. The groupings observed do seem to agree with 

the results from decisions made prior to statistics (see above), but it is clear that to 

incorporate all information and correctly place each specimen in its respective group, all 

variables must be appraised simultaneously. To this end bivariate statistics was not 

unequivocal, and hence it was decided that to produce the best possible results and to 

investigate thoroughly the data in this study, multivariate statistics had to be employed.
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Nevertheless, all previous univariate and bivariate work was essential to this next step, and 

as stated earlier multivariate statistics cannot be attempted without these prior tests. The 

ultimate aim  in this study was to discern groups objectively to enable a generic revision of 

the genus, and this is the main thrust o f the following sections. It should be noted that 

summ ary statistics for species can therefore only be produced after decisions have been 

made using multivariate analyses, and these are therefore presented (after the relevant 

conclusions have been m ade) in Chapter 8 and Appendix A15.

7.2.5 Multivariate Statistics.

The m ajor advantages of using multivariate statistics in this work are that it is an 

objective way of grouping and relating the differing specimens, and all the variables used 

in this investigation can be interpreted simultaneously in graphical / statistical ways, which 

is a step further than anything possible with univariate and bivariate statistics alone. By 

considering each specim en as a separate entity, and com paring it with all other specimens, 

using the suite o f information provided in the variables as a singular point in morphospace, 

prediction of group m em bership and relationships can be elucidated, which is the ultimate 

aim  of this study.

7.2.5.1 Construction of data matrices.

Data m atrices were constructed for Data Desk version 3.0, SYSTAT version 5.2.1 

and PC -O R D  versions 3.0 and 4.0. In Data D esk the colum ns for each variable are 

related across rows in the order in which they are entered. W hen one case is highlighted 

in ZD, for example, the corresponding cases in all other variables for that specimen are 

also highlighted. D ue to the fact that m issing data would severely affect this matrix type, 

only specim ens with data for all six variables used could be examined, as was the case in 

the bivariate tests. Essentially, therefore. Data D esk 'constructs' a matrix as variables are 

entered. To include the desired variables in the matrix, their icon must be highlighted. The 

exclusion o f any variable is therefore a simple matter, and this was a distinct advantage of
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Data Desk in general, in that it allowed very rapid manipulation of the matrix during use. 

In the case of SYSTAT, a spreadsheet is provided into which data may be entered in the 

normal way. Rows or columns are optional when deciding where variables and specimens 

are placed. However, as with Data Desk, editing of the matrix cases was difficult. This, 

combined with other factors of plasticity, mitigated against its further use. It was found 

that the most plastic of matrix production and editing facilities provided was that of PC- 

ORD. PC-ORD is a program designed primarily for use with pollen datasets. A 

workshop in its use was attended during the course of this project and it was found to 

contain many features that were applicable to this project. PC-ORD version 3.0 for 

windows was subsequently acquired and utilised with great success. However when 

version 4.0 became available it was purchased as many features used in this study had 

been upgraded in that version, and it is this version which is described here. System 

requirements for PC-ORD 4 are as follows: Hardware required: 80486 or higher CPU, 8 

MB RAM and 6 MB of available hard disk space. Operating system; Windows, 95, 98, or 

NT. To this end a Gateway Pentium 1 PC with Windows NT was used. At the time of 

writing PC-ORD is unfortunately not available for the Macintosh. Data Desk and 

SYSTAT were much less demanding on computer power, and were operational on a 

Macintosh LC with attached Iomega Zip 100 MB drive. For PC-ORD, data were entered 

into a spreadsheet program capable of writing files in W K l format, such as Lotus 1-2-3, 

Excel and Quattro. In this study Microsoft Excel 5 4- versions were used. Specimens 

were entered as columns, with variables as rows, but this was usually reversed once 

imported into the program for ease of use. PC-ORD also allows the use of a second 

matrix. As recommended by the PC-ORD manual, taxonomic work is best accomplished 

by using the main matrix for the variables that have been measured that relate to the 

morphology of the individuals being examined. The second matrix is useful for the 

inclusion of information on classification of the individuals at other taxonomic levels or 

according to other authors (or indeed according to a priori subjective decisions on 

classification). At any one time the 'main matrix' is the subject of tests being carried out, 

and they can be changed using the 'file: switch matrix' function. An example o f how the
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data m ust be entered in Excel is provided in Appendix A3.1 and A3.2. W hile the rules for 

matrix construction in PC -O R D  are relatively strict, the editing possibilities, directly 

related to those of Excel, were by far the m ost superior o f the three program s used. PC- 

ORD can deal with Quantitative (Q), Categorical (C) and M ixed (M) data. As is shown in 

the sample m ain matrix in Figure 6.4a and Appendix A3.1 and A3.2, all data in this study 

are o f the 'Q' variety. 'Quantitative' in the context of PC-O RD  is defined as values that can 

be ranked in a linear sequence. W hile two of the six variables ai'e technically counting 

data and not continuous data (Z2 and H/az), in the context o f PC -O RD  they are 

quantitative, in that they can be ranked in a linear sequence. An example of Categorical 

data in the context o f PC -O R D  would be hemiphragm type, which has no single way of 

being ranked. Categorical variables can be overlaid onto results from the quantitative 

variables. PC -O R D  recom m ends that generally mixed variable matrices should be 

avoided, and they were not used in this study.

A table showing the abbreviations used in much of the following tests is found in 

Appendix A2.

7.2.5.2 Data screening prior to analysis.

At this point it is appropriate to return to the checklist o f tasks that must be 

com pleted prior to m ultivariate data analysis outlined in Chapter 6 that is recommended by 

Tabachnick and Fidell (1996);

1. Inspect univariate descriptive statistics for accuracy of input. Check for;

a. O ut-of-range values.

b. Plausible m eans and standard deviations.

c. Coefficient of variation (the SD divided by the mean) which shows 

if the variability o f interest is very small i.e. at 7 or more places o f the 

decim al point. The CV also has the advantage of being independent of 

the units used, as it is a ratio. If the variability is at 7 or more places of 

the decim al point, this information may be lost as some programs 

round off before this level.
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d. Univariate outliers.

2. Evaluate amount and distribution of missing data; deal with problem.

3. Check pairwise plots for nonlinearity and heteroscedasticity.

4. Identify and deal with non normal variables.

a. Check skewness and kurtosis, probability plots.

b. Transform variables (if desirable).

c. Check results of transformation.

5. Identify and deal with multivariate outliers.

a. Variables causing multivariate outliers

b. Description of multivariate outliers

6. Evaluate variables for multicollinearity and singularity.

Tasks 1, 2, 3 and 4 have been almost completed in the univariate and bivariate sections, and 

it is now obvious how essential this groundwork is to multivariate analysis. The elements 

not explicitly dealt with heretofore are those of the CV values (Ic) and heteroscedasity(3), 

and to a lesser degree transformation(4c). Outliers (5) and multicollinearity/singularity (6) 

are then addressed.

7.2.5.2.1 The coefficient of variation.

The coefficient of variation (CV) is a measure of variability independent of the 

units used. As four variables were measured in millimetres (ZD, AD, IWT and Hht) and 

two were measured as counting data (Z2 and H/az), it is now appropriate to compare the 

CV scores for all six variables. These are produced by dividing the sample standard 

deviation by the sample mean. The results are as follows;

ZD ; (3.8189/6.1074) = 0.625 

Z2; (1.6996/5.7122) = 0.298 

AD : (0.06068/0.26496) = 0.229 

IWT ; (0.04763/0.09529) = 0.500 

H/az : (1.8554/2.7326) = 0.679 

H h t ; (0.03184/0.0912) = 0.349
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The coefficient o f variation is useful as a check to see if the information on 

variability is on the relatively small scale, at about 0.0001 or less. If this is the case, 

Tabachnick and Fidell (1996) warn that program s will often not account for variation in 

the variable as they may round off the score and hence lose the information on variability, 

and correlation with other variables will be falsely low. As can be seen from  the results 

above, this is not a cause for concern here. W hat can be said using the CV ratios is that 

there are differences in the variability between the different variables. The most variable 

variable is H/az at 0.625 and continuing on down via ZD, IWT, H ht and Z2 to the least 

variable variable AD at 0.229.

7.2.5.2.2 Heteroscedasity.

Heteroscedasity, as stated in the m ethods chapter, is when one o f two or more 

variables is not normally distributed. Norm ality has been dealt with above, and while the 

variables under investigation are not perfectly normal in distribution, the Norm al was 

found to be a good model for the data. Suffice to say that the only variable o f  possible 

concern, H/az, is accounted for in the next section on transform ations. As m entioned in 

Chapter 6, point six, that o f multicolinearity and singularity, did not arise in this study. 

This is obvious from  the lack o f any linear relationships which was illustrated in the 

bivariate analysis section above.

7.2.5.2.3 Standardisations, transformations and reiativisations.

PC -O RD  offers m any data modification techniques. It allows power, logarithmic, 

arcsine and arcsine square root transform ations, on single or all colum ns in the data 

matrix. Before m ost analyses the matrix was transposed to place the variables for 

Stenophragrnidium  as the colum ns.

Log transform ations are recom m ended by Tabachnick and Fidell (1996) for highly 

skewed data. The variable with the highest skewness, H/az, was thus transform ed in this 

m anner and the resulting matrix including the transform ed variable was one o f those used
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in tests. A pow er transform ation resulting in the square root o f H/az being produced was 

also considered, but the kurtosis o f H/az is better suited to log transform ation (if at all) 

rather than the less excessive square root transformation.

The non-standardised matrix o f all variables, simply transposed, was the second 

matrix used in tests. This matrix was favoured as results from testing with it were 

arguably the m ost realistic in terms o f specimen groupings. This was illustrated, for 

example, by the com m on isolation at the fringe of Stenophragm idium  morphospace, o f S. 

debilis when this matrix was used. Nevertheless a relativisation was also carried out.

The third matrix used was that o f a general relativised m atrix. PC -O RD  also 

offers relativisation by maximum, adjustment to mean, standard deviate, binary with respect 

to mean, rank adjustment, binary with respect to median, variates by ubiquity in 

rows/colum ns and information function of ubiquity. The use of general relativisation is by 

rows or colum ns. It is a good way of decreasing the effect o f outliers (but as already 

noted the identification and inclusion of outliers has already proven useful in isolating 

specim ens that appear to be species recognised a priori). W ith /?=2, the matrix is 

'standardised by the norm ’ (M cCune and M efford, 1999). It also is the Euclidean 

equivalent of relativisation by row or colum n totals. It is the only suitable relativisation for 

the data m atrix in this study, many of the others relate to ecological tests and/or categorical 

data. The equation for general relativisation follows.

I f p = l ,  relativisation is by row or column totals. This is applicable if the use o f a 

distance m easure such as the S0rensen coefficient is desired. In this work p=2  is the 

setting as this is the Euclidean equivalent o f relativisation by row or colum n totals (see 

M cCune and M efford, 1999).

These three matrices were the main matrices used in tests. Details o f others are 

provided were appropriate.
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7.2.S.2.4 Outliers.

Univariate and bivariate outliers were discussed in the appropriate sections above. 

Multivariate outliers (point 5 on the checklist) are therefore the subject of this section. 

PC-ORD provides an effective function for measuring multivariate outliers. As with 

univariate and bivariate outliers, multivariate outliers should always be sought and 

appraised when conducting analyses. This analysis was performed first on a non

standardised/relativised matrix and then on transformed variable/relativised matrices. The 

method whereby PC-ORD identifies outliers in the data is by requesting a distance 

measure (in this case Euclidean distance was chosen), and then calculating the average 

distance of each entity (i.e. specimen of Stenophragmidium) from every other specimen. 

A frequency distribution of these distances is provided and outliers are noted according to 

the criteria set prior to analysis. In the case of specimens, outliers were defined as entities 

beyond two and three standard deviations from the mean, and for inspection variables were 

also analysed up to two standard deviations from the mean. The results from these 

analyses are presented in Appendix A9. As the primary aim of this work is to identify 

differing groups, it was decided to include any outliers as part of the solution.

7.2.5.2.4.1 Non standardised matrix.

At two standard deviations from the mean, two specimens are isolated from the 

majority of others. These are BZ3537, a specimen of S. crassimuralis (Lee, 1912), 

originally S. grandyense (Munro, 1912), and a specimen from Co. Tyrone (PS233) that 

Lee (1912) tentatively ascribed to 5. sparsitabulata, but which was identified in this work 

a priori as being a possible separate species. The reasons for the isolation of the 

specimen of S. crassimuralis (2.6 standard deviations from the mean) may relate to the 

large apertures present combined with small Hht and low H/az. It is also a rather robust 

colony in both size and wall thickness. The specimen from Tyrone (2 standard deviations 

from the mean) is visually striking in that it sports a similar tangential aspect to S. 

crassimuralis but has distinct moniliform walls in longitudinal section. Other specimens
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are less surprisingly at the edge of the morphometric multidimensional cloud, albeit within 

two standard deviations from the mean. These are S. debilis and two specimens thought to 

be S. multitabulata (originally 'S. serrata'). It has been noted above that these specimens 

often plotted at the extremities of bivariate plots also.

At three standard deviations from the mean, no specimens were recognised as 

outliers.

At two standard deviations from the mean, no variables were recognised as being 

outliers. This was a final test of the data within each variable, in that any severe disruption 

such as erroneous data entry from Data Desk to PC-ORD could be identified in this 

manner. Unsurprisingly, ZD emerges as the variable furthest from the mean, as colony 

dimensions are often tens of times relatively more variable than that of features measured 

in the colony. The issue of measurements and numbers of articles being mixed in the 

same matrix could be one of concern, and therefore the above tests were also carried out 

after transformations and relativisations.

7.2.S.2.4.2 H/az log transformed matrix.

With the matrix in which H/az has been transformed by log transformation to 

ameliorate any effects from skewness, the same three tests for outliers were carried out. 

The results are very similar in some ways to that of the non-standardised matrix outlier 

analysis, and different in others.

At two standard deviations from the mean, there are two specimens recognised as 

outliers, the same as in the non standardised matrix outlier analysis, i.e. a specimen of S. 

crassimuralis (originally S. grandyense BZ 3537) and a specimen from Co. Tyrone 

(PS233), Ireland, that Lee had tentatively ascribed to S. sparsitabulata, but which was 

identified in this work a priori as being a possible separate species (interestingly however, 

the next specimen in line to this specimen from Tyrone was S. sparsitabulata). This 

shows that a transformation of H/az does not remove the presence of these outliers. It 

seems reasonable that ZD, as was seen in the outlier tests above, is responsible for the 

most variation, but as with all multivariate tests it is a combination of factors which
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contribute to a specim ens' position. The question of which variable causes the m ost 

variablity is dealt with later in P.C.A. It is in the centre of the data that differences are 

apparent between the H/az log transform ed matrix and the non standardised matrix. 5. 

debilis  and specim ens o f S. multitabulata  (mainly S. serrata) are present close to the mean 

of the datapoints, while they were near to the outliers in the non standardised matrix outlier 

analysis. The removal of the weighting o f the effect of the num ber o f hem iphragm s is 

probably responsible for this. In the context of Stenophragm idium , this is perhaps 

undesirable. Indeed, although a typically representative specimen o f Stenophragm idium , a 

specim en of S. lobatum, is at the closest point to the mean at just 0 .02 standard deviations 

from  the mean, as has already been confirmed, S. debilis and S. multitabulata  were 

usefully identified as outliers because of the num ber of hem iphragm s they possess. 

N evertheless it was decided to retain this matrix to compare results from  it with other 

matrices, in the context o f outlier effect amelioration. As with the non standardised matrix 

outlier analysis, no outliers were recorded beyond three standard deviations from the 

mean.

The results from  the variable analysis o f outliers at two standard deviations from 

the m ean are very similar to that o f the non standardised matrix outlier analysis, except for 

the obvious shift in the distance o f H/az from the mean. In the non standardised matrix 

outlier analysis, it is 0.25 standard deviations from the grand mean, while in the log 

transform ed state it is 0.63 standard deviations from  the grand mean This is a direct result 

o f the log transform ation performed. The interesting point to note, however, is that this 

transform ation has brought H/az into line with IW T, Hht and AD which are all in the same 

vicinity of 0.63-6 standard deviations from  the grand mean. In the non standardised 

matrix, H/az was separated by -0 .5  o f a standard deviation from these variables. Its 

distance from  these other variables as a variable with higher variablity (which is generally 

decreased by log transform ation) is perhaps more desirable than hom ogenising it with 

these variables, but this is a matter for P.C.A., i.e. a question o f variablity within and 

between variables and the effects they have and not the concern of outlier analysis.
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7.2.5.2.4.3 General relativisation matrix.

The generally relativised matrix outlier analysis was carried out in the same way as 

the other two matrices. With variables analysis at two standard deviations from the mean, 

the results are very similar for those of the non standardised matrix analysis, with a slight 

decrease in the distance of ZD from the mean, and a slight increase in the distance of 21 

from the mean, which brings these two variables closer together.

At a cut-off point of two standard deviations from the mean, no outliers were 

detected. The most extreme cases are those thought to be 5. multitabulata (5. serrata) and 

S. sp. from Malahide in the region of 1.4 to 1.8 standard deviations from the mean. The 

most central entity is a specimen of S. sparsitabulata. In very general terms, the groups 

seen close together in the list of standard deviations from the mean are similar in both 

cases (the generally relativised matrix and the non standardised matrix), even if many are 

in different locations. However group membership is better appraised by other methods.

7.2.5.3 Principal Components Analysis.

One of the aims of this study, apart from applying statistical analysis to 

Stenophragmidium  in a useful way, is to provide a blueprint for analysis with any (but 

especially palaeontological) multivariate data set. As data are very expensive to acquire in 

terms of both time and money, it is desirable to investigate whether certain variables 

account for the majority of variablity in a data set, and therefore whether variables which 

do not contribute significantly to the analysis can be eliminated from future consideration. 

This has the major advantage of decreasing the amount of resources spent on data 

gathering and variable/dataset analysis. It is therefore always a good idea to conduct a 

Principal Components Analysis on a data set before further multivariate analysis is 

performed. Additionally, P.C.A. is also useful in assigning group membership to 

specimens (see Chapter 6 on methods), as scatterplots on the principal axes from the 

P.C.A. can show clusters/suites of specimens that may relate to species.

Principal Components Analysis is a technique applied to a set of variables, in this 

case the six variables being used here to investigate Stenophragmidium, where the main
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object of the exercise is to discover which variables are responsible for the majority of 

variation in the data set. The results from P.C.A. are often displayed graphically, and as 

many variables are often reduced to two or three, this can be a good way of viewing 

multivariate data. Different programs offer different ways of viewing the results from a 

P.C.A.

If the specimen data points in Stenophragmidium  morphospace are viewed as a 

cloud in multidimensional space, and this cloud has a 'centre of gravity' (Velleman, 1988) 

or central node, then the principal components, called principal axes, all pass through this 

central node (the point whose co-ordinates are the means of all the data variables), and are 

at right angles to each other, as in an X, Y, Z plot of the standard axes. The first principal 

axis is defined as the axis that points in the direction of greatest variability in the cloud of 

points displayed (in the plot), i.e. if a line is drawn through the centre of the cloud and 

each point is projected perpendicularly onto the line, the variance of these projected values 

can be computed, and the first principal axis is the line (axis) through the means along 

which the variance of the projections is greatest. An illustration of this is shown in Figure 

6.12. The next axis of importance, the second component, is perpendicular to the first, and 

the third by definition is determined as it is perpendicular to the first and second axes. 

Eigenvalues, the variances of the projections of the points along each of the principal axes, 

are the values of interest. The results from the P.C.A.s are presented next and in 

Appendix AlO. P.C.A. performs a large part of 'Step 2' i.e. character/variable assessment 

of analysis as outlined at the beginning of this chapter.

7.2.5.3.1 Data Desk Results.

The results from DataDesk for P.C.A. were so similar to those of PC-ORD that it 

was deemed unnecessary to analyse the DataDesk results separately from the PC-ORD 

section. The slight differences seen were undoubtedly due to the test inclusion of some 

badly damaged and context-free specimens from Roscommon which were eliminated from 

further tests for the above reasons. The covariance results are not discussed for reasons 

given shortly. The fact that the overall results were so similar between the two P.C.A.s for

204



correlation was however reassuring. For completeness the results are present in Appendix 

AlO.I, with a summary table (A10.2) for the principal axes' relationship to variables 

attached, which can be readily compared with that for PC-ORD in the same table. 

Unfortunately the 3D capabilities of plot rotation in DataDesk do not translate to 2D 

presentation, and therefore cannot be included here, but this facility was used extensively 

in the initial analyses, and it proved very useful in visualising the principal axes.

7.2.S.3.2 PC-ORD Results.

The results from these tests are presented in Appendix A 10.3. These include the 

cross-products matrix, a table of variance extracted from the first 6 axes, a table showing 

the first 6 eigenvectors, and for completeness a table containing the 'location' (co

ordinates) of each specimen . In the methods chapter, the three types of cross-products 

matrix available were oudined. Also present, in Appendix A 10.4, is a scatterplot for each 

pair of the first three principal axes (i.e. 1+2, 1+3 and 2+3), with all specimens and 

variables plotted and labelled (for explanation of abbreviations see Appendix A2), and a 

scatterplot for each pair of the first three principal axes, for each variable, with all 

specimens plotted. While these do not possess the visual ease of the 3D plots produced in 

DataDesk (which did not however label the specimens), they are nonetheless very 

informative. To analyse each in detail here would only repeat results from the earlier 

bivariate tests and the cluster analyses below. However the reader is advised to view these 

plots in conjunction with the P.C.A. results. Suffice to say that many groups and outliers 

identified both earlier and below are clearly discernible in these scatterplots. In Figure 

7.10 the PC-ORD P.C.A. interface is shown.
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It was decided to use only the correlation cross products matrix method (i.e. the 

one that is centred and standardised). This was to ameliorate any possible deficiencies in 

the data vis multivariate normality and variables not having linear relationships, as the type 

of data best suited to P.C.A. are data that have approximate multivariate normality and 

variables that have linear relationships / multicolinearity (Tabachnick and Liddel, 1996). 

Hence only the 'raw' data matrix, known as the non-standardised matrix in subsequent 

cluster analyses sections, was used, as it becomes standardised during this test.

7.2.5.3.2.1 Variance extracted, first 6 axes.

As mentioned in the methods chapter, the ideal situation in any P.C.A. is when the 

first axis accounts for -95%  of the variation in the data set. This situation unfortunately 

does not arise with the Stenophragmidium  data set. This is by no means exceptional, 

indeed Tabachnick and Fidell (1996) refer to the type of result seen here as being typical 

of the 'real' world, and therefore it is not a major cause for concern. If the table of variance 

extracted for the first 6 axes is viewed in Appendix A 10.3, it can be seen that the first axis 

only accounts for -35%  of the variation. It is not until the fifth axis that the cumulative 

variance amounts to 95%. This is a clear indication that probably all of the variables used 

in this study have a role to play in describing variation within the genus 

Stenophragmidium, and hence ultimately in species recognition. This also indicates a lack 

of covariation between variables. This is in some way a welcome result, as it means that a) 

valuable time was not wasted in collecting the data for the six variables used and b) all six 

variables should contribute to distinguishing species. However on the minus side the use 

of six variables can cause more complications with several possible group assignments 

possible for certain specimens, depending on the weighting of each variable. Within the 

table a broken-stick eigenvalue is provided. As stated by McCune and Mefford (1999), 

should this value not exceed the actual eigenvalue recorded, then the axis / axes in question 

contain more information than expected and are worthy of further consideration. In the 

case of the Stenophragmidium  data, there are three such axes; 3, 4 and 6, which actually
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account for -37%  of the total variance, more than the first principal axis (-36% ). These 

axes are examined fully below.

7.2.5.3.2.2 Eigenvector results.

These eigenvectors, again shown in Appendix A 10.3 in a table, can be seen as an 

ordered set of co-ordinates on the original axes of the Stenophragmidium  data. An 

imaginary line drawn from the central node (i.e. the origin, as the matrix has been 

standardised), to the point denoted by these co-ordinates is in effect denoting the 

corresponding principal axis. Eigenvectors therefore are the road map, in 

Stenophragmidium  morphospace, of the orientation and position of the principal axes in 

the datacloud.

If the values given for each variable are compared for each eigenvector, the 

variables' contribution to that vector can be assessed, i.e. their contribution to the principal 

axes. In this way the variables and combinations of variables (supervariables) responsible 

for the most variation in the data set as a whole can be identified. Here the first six axes 

are assessed, but particular attention should be paid to those identified above as being of 

particular interest (3, 4 and 6). For axis read vector and vice versa.

7.2.5.3.2.2.1 Axis 1

This axis is dominated by the effects, in decreasing order, of IWT, ZD, Z2 and to a 

lesser extent AD, H/az and Hht. It is therefore dominated by features seen on the zoarial 

surface (Z2 and IWT) and the zoarial diameter (ZD) itself. This is perhaps to be expected 

(and was according to the broken-stick eigenvalue), as they were very variable, e.g. a range 

of 14mm for ZD and a range from 0.03 to 0.19mm for IWT. This axis is therefore a 

surface feature axis.
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7.2.5.3.2.2.2 Axis 2

The second axis is dominated by the effects, in decreasing order, of AD, Hht and 

IWT, and to a lesser extent H/az, Z2 and ZD. It is thus dominated by features associated 

with the zooids in the specimens. Interestingly IWT is once again present in the top three 

variables, suggesting that it is a potentially powerfully useful variable for discriminating 

differences. AD and Hht are however the core variables that rule this axis. The axis can 

be thought of as a zooid feature axis. The importance of Hht is to be welcomed, as 

hemiphragms have already been defined here as a central feature in identifying the genus 

Stenophragmidium  itself, and further discrimination intragenerically based on a feature so 

important in the definition of the genus is desirable.

7.2.5.3.2.2.3 Axis 3

Axis 3, the first identified by the analysis as being of particular interest, is also a 

zooid feature axis, more particularly a hemiphragm axis, as it is totally dominated by Hht, 

Z2 and H/az. This is the first time that an axis has both hemiphragm features present as 

dominant contributors to the axis. The fact that hemiphragms are largely responsible for 

an axis defined as being particularly useful (the broken-stick eigenvalue value shows that 

the axis contains more information than expected), clearly shows that hemiphragms are a 

crucial component in defining variability within Stenophragmidium. The inclusion of 

H/az in this axis concurs with the relatively high CV score of H/az.

7.2.5.3.2.2.4 Axis 4

This is the second axis defined by the analysis as having more information than 

expected. It is dominated by a combination of ZD, H/az and Z2. It is therefore a 

combination of zoarial and hemiphragm features. This means that zooarial features are 

also useful in discriminating specimens in the genus Stenophragmidium, and contain more
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information than expected when combined with the information from hemiphragms. The 

inclusion of H/az in this axis concurs with the relatively high CV score of H/az.

7.2.5.3.2.2.5 Axis 5

Axis 5 is a mixed bag of features that relate to zoarial, zooecial and hemiphragm 

variables, the dominant first 3 variables being 72, Hht and IWT. It does not contain any 

information not expected by the analysis.

7.2.5.3.2.2.6 Axis 6

This axis is the last of the axes identified by its broken-stick eigenvalue value as 

containing more information than expected albeit it is responsible for only -3.5%  of 

variance. It is dominated by IWT, ZD and AD, i.e. a combination of zoarial and zooecial 

features. The inclusion of ZD in this axis concurs with the relatively high CV score of 

ZD. Thus in the three axes of principal interest, 3, 4 and 6, zoarial, zooecial and 

hemiphragm features are all present. The variables most common in these 3 axes are ZD, 

Z2 and H/az, which all occur in two of the three axes and this is the combination seen in 

axis 4. The principal of P.C.A. is to try and reduce the amount of variables used, as stated 

at the outset. W hether this is desirable or not can now be addressed.

7.2.5.3.3 Conclusions of P.C.A. for the Stenophragmidium data set.

From the preceding analysis it seems reasonable to conclude that all variables used 

have a role to play in the analysis of Stenophragmidium. Zoarial, zooecial and 

hemiphragm features all contribute to the six axes, be they the first three axes which 

account for -76%  of the variance explained, or those identified as containing more 

information than expected by chance (3, 4 and 6), which contain -37%  of the variance 

explained. Therefore it can be concluded that ZD, Z2, AD, IWT, H/az and Hht are all 

useful in describing and discriminating specimens in the Stenophragmidium  data set. The 

'best' variables arguably appear to be ZD, Z2 and H/az, as these dominate the axes
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identified as containing more information than expected by chance (3, 4 and 6). However 

the other variables are also important, AD being the biggest contributor in axis 2, Hht 

being the biggest contributor in axis 3, and IWT being the biggest contributor in axis 1. 

Indeed all 6 appear in the top three dominance sector (see Appendix A 10.2) of the axes at 

least twice (AD and H/az) and usually three times (ZD, Z2, IWT and Hht). Therefore they 

are all being retained. Whether these variables are useful taxonomically is discussed at the 

end of this chapter.

7.2.5.3.3.1 Groups discerned from PCA.

The groups of specimens discerned from the PCA are listed below alongside those 

noted prior to statistical tests. The PCA results are primarily summarised from the 

scatterplots in Appendix A 10.4. The groups compare well with those noted earlier in the 

bivariate scatterplots. They also compare very well with the groups identified in later 

cluster analyses (see section 7.2.5.4.3.9.1 below).

Comparison Table for Groups;
B r i t i s h  Is les  o r ig in a l  list P r e - s t a t i s t i c s  l i s t Post PC A  list

S. lo b a tu m S. lo b a tu m S. lo ba tum

S. in c r u s ta n s S. in c r u s ta n s S. in c r u s ta n s

S. sp. nov. (Amilhat)

T. s p a r s i t a b u la ta S. s p a r s i t a b u la ta S. s p a r s i ta b u la ta

S. sp. from Sillees River

S. sp. nov. (Tyrone)

S. sp. nov, (Bundoran)

T. m u l t i ta b u la ta S. m u l t i ta b u la ta S. m u l t i ta b u la ta

T. serrata S. serrata

S. ramosum

T. c r a s s im u r a l i s S. c r a s s im u r a l i s S. c ra s s im u r a l i s

S. grandyense

T. wexfordensis

T. d eb il is S. deb il is S. d eb il is

S. sp. nov. A

S. sp. nov. B S. sp. nov. B

T. sp. nov. (Dresser) S. sp. from Malahide and 
Dresser S. wexfordensis 
material
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Amongst these groups, certain supraspecific groups appear to exist. Specimens of 

S. lobatum, S. crassimuralis and S. sparsitabulata tend to plot in a larger group in most 

of the scatterplots. S. multitabulata, S. serrata, S. ramosum, S. sp. nov. (Bundoran), and 

the Dresser material from Hook Head, Co. W exford and Malahide, Co. Dublin, also tend 

to plot in a larger group. S. debilis is often isolated as an outlier (as is the test specimen of 

Tabulipora). S. sp. A and S. sp. B are seen to plot together, albeit amongst the S. lobatum  

/S. crassimuralis/ S. sparsitabulata supergroup. S. sp. from Tyrone tends to plot with 

specimens of S. sparsitabulata in many of the scatterplots.

7.2.S.4 Cluster Analysis Results.

7.2.5.4.1 Introduction.

In this section the results of the major method for determining groups (species) 

used in this study is presented. As stated in the methods chapter, cluster analysis does not 

provide a cut and dried answer to group membership in a data set, but it is a very useful 

and powerful tool in this respect. In this context, it is also an objective way of elucidating 

group membership, as the variables used are based directly on observable morphometric 

measurements, and not on arbitrary character states that have been decided upon a priori, 

or weighted in any way. It is always good policy to utilise as many clustering methods as 

possible, and to extract information on group membership whenever it seems to 

consistently appear, and this method is followed here. Clusters can be appraised to see 

how 'realistic' or useful they are, more of which is presented in the conclusions at the end 

of this chapter. Cluster analysis is also more appropriate in this study at this point, as 

opposed to Discriminant Function Analysis, as group membership is not known 

absolutely prior to the analysis.

Three programs were utilised in the production of cluster analysis and cluster 

analysis diagrams (often referred to as 'dendrograms'); Data Desk version 3.0, SYSTAT 

and PC-ORD version 3.0 and 4.0. Of these PC-ORD version 4.0 was the only one whose 

output was of a sufficiently high quality for printing reproduction on a large scale. Both
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Data Desk and SYSTAT outputs did not lend themselves to easy presentation, for example 

Data Desk does not label the branches on the dendrogram nor does it include a distance 

scale (which is Euclidean in all cases in Data Desk) with the dendrogram. To utilise such 

output, unnecessary, and perhaps artefact creating, time consuming improvement of 

presentation would be needed, therefore the emphasis in this section is placed on the 

results from PC-ORD, with comments relating to the other programs were appropriate. 

Nevertheless, in the early stages of analysis Data Desk was useful in investigating the data 

set of Stenophragmidium, for initial appraisal of the applicability of cluster analysis to this 

study, which became clear at an early stage, and for producing many results from such 

analyses which could be rapidly appraised. These preliminary results are described 

shortly. SYSTAT was less useful, and is not considered here further.

As has already been stated, the reasoning behind using cluster analysis in this 

study is to define groups of specimens based on their similarities. Data Desk provides 

single linkage and complete linkage hierarchical clustering using a Euclidean distance 

metric. PC-ORD can perform eight variants on the general class of cluster analyses that 

are 'hierarchical, agglomerative and polythetic'. McClune and Mefford (1999) define these 

terms in the context of PC-ORD as:

Hierarchical: This means that large clusters are composed of smaller clusters. 

Agglomerative: This means that the process proceeds by joining clusters (i.e.

specimens), not by dividing clusters, until all cases form one cluster.

Polythetic: This means that many features o f the specimens are utilised to decide upon 

the optimum method of dividing or joining clusters.

This procedural method is well suited to studying specimens in order to place them 

in clusters that will hopefully reflect species,

7.2.S.4.2 Clustering procedures, options and distance measures.

Before any analysis can be attempted certain instructions must be given to the 

program being used. In the case of Data Desk this only relates to the type of clustering, 

be it single or complete linkage clustering. The process by which most programs progress
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from there has already outlined in the methods chapter. With PC-ORD, many options are 

possible, and therefore more prior instructions are needed. It must also be reiterated that 

several types of matrices can be used in the analyses, and this increases the possibilities 

available greatly. The following is essentially based on McClune and Mefford (1999), 

with comments as appropriate.

For a summary of the features of the distance measures available with PC-ORD 

see McCune and Mefford (1999). They are Euclidean, Sorensen, Relative Sorensen, 

Jaccard, Correlation (Pearson's r in reverse), Relativised Euclidean, Chi-squared and 

Squared Euclidean distance. These measures are all squared before cluster analysis. If an 

example of a cluster diagram from PC-ORD is viewed (Figure 6.11b), a number of 

features are immediately apparent. The distance on the dendrogram scale bar (which is not 

plotted with Data Desk at all), is Wishart's (1969) objective function. This is essentially a 

measure of the information loss as agglomeration is carried out during the analysis. The 

objective function (£) is the sum of error sum of squares [SST-SSE=SSR, or sum of 

squares total minus sum of squares error equals the sum of squares residuals, which if 

divided by SST will give the R^ value; see section on regression in Chapter 6 (methods) 

and this chapter] from each multivariate mean (i.e. centroid) to the specimens in that 

group;

where 1 indexes the T  clusters and E, is the error sum of squares for cluster t. Et is 

calculated as;

where Xij, is the value of the ;th variable for the /th point of cluster t containing kt points.

T

E^Y.E.

and xbar p is the mean of the ;th variable for cluster t. At the beginning of the clustering
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the deviations are = 0 and the sum of squared deviations is at maximal level when all 

groups are fused (i.e. when the analysis is complete). It is at this stage that the objective 

function is equal to the sum of the squared deviations from the centroid/multivariate mean 

of the whole point cloud of morphometric data of Stenophragmidium  that is being 

analysed, in p-dimensional space.

Apparently there are similarities between this and an value, which was used 

above in regression analysis as an overall estimate of the success of a regression analysis 

at predicting the data. However in the context of cluster analysis the goal is not to obtain 

the highest score possible. Instead a good cluster analysis should attempt to both 

minimise the amount of groups produced and maximise the amount of information 

retained. Obviously there is little point in producing a cluster that has as many groups as 

specimens and no more and no less. McCune and Mefford (1999) are confident that the 

objective function is a good distance measure to use in cluster analysis, as unlike straight 

distance scaling, which most statistical packages use, the objective function does not allow 

'reversals', where the joining of two groups occurs at a lower distance than a previous 

joining of groups, when using certain linkage methods. The percentage of information is 

also provided with PC-ORD plots, and can be defined as:

100(SST-E)/SST.

where E is the objective function, and SST is the total sum of squared deviations from the 

centroid. Thus groups in multidimensional space can be thought of as being 'closer' or 

'farther' away from each other in relation to both each other and the centre of the datacloud. 

As the entities in this case consist of several measured morphometric variables, it is hoped 

that their closeness in multidimensional space also relates to their specific pedigree. This 

is a primary strength of cluster analysis when dealing with fossil data such as that of 

Stenophragmidium, in that the groups defined by it are closely related to many 

morphological features which are concurrently considered for each specimen.
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7.2.5.4.2.1 M ethods o f group linkage.

The following is a list of the group linkage methods that were utilised in this study; 

Nearest Neighbour (also known as single linkage), which is available in Data Desk and 

PC-ORD.

Farthest Neighbour (also known as complete linkage), which is available in Data Desk 

and PC-ORD.

Median M ethod, PC-ORD only.

Group Average, PC-ORD only.

Centroid, PC-ORD only.

Ward's Method (hierarchical grouping, also known as error sum of squares, and perhaps 

best suited to this data set, because with biological data sets groups are often best 

constructed in a hierarchical manner, see below), PC-ORD only.

Flexible Beta (flexible clustering), PC-ORD only.

McQuitty's Method (McQuitty's hierarchic classification, also suitable for biological data 

sets), PC-ORD only.

McCune and Mefford have followed the naming system of Lance and Williams 

(1967) and W ishart (1969, 1978). Interestingly they recommend W ard's method as a 

general purpose linkage method; it minimises distortions in the underlying space, and this 

combined with the fact that it is an excellent method for use with organisms suggested this 

method as a starting point in the investigation. McQuitty's method and the Median 

method, like W ard's method, all use Euclidean distances in calculating intergroup 

distances, and it is these three methods which were therefore used extensively.

7.2.S.4.3 Clustering Results.

In this section results are presented from:

• The tests in Data Desk, using the six variable data set and using all data,

• Tests using the six variable data set matrix, reduced to five, i.e. without ZD, Hht.
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• Tests including the international data alongside the core data set from specimens from 

the British Isles.

• Tests using codes relating to morphological features, in a similar way that codes are 

assigned to features in cladistic analysis.

• The three main methods (with PC-ORD) McQuitty's Method, Median Method and 

W ard's Method, using the six variable data set, followed by brief appraisals o f the 

other methods in PC-ORD, using the six variable data set. This section is separated 

into three subsections according to the data matrix used, i.e. the non-standardised 

matrix, the generally relativised matrix and the matrix with H/az log transformed.

• A cluster including a final decision on the species from the British Isles and also with 

all data including the international material in PC-ORD, the latter to be used in 

conjunction with Chapter 9.

If not clear from the title of each section, reference is made to the type of matrix 

used, e.g. non-standardised etc.

The reader may find it useful to refer to Figures 7.1-7.8 during the next sections, 

as these provide 'thumbnails’ of the principle specimens, for ease of comparison. Plates 

corresponding to these thumbnails are provided in Volume 2. Codes for the specimens 

are in Appendix A2.
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7.2.5.4.3.1 Data Desk tests using the six variable data set and using all data.

As stated in Chapter 6 and in this chapter, Data Desk proved useful for exploratory 

analysis but the output from the program often needed excessive work to make it 

presentable. This was certainly the case with the cluster analysis option in Data Desk. 

Nevertheless a number of dendrograms were produced and studied within the program, 

and the results from these were transferred to a drawing package (Aldus Freehand ver. 

4.0) for labelling purposes. The first tests to be carried out were done with a matrix 

consisting of a single row for each measurement (as opposed to a single row for each 

specimen), as an exercise to see if measurements within a specimen clustered together. In 

the majority of cases this occurred, and specimens were noted to cluster in previously 

expected species groups. As the number of specimens available increased, the necessity to 

treat each specimen as a single case rather than each set of measurements as a single case 

rose proportionately. Hence one of the reasons for the use of averaging to produce a 

single figure for each variable for each specimen. This was the procedure followed 

henceforth as outlined earlier in this chapter. The dendrograms produced in Data Desk 

are presented in Appendix Al l .

7.2.5.4.3.2 Data Desk cluster analysis using all six variables.

The dendrogram produced by this analysis is shown in Appendix A 1 1.1. While 

no distance measure is provided by Data Desk, it is nonetheless instructive to record the 

groupings discerned here. For clarity and objectiveness each specimen was labelled with 

the species name that was originally assigned to it, and in these initial tests not all 

specimens are included, mostly only those that were relatively easy to identify, as a 

preliminary effectiveness test of the process itself. Thus also S. debilis, already identified 

as a complete outlier, was not included. Later tests in PC-ORD included all possible 

specimens. The matrix used consisted of non-standardised variables, and the method
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chosen was that o f nearest neighbour/single linkage. This com bination was used in all 

Data D esk tests. It is worthy o f note that the dendrogram  produced by Data Desk had to 

be exported, inverted, rescaled and labelled to allow presentation. M oving from top to 

bottom, the first feature o f note is that the test specimen of Tahulipora  sp. has plotted at 

the extremity of the dendrogram. This is to be welcomed. It is only less isolated by the 

specimen of S. grandyense  which has previously been noted as a multivariate outlier {S. 

sp. 3537). The next grouping is o f interest as it bears out a previous subjective 

assum ption, in that both S. ram osum  and S. serrata  plot closely together. This seems to 

suggest that there may be a case for placing these specim ens in a distinctive taxon, or 

subsum ing S. ram osum  within Tahulipora. [= 5.] serrata, Smyth, 1922, henceforth 

referred to as S. serrata  for brevity and clarity. O f note however, is that S. multitabulata, 

while plotting relatively close to the S. ram osum  IS. serrata  group, is perhaps not as 

closely related as previously assum ed in this study, and the case for subsum ing the S. 

ram osum  /S. serrata  group in S. multitabulata  is not supported by this dendrogram. S. 

wexfordensis clusters with S. incrustans, a result not anticipated beforehand, but the two 

specim ens o f S. incrustans, plotting together is positive. S. sparsitabulata  specimens 

seem to plot in isolation and widely spread, suggesting that the group of specimens 

assigned to that species is polygenetic. As was noted earlier, two specimens from 

Bundoran, Co. Donegal and Co. Tyrone seem not to be the same species as S. 

sparsitabulata. Perhaps the m ost encouraging result from  this dendrogram  are the two 

groups produced by the S. crassim uralis/S. grandyense  and S. lobatum  specimens. It 

was previously thought by this worker (see above) that S. crassim uralis  and S. 

grandyense  were a single taxon, and this seems borne out by this dendrogram. It was also 

hoped that the type of the genus, S. lobatum , would consist o f a monospecific group, and 

this seem s to be the case here. It is also o f note that specim ens that were unnamed by 

M unro in 1912 have been placed in these two groupings (these specim ens are dealt with in 

greater detail in the sections on PC -O RD  tests). Finally two specimens of S. aff. 

crassim uralis  plot in the bottom  outgroup together. It is clear from this initial 

dendrogram , which was a product of the first tests in cluster analysis using Data Desk, that
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the method was potentially very powerful in assigning group membership. It was 

therefore decided to use the process extensively.

7.2.5.4.3.3 Tests in Data Desk using five variable data set matrices.

Two variables were removed from the multivariate data set to monitor results. The 

first was ZD, as it was thought that this variable may be most susceptible to micro/macro- 

environmental conditions. The other vaiiable to be removed was Hht, that variable most 

related to the central definitive feature of Stenophragmidium, i.e. hemiphragms. This was 

done to see if groupings depended on the availability of this variable, and if intrageneric 

variablity was greatly affected by this variable (a subject more fully discussed in the 

section on P.C.A. in this chapter). The former is presented first and in Appendix A 11.2, 

the latter subsequendy and in Appendix A 11.3.

By removing ZD a number of features become apparent. Once again Tabulipora 

is isolated, suggesting that intrazoarial features (most probably the hemiphragm factor 

primarily) are responsible for distinguishing it as apart. The group labelled as S. 

sparsitabulata  is once again widely spread (both specimens from Bundoran and Tyrone 

have been labelled as such in this instance for clarity). S. lobatum  once again plots as a 

discernible group. The S. serrata / S. ramosum  group has been split and widely 

separated, an undesirable result in the context of the subjective decisions made at the start 

of this chapter. This group is once again separated from the S. multitabulata group, 

reinforcing the doubts of placing these three species in one taxon. S. wexfordensis once 

again plots with the S. incrustans group. S. crassimuralis/S. grandyense seem to plot 

together once more, however as with the six variable cluster two S. crassimum lis 

specimens remain isolated {S. aff. crassimuralis PS 185 and PS223). In both the six 

variable cluster and the five variable cluster, one supergroup emerges as obvious, that 

consisting of S. lobatum  / S. crassimuralis /  S. grandyense. Other distinctive smaller 

groups also emerge, i.e. S. serrata  / 5. ramosum  (only in the six variable case), S. 

incrustans / S. wexfordensis, S. multitabulata and the two S. crassimuralis specimens {S.
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aff. crassimuralis PS 185 and PS223). The specimen from Bundoran plots with S. 

multitabulata, and the specimen from Tyrone plots with S. crassimuralis. Neither of 

these results seem sensible when the specimens are viewed (see Plates 19, 20, 87-106, 

107-109, 137 and 138). The major difference between the six and five variable results 

appears to be the splitting up of the S. serrata / S. ramosum  group in the latter. The 

reasons for this will become clear later. Also the relative positions of each group are 

altered, essentially reversed in order. As the exclusion of ZD did not therefore greatly alter 

the resulting groups produced, it seems that it is group dependent or at least that its 

inclusion would not adversely affect group definition, and that generally colony type/size 

is specific within species. It was decided therefore to retain the variable as a source of 

information for group prediction (and for other reasons already outlined in the section on 

P.C.A.).

By removing Hht it was hoped to establish whether groups could still be identified 

in this variables' absence. This is particularly important when considering the non- British 

Isles material later, as no data for Hht are available for those species. If groups are still 

discernible in the absence of Hht, (as they were in the absence of ZD) then it seems that all 

six variables contribute to the identification of groups. The non-generic specific variables 

would therefore be just as useful at predicting group membership as the variables specific 

to Stenophragmidium  only. This is desirable as dependence on a single variable is open 

to many pitfalls, such as ecophenotypy of the feature measured by the variable, astogenetic 

stage differences within a colony of the variable and variablity in the morphological feature 

caused by the ontogeny of the zooid. It is therefore to be welcomed that the removal of 

Hht did not adversely affect group prediction. In Appendix A 11.3 it can be seen that the 

groups noted above are apparent once again, with some subtle differences. Four main 

groups emerge. The first sees S. serrata and S. ramosum  plotting together again. The 

second consists exclusively of S. lobatum. A subgroup consisting of the two 5. 

crassimuralis specimens (S. aff. crassimuralis PS 185 and PS223) is associated with this 

group. Separated from 5. lobatum  but still a cogent group is the third major group 

consisting of the S. crassimuralis / S. grandyense complex. This consists entirely of
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specimens from these two previously separately named species, and once again supports 

the decision to subsume S. grandyense into S. crassimuralis. A fourth group consists of 

S. incrustans, S. wexfordensis and 5. multitabulata. S. sparsitabulata widely distributed, 

once again appears polygenetic. Of note is the position of the multivariate outlier 5. 

grandyense 3537 at the extremity of the dendrogram. Also of particular note is the 

encroachment of the test specimen of Tabulipora into the interior of the dendrogram, 

suggesting that hemiphragm related variables are necessary to separate Stenophragmidium  

from Tabulipora. As the previously noted groups are still discernible without Hht, it 

seems reasonable to attempt an analysis including the non-British Isles data.

7.2.S.4.3.4 Initial cluster analysis o f Stenophragm idium  including the 

international data alongside the core data set from specimens from the British  

Isles.

While all specimens are tested later in the PC-ORD sections, it is at this point 

worth presenting results from an initial test carried out with the international data alongside 

the core data set from specimens from the British Isles. This produces a complicated 

dendrogram due to the number of cases involved (see Appendix A 11.4). As has been 

mentioned earlier, Hht had to be omitted from this test as data were unavailable for this 

variable from the international data, as it was never included in the original descriptions. 

The reader is referred to Chapter 9 which gives full descriptions and discussions of the 

non-British Isles material.

The most extreme part of the dendrogram is occupied by S. multispinosum, 

described by Yang et al. in 1988. This species was noticed to contain a small amount of 

hemiphragms on the distal wall of certain zooids, a feature which necessitated the 

reappraisal of the strict definition of the genus sensu Munro, i.e. hemiphragms are only 

present in Stenophrag?nidium on the proximal wall of chambers. However it is worth 

noting at this point that S. multispinosum  nevertheless plots as a complete outlier from the 

others in this test. This suggests that S. multispinosum  may not even be a member of the
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genus Stenophragmidium  (see Chapter 9). The next outlier is the specimen o f S. 

gm ndyense  3537, which seems to be consistently plotting as an outlier. The next 

outgroup, at the base of the dendrogram, consists of S. serrata (S. ser 641 and S. ser 801) 

and S. mirandum, a species described by Dunaeva in 1964, and S. rastrum  (Lu Lin-huang, 

1978). While little is known about S. rastrum, from its description it seems similar to S. 

serrata with relatively small AD, small IWT and relatively high H/az. More data are 

known of S. mirandum. It is possible that S. mirandum  is synonymous with S. serrata. 

Both look very similar to each other and have plotted as a distinctive off-group in this test. 

The next group consists of the two S. crassimuralis specimens {S. aff. crassimuralis PS 

185 and PS223) which are plotting as distinctively separate with regularity. The next 

group above these consists of S. multitabulata, S. wexfordensis, T. sp. (probably less 

isolated once more due to the absence of Hht data) and the specimen referred to S. 

sparsitabulata from Bundoran. This group is unchanged in structure from the test carried 

out with the British Isles core specimens without Hht. The next group consists primarily 

of S. crassimuralis / S. grandyense, with S. sparsitabulata and S. aff. sparsitabulata 

(from Tyrone) included as a distinct subgroup. Unfortunately not all specimens of S. 

crassimuralis / S. grandyense are present in this group, with two separated and near the 

top of the dendrogram having branched off before the construction of the main S. 

crassimuralis /  S. grandyense group. The reasons for this may be similar to the reason 

for the plotting of S. grandyense 3537 as an outlier, i.e. an exceptional combinations of 

factors. This highlights a potential weakness in using cluster analysis, suggesting it 

cannot be used in isolation with palaeontological data. The next pairing of note is that of 

5. parasiticwn  and S. granulosum  which are likely to belong within a single taxon (see 

Chapter 9). Interestingly S. megistum  which Dunaeva (1964) considered very similar to S. 

granulosum, but is somewhat separated in this test from it, plots with the specimen of S. 

ramosum. A cursory glance at these two specimens would suggest that they are not one 

and the same taxon however; albeit in longitudinal section both display slight similarities 

in tangential section, they are readily distinguishable. The group including this pair is best 

approached at a higher level than has heretofore been used in this test. Between S.
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cumulopsinosum  (Yang et al. 1988) and S. ramosum  three subgroups are present which 

form a super group. S. lobatum  dominates this supergroup. Of particular note is the 

pairing o f S. lobatiforme with a specimen of S. lobatum. In Chapter 9 this subject is 

discussed in detail, but essentially it seems reasonable to subsume S. lobatiforme into 5. 

lobatum. Little is known of the Chinese species in this supergroup, which mostly fall 

within a distinctive subgroup consisting of S. intermurum, S. catenulus, S. 

magnispinosum  and S. weiningense, and therefore little can be said of them with 

confidence. Finally S. incrustans appears once again to plot distinctively, albeit not as 

closely grouped as before.

In summary, then, most British Isles groups remain consistent in this test, some of 

the non-British Isles material can be assigned to species from Britain and Ireland, and 

species, notably S. parasiticum  and S. granulosum, thought to be the same taxon, plot 

together. Later a full cluster analysis is carried out with summary data for the species 

from Britain and Ireland, and further comments are given in Chapter 9.

7.2.5.4.3.S Tests using codes relating to morphological features.

As a subsidiary experiment to cluster analysis a table was constructed for use in 

clustering using character states, subjective in their nature, coded according to an arbitrary 

numbering system (see Appendix A l 1.5). This allowed the use of non-continuous data in 

the test, however it soon became apparent that this method was very high maintenance for 

results that were more easily obtained by other methods, and the list in Appendix Al 1.5 

suggests the amount of completeness in a specimen needed for inclusion, indeed only a 

select few specimens were suitable. It also transpired that many of the character states 

used could be accounted for by the six main variables used already and below, and that 

those that would appear to be useful proved less so, e.g. hemiphragm form and 

autozooecial aperture form are often plastic within a colony as much as between colonies, 

and suitable surfaces for stylet character states, maculae and monticule measurements were 

not very common. The effectiveness/usefulness or otherwise of each character state was
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difficult to quantify compared to the other method of using ZD, Z2 etc. Tests were carried 

out with DataDesk and the resultant dendrogram is presented in Appendix A 11.6. Each 

branch represents only a couple or singular specimens, due to specimens suitable for the 

test vis completeness being rare. It was decided not to subjectively weight any of the 

character states denoted in Appendix A 11.5, and thus arbitrary elimination of character 

states to accommodate more specimens was not pursued. Many elements of the 

dendrogram bear a resemblance to those produced using the six main variables, but it was 

deemed too costly a method, in terms of time, for a dubious return, to pursue further, in 

that the only specimens suitable for this type of test were easily identified by simpler 

means. Perhaps a system such as this would prove more appropriate to specimens from 

several genera rather than specimens within a genus, as non-continuous data such as 

presence/absence data are arguably more useful at the suprageneric level.

7.2.5.4.3.6 Clusters using the six variable data set, non-standardised matrix.

The results output from PC-ORD for these tests is reproduced in Appendix A 12. 

The first matrix to be used was the non-standardised matrix. The tests presented from 

hereon also include as many specimens as possible, as referred to in the earlier sections in 

this chapter on univariate and bivariate statistics. Thus a more complete picture is given 

here than in those tests using Data Desk. A list of the material tested, complete with a key 

to the abbreviations used, is presented in Appendix A2 and A3. Once the three main 

methods of Median method, McQuitty’s method and Ward's method are appraised, results 

relating to the other methods are presented before the next matrix type is addressed.

The approach followed here is generally one of identifying groups from the upper 

to lower scales unless small scale detail is of particular note. A summary of the groups 

discerned/produced follows each major section. The reader may find it useful to use the 

'thumbnail' figures of the specimens used (Figures 7.1-7.8) as a guide when appraising the 

following results, rather than using the large number of plates referable to the same 

specimens.
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7.2.5.4.3.6.1 Median method, non-standardised matrix.

An appraisal of the dendrogram produced by this analysis shows clearly two 

distinct large groups linked only when 0% of information remains. The upper of the two 

groups in the dendrogram is comprised of a complex of S. lobatum, S. crassimuralis / S. 

grandyense, S. sparsitabulata, S. debilis, S. sp. A and S. sp. B, with some additionally 

unnamed specimens which were, previous to the execution of any statistical tests, thought 

to be either 5. lobatum  or S. crassimuralis / S. grandyense (S. sp, 3518, 3523, 3525 and 

3526), based on observations of morphology. This group also contains a specimen 

assigned to 5. sparsitabulata  from Tyrone (S. tyr 168). The second large group below 

the first in the dendrogram comprises everything else in the cluster analysis, namely S. 

wexfordensis, S. multitabulata, S. serrata, S. ramosutn, S. incrustans, S. sp. from 

Malahide, S. aff. sparsitabulata from Bundoran (S. bPS243), a specimen of S. lobatum 

from the Smithsonian Institute collections, perhaps part of Munro's original type suite (S. 

loUS58), a specimen assigned as S. aff. crassimuralis (S. acPS22) and the test specimen 

of Tabulipora sp. At approximately 18% of information remaining the second group is 

split into two groups, one containing the specimen of S. aff. crassimuralis (S. acPS22) 

with S. incrustans, and the other containing the remainder of specimens in the group. The 

S. aff. crassimuralis (S. acPS22) splits from the pair of S. incrustans specimens a small 

distance past 60% information remaining. This isolates the S. incrustans specimens fairly 

conclusively as a separate entity, and this result can be seen as positive in the context of 

species identification. However, the S. aff. crassimuralis (S. acPS22) specimen is widely 

separated from its counterpart (S. acPSlS) which plotted closely with it in previous 

clusters. This is unfortunate as S. acPSlS plots closely with other S. crassimuralis 

specimens in the first group. The remainder of the second group is dominated by S. 

multitabulata, S. serrata, S. ramosum, but they do not completely follow branching 

patterns according to their previously assigned names. However there is considerable 

evidence for distinct groups within this subcluster. In one group specimens of S. 

wexfordensis and S. sp. from Malahide cluster distinctly together, although unfortunately
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at the opposite end of the lower cluster (i.e. the second cluster that is formed at 0% 

information remaining) from the type of S. wexfordensis (S. wexl82) which plots as a 

separate point close to the test specimen of Tabulipora. Attached to these two is a 

progressively less closely clustered group comprising S. multitabulata and S. serrata 

along with S. sp. from Bundoran. While in light of the subjective groupings made 

previous to analysis the grouping of S. multitabulata and S. serrata is to be welcomed, the 

separation of a specimen of S. serrata from this group is an unfortunate development. 

This specimen (S. ser802) plots closely to S. ramosum (S. ram69b) which was thought to 

be the same as S. serrata, therefore re-affirming this presumption. Curiously a specimen 

of S. lobatum (S. loUS58) plots with these two. This illustrates how clustering cannot be 

100% reflective of reality, but on balance most specimens plot here according to species 

type, with relatively little information remaining after they have been grouped.

The upper cluster (i.e. the first cluster that is formed at 0% information remaining) 

also consists of distinct groups, arguably three main groups that split very early just past 

the 25% information remaining mark.. Of particular interest is the distinct group formed 

in the centre at ~ 58% information remaining, which is itself composed of two distinct 

subgroups. The first is composed of S. crassimuralis and S. aff. crassimuralis, with a 

less closely attached specimen of S. sparsitabulata. (S. s p a l l8). The second group is 

composed exclusively of S. lobatum and S. crassimuralis / S. grandyense, along with 

specimens previously left unnamed (presumably by Munro) but referable to either. While 

it is unfortunate that S. crassimuralis did not plot more closely with S. grandyense it 

nevertheless is the closest group to it. It is surprising to see both of Munro's species plot 

so closely together, as they have several easily seen differences such as wall thickness and 

H/az. However within the group they generally separate, such as with the subgroup of 5. 

grandyense (with S. gr3534, and S. sp.3523, 3525, 3526). The other groups which 

sandwich this central group consist of several curiosities. The lower of the two contains S. 

lobatum (S. lo3529, 3530), S. grandyense (S. sp3518) and widely separated, S. debilis, 

which once more seems isolated. The reason for the separation of this group from the 

main complex of S. lobatum, S. crassimuralis / S. grandyense is unclear at this stage. It
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may relate to a large ZD figure compared to the others. The other group is a mixed bag of 

what appeared to be several species when studied prior to analysis. The group contains 

the type specimen of S. sparsitabulata, (S. spa 178), closely plotted with a specimen from 

Tyrone (S. tyrl6B) referred to S. sparsitabulata by Lee (1912) the unusual specimen from 

Ashfell (S. sp. B), plotting closely to another specimen from north England (S. sp. 3528, 

also known as S. sp. A) and the outlier specimen of S. grandyense (S. gr3537). The 

information given here appears to show that the specimen from Tyrone (S. tyrl68) 

referred to S. sparsitabulata probably is S. sparsitabulata, even though it was thought 

different enough to warrant distinction prior to analysis, and that S. sp. A and S. sp. B may 

in fact be one species.

7.2.S.4.3.6.2 McOuittv's method, non-standardised matrix.

This method produced a dendrogram with many similarities to the previous 

(Median) method. Once again there are two main groups, separating at 0% level of 

information. The upper and lower of these groups consist of the same specimens as were 

found using the Median method above, i.e. S. lobatum, S. crassimuralis / S. grandyense, 

S. sparsitabulata, S. debilis, S. sp. A and S. sp. B, with some additionally unnamed 

specimens thought to be either S. lobatum  or S. crassimuralis / S. grandyense {S. sp. 

3518, 3523, 3525 and 3526) in the upper group, and S. wexfordensis, S. multitabulata, S. 

serrata, S. ramosum, S. incrustans, S. sp. from Malahide, S. aff. sparsitabulata from 

Bundoran (S. bPS243), a specimen of S. lobatum  from the Smithsonian Institute 

collections (S. loUS58), S. aff. crassimuralis (S. acPS22) and Tabulipora sp. in the lower 

group. This dichotomy of the data set seems fundamental, as will be seen in later 

dendrograms. Many subgroups have remained cogent also, and many of the observations 

made above hold. S. wexfordensis and S. sp. from Malahide once again cluster together, 

albeit once more separated from the type of S. wexfordensis (S. w exl82). S. incrustans is 

once again a distinctive pair, the closest next specimen being S. aff. crassimuralis (S. 

acPS22) which is again separated from those specimens referred to as S. crassimuralis. 

This latter group is most closely related to a complex o f S. lobatum  and S. grandyense, a
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welcome development. The mixed group containing such specimens as 5. sparsitabulata 

and S. debilis at the top of the dendrogram appears relatively unchanged, and points noted 

under the Median method relating to it generally apply here also. Pairs of S. serrata and 

S. multitabulata are also present once again. At this point it is instructive to notice the 

differences from the Median method when using McQuitty's method, the majority of 

which occur at 50%  information remaining, and in many cases the differences are subtle. 

Working from the top of the dendrogram, the first difference is that S. sp. A and S sp. B 

have been joined by a specimen of S. lobatum  (S. lo3529). This particular placing is 

erroneous in my opinion, as there are clear differences between the three, and certainly 

between S. sp. A and S  sp. B and S. lobatum. The group containing S. crassim um lis has 

essentially swapped places with the group containing S. debilis. This has the slight effect 

of bringing this group (S. crPS19, S. cral77 and S. acPSlS) closer to the complex of S. 

lobatum and S. grandyense, the latter part of which is thought to be synonymous with S. 

crassimuralis. As a consequence of this the specimen of S. sparsitabulata previously 

attached to the S. crPS19, S. era 177 and S. acPSlS group is now attached to the S. 

lobatum  /  S. grandyense complex. In the upper group other minor differences occur 

which can be viewed in the dendrogram, but are relatively unimportant as they occur before 

80% information remaining. In the lower of the two main groups the only difference of 

consequence is with the positioning of the main S. wexfordensis IS. sp. from Malahide 

group and the S. incrustans group. These have 'switched' position such that S. incrustans 

has become less isolated and S. wexfordensis IS. sp. from Malahide is further separated 

from the type of S. wexfordensis (S. wexl82). This brings both groups into a larger 

grouping more closely related in that they separate at just less than 50% information 

remaining as opposed to 25% information remaining. Also S. multitabulata and 5. 

serrata cluster more closely together. Essentially these differences are minor, and the 

main groups recognised previously re-emerge using McQuitty's method.
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7.2.5.4.3.6.3 Ward's method, non-standardised matrix.

As noted above, McCune and Mefford (1999) regard this method as perhaps the 

best for dealing with biological data, and indeed the dendrogram produced here does lend 

itself to a much easier appraisal than the others used in this study due to its clarity, i.e. the 

late separation of groups. Once again the two main groups formed at the 0% information 

remaining point are immediately apparent. The four subgroups within these two main 

groups are also clearly defined, forming around the 50% information remaining point. 

Working from the top of the dendrogram and taking the 75% point as a benchmark for 

convenience, the subgroups produced are as follows. The first subgroup consists of S. 

sparsitabulata (S. spal78) with S. sp. Tyrone (S.tyrl68), the later now plotting 

consistently with the former as above, the outlier specimen of S. grandyense (S. gr3537) 

and S. sp. B and S. sp. A (S. sp3528). These last two are plotting so closely here, as 

previously in the above Median and McQuitty tests, that it can be taken from these results 

as a distinct possibility that they are in fact the same taxon. A visual examination of these 

two specimens does reveal similarities in both wall structure and hemiphragm disposition 

(often at the endozone/exozone boundary). It was thought at the pre-statistics level of 

analysis that they were separate species. However this does not now seem to be the case. 

The use of cluster analysis in this instance seems to confirm this. Similarly S. sp. from 

Tyrone was also thought of as a separate species from S. sparsitabulata prior to statistical 

analysis, based primarily on the high density of monilae seen in longitudinal section in S. 

sp. from Tyrone. However it plots so closely and consistently to S. sparsitabulata (S. 

spal78) that it seems reasonable to consider placing it within this taxon. The specimen of 

S. sp. from Tyrone was indeed labelled by Lee as S. aff. sparsitabulata, and his 

assignment seems to be bome out here. It is unsurprising to find S. grandyense (S. 

gr3537) separated from the rest of the specimens of S. grandyense with this group, as it 

has already been recognised as an outlier. The next subgroup consists of two specimens 

of S. lobatum (S. lo3529 and S. Io3530) with S. sp. 3518 (probably S. grandyense) and S. 

debilis, somewhat removed. The isolation of these specimens from the next group, which
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is the 5. lobatum IS. crassimuralis/ S. grandyense complex seen before, is a matter of 

concern. This split is present in the tests above also. Nevertheless, the S. lobatum IS. 

crassimuralisi S. grandyense main complex is distinctive once again, splitting off at just 

below 60% information remaining, with the group split generally between S. lobatum  and 

S. grandyenselS. crassimuralis. Of particular interest is the close grouping of 5. 

crassimuralis with several specimens of S. grandyense (S. sp3523, 3525, 3526). This 

concurs with the decision to group these two taxa as one taxon prior to analysis. The 

lower of the two main groups consists of two distinctive subgroups, which themselves 

contain more subgroups of interest. The upper of these two subgroups consists of S. 

serrata, S. ramosum, S. multitabulata, S. sp. from Bundoran (S.bPS243), a specimen of 

S. lobatum  (S.loUS58) and the test specimen of Tabulipora. This group separates off 

from the lower group at just below 50% information remaining, the lower group consists 

of S. incrustans (again with S.acPS22) and 5. wexfordensis and S. sp. from Malahide. 

Once again the S. incrustans and the S. wexfordensis / S. sp. from Malahide groups are 

distinctive, but the latter is unfortunately separated from the type of S. wexfordensis 

{S.wexl82). It seems reasonable to assume so far that 5. incrustans is a distinctive 

species, and that S. wexfordensis and S. from Malahide are if not the same taxon then 

closely related. Perhaps the reason for the separation of S.w exl82 from this main group 

lies in its relatively larger zooarium. This would partially account for the distances 

involved. It is worth noting at this point that prior to analysis it was thought that S. 

wexfordensis and S. sparsitabulata were synonymous. There does not seem to be a case 

for that hypothesis based on the cluster analysis results presented thus far. Indeed these 

morphospecies are to be found at opposite ends of the dendrograms. The other group in 

the lower main cluster mainly consists of S. serrata, S. ramosum  and S. multitabulata. 

Prior to analysis these were all thought to be S. multitabulata. While all plotting together 

within one group, there does seem to be a separation between S. multitabulata and S. 

ramosum  and S. serrata. However a case can be made for placing S. ramosum  with S. 

serrata as they plot closely here. If not the same taxon all three are perhaps closely 

related, and indeed show many similar characteristics as outlined earlier. The positioning
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of s. bPS243 from Bundoran, Co. Donegal with S. multitabulata is vexing. Upon 

inspection they can be argued to share similar features such as high H/az and similar AD, 

but they are by no means identical. Prior to analysis S. bPS243 from Bundoran was 

considered either to be a separate specimen or closely similar to 5. debilis. Lee (1912) 

considered it to be referable to S. sparsitabulata. This last assignation is incorrect. 

Unfortunately it must at this stage be stated that S. bPS243 from Bundoran is unlikely to 

be synonymous with S. debilis either, even though both share distinctive needle-like 

hemiphragms, the only two specimens known to do so exclusively. The differences seen 

in tangential section probably serve to separate them, especially in AD and IWT. The 

placing of S. bPS243 from Bundoran within S. multitabulata also seems inappropriate, as 

differences such as exilazooid density (unfortunately not a variable available for this 

analysis) and hemiphragm type mitigate against this possibility. It therefore seems 

reasonable at this point to consider S. bPS243 from Bundoran as a separate taxon, which 

concurs with the decision made prior to analysis.

The other five methods are appraised briefly below.

7.2.S.4.3.6.4 Nearest Neighbour, non-standardised matrix.

This dendrogram differs little from the above only in that the sequencing of cluster 

cycles is different due to the different method used. Most if not all o f the groups 

previously recognised are present once again. The major result of note is the relative 

positions of two specimens of S. serrata and S. debilis at the extremity of the dendrogram. 

The isolation of S. debilis is not surprising, and the combinations of small morphological 

features has brought 5. serrata, as an outlier also, closer to S. multitabulata, the next 

group up. This isolation of S. serrata  and 5. multitabulata was already recognised in 

previous tests (see section on Bivariate analysis above and P.C.A. scatterplots in Appendix 

10.4).
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7.2.5.4.3.6.5 Farthest Neighbour, non-standardised matrix.

No major differences were seen with this test. Once again, S. serrata plots closely 

with S. ramosum, less so with S. multitabulata, yet in relative terms they are all within the 

same subgroup.

7.2.5.4.3.6.6 Group Average, non-standardised matrix.

No major differences from the preceding tests were noted with this method. As 

with the previous two above, subtle ordering differences past 50% information remaining, 

often with less, were the only differences. Essentially the groups remain the same.

7.2.5.4.3.6.7 Centroid, non-standardised matrix.

Very similar to the Group Average method. Again no differences of note.

7.2.5.4.3.6.8 Flexible Beta, non-standardised matrix.

Essentially very similar to the results from McQuitty's method, with clustering 

occurring at a later stage.

7.2.5.4.3.6.9 Summary of non-standardised matrix results.

Generally therefore, certain groups have emerged from the above analysis with the 

non-standardised matrix as consistent and realistic. There remain a few problematic 

specimens which do not plot realistically or according to preconceptions, while still others 

are plotting in isolation. The groups are as follows;

S. sparsitabulata  (S. spal78) including S. sp. Tyrone (S.tyrl68).

S. sp. A (S. sp3528) and 5. sp. B 

S. debilis.

S. lobatum, with some minor breakup of specimens.

S. crassimuralis, with some association with S. grandyense and S. lobatum.

S. multitabulata.
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s. sp. from Bundoran (S. bPS243).

S. serrata, closely linked with S. ramosum, less so with S. multitabulata.

S. incrustans.

S. wexfordensis and S. sp. from Malahide.

The major anomalies of note are the splitting of some S. lobatum specimens (S. 

lo3529, 3530) from the major S. lobatum S. crassimuralis / S. grandyense group, the 

separation of the two specimens referred to S. crassimuralis (S. acPSlS and S. acPS22), 

the relative distancing of S. sparsitabulata specimens (S. spal78 and S. spallS), the 

separation of the type of S. wexfordensis (S. wexl82) from the main S. wexfordensis and 

S. sp. from Malahide group, the placing of S. sp. from Bundoran with S. multitabulata., 

and S. multitabulata's relative distancing from S. serrata and S. ramosum and the 

anomalous placing of S. lobatum specimen S. loUS58.

7.2.S.4.3.7 Clusters using the six variable data set, generally relativised matrix.

As previously outlined, general relativisation is "standardising by the norm" 

(McCune and Mefford, 1999), when /?=2, i.e. using the Euclidean equivalent of 

relativisation by row or column totals in the matrix under investigation. The equation for 

general relativisation is given above in the section on standardisations, transformations and 

relativisations (7.2.5.2.3). PC-ORD suggests general relativisation as the best form of 

standardising the kind of data under investigation here and thus it was used. Many other 

options for standardisation are offered by PC-ORD besides general relativisation. The 

results output from PC-ORD for these tests is reproduced in Appendix A 13.

7.2.5.4.3.7.1 Median method, generally relativised matrix.

The dendrogram for this test shows two distinctive main groups, essentially split in 

the same way as they were with the non standardised matrix, i.e. the upper of the two 

groups is comprised of S. lobatum, S. crassimuralis / S. grandyense, S. sparsitabulata, S. 

sp. A and S. sp. B, with S. sp. 3523, 3525 and 3526, and the specimens assigned as S. aff.
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crassimuralis (S. acPSlS and PS22). This group also contains the specimen assigned to 

S. sparsitabulata from Tyrone (S. tyr 168). The second large group below the first 

comprises everything else, namely S. debilis, S. wexfordensis, S. multitabulata, S. serrata, 

S. ramosum, S. incrustans, S. sp. from Malahide, S. aff. sparsitabulata from Bundoran 

(S. bPS243), a specimen of S. lobatum  from the Smithsonian Institute collections, (S. 

loUS58), S. sp. 3518 (curiously separated from the other main S. lobatum, S. 

crassimuralis / S. grandyense group), and the test specimen of Tabulipora sp. While the 

subgroups within these two main groups are broadly similar to those produced by the 

analysis with the non standardised matrix, several differences are of note.

W orking from the top of the dendrogram the first group produced at 

approximately 85% information remaining (which itself contains two groups) consisting 

of S. sparsitabulata (S. spa 178), S. aff. sparsitabulata from Tyrone (S.tyrl68), S. sp. 

3537, S. sp. A (S.sp3528) and S. sp. B now also contains S. sparsitabulata (S. spal 18), S. 

crassimuralis (S.crPS19, S.cral77) and S. aff. crassimuralis (S.acPS18). They are all 

more closely linked than they were with the non-standardised matrix Median test. It is to 

be welcomed that S. sparsitabulata (S. spal 18) is now more closely linked with S. 

sparsitabulata (S. spa 178) and S. aff. sparsitabulata from Tyrone (S .tyrl68). S. 

crassimuralis (S.crPS19, S.cral77) and S. aff. crassimuralis (S.acPS18) are however 

less closely linked with the next major group, that of S. lobatum, S. crassimuralis / S. 

grandyense. This group is once again distinctive, and the specimens of S. lobatum  (S. lo 

3529, 3530) which in the non standardised matrix tests were often offset from the 

subgroup are now brought firmly into this cluster. Another positive result in this group is 

the closely linked group of S. grandyense including the probable type specimen 

(S.graG32) and three others referable to same (S. sp3523, 3525, 352). The anomalous 

placing of S. sp.3518 out of this main group of S. lobatum, S. crassimuralis / S. 

grandyense is unfortunate. The placing of the previously separated S. aff. crassimuralis 

(S. acPS22) specimen within this group is to be welcomed. The combination of S. 

crassimuralis and S. grandyense into one taxon is not entirely borne out however, even 

though they split at only approx. 50% information remaining. The reason for their relative
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separation is not clear at this point, but it must be remembered that in the case o f the non 

standardised matrix tests the degree of separation was far less. It is of note however, that 

the specimen of S. grandyense (S. gr3537) that most resembles those of S. crassimuralis 

plots here closely to them (in the first main subgroup).

The lower of the two main groups also bears many a resemblance to that of the 

non standardised matrix Median test, and some differences of note. The group is once 

again dominated by S. wexfordensis (and S. sp. from Malahide), S. multitabulata and S. 

serrata. Interestingly a specimen of S. multitabulata (S. m u ll74) now plots even closer to 

S. serrata. The specimen from Bundoran (S.bPS243) is once more associated with S. 

multitabulata (S. m ull23). The group of S. wexfordensis and S. sp. from Malahide is still 

cogent, but it has been joined by the two specimens of S. incrustans which are now no 

longer relatively closely linked. This result suggests that the two groups share many 

similarities, but casts doubts on the effectiveness of the general relativised matrix tests' 

ability to reflect reality after the 75% information remaining mark, as it is almost certain 

that the two specimens of S. incrustans are more closely related than shown here. S. 

debilis now plots in the centre of the dendrogram, along with Tabulipora. That 

Tabulipora is the closest specimen to it suggests that the two are placed together due to 

their great differences from the rest. Unfortunately the type specimen of S. wexfordensis 

(S. w exl82) is once again isolated from the main group of S. wexfordensis, probably due 

to the ZD factor as suggested with the non standardised tests. However it must now be 

considered that the Dresser (1960) material (labelled as S. wexfordensis and S. sp. from 

Malahide) constitutes a separate new and distinct species of Stenophragmidium. Finally 

S. serrata and S. ramosum  once again plot closely, here at the base of the dendrogram, 

with the previously associated specimen of S. lobatum, (S.loUS58).
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7.2.5.4.3.7.2 McOuittv's method, generally relativised matrix.

A cursory glance at the resultant dendrogram for this test shows it to be almost 

identical to that produced for the above Median test, and therefore any further comment 

would be perfunctory.

7.2.5.4.3.7.3 Ward’s method, generally relativised matrix.

Ward's method again provides a clear picture easily appraised. There is little 

difference between Ward's method and the previous two methods at the small cluster scale, 

however in this test the lower main group has been split in two with the group that contains 

S. multitabulata etc. now split from the group containing S. incrustans etc. The latter is 

now only joined to the rest at 0% information remaining, while the former now joins the 

other upper large group which contains S. lobatum, S. crassimuralis, S sparsitabulata etc. 

at just less than 50% information remaining. The only differences in the ordering of the 

smaller clusters of note are found in this upper group. Working from the top, the group 

that previously contained S. sp. A (S. sp3528) and S. aff. crassimuralis (S. acPSlS) no 

longer does so, this pair now linked closely within the main S. lobatum / S. grandyense 

complex. Apart from this difference from the previous two tests, there are only small 

differences of little importance within the main upper group.

The other five methods are now examined briefly below.

7.2.5.4.3.7.4 Nearest Neighbour, generally relativised matrix.

There are only two differences of note in this test between it and the preceding 

three. The first is the move of S. multitabulata (S.mull74) and S. serrata to the extremity 

of the bottom of the dendrogram. It differs only in this respect from the same test carried 

out with the non standardised matrix in that S. debilis is not present, it remains closely 

associated with Tabulipora. The other change of note is the move of the group containing 

S. debilis into a position close to three specimens of S. lobatum (S. lo3529, 3530 and 

3531). It is apparent from this dendrogram that the nearest neighbour method is not as
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easily examined in the context of specific group determination as for example W ard's 

method because of the emphasis on agglomerative clustering.

7.2.5.4.3.7.5 Farthest Neighbour, generally relativised matrix.

The major difference of note in this dendrogram is the position of a group 

consisting mainly of S. lobatum  widely separated (at the base of the dendrogram) from the 

other group of S. lobatum  / S. crassimuralis! S. grandyense which remains in the main 

upper group. This is incongruous and inconsistent with all previous results and on that 

basis is being discounted here.

7.2.5.4.3.7.6 Group Average, generally relativised matrix.

Very similar to the Nearest Neighbour method. There were no differences of note, 

mostly only branching differences above the 50% information remaining mark.

7.2.5.4.3.7.7 Centroid, generally relativised matrix.

Almost identical to the Group Average method and to a lesser extent Nearest 

Neighbour method. Again no differences of note.

7.2.5.4.3.7.8 Flexible Beta, generally relativised matrix.

Very similar to Ward's method, and also to McQuitty's method.

7.2.5.4.3.7.9 Summary of generally relativised matrix results.

On balance the use of the generally relativised matrix does not result in a greatly 

different set of results from the eight methods used before with the non standardised 

matrix. This is to be welcomed as it suggests that the groups being produced are based 

firmly in reality.

The problematic specimens that have not plotted according to prior expectations in 

this series of tests are still present, in general. Their positions may be a result of the six
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variables that have been measured for them resulting in profiles that have resulted in their 

being split from their parent groups, even though they clearly appear to belong to those 

groups, when viewed subjectively. On the positive side the S. lobatum / S. grandyense 

complex remains, indeed the specimens separated in some tests using the non

standardised matrix (S. lo3529, 3530) are only separated from the main group once (using 

the Farthest Neighbour method). This can be seen as a positive result. Also within this 

group 5. lobatum and S. grandyense often separate according to type. The two specimens 

of S. aff. crassimuralis (S. acPSlS and PS22), while not closely linked, are nevertheless 

not split between the two major groups as before with the non standardised matrix tests, 

and plot within the main upper group, often within the S. lobatum / S. grandyense 

complex. The separation of the type specimen of S. wexfordensis (S. wexl82) from the 

main body of S. wexfordensis remains. S multitabulata (S. m ull23) remains relatively 

distanced from S. serrata and S. ramosum, but on several occasions is associated closely 

with one or the other, especially the former, which occurs in all eight tests (S. mul 174). S. 

sp. from Bundoran remains closely linked with S multitabulata (S. m ull23). An 

anomalous placing of S. sp. 3518 (probably S. grandyense) apart from the main group of 

S. lobatum! S. grandyense is unfortunate, and is undoubtedly erroneous. This serves once 

again as a caution to use as many clusters as possible when dealing with such data. The S. 

lobatum specimen (S. loUS58) is once more placed with a specimen of S. serrata and S 

ramosum  (S. ram69b). Most of the above are close variations on the problematic 

specimens encountered in the non standardised matrix tests. A summary of the grouping 

results follows:

S. sparsitabulata (S. spa 178) closely associated with S. sp. Tyrone (S.tyrl68),and 

S. crassimuralis (S. era 177 and S. crPS19).

S. sp. A (S. sp3528) with S. aff. crassimuralis (S. acPS19), sometimes associated 

with S. sp. B, S. grandyense (S. gr3537) and S. sparsitabulata (S. spal 18)

S. lobatum and S. grandyense and S. aff. crassimuralis generally grouping 

discreetly according to prior identification within the complex.

S. debilis (with Tabulipora) and the type of S. wexfordensis (S. wexl82).
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s. multitabulata, closely linked with S. serrata, less so with S. ramosum.

S. sp. from Bundoran (S. bPS243).

S. incrustans, S. wexfordensis and S. sp. from Malahide.

7.2.S.4.3.8 Clusters using the six variable data set. H/az log transformed matrix.

As elucidated in the earlier section on normality of the six variables used, H/az 

emerged as the only possible variable which may need transformation to ensure a realistic 

appraisal of the data matrix, i.e. to allow all variables to be considered normal in 

distribution, and hence it was log transformed and re-entered into the data matrix for 

testing, albeit the risks involved by not doing so were non-critical. The result output from 

PC-ORD for this matrix can be found in Appendix A 14.

The use of the log transformed H/az variable has produced a number of results that 

do not concur with either the a priori decisions made about groups or the previous results 

in cluster analysis. Nevertheless many previously identified groups are present in many 

and in some cases all of the eight tests.

7.2.5.4.3.8.1 Median method. H/az log transformed matrix.

The groupings in this test could be taken at several levels, but the simplest way of 

comparing them with those before is to work from the top of the dendrogram down, with 

the 75% information remaining point as the general benchmark for group formation. The 

first group at the top consists of the now familiar combination of S. sparsitabulata (S. 

spal78), S. aff. sparsitabulata from Tyrone (S. tyrl68), S. sp. B (S. sp.b), S. sp. A (S. 

sp3528) and the outlier specimen of S. grandyense (S. gr3537). To this is added one of 

the lectotype specimens of S. lobatum (S. lo3529), which is a common theme throughout 

the H/az log transformed matrix tests, i.e. the scattering of specimens of S. lobatum 

throughout the other groups, where heretofore they had remained relatively closely 

grouped together. This unfortunately suggests that the use of the H/az log transformed 

matrix may adversely distort some groupings contrary to previously established results.
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Even so the H/az log transformed matrix tests have still produced some familiar groupings, 

noticeably that of S. incrustans and S. wexfordensis (with S. sp. from Malahide). To these 

a group consisting of the type of S. wexfordensis (S. w exl82) is attached, albeit only at the 

50% information remaining mark. Two specimens are also present in this group; a S. 

multitabulata (S. m u ll74) and a S. aff. crassimuralis (S. acPS22), and interestingly the 

combination of S. multitabulata (S. m ull23) and a S. aff. crassimuralis (S. acPSlS) is 

repeated elsewhere in the dendrogram. There is a large group below the S. wexfordensis 

(with S. sp. from Malahide) group which is formed at 50% information remaining 

(consisting of two distinct subgroups) that is dominated by S. grandyense / S. 

crassimuralis. Of the 15 specimens in the group 9 are referable to either S. grandyense 

or S. crassimuralis, which are thought to be the same taxon (S. sp 3518, 3523, 3525, 352, 

S. gr3534, S.graG32, S. acPSlS, S.cral77 and S.crPS19). While (as has already been 

mentioned) specimens of S. lobatum  have been spread about the entire dendrogram, 

whereas before they were often found in close association with S. grandyense or 5. 

crassimuralis, the relatively close clustering of these specimens of S. grandyense and S. 

crassimuralis is to be welcomed. Other oddities within the group are generally confined 

to a small cluster of Tabulipora, S. multitabulata (S. m ull23), S. aff. crassimuralis (S. 

acPSlS) and the specimen from Bundoran (S.bPS243). The next large group below this 

S. grandyense /S. crassimuralis, consists of S. lobatum  and all of the specimens of S. 

serrata and S. ramosum  (S. ram69b). It is reassuring to see all of the specimens of S. 

serrata and S. ramosum  plotting closely together here when so often they had been split 

in pairs before, as they all bear a striking resemblance to each other. The relative closeness 

of the two specimens from the Smithsonian (S. loUS58, loUS57) is also a positive result 

after much previous separation, especially considering their marked resemblance to the 

lectotypes of S. lobatum  (S. Io3530, and S. lo3532), which plot alongside their group. 

The presence of S. debilis between them can only be attributed to the affects of the H/az 

log transformation, which seems in general, but not always, to follow previous groupings.
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7.2.5.4.3.8.2 McOuittv's method . H/az log transformed matrix.

This test produced a dendrogram with many similarities to the Median method 

above. Certain specimens and groups have changed location relative to the other groups, 

but in most cases the groups previously identified remain. The top group in the 

dendrogram remains as an outgroup consisting of 5. sparsitabulata (S. spal78), S. aff. 

sparsitabulata  from Tyrone (S. tyrl68), S. sp. B (S. sp.b), S. sp. A (S. sp3528), S. 

grandyense (S. gr3537) and 5. lobatum  (S. lo3529), almost unchanged from the Median 

method cluster analysis. The next group below it is also very similar, containing once 

again S. incrustans, S. wexfordensis (with 5. sp. from Malahide), the type of S. 

wexfordensis (S. wexl82), S. multitabulata (S. m ull74) and S. aff. crassimuralis (S. 

acPS22), but it is now joined by the S. serrata group with S. ramosum  and the oft-linked 

specimen of S. lobatum  (S. loUS58). The group below this still contains five specimens 

attributable to either S. grandyense or S. crassimuralis (S. sp3518, S.graG32, S. acPSlB, 

S.cral77 and S.crPS19), but the other specimens (S. sp3523, 3525, 352, S. gi3534) 

previously present are now in the bottom group along with S. lobatum  and S. debilis. 

These two groups can be considered equivalent to the tighter clusters of S. lobatum / S. 

grandyense / S. crassimuralis of the other matrix type tests, although they are interspersed 

with such anomalies as the recurrent group of Tabulipora, S. multitabulata (S. m u ll23), S. 

aff. crassimuralis (S. acPS18) and the specimen from Bundoran (S.bPS243). Generally 

therefore it is the branching pattern and not the groupings that differ from the Median test.

7.2.S.4.3.8.3 Ward's method. H/az log transformed matrix.

Once again Ward's method provides a very approachable dendrogram, and indeed 

the resultant clusters probably best reflect reality of those amongst the H/az log 

transformed matrix cluster analyses. Two major groups can be instantly discerned 

separating at the 0% information remaining point, each containing three distinct subgroups 

which form mainly between the 50% and the 85% information remaining points.
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W orking from the top down, the first group once again comprises S. 

sparsitabulata (S. spal78), S. aff. sparsitabulata from Tyrone (S. tyrl68), S. sp. B (S. 

sp.b), S. sp. A (S. sp3528), S. grandyense (S. gr3537) and S. lobatum  (S. lo3529). 

Whereas the location of S. grandyense has been relatively consistently associated with this 

group, the repeated placing of 5. lobatum  (S. lo3529) alongside S. sp. A (S. sp3528) can 

only be seen as an unfortunate result of log transforming H/az, as possibly can the other 

'badly' placed specimens in these tests. At this point it is worth noting that S. 

sparsitabulata (S. spal78), S. aff. sparsitabulata from Tyrone (S. tyrl68), S. sp. B (S. 

sp.b) and S. sp. A (S. sp3528) are consistently plotting in a close cluster, usually of two 

pairs, perhaps signifying two taxa. This is interesting because both pairs [i.e. S. 

sparsitabulata  (S. spal78) / S. aff. sparsitabulata from Tyrone (S. tyrl68) and S. sp. B 

(S. sp.b) /  sp. A (S. sp3528)] contain specimens that exhibit distincdy moniliform walls, 

especially S. aff. sparsitabulata from Tyrone (S. tyrl68) and S. sp. B (S. sp.b). Although 

this feature was not used in the analysis (it was decided here only to use arbitrary character 

states as little as possible, see test with character states above in section 7.2.5.4.3.5), it 

nevertheless is reassuring that the specimens with similar 'appearances’ due to moniliform 

walls do indeed plot together with some regularity.

The next two groups could be considered synonymous with the earlier described 

'S. lobatum  /  S. grandyense / S. crassimuralis' complex seen previously in many other 

dendrograms above, and is formed at a little over 50% information remaining. At 75% it 

splits into the two other subgroups of the upper main group. The first of these essentially 

consists of S. lobatum, half of the ten specimens therein contained being referable to that 

species. There is some overlap with the next group, however, as previously seen in other 

dendrograms, which contains mainly S. crassimuralis and S. grandyense, six of the nine 

specimens in this group referable to these, (S. acPS18, S. sp3523, 3525, 352, S. cral77 

and S. crPS19). The close plotting of the specimens of S. crassimuralis with those of S. 

grandyense is once again of note in light of decisions made before the analyses. The 

positions of S. debilis, T. sp., S. sp. from Bundoran (S. bPS243) and S. multitabulata (S. 

m ull23) are curious, but certainly related to less weight being given to H/az. It will be
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remembered that when everything was weighted evenly, or nothing weighted at all (the 

previous matrix types), the majority of these specimens plotted in the lower main group, 

often as a separate cluster. The position of S. sparsitabulata (S. sp a llS ) as an offshoot 

of the S. lobatum/S. grandyense/S. crassimumlis complex is by now familiar, and can 

only be explained as a result of remarkably similar measurements in all variables in S. 

sparsitabulata (S. spal 18) to those of S. lobatum  and S. grandyense. Nevertheless, it can 

be distinguished by it's distinctive moniliform walls, which are very similar to those of S. 

sparsitabulata (S. spal78), the holotype of the species, with which it plots relatively 

closely elsewhere, especially in the generally relativised tests.

The next group, the first of the main lower group, contains the relatively distinct 

pairing of S. incrustans (once again), and the triad of specimens comprising the type of S. 

wexfordensis (S.wexl82), a specimen of S. multitabulata (S. m ull74) and a specimen 

referred to S. crassimuralis by Lee(1912) (S. acPS22). The latter is a curious specimen, 

very similar to the type of S. crassimuralis (S.cral77), with an unusually shaped interior 

cavity (the colony is hollow and erect), possibly due to bioimmuration of an unknown 

organism. It bears little resemblance to either S. wexfordensis (S.wexl82), or the 

specimen of S. multitabulata (S. mull74), and its placement is undoubtedly due to a 

similar situation of that of S. sparsitabulata (S. spal 18). The other pair in the triad, S. 

wexfordensis (S.wexl82), and S. multitabulata (S. mull74), do however exhibit some 

similarities to each other, unnoticed by Lee, (1912) who placed more emphasis, 

interestingly, on the angle at which the zooecia hit the surface of a colony, a feature which 

S. wexfordensis and S. crassimuralis share a similarity in that they both have zooecia 

exiting the surface at an angle less than 90°. S. wexfordensis (S.wexl82), and S. 

multitabulata (S. m ull74) both share a ramose colony form with comparable exozone and 

endozone structure on a gross scale, but they do differ markedly in both wall structure and 

in H/az seen in longitudinal section. If one accepts that the specimens of S. wexfordensis 

described by Dresser (1960) are indeed of that species, then S. wexfordensis and S. 

multitabulata also differ demonstrably in tangential section also, S. multitabulata 

possessing much thicker walls. It will be noted that S. wexfordensis does not always plot
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with S. multitabulata , for example it consistently plots with T. sp. in the non standardised 

matrix tests. Therefore the amelioration of the effects of the extremities in H/az in these 

tests may be responsible for placing these two so close together relatively.

The group below the above consists primarily of S. serrata (all three specimens), 

with the specimen of S. ramosum (S. ram69b), thought to be synonymous with S. serrata 

here, and the often associated specimen of S. lobatum (S.loUS58). The fact that not only 

does S. ramosum plot closely again to a specimen of S. serrata here but to all three seems 

to favour the decision to treat the two species as a single taxon.

The final group at the bottom of the dendrogram shows once again the S. 

wexfordensis / S. sp. from Malahide. If these two groups of specimens are not of one 

taxon, then they certainly represent very similar taxa morphologically, as they have plotted 

consistently together in nearly every dendrogram studied for this thesis.

The following are brief outlines from the other methods used with this matrix;

7.2.5.4.3.8.4 Nearest Neighbour. H/az log transformed matrix.

This test always produces a uniquely shaped dendrogram, and by its agglomerative 

appearance it is somewhat difficult to interpret, compared to those dendrograms produced 

by methods such as Ward's method. The dendrogram from this test is generally not very 

helpful, and contains many placings contrary to the vast majority of all the other 

dendrograms so far studied. While some groups remain cogent (e.g. the S. wexfordensis / 

S. sp. from Malahide group and S. incrustans), others are split (e.g. S. lobatum) or less 

easily identified. Therefore not much emphasis will be placed on the groupings here. 

This method has however been successful at isolating the multivariate outlier S. 

grandyense (S. gr3537) very well, and echoes of previous tests in Data Desk, which uses 

the same method (Nearest Neighbour), are clear.
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7.2.S.4.3.8.5 Farthest Neighbour. H/az log transformed matrix.

Essentially very similar to the Median method and McQuitty's method results, but 

perhaps with somewhat more clearly defined groups of S. lobatum, S. grandyense / S. 

crassimuralis and S. serrata / S. ramosum.

7.2.5.4.3.8.6 Group Average. H/az log transformed matrix.

Very similar groups to those seen in Ward's method, with the S. serrata / S. 

ramosum group swapping places with the S. wexfordensis / S. sp. from Malahide group.

7.2.5.4.3.8.7 Centroid. H/az log transformed matrix.

Almost identical to the Group Average method with no differences of note.

7.2.5.4.3.8.S Flexible Beta. H/az log transformed matrix.

Very similar to Ward's method, with some curious intrusions of S. grandyense and 

S. lobatum into the S. serrata / S. ramosum group, which has swapped places with the S. 

wexfordensis / S. sp. from Malahide group.

7.2.5.4.3.8.9 Summary of H/az log transformed matrix results.

Although not as successful at creating groups as the other two matrix types, the 

H/az log transformed matrix results still have their uses in that they confirm many of the 

previously seen groups. These are:

S. sparsitabulata (S. spal78) including S. sp. Tyrone (S.tyrl68).

S. sp. A (S. sp3528) and S. sp. B, often included with S. lobatum (S. lo3529).

S. lobatum groupings present but often spread throughout the dendrogram.

S. crassimuralis, often in association with groups of 5. grandyense .

S. serrata, closely linked with S. ramosum.

S. incrustans.

S. wexfordensis and S. sp. from Malahide.
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7.2.5.4.3.9 Overall conclusions to be drawn from cluster analyses:

A table is provided here which summarises the cluster results. The species in bold 

are those clearly seen with that matrix type. S. sp. nov. consists of the Dresser material 

from Malahide and Hook Head.

Summary Results Tab e.
Non-standardised matrix Generally relativised matrix H/az log transformed matrix

S. s p a r s i t a b u l a t a S. s p a r s i t a b u l a t a S.  s p a r s i t a b u l a t a

S. a s h f e l l e n s i s S. ashfel lensis S. a s h f e l l e n s i s

S. d e b i l i s S.  d e b i l i s S. debil is

S. l o b a t u m S. l o b a t u m S. lobatum

S. c r a s s i m u r a l i s S.  c r a s s i m u r a l i s S. c r a s s i m u r a l i s

S. m u l t i t a b u l a t a S. m u l t i t a b u l a t a S. multi tabulata

S. b u n d o r a n e n s i s S. b u n d o r a n e n s i s S. bundoranensis

S. s e r r a t a S. serrata S. s e r r a t a

S. w e x f o r d e n s i s S.  w e x f o r d e n s i s S.  w e x f o r d e n s i s

S. sp . n o v . S. sp . n o v . S.  sp . n o v .

S. i n c r u s t a n s S. i n c r u s t a n s S. i n c r u s t a n s

A list of valid taxa, based on the above results, can now be assembled. A table 

(showing all the codes and labelling used) in Appendix A2 can be consulted for clarity 

with the text below.

S. sparsitabulata  (S. spal78) including S. sp. Tyrone (S.tyrl68). This taxon 

seems to consistently appear in the majority of tests, albeit certain specimens labelled as S. 

sparsitabulata are in fact other species [e.g. those from Bullslaughter Bay such as PS 183 

and S. bundoranensis (see below) etc.]. The specimen from Tyrone (S.tyrl68), although 

exhibiting differences which led to it being considered a separate taxon prior to statistical 

analyses, such as the distinctive moniliform walls that it possesses, does indeed seem to 

belong to the species S. sparsitabulata. The other specimen labelled as S. sparsitabulata, 

(S. spa 118), while not as closely associated with the first two, does plot relatively closely 

to them in the majority of cases, and is therefore also included. Unfortunately, as stated 

several times previously, many specimens could not be included in all of the analyses due 

to the missing data problem. Specimens attributable to S. sparsitabulata are no exception.
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These have been placed in the taxon S. sparsitabulata when possible, and other specimens 

have been dealt with and placed in other taxa were appropriate. Discussions relating to 

these matters are to be found in Chapter 8 where appropriate.

5. ashfellensis sp. nov., labelled as 5. sp. A (S. sp3528) and S. sp. B (GBr33), 

has emerged as a new taxon. Munro (1912) did refer briefly to the specimen from 

Ashfell, but never formally described it. The other specimen, previously thought to be a 

separate taxon prior to statistical analysis (hence its label of S. sp. A), plots very 

consistently with the first, and indeed upon examination it seems reasonable to place this 

specimen within the taxon. It is very closely related to S. sparsitabulata, but it is 

sufficiently different to be distinguishable from that species.

5. debilis has always stood out as an exceptional outsider in the specimens of 

Stenophragmidium known from the British Isles. It often plots as an oudier in 

scatterplots and dendrograms. A specimen from Bundoran, Co. Donegal, S. sp. from 

Bundoran (S. bPS243), thought to belong to the same taxon, now appears not to be S. 

debilis. This specimen constitutes a new taxon.

S. bundoranensis sp. nov., S. sp. from Bundoran (S. bPS243), was never seen to 

plot with either S. debilis which was thought to be its taxon prior to statistical analysis, nor 

to S. sparsitabulata to which it was referred to by Lee (1912). The other specimen it most 

closely plotted with was of S. multitabulata, and it is patently not of that taxon either. It is 

therefore considered here as a new taxon of Stenophragmidium.

S. lobatum, the type species of the genus, has emerged as a recognisable species, 

albeit highly variable in its morphology, and closely associated with the other Munro 

material labelled as S. grandyense in many instances, in what has been referred to herein 

as the S. lobatum / S. crassimuralis / S. grandyense complex. Other material that was not
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amenable to analysis, mainly due to lack of permission for sectioning (see Chapter 4), can 

be assigned to this taxon also.

S. crassimuralis including all those labelled as S. grandyense S. aff. 

crassimuralis and S. sp., regularly plots as a group within the clusters, but can break up 

on occasion, often when S. aff. crassimuralis (S. acPS22) is widely separated from its 

counterpart (S. acPSlS), and specimens of S. crassimuralis are offshoots of the main S. 

lobatum  / S. crassimuralis / S. grandyense complex. The specimens labelled as S. sp. (S. 

sp. 3518, 3523, 3525, 352) are also referable to this species. There is some closer 

association within the group in morphology in those labelled as S. grandyense, but it still 

seems reasonable, in light of both the results above and the initial pre-statistical work, to 

subsume S. grandyense into S. crassimuralis. Specimens attributable to this taxon but 

not amenable to statistical analysis are dealt with in Chapter 8, where there is a full 

description and discussion on S. crassimuralis.

S. wexfordensis (S. wexl82), thought to be subsumable into S. sparsitabulata 

prior to statistical work, transpires to be a valid taxon. However, many specimens 

attributed to it in the past cannot be said to belong to this taxon (see below).

S. multitabulata, while remaining closely linked with S. serrata, less so with S. 

ramosum, does not in fact constitute a single taxon that includes those closely related taxa, 

as thought prior to statistical analysis. The thicker walls in S. multitabulata seem to be 

enough to separate it from these other taxa.

S. serrata, including S. ramosum  (S. ram69b), has emerged as a valid taxon. A 

combination of factors, especially the predominance of small but numerous morphological 

features, enables relatively good distinction of the taxon, and this has been borne out in the 

analyses. Several specimens not included in cluster analysis are also referable to this 

species.
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5. incrustans, remains a valid taxon. It regularly plotted very distinctly in cluster 

analyses. Some specimens not amenable to statistical analysis can also be assigned to this 

taxon.

S. sp. nov. includes several specimens from Hook Head ascribed by Dresser 

(1960) to S. wexfordensis along with those labelled as S. sp. from Malahide. This 

grouping is perhaps the most consistently plotting group in the whole analysis, and it is 

fully described and discussed in Chapter 8, where it is named 5. hibernicum  sp. nov.

7.2.5.4.3.9.1 Species identified.

The following is a comparison table of the British Isles species of 

Stenophragmidium  showing their original position before this research, and the final valid 

species list. Those in bold were consistently present throughout the process.

Comparison Table_________________________________________________________
British  Isles or ig in a l  list P r e - s t a t i s t i c s  list Post PCA list Post s ta t is t ic s  list
S. lobatuin S. lobatuin S. lobatum S. lobatum
S. in cru s ta n s S. in cru s tan s S. in cru s tan s S. in c ru s ta n s
S. sp. nov. (Amilhat)

T. sp a r s i ta b u la ta S. sp a r s i ta b u la ta S. sp a r s i ta b u la ta S. sp a r s i ta b u la ta
S. sp. from Sillees River

S. sp. nov. (Tyrone)

S. sp. nov. (Bundoran) S. bundoranensis
T. m u l t i ta b u la ta S. m u l t i ta b u la ta S. m u l t i ta b u la ta S. m u l t i ta b u la ta
T. serrata S. serrata S. serrata

S. ramosum

T. c ra s s im u ra l i s S. c ra s s im u ra l i s S. c ra s s im u ra l i s S. c ra s s im u ra l i s

S. grandyense

T. wexfordensis S. wexfordensis S. wexfordensis

T. deb il is S. deb il is S. d eb il is S. d e b i l i s

S. sp. nov. A

S. sp. nov. B S. sp. nov. B S. ashfellensis

T. sp. nov. (Dresser) S. sp. from Malahide S. hibernicum

For details of actual material which has been placed within each taxon, including 

material that was unsuitable for statistical analysis. Chapter 8 should be consulted. It can 

be seen from the table that this revision has changed the species composition of the genus,

250



and overall the statistical tests were certainly illuminating in many ways. Five of the final 

eleven species were identifiable throughout (although three of this five had been referred to 

as 'Tabulipora b' by Lee, 1912). Others such as S. bundoranensis, S. ashfellensis and S. 

hibernicum  are previously unrecognised species. Clearly, the method of statistical 

analysis used in this research (especially the comprehensive application of cluster 

analysis) not only confirms the better decisions of earlier work, but creates a robust 

numerical framework for discovering new species and confirming the validity of species.

7.2.5.4.3.9.2 International cluster for Stenophragmidium.

Taking the average values for ZD, Z2, AD, IWT and H/az for each taxon identified 

from the results above, a cluster diagram with the international Stenophragmidium  data 

could be constructed. This unfortunately necessitated the exclusion of Hht from the 

analysis, for reasons explained above (see 7.2.5.4.3.4). The method used was W ard's 

method, with a non-standardised matrix, as this proved the most realistic in previous tests 

(see Appendix A 15). It must be noted that the data available for the international 

Stenophragmidium  material were dubious in many cases, and therefore this exercise was 

carried out for the sake of completeness and illustration, as well as to test many 

hypotheses about taxa validity, especially amongst the Chinese material. In this respect the 

exercise was very useful, and the results are found in the discussion section after each 

description in Chapter 9.

7.2.5.S Note on usefulness of variables as taxonomic tools.

In the section on P.C.A. above it was decided to retain all of the six variables used 

on the main dataset. This was on the basis that they could all contribute to identifying 

groups. The six variables appear to be good reflectors of reality in that they did indeed 

provide believable grouping results, which were not at odds with observation, but were 

nevertheless based purely on quantitative data, and not on subjectively assigned 'character 

states'. Thus the many pitfalls involved in using character states such as presence/absence
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data, colony form, and morphological feature type such as hemiphragm morphology or 

'disposition of stylets' etc. were hopefully avoided. The taxonomic strength of the 

variables used is thus one based on the use of large amounts of data, representing the 

population, using features that are readily measurable in a consistent manner, which are 

generally robust against astogenetic, ontogenetic and microenvironmental effects and are 

relatively consistent across colonies within a species.

Overall it is the combination of the variables to produce an entity in multivariate 

morphospace, which can be seen as falling within the position of a species in the generic 

cloud, that appears to provide a logical grounding for the conclusions reached above.

7.2.S.6 Note on other methods.

As part of this research the main data set used in cluster analysis was used in other 

methods to see if similar results could be produced. In PC-ORD a number of tests were 

conducted using non-metric multidimensional scaling and scatterplots for these tests were 

in agreement with those for earlier tests, showing the groups that had been identified by 

the cluster analysis. Several other methods were appraised for applicability to this data set, 

such as Logistic regression and Discriminant function analysis. As stated earlier these 

tend to place an emphasis on a priori decisions about group membership that must be 

built into the analysis in a much more inflexible way than in cluster analysis, and/or 

provide discrete outcomes (yes/no), which are less suited to the type of analysis carried out 

here.
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CHAPTER 8

Systematic Palaeontology

8.1 A note on nomenclature

In previous chapters specimens whose affinity was uncertain have been labelled in 

a number of ways. Those previously described as specimens of Tabulipom {sensu 

Tabulipora 'b' Lee) were commonly left with a generic prefix of T .' to distinguish them 

from other specimens which were originally described as Stenophragmidium. The use of 

the qualifier 'aff.' in certain cases such as T . ’ [= 5.] aff. sparsitabulata and T . ' [= 5.] aff. 

crassimuralis stems from the original labels on those specimens. Bengtson (1988) states 

that this denotes affinity of a potentially new, as yet undescribed species with a known 

species. From the inferences given by Lee (1912) however, it seems that aff. represented a 

closer affinity to a named species than Bengtson's definition. W here a new species does 

arise from those labelled as 'aff.' this is discussed below. The use of 'c.f.' is similar to that 

of 'aff.', but with less certainty, according to Bengtson (1988). Munro, in her unpublished 

notes, used 'c.f.' to denote a specimen assumed to belong to a named taxon. The use of '?' 

before the species name in this thesis in previous chapters also implies close affinity with 

the named species after the question mark, such as the Munro material which is labelled as 

Stenophragma [= Stenophragmidium] sp. Other specimens considered to be new species 

are referred to in this thesis in previous chapters as S. sp. nov or 'S. sp. A, B', or S. sp. 

followed by the locality where the specimen was first found, e.g. S. sp. from Bundoran.

Article 31.2 of the I.C.Z.N. (ICZN, 1999) states that it is unnecessary to alter a 

species name in order that it be in agreement with the gender of the generic name, if the 

species group names are considered to be simple or compound nouns. W ith some new 

combinations of genus and species names in Stenophragmidium  it is therefore 

unnecessary to alter the species names in order that they are in agreement with the gender 

of the generic name, as the species group names are considered to be simple or compound 

nouns.
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8.2 SYSTEMATIC PALAEONTOLOGY;

Phylum Bryozoa Ehrenberg, 1831 

Class Stenolaemata Borg, 1926 

Order Trepostomata Ulrich, 1882 

Family Stenoporidae Waagen & Wentzel, 1886 

Genus Stenophragmidium  Bassler, 1952 

Type species: Stenophragma lobatum  Munro, 1912, from the Lower Carboniferous of

Ravenstonedale, Cumbria, England.

vl912 Tabulipora 'b' Lee, p. 171-176. 

vl912 Stenophragma Munro, p. 574. 

vl952 Stenophragmidium Bassler, p.382.

ORIGINAL DIAGNOSLS: (Munro, 1912, p. 574)

"Zoarium ramose or irregular, lobate and folded; branches generally hollow and 

lined by an epizoarium; zooecia of varying size, the largest sometimes occupying distinct 

monticules at the surface; periodical thickening of the walls in the mature region well 

marked in many species; diaphragms present in the mature region, incomplete and very 

narrow, only attached to the proximal walls; acanthopores present or absent; no 

mesopores, but cells much smaller than the average are observed occasionally."

REVISED DIAGNOSIS:

Stenoporid with encrusting, erect ramose, hollow erect or adnate zoarium. Zooecia 

arise from basal membrane in endozone and are thin walled. They grow sub-parallel to the 

basal membrane, changing direction of growth and thickening at endozone/exozone 

boundary to reach the surface of colony at or near 90". Exozone walls usually laminated 

clearly. Walls may exhibit moniliform structure in exozone. One or more hemiphragms
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present in autozooecial tube on proximal walls only, varying in shape but appear in 

longitudinal section most often as barbs, with bulbous tips, or needle-like. In tangential 

section can appear as crescents on proximal side of autozooecial aperture. Hemiphragm 

tips mostly point posteriorly. Hemiphragms can extend less than one third across a 

chamber to almost entire width of chamber. Complete diaphragms rare. Autozooecial 

apertures polygonal, or rounded/sub-circular in tangential section, the largest commonly in 

monticules. Interapertural walls vary greatly in thickness. Acanthostyles usually present, 

mainly located at interapertural wall junctions. Heterostyles may be present, usually on 

interapertural walls in large numbers. Exilazooecia may or may not be present and occur 

in isolation and/or in groups. Mesozooecia rare.

DISCUSSION:

In Tabulipora, a combination of centrally perforate diaphragms, hemiphragms and 

complete diaphragms can be found within a single zooecium (Cuffey 1967). This led 

Cuffey to state that diaphragms and hemiphragms were unreliable features on which to 

base a taxonomic decision. However the sheer consistency of the presence of proximally 

positioned hemiphragms in specimens referable to Stenophragmidium, added to the fact 

that there are no cases of centrally perforated diaphragms in any of the specimens herein 

described, enables a confident decision to be made that Stenophragmidium  does indeed 

constitute a readily recognisable separate genus from Tabulipora, and indeed other 

trepostomes.

In the relevant literature from the former Soviet Union and China, there were a 

number of cases where descriptions of specimens named as Stenophragmidium  included 

rare references to hemiphragms being on the distal walls of zooecial chambers (see 

Chapter 9). If this is the case then this is not in agreement with M unro's (1912) definition 

of Stenophragmidium  with the emphasis on the disposition of hemiphragms on the 

proximal walls only. There is good reason to believe however that the 'distal' wall 

hemiphragms described in certain specimens from the former Soviet Union and China are 

in fact not hemiphragms, and where they are present in some specimens the placing of
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those specimens in the genus Stenophragmidium  is perhaps dubious (see discussion on S. 

multispinosum  in Chapter 9). Also in material viewed for this work, hemiphragms on 

distal walls were very rare and where present were probably the result of unusual section 

orientation on complete diaphragms. It was therefore decided to retain the definition of 

Stenophragmidium  as defined by Munro (1912), not least because all of the material 

actually viewed (that was referable to the genus) conformed to this concept.

GEOGRAPHICAL DISTRIBUTION:

Ireland, England, Scotland, Wales, U.S.A., Ukraine, C.I.S., China and Mongolia. See 

Figure 8.1.

STRATIGRAPHICAL RANGE:

Latest Toumaisian to earliest Permian. See Figure 8.2.
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Figure 8.1; Worldwide known distribution of the trepostome bryozoan Stenophragmidium.
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Figure 8.2: Stratigraphical ranges of Stenophragmidium species.
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Stenophragmidium lobatum (Munro, 1912).

Plates 1-14. Appendix A .1 and A.3.

vl912 Stenophragma lobatum Munro, p. 574-576, figs 8-10. 

vl952 Stenophragmidium lobatum (Munro); Bassler, p. 382. 

vl953 Stenophragmidium lobatum (Munro); Bassler, p. G104, 106, figs 69, 4a, b. 

1959 Stenophragmidium lobatum (Munro); Perry and Gutschick, p. 320.

1978 Stenophragmidium lobatum (Munro); Astrova, 67, 70, p. 238.

1981 S. lobatiforme Morozova, p. 29, pi. 4, fig. 1.

LECTOTYPE;

Munro in her 1912 description of this species did not designate a specific 

specimen as the holotype. Herein designated from Munro’s syntype material is the 

lectotype: BNHM BZ3529; small quarry east of Ravenstonedale, Grid Ref.; NY 737 034, 

Cumbria, northern England; Seminula {Composita) gregaria Sub-zone, Ravenstonedale 

Limestone, Chadian, Lower Carboniferous; Munro Coll.

PARALECTOTYPES: Herein designated from Munro’s syntype material: BNHM 

BZ3530, BNHM BZ3531, BNHM BZ3532, BNHM BZ3533; small quarry east of 

Ravenstonedale, Grid Ref.: NY 737 034, Cumbria, northern England; Seminula 

{Composita) gregaria Sub-zone, Ravenstonedale Limestone, Chadian, Lower 

Carboniferous; Coll: Munro, M.

ADDITIONAL MATERIAL:

USNM 58533; thin section and 2 specimens and USNM 88217; thin section and 3 

specimens, (4 pieces); Ravenstonedale Bridge, Cumbria, England; ? Lower 

Carboniferous, labelled as base D1 (Holkerian/Asbian), dubiously; Coll: Munro,

M.
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LDUCG 3485; 3 specimens, also all labelled as 050 (by Munro?) and GBr 30 (1 spec.); 

Ravenstonedale, Cumbria, England, and GBr 31a (2 spec.) and LDUCG 3484; 

single large specimen, also labelled as GBr 30; Bondley Bryozoa Bed? near 

Ravenstonedale? N. England; L. Carboniferous; Coll; Munro, M.

GSI 980122; thin section; south of Drogheda, Ireland; above the Drogheda Granite in 

shallow water oolitic limestone of the Morganstown Fmn., Chadian; Coll: B. 

McConnell.

R. 3043; thin section PS. 280/GWL 117; Hirsthead Sike, Liddel Water, Cumberland, 

northern England, Lower Carboniferous.

DIAGNOSIS;

Stenophragmidium  with hollow, lobate/folded, erect zoaria, typically 5 -10mm 

thick. Exozone walls clearly laminated, some with central hyaline zone, boundary between 

neighbouring autozooecia commonly not well defined. On average 3 hemiphragms 

present in the exozone per autozooecium. Hemiphragms variable in shape, usually with 

bulbous tips, which point posteriorly, rarely barb shaped. Hemiphragms do not extend 

more than a third across a chamber. Autozooecial apertures polygonal and/or rounded. 

The largest of these are found in monticules. Interapertural walls relatively thin. 

Prominent acanthostyles present at many interapertural wall junctions. Exilazooecia not 

observed, but some small autozooecial apertures present.

DESCRIPTION;

Zoaria are hollow, erect, lobate/folded, with a wrinkled basal membrane. Typical 

zoarial diameter ranges from 5-10mm, with layers of 1 to 2.5mm thickness folded over 

each other. Autozooecia arise from the basal membrane and grow subparallel to it before 

changing growth direction gradually through an angle of 120° at the endozone/exozone 

boundary to reach the zoarial surface at an angle of 90°. Endozone walls are typically 

0.03mm thick. Walls in the exozone are thicker, on average 0.05-0.09mm thick. Exozone 

walls are moniliform in many cases. A dark central hyaline zone is occasionally present
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and is 0.01mm thick but the boundary between autozooecia is rarely clearly denoted. The 

walls are clearly laminated, laminae are hemispherical in shape with the convex side facing 

anteriorly. They can also appear as deep and shallow 'V  shapes, with the apex pointing 

anteriorly. Hemiphragms range in number between 2 to 5 per chamber. They are found 

in the exozone and always on the proximal wall of the chamber. Their laminae are 

contiguous with the laminae of the walls from which they grow, and they are often 

darkened on their posterior facing side. Hemiphragms exhibit a variety of shapes, from 

barbs to thin with bulbous tips. In all cases the tip of the barb or the bulb points 

posteriorly. Their height is on average 0.085mm, width at the top is 0.03mm and at the 

base 0.05mm. They do not extend further than one third of the distance across a chamber. 

Seen in longitudinal section they can occur at regular intervals in adjoining autozooecia. 

Autozooecial apertures are large, polygonal and/or subcircular in shape. Aperture 

diameters range from 0.18mm to 0.35mm, atypical example will have a long axis width of 

0.35mm and a short axis width of 0.31mm. They are closely packed, never more than an 

autozooecial diameter apart. There are on average 7 apertures in a straight line of 2mm. 

Interapertural walls vary in thickness between 0.03-0.09mm. They are clearly laminated 

but the boundary between adjoining zooecia is rarely easy to see. They can have a dark 

central hyaline zone or a broad lightly coloured zone in the centre of the wall. This is best 

seen in tangential section. Acanthostyles (large stylets) are present. They occur at 

interapertural wall junctions, but not all junctions have a stylet. Their diameter ranges from 

0.05-0.13mm, the larger examples are very conspicuous. Exilazooecia appear absent from 

this species, but small immature autozooecial apertures are occasionally observed. 

Monticules are present and contain the larger zooecial apertures. The monticules, which 

are sub-circular, are spaced out at a distance of 4 to 5mm from each other.

261



D ISC U SSIO N :

Munro refers more than once in her notes to the source for S. lobatum  as being 

within the Solenopora Sub-zone, i.e. the Sub-zone below the Seminula (Composita) Sub

zone. However the type locality is actually within the Seminula {Composita) gregaria 

Sub-zone (see Chapter 5).

A specimen described by Morozova (1981) as S. lobatiforme from the Gulag in 

Kolyma, Siberia, is very similar to the specimens of S. lobatum  from Britain, especially in 

longitudinal section, and is herein considered a junior synonym (see Chapter 9).

G E O G R A PH IC A L  D ISTR IB U TIO N :

Ravenstonedale, Cumbria, N. England, Drogheda, Ireland.

ST R A T IG R A PH IC A L  D ISTR IB U TIO N :

Chadian, Lower Carboniferous.
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Stenophragmidium sparsitabulata (Lee, 1912) comb. nov.

Plates 15-74. Appendix A. 1 and A.3.

vl912  Tabulipora sparsitabulata Lee: p. 171, 172; pi. 14: fig. 7; pi. 15: fig. 31; 

pi. 16, fig. 1.

vl913 Tubulipora [sic] aff. sparsitabulata Lee; Wright et al. p. 72. 

v l996  Stenophragmidium  sp. Wyse Jackson: p. 155; figs 80-83.

HOLOTYPE;

G.S.M. 25578, thin section also labelled GWL: 178/PS66. Lee's description of S. 

sparsitabulata cites this specimen from the bed of a streamlet E. of Wood Park, about 

5km NNW  of W ark Parish Church, Northumberland [G.S.M. 25578] as the type. This 

constitutes a valid designation of a holotype of the species; Asbian/Brigantian (Visean); 

Coll: J. Rhodes.

ADDITIONAL MATERIAL:

The material below was originally labelled as Tabulipora aff. sparsitabulata (Lee, 

1912) from the Asbian/Brigantian of northern England and is referable to 

Stenophragmidium sparsitabulata:

GSM. 25573c, d, e and f; hand specimens and peels; Barmoor Redhouse Quarry, near 

Lowick, Northumberland, England; Brigantian, Lower Carboniferous.

GSM. 25574a, c, i, m, q, ; hand specimens and peels; Woodend Quarry, near Lowick, 

Northumberland, England; Brigantian, Lower Carboniferous.

GSM. 25575a, b, c, d, e, g, i, k, m, p, q, r, s, t, v; hand specimens and peels; Closehead

Old Lime Quarry near Otterburn Church, northern England, Lower Carboniferous. 

GSM. 25577; dubious hand specimens and peels; quarry NE. of the 

Demesne, Gunnerton, northern England, Lower Carboniferous.
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R. 3237a, b, c, d, e; hand specimens and peels; Hirsthead Sike, Liddel Water, Cumberland, 

northern England, Lower Carboniferous.

R. 3237; thin section labelled PS. 279/ GW Ll 18 [Lee 1912, p. 172]; Hirsthead Sike, 

Liddel Water, Cumberland, northern England, Lower Carboniferous.

PS.65 / GWL;168; thin section [Lee 1912, p i.15, fig. 30], PS.67 / GWL:187; thin section 

[Lee 1912, p i.16, fig. 2]; Co. Tyrone and PS.233; thin section; Clogher, Co.

Tyrone; Visean, Lower Carboniferous. Coll: unknown.

BELUM K3436, K15209-K15215 (Wyse Jackson, 1996, p. 155; figs 80-83); five zoarial 

fragments, two longitudinal sections, hand specimen and acetate peel, from the 

upper part of the Glencar Limestone, Sillees River, Co. Fermanagh; Visean,

Asbian; Coll: T. Mason.

DIAGNOSIS:

Stenophragmidium  with hollow erect zoaria, on average 11mm in diameter. 2-5 

hemiphragms per autozooecial chamber on average; found in both endozone and exozone, 

more often in the latter. Hemiphragms hooked in shape or have bulbous tips, which 

usually point posteriorly and do not extend further than halfway across chamber. 

Exozone walls usually laminated, resembling a stack of semicircles with convex side 

facing anteriorly. Varying degrees of moniliform structure exhibited, usually distinctive 

with three or more per chamber, often with a hemiphragm on each monila. Autozooecial 

apertures circular, rounded or less commonly polygonal. Acanthostyles (large stylets) and 

heterostyles (small stylets) present, the former located at interapertural wall junctions. 

Interapertural wall thickness varies, but usually relatively thick. Heterozooecia present, 

randomly distributed and are usually circular in shape.

DESCRIPTION:

Zoaria are hollow, erect, often cylindrical. Diameters are on average 11mm, and 

can be as much as 15mm. Autozooecia arise in the endozone at an oblique angle to the 

basal membrane. They grow towards the endozone/ exozone boundary for a short
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distance where they gradually change direction to reach the zoarial surface at right angles 

to the direction of growth. The exozone is markedly wider than the endozone, the ratio 

being 1:3 on average. Walls in the endozone are 0.01mm-0.03mm thick. Walls in the 

exozone vary in thickness due to their moniliform nature, but can range between 0.12mm- 

0.23mm in thickness. In the holotype the walls are distinctly moniliform; the monilae are 

oblong in shape in longitudinal section. The other specimens exhibit variations in 

moniliform structure, with more or less monilae present in each wall. The walls in the 

exozone are laminated usually with a stack of broad curves, the convex side facing 

anteriorly. A central dark hyaline zone may be present. This may be due to the orientation 

of the section. Hemiphragms number between 2-5 in each chamber. They are hook 

shaped or have bulbous tips, the tips of hooks and the bulbs pointing posteriorly. They 

never extend further than halfway across the chamber. The bulbous type are often found 

in the endozone, whereas the hook/ barb type are always in the exozone, along with 

bulbous types. Their height is on average 0.1mm, their width at the base 0.03mm and 

width at the top 0.05mm. This varies greatly. They are often positioned distinctively on 

monilae. Autozooecial apertures are circular/ rounded or polygonal with a diameter of 

0.18mm-0.23mm on average. They number 3-6 in a straight line of 2mm. The diameters 

and shape of the apertures varies greatly. They are separated by interapertural walls often 

as thick as an autozooecial diameter. Wall thickness is on average between 0.12mm and 

0.23mm. In tangential section the interapertural walls show closely spaced laminae 

adjacent to apertures with a central zone distinct from the wall near the apertures. This 

central zone can be dark or light in colour, but is usually lighter than the wall either side of 

it. Acanthostyles (large stylets) are found at some interapertural wall junctions, and have a 

diameter of 0.05mm-0.10mm. Heterostyles (small stylets) are found scattered on 

interapertural walls and have a diameter of 0.02mm on average. Heterozooecia are present 

and are usually circular in shape. Their position is mainly random but some occur in 

dispersed clusters, perhaps monticules. Their average diameter is 0.08mm.
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DISCUSSION:

S. sparsitabulata  is relatively abundant in the Asbian/Brigantian of northern 

Britain, with several localities producing specimens attributable to this tax on: the 

specimens previously thought in this study to belong to new taxa prior to statistical work 

are also herein assigned to this taxon, for example the specimens from Co. Tyrone, which 

are unusual in the number of monilae seen in longitudinal section, plot consistently with 

the type of the species (see Chapter 7) and share many similarities with the type, such as 

wall thickness and autozooid aperture size and shape, seen in tangential section. The 

specimens from Co. Fermanagh also plot with S. sparsitabulata in statistical analyses and 

shows very similar morphology in the moniliform walls, position and size of hemiphragms 

and the size and shape of apertures.

GEOGRAPHICAL DISTRIBUTION;

Northern England, Co. Fermanagh and Co. Tyrone, Ireland.

STRATIGRAPHICAL DISTRIBUTION:

Asbian to Brigantian, Visean (D l), Lower Carboniferous.
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Stenophragmidium incrustans Owen, 1973.

Plates 76-83. Appendix A. 1 and A.3.

vl973 Stenophragmidium incrustans Owen, p.301-302, pi.9, figs f, g, and table 3. 

HQLOTYPE:

Owen (1973) designated two slides labelled K1826 [Owen, 1973, p. 301, pi. 9, figs 

f, g] as the holotype, from Tullaghoge Quarry, Co. Tyrone, H819734; Upper Visean; Coll: 

P.S. Doughty, and T. Brunton.

ADDITIONAL MATERIAL;

K1827 (two slides), and the remains of the specimen they were prepared from; Tullaghoge 

Quarry, Co. Tyrone, H819734; Upper Visean; Coll: P.S. Doughty, and T.

Brunton.

Other material attributable to S. incrustans consists of specimens from Co. Tipperary and 

Co. Clare.

TCD. 9417a-g and TCD. 9418a-c; hand specimens and thin sections; Lake Village,

Lorrhu, Co. Tipperary. M904 003; Arundian, Lower Carboniferous; Coll: D.G. 

Smith 1992,

TCD. 49150 and TCD. 49151; two hand specimens; Fort Fergus, Co. Clare; Upper 

Visean, Lower Carboniferous. Collection: G.D. Sevastopulo.

ORIGINAL DIAGNOSIS:

Encrusting Stenophragmidium  with large apertures, mesopores, and acanthopores 

of markedly different sizes (Owen, 1973 p. 301).
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REVISED DIAGNOSIS:

Encrusting Stenophragmidium, zoarial thickness on average l-2mm, sometimes 

zoaria can extend over 30 mm in width and display a wrinkled epizoarium externally. 1 to 

3 hemiphragms are present in exozone in each autozooecia, about 90% have bulbous tips, 

the tips bulging posteriorly, and hemiphragms can point anteriorly, posteriorly or 

vertically, rarely reaching halfway across autozooecial chamber in longitudinal section. 

Exozone walls thin at first but become moniliform and slightly thicker towards exterior. 

Autozooecial apertures large, oval or polygonal. Interapertural walls relatively thin, on 

average 0.08mm thick, often with many small dark circular stylets randomly crowding the 

surface. Rare acanthostyles (large stylets) present. Randomly distributed polygonal 

heterozooecia, also present, usually isolated.

DESCRIPTION:

Zoaria are encrusting, l-2mm thick on average, encrusting on sediment or bioclasts 

such as other bryozoa. Zoaria can grow to be wider than 3cm in extent. Autozooecia arise 

from the basal membrane at 45° and curve into the exozone to reach the surface at about 

90*\ The endozone walls are thin, on average 0.025-0.05mm thick. Walls in the exozone 

thicken to 0.1-0.125mm and are moniliform in the outer part of the exozone (0.08mm) up 

to the last 0.3mm, which thins again to 0.03mm. A central hyaline zone is visible as a dark 

central lone 0.01mm thick. The walls are laminated and have the appearance of stacks of 

hemispheres, especially in the thicker regions of the moniliform exozone. The concave 

side of these laminations faces the posterior of the chamber. The walls regularly grow in a 

zigzag fashion so that the chamber diameter varies along its length. Hemiphragms are 

laminated, with a dark posterior side and most with posteriorly pointing bulbous tip. The 

laminae are contiguous with the wall laminae. Hemiphragms point vertically, posteriorly 

and anteriorly into the autozooecial chamber. They are between 0.02 and 0.04mm wide at 

the base, the bulbous tips can be as much as 0.06mm wide. Their length varies from 0.05- 

0.15mm. Some contain dark central hyaline zones. Owen (1973) describes them as
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having hook Uke appearances. They can be straight or curved. On average 3 are present 

in each chamber, in the exozone. All are situated on the proximal wall of the chamber. 

They rarely extend further than halfway across the autozooecial chamber, and are often 

associated with the last monila of a chamber. Autozooecial apertures are large, oval or 

polygonal in shape, as much as 0.4mm in the long axis and 0.3mm in the short axis, 

commonly 0.27mm in diameter. They are never more than one autozooecial aperture 

diameter apart. There are on average 5-7 autozooecial apertures in a straight line 2mm 

long. Interapertural walls are usually relatively thin compared to the autozooecial 

apertures, between 0.05mm and 0.1mm. They are densely laminated on the apertural side 

often with a light or dark coloured less laminated central zone, in tangential section.

Heterostyles (small stylets) are commonly present, randomly distributed on the 

interapertural walls. Thirty or more of these may surround one aperture. Acanthostyles 

(large stylets) are much less common, occurring at interapertural wall junctions or halfway 

between junctions on an interapertural wall. As many as 3 may surround an aperture. The 

heterostyles (small stylets) are on average 0.02mm in diameter and the larger stylets are on 

average 0.06mm in diameter. Heterozooecia, perhaps mesozooecia, are present. They are 

polygonal in shape, often surrounded by autozooecial apertures. They range from 

0.05mm to 0.125mm in diameter. They are surrounded by stylets. They appear devoid of 

features such as hemiphragms, have moniliform walls, and arise in the exozone, being 

1 mm long. Depending on the orientation of the section, these heterozooecia can look like 

honeycomb structures. If the section is too deep, these heterostyles are usually absent, as 

they do not extend deeply into the zooarium.

DISCUSSION:

Owen notes that S. incrustans differed from Lee's 1912 'Tabulipora' with 

hemiphragms due to its encrusting habit and large autozooecial apertures, but he did not 

see Lee's material and rightly points out that Lee's drawings were poor. He noted that S. 

incrustans closely resembles the Upper Chadian T. crassimuralis' [= Stenophragmidium 

crassimuralis] Lee, but noted again it's apertures were smaller than S. incrustans. The
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two taxa are shown in this thesis to be widely separated and do not share many 

similarities. In cluster analyses S. incrustans consistently plotted as a distinctive group 

(see Chapter 7) and S. incrustans often plots closest to the specimens from Malahide and 

Co. W exford from the Dresser (1960) material {S. hibemicum  sp. nov.). The unusual 

specimens from Co. Tipperary and Co. Clare are of interest as they enable the underside 

of the basal membrane (epizoarium) to be viewed (see Chapter 10 and Plates 8 IB, 82 and 

83). These encrusting forms undoubtedly grew in cavities that shaped their zoaria. 

Grov/th in a cavity would obviously suggest relatively clear waters, as heavy deposition of 

sediment would rapidly bury any cavity-bound bryozoan colony. No evidence of 

bioimmuration could be discerned in the specimens from Counties Tipperary and Clare, 

and this concurs with the findings of Amilhat (1994). The Tipperary specimen (TCD. 

9417a-g and TCD. 9418a-c) does not appear to possess any stylets, but this may well be 

due to depth of section. Otherwise it bears a close similarity, especially in longitudinal 

section, to the type material from Co. Tyrone, as does the specimen from Co. Clare.

GEOGRAPHICAL DISTRIBUTION:

Counties Tyrone, Tipperary and Clare, Ireland.

STRATIGRAPHICAL DISTRIBUTION;

Arundian and Asbian (upper part of D1 zone), possibly Brigantian, Upper Visean, Lower 

Carboniferous.
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Stenophragmidium debilis (Lee, 1912) comb. nov.

Plates 84-86. Appendix A. 1 and A.3.

vl912 Tabulipom debilis Lee, p .175, p i.16, fig.8.

LECTOTYPE:

In Lee's description of S. debilis he mentions only two available specimens, both 

from Stebden Hill, Cracoe, Skipton, Yorkshire, England; Lower Brigantian, Visean; Coll: 

A.H. Nicholson. One of these, the thin section PS71/GWL189, is herein designated as 

the Lectotype.

PARALECTOTYPE:

Herein designated: thin section PS 100/ GW L 188; Stebden Hill, Cracoe, Skipton, 

Yorkshire, England; Brigantian, Visean; Coll: A.H. Nicholson.

DIAGNOSIS:

Stenophragmidium  with hollow, erect zoarium, 8 -10mm in diameter. Autozooecial 

chambers long and straight, almost all of chamber is in exozone. Chambers grows 

perpendicular to the long axis of the colony throughout exozone. Wall thickness 

increases very slightly in transition from endozone to exozone. W alls are not moniliform. 

On average 6 hemiphragms per autozooecium, all in exozone. Hemiphragms needle like 

and grow perpendicular to autozooecial walls or occasionally bend slightly toward 

posterior of autozooecium. Autozooecial apertures polygonal, large, with thin walls and 

prominent acanthostyles (large stylets) at interapertural wall junctions. Heterozooecia 

present, surrounded by 3 to 4 autozooecial apertures and are triangular or rectangular in 

shape.
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DESCRIPTION:

Zoaria are hollow, erect and taper towards the growing tip, varying from 8-10mm 

in diameter. Autozooecia arise in the endozone and rapidly change growth direction to 

form a long exozone which grows perpendicular to the long axis of the zoarium. The 

endozone is typically 0.15mm thick, the exozone is typically 2.5mm thick. Wall thickness 

does not change greatly between the endozone and the exozone, wall thickness being 

between 0.02 and 0.05mm. The walls do not exhibit moniliform structure to any great 

degree, and are often very consistent in thickness throughout their length. A central 

hyaline zone is sometimes apparent, its dark colouring contrasting with the lighter colour 

of the exterior of the wall. It is only 0.01mm thick. Wall laminae are 'V  shaped, with the 

apex pointing anteriorly. These laminae are often contiguous with the hemiphragms, 

notably on the anterior side of the hemiphragms. All hemiphragms are located on the 

proximal walls of autozooecial chambers. Often as many as 6 may be found in each 

chamber, almost exclusively in the exozone. Some almost completely close the chamber 

but most extend halfway or two thirds of the way across (this may be due to sectioning). 

The hemiphragms are needle like, on average 0.15-0.20mm in height, the width at the top 

being 0.01mm, which is the thickness of the majority of the hemiphragm, the base widens 

slighdy to 0.02mm, with the posterior side darkened and the anterior side light in colour. 

Hemiphragms are perpendicular to the zooecial wall generally, but some do lean slightly, 

towards the posterior of the chamber.

Autozooecial apertures are polygonal in shape. They are between 0.35 and 0.5mm 

in diameter and are very closely spaced. There are 6 autozooecial apertures in a straight 

line of 2mm. Interapertural walls are thin, between 0.02-0.04mm in thickness. 

Acanthostyles (large stylets) occur at interapertural wall junctions , and are 0.05mm in 

diameter. Heterozooecia occur ,usually singularly, sandwiched between 3-4 autozooecial 

apertures. This gives them a polygonal aperture, most commonly triangular or rectangular 

in outline. They are on average 0.15mm in diameter (long axis).
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ETYMOLOGY:

The name debilis was used by Lee (1912) to describe the frail appearance of the 

walls and hemiphragms of this species. The relatively thin proportions and appearance 

separates it from other species in the genus Stenophragmidium. The original collector of 

Lee's material, A.H. Nicholson, labelled the two specimens cf. Verticillopora dubia 

M 'Coy. M 'Coy's type (BGS. PS 103) is so recrystallised and badly preserved that it is 

difficult to identify, but it certainly is not the same as S. debilis, and Lee noted this in his 

paper of 1912.

GEOGRAPHICAL DISTRIBUTION;

Stebden Hill, Cracoe, Skipton, Yorkshire, England.

STRATIGRAPHICAL DISTRIBUTION:

Brigantian, Lower Carboniferous.
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Stenophragmidium crassimuralis (Lee, 1912) comb. nov.

Plates 87-106. Appendix A .1 and A.3.

vl912 Tabulipora crassimuralis Lee: p. 172, 173, pi. 16, figs 5-6. 

vl912 Stenophragma grandyense Munro: p. 576, 577.

LECTOTYPE:

Lee's description of S. crassimuralis mentions the figured specimen as coming 

from beds near Stackpole Quay Farm, Pembrokeshire, and gives the accession number as 

ED998 [Lee 1912, p. 173]. Two thin sections have been found with this number: 

PS191/GWL69 and PS69/GWL177; 150m SE of Stackpole Quay Farm, Stackpole, 

Pembrokeshire, Wales; 'C Zone' Chadian/Arundian, Lower Carboniferous; Coll: E. Dixon. 

Lee (1912) was not explicit as to whether ED998 was the holotype, therefore the thin 

sections are herein designated as the lectotype.

PARALECTOTYPES;

Herein designated:

ED1750 (PS 185/GWL65) [Lee 1912, p. 173]; Bluck's Pool, South end of Freshwater 

West, Pembrokeshire, Wales; Late Courceyan/Early Chadian, Lower 

Carboniferous; Coll: E. Dixon.

ED995 (PS223/GWL61) [Lee 1912, p. 173]; Stackpole, Pembrokeshire; Late Courceyan/ 

Early Chadian, Lower Carboniferous; Coll: E. Dixon.

ADDITIONAL MATERIAL:

Material mostly labelled as 5. grandyense or S. sp. from the Munro collection is 

herein also assigned to S. crassimuralis:
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LDUCG 3488; Grandy Quarry, near Shap, Westmoreland (Cumbria), N. England; large 

thin section, also labelled as 052 (by Munro?) and GBr 32, also confusingly 

labelled as Granby Quarry, Bampton Dr.; Asbian/Brigantian boundary, Lower 

Carboniferous; Coll: Munro, M.

BMNH Pal. PI BZ 3534; thin section. Donor's slide no.: GRB. gamma; Great

Rundale Beck, ?Cumbria, England; Upper Dibunophyllum Sub-zone, Lower 

Carboniferous; Coll: Munro, M.

BMNH Pal. PI BZ 3535; thin section. Donor's slide no.: GRB. Ila,; Great Rundale Beck, 

?Cumbria, England; Upper Dibunophyllum  Sub-zone, Lower Carboniferous;

Coll: Munro, M.

BMNH Pal. PI BZ 3536; thin section. Donor's slide no.: GRB. Ila,; Great Rundale Beck, 

?Cumbria, England; Upper Dibunophyllum  Sub-zone, Lower Carboniferous;

Coll: Munro, M.

BMNH Pal. PI BZ 3537 and BMNH Pal. PI BZ 3538; thin section. Donor's slide no.: E 

9,; Humphrey Head, Cumbria, England; Upper Dibunophyllum  Sub-zone, 

Asbian/Brigantian boundary. Lower Carboniferous; Coll: Munro, M.

Material from Wales previously labelled as S. aff. sparsitabulata herein assigned 

to S. crassimuralis'.

PS. 183 / Pg2078; thin section and PS.226 / Pgl964; thin section, from cliffs on the west 

and south side of Bullslaughter Bay, near Bosherton, Wales [Lee 1912, p .172]; 

Visean, Brigantian; Coll: Pringle, J.

Material from Yorkshire unnamed by Munro herein assigned to 5. crassimuralis: 

BMNH Pal. PI BZ 3516; thin section. Donor's slide no.: 963, from south-west of Back

Scar, east of Settle, North Yorkshire, England; Visean, Brigantian (D2 Lst.), Lower 

Carboniferous; Coll: Munro, M. & Garwood, E.J.
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BMNH Pal. PI BZ 3517; thin section. Donor's slide no.: 985, from a lime kiln south of 

Back Scar, east of Settle, North Yorkshire, England; Visean, Brigantian (D2 Lst.), 

Lower Carboniferous; Coll: Munro, M. & Garwood, E.J.;

BMNH Pal. PI BZ 3518; thin section. Donor's slide no.: 987, from south of Back Scar, 

east of Settle, North Yorkshire, England; Visean, Brigantian (D2 Lst.), Lower 

Carboniferous; Coll: Munro, M. & Garwood, E.J.;

BMNH Pal. PI BZ 3519; thin section. Donor's slide no.: 962, either from south-west of

or a lime kiln south of Back Scar, east of Settle, North Yorkshire, England; Visean, 

Brigantian (D2 Lst.), Lower Carboniferous; Coll: Munro, M. & Garwood, E.J.; 

BMNH Pal. PI BZ 3521; thin section. Donor's slide no.: 987b, from south of Back Scar, 

east of Settle, North Yorkshire, England; Visean, Brigantian (D2 Lst.), Lower 

Carboniferous; Coll: Munro, M. & Garwood, E.J.

BMNH Pal. PI BZ 3522; thin section. Donor's slide no.: 988, either from south-west of 

or a lime kiln south of Back Scar, east of Settle, North Yorkshire England; Visean, 

Brigantian (D2 Lst.), Lower Carboniferous; Coll: Munro, M. & Garwood, E.J.; 

BMNH Pal. PI BZ 3523; thin section. Donor's slide no.: 991, from Lime kiln above Great 

Scar, north-west of Stockdale Beck, east of Settle, North Yorkshire, England; 

Visean, Brigantian (D2 Lst.), Lower Carboniferous; Coll: Munro, M. & Garwood, 

E.J.

BMNH Pal. PI BZ 3524; thin section. Donor's slide no.: 782, BMNH Pal. PI BZ 3525; 

thin section. Donor's slide no.: 1151 and BMNH Pal. PI BZ 3526; thin section. 

Donor's slide no.:l 152, from Blackrigg Quarry, near Brunton House, Giggleswick 

Scar, North Yorkshire, England; Lower Carboniferous; Coll: Munro, M.

DIAGNOSIS;

Stenophragmidium with hollow, erect zoaria, 7-12mm in diameter. Autozooecial 

chambers thin walled in endozone, increasing markedly in thickness in exozone. Zooecia 

arise from basal membrane at an oblique angle, change direction slightly at the 

endozone/exozone boundary to reach the zoarial surface at 90° or slightly oblique to the

276



surface. On average between 1 and 3 hemiphragms present in each chamber, usually in 

exozone. They are barbed or hooked in shape, rarely small and bulbous tipped, and do not 

extend further than halfway across chamber. Distinctive thick exozone walls are clearly 

laminated, with central dark line. Walls exhibit moniliform structure in some cases. 

Autozooecial apertures oval, circular and/or rounded, encircled by abundant heterostyles 

(small stylets) on relatively thick interapertural walls. An occasional acanthostyle (large 

stylet) is positioned at an interapertural wall junction. Heterozooecia appear absent, but 

rare small autozooecial apertures present.

DESCRIPTION:

Zoaria are hollow, erect and often cylindrical. Diameters range from 6 to 12mm, 

on average 7mm. Autozooecia arise in the endozone at an oblique angle to the basal 

membrane. They grow towards the endozone/ exozone boundary where they gradually 

change direction to reach the zoarial exterior perpendicular/ subperpendicular to the 

surface. The endozone / exozone ratio is most commonly 1:1, but the exozone can be 

shorter than the endozone in some cases. Walls in the endozone are 0.02mm to 0.05mm 

thick. Walls in the exozone are considerably thicker, on average 0.175mm and varying on 

average from 0.07 to 0.20mm, occasionally more. In the lectotype and in many of 

Munro's specimens the walls do not exhibit moniliform structure (although Munro 

referred to periodical constrictions in the exozone in the specimen from Grandy Quarry, 

near Shap, the specimen, labelled as GBr32). The paralectotypes and other material 

exhibit varying degrees of moniliform structure in their walls; ED 1750 being slightly 

moniliform and ED995 being distinctly moniliform with thinner walls in the exozone. The 

walls are clearly laminated in the exozone, with broad curved laminae, which have their 

convex side facing anteriorly. A central dark dotted line with a thickness of 0.02mm can 

be seen especially in the specimen from Humphrey Head. Hemiphragms arise from these 

walls and may be located between laminae (BZ3537) or be contiguous with several 

laminae (PS 69 / GWL177). On average between 1 to 3 hemiphragms are present in each 

chamber. They are barbed in shape (GWL177), or can have the appearance of hooks
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(BZ3537). This variation may be due to the depth of section. The tip of the hemiphragm 

always points posteriorly. They are mostly found in the exozone. Their height varies 

from 0.05-0.12mm, the average is 0.07mm. Width at base is between 0.01 and 0.03mm. 

W idth at top is between 0.02 and 0.05mm. They are rare in most chambers, often 

occurring singly, and always on the proximal wall of the chamber. They do not extend 

more than halfway across the chamber. Autozooecial apertures are oval, rounded and/or 

circular in shape. On average 6-8 autozooecial apertures are found along a straight line of 

2mm. Diameters are on average 0.1mm/0.3mm (short axis /Long axis) in GWL177 and 

0.25mm/0.35mm (short axis /long axis) in BNHM BZ3537. They are separated by 

relatively thick and very distinctive interapertural walls, which aie on average 0.15mm thick 

in the Humphrey Head specimen and between 0.175 and 0.2mm in the Lectotype from 

Stackpole. They are surrounded by on average 20-30 heterostyles (small stylets) which 

have a diameter of 0.03mm. Acanthostyles (large stylets) can be found at some 

interapertural wall junctions and they have a diameter of between 0.06 and 0.07mm. 

Heterozooecia appear absent, but occasionally a small autozooecial aperture occurs. 

Monticules are present and consist of the larger apertures on the surface.

DISCUSSION;

The species described by Munro (1912) as S. grandyense from Humphrey Head, 

Grandy Quarry, Settle and Great Rundale Beck are junior synonyms of S. crassimuralis 

(Lee, 1912). The specimen now housed in the U.C.L. (LDUCG 3488) is the specimen 

that M unro had in mind when describing S. grandyense originally. The specimens 

described in Lee's paper of 1912, from Stackpole and Bluck's Pool in Pembrokeshire, 

exhibit some differences from Munro's material, mainly in that the Munro material does 

not have barbed hemiphragms and its exozonal walls are slightly thicker than the Lee 

material. They are also separated in time as Lee's material is from the Courceyan/ Chadian 

boundary and the Chadian while Munro's material is from the Asbian / Brigantian 

boundary, (so it seems that the taxon is long lived and changed little during its long 

existence). However their similarities outweigh their differences, and the specimens plot
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well together in cluster analysis (see Chapter 7), although there is some spread within the 

group and a strong association with S. lobatum, which has been referred to previously as 

the S. lobatum/S. cmssimuralis complex. The S. grandyense material and unassigned 

specimens from the Munro collection are herein included together with Lee's material in 

the single taxon S. cmssimuralis. S. grandyense is a junior synonym as Lee's (1912) 

paper predates Munro's by some months.

GEOGRAPHICAL DISTRIBUTION;

Pembrokeshire, Wales. North Yorkshire, Westmoreland and Cumbria, N. England.

STRATIGRAPHICAL DISTRIBUTION:

?Courceyan/Chadian-Brigantian, Lower Carboniferous.
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Stenophragmidium multitabulata (Lee 1912) comb. nov.

Plates 107-109. Appendix A .1 and A.3.

vl912 Tabulipora multitabulata Lee: 173, 174, plate 16, figs 3, 4.

LECTOTYPE:

In Lee's description of S. multitabulata he mentions a specimen of crinoidal 

limestone from near Stockdale Farm, Settle, North Yorkshire, England that contained 

several fragments of this species. Two thin sections made from this specimen (Rh2247) 

are labelled GW L 174 (PS 68) [Lee 1912, pi. 16, figs 3, 4] and GW L 123 (PS276) [Lee 

1912, p. 174]. These are herein designated as the Lectotype. They were collected by Mr. 

J. Rhodes and are lowermost Brigantian (D2) in age.

DIAGNOSIS:

Stenophragmidium  with ramose, cylindrical, solid zoarium, 3.5mm-7mm in 

diameter. Hemiphragms abundant, 6 per autozooecium on average, usually in exozone, 

roughly uniform in shape and size, and are barbed or bulbous tipped in shape, the tip 

pointing posteriorly. Exozone walls are clearly laminated with differing lamination types 

and a clearly defined central hyaline zone. Walls are not moniliform, yet neither are they 

consistent in their width for their entire length, often widening towards exterior of colony. 

Autozooecial apertures circular or oval, surrounded by relatively thick interapertural walls, 

which commonly have heterostyles (small stylets); occasional acanthostyles (large stylets) 

occupy interapertural wall junctions. Heterozooecia abundant and occur singly or in 

groups. Their apertures are subcircular in shape, and they appear to lack hemiphragms.

DESCRIPTION:

Zoaria are ramose, solid and cylindrical, 3.5mm-7mm in diameter, 4.5mm on 

average. Autozooecia arise in the endozone, grow parallel or subparallel to the direction of 

growth for up to 3.5mm, change direction at the endozone/exozone boundary and reach

280



the exterior of the colony perpendicular/subperpendicular to the zoarial surface. The 

endozone /exozone ratio is 1:2, except at the growing tips. Walls in the endozone are 

0.03-0.05mm thick, walls in the exozone widen to an average thickness of 0.13mm, 

ranging from 0 .10mm to 0.20mm. They vary in width along their length, but do not seem 

to exhibit pronounced moniliform structure, although Lee (1912) suggested that they 'can 

afford a slight suggestion of moniliform structure.' A central hyaline zone, darker than the 

rest of the wall, is present in the exozone, with a thickness of 0.01-0.03mm. The wall 

laminations vary from a sharply pointed 'V  with the apex pointing anteriorly, to broader 

curves with their convex side facing anteriorly. Hemiphragms are related to these laminae, 

but the relationship is unclear. The hemiphragms are common in the exozone but almost 

absent from the endozone. The majority have the appearance of small barbs, pointing 

towards the posterior of the chamber. They are closely spaced (rarely more than an 

autozooecial diameter apart), numbering 5 or more per chamber. They rarely extend more 

than halfway across the chamber. All are located on the proximal wall of the zooecial tube. 

They are on average 0.08mm high, 0.02mm wide at the tip and widening to 0.07mm at the 

base.

Autozooecial apertures are circular or oval in shape. They are between 0.16- 

0.20mm in diameter, on average 0.17mm. They are closely spaced but separated by 

relatively thick walls of 0.13mm in thickness. Laminations are clearly seen on the walls, 

especially near the apertures. There are on average 4 autozooecial apertures in a 2mm 

straight line. Acanthostyles (large stylets) are present at interapertural wall junctions. 

They are on average 0.08mm in diameter. Heterostyles (small stylets) are also abundantly 

present, often encircling apertures. These are on average 0.04mm in diameter. 

Heterozooecia occur, they are 0.08mm in diameter and found both singly and in groups, 

sometimes surrounding autozooecial apertures. Their apertures are circular/subcircular in 

shape. It is possible that they are immature autozooecia, the only difference being size, but 

the apparent absence of hemiphragms mitigates against this.
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DISCUSSION:

On one section of slide GW L 174/PS68 (see Plate 108B) it appears that the 

colony has regrown over itself but in a growth direction opposite to the original. This is 

immediately obvious when the position of the hemiphragms is noted and the angle of the 

endozone/exozone boundary is viewed. It is possible that the colony was overturned in 

life but that a sufficient number of zooids survived to continue growth, using the 

overturned colony as a substrate on which to grow. The alternative is that the zooids 

righted themselves and continued growth uninhibited from the original colony. Prior to 

multivariate analysis it was thought that this species also comprised of material named as 

S. serrata (Smyth) and S. ramosum  Owen, these names being subsumable into S. 

multitabulata. However it now seems that while S. multitabulata is similar in many ways 

to these specimens, it is distinguishable as a separate taxon, especially by the relatively 

thick, small stylet rich, interapertural walls which it possesses, which are not seen in either 

5. serrata (Smyth) or S. ramosum Owen, the latter of which is referable to the former (see 

below and Chapter 7).

GEOGRAPHICAL DISTRIBUTION:

Approx. 1 km ENE of Stockdale Farm, Setde, North Yorkshire, England.

STRATIGRAPHICAL DISTRIBUTION:

Lowermost Brigantian, Lower Carboniferous.
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Stenophragmidium serrata (Smyth 1922) comb. nov.

Plates 110-116A, 117-119. Appendix A. 1 and A.3.

vl922  Tabulipora serrata Smyth, p.24, pi.3, figs 5a-b 

vl969  Stenophragmidium ramosum  Owen, p.261, pi.22 b-c

HOLOTYPE;

Smyth (1922) designated a thin section taken from his material collected from 

Ballycastle as the holotype of T. serrata: G.S.I.: F23641, BL2a, from the main limestone 

immediately west of North Star Dyke, Ballycasde, Co. Antrim, Brigantian, Lower 

Carboniferous; Smyth Coll. It consists of longitudinal, tangential and transverse sections.

ADDITIONAL MATERIAL:

This material is all from the limestone and the overlying shales (Brigantian, 

Visean) at the North Star colliery about 2km east of Ballycastle, Co. Antrim, Ireland, and 

is from the Smyth Collection:

GSI: F23801, BL2a; thin section, from North Star Block, on foreshore, Ballycastle, 

immediately west of North Star Dyke in the main limestone.

GSI: F23802; thin section, from North Star, shales above the limestone, Ballycastle.

GSI: F23803, B L lb; single colony, from North Star Block, above coast road, shales 

immediately above the main limestone, Ballycastle.

GSI: F23804, B L lb ; single colony, from North Star Block, above coast road, shales 

immediately above the main limestone, Ballycastle.

GSI: F23805, B L lb; single colony, from North Star Block, above coast road, shales 

immediately above the main limestone, Ballycastle.

GSI: F23806, B L lb; single colony, from North Star Block, above coast road, shales 

immediately above the main limestone, Ballycastle.
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Material previously described as Stenophragmidium ramosum  Owen, 1969 is 

herein assigned to the species S. serrata (Smyth, 1922):

LL2669a, b; thin sections, from Hessilhead, Beith, Ayrshire, Scotland; Visean, 

Brigantian, (Lower Limestone Group); Coll: Rae, G.

DIAGNOSIS:

Stenophragmidium  with ramose, cylindrical, solid zoarium 2 to 9mm in diameter, 

some specimens with dichotomous branching. Autozooecial chambers long and thin 

walled in the endozone and thick walled in the exozone. They bend abruptly at 

endozone/exozone boundary and are almost perpendicular to zooarial surface. Anything 

up to 11 hemiphragms per autozooecium, on average six are present, mainly located in the 

exozone. They curve at the tip towards the posterior of the autozooecia. The exozone is 

twice the width of the endozone. Exozone walls moniliform, monilae being related to 

hemiphragms in many cases. Autozooecial apertures circular, polygonal, occasionally oval 

and are closely spaced. Small heterozooecia, possibly exilazooecia, are present (they may 

be immature autozooecia). Interapertural walls are relatively thin, acanthostyles (large 

stylets) are prominent and occur at interapertural wall junctions.

DESCRIPTION;

Zoaria are ramose, solid, cylindrical, up to 9mm in diameter, commonly 4mm. 

Autozooecia arise in the endozone, grow parallel to the growth direction for up to 3.5mm 

and then change direction at the endozone / exozone boundary and reach the exterior of 

the colony almost perpendicular to the surface. Walls in the endozone are thin, 0.01mm 

thick, while walls in the exozone widen to an average thickness of 0.07mm. They vary in 

width along their length, exhibiting moniliform structure in many cases. A central hyaline 

zone is not immediately evident, but were present is approximately 0.01mm wide. The 

walls consist of 'V  shaped laminae with the apex of the 'V  pointing anteriorly. 

Hemiphragms also have laminae and these are contiguous with the laminae of the walls. 

The posterior side of the hemiphragms are dark and are perpendicular (or curved concave
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side facing posteriorly) to the autozooecial wall. The anterior side of the hemiphragms are 

convex facing anteriorly or abut onto the autozooecial wall at an angle. Smyth (1922) 

described 'Stereoplasm banked up against the distal faces of the tabulae, giving them in 

longitudinal median section the appearance of thorns or saw-teeth'. In the material from 

Hessilhead (LL2669a, b), tips of hemiphragms are not curved to any extent. The 

hemiphragms sometimes lean anteriorly/towards the aperture of the chamber or are more 

often perpendicular to the autozooecial wall. The wall between two closely spaced 

hemiphragms is usually concave. All hemiphragms are located on the proximal walls of 

autozooecia. As many as 11 can be present in the exozone, but an average figure is six per 

chamber. They often almost completely close the autozooecial tube, but many stop 

halfway across. They mostly have curved bulbous tips, which bend back posteriorly. 

Being usually roughly triangular in longitudinal section, they are rarely thicker than 

0.1mm at the base, they thin to 0.02mm at the tip, and are on average 0.08mm long/high. 

They are commonly associated with monilae. Brown bodies are present, especially in the 

material from Hessilhead, often with an amorphous shape and usually present in the 

exozone. They range in size from 0.01 mm across to as large as 0.75mm long and 0.1mm 

thick. Many almost entirely fill zooecial chambers in the exozone. The material is 

seemingly composed of black cubic crystals, probably pyrite, which may indicate the 

original presence of organic material and/or bacterial activity. Much of the material is 

located in the distal side of the zooecia, which may be a geopetal effect. Brown bodies are 

likely to represent degenerate cycles in the life of a polypide. Autozooecial apertures are 

circular or oval in shape, or polygonal with rounded corners. They are usually between 

0.13mm and 0.25mm in diameter, on average 0.17mm, and are rarely more than one 

autozooecial diameter apart. There are between 7 and 9 autozooecial apertures in a straight 

line of 2mm, on average 7.5. Interapertural walls are densely laminated on the apertural 

side and less so on the central wall in transverse section, and are on average 0.075mm 

thick, but can be as thin as 0.03mm. Acanthostyles (large stylets) occur at interapertural 

wall junctions. They are prominent, and have an average diameter of 0.05mm, and they 

occasionally inflect the zooecial wall. A typical aperture is surrounded by up to 9 stylets.
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The acanthostyles (large stylets) are on average 0.05mm in diameter, the heterostyles 

(small stylets) 0.025mm on average, and are at most 0.04mm in diameter. The 

acanthostyles are deeply rooted in the exozone, the heterostyles are not. Heterozooecia, 

described as 'undoubted mesopores' by Owen (1969) are present in large numbers, in 

pairs or groups of four most often, and are usually surrounded by autozooecial apertures. 

They are circular, polygonal, often triangular in shape. They vary in aperture diameter 

from 0.05mm to 0.15mm along their long axes, and are 0.15mm in diameter on average. 

Hemiphragms are apparently absent from these zooecia. This may be due to immaturity 

or subsequent resorption/decay of the hemiseptae pre or post mortem. Some of the 

smaller zooecia observed are oblong in shape and may only have a space filling/structural 

capacity, but this is difficult to confirm. Monticules are present on the zooarial surface but 

show little difference in their autozooecial characteristics from other parts of the surface.

ETYMOLOGY:

The name serrata was used by Smyth (1922) to describe the sawtooth appearance 

of the hemiphragms in his specimens. The assignation of the specimens to the genus 

Tabulipora was probably a result of Lee's 1912 placement of several species into the 

genus, including T. multitabulata which Smyth referred to in his 1922 paper, and noted its 

similarity with serrata.

DISCUSSION;

Owen differentiated S. ramosum  on the presence of 'mesopores'. He correctly 

placed his material in the genus Stenophragmidium  having noted the difference in form of 

the hemiphragms in it and the centrally perforated diaphragms in Tabulipora. He noted 

that his species was akin to Munro's type species S. lobatum  in wall structure and 

hemiphragms but differed from both S. lobatum  Munro 1912 and S. grandyense Munro 

1912 only in the number of acanthostyles (large stylets) and the presence of 'mesopores'. 

Owen, however, did not see the Munro specimens, or indeed the specimens of S. serrata 

(Smyth, 1922) from Ballycastle. Cuffey (1967) has suggested that the number of stylets
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is not a good taxonomic indicator and the possibility remains that the mesozooecia are in 

fact immature autozooecia. Owen (1969) did not observe the presence of maculae on the 

zooarial surface, but monticules are definitely present in the species. Owen also 

commented (1969) that in ramose form S. ramosum Owen, 1969 was similar to S. 

grandyense Munro, 1912. This observation is dubious. Cluster analysis (see Chapter 7) 

supports the decision to subsume S. ramosum Owen into S. serrata, as it plots with one if 

not all of the specimens of S. serrata with regularity, and is clearly the same taxon, 

especially when viewed in tangential section. The only difference between the material is 

the presence of some non-barb like hemiphragms in the Hessilhead material. As has been 

shown in this chapter and elsewhere in this thesis, many types of hemiphragms can occur 

within a single taxon, and therefore they are not enough to split material into separate taxa. 

S. serrata is most similar to S. multitabulata amongst the other material from Britain and 

Ireland.

GEOGRAPHICAL DISTRIBUTION:

North Star colliery about 2km east of Ballycastle, Co. Antrim, and Hessilhead Quarry, 

Beith, Ayrshire, Scodand.

STRATIGRAPHICAL DISTRIBUTION:

Visean, (Brigantian), Lower Carboniferous.
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Stenophragmidium ashfellensis sp. nov.

Plates 121-124. Appendix A.l and A.3.

V 1912 Stenophragma sp. Munro, p. 575-6.

HOLOTYPE;

LDUCG 3489 GBr33, 053 ; Ashfell, near Ravenstonedale, Westmoreland, 

England; Gastropod Beds (Arundian), Lower Carboniferous; Coll: Munro, M.

PARATYPE:

Two thin sections: BMNH Pal. PI BZ 3527; BMNH Pal. PI BZ 3528, (Munro's 

slide no.: CB. labelled as 'c.f. S. grandyensis' by Munro,); north of England, exact locality 

uncertain; Lower Carboniferous; Coll: Munro, M.

DIAGNOSIS:

Stenophragmidium  with hollow erect zoaria, 9 -12.25mm in diameter. Autozooecia 

short and thin walled in endozone and long and thick, walled in exozone. Exozone walls 

are thick, clearly laminated and distinctively moniliform, monilae occur frequently at same 

levels throughout zooarium. 1-3 hem.iphragms per autozooecium, short bulbous tipped at 

the endozone/exozone boundary or tall thin with slightly bulbous tips in exozone, 

occasionally short and thick in exozone. Complete diaphragms present. Autozooecial 

apertures subcircular when small and polygonal large. Interapertural walls relatively thick. 

Acanthostyles (large stylets) present. Exilazooecia occur singly or in groups between 

other apertures. Small chambers occur commonly within the interapertural walls of 

neighbouring zooids.

DESCRIPTION

Zoaria are hollow, erect, with a wrinkled basal membrane. Zoarial diameter ranges 

from 9mm to 12.25m, on average 10mm. Autozooecia arise from the basal membrane and
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grow at an angle to the basal membrane or subparallel to it before changing growth 

direction at the endozone/exozone boundary gradually to reach the surface perpendicular 

to the surface. Endozone walls are thin, typically 0.25mm to as much as 0.475mm. Walls 

in the exozone are much thicker, ranging from 1.475mm to 3.025mm in thickness. 

Exozone walls are notably moniliform in appearance. The monilae occur frequently if 

irregularly, but occur at the same levels throughout the zooarium. A weak central hyaline 

zone is occasionally visible and is on average 0.015mm in width. The walls are clearly 

laminated, laminae are flattened 'V  shaped or 'U' shaped with the convex side facing 

anteriorly. Hemiphragms range in number between one and three per chamber, with one 

distinctively often occurring at the endozone/exozone boundary. They are found in the 

exozone and are always on the proximal side of the chamber. Their laminae are 

contiguous with the laminae of the walls from which they arise and are often darkened on 

their posterior side. Hemiphragms exhibit a variety of shapes with short stumpy examples 

common at the endozone/exozone boundary while tall thin with slightly bulbous tip types 

are seen in the exozone, along with short thick barb types. The bulb or tip always points 

posteriorly. Their height ranges from 0.07mm to 0.12 mm. They never extend further 

than half way across the chamber. Of note is that complete diaphragms are present. This 

may be due to section depth, or they may represent a hiatus in growth, or a closure of the 

posterior of the chamber behind the zooid, for an unknown reason, in a similar way that 

hemiphragms acted (In any case in one example a hemiphragm is seen to the anterior side 

of the diaphragm which suggests the presence of a zooid, and so the diaphragm is not 

terminal). Autozooecial apertures vary in diameter from 0.22mm to 0.39mm, and are on 

average 0.25mm in diameter across their widest extent. They are subcircular, often when 

small, and polygonal especially when larger. Their spacing varies with interapertural wall 

diameter, which can be relatively thick. There are on average 5 autozooecial apertures in a 

straight line of 2mm parallel to the direction of growth. Approximately 39 apertures are 

contained in a square of 2mm2. Interapertural walls vary in thickness from 0.10mm to 

0.18mm. On average they are between 0.11mm and 0.13mm in thickness. They are 

clearly laminated and often the boundary between adjacent zooids is discernible.
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Acanthostyles (large stylets) are present, usually at interapertural wall junctions. Their 

diameters range from 0.07mm to 0.12mm. Possible monticules seen in tangential section 

consist of very large and very small apertures. Exilazooecia occur singly or in groups 

between other apertures. They may be surrounded by thick walls or have a thin wall on 

side adjacent to an autozooecial aperture. They range in diameter from 0.03mm to 

0.11mm, and may represent a number of types. Curious structures, similar to the 

'mesopores' described in other trepostomes, appear present in both specimens. They occur 

commonly within the interapertural walls of neighbouring zooids. Their function is 

unclear, but may have been related to brooding, or possibly as structural space fillers.

DISCUSSION:

These two specimens, which together constitute a new taxon, were thought (in this 

study) to represent two new taxa (S. sp. A and S. sp. B) prior to statistical analysis. 

However on re-examination a number of shared features such as the single hemiphragm at 

the endozone/exozone boundary, the 'brood chambers' and the distinctively moniliform 

walls became apparent. This re-examination was undertaken when it was recognised that 

the two specimens consistently plotted together in cluster analysis. This was one of the 

more illuminating results of that process. The species is named after Ashfell where 

Munro collected the holotype. It is most closely related to S. sparsitabulata, which has 

different, but also prominent, moniliform walls.

GEOGRAPHICAL DISTRIBUTION;

Ashfell, Cumbria, N. England.

STRATIGRAPHICAL DISTRIBUTION:

Arundian, Lower Carboniferous.
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Stenophragmidium wexfordensis (Lee, 1912) comb. nov.

Plates 125-126. Appendix A.l and A.3.

V 1912 Tabulipora wexfordensis Lee: p. 174, 175; pi. 15: fig. 13; pi. 16, fig. 7. 

HOLOTYPE:

Lee's (1912) single specimen consisting of a colony fragment GSI: F23637 and 

thin section BGS. PS70 (GWL 182) from Hook Head (precise location unknown), Co. 

Wexford, Ireland; Toumaisian, Lower Carboniferous.

DIAGNOSIS:

Ramose Stenophragmidium, zoarial diameter 3.85-4.25mm in diameter. 

Autozooecial chambers thin walled in the endozone and relatively thick walled in the 

exozone. They grow at an angle to the axial region of the zoarium or from the basal 

membrane to reach the surface of the colony at an angle off 90°. Walls in the exozone are 

often visibly moniliform. Between 2-4 hemiphragms are present in the autozooecial 

chambers, usually in the exozone. Hemiphragms most often bulbous tipped, the tip 

commonly pointing posteriorly. Autozooecial apertures polygonal on surface and 

circular/sub-oval in tangential section, diameter 0 .19-0.25mm. Exilazooecia and stylets are 

present.

DESCRIPTION;

Ramose zoarium with a zoarial diameter of 4mm on average. Autozooecial 

chambers long and are thin walled in the relatively large endozone and thicker walled in the 

exozone. Autozooecial chambers arise to grow parallel with the direction of growth in the 

endozone for up to 2.5mm, and curve gently into the exozone to reach the exterior of the 

colony at an angle off 90“. The endozone/exozone ratio can be as much as 3:1. Walls in 

the endozone are thin, on average 0.01-0.02mm thick. Walls in the exozone are thicker, on
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average 0.6mm. They are sometimes moniliform, with hemiphragms often associated with 

monilae. The exozone ranges from 0.6mm to 0.85mm in thickness. Walls are laminated 

but this is not clearly seen. Hemiphragms are found in the exozone, occasionally at the 

endozone/exozone boundary. They number between 2 to 4 per autozooecium, on average 

3. They rarely extend across more than half of the autozooecial chamber. They are 

between 0.05mm and 0.14mm in height. They are bulbous tipped and lean anteriorly, 

posteriorly or grow upright into the chamber. All hemiphragms are located on the 

proximal wall of the autozooecial chamber. Occasionally complete diaphragms are located 

at the rear of the exozone. Autozooecial apertures are sub polygonal in outline (Lee, 

1912), and are between 0.19mm and 0.25mm in diameter, on average 0.21mm, with 3.6 in 

a 2mm line parallel to the direction of growth. They are separated by relatively thin 

interapertural walls of an average thickness of 0.065mm. Acanthostyles are present at 

interapertural wall junctions. Heterozooecia are present, ranging from 0.03m to 0.09mm 

in diameter, on average they are 0.076mm in diameter. They may be immature autozooids.

DISCUSSION;

Originally in this study it was thought that S. wexfordensis was synonymous with 

S. sparsitabulata because of the similarity of the monilae in both taxa. However cluster 

analysis and other statistical data suggested otherwise. The specimen of S. wexfordensis 

consistently plotted in a widely separated part of Stenophragmidium  morphospace from S. 

sparsitabulata. The specimen also consistently plotted separate from the Dresser (1960) 

material ascribed by her to the same species. For this reason and others described below 

that material has been reassigned to the new taxon, S. hibernicum  sp. nov.

GEOGRAPHICAL DISTRIBUTION:

Hook Head, Co. W exford 

STRATIGRAPHICAL DISTRIBUTION:

Toumaisian (Chadian) Lower Carboniferous.
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Stenophragmidium hibernicum sp. nov.

Plates 127-136. Appendix A .1 and A.3.

V 1960 Tabulipora wexfordensis Lee; Dresser, p. 10; fig. 5, a, b, c.

HOLOTYPE:

TCD. 41731; locality 109 (Dresser, 1960), Hook Head, County Wexford, Ireland; 

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

PARATYPES;

TCD. 25812; locality 30m (Dresser, 1960), Malahide, Co. Dublin, Ireland; Tober Colleen 

Formation, Chadian, Lower Carboniferous; Coll: A. Dresser.

TCD. 25809; locality 109 (Dresser, 1960), Hook Head, Co. Wexford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 41729; locality 78 (Dresser, 1960), Hook Head, Co. W exford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 41730; locality 99 (Dresser, 1960), Hook Head, Co. Wexford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 41731; locality 109 (Dresser, 1960), Hook Head, Co. W exford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 41732; locality 101 (Dresser, 1960), Hook Head, Co. W exford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 25809; locality 109 (Dresser, 1960), Hook Head, Co. W exford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 25810; locality 109 (Dresser, 1960), Hook Head, Co. Wexford, Ireland;

Toumaisian, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 25811; locality 109 (Dresser, 1960), Hook Head, Co. W exford, Ireland; 

Toumaisian, Lower Carboniferous; Coll: A. Dresser.
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T.C.D. 41733; locality 4m; (Dresser, 1960), Malahide, Co. Dublin, Ireland; Malahide 

Formation, Courceyan, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 41734; locality 6m; (Dresser, 1960), Malahide, Co. Dublin, Ireland; Malahide 

Formation, Courceyan, Lower Carboniferous; Coll; A. Dresser.

T.C.D. 41735; locality 14m; (Dresser, 1960), Malahide, Co. Dublin, Ireland; Malahide 

Formation, Courceyan, Lower Carboniferous; Coll: A. Dresser.

T.C.D. 41736; locality 14m, (Dresser, 1960), Malahide, Co. Dublin, Ireland; Malahide 

Formation, Courceyan, Lower Carboniferous; Coll: A. Dresser.

DIAGNOSIS:

Thin hollow erect or encrusting Stenophragmidium, zoarial diameter from 

0.575mm to 2.05mm in diameter, on average 1.25mm. Autozooecial chambers are thin 

walled in the endozone, thickening shghtly in the exozone. They grow at an angle to the 

axial region of the zoarium or from the basal membrane to reach the surface of the colony 

at an angle off 90°. Walls in the exozone are not moniliform to any degree. Between 1-4 

hemiphragms are present in the autozooecial chambers, usually in the exozone. 

Hemiphragms are most often thin and needle-like or thin barbs, occasionally bulbous 

tipped, the tip usually pointing posteriorly. Autozooecial apertures are polygonal on 

surface and are occasionally petaloid due to the encroachment of large stylets into the 

aperture. Heterozooids absent.

DESCRIPTION:

Thin hollow erect or encrusting Stenophragmidium, zoarial diameter from 

0.575mm to 2.05mm in diameter, on average 1.25mm. The growth tip of the zooarium is 

bluntly rounded when present and branching of colonies can occur. Central cavity in 

hollow erect zoaria commonly cylindrical. Autozooecia arise in the endozone at a steep 

angle to the basal membrane and grow through the endozone/exozone boundary with or 

without a major change in direction to reach the zoarial surface at or commonly off 90“. 

The exozone is often not markedly wider than the endozone, the endozone/exozone ratio
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usually 2:1. W alls in the exozone are frequently not much thicker than those of the 

endozone, and range from 0.02mm to 0.08mm, on average 0.04mm in thickness. 

Regularly spaced monilae are absent and where present are only slightly thicker than the 

intervening wall. Exozonal walls are finely laminated and they commonly contain a central 

cavity, related to a stylet, in the central portion of the wall seen in longitudinal section. 

Hemiphragms are present and are most often thin and needle-like or thin barbs, 

occasionally bulbous tipped, the tip usually pointing posteriorly. They occur mainly in the 

exozone, occasionally in the endozone/exozone boundary. Between 1 and 4 can be 

present in an autozooecial chamber, most commonly there are two present. They vary 

greatly in height, from 0.02 to 0.17mm, but on average are 0.09mm high. They are always 

located on the proximal wall of the chamber. Autozooecial apertures are polygonal in 

outline, occasionally petaloid in areas of high stylet density due to the encroachment of the 

stylets on the apertures. They range gready in diameter from 0.14mm to an exceptional 

0.44mm, but are on average 0.23mm across the long axis. 7.5 apertures will fit in a 

straight line 2mm long parallel to the direction of growth on average. Interaperlural walls 

separating apertures are commonly very thin, on average 0.04mm. They are often totally 

dominated by large stylets, which are present, usually at interapertural wall junctions. 

These stylets appear to have a central cavity or zone, often pale in colour, and clearly 

visible in both tangential and longitudinal section. They range from 0.04 to 0.09mm in 

diameter, and are on average 0.0625mm in diameter. Heterozooids appear absent from all 

zoaria.

DISCUSSION:

This new taxon, S. hibernicum  sp. nov., arises from the re-examination of 

Dresser's (1960) material after the results in Chapter 7 clearly showed this group of 

specimens to be clustering consistently together, in a distinct unit. The differing types of 

zooarial growth habit seen within the group are thought to be due to microenvironmental 

effects that acted during the growth of the colonies, and this is not a sufficient reason to 

split the group further. Dresser (1960) did indeed comment that the specimens she
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labelled as T. wexfordensis and T. sp. A from Malahide resembled each other in almost all 

other respects. This observation is confirmed here. That none of the specimens plotted 

with the type for S. wexfordensis in Chapter 7 allows the erection of a new species, to 

comprise the Hook Head and Malahide material. The closest relative of this species is S. 

incrustans, which often plotted as an off-shoot of this group in cluster analyses.

ETYMOLOGY;

The name hibernicum  was chosen as the species is found in more than one locality 

in Ireland.

GEOGRAPHICAL DISTRIBUTION;

Malahide, Co. Dublin; Hook Head, Co. Wexford, Ireland.

STRATIGRAPHICAL DISTRIBUTION;

Courceyan and Chadian, Toumaisian, Lower Carboniferous.
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Stenophragmidium bundoranensis sp. nov.

Plates 137-138. Appendix A .1 and A.3.

v l912  Tabulipora aff. sparsitabulata Lee, p. 172.

HOLOTYPE:

PS243; Kinlough, Bundoran Co. Donegal, Ireland; 'Upper Calp Shale', Visean, 

Arundian, possibly Holkerian, Lower Carboniferous; Coll: W. B. Wright.

PARATYPE:

PS239; Kinlough, Bundoran Co. Donegal, Ireland; 'Upper Calp Shale', Visean, 

Arundian, possibly Holkerian, Lower Carboniferous; Coll: W. B. Wright.

DIAGNOSIS;

Stenophragmidium  with ramose cylindrical solid zooarium 6.15-6.5mm in 

diameter. Autozooecial chambers long and thin walled in endozone thickening in exozone. 

They curve gently into the exozone to reach the exterior of the colony at an angle of 90“ to 

the surface of the colony. 3 to 7 hemiphragms per autozooecium. Hemiphragms are thin 

and needle-like, or rarely bulbous tip types. Exozone wall both non-moniliform and 

moniliform, hemiphragms not always related to monilae. Autozooecial apertures range 

from 0.15mm to 0.27mm, sub-circular, occasionally polygonal, in shape. Interapertural 

walls thick. Heterozooecia common, often singly or in pairs between autozooecial 

apertures. Stylets rare.
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DESCRIPTION:

Zoaria ramose, cylindrical and solid, on average 6.2mm in diameter. Autozooecia 

arise in the endozone which can be as wide as 3.75mm, curve gently into the exozone to 

reach the exterior of the colony at an angle of 90“ to the surface of the colony. The 

exozone is up to 2.5mm thick, commonly 2.3mm. Walls in the endozone are thin but 

thicken in the exozone up to 0.15mm, commonly 0.13mm, but can be as little as 0.07mm. 

Walls may be slightly moniliform, or not at all. Walls are laminated but this is not clearly 

visible in longitudinal section. In tangential section, walls are clearly laminated, and a pale 

coloured zone is commonly seen on the interapertural walls between zooid apertures. 

Hemiphragms are present, always on the proximal wall of the chamber. They exhibit a 

number of morphologies within the same zooarium, sometimes within the same 

autozooecial chamber. They are commonly needle-like, extending over three quarters of 

the diameter of the chamber. Bulbous tip and barb-like hemiphragms also present. 

Hemiphragms generally lean towards the posterior of the chamber. They are independent 

of the position of monilae, but are mainly located in the exozone, occasionally at the 

endozone/exozone boundary. As many as 7 can occur in a chamber, commonly five are 

present. Autozooecial apertures range from 0.15mm to 0.27mm, and are sub-circular, or 

occasionally polygonal, in shape. There are usually 4 in a straight line 2mm long parallel 

to the direction of growth. They are separated from each other by relatively thick 

interapertural walls, up to 0.15mm in thickness, commonly 0.13mm. These walls, 

highlighted by a pale coloured zone commonly seen in the centre of the wall in tangential 

section, are much more angular in appearance than the sub-circular apertures they separate. 

Heterozooecia are common, often singly and surrounded by four or five bigger 

autozooids. They range from 0.03mm to 0.14mm in long axis diameter, and may have 

served in a number of roles. They sometimes occur in monticules numbering up to 12 

individuals. Stylets are rare, where present they are large stylets located at interapertural 

wall junctions.
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DISCUSSION:

These thin sections were originally assigned to S. sparsitabulata by Lee (1912, 

p. 172). Before statistical analysis was carried out on this distinctive specimen it was 

thought that it belonged to a separate taxon from S. sparsitabulata, perhaps belonging to S 

debilis on account of the presence of the needle-like hemiphragms. That it is not S. 

sparsitabulata was borne out by the statistical work, which almost always showed this 

taxon separated from actual specimens of S. sparsitabulata. Indeed this taxon sometimes 

showed up as an outlier amongst the Stenophragmidium  specimens. Its thicker walls 

make it readily distinguishable from S. debilis, although in longitudinal section there 

remain some similarities. The closest taxa to this one in Stenophragmidium  morphospace 

(British Isles material) appear to be S. multitabulata and S. wexfordensis, with which it 

invariably plotted in cluster analysis. These two are however sufficiently different from 

the species from Bundoran to allow the erection of a new species, which is named after the 

locality from which W.B. Wright first collected it.

GEOGRAPHICAL DISTRIBUTION:

Kinlough, Bundoran Co. Donegal, Ireland.

STRATIGRAPHICAL DISTRIBUTION:

Visean, Arundian, possibly Holkerian, Lower Carboniferous.
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CHAPTER 9

Research on the genus Stenophragmidium outside of Britain and Ireland.

Apart from the British Isles, Stenophragmidium has been described from China, 

the former U.S.S.R. and the U.S.A. The following is a description of all species known 

from these areas, and is essentially culled from the published material. This is done so as 

to give a complete overview of the morphology of the taxon in order to arrive at a revised 

generic diagnosis. Data relating to the morphology of the specimens were utilised in 

Chapter 7 in cluster analyses, but as the accuracy of this data could not be confirmed, these 

specimens were not included in the bulk of the statistical work.

Where square brackets [ ] are used, it is to give the modern terms for structures, 

e.g. acanthopores [acanthostyles], mesopores [mesozoecia].

9.1 Stenophragmidium from the U.S.A.

In 1956 Perry and Gutschick described two species of Stenophragmidium from 

the Amsden Formation in Madison and Jefferson counties, south-western Montana. They 

noted that Stenophragmidium had not been documented from North America before, and 

that its range had also increased as the Amsden Formation is of probable early 

Pennsylvanian (Upper Carboniferous) age.

A specimen identified by Morozova as Stenophragmidium due to the presence of 

hemiphragms, from the Alaska Bench Formation of central Montana (Morrowan, earliest 

Pennsylvanian), remains undescribed (Gilmour, pers comm. 1998). The locality is 

interesting as there was only two species of bryozoans in the outcrop and they were 

associated with ooids and coated grains in a limestone.

The systematic descriptions of the two described species from the U.S.A., S. 

obscurum and S. megistum, are given below:
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Stenophragmidium obscurum Perry and Gutschick, 1956.

Figure 9.1.

1959 Stenophragmidium obscurum  Perry and Gutschick, p. 320, pi. 48, figs 

7-8.

HOLOTYPE:

Ind. Univ. Paleont. Coll. 5514; locality 2, Madison County, south-western 

Montana, U.S.A; Amsden Formation, early Pennsylvanian (Namurian); Perry and 

Gutschick Coll.

ORIGINAL DESCRIPTION:

"Zoarium an uneven sheet-like encrustation, 4mm thick, on brachiopod shell; 

monticules, maculae, and acanthopores [acanthostyles] not observed externally.

In tangential section , zooecia subangular to angular, thin to moderately thin walled; 

zooecia below average in size comparatively common; seven or eight entire zooecia in a 

distance of 2mm. Zooecial wall commonly integrate, less commonly amalgamate; integrate 

or amalgamate nature of zooecial wall determinable with difficulty in many places because 

of wall thinness and somewhat imperfect preservation. Acanthopores [acanthostyles] 

small, obscure, at junction angles of adjoining zooecia. Zooecial walls lack granules. 

Evidence of either monticules or maculae lacking. Mesopores absent.

In longitudinal section, zooecial wall of relatively uniform thickness throughout, 

except immediately above the base of zoarium where zooecia are somewhat recumbent and 

have slightly thinner walls. Monilae poorly developed or lacking. Hemiphragms common 

but of sporadic occurrence. In some zooecia, hemiphragms usually a half to two zooecial 

diameters apart, but other zooecia have only two or three hemiphragms per zooecium. 

W here hemiphragms are rare, they generally are developed in basal part of zoarium. A 

few hemiphragms terminate in small tuberosity. Wall structure, where observable, of fine
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fibres that are L-shaped upward. This structure results in irregular dark line centrally 

located in zooecial wall. Under high magnification (21 OX), fibres forming zooecial wall 

material extend out into hemiphragms."

ORIGINAL REMARKS:

"Stenophragmidium obscurum, which is represented in this fauna by a single 

specimen, differs from any described species of this genus. It can be distinguished readily 

in thin section from S. megistum by its small obscure acanthopores [acanthostyles] and its 

somewhat thinner zooecial walls.

The specific name directs attention to the inconspicuous acanthopores 

[acanthostyles]."

DISCUSSION:

The plates that accompany the above description consist of a tangential section and 

a longitudinal section of the single specimen described. Of the species described from the 

British Isles in this thesis, the one that strikes as being most similar in appearance to S. 

obscurum is the type specimen of S. debilis, with its thin interapertural walls and thin 

upright numerous hemiphragms. There are three differences of note, however, one being 

that the acanthostyles in S. debilis are large while those of S. obscurum are 

'inconspicuous', some of the hemiphragms of S. obscurum were noted by Perry and 

Gutschick as having terminated in 'a small tuberosity', and heterozooecia are absent. With 

respect to the last, S. obscurum is in that respect similar to S. lobatum. It is not surprising 

that Perry and Gutschick did not notice the similarities with S. debilis as Lee's illustration 

of the species is a simple line drawing in longitudinal section. In cluster analysis (Chapter 

7) S. obscurum plots closely with S. megistum, also described by Perry and Gutschick 

(1956), and the two show many similarities with each other.
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Figure 9.2 Stenophragmidium megistum Perry and Gutschicl<, 1956.

1 -3: Holotype; Indiana University palaeontology 
Collection No. 5515.
See Perry and Gutschick, 1956, for details, 
see Chapters 7 and 9 for full discussion. 
Compare with S. megistum from China, in 
Yang etal., 1988, and Chapter 7 and 9.

x20
x20

4-5: Paratypes; Indiana University palaeontology 
Collection No. 5516.
See Perry and Gutschick, 1956, for details, 
see Chapters 7 and 9 for full discussion. 
Compare with S. megistum from China, in 
Yang etal., 1988, and Chapter 7 and 9.

x60

Figure 9.1 Stenophragmidium obscurum Perry and Gutschick, 1956. 

x20

1 -2: Holotype: Indiana University palaeontology 
Collection No. 5514.
See Perry and Gutschick, 1956, for details, 
see Chapters 7 and 9 for full discussion.

x20 >



Stenophragmidium megistum Perry and Gutschick, 1956.

Figures 9.2, 9.3.

1959 Stenophragmidium megistum  Perry and Gutschiclc, p. 320-322, pi. 48, 

figs 2-6.

1988 Stenophragmidium megistum  Perry and Gutschick; Yang et a i ,  p. 83-84, 

pi. 27, figs 5-8, text fig. 19.

HQLOTYPE:

Ind. Univ. Paleont. Coll. 5515; locality 1, Jefferson County, southwestern 

Montana, U.S.A; Amsden formation, early Pennsylvanian (Namurian); Perry and 

Gutschick Coll.

PARATYPES;

Ind. Univ. Paleont. Coll. 5516, 5517; locality 1, Jefferson County, south-western 

Montana, U.S.A; Amsden formation, early Pennsylvanian (Namurian); Perry and 

Gutschick Coll.

OTHER MATERIAL:

HCM204-2, no. 75722, Tzemenchaio Formation, Visean, Lower Carboniferous; 

Hunan, China; Yang Coll.

ORIGINAL DESCRIPTION:

"Zoarium a sheet-like growth, commonly encrusting brachiopod shells. Generally 

less than 4mm thick. In two specimens convoluted or twisted to form an irregular mass. 

Acanthopores [acanthostyles] at junction angles of adjacent zooecia and projecting as 

blunt spines a short distance above zoarial surface. Locally zooecial wall granulose
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between acanthopores. Low monticules, presumably of irregular distribution, composed 

of zooecia somewhat above average in size.

In tangential section, zooecia comparatively uniform in size, subround to nearly 

angular, thick walled to moderately thin walled. Wall thickness typically ranges from 0.02 

to 0.04mm but rarely 0.08mm. Wall thickness may be highly variable within same 

specimen. Number of zooecia shows considerable variation but typically eight entire 

zooecia and portion of a ninth in 2mm. Commonly seven or nine entire zooecia in 2mm. 

This space then generally including part of an additional zooecium. Zooecial wall usually 

amalgamate, homogeneous, but locally and obscurely, particularly near junction angles of 

adjacent zooecia, it may be integrate. Acanthopores [acanthostyles] large, commonly 

ranging from 0.04 to 0.07mm in diameter, occurring at junction angles of adjoining 

zooecia, and usually inflecting zooecia, particularly where zooecial wall is comparatively 

thin. W'here well preserved, acanthopore [acanthostyle] has minute hollow centre, 

surrounded by dark-coloured concentrically fibrous material that is encircled by much 

lighter-coloured concentrically fibrous material. Commonly, acanthopore [acanthostyle] 

separated from zooecial wall by thin dark line. Generally two to four small but 

conspicuous black spots (microacanthopores ?) [heterostyles] in zooecial wall between 

large acanthopores. Locally, spots may be lacking or sparsely developed. Monticules 

composed of five to seven zooecia about a third larger than typical zooecia. Mesopores 

lacking.

In longitudinal section, zooecia commonly somewhat recumbent near base, later 

erect. Monilae bead-like or may extend along zooecial wall for distance of one zooecial 

diameter or more. Where monilae well developed, adjacent monilae separated by distinctly 

thinner segment of zooecial wall. In exceptionally thin zoaria, zooecia usually thin walled 

near base and later becoming rapidly thick-walled without distinct monilae. Zooecial wall 

composed of L - shaped laminae whose apices are moderately acute outward. Where well 

preserved, wall laminae extend into hemiphragms. Hemiphragms, generally fewer than 

five per zooecium, commonly fewer than three, and lacking or virtually absent in some
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zooecia. Hemiphragms locally have diaphragm-like appearance due to orientation o f  

section."

ORIGINAL REMARKS:

"The distinctive features of this species are the large prominent acanthopores and 

small but conspicuous black granules (microacanthopores?) [heterostyles] that commonl)' 

are found in zooecial walls between large acanthopores. Distribution of acanthopores and 

granules tends to be erratic. Granules in some specimens are developed sparsely 

throughout the section whereas in other specimens they may be well developed locally but 

sparsely developed elsewhere. Similarly, granules may be clearly obvious locally, but in 

these areas acanthopores are conspicuous by their absence.

Variation in zooecial wall thickness within the same specimen is caused not only 

by variation in depth in section but is also dependent on whether the section passes 

through monilae or is oriented (sic) between monilae where zooecial wall is significantly 

thinner.

The specific name refers to the prominent acanthopores."

DISCUSSION;

S. megistum  shows many similarities with a number of species from the British 

Isles, most notably with S. lobatum, which also has prominent acanthostyles, no 

heterostyles, and some features with a similar variability including wall thickness and 

acanthostyle distribution. Also similar in appearance to S. ramosum  (= S. serrata) in 

tangential section and S. sparsitabulata in longitudinal section with the disposition of the 

moniliform walls. In cluster analysis (Chapter 7), the species plots closely with S. 

obscurum, with which it shares many similarities.
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Figure 9.3 Stenophragmidium megistum Perry and Gutchick, 1566.

250nm

See Chapters 7 and 9 and consult Yang et al., 1988 page 193 and plate XXVII.



9.2 Stenophragmidium from the former U.S.S.R.

During a period of some seventy years a huge volume of work was carried out on 

Palaeozoic bryozoans in the area then known as the Union of Soviet Socialist Republics. 

A number of palaeontologists working in the former USSR described trepostome 

bryozoans from various locations and ages that had hemiphragms on the proximal walls of 

the zooecial tubes, and therefore they described these as new species of 

Stenophragmidium. In doing so they followed Munro's (1912) definition of the species, 

which is also adopted in this thesis. The discovery of these new species (six in all were 

described) was just a small part of a planned project lasting decades involving the detailed 

study of Palaeozoic bryozoans from all parts of the Soviet Union.

There are two cases where the misnaming of a specimen of Stenophragmidium 

occurred in the Soviet literature. In 1927, Nikiforova described a new trepostome as 

Stenopora parasitica (this was later renamed Stenophragmidium parasiticum by Dunaeva 

in 1964), and in 1958 Trizna named a trepostome specimen as Tabidipora verchotomica, 

which was renamed as S. verchotomicum by Astrova in her 1978 monograph on 

trepostomes. Apart from these two species, there were four others described. The three 

workers primary involved with work on Stenophragmidium were Astrova, Dunaeva and 

Morozova. The specimens assigned to Stenophragmidium by Soviet workers are as 

follows:

5. parasiticum (Nikiforova, 1927), C l , Former USSR, Donbass (Zone Cn/ld).

S. verchotomicum (Trizna, 1958), C l, Former USSR, Kuzbass (Verchotomsk Beds).

S. granulosum Dunaeva, 1964, C l, Former USSR, Donbass (Zone Cv/lg).

S. mirandum Dunaeva, 1964, C l, Former USSR, Donbass (Zone Cn/ld).

S. lobatiforme Morozova, 1981, Carb., Former USSR, NE. region, Kolyma.

5. robustum Morozova, 1981, Carb., Former USSR, NE. region, Kolyma.
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Apart from the Soviet research of relevance to this study, it is worth noting that 

much valuable work was carried out by numerous Soviet palaeontologists in the fields of 

stratigraphical and geographical distributions, systematics and evolution, morphological 

features and palaeoecological studies of Palaeozoic bryozoans. It is unfortunate that much 

of this work is at best litde known in the W est and elsewhere due to the language barrier. 

While some papers were published with an English translation of the abstract, some with a 

complete translation, many papers remain incomprehensible to non-Russian speakers due 

to the Cyrillic alphabet. Additionally the technical nature of the language used caused 

problems of translation (although once the scientific terms are understood they become 

valuable aids in translation). Nevertheless it has been possible to study the papers for a 

number of reasons. Primarily due to the work of the Australian, D.A. Brown, who 

translated many Russian papers and monographs, much of the literature of relevance to 

this study is available in English. Secondly these translations, when combined with the 

original, can be used as a 'Rosetta Stone' in the translation of other papers. Thirdly, if this 

is not possible, the international nature of Latin nomenclatural rules and the use of 

international (i.e. Arabic derived) numerals in all papers worldwide enables the very basics 

of a systematic description to be elucidated with some confidence. A very useful aid in the 

study of Russian literature was published in an Editorial note (Dzik, 1995) in Acta 

Palaeontologica Polonica, 1995, Vol. 40, No. 2, pp. 211-212. Additionally some papers 

that originally appeared in Pal. Zur. (Russian Palaeontological Journal) were published as 

English translations in the Palaeontological Journal. Dzik (1995) notes that with the 

destruction of the Soviet Union and the emergence of several new states, new complexities 

have arisen when translating texts from the various languages that use Cyrillic characters 

(e.g. Russian, Ukrainian and Kazakh). To aid translation a table is provided in the note 

which lists the Cyrillic characters alongside their Western Slavic equivalents. This enables 

a rough translation from the Cyrillic to pronounceable/readable words. It was found that 

once this was done many of the terms familiar to workers in bryozoology and indeed 

palaeontology are readily recognisable, e.g. zoarii = zoaria, kolonii = colony, diaframbi = 

diaphragms etc. In many cases the translations are greatly different in style to the original
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as Russian grammar does not often lend itself to direct translation, and where appropriate 

phrases have been altered (Kucha, pers. comm. 1999). Thus by a combination of 

techniques the relevant papers which contained descriptions of Stenophragmidium  were 

appraised. The following is essentially based on those papers.
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Figure 9.4 S. parasiticum (Nikiforova, 1927).

0.83 mm

3.2mm
See Nikiforova (1927) and Dunaeva (1964)
Compare with S. granulosum Dunaeva, 1964, on the following page. See also Chapters 7 and 9.



A, B, C and D: S. parasiticum  (Nikiforova, 1927). E, F, G: S. granulosum  (=?S. DafBsiticum)puni

See Dunaeva (1964).
For a full discussion see Cfiapters 7 and 9. ^  r-Figure 9.5



Stenophragmidium parasiticum  (Nikiforova, 1927).

Figures 9.4, 9.5.

1927 Stenopora parasitica Nikforova, p. 253-254, pi 13, figs 10-15.

1927 Stenopora cf. tuberculata (Prout) Nikiforova, p. 254, pi 13, figs 16.

1964 Stenophragmidium parasiticum  (Nikiforova); Dunaeva, p. 116-118, 

figs 7-8.

HOLOTYPE:

2/373, slide 60, 61, 69; Donetz Basin, Ukraine (?); Zone Cn/ld, D7/7-D7/8, Lower 

Carboniferous.

SYNTYPE;

11853; collection unknown.

ORIGINAL DESCRIPTION (Nikiforova. 1927);

"Zoarium tubular, encmsting dismembered segments of crinoid stems and the 

zoaria of Bastomella, fragments of the latter sometimes becoming rounded at one of their 

ends (see pi. 13, fig. 11). Zoaria encrusting the crinoid stem segments do not exhibit the 

just mentioned feature. Diameter of the tubes from 3 to 7 mm. Surface provided with 

maculae consisting of zooecial apertures distinguished by their comparatively large 

dimensions. The maculae are 2mm in diameter, their centres being from 3 to 4 mm apart. 

Zooecia, disposed within the limits of the maculae [are] from 0.225 to 0.25mm in diameter, 

those in the interspaces [are] 0.2mm. In the central portions of the maculae there are, 

amongst the larger zooecia, small ones, possibly being mesopores, with a diameter from 

0.1 to 0.125mm. In the interspaces between the maculae 8 zooecial apertures may be 

counted in each 2mm. Between the zooecial apertures scattered mesopores are present, no
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regularity in their disposition being observed. As a rule, each zooecium is accompanied by 

from 2 to 4-5 mesopores, from 0.05 to 0.1 mm in dimension. Sometimes, there are very 

sparse singly occurring mesopores. So they are in the thinner portions of the zoarium, 

being less distanced in the thicker portions of the latter (see plate 13, fig. 12) [in original 

paper]. Between the zooecial apertures, most frequently in their points of intersection, 

there are very prominent acanthopores, attaining 0.05mm in diameter, observed besides the 

mesopores. Interspaces from 0.025 to 0.5mm in width. The carinae between the zooecial 

apertures are very prominent and bearing a row of thin tubercles, the largest of which attain 

0.025mm in diameter. Transverse sections of the zoarium give evidence of a variation in 

the thickness of latter, from 0.35 to 1mm. The zooecial walls exhibit a series of swellings 

[monilae]. The latter are faintly and indistincdy expressed in the thin portions of the 

zoarium, whilst in the thick ones there are from 4 to 6 swellings in each zooecium, the 

median portions of these swellings being transferred by an equal number of nonpreforated 

diaphragms. Length of swellings from 0.075 to 0.1mm, width of the latter, from 0.05 to 

0.075mm.

The described species approximates by its structure and dimensions Stenopora 

cesteriensis Ulrich, differing, however, from the latter in its zoarium, being thin and 

invariably encrusting the stems of crinoidea or the branches of Bastomella."

DISCUSSION:

Although Nikiforova produced a relatively concise description of this species, she 

failed to notice that not all of the diaphragms were complete. One suspects that many of 

those that appeared complete did so due the depth or orientation of section. With this in 

mind, all the other features she describes are commensurate with a typical species of 

Stenophragmidium, e.g. the moniliform walls ("swellings"), the type of zooids and the 

presence of ancanthostyles and heterostyles ("tubercles"). This was duly noted by 

Dunaeva in 1964, whose illustrations clearly show the presence of hemiphragms. 

Dunaeva also includes another specimen in the renamed species Stenophragmidium  

parasiticum, that which had previously been described as Stenopora cf. tuberculata by
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Nikiforova. Perhaps Nikiforova was unaware of the work o f Munro (1912) in 1927, or 

perhaps she did not place much emphasis on the type of diaphragms found in 

stenolaemates. Nevertheless it is Dunaeva's description which describes the species more 

accurately. The following is a summary translation of Dunaeva's revised description:

DESCRIPTION (Dunaeva. 1964);

"Encrusting growth form, colony thickness from 0.45 to 1.12mm, cell walls with 

distinctly periodical thickenings, strongly impinging on the cell cavity [zooecial chamber]. 

In 1mm there are 9-10 of such thickenings. Some thickenings transgressing into the cell 

cavity by as much as one third of its diameter. On the surface of the colony autozooecial 

apertures occupy the surface randomly. A line 2mm long in any direction contains 6-7 of 

these apertures. The form of the apertures is circular or sub-circular, with some deviation 

from the ideal form which is 0.26mm by 0.21mm. These openings are separated by thin 

interapertural walls which are 0.03-0.06 mm thick, within which occurs a single row of 

small granules [heterostyles 1 0.03mm in diameter. These granules are only visible in the 

most surficial tangential sections. Interapertural wall junctions have acanthopores 

[acanthostyles], 0.07mm in diameter, which in upper sections are strongly associated with 

the apertures. Mesopores rare, often completely absent. They are surrounded by similar 

interapertural walls with similar granules and acanthopores as with the autozooecial 

apertures. Mesopore diameters from 0.06-0.07mm in diameter."

DISCUSSION:

Dunaeva notes that S. parasiticum  is closely similar to S. granulosum  (Dunaeva 

1964). It differs from the latter by slightly larger autozooecial apertures (0.21-0.26mm) 

compared to 0 .18-0.19mm in S. granulosum, and by smaller acanthostyles (0.07mm as 

opposed to 0.09mm). There then follows a discussion on Nikiforova's misnaming of the 

species as Stenopora, drawing attention to the unilaterally perforated hemiphragms present 

in S. parasiticum. The taxa previously described as Stenopora parasitica and Stenopora 

cf. tuberculata Prout, are placed in the genus Stenophragmidium  by Dunaeva. S.
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parasiticum  seems a separate species, (being perhaps most similar to S. sparsitabulata in 

longitudinal section, with its moniliform walls, S. incrustans in tangential section with the 

aspect of its apertures and its granular walls and S. hibemicum  when seen in longitudinal 

section,) when it is compared to species from the British Isles. However S. granulosum  

seems very similar judging by the illustrations in Dunaeva (1964), and is perhaps a junior 

synonym of S. parasiticum. In cluster analysis (Chapter 7), S. parasiticum  plots very 

closely with S. granulosum, and this pair associated with S. hibernicum  and S. incrustans.

Stenophragmidium verchotomicum (Trizna 1958).

Figure 9.6.

1958 Tabulipora verchotomica Trizna, p. 74-75, pi. 15, figs 5-6.

1978 Stenophragmidium verchotomicum  (Trizna); Astrova, p. 238.

HOLOTYPE;

No. 76/913 VNIGRI; Kuzbass (Kuz Basin), former USSR; (Verkchotomsk 

Beds), upper Tomsk zone. C l, Lower Carboniferous.

ORIGINAL DIAGNOSIS:

"Colony flat, encrusting, composed of single layer, walls of cells always visible in 

all intersections. Autozooecial apertures are rounded with some with angular comers, and 

are randomly arranged. There are 8-9 in a line 2mm long. On interapertural walls there 

are overgrowths [?] with associated pseudopores [heterostyles?] forming one row. At 

interapertural wall junctions there are large and/or medium sized acanthopores 

[acanthostyles], very often inclined in one direction/offset [?]. Mesopores are very rare."
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ORIGINAL DESCRIPTION:

"Thickness of colony is 0 .8 -1.2mm. Recognition of mature zone [exozone] and 

immature zone [endozone] is difficult because the walls have thicker walls in different 

levels which is due to depth of section. Not all can be seen in longitudinal section, in such 

perpendicular sections the bulgings [monilae?] in the walls 0.40-0.50mm from the basal 

membrane are smaller than in upper with thickness 0.40 to 0.70mm which allows to 

suggest to consider the upper part of colony as exozone and the lower part as the 

endozone. In the latter we can see on each wall of cells up to 6-7 bulges [monilae?] with 

length 0.04-0.08mm and with thickness of 0.03-0.05mm, which follow one another 

without break between the endozone and exozone. In peripheral mature zone [outer 

exozone], the length of these bulgings [monilae] varies from 0.10-0.20mm and even up to 

0.24, and width varies from 0.06-0.15mm. [There now follows references to 'trumpet' 

shapes and cones, which may refer to the shape of the colony or wall laminae therein]. In 

non-white section of conical shape there is better preservation, and we can count up to 6-8 

diaphragms of which one side [this workers emphasis] comes out of the wall and they are 

flattened. The width of the cone/trumpet conical cells in the endozone is 0.10-0.15mm and 

in the outer exozone they are often 0.15-0.18mm. Autozooecial apertures on the surface 

of the colony appear without special order, with 8-9 in 2mm. They have rounded corners 

and range in size from 0.18 x 0.16mm to 0.20 x 0.18mm in width. The width of 

interapertural walls is not more than 0.03-0.08mm. In the average case on the 

interapertural walls, but not always preserved there are very small pseudopores 

[heterostyles?] arranged in one row. At the corners of apertures or at the contacts of cells 

or even on the interapertural walls there are 2-4 but more often 3 large and medium sized 

[acanthostyles] with diameter of 0.05-0.08mm, sometimes up to 0.10mm. Some contacts 

are free of [acanthostyles], in others we see [acanthostyles] and mesopores, the latter are 

rare, and their size and form is changeable; small ones have a length of 0.06mm and width 

of 0.03mm, the largest are up to 0 .10mm."
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OCCURRENCE;

From the Tomb (Tomsk) River, right bank, close to the inflow of the brook 

Chesnokovka, Kuzbass (Kuz Basin), former USSR; upper Tomsk zone, C l (CvlV), 

Lower Carboniferous.

DISCUSSION:

After the above description, which is at times rambling and unclear, Trizna 

compares this species with others described in the same paper, namely Tabulipora 

pesassica, T. tersiensis and T. novellastra, all of which are described for the first time in 

the paper. Differences in the design of the 'trumpet/conical' cells (the meaning of which 

remains unclear, but perhaps referring to the stacking of laminae in the walls), the number 

of 'diaphragms' and monilae, aperture size and shape and size and location of 

acanthostyles apparently distinguish T. verchotomica from the others. The fact that the 

diaphragms are clearly stated to arise from one side of the zooecial wall and are illustrated 

as such did not preclude Trizna from placing these specimens of T. verchotomica in the 

genus Tabulipora. This mistake was rectified by Astrova (1978) who placed the species 

in Stenophragmidium  as S. verchotomicum. Judging by the illustration in Trizna, this 

decision is well founded, as the hemiphragms do indeed arise from the proximal wall, at 

least in all of the cases seen. The species does not bear any immediate resemblance to any 

Stenophragmidium  species described from Britain or Ireland. In cluster analysis S. 

verchotomicum  plotted alongside S. intermurum. It is distinguishable from this species, 

as far as can be ascertained from the poor plates of S. intermurum  in Lu Lin-huang et al. 

(1978).
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Figure 9.6 S. verchotomicum (Trizna, 1958).

2.75mm

See Trizna, 1958 and Astrova, 1978. See Chapter 9 for a full description and discussion.



Stenophragmidium mirandum Dunaeva, 1964.

Figure 9.7.

1964 Stenophragmidium mirandum  Dunaeva, p. 112-114, fig. 4.

1978 Stenophragmidium mirandum  Dunaeva; Astrova, p. 162, PI XLI, fig. 2.

HQLQTYPE:

No. 2/608, Institute of Mines, Kiev,; Donetz Basin, (Donbass), Ukraine, Zone 

C lnd, Limestone D 58. There were 10 samples collected from which 28 sections were 

made.

ORIGINAL DESCRIPTION:

"Colonies of variable thickness ranging from 0.67 to 2.4mm. Encrusting the 

corners of Brachiopods and on the hinges [literally 'branching parts and connecting 

parts'], Zooecial walls in the endozone are 0.045mm but into the exozone they thicken up 

to 0.12mm. Within cells there are numerous hemiphragms present always on the 

proximal walls in all cells. Their thickness is 0.25mm. Hemiphragms occupy up to 1/2 of 

the diameter of the zooecial tube, sometimes less. Often they terminate in a small 

tuberosity or the tip points posteriorly. The distance between hemiphragms is not regular. 

In most colonies hemiphragms separated from each other by a distance of 0.07 to 0.10mm 

and within 1mm there are 10-11 hemiphragms. In some of the observed colonies the 

distance is much larger (0.15-0.22mm) and that results in less hemiphragms per zooecial 

chamber. In some cells incomplete [literally 'much worse’] hemiphragms are observed, 

especially in the anterior end of the cell, but this may be due to the orientation of the cell 

during sectioning which can produce a 'stunted' hemiphragm, where part of the 

hemiphragm is cut short. Autozooecial apertures on the surface of the colonies are 

rounded but not regularly circular, some are elliptical. In 2mm there are 7-8 apertures.
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The size of the apertures is very variable because there are many small apertures present. 

Between monticules [literally 'marks'] the size of the apertures is between 0.27 to 0.30mm, 

and within monticules they are between 0.15 and 0.22mm. Interapertural walls are thin, 

0.03-0.04mm in thickness. Sometimes in the central part there is a black separating line 

[central hyaline zone]. Big apertures are often surrounded by smaller mesopores in a ring, 

these are 0.12 to 0.15mm in diameter, and they give the impression of immature 

autozooids. In longitudinal section some of these mesopores have hemiphragms like 

autozooids [and therefore are autozooids]. On the monticules even smaller mesopores 

[heterozooecia] are found which are elliptical and circular in tangential section, 0.06- 

0.07mm in diameter. At the junction of autozooidal apertures and mesopores there are 

acanthopores [acanthostyles], which have a dark centrepoint (diameter of 0.04mm) 

surrounded by contoured light skeletal material. The size of the entire acanthopore 

[acanthostyle] including this light material is 0.07mm. Acanthopores [acanthostyles] can 

be observed only in shallow tangential section, and they disappear rapidly with depth of 

section."

DISCUSSION:

Dunaeva goes on to discuss at length this species in comparison to others and the 

variability within the suite of samples described above. The salient points are that the 

thickness of the colonies and therefore the number of hemiphragms per cell vary greatly 

within and among the colonies described. It is correctly pointed out that this is due to 

growth rates/life cycle processes. It is also noted that variability in the location of 

hemiphragms can be related to growth conditions. The surfaces of colonies are variable 

due to the distributions of monticules (or maculae, it is not clear from the text which), 

which are defined by their smaller cells and 'mesopores'. As regards other species of 

Stenophragmidium, only S. lobatwn, S. grandyense (= S. crassimuralis), S. megistum  and 

S. obscurum  were known to Dunaeva in 1964. Dunaeva correctly notes that S. lobatum 

has no small mesopores in monticules but larger apertures, and notes that the 

hemiphragms in Stenophragmidium mirandum  are different from those of S. lobatum  as
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they are 'thinner but wider and in S. lobatum  they do not occupy more than 1/3 of the 

diameter of a zooecial chamber’. However S. lobatum  shows great variablity in its 

hemiphragms. Apparently in S. mirandum  hemiphragms can 'extend across the entire 

cell'. This, taken literally, suggests that the 'hemiphragm' becomes a complete diaphragm, a 

rare occurrence in Stenophragmidium. This could be an artefact of sectioning, as could 

the 'stunted' hemiphragms described in the above description. Dunaeva differentiates S. 

mirandum  from S. grandyense (= S. crassimuralis) by the differing number of 

acanthostyles (more in 5. mirandum), and from S. megistum  and S. obscurum  by the 

number of monticules and the size of the mesozooecia and exilazooecia. Whereas using 

numbers of monticules as differentiating features is undesirable as they may relate purely 

to growth stage and/or conditions, this species is different from the four others that 

Dunaeva compared it to, as is clear from the illustration (see Figure 9.7). The single line 

drawing of S. mirandum  in tangential section offers some clues as to similarities between 

S. mirandum  and species from elsewhere. Both this tangential section and earlier cluster 

analysis (Appendix A 11.4) show that the specimens most closely resembling S. 

mirandum  are of S. serrata, with its thin walls, small but variable autozooecial apertures, 

exilazooecia in monticules and numerous barbed hemiphragms, and S. rastrum  in 

tangential section. However the acanthostyles in S. mirandum  seem unique and it is 

readily distinguishable from S. rastrum  in longitudinal section. The absence of 

heterostyles seems problematic.
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Figure 9.7 S. mirandum (Dunaeva, 1964).

4.3mm

See Dunaeva, 1964, and Astrova, 1978. See Chapters 7 and 9 for a full discussion.



Stenophragmidium granulosum Dunaeva, 1964.

Figure 9.5.

1964 S. granulosum  Dunaeva, p. 114-116, fig. 5.

HOLOTYPE:

Sample No. 2/407, Institute of Mines, Kiev; 1 sample, 3 sections, from the city 

formerly known as Komsomolsk (named after the Soviet equivalent of the Hider Jugend), 

Donetz basin (Donbass), Ukraine; Zone C lvg, Limestone B9, Lower Carboniferous.

ORIGINAL DESCRIPTION:

"Description is based on one well preserved specimen, from which 3 sections were 

made. The colony, 1.2mm in thickness, is encrusting a large crinoidal fragment. Zooecial 

cells are thin walled in the endozone, walls 0.02mm thick, growing vertically, then walls 

change angle of direction of growth and thicken to 0.06mm [in the exozone]. Zooecial 

cells typically contain 2-3 hemiphragms of 0.04mm in thickness, which are clearly 

elongated or ? [untranslatable technical Russian]. M ost [my emphasis] of the 

hemiphragms are located on the same side of the cell, but rarely in some cells 

hemiphragms are present on the opposite side [see discussion below]. The distance 

between hemiphragms varies, in some cells they are closely spaced, not more than 1/2 of 

the diameter of a cell apart, while in others the distance is bigger and they may be absent 

altogether. The location of hemiphragms in different cells is not always the same, in some 

they appear in the lower half of the cell [endozone], in other cells the opposite is true with 

hemiphragms closer to the higher half of the cell [exozone]. Autozooecial apertures are 

circular, sometimes petaloidal, in line 2mm long 6 apertures are present, with a length and 

width of 0 .18-0.19mm. Interapertural walls are 0.45mm in thickness and covered with 

small granules which are 0.03mm in diameter. Granules are arranged in a crest-like
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fashion on interapertural walls. At interapertural wall junctions large acanthopores 

[acanthostyles] are present, with a diameter of 0.09mm, with a thin light coloured zone 

0.02mm inside which is contoured with concentric dark rings. Occasionally small 

apertures are observed on the surface, with a diameter of 0.1-0.12mm; these may be 

immature autozooids or mesopores."

DISCUSSION:

Dunaeva notes that this specimen displayed similarities to S. megistum Perry and 

Gutschick, in that both heterostyles and acanthostyles in shallow tangential sections were 

similar. However the size of autozooecial apertures are noted to be larger in S. 

granulosum. Dunaeva, on the basis of Trizna's (1958) monograph, notes that S. 

granulosum is similar to Tabulipora (= Stenophragmidium) vercholomica (= 

verchotomicum) Trizna, which Dunaeva identified as a species of Stenophragmidium 

based on the 'cleaily patterned walls and the number of one-sided hemiphragms in T. 

verchotomica', although once again the apertures in S. granulosum are larger than the 

'much smaller' apertures of S. verchotomicum (see earlier description of same). Looking 

at the illustrations in Dunaeva (1964) of Stenophragmidium in tangential section one is 

struck by the clear similarity between S. granulosum  and S. parasiticum, which Dunaeva 

redescribed in the same paper (see above). Without access to the material it is difficult to 

see for certain if they are in fact one and the same species, but the similarity is strong 

indeed, with perhaps only the size of apertures and the black central spot in the 

acanthostyles of S. granulosum differentiating them. These differences may not constitute 

enough to separate the two, albeit size of such features has been used in the past to 

differentiate Stenophragmidium species, by Russian and Chinese workers. In cluster 

analysis (Chapter 7), S. granulosum plots almost indistinguishable from S. parasiticum, 

which supports the view that both are the same taxon.

The most worrying aspect of the description of 5. granulosum by Dunaeva is the 

reference to hemiphragms on the distal walls of zooecial tubes. This is at odds with 

Munro's (1912) explicit definition that Stenophragmidium is defined to a large degree by
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hemiphragms which are present only on the proximal walls of zooecial cells. The issue of 

distal wall hemiphragms is dealt with in Chapter 8.

Stenophragmidium lobatiforme Morozova, 1981.

Figure 9.8.

1981 S. lobatifonne Morozova, p. 29, pi. 4, fig. 1.

HOLOTYPE:

PIN No. 2930/356; Near Kolyma Uplift/Uplands, upper part of rivers Meundij 

and Dilim; Dilim Suite, Visean, Lower Carboniferous. Four colonies were found in a 

ridge between the Meundij and Dilim rivers at 659m above sea level.

ORIGINAL DESCRIPTION:

"Conical Colonies, overgrown by water algae, diameter of entire colony including 

algae 7-9mm. Thickness of 'grow' zones with algae 2-3.5mm. Adult zone [exozone] in 

those growth zones with algae well marked with width from 0.50-0.70mm. Walls of 

zooecia in immature zone [endozone] have thickness of 0.01mm, in adult [exozone] 0.09- 

0.18mm, where they attain well defined walls with [untranslatable Russian, possibly 

monilae]. In [exozone] in each of zooecia on the lower wall, there are not too many half 

diaphragms [hemiphragms] which occupy one quarter of the diameter of the diameter of 

the zooecium. There are 1-4 [hemiphragms] per 1mm. Well developed [complete, 

terminal diaphragms?] diaphragms very rare, seen developed only in exit part of separate 

zooecia. Exits [autozooecial apertures] poorly angular with gentle comers, diameter from 

0.28-0.30mm, with 5-6 in 2mm. We can see monticules/maculae [literally 'marks'] made 

from much larger than usual apertures, 0.35-0.40mm in diameter, but also these groupings 

can be made of smaller apertures, diameter 0.22-0.25mm. Apertures surrounded by high 

'ridge' walls with thickness 0.11-0.13mm. At corners of joins of walls of neighbouring
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zooecia [interapertural wall junctions] there are [acanthostyles] diameter 0.07-0.12mm, the 

number of which around each aperture is 4-6. On the tops of ridges surrounding 

apertures at the very top of the colony surface microacanthopores [heterostyles] of 

diameter 0.03-0.04mm are present. Exilazooids are rare, with rounded edge angular 

intersections [angular with rounded edges], with diameter 0.16-0.18mm, with usually not 

more than one around each of the ridged apertures."

DISCUSSION:

Morozova notes that this type is very similar to S. lobatum Munro (1912), and 

indeed it is. Fewer hemiphragms and the large number of acanthostyles are offered as 

differentiating features for S. lobatiforme. In fairness to Morozova the specimens of S. 

lobatum described by Munro were not available for comparison, and only the description 

and illustration in her original paper (Munro 1912) were available for comparison with S. 

lobatiforme. However, as S. lobatum has been studied extensively in this present work 

and has shown enough variability to have both a dearth of hemiphragms and an abundance 

of acanthostyles both within and amongst colonies, the differentiation of the two species 

seems tenuous. On examination of the plates that accompany Morozova's description, one 

is struck by the clear similarities with S. lobatum seen in longitudinal section, especially its 

wall structure and hemiphragm disposition and form.. S. lobatiforme also plots beside S. 

lobatum in cluster analyses. In tangential section, the interapertural walls appear thicker in 

S. lobatiforme. These similarities may however be due to depth of section.
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Figure 9.8 A, B, C: S. lobatiforme [= s. lobatum (Munro, 1912)] Morozova, 1981 

D, E, F; S. robustum Morozova, 1981.

See Chapters 7 and 9 tor tull discussion. See also Morozova, 1981,



In cluster analysis (Chapter 7), S. lobatiforme plotted with many specimens of S. 

lobatum  and in the final cluster alongside S. bundoranensis. It shows similarities with 

both taxa. It therefore seems reasonable to include S. lobatiforme with S. lobatum  (see 

Chapters 7 and 8).

Stenophragmidium rebus turn Morozova, 1981.

Figure 9.8.

1981 S. robustum  Morozova, p. 30, pi. 4, fig. 2.

HQLQTYPE:

PIN 2830/353, two colonies, bank of River Orodochan, Preskoyinskaya Hills, NE 

former USSR; from the mid part of the Bokanskaya Suite, Middle Carboniferous.

DESCRIPTION:

"Branch like colonies, dichotomising, diameter 8-10mm, diameter of side branch 3- 

5mm, width of transparent zone [endozone] -0 .8-1 .3mm. Zooids within transparent zone 

[endozone] partly parallel, thickness of walls 0.04mm. In transparent zone [endozone] 

zooecial walls have variable thickness, getting thicker anteriorly, regularity is poorly 

expressed, thickness of walls of transparent zone [endozone] is 0.08-0.12mm. 

Hemiphragms in zooecia in transparent zone [endozone?] are not observed. In transition 

zone from transparent zone [endozone?] to non-transparent zone (endo/exozone 

boundary) and in the non-transparent zone [exozone] there are polydiaphragms [unknown 

what is meant by this term as opposed to hemiphragms, diaphragms etc.] which occupy 

2/3 to 3/4 of the diameter of the zooecial tube. Number of polydiaphragms in 1mm is 3-7. 

Autozooecial apertures are polygonal, with diameter of 0.18-0.20mm, there are 6 in 2mm. 

Monticules can be found, made of 2-5 big apertures, which are rounded, with diameter of 

0.25-0.30mm. Apertures are surrounded by walls [?] slightly proud of the colony.
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thickness 0.07-0.09mm. In corners of connection of walls [interapertural wall junctions], 

there are big acanthopores [acanthostyles], which are rooted from the centre of the colony, 

0 .09-0.18mm in diameter, and can number 3-4 at the corners of connection of walls 

[interapertural wall junctions]. Microacanthopores [heterostyles / granules] not observed. 

Perhaps they didn't survive sectioning. Exilazooids are many, with sharp edges [angular], 

0.09-0.18mm in diameter, with 4-7 surrounding autozooecial apertures."

DISCUSSION:

The original comments are best presented in their original form: "As compared to 

known examples of Stenophragmidium  most of which are similar and form conical 

colonies, this described specimen is different by branch like 'trumpet' form, large size, very 

wide transparent zone [endozone] with parallel zooecia, big acanthopores [acanthostyles], 

and large number of exilazooecia." From the plates provided in Morozova (1981), certain 

similarities can be seen with S. lobatum  (including S. lobatifonne), especially in 

longitudinal section. In cluster analyses. S. robustum  plots closely with S. lobatum. 

However it plots even closer with S. pleniramosum  (see below), and on examination of the 

two they do appear very similar, in transverse, tangential and longitudinal section. 

Unfortunately the lack of the original material is an obstruction to anything but 

observation.

9.3 Stenophragmidium  from China.

As can be appreciated, translating technical texts from Chinese to English is 

difficult for a W esterner if unschooled in such a different tongue. In some cases papers 

have been translated into English and published as bilingual editions, which are a great aid 

when appraising the work of Chinese palaeontologists. Otherwise only very rough 

translations are possible, using the order of the description and the measurements given as 

guides. As with the Soviets in their day, Chinese palaeontologists are mainly concerned 

with stratigraphy, but have also produced work of a systematic nature. The main workers 

involved with Stenophragmidium  were Lu Lin-huang, Liu and Yang, who, with the
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collaboration of others, have described 10 species of Stenophragmidium from China.

Ariunchimeg (1995) described a new species from Mongolia, which for convenience will

be included here, although little information is available for it. These species are:

Stenophragmidium neimongolense Liu, 1976, (fide Alan Horowitz, pers. comm. 1997); 

from the Qixia Formation of the Lower Permian, Nei-Mongol, NE China.

Stenophragmidium rastrum  Lu Lin-huang et al., 1978; from the Zhaojiashan Formation, 

Lower Carboniferous, westcm Guizhou, Hunan, South China.

Stenophragmidium intermurum  Lu Lin-huang et a l ,  1978; from the Boqiwan Formation 

(Aikuanian) of the Lower Carboniferous, westem Guizhou, Hunan, South China.

Stenophragmidium catenulus Lu Lin-huang et al., 1978; from the Zhaojiashan 

Formation, Lower Carboniferous, westem Guizhou, Hunan, South China.

Stenophragmidium magnospinosum  Lu Lin-huang et a l ,  1978; from the Zhaojiashan 

Fonnation, Lower Carboniferous, western Guizhou, Hunan, South China.

Stenophragmidium weiningense Yang, 1974, {fide Wyse Jackson, 1991); from the

Zhaojiashan Formation of the Lower Carboniferous, western Guizhou, Hunan, 

South China.

Stenophragmidium pleniramosum  Yang et al., 1988; from the upper part of Shihtengtze 

Formation of Lower Carboniferous; Lianyuan, Hunan, South China.

Stenophragmidium multispinosum  Yang et a l ,  1988; from the upper part of the

Tzemenchiao Formation, Lower Carboniferous, Xiangxiang, Hunan, South China.

Stenophragmidium unispiniporus Yang et al., 1988; from the Tzemenchiao Formation 

of the Lower Carboniferous, Xiangxiang, Hunan, South China.

Stenophragmidium cumulospinosum  Yang eta l., 1988; from the Tzemenchiao 

Formation of the Lower Carboniferous, Xiangxiang, Hunan, South China.

Stenophragmidium conspectum  Ariunchimeg, 1995; Mongolia.

All attempts have been made to include as much information in this section as

possible and the following is constructed from the literature only. Yang et al. (1988) is a
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good source for logs and maps relevant to the Chinese material. The reproduction of 

figures for this section necessitated 'cleaning' the images in Adobe Photoshop (Version 5), 

as the original diagrams were printed on rice paper which allowed the image or text on the 

other side of the page to be visible. These line drawings were nevertheless 'cleaned' and 

included here, as they are the best illustrations available for the Chinese material, as the 

photographic plates provided in Chinese papers are often very small and of variable 

quality.

At this point it is also worth noting that Yang et al. (1988) erected a new genus 

Coelotubulipora, which bears a striking resemblance to many of the specimens of S. 

hibernicum, especially those from Hook Head (see p.79 in Yang et al.). It cannot be 

ascertained if this genus is actually conspecific with S. hibernicum  without examining the 

material, but it seems likely, and it is probably referable to Stenophragmidium  at least; 

Yang even refers to features called'superhemisepta' in Coelotubulipora, i.e. hemiphragms, 

on the proximal walls.
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Stenophragmidium pleniramosum Yanget a l ,  1988.

Figure 9.9.

1988 Stenophragmidium pleniramosum  Yang et a i ,  p. 164, pi. 26, figs 9-15. 

HOLOTYPE;

75719; upper part of Shihtengtze Formation, Lower Carboniferous; Lianyuan, 

Hunan, China.

PARATYPE;

75720; upper part of Shihtengtze Formation, Lower Carboniferous; Lianyuan, 

Hunan, China.

ORIGINAL DIAGNOSIS;

"Zoaria solid, flattened and ramose, 9.47mm in length and 8.73mm in width; 

bearing conspicuous elevated maculae, 2.3mm apart from centre to centre.

Zooecial apertures subcircular or polygonal, uniform in size; 0.19 to 0.33mm in 

long diameter, 0.18 to 0.27mm in short diameter; irregularly spaced, on average with 5 to 

6.5 in 2mm. Mesopores are numerous, usually oval or subcircular in ouUine, with a long 

diameter of 0.05 to 0.20mm, and a short diameter of 0.04 to 0.05mm, generally with 4 to 7 

surrounding each zooecium. Acanthopores [acanthostyles] well-developed; larger ones 

0.025 to 0.05mm in diameter, commonly located at junctions of zooecial angles, with 4 to 

5 surrounding each zooecium; smaller ones [heterostyles] only 0.01 to 0.12mm in 

diameter, commonly arranged in 2 to 3 rows at interspaces of larger ones.

Zooecia bending gradually from axial region toward mature region, perpendicular 

to the surface of the zoarium. In immature region, walls very thin, slightly crenulated; 

diaphragms and hemisepta generally lacking. In mature region, zooecia with three layers, a
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conspicuous boundary line lying between two zooecia; walls gradually thickened, irregular, 

displaying a moniliform wall, composed of fine laminae, 0.05 to 0.10mm wide; hemisepta 

commonly distributed at middle parts of mature region, composed of fine laminae, about 

one-half zooecial diameter in length, generally with 2 in each zooecium, but absent in some 

parts, diaphragms occasionally present at the distal part of mature region."

DISCUSSION;

Yang et al. (1988) state that "this species is chiefly characterised by the typical 

moniliform walls, by the well-developed acanthopores, by the well-defined mesopores and 

by the very few hemisepta and can be distinguished from any other species of this genus". 

The plates in accompanying the description are small and difficult to scrutinise closely, but 

they are sufficient to illustrate that this species seems different from any 

Stenophragmidium  encountered in the British Isles (except perhaps S. multitabulata in 

tangential section and S lohatum  in longitudinal section). With its closely packed, long 

zooecial tubes, it bears a resemblance to S. rastrum, S. catenulus, S. magnospinosum  and 

S. weiningense, but it is somewhat distinguished from these by its appearance in tangential 

section. In cluster analysis it plots closely with S. lobatum, but is very closely linked with 

S. rastrum, and as noted above the two are very similar, perhaps the same taxon. Without 

access to the material, however, this cannot be proven outright.
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Figure 9.9 Stenophragmidium pleniramosumYang etal., 1988.

2.75mm
0.9mm See Chapters 7 and 9 and consult Yang etal., 1988 page 193 and plate XXVI.

Figure 9.10 Stenophragmidium unispiniporusYang etal., 1988.

See Chapters 7 and 9 and consult Yang et al., 1988 page 193 and plate XXVII.



Stenophragmidium unispiniporus Yang et al., 1988.

Figure 9.10.

1988 Stenophragmidium unispiniporus Yang et al. p. 164-165, pi. 27, figs 

4

HQLOTYPE:

75721; Tzemenchiao Formation, Lower Carboniferous; Xiangxiang, Hunan, China.

ORIGINAL DIAGNOSIS:

"Zoaria hollow, flattened and ramose; 11mm in length and 7mm in width. Zooecial 

apertures subcircular or sub polygonal, with a few sub oval forms; commonly with a long 

diameter of 0.20 to .040mm, and a short diameter of 0.25 to 0.30mm; regularly spaced and 

radially arranged, on average with 5 to 6 in 2mm. Mesopores few, sub oval or subcircular 

in shape. Acanthopores [acanthostyles] commonly lacking.

Zooecia developed from epitheca and direct to zoarial surface. Walls irregularly 

thickened, showing an inconspicuous moniliform wall, composed of L-shaped fine 

laminae, hemisepta well defined, developed at lower side of zooecial wall, commonly 

composed of fine laminae intertongueing (sic) laterally with the laminae in the inner part of 

the zooecial walls, generally about one half to one zooecial diameter in length; with 4 in 

0.5mm. Diaphragms very few, commonly lacking."

DISCUSSION:

Yang etal. (1988) note that this species closely resembles S. intermurum  Xia, Lu 

and Lee (1978), but that it differs from the latter due to more and better defined 

hemiphragms and the absence of spine-like maculae. In longitudinal section, S. 

unispiniporus looks like S. lobatum  with its slightly moniliform walls and well defined
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hemiphragms. In tangential section the interapertural walls are thicker than those seen in 

S. lobatum, and do seem to be devoid of heterostyles, and lack the large distinctive 

acanthostyles of S. lobatum, which therefore gives this specimen a unique appearance. In 

cluster analysis it plots closely with S. lobatum. S. unispiniporus, S. pleniramosum  and S. 

robustum  seem to be closely associated with the super-specific but subgeneric S. 

lobatum!S. crassimuralis complex identified above in Chapter 7.

Stenophragmidium multispinosum Yang et al., 1988.

Figure 9.11.

1988 Stenophragmidium multispinosum  Yang et a i ,  p. 165, pi. 27, figs 9-11;

Text-fig. 20.

HOLOTYPE;

75723; upper part of the Tzemenchiao Formation, Lower Carboniferous; 

Xiangxiang, Hunan, China.

ORIGINAL DIAGNOSIS;

"Zoaria hollow and ramose; 7 to 10 in inner diameter, and 15 to 20mm in outer 

diameter.

Zooecial apertures subcircular, sometimes petaloid due to inflecting of 

acanthopores [acanthostyles], irregularly spaced, with 6 in 2mm. Acanthopores well 

developed; larger ones 0.07 to 0.09mm in diameter; concentrically laminated, located at 

junctions of zooecial angles, with about 4 to 5 surrounding each zooecium; smaller ones 

[heterostyles] dark in colour, with granular tissue, 0.03 to 0.04mm in diameter, commonly 

located at zooecial walls, sometimes inflecting zooecial apertures. Mesopores oval and 

subcircular, 0.05 to 0.15mm in long diameter and surrounding each zooecium, in some 

parts absent.
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Zoarium developed in layers; each layer 4 to 7mm in width, with a well-defined 

boundary, displaying the same growth stage. Zooecia long, prone along epitheca for a 

short distance from immature region, 0.01 to 0.02mm in thickness; diaphragms and 

hemisepta lacking. In mature region, walls conspicuously thickened, displaying typical 

moniliform wall, composed of U-shaped laminae [with the closed end facing anteriorly], 

hemisepta well developed, distributed at lower parts of walls, one-half zooecial diameter in 

length, thin and straight, slightly thickened distally, [on] average with 3 to 4 in 0.05mm. 

Diaphragms commonly lacking, occasionally present in distal [this workers emphasis] 

part of mature region."

DISCUSSION:

Yang et al. (1988) note that the acanthostyles and heterostyles in this specimen are 

distinctive. On examination of the figures accompanying the description, especially the 

text figure 20, a number of features were noted. In tangential section, as seen in plate 27, 

figs 9-10, the specimen appears very similar to S. multitabulata, with the apertural shape 

and heterostyle-laden walls, and S. sparsitabulata from Tyrone (PS67), with its distinctive 

moniliform walls. In text-fig. 20 of Yang et a l, 1988, reproduced here as Figure 9.11, a 

longitudinal section is illustrated, in which several hemisepta can be seen distributed on the 

distal walls of zooecial tubes in the specimen. If M unro's definition is followed, as it has 

been in this thesis, then this mitigates against including S. multispinosum  in the genus 

Stenophragmidium, as hemiphragms can only be located on the proximal walls of zooecial 

chambers. W ithout the benefit of viewing the material, it is difficult to decide on whether 

to exclude S. multispinosum  from the genus Stenophragmidium, as apart from the distal 

hemiphragms (which may perhaps be due to orientation of the specimen during sectioning 

or draftsman error), the specimen illustrated bears many of the hallmarks of a specimen of 

Stenophragmidium. However, the illustration must be taken at face value, and 

unfortunately the specimen is better referred to Tabulipora. In support of this view is the 

placing of S. [= 77] multispinosum  as a complete outlier in cluster analyses, indeed in the 

position occupied by the test specimen of Tabulipora in the case of the PC-ORD cluster.
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Stenophragmidium cumulospinosum  Yang et a i ,  1988.

Figure 9.12.

1988 Stenophragmidium cumulospinosum Yang et al., p. 165-166, pi. 27, figs 

12-14; pi. 28, fig. 1; Text-fig. 21.

HQLOTYPE:

75724; Tzemenchiao Formation, Lower Carboniferous; Xiangxiang, Hunan, China. 

PARATYPE:

75725; Tzemenchiao Formation, Lower Carboniferous; Xiangxiang, Hunan, China.

O RIGINAL DIAGNOSIS:

"Zoaria irregular, hollow and ramose; 3.6 to 6.0mm in diameter. "Zooecial 

apertures subcircular or sub oval, with a long diameter of 0.21 to 0.40mm, and a short 

diameter of 0.18 to 0.35mm; irregularly arranged, generally with 4.5 to 5.5 in 2mm. Walls 

thick, displaying a boundary line, with light, transparent tissue, 0.10 to 0.15mm wide. 

Acanthopores [acanthostyles] small with granular tissue, commonly aggregated at angles 

of zooecia, occasionally at zooecial walls. Mesopores few, subcircular or sub oval in 

shape, irregularly arranged, usually at interspaces of zooecia.

Zooecia long, bending from immature region toward mature region and 

perpendicular to the surface of zoarium. Walls in immature region slightly curved, 0.01 to 

0.03mm thick, in mature region conspicuously thickened, but not formed moniliform wall 

(sic) [the text fig shows portions that are moniliform], composed of U shaped laminae 

[with the closed end facing anteriorly]; sometimes fused; about 0.05 to 0.07mm in 

thickness. Hemisepta usually [?] located at lower side of zooecial wall in the primary part
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of mature region, with about 2 to 4 in each zooecium, one-half zooecial diameter in 

length."

DISCUSSION:

Yang et al. (1988) note a specimen of S. megistum  Perry and Gutschick from the 

Lower Tzemenchiao Formation of the Lower Carboniferous, Xiangxiang, and they 

compared it to S. cumulospinosum. They stated that it differed from the latter in that the 

latter has larger conspicuous acanthostyles and small granular heterostyles. In tangential 

section both seem to be very similar, however. Of the species from the British Isles, S. 

cumulospinosum  seems most similar to S. crassimuralis, with its thick interapertural walls 

and similar apertural shape. Yang et al. (1988) refer to hemiphragms being usually 

located on the proximal walls of zooecial tubes. This again calls into question the validity 

of Yang et al.'s methodology and whether they understood that for a specimen to be 

included in Stenophragmidium  that the hemiphragms had to be on the proximal wall only; 

therefore the species place in the genus Stenophragmidium  is unsure. There are only 

proximal wall hemiphragms in the illustrations however, and in all other aspects the 

species belongs to Stenophragmidium. Perhaps the appearance of the a distally 

positioned hemiphragm observed by Yang et al. was due to orientation of sectioning in a 

specimen they did not illustrate. In cluster analysis S. cumulospinosum  plots closely with 

S. wexfordensis, from which it is easily distinguishable, albeit it is similar in appearance to 

S. wexfordensis in longitudinal section where the interapertural walls do not attain great 

thickness and monilae are visible. It therefore seems reasonable to assume S. 

cumulospinosum  is a valid taxon.
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Figure 9.12 Stenophragmidium cumulospinosumYang et al., 1988.

See Chapters 7 and 9 and consult Yang et at., 1988 page 193 and plate XXVII.



Stenophragmidium neimongolense Liu, 1976.

1976 Stenophragmidium neimongolense Liu.

TYPE;

The type is from Qixia Formation, Lower Permian, Nei-Mongol, NE China.

DIAGNOSIS:

No data available.

Stenophragmidium rastrum Lu Lin-huang et al., 1978.

Figure 9.13.

1978 Stenophragmidium rastrum Lu Lin-huang et al., p. 329-340, pi. 1, figs 3, 4.

TYPE;

AAC 222, 36607; Zhaojiashan Formation, Lower Carboniferous; Weining, western 

Guizhou, China.

DIAGNOSIS:

"Zoaria hollow, erect, 2.5-3.9mm in diameter. Autozooecial apertures 0.25- 

0.29mm in diameter, with 6-7 in a straight line 2mm long. Interapertural walls are 0.04- 

0.06mm in thickness. Hemiphragms are present, with 8-10 in a zooecial chamber."

DISCUSSION:

S. rastrum, S. catenulus, S. magnospinosum, and S. weiningense, are all very 

similar in appearance in both longitudinal section and tangential section. They also plot
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relatively closely to each other in cluster analysis. Without viewing the actual material it is 

difficult to be certain, but it is suspected that all four belong to the same taxon, i.e. S. 

weiningense Yang, 1974. All four come from the Zhaojiashan Formation, Lower 

Carboniferous, Weining, western Guizhou. This formation also contains 

Nipponostenopora sinensis Yang. Lu Lin-huang et al. (1978) consider these species to be 

closely related to those of the Namurian in the Donetz Basin (Donbass) former U.S.S.R. 

(see above). The bryozoans were found in association with the following fauna: 

Brachiopods: Gondolina-Gigantoproductus edelbergensis assemblage types; Fusiliniids; 

Eostajfela zone types; Ammonoids: Homoceras zone types and Corals: Palaeosmilia 

stutchburgi and Dibunophyllum turbinatum-Lithostrotion decipiens zone types. 

Stenophragmidium persists throughout the Lower Carboniferous section at Weining.

Stenophragmidium intermurum Lu Lin-huang et al., 1978.

Figure 9.13.

1978 Stenophragmidium intermurum Lu Lin-huang et al., p. 329-340, pi. 1, figs 

1, 2 .

TYPE:

AAC 5a, 36608; Boqiwan Formation (Aikuanian), Lower Carboniferous; western 

Guizhou, Hunan, South China.

DIAGNOSIS:

"Zoaria encrusting, 0.89-1.27mm in thickness. Autozooecial apertures 0.29- 

0.30mm in diameter, with 6-7 in a straight line 2mm long. Interapertural walls 0.03- 

0.05mm in thickness. Hemiphragms are present, with 5 in a zooecial chamber."
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DISCUSSION:

This bryozoan resembles S. crassimuralis in longitudinal section and S. lobatum 

in tangential section, especially with its closely similar hexagonal aperture colony surfaces 

as seen in some specimens of S. lobatum. In cluster analysis it plots most closely with S. 

verchotomicum, with which it bears some similarities in tangential section. It does 

however appear to be a valid taxon, albeit the plates in Lu Lin-huang et al. (1978) are very 

hard to appraise. This bryozoan is from the lowermost part of the Carboniferous section 

in Weining, and is found alongside the other bryozoans Anisotrypa beshevensis Dunaeva, 

A. boqiwanensis Yang, Fenestella tenax Ulrich, and F. serratula Ulrich.

Stenophragmidium catenulus Lu Lin-huang et al., 1978.

Figure 9.13.

1978 Stenophragmidium catenulus Lu Lin-huang et al., p. 329-340, pi. 1, figs 7,

8 .

TYPE;

AAC 221, 36609; Zhaojiashan Formation, Lower Carboniferous; Weining, western 

Guizhou, China.

DIAGNOSIS:

Zoarium hollow, erect, 3.15mm in diameter. Autozooecial apertures 0.22-0.27mm 

in diameter, with 6-7 in a straight line 2mm long. Interapertural walls 0.04-0.1mm thick. 

There are on average 4 hemiphragms per zooecial chamber.

DISCUSSION:

See discussion on 5. rastrum above.
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Stenophragmidium magnospinosum Lu Lin-huang et al., 1978.

Figure 9.13.

1978 Stenophragmidium magnospinosum Lu Lin-huang et a i, p. 329-340, pi. 1, 

figs 5, 6.

TYPE:

AAC 218, 36610; Zhaojiashan Formation, Lower Carboniferous; Weining, western 

Guizhou, China.

DIAGNOSIS;

"Zoaria encrusting, 4.7 to 6.3mm in thickness. Autozooecial apertures are between 

0.25 and 0.30mm in diameter, with 6-7 in a straight line 2mm long. Interapertural walls 

are 0.04mm thick. There are on average 4 hemiphragms per zooecial chamber."

DISCUSSION:

See discussion on S. rastrum above.

Stenophragmidium weiningense Yang, 1974.

Figure 9.13.

1974 Stenophragmidium weiningense Yang, p. 72-87, fig. ?

1978 Stenophragmidium weiningense Yang; Lu Lin-huang et al., p.329-340, 

pi. 3, figs 16, 17.
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TYPE:

The type (AAC 218, 36611 and/or 21585) is from the Zhaojiashan Formation, 

Lower Carboniferous, western Guizhou, Hunan, South China.

DIAGNOSIS (from Lu Lin-huang et al., 1978):

"Zoaria encrusting, 3.4 to 4.3mm in thickness. Autozooecial apertures are between 

0.27 and 0.30mm in diameter, with 6-7 in a straight line 2mm long. Interapertural walls 

are 0.01-0.015mm thick. There are on average 5 hemiphragms per zooecial chamber."

DISCUSSION:

See discussion on S. rastrum  above. The correct spelling of the species name is 

uncertain as it is also referred to as S. weiningensis in Lu Lin-huang et al. (1978) in both 

the text and plate captions.

Stenophragmidium conspectum  Ariunchimeg, 1995.

1995 Stenophragmidium conspectum  Ariunchimeg.

TYPE:

No data available.

DIAGNOSIS:

No data available.
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stenophragmidium rastrum Lu Lin-huang et al., 1978, a a c  222; 36607.

Stenophragmidium catenulus Lu Lin-huang et ai., 1978, a a c  221; 36609.

Stenophragmidium intermurum Lu Lin-huang etal., 1978, a a c  5a; 36608.

Stenophragmidium magnospinosum Lu Lin-huang etal., 1978, a a c  218; 36610.

Stenophragmidium weiningenseYang, 1974, a a c 218;21585,21586,36611.

1.66mm

Figure 9.13. See Lu Lin-huang (1978); Chapters 7 and 9 for further details.



9.4 Comparison of non-Irish and British species.

The following is a summary table for the observations made above.

O r ig in a l  sp ec ie s  l is t R e m a rk s

Stenophragmidium obscurum  Perry and Gutschick, 1956. Very similar to S. megistum

Sienophragmidium m egistum  Perry and Gutschick, 1956. Very similar to S. obscurum

Stenophragmidium parasilicum  (Nikiforova, 1927). Valid taxon

Sienophragmidium  verchotomicum  (Trizna, 1958). Valid taxon

Stenophragmidium granulosum  Dunaeva, 1964. Probably S. parasiticum

Stenophragmidium mirandum  Dunaeva, 1964. Valid taxon

Stenophragmidium  lobatiform e  M orozova, 1981. Probably S. lobatum  (Munro, 1912)

Stenophragmidium robustum  Morozova, 1981. Valid taxon

Stenophragmidium  neim ongolense  Liu, 1976. Valid taxon?

Stenophragmidium rastrum  Lu Lin-huang et a i ,  1978. Probably S. weiningense

Stenophragmidium intermurum  Lu Lin-huang et al., 1978. Valid taxon

Stenophragmidium catenulus Lu Lin-huang et al., 1978. Probably 5. weiningense

Stenophragmidium magnospinosum  Lu Lin-huang et al., 1978. Probably S. weiningense

Stenophragmidium  weiningense  Yang, 1974. Valid taxon

Stenophragmidium pleniram osum  Yang et al., 1988. Probably S. robustum

Stenophragmidium  m ultispinosum  Yang et al., 1988. Possibly a species of Tabulipora

Stenophragmidium  unispiniporus Yang et a i ,  1988. Valid taxon

Stenophragmidium  cum ulospinosum  Yang et al., 1988. Valid taxon

Stenophragmidium conspectum  Ariunchimeg, 1995. Valid taxon?
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CHAPTER 10

Ultrastructure studies on Stenophragmidium.

10.1 Introduction.

Ultrastructure studies of bryozoans have been the subject of several papers (e.g., 

Blake and Towe, 1971; Buttler, 1989; Healey and Utgaard, 1979; Morrison and Anstey, 

1979; Sandberg, 1976, Tavener-Smith and Williams, 1972; Taylor and Jones, 1993; 

Taylor and Weedon, 1996, 2000; Taylor, Weedon, and Jones, 1995; Weedon and Taylor, 

1995, 1996a, 1996b, 1998, 2000). However work on trepostomes specifically has been 

limited, as has work on Palaeozoic bryozoans (Butder, 1989, Morrison and Anstey, 1979 

and Tavener-Smith and Williams, 1972). Detailed work by Gautier (1970) on the 

interpretative morphology and taxonomy of Tabulipora included fine observation of 

diaphragm relationships with wall laminae. From observations of Stenophragmidium 

made in this study it seems that the hemiphragms in Stenophragmidium grew in a similar 

fashion to those in Tabulipora (see below). The fine ultrastructure that can be seen in 

many specimens of Recent bryozoans is often absent in fossil Palaeozoic bryozoans, due 

to diagenetic changes that occur during fossilisation, and thus the scope for ultrastmcture 

studies in fossils is greatly reduced. This was the case with the specimens of 

Stenophragmidium available for this study. Taylor and Weedon (2000) consider 

ultrastructural fabrics observed in cyclostomes to be of dubious phylogenetic value, and 

those of trepostomes may be of even less value taxonomically (Taylor, pers. comm. 1998). 

Nevertheless all specimens suitable for study were examined using a Scanning Electron 

Microscope, and several features of interest are discussed below. Only the following taxa 

yielded specimens suitable for analysis: S. lobatum, S. sparsitabulata, S. incrustans and S 

serrata.
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10.2 Sample preparation.

Samples of bryozoans for use in a Scanning Electron Microscope (S.E.M.) must 

undergo a number of preparation steps before they can be used effectively. The type of 

S.E.M. machine also effects the type of preparation needed. Many S.E.M. machines 

necessitate the coating of specimens by a suitable metal, usually gold. For reasons 

outlined in Chapter 4, it was not possible to apply this procedure to the specimens 

available for this study. Consequently an S.E.M. technique which did not require the 

irreversible manipulation of samples was sought. This was achieved when the Electron 

Microscope Unit of Trinity College, Dublin, acquired a variable pressure S.E.M., the 

details of which are given below.

Preparation for the variable pressure S.E.M. involved a number of steps. 

Specimens were first peeled using acetate sheets as described in Chapter 6. This enabled 

identification of the zoaria (see Chapter 8 and Appendix A 16). Once sorted and labelled 

the specimens were placed in an ultrasonic vibrating bath for 15 seconds each. This often 

removed much of the loose material adhering to the zoarium, particularly material lodged 

in the autozooecial apertures, which was of importance as hemiphragms are easier to see 

on the surface of a colony when the apertures are relatively clean. They were then 

subjected to a mixture of boiling water and 'Quaternary O' a brown viscous carcinogenic 

substance which removes excess debris such as clay material from the exterior of a 

zoarium. The results of this method ranged from very good to poor, and those that were 

not sufficiently cleaned in the first 24 hour period were once more ultrasonically vibrated 

and immersed in boiling water and 'Quaternary O' for a further period of 12 hours. 

'Quaternary O' is no longer available commercially at the time of writing.

The specimens, now cleaned, were mounted on metallic stubs which are used to 

secure specimens to the viewing stage in the variable pressure S.E.M. So as not to 

damage the specimens, a form of clear glue ('Bostik Cool Melt Glue Stick') was applied, 

lightly heated, from a glue gun, to the stub, upon which the specimen was mounted. These
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studs are ~ lcm  and ~3cm in diameter, but specimens slightly larger than this can be 

accommodated. The glue dries rapidly and can be easily removed from the specimen after 

analysis, often producing a good mould of the surface of the colony in the process.

10.3 S.E.M. analysis.

Once mounted specimens were placed in the environmental chamber of the variable 

pressure S.E.M. One 3cm stub or up to six 1cm stubs can fit on the peltier stage within 

the chamber. They are screwed in place. The model used was an Hitachi S-3500N 

S.E.M. using variable pressure mode (see Figure 10.1). Variable pressure allows the 

microscopy of wet, oily and non-conductive samples without the need for coating, as the 

air molecules in the environmental chamber allow the dissipation of any charge that builds 

up on the non-conducting surface of the sample. As coating was not allowed and as the 

zoaria are made of non-conducting material (mainly CaCOj) this method was therefore 

ideal for the analysis of the Stenophragmidium  material.

The image is captured by the detection of signals mainly created by back-scattered 

electrons from the specimen emitted after the beam of high energy electrons has hit the 

specimen. These signals provide a good image when used in variable pressure mode, 

which allows much higher pressure in the chamber than conventional S.E.M. microscopy. 

Resolution can be as good as 5.0nm in variable pressure mode, which has a range from 1- 

270 Pa. The image created is archived by the connected PC and can be retrieved later. 

There is an on-screen interaction with the process which allows adjustment of brightness, 

contrast, focus, cycle speed and other functions such as stage position/angle by means of 

simple mouse and roller ball/rotary controls.

10.4 Assessment of results.

Overall the use of S.E.M. techniques did not provide an easily used aid in 

specimen identification or in the determination of skeletal ultrastructure. Measurements 

from the surface of colonies were too susceptible to the ill affects of depth and orientation 

for inclusion in any statistical work and the presence or absence of hemiphragms was not
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always discernible. However when apertures had been relatively freed of infill, and 

hemiphragms were present, this afforded a valuable ‘3D ’ effect image of the disposition 

of hemiphragms within autozooecial apertures, as well as other features not seen in 

standard thin sections.

Nevertheless it was generally possible to confirm or reject the assignation of the 

specimens to a particular species by examining the surface features that were visible in the 

images of the zoaria. Autozooecial and heterozooecial aperture morphology and 

disposition, combined with observations made on the interapertural walls and the 

disposition and type of stylets, afforded some confirmation of the specimens' identity. Of 

particular interest were those images that related to colonies for which thin sections and or 

acetate peels were available, as comparisons were then possible. The following is an 

assessment of the images produced according to the species they illustrate.

10.4.1 Stenophragmidium lobatum (Miinro. 1912).

Images produced of three colonies of S. lobatum  (LDUCG 3485/050/GBr30, 30a, 

31a; Ravenstonedale, northern England) illustrate surface features associated with the 

species (see Plates 13 and 14). The polygonal apertures, separated by relatively thin 

interapertural walls, with prominent acanthostyles at interapertural wall junctions, and the 

absence of heterozooecia are clear indications that these colonies belong to S. lobatum. 

The growth tip (see Plate 14B) illustrates how autozooecial apertures are smaller in this 

region compared to more mature regions of colonies. Sectioning was not allowed on these 

specimens, but the cleaning method outlined above was carried out. This unfortunately did 

not remove enough of the infill in the autozooecial apertures to allow a view of a 

hemiphragm.

10.4.2 Stenophragmidium sparsitabulata (Lee. 1912).

Images produced of colonies referable to S. sparsitabulata clearly illustrate the 

variability of the species. The specimens from the British Geological Survey collections 

were also acetate peeled, and this afforded the opportunity to compare these acetate peels
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with S.E.M. images of the polished surfaces from which they were produced and with the 

surface features of the colonies (compare the R3237 material from Hirsthead Sike, 

Cumberland, in Plates 23 to 30). All of the colonies were cleaned in the manner described 

above. This resulted in mixed successes with regards to dislodgement of autozooecial 

aperture infill.

In Plates 24, 25A and 29A (illustrating R3237a-d; Hirsthead Sike, Cumberland, 

England), wall ultrastructure and hemiphragms are clearly visible. These images confirm 

that hemiphragms are contiguous with wall laminae, and grow in a series of stages similar 

to those outlined for Tabulipora by Gautier (1970). Hemiphragms can be seen in three 

orientations in these plates; longitudinal (Plates 24A, 25A, 29A), transverse (Plate 24A) 

and within an autozooecial aperture (Plate 30). The surface and section S.E.M. images 

compare well with the acetate peels produced from the same colonies (see Plates 23 and 

28).

The S.E.M. images of material from Barmoor Redhouse Quarry, Northumberland, 

England (GSM 25573) also allow comparison between acetate peels and the surface 

features of colonies. While the acetate peels confirm the specimens as S. sparsitabulata 

(e.g. Plate 32), the S.E.M. images illustrate the surface of the colony, particularly in Plate 

34, where heterozooecia and autozooecial apertures with hemiphragms are clearly visible. 

Curious cylindrical structures of unknown significance are illustrated within the 

autozooecial apertures in Plate 35A, and Plate 35B provides a high magnification view of a 

bulbous tipped hemiphragm.

S.E.M. images of material from W oodend Quarry, Northumberland, England 

(GSM 25574) illustrate a diversity of features. Comparison of the acetate peels in Plates 

36 and 37 with the S.E.M. images in Plate 38 show that wall laminae are better illustrated 

in acetate peels (or thin sections) when viewed in tangential section. The acetate peels 

clearly show hemiphragms in Plates 36A, 39A, 40 and 43B, but even at high magnification 

(Plate 42) hemiphragms are difficult to discern if the autozooecial apertures remain 

obscured by infill.
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This problem is also illustrated by much of the material from Closehead Old Lime 

Quarry, Otterbum Church, northern England (GSM 25575). Plates 49, 50, 51, 54, 56, 

57B, 60, 62, 63, 65, 66A, 67 and 68, while illustrating autozooecial apertures and 

heterozooecia with varying success, are not useful in illustrating hemiphragms. It is only 

in acetate peels in longitudinal section that these may be seen (Plates 48A, 52, 53, 55, 58, 

64, 70 and 72). However the S.E.M. images can be useful investigative tools. Plate 66B 

illustrates a curious structure within an autozooecial aperture, possibly a bioclast, but 

perhaps a remnant of a polypide. Monticules on the surface of colonies are often very 

well illustrated by the S.E.M. images, with the 3D effect clearly valuable in viewing such 

structures (e.g. see Plate 67B). W here the cleaning process has been successful, the 

results from S.E.M. images are often very illuminating. Plate 69 not only illustrates 

hemiphragms deep within autozooecial apertures, it also shows autozooecial aperture 

morphology to a much greater degree than any tangential section can illustrate. At the 

level of ultrastructure, Plate 71A illustrates hemiphragms contiguous with wall structure 

(as seen in Plates 24, 25A and 29A). Plate 74B clearly illustrates stylets on an 

interapertural wall. The stylets are formed from concentric laminations which distort the 

wall laminae around them.

Overall acetate peels were more effective in identifying the colonies as S. 

sparsitabulata, but the S.E.M. images revealed many features not seen in either thin 

sections or acetate peels.

10.4.3 Stenophragmidium incrustans Owen. 1973.

The S.E.M. images from the S. incrustans material (BELUM K1827, TCD. 49151 

and TCD. 9417). illustrate a number of interesting features. In Plates 80 and 8 IB, the 

colony fragment from which thin sections K 1827a and b (see Plates 77B and 78) were 

produced, is illustrated. Plate 80 affords a good close-up view of the autozooecial 

apertures, a heterozooecia, interapertural wall structure, stylets and hemiphragms in the 

autozooecial apertures. The cleaning of the specimen was perhaps not too successful in 

dislodging much of the infill, but the apertures in the centre of Plate 80A allow a deep
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enough view to see hemiphragms within them. The image in Plate 81A compares well 

with the tangential section made of the same colony (Plate 77B).

Plates BIB to 83 were an investigation into the structure of the epizoarial surface 

which is clearly visible in the specimens from Counties Clare and Tipperary (TCD. 49151 

and TCD. 9417). The epizoarium is clearly wrinkled in one orientation in TCD. 9417 

(Plate 82B) and in two orientations at right angles to each other in TCD. 49151 (Plates 

818 and 82A). W hether this is due to bioimmuration, the nature of the cavity encrusted, 

or the phenotype of the colony is unknown. At high magnification the surface appears to 

have been recrystallised, and any original detailed ultrastructure has now gone. Other 

colonies with hollow erect or adnate sheet colonies (e.g. S. ashfellensis and S. lobatum) 

also possess wrinkled epizoaria, and perhaps it seems more likely that this is a result of 

colony genotype rather than a microenvironmental/ecophenotypic processes.

10.4.4 Stenophragmidium serrata (Smvth. 1922).

The S.E.M. images produced of the colonies referable to S. serrata show some of 

the strengths of using this technique in viewing bryozoan colonies. Plates 117, 118B and 

119 show a variety of views and magnifications of colonies GSI. F23803, GSI. F23804 

and GSI. F23805, from Ballycastle, Co. Antrim. In most instances hemiphragms are 

clearly visible within the autozooecial apertures, especially in Plate 119B. The small 

autozooecial apertures, relatively thin walls and numerous heterozooecia are features also 

seen in tangential thin sections of S. serrata material (Plates l l l A ,  113B and 116A). 

Thus a reasonably good identification as S. serrata can be attempted going on surface 

features alone in the case of these colonies (identification was confirmed by acetate peels).

The polished longitudinal section illustrated in Plate 118A is a good illustration of 

hemiphragm and wall ultrastructure, which is also seen in Plates 24, 25A, 29A, 35B and 

71 A. While ultrastructure did not prove useful in species recognition as suspected, 

something can be learnt from the laminae in the walls and hemiphragms about the growth 

of such structures. The laminae in the chamber walls are clearly contiguous with the 

hemiphragms. As the walls were laid down by the zooid, the hemiphragm was produced
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in a rapid manner with little more than 7 laminations needed to produce a hemiphragm. 

The fact that the hemiphragms were an integral part of the wall laminae would afford them 

good structural strength. This may have been necessary if the zooid used the 

hemiphragms for muscle attachment, or if they served in a protective function in the 

autozooecial apertures.
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Figure 10.1: The variable pressu “A scanning electron microscope (SEM) in high vacuum mode functions by 
scanning a focused beam of high-energy electrons across the surface of a 
sample. The beam-speclmen interaction produces many signals including 
secondary electrons (SE), back-scattered electrons (BE) and X-rays. The low 
energy secondary electrons are collected to form the standard image and the 
high-energy back-scattered electrons provide an image with good atomic 
number contrast. The X-rays produced are characteristic of the elements in 
the sample and they may be separated out into an energy spectrum to allow 
the identification of the elemental composition of the sample.

The S-3500N meets the needs of both conventional high vacuum and 
variable pressure electron microscopy. The variable pressure mode allows the 
microscopy of wet, oily and non-conductive samples in their natural state 
without the need for conventional sample preparation and coating. A peltier 
stage, which can reach -20 degrees centigrade, is fitted to minimise water 
loss during imaging and analysis. Energy dispersive X-ray microanalysis may 
be carried out on a sample in both high vacuum and variable pressure modes." 
From the Electron Microscope Unit, Trinity College, Dublin, official Web site, 
http://www.tcd.le/Electron_Microscop^emu/home.htm

Technical specifications:
Hitachi S-3500NVariable Pressure Scanning Electron K îcroscope.
Resolution:- 3.5nm. at 25Kv - High Vacuum mode (SE); S.Onm. at 25Kv. - Low Vacuum mode (BE). 
Accelerating Voltage:- O.SKv to lOKv in 19V steps / lOKv to 30Kv in 100V steps.
Specimen stage:- 100mm. by 50mm. (5 axis motorised).
Peltier stage:- minimum temperature - 20 degrees centigrade.
PGT imix/PC-PTS X-ray microanalysis system with 10 sq. mm. UTW detector.
From the Electron Microscope Unit, Trinity College, Dublin, official Web site, 
http://www.tcd.ie/Electron_Microscope/emu/home.htm

Example of V.R S.E.M. image: 65 million year old Dinosaur bone from Wyoming, USA.



Conclusions.

CHAPTER 11

11.1: Valid Taxa.

This generic revision of Stenophragmidium  has confirmed the validity of the 

genus on the basis of the diagnosis given in Chapter 8. It has resulted in the recognition 

of three new species from the British Isles (S. ashfellensis, S. hibemicum  and S. 

bundoranensis), six new combinations from the British Isles (5. sparsitabulata, S. debilis, 

S. multitabidata, S. crassimuralis, S. serrata and S. wexfordensis) and the subsuming of 

two species from the British Isles (5. grandyense and S. ramosum). Two previously 

recognised taxa {S. lobatum  and S. incrustans) have been confirmed as valid. Additionally 

all known material pertaining to Stenophragmidium  from the British Isles, much of which 

was previously unidentified or incorrectly assigned, has now been assigned to these 11 

species. The table below illustrates the revision, with those in bold being species that were 

consistently recognisable throughout the process of the revision.

B r it i s h  I s le s  o r ig i n a l  l is t P r e - s t a t i s t i c s  l i s t P o s t  s t a t i s t i c s  l is t

S. l o b a tu m S. l o b a tu m S. l o b a tu m

S. i n c r u s t a n s S. i n c r u s t a n s S. in c r u s t a n s

S. sp. nov. (Amilhat)

T. s p a r s i t a b u l a t a S. s p a r s i t a b u l a t a S. s p a r s i t a b u l a t a

S. sp. from Sillees River

S. sp. nov. (Tyrone)

S. sp. nov, (Bundoran) S. bundoranensis

T. m u l t i t a b u l a t a S. m u l t i t a b u l a t a S. m u l t i t a b u l a t a

T. serrata S. serrata

S. ramosum

T. c r a s s i m u r a l i s S. c r a s s i m u r a l i s S. c r a s s i m u r a l i s

S. grandyense

T. wexfordensis S. wexfordensis

T. d e b i l i s S. d e b i l i s S. d e b i l i s

S. sp. nov. A

S. sp. nov. B S. ashfellensis

T. sp. nov. (Dresser) S. hibernicum
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In addition to the material from Britain and Ireland, a comprehensive review of the 

literature concerned with species of Stenophragmidium  from the USA, the former USSR 

and China was carried out (Chapter 9). This has resulted in a revised species list for the 

genus from these localities (see table below). The list, albeit based on the literature only, 

appears to be sound. Those in bold are considered valid taxa:

O r ig i n a l  sp ec ie s  l i s t R e m a r k s

S te n o p h r a g m id iu m  o bscu ru m  Perry and Gutschick, 1956. Very similar to S. megistum

S te n o p h r a g m id iu m  m eg is tu m  Perry and Gutschick, 1956. Very similar to S. obscurum

S te n o p h r a g m id iu m  p a r a s i t i c u m  (Nikiforova, 1927), Valid taxon

S te n o p h r a g m i d iu m  v e r c h o to m ic u m  (Trizna, 1958). Valid taxon

Stenophragmidium granulosum  Dunaeva, 1964. Probably S. parasiticum

S te n o p h r a g m id iu m  m ir a n d u m  Dunaeva, 1964. Valid taxon

Stenophragmidium lobatiforme  Morozova, 1981. Probably S. lobatum  (Munro, 1912)

S te n o p h r a g m id iu m  ro b u s tu m  Morozova, 1981. Valid taxon

S te n o p h r a g m i d iu m  n e im o n g o le n s e  Liu, 1976. Valid taxon?

Stenophragmidium raslrum Lu Lin-huang el al., 1978. Probably S. weiningense

S te n o p h r a g m id iu m  in te rm u ru m  Lu Lin-huang et al., 1978. Valid taxon

Stenophragmidium catenulus Lu Lin-huang el al., 1978. Probably S. weiningense

Stenophragmidium magnospinosum  Lu Lin-huang et al., 1978. Probably S. weiningense

S te n o p h r a g m i d iu m  w e in in g e n s e  Yang, 1974. Valid taxon

Stenophragmidium pleniramosum  Yang et al., 1988. Probably S. robustum

Stenophragmidium multispinosum Yang et al., 1988. Possibly a species of Tabulipora

S te n o p h r a g m id iu m  u n i s p in ip o r u s  Yang et al., 1988. Valid taxon

S te n o p h r a g m id iu m  c u m u lo s p in o s u m  Yang et al., 1988. Valid taxon

S te n o p h r a g m id iu m  co nspec turn  Ariunchxmcg,  1995. Valid taxon?

11.2: Appraisal and outline of methodology used in revision.

The methods described in Chapter 6 and Chapter 7 have proven very useful in this 

revision. Through a combination of subjective and objective techniques a satisfactory 

revision of the genus Stenophragmidium  has been achieved, one that is likely to reflect 

reality in the population that constituted the genus. The usefulness of the statistical work 

is particularly marked. It could be argued that the amount of univariate, bivariate and 

multivariate statistical work carried out was unnecessary, but in order for an objective, 

quantified element to be incorporated within the revision the statistical work was 

imperative. A revision attempted without such an objective quantified approach is purely
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subjective, is more open to bias, and is grounded on uncertain foundations. A combination 

of both methods, as described in Chapter 6, is the best approach. The statistical work also 

revealed many other interesting features of the genus that would not have been seen 

otherwise (e.g. see Figure 7.9 and Chapter 7, univariate and bivariate tests). By using 

these methods this research circumvented many of the problems inherent in the 

classification of fossil colonial animals, as the morphological data collected and used for 

each colony represented the features of individual colonies and the features of the many 

individuals which comprised those colonies, thus accounting for and describing both levels 

of individuality.

The following is a step by step guide to the methodology used herein, with reasons 

for each step where appropriate;

• Obtain as much material as possible. The theory of sampling as many specimens as 

possible to represent the population is important. Sample sizes and modelling 

populations are discussed in Chapter 6.5.6. Small sample size is nevertheless not an 

insurmountable problem.

• Qualitative sorting of specimens into groups and/or individuals of similar 

appearance/composition. This is the primary subjective method. The material is 

sorted into groups according to shared characteristics and similarities.

• Recognise characters that can be measured easily. Consideration should be given to 

the problems that arise when there is missing data when choosing character states. As 

many character states as possible should be considered. All types of data can be used 

(Quantitative, Categorical, mixed). However mixing data types is not always desirable.

• Resort the material once familiarity has been gained from the previous step.

• Produce summary statistics for all specimens and variables. Specimens that are 

missing data in one or more variables can be removed and assigned to a group later. 

Discontinue use of variables/character states that have missing data, but pro\'ide 

summary statistics for them.
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• Consider the distribution of the data. If the variables are not normally distributed or 

within an acceptable range of normality, great care should be taken when interpreting 

any bivariate, and especially multivariate, tests. The data screening process outlined in 

Chapter 6 (6.5.8.3) should always be followed before any multivariate analysis.

• Investigate whether there are any linear relationships (or otherwise) between variables. 

If variables are co-dependant there are consequences for multivariate analysis.

• Use Principal Components Analysis to investigate whether any of the variables in use 

are superfluous. If so they can be discarded. All variables were used in this study as 

all had some information of use. Cases where one or two principal axes account for 

over 95% of variability are uncommon in the natural world.

• Chose a method to group the specimens. Many options are available. Preference 

should be given to the methods that do not require a priori group membership 

assignment. Cluster Analysis proved very useful in this study.

• Use as many variations in the grouping method as possible and compare and contrast 

the results from each. Groups that consistently emerge are likely to represent robust 

representations of reality. Emphasise the methods that are suited to the type of data in 

the analysis.

• Compare grouping lists from before and after the statistical analyses. It is not the aim 

of the exercise to have complete disagreement between the two lists. The 

quantification of the groups as objectively definable entities should complement the 

assignation of specimens to groups based on their overall appearance.

• Investigate character distributions for phylogenetic and other biological information 

(see below).

Following the model outlined above, species within the genus Stenophragmidium  

were identified with confidence. The obvious applicability of the process to many other 

taxa is clear. At the suprageneric level the process may hold even greater potential. The 

model could also be applied in many other fields in geology (and elsewhere), simply by
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substituting variables based on morphology and samples based on colonies for any 

combination of materials and measurements that define them.

11.3 Palaeogeographv of Stenophragmidium.

The palaeogeographical data available for the genus Stenophragmidium  are 

generally sparse. Details of the geological setting of the material attributable to 

Stenophragmidium  can be found in Chapter 5, and it is with the information compiled 

there, combined with data from Cope et al. (1992) and Sevastopulo and W yse Jackson (in 

press), that a general palaeogeography for the genus can be attempted. For convenience 

the Lower Carboniferous of Britain and Ireland is herein divided into three sections, (see 

Figures 11.1, 11.2 and 11.3) covering the latest Toumaisian-earliest Visean (Courceyan- 

Chadian), the Early Visean (Chadian-Arundian) and the Late Visean (Asbian-Brigantian) 

respectively.

A generalised Lower Carboniferous palaeogeographic map of the world is 

presented for material from outside of Britain and Ireland (see Figure 11.4), but it is for 

illustration purposes only.

Britain and Ireland were within tropical climes in the Lower Carboniferous. 

Generally warm shallow carbonate seas (interspersed with emergent islands) were the 

primary settings for Stenophragmidium.

11.3.1: Latest Tournaisian-earliest Visean (latest Courcevan-earlv Chadian).

Two species of Stenophragmidium  were present during this time in Ireland: S. 

wexfordensis, and S. hibernicum  (see Figure 11.1).

During this time much of Britain and Ireland was progressively covered by a 

transgression prograding from south to north. Waulsortian Mudbank limestone and 

associated shale facies are particularly abundant in rocks of this age, and cover a large 

proportion of Ireland. However the two species of Stenophragmidium  described from 

Ireland are not from the Waulsortian.
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s. wexfordensis (Lee, 1912) and S. hibernicum sp. nov. are known from Hook 

Head, Co. Wexford. These species of Stenophragmidium lived in relatively deep water 

with intermittent influence from storms (see Chapter 5). The position of Hook Head was 

somewhat offshore of St. George's Land.

At Malahide, Co. Dublin, S. hibernicum sp. nov. is also present, found within 

limestones and calcareous mudstones (see Chapter 5). Generally the environment 

envisaged for these specimens is one of shallow water high energy changing into a deeper 

water low energy scenario, S. hibernicum being present in both.

11.3.2; Early Visean (upper Chadian-Arundian).

Six species of Stenophragmidium lived in Britain and Ireland during this time: S. 

lobatum, S. crassimuralis, S. bundoranensis, S. ashfellensis, S. hibernicum and S. 

incrustans. Most lived in shallow water high energy carbonate environments (see Figure 

11.2). S. lobatum, S. hibernicum and S. crassimuralis are known from the mid to late 

Chadian, while S. bundoranensis, S. ashfellensis, and S. incrustans are known from the 

Arundian.

In the north of England at Ravenstonedale shallow water limestones and pebble 

beds were laid down in close proximity to the emergent Alston and Askrigg blocks. S. 

lobatum (Munro, 1912) lived in a thin wedge of sea that existed between these blocks and 

the Lake District-Manx High. S. lobatum lived in a high energy shallow water 

environment (see Chapter 5).

At Malahide, Co. Dublin, S. hibernicum sp. nov. had persisted into the Chadian, 

and lived in a deep water low energy (Tober Colleen Formation) environment in the 

northern parts of the Dublin Basin (see Chapter 5 and Figure 11.2).

A specimen of S. lobatum was found in a borehole from Drogheda, Ireland, and it 

was the only identifiable bioclast in an ooidal deposit associated with an igneous rock 

body that was perhaps emergent and the time of deposition (see Chapter 5).

In South Wales, Pembrokeshire, south of a very low lying St. George's Land, a 

zone of shallow water limestones was laid down, in which S. crassimuralis (Lee, 1912)
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has been found. In Chapter 5 it is stated that little is known of the exact localities where S. 

crassimuralis was collected, and it is therefore not possible to elucidate more additional 

information from the data available.

At Ashfell, near Ravenstonedale, (see Chapter 5) an unusual new species of 

Slenophragmidium, S. ashfellensis sp. nov., was found in beds of Arundian age. 

Uncertainty exists as to the exact location of the find (see Chapter 5), and all that can be 

said is that the specimen lived at a time either of continuous limestone deposition with a 

strong coral fauna presence, or as the Ashfell Sandstone was being laid down in a 

moderate energy environment. Ashfell is in an area that was flanked by the probably 

emergent Alston and Askrigg blocks.

At Lake Village, Lorrhu, Co. Tipperary, a specimen of S. incrustans Owen, 1973 

has been found in rocks of Arundian age (from the Slevoir Limestone). It is thought that 

the environment in the area at the time was one of shallow water high energy, with a 

minimum of terrigenous input, as this would favour the type of colony exhibited in the 

specimen (see Chapter 5). The area around Lorrhu was flanked by the Dublin Basin in 

the Northeast and the Shannon Trough to the south west.

S. bundoranensis sp. nov. is described from Kinlough, Bundoran, Co. Donegal, 

from rocks of probable Arundian age (see Chapter 5). The exact location and age is 

unknown. The area around Bundoran was one of a shallow marine environment with 

regular clastic input from the Galway-Mayo High to the Northwest.

11.3.3: Late Visean (Asbian-Brigantian).

Six species of Stenophragmidium lived in Britain and Ireland during this time, 

mostly around the Asbian Brigantian boundary or at the very end of the Dinantian, in the 

uppermost Brigantian (see Figure 11.3). These species are; S. multitabulata, S. 

sparsitabulata, S. crassimuralis, S. serrata, S. debilis and S. incrustans. Environments in 

which Stenophragmidium lived ranged widely from basinal deep water environments to 

very shallow water clastic marine areas. This period saw a general transgression, with 

many previously emergent blocks such as the Askrigg and Alston blocks becoming
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submerged. A series of half grabens caused by extensional tectonics north of St. George's 

Land resulted in basins as well as submerged highs, with shales being developed within 

the basins (Cope et ah, 1992). The Dublin-Irish Midlands basin and the Craven basin in 

northern England were a single contiguous entity.

S. incrustans Owen, 1973 is found in rocks that represent shallow water shelf 

facies. The localities in Counties Clare and Tyrone where the encrusting form was found 

probably represent shallow water high energy environments with a minimum of 

terrigenous input (see Chapter 5). Specimens of S. sparsitabulata (Lee, 1912) are also 

known from Co. Tyrone (see Chapter 5).

Specimens of S. serrata (Smyth, 1922), S. sparsitabulata (Lee, 1912) and S. 

crassimuralis (Lee, 1912) were found in a broad area that sweeps from Ballycastle, Co. 

Antrim, through southern Scotland and down into Northumberland and Yorkshire (see 

Chapter 5 and Figure 11.3). Not all of these species were coeval, with the S. 

crassimuralis {ht&, 1912) material and some of the S. sparsitabulata (Lee, 1912) material 

being perhaps older than that of some of the S. serrata (Smyth, 1922) material. The 

eastern part of this area has been referred to as the 'Yoredale' facies and is described as 

being an area of low-lying alluvial and/or deltaic flats by Cope et al. (1992). The western 

and northern part of this area is commonly dominated by the Lower Limestone Group 

(Dockra Limestone). Generally however the area is dominated by sandstones shales and 

common limestones. These species seemed to have lived in relatively shallow water, high 

energy environments.

S. multitabulata (Lee, 1912) S. debilis (Lee, 1912) and some of the S. 

crassimuralis (Lee, 1912) material was found in areas that were on the edge of the Craven 

Basin, in relatively deep water low energy environments. S. debilis lived near to the edge 

of the Rossendale Block, while S. multitabulata (Lee, 1912) and S. crassimuralis (Lee, 

1912) lived on the northern margin of the Craven Basin.
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11.3.4: Generalised Worldwide Lower Carboniferous palaeogeographical setting

of Stenophragmidium.

From the information available from Britain and Ireland it is clear that 

Stenophragmidium  had a wide range of habitats, from very shallow water in a high energy 

regime to relatively deep water in a low energy environment, with varying amounts of 

sedimentary input. This suggests an adaptability in the genus to fill many niches. 

However the genus w'as successful at colonising regions other than Britain and Ireland 

also, (see Figures 8.1 and 11.4). Figure 11.4 shows the known geographical distribution 

of the genus in the Lower Carboniferous, with the position of the Namurian examples 

from Montana (see Chapter 9) included for comparison. Notably the genus seems to be 

generally distributed close to the palaeoequator. Nevertheless it occupies a large 

geographical range covering most of the northern continental shelf boundary of the 

Central Tethys. Greater recognition of the genus would undoubtedly increase this 

distribution and range. Unfortunately due to the lack of more detailed information for 

much of the localities outside Britain and Ireland little more can be said of the worldwide 

palaeogeography of the genus with confidence. See Chapters 5, 8 and 9 for the locality 

information that is available for Stenophragmidium.
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Figure 11.4: Generalised Lower Carboniferous palaeogeographic map.
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11.4 Stratigraphy and phvlogenv of Stenophragmidium.

Stenophragmidium  has a range from the Tournaisian to the Lower Peimian (see 

Figure 8.2). In this discussion however only the species known from the British Isles will 

be dealt with, as stratigraphical information for other species is not well constrained.

Stenophragmidium  is represented throughout the upper Tournaisian and all of the 

Visean in the British Isles, with perhaps the exception of the latest Holkerian/earliest 

Asbian (see Figure 8.1). The Late Chadian/Arundian ('Lower Visean' of Sevastopulo and 

Wyse Jackson, in press) and the latest Asbian/Brigantian are the two periods of time in 

which Stenophragmidium  is well represented. The species with shorter known ranges are 

potentially very useful biostratigraphical markers.

Combining morphological information with relative stratigraphic age and the 

information garnered from cluster analyses, a phylogenetic tree for Stenophragmidium  

has been constructed as part of these conclusions (see Figure 11.5). Amongst the 

stenoporids Stenophragmidium  is most similar to Tabulipora Young, 1883, 

Rhomhotrypella Nikiforova, 1933 and Stenodiscus Crockford, 1945, the latter two taxa 

may well have evolved from Stenophragmidium.

An unknown stenoporid ancestor presumably gave rise to Stenophragmidium  

some time in the early Tournaisian, perhaps earlier. Two distinct groups appear to have 

existed. One comprised S. sparsitabulata, S. ashfellensis, S. crassimuralis and S. 

lobatum  while the other comprised S. hibemicum, S. wexfordensis, S. incrustans, S. 

bundoranensis, S. muhitabulata and S. serrata. These groups can be further broken 

down as discussed in Chapter 7. Examination of character distributions within this 

stratigraphic framework reveals that throughout the Lower Carboniferous there are species 

with both large and small zooecial and zoarial features, and no definite evolutionary trend 

seems evident. The implications of this are considered in the next sections.
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11.4.1 Cladistic Analysis of Stenophragmidium.

Cladistic analysis is usually applied to organisms as an attempt to elucidate their 

phylogeny. Inherent in this process is the possibility that if the taxa under investigation 

lack shared derived characters then a poorly resolved cladogram is the result. Additionally, 

a trend from primitive to advanced forms does not always hold true in the course of 

evolution. Therefore some groups are laden with shared primitive characteristics, which 

are of no use in determining phylogenetic relationships amongst the groups.

The results of a cladistic analysis are usually presented in the form of a tree 

(similar to the cluster diagrams used in this work), generally with inferences about 

speciation (in the case of a tree for a genus) being made according to the branching pattern 

in the tree. The characters used in cladistics are most often discrete, i.e., 1,0 / presence- 

absence characters. Continuous data are usually only suitable if they can be transformed 

so that the characters are genetically independent, and undergo independent but equivalent 

selection pressures. At the suprageneric level, this approach can have some success, but at 

the generic level, particularly in this case with Stenophragmidium, it can clearly be seen 

that such presumptions are difficult to sustain. Not only does it seem that all characters 

(e.g. hemiphragms) exist in all species (with the possibly exception of heterozooids and 

stylets) throughout the lifetime of the genus, but their relative size, frequency and 

occurrence do not follow a single trend through time, according to the data currently 

available. Cladistic analysis can generally accommodate this scenario, but as seen below, it 

had dubious success in the case here. Additionally, the nature of the majority of 

measurable characters used in this work (i.e., continuous data), does not lend itself to 

objective divisions into discrete groups (as shown in Chapter 7, 7.2.5.4.3.5, tests using 

codes relating to morphological features), which could then be entered into a matrix for 

cladistic analysis.

Problems existed with the availability of suitable software (for performing cladistic 

analysis), at the time of writing. The most commonly known program, PAUP, remains in 

an incomplete ‘beta version’ state (at the time of writing) with no sign of it becoming
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available. Other programs such as PHYLIP proved to be more applicable to DNA and 

RNA sequences, for which they were designed.

Taking the above factors into consideration, a cladistic analysis was nevertheless 

carried out (see Appendix A 19), using a beta version of PAUP 3.0. A matrix derived from 

the six main variables (i.e., characters) used in this thesis was constructed. The matrix 

contained discrete data (1,0) with ‘ 1 ’ representing a character that is greater than the genus 

average and ‘0 ’ representing a character that is less than or equal to the genus average. 

This produced a matrix of six characters and 11 taxa. The matrix was entered as simple 

text, in the ‘N EX U S’ format (see Appendix A 19). A ‘branch and bound’ analysis in 

PAUP produced six trees, all of which were equally parsimonious. The results for the 

consistency, homoplasy and retention indices were identical in all six trees (see Appendix 

A 19). The multidirectional morphological trends within the genus, already identified in 

both subjective and statistical analyses, undoubtedly account for the polytomies seen in the 

trees. Possibly the characters used for the statistical analysis were not suitable for use in 

cladistic analysis, but for the many reasons given in Chapters 6 and 7, these were the 

characters used. A ‘50% Majority-Rule Consensus Tree’ of the six trees was constructed 

at the end of the analysis (see end of Appendix A 19). This tree generally reflects the 

major dichotomy in the genus illustrated repeatedly in the multivariate statistical analyses 

(i.e., one group with S.multitabulata, S. wexfordensis, S. serrata, S.hibemicum, and 

another with S. sparsitabulata, S. lobatum  and S. cmssimuralis). However PAUP was 

unable to resolve the information much further than this general dichotomy. Overall it 

appears that cluster analyses (coupled with the other statistical analyses), while performing 

different functions to cladistic analyses, were more successful at defining ‘clades’ than 

cladistic analysis, in the case of Stenophragmidium.
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11.5 Palaeoecologv of Stenophragmidium.

11.5.1 Development of colony form in relation to substrate and environment.

Amongst the species of Stenophragmidium described in this study there seems to 

be a good correlation between encrusting colony forms and shallow water environments 

(see Figures 11.1, 11.2 and 11.3). Hollow erect forms are found in both shallow water 

and deep water environments (see Figures 11.1, 11.2 and 11.3). It can be generally said 

that erect ramose forms favoured deeper water environments (see Figures 11.1, 11.2 and 

11.3). Stenophragmidium displays a wide range of colony morphology types (see Figure 

2 . 1).

Colonies such as those found in S. incrustans Owen, 1973 and S. hibernicum sp. 

nov. have a clear relationship to the substrate on which they encrust. In the case of the 

specimen of S. incrustans from County Tipperary (see Chapter 5), the relationship is 

particularly marked. The cavity in which the colony grew obviously greatly controlled the 

shape of the colony. Encrusting forms probably grew rapidly to colonise as much 

substrate as possible in order to maximise feeding efficiency and prevent other organisms 

gaining a foothold and thus prevent competition.

The hollow erect colony form found in species such as S. crassimuralis (Lee, 

1912) and S. muhitabulata (Lee, 1912) is widespread within the genus 

Stenophragmidium. The zoaria with hollow erect centres display two general types, those 

which have relatively parallel epizoarium walls in longitudinal section, i.e. a near perfect 

cylindrical cavity (e.g. S. hibernicum and S. ashfellensis) and those with irregularly shaped 

epizoarial walls in the cavity, (e.g. S. crassimuralis PS223/GWL61, see Chapter 5 and 

Figure 7.1). The more cylindrical hollow erect forms may well have been encrusting sea 

grass such as Thallassa (Patrick Wyse Jackson, pers. comm. 1996). It is unknown what 

organism, if any, the more irregularly shaped forms encrusted. Many specimens of S. 

hibernicum (e.g. TCD. 41731 and TCD. 25812) comprise hollow erect colonies with
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intact growth tips. If anything was encrusted by these colonies then it was covered at the 

tip, and so it is hkely to be a grass, which grows from the root, and perhaps this conferred 

an advantage to the colony.

Any irregularities in shape caused by whatever was being encrusted by a colony in 

both the hollow erect and flat forms were nearly always accommodated in the endozone of 

colonies, the exozones appearing to be generally uniform in width except at the growth 

tips.

S. lobatum (Munro, 1912) exhibits an adnate sheet form of colony growth in some 

specimens (e.g. BZ 3529-3533). Layers of the colonies folded over on themselves, 

sometimes melding into each other and separating several times. This may have given 

added structural strength to a colony.

The last major colony form is that of the erect ramose solid cylindrical and 

branching types as seen in S. serrata (Smyth, 1922) and S. wexfordensis (Lee, 1912). 

These arborescent types were probably low energy relatively deep water inhabitants. 

Many of them are delicate in appearance. However some species with more robust 

colonies may have inhabited shallow water high energy environments also. Their solid 

ramose form does not allow for an internal cavity such as that seen in the hollow erect 

colonies. Thus the solid ramose zoaria must have been fixed to a (relatively hard) 

substrate by an attachment area at the base of the colony only.

11.5.2 Investigation of character distributions for phylogenetic and biological 

information in Stenophragmidium.

There seems to be no discernible evolutionary trend within the species of 

Stenophragmidium  known from Britain and Ireland (see Figure 11.5). All forms of 

colony, shape of zooid and type of hemiphragm are present throughout much of the Lower 

Carboniferous. W hat this suggests is unclear. It may be that not enough species are 

presently known, or it may be related to the differing conditions which produced species 

of Stenophragmidium  not favouring a single linear trend in evolution.
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Life functions of the zooid types can be generally split between feeding and non

feeding. The feeding zooids (autozooids) possessed hemiphragms, while the non-feeding 

heterozooecia did not. These hemiphragms were produced rapidly (sometimes cyclically) 

in the ontogeny of the autozooid and had muscle support or defensive roles, or some other 

role. Once the exozonal stage of the autozooid was reached, there was very litde variation 

in the structure of the chamber except the periodical thickenings caused by monilae, if 

present. The heterozooecia probably had three major functions. The small, isolated, often 

polygonal forms were likely structural space fillers, strengthening the colony, or just filling 

space at a low cost to the colony. The small heterozooecia grouped in maculae probably 

had water exhalant functions. They may also have had a reproductive function. S. 

lobatum  (Munro 1912) does not appear to have possessed any heterozooecia, so 

presumably reproductive functions were carried out by autozooids in that species. The 

extra large autozooids it possessed may have had an exhalant function.

The extrazooecial structures most commonly seen in Stenophragmidium  are 

acanthostyles (large stylets) and heterostyles (small stylets). These have been described 

by previous workers in other bryozoans (Blake 1973, Bancroft 1984). Their function 

during life was probably a combination of support for an exterior membrane on the 

surface of the colony and/or defence against encrustation and attack by other organisms.

Overall Stenophragmidium  seems to have been a successful genus. It was 

widespread throughout the Lower Carboniferous both geographically and temporally. 

Like many bryozoans similar to it, it probably goes largely unrecognised by many 

workers, and may well prove to be even more common than presently known. It is hoped 

that this work will allow a greater appreciation of the genus and its possible applications in 

stratigraphy, evolution, and palaeobiology amongst other fields, and that the taxonomic 

approach adopted here can be applied to other bryozoans, and other fields of research, with 

similarly illuminating results.

378



REFERENCES:

A m ilhat, S. 1994. Description o f a species o f Stenophragmidium (Bryozoa: 
Trepostomata) from  the Lower Carboniferous o f  County Tipperary with a discussion o f 
its unusual morphological form . Unpublished undergraduate laboratory project, 
University of Dublin.

Anstey, R.L. 1981. Zooid orientation structures and water flow patterns in Paleozoic 
bryozoan colonies. Lethaia, 14: 287-302.

Anstey, R.L., Pachut, J.F . and Prezbindowski, D.R. 1976. Morphometric gradients 
in Paleozoic bryozoan colonies. Paleobiology, 2{2)\ 131-146.

Ariunchim eg, J. 1995. Kamennougolnian [?] Bryozoa from Mongolia and their 
stratigraphic context. Acadamii Nauk. Moscow.

Astrova, G.G. 1978. The History of Development, System, and Phylogeny of the 
Bryozoa. Order Trepostomata. Trudy Palaeontologicekogo Instituta, 169 \ 1-240.

Ausich, W.I. and Sevastopulo, G.D. 1994. Taphonomy of Lower Carboniferous 
crinoids from the Hook Head Formation, Ireland. Lethaia, 27: 245-256.

Baily, W.H. 1867-1875. Figures o f characteristic British fossils: with descriptive 
remarks. Palaeozoic. Parts 1-4. John Van Voorst, London. 126p.

Bancroft, A.J. and Wyse Jackson, P.N. 1995. Revision of the Carboniferous 
cystoporate bryozoan Fistulipora incrustans (Phillips, 1836), with remarks on the type 
species of Fistulipora M ’Coy, 1849. Geological Journal, 30: 129-143.

Bancroft, A .J. 1984. Studies in Carboniferous Bryozoa. Unpublished Ph.D. thesis. 
University of Durham.

Bancroft, A .J. 1985. The Carboniferous fenestrate bryozoan Ptylopora pluma  M’Coy. 
Irish Journal o f Earth Sciences, 7: 35-45.

Bancroft, A .J. 1986. The Carboniferous fenestrate bryozoan Hemitrypa hibemica 
M'Coy. Irish Journal o f  Earth Sciences, 1 \ 111-124.

Bancroft, A .J. 1988. Ovicells in Rectifenestella from the Lower Carboniferous of 
Ireland. Irish Journal o f  Earth Sciences, 9: 19-22.

Bancroft, A.J., Sommerville LD. and Strank, A.R.E. 1988. A bryozoan buildup from 
the Lower Carboniferous of Wales. Lethaia, 21: 51-65.

Bassler, R.S. 1952. Taxonomic Notes on genera of fossil and recent Bryozoa. Journal 
o f  the Washington Academy o f Science, 42: 381-385.

Bassler, R.S. 1953. Bryozoa. In, Moore, R.C. (ed.) Treatise on Invertebrate 
Palaeontology, part G. Geological Society of America and University of Kansas Press, 
xiii + 253pp.

Bengtson, P. 1988. Open Nomenclature. Palaeontology, 31(1): 223-227.

Blake, D.B. 1973. Acanthopore morphology and function in the bryozoan Family 
Rhabdomesidae. Journal o f Paleontology, 47(3): 421-435.

379



Blake, D. B. and Towe, K.M. 1971. Acanthopore ultrastructure in the Paleozoic 
bryozoan Idioclema insigne Girty. Journal o f Paleontology, 45 (5), 913-917.

Boardman, R,S. 1954. Morphologic Variation and Mode of Growth of Devonian 
Trepostomatous Bryozoa. U.S. Geological Survey.

Boardman, R.S. 1960. Trepostomatous Bryozoa of the Hamilton Group of New York 
State. United States Geological Survey Professional Paper, 340 iv + 87pp.

Boardman, R.S. 1971. Mode o f growth and functional morphology o f autozooids in 
some Recent and Paleozoic Tubular Bryozoa. Smithsonian Contributions to 
Paleobiology, 8.

Boardman, R.S. 1983. General features of the class Stenolaemata. In Raymond C. 
Moore, editor. Treatise on Invertebrate Palaeontology, Part G, Bryozoa, Revised, (1): 49- 
137. Lawrence, Kansas: The University of Kansas Press for the Geological Society of 
America.

Boardman, R.S. 1998. Reflections on the morphology, anatomy, evolution, and 
classification o f the class Stenolaemata (Bryozoa). Smithsonian Contributions to 
Paleobiology, 86.

Boardman, R.S., Cheetham, A.H. and Cook, P.L. 1969. Intracolony Variation and 
the Genus Concept in Bryozoa. Proceedings o f the North American Paleontological 
Convention, part C: 294-320.

Boardman, R.S. and McKinney, F. 1976. Skeletal architecture and preserved organs of 
four-sided zooids in convergent genera of Paleozoic Trepostomata (Bryozoa). Journal of 
Paleontology, 50(1): 25-78.

Boardman, R.S. and Utgaard, J. 1966. A revision of the Ordovician bryozoan genera 
Monticulipora, Peronopora, Heterotrypa, and Dekayia. Journal o f Paleontology, 40(5): 
1082-1108.

Borg, F. 1926. Studies on Recent cyclostomatous Bryozoa. Zoologiska Bidrag fran 
Uppsala, 10: 181-507.

Borg, F. 1933. A revision of the recent Heteroporidae. 2U)ologiska Bidrag frdn Uppsala, 
14: 253-394.

Brunton, C.H.C. and Mason, T.H. 1979. Palaeoenvironments and correlations of the 
Carboniferous rocks in west Fermanagh. Bulletin o f the British Museum o f Natural 
History (Geology), 32: 91-108.

Brunton, C.H.C. 1966a. Predation and shell damage in a Visean brachiopod fauna. 
Palaeontology, 9: 355-359.

Brunton, C.H.C. 1966b. Silicified productids from the Visean of County Fermanagh. 
Bulletin o f the British Museum o f Natural History (Geology), 12: 173-243.

Brunton, C.H.C. 1968. Silicified brachiopods from the Visean of County Fermanagh 
(II). Bulletin o f the British Museum o f Natural History (Geology), 16: 1-70.

Brunton, C.H.C. 1976. Micro-omamentation of some spiriferidc brachiopods. 
Palaeontology, 19: 767-771.

380



Brunton, C.H.C. 1984. Silicified brachiopods from the Visean of County Fermanagh 
(III). Rhynchonellids, spiriferids and terabratulids. Bulletin o f the British Museum of 
Natural History (Geology), 38: 27-130.

Brunton, C.H.C. 1987. The palaeoecology of brachiopods, and other faunas, of Lower 
Carboniferous (Asbian) limestones in west Fermanagh. Irish Journal o f Earth Sciences, 
8: 97-112.

Buttler, C. J. 1989. New information on the morphology and skeletal ultrastructure of 
the Ordovician cyclostome bryozoan Kukersella Toots, 1952. Palaeontologische 
Zeitschrift, 63 (3-4), 215-227.

Cheetham, A.H. 1973. Study of cheilostome polymorphism using Principal 
Components Analysis. In: Larwood, G.P. (ed.). Living and Fossil Bryozoa. Recent 
advances in research. Academic Press, London and New York, p.385-409.

Cole, G.A.J. 1893. On Hemitrypa hibemica M'Coy. Scientific proceedings of the 
Royal Dublin Society, 8; 132-144.

Conti, S. and Serpagli, E. 1986. Functional morphology of the cap-like apparatus in 
autozooids of a Palaeozoic trepostome bryozoan. Lethaia, 20(1): 1-20.

Cook, P.L. 1968. Observations on living Bryozoa. Atti della Societa Italiana di Scienze 
Naturali e del Museo Civico di Storia Naturale di Milano, 108: 155-160.

Cope, J.C.W., Guion, P.D., Sevastopulo, G.D. and Swan, A.R.H. 1992. 
Carboniferous, hr. Atlas of palaeogeography and lithofacies (Ed. Cope, J.C.W. and 
Rawson, P.F.) Geological Society London Memoir, 13: 67-86.

Crockford, J. Stenoporids from the Permian of New South Wales and Tasmania. 
Proceedings o f the Linnean Society o f New South Wales 70, 9-24.

Cuffey, R.J. 1967. Bryozoan Tabulipora carbonaria in Wreford Megacyclothem (Lower 
Permian) of Kansas. The University o f Kansas Paleontological Contributions. Bryozoa 
- Article 1: 1-96.

Cuffey, R.J. 1977. Bryozoa (General Characteristics), Cheilostomata, Cryptostomata, 
Ctenostomata, Cyclostomata, Cystoporata, Ectoprocta, Entoprocta, Fenestrata, 
Gymnolaemata, Lophophore, Phylactolaemata, Rhabdomesonata, Stenolaemata, 
Trepostomata. McGraw-Hill Encycl. Sci. & Technol, 4th ed.; (McGraw-Hill, New York); 
2: 387-389; 3: 19-20, 631, 658-659, 695, 702; 4: 453; 5: 7-8, 229; 6: 334; 7: 662; 10: 221; 
11: 570; 13: 133; 14: 89-90; (respectively).

Cullen, M. 1991. The study o f the ultrastructure o f foraminifera, particularly 
Archaediscids and Endothyrids, by Scanning Electron Microscopy. Unpublished 
undergraduate laboratory project. University of Dublin. 49pp.

Currie, E.D. 1954. Scottish Carboniferous goniatites. Transactions o f the Royal Society 
Edinburgh, 62: 527.

Daultrey, S. 1976. Principal Components Analysis. CATMOG 8. Institute of British 
Geographers. Geo Abstracts Ltd, University o f East Anglia, Norwich.

Dehantschutter, J. 1995. Aspects o f the sedimentology and stratigraphy of the 
Waulsortian mudbanks o f the Dublin Basin, Republic o f Ireland. Unpublished Ph.D. 
thesis. University of Dublin.

381



Duncan, M. 1999. A study o f some Irish Lower Carboniferous fish microinvertebrates. 
Unpublished Ph.D. thesis, University of Dublin.

Dresser, A.M. 1960. The Polyzoa of the Lower Carboniferous of Hook Head County 
Wexford and of Malahide County Dublin. Unpublished MSc. thesis, University of 
Dublin. 75pp.

Dunaeva, N.N. 1964. The Early Carboniferous trepostome fauna from the Donets 
Basin. Trudy Inst. Geol. Akad. Nauk Ukr. SSR, ser. stratigr. i paleont. vyp. 48, 2; 104- 
141.

Dzik, J. Transliteration from Cyrillic to Roman characters. Editorial note. Acta 
Palaeontologica Polonica, 1995, 40, 2: 211-212

Ehrenberg, C.J. 1831. Syrnbolae physicae, seu icones et descriptiones mammalium, 
avium, insectorum et animalium evertebratorum ... Pars Zoologica. 4. Animalia 
evertebrate exclusis insectis. Decus Primula., Berlin.

Francis, E.H. 1965. Carboniferous. In Craig, G.Y., Oliver & Boyd (eds) 'The Geology 
o f Scotland.' Quarterly Journal o f the Geological Society, London, 68; 449-586.

Garwood, E.J. 1916. The faunal succession in the Lower Carboniferous rocks of 
Westmoreland and north Lancashire. Proceedings o f the Geological Association, 27; 1- 
43.

Gautier, T.G. 1970. Interpretive morphology and taxonomy of bryozoan genus 
Tabulipora. The University o f Kansas Paleontological Contributions, Paper 48.

George, T.N., Johnson, G.A.L., Mitchell, M., Prentice, J.E., Ramsbottom, W.H.C., 
Sevastopulo, G.D, and Wilson, R.B. 1976. A correlation of the Dinantian rocks in the 
British Isles. Geological Society o f London , Special Report, 7; 87pp.

Gordon, D.P. 1968. Zooidal dimorphism in the polyzoan Hippopodinella adpressa 
(Busk). Nature, 2\9\ 633-63A.

Graham, D.K. 1975. A review of Scottish Carboniferous acanthocladiid Bryozoa. 
Bulletin o f the Geological Survey o f Britain, 49; 1-21.

Hageman, S.J. 1991. Approaches to systematic and evolutionary studies of perplexing 
groups; an example using fenestrate Bryozoa. Journal o f Paleontology, 65 (4); 630-647.

Hageman, S.J. 1993. Effects of non normality on studies of morphologic variation of a 
rhabdomesine bryozoan, Streblotrypa (Streblascopora) prisca (Gabb and Horn). The 
University o f Kansas Paleontological Contributions, New Series, 4, 13p.

Hageman, S.J. 1994. Microevolutionary implications of clinal variation in the Paleozoic 
bryozoan Streblotrypa. Lethaia, 27; 209-222

Hageman, S.J., Bone, Y., McGowran, B. and James, N.P. 1997. Bryozoan colonial 
growth forms as paleoenvironmental indicators; evaluation of methodology. PALAIOS, 
12; 405-419.

Hageman, S.J., Bock, P.E., Bone, ¥ ., and McGowran, B. 1998. Bryozoan growth 
habits; classification and analysis. Journal o f Paleontology, 72 (3); 418-436.

382



Healey, N. D. and Utgaard, J., 1979. Ultrastructure of the skeleton of the cystoporate 
bryozoans Ceramophylla, Crassaluna and Cystodictya Larwood, G. and Abbott, M.B. 
(editors). Advances in bryozoology, Systematics Association Special Volume (13), 179- 
193.

Holdener, E.J. 1994. Numerical taxonomy of fenestrate bryozoans: evaluation of 
methodologies and recognition of intraspecific variation. Journal o f Paleontology, 68 (6): 
1201-1214.

Holdener, E.J. and Hageman, S.J. 1998. Implications of intracolonial variation in a 
Paleozoic bryozoan. Journal o f  Paleontology, 72 (5); 809-818.

Horowitz, A.S., Stratton, J.F. and Waters, J.A. 1979. Quantitative clustering applied 
to some polyporan data from the Middle Devonian of Indiana. In Larwood. G.P. & 
Abbott, M.B. (eds) 'Advances in Bryozoology', Systematics Association Special Volume 
13: 373-382, Academic Press, London & New York.

Hudson, R.G.S., Clarke, M.J. and Sevastopulo, G.D. 1966. A detailed account of the 
fauna and age of a Waulsortian reef knoll limestone and associated shales, Feltrim, Co. 
Dublin. Scientific Proceedings o f the Royal Dublin Society, Series A, 2; 251-272.

LC.Z.N. 1999. International Code of Zoological Nomenclature. Fourth Edition. ICZN.

Jackson, J.S., M archant, T.R. and Sevastopulo, G.D. 1975. Palaeontological 
Association/Carboniferous Group Dublin Field Excursion. Unpublished notes to 
accompany field trip.

Johnson, G.A.L., and M arshall, A.E. 1971. Tournasian beds in Ravenstonedale, 
Westmoreland. Proceedings o f the Yorkshire Geological Society, 38: 261-280.

Johnson, I.S. and Higgins, A.C. 1981. Conodont faunas from the Carboniferous rocks 
at Hook Head, County Wexford. Journal o f Earth Sciences Royal Dublin Society 4: 83- 
96.

Kelly, S.M. and Horowitz, A.S. 1986. Growth forms and paleoecology of 
Mississippian bryozoans: Critical application of Stach’s 1936 model. Eastern United 
States. In Ross, J.R.P. (ed.) Bryozoa: Present and Past. Papers presented at the 7th 
International Conference on Bryozoa. Western Washington University.

Key, M. M., Jr. 1987. Partitioning of morphologic variation across stability gradients in 
Upper Ordovician trepostomes. In Ross, J.R.P (ed.) 'Bryozoa: Present and Past', 
Western Washington University.

Key, M.M., Jr., Lev, S.M., and Lighthart, A.A. 1993. Paleobiologic test for diastems 
using the internal stratigraphy of trepostome bryozoans. Geological Society o f America, 
25 (6), p. 331, 1993.

Lance, G.N. and W illiam s, W.T. 1967. A general theory of classification sorting 
strategies. I. Hierarchical systems. Computer Journal 9 \ 313-3^0.

Lee, G.W. 1912. The British Carboniferous Trepostomata. Memoirs o f the Geological 
Survey o f Great Britain; Palaeontology, 1: 135-195.

Lu Lin-huang, Xia Fengsheng and Li Wei-juan. 1978. Carboniferous bryozoans 
from Weining, Western Guizhou. Acta Palaeontologica Sinica, 17, 3: 319-342.

M'Coy, F. 1844. A synopsis of the characters of the Carboniferous limestones fossils of 
Ireland. Dublin University Press. 207pp.

383



M 'Coy, F. 1849. On some new genera and species of Palaeozoic Corals and
Foraminifera. Annals and Magazine o f Natural History, {2)3: 119-136.

Marchant, T.R. 1978. The Stratigraphy and micropalaeontology of the Lower 
Carboniferous (Courceyan-Arundian) o f the Dublin Basin, Ireland. Unpublished Ph.D. 
thesis, University of Dublin.

McCune, B. and Mefford, M.J. 1999. PC-ORD. Multivariate Analysis o f Ecological 
Data, Version 4. MjM Software Design, Gleneden Beach, Oregon, USA.

McKinney, F.K. 1975. Autozooecial budding patterns in dendroid stenolaemate 
bryozoans. Documents des Laboratoires de Geologic de la Faculte des Sciences de 
Lyon, Hors Serie 3: 65-76.

McKinney, F.K. 1977. Autozooecial budding patterns in dendroid Paleozoic bryozoans. 
Journal o f Paleontology 51: 303-329.

McKinney, F.K and Jackson, B.C. 1989. Bryozoan Evolution. Special Topics in 
Paleontology (2). Unwin and Hyman, Boston.

McKinney, F.K. and Gault, H.W. 1979. Paleoenvironment of Late Mississippian 
fenestrate bryozoans, eastern United States. Lethaia,l3: 127-146.

Miller, T.G. 1961a. Type specimens of the genus Fenestella from the Carboniferous of 
Great Britain. Palaeontology 4: 221-242.

Miller, T.G. 1961b. New Irish Tournaisian fenestellids. Geology Magazine 98: 493- 
500.

Miller, T.G. 1963. The bryozoan genus Po/j/?ora M'Coy. Palaeontology 6: 161-171.

Morozova, I.L. 1981. Carboniferous Bryozoa of North Eastern USSR. Akademii Nauk 
SSSR 188, 1-119.

Morrison, S.J. and Anstey, R.L. 1979. Ultrastructure and composition of brown 
bodies in some Ordovician trepostome bryozoans. Journal o f Paleontology, 53(4): 943- 
949.

Munro, M. 1912. Description of some new forms of Trepostomatous Bryozoa from the 
Lower Carboniferous Rocks of the North-Western Province. Quarterly Journal o f the 
Geological Society o f London, 68: 574-579.

Nelson, C.S., Hyden, F.M., Keane, S.L., Leask, W.L. and Gordon, D.P. 1988. 
Application of bryozoan zoarial growth form studies in facies analysis of non-tropical 
carbonate deposits in New Zealand. Sedimentary Geology, 310-322.

Nicholson, H.A. 1879. On the Structure and affinities o f the 'Tabulate Corals' o f the 
Palaeozoic Period. Blackwood, Edinburgh and London.

Nikiforova, A.I. 1927. Data on the Early Carboniferous bryozoans of the Donets Basin. 
Izv. Geol. Korn., 46, 3: 245-268.

Nikiforova, A.I. 1933. Stratigraphic range of the Carboniferous Bryozoa of the 
U.S.S.R. Trudy vses geol-rasv Ob"ed. NKTP Leningrad 207, 1-26.

Nolan, S.C. 1986. The Carboniferous Geology o f the Dublin Area. Unpublished Ph.D. 
thesis. University of Dublin.

384



Olaloye, F. 1974. Some Penniretepom  (Bryozoa) from the Visean of County 
Fermanagh with a revision of the generic name. Proceedings o f the Royal Irish Academy, 
74B: 471-506.

Owen, D.E. 1969. Lower Carboniferous Bryozoa from Scotland. Geological Journal, 
6(2): 257-266.

Owen, D.E. 1973. Carboniferous Bryozoa from County Tyrone. Geological Journal, 
8(2); 297-306.

Pachut, J.F. and Horowitz, A.S. 1987. Multivariate discrimination and classification of 
some North American Mississippian species of Fistulipora M’Coy. In, Ross, J.R.P. (ed.), 
Bryozoa: Present and Past. 206-212. Western Washington University, Washington.

Pachut, J.F., Cuffey, R.J. and Anstey, R.L. 1991. The concepts of astogeny and 
ontogeny in stenolaemate bryozoans, and their illustration in colonies of Tabulipora 
carbonaria from the Lower Permian of Kansas. Journal o f Paleontology, 65 (2); 213- 
233.

Parkes, M.A. and Sleeman, A.G. 1997. Catalogue of Type, Figured and Cited Fossils 
in the Geological Survey of Ireland. Geological Survey o f Ireland, 124pp.

Perry, T.G. and Gutschick, R.C. 1956. Bryozoans from the Amsden Formation, 
Southwest Montana. Journal o f Palaeontology, 33(2): 313-322.

Phillips, J. 1836. Illustrations o f the geology of Yorkshire. Part 2; The Mountain 
Limestone District. John Murray, London, xx -i- 253pp.

Portlock, J.E. 1843. Report on the geology o f the County o f Londonderry and parts of 
Tyrone and Fermanagh. A. Milliken, Dublin; Hodges & Smith, Dublin; Longman, 
Brown, Green & Longmans, London, xxxi -i- 784p.

Rigby, J.K. and Mundy, D.J.C. 2000. Lower Carboniferous sponges from the Craven 
Reef Belt of North Yorkshire. Proceedings o f the Yorkshire Geological Society 43: 119- 
128.

Riley, N.J. 1993. Dinantian (Lower Carboniferous) biostratigraphy and 
chronostratigraphy of the British Isles. Journal o f the Geological Society, London, 150: 
427-442.

Ross, C.A. and Ross, J.R.P. 1985. Carboniferous and Early Permian biogeography. 
Geology, 13: 27-30.

Ross, J.P. 1981. Biogeography of Carboniferous Ectoproct Bryozoa. Palaeontology, 
24(2): 313-341.

Ross, J.P. 1982. Bryozoa. In, Ryland (ed.), McGraw-Hill Encyl. Sci. & TechnoL, 5th ed. 
(McGraw-Hill, New York).

Ryland, J.S. 1979. Structural and physiological aspects of coloniaiity in Bryozoa. In 
Larwood, G. & Rosen, B.R. (eds): 'Biology and systematics o f colonial organisms', 211- 
242. London, Academic Press.

Sandberg, P. A. 1976. Ultrastructural clues to skeletal development in cheilostome 
Bryozoa. Stockholm Contributions in Geology, 30, p. 1-4.

385



Schopf, T.J.M. and Dutton, A.R. 1976. Parallel dines in morphologic and genetic 
differentiation in a coastal zone marine invertebrate: the bryozoan Schizoporella errata. 
Paleobiology 2, 255-264.

Sevastopulo, G.D. 1981. Lower Carboniferous. In Holland, C.H. (ed.) A Geology of 
Ireland. Scottish Academic Press, 147-171.

Sevastopulo, G.D. and Wyse Jackson, P.N. (In press). Carboniferous (Dinantian). In 
Holland, C.H. (ed.): A Geology o f Ireland. Scottish Academic Press, Edinburgh.

Silen, L. 1966. On the fertilization problem in gymnolaematous Bryozoa. Ophelia 3: 
113-140.

Skuse, F.A.A. 1890. Diptera of Australia. Part VIII. Proceedings o f the Linnean 
Society o f New South Wales (Sydney), (2) v, p. 613-614.

Sleeman, A.G., Johnson, I.S., Naylor, D. and Sevastopulo, G. 1974. The 
stratigraphy of the Carboniferous rocks of Hook Head, Co. Wexford. Proceedings o f the 
Royal Irish Academy, 74B: 227-243.

Smyth, L.B. 1920. The Carboniferous coast section at Malahide, County Dublin. 
Scientific Proceedings o f the Royal Dublin Society, 16: 9-24.

Smyth, L.B. 1922 On some new species from the Lower Carboniferous of Ballycastle, 
County Antrim. Geological Magazine, 59: 21-24.

Smyth, L.B. 1930. The Carboniferous rocks of Hook Head, County Wexford. Royal 
Academy o f Sciences Proceedings, 39B: 523-566.

Smyth, L.B. 1949. The Carboniferous system in North County Dublin. Quarterly 
Journal o f the Geological Society, London, 105: 295-324.

Snyder, E.M. 1991. Revised taxonomic procedures and paleoecological applications for 
some North American Mississippian Fenestellidae and Polyporidae (Bryozoa). 
Palaeontographica Americana, 57, 275p.

Stach, L.W. 1936. Correlation of zoarial form with habitat. Journal o f Geology, 44:60- 
65.

Stratton, J.F. and Horowitz, A.S. 1977a. Astogenetic variability in a frond of 
Polypora laevinodata (Hall) (Bryozoa). Proceedings o f the Indiana Academy o f Science, 
86: 290-292.

Stratton, J.F. and Horowitz, A.S. 1977b. Variability in seven Devonian species o f 
Polypora M ’Coy. Bloomington, Indiana.

Tabachnick, B.G. and Fidell, L.S. 1996. Using Multivariate Analysis. 3rd Edition. 
Harper Collins College Publishers, New York.

Tavener-Smith, R. 1965a. A new fenestellid bryozoan from the Lower Carboniferous of 
County Fermanagh. Palaeontology 8: 478-491.

Tavener-Smith, R. 1965b. A revision of Retepora nodulosa Phillips, 1836. Geology 
Magazine 102: 135-142.

Tavener-Smith, R. 1966. Ovicells in fenetrate cryptostomes of Visean age. Journal o f 
Palaeontology. 40: 190-198.

386



Tavener-Smith, R. 1971. Polypora stenostoma: a Carboniferous bryozoan with 
cheilostomatous features. Palaeontology 14: 178-187.

Tavener-Smith, R. 1973. Fenestrate Bryozoa from the Visean of County Fermanagh, 
Ireland. Bulletin o f the British Museum o f natural History. (Geology) 23; 389-493.

Tavener-Smith, R. 1974. Early growth stages in rhabdomesoid bryozoans from the 
Lower Carboniferous of Hook Head, Ireland. Palaeontology \ 1 \ 149-164.

Tavener-Smith, R. 1981. The neotype of Retepora nodulosa Phillips, 1836. Geology 
Magazine 118: 565.

Tavener-Smith, R. and Williams, A. 1972. The secretion and structure of the skeleton 
in living and fossil bryozoa. Philosophical Transactions o f the Royal Society o f London 
Series B 264, 97-159.

Taylor, P.D. and Furness, R.W. 1978. Astogenetic and environmental variation of 
zooid size within colonies of Jurassic Stomatopora (Bryozoa, Cyclostomata). Journal of 
Palaeontology 52, 1093-1102.

Taylor, P. D. and Jones, C. G. 1993. Skeletal ultrastructure in the cyclostome bryozoan 
Hornera. Acta Zoological^: 135-143.

Taylor, P. D. and Weedon, M. J. 1996. Skeletal ultrastructure and affinities of eleid 
(melicerititid) cyclostomate bryozoans. Pp. 341-350. In: Gordon, D. P., Smith, A. M. & 
Grant-Mackie, J. A. (eds) Bryozoans in space and time. NIWA, Wellington, 442 pp.

Taylor, P. D. and Weedon, M. J. 2000. Skeletal ultrastructure and phylogeny 
of cyclostome bryozoans. Zoological Journal o f the Linnean Society 128:
337-399.

Taylor, P. D., Weedon, M. J. and Jones, C. G. 1995. Skeletal ultrastructure 
in some cyclostome bryozoans of the Family Lichenoporidae. Acta Zoologica 
76: 205-216.

Todd, J.A. and Taylor, P.D. 1990. Sandwiched fossils. Geology Today. Sept.-Oct. 
p.151-154.

Trizna, V.B. 1958. The Early Carboniferous bryozoans of the Kuznets Basin. Trudy 
vses. nauchno-issled. geol. -rasz. neft. Inst., 122, 298pp.

Tucker, M.E. and Wright, V.P. 1990. Carbonate Sedimentology. Blackwell Science 
Ltd., London.

Turner, J.S. 1950. Notes on the Carboniferous Limestone of Ravenstonedale, 
Westmoreland. Transactions o f the Leeds geological Association, 6, 125-135.

Ulrich, E.O. 1882. American Paleozoic Bryozoa. Journal o f the Cinncinnati Society of 
Natural History, 5: 121-175.

Vaughan, A. 1905. The palaeontological sequence in the Carboniferous Limestone of 
the Bristol area. Quarterly Journal o f the geological Society o f London, 61; 181-307.

Velleman, P.F. 1988. Data Desk Handbook, Volume 1, Statistics Guide, Volume 2, 
References Guide, Volume 3. ODESTA Corporation, Northbrook, Illinois.

Vine, G.R. 1888. A Monograph of Yorkshire Carboniferous and Permian Polyzoa. Part 
1. Proceedings o f the Yorkshire Geological and Polytechnic Society, 11: 68-85.

387



Vine, G.R. 1889. A Monograph of Yorkshire Carboniferous and Permian Polyzoa. Part 
2. Proceedings o f the Yorkshire Geological and Polytechnic Society, 11: 184-200.

Waagen, W and Wentzel, J. 1886-1887. Coelenterata. Salt Range fossils. Pal. indica 
series, 13, 1.

Waters, J.A. and Sevastopulo, G.D. 1984. The stratigraphical distribution and 
palaeoecology of Irish Lower Carboniferous Blastoids. Irish Journal o f Earth Sciences, 
6; 137-154.

Weedon, M. J. and Taylor, P. D. 1995. Calcitic nacreous ultrastructures in bryozoans: 
implications for comparative biomineralization of lophophorates and molluscs. Biological 
Bulletin 188: 281-292.

Weedon, M. J. and Taylor, P. D. 1996a. Skeletal ultrastructures in some cerioporine 
cyclostome bryozoans. Acta Zoologica 77: 249-265.

Weedon, M, J. and Taylor, P. D. 1996b. Skeletal ultrastructure in some tubuliporine 
cyclostome bryozoans. Acta Zoological^: 107-122.

Weedon, M. J. and Taylor, P. D. 1998. Skeletal ultrastructures in some articulate 
cyclostome bryozoans. Acta Zoologica 19 \ 133-148.

W'eedon, M. J. and Taylor, P. D. 2000. Skeletal ultrastmcture in primitive cheilostome 
bryozoans. In: Herrera Cubilla, A. & Jackson, J. B. C. Proceedings o f the 11th 
International Bryozoology Association Conference. Pp. 400-411. Smithsonian Tropical 
Research Institute, Balboa Republic of Panama.

Wilson, H.E. and Robbie J.A. 1966. Geology of the country around Ballycastle. 
Memoirs o f the Geological Survey of Northern Ireland, 2: 74-172.

Winston, J.E. 1984. Why bryozoans have avicularia - a review of the evidence. 
American Museum Novitates, 2789: 1-26.

Wishart, D. 1969. An algorithm for hierarchical classifications. Biometrics 25: 165- 
170.

Wishart, D. 1978. CLUSTAN Users Manual. 3rd edition. Edinburgh: Edinburgh 
University.

Wright, W.B. 1924. Geology o f Ballycastle Coalfield. Memoirs of the Geological 
Survey of Ireland. Department of Agriculture and Technical Instruction for Ireland. 
Stationery Office, Dublin.

Wright, W.B., Carruthers, R.G., Lee, G.W. and Thomas, I. 1913. On the Lower 
Carboniferous succession at Bundoran in South Donegal. Proceedings o f the Geological 
Association, 24(2): 70-77.

Wyse Jackson, P.N. 1988. New fenestrate Bryozoa from the Lower Carboniferous of 
County Fermanagh. Irish Journal o f Earth Sciences, 9: 197-208.

Wyse Jackson, P.N. 1991. Taxonomic and biostratigraphic studies in some Lower 
Carboniferous bryozoan faunas o f north-west Europe. Unpublished Ph.D. thesis. 
University of Dublin. 240pp.

Wyse Jackson, P.N. 1996. Bryozoa from the Lower Carboniferous (Visean) of County 
Fermanagh, Ireland. Bulletin o f the Natural History Museum, London, (Geol.) 52(2): 
119-171.

388



Wyse Jackson, P.N. and Bancroft, A.J. 1994. Possible opercular structures in the 
fenestrate bryozoan Thamniscus from the Upper Carboniferous of northern England. In, 
Hayward, P.J., Ryland, J.S., Taylor, P.D., (eds.) Biology and Palaeobiology of Bryozoans: 
215-218. Olsen & Olsen, Denmark.

Wyse Jackson, P.N. and Bancroft, A.J. 1995. Generic revision of the cryptostome 
bryozoan Rhabdomeson Young and Young, 1874, with descriptions of two species from 
the Lower Carboniferous of the British Isles. Journal o f Paleontology, 69(1): 28-45.

Wyse Jackson, P.N., Bancroft, A.J. and Somerville, I.D. 1991. Bryozoan zonation in 
a trepostome-dominated buildup from the Lower Carboniferous of North Wales. In Bigey, 
P.P. (ed.) Bryozoaires actuels etfossiles: Bryozoa living and fossil. Bulletin de la Societe 
des Sciences Naturelles de I'Ouest de la France. Memoire HS 1, 551-559.

Wyse Jackson, P.N. and Buttler, C.J. 1994. Fossil bryozoan localities in Ireland. In, 
Hayward, P.J., Ryland, J.S., Taylor, P.D., (eds.) Biology and Palaeobiology o f Bryozoans: 
219-222. Olsen & Olsen, Denmark.

Xia Fengsheng, Lu Lin-huang and Lee Wejuan. 1978. Carboniferous bryozoans 
from Weining, western Guizhou. Acta Palaeontological Sinica, 17(3) 319-340.

Yang Jingzhi, Hu Zhaoxuh, and Xia Fengsheng. 1988. Bryozoans from Late 
Devonian and Early Carboniferous of Central Hunan. Palaeontologica Sinica, 174, B, 
(23).

Young, J. 1883. On Ure's 'Millepore', Tabulipora (Cellepora) Urii, Fleming. Annals 
and Magazine o f Natural History, (5) 12: 154-158.

389


